KEVIN'S WEBSURFER

HANDBOOK V
FOR CRYSTAL RADIO

INDUCTANCE, INDUCTORS
and MEASURING Q

Kevin Smith
2013



NOTES:

257



NOTES: INTRODUCTION

Finally, | have cobbled together a handbood deeitad that
one crystal radio component virtually all buildéasricate for
themselves, the coil. This has been a long timeoimming
together. As | have increased my knowledge ofissign and
theory, | have found a deeper need for good teehnic
background reading. Inductors, as will quickly foend, are
highly mathematical beasties. Their propertiesséhwe most
wish to know such as Quality (Q), Resistance, Lesst are
devilishely difficult to measure. As such, | havet spent as
much time digging into this as | have for diodesteanas,
grounds etc.

| gather together in this volume articles with tretral theme
of inductance. Some of these are introductory &ase
appeared in earlier handbooks, others are spezdatind will

be found here alone. | wish to include both themsywell as
practical articles on their design and constructioAs an
addition, you will find two non-crystal radio prejs which
otherwise rely on induction and induction coils ftheir
performamce. These describe a cool VLF-ULF coil.
Hopefully this volume gives the crystal set desighleuilder a
good base of understanding for this chief set carepb

Of general note, the web is a marvelous sourceatd dnd
information. Many long-time crystal set buildees)d many
others have created dedicated sites to disseniimfatenation
and resources, to share their creations and kngeled am
eternally in your debt. All of the material in shhandbook is
copyright for which | have not sought permissiofiherefore
this is not presented for publication or copy. isltonly my
personal resource. | encourage anyone finding dbfsy to
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pursue ON THE WEB the web pages identified within.
include the name of the author and web addressach e
section. | wish to sincerely thank every authcespnted for
their excellent pages and ask forgiveness for nitingdinto
this handbook.

Kevin Smith
2013

www.lessmiths.com/~kjsmith/crystal/crOintro.shtml
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By the way, the speakers sound terrific! I'm naesww much
of the improvement was from the litz wire, but &r@inly
didn't hurt the sound!
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| tried several of these methods, and none weisfazetory in
producing a nice clean tinned wire end, withoutakieg or
damaging the strands. However, | did eventually €om with
a simple, fast and very effective method, so | gwu would
share it with the other DIY'ers here, in case they crazy
enough to build something with litz wire.

A Dremel tool with a stainless steel wire wheeheliment
works very well. | found that the stainless wheelrks faster
and lasts longer than the carbon steel wheel, thithadded
advantage that the small pieces of the wheel btiishwear
off during the process are non-magnetic, so theg'taitach
to nearby driver magnets (don't need little piexfesire inside
my EMIMs and EMITs!). Simply remove ~ 1/2" of the
insulation, then untwist the various strands froacte other
(the Cardas Litz has 3 counterwound layers of wifie
diameter wire to untwist, do them one at a timej #atten
them into a flat fan shape. Set the Dremel to atidftof
maximum speed and apply to the coated wire, ergptinat the
wheel is ALWAYS turning toward the ends of the wire
(otherwise they will entangle with the spinning eviwheel and
snap off!). 10 seconds on each side of the fanriesl i/ very
effective at removing the varnish coating withoestloying
the wires. Then re-fan the wire in a different diren and
repeat the process 2 or 3 times to ensure th#telvires get
stripped. You will be left with nice clean varnifiee wires,
which can then be tinned as usual.

As a test of this method | measured the AC impeelaf@ach
of the wires of the same length at 10kHz using r@RLmeter,
and found that they all were very consistent, iatiig that |
was effectively and consistently removing the vsinnand
using all the wires in the bundle.
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Litz Wire - Here's the Best Way I've Found to Prep
Maxamillion
http://www.audiokarma.org/forums/archive/index.php/
282190.html

| just completed building outboard crossovers for Imfinity
RSIlIb speakers, and | was determined to wire tossavers
together and to the speakers using Cardas Coppemire,
due to its flatter AC impedance as frequenciesemse. The
Cardas Litz wire consists of many fine strands @eweach
individually insulated, which all need to be steygpand tinned
together at each end in order to form a proper itexion.
Quite a job!

| searched the literature for methods and theree wsany,
including:

1) The use of a solder pot at >800 degrees (toeresipe to
purchase one just for this project),

2) Using a hot soldering iron and lots of flux (yevery messy
and very, very ineffective in my case!),

3) Scraping the coating off with an exacto knifenot(
attempted due to the tedium factor),

4) Burning the coating off with a torch, followeg banding (I
found it works, but you end up oxidizing the wirsd even
incinerating some of the smaller strands),

5) Individually sanding each strand (I'd be doihgs tiob for
years as each wire has dozens of strands and l6haveeters,
6 midranges and 4 woofers to wire up to 18 capeciod 20
inductors!).
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DESIGNING AN AIR-CORE INDUCTOR

by Kenneth A. Kuhn
http://www.kennethkuhn.com/students/crystal_radiesignin
g_inductors.pdf

Introduction

This chapter describes the mathematical procesdefsigning
an air-core inductor comprised of a single layefersoid
winding over a rigid coil form. Although the devplment of
the mathematics is a bit complicated the final lteisusimple
to apply. For practical reasons, this chapter milke use of
English rather than metric units. A well designedd a
constructed air-core coil has better performana tthose
with ferrite cores. Ferrite acts as a flux mulépland has the
advantage that the physical size of the inductorbeareduced.
That is very important for small radios and theethieason
ferrite is used. The price paid for small size dssl of
performance but that loss is generally negligibie active
radios. The loss is not bad for crystal radio penfance and
many good crystal radios have been built usingitéerore
inductors. But ferrite is not required. Puristsreatly argue
that the coil should be air core as that is hovyeadios were
built. A mediocre ferrite core inductor will worlonsiderably
better than a poorly designed air-core one and thet
probably led to the popularity of ferrite as theoqess for
designing good air-core inductors is not widely wno This
chapter reveals those secrets.

Analytic equation

The classic equation (which you can find in anylboparticle
about winding inductors) for calculating the incarte of a
given single layer coil is (Reference 2):



L= Eq. 1

9*r + 10*

where:

L = inductance in microhenries

r = coil radius in inches (center of coil to cerdéconductor)
n = number of turns

| = coil length in inches (center of starting tum center of
ending turn)

This equation is generally accurate to around cereemt for
inductors of common dimensions. It is more conveni®
work with coil diameter and Equation 1 can be \eritas:

(I Eq. 2
18*d + 40%

where d is the coil diameter in inches (center afdtictor to
center of conductor)

Example: What is the inductance of a coil has andiar of 2.5
inches, a length of 2.33 inches, and has 72 turns?

2.5%2.5¥72+72
[ — =234 uH
18%2.5 + 40°2.33

Development of design equations

Equations 1 and 2 are fine for determining the ateice of an
existing coil but are very awkward to apply to thesign of a
desired coil as there are many variables. Any tineze are a
multitude of variables then the possibility of optim
combinations or relations should be explored. tnftilowing
development the number of variables is reduced imgirfy
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When the coefficient of coupling, k is equal to(dnity) such
that all the lines of flux of one coil cuts all tife turns of the
other, the mutual inductance is equal to the gedgenetean of
the two individual inductances of the coils. So whbke two
inductances are equal and jLis equal to L, the mutual
inductance that exists between the two coils cadeffieed as:

Example Nol

Two inductors whose self-inductances are givenSasH and
55mH respectively, are positioned next to each rote a
common magnetic core so that 75% of the lineswf ftom
the first coil are cutting the second coil. Caltalahe total
mutual inductance that exists between them.

M =k (T,
M = 0.75/75mH x 55mIl = 48.2mH

In the next tutorial about Inductors, we look amweecting
togethernductorsin Series and the affect this combination has
on the circuits mutual inductance, total inductance their
induced voltages.

250

relations to known constants. We first replace ¢bi length
by a factor that relates it to the diameter.

I=ked Eq. 3

where

| = coil length in inches

k = a dimensionless constant

d = coil diameter in inches as before
Substituting Equation 3 into Equation 2 gives:

d2*n2

18*d + 40*

which reduces to

(IS Eq. 4
18 + 40*k

It can be shown that the value of k that minimiteslength of
wire to wind the coil is 0.450. However, other @
indicates (see Reference 1) that the value of krtimimizes
coil losses is approximately 0.96 even though tiédtie uses
about twenty percent more wire. Factors contrilgution coil
losses include:

* Ohmic losses in the wire including skin-effect

* Dielectric losses in the coil form and nearby eréls

* Dielectric losses in the insulation around theewi

* Induction losses in nearby materials

There are also losses caused by adjacent turng tmonclose
together. It has been found (see Reference 1}thbatptimum



spacing (wire center to wire center) of adjacenmnguis
between about 1.3 to 2.0 times the diameter ottreluctor.
Coils for crystal radios are commonly wound usingatvis
known as magnet wire (thin enamel insulation) amel turns
are tightly wound next to each other correspondioga
spacing factor slightly greater than 1.0 (the thsulation is of
finite thickness). Although it is less than the ioptm
discussed it works well.

Without some special technique (such as a lathegritbe very
difficult to manually wind a coil with controlled pacing
between the turns. One easy method for achievisgaging
factor of 2.0 is to wind two wires tightly side Isjde at the
same time and then remove one of the windings Viineshed.
Smaller spacing factors can be achieved using alesma
diameter wire for the spacer but the difficulty afntrolling
two wires will increase. It might occur to somedoeuse a
wire with a thicker insulation so that a spacingnaturally
formed with a tight winding. The problem with thisethod is
that the insulation may increase dielectric lossed become
self defeating —although this may be a small issoe sure to
try it before tossing the concept. This method wark great if
Teflon wire is used as that is a very low-loss matend the
internal wire strands are silver plated.

Equation 4 can be used to determine the optimunh coi
diameter for a given inductance and wire size. \&te that the
coil length is the number of turns divided by tr(ts per inch

of the wire). We also note that the coil length pasviously
been related to the coil diameter by the constarithus:

n = k*d*t Eq. 5

Substituting Equation 5 into Equation 4 gives:

However, the above equation assumes zero flux ¢eakad
100% magnetic coupling between the two coilg,dnd L,. In
reality there will always be some loss due to lgakand
position, so the magnetic coupling between the toits can
never reach or exceed 100%, but can become vesy tdothis
value in some special inductive coils. If some loé ttotal
magnetic flux links with the two coils, this amouot flux
linkage can be defined as a fraction of the totasjble flux
linkage between the coils. This fractional valuecadled the
coefficient of couplingand is given the letter k.

Coupling Coefficient

Generally, the amount of inductive coupling thatisex
between the two coils is expressed as a fractionahber
between 0 and 1 instead of a percentage (%) valbere 0
indicates zero or no inductive coupling, and 1 ¢atihg full or
maximum inductive coupling. In other words, if Kl=the two
coils are perfectly coupled, if k > 0.5 the twolsare said to
be tightly coupled and if k < 0.5 the two coils @a&d to be
loosely coupled. Then the equation above which rassua
perfect coupling can be modified to take into actothis
coefficient of coupling, k and is given as:

Coupling Factor Between Coils

- M _
k ﬁorM*kx LILZ H
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the size, number of turns, relative position oeotation of the
two coils. Because of this, we can write the mutodlictance
between the two coils as: ;M= My; = M.

Hopefully we remember from our tutorials &hectromagnets
that the self inductance of each individual cotjiigen as:

L

1

z
_ Mol NTA
g 2

TN
£

Then by cross-multiplying the two equations abake,mutual
inductance that exists between the two coils carxXpeessed
in terms of the self inductance of each coil.

giving us a final and more common expression fer rifutual
inductance between two coils as:

Mutual Inductance Between Coils

M=JL,L, H
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k2*t2*d3
[ Eq. 6
18 + 40*k

We will use 0.96 for k and t will be that of therpeular wire
we have available. Solving Equation 6 for the optim
diameter gives:

d_optimum = 4*(L/t2)1/3 Eq. 7

Figure 1 shows a plot of this Equation 7 for comnwaire

sizes. In all cases the turns are close-spacedloWer curves
are for common enamel insulated magnet wire. Theupper
curves are for vinyl insulated house wire which dom
considered if a large diameter coil form is avd#éafo use the
curves, select the desired inductance and thesiziesthat will

be used. Look up the optimum coil form diameter teh use
the closest practical form you have to that sizee &ptimum
is broad so do not worry about being exactly oNibte that
the true diameter is the sum of the diameter ofcibie form

and the diameter of the wire since by definitiore tboil

diameter is measured between opposite centerg afith.



Optimum Coil Diameter
Viny Insuiated

for dose-spaced tums w2 s
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)

10000 100000
Inductance in microhenries

Figure 1: Optimum coil diameter

The following table provides typical values forturfis per
inch) for some common wire sizes:

Table 1: Wire data

Gauge t Comments

12 6.2 Vinyl insulated house wire

14 7.7 Vinyl insulated house wire

16 19 Enamel insulated magnet wire
18 24 ditto

20 31 ditto

22 39 ditto

24 50 ditto

26 62 ditto

The length of the winding will be the number ofrtsidivided
by the turns per inch of the wire. That is:

Mutual Induction

‘ N-turns ‘ | N-tums |
"+ Cross Sectional
II_ Area (A)

Spacing, (8)

Here the current flowing in coil one,; lsets up a magnetic
field around itself with some of these magnetiddfidines
passing through coil two,,lgiving us mutual inductance. Coil
one has a current of Bnd N turns while, coil two has N
turns. Therefore, the mutual inductance,, Mf coil two that
exists with respect to coil one depends on thesitjpm with
respect to each other and is given as:

Likewise, the flux linking coil one, L when a current flows
around coil two, L is exactly the same as the flux linking coil
two when the same current flows around coil onevabthen
the mutual inductance of coil one with respect @if two is
defined as My This mutual inductance is true irrespective of
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The mutual inductance that exists between the tils can be
greatly increased by positioning them on a comnwfh ison

core or by increasing the number of turns of eitbeil as

would be found in a transformer. If the two coil® dightly

wound one on top of the other over a common soft &ore
unity coupling is said to exist between them as lasges due
to the leakage of flux will be extremely small. fih@ssuming
a perfect flux linkage between the two coils the tuali
inductance that exists between them can be given as

M = Ho”rllegA

d Where:

d I is the permeability of free spacex40
b]

hd W is the relative permeability of the soft
iron core

o N is in the number of coil turns

o Ais in the cross-sectional area ih m

hd | is the coils length in meters
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I=nlt Eq. 8
We now substitute Equation 8 into Equation 2 ardesfor n
d2*n2 —18*d*L —40*(n/t)*L = 0 Eq.9
td2*n2 —40*L *n —18*d*t*L = 0 Eq. 10
Solving for n gives:
20*L + sqrt(400*L2 + 18*t2*d3*L)

n= Eq. 11
t*d2

Although a precise value (in inches) for the lengthwire
required can be calculated using trigonometry fospaal, a
very close value can be calculated as

w = pi*d*n Eqg. 12

Remember that d is the sum of the coil form diamatel the
diameter of the wire. This approximation assumest the
diameter of the wire is very small in comparisorthat of the
coil form. Also remember to allow an extra coupfeirthes
for connecting leads at each end of the coil.

Example: A 300 uH coil is needed. The expected Guishbe
over 350. What coil diameters and wire sizes cqgdsibly
meet this?

Solution: Using Figure 2 it can be seen that wizes #12,
#14, #16, #18, and #20 could achieve the required/€hg
Figure 1 the required coil form diameters are:

Optimum



Gauge diameter

#12 7.75"
#14 6.75"
#16 3.75"
#18 3.15"
#20 2.65"

A piece of 4.5 OD PVC pipe is available and #1ldcglical
wire is available. From Table 1, #14 insulated wii¢ make
about 7.7 turns per inch. Thus, the effective diamé 4.5
plus 1/7.7 = 4.63 inches. Using Equation 11 the emof
turns required is 86. Using Equation 8 the lengfhtte
winding is 11.2 inches. The length/diameter rai@ 4 which
is a bit longer than the optimum of 0.96. The léngf wire
required is given by Equation 12 and is 1,251 ischEhe
length would have been 1,058 inches if the optidiameter
could have been used. This extra length will caesmewhat
higher losses —it might still meet the desired ghecigh. This
is about as far as | would go in rounding to anilakée coil
form diameter.

Estimation of Inductor Q

All inductors have an equivalent series resistaluss as
discussed earlier and is comprised of a numbeowiponents.
We measure the quality factor or Q of the induchyr
computing the ratio of inductive reactance at tiegjdiency of
interest to the series loss resistance as follows:

XL

Q= - Eq. 13
Rs

where

Q is the dimensionless “quality” factor of the imdor

magnetic flux generated by the first coil will inket with the
coil turns of the second coil inducing a relativilyge emf and
therefore producing a large mutual inductance value

Likewise, if the two coils are farther apart fromck other or
at different angles, the amount of induced magrfatic from
the first coil into the second will be weaker proiig a much
smaller induced emf and therefore a much smalletuahu
inductance value. So the effect of mutual inductaiscvery
much dependant upon the relative positions or sga¢iS ) of
the two coils and this is demonstrated below.

Mutual Inductance between Coils

Mutually Coupled

Cails
.
\‘\\ =1
\I \
I
flflf I
R
Short Distance Lines of
- Magnetic Flux
—

Large Distance
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Mutual Inductance of Two Coils

Wayne Storr
http://www.electronics-tutorials.ws/inductor/mutual
inductance.html

In the previous tutorial we saw that an inductonegates an
induced emf within itself as a result of the chaggmagnetic
field around its own turns, and when this emf iuiced in the
same circuit in which the current is changing teffect is
calledSelf-induction, ( L ). However, when the emf is induced
into an adjacent coil situated within the same reégrfield,
the emf is said to be induced magnetically, indiedyi or by
Mutual induction, symbol ( M ). Then when two or more
coils are magnetically linked together by a commuagnetic
flux they are said to have the propertyMiftual Inductance.

Mutual Inductance is the basic operating principal of
transformers, motors, generators and any othertriekeic
component that interacts with another magnetic fiehen we
can define mutual induction as the current flowingne coil
induces an emf in an adjacent coil. But mutual gtdnce can
also be a bad thing as "stray" or "leakage" inchazafrom a
coil can interfere with the operation of anotherjaadnt
component by means of electromagnetic inductionswme
form of electrical screening to a ground potentiady be
required.

The amount of mutual inductance that links one tm#nother
depends very much on the relative positioning efttho coils.
If one coil is positioned next to the other coil 8wt their
physical distance apart is small, then nearly gealtl of the
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XL is the inductive reactance in ohms at the fremyeof
interest

Rs is the equivalent series resistance in ohmieafréquency
of interest

Note that inductive reactance, XL, is calculated as
XL = 2**F*L

where
F is the frequency in Hz
L is the inductance in henries

The equivalent series resistance is the net of oHosses
including skin effect, dielectric losses in distibd
capacitance and coil structure, absorption lossesdarby
conducting media, magnetic losses in nearby magnettia,
etc. With care these losses can be kept smallt hakes very
little loss to reduce the Q of an inductor from 46@00. The
magnitude of Rs can be measured on sophisticatgedamce
equipment but it is hard to calculate the effecabffactors.
Figure 2 shows an estimated value of Q at 1 MH=ickening
typical losses assuming the coil is wound optimaltyl is not
disturbed by nearby lossy materials. Use the figumly as a
guideline as your specific results may be bettevorse. The
expected Q at 540 kHz will be between about 500t@ércent
of what is shown and the expected Q at 1.6 MHz bl
around 1.2 to 1.5 times that shown.



Estimated Q of Optimally wound Inductor

atiw

100 1000 10000 100000

inmicrohenries

Figure 2: Estimated Q of Inductor

The Q we obtain from Equation 11 is for the unlahdeil (i.e.
antenna and crystal detector not connected). Thinaded Q
will typically be significantly smaller but ideallfas discussed
in another chapter) would be in the general ranjeore
hundred. Thus, we would like to start with an udied Q of
several hundred. As can be seen in Figure 2 thef Gheo
inductor can be made higher by using larger diameiee.
From Figure 1 this also means using a large diameié
form. This is a very important conclusion —high QI need
to be physically large.

Type of wire

The only material to consider for the wire is coppfevariety
of styles of copper wire is readily available. Timest basic
choice is between solid or stranded. Although aetsarof
arguments can be made for and against each, itiqaigerms
you will not notice any difference in performandehaugh one

10

The power delivered to an ideal transforfnen its primary
circuit will match the power output on its secondeircuit and
we can writd v, = 1V or

L% N,
I, V, N,

2 Here we neglect the resistances of the windingstiag
energy expended in magnetizing and demagnetizigah
core.
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AD
=N —
S At

In the primary coil the induced emf is due to setfuction and
is given by Faraday’s law as

AP
=-N. —
ﬁ P At

The termA®/At is the same in both equations since the same
amount of magnetic flusp passes through both coils. Dividing
the equations gives

E_N,
E N,
If the resistances of the coils are negligible teeminal

voltages Vs and V, of the coils are nearly equal to the
magnitudes of the emfs;Bnd E. Hence we can write

Vo o N,
VP NP

This is called théransformer equation.
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or the other may have physical advantages for pamicular
construction method. Avoid wires that are platedhase will
have higher losses since skin-effect will cause tnudsthe
conduction to be in the plating which has highesistance
than copper. Avoid wires with rubber or cheap fdast
insulations as dielectric losses will be higher. éception is
silver plated Teflon wire as that has the best ootidity and
the lowest dielectric losses —but it is expensive.

For use in low to medium frequency inductors therea
special wire called Litzengrad or just Litz for sholt is
designed to minimize skin-effect losses and is mage
assembling many strands of enamel insulated magivet
together to form a wire that has a large surfaea.dritz wire
is not easy to find and tends to be expensiveolf gre going
to use Litz wire then make sure that other lossegraviously
discussed are minimized. Otherwise Litz wire wikla little
if any difference and will be wasted effort and exge. Avoid
belief in a variety of myths about skin-effect. Wdugh it is
true that skin-effect is more severe on large diame
conductors, a larger diameter still conducts bettem a
smaller diameter at any frequency. This can be seé&igure
3 which shows the frequency dependence of thetaesis per
meter factor of some common wire sizes.

11



AC Resistance of Copper Wire

0.100000

Ohme pormotor

0010000
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1000 10000 100000 1000000 10000000
Frequency in Hertz

Figure 3: AC Resistance of Copper Wire

Coil Forms

From a loss standpoint air is the best coil forntemal there
is. The obvious problem is that air has no stradtstrength.
However, there are methods used by commercial tnduc
companies that employ a minimal structure so that coil
form is around 99 percent air. Manually, you cahiexe the
effect by first winding the coil using large diametsolid
copper wire (i.e. #18, #16, #14, etc.) on a rigid ®rm and
then carefully sliding the winding off of the forrthe stiff
wire will retain the shape and you can easily spghegurns to
the optimal discussed previously. You will neecdwa Supports
to keep the whole thing from being too loose.

A popular coil form is some kind of cardboard tubat you
have salvaged from a variety of sources such ab fosgaper
towels or shipping tubes. These are great if yewaing small
diameter wire as small wire will not self suppdrtastic pipe

12

Transformers

(Np turns)

Airon core |

Transformer symbol

A transformer is a device for increasing or decreasing an AC
voltage. It consists of an iron core with two oeilappings: a
primary coil withN, turns and a secondary coil wit turns.
See the figure at the right.

Assume an AC source, such as an AC generator, pesdan
alternating current, in the primary coil. The primary coil
creates a changing magnetic flixin the core which links the
turns of both the primary and secondary cbiltn the

secondary coil the induced emf arises from mutodlction

and is given by Faraday’s law as

1 The details of the operation of a transformer chtélso
involve the magnetization and demagnetization efittin
core, is complex. Here we assume, for simplicity, a
transformer operating in steady-state with a puredystive
load.
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Assume that the solenoid carries a curteifihen the magnetic
flux in the solenoid is

a2

2
L=u0N|—A or whert—:n=|E

(Note how L is independent of the cuiren)
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is another material you might consider. None ofs¢he
materials are made with any consideration abouth hig
frequency dielectric losses but because only alsamaunt of
material is used the losses are probably minimal.

Wood is a convenient coil form and has low los§e®ry dry.
Common sizes that have been used are 2x2, 4x4 pair @f
2x4 combined to make 4x4. Round dowel rods may bkso
used but their diameters are often much less thimom.
When using a square coil form there is a logicastjon about
how that affects the inductance calculations. Apdistic (but
good) answer is to use an effective circle diamétatr has the
same area as the square form since area is a dactog in
inductance. Losses with a square form will be sohaw
higher than for a circular form. Rectangular foresch as a
single 2x4) have even higher losses in comparisbniakes
more wire to encompass a given area.

Winding the coil

Counting turns is a tedious and error prone tasks much
simpler to cut the length of wire needed and thémdwthat
until finished. The resulting turns count will bery close if
not exact. Wire is springy and will jump off therfio in a
tangled mess if not restrained. Start by secutiegwire at one
end of the form and have a means for easily (pabfgrwith

one hand) securing the opposite end when you fifisks

tempting to use some kind of adhesive tape andwfiatvork

if you are careful and understand what you are gloirhe
forces will build and the tape may give way whichl wesult

in a frustrating mess of tangled wire. Make sure tédpe can
not slip. A good way to secure the ends is to firéit a hole in

the tube at the starting and end points. Then fhedstarting
end through the starting hole and bend the wiréh ghat it

naturally resists tension and secure the wire twiple. Stuff the

13



loose end length inside the tube so it is out efwy while
winding.

It is best to wind the coil by hand as the setarpuiing a lathe
is not worth the trouble for a single coil. There a number of
“poor man’s” lathes such as a power drill that haeen used
but | do not recommend that as you are more likelgnake a
mess or cause injury than you are to wind a codnly takes a
couple of minutes to wind a coil by hand so take time to
think what you are doing. It is important to keée winding
tight at all times. The wire will spring off if #ver gets loose.
You will very likely have some fractional turn asresult of
your calculations. | recommend that you round twithe
nearest integer as it is not worth the trouble adkimg
measurements to stop at a specific fractional turn.

References:
1. Electronic and Radio Engineering, fourth editiBrederick
Emmons Terman,

McGraw-Hill Book Company, 1955, pages 30 —
33.
2. The Radio Amateur’'s Handbook, 44th edition, 196fe
American Radio

Relay League, Newington, Conn., page 26
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Let the coil haveN turns. Assume that the same amount of
magnetic flux® links each turn of the coil. The net flux
linking the coil is therN®. This net flux is proportional to the
magnetic field, which, in turn, is proportional tiee current

in the coil. Thus we can wrifd® [J |. This proportionality can
be turned into an equation by introducing a corisi@all this
constantL, the self-inductance (or simplyinductance) of the
coil:

N =LI orL=N—(D

As with mutual inductance, the unit of self-induata is the
henry.

The self-induced emf can now be calculated usingdeay’'s
law:

Bk W APl Gl A el

At At At At
E=-L&
At

£ nA® _ A(N®) _ A(LI) Al

The above formula is themf due to self-induction.
Example

Find the formula for the self-inductance of a soldnof N
turns, length, and cross-sectional aréa
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The above formula is themf due to mutual induction.
Example

The apparatus used in Experiment EM-11B consistsvof
coaxial solenoids. A solenoid is essentially jusid of wire.
For a long, tightly-wound solenoid of turns per unit length
carrying currentl the magnetic field over its cross-section is

nearly constant and given g = u0n| . Assume that the

two solenoids have the same cross-sectional Areféind a
formula for the mutual inductance of the solenoids.

The magnetic flux in the primary coil is

D, =, l\:’ll A wherel, is the length of the primary coil.
1
M =7N2|¢2 But®,=®,: M =7NT®2 :&uo—NI‘/‘A;
1 1 1 1

(Note how M is independent of the cutrgn)

Self-Inductance

A current-carrying coil produces a magnetic figidttlinks its
own turns. If the current in the coil changes timeoant of
magnetic flux linking the coil changes and, by Eangs law,
an emf is produced in the coil. This emf is cathes!f-induced
emf.
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"Professor Coyle" Coil Calculators
By Dan Petersen
http://www.crystalradio.net/professorcoyle/indexrsh

Instructions for Professor Coyle:

Professor Coyle is intended to be a mathematicdl imi
determining the inductance of a coil and the resbna
frequency of a coil-capacitor tuned circuit.

To Use The Coil Calculator:

The coil calculator will calculate the inductancé looth
closewound or non-closewound or “"spaced" coils. dboa
closewound coil, enter the coil diameter and theirdd
number of turns into the appropriate places. Liéfkon any
of the red numbers to change their value, thenspresiter>.
Look at the list below the entered numbers answititnote a
series of inductances and lengths paired with ¢hayg of wire
to be used. These are the inductances and coitheraf a
closewound coil as a function of the wire guage. &@ample,
enter a form diameter of 1.75" and 78 turns in®dalculator.
Now if you wanted to use #28 enamelled wire, yowlmeed
a space of 1.11" on the coil and the inductanceldvbe 244.9
uH.

A "spaced" coil is one that has a gap between tuAms
example is a coil that is 1 inch long and has 8swf #24 wire
"spaced" along the 1 inch length.There is a sigaift gap
between turns. To calculate the inductance, erter doil
diameter, the number of turns and the coil lengtio ithe
calculator. The calculated inductance will apperblue just
under the entered parameters.
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To Use the Resonance Calculator:

Enter the known inductance and capacitance intealailator
section at the top of the page. The resonant fremyuand the
reactance of the L-C circuit will be given in bliremediately
below. Example: You have a 40-400pF variable capaand
a 240uH inductor and you want to find the tuninggex Enter
the inductor value, press <enter>, and the highesiable
capacitor value into the calculator and press <ent¥ou
should see a resonance of .514 MHz. Left-click be t
capacitance value and now enter 40. You should seeva
resonance of 1.624 MHz. In this example would biéege for
tuning the AM broadcast band.The result is a thewadevalue.
The actual frequency will differ slightly due tostfibuted
capacitance and measurement tolerances

Professor Coyle can be copied for non-commerciapgaes
only and is meant to be an aid in calculation. @hthor is not
responsible for the results calculated nor any demto
equipment affected by these calculations. This nwgis not
to be bought or sold. Please credit the author, Petersen,
when copying this program. Close cover before isigikPlace
all trays in the upright position before landingut Rhe toilet
seat down. Exact change only. Don't kiss the dothemose.
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needle). Hence the secondary coil encloseshanging
magnetic field. By Faraday's law of induction tlukanging
magnetic flux induces an emf in the secondary ddils effect
in which changing current in one circuit induces emf in
another circuit is callechutual induction.

Let the primary coil havl; turns and the secondary coil have
N, turns. Assume that the same amount of magnetic di
from the primary coil links each turn of the secarydcoil.
The net flux linking the secondary coil is thiipd,. This net
flux is proportional to the magnetic field, whicim turn, is
proportional to the currenf in the primary coil. Thus we can
write N,®, O I;. This proportionality can be turned into an
equation by introducing a constant. Call this cansM, the
mutual inductance of the two coils:

N,®,

1

N,®,=MI, or M =
i of i Wb
the unit of inductance IST — henry (H) named after

Joseph Henry.
The emf induced in the secondary coil may now beutzted
using Faraday’s law:

AD, =_A(N2CD2) =_A(MI1) —_m AL

At At At At

E=-N,

Al
=-M =1
; At
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Mutual Inductance %
Dr. David F. Cattell =
faculty.ccp.edu/faculty/dcattell/Sp12/.../Mutual%h@ductance =
.doc =
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Suppose we hook up an AC generator to a solenciblasahe g
wire in the solenoid carries AC. Call this solenthié primary E
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TUSA"

] g L g
Zgugargs i g O ]
jaegbsss <3 2 4t
320 o ¥4
EEN.MHZEQ r H S§§
g ¢ 33
Stagunaasg 8% §d3
gs i i
= & fEd
- aLE
i - 3 i
H 5
; 3 9y i
£5¢ P
2 IR
ERRE oy |2
gEddc f i i E .
Sigwni o g o |28 ek aEEE
gedff gy | Belg 82 FREEEEE
i 9]
Ziv3s =4 |Bywzy |88
Eyil: i |d3E%i |0
FER R E L RER B B
giiil di|%EZe g ek
BEigiy 2928551 |58
§:5 2 Tyii|BY
g%;é BEE2: 5% ssayszs
I og 8 i |gEp 9444433
] ZF 2 |82 444asas
5 o [« =] = a8 a & &8 8
E‘é d_z‘

primary coil. Call this second solenoid tseeondary coil. See
the figure at the right.

The alternating current in the primary coil prodsican

alternating magnetic field whose lines of fluink the
secondary coil (like thread passing through the efea
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damped to over-damped. Binghe

Figure 10: Peak to peak voltage across capacitarfaaction
of frequency with theoretical voltage fit to datithwR = 202
.

the critical resistance as a function of capaciatiere is a
problem. But the issue is most likely due to theure of the
measurement as it is difficult to tell exactly whie circuit

transitions from under-

model accurately predicts the resonant frequencpa &LC
circuit, however, other details of the behaviortsas the Q

factor are not described correctly in this experite
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This fit is shown in Figure 10. It can be seen thi does shift
the resonance from where measured (to 485 Hz) HmutQx
factor is the same as in the experiment. So wiakeentirely
responsible for the difference between measurenset
theory, as evidenced by the resonant frequencyrdiite,
uncounted resistances play a part in the disparity.

4 Conclusions

RLC circuit behavior is described well by oscilkagisystem
theory which describes the charge on the capae#oa 2nd
order differential equation. It is demonstrated this
experiment that the theory can be used to relidibly the
inductance of a RLC loop by measuring the period of
oscillation as a function of capacitance. The mtedi
exponential damping dependence on resistancedsvatified
and it is shown that that total resistance of tineudt can be
found accurately using a resistance versus logedesnt plot.
However, when applying the theory to measure tHedtance
using

Response vs Frequency
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Ed Note: | include these screen shots becausddvbethis is
the premiere coil calculator available. | highlpceurage
any/all crystal radio builders to get a copy, mgdifat will,
and use it, use it a lot!

19



20

Response vs Frequency
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1) snmpaduy

2 o w0 i 000
Frocuancy (Hzy

Figure 9: Peak to peak voltage across capacitarfasction of

frequency. The data points go to the left axis #wedldeal Z
goes with the right axis.

bandwidth of 366- 15 Hz5. Then, usi Q@ = fo/AS it was
found that the quality of the circuit was 4  0.1.

The theoretical Q is 52.8 and it is therefore qoiteious why
the theoretical impedance curve is much sharpen the

measured curve. The plot shows a poor agreememeéptthe
theoretical response and the actual results. Th& jgemuch
sharper for the ideal case and the bandwidth ishnimwer as
seen in a comparison of Q values. These discrepaace due
to components not behaving ideally and other ldsethe

circuit such as resistance in the wires or imperfeanections
on the bread board. Additionally, the actual vodtdglls off

faster than expected for the same reasons. Buildinghis

idea, if we assume that the inductance and capaeitaf the
circuit are the same as measured and fit the fumeti the data
by changing the resistance in equation 14, we tiredbest fit

around R = 2042,
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function of frequency. We observed frequencies betw100
and 1000 Hz and set the oscilloscope to averagsafples
and measure the amplitude automatically. The resate
shown in Table 6. These values are then

Table 6: Voltage versus frequencyrdis for all values are 2
mV.

Frequency (Hz) | Vpp (mV) | Frequency (Hz) | Vpp (mV) | Frequency (Hz) | Vpp (mV)
100 59 45 142 6

0 38
200 72 480 149 630 129
270 86 490 150 650 123
300 94 500 151 680 14
330 103 510 152 690 12
340 106 515 150 700 110
350 109 520 152 710 107
360 113 530 150 720 105
370 17 540 150 770 92
380 121 550 149 800 85
400 126 560 147 900 7
410 130 580 143 1000 59
430 137

plotted along with equation 14 in Figure 9. Equatib4 is
important because RM is so large that the pealeai poltage
(Vpp) should approximately equal VOZ=RM and thus is
directly related Vpp. Using this plot we found thesonant
frequency to be 515 10 Hz. Based on the measutsmén
the inductor, resistor, and capacitor the thecmbtiesonance
occurs at 514 Hz which is in good agreement with data.

We also measured the bandwidth by finding the two

frequencies at which Vpp fell to 70.7% of its peadue.

These two frequencies were 350 10 Hz and 710 40 H

giving a
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Variometer Design
Claudio Girardi
http://www.gsl.net/in3otd/variodes.html

Variometer Design

A variometer consists usually of two coaxial codsnnected
in series, where the coils relative position canvaeed in

some way. If L1 and L2 are the self-inductanceshef first

and second coil and Lm is the mutual inductancevéen the
two, the total inductance can be written as LtotdlA+2L. m.

The mutual inductance is defined as the flux linkedthe

turns of an inductance when the other carries & awnrent;
this of course depends not only on the coil leragtth diameter
but also on their relative position.

For two coaxial coils, like the ones in the pictuttee mutual
inductance is at maximum when they are also coricahti.e.

D=0.

If the two concentrical coils are rotated, so thetir axes are
not parallel any more,

the mutual 1

inductance decreases, 12

reaching zero

(almost) when the OO0 lelelelv
angle is 90°. 1
Continuing the

rotation beyond 90°

the mutual  d1

inductance increases

again, but this time
with the opposite
sign. So, according to

B .
the above formula, 7461)000 OOOCn)I
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rotating a coil 180° gives a variation of the tdtaluctance of
4Lm.

Two coaxial coils If the two coaxial coils are madvalong
their axis instead (D<>0), the mutual inductancereaes,
eventually reaching zero at infinity, but does do&nge sign.
This means that there is less variation in thel iotiuctance
just moving the coils with respect to rotating them

The form below computes the main parameters fortie
types of variometer described above. The self-itahges are
calculated using the formulas in [1], while the malt
inductances use the formulas from [2], with somenami
corrections.

These formulas agree very well with the resultssofme
electromagnetic simulations | have done, see thge far
details.

COILS DATA
Outer Coll Inner Coll

s a2z 033 B
125 024 =
520 57

Centres Distance, D i 10 B

Calculate
CALCULATED VALUES

Tnductance, T1 : 142 e
Inductance, L2 : 896 e

In a typical variometer the two coils are concenfiie. D=0)

and the overall inductance is varied rotating tieer coil; in
this case we have:
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Figure 8: Circuit layout for part D

When analyzing AC circuits it is convenient to irspedances
to determine various aspects of the response. kamge,
with this circuit, the impedance can be used temieine the
magnitude of the voltage across the RLC element as

Ve = Vo
Ry +2 (13)
Impedances are complex numbers in general and for a
capacitor Z = 1=jIC, for an inductor Z = jL, andrfa resistor
Z = R where j = plJ1. As can be seen in Figure 8 the RLC
loop has the capacitor in parallel with a serieditazh of the
resistor and inductor. Using the addition rules docuits the
result is that

ijf.«'L]i

(14)
where !0 is the resonant frequency.

With this in mind we set out to observe this regeory
measuring the peak to peak voltage across the icapas a
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difference and based on this it would seem all of o
measurements of Rcritical were too low by at ledStb.
However, when the resistance is adjusted upwaatsnhbch it
is readily apparent that the circuit has moved Iming over-

damped based on the waveform. Therefore, it must be

concluded that this is not a reliable way to measan
inductance at least partially due to the subjetstiaf the
measurement.

3.5 Part D: RLC response to sinusoidal signal

For this section a different circuit was used thaparts A, B,
and C. The circuit is shown in Figure 8. RM was kQ1L was
93 mH, RB was 5.69 , and C was 103 F. Also, theéték
was set to output a sine wave with an amplitude6o¥.

Rerica V8 €172

Figure 7: Plot of Rcritical versus 1/p C showingteong linear
relationship. Additionally, a plot of the theoretichehavior
given the measured inductance is shown.
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Mutual Inductance, w703 i
1333 ]
e i

When the coils can not rotate but only move aldmjrtaxis
(coaxial coils), assuming a distance D betweentWe coils
centres, we have:

" 104 -

27 -

The total inductance value for this case is conpaissuming
a positive mutual inductance (coils not rotated®1.80

References:

[1] R. Lundin, "A Handbook Formula for the Induastz of

a Single-Layer Circular Coil," Proc. IEEE, vol.
73, no. 9, pp. 1428-1429, Sep. 1985.

[2] F.E. Terman, "Radio Engineers' Handbook," Lamd
McGraw-Hill, 1st ed., Sep. 1950.
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Figure 6: Sample circuit response for this part thé
experiment

Table 5: Rcritical versus capacitance.
C@F) | Reritical ()

1 460 = 10
0.5 678 + 10
0.1 1620 = 30

0.05 2320 + 30
0.01 5300 + 100

the error values a change in the response waswveastrat we
believe was significant enough to warrant a higgree of
confidence (assumed to be 95%) in that range.

A plot of these critical resistances versus 1/psGhown in
Figure 7. Additionally, the ideal behavior is pedtusing L =
90 mH. The first result to notice is that the lindiais very
strong and that the error in the slope is only 28 95%
confidence. However, it is also clear that the pioplies a
different value for the inductance of the circiian previously
found. Based on the slope of the fit, the inductan€ the
circuit is 72— 3 mH with 95% confidence4. This give 20%
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Figure 5: Graph of versus R showing a good fit emaich to
theory.

3.4 Part C: Dependence of resistance for critieahping on
capacitance

For this part of the experiment the same circuit esaveform

is used as in part B. The critical resistance ésrésistance at
which the circuit is critically damped. Therefor2 $ 0 and by
solving equation 3 we find

L
Rerivieat = 24/ =
c (12)

So a plot of R vs 1/p C should be linear. We deireeth the
critical resistance by adjusting the decade resistdbox and
observing the resulting waveform. Three exampleef@wms
are shown in Figure 6. To find where the circuitsveaitically
damped we allowed it to be slightly under-damped #en
increased the resistance until no overshoot wasroed. We
did this for 5 different capacitances and our tsswdre
summarized in Table 5. Unfortunately we did not éhane
definitive way to determine the error in our measoent.
However, when the resistances were adjusted by 7
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Get/Make a "Coilmaster”
http:/iwww.gsl.net/k5bcg/COIL/COIL. html

Get/Make a "Coilmaster”

This is "The New Modern Coilmaster" made by MoReCo
(MOrris REgister COmpany), Inc. of Council Bluffswa.

If you want to wind your own coils, and many peogid, you
need to build one of these. They are really prsithple as you
can see and with a little ingenuity you can make. de turns
counter is driven off a worm gear. The spring ionfris to
maintain contact between the wire guide assy aediifferent
shaped cams, moving it back and forth. The camasnted
right behind the crank handle. Each Coilmasterdqsipmped
with four 32 pitch gears, with 39, 40, 42, and 44th. This
would give it a spindle to cam ratio of approxiniat@.9:1 to
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1.1:1. It says enameled wire must first be treatedjive it

"grip" by passing it through a quick-drying solutjosuch as R 9 R 1 C
= (

resin dissolved in alcohol or other similiar maaérHad you Z) 5 =" LC = fﬂ
guessing too, huh ? Extra cams were $0.75 and gezms \/7}5 -(&£) \/1 — &£

$1.00. (11)

A Homebrew "Coilmaster” when R2C=4L 1. In this experiment, the maximunueabf

R2C=4L is 0.08 and can fairly safely be ignoredtast for
linearity. Figure 5 shows versus R and a strongalin
relationship is observed. Based on the fitting peaters the x
intercept of the line isnot R=0

. This is because R is referring only to the resis¢ of the
decade box and ignores the resistance of the cuil the
function generator output. This residual resistasalculated
tobe 70- 4

with 95% confidence. The combined resistance efitbuctor
coil with the stated output resistance of the Welvés 69.4
giving a good agreement with the above measurement

Table 4: versus resistance.
R | VIV V2(V) 5

100 | 6.8 £ .04 | -1.00+ 04 | (.84 % 0F
90 | 672+.04 | 124+ 04 | 169+ 03
A \ 80 | 7.6+ .04 | -146+ 04 | 159+ 03
b0l il AU S M\ 70 | 7.564+.04 | 170+ .04 | 149 = .02
This is homebrew "Coilmaster" using "whatever igitable 60 | -8.00+.04 | -2.00+.04 | 1.39+.02
parts. It has a variable spindle to cam ratio @1 to 2.1:1, 50| 844404 23604 | 127 £ 02

h : ; : 40 | 896+ .08 | 280+ .08 | 116+ .03
various cams, various wire feed heads, wire spolldn, turns 20 | 0441 .08 | 328+ .08 | 1,06~ 03

counter, etc.....even comes with two allen wresche is 20 | 101+.2 | 388+ 08 | 096~ .03
shown with a small plastic bobbin coil spool mouhte 10 106+.2 | 452+ .08 | 0.85+ 03
Additional cams are located on the wire spool hosteft and 0 SIL1£.2 | 2524+ .08 | 075+ .02

also prevent the wire feed spool from coming tawse! The
wooden spools are mounted on the spindle for langer
diameter coils.
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Table 3 with the errors in voltage determined byitiplying
the minimum change by 2.3 The error becomes wossthe
peak number increases

2ysc

Copaetancs )
Figure 4: Plot of T2 versus C showing a straight lias
predicted by theory.

Table 3: Verification of constant

Peak # | Voltage (V) | )
1 748 .04 N/A
2 0.78 + 0.01
3 0.79 + 0.03
4 0.72 + 0.06

because the data was only acquired once with aesétal
resolution on the scope, and thus the uncertairgtyaa
percentage of the value increased as well.

With the consistency of established we proceedetigasure
as a function of R. The first and second peaks wezasured
and used to determine . This data appears in Palflgain the
error was determined by multiplying the smallesirgie in V
on the scope by 2. Plugging equations 2 and 4 tat&mn 5
gives
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The whole thing is made from aluminum scrap. Since

aluminum is soft (and easy to work), the wear miate
strengthened with brass bushings from old potergiers. Be
sure to grease all the bearing surfaces or thelyjavii. All

shafts are 1/4" (steel or aluminum) cut to sizee Thllars are
made from old knob inserts after the plastic/ba&elis
removed via an application of cold chisel. The camsmade
from knobs with thick aluminum skirts (plastic/béite
removed). Some required a little hammer tweakingigbten
the skirt. Since the cam is soft it rides on a $iall bearing
(from an old PC disk drive) cam follower.

The drive "gear" is a knob with a groove cut irtoA small

"O" ring is installed into the groove and contadtskes the
aluminum skirt of another knob. A short spring écdted
behind the skirted knob to insure pressure on®ferihg. Ran
into one problem on my coil winder. The "O" ring pke
"walking" off the knob on the right angle drive.taf a little

study, | decided that the "O" ring footprint is rfaero", so the
inside of the track is actually running at a diéfet ratio than
the outside of the track. This tends to cause award force
on the "O" ring in the plane of the "O" ring drigkaft. If the
centerline of the "O" ring drive shaft is belowtled the driven
plate shaft centerline, you also have the additianaward

force due to the direction of rotation of the drivelate. The
way | solved the problem is to equalize the forbgdocating

the "O" ring drive shaft centerline ABOVE the cantiee of

the driven plate (for this size plate, "O" ringe ét turns out
that 3/32"-1/8" works best). No more problem, etleing runs
true at any ratio. This was the first Engineerirfgaige to my
coil winder .....the driving shaft bushings are nowunted in
vertical slots.
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The crank is yet another aluminum skirted knob. The
mechanical counter was something from a swapmekleads
itself to being worked with a beveled collar. | thhave used
a cam to work the counter, but the counter resebkmould
have been difficult to get to. The wire feed ismaa#i hobby
shop brass tube run through a drilled knob inséttt wne set
screw used to hold the tube in place and the atlsed to
tighten it to the shaft. This tube easily feeds #24G and
smaller wire but a larger tube could be used andoam make
several wire feed heads. Most coils | need wili{a8 AWG or
smaller. It has a bail made from a safety pin anehd. The
wire is fed into the back of the tube and wire temsis
controlled with your fingers. A small piece of stkitubing
was put on the end to further protect the wire. We feed
head rests on an adjustable bar to control heiggit gnother
knob with aluminum skirt). Fun project.

The additional holes in the braces are for betbeticg and to

decrease weight ...Hi, Hi.

...... and we have the "Cheapo-Winder"
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95% confidencel. Based on this value for the insha it is
determined that for C = 1 uF and R ={2)

(#) = 1112107 3 1.5110° = (%)

and therefore, according to equation 4

a

(9)

T2 s (22 P 0T
T+ = (27)°LC (10)

This relationship is plotted in Figure 42. AgaihetR value
shows a strong linear relationship between the emlas
predicted and the error in the slope is only 0.9%h & 95%
confidence interval.

Finally, the inductance of the coil was measureiigis Z-
meter and found to be 92 1 mH. This is in good agere

with the value determined from the 1/T2 versus 1/C

relationship.

3.3 Part B: Log decrement dependence on resistance

For this section of the experiment the same cirand

waveform was used as in part A. The capacitanceseg® 1
T F. First we observed the voltage transient at R 500 100,
150, 200, 250, and 300 . Above 100 it becameddiffito see
more than 2 oscillations. Next we verified that they

decrement ( ) did not change going from one seeaks to the
next. We did this by setting the resistance to 0

and measuring the height of the first 4 peakswatlg 3

successive s to be calculated. The results are aniged in
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value. Then the error of the single period was fbeterror of
the total time divided by the numer of periods fibvat
measurement. According to equation 4 a plot of V&B&sus
1/C should give a straight line with a

1
4=2L @

Figure 3 shows this relationship along with thetH@sline.
The error bars were calculated using the propagatfcerrors
formula:

®)

Figure 3: Plot of 1/T2 versus 1/C showing a straigjie as
predicted by theory.

In this plot the 'Error’ column refers to the stand error and
it can be seen that the R value indicates a stiomegar
relationship. Using the relationship in equationit7was
determined thathe inductance of the circuit was-90 1 mH to
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This is "The Old Cheap Econo-Winder" used by many,

including myself. It offers the advantages of: nams to
change, no gears to change, 4x chuck to crank iafiaitely
adjustable, full control, able to wind multiple atds (above
photo shows three #38 AWG strands being fed orgpoml).
You are the turns counter....multiply the drill okaturns by
4.3 (this drill gear ratio). Turn the crank witheohand, tension
and feed the wire in a pattern with the other hdahgou can
"pat your head with one hand and rub your bellyhwtihe
other", you can wind coils by hand. | you can'see above.

A few winding hints/ideas/observations

Your results will probably vary some from mirtayt the
general ideas will hold.
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* It was pointed out to me that the main advgetaf a
winding machine is to allow a "basket weave" pattehich
reduces adjacent turn/layer capacitance and iresezl "Q".
Basket weave also tends to stay in place betten toeel
wound coils because it's a diagonal criss-crossd.it looks
cool. You can manually wind a very acceptable "bask
weave" pattern by hand with a hand drill or withal winder.
It doesn't have to be "exactly correct" to seeatieantage of
higher coil "Q". Hand winding will generally reqeia spool or
something to keep the end turns from collapsingl @inder
made coils can be wound "free standing" if theyraretoo tall
and you use a 2:1 spindle to cam ratio (my opinion)

* Using Litz wire or multi strand (individuallynsulated)
wire increases the surface area which reducedaesesat RF
frequencies due to "skin effect" (concentrates Rifecurrent
on the outer surface of the wire) and increases"@di Litz
wire is useable at frequencies of 2-3Mhz or LOWRRove
2-3Mhz, solid wire performs as well as the Litz ofr
Therman's book). The manufacturers of Litz wirestwand
alternately place the conductors relative to eabbrao reduce
eddy currents, capacitance, keep impedance constanfThe
inductance of one strand is about that of two disais about
that of the whole bundle for Litz wire ....even tigh the
"individual" coil inductances are, in effect, "pteged". This is
because of the close coupling of the wires.

*  When winding with served Litz wire, you wilinfd that it
lays down easily and makes nice coils. Solid wsiadle or
multistrand) will also lay down easily if you feédacross a
block of beeswax to give it "stick". You will finthat the Litz
wire does have higher "Q" but it's "bulkier" thdme tequivalent
solid wire (will take up more space). Litz wire ivilave a
tendency to kink as it comes off the spool duéheowire twist.
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Figure 2: Representative transient signal of veltagross
capacitor in this part of the experiment.

used. This was done for 11 different capacitances the

range of 0.08t + F. The results are shown in Table 2. The

error for the total time was taken to be the retsmiu

Table 2: Measurement of period of oscillation #aretion of
capacitance.

C (pF) | #of periods | Total time (ms) | Single period (ms)
1 5 9.40+.08 1.88+.02
09 5 8.86+.04 1.77+.01
08 4 6.72+.04 1.68+.01
07 5 7.82+.04 1.56+.01
0.6 6 8.64+.04 144401
0.5 5 6.624.04 1.324.01
04 6 7.084.04 1.18+.01
0.3 7 7.14£.04 1.02+.01
0.2 9 7.70+.04 0.856+£.004
0.1 13 7.644.04 0.588+.004
0.05 9 3.75+.02 0.417+.002

of horizontal axis of the Tektronix multiplied by. 2Ve
assumed that this large range gives a 95% confidénthe
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with serial number Phys-943034 was used to meathge
resistance of the inductor coil #7. A Wavetek fiomt
generator was used in all parts and had the seriaber Phys-
943026. Additionally a Tektronix TDS3012B oscillope
with serial number F28819 was used to measurerémsient
response in all parts.

3.2 Part A: Frequency dependence on capacitance

In this section, along with parts B and C, the Wakeand
circuit were connected as shown in Figure 1. VC was
measured using the Tektronix scope and Rout wasreskto
be 50 . R in the figure was a decade resistancabdxC was a
decade capacitance box. L was a large coil indy#&®rwhich
we measured the resistance of using the DMM befareng
on the Wavetek. The resistance was found to be619.3he
Wavetek was set to output a 8 V unipolar squareefoamn
with a frequency of 10 Hz and a duty cycle of 50¥he
oscilloscope was set to trigger on the leading edfj¢he
unipolar output of the Wavetek.

After all the elements had been setup, the resistdox was
set to 0 and it was verified that the period waastant for
each oscillation as shown in Table 1. Additionally
representative scope output is shown in Figure 2.

Table 1: Verification of constant period.
Cycle # | Period (ms)

1 1.86 = .02
2 1.86 + .02
3 1.86 .02

Then we measured the period of oscillation for edéht
capacitances by determining the time to completétipies
cycles and dividing the result by the number ofeyc
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* To measure the capacitance between conduofdsgilar
or Litz wire, measure only a foot or so of wire andrapolate
to the total length (via resistance measuremerfsyou
measure the capacitance on the spool, you wilasesy small
(in error) reading. The reason is that you arengtb measure
capacitance across two really good RF chokes withster
which uses an RF frequency to determine capacitance

*  Litz wire is sometimes a little confusing. Fexample:
6/44 unserved Litz wire means 6 strands of #44 AWi&
without an overall wrap (unserved). The AWG "eqlevia
circular mills" for 6/44 Litz is #36 AWG. This mesuthat 6/44
Litz has the same circular mills and DC current diiag
capability as one #36 AWG wire. However, the RFreor
resistance of 6/44 Litz is less than half thatlef #36 AWG
wire and approaches that of #28 AWG wire. Whatthié
means for the coil is that 6/44 Litz will have glher "Q" than
the equivalent solid wire of equal DC current calitgh(#36
AWG), but it will take up more space. Unserved 6tdes up
the space of #34 AWG and served 6/44 takes uppheesof
#32 AWG.

* From what I've seen, manufacturers of smallrihsformers
in the 100Khz to 455Khz range use single #38 AWGewi
(good), bifilar #40-42 AWG wire (better) or trifilat44 AWG
wire (best) for the windings (allows 18-28ma DCheTsmaller
JW Miller 100Khz IFs also have a ruberized "powderen?"
layer inside the aluminum can. | believe the reasfon this
layer is to further increase permeability and wlaite the coil
from the can. The fact that 100Khz IFs require SH6wf
inductance dictates a physically large coil, thgdecoil results
in increased capacitive coupling to the can, whetuces "Q"
and overall inductance. The higher permeability eegliltant
higher "AL" value (uH/100turns) is needed to keke overall
coil size manageable in the smaller 3/4" squarghl€lds.
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*  Spindle to cam shatt ratios for small IF typeils seem the
be 2:1. This means the wire feed head traverses die side
to the other in one spindle revolution and traveisack during
the second spindle revolution. | don't think a N®rr
"Coilmaster" can do that. A 1:1 spindle to cam shatfio
means the wire feed head traverses to one sidbakdduring
one spindle revolution.

* Tuning slug/cup material permeability can vanpstantially
(just like toroids) and Amidon lists permeabilitiep to 35 for
their slug tuned coil forms. The 0.01 to 0.50Mh2 K3aterial
has a permeability of 35. As an example: one 455khz
(which you would expect to have a high permeabitityg)
measures 0.7mH without a slug, 1.5mH (max) witk it'
powdered iron slug and 2.5mH (max) with another gened
iron slug from a JW Miller 100Khz IF (obviously it higher
permeability). Some of the physically small colike those in
3/8" cans use very high permeability ferrite cupseduce coil
size requirements.

*  When swapping tuning slugs for one you just ba drill
out because it broke, make sure the permeabibtiesabout
the same or it won't tune correctly. Could nevet get
Heathkit HF osc to peak....huh ?.

*  One source of low frequency, high permeabititygs is
old TV horizontal osc coils. If you need to shoreepowdered
iron slug, scribe it with a hacksaw and snap itHand. A
simple method for determining relative permeabittyo swap
slugs in a given coil form and measure the indwsgan

*  Coil spools solve the problem of the end tulrsllapsing”
on small coils, especially if you are not usingaal evinder.
The coil spools used are plastic "Singer" Clas$11332" tall
winding) or "PFAFF" (7/32" tall winding) sewing mnlaice
bobbins available at any sewing store (or the wif®wing
room ....but be careful, they don't share your esigsm). Coil
winding using the wife's sewing machine "bobbin der'
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7 .
d=In M =al)
qtmaz + T1) ©)

The last equality in equation 5 can be made basetieoform

of q(t) where ™" is the attenuating factor. Lastly, the
quality factor Q of the circuit is defined as

Q=2 total stored enerqy T wil
= “"decrease in energy per period 8 R
(6)

with Wi = Q"’flbeing the damped angular frequency. As
can be seen, a lower resistance leads to a higiaditygwhile a
higher inductance increases Q.

Figure 1: Cir?uit layout for pa;S A, B, and C.

3 Experiment

3.1 Equipment

A decade capacitor and decade resistor were uggEattsn A-C.

The serial number for the capacitor was A-1678 famcthe
resistor was 48288. A HP 34401A Digital Multime{&MM)
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i) -l 0

There are three distinct types of solutions dependdn
whether b2 is positive, negative or zero.

When b2 = 0 the circuit is said to be criticallynzed. In this
case the two roots of the characteristic equatienreal and
the same value. Therefore, the charge in the dapdalils to
zero exponentially and quicker than for any otheue of b.

When b2 > 0 the two roots of the characteristicatiqn are
real and again the charge drops to zero in an exi@h
fashion. However, the falloff of charge is slowean for b2 =

0. This can be seen by observing that at laterstithe decay
constant is (al b) < a. With this type of response the circuit is
said to be over-damped.

Finally, when b2 < 0 the two roots are imaginarg #nus the
charge oscillates about 0 before finally decayirg @
(assuming a 6= 0). Under these conditions the itir€said to
be under-damped. The frequency of the oscillagon i

e (CECH

where T1 is the period of the oscillation. Becatlsecharge is

still decaying the logarithmic decremedtcan be defined as
the natural log of the ratio between two succespivaks of

charge
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does not work and can shorten your life. A "Singéfdss 15
or "PFAFF" bobbin has a thicker core and lenddfitsebeing
drilled out to 19/64", 9/32", or 17/64" which allswhem to be
put onto standard 1/4" slug tuned cores. Trim th@obwith
wire nippers and since it's an outside curved eddimger nail
clipper works well. Trim the spools after you haweund
them to keep the newly created rough edge froningugmall
gauge wire or smooth the spool edge before windihghe
spools are not the correct height, cut them in balimake
some "washers". It's important to secure thesellgolb the
coil form or the winding will tend to "walk" the wher ends
outward. When done, carefully remove the washers aifd
some beeswax/Q dope to seal the outer turns.

* To keep the initial turns from slipping addlayer of
double sided tape to the core or drip some beeswéx the
core (preferred).

* Many types of magnet wire allow direct tinniogthe wire
which burns off the insulation in the process. TikisMUCH
easier than scraping the insulation off with a rabtade,
especially for the smaller gauges. Burning off theulation
over a flame is not advised.

* Aspect ratio is important. A fixed length ofire was
wound on a given form and slug. The coil windingghe on
one was 3/8" and 3/16" on the other. The 3/16" ipdlarger
outer diameter) measured 40% (max) more inductance.
Therman says optimum inductance is achieved ifwtimeling
cross section is square. Slug tuned coils may fieret.

*  To give the wire more "stick" as you are wimgl feed it
across and into a beeswax block (available atraft/and
sewing stores).

Factors Affecting Coil Q ...some experiments
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EXPERIMENT #1 ....Skin Effect

Four coils were wound by hand. Coil Q will increasehe
turn-to-turn capacitance is reduced. This can lermaplished
by using a "basket weave" pattern. The "basket eeawils
have roughly 1-2 spool length traverses of the wier
revolution of the spool (coil Q will be even highen fixed
pattern wound coils made using a coil winder). @ atso be
increased by using multi strands of smaller gauge due to
increased surface area (skin effect) at frequerimdésy about
3Mhz. It's a substantial improvement in Q to use stvands of
#39 AWG vs one strand of #36 AWG, or better yetsix
strands of #42 AWG vs one strand of #36 AWG. Afiethof
those examples have the same current handling itiapab
Many small, higher quality, IF transformers are wowvith
two strands of smaller gauge wire. Larger, highligudF
transformers are wound with Litz wire, dipped, etc.

All coils were trimmed to 2.0 mH with no slug, aBd mH
with a slug. Q Data is "unloaded Q" as measured Boonton
260-A.

At 200Khz, all coils trimmed to 2mH, no tuning slug
Coil #1 #34 AWG, level wound, 325pf, Q of 52
Coil #2 #34 AWG, basket weave wound, 320pf,f@®
Coil #3 two #38 AWG, basket weave, 310pf, 78f
Coil #4 three #38 AWG, basket weave, 320pff@3
At 170Khz, all coils trimmed to 2mH, no tuning slug
Coil #1 #34 AWG, level wound, 440pf, Q of 55

Coil #2 #34 AWG, basket weave wound, 447pf,f@o
Coil #3 two #38 AWG, basket weave, 433pf, 8f
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RLC loop when an external voltage was applied. The
capacitance was varied and the periods of thelatsoils were
used to determine the inductance in the circuitxtNee
measured the log decrement as a function of resistao
verify the response is approximately linear anéstmate the
total resistance of the circuit including the inthrcand the
function generator. Following that we determinede th
resistance required for critical damping as a fionctof
capacitance. Using this we verified the theoretiesult that
the critical resistance is proportional to 1/ p Fnally, we
measured the voltage across the capacitor in areliff RLC
circuit driven by a sinusoidally varying voltagehel peak-to-
peak voltage was measured as a function 1 of frexqueo
determine the resonant frequency, the bandwidtll, e
quality factor Q. We also compared the resonamjuieacy
with the theoretical value.

2 Theory

The governing equation for a resistor, inductor eayacitor in
series with a voltage source is

2 .
dq  pde 9 _yy

di? d  C (1)

This is the equation for an oscillator with dampiagd a
driving function. Solving the characteristic eqoatigives two
roots s1; s2 =a— b with

£z
L @

a=
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Transients and Oscillations in RLC Circuits

Will Chemelewski with Brian Enders
http://courses.physics.illinois.edu/phys401/Filelst&/Sample
%20report%20RLC.pdf

Abstract

Transient responses of RLC circuits are examinedenwh
subjected to both long time scale (relative to dieeay time)
square wave voltages and sinusoidally varying gelsaover a
range of frequencies about the resonant frequenayeneral,
a good correspondence is found between theory cridesy
the charge in the system in terms of a 2nd ordéerdntial
equation with a harmonic oscillator form - and expent. It

is demonstrated that the inductance can be acturate
measured using period of oscillation versus capacé
measurements. Furthermore, the exponential decayhef
response is described well by the model and theness
frequency of a sinusoidal external voltage is aamly
predicted. However, some discrepancies were fothodigh
not necessarily a result of theoretical failurese@roblem is
the failure to predict the inductance of a cirdedised on the
critical resistance variation with capacitancehaligh the
problem could lie in how the measurement is corehlict
Additionally, the quality and bandwidth of a RLGemlent is
poorly predicted but this could also be a resulexgerimental
problems.

1 Purpose
The purpose of this experiment was to observe aedsore

the transient response of RLC circuits to extevodthges. We
measured the time varying voltage across the capaici a
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Coil #4 three #38 AWG, basket weave, 446pff@5
At 150Khz, all coils adjusted to 3mH with the tupisiug

Coil #1 #34 AWG, level wound, 400pf, Q of 82

Coil #2 #34 AWG, basket weave wound, 380pf,f@®
Coil #3 two #38 AWG, basket weave, 380pf, 109
Coil #4 three #38 AWG, basket weave, 385pffQld

EXPERIMENT #2 ....Coil Form Dielectrics

Other factors which effect coil Q are the coil fonmaterial and
the adhesive used to hold the windings. Any caiirfavhich
can absorb moisture, like the old cardboard oatinexts and
toilet paper tubes used for crystal sets, is alprolunless the
cardboard is treated with varnish, shellac, etout it's cheap.

Some have suggested using old plastic pill bottleish is OK

if they are sturdy so the coil turns don't movecé&tely some
testing has shown that coils wound on those amitidvgitles

have just has high a "Q" as those wound on the Asmph5-

pin forms. Some PVC is the same way. What doestaf@@"

is the material you use to coat the windings (niaeto be
tested later ...beeswax, refined paraffin, varniabuer, other
"glues"). Here is an example of coils wound (adjaderns)

with #28 AWG magnet wire:
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‘"Q" at 6 Mhz with all coils measuring 20.5uH

[ Reference

[Note 1[Note 2 [Note 3 [note 4

1-1/4" Amphenol 5-pin 175 - 175

amber pill bottle 180 [~ [i17 12
1-1/2" amber pill bottle 161 [147
1-1/4" untreated cardboard 152 130 --
1-1/4"PVC 173 - 175
Notes:

Plain wiring, no adhesives, no tape to holddirigs

Use a light coat of clear fingernail polishtold windings
(strips across windings didn't work), Q reading 2lbpoints
lower when first applied, above readings are afé&hours.

Use Elmer's Stix-All silicone to hold windindg strips
across coil windings)

Use Scotch black electrical tape to hold caildings (1-1/2
turn)

EXPERIMENT #3 ...Turn Spacing

The highest Q coil for a given inductance is "agund" with
space between the turns (less turn-to-turn capeeja the
next is space winding on a good coil form (ceramfwenolic,
etc). Space winding on a coil form by winding sjrir
another wire along with the coil wire and removitige
"spacer" later is good. Ceramic and some phenolicfarms
came with wire groves to space the turns. You dee the
problem of having to stabilize the separated tumith Q-
Dope, paraffin, Duco cement, etc.

Here is some data on two coils:
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stripped. You will be left with nice clean varnifiee wires,
which can then be tinned as usual.

As a test of this method | measured the AC impeel@i@ach
of the wires of the same length at 10kHz using @®RLmeter,
and found that they all were very consistent, iatiig that |
was effectively and consistently removing the vsinniand
using all the wires in the bundle.

By the way, the speakers sound terrific! I'm naesww much

of the improvement was from the litz wire, but &r@inly
didn't hurt the sound!
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found it works, but you end up oxidizing the wirasd even
incinerating some of the smaller strands),

5) Individually sanding each strand (I'd be doihés tiob for
years as each wire has dozens of strands and l6haveeters,
6 midranges and 4 woofers to wire up to 18 capeciod 20
inductors!).

| tried several of these methods, and none weisfaetory in
producing a nice clean tinned wire end, withoutakieg or
damaging the strands. However, | did eventually eom with
a simple, fast and very effective method, so | gwu would
share it with the other DIY'ers here, in case they crazy
enough to build something with litz wire.

A Dremel tool with a stainless steel wire wheeheliment
works very well. | found that the stainless wheelrks faster
and lasts longer than the carbon steel wheel, thithadded
advantage that the small pieces of the wheel btlishwear
off during the process are non-magnetic, so theg'taitach
to nearby driver magnets (don't need little piexfesire inside
my EMIMs and EMITs!). Simply remove ~ 1/2" of the
insulation, then untwist the various strands froache other
(the Cardas Litz has 3 counterwound layers of wifie
diameter wire to untwist, do them one at a timej #atten
them into a flat fan shape. Set the Dremel to atidftof
maximum speed and apply to the coated wire, ergtinat the
wheel is ALWAYS turning toward the ends of the wire
(otherwise they will entangle with the spinning evivheel and
snap off!). 10 seconds on each side of the fanriesl s/ very
effective at removing the varnish coating withoasstloying
the wires. Then re-fan the wire in a different diren and
repeat the process 2 or 3 times to ensure th#telvires get
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1-1/4" coil form (amber pill bottle)

both coils 13.8uH +/- 0.1uH

both coils #28 AWG wire

coil "A" 16 turns are adjacent

coil "B" 20 turns are on .025" centers +/- (Frawas
removed)

both coils, no adhesives/coatings to hold tinestin place

At 3.4MHz ..... coil "A" Q=107, coil "B" Q=175

Granted, these are unloaded Q measurements on tdBoo
260-A and loaded Q will be less, however the improent
will be carried over and the “trend" is there.

What does this mean for the signal (loaded Q wadll less
dramatic):

Sensitivity ...the Boonton uses a 20mVAC "gjnsil and
measures "E" with a very sensitive voltmeter, $9 af "107"
means "E" is 2.14VAC ...a Q of "175" Q means "B" i
3.5VAC ....higher sensitivity.

Selectivity ....Q is also the -3db voltage BWided into the
frequency (Q = Fo/-3dbBW ...or -3dbBW = Fo/Q). feo® of
"107" the -3dbBW is 31.8Khz. For a Q of "175" ti3elbBW is
19.4Khz .....better selectivity.

EXPERIMENT #4 ....Coil Dope

"E6000" Craft Glue was used on a coil with a Q d¥5"
...absolutely no change in Q as you put the madteriaas it
dries, or 24 hrs later, even for a very heavy apfibn of glue.
| believe it's some kind of silicone based product
..... waterproof, clear, and remains flexible. Myfendidn't even
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tell me she had some "really good coil dope" maten her
crafts pile.

"CG Clear Ice" fingernail polish was used on a egih a Q of
"107" and the Q dropped to "97".
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Considering the amplitudes of successive cyclesnvdusw
dt-¢)=1

-Loptn -G tat Ty)
Xx=Xge and  XneF Xo®
X
Therefore -1 = eg“‘ﬂT“
Xn+1

The logarithmic decremenf is In( xn / xn+1 ).. Normally n
=1 and n+1 is therefore 2.

Xn
5 |"(.._.);;m'rd -r 2r  _. 2n
Xoeq/ TS TR TG T2

The damping ratiaZ can be expressed in terms of the
logarithmic decremené as follows
8
(2r) + 82
It is clearly possible to determine the dampingprat
experimentally for a mechanical system be init@ibrations
and measuring the amplitude of the vibrations.
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Logarithmic Decrement....

Roy Beardmore 17/01/2013
http://www.roymech.co.uk/Useful_Tables/Vibration®€ Vi
brations.html

The rate at which the amplitude of vibrations decayer time
provides a very useful method of identifying the@e of

damping. See the figure below for the plot of ddgp
underdamped vibration.

A Tf%ﬂd
| AR
\
LN

1 -r"
tn / tn+1 —

-Ceopl,
X = Xpe " I1l:,c:s(mdt - )

A J
The equation for of motion for underdamped osdilta
arrived at above can be used to establish the amdplof any
of the cycles. i.e.

-Copt
X=Xoe " cos(at - ¢)
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Understanding LC Tank Q, Impedance, and Losses
David Wagner
http://wiki.waggy.org/dokuwiki/crystal_radio/tank

A resonant inductor-capacitor (LC) tank is the epheart of
a crystal radio, filtering the signal of interesbrh the sea of
radiofrequency (RF) energy received by an anteRnaperly
loaded, a high-quality (high-Q) tank will give aystal radio
greater sensitivity and selectivity.

For a parallel tank, a smaller inductor and largggvacitor can
result in higher Q.

R R

P
Q=wR . C_% _Zr

Tank Impedance

When tuned to the station of interest, the crysadio's LC
tuning tank between the antenna and detector peesevery
high resistive impedande ground. Estimating the magnitude
of this effective shunt resistance is not difficuliut it is
important to keep in mind how the tank impedanceinis
parallel with both the source and the detector/logudance.

If the source and load impedances are low in coispato the
tank's shunt resistance, this resistance may bkeated, the
tank loss will be fairly low, and the antenna canrbatched
directly to the serial combination of the detecod the audio
load. However, passing a low impedance signal figmitly

loads the tank and results in broader tuning. Tisimize tank
loading, the signal impedance will approach the&'sashunt
resistance, and this resistance must be considsrpdrt of the
driven load. Estimating the parallel LC tank's efiee shunt
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resistance can be done by measuring or assumingatiés
unloaded Q.
R

22f L0

tank ™~ tank = unloaded

Tank Loading

For efficient energy transfer, the antenna impedatwuld be
matched to the parallel combination of the load ahdnt
impedances. In effect, the tank must be kept fplyvered up'
to maintain its narrow frequency response whiléengihg the
rest of the signal into the load.

R R R R
lead tank = load  sank sre

The LC tank shunt resistance can then be used timats
upper limits on the tank's loaded Q and the matsioedce and
load impedances.

This is for very small signals.
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oscillation of IL relative to the oscillation of ¢hanges by
about 180 deg. Increasing the value of the Q-fattakes this
variation of phase more abrupt. However, the mogtortant

feature of the steady state solution describeddyaBons (19-
21) is that one can reduces the frequency widtihefeak in

the amplitude of IL, increases its height, and desoits

frequency position, by an appropriate choice ofrland C.

That the enhancement can be made to occur in atsele
narrow frequency band by tuning the parametersresanant
circuit is particularly useful in applications, &ss makes it
possible to isolate a signal occurring at a palicfrequency
(e.g., the emission from a radio station) from eelévant

background.

6. To conclude

More details on LR and series LRC circuits can duenél in
Young and Freedman [1], chapters 30 and 31. Thsi&hgand
Maths of LRC circuits will also be studied in theuel 2
Electronics course, amongst many other things.
References

[1] H. D. Young and R. A. Freedman, University Fbys 13"
Ed., Pearson Addison-Wesley, San Francisco (2012).
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R ™R aa*® widio™2R g

This may not be correct since R _|oad(RF) may be only about
half of R_load(audio) and R_|oad(DC).

Assume all loss is through the LC tank shunt rasist
(R_tank); losses due to circulating current resistaare small
in comparison to primarily capacitive losses tougah.

sie 1 L
n
3
R det, R tank
1 1
R PT R e L 3
+
= det  sank
1
Qe
27 X M
- k2
det. Q wnioaded
=> =
2 ptecded® ast
2T 2
imfL ank Qn-:to.ed.ﬂ"" R det. 2)
1
Q Loaded
ArfL 5
rank
R ot @ poudect
= =
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R
Qn.‘zfaudm' ioad

T 2
4sf L tank in:tondrd-" iR load

The tank loss can now be estimated.

R
rank
. R +2R
Efficiency (%): tank det =
TfL
4 funk Qnuwan’m

Tf L R
f tank Qli.‘:f:i::d\':f+ det =

R et

L0

tank ™ wslouded

+1

10log m:;

R’ 2
Tank Loss (dB): witt % ad g
R det,

R R
Tank Loss (%): okt 5 R a2
det,

R

2af L 2
imf Qu-uoade“ det.

tank
Circulating Current Losses
The preceding should be valid so long as the takslimited

primarily by its shunt resistance. To check thisuasption,
verify the tank's circulating current series resise (R_circ) is
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at the natural frequency of the LRC circuff’ _(')U/‘T‘T.
(This last feature might not be completely obvidusn the
form of the equation if you are not much used talgsing the
behaviour of functions.) At its maximum, the ampdie of
oscillation of IL is about a factor Q larger thdve tamplitude

of oscillation of 1. (Note thalZ0 = €20 when @= @0 The
amplitude of IL can exceed that of the total cutréd, because
the current passing through the inductor includesuaent
circulating round the LCR circuit formed by the irndor and
the capacitor; this circulating current may be darghen

f=)

This enhancement is an example of a resonancenmen
phenomenon in many different fields of Physics and
Engineering: When an oscillating system is excited a
periodic perturbation whose frequency (almost) cidies with
one of its natural frequencies, the response o$ysem to the
perturbation is greatly magnified when dampingigétl (See
Young and Freedman [1], Section 14.8, for a shisdussion

of this matter.)

Oscillatar
T I—
N
L R
L ]
Common l
Earth ¥, Input Y, Input

Figure 3: The circuit considered in tasks 1 and 2.

One also sees from Equation (20) that when theuéegy of
the generator sweeps through the resonance, ttee mliche
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common feature of the evolution of dissipative egst kicked
away from their equilibrium position by a suddemtpebation.

The steady state solution is particularly intergstwhen the
total current generated by the signal generatdevar

sinusoidally. Sening[: Lcos(ex)
(2), Equation (15) now reads

di{l +:'Cdi+1£ = I,cos(wt)

dt” dt (18)

, as given by Equation

LC

This last equation can also be solved exactly ugérgral
methods (which you will study in your Maths courdeding
so results in the following steady state solution:

I, = I, sin(@t — @)

(19)
where the phase-angle f is defined by the equation
& —
tang = inD
@ (0)
and
1= : - —
1 @ y —a |
T T +‘ 3
Q @y @ (21)

Equation (19) shows that in the steady state theweuthrough
the inductor oscillates at the frequency of thenalgyenerator,

F=02% gquation (21) tells us that when the O-factor is
much larger than 1, then, as a function of f, ltosgly peaks
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much lower than what it would need to be to be Igole
responsible for the LC tank's unloaded Q.

=]

TF L
o

dank _ 1

2rf C
rece unloaded

R <<
o
unloaded

For the 'worst case' broadcast band values, thitesse
resistance is small, but not impossible to beat.

-6
2xwxf x90x10
R << S

g 1000 70.3Q at 520 kHz, and 1@ at
1720 kHz.

For comparison, the 30' (10 m) of 12 AWG (2 mm)dsalire

sufficient to make a stout cylindrical air-core urodor of this
value is about 0.08.

One thing to note is how much circulating curressistance
by itself is equivalent to the tank loading resis& (again by
itself) resulting in the same tank Q.

o
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R tunk 3)

Thus, at 1 MHz, one ohm of circulating current semice is
equivalent to loading a 100 pH tank with about 400 while
it would load a 200 pH tank only one-quarter as/igaabout
1.6 MQ. Since parallel loading dominates most crystaiorad
tank designs, it seems worthwhile to use tanks wittaller
inductors. However, parallel loading decreases Qh wi

increasing frequency, and BCB reception requires an

increasing Q to maintain constant bandwidth, soestrade-
offs may be worth considering.

Now, if it were true that the unloaded tank Q canniodeled
accurately from only the inductance (L_tnk) andafiet tank
resistance (R_tnk), then the Q should always deeregith
frequency, but this is not the case. Perhaps a ioaitn of
parallel and serial (circulating) resistance camded.

1
@ ioeded™ 77
wnloaded ~ Trf L 3
P

an

tank tank
Tank Design
Typical ferrite toroid inductor Q is 300.

Extremely good tanks have R_tank increasing froMQhm
to 2 MOhm across the broadcast bahd.

1 Q-Factor
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AL

LC— L
dr dt (15)

The solutions of this equation will depend on hdw total
current | varies in time. For a square wave sighalan be
taken to jump rather abruptly, but periodicallyrfr one value
to another, staying constant between the jumpsv@&st any
two consecutive jumps, the time evolution of IL tisus
governed by the equation

rc? If +J'Cﬂ+ff_ =1,
: di

dt t (16)

where 10 is a constant. The relevant solution isf élquation is

I, = Aexp(—at)cos(@ii+ )+ 1,

with the values of the constants A and dependingtten
precise variation of | during the jumps. (What theslues are
is not important for us.)

It is clear from Equation (17) that immediatelyeafthe jump
in 1, the current across the inductor oscillateshat natural
frequency of the circuit, about a value equal tp With an
amplitude of oscillation decreasing in time due tioe
exponential factor. Thus IL tends towards 10, amtdmes
indistinguishable from 10 once the initial oscilat has
sufficiently decrease in amplitude. The time-eviolutof IL
can thus be divided into two parts: At first, imrisely after
the jump in I, IL displays transients (the free itistions),
which disappear gradually and leave place to adgtetate
solution (IL = 10). The occurrence of transientsaisvery
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is large (which will be the case for the circuitilbun this
practical).

As can be easily checked from Equation (10), thpliamle of
the oscillation decreases by a factor 2 over atgnml of time

ot 3/
of duration Ar,=In2 & that is, over a number of
periods of oscillation equal = Aty TJ (We neglect

the difference betwee™ and @) Given thar® =7/ (2L)

as noted above, and th Lo :f/ﬁ), we have, in good
approximation when Q is large,
_ Ry,

In2 (14)

This last result will be used in Task 5. An impotta
conclusion one can derive from it is that a largdaQor
means that the oscillations last for a long time,, ithat the
damping is light.

However, the case of interest here is not thandfRC circuit
in isolation but that of Figure 4 below, in which BRC circuit
is connected to other components. In the experimtm
function generator, or “oscillator”, may generatesignal
which is either a square wave or a sinusoidal wawd, due to
the large resistance of the resistor R, the curflenting

through the whole circuit is practically the same ifithe
capacitor and inductor were not present. We dehypté the
total current flowing through the whole circuit. &riefore we

now have‘rf + =1 instead o.‘rf +1 :0-.

The result is that Equation (9) acquires a non-zigita-hand
side and becomes
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Qoo™
2 =
1
L 2
T tiero 271 L
gt L o wonded _
1
LEYS ) N
o ek, @ ntouded®
E o, =L 0 IR _
det. wnloaded - -7 P L inke @ untoadeat 2 F g

2 This gives the same results &eries - Parallel Impedance
Conversion Calculatéf

4 Experiments with Coils and Q-Measurement, Wes H a
w7zoi, October, 2007 (Update 01Dec07.)

%) Experiments with LC circuits part 10
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@, =, |—
LC 4 (11)
[Equations (10) and (11) are not correct when tigeiraent of
the square root function is zero or negative; havewe do
not need to worry about this as in the practical and C are
such that the argument is positive.]

The time evolution described by Equation (10) isleanped
oscillation: the current oscillates, now at a nakwangular

frequency  rather than @ and the amplitude of the
oscillation decreases exponentially in time. Theillasions

disappear because the energy they contain is dissip- here
it is dissipated as heat due to the resistancéefcoil. The

“guality” of an oscillator, i.e., the length of tenthe

oscillations last once started, is usually quaedifiby a

dimensionless parameter denoted Q, the Q-factor

theoscillator. Here Q is given by the equation

2rf,L
r (12)

where fO is the natural frequency of the circuit defined

above, fo=1/274LC Thus @= &L "'lr, and, from
Equation (11),

o =, 1—%
49 @3)

The displacement of the natural frequency from
zeroresistance value is therefore small when tladitgfactor
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To.fo= HT", is called the natural frequency of the circuit.

(Recall the relations between frequepcy, anguégufency and
period: Ty = 2i/eog and g = 27fy.)

By

Figure 2: An Lgcircuit

It is a simple matter to correct Equations (6) &y for the
internal resistance of the inductor. (With thisisemnce taken
into account, the circuit shown in Figure 3, isparallel LRC
circuit.) If the resistance of the inductor is rhen

Vi=Ldl/di + 1Tr o g Equation (6) now gives
ALy )

LC—
dr dt ©)

This last equation has exactly the same form asdbation of

motion of a classical harmonic oscillator for tiese where the
oscillating mass is submitted to a frictional fom@portional

to its velocity — see, e.g., Section 14.7 of Yoang Freedman
[1]. The equation can be solved analytically usgeneral

methods. The result is that

I, = Aexp(—at)cos(aft + ) 0)

where A and are two arbitrary constants (i.e., tenstants
which can have any value), a=r/(2L), and
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MEASURING THE Q OF LC CIRCUITS
Dick Kleijer crystal-radio.eu
http://www.crystal-radio.eu/engmeting.htm

In theory we can determine the Q of a circuit disves:
Step 1

Couple a RF signal generator to the LC circuit. Ebepling
between generator and LC circuit must be loosesratise the
output resistance of the generator will load theuii and
reduces the Q.

Step 2

Set the generator to the frequency at which youtwen
measure the Q.Adjust the LC circuit (turn the tucapacitor)
so you have maximum voltage over the circuit, theud is

now in resonance, this frequency is the resonaecgiéncy of
the circuit (f.res).

Step 3

Measure the voltage over the LC circuit at resoeanc
frequency (f.res).

Step 4

Vary the generator frequency a little above andwel.res.
and determine the two frequenties were the voltage the
circuit is 0.707 times the value at f.res.The \gétaeduction to
0.707 times, is the -3 dB point.One -3 dB pointloiwer in
frequency then f.res, this frequency we call: feTdther -3 dB
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point is higher in frequency then f.res, this fregcy we call:
fh.

Step 5

Calculate the bandwidth BWBW?= fh - fl. Calculate the Q:
Q=fres/BW

For performing these 5 steps, we can use the follpwest
setup

Test setup 1 Measuring the Q with a signal generator and a

probe.
PRoBE

~ T O]

In the schematic above you see from left to rigletfollowing
components.

A signal generator

A coupling coil

The LC circuit

A 1:100 oscilloscope probe

A oscilloscope

Connect the output of the signal generator to thepling coil
having e.g. 50 turns.

Place the coupling coil at about 20 cm from the ebthe LC
circuit.

The coupling coil don't have to be high Q.

48

These currents and voltages and the charge ofapacitor
may vary in time. The instantaneous voltage acrtes

capacitor is given by Ve=g/C  gjce I =dg/dt g
11, we can write

Lv)=-1,

dt ®

I

C

From Equation (1), we also have VL= L dIL/dt. (Asoxe, we
assume that there is no significant potential deopss the
coil originating from its internal resistance.) &nC L V =V ,
we arrive at the equation
LC d {1 =-I,

dt )

You may recognize from the Foundations course that
equation has exactly the same form as the equafiomtion
for a mass attached to a spring and sliding onictidnless
table (see Chapter 14 of Young and Freedman [1§).
solutions have thus the same mathematical propeatiethe
solutions found in the mechanical problem, althoubk
Physics context is completely different. Therefiréand thus
g, IC, VC and VL) oscillate harmonically in timeei, like a
sin or a cos function. Repeating the calculationedéor the
mechanical harmonic oscillator, one finds that #regular
frequency of these oscillations is
1

=, |—
Le ®

and that their perioc,TO‘ s 2w ‘LC. The inverse of
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V, =—LI, sin(r) =Ll cos(wt+m/2) @

Comparing equations (2) and (4), we see that themaaof
VL occur a time™(262) before the maxima 1, i.e. a quarter of
a cycle earlier: one says that the voltage leagistinrent by 90
degrees.

From the last two equations we also see that thénnoan of
MAT
the voltage across the inducuV{- is @LIy | while the

) p o
maximum of the voltage across the resis” &, , is 40,
We thus have
V;r,u' =‘r% "!V;Lu' :[ 2z fL Iy;gu,q
\ R \ R ) ©)
This relation will be used in Task 2 to obtain théuctance of
the inductor provided. Let us now consider theuirshown in
Figure 2. To begin, we'll assume that the resistant the
wires connecting the capacitor and the inductor &mel
resistance of the wire forming the inductor (itstemal
resistance) are both negligible. The voltage acrtdss
capacitor and the voltage across the inductor lvélldenoted
by VC and VL, respectively, the capacitance andiégtance of
these two components by C and L, the current flgwimough
the capacitor by IC, that flowing through the inthrcby IL,
and the charge of the capacitor by g. For conveeieme
measure VC , VL, IC and IL from left to right. HanVC
=VLand C LI =-I.(To see why there is a minugnsin the
last equation, note that the current must flow ppasite
directions in the upper and lower parts of theuiirp
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Because of the 20 cm distance, there is a loos@lingu
between the coils.

Connect the probe to the LC circuit.

The earth connection of the probe must be connectatie
housing of the tuner capacitor.

The probe is connected to the oscilloscope.

The probe provides a small loading of the circstitthe Q will
not reduce so much.

There are also 1:1 and 1:10 probe's, but thesdoaitl the LC
circuit too much.

The 1:100 probe | use has a input resistance ofM.@hm,
and a input capacity of 4 pF.

The output voltage of the generator must be sdtigl, that
the oscilloscoop gives a clear picture of the Rfpai.

Because the 100 times attenuation in the probe,sityeal
generator output must be set fairly high.

When measuring low Q circuits, | must set the gatoer
output to it's maximum of 20 Volt peak-peak.

For measuring the Q: perform the 5 steps descipethe top
of this page.

The frequency adjustment is done by hand, by tgrrire
frequency knob of the generator.

Test setup 2 Measuring the Q with a sweep generator and a
probe.

PRaBE
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In this schematic you see from left to right thdlofwing
components:

A sweep signal generator
A coupling coil

The LC circuit

A 1:100 oscilloscope probe
A oscilloscope

This method uses a sweep generator, this is algignarator
where the frequency is constant varying between sgb
values.

| use a sweep function generator of brand "HungnGhavith
model number G305, it can produce signals up thlHa.

It has a "sweep output" which gives a voltage gaipgand
down with the frequency sweep.

The "sweep output" is connected with the X inputtoé
oscilloscope, the oscilloscope is placed in the Xade.

Now the lightspot on the scope runs from left ghtiand back
over the screen, this makes a frequency scale avittthe
leftside the startfrequency and on the rightsidee th
stopfrequency of the sweep generator.

The sweepfrequency must be set at about 10 Heitzpteans
the frequency is running 10 times per second from
startfrequency to stopfrequency and back.

The Y input of the oscilloscope is connected vie 100
probe with the LC circuit.

The RF output of the sweep generator is conneaiethe

coupling coil, which is placed about 20 cm frone ttoil of
the LC circuit.
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L is always positive. Hence, when the current iases, so
does the potential drop across the coil, which mehat the
coil effectively opposes the increase in currenikewise,

when the current decreases, the potential differemcoss the
coil is negative, which tends to increase the currand

opposes its change. These effects are a manifestftLenz’s

law, which states, in the words of Young and Fresaliji],

that ‘the direction of any magnetic induction efféx such as
to oppose the cause of the effect’.

The coil does not act like a resistor following Ofntaw,
though, since VL is proportional to the rate of mie in
current, not to the current itself. For instanaengider the LR
circuit of Figure 1. We'll denote the inductancetioé inductor
by L, the resistance of the resistor by R, andftéguency of
oscillation of the emf produced by the function eyetor (or
oscillator) by f. The values of L, R and f relevant this
practical are such that the total potential drojpsthe circuit
is dominated by the drop across the resistor, wiiehns that
the current flowing through the circuit, |, is alstdhe same as
if the inductor was not present. Let us thus assiinaie

I=1Icos(at) @
with 10 a constant and Then, if VR is the voltageoas the
resistor, we have, by Ohm'’s law
V, =RI =Rl cos(ot) @)
If the resistance of the wire forming the indud®negligible,
then the potential difference between its two ends, is

identical to the voltage induced by the changeunfent, Vind.
In this case, from Equation (1),
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happens when the circuit enters resonance. By ritleoéthe
practical you will have seen how resonant circaéa be used
to tune radios.

While the work will focus on measurements on atiedty
simple circuit, it actually addresses the genesalié of how
“under-damped” oscillating systems behave whenesig§l to
a periodic perturbation, which is an issue of waignificance
in Physics and Engineering. The main features efctirrents
and voltages measured during the session — tlesrdamped
harmonic oscillation, the excitation of transiebisa sudden
perturbation, the occurrence of resonances undeeradic
forcing, and the dependence of the height and widtthe
resonance peaks and of the accompanying phase eshang
the Q-factor of the system — are in fact quite gen@hey are
found in any physical system governed by the saype bf
differential equations as the LRC circuit considehere.

2. Preparation

A current passing through a coil produces a magrfigid —
this is the principle of electromagnets and tramsés. If this
current changes as a function of time, then so dbes
magnetic field. As you will see in the Foundati@memrse, the
change in the magnetic field present inside théiodiices a
potential difference Vind between the two ends he tvire
forming the coil, and this potential differencepi®portional to
the rate of change in the current [1]. By definitiothe
inductance of the coil (or more generally, of aduictor) is the
quantity L such that

V.= L£

dt 1)
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At the top: the

¥ ".u;a‘;, z b g sweep signal
generator.

Under:

oscilloscope

with the curve

of the LC

circuit on the
screen.

We can turn the tuner capacitor and get the cufuhe LC
circuit on the oscilloscope screen.

Adjust with the amplitudeknob of the sweep generate
hight of the peak of the curve to 2.83 cm.

(The peak-peak distance is then: 2x2.83=5.66 cm).

Determine the width of the curve at 2 cm high, thighe -3 dB
point (because 2.83x0.707= 2).

Calculate the bandwidth:
BW=(stopfrequency-startfrequency) x curve width at-3
dB / total screenwidth.

And the Q:
Q=fres/BW

The great advantage of this method is that chariges
resonance frequency of the LC circuit, can direztsben on
the screen.

Also changes in Q can direct be seen, becauseighedf the
peak will change then.
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At high Q circuits, we can see the hight of thekpkalve for
instance, when we touch the (insulated) litzwirehwour
fingers.

Test setup 3 measuring the Q with a sweep generator and a
amplifier.

AT ET O m

In this schematic we see from left to right theldaing
components:

A sweep signal generator
A coupling coil

The LC circuit

A amplifier

A oscilloscope

When using a 1:100 probe between LC circuit andloscope
there are two problems:

a- Because the 100 times attenuation of the sigtied,
amplitude on the oscilloscope will often have ayew level.
b- The probe can give dielectric losses, which ceduthe Q.

To solve these two problems, | replaced the propeab
selfmade amplifier with a gain of 1x.

The amplitude on the oscilloscope will now be 109es
higher then with the 1:100 probe.
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Question: Compare this last equation to Equatiod) (Gf
Section 2, and show, by identifying the constargswben
these two equations, (i) that, within a changeasétion and of
physical dimensions, the amplitude ILO defined lyu&ion
(21) is nothing else than the amplitude A defingcEjuation
(14.46) of Young and Freedman; and (ii) that thera / km

is the inverse of the Q-factor of the harmonic Keair.
(Hence, in Figure 14.28 of Young and Freedman, the
amplitude A is more and more peaked at the resenémc
higher and higher values of the Q-factor.)

Figure 1: The LR circuit considered in Section 2.
1.What it's about

This session explores the behaviour of “LRC cigyitalso
known as “LCR circuits” and “RLC circuits”, namebjrcuits
containing resistors (R), inductors (L) and camasit(C). It
builds on the second Circuits Skills experimentsyhich you
looked at circuits containing resistors and capasitand
measured voltages using an oscilloscope. Herelijeetive of
your measurements will be to find the inductance iaternal
resistance of an inductor and the Q-factor andutaqy of
oscillation of an LRC circuit. In the process, yawill

investigate the response of a driven LRC circuidiféerent
frequencies, look at the effect of damping, and edmt
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Oscillations and Resonances in LRC Circuits
Durham University, UK
http://levell.physics.dur.ac.uk/projects/scriptficif

Preparatory Task:

Read the entire script and familiarise yourself hwihe

objectives of the session. In particular, read ugroSection 2
in advance of the session, as the theory develdpettiis

section is essential for understanding the Phylsésnd the
results you'll obtain. You also need to write iruydab book a
brief plan of what you will be doing, task by tasid answer
the question below. This practical will involve rse&ng

timedependent voltages with an oscilloscope, earalysis,
plotting diagrams (with error bars), and least seufitting

using the LINEST function of Excel. If you are nminfident
in having already acquired the necessary skillstiese
matters, make use of the online resources avaikbtae url
http://levell.physics.dur.ac.uk/general/index.php.

In Sections 14.7 and 14.8 of Young and Freedmanyfy'll
find a discussion of the dynamics of a damped haitno
oscillator consisting of a mass m sliding on aealohder the
effect of a spring of force constant k, a frictibrfarce
proportional to the velocity of the mass, and aditahal
force varying with time sinusoidally. In the notatiof Young
and Freedman, the equation of motion for the pmsitf the
mass is
md‘—f( = 7bﬁ —kx+F,_coswyt

dt dt
This equation can also be written in the equivalenn

md*x bdx 1
——+——+x=—F__coswy
kdf kadt k
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The input of the amplifier uses a FET (Field Effécansistor)
and a capacitive voltage divider, which will lodaketcircuit
only very little.

A complete schematic of the amplifier you will filnre
For the rest, this test setup is the same asets 8.

test setup 4 Measuring the Q with a DDS signal generator
and a amplifier.

E X
_‘Dr\J . -
Ds

In this schematic you see from left to right:

A DDS signal generator
A coupling coil

The LC circuit

A amplifier

A oscilloscope

DDS means "Direct Digital Synthesis".

The output signal is in a DDS generator made iiyitad way.
The great advantage of this kind of generatorasattcuracy of
the frequency setting.

The output has also a very low distortion.

The DDS generator | use, is a build yourself ettt kit
from the company ELV .

You can also buy a complete build and tested module
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The specification are:

Output frequency: 0.1Hz -- 20 MHz.

Output voltage: 0 -- 4 Volt peak peak (not loaded).

Output impedance: 50 Ohm.

Minimum stepsize of frequency setting is 0.1 Hz (o 10
MHz output frequency).

Minimum stepsize of frequency setting is 1 Hz. (@0 MHz
output frequency).

As stepsize you can also select, e.g. 10 Hz, 1Q01Hg¢Hz,
etc.

| now use the DDS generator because the used sweep
generator could not be set accurate enough onereyu

And also the frequency changes slightly during the
measurement.

Photo of the test setup.
The coil laying on the table is the coupling coil.
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You can get an accurate measure of the width Wirfinthe
frequencies just above and just below the resonaneghich

vC is reduced bglf'.\'r_j from the peak value. The wid Ac

27 2
is then "‘Tﬂf', where the="T converts from frequency in
Hertz to angular frequency. Do your measured vabfeA

and T satisfy Eq. 12?
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The FET amplifier is connected via short wires he tuner
capacitor.

The coil of the LC circuit is placed at the top afwooden
stick, so it has not much influence from surrougdibstacles.

The windings are laying in a horizontal plane, ls® ¢toil picks
up less signal from radiostations which can infeeerthe
measurement.

During measurements on high Q circuits, | tune DS
generator in 10 Hz steps.

This test setup is in my opinion very reliable gtermining
the circuit Q.

Tips for measuring the Q:

During measurements don't come with your handslmse to
the LC circuit, because this has influence on feegy and Q.
Keep a minimum distance of 20 cm.

Don't lay the coil of the LC circuit during measoment on the

table, but keep a minimum distance of 20 cm fronoden or
metal objects.
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Driven oscillations

To study the driven solution we need to providene-svave
signal source, as shown in Fig. 5. Our source igvatent to
an ideal sine-wave generator in series with a Sstar,
labeled Rg in the diagram. Since Rg is large endoghffect
the damping of the circuit, we add the 3.3 ! resis parallel
to reduce the effective resistance of the generdtoe other
change from Fig. 4 is to replace the LabPro wilb\dM, set
to read AC voltage. (The DMM can read AC voltagesaeen
about 30 Hz and 1000 Hz. It is unreliable outsidethat
range.)

Connect the circuit as shown in Fig 5, and theny viue
driving frequency to find the frequency at which V€
maximum. This identifies the resonance frequeneytiertz.
Next, you should plot vC as a function of frequentaking
care to get enough data around the resonance fregue
clearly define the curve. This goes very quicklydlu enter f
and vC directly into

DMM

33Q

Fig. 5 Circuit for measuring driven oscillations @m RLC
circuit.

Graph.cmbl and then pick data points to trace &ggons of
interest. Does your plot look like Fig.3?
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Pover
Supply

Red +
LabPro

0.1 uF

Fig. 4 Circuit for measuring free oscillations imBLC circuit.

a will start the discharge, and should result jrica resembling
Fig. 2. There may be some irregularity at the beigiy due to
bouncing when the switch first makes contact, bow gan
ignore that in your analysis.

When you have a reasonable looking plot, selecptitdgon of
the data after any effects of switch bounce, andtfto a
damped sine wave. You should be able to obtaimasts of
the time constant and the angular frequency forr yineuit.
(Delete the fit or restart RLC.cmbl before takingren data.
Otherwise you will have to wait while the prograries to fit
the new data.)

Now increase the variable resistor R slightly aritam
another voltage vs time plot. Describe what happenshe
time constant and to the shape of the curve as denhes
progressively larger.

Critical damping occurs when R is just big enoubét tthe
voltage no longer crosses zero during the decay.t@rfind
this setting, and measure the value of the variabgstor
using a DMM. The exact value is not very clear, tnetke a
reasonable attempt. Reminder: You must disconne@ibf
the circuit to get an accurate measurement withDitéA.
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Q Factor Measurements on L-C Circuits

Jacques Audet, VE2AZX
http://www.arrl.org/files/file/QEX_Next_lssue/Jan-
Feb_2012/QEX_1_12_Audet.pdf

The author reviews existing measurement technicged
offers insight into loaded and unloaded Q factarapplied to
LC circuits and antennas. A simpler method is psegothat
uses an SWR analyzer along with a spreadsheetetsily
computes the unloaded Q.

Introduction

The Q factor gives a figure of merit for inductoamd
capacitors. It is the ratio of reactance to resista For filters,
it relates directly to the circuit selectivity: Tlegher the Q,
the better the selectivity and the lower the inisartoss of the
filter. For oscillators, higher Q also means thawdr phase
noise is produced. In the case of antennas, a ldyes
generally preferred, giving a larger SWR bandwidth.

Transmission methods are traditionally used for impk
quality factor (Q) measurements on L-C circuitsisTimplies
that a signal source and an RF voltmeter or specamalyzer
must be available for such measurements. Thesenare
always available however. Since SWR analyzers ecerbing
commonplace in many amateur radio rooms, it theroines
tempting to use this instrument for Q measurements.-C
circuits.

Let’s review the existing methods that are cursensied for Q
measurements that only require scalar measureretist is,
no phase measurements are required. The last metails
how the SWR analyzer can be used to measure thaded Q
of L-C circuits.
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QX1201=hudetD]
L Under Test
_________ Very High Z
I R, L 1 Buffer (R,)
Very Low Z 7‘{
Source (Rg") 7* c Voltmeter
Typleally 1 mo

Figure 1 — Block diagram of the classical Q meteusaed in
the HP 4342A.

1 - The Classical Q Meter Method

This is the technique you would use if you had ssde a Q
Meter, such as an HP / Agilent Q Meter model HP24845ee
Figure 1. A very low impedance source is requitgpically 1
milliohm, and a very high impedance detector is nemed
across the L-C circuit. The unloaded Q (QU) of agk
reactance component is given by Equation 1.

0 X R
o

Ry X gy
where XS and RS are the series reactance anddsistance,
and RP and XP are the corresponding parallel lesistance
and reactance components.

In the test set-up we need to make the sourceaeses RS

as small as possible, since it adds to the coitapacitor
resistance. Similarly, the detector resistance; RBhunting
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demonstrating the intimate relation between timed an
frequency response parameters. In obtaining thssltrewe
assumed , so that at the peak.

EXPERIMENTAL PROCEDURE

The RLC circuit is assembled from a large solenaid,
capacitor on the circuit board, and an additionatiable

resistance to change the damping. The circuit @oharged
up with a DC power supply to study the free ostillas, or

driven with a sine wave source for forced osciias.

Free oscillations

To study the homogeneous solution we will use Loggeto
record the voltage across the capacitor as a fumaif time.
The required circuit is shown in Fig. 4. Since twl is not
made with superconducting wire, we account for wiee
resistance with RL. The variable resistor, showrahgsistor
symbol with an arrow in the middle, should be setninimum
resistance initially. (You can check with the DMM i
ohmmeter mode, before connecting R into the cifcdihe
power supply can be set to maximum output.

Start LoggerPro with the file RLC.cmbl. This wilbafigure

the program to collect data at 10,000 samples peorsl,

triggered when the voltage decreases across 9.SeY.the

switch to position b to charge the capacitor, dmhtstart data
acquisition. Flipping the switch to position
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At the maximum, the oscillation amplitude is comesably
greater than the driving amplitude. In fact,T° were infinite
(no damping), the response would be infinit €20 .

Since the shape of the peak in vC characterizesesmance,
it is convenient to have some parameter to spetify
sharpness of the peak. Traditionally, this is takebe the full
width A, shown in Fig. 3, at which the voltage or current

have fallen ILL”\F—‘ of their peak value.

12 0

v -/ |20

s

0 T 2 o i

w/y wloy
Fig. 3 Amplitude and phase of capacitor voltage &sction
of frequency.

The reason for this choice is that the power d&&p is

]
proportional to !~, so these frequencies correspond to the
points at which the power dissipation is half of thaximum.

Using Eq. 9 we find that the width is relatec Toby

.
Aw==
T (12)
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the L-C should be much higher than the RP of thepmment
under test. Note that the L-C circuit is commorépnesented
as having a resistor in series (RS) with L and Gaahunt
resistor (RP) in the parallel model to represeatldisses.

Measurement consists of setting the source frequem
adjusting the tuning capacitor, C, for resonanceneximize
the voltage across the resonating capacitor C. Qhés
calculated using Equation 2.

0= Voltage Across ©
~ Source Vollage [Eq2]

Note that the source voltage is in the millivolhga, since it
will be multiplied by the Q factor. A 10 mV souraed a Q of
500 will give 5 V across the L-C circuit. In order preserve
the high impedance of the detector even at the ehigh
frequencies, a capacitive voltage divider is used.

This circuit measures the unloaded Q called QU igemlvthat
the series resistance RS of the inductor underisestuch
higher than the source resistance’ RSand the detector
parallel resistance RP is much larger than the L-C circuit
RP.1

Low Value Coupling Capaclors
QX120 1Audet

=1 pF =1pF
I ¢
d i€
£ L Under
Typleally 50 0 7 Test 3 Typleally 500
Generator Voltmeter
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Figure 2 — The signal generator and the sourceneakly
coupled to the L-C circuit under test, allowing m@@ment of
the 3 dB bandwidth.

2 — Transmission Method Using Coupling Capacitors

A signal is coupled into an L-C parallel circuiting a low

value capacitor and extracts the output signalgugiie same
value of capacitor.2 See Figure 2. Note that ingeatoupling

is also possible, as used in transmission line itgav
resonators. The — 3 dB bandwidth (BW) is measutetha

resonant frequency fO, and the loaded Q (QL) isutated

with Equation 3.

fo

BW [gq3)

The obtained bandwidth, BW, is a function of theigiing,
and another calculation is required to get QU,uhieaded Q.
When the input to output coupling is identical, wse
Equation 4.

Q\' ‘\
|
Q-C ) [Eq 4]

Loss=20 Ingi

where Loss is in positive dB. The ratio QU / QL mayw be
calculated using Equation 5.

o5t

{10 -1

" [Eq 5]

60

1/# is referred to as “critical damping" because dharge
reaches zero in the shortest time without changaiarity.

The solution for sine-wave driving describes a dyea
oscillation at the frequency of the driving voltage

g = Asin(mi + ¢) ®

We can find A an(‘fj by substituting into the differential
equation and solving:

A ‘i” {L ;
[(Ldul C m:]' +(2w/ r}'] .
5. 2o i T
aill ) = ——=37
? (m‘ —wﬂ"]

(10
These two equations are plotted in Fig. 3, whereuse the

fact that "¢ = qc.-C to plot the voltage across the capacitor
relative to the driving voltage. (Our apparatussoet allow
us to observe the phase of the response, so wé eamsider
that further.) The angular frequency for maximunpéimde is
given by

272
@ = wﬁ[l — 2wyt }’]
) (11
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Where qCO0 and ! are determined by initial condicend
LU
W, = o [l—(m r)"]
1 ] [ ©)

This solution is plotted in Fig. 2 for a case whtre capacitor
is initially charged and no current is flowing. (F@ mass on a
spring the equivalent situation would be to pué thass aside
and release it from rest.) Evidently there are llagitins at

ml, approximately equal t(wo, within an exponential
envelope. Note that the amplitude falls to 1/e ld tnitial

value wher? =T,

As D < Uz gets smaller (larger resistance Ff‘,’l
becomes smaller and finally imaginary. The corresig

solutions do not oscillate at all, F@0 < 1/ T there are two
exponentials

-1l

ge=Ae™T + Ag ®)

where Tl and T2 differ somewhat from T.. When
wo = l”lr, the solution is slightly simpler:

go=(A+Az)e™" @

If the capacitor is initially charged, these resuéll us we will
get a monotonic decay for sufficiently large R. Tese "0 =
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X120 Ao
Q, /@, Ratlo Voreus Attenuatir

100

/0, Ratio

a,

01 1 10 100
Atteruation In +dB

Figure 3 — Graph showing the ratio of unloaded @ (Qo
loaded Q (QL ) as a function of the L-C circuitemthation at
resonance. Applies to a single tuned circuit witéntical in /
out coupling. When the attenuation is large (> &) the
coupling is minimal and the loaded Q closely apphea the
unloaded Q.

This equation is plotted in Figure 3. Note thatsthiethod
applies well to transmission line resonators withuad
impedance inductive coupling loops at the inputitbat. Note
also that these two methods do not require knoveledghe L
or C values to compute the Q factors.
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1120 et

| Typically 500
|Selecr1\-e
| Waltmatar

Tyoleally 50 &
Generator

Figure 4 — Here the L-C circuit is connected inieerand
across the generator - detector. At resonance t@eclrcuit
has minimum impedance and by measuring the attem,ge
effective series resistance ESR of the L-C seriey tbe
computed at the resonant frequency f0.

QX120 mAudatis

Notch
Clreult

Response X
(dB) T MHz

Figure 5 — Frequency response of the notch cimuiigure
4, where f0 is the frequency of maximum attenuation

3 — Shunt Mode Transmission Method With L-C in Seres
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-
with T = 2L/R ang @ =1/ LC 15 siuations wi
be of interest. We will examine the free oscillaspwhen vD
is exactly zero, meaning that the sine-wave geoetes been
replaced with a short circuit. We will then connéwt sine
wave generator and calculate the response as &ofué
frequency.

Fig. 1 Idealized series RLC circuit driven by aesimave
voltage source.

l .r
q ®

iy S
B |

Fig. 2 Damped oscillation, showing decay envelope

If the resistance in the circuit is small, the faseillations are
of the form

de = Gt "cos(ant +9)
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RLC Circuits
Rice University
http://www.owlnet.rice.edu/~phys102/Lab/RLC_cireuitdf

It doesn't matter how beautiful your theory isddesn’t matter
how smart you are. If it doesn't agree with expeim it's
wrong.

Richard Feynman (1918-1988)

OBJECTIVES
To observe free and driven oscillations of an RiirCuit.

THEORY

The circuit of interest is shown in Fig. 1, inclogisine-wave
sources. We start with the series connection, ngriirchoff's

law for the loop in terms of the charge qC on tapacitor and

the current’ — dqc/dr in the loop. The sum of the voltages
around the loop must be zero, so we obtain

v, + Vi + V. = v, sinlor) @

)

L

dq, dg 4 :
e, g, i = v, sin(wi)
dt” dt C ’ @
For reasons that will become clear shortly, we itevthis as

d_i +;cJri + m;qF = lisint oor)
dt” T dt L 3)
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Here the L and C are series connected and placethuint
across the transmission circuit. See Figure 4.s(féthod is
also detailed in the reference of Note 2.) It kaljiccomputes
the effective series resistance (ESR) of the coetblnand C,
based on the attenuation in dB at resonance, assglective
voltmeter to prevent source harmonics from affertihe
measurement. The ESR may be calculated using Bguéti

ESR= 7

¥4
-
2110 -

| 1
' [Eq 6]

where dB is a positive value of attenuation and the source
and detector impedance. Once the ESR is knowrs, dnly
necessary to compute:

X,
Oy = E

ESR [Eq 7]

where XL = 2rfOL, and L has already been measured
separately.

Note 3 gives a reference to a spreadsheet thael developed

to eliminate the need to measure L and C. Two more
attenuation points are required to compute thekeesaThere

is also a version for crystals, which computesetheivalent R

L C values and other related parameters.

4 — Reflection Measurement Using an SWR Analyzer

This method has been recently developed to makeoLis@
SWR analyzer, thus eliminating the need for thers®u
detector combination. Adjust the SWR analyzer toréssonant
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frequency of the circuit. The L-C circuit may beupted to a
link coil on the SWR analyzer, which provides vhla
coupling. As shown in Figure 7, the amount of cowplis
adjusted until the SWR drops to 1:1. The frequeacgcorded

as f0. Then the frequency is offset above or bevo obtain

an SWR reading between 2 and 5. Now plug the new
frequency and SWR values in the spreadsheet ghatvide to
calculate the unloaded Q factor. Note that the C erlues are
not required to compute the Q factor.

QX120 Aucet(i

ESR Versus Aftenustion

Anenuallon In d8

Figure 6 — Effective series resistance as compfred the
attenuation in dB, in a 5Q system.
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WhenR=0:R“*‘~ =R, =R =f_-2L
3. Calculate experimental angular frequency ofllasitins
0,2

fr
4. For the resonance conditions in RLC circuit,cokdte
capacitance C for each inductance L using the @mnsat

5. Calculate the uncertainty of the capacitar€e
6. For the case of critical damping, compare thgegmental
value of critical resistance RC with its theoretioslue

calculated on the basis of the equation:

L
=2|=
Renenn Ve

7. Write the conclusions.
Literature:

1. Halliday, Resnick “Fundamentals of Physics - &dition”,
John Wiley 2007

2. Zigba “Pracownia Fizyczna Wydziatu Fizyki | Techniki
Jadrowej AGH", Uczelniane Wydawnictwo Naukowo-
Dydaktyczne 1999.

Updated: 11.02.2011 by Barbara Dziurdzia
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resistor and repeat the observations. Investigaie khe
increase in resistance R affects the oscillatioarpaters.

6. Increase R until the critical aperiodic oscias occur and
write down the Recritical in the measurement table.

7. Change the inductance to L2 at the decade cuil far
resistances R0=0, R1, R2 repeat all measuremecusdig to
2-6. Investigate how the increase in inductancefféces the
oscillation parameters.

8. Write down the results in Table 1.

6. Data Handling

- Ln[ U, l
= i

1. Calculate the log decreme.... '
experimental damping coefficient

]_n("_

W =f
B exp of oscillations. for all combinations (L1,
RO), (L1, R1), (L1, R2), (L2, RO), (L2, R1), (L22R

2. Calculate the parasitic resistance of a coil taging
advantage from the fact that at the beginning the@ways
set R=0 at the resistance decade. the total reséstatotal in
the RLC circuit consists of the resistance of zadecR and the
. . R_L‘- Rmu.' -R-Rr
parasitic resistance of a c. .

R,
Fag =2, R =Py 2L
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L Under Test

SWR c
Analyzer

Varlable Coupling
SWR

MHz

Figure 7 — Set-up for measuring the unloaded Q & L
resonant circuit. The coupling is adjusted for BWVR at
resonance. The link should have approximately & par 5 or
10 turns of the inductor under test.

Q20 mAudetls

L Under Tes!

SWR Ca _é c
Analyzer [ Malching 7] Tunlng
Capacitor Capacltor
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Figure 8 — Here the variable coupling to the SWRIyzer is
provided by the capacitive divider formed by Ca &hdCa is
typically 10 to 50 times larger than C.

As shown in Figure 8 the coupling may also be redliwith a
second variable capacitor, Ca, which serves asnpedance
divider. Both capacitors have their frame groundsoing with
the SWR analyzer. This makes the construction gedadion
of the SWR - Q meter much easier.

Both circuits transform the L-C circuit effectiveanallel
resistance RP to 50 + jdhm as required by the analyzer to
obtain a 1:1 SWR at resonance. The capacitance dlCa
will be in the order of 10 to 50 times the valueGfthe main
tuning capacitor. A slight interaction will be pees between
these two adjustments when adjusting for 1:1 SWR.

Note that a variable inductive divider can be usadseries
with the inductor under test, instead of the capactivider of
Figure 8. In this case the SWR analyzer is condeatzoss
this variable inductor, which allows matching toe tSWR

analyzer 5®hm input. | do not recommend this as the Q of the

variable inductor is probably not going to be aghhas the
matching capacitor, Ca. The Q of these matchingpocorants
have a second order effect on the measured QU.

At a Q factor of 300, a 1% error in SWR gives ad%or in Q.

Assume that the measured SWR is 4 and the SWR imesea
resolution of 0.1. If the error in SWR is 0.1, thée error in Q
is 2.5%. Other errors include the Q of the tuniagaxitor, and
the Q of the matching component, Ca, or the link tm a

lesser degree.
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2. Set the inductance at the decade coil to theineralue L1 .
Set the resistance at the decade resistor to RDb€erve the
damping oscillations on the oscilloscope selectimg proper
time base setting and vertical gain.

3. Measure on the oscilloscope display the peridd
oscillations T (Fig. 8). To increase accuracy, rmeaperiods
of a few successive oscillations and calculateatrerage value
which will be further used to get the experimeraabular
frequencyw exp of oscillations:

r

D =

4. Measure on the oscilloscope display the amsitofd
maxima U2, U4, (Fig. 8)

q
A
NV

Fig. 8.. Damping oscillations

5. Keep the inductance L1 at the decade coil urgddand
set the another resistance R1 at the decade resiitserve
the damping oscillations for the settings (L1, Ry repeat
the measurements 3-4. Set the resistance R2 atettede
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connected in series . The oscilloscope monitorsptitential
difference uC(t) across the capacitor as a funaifdime.

5. Measurements
1. Set the RLC circuit as shown in Fig. 6 . Figshows the

decade coil, the decade resistor and the capawitbr its
charging system.

;iad jace —‘;

Fig. 7. The decade coil, the decade resistor aactépacitor
with its charging system.
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Here are some simulation results:

At Q = 200 the average error on the calculated @ &5%
when the test frequency is below resonance. Abesenance,
the average error drops to — 0.05%.

At Q =50 the average error on the calculated €1i§% when
the test frequency is below resonance. Above remmpahe
average error drops to —0.7%.

These small errors come from the reactance of thgpling
element (link coil or Ca in the capacitive divider)

The following errors were obtained by simulationthwan
inductor Q of 200.

The matching capacitor Ca should have a Q of 508rger. A
Q value of 500 for Ca gives — 6% error and a Qe/alfi1000
for Ca gives — 0.6% error. Interestingly the lirkil® may be
as low as 50 and the error is only — 0.4%. Theelsx the
transmission line between the SWR analyzer and Ghe
measuring circuit should be kept to a minimum. Aerauation
of 0.05 dB gives —1.6% error on the calculated Q.

So far the Q factor measurement included both thebined
Qs of the L and C, since it is difficult to separaheir
individual Q values. When the capacitor Q (Qcapkriswn
the inductor Q (Qind) may be calculated like pafatsistors:

Cu @ O feqg
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Note that the combined Q of the L-C circuit is 1®%er with
Qind = 200 and Qcap = 1000, compared to havingpaditor
with an infinite Q.

Measuring the Q of Low Value Capacitors (< 100 pBjng
the Delta Q Method

Two Q measurements are required:

First measure the Q of a test inductor (preferdizying a
stable high Q) and record it as Q1 and record theuat of
capacitance C1 used to resonate it.

Second, connect the low value capacitor to bedesteoss the
tuning capacitor, decrease its capacitance to rolegionance
again. Note the measured Q as Q2 and the amount of
capacitance C2 used to resonate. (Q2 should behassQ1).
Compute the Q of this capacitor as follows:

(G-C)=0 =0,

0=
N Cx(Q-€) [Eq 9]

Note that (C1 — C2) is the capacitance of intersnay be
measured separately using a C meter. If Q2 = QDtbé the
capacitor becomes infinite.

Unloaded and Loaded Q

Looking back at method 1, the measured Q is thedd& and
it approaches the unloaded Q as the source impedgmes
toward zero and the detector impedance is infinite.

With method 2, the measured Q is the loaded Q and a
correction is required based on insertion loss Iaio the
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For damped oscillations, the log decrement is eual

Critical démping in an RLC circuit is achieved when

1 (R

{2 =0,
LC \2L)
from which we obtain:
R =12 "Z
emcal \I C

We vary the resistance and search for a signal hat no
undershoot and has a maximum decay rate. Typical
oscilloscope traces for the overdamped, underdangetl
critical damping are shown in Fig. 5.

. ST

crinical dampmyg

B

underdamped

Fig. 5. Typical oscilloscope traces for criticahtjaing critical
damping

4. Equipment

RLC circuit consists of a capacitor C combined with
charging system, a decade resistor and a decadle- aull

185



Fig. 3. A mechanical analogous to the RLC circué block—
spring system moving in a viscous medium.

The log decrement is determined from the ratichefvoltages
of successive maxima of the damped oscillatory adighhis
measurement is taken from the oscilloscope disglayshown
in the Fig. 4. The figure shows the damped sigpaltivo
different values of resistance for fixed value apacitance.
The arrows indicate the first and second maxima.

Fig. 4. Typical oscilloscope trace showing log @ecent
measurement
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unloaded Q. In this case the L-C circuit under teses” the
same Q as we have measured, (if it could look st it
environment by looking towards the source and detec

Such is not the case in methods 3 and 4. In me3hihe L-C
circuit will typically “see” a 50ohm source and a 50hm

detector that are effectively in parallel. This adzbohm in

series with the ESR of the L-C circuit, and reduttesQ that it
sees. This loaded Q sets the selectivity of themditer
created by the circuit.

In method 4, the L-C “sees” the SWR analyzer irgérn
impedance, say 5@hm. Remember that the Rp value is
transformed to 5®hm at the analyzer, and effectively is in
parallel with the analyzer's internal impedanceisTimeans
that the actual Q factor seen by the L-C circuiteiduced by
half. This value is the loaded Q of the L-C circiiit this case
the coupling factor equals 1.5

Now consider a 5®hm dipole antenna. The series R-L-C
model may be applied to a resonant dipole antewféch
presents approximately 5¢hm at the feed point. When the
dipole is fed by a low loss transmission line th&FS meter
connected at the transmitter will measure the amatemloaded
Q at an SWR = 2.62 as calculated from equation 3: 1Q /
BW. Note that the spreadsheet given in Note 4 edltulate
the dipole Q factor under these conditions.

When the antenna is fed by a 6bm source, its effective
bandwidth will double, since the total resistaneersby the
dipole is now the radiation resistance plus thendmaitter
output resistance.
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K Facior Versus SWR
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Figure 9 — This graph shows the K factor versus SWR
SWR = 2.62 the correction factor K equals 1 whilS#R =
5.83 the K factor is 2.

Here we still have the loaded Q = unloaded Q / BisT
assumes that the transmitter output impedance lendeed
line are 500hm. The Q derived from the bandwidth at SWR
points of 2.62 gives the unloaded Q value, indepetig of
the transmitter output impedance.

In the general case, the complex impedance ofrémsmitter
reflected at the antenna will modify its effectb@ndwidth and
its actual resonant frequency. Note that the SWReme
connected at the transmitter will not show thisetffsince it
can only measure the unloaded Q of the dipole. ,Alke
bandwidth of the matching circuits at the transenitill affect
the effective impedance seen by the antenna andfymitsl
loaded Q and bandwidth.

70

is a circuit damping constant

The equation **** describes a sinusoidal oscillatiovith an

Rt

Q

exponentially decaying amplituL_E -
0

Fig. 2 Charge versus time for the damped RLC dircui

The RLC circuit is analogous to the damped harmonic

oscillator illustrated in Fig. 3 and described bg equation:

mﬂ-o— P k=0
dat” dt

Q corresponds to the position x of the block at iasgant, L to

the mass m of the block, R to the damping coefficie and C
to 1/k, where k is the force constant of the spring
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au_y;di g9 _ ap
dr dt Cadt
i=8 g d_da
dar dr 4t
199, g% 1, ¢
dt* dar C
LE N N .
di* ILdt LC
R 1
A TR
£+3 ﬂ—m?g:ﬂ
dr* dr Hohk

The solution to this differential equation for daedp
oscillations in an RLC circuit is:
f

q= QeT cos(et +@)

where:

| 1 (R
2=y 5z
is the angular frequency of the damped oscillations

1
@, =

NLC
is the angular frequency of the undamped osciltatio
M raae
[ E Ry
o= |—-|
Vic {az)
R
Frop
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One way to measure the effective bandwidth of tipold
might be to insert an RF ammeter in series withdipele leg.
Find the frequencies where the current is reduced B0%
and compute the effective bandwidth this way. le teceive
mode the dipole antenna will also exhibit the sdmaded Q =
unloaded Q / 2 if the receiver impedance is db@. Your
antenna effective bandwidth may be twice as largeyau
really thought!

Summary of the Four Methods Presented in this Artite

1 - Classical Q Meter. See Figure 1. This shows aigas
used by the HP / Agilent model HP 4342A.

This technique uses a transmission method thairesga very
low impedance source and very high impedance detect
which are not easy to realize.

Set the frequency and adjust the reference capaéito
resonance.

The measurement approximates the unloaded Q. Gorrec
are difficult to apply.

You don't have to know the L-C values.

2 — Transmission Method Using Coupling. See Figur&tis
technique requires a source and a voltmeter.

Find the -3 dB transmission bandwidth points. The

measurement requires two low value, high Q coupling
capacitors.
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It measures the loaded Q as used in the testtcircui

You need to correct the loaded Q value for attéonao find
the unloaded Q, if the attenuation is less thadB0

The accuracy of the Q measurement remains somewhat
dependant upon the Q factor of the coupling capexitRefer

to Figure 2. With 1 pF coupling capacitors havin@ af 1000,

the error on Q was — 1.4%.

The L or C values are not required.

3 — Shunt mode transmission method with LC conneated
series. See Figure 4.

This method requires a source and a selective etdnto
prevent source harmonics from affecting the measent.
Compute the ESR from the minimum attenuation meabat
resonance.

The L or C values are required to compute the Qeval

The author's spreadsheet computes the seriesglaRall-C
values from 3 attenuation measurements. This tqubris also
useful for crystal measurements.

This is potentially the most accurate method, é #ttenuation
is measured with high accuracy using a vector neétwo
analyzer (VNA).

4 — Reflection measurement using an SWR analyzer. See
Figures 7 and 8.

2

oscillations of charge, current and potential défee
continuously decrease in amplitude, and the osoilla are
said to be damped.
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Let's write the equation for the total electromagnenergy U
in the circuit at any instant. As we know the resise doesn't
store electromagnetic energy, so we have:
U=l +Up=—s L

z 2C .
This total energy decreases because energy idaraetto
thermal energy. The rate of this

transfer is:
E =—iR
dt ok

where the minus sign indicates that U decreases.
By differentiating * with respect to time and theubstituting
the results in ** we obtain:
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Damped oscillations in RLC circuits

by Barbara Dziurdzia

AGH University of Science and Technology in Cracow
http://home.agh.edu.pl/~lyson/downloads/Manual_8.pd

1. Goal

To observe damped oscillations in the RLC circuitd a
measure the amplitude, period, angular frequeneynping

constant and log decrement of damped oscillata@gads. To

find the critical resistance for which the criticdhmping

occurs.

2. What to learn?

Transfer of energy in LC circuit. The electrical-chanical
analogy. Differential equation describing dampednpse
harmonic motion in the RLC circuit.. Solution ofgtequation.
Angular frequency of the damped oscillator. Damping
constant. Angular frequency of the undamped osoilla
Forced oscillations and resonance. Kirchhoff's suleog
decrement of damped oscillatory signals. Criticamging.
How does the oscilloscope work?

3. Background

A circuit consisting of an inductor, a capacitondaa resistor
connected in series (Fig. 1) is called an RLC dirclihe
resistance of the resistor R represents all ofréiséstance in
the circuit. .With the resistance R present, theaalto
electromagnetic energy U of the circuit (the sum tbé
electrical energy and magnetic energy) decreasés time
because some portion of this energy is transfewetthermal
energy in the resistance. Because of this lossnefgy, the
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This technique requires a matching capacitor oiaiée link
coupling. There will be a slight interaction betwe¢he
matching components and the main tuning capacitor.

Adjust two variable capacitors or vary link couplito obtain
an SWR of approximately 1:1

Toroidal inductors are difficult to test with vabie link

coupling. Use the capacitive divider method insté&ldh link

coupling, keep the link close to the grounded eftthe coil, to
minimize capacitive coupling. In general air wourmils are
more delicate to test since they are sensitive heirt
environment.

The L and C values are not required.

Offset the frequency to have an SWR increase. Nige
frequency and SWR.

The author's spreadsheet computes the unloadedctr fa
directly.

This technique requires the least equipment of ahyhe
methods.

Best accuracy is obtained with a link coil or a iable
capacitive divider.

While all four methods do not require phase or demp
impedance measurements, method 4 only requiresVdR S
analyzer. The accuracy of the SWR analyzer metlasdbeen

validated from RF Simulations and by actual measergs.
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Since this method relies on SWR measurements,dteacy
of the measuring instrument should be verified. BhER = 2
point may easily verified by placing two accuraté (%) 50
ohm resistors in parallel at the analyzer output usingee
connector. Note the reading obtained at the frenyuenf
interest and compute the SWR offset from the idedue of
2.00. Then perform the Q measurements around #rises
SWR value, possibly above and below the resonaguéncy
and average the Q results.

To compensate for inaccuracies in determining teguency
(f0) of 1:1 SWR, it is recommended that you perfaie Q
measurement at two frequencies above and beloviOthas
done in the spreadsheet provided in Note 4.

Note 5 covers other methods of measuring Q usivgcaor
network analyzer, mostly suitable for use at micoes
frequencies.

Jacques Audet, VE2AZX, became interested in radibeaage
of 14, after playing with crystal radio sets angaieng old
receivers. At 17, he obtained his first ham licems®l in 1967
he obtained his B Sc degree in electrical engingefiom
Laval University. He then worked in engineering dtions at
Nortel Networks, where he retired in 2000. He warkeostly
in test engineering on a number of products andpoments
operating from dc to light-wave frequencies.

His areas of interest are in RF simulations, fiteduplexers,
antennas and using computers to develop new telsnigies
in measurement and data processing.

Notes
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Let us summarize what we have learned about phaiie
series RLC circuits:

PROPERTY SERIES RLC PARATIELRIC
Resonant fu= 1 Fe= 1
Fregueocy e A ™ =}
Kultage Across maxinmm at ff constant =V
mhl{ constant = Vp/R mininmm at f
Znfpl Fis

o o= o

R 250 L
Bandwidth BW = & 3W=£

g 2
Impedance
below Capacitive Inductive
Resonance
Impedance
above Inductive Capacitive
Resonance
Effect of | increasing R increasing R
changing R increases BW decreases BW
Effect of | increasing L/C increasing Lc
changing L/C decreases BW increases BW
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frequency at which the current increases to 141cf%he
minimum. The 141.4% current points were chosen uma
they correspond to a doubling of the power.
BW =fu- fu
Q is defined as:
R
Q=3rz
i

Bandwidth and Q are also related as follows:
i

BE =R
2

The graph below illustrates the definition of BW.

= 3 Kz

1= 14141

Migaitue of Cuent ()

3 35 3 345 3 355 E3 EX 37
Frequency (KHz)

The bandwidth is 35.8 - 34.3 = 1.5 KHz. Now we can
determine Q:

As one would expect, both results agree.
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1Hewlett Packard Journal, September 1970,
www.hpl.hp.com/hpjournal/pdfs/IssuePDFs/1970-09.pdf

2Wes Hayward W7ZOI “Two Faces of Q,”
w7zoi.net/2faces/twofaces.html

3There is an Excel spreadsheet to perform the vau@
calculations on my website: ve2azx.net/technicdt/Caeries-
Par_RLC.xls for RLC circuits.

4The MathCad™ and the corresponding Adobe PDRafile
well as the Excel file may be downloaded from tHeRA.
website at www.arrl.org/gexfiles/. Look for theefil
1x12_Audet.zip.

5 Darko Kajfez “Q Factor Measurements, Analog aigit&l,”
www.ee.olemiss.edu/darko/rfgmeas2b.pdf

Appendix 1

In the SWR analyzer method, the equivalent paredtgistance
RP of the L-C circuit is transformed to ®m to give 1:1
SWR at resonance by using an adjustable link cogipiir a
variable capacitive divider. As the frequency isie@ around
resonance, it may be set at two frequencies wiheralisolute
value of the reactance, X, is equal to RP.

Abs(X) = RP
Normalizing these impedances gives impedances fof RP

and j for X. Since these are in parallel, the syl
impedance, Z, will be:
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7=t

L=0.5+0.5;
I+j [Eq Al

Taking the absolute value of Z we get Z = 0.707s Ththe -3
dB point, since this value is 3 dB below the initialue of 1.
The complex reflection coefficient is:

_(0.5+0.55)-1

—_— 02 i
(05+0.5))=1 024047

[Eq A-2]

The absolute value of the reflection coefficiept| |is 0.447.
The return loss RL in dB is given by:

RL=-20log p| =6.99 [Eq A-3]
The corresponding SWR is given as:

SR = TP _ a6

-7 [EqAg]

At the — 3 dB points, the bandwidth (BW) is relatiedthe
unloaded Q factor as follows:

9y =f7"v
BW

Therefore, measuring the bandwidth, BW, at SWR 622.
allows us to compute the unloaded Q (QU) of theudir So
far, we need three measurement points. One pofrégiency
O that gives 1:1 SWR and two points at fL and fo and
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The shape of the band-stop response of a pardllél dkcuit
depends on the value of R and L/C as shown in & n
graphs.
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L|Z=5"104 | LC=108 L/C=5*105
E 300
5
£ m
g
T §11R:35»<Hz/uc:mﬁ
. el |
1 10 100 110°

Frequency (KHz)

Note that the band-stop characteristic become®warras the
value of R increases. This the opposite of whatsawe in the
series RLC circuit. The response also becomes warras the
L/C ratio decreases, which again is the oppositeviudt we
saw in the series RLC circuit. We can summarize biehavior
by using two additional parameters, Q and the badtdnwBW.

We define bandwidth for parallel RLC circuits, aket
difference in frequency between the upper frequeatoyhich

the current increases to 141.4% of the maximumtaadower
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frequencies near the resonant frequency, whilevailp others
to pass.

0

£
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Magaitade of Cuent (i)

iy o= 35 Kbz
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0

1 10 100 110
Frequency (KHz)

The graph below shows the variation in phase sififthe
current through the parallel RLC circuit.
L]

-
l L)
oy [ [0 L

Frequeoey (B35

Notice that the current has no phase shift at #somant

frequency. At frequencies below the resonant frequethe

current lags the applied voltage and the circuis dike an

inductor. At frequencies above resonance, the outeads the

applied voltage and the circuit acts like a cajpacit

Ews of Crment (g

1= kHz
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above resonance that give an SWR of 2.62. Thevaspoints
are symmetrical around f0, so only one is measasefd= fH.

Since fL x fH = fO [Eq A-5]

The other frequency fX is assumed to be at:

LK
fr= f_ = 7
# [Eq A-6]
The bandwidth BW1 may now be calculated:
Bl=f-fi=r-L
7 [EqaT]

Since we want to be able to measure at any SWReyvale
need to add a correction factor, K, resulting frtm use of
bandwidth BW1.

. Kf,
Qy =W
' [Eq A-8]

The correction factor, K, is the bandwidth mulialiion
factor. It is a function of the SWR. | derived King
Mathcad™ numerical calculations and then normalideel
value. | used a fifth order polynomial to fit thensputed data.
See Figure 9. Note 4 gives the Mathcad™ and AddbE P
files that | used, as well as more details on #wevtions. The

complete equation as used in my spreadsheet farrtleaded
Q factor becomes:
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[Eq A-9]
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Let us look at a specific parallel RLC circuit aexplore its
behavior.

R L
V(1) = V,sin(2ft)] 1KQ 53mH

The graph below shows the variation of the admittanf this
parallel RLC circuit with frequency.

120
[ T[]
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L Im(¥)
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1
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We can compute the resonant frequency from the ooemt
values:

fe L - 018 N

1 2edic Jpaeum ey fimrent 4300

Note that this parallel RLC circuit has the sameorant
frequency as the series RLC circuit examined earlie
general, the resonant frequency depends only ondLCaand
not whether they are connected in parallel or serie

20 E5

The next graph shows the variation in the currbraugh the
parallel RLC circuit. Notice that the current istnimum at
the resonant frequency. This is an example of adisiop"
circuit response. A parallel RLC circuit can bedise block
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Inductive susceptance:
B, = —t
L 29T
Capacitive susceptance:
Bp = 2o
And of course, conductance is defined as follows:
a=i
R

By analyzing the parallel RLC circuit using admiita, we
will be able to use nearly all of what we have adhe learned
about series RLC circuits. Admittances in paradiid, just like
impedances in series. We can immediately writeetigation
for the admittance of the parallel RLC circuit bgdang the
admittances of the three components:

F =:r+ac+al=%+p¢:-2L

This can be simplified to the following expression:

I's '
¥=0G- (2 - )
N E E,Lﬂ
The imaginary part of the admittance vanishes when:
[ fa |

We define the frequency at which this occurs to the
resonant frequency, given by the following formula:

LY i

The equation for the admittance of the parallel Riir€uit can
be simplified further:

~a
=G+ fzgr:[.r-[& ]
7,
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Experiments with Coils and Q-Measurement

Wes Hayward, w7zoi,

October, 2007 (Updates 01Dec07, 08Dec08.)
http://web.archive.org/web/20101226143919/http:#eihet/c
oilg.pdf

| recently became interested in building a “ZerowEo
Receiver (ZPR)”, a circuit that would receive theMA
broadcast band while using no external power. Thengld be
no batteries or other sources of energy. Thisfisoarse, the
classic crystal set that most of us built in oumutyo But
building a contemporary ZPR is a different exertfsn it was
for those youthful interludes. The main differenise the
presence of considerably more science in the psottes we
used in the construction of that first crystal §étere are some
really wonderful web sites out there that presenttmof this
work. Another difference is that the modern ZPR mayeven
use a “crystal,” or diode detector. Instead, it nag a field
effect transistor. The most recent published dettigh| know
about was presented by Bob Culter, N7FKI, in QST fo
January, 2007. Bob used a new zero threshold MOSFBE
ZPR.
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The w7zoi amateur radio set up and listening @@sptember

30, 2007. A ZPR resides on top of the Icom R75

communications receiver.

Those interested in finding out more about the modeystal
set should go to the world wide web with a goodaeangine
such as Google. The first place to go is the Bigham,

Alabama Crystal Radio Group. They have a collectiblinks

listed on their web page that will get you to marfithe other
really good sites. Birmingham really is the cerfeermuch of
this activity, probably the result of some locativty that

grew into something greater. These guys are tmberended
for work that gets a lot of us thinking and tryisgmething
different. Be sure to look at their photo collectiand at the
results from their contests.

I'll not spend too much more space with furthercdision of
crystal sets here. This note is related to somethef
measurement methods that | have used for Q measatem
But there is one piece of data that | do want tplesize, for
this was the thing that got my attention: The gdrgm
Birmingham hold an annual listening contest thatsgon for
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The voltage response of the series RLC circuit &&n
completely characterized by its resonant frequeficyand Q
or the bandwidth, BW.

Parallel RLC Circuits

A parallel RLC circuit, also called a tank circuis one in
which R, L, and C are in parallel, as shown below.

V(t) = V,sin(2zfo)

Much of what we just learned about series RLC dtiscwill
carry over into parallel RLC circuits. Before wegirewe need
to define a new concept known as admittance. Admig is
the reciprocal of impedance and its symbol is Y:
L= 1

Y

The unit of admittance is the Siemens (S). 1 Siemeh ohm

1 . Like impedance, admittance is a complex number,

consisting of a real part and an imaginary pare fidal part is
called conductance, G, and the imaginary part ieda
susceptance, B:

Y =G+B

Admittance is very handy when analyzing paralletuits
because the total admittance of a group of compgenin
parallel is simply the sum of their individual adrances. Our
formulas for inductive and capacitive reactance dan
converted to formulas for susceptance:
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Another way to look at this is to say that the Qhis ratio of
the reactance of the inductor to the resistanceesinance.
High Q RLC circuits have a very sharp response. (®RLC

circuits have a broad response.

We have talked about the bandwidth of a circuithwuitt
defining exactly what it is. Now we will define it.

10 T T
M a- \/\
[ a=1s i

V=070, 0

Valnge (V)

i
|
|
|
|
|
|
|
|

o=
Referring to the figure above, bandwidth (BW) idined as
the difference in frequency between the upper feeqy at
which the voltage drops to 70.7% of the maximum &mel
lower frequency at which the voltage drops to 70@Phe
maximum. The 70.7% voltage points were chosen lsecau
they correspond to a power decrease of 50%. Thus:

9
H
7
6
5
aF
3
2
1
0
5

2

BW =fu- fu

Bandwidth and Q are also related as follows:
I

B =L
Q

In the graph above, Q = 17.5, ard=-f35 KHz. The bandwidth
is:

_ doee
175

B =NiMHz= Ik
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over a week in the dead of winter. They then collee logs to
see who is hearing the good stuff. The folks who aie not
just listening to the local stations in their arBather, they log
stations from hundreds, and even thousands of railes/! A

winning log may well contain over a hundred statio®ne
recent winner was from Hawaii.

Q-Measurement using a Q-Meter

The basic ZPR has at least one tuned circuit #raes to tune
the receiver to a desired station. Most of theivece that are
built by those who listen to far distant broadcastth have

several. While there is considerable lore on theb wieat

present an algorithm for coil construction, thiseslonot
provide the numbers we need for design. If we aneally be
able to analyze the circuits that we build, ever iaircuit as
primitive as a crystal receiver, we must do measergs on
key components to characterize, and hence, modei.thVe
must have resonator Q.

Shown below is the basic topology of a Q-Meter, Hie-
4342A.

A relatively modern Q Meter. This particular modeperhaps
the last of its kind.
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This instrument has a built in signal generator KB up to
70 MHz) that supplies energy to a ferrite transferwith an
extremely low output impedance, around one millioArhe
output has a magnitude "e". This level is maintdingth a
detector and feedback loop. The signal is theniegpb the
inductor under test, which is attached to termialsop of the
instrument. The inductor is tuned to resonance \ithigh
quality, calibrated, built-in variable capacitorhél voltage
across the capacitor is measured with a very highedance
RF voltmeter. The value of this voltage, E, is ttdirectly
related to Q. The lower the net series resistatheehigher E
will be.

Some amateur experimenters have built homebrew @ree
using the HP scheme. Calibration may be a challeimgiethe
basic concepts are fundamental and would form adsbasis
for experimental efforts. | might be tempted to $ome of the
very wideband op-amps that are available today asyato
generate the ultra low output impedance drive.

A modern measurement performed in industry or at
institution of higher learning will probably be derwith a

network analyzer. We will not go into any detaitéiefor that
will take us far from our immediate goals. Howewee, should
state that it is now quite possible for the amategrerimenter
to build his or her own network analyzer. Somehef tantenna
analyzers" now on the market edge in this directtonetwork

analyzer was described a few years ago in QEX.)impinion

though, the finest example of a homebrew analygethat
presented by Paul Kiciak, N2PK. Paul's vector (nieguthat it

gives impedance magnitude and angle, or real +iimaag is

found on the web at http://n2pk.com/ and offers sneements
to 60 MHz with a 100 dB dynamic range.
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Although there are many combinations of L and G thiél
give the same resonant frequency, the shape ofciinee
representing VR depends on the L/C ratio as shaionb

-

T )
Fhuns o Uobags s . gl

st b

150t
Foqwry Fl

As the L/C ratio increases, the response beconsepesh
The value of series resistance, R, also affectshiape of the
Vreurve as shown below:

Migaitsse o bz Drp )
Fiaem o Valige aermee . [d)

0 - |
EXE N EUANE T T T RN ER T 2300 30t 3sat g’ asart
Frogiocy () Frqian )

As the series resistance gets larger, the voltageecgets
broader.

In order to make sense of all these possibiliitels, necessary
to introduce some new parameters. This first ish®,quality
factor of the series RLC circuit. Q is defined as:

_2l
2=z
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Maginud of Cuent ()

0
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The magnitude of the current is maximum at the masb
frequency and fkx|= VoR = 12/50 = 240 mA. This type of
circuit behavior is called a band-pass response. ddmplex
signal containing many different frequencies wagpliag to
the series RLC circuit and the output taken acRygse output
would contain mostly frequencies near the resofraguency.
The next graph shows the phase of the current ghrahe
series resonant circuit.
i

Maginud ofCuest ()

-0
2510* 300! 3510 4ot st
Frequency (5)

At frequencies below the resonant frequency, theeati leads
the voltage, which is characteristic of an RC dirciit
frequencies above resonance, the current lagsoltege, and
the series RLC circuit looks like a series RL circlAt
resonance, the current and voltage are in phase.
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A still Viable Classic Q Measurement

In earlier times when a network analyzer was nat\aslable
to the experimenter as it is today, resonator (evoterm for
tuned circuit) Q was measured by examining the Wwadtt of

the circuit. The Q is then just the ratio of theitee frequency
to the bandwidth. A system for this is shown below.

Through Co:

) =
oL RERRRE: AR

A classic scheme for measurement of Q. CX and G ar
adjusted for high loss. See text.

The use of this method is very general and is estricted in
frequency. I've used it to evaluate low frequennylictors
used in audio filters as well as components forrovi@ve
filters. Like most RF measurements, a 50 Ohm syssemsed
for both a driving RF source and for the loadslvital to have
digital frequency readout. A counter can be attdcte an
analog calibrated generator. The generator is Vigith by a
step attenuator. This can be homebrew and is Iricia
measurements up through the HF spectrum. All wé neiéd
for this measurement is a 3 dB step. However, dukh be
fairly accurate. (See EMRFD chapter 7 for info on
attenuators.) The step attenuator is followed Hlixed pad to
establish a Z0 environment. This pad should ideldyright
next to the following test fixture that contain® ttuned circuit
we are measuring. The test fixture output is roued 50
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Ohm detector. This can be a power meter, a speanatyzer
(my usual choice), or a 50 Ohm terminated oscitipsc If the
‘scope option is picked, the termination shouldab¢he input
to the oscilloscope and not out at the test fixtenel of the
connecting cable. With a 50 Ohm terminator at #w®pe, the
test fixture will see 50 Ohms at all frequencies,nmatter what
the cable length might be.

The first step in use is to put a jumper (usualBNC barrel)
from the fixed pad to the cable leading to the ctete shown
as a dotted line in the figure above. The levahdetector is
then noted. If you are using a ‘scope, calculate gbwer in
dBm. Power in dBm is usually read directly if yote aising a
power meter or spectrum analyzer. Then connecttése
fixture with its tuned circuit and tune the sigrgenerator
and/or variable capacitor to obtain a detector p@#le peak
response will always be less than was seen witfitiieugh”
connection. That direct connection represented achee
impedance case where all of the available powem ftbe
signal generator is transferred to the detector.

It's now time to extract some numbers. Set the ategnuator
to 3 dB and then tune the generator for a peak itpud
response. Peak the resonator capacitor if necesNatg the
frequency for this peak response. Now comes an ritapb
part of the procedure that is easy to bypass. Natepower
seen in the detector and record it in your notebticthould be
at least 30 dB below the maximum available poweit the
measured with the through connection. Let's assiforethe
moment, that it is.

We now carefully note the detector level. If we aing a

spectrum analyzer or an oscilloscope, we adjustsigeal
generator amplitude just a bit so the trace istragha cursor
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We can find the current through the series RLCuitirdy
using Ohm's Law:

12

I= ;=
su+1[umsnf—

rather than simplify this ugly expression furthee will graph
the current as a function of frequency:

10.79*10°
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called the resonant frequency. It is possible toiveean
equation for the resonant frequency in terms oht & from
the condition 4¢f2L.C = 1:

1

2SN
where:
fr=resonant frequency (Hz)
= inductance (H)
C = capacitance (F)

=
2=

The resonant frequency depends on the producofiL.C, not
the individual values, and is independent of R. ¢&le use the
formula for the resonant frequency to simplify eguation for
the impedance of the series RLC circuit as follows:

b4 R+_l2rﬂ.[1 \f

Let us examine the behavior of a series RLC ciricuihore
detail by studying the circuit shown below:

R=50Q

L=53mH

V()= V,sin(2rft)

€ =3900 pF

We can |mmed|ate|y calculate the resonant frequency
0.1%9

? J&J‘m‘lmu‘m ] " Rer T R B
We can substitute in values for fR, R, and L to thet total
impedance:
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line on the display. An adjustment of oscilloscoyetical
position may also be used for this.

Next, remove the previously added 3 dB attenuafidnis will
cause the response to increase, doubling the detpotver.
(An oscilloscope voltage response will go up byaatdr of
1.41.) Now carefully tune the signal generator tdigher
frequency until the response has dropped to progweetly
the same level that we had at the peak. Recordugbyer
frequency in your notebook. Next, the generatduied back
toward and through the peak until the previouslytedo
amplitude is again obtained. This occurs at a loveerdwidth
edge. The difference between the upper and the rlowe
frequencies is the resonator bandwidth. The Qe the ratio.
BW= anper ~ Flower

Feenter

BW

Consider now the earlier assumption that there avdsast 30
dB loss through the test fixture containing theoregor and
connecting capacitors. This loss relates to thecehof CX
and CY shown in the schematic diagram for the wass
measurement. First, it is important that the values
approximately the same value. This guarantees &mt
loading by the Z0 source will equal the loading the ZO
detector. If CY was much larger that CX, for exaenplve
could have a situation where the detector woulasdy load
the resonator, but we could still have 30 dB or enor
attenuation. So make the two loads about the sAntess of
30 dB or more means that the dominant loss meahaisishe
loss within the tuned circuit and not the loss tedato loading
by the source or detector.
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The way we adjust the loading at the ends of thigle
resonator filter is by picking CX and CY. The vauee use
will depend upon the capacitor in the resonatoy. fdfr
example, we have a resonator capacitance of 30@v@Fean
probably get our 30 dB loss with values of perhagsF for
CXand CY. | would probably grab 1 pF for each gievtn the
junk box. Exact details will change as we go to mhéher
frequency. The concepts are the same though. Fampge,
when evaluating a VHF helical resonator, or simil&-like
structure, we might have nothing more than a phiroaxial
connectors mounted in the resonator wall. The nbomater
pins from the connectors may well be enough cogplin
Indeed, | have encountered situations where it meg®ssary
to recess the connectors in the wall so that théecevires are
partially hidden. Good measurement results areageed if
the 30 dB rule is maintained and symmetrical logdia
achieved. If the Q exceeds 500 or 1000, it maydedulito go
to loss greater than 30 dB. Alternatively, a cdicgccan be
applied. See page 58 of Introduction to RF DesigRRL,
1994.)

Some of these details are not intuitive. A good wapuild

some intuition is to do simulations in LT Spice,igthis free
from Linear Technology on the web. (Bravo for LT—ma
thanks!) You can then "build" inductors in softwangith

appropriate series resistance. Then sweep the dilté see if
you get the right Q by observing the 3 dB points.

The procedure outlined is general and applies tg an
frequency. The use of low impedances allows extreme

flexibility. Some folks have measured Q with a dami
approach where a small probe coil is driven bygheerator
and is placed near the resonator being studiecsaitloscope
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This expression in more complex than those derineghrlier
sections for the series RL and RC circuits and @salt, the
behavior of a series RLC circuit is much more ieséing. Let
us consider several interesting cases:

Case 1: f <<1.

If the frequency is very close to 0 Hz, the j2pfrm in the
original expression for Z is approximately 0. Instikase the
impedance of the parallel RLC circuit can be apjnated by
the following equation

N
zZwr-—L_
2%

At very low frequencies, the series RLC circuit des like a
series RC circuit.

Case 2:f>>1

When the frequency is very large, the -j/(2pfC)mein the
original expression for Z is approximately 0. Instikase the
impedance of the series RLC circuit can be appratéoh by
the following equation

Zm R4 2l
At very high frequencies, the series RLC circuindees like a
series RL circuit.

Case 3: 4pf2LC =1

When this condition occurs, the imaginary part ofsZzero.
The impedance of the series RLC circuit is real srehual to
the resistance:

Z=R

The circuit behaves as if the inductor and capacitere not
present. The negative reactance of the capacitbrpasitive
reactance of the inductor add up to O, creatingradition is
known as resonance, which occurs at a specificuénecy
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RLC Circuits in: Electronics for Radio Amateurs

York County ARS K4YTZ
http://www.ycars.org/EFRA/Module%20A/AC%20Circuit%2
0Analysis%205.htm

RLC Circuits

An RLC circuit contains resistors, inductors angagitors. In
this section we shall look at the two simplest RtiCuits, the
series RLC circuit and the parallel RLC circuit.

Series RLC Circuits

V() = V,sin(2rft)

Since the resistor inductor and capacitor are liesethe total
impedance of the series RLC circuit is the sum lé t
individual impedances:

Z=R+X + Xc

After substitution of the formulas foroand X one gets the
following expression for Zinterms of f, R, L aGd

2=R+JM-[%]

This can be simplified by combining the imaginagsns:

. 1
Z= R+ﬂ,ﬂ[1_:l 7 I.C‘]
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is then used with a 10X probe and a small valuéeser
capacitor as a detector. The series capacitor @fitant, for
even with a 10X probe, the impedance at RF mighi st
excessively load the resonator. It is importantkeep the
source probe inductor well away from the coil. Tdecepts
are the same and can all be modeled with apprepriat
calculations.

The EMRFD Q-Measurement Scheme

An alternative scheme is presented in Experimevigthods
in RF Design (ARRL, 2003) in Chapter 7, page 7I86this

method, a tuned circuit containing the inductobéomeasured
is configured as a series resonator and is thenembed as a
shunt element. The basic scheme is shown below.

Measurement
Fixture

Alternative Q measurement scheme.

A steady strong output is seen in the detectorhasstgnal
generator is tuned. As resonance is reached, ttmutodips
down. The reactance of the inductor is cancellethy of the
capacitor exactly at resonance, leaving nothing thet loss
resistance, R, to attenuate the signal reachingetector. The
higher the Q, the greater the dip will become. Aendetailed
diagram is shown below.
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Alternative Q measurement system. See text foraggpion.

The procedure for using this method begins withirgetthe
signal generator to the desired frequency. Thel isveoted in
the spectrum analyzer. A power meter or 50 Ohm itexted
oscilloscope can also be used if the signal gemermtknown
to be low in harmonic content. (Not all signal gexters fulffill

this criterion though, so be careful. The HP-864088t | use
has very low harmonic output. If you are concernes a low
pass filter with the generator.) The capacitorhia test fixture
is then tuned to produce a dip. Use the highessiples
amplitude resolution you have in your detector.oltg a 2
dB/division mode with my spectrum analyzer. After iaitial

dip has been set with the capacitor, use the siggrérator to
select the lowest dip response. Then use an amglitontrol
on either the detector or generator to move therves signal
to a cursor line.

Record the signal generator frequency. Then take téist
fixture out of the system, realized in my setupsbpstituting a
BNC barrel for the test fixture. The signal wilkiease at the
detector. Increase the attenuation in the stemwter until
the same response at the cursor line is observied. Will
provide an attenuation or dip value. Interpolatenasded to
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This is slightly low to Steve's measured 240Q. | afithe
opinion that the original tank measurement may Hasen a
bit on the low side. Still, again the results aréhim the
ballpark and the technique works if you have a gowasure
on the Q of the capacitor used in your tank. Aleirely,
starting with a known coil Q, the technique will slkcequally
well to determine the Q of an unknown capacitor.

Conclusion:

If you have access to, or own a digital oscillosgopr have
been hankering to purchase one, then the time reagolv.

The analytical method presented above is simplprattice
and robust in theory. | would also say that, by kirg with

your wave forms, you learn to recognize your datd soon
get a good “feel" for what is good and what is ribhe

technique also produces, should you wish, an aulditaeport
of the wave and analysis. It is hard to argue agdhe results
with the waveform sitting there staring right atyo

Measuring your coil Q should not be difficult.

A copy of the evaluation spreadsheet in xIs forwan be
found here CoilQbyDecrement_kijs.xls

Bibliography:

Jacques Audet, VE2AZX., Q Factor Measurements db L-
Circuits., QEX - January/February 2012, pp 7 - 11.
http://www.arrl.orgffiles/file/QEX_Next_lssue/Jan-
Feb_2012/QEX_1_12_Audet.pdf
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obtain data within 0.1 or 0.2 dB. Record this valnethe
notebook with the previous center frequency.

Finally, unsolder the inductor from the circuit dte point
marked with the large X in the figure. Then attaah
capacitance measuring meter to measure the C Valsed
one of the AADE L/C meters. (Just Google AADE o th
web.) The C value is recorded. The F and C datawall
calculation of  the effective inductance. The induc
equivalent series resistance can then be calcufabed the
attenuation, which then leads directly to Q. Theatipns are
included in the EMRFD
presentation.

An advantage of this scheme
is that the Q value is directly
related to the attenuation
value, which is relatively
easy to determine with an
accurate step attenuator. (I
use a surplus HP-355C and
HP-355D combination.) The
detector operates directly on
a null point rather than along
the slope of an attenuation
function where frequency drift can complicate theuits. But
the method is sensitive to the driving and loadedgnce at
the test fixture. Values other than 50 Ohms wilinppomise
results It may even be important to actually use Gifm
cables; the 52 Ohms of RG-58 might not be closeigimoA
conservative approach would place a 50 Ohm pad {®tdB)
at the edge of the test fixture.

89



This photo shows the test fixture that we used vilie
EMRFD scheme. The inductor in this case is a ferdtroid
wound with Litz wire. This variable capacitor islieeed to be
made by Jackson Brothers, Ltd, from England andhés
highest Q variable capacitor we had in our junk.ddrre on
this below.

Comparing the methods.

Most of the measurements we have done in receestimsed
the EMRFD method. In years past, we

would use a Q meter when available, but most often3 dB
BW method. Short of a calibrated Q-Meter, the EMRFD
scheme is quicker than the 3 dB resonator bandwidth
measurement. In one recent case, | measured thé & o
inductor with both methods. The inductor was a baskeave
coil, described below. Using the classic 3 dB badtw
method, the Q was measured as 579 at 1 MHz. losedss
was 48 dB for this measurement. The same coil thithsame
variable capacitor measured Q=650 at 1 MHz with the
EMRFD scheme. That's about a 10% spread betweetwihe
schemes.

The coil used in this experiment was a 5 inch dieme
solenoid wound in a basket weave pattern for L=@65 The
wire was 175/46 Litz, which is 175 strands of ##be coil sat
on a piece of plastic suspended on a stack of wiocks
during measurement in an effort to avoid exteroatls.

Experiments with various coils.
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APC cap with red/black leads (149 pF meter): 937QCakc
(Q meter alone and coil 1060Q)

APC cap with my Litz leads (149 pF meter): 995Q@4kc (Q
meter alone and coil 1060Q)

Steve's measurements above provide important datapeith
which to calibrate my technique. Note first of @it the Litz
coil is not a modest 506Q but a robust 1140Q at MFhe
reason for my low measurement was my assumptianhigh-
Q capacitor. Steve's measurements of two of my ABE 995
and 937, hardly very high. There is an obvious nfseda
correction. Wes Hayward in his excellent notes on
measurements provides the key in the form of thieviing

formula:

QI =(Qc * Qres) / (Qc - Qres) (14)

where Ql is the desired coil Q, Qres is the meas@ef the
tank/resonator, and Qc is the tank capacitor Q.

Substituting the values Qres = 532 and Qc = 99%thmtion
simplifies thus:

QI = (937 * 506) / (937 - 506)

Ql'=1100.

The result is distressingly close to Steve's meabsvalue of
1140Q. This shows the possible level of accuracythe
analytical technique used, both reassuringly higd aery
"Litz-like".

Taking the first solenoid and substituting the ealQres =
167 and Qc = 937 the equation simplifies thus:

QI'=(937 *167) /(937 - 167)

Ql=203.
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my opinion that the capacitor Q ought to be higbugih as to
not influence the coil Q measurement in any sigaift
manner. | said that for three reasons: 1) Just takwary
published article starts with such an assumptiah 2nl had
not done much research on the subject of capa@tand so
had no particular expectations other than assumpticand
finally 3) | had no measurements or specific knalgke of the
Q for the capacitor used in my setup.

Reason 1 is a punt and should be rejected, reasms been
remedied and | give some analysis on the integestibject of
capacitor ESR (Equivelant Series Resistance) oeparate
page so that readers may set their own expectatimsthe
third reason | have received the kind assistanceStefe
Ratzlaff, AA7U who offered to make actual Q measeats
on the coils and APC capacitors with his HP4342/mne€xer,
results follow:

Litz basket coil,

550kc 1127Q;

1000kc 1140Q,

1700kc 674Q (194.2 uH on aade.com LC meter)

Solenoid coil,

550kc 205Q,

1000kc 240Q,

1700kc 222Q (218.2 uH on aade.com LC meter)

Using Steve's Litz wound ferrite rod coil (1000k@4ZQ) as
the reference for external caps:

100 pF silver mica (99.2 pF meter):859Q at 106&Raeter
alone and coil 1025Q)
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Some of the coils investigated in this study. Theket weave
coils were wound with the fixture shown below. Ttweo
toroids shown are Amidon FT-114A-61 and used #ldven
wire or 175/46 Litz wire. The rod is similar to Amidon R61-
050-400 and is wound with 50/46 Litz wire.
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Fixture used to wind basket weave coils.‘Stripwaxed paper
are placed under the coil cross over lines befppdi@ation of
hot melt glue.

Toroid Experiments

Most of the filters | build at HF use toroid coréowdered
iron cores seem to offer higher Q at HF (3 to 30zylthan |
can obtain with other practical, reasonable sizech$. The -
61 and -63 Ferrite materials from Amidon offer hi@hin the
MF region from 300 kHz to 3 MHz. Powdered iron can
provide high Q, but have such low permeability thhe
number of turns becomes excessive. So the firsgrerpnts |
did used ferrite toroids.

Not all of the data collected will be presentedehéfowever,

I'll give a few of the data points of interest. Taeare some
surprises.
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qc = 18.55 exp(-t / 2*Rp*123)*cos(6.283*1.044* ¥ 1

Where t = 0 to 50 uS
R =0.627 Mohm in this case for best match.

Q = Rp/ 2pifL = 627000 / 6.283 * 1.044 * 189 = 506

The results above for a big litz coil clearly derswate its
superiority to @ more common tapped solenoid. Bbed data
though has let me to expect a big litz coil Q tdrbthe 1000+
range. | have run this test backwards and forwasbscking
all possible causes for this unexpected low Q wikh
difference in the final value. In fact | am quiregressed with
the repeatability of the technique and the corredpace
between the results from the decrement and thosen fr
modeling the wave form.

To be certain | even tested the coil using the-8ttB method.
As stated previously, | am uncomfortable using gnai
generator in addition to the scope, and | haveadirdound
trouble connecting the 1:100 scope probe directlthe tank,

as is necessary in this method. With that saidrebalts yield

a bandwidth of 2.3kHz about a nominal frequency of
1018.8kHz for a tank Q = 450. | suspect the metfwith the
problems noted) lowballs somewhat the final reslitany
case, this confirms the test to have a moderatadonathing
like the expected values one reads online.

Notes on Capacitor Q and its impact on the measmem
value.

This is where we begin to think more seriously abthe

capacitor used to resonate the tank. The assumpfioery
high Q needs to be questioned. | stated in theps#iscussion
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5" Basket Litz 660/46
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Figure 6. Second oscillogram with modeled dampedewa
response.

The coil tested values as follows:

n =45

T =(tn-to) / n=(47.82 - 4.70)/45 = 0.958 uS
f=1/T = 1/0.958 = 1.044 MHz

Ao = =18.05 mV
An = =13.65

d = 1/n In(Ao/An) = 1/45exp(18.05/13.65) = 0.00621
Q=pi/d=3.142/0.00621 = 506

And:

qc = qo * e™(-t/2RpC) * cos(2pif * t + phi)
C =123 pF
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First, the best toroid | found for BC band use ®8sturns of
#18 enamel wire nearly filling a FT-114A-61 coredlictance
was 195 uH on an AADE L/C meter. Q=383 at 1 MHz and
peaked up to almost 400 at 811 kHz. Q remainedovelt 300

at both 500 and 1610 kHz.

A slightly more practical and easier to wind cofled a FT-
114A-61 form with 41 turns of #22 enamel wire. AMHz,

the inductance was 240 uH with a Q of 384. The qppled
nearly to 300 at the band extremes.

The receiver | was building was to use a variakdpacitor
with only 188 pF maximum C. So a higher L was nelede
managed to get 56 turns of #22 enamel wire on 4 FIA-61
form for L(AADE) of 449 uH and Q=344 at 1 MHz. Q wa
316 at 549 kHz and 274 at 1.55 MHz. Although compsed,
this seemed a practical coil for a first zero poveeeiver.

A question that immediately came up was what cbeldlone
with Litz wire on toroids. The results were disajping. 39
turns of 175/46 Litz wire on a FT-114A-61 form yled
L=244 uH and Q=318 at 1 MHz. The Q improved to 86&n
at 550 kHz. A second FT-114A-61 core was wound with
turns of smaller 50/46 Litz wire, resulting in L-24/H and
Q=298 at 1 MHz. Again, low frequency Q improvedybtiy.
My conclusion at this point is that the 175/46 Litize is not
justified for ferrite toroids, although that consion is
certainly more general than my data can supponavie not
investigated any of the expensive Litz "rope" usawgr 600
strands of #46 wire. (See later note.)

Variable Capacitor Q (data updated 08Dec08 with emor
discussion at the end.)
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Many of the web sites | read that deal with crystetis and
similar receivers state that the absolute bestilplessariable
capacitors should be used. They then define thesbeig
those capacitors with ceramic insulators, with esilplating
being preferred on the metal. Double bearing desage also
recommended. Some sort of special means to minimize
resistance related to moving contacts is deemedriapt.
While all of these things are intuitively reasorealthey are not
numbers.

The Q measurement schemes | have presented a# tela
determination of resonator Q. Actual inductor Q cenfy be
obtained if one knows the Q of the capacitors ituaed
circuit, or if can be established that capacitoisQery high.
The folks building Q meters go to great extremesgtimize
the variable capacitor Q within the instrument.g($@éo and
Hasegawa, "Measuring Q" Easier and Faster,( HPnagur
September, 1970.)

Let me again emphasize that all of the numbersepied here,
with all measurement methods, relate to resonatoWe can
calculate capacitor Q only if we independently knome
inductor Q.

This still leaves us with the question of what vi®wd be
using for variable capacitors, both in our recesvend for Q
measurement. To begin an evaluation, | took thddsy Q
toroid that | had built at the time (38 turns of8#&nameled
wire on a FT-114A-61 core) and attached it to wasivariable
and fixed capacitors from my junk box. Measurememése
done at or near 1 MHz using the EMRFD measurement
scheme. The data, although less than conclusiveteiesting.
Here are some results:
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decrement method. An exact match will not alwaystte
case, but they ought to be fairly close. The mdtetween
theory and the decrement method gives confidenae ttiis
analytical technique is as robust as it is simple.

qc = qo * e™(-t/2RpC) * cos(2pif * t + phi)
qc = 12.2 exp(-t/2*Rp*106)*cos(6.283*1.055* + 1)

Where t = 0to 50 uS
R =0.237 Mohm in this case for best match.

Q = Rp/ 2pifL = 237000 / 6.283 * 1.055 * 215 = 167
Example Two:

To be sure the technique works | have also asséissegliality
of a 5inch diameter basket weave coil wound fror®/46 litz

wire. Such coils are rightly considered "perforneuoils” for
their low skin-effect and low resistivity.
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This leaves the resistance of the coil (R) as thengry

variable. Model the above equation in the spreastsiny

adjusting R until the model results match the mesbu
oscillation from the coil. From the above example see
Figure 5 with the modeled damped wave overlaid lentest
oscillation.

Close wound tapped solenoid on 3"cardboard form

v

= measurement
e model

o s 0 s 20 2 0 s 2 s s0
us

Figure 5. Oscillogram with modeled damped waveaasp.
Here the background data from the test is in gred a
overlaying it is the dashed model in black. Theiditnearly
perfect using a resistance of 0.22 Mohms. Relatasistivity
to Q we have the following equation (5):

Q =Rp/ 2pifL

Substituting f = 1.055 MHz, C = 106 pF, and R =307.2
Mohms the result is Q = 167, exactly the same ahb thie
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Capacitor comparisons, all operated near 100 pF.

1. 107 pF Silver Mica. This consisted of two series

connected 214 pF 1% 500 volt units.

Resonator Q=341.

Mica compression trimmer, 30-300 pF, marked

GMA40400, Resonator Q=314.

3. "Jackson Brothers" (that's a guess) dual section,
497 pF/section max, built-in gear drive, Resonator
Q=383. This was the best variable capacitor in my
junk box.

4. TRW four section. This was the most elegant
looking capacitor | had in my stash. It came from a
Tektronix 191 sine wave generator. Resonator
Q=354. An OK cap, but not the best.

5. Collins TCS Transmitter VFO capacitor, built-in
gear drive. Resonator Q=357.

6. ARC-5 Receiver variable. (BC-4547?, all three

sections in parallel yield 47-514 pF) Resonator

Q=378.

BC-221 capacitor, 13 to 188 pF, Resonator Q=364.

Hammarlund single bearing, 150 pF max.

Resonator Q=279. (ugh).

1.
2.

o~

Much of the lore seems correct. However, the besasured
resonator Q came from the Jackson Brothers dugibsgnot

from antiquity, but from just slightly more recetimes. The
beautiful TRW capacitor, while good, was not attiye of the

list. The aging single bearing capacitor was nqteeted to be
great, and there was no surprise. | was surprisacdthe Silver
Mica fixed capacitors were not at the top. But ppshthese
were rejects. Although they were brand new unusgdgitors,
they were purchased at a surplus emporium andriagshave
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been the reason they were declared surplus. Additio
measurements are called for in this area.

Additional information regarding capacitor measueets is
appended at the end of this note.

Litz Wire Connection.

Classic lore suggests that it is vital to soldérsaiands in a
Litz wire bundle at both ends. If one strand is lefsoldered,
the argument is that current can no longer flowhat wire, so
it will not contribute to the expanded surface attest leads to
improved Q with Litz wire.

| had measured less than stellar Q with some 175i46vire
on a toroid form and wondered if perhaps | did manage to
get all of the strands soldered. So | did an expent while
using the mica compression trimmer as the capagfioor
capacitor choice.) After doing my best to soldérsetands by
carefully applying rosin flux from a SMT rosin peinheated
and tinned the ends with an 800 degree tip in mylave
soldering station. The ends looked very good inisuat
inspection.

| then started doing Q measurements near 1 MHzrAfach
one, a few strands of the Litz wire were cut and &nch
section was removed near one end. The strandsrem@ved
from the capacitor end of the test resonator. Hemgplot of Q
from 0 to 152 clipped strands. N was estimateddynting the
number of pieces of wire after a clipping operation
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To test the validity of this technique we needtanire theory,
just to be certain this is working. With the dataspreadsheet
form, it becomes possible to model the coil frottheoretical
standpoint. The model can then be plotted with @mpared
to the acquired data to test for correlation. Viasiveb pages,
especially university-sponsored lab exercises pewd good
source for practical techniqgues and their theaaktic
underpinnings. Some good sources | utilized include
"Damped oscillations in RLC circuits" by Barbarailrdzia at
AGH University of Science and Technology in CracdRi.C
Circuits" a lab note from Rice University, and "@stions
and Resonances in LRC Circuits" from Durham Uniigris
the UK. And very many others.

From the above we find the general equation for ki
electrical oscillations as:

qc = qo * en(-a*t) * cos(2pif * t + phi) (13)

Where

qc is the charge in volts

qo is the initial charge

a is the damping factor (=Rs/2L (series) and = pR@R
(parallel)

R is the coil resistance in ohms

L is the coil inductance in uH

tis the time in uS

fis the frequency in MHz

and phi is the phase angle

The phase angle and qo charge are initial conditiand
adjustments should be minor to fit the calculatsdillation to
actual. L, the inductance comes from the calcutatie made
with equation (12), and frequency comes from equa(®).
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An example to show off a bit. This test was madih wiclose-
wound tapped solenoid on a 3" cardboard form. Taghjc in
Figure 4 shows some initial contact hash followgdadovely
damped oscillation. Measurements on this coil shibaeest
frequency of 1.055 MHz, L of 215 uH and C = 106 QFwas
calculated at 167. A decent coil but not great.

Close wound tapped solenoid on 3"cardboard form

15— To,Ae
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us

Figure 4. Oscillogram of a coil under test.

n =45

T =(tn-to) / n = (47.24 - 4.59)/45 = 0.948 uS
f=1/T = 1/0.948 = 1.055 MHz

Ao = =112 mV
An = =4.80

d = 1/n In(Ao/An) = 1/45exp(11.2/4.80) = 0.01883
Q=pi/d=3.142/0.01883 =167
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N
Q versus number of removed strands in a Litz wineid.
There are 175 total strands in this wire.

This is certainly not a definitive experiment. losild be
repeated with a coil where the Litz wire seemedattually
make a difference, and that was not the case Wéhtdroid.
However, the classic lore is not supported. Bus timakes
sense after some thought (and some comments frieagoe
KK7B.) The weak dependence suggests that even thawgt
at the end of a wire means that conduction is ebted at the
end of the wire, this does not mean that it is rezdofrom the
interior of the coil. Strand to strand capacitagoarantees that
similar current will flow in each. The current ineh forces the
flow to the surface. If a strand is cut, there wiill be some
current flow in that strand back from the cut. Tapacitance
between strands connects the strands to thoseatbastill
connected at the end.

| hope to repeat this experiment with a differeotl @and a
better resonator capacitor.

The Basket Case
Solenoid coils tend to have the highest Q if theewiare

spaced by about 1 wire diameter. This lore is foim®oug
DeMaw’s book on Ferromagnetic Inductors (Prenticall,H
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1981) and is quoted on the Amidon web page. This of
thumb is reasonable. The highest inductance witupavith

tight spacing. If the spacing increases beyond thisre is a
greater chance that some of the magnetic flux foomwire in
a coil will escape from the side of a coil and fiok to all

turns.

If we plot the inductance of a solenoid of consaitth versus
the number of turns, L is proportional to N2 wherishNsmall.
However, the parabolic shape relaxes toward a flinea
dependence as N becomes large, especially as tigthle
exceeds the diameter. Linear L versus N is akiradding
inductors in series where each one is isolated fla@others.

When one turn is directly next to the next turnhwib gap, the
current flowing in one turn will force some of ticerrent in
the next wire to move away. The overall effect proes non-
uniform current in the wire surfaces. This is alieed with a
slight spacing between turns. But too much spadegeases
inductance too much.

A classic coil type is the so called basket we#eouple of
coils of this type are shown, along with a coil diig fixture

on page 7 of this report. There are an odd numbeods in

the winding jig. This means that as we weave thressamong
the rods, one turn will not be directly adjacenttte next turn.
This makes the coil behave as if it was a solespated by 1
turn. But there is no real gap, so the coil lengthg hence,
inductance is the same as a tightly wound one weld

| had never built a basket weave coil, yet thisrie of many
designs that the folks describe on the web sitestioreed. So
a couple of coils were built. The first used #22reel wire.
The coil diameter is 5 inches wound on 13 posth witotal of
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5000 data points to the computer. At 1 MHz thatbsut 100
data points per cycle, more than enough sampliraytid any
question of aliasing.

The decrement measurement is based on measuringeaks.

The data is in digital format so one should elirgna
"estimation error" by actually reading the valuef offie
spreadsheet, noting both time (in uS) and amplitigidore
taking readings, care must be taken to center scélations
around zero. Amplitude measurements assume that the
waveform is symmetrical around zero yet the scopg or,
more likely, may not be set perfectly for this. the
spreadsheet the solution is simply to take theameeof all the
readings and subtract that from each.

Type the values for “to” (initial peak time), “tr(final peak
time), Ao (initial peak amplitude) and An (final gle
amplifude), and the number of periods analyzed “n”.

T=tn-toinuS (8)
f= 1T in MHz 9
d = 1/n In(Ao/An) (10)
Q=pil/d ]

Next, disconnect the battery and coil and measarefigly the
capacitance, C, that was used in the test. With ybu can
calculate the actual coil inductance from the fieemry and
capacitance. Why buy an expensive L meter?

L (uH) = 1E6 * ((1/ 2pif)*2 ) / C (pF) (12)

Example One:
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10uS / division for a longer recording. Set thepscorigger
appropriately to capture the data.

Figure 3. Photo of the test setup.

Tap, or "key" the battery to pulse the tank andiesvthe
waveform on the screen. Setting the scope on iessarement
mode allows reading the wave frequency with eaclsepu
Adjust the capacitance after each pulse to briegtahk to the
desired frequency, near 1 MHz in my case. Oncheatlesired
frequency you are collecting data. When you gebp@dgclean
oscillation free of contact hash and noise, seeddtta to the
computer for analysis. For my scope set at 5uStdieturns
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36 turns. The 1 MHz Q was a poor 244 with Q slowly
increasing with frequency. Inductance was 265 uldirilar
coil was then wound with 175/46 Litz wire. Againductance
was 265 uH. The 1 MHz Q was a spectacular 650. @he
dropped off at both 530 and 1630 kHz, but was OErawost

of the range. This is the highest 1 MHz Q | hadreeen at
that time. | remember frequent Q values well ov@dQL with
some helical resonators at 500 MHz, but that is mom at
UHF.

Ferrite Rod Experiments

The next resonator type to be investigated wadetrée rod.
The only new part that | had around was an Amid88-B50-
750, meaning that it was built from mix 33 typeriter with a
diameter of 0.5 inch and length 7.5 inch. This makéas an
initial permeability of 800, which is high enough make me
wonder about it as a high Q antenna material. Owinghe
high permeability, the number of turns needed shbel much
less than the 70 turns suggested in the N7FKI pdpeut a
layer of paper on the core and then would 36 twh#22
enamel wire over the central 3 inches. The induetavas 158
uH. Additional turns would be needed to reach tésiréd 240
uH.

Then Q was measured. It was a miserable 58.6 aHz. \@n
the other hand, | did see several local radio cstatiin the
spectrum analyzer display during testing. It mayabeiable
antenna, but it is not much as a resonator. | tlievén bother
changing to Litz wire.

The next experiment was with a junk box ferrite.rdtis was

a piece that was 3.85 inches long with a diameted.475
inch. After putting a layer of paper on the coreydund 37
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turns of #22 enamel over the inner 2.8 inches. iMtiactance
was 80 uH. A 1 MHz Q measurement was a more resiplect
293.

The dimensions of this rod were very close to aridom R61-
050-400. The inductance constant in the Amidorrdiige,
after conversion, was 43 nH/turn2, so the 37 tuindimg
should have an inductance of 59 uH if it was woerénly
over the total core. My winding was bunched near aénter
which would increase the inductance a bit, so 80uaidld be
reasonable. | concluded that the material is priyba&i mix,
or a similar mix with initial permeability of 12erhaps from
a different vendor. | calculated that 65 turns abhersame part
of the core would yield 250 uH.

Based upon the measurements above, | wound 62 afrns
50/46 Litz wire on a single layer of paper over jhek box
rod. The result was a spectacular Q of 610 at 1 MHe Q
dropped off to 577 at 550 kHz and 500 at 1551 Kidth still
quite respectable. This high Q was a major surprise

N7FKI has a larger R61-050-750 ferrite rod in hastp box
and has offered it for some measurements. That iselist of
"To Do" experiments.

Classic Solenoid Coil

Among the goodies in the N7FKI junk box were someyé
cylinders that looked like they would work well esil forms
and yield reasonable Q. The outside diameter wasndhes.
After earlier coil construction experiments, ab&@% feet of
Litz wire remained on a spool (purchased on EBayfiPaul
Cianciolo, W1VLF), so | put solder lugs on each eamtl
wound a coil. The first one had the wires spacqut@pmately
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pF. These are silver or nickel plated (dependinghensource
of information) and ceramic (steatite) insulated ashould
have a high Q with little impact on the test. Aadethis is the
general assumption used in most Q-measurementeartic
have run across. In actual fact the capacitor Qotsinfinite

and not even that high so resistive losses assaciaith the
capacitor can be expected to lower the measuré€dn@.needs
to keep this in mind and know that this measurenieenn the
resonator, not on the coil itself. More on thisitom a later
section. The APC capacitance range is limited bidficgent

for my intended test frequencies of 1.0 to 1.1 MHfEs is a
test, not a radio.

Keying, or pulsing the circuit is somewhat trickp. order to
obtain a clean wave trace the pulse contact neebs fast and
sharp. Contact "bounce" and arcing, especially adior
frequency are difficult to avoid and pulsing thecait several
times may be needed prior to finding a clean tradeitially
used a transmitter key but found the contactor &tt& be
messy with visible arcing. The best method | hawentl for
pulsing the circuit is to connect a pointed prob®mne side of
the circuit and tap it sharply but lightly agaitise hot side of
the battery. After a few tries one gets a "feel" tloe contact.
Pulse the circuit and get a wave, things are thiple.

Procedure:

Hang the coil under test on a stand where it iaroté other
components or metal objects. Connect the coil astpe
schematic. Connect the probe and scope to the ingugbil
leads and set the scope for a good scale, (Figuieg@nerally
use 5uS / division horizontal scale which gives 4feto 50
oscillations at about 1 MHz. For higher Q coils &yrgo to
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Setup:

The following schematic shows the setup, (Figurel)this
configuration, | have used a simple 9V batterytimslate the
coil and have the scope connected to the tank viaupling
coil. An earlier configuration with a power supplysulted in
too much noise and ripple to obtain a good readiihg. tank is
coupled lightly to the scope with a coupling cdihis coupling
coil is simply two turns of hookup wire about 4 fes in
diameter placed an inch or two from the coil totésted and |
have found no reason to space it further. Betwkercoupling
coil and oscilloscope | utilize the 1:100 probéhatigh testing
with my 1:10 probe showed little impact. In thisywéhe coil
under test is clean and well isolated from the mwesment
circuit.

Coil Q Test
Coil
Key Under Test
‘Lj 1:100 Probe
= P ?
vz %
160 pF Coupling Digital Scope
coil
kjs 2013

Figure 2. Schematic of test circuit.

For the tank | have used a small CT1C150 militgrgcscap
("APC"-type) with a capacitance range from aboutt@d60
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with a 1 wire diameter gap. Measured inductanceh wlie
AADE L/C meter was 275 uH. The Q at 1 MHz was 36
but disappointing. The winding length was 2.9 irche

The coil was then rewound with close spacing, tegulin
53.25 turns over a length of 1.52 inches. Induaanith the
AADE meter was 378 uH. A 1 MHz Q measurement shoaved
higher effective L of 419, but with Q=219.

Close spaced solenoid coil.

| have not discussed the self resonant frequen@ngpfof the
inductors described in this note. However, it isilgameasured
by merely inserting the inductor in a 50 Ohm liftée fixture
on page 6 of this note can be used. The "througig w
between the BNC connectors is removed and the isoil
inserted. The signal generator is then tuned thtfie first null
frequency. This null is the result of stray pafaeresonating
with the inductance to form a trap. The paralletoreant
frequency was 4.0 MHz for the close spaced industtomwn in
the above photo. This inductor had an inductanc®78f uH,
which was measured at about 500 kHz with the AADE L
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meter. This yields an equivalent parallel capacitenf 4.2 pF.
Using this and the 378 uH inductance measurement we
calculate an effective 1 MHz L of 403 uH. This {8l elow

the value we measured. The AADE number may wellnbe
error because of the coil's parallel capacitancedittonal
number crunching should yield a better model.

Update: 01Dec07
A Spider Coil.

Many of the crystal radio related web sites presgiormation

on Spider coils. | picked up a piece of Lexan Paijponate at
Home Depot and cut it to form a nine segment awiff The

diameter ranged from 4.4 to 6.1 inches. This foras when
wound with 39 turns of the 175/46 Litz wire. A pbdollows.

The inductance was 373 uH, but the Q results were
disappointing at best: 550 kHz, Q=499; 1.002 MHzAD4;
1.504 MHz, Q=382. The EMRFD Q measuring scheme was
used.

102

be related to the circuit components as followsuctigr,
1919):

d = pi (R / 2pifL) 3)

The angular frequency is often expressed as w= Rpithis
can be substituted into equation (3) above to sfynas

d=piR/wL 4)

We turn now to looking at Q and its relation to ttiecuit
components. The general expression for Q is:

Q=2pifL/R 5)
Simplifying to
Q=wL/R ©®

With the term w L in both expressions, we can sdivew L in
each and set them equal to each other:

QR =piR/d so:
Q=pi/d 7

Dreadful, wasn't it? The inspiration here is thathwa simple
determination of the logarithmic decrement, degvithe
circuit Q is a trivial exercise even a geologish caanage. No
signal generators, no attenuators, no multiple oreasents.
All this should serve to reduce sources of errad give a
faster and easier way to determine the qualityhaf tmost
central component of your crystal radio, the coil.
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L=

Fia. 8. Bimple oscillation eircuit illustrating the production of radio frequency currents.

Figure 1. Simple oscillation circuit, Bucher 1919.

As a professional Geologist, | must admit that motth
involving more than ten fingers and ten toes (fdvamced
computations) is not my specialty. As such | widep this
aspect to an absolute minimum. Still, a bit of higemay be
useful to explain damping and logarithmic decremeRE
oscillations in a tank circuit are damped due tssés
(primarily resistive) associated with that circihe amount of
damping thus is related to the quality, or Q of tidnek. In old
texts the damping is generally determined by méagithe
"Logarithmic Decrement” or the amplitude of suceess
oscillation peaks and taking the log of the ratio.

d = In(AL/A2) (€}

A more generalized version of this formula takintpiaccount
measurements over many periods can be expressed as:

d = 1/n In(Ao/An) (2

Where n is the number of periods analyzed, Ao s th
amplitude of the first peak and An is the amplitad¢he peak
n periods away. This equation allows a very simple
determination of the log decrement with high accyra
Because damping is due to resistive losses initbeitc it can
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Using Litz Rope.

The initial experiments were encouraging, althouglvas
frustrated in not having achieved higher Q val¥eseview of
many sites on the web quoted "Q over 1000" asvifai to be
expected. One of the most informative web sites tHaund
was from Europe, http://www.crystal-radio.eu/erdttietm .
He built numerous coils and then did careful Q meaments.
Many of his measurements were consistent with nilinere
was one central theme that emerged: If Q in exa&4600 is
desired, it is probably achievable only with LitZrevusing
many more strands than the 175 that | had usectifspdy,
the wire that really made the difference in the sneements
from Europe was 660/46 Litz. This is 660 strand#48 wire.
I've seen this stuff referred to as "Litz Rope,thaugh that
term is often reserved for the bundles that areoumo inches
in diameter. The 660/46 wire is manufactured byrigen-
Lewis. They will sell to individuals, but have a gund
minimum. That's a lot of rope. You can find smalfeeces of
this wire for sale on the web, but with a high prieg.

Then my experiments expanded to the next levek Wais the
result of an unexpected package that showed upyinmaul
box. | opened this offering to discover a 54 foacp of the
660/46 Litz rope, plus a most interesting lettey. bénefactor
was Steve, AA7U. Steve’s letter also mentionedcié form
that many of the crystal set guys use, a 4.5 inbhcGupler for
large PVC pipe. | quickly purchased some. The yas found
in the bins at Home Depot where it is their pannber 405*
and is marked "4 IN COUPLING HUBXHUB" and
"(STYRENE)". The form cost was just over $1. Steha
done careful measurements of coils using this fanth 660/46
Litz Rope.
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I quickly wound the coil shown below.

The photo does not really tell us about coil lengthis coil
has the 44 turns spaced to occupy 3 inches of.thaéh form
length. The wire is held in place at the ends vaitifes in the
form. Small cable ties are then used to keep thelings from
moving. | wanted to preserve the integrity of thepR for
additional experiments, so did not want to apply glue. | cut
some small strips of Plexiglas with filed notch€kese strips
are then placed over a pair of holes drilled inftven so that
three wire turns are covered. The cable tie is theerted.

The results were outstanding; finally, Q>1000. Tdetails
with the EMRFD Q measuring scheme:

F=550 kHz Q=1199

1011 kHz Q=1375

1600 kHz Q= 973 Steve's results with a similar coére
1276, 1426, and 1129 at approximately the sameidmzies.
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frequency. The tank is generally energized with igna
generator and measured with an oscilloscope oritsens
digital voltmeter. Other components often may idelu
attenuators, SWR analyzers, Spectrum analyzersSetrces
of error enter with coupling, loading, uncertairag to the
actual internal resistance of the source generatut the need
for several independent measurements which are then
multiplied or divided together, adding additionaloe. All this
works very well for the engineer with good benclagpice,
good equipment ($$), and the patience to perform th
measurements several times to check repeatablitythese
things plus the required anality coefficient therent author
lacks.

In this paper | propose an alternative approach tdiees an
analytical look at the oscillating tank waveform dan
determines the coil Q from that. This techniquepeiises with
a majority of the equipment involved with traditadrmethods
but does require a digital oscilloscope. In recgedrs the
affordability of these scopes has greatly increatfegbu have
a digital scope, or access to one, or were loofdn@n excuse
to purchase one, then read on, this technique mdyrbyou.

Some Theory:

The inspiration for this technique is certainly maw. | first
found the following simple circuit, (Figure 1) omage 22 of
Bucher's 1919 "Wireless Experimenter's Manual". iHgva
good deal of experience capturing and evaluatingpeal
radio oscillations for a Spark Gap transmittermhiediately
saw the utility of the circuit for a simple Q deteénation based
on the damping decrement of the tank.
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An Analytical Approach to the measurement of coil Q
http://www.lessmiths.com/~kjsmith/crystal/coilgmtsth
Kevin Smith

Background:

Measuring the values of your radio components is an
interesting and fun part of the Crystal Radio Hahbgt only
does it help you design better radios, but helparterstand
the physics behind the wires and plates. The redgiip one of
the principal components is generally that partwebby hand.

All other components, diode, variable capacitor aseally
bought ready-made. The colil sits at the heart @fs#t and yet

it remains devilishly difficult to measure and cheterize.
Even cheapo inductance meters, (I mean, my cheaperuo

not properly measure the coil inductance at radégfency.
Coil quality, well that is a whole other matter. &lity, or the
Q-factor as it is often called is a bench-intensiged
measurement-intensive  proposition that even the t mos
dedicated radio fan may shy away from.

If you wish to know your coil Q-factor you have tbkoice of
tracking down and paying a lot of money for an &ig or
Boonton Q-Meter, or setting up a test bench andimgathe
required measurements yourself. A number of techasicfor
measuring the Q of a coil have been published andllent
summaries can be found in "Q Factor Measurements-Gn
Circuits” by Jacques Audet, and "Experiments withl<and
Q-Measurement” a web page by Wes Hayward.

All the techniques discussed involve variously isgttup a

parallel or series tank containing the coil to bsted and an
accompanying capacitor to tune it to the neededsoreanent
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Steve used a traditional 3 dB bandwidth measurentent
establish Q, but with the coil tuned by the vamathpacitor in
a HP4342A Q meter. That Q meter stops at valu49@®.

Although | was pleased to have finally reached ga@l, the
measurement correlation was of equal significancee. This
data is further validation of the EMRFD Q measureme
scheme. The Q values that are slightly lower thase that
Steve obtained can be attributed to losses in tmable
capacitor | used and to experimental error. Thedeeg are
consistent with those reported in the crystalradio.web site
listed above.

Recent examination of capacitor Q. (December 88300

The earlier information regarding variable capaci® was
confusing. That info, starting on page 8, has hmedified to
emphasize that my measurements are of total resoqat
Although | have yet to do additional measuremeinti] a few
calculations that are illuminating.

We begin with analysis to derive a suitable formdiais is
shown below in a MathCad work sheet.
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Regarding the Q of an inductor where we measure just the resonator.

We may define the Q of a component as the ratio of the reactance at a frequency to the
resistance, also measured at the same frequency. This is the usual model that is used

where the "i" subscript is L or C. indicating an inductor or capacitor. This becomes

Ry= X inieLorc.
Q

i
We now place the inductor and capacitor in series. They resonate at a frequency f with the
usual resonance condition. We will evaluate Q values at this resanance, which is defined by:

K =X
or=-L  where
@-C
The total resistance is  R= 2F 4 1
Q Qo€

The Q of the resonator will merely be the value with this R, but with the assumption that all loss
is within the inductor.  Hence,

XL

oL
Oges = R (oL 1
U | 1
(o "ocec) es=
We divide top and bottom by ol to obtain 2
" Y % gea’Le
5
Because of resonace, this becomes
Qges= ﬁ That s, Q values combine as resistars in parallel
Al il
A
Assume that we know an inductor Q. The capacitor Q fiom a resonator measurement is then
Q.= R Note that QL cannot equal resonator Q. Moreover we must have
Q -~ Qges

Qr > Qges 10 have a positive capacitor Q.

MathCad work sheet showing analysis.
Armed with the final formula in the above sheet, wan

examine the capacitor Q data in more detail. Wethisl with
Excel, beginning with a summary of the data andplt™
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2Layer Bank
3Layer Bank
2Layer Bank
2Layer Bank
4Layer Bank
3Layer Bank
3Layer Bank
4Layer Bank
4Layer Bank
Double Layer 28
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32/38
32/38
24
28
32/38
24
28
24
28

inf

9.40

13.00
14.20
16.80
19.50
21.00
24.00
29.00
32.50

327
336
323
323
360
333
333
336
336
355

219
162
143
121
116
100
87
73
65

showing the results. The plot is just a bar chad serves only
to illustrate that most of the results are closesémh other.
Only one resonator Q was below 300, the result single
bearing variable capacitor. None of the resonatovalues
exceeded 400. This is shown below.

A B c o E F G H J
1| Capacitor Q Determinations. L=38t #18 enameled wire on FT-114A-61 toroid. &Dec-08
2 AIC closeto 100 pF. The data has been sorted with descending Q-resonator.

3

4 Capacitor N Measured Resonator Q
5

6 Jackson Brothers 1 383
T ARC-S/BC-454 2 318
8 BC-221 cap 3| 364
9 TCS Transmitter VFO 4 357
10 TRW 5 354
" 107 pF SM 8 341
12 compression trimmer 7 314
13 Harrmariund single bearing 8 279
14

15 Resonator 0 ¥alues

16

i 450

i 400

i

2 -

2 =

= -

z o [

25 ]

z u =

® :

z IR A

2
Sorted and plotted Capacitor impact on Resonator Q.

Having generated the bar chart, we proceeded tthesgpread
sheet to do some “what if” investigations. Thetfiamalysis
assumed that out best capacitor was very goodiesbighest
resonator Q that we measured was almost the indQctalue.
If that really was the case, we can then calcutafgacitor Q
values. This case is at the top of the followingyeavith
QL=385.. After that, we assumed even higher induc@
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values and calculated the resulting capacitor QltesSee the
next page.

e wilbe the ot he inductor.

30 Assume tatne“best” capsclor & itualy perfect_Hence,the esontor @ we
£l e

= Qum e
= <7 Q- Qres

) BC21cap
TCS Transmiter VFO
2 W
P conpressio rmmer

S Herrmarund singe searng

ria N

ac
a0 saise

Spreadsheet showing
from assumed inductor Q (in blue) and the meastesadnator
Q values (in red.)

The results are interesting. If the best measured Qdeed
mostly that of the inductor, we see that most eftapacitor Q
values are high with even the worst still over 10G0we

slowly allow the inductor Q to increase in our tight

experiment," the capacitor Q values begin to didpwever,
the best of the lot are still several thousand.l&Vhone of this
conjecture is really hard data, it certainly makesfeel more
comfortable with inductor Q values close to 400 #mat it is
valid to assume high capacitor Q.

Examination of the central equation is revealings tlear that
if the inductor Q becomes much higher, we will li#eato
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Spider

Basket weave
spider

Spider

Spider

Spider

spider

Loose Basket
Spider

Spider

Spider

Spider

Loose Basket
Basket weave
Loose Basket
Spider
Basket weave
Spider
Honeycomb
Spider
Basket weave
Basket weave
Honeycomb
Honeycomb

ferrite rod
toroid
toroid
toroid
toroid
toroid
ferrite rod
ferrite rod
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165/46
175/46
660/46
100/45
100/45
100/45
175/46
32/38
40/44
40/44
40/44
32/38
24.00
22.00
28.00
24.00
32/38
28.00
32/38
28.00
24.00
28.00
24.00
28.00

50/46
22

18

22
175/46
50/46
22

22

1.94
2.56

241
2.44
173
4.94
5.30
4.16
4.16
2.93
7.50
7.60
6.82
8.50
9.50
10.40
10.60
12.00
12.00
13.80
16.40
18.50
27.50

2.58
3.93
3.20
8.20
4.82
5.23

16.94

232
265

238
241
149
373
317
248
225
154
331
317
265
317
327
332
327
355
330
323
323
347
347

250
240
195
449

244
248
80

158

750
650
641
620
620
540
474
376
375
340
330
277
262
244
234
216
201
194
186
173
147
124
118
79

610
384
383
344

318
298

58.6



Radio-Frequency Resistance and Inductance

Qu = 2pifL/ Rs

Coil Type

solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid
solenoid

Basket weave
Spider
Basket weave
Spider
spider
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Wire

660/46
660/46
175/46
12

14

16

18
50/46
32/38
20

16

28

22

660/46
660/46

660/46
660/46
660/46

1Mhz

Rs

awg
0.90
0.91
2.88
2.98
3.28
3.52
4.01
4.89
6.20
4.66
7.60
8.80
5.78
8.10
10.10
10.30
10.84
6.72
9.60
9.70
8.03

1.03
1.38

1.08
0.90

L
ohm
200
200
265
230
230
230
230
275
327
230
319
360
230
319
360
360
378
230
327
319
230
327

186
241

186
150

uH
1400
1375
579
485
440
410
360
353
331
310
264
257
250
247
224
220
219
215
214
207
180

1134
1000++
1082
1000+
816

obtain much better data about the capacitors. Tist necent
inductor built has a Q that is three times highemtthe one
used for the capacitor difference. The next expenimis
obvious and will be in the next update to this note
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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 wire
approximately:

The A.C. resistance is: 1.39 * 7.27 = 10.13 ohn30fi0

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 Ohim/khat
comes to an AC wire resistance of 0.53 ohms for dbit
alone. Were all the losses represented by ser@starce of
the wire, the coil would have, at 1 MHz an unloaed 2700!
Naturally, wire resistance is not the only sourédoss in the
tank. There is a capacitor, metallic objects initrgdinto the
magnetic field of the coil, diaelectric losses, yddrrent and
other losses. Its no wonder that the best coitst@sout above
Q =1000 or so.

This is where | leave things. Time to get measurBelow |
provide my input data, have at it!

Kevin Smith

*Note that in 1925 the importance of coil Rs waslenstood,
but the factor Q was apparently not used. | hakertgquite
painfully) the L and Rs data from their plots ardcalated the
resulting Q. | recommend to those interested tordoad the
pdf of their paper.
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The following calculation is made to determine tA€
resistance of the Litz wire used in a coil:

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 stoaction 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 stig (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 ohrh80Q0 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 whenlatsal
(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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RADIO-FREQUENCY RESISTANCE AND INDUCTANCE
OF COILS USED IN BROADCAST RECEPTION

By August Hund and H. B. De Groot

ADSTRACT

This peper gives cxperimental data en the radiofregusney resistance and
induetance of esrtain *'low Joss™ colls within the range of brosdeast frequencles,
The eolls are of differant shapes and wound with different kinds of wire. The
rosults are plotted in graphs so that the reader can use them for solecting a
coil for a du..mi purpose.  For the data to apply it In necessary that the eoll
be with the given In & table. The dimen-
slons are auch um the eolls are sultable for modern brondesst reception, A
diseusaion of the important charnetaristics of cofls s given. OF the eolls mensitred
the loose basket weave coll and the singlo-nyer coil have the lowest racdios
frequency resiatance.  Where a binder in required for bolding the terns in pos-
tion, eollodion Introduces the lesst smount of redstance, For the entlms rnge
of broadenst froquentios (500 to 1,500 ke) Ma. 32-38 lits has eomewhat smallar
rosistanca than No. 24 AWG d. e. o. wire; however, for most, work No, 24 wire ls
aul

CONTERTS

L Eﬂmtdmwmnlwmmlmna\mdam 660
2. Effect of broken stennds in lite wire . 861
3. Effost of hinder on the 634
V. Summary. ... 67

L INTRODUCTION

The purpose of this paper is to present data on the radio-frequency
resistanee and inductance of coils within the renge of frequencics
used in radiotelephone broadeasting. The coils are of different
shapes and wound with different kinds of wire. The method of
messurement used is indicated in Figure 1; it wes deseribed in detail
by ene of the suthors * in 1024, The effective resistance B was
found by direct comparison with & standard variable resistance f,

¥ August Husd, * Munrmests o¢ mdi frequency, Biect Warld, 4, pp. 005-1000; Nor. &, 1.
651
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also includes Q vs f curves at constant Rp valiteis. clear
that, while tuning across the BCB spectrum, theoRfhe coil
changes continuously.

Calculated Rp versus Frequency

ModelRp vsFrequency o
-
.
e
Rp=2pificn «* .
o .
*
«
P
£ .
i »
2 *
on
* -

o tomm a0

Freaueney M

Calculating the coil Rp from the data (Q:C:f), |vba
reproduced the above graph of the coil Rp vs freqyelt is

evident that the trend follows a perfectly straidjhe for the

low-Q coil. | would expect a similar straight-limelation for

the litz coil but again things look strange. My irepsion here
is that of a much steeper Rp vs f relation wheeecdiibration
on the Q-meter breaks down near 1IMHz (Rp ~1.5 MCduma)
the data wanders until a second linear trend (aitbut the
same slope) is re-established between 1.4 to 1.7MHz

Now time for a few calculations, just how good @awoil Q
get?
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tuned a big litz coil with cheapo capacitors. Hagvam idea of
your set's QI will allow a better selection of theoper diode
for matching.

Calculated Quversus Frequency

2000
Model Qus Frequency 1 M0k

1500 forL=230uH
Coil R=0.4t0 1.7 Mohms Rp=1.4niohm
1500 =1 0viohm
Qutp/2p0, ——fpe0 TMohm.

—sp=oaniohm

g = =
» *-

The above plot is from a series of measurementsvorof my
coils kindly made for me by Steve Ratzlaff, AA7UheTblue
diamonds are the measurements on a 660/46 Litzbaskast
and the yellow diamonds are measurements on a modes
18awg tapped solenoid wound of a cardboard forne ddta
from the low Q coil form a lovely continuum acrase BCB
band while the litz coil data above 1MHz or so seenbe
declining and erratic. Steve measured the coil eatgmany
times and found good consistant results. The meawnts are
excellent but | must say, | am a bit suspicioug tha high-Q
coil may be at the limit of the HP Q-meter caliiwat or
perhaps 660/46 litz Q tops out at 0.7-0.8 MHz arakles
above that. (I have not yet found time to persis.tfrhe plot
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efter the test coil and the condenser ' had been tuned to resonance.
The apparent inductance was ealeulated from the formule
25350
L= o
where the i L is in mi i Fin ki
per second, and the measured resonsnce capacity O of the series
condenser is in microfarads,

II. PROCEDURE

‘The method employed was to compare at radio-fraquency coils of
several types commonly used in receiving sets. Tho coils had been
adjusted to the same self-inductance at @ frequency of 1 ke per

WG TREzENCE SR

Fia. 1 ¢ Jor the ination of radio-freq y resislonce
and inductance

second. This represents the minimum value of the apparent in-
ductance, larger values being obtained at the broadcast frequencies.
The direct-current resistance was different for the various coils,
since somo shapes roquired mors wire than others for the same in-
duetanee at 1 ke.

The quality of coils can be considersd in terms of o number of
different. properties,® each of which is of importance in the use of

* Tt may belp the reader [ p—— o
etrculs,  ghven mmount of Inductancs belng introdused with tho mlalmam posivie 1angth of wire and of
a4 e f o gk At o 8 O !ttt K el b

he decrossa dizo to skin effoct 1 "Thu capeclty
Tess eneriy aoross (he s Gsenlig th coil
with ineasing frequeney gradnally ints u oondenser with o resitunos which s dus ta the
Batwan the turms,
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Coil Q vs Rp

5000

Data for 1000Ke
Q=Rp/ 2pifL
500

Loaded Qofthe tank
+Antenna (presented
to the diode) may be
25t 5 times lower
than the unloaded Q

10 100 1000 10000
Rp kohm

On the plot | also post in orange circles my estémaf what
the loaded Q presented to the diode (Antenna + )Tamdht
look like. Loaded Q will always be lower than thelaaded Q
by several times. | have estimated that high-ensl &eg litz,
silver-plated ceramic insulated caps, best wirirrgcfices)
may lower the Q by about 2 1/2 times (B Tongue's
performance set has Q = 700). At the low end (geta
components, small solid wire coils, taps) the lo@y lower Q

by up to 5 times. Ken Khun in his excellent web lbestates
that typical sets at 1Mhz have a loaded Q betw@eand 100,

50 typical and this is where most of the data fdliscaled the
divisor by Qu to produce the above plot but not&t this is
merely an estimate. Somewhere some bloke has nbt dou
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cardboard form, sealed, of course. With variousetdpcoils,

spiderweb, basket weave, diamond weave, etc. yyuexpect
to double that.. possibly. The advantage in opéls derives
from first the separation between adjacent wirenguwhich
reduces self-capacitance in the coil, and secofidiyn the

obvious lack of a form. All materials used in thel evill have

some amount of dielectric losses associated wémtand the
less material used the better. Air core coils ast bin this
respect. | am not here to speak about ferrite @il have no
experience with them. Frankly, they seem (to méjtdike

cheating.

The following graph presents data that | have seduff the
web. My primary sources include Hund and Groot, 5¥92

Wes Hayward, Dave Schmarder, Ken Khun, Mike Tuggle,

Steve Ratzlaff, and Dick Kleijer. 10,000 thanks floose who
post their data on the web! The following plot givihe Q
value as a function of coil Rs (series resistahtstriving for
a high Q coll, in effect one is eliminating lossesl lowering
the series resistance as much as possible. Themarésto it of
course. The Q formula Qu = 2pifL / Rs tells us tQais also a
function of the coil inductance L and the frequericyf the
measurement. All measurements chosen for plottiagrade
around 1 Mhz and most of the coils are in the L0O8 2 350
uH range. So, despite the formula, in this plotabit Rp is the
main driver. From the plot it should be appareat thinding a
coil with Q = 200 or better should be a no-brairyour coil
Q is less, you just aren't trying. At the high e@ls > 1000
seem to be pretty extreme and these coils are sixgerYou
better be using big Litz 660/46 and use a basksigde
(although the two best coils on the plot were suitds).

138

bty | Resistance and Inductance of Coils 653

the coil. For use in the tuned circuits of & receiving set the im-
portant charncteristics are:

(a) The radio-frequency resistance. A low value of resistance at
the actual frequencies used is desirable.

(¢} Tha magnitudo of the matio L should not bo unrensonably
small compared with the value obtained at 1 ke. This ratio enters
into the sharpness of resonance? which o circuit containing the coil
would have.

Tt should be noted that L denotes here the apparent induetance,
which is always larger at radio than st sudio-frequencies. It in-
creases very rapidly as it approaches the natural* frequency of the
coil, but this corresponds to s frequency range within which the
coil is of Jittle practical value®

(¢) The percentags incresse of radio-frequency resistance to the
direct-current resistance. This value should not be unreasonably
large.

(d) 'The percentage decreaso of the Tatio % at radio-frequencies
with respect to the value at audio-frequencies (1 ke). This value
should not be unreasonably large.

() The apparent inductance. This should not be too large com-
pared with the value at 1 ke, beeause the increase is mostly due to
the coil capacity.

All five properties show certain merits of a coil, for which reason.
their variation with frequency are plotted in F|gumﬁ 7 to 10. It
is of importance that a coil have a radio-frequancy resistance which
is compnratively low as long as it does not require a shape and sizo
of coil which iz unusually bulky. The curve for properties ¢ and
b (figs. § and 10) are therefore of importance for rapid inspection
of the results, The curves corresponding to & (fig. 7) give &
means for evaluating the capacity of u coil.

II. DESCRIPTION OF TEST SAMPLES

The comparisons were carried out only for coils of so-called “low-
loss™ type and did not inelude shapes which are seldom uscd for
radio work ot broad: As an exception, nn ordinary
two-layer coil was measured i in order to illustrate the unusual changea
taking place in such a coil. The various shapes of test coils are
shown in Figure 2.

The inductance of all coils was adjusted to 291 microhonries ab
1 ke, which is of the order of magnitude common in receiving equip-

1 iroular No, 74 of the Buresa af Standsnds, Radio Instriments nnd Messurements,
| i spoentTsera of £ o' et 1 el s b o capecy f U oty whi st 1o gl

T a2 ot & ool which da nat sach ot
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ment for tuning to broadcast fraquencies. For the sake of brevity
the different shapes of coils are designated by capital letters, as i
shown in Table 1. The kind of wire used is indicated by subseripta.
Thus, Dy indicates n honeycomb coil using No. 28 (AWG) d. o. o.

Tanus 1.—Key for the teat coils, wsing ne binder

Kiad of ll Hgmbol Kiad of oot Bymbol

Bank wonnd, foue Lagec.

monEs

wire, Ty indicates a loose basket weave using No. 16 (AWG) d. c. e.
wire, and N, & two-layer bank-wound eoil using litz. All litz used
was 32-38 d. ¢ ¢. wire and corresponds roughly to the cross section
of No. 23 AWG wire.’ In this wire 32 No. 38 AWG enameled copper
wires are braided together. In order to have comparative tests
on various binders, six single-layer coils were wound of the same size
88 Ay and conted with the materials indieated in Table 2, which
gives the designations used.

TasLe 2—Key for test coils, using binder

Bisder used ymbol Bisder o symbol

Kn
L
M

mom
zex

Detailed information on all coils is givenin Table 3. The resistance
at 1 ke is, for the eoils used, practically equal to the direct-current
resistance.  For this reason the direct-current resistance is utilized

for evalusting the ratio 52 ot 1 ke,
7

Tanty 3.—Details of construction of teat eoile

cait e
A
Dimonsoaar | £ | Ko
el Wire WD | Cers mensonrof |5 K | permaris
| I Ron [besrie]
e
Am...| Single ayer.| No. 38 d Hard rubber. ...| 81 perm di s | e
515 s o
ahout e
o N TR spa e | 14| R
Shontm
Nt 16 R R | 3 | L8| Witk abaut
] toicn e e
o, about 4 B
=5 | -
hat the s
o,
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Coil Q:
http://www.lessmiths.com/~kjsmith/crystal/coilg.stit
Kevin Smith

Introduction:

| have been building and studying crystal radiassfume time
now and slowly begin to learn a few things aboutséh
marvelous sets. In this section | begin my exploraof coil,

coil quality and that mysterious dimensionlessdac®... This
page thus is a bit preliminary as | have not yejubeany
measurements to determine the Q of my coils. Pleeaewith
me.

My purpose here is to present some facts and datahas
resulted from my explorations of the web. | haveenf
wondered at what the quality factor of my coils wbobe and
as often realized that | really do not have anyeeigtions as
to what is possible. Now, having dome some resedrchn

with some confidance say that this is solved. Cadlsused in
crystal radio broadcast band reception typicallyplem coils

with Q factors ranging from 100+ (pretty lousy)dbgh the
several 100's (decent) and on up to 1000 or marehiose
remarkable Big-Litz wonders ($$$). Knowing the eogeel (or
actual) Q of your coil is important in so far adnitpacts the
choice of diode to be used in the set. On my pdgeiade

Callibration | present a summary graphic which iatés how
the diode Rd value relates to the tank parallelstasce Rp.
This Rp in turn is a function of the coil Q. Schaa# So here
we are.

In your set construction, with a good effort andodo

engineering practice one can easily expect to \airslenoid
coil in the Q = 200 range without much trouble, reweith a
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Tants 8.—Details of construction of test coils—Continued
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Tanin 3.—Details of construction of test coils—Continued
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Figures 3 to 6 show how coils of these types are wound. Figure
3 illustrates the method used for winding a *“ three-layer bank wound

Fia.

. &

EEEREEE
0@,0 @@009
00000000

AT T T TR

DOOOBOV0
OOO00000
SO0000SCO

Ordinary three-layer winding (use-
Lo for eurrents of the broadeast-
ing range of frequency)

668 Technologic Papers of the Burcau of Standards (Yo

7. All the insulating materials which were used as binders caused
very slight increnses in the resistance of the coils. Callodion seems.
best, and also has the inherent advantage of drying rapidly after
application to the coil. This i8 of especial advantage in the con-
struction of a bank-wound eoil.

WisaiNeToN, May 26, 1923,

-
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V. SUMMARY

1. The various experimentally obtained curves given in this paper
enn be used as design bases for comparing coils of six types for
any frequency in the broadcast range. For these data to apply it
is necessary that the coils be constructed in accordance with the
information given in Table 3. The coil dimensions are such that
the coils are applicable to modern broadeast reception. A statement
of the important characteristics of eoils is given in the introduction.

2. The ecurves shown in Figures & and 11 give the changes of

resistance and of 2 with frequency. High values of these ratios do

not in all cases correspond to high values of radio-frequency resistance.
In soma m- for instance, & particular coil has a relatively high

value for & ?r., although the sctual radio-frequency resistance is not

ngu, because the direct current resistance is comparatively low.
Tha curves of Figures 8 and 10 gwe the actual radio-frequency
d ratio of ind to b various f

4. Of the coils measured the loose basket weave coil lmi the
single-layer coil, and next to them the radial basket weave coil
wound en hard rubber, heve the lowest radio-frequency resistance.
The fourlayer bank-wound coil and the honeycomb winding have
the highest, resistance. This can not, however, ho generalized to
other frequency ranges. For instance, for low-frequency sots (20
to 100 ke} the multilayer bank d coil and the h b coil
have relatively low resistance, and besides are good coils mechanically
whilo the loose basket weave coil has no special advantage and the
single-layer coil ean not be used on aceount, of excessive size.

5. There appears to be little reduction of resistance at the lower
frequencies in spacing the turns, so that the advantage of getting
a smaller resistance i small compared with the dissdvantage of
Tequiring o coil twice as long.

6. The use of Nos. 32-38 litz gives coils of somewhat lower resist-
ance than eoils wound with solid wire of the same cross section.
No. 24 AWG solid wire has less resistance than No. 28 wire, and No.
16 wire for a certain range has less resistance than Nos. 24 and 28
wire. If solid wire is used it does not appear necessary to use wire
larger then No. 24 AWG. This conclusion can not, of course, be
extended outside the hroadcast frequency range; for instence, No.
16 solid wire would be better for frequencies above 5,000 ke.
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coil in comparison with an ordinary three-layer coil. Figure 4 ills-
trates the method used in making the “narrow basket weave cail,
in which the coil is built up along the pins, which are removed after

Fia. 4.—Narrow baaket weave. Four diagonal retarded winding
(using 26 pins set on a cirele. Coil builds up along azis)
the coil is finished. Figure 5 illustrates the method used in winding
the “ loose basket weave™ coil, which requires a pair of pinsfor cach
corner. A spacing of 10 mm between the two pins of & pair was
'

F1a. 5.—Louse basket weave. Nine diagonal alternating winding (using
ine poirs of pins set on a circle.  Coil buslds up olong the aziz)
50061°—25——32
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used. Figure 6 shows the method used in making the “honeycomb "
coil. The zigrag winding is illustrated by the view of the entire
eylinder surface. The winding is built up along the radii of the eoil

IV. RESULTS

The results are exhibited in graphical form. Figure 7 gives
eurves for the apparent self-inductance of the various test coils as a
funetion of frequency., As on all curve sheets, the dotted curves
indicate the different coils using No. 32-38 litz. It is seen that the
“loose basket weave’ type of coil and the “single-layer” coils give
the lowest apparent inductance over the entire range of broadeast
frequencies (500 to 1,500 ke). This indicates that the coil capacity
is comparatively low, while the ordinary two-layer coil (I.) acts
more or less like a condenser, since the coil capacity is exceedingly

large.

Fia. 6

(mm pins. T am.r.’ip along radi m‘"d‘f d Cmm mﬁf‘ér;a"ﬁm’
Figure 8 gives the curves for the radio-frequency resistance. It is
seen again that the values of the resistance vary greatly. Naturally,
the ordinery two-layer coil (Ew) has very large radio-frequency resist-
ance within the broadeasting range. Though its direct-current
resistance is only 2.75 chms, the effective resistance at 500 ke is 162
chms, at 580 ke itis 465 ohms, and at 748 ke it is 1,800 ohms. The
resistance increases very rapidly until it is mostly dus to the dielectric
resistance across the insulation between the layers. A threelayer
coil wound in the ordinary way (ordinary multi-layer coil) and
adjusted, like all coils discussed in this paper, to 201 microhenries
at 1 ko has a radiofrequency resistance of several thousand ohms ot
a frequency as low as 400 ke.
 Figure 0 givos the curves for the ratio of the incrouse of tho radio-
over its direct t value to the direct-
ourrent value, It is seen that the loose basket weave and the single-
layer coils have low values; next comes the radial basket weave coil,
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Tanur 5—Variation with Mu;g?ﬂglymzquuy resistance (in ohms) for

[ P
ol o |
Yy i ,,.m,,,.s.,awmjm.,, P

SR

al nl ml u 2 n
ol B o4 i &
H OB B OH &y &
H B H| &8 &
wl | sl al | owm
BBl B o8 B B
IR S
E I I
wi| wel me| ms| msl me
wl wl B 21 B M
1IN AN I
Bl om| ow| w85 om

133



o ] Resistance and Inductance of Coils 665

some cases the effective resisiance of a coil using a binder came
out smaller by a fraction of en ohm than for the coil using no binder.

The binder seemed to make an accurate resistance adjustment more-

diffieult.

B0 30 4 S Ko PO Po S W O 0B LG M IS0
KitocveLes BeR. SLAOND

Va. 18, Radio-frequency resistance of three-lager banksound coila
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P s
F USUAL BROADCASTING RANGL. L — r —J
250 2 s
Pl PO [P P P S P [ P I I P
= e Mo w40 m e T
KILOCYCLES PLR SLEOND
P T A pparest indursanss ot diffomt fropuencios {minimum induskosss i 081 wicrabensin for all sadh)
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3. EFFECT OF BINDER ON THE EFFICIENCY OF COILS

The binders used in this test were each applied to & single-luyer
coil, and just enough of it to caver the entire surfacs. The varying

nature of the different binders probably resulted in different thiek-

| onHMs

/

122

ik TN

= o
WILOCYELES  PER.
P10, B R fropuracy rislence i difarent frgummsivs

——n B W Bk m o m o om e s o bm e e
LocveLEs PeR SLeoND
ra. 17.—Rodio-frequency resislance of twodayer bankasound pols
nesses. The coils in every case were dried thoroughly. The measure-

ments were a little difficult when a binder was usad, even though
great care was teken to have the binder dried. For instance, in
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Table 4 shows that it is not so serions to have a fow strands broken,
since the radio-frequency current apparently finds its way back

W ox A0 M G o M o w0 0 W o
“KILOCYCLES PER SECOND

TiG. 16.—Radio-frequency resiatance of haneycomb coils

across tho strands. Even if, say, six strands are broken, the radio-
frequency resistance is 3.4 ohms as compared with 3.1 ohms for
perfect strands.
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convenient use in receiving sets. TFigure 12 shows a single-layer
coil the turns of which are spaced by a distance equal to the dismeter
of the wire, There seems to be no material reduction in resistance

except at the higher frequencies.
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Fre. 14.—Radio-frequency resistance of narrow basket-ivease coils

2. EFFECT OF BROKEN STRANDS IN LITZ WIRE

The question is often asked concerning litz wire as to the effect
on the resistance of some of the strands being broken or not con-
nected at the respective ends.
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using hard rubber for the care, while the four-layer bank wound,
three-leyer bank wound, and the heney~omb coils show eonsiderable
percentage increases.

Figure 10 gives the curves for tho ratio - It is always smaller

than the ratio 1 st 1 ke, Sinca the apparent inductance and the
radio-frequency resistance increase with the frequency, this ratio in
certain cases has only small changes although both L and B are
changing rapidly. Nevertheless, these curves show about the same
comparisons as the resistance curves.

Figure 11 gives the curves for the percentage decresse in the ratio
}T% at different frequencies.
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1. EFFECT OF THE EIND OF WIRE ON THE RESISTANCE OF
A COIL

Tn order to show tho effect of the size of the wire, curves for the
resistance for No. 28, No. 24, and No. 16 d. . c. are plotted and
compared among  themselves and against No. 32-38 litz.
These comparisons are shown in Figures 12 to 19,

Pio. 18.—Radio-frequency resistance of loose basket-wease coils

1t will be noted that in sl cases litz, which corresponds roughly
to No. 23 solid wire as regards its cross section, had the lowest
effective resistance. If solid wire is used, it sppears unneccssary
to use wire larger than No. 24, although No. 16 gives, for the lower
froquencies, resistances which aro slightly Jower. Such a luge
sizo of wirs would, however, make the winding of certain types of
coils more dificult and the size of the finished coil too large for
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