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A SIMPLE CRYSTAL RADIO
ADVANCED TOPICS
A chapter on making various measurements of yostesy is

planned. Some other chapters or additional infoéionas
planned to connect all the chapters together sriyooRight

now the connections are rough -- but this is a vigkrogress.
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PREFACE

This is a collection of articles that form a texiok on
designing crystal radios. The primary focus idltrstrate to
engineering students how to apply concepts of esging to
solve a problem. It takes a lot of in-depth reskdo be good
at what one does. The main part of this book deifs
understanding the required concepts to build a dasit
crystal radio. Advanced concepts (to be writteth posted
last) will deal with a number of improvements thah be
made to the basic design.

Here is a link to an excellent site for crystalicaidformation:
http://www.crystalradio.net/crystalplans/index.shtm

http://www.1n34a.com/This is an excellent site with links to
other crystal radio sites. Be sure to check the Bengue link
for a number of practical articles.

Here is a source for parts | found using a Gooegech
http://www.midnightscience.com/catalog5.html#paifBis
company specializes in parts for crystal radios seit$
variable capacitors, diodes, crystal earphones, letave not
bought from them before so | do not know how gduetare
but | might try them someday.

The following are links to the pdfs for each chapti a link is
not active then the chapter is not complete -- haorking as
fast as | can to finish and post those so check bfien. The
following is only a guide for now. As the book ééaps | will
likely add chapters or merge some chapters. Matlyeo
chapters are still incomplete and more materidllveiladded
as | have time. | am trying to post all | havéte moment,



however incomplete, so that students in the comcations outside width of each piece. Some supporting sireqtmade

class, EE421, can use this to help with their elystdio of wood) connects this to a base for sitting thi¢ on a table —

projects. or sometimes it is just a handle to make it easiéold. The
wire (often 100 feet or more) is wound on the algsif the
wooden cross. The tuning capacitor and radio di@nei often
assembled either at the center of the cross di®hase. In
operation, one must remember to orient the loopriaximum
pickup —the plane of the loop should point to tfzien’s
antenna.
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1. Ferromagnetic Core Design and Application Hawdthd/.
F. “Doug” DeMaw, Prentice-Hall, Inc. Englewood ®&if New
Jersey 07632, 1981, p 49

2. Practical Antenna Handbook, second edition,plose Carr,
TAB Books, 1994, p 301
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http://www.kennethkuhn.com/students/crystal_radiesignin
g_inductors.pdf
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The inductance of the loop in the previous exang43
microhenries using a winding width (b) of 4 cm.

The length of wire required is 4 *a * N Eq. 3

Calculating the inductance of a ferrite rod anteisra
challenge. A rough estimate is provided below basethe
author’s notes. The constants shown below aretsel¢s be
representative of typical ferrite rods you might@mter —but
significant variation is likely.

L=k*zn* unet* A* N2 /length Eq. 4

where

L is the inductance in microhenries

k is a constant (use 0.004)

unet is derived (complicated) from rod initial perbéity and
geometry (use 50)

A'is the cross section area in cm2 of the rod

N is the number of turns

length is the length of the rod in cm

The inductance of the ferrite rod antenna (lengt®.3 cm) in
the previous example is

L =0.004 *3.14 * 50 * (3.14 * 0.92 / 4) * 1002/3 = 430
microhenries

Construction of air loops
Air loops are typically constructed using two edjieaigths
(typically two to three feet) of 1x2 or 1x3 woochélcenter of

each length is notched out so that the two pieaase glued
together as a cross so that the wire can be ewemipd on the
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INTRODUCTION

The purpose of this book is to illustrate appliedjiaeering

concepts and the associated thought process taricitc
engineering students by using a project that ihcal as well

as fun. The goal is to learn engineering method$ then

apply those to design and

build a working crystal radio.

A crystal radio receives amplitude modulated sigrmgnerally
in the AM broadcast band and produces an audicakign
earphones or even a speaker using only the energhieo
received signal —no external power source is requilhese
radios have sometimes been called free power raBiystal
sets (another name they go by) were used in tHg @ays of
radio prior to the development of vacuum tube afieps. A
crystal radio consists of the following components:

* A wire antenna, typically 8 to 40 meters in leimgt a typical
height of 3to 8

meters, and corresponding earth ground to receagior
frequency energy

* An antenna tuning or matching system to coupleguofrom
the antenna to the
first resonant circuit that is tuned to the desitation

* A resonant circuit (sometimes more than one)efect the
frequency of the
desired broadcast station

* A crystal detector to demodulate the AM signaugh

producing an audio signal
from the modulation
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effective permeability will always be less and iscanplicated
function of rod geometry. The process for calcatathat is
beyond the scope of this chapter but a represeatadiue is
50. The electrical height of this loop at 1 MHz is

he = 6.28 * 100 * (3.14 * 0.0092 / 4) * 50 / 30®H067
meters

With a resonant Q of 20 the effective value beco@&33
meters and the total received signal is 13.3 m\e+avfactor
of ten less than the large air loop. The conclubiere is to not
waste time and effort with ferrite rod antennasesslyou are
in a very strong (i.e. 1000 mV/meter) signal area.

A square loop in the 40 to 50 cm range on a si@éadait the
maximum practical for transporting. If transpomatis not an
issue then one can consider loops over a metersaedor
higher received strength. A larger loop requiregeieturns of
wire to achieve a given inductance and is moreiefit.

Inductance

Reference 2 provides an accurate equation fomnthectance
of an air-core square loop as follows.

L = 0.008*N2*a*{In[1.414*a*N /(N+1)* b)] + 0.379 +
0.33*(N+1)*b/(a*N)} Eq. 2

where

L is the inductance in microhenries
N is the number of turns

a is the length of a side in cm

b is the winding width in cm
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not a physical dimension (although it is proporibio the
loop area) but a characteristic.

Reference 1 provides the equation to calculateldwrical
height of a loop antenna.

2*T*N*A* ne

he = —--mmmmm e Eq. 1
A

where
he is the electrical height in meters
N is the number of turns
A'is the area of one turn in square meters
pe is the relative permeability of the core (air, $etrite is
several 10s)
) is the wavelength in meters

As an example, a practical air loop might be 18gwf wire
wound on a square with sides of 0.43 meters. Téwtrédal
height of this loop at a frequency of 1 MHz (300tens) is

he =6.28 * 18 * 0.432 * 1/ 300 = 0.070 meters

Thus, a strong 100 mV/meter radio signal will depe? mV
across the loop. This calculation assumes theioopt
resonant. If the loop is resonant at 1 MHz then7tiheV signal
is multiplied by the net Q of resonance as loadethb diode
detector. That Q can typically be 20 or more foe#active
height of 1.4 meters so the net signal developedtidee in the
range of 140 mV which will readily heard in headpés.

A ferrite loop might consist of 100 turns of wineand a 9

mm diameter rod with an initial permeability of 1@aitial
permeability is a term used by the manufacturelsg. féal or
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* An earphone or speaker to convert the audio $ignsound

The author has built a number of crystal radios dke years
and it was a childhood quest to learn how to btlilel best
crystal radio possible. In fact, an interest instay radios and
radios in general led the author to become an réatt
engineer. One of the radios built by the authoric@ower a
speaker such that the station could be readilychear the
opposite side of a quiet room —and it could be duhe

different stations with minimal interference. Altigh it was
based on some good concepts, that event was biakdri the
author’s youthbut it did establish a benchmark I&ger life.

Over the years the author has spent many hounsgirfieeering
trying to determine and explain the conditions ezl to

replicate that radio. This book is the result. iif experiment
can be replicated then it is science —and the awttrongly
believes in science. Otherwise it is magic and@use. This
book explains how you can use science and engmgeo

replicate that radio.

A major error made by students and even practieimgjneers
is to skimp the proper research and design praaesgump to
building hardware as soon as possible —this proiselssown
as hacking —with luck it works —but it is mostlywaste of
time. Before you can do design engineering you nhaste
data and mathematical models of what you are tryinglo.
Sometimes data is readily available. Other timeh &s when
you are doing something that has never been ddoeeh@nly
minimal if any data exists. Mathematical models nteayve
errors or be incomplete based on knowledge you atoyet
know. Thus, it is not uncommon for an experimesyatem to
be constructed



on a small scale in order to obtain data and rediné prove
the mathematical models prior to expending a lotimé and
money on the real system. The key to successfuheagng is
proper research done prior to the design phaseysat radio
is an excellent example to demonstrate this bechasy step
is not understood or engineered well then the radibnot
work well. The following chapters will illustratén¢ process
from beginning to end.

Figure 1 shows a simple crystal radio that willdigcussed in
great detail in this book. The circuit illustrateach of the
bullet points above.

LOOP ANTENNAS
Introduction

An alternative to constructing a long wire anteand ground
system is to build the resonator as a large loapgitks up
enough energy to power the radio. This approaohlisuseful
in strong signal areas as the energy picked uplbymis
small in comparison to that of a long wire antenna.

A loop antenna responds to the magnetic field ef&dio
signal whereas a long wire antenna responds teléltric
field. Unlike wire antennas that are less thanartgu
wavelength and thus have little directional chasstics, loop
antennas are very directional and the plane olokbye must be
oriented towards the broadcast antenna to recesignal.

Loop antennas can either be large air loops (wjtfcal
dimensions between 0.5 and 1 meter square) or foak
wound on a ferrite rod. Small ferrite rod antenaesvery
inefficient but are the only practical method tmstiuct a
small antenna for common purchased AM broadcast ban
radios. Large air loops can work as antennas fmtafradios
but only in a strong signal area. A crystal radio e built
using a ferrite rod antenna but is only useful ireay strong
signal area. This chapter will discuss both typetswith an
emphasis on the large air loop.

Electrical height
The signal voltage developed across a loop antisrthe

strength of the radio wave in volts/meter multigligy the
electrical height in meters of the loop. The eleefrheight is
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Although there may be exceptions, miniature (less ¢4
inches across) speakers typically are very ineffic You will
probably find that the best speakers for crystdiorpurposes
are in the 4 to 8 inches across range. Larger speahkay
work well too. It is important that the speakembeunted in
an enclosure designed to maximize the volume. Stesgns
that emphasize high fidelity are inefficient —-whismot a
consideration in the high fidelity business.

Do not waste time attempting to make a speaker wotik

you have very good volume in headphones. Thatlseathat
speaker operation can work.
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COMPONENT SOURCES

The following are some sources for components foury
crystal radio. Many sources have minimum handlingl a
shipping charges so | suggest that a group ofdsted people
pool their money and make a single order —one fseharges
can be amortized over the group —everyone savesiuBeto
order extra parts to have to replace parts youdeatally
break.

Antennainsulatorsand wire

Check with your local hardware store. You will pabby not
find insulators but there are all kinds of methéalsmprovise
such as using plastic pipe. Some mail-order holbéstrenics
sources sell insulators made for wire antennas. artenna
wire can be #14, #16, or #18 stranded wire. Solie v& fine
but is harder to work with. | recommend the usenstilated
wire.

Ground wire

Check with your local hardware store. The grounctwian be
#14, #16, or #18 stranded wire. Solid wire is fing is harder
to work with. You may need a ground clamp if youe a
connecting to a metal water pipe.

Coil form
The coil form should be roughly two to six inchesdiameter

and can be plastic pipe, a cardboard tube, etmahmeal box
is a very good size although it is not very stroire for coil



Check with your local hardware store. Use the aiajon

winding coils to make the best decision about vgize for

your particular coil form and desired inductancer farge

diameter (six inches) coil forms, #14 insulatedenis a good
choice. For small diameter coil forms (2 inche9)8 #hsulated
wire is a good choice. Magnet wire (solid copperewvith a

thin enamel insulation) has been popular over gas; Use as
large a gauge (i.e. large diameter) as you cahasntill have

lower losses. See the chapter on winding coils bést results
the turns should not be packed together —that rid t@a do

which is why | recommend insulated wire instead ths

insulation forms the spacing between turns.

Variable capacitor

Classic variable capacitors of the past are harfintb these
days. You are generally looking for one with a main
capacitance of around 365 pF. Some hobby elecs®uinrces
sell miniaturized versions using plastic film iretibn and
these are fairly inexpensive.

Detector diodes

| make reference to a 1IN277 germanium diode. THeviing
diodes are candidates. These are available fromsstou
Electronics, http://www.mouser.com March 2008

Mouser # Description Price

* 526-NTE109 This is a generic germanium diode 277
$1.31 This is the part the author uses and isgiigtihe best.

* 610-CDSH270 This is a Schottky improved replaceme
diode $0.35 This part has higher conductivity aghér
forward voltages but the author has not evaluatedpart at
very low forward voltages —it is not expected toasegood as
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There is no rule that says you have to use thet @éxpedance
each winding is designed for. You can generallygor
down a factor of two or more with little ill effecf your
impedance is lower than the winding is specifiedtiien high
frequency response will not be as good and los#ekkely
be higher. If your impedance is higher than thedivig is
specified for then low frequency response will betas good
and losses will likely be higher. Keep in mind thgfew dB of
extra loss will not stop your radio from workingless your
signals are so weak that this extra loss makes ihaudible.
What you want to do is to make the radio work hosveand
then you can think about optimizations afterwards.

A typical speaker mounted in the proper enclostille w
produce a sound level in the 85dBa for one waptoafer at a
distance of one meter. That is very loud. Humamshear a
much lower sound level. It would only take aboutni® for
this same speaker to produce the volume of norpeaksng
level. A power of only 100 uW would be definitelydible in
a quiet room. Thus, if the signal strength of @istawe want
to pick up is in the 1 mW range then driving a $@eas
practical. The following table shows some typicedraples.

Power to dBa

Speaker @ 1 meter Example volume level

1 Watt 85 dBa Loud

100 mwW 75 dBa “Normal”volume on radio or TV
10 mwW 65 dBa Typical conversation

1mw 55 dBa Quiet conversation

100 uw 45dBa Whisper

10 uWw 35 dBa Typical background noise level

in a home

Table 1: Sound levels
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A common speaker impedance is 8 ohms but otherdemmes
exist between 2 and 16 ohms. The impedance ofakepés
not the DC resistance (ideally that would be zefdjs voice
coil but is a complex relation involving the cougliof the
speaker cone to the surrounding air. A back emgéieerated
by the moving coil and that forms an impedance vhaes
across the audio spectrum. The published impedafrece
speaker is typically measured at a frequency didL 18z
although other frequencies may be referenced ispeaker is
intended for use at the very high or very low ehthe audio
spectrum.

A speaker has too low an impedance to directly eonto the
detector of a crystal radio. A transformer mustibed. The
type of transformer you need is not easily founduY
generally want a transformer that has is desigoed primary
impedance of at least 5,000 but preferably 20,088sor
more. The specified secondary impedance should be
reasonably close to that of the speaker you will&iag.
Miniature transformers are typically very ineffinteand have
a loss in the 3 to 6 dB range. Large transformgieally have
a loss of 1 dB or less —that is what you want.

An “ideal” transformer would match about 20,006&000
ohms on the primary to 8 ohms on the secondarynendd
probably weigh a half pound or more (large sizadfaes to
low loss). However, the author has never found such
commercial transformer and plans someday to wit su
transformer. It is possible to find transformersratch 50,000
ohms to 1,000 ohms and other transformers to nigGf0
ohms to 8 ohms. This combination will work —notatlebut
much better than nothing.
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a true germanium diode like the 1N277 but that erpeEnt

remains to be done.

* 630-1N5711 This is a Schottky diode that shoulatkwvell

$1.70 This is a good general purpose Schottky edidthe
author has not evaluated this part for operatioweay low

voltages. It is not expected to be as good aseagemmanium
diode but that experiment remains to be done.

Audio Transformers

The following audio transformers are good candilate
March 2008

Mouser # Description Price

42TMO006-RC 20K —1K transformer $1.91
42TM117-RC 50K —1K transformer $1.91
42TU013-RC 1K -8 Ohm transformer $2.19
42TL017-RC 20K —600 Ohm transformer $1.86
Series secondary —600 ohms, parallel -150 ohms
This transformer may work very well with high im@ede
headphones -- most cheap headphones are low impedan
in the 16 —33 ohm range.

Headphones

These are easily available from most any local
electronics/audio store. You do not need expenpivenes
(those typically are inefficient —not suitable foystal radios)
—the cheap phones (under $20) can work very weltifgstal
radios. Most all common headphones are low impeslanthe
12 to 33 ohm range and will need a transformemfatching
to the diode detector. Look for a sensitivity ofesst 95 dBa /
1 mW. The most sensitive headphones known to ttteaare
rated at 108 dBa / 1 mW (Sony model MDR-ED12LP,5-&t
Best Buy —each phone is 16 ohms —8 ohms when i@
Note that these are stereo headphones and thenpetiance
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presented to your radio will be twice the stategédmnce if DRIVING SPEAKERS
the left and right sides are connected in serieb laif the

stated impedance if connected in parallel. Usesémes or Introduction

parallel connection that best matches your transfor

secondary rating. Sensitive headphones are a mast — One of the high achievements in crystal radioeisgable to

excellent crystal radio will make no audible soumd drive a speaker and being able to hear the signasa the

insensitive phones —thus resulting in much frustrat room. The sound will not be loud but will be defigly audible
and even understandable if the room is otherwiget qlihe

Speakers author has done this and it is a nice feeling obawplishment.
Driving a speaker is only possible if everythinglie radio has

Do not even think about a speaker until you haweogking been done in the best way and the antenna andgarty the

crystal radio that can drive loud volume in a headsvhen ground system is decent. The radio station beingived

you are ready, then you are looking for an inexjyenspeaker generally needs to be within 20 km and be operatirp kW.

in the four to eight inch diameter range that isunted in an This will result in a whopping 10 to 100 microwattdio

enclosure and that has an output of at least 85/ dB&/att (1 signal to the speaker! Believe it or not, you ceartthat in a

meter distance). If you look around you might famdpeaker quiet room. If you can get as much as a milliwattite

rated in the 90s which is significantly better. Yane looking speaker then everyone can definitely hear it.

for efficiency, not fidelity. Often, high fidelityspeakers are

inefficient. The impedance of the speaker shouldbehms Speakers

and you will need a transformer to match the spe&kehe

several thousand ohms impedance of the diode detect A speaker is typically constructed of a stiff susped cone

with a coil that is positioned inside a very powégdermanent
magnet. Electrical current in the coil makes a negigrfield
that reacts with the permanent field thus movirgdbne in
response. This process converts electrical energgdustical
energy.

Speakers are typically rated in dBa acousticalutapa
distance of one meter for one watt of applied elesitpower.
Typical speakers range from around 80 (inefficiémt)ver 90
(efficient) dBa at 1 meter for one watt. The elieatr
efficiency of a speaker has little if anything twlith its
sound quality or price.
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40 10nW/m2 10 nW very quiet whispenwersation

50 100 nW/m2 100 nW

60 1uw/m2 1uw quiet conversati

70  10uW/m2 10uW typical office ammal
conversation

80 100 uw/m2 100 uW  moderately loudaad

90 1mwW/m2 1mw loud radio

100 10 mW/m2 10 mwW very loud radio

110 100 mW/m2 100 mW

120 1 W/m2 1We xtremely ladehce club

threshold of pain

Table 1: Acoustical data (headphones are 90 dBa fow)
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RF FIELD STRENGTH

Introduction

The process of building a crystal radio begins witte
transmitter. Without the transmitter there wouldrimepoint in
building the radio.

AM Broadcast stations in the United States opeaate0 kHz
intervals between 540 kHz and 1,700 kHz using d®ubl
sideband amplitude modulation with a modulationdveidth

of 5 kHz (10 kHz total channel width) and a trartsed power
ranging from around 1 kW to 50 kW. The broadcasemme is
generally some form of a one-quarter to over orievsave
vertical tower (the entire tower is the antennahwiumerous
onequarter wave ground radials. A quarter-wave renateat
540 kHz would be around 139 meters high!

A quarter-wave antenna is attractive because it ndew

resistive (i.e. no reactive component) impedancarofind 35
ohms. For a 50 kW transmitter the applied voltagettte

antenna would be around 1,300 volts rms! This iraped is
not the resistance of the tower —that needs tosb®ow as
possible for high efficiency. The impedance of #mtenna is
the result of the fact that power leaves the argeama result
of radiated electromagnetic fields —that is theppse of the
antenna.

If the electrical length of the antenna is not artgr wave then
there is a reactive component in the antenna immedar his
reactance is in the way of coupling power to théemma.
Various tuning schemes can eliminate the net reeeta
Antenna designers are interested in maximizingstrength of
the electromagnetic field emitted from the anterfteey also
have to deal with other limitations such as maximalfowed
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antenna height, electrical characteristics of thieaound the
antenna, and other factors. For these reasons |¢otrieal
height of the antenna may deviate from the seemiidgal
one-quarter wave. The result is an antenna thamizets the
broadcast range of the transmitter. Tuning netwocks
compensate for any antenna reactance.

The signal strength some distance from the tratisgitower

is commonly measured in volts per meter. There is a

corresponding current measured in amperes per oietained
by dividing volts per meter by the impedance offispace,
377 ohms. There is no power dissipated in free espacthe
voltage and current are physically orthogonal. Vokage per
meter is a cyclic gradient and is only meaningfuero
distances that are short (roughly 20 electricalreles) with
respect to a wavelength. Short antenna probes easure this
voltage. Amperes per meter is also a cyclic gradied is a bit
more difficult to visualize as it represents a netgnfield that
would exist in response to an actual current. Ther® actual
current in free space which is an electrical insulaThe
magnetic field can be measured using small (wispeet to a
wavelength) loop antenna probes in which a curigeimduced.

Thus, electromagnetic radiation is a combinatioraafyclic
voltage field and an orthogonal cyclic magnetiddfieEither
alone is just induction as opposed to radiation. fikdds
spread, the strength of an electromagnetic wavewsla one
over distance law. Induction fields follow a oneeowlistance
cubed law. Thus, induction fields are useful omiyfery short
distances.

In order to engineer a crystal radio we need towkribe

expected electromagnetic field strengths we intenteceive.
Those strengths must be above some minimum or Wéeer
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as possible — that is what we need for a crystibran the
case of crystal radios the amount of available@pdiver is
incredibly small —perhaps microwatts or less sdllyig
efficient headphones are a necessity.

We should review some facts about acoustical pawer
decibels. Decibels always represent a power rét®might
derive the value from a voltage or current ratioibis always
power that matters. When we speak of a sound &\&0 dBa,
then we are referring to an acoustical power dgmslative to
the zero dBa reference level which has been esteliat 1
pW per square meter (note: some sources state 2 pW)
Acoustical levels are very commonly measured in biéa
unfortunately, the ‘a’ subscript which refers te gharticular
acoustic 0 dB reference level is often droppedr&eno
such thing as absolute dB as the language oftemdsdike.
The following table provides some examples. Thelpbanes
referenced are rated for 90 dBa / mW. This doesnsztn 90
dBa per milliwatt but that a sound pressure le¥&l®dBa is
produced by one milliwatt of electrical power. Téwund
pressure level produced by ten milliwatts wouldlbe dBa. It
is hard to hear sound pressure levels less thaut 86cdBa
because other low level noises are in that orderagfnitude
and mask the sound. Table 1 indicates that witmarg
headphones one should be able to detect an agdial & the
1 nW range. That would barely be distinguishaktdenfr
background noise in the room. However, a one-huhdw
level should readily be heard in the headphones.

dBa Power Headphones Examples
0 1pwW/m2a accepted thresbblduman hearing
10 10 pW/m2

20 100 pW/m2
30 1nwW/m2 1 nW quiet room (backgromoise level)
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these units ranges from around 30 to 150 ohmsrse &mnd
of transformer is always required to match intorthech
higher detector impedance (typically tens of thadsaof
ohms) of the crystal radio. If the left and righrgieces are
connected in parallel then the impedance is halVed.
impedance would be doubled if the units are corakirt
series. There is a slight issue with connectingpti@nes in
series and that is that the phase is inverted &anto ear —this
really only matters for low audio frequencies. Thisuld not
be desirable from a high-fidelity standpoint butkgbly
makes little, if any difference to most people jpartarly in a
crystal radio setting as it is a thrill to hear dniyg at all.

Sensitivity

In modern society people are accustomed to highdstavels.
People accustomed to this initially have difficuilty
acclimating themselves to hear faint sounds. Wittttice and
concentration, remarkably low sound levels candmd This
is necessary to be able to use a crystal radioe @me have
adapted yourself to listen to weak signals theynaisrld we
live in will become very obvious.

It is very important to use headphones that arelyigfficient.
Audio quality is of no concern although just abalitnodern
headphones have fine audio quality. A small amofippwer
produces a high volume in even inefficient headelsmso few
people care about efficiency and that data is k&iffeen you
can find such data it is typically given in ternfsiBa for one
milliwatt with typical values ranging from the sexis (low
efficiency) to over one hundred (high efficiencygadlfor one
milliwatt. It does not make any sense to meastfiei@icy for
this case in percent. What matters is how muchstmat
power can be delivered to the ears for as litéeteical power
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nothing in our headphones. Data is readily avaglabat gives
us a reasonable expectation of the amplitude aflowave in
terms of volts per meter at a given distance frbentiroadcast
antenna. We must understand not to interpret sath tho
literally as there are always variables relatedeiwain and
various structures that will affect the data —mpostgatively
but sometimes positively.

Figure 1 shows typical signal strengths for a 50 &tation
during daylight hours. The voltages will be abonehird for
a 5 kW transmitter. The increased drop-off withatise is due
to the curvature of the earth and varies at nighd with

weather conditions so a significantly greater raisgpossible
at times. The typical atmospheric noise level folG kHz
bandwidth is also shown although this can vary ificantly

with location and season. Excellent reception isemvtihe
signal strength is 100 times the noise level. Pbat,usable,
reception is when the signal strength is aroundntes the
noise level. The noise floor is only shown for refece.
Crystal radios are typically so insensitive tha¢ thinimum
usable signal is around 1000 times the noise floor.
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50 KW AM Station Signal Strength

Sgratstreng n u¥im

Figure 1: Signal strength with distance
adapted from Reference Data for Radio Engineers,
Howard W. Sams, Inc. sixth edition, pages 30-30:&3
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to using magnetic headphones (if you can find thémy are
old and rare now). However, modern speaker phoeesrglly
are more sensitive and work better.

Crystal

These are based on the piezoelectric effect (prezans force
or pressure). A crystal physically expands or @wts in
response to an electrical voltage applied acrosfstite
electrical voltage represents an audio signal seemd can be
heard coming from the crystal. The process alsdsvior
reverse and the device is known as crystal microphSound
pressure causes the crystal to expand or contrdachw
produces a voltage in proportion. Crystal earphasesl to be
very popular but are now rare as modern earphopels much
better. Crystal earphones can be damaged by meahahbck
(such as dropping) and humidity. The sensitivitsiesa lot —
some are insensitive, others are fairly sensi@rgstal
earphones are high impedance (typically much grelage
50,000 ohms) devices and are ideal for use witstatyadios.
DC voltages should not be applied so a couplingciapr
(typically in the 0.1 uF range) should be usedltzkbthe DC
detected voltage from the rectifier diode. A resigbften
around 50,000 to 100,000 ohms) is placed acrossutmit of
the rectifier diode to ground to provide a requiBs@d
complete circuit.

Speaker

These headphones are built using a tiny speakateldclose
to the ear. The interest in using these with modettery
powered equipment has led to the development ¢§ timat
require only a very small electrical power (on ¢inder of a
milliwatt) to produce a loud sound. The typical imaance of
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HEADPHONES
Introduction

Headphones are made using small electrical to &cals
transducers that are located very close to the hieaaso that
very little electrical power is required for heayia signal.
With sensitive (i.e. high efficiency) headphoneis possible
to hear audio signals in the nanowatt range! Aiwalit is a
huge amount of power and makes a very loud signal.

Headphone types

There are three basic types of headphones as hied@low
Magnetic These were the first headphones ever dnuidltwere
popular for many years although modern headphowel w
better and have replaced them. Magnetic headplarees
constructed by winding many turns of fine wire ¢orfi a coil
around an iron core that includes a permanent ntagri@in
iron plate which makes the sound is held in placéhb
magnetic field. The center portion of the thin plat pulled by
the magnetism. As an audio (i.e. AC) current ispdghrough
the coil the magnetic field increases or decremsessponse.
The variation in the magnetic field modulates theeé of
attraction of the iron plate which then moves sligthus
making a sound. Magnetic headphones generally évave
impedance in the 2,000 to 20,000 ohm range. Thedapce
is not the DC resistance but is related to thedtahce of the
winding on the coil and the acoustical reactiothefiron
plate. Some magnetic headphones are quite sensitivethers
are only fair. Any old headphone set you find cowddy
considerably in impedance and sensitivity —you wdwdve to
make your own measurements with laboratory equipeen
truly know what you have. For nostalgia there is#raction
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ANTENNA AND GROU  ND SYSTEM
Introduction

This article explains the basics of the antenna grlind
system for a crystal radio and the associated nattieal
model. The mathematical model tells us how to desie
antenna input section of the radio for optimum perance.

The passing RF wave induces an RF voltage acriesgth of

wire referred to as an antenna. The induced voliagthe

signal strength in volts/meter multiplied by theatical (not

the physical) height of the antenna in meters.dfennas that
are shorter than one-quarter wavelength the etettneight is

roughly the wire length (including lead-in wire) imeters.

There are very little directivity effects for shanhtennas so
orientation is not really a factor —i.e. the antenis

omnidirectional. The physical height of the anteabave the
earth affects the signal amplitude as there is ebmed
attenuation of the signal close to the ground.

The antenna should be as long as practical andighs ds
practical. A quarter wavelength for 540 kHz is (30D/4)/540
= 139 meters. A quarter-wavelength at 1700 kHzlisnéters.
For a basic crystal radio there is little to bengdi by an
antenna longer than about 40 meters or higher #hmut 8
meters —that is a substantial antenna that few ti@/eoom to
construct. A minimum antenna might be about 10 msdteng
and about 3 meters off the ground. Anything in-testw can
produce acceptable performance. Advanced crystdlora
enthusiasts will construct bigger and more advaraggnnas
but that involves a degree of engineering beyordstiope of
this article.
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One advanced method that the author has not hasptwe to
try is a true dipole antenna that is one-half wewgth long (in
some cases longer). Such an antenna is balancesoatides
not depend on a low-impedance ground for operafidre

power received by the antenna would be signifigantbre
than that of the simple long wire antennas desdribethis
article. With such an antenna a local station calive a
speaker to significant volume. But, the antennenly useful
over a narrow band of frequencies and is also tieso it
must be oriented properly relative to the transngtantenna.

Figure 1 shows a typical antenna and ground setup €rystal
radio. The following sections discuss each attebut

=

—to—4om —>
denna  #14uwive

Groond rod(s)
or Grovnd array

or metal watar pipe
Figure 1: Basic Antenna System for a Crystal Radio

Not 4o secale
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3000
4500

If the response data is plotted the curve shoulgemerally
smooth and will probably show drop-off at each enthe
spectrum. It would not be unusual for the respa@tsd0 Hz
to be down by three or more dB. The response & #&0may
be down by around one dB. You might see a broadrdBore
increase in the response at some region (a shaigtide at a
single frequency is likely to be the result of arog). The
standard method for rating the frequency respofise o
transformer is the band over which the responsstisn a +-3
dB variation from some norm. That coarse specificatends
to hide the limited bandwidth that transformers aahieve.

Your transformer is suitable for a crystal radigsffrequency

response over the 300 to 3,000 Hz range does npmare
than roughly 6 dB.
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SIGNAL
GENERATR  ovt
SINE WAVE

Figure 4: Measuring frequency response

Measure the amplitude across the load resistadit ef the
following frequencies. The range shown is all yeedto be
concerned with for a crystal radio but if you ameerested you
might want to extend the range of test frequenasiisg the
same coarse sequence of test frequencies. Confgute t
response (relative to 1 kHz) for each frequencygitie
following equation.

Response = 20 * log10(Vmeasured / Vref) Eq. 15

Test Measured Computed
Frequency =~ Amplitude  Response
100 dB
150
200
300
450
650
1000 0.0dB

—by definition this point is 0 dB
1500
2000
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Distal support

If available, a tree makes a convenient supporttferantenna
wire. Otherwise some kind of post will have to leastructed.
Never use a utility pole or any other support tisatot your
property —your potential liabilities could be astomical if
some accident (lightning for example) or failureuses
damage to someone else’'s property or person. Aumais
typically made of ceramic or plastic is used tarterte the
antenna wire and to connect to the antenna supatlly via
some kind of rope. These insulators are readilylaa from
various hobby electronics sources. A large woodevscr
typically with a hook or eye end driven into a treeother
support is used as an attachment point for the.rBpenot
wrap the rope around the tree as that will cortsgiowth in
future years.

Antennawire

The antenna wire is typically #14 AWG solid or sdad
copper wire and may or may not be insulated. It&rishas
no effect on reception but is an advantage to eedocrosion
effects. There is no advantage to using heaviee wsirch as
#12 or #10 as the resistance of the wire is ndgégiompared
to everything else and the added weight makes the e
supports more challenging. Wire sizes of #16 an8 #tso
work well but are less strong —but are also liglated will put
less stress on the supports. Wire gauge sizesrhigie 18 are
not recommended because they are more fragile rntaad
to see if they fall —-you would like to not run ovke wire with
a lawn mower —could be very disastrous! Althoughv lo
resistance is nice, it is a myth to go to greaorédf for low
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resistance in the antenna wire as the resistanteafround is
going to be considerably higher.

The height of the antenna absolutely must be abege level
for someone who might be standing on some vehicée (
bicycle or motorcycle) that might possibly traveider the
antenna to prevent what could be a horrible or evegic
accident —this means at least 3 meters. The antaima
should not pass over anything such as a road @r atires
such as electrical power such that if the antergflatfiat a
dangerous situation could result. Within practitialits the
higher the antenna the more signal it will pick Tjpat does
not extend indefinitely and there is a point of iiishing
returns reached at roughly 5 meters. If it is efasyyou to
make the antenna higher then do so but theretlis fibint in
going to great effort to achieve that as you willyonotice a
difference in the

extreme small signal case.

Proximal support

This support is similar to the distal support anaynbe
attached to either the dwelling or a conveniene tthat
happens to be close. An insulator supports thenaatend
rope. The lead-in wire attaches to the antennheatnisulator.
It is important to make sure that the support cagalb away
without damaging the structure should somethingdal the
antenna wire.

Lead-in wire
The lead-in wire can be whatever is convenient iandften

#18 wire. Since the antenna system is much shtivéer one-
quarter wavelength the lead-in counts as part efahtenna
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Ploss = 10 * log10(PRL/PRp) Eq. 14

Use the following chart as a guide to the suitgbiif your
transformer for a crystal radio. Keep in mind tee¢n an
“awful” transformer is probably better than nothism use that
until you can obtain a better one.

Ploss Quality

<1dB Excellent —few audio transformers achieve th
1-2dB Good —most audio transformers achieve this
2-3dB Fair

3-5dB Poor

>5dB Awful —either a mistake or this transforrger

not meant for audio
Measuring the transformer frequency response

The frequency response achieved by a transformer is
influenced by the external circuit it is connectedThe most
accurate way to measure the response is to useta
circuit. This experiment shows a basic circuit fhaivides
good results and forms the basis for comparingsfoamers.

Connect the transformer using the circuit in Figlir&he load
resistor is either that of your headphones or sgre@onnect
an AC voltmeter or scope across the load resiSetrthe
output of the signal generator to be a 1 kHz siaegeawith an
amplitude such that the voltage across the loastoess easy
to measure (for oscilloscope use a suggested im@é Vpp
and the scope set on 0.1 volt per division). Meashis
voltage and refer to it as Vref. Do not adjust @heplitude of
the generator after this point —only adjust thejdency.
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Set the signal generator to a 1 KHz sine wave dpdsathe
output amplitude for about 0.6 volts peak-peak aasared on
the oscilloscope. Adjust R until the magnitudetsf voltage
on channel ‘B’ of the scope is roughly half theusabf
channel ‘A’. This provides the best resolution od t
measurement. In measuring VA and VB you should ifate
phase angle between them is close to zero. Itheot there is a
problem and the following calculations will be i@

VBIVA=Rp/ (R +Rp) =(Rp/R)/ (1 +Rp/R) EHo
Solving for Rp gives

Rp = R * (VB/VA) / (1 -VB/VA) Eq. 11
Measuring the transformer power loss

Without changing anything in the previous setupasuee the
peak-peak voltage across RL using scope channelydil

will probably have to adjust the vertical scale &tage setting
to measure the smaller signal. Call this voltag@L

Note that the power delivered to RL is

PRL = VLpp2/ (8*RL) Eq. 12

Note that the power delivered to the primary oftifaasformer
is

PRp = VBpp2 / (8*Rp) Eqg. 13

If things are going correctly, then PRL will beitalé less than
PRp because the transformer has power loss. Thénlath is
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length. Thus, if the antenna wire was 25 metersthadead-in
wire was 5 meters, the total antenna length woudd 3D
meters.

Lightning arrestor

A lightning arrestor is an important part of theeama system
that is located outside the building and usualbselto where
the antenna and ground wires penetrate. A lightaimgstor
consists of a spark gap that will arc when moren thafew

hundred volts exists across the points. Contratpéoname, a
lightning arrestor will not protect you or the diiry from a

direct lighting strike. A lightning arrestor willeduce the
probability of damage to your crystal set and aimgttnearby
should lightning strike in the vicinity. A nearbyrike can

induce many hundreds or even thousands of voltshen
antenna that could cause damage or injury. Thetnligd

arrestor will then arc to limit the voltage to tgplly several
tens of volts. You should never operate a crystdior if there
is any

possibility of a lightning strike. A number of pdepinstall

shorting switches or connections to connect therawd to
ground when the radio is not being used. This plesisome
measure of safety but is not absolute. Nothingpratect you
or your dwelling from a direct lightning strike.

Ground wire and ground system

The ground wire is typically #18 copper (becausat ik a
convenient size) and should connect to either abyemetal
water pipe or some ground system —either buried mp
ground rod(s). It is @ myth to use wide braid omeotlarge
conductor for the ground wire as the resistancea afhort
length of #18 is negligibly small in comparisontbe earth. It
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is nice for the wire to be no longer than necessmyause
inductive reactance in the wire can interfere wiith operation
of the radio —but that is a small point.

Most difficulties or frustrations with crystal radi can be
traced to a poor ground system. Building a goodumgo
system is the most labor intensive and even moséreive
part of a crystal radio. If you are lucky then thés a long
metal water pipe located just outside the windowyofir
crystal radio. In that special case your groundesysis easy
and cheap.

If you are not so lucky then one alternative igitive three or
more 2.4 meter (8 foot) ground rods straight irffte ground
near the house. These should be spaced roughlye2svapart.
The quality of this ground can vary a lot depending soil
conditions and it is not likely to be as good et thf a water
pipe. At the easiest, this is a very labor inteasto even
impossible job if the ground is very hard. A heagyty
hammer drill can make the job easier. Otherwise wititneed
a very heavy sledge hammer and strong and endomirsgles
as well as significant patience.

An alternative is to dig a shallow trench at le@2 meters
deep and bury a 10 meter or more length of copjpe. fit
helps for the soil to be wet down to the levelled pipe when
the radio is being used. This can make a deceningrdor
radio reception although it should in no way besidered a
“safety” ground.

The following table provides a general idea of ¢umlity of
the ground system.
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Ls = XL/ (2 *x * 1000) Eq. 8

Given FLOW in Hz, the lowest audio frequency otimtst and
using the rough rule-of-thumb XL being three tinties
resistive impedance at the lowest frequency, tmeimal load
resistance for the transformer is

RLnom =0.33 * XL * (FLOW / 1000) Eq. 9

For crystal radio use, choose an FLOW of aroundt@G0
Hz. The transformer will work well with any loadsistance
between about one half and twice this value.

Measuring the primary impedance

Refer to the circuit in Figure 3 and connect a loesistor, RL,
across the secondary equal to the load impedartte of
headphones or speaker that will be used. This asstimt
your load impedance is roughly within a factorwétof
RLnom calculated above.

Figure 3: Measuring primary impedance
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R * (VB * cosf) + jVB * sin(0))
Zs =
(VA —-VB*cos@)) —jVB*sin(8)

R * (cosq) + *sin(6))

(VA/VB — cosg)) — j*sin(B)

Multiply both numerator and denominator by the c@rp
conjugate of the denominator to obtain Eq. 7a

Zs =
cos@)*(VA/VB — cos(9)) —sin2@) + j*sin(8)*[VA/VB —
coB) + cosg)]
R *

(VAIVB — coB))2 + sing)2
After some simplification we have
co®) —(VB/VA) + j*sin(0)

Zs=R* Eq. 7b
(VAIVB) —2*cos{) + (VB/VA)

Note that Eq. 7b is of the form Zs = Rs + *XL wheRs is the
secondary AC resistance at the test frequency and e
secondary inductive reactance at the test frequévmte that
the first and last terms of the denominator argrecals. For
a good transformer, Rs should be much less than XL.

Although all we really need to know is the induetieactance,

while we are at this point we can calculate theiatence of
the secondary in henries as
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Ground Quality Resistance

Excellent <10 ohms
Good 10 to 20 ohms
Fair 20 to 40 ohms
Poor 40 to 100 ohms
Bad > 100 ohms

A good question is how to measure the ground eesist This
is kind of hard to do since you have access to only wire.
Where is the other end that we measure with resp@ctThe
answer is that it is nebulous but there does eriseffective
point that completes the circuit for the radio signThe
effective ground resistance can be inferred frorasaeements
using a received signal. The method is discusseanather
chapter. Mathematical model of the antenna and rgtou
system

A simple electrical model of a short wire anteneasl than
one-quarter wavelength is shown in Figure 2. Itststs of a
voltage source equal to the induced amplitude \&itemall
series resistance and very large series capacéaetance. A
simple electrical model of the ground circuit is saries
resistance that may range from single digit ohmsefecellent
ground) to several tens of ohms. A poor ground imaye a
series resistance of over one hundred ohms.
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Anteune terminal

Grovnd termual

Figure 2: Simple Circuit Model for Antenna and Gndu
Signal pickup

The radio frequency field strength is measureddhsimeter
(or amperes/meter if you divide volts/meter by flee space
impedance of 377 ohms). This is a cyclic voltaged@nt. The
voltage that will be induced in a conductor thatsi®ort in
comparison to a quarter wavelength is roughly tikesigynal
multiplied by the length of the conductor. Proxinivf the
conductor to other conductive objects (such asstesel the
earth) will reduce the induced voltage. This is oe&son why
it is desirable for the antenna to be as high astjmal above
the earth. There is no difference between the aat@moper
and the lead-in so the total length is what countsigure 2
this voltage is shown as va.

Radiation resistance
There is an effective radiation resistance assediatith the

total antenna length. For electrically short angenthis may
only be a few ohms but can rise to several terzhafs as the
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accurate results. Record the following measuren@mtse
oscilloscope:

* VA —the peak-peak applied voltage

* VB —the peak-peak voltage across the transformer

* f—the phase angle of scope trace ‘B’ relative tgpsdeace
‘A’ (should be

positive)

Figure 2: Measuring secondary impedance

We first analyze the circuit and then we can appéresults.
We begin by noting that the current through thesfarmer
winding is the vector voltage across resistor, iRddd by R.

(VA —VB*cos@)) —jVB*sin(8)
1= Eq.5
R

The impedance of the secondary winding is the gel@cross
the winding divided by the current through it.
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Figure 1: Cascading transformers
Characterizing your transformer

Before you use your transformer you should takeesom
measurements to understand it. Basic charactenizdtta for
audio transformers is typically done at a testdiergy of 1
kHz. You generally want to know what the nominatmry
and secondary impedances are, the power losshand t
frequency response. The following sections desdrihe to
make these measurements.

Measuring the secondary inductance

The first thing to do is to measure the inductaofaie
secondary winding. We measure the secondary beéasse
lower inductance and is easier to measure withatious
errors creeping in. If we know the inductance &f secondary
then we have a good idea of the resistive load dapee that
will work best. Use the setup in Figure 2. Usesa fiequency
of 1 kHz and set the output amplitude of the gemerta about
0.6 volts peakpeak as read on scope channel ‘Ausidhe
value of R until the amplitude on scope channeligetween
about 40 and 75 percent of the amplitude on scbaere!

‘A'. This range provides good measurement resafuéind
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antenna length approaches one quarter wavelemgffiglire 2
this resistance is shown as rr.

Antenna reactance

An antenna has both a series capacitance and getiggance
that makes up a net reactance that varies with leageh.
Capacitive reactance dominates if the antennaadsteshthan
one-quarter wavelength and inductive reactance mfzes
between one quarter and one-half wavelength at twhic
capacitive reactance dominates again for the nerter
wavelength, etc. Normal antennas for crystal radiws
significantly shorter than one-quarter wavelengitttere is a
large capacitive reactance in series with the iedueoltage.
The inductive reactance reduces the net reactammevshat
for short antennas. At quarter-wave resonance ¢hetance
terms cancel and the antenna is purely resistivetigure 2
these are shown as Ca and La.

Antenna resistance

The antenna wire has electrical resistance thatisly due to
the skin effect of the conductor since the freqyeischigh.

This resistance is typically a few ohms and is ofenall in

comparison with the ground resistance. In Figutiee2antenna
wire resistance is shown as Ra.

Antenna tuner inductance

The first element typically found in a crystal radis an
adjustable inductor to neutralize the capacitiatance of the
antenna thus maximizing the power transfer fromahenna
to the receiver input resistance. This is knowncasjugate
matching where the sum of the positive inductivectance of
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the inductor and negative capacitive reactanceeéntenna is
zero. In Figure 2 this inductance is shown as Lssferies
inductance.

Crystal radio input resistance

The crystal radio generally appears as a puretaesis at
resonance with a received signal. For optimum pdveersfer
this resistance should be equal to the sum of thengl plus
antenna plus radiation resistance. The ground taesis
typically dominates this equation. The input resise of the
radio can be adjusted via taps on the tuning iruet other
matching network. For best performance it is imottto
match the radio to the antenna and ground systeituré to
do this results in an underperforming radio.

Ground resistance

The ground resistance completes the circuit badkeaather
nebulous point that is the effective reference the radio
frequency signal. Ideally, this resistance is s 10 ohms
but typically is in the 10 to 100 ohm range.

A single short wire antenna is unbalanced and a- low

impedance ground is required to complete the Reuitirlt is
easy to set up a simple wire antenna that can wellikout it is
a challenge to construct a low-impedance groundhd\i a
low-impedance ground much of the signal picked ypthe
antenna will be wasted and the crystal radio wékfprm
poorly if at all. Much frustration from poor perfoance of a
crystal radio set is often caused by a high-impedaground.
An ideal situation is to connect the crystal rasi to a metal
water pipe (either old-fashioned galvanized or euaily
copper). The long exposure length to the earthymesi a low-
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which is in the range we are looking for. Howeveis
important that the transformer design impedanceitbéar to
the impedance we will be working with —this meamst the
power rating of the transformer should be in aaiertange.
The typical load impedance for a speaker or heaufghés in
the 8 to 30 ohm range. Using a 6 volt secondarysanaminal
load impedance of 16 ohms then the transformerldhave a
Volt-Amp rating of around 62 / 16 = 2.25. That isexy small
transformer but they are available. This is notimber you
have to precisely achieve — it is only a guidettoasing a
transformer. Larger transformers in the 5 VA ranglealso
work for this example. You prefer a transformert thél have
no unused windings as those will have higher losbes they
are better than nothing so use what you have.aldio
frequencies an AC power transformer of the righ¢ should
work well.

At high audio frequencies the transformer will pably not
work well because of losses. However, it only ltawork
good enough for the job —if it enables you to feaignal then
it is working alright.

Cascading transformers

You can cascade two transformers to obtain a higher
impedance transformation than you might find irngle
transformer. However, the losses are about dohhbleof a
single transformer. You could consider more tham tw
transformers but be aware that losses increasethdthumber
of transformers. One approach that can work is show
Figure 1.
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Hz and the number of primary turns would be optédifor
that.

In the case of an audio transformer we are intedeista range
of frequencies —typically from around 100 Hz toHzkfor
simple systems. The issue for audio transformettsaisthe
optimum number of turns for 100 Hz is too many sufor 5
kHz. The design of an audio transformer involves a
complicated trade-off between low-frequency respaarsd
high-frequency response. A crude rule-of-thumihé the
inductive reactance of the primary should be arctneke
times the operating primary impedance at the lofveguency
of interest. Then the number of secondary tureslisulated
from the desired impedance ratio and then increaditle to
compensate for losses.

Can AC power transformerswork as audio transfor mers?

It is hard to find audio transformers with the tighpedance
ratio for use in crystal radios. It is temptinglaok for other
types of transformers that might be suitable. Goreept is to
consider the use of an AC power transformer. Algtoan AC
power transformer is not optimum for audio it Haes potential
to work to some extent if the turns ratio is in thght range.
The turns ratio needs to be in the 30 to 60 rangeder to
transform a 16 ohm headphone impedance up to $éeas0f
thousands of ohms. This can be achieved with avD
primary and a 2 —4 volt secondary. Another posgjtig a 240
VAC primary and a 4 -8 volt secondary. Dual
primary/secondary power transformers are common. Yo
might find a transformer with a 120/240 VAC primavith a
secondary voltage of 12 if connected in seriesibcénnected
in parallel. Use the series connected primary amelliel
connected secondary. This provides a nominal tatis of 40
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impedance ground in the low tens of ohms. The iraped is
even lower if the soil is very organic and wet franrecent
rain. Dry sandy soils are the worst. One commorreis
connecting to a metal water pipe assuming thatetlaee no
plastic pipe lengths involved.

If a metal water pipe is not available then it ntigh tempting
to connect to the ground system of the electriesttibbution in

the house or building. For safety considerationgol not

recommend this. In the vast majority of cases iy & alright

but you never

know what errors or faults may be in the systent twauld

result in a nasty or lethal surprise. Even if safeere not an
issue, because of inductance the impedance of thend

system at radio frequencies will be much highemthhe

impedance at 60 Hz. So,

this practice is dangerous at worst or is not jikel work well

at best. There are basically only two choices famstructing

your own ground. One is to purchase several standiht

foot ground rods and laboriously install them spasé or

more feet apart. This can make a decent groundsbuery

difficult (impossible is probably more accurate)thoiut the

right equipment for installation. An easier

alternative that is fine for RF (although not recoemded for
60 Hz systems) is to bury a length of bare copper ar pipe

perhaps six to twelve inches below the surfacehefground.
Deeper is better but the incremental improvemenmtrdbably

not worth the extra labor. The total length shobdfifty feet

or more and parallel runs spaced several feet aparbe used
to accumulate effective length. AM broadcast stetiose such
a system with many buried radial wires from the éawEach

wire is typically a quarter wavelength and the ltetiae length

of all the radials is often over a mile. Such exteemeasures
are necessary for a high power transmitter becatisswise
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many thousands of watts could be wasted. The muote m
modest system described is fine for home use apdira of
diminishing returns is quickly reached.

Figure __ shows the theoretical radiation resigdoc a single
wire antenna that is shorter than one-half wavekeng
calculated under the assumption that there are ewrbg
objects that interfere with the impedance. For nsitstations
the antenna is not very far above the ground aedatiual
resistance will likely be somewhat less than shdBut. this is

a reasonable model to use for analysis.

Figure __ shows the theoretical series capacitgaetance

How much signal can be received? With a variety of
impedance transformations we can obtain most aftpge® or
current we want but what really matters is how mpokwer
we can receive. It is power that will make audibtinds in
our earphones. Assuming that there are no losskshan the
load consists of an inductor with the same magnaitad
reactance as the antenna capacitive reactanceiés sdth a
resistive load equal to the radiation resistancéhefantenna,
then the power delivered to the resistive load is:

P = (VIM/2 * L)"2 /(40*pir2*LA2*FMHZ2 /300°2)

= (V/m)"2 *57 | FMHz/2
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An important transformer parameter for crystaloads the
impedance ratio which by definition is the impedana the
primary divided by the impedance on the secondasjng the
above relations for a lossless transformer we agéte w

Vp Vs *N

----- R Eq. 2
Ip Is/N

which simplifies to

Zp =7Zs* N2 Eq. 3
Thus, the impedance ratio is

Zp/Zs =N2 Eq. 4

Design of transformers

Although the design of a transformer is beyondstt@pe of
this book, it is useful to be aware of the issuethat one
understands how to choose and apply a transfoifher.
design of a transformer consists of determiningréugiired
number of turns for the primary for a given sizelan
characteristics of a magnetic core and for a pdaidow
frequency. The turns of wire on the primary formsreductor
whose reactance at the low frequency of interestldtbe
negligibly high but not too high. There is not agié solution
so a range of designs are possible with variowetodfs. A
transformer with too few turns on the primary vhidlve high
core losses and a transformer with too many tunthe
primary will have high ohmic losses. There is atimpm
number of turns for a particular application. le tase of
power transformers the low frequency would eithe6b or 60
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AUDIO TRANSFORMER
Review of transformers

As applied to audio systems a transformer is uséghnsfer a
signal at one impedance to another impedance withmal
loss of power. As applied to crystal radios theppse of the
audio transformer is to transform the low impedanicéne
headphones (typically in the 8 to 30 ohm rangefoupre high
impedance (typically in the 10,000 to 50,000 ohny&s)
required for the load on the diode detector.

As a quick review of transformers, the turns rapijs the
number of turns on the primary, Np, (or input sidejhe
number of turns on the secondary, Ns, (or outplg)si
Expressed as an equation,

N =Np/Ns Eq. 1

The ratio of the voltage applied to the primaryte voltage
developed (under no load and assuming no lossesleon
secondary is also the turns ratio.

As a simple example, a certain 120 VAC power ti@msér
might have 3000 turns on the primary and 150 tomthe
secondary. The turns ratio is 20. The secondatagelwould
be 6 volts and the voltage ratio is also 20. A neaisformer
has losses and would be designed such that thedoad
secondary voltage is 6. The unloaded voltage isayly ten to
twenty percent higher in small transformers.

The current ratio is the reciprocal of the voltagéurns ratio.

Thus, the secondary current is N times the prinsaryent for
a lossless transformer.
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SIMPLE RADIOS

The purpose of this brief chapter is to introduca o what
can be done prior to your efforts to build a gopdtal radio.
The simple receiver circuits here let you test yantenna,
ground, diode, and headphones. There is littlayfselectivity
and you may hear several stations at the same Bateand
this is the important thing, if you hear anythiihgn you can
make a radio. If you hear little or nothing themuymeed to
investigate why. The most common problem is a gpound
system. If this radio does not work then even &t brystal
radio will probably not work either.

Build the circuit in Figure 1. You may hear lite first until
your ears acclimate to hearing faint sounds. Therwe will
never be loud unless you are very close to thedmast
antenna. The inspirational thing here is hearingrang —for

if you do then you are experiencing the same tttiegvery
first pioneers in radio experienced over one huthgesars ago.
You are reliving history! The capacitor is theoratly needed
but there might be little difference without it ayrthat. The
headphones should represent an impedance of séveuabnd
ohms —use a transformer to match common lowimpedanc
phones. If you are in a strong signal area thenmyigyint try
using a speaker with the appropriate matching foamer to
produce a primary impedance of several thousandsohma
quiet room you should be able to hear something ivight
try the diode in the opposite direction. It reayould not
make any difference but sometimes there are sempris

If you do not have the exact parts illustratediguFe 1 then
use whatever you have. The circuit is not critaad a wide
variety of sub-optimal components will work to someent.
The key thing is to try something. It does not havbe
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perfect. You can always improve upon it later. tigvi

something that works at all is an inspiration tespeere. For best demodulation efficiency the diode (prefgra
germanium) should be connected to a high-impediack
and be driven from the highest RF voltage in theteay.

References

1. Terman

SEVERAL
THOUS AND
OHMS

Figure 1: Simple Crystal Radio

The circuit in Figure 2 adds an inductor. The irtdec
reactance cancels part of the capacitive reactafrite
antenna wire and enables a stronger signal todsévesl. Try
whatever inductors you have in the 100 to 700 uigealn
theory the inductor could be variable and you cdaitch
resonance with a desired station. This would maértine
received signal strength. However, the overall agieg Q of
this is not going to be very high so selectivityiwe poor. But
it is a worthwhile experiment. This representshibginnings
of a good crystal radio and should build some exaéint as to
what ultimately can be achieved.
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Diode Input Resistance versus Input Voltage
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Conclusions
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‘ THOUSAN D
o;a'MF OHMS

Figure 2: Improved Simple Crystal Radio

If you have made the circuits in Figures 1 and 2kiben you
are on the road to success in building a real atyatlio. The
next steps are optimal antenna impedance matchiha@ a
resonant circuit for tuning.
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MATHEMATICAL MODEL OF A WIRE ANTENNA
Introduction

Although very simple in structure, the mathematioatel of
a wire antenna is extremely complicated. Theresanmany
variables that it is basically impossible to actelsamodel.
However, a reasonable model can be derived thatde®
useful information and understanding. That is etsakfor
doing engineering. An imperfect model is far betten no
model. We begin with the simplest possible modwlt(is
always a good starting point!). Then, we refineriwel to
include more advanced concepts. We keep refinitifywe
have accounted for all significant variables thaivrles useful
information.

A wire antenna consists of some length of wireoates height
over the earth. Such a structure will have somedcitggnce to
the earth, some inductance, and some resistanee. Th
resistance term is more complicated than justithple ohmic
resistance of the wire as it includes a series tetown as
radiation resistance. In very simple terms radrat&sistance
accounts for a flow of energy between the antendafr@e
space involving time-dependent electromagnetidsielot
considered in a simple RLC circuit. Our initial neds based
on frequencies much less than that where the aamtsrone-
quarter wavelength resonant. For typical crystdiaa
applications this is not a bad model as it is tareave the
luxury of enough space to construct an antennaoaghping
one-quarter wavelength in the AM broadcast band.

Capacitance
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The diode can be modeled as ideal (i.e. zero wlkigp and
resistance) in series with a resistance thatusetibn of the
applied signal. The net demodulated signal is éselt of
voltage division between this resistance and thd lo
resistance. This series resistance becomes higtvaignal
levels resulting in poor rectification efficiency.

Effective Diode Series Resistance

Figure 8: Effective diode series resistance veapyied
signal

The effective input resistance to the rectifiecit is the sum

of the load resistance and the diode series resistgcheck
factor of 2 for half-wave)
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1N277 Deteoted Audio with 0% Modulation

e s ous 1

Figure 6: Demodulated audio signal amplitude veepysied
voltage

AN2TT Detected Audio with 50% Modulation

T
H
Figure 7: Demodulated audio signal amplitude veepysied
voltage
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We start with the capacitance of the antenna t@#nth. From
the basic laws of physics, a capacitance will ebéttveen any
two conductors separated by insulation. Here, wearaking
the rather crude assumption that the earth is @ gonductor.
That turns out not to be bad as we will see tharélactance of
this capacitance at frequencies in the AM broadeast is
large compared to the actual resistance of théa.earief but
excellent derivation of the capacitance betweeyliader (i.e.
the antenna wire) and a plane is provided in Raterd. The
summary result is:

2%t * €0
Capacitance per meter

Eq. 1

In(2 * hetghdiameter)

where height and wire diameter are in meterseéind the
permittivity of free space, 8.85 pF/meter. Note this
equation assumes that propagation time over the ligth is
negligibly small. This equation also assumes thatearth is a
perfect conductor.

Although there is an error when considering the posite
antenna, there is no error for an incremental potinat
satisfies the assumptions.

A quick example indicates that a 20 meter anterid 4 wire
(1.63 mm dia.) at a height of 3 meters would hateta
capacitance of 135 pF at frequencies low enoughache
propagation time over the length is negligibly dmBtat is
not true for broadcast band frequencies and thacitnce
will be smaller as will be seen in the plots at énel.

Inductance
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On page 141 of Reference 1 the inductance of aaviee a
plane is given as

no
inductance per meter = -------- * In(2*height / dieter) Eq. 2
o+

where height and wire diameter are in metersiénis the
permeability of free space, #*1LE-07 henries/meter. Equation
2 simplifies to

inductance per meter = (0.2 uH) * In(2*height /rditer) Eq.
3

A quick example indicates that a 20 meter anteritd 4 wire
(1.63 mm dia.) at a height of 3 meters would hatatal
inductance of 33 uH if propagation time is negligismall.
Note that Equation 2 assumes that the currentiisramover
the length of the wire and that propagation timeeigligibly
small. The first part of the assumption can notrbe for our
antenna as the far end is an open circuit. Thetiequalso
assumes that the earth is a perfect conductortypleal error
for our use in antennas for crystal radios falte e category
of not bad. We are not going to worry about ithés is just a
starting point and we are going to make refinemeXiteough
there is an error when considering the compositenaa, there
is no error for an incremental portion that sagisfihe
assumptions.

Resistance
The resistance of a wire antenna is the sum odineic

resistance including skin effect and the radiatisistance.
The resistance of #14 wire including skin effeca étequency
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INZTT Detected DC Voltage Curves
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Figure 5: Family of curves showing detected DCagpt

Figure 6 shows a family of curves of the demodulaignal
versus the applied voltage for the resistance Igads. The
detection of a theoretically ideal diode is shoanrkference.
Figure 7 shows the same data plotted on logaritisoates.
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Figure 4 shows the detected DC voltage versusppiea
signal for the load resistances shown. The trarmsfiere of a
theoretical ideal diode is shown for reference.eNiat the
higher load resistances result in a higher deteatéege. This
is especially true at very low applied voltagegufé 5 is the
same data plotted using logarithmic scales whiglaeds the
view at very low signal voltages.

INZTT Detacted DC Voitage Curves

5 0  es  8s o7 os as o
1 Mz e nput vatage wth 58% modusion

Figure 4: Family of curves showing detected DCagét
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of 1 MHz is around 0.05 ohms per meter. Thus a &@&m
antenna would have a total resistance of 1 ohns $8umes
that the current is uniform over the length whieim oot really
be true since the far end is an open circuit. H@wethis is not
going to be an issue for us as the resistanceeagritund will
be significantly larger.

The ohmic resistance represents a power loss. fRadia
resistance becomes a factor when we consider tigicg of
energy between the antenna and electromagnetis fidlfree
space. The concept is easy to understand in tieeodas
transmitter which delivers power to the antennahpes
significant power in the case of a 50 kW transmijtteut with
efficient design the heating of the antenna is wengll —i.e.
the power is radiated as an electromagnetic watead of
being converted to heat —i.e. power is coupledde $pace.
The transmitter delivers the power to the antersnsoane
voltage and some in-phase current. Thus, the aat@ppears
to have a resistance. That resistance is knowneasatliation
resistance. Unlike ohmic resistance, it does nuiesent a
power loss —it represents a power coupling to $pesce
instead. There is no magic or optimum value foeana
impedance. However, values between single digitsoana
several hundred ohms are the easiest to interfaard so are
preferred.

It is not as easy to visualize radiation resistamoen the
antenna is used for reception. However, the cormfept
reciprocity applies. Thus, however an antenna apgeahe
transmitting case, it appears identically in theeréing case.
The calculation of radiation resistance is very pbcated at
the easiest. At this point in our model developnveathave no
way to determine what the radiation resistanceuofamtenna

30



might be. However, the incremental capacitance and
inductance are essential for the next level model.

A finite propagation time model

This model is based on well-developed transmiskiien
theory and treats the wire antenna as a lossynirtated
transmission line where the loss is electromagmati@tion
instead of heat. This model builds on the previegsations
for capacitance and inductance and gives us atieglicture
of what goes on. In general, because there arecd Variables
that we are unable to quantify the accuracy ofrtoslel is not
great. However, the model can be tweaked to prowigeod
fit to a specific scenario. That is what makesrtizelel useful.
It is great at providing us general information for
understanding. Understanding what is going on eambre
valuable than knowing specific data accurately.

The impedance looking into a transmission line is
(ZT/Z0) + tanh(+ j0)
1+ (ZT/Z0) * tanh(+ j0)

where:

Z is in ohms and is in general complex

Z0 is the characteristic impedance of the lineeffaken as
real but could be complex

ZT is the termination impedance at the end of itie dnd
could be complex

a is the loss over the length of the line

6is the phase angle on the line and is equal to
2*n*length/wavelength

j is the square root of -1
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Plot of input impedance to diode as function ofaig
amplitude and load resistance. The typical sigpalied to
the diode in a crystal radio ranges from less tgr@nmillivolt
for a very weak signal to perhaps several hundridltvoits
for a very strong signal. In special cases witlearhy (less
than about 10 km) station the signal might be over volt.
Our primary interest is the diode response to ssigtials in
the ten to one hundred millivolt range.

A test circuit was constructed as shown in Figute Bieasure
the characteristics of a 1IN277 diode at very laynai
voltages. The RF signal generator makes a 1 MHméigith
50 percent amplitude modulation of a 1 kHz sineevahe
RF signal generator has a 50 ohm output impedamte a
terminated 50 ohm attenuator was used to makenhdé s
signals. This results in a 25 ohm source impedémdee diode
which is negligibly small. Load resistances of K, 10K,
20K, and 50K were used and the filter capacitor #&s3.9,
2.2, 1.0, and 0.47 nF respectively to provide ailmpedance
path for RF without excessive filtering of the detulated
audio. The nominal time constant of the filter Gs 2
microseconds which results in an audio cutoff festy of 8
kHz. The 100K resistors in series with the DC veiter and
AC voltmeter served the purpose of reducing angadigickup
from the connecting cables in an effort to reducers.

Figure 3: Test setup
For each load resistance, the attenuator was stich2 dB
steps from 0 down to -36 dB and the DC voltage/A&8d

signal voltage was measured. This data was usedke the
following plots.
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There are myths that full-wave rectification is stipr to half-
wave and delivers twice the audio signal. In pcacthat is
hard to achieve because diode losses become rgoificsint.
Full-wave rectification roughly halves the load iedlance seen
by the resonant circuit. That in turn lowers theraping Q by
roughly half which means that roughly half the agk is
developed. The process just described tends tdenegs
apparent advantage of full-wave rectification. Shenario for
full-wave detectors to work their best is for tbad impedance
to be very high such that the net load on the msbeircuit is
optimum for maximum power transfer. However, theskes
using two diodes will always be higher than for oy

advice is to stick with half-wave and try a variefydiodes in

a search for one that delivers the most audio kigna

*** Note: the following is very rough —more to conseon —a
lot of material is missing at the moment ***

A simple capacitor filter is used on the

It is important that the DC load on the diode beearly
identical to the AC load as possible. Any differeme loading
can cause signal loss and distortion. Show diodes pthow
conductance plots. show efficiency calculationse Bstual
diodes.

We can model the diode detector as an ideal dioglezéro
series resistance and no voltage drop when forbiasid) in
series with a resistance as shown in Figure _didge does
not have a “threshold” voltage —it is just thatoat signal
amplitudes the effective series resistance is kigly which
causes a high voltage division factor. The follogviiyures
illustrate several common diode detectors.
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The form of the equation | have chosen to use deduength

in thea and6 terms as a matter of convenience. Other forms of

the equation have the length as a multiplier orirtbiele of the
tanh term.

If the terminating impedance is an open circuitt asll be for
our wire antenna then we can write Equation 4 sirapl

Z =70/ [tanhg + 0)] Eq.5

For reference:

e R —— Eq. 6

The Euler relations are:
ejp = cosp) + j*sin(0) Eq. 7
e-jp = cosp) — j*sin(6) Eq. 8
These relations let us write Equation 5 as

e+j0 + ew-jo

e+jf—e-o-j0

&* [cos(0) + j*sin(0)] + e-u* [cos(0) —*sin(6)]

@ * [cos(0) + j*sin(0)] —e-o* [cos(0) —j*sin()]
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(e+ ew)*cos() + j*(ea—e-w)*sin(0)
=Z0* Eq.9
(e—e-w)*cos(0) —j*(ea+ e-w)*sin(6)

Although Equation 9 looks complicated it really sists of
just three components and it is simple to substivaiues and
reduce it to a simple real plus imaginary result.

For reference: Eq. 10

A+B  A+jB C-D AC+BD BC-AD
— * = H

= - +J.
C+jD C+jD C-D C2+D2 C2+D2

Equation 10 gives us a basic method to evaluatditfigon of
complex numbers.

When the series and shunt losses are low the dkaistic
impedance of a transmission line is

Z0 = sqgrt(inductance per unit length / capacitgmeeunit
length) Eq. 11
We substitute Equations 1 and 2 into Equation Idbtain

[n0]
[ - * In(2*height / diameter)]
[2%n]
Z0 = sqrt [ ] Eq. 12
[2*n*e0 ]

[
[ In(2*height / diameter) ]

which simplifies to
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Figure 2: Various diode detectors

The detector places a load resistance on the nesoneuit it
is connected to. For very large signals the loattance is
roughly twice the impedance of the headphones adumion
only occurs for one half cycle. The load impedafocevery
small signals is higher because of diode losses.
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the coil. The purpose of capacitor, CR, is to famAC
bypass around R so that there is no signal attemua&R is of
such value to form a time constant of about 1 hailBseconds
with R.

The purpose of capacitor, CF, is to filter the Rfhal without
affecting the audio. CF is of such value to fortm@e constant
of about 10 to 30 microseconds with the load impeda-
either the magnetic headphones or the transfornmapy.
When low-impedance headphones are used then iteates
coil must be tapped appropriately so that theeepisoper
match of impedance.

When crystal headphones are used there needsstonize
large resistance, RX, (typically in the fifty toveeal hundred
thousand ohms) across the detector output for {B€Cand a
coupling capacitor, CX, to block any DC voltagenfrbeing
across the crystal headphones. The value of CXldeu
large enough to pass low audio frequencies. Theevadeded
will depend on the headphone characteristics buesan the
10 to 100 nF range are typical.

7

Z0 = 60.0 * In(2*height / diameter) Eq. 13
Thus, we make use of our previous work on the smmdel.

The free-space wavelength in meters for a givequieacy in
MHz is

% =300/ FMHz Eq. 14

The propagation velocity on wire antennas is adupercent
of free space so we use

A =285 / FMHz Eq. 15
6 = 2*1*FMHz*length / 285 Eq. 16

So far this has not been too complicated. Now, efeedinto
the challenge of determining the remaining constarithis
factor, which is a function of frequency, will deténe the
antenna impedance characteristics. There is naavay
calculate this factor. Instead, we will use avdéahformation
to fit an approximate equation to it. We begin logimg that
the free space impedance of a half-wave dipolenaatés 73
ohms. Our wire antenna is only half of a dipoletefree
space impedance will be nominally 37 ohms (rourfustiof
73) at a frequency where the wire length is anteted one-
quarter wavelength.

However, our antenna is very close to the groundhssesult
must be modified. Reference 2 shows a theoretloaby the
impedance of a half-wave dipole over a perfectlydtating
plane as a function of height. This plot is repretiibelow.
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Figure 1: Theoretical impedance of half-wave dipmler
perfect ground plane

Reference 2 describes that the impedance of an@alé dipole
over a realistic ground is very little affectedhwight over
about one-half wavelength and the impedance saainsthe
73 ohm free space value.

We will use a simplified exponential to providewish an
approximate impedance of our antenna at the ongegueave
resonant frequency. We first need a relation tbaverts the
physical height of our antenna to height in wavetbs at the
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There are two fundamental types of rectifier cisuseries and
shunt. Series is probably the most common but stemiwork
well too. | recommend that you try both. Whetheieseor
shunt, the most common circuit is half-wave usinty @
single diode. Neither of these two types of reetifiircuits is
superior to the other. But there are various esow@wpoints
that drive different people to one or the otherficpmations.
My advice is to use the one you like.

It is desirable to perform the rectification proges the highest
voltage possible in the radio. This voltage isehére voltage
across the resonant circuit. One problem withithisat the
headphone impedance may be low which will resuthé
tuned circuit being overloaded —thus low signal padr
selectivity. There are two solutions. One is torest the
diode to an appropriate lower impedance tap oinhector.
The other is to use a transformer to magnify thedpaone
impedance. Each method can work but the secondoahéth
the better option if the right transformer is aahle. Otherwise
the first option is better. Small signal audio sfanmers tend
to be very lossy. It is not uncommon to lose 36Qgercent of
the audio power. If you use a transformer, considirger
one physically so that losses will be in the 1@pet range.

Figure 2 shows various diode detectors. Many ottrwiits
show a series resistor, R, with a shunt capacitweléd CR.
The purpose of this network is to make the AC a@ll@ads
as similar as practical. Differences in these lazise
distortion and even weak detection in some cad@s. T
network is often omitted and the results may bsfsatory
but the best results will be obtained with the reetw See
Reference 1 for a detailed discussion. The resiRtois
roughly equal to the midband impedance of the mgne
headphones or transformer primary minus the DGtasie of
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it is possible to see the reverse resistance offibde which is
about 100 k. The reverse current for the otheresiatbes not
show up on the scale. Note that the forward cuwétite
silicon diode barely shows up on the scale. Thieosil1N4148
diode barely shows any forward conductivity at éhtesv
forward voltages. This graph clearly shows whycsiti diodes
do not work well in crystal radios. The transfenauof a
popular microwave diode is also shown. The diode ha
significantly better forward conduction than silicbut is not
as good as germanium.

il } ‘\/;mﬂm
bos | o‘:lq o4s 102 028
| Forward | Voltage

Figure 1: Diode Cu‘rves
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quarter-wave resonant frequency. This is providethb
following relation.

h/x= height / wavelength = height * FMHz / 300 H4q.

R =37 * (1 —e-k1*h) Eq. 18

The k1 value is chosen to be 7 because that pretieebest
least squares fit over the first 0.2 wavelengthseight. We
can write this as

R =37 * (1 —e-0.02333*height*FMHz) Eq. 19
Equation 19 provides us with a target to set thpagriate
value foro. At the frequency where the line length is one-
quarter wave resonant, the cosine term in Equé&tigoes to
zero and the sine term goes to one. This producesl aesult
with the imaginary part zero. It should be notedtfds case
that:

A=0

B = ex—eu

c=0

D=2

Using Equation 10 the above results in a resistafice

R = Z0 * (@—e) / 2 = Z0 * sinhg) Eq. 20

We invert Equation 20 to obtain the required vdbrea for a
given value of R as follows
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o= sinh-1(R/Z0) = In[(R/Z0) + sqrt[(R/Z0)2 + 1)]] Eq. 21

Before continuing, let us review where we are at. kilow Z0
from the height and diameter of the antenna wire.kKhow a
target resistance, R, for the antenna impedantte atne-
quarter wave resonant frequency based on the hé&ghation
21 lets us calculatefor that frequency. We need to expand
this so that we can calculate the appropridoe any
frequency.

We make use of the following general knowledge abdre
antennas to complete our model. At frequencies betiw the
one-quarter wave resonance the resistive comparfi¢he
antenna impedance is practically zero. At frequesheihere
the antenna is many quarter wavelengths long istiee
component of the antenna impedance converges toHie.
suggests that we have a basic scale factomad a multiplier
based on the number of quarter wavelengths arkeoline.
This leads us to Eq. 22

a= kO * Z0 * 37 * (1 —e-0.02333*height*FMHz) * (FFq)
where:

kO is a constant to achieve the target quarter-wesenant
impedance

Z0 is the characteristic impedance of the antenna
height is in meters

F is the frequency in MHz

Fq = (71.25/ length) and is the frequency in MH®ve the
antenna is one-quarter wave resonant
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happier and satisfied with the performance. Aften ave a
working crystal radio you can experiment with antie
methods —always begin with a working circuit befoyng
something different or challenging.

Commercial diodes that can be used for crystabsaiticlude
the germanium diodes 1N34 and 1N277 (note: the INi28
in most cases replaced the old 1N34), silicon dicsieh as
the 1N914 and 1N4148, and a variety of microwavelet
with the Avago (formerly Agilent and formerly HPP&2-
2835 being a popular choice. Until the advent afrowave
diodes the germanium diodes were and still are pepular
because they work so well for crystal radios. Micave
diodes were never intended for use in crystal mbid they
have significantly better conduction that silicdthaugh they
are not as good as germanium. However, germaniadesi
are sometimes hard to find and microwave diodes are
relatively easy to find. Some microwave diodes have
noticeable reverse conductivity which detracts ftbgir
performance but overall many microwave diodes caard
excellent job. | would definitely try several oftin. Silicon
diodes are a poor choice for crystal radios becthesehave
very low conductivity at very low currents —i.eethare very
lossy. But, if you are in a strong signal area dmdhot have
better diodes, then silicon is much better thamingtand you
can make a working crystal radio. But, you will wém
upgrade to a diode better for the purpose as segowacan. If
you are driving very high impedance headphones as¢he
crystal type then you may find that silicon is rma bad.
Figure 1 shows the current versus voltage curveseeeral
common diodes. These plots were made using an ¥&fder.

Note that the germanium diode shows significanélitdr
forward conductance than the other diodes. Ondhle shown
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DIODE DETECTORS

A diode is a non-linear device that conducts eilesitcurrent
significantly better in what is referred to as tbevard
direction than in the reverse direction. This psscean
convert an AC signal to a DC signal through a pssderown
as rectification. If the amplitude of a high-freqeg AC signal
is varying in response to a low-frequency amplitude
modulation (such as audio) then rectification webult in a
varying DC signal with the modulation superimposEide
original audio signal is recovered by discarding BXC term.

Although the term, threshold, is often used in dssions
about diodes in regards to some minimum signalotoah
threshold exists. The forward resistance of theleligenerally
has a reciprocal relation to the forward currere.-the diode
conducts better as the forward current increades pbor
conductivity of diodes at very low currents giveserto the
“threshold” discussion. A diode ideally has no cactil/ity in
the reverse direction although all diodes will dsithsome
reverse conductivity and a number of excellent aviave
diodes have significant reverse conductivity asmsequence
of their internal structure. Reverse conductivityris against
us but what is more generally important is theorafiforward
to reverse conductivity —the higher the better.

Diodes in the early days of radio were homemadetyidally
consisted of the junction of some metal such agfandre
against a non-metallic conductor. Considerablereffas
required to locate a “sweet spot” that had goodeliqualities.
Some purists still insist on this method today rad is fine
but | highly recommend that you purchase a manufadt
diode (such as a 1N277) made for the intended jgerptou
will be much
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The only unknown in Equation 22 is k0. We calcule@evhen
F is equal to Fg. The procedure is as follows:

First we set FMHz = Fq from the above relation

R = 37 * (1 —e-0.02333*height*FMHz) (Eq. 19)

Z0 = 60.0 * In(2*height / diameter) (Eq. 13)

a= sinh-1(R/Z0) = In[(R/Z0) + sqrt[(R/Z0)2 + 1)]IEQ. 21)
k0 =a/ (Z0 * R) Eq. 23

Studies done with this equation indicated very gaestlilts as
long as the frequency was greater than the quadee
resonance. For lower frequencies this model garep@or
results —indicating significantly higher impedarisan reality
and even a negative slope in some cases. A motiifiéle
model was needed to highly attenualier low frequencies
only. The factor, (1 —-1/(1 + 0.14*(F/Fqg)2+ 1.0*(g)B +
0.79%(F/Fg)4 + 50*(F/Fqg)24)), was determined tonsfigantly
improve results. The factors were derived fromestesquares
fit to an alternative equation for short dipoles\pded by
reference 3 —shown below modified for only halfiote.

R = 402%(L/1)2 Eq. 24

where L is the antenna length ani the wavelength, both in
meters. This equation is reported to give gooditesp to
about 0.2 wavelengths. A plot showing the fittecteido
Equation 24 is shown below. Note that the modeldms
excellent fit to the theoretical “correct” model feavelengths
shorter than 0.2. The “correct” model under prexibe
resistance for longer wavelengths and the effethe@®4th
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power term comes into play to bring the resistariose to the
theoretical 37 ohms at 0.25 wavelengths. This feeractly
what goes on but is a simple to work with fit.

Short Antenna Radiation Resistance

Radistion Resistncs n Ohma

/

o0 005 o o on 02
Wavelengths on Line

Figure 2: Model fit to short antenna radiation semice

The complete equation faris (using n = F/Fq) is shown
below. Eq. 25

= k0*Z0*37%(1 —e-0.02333*height*F)*n*

1

(- )
1+0.14*n2 + 1.0*n3 + 0.79*n4 + 50*n24

To calculate the approximate impedance of the aatéor any
frequency we first compute théactor for the frequency using
Equation 25. Then we compute the positive and negat
exponentials using. Next, we compute theta using Equation
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TAPPING INDUCTORS

This note is very short for now —more of a placekal There
are two taps needed for the coil that makes upetbenant
circuit. One tap is to provide a low impedance @mtion to
the antenna/ground circuit and the other tap isnfipedance
matching to the diode detector. Both taps neec teabiable
as impedance characteristics vary across the Alddmast
band. A good method of tapping is to use a rotasch to
select the appropriate tap. A six position switohe-for the
antenna circuit and another for the detector cawige
adjustable optimums for a variety of situationslcGetions
are not generally possible for determining wherplége the
taps so measurements with laboratory equipmertharenly
practical method. When this article continues,atghor will
present data on a typical coil for a crystal radio
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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.
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16 and then the cosine and sine terms. We sulsstfiase
values into Equation 9 and use Equation 10 to sdlles is
best done in a spread sheet for a range of fre¢geeand the
results plotted. A wide range plot showing multiglearter-
wave resonances for a wire antenna is shown in€&igu

Antenna Impedance

0 s 0 1 = 2 F
Frequeneyn Mkz

Figure 3: 2 MHz resonate antenna 5 meters off gtoun

The computed impedance at 2 MHz of this anteniiebis
ohms. The impedance at the third harmonic (6 MEB5
ohms —for both resonant frequencies the reactiueipaero. It
should be observed that the impedance is at a mmiemd
purely resistive at odd harmonics of the quarteveva
resonance. The impedance is very high at even dcso
This figure should be viewed as illustrative rattiem
accurate. Although the pattern of impedance varniatis true,
the magnitude could vary considerably dependingatnal
ground conditions and the proximity of other strues. It is
true that the impedance variations become smoathére
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number of quarter-waves increases. Only a minintehgpt
has been made to correctly model that for this hode

as the primary interest is in the sub quarter-wagion. More
work will be done on the high frequency region é&tar date.
It is expected that the required effect can beinéthby the
appropriate exponent on the n term that immedidedigws
the exponential in Eq. 25 —but some kind of showgr series
might be required instead. Example Antennas

The following plots show the typical impedance dexeral
wire antennas. In each case #14 AWG wire was usedhe
solid line is the radiation resistance and theetbline is the
reactance. In all cases the radiation resistaneerislow. The
key feature is the

capacitive reactance of the antenna.

Antenna Impedance

Reactancs n Ohms

Figure 4: Antenna length = 10 m, height =3 m
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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
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AC Resistance of Copper Wire
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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 sghedurns 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
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This is about as short as an antenna can be dirigesti
practical. This antenna appears as 73 pF.

Antenna Impedance

Reactance in Ohmns

[—

05 0 o7 08 08 10 i1 12 12 s 15 18 17
Frequency in iz

Figure 5: Antenna length = 20 m, height =3 m

This antenna appears as 145 pF at low frequenctd @4 pF
at high frequencies. The change in capacitancefrétiuency
is because the reactance of the series inductamcels part of
the capacitive reactance.
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Antenna Impedance

Resctance n Ohms
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Figure 6: Antenna length = 30 m, height =3 m

This antenna appears as 220 pF at low frequencie8%b pF
at high frequencies.

Antenna Impedance

05 08 07 e 03 10 1 1z 13 14 15 18 17
Frequency iz

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.
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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.

Typeof 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
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Figure 7: Antenna length = 40 m, height =5 m

This antenna appears as 290 pF at low frequenciesa
almost resonant at 1.7 MHz. This is about as langre
antenna needs to be for excellent reception. Netethat the
antenna is higher. The increase in radiation r@sist at higher
frequencies is an indication that quarter wavenasoe is
being approached.
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RESONANT CIRCUIT

The resonant circuit plays a very important role iradio
receiver. Its primary purpose is to be a tunabteavaband-
pass filter for selecting a desired station whifecting
undesired stations. An important secondary purjgosebe a
means for transforming the

low impedance antenna up to the high impedancetete

A resonant circuit is comprised of an inductor arnchpacitor,
one or both of which may be variable. Energy fldask and
forth between the inductor and capacitor at themast
frequency. Energy in the inductor is stored in @neic field
and energy in the capacitor is stored in an etefigid. If there
were no losses, this cyclic process could contfouever. In
reality there is some loss each time the energyesiothis
loss is expressed as a resistance. A common textntas
account for this loss is Q which is the inversehefloss. Thus,
a high-Q resonance has very low loss and the cpodlicess
can continue for many cycles. A common exampletisla
which continues to ring long after being hit.

Figure 1 shows the frequency response of a reseirantt at
1 MHz for a range of Q.
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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=ickning
typical losses assuming the coil is wound optimaltg 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.
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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= meeeee Eq. 13
Rs

where

Q is the dimensionless “quality” factor of the imdor
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Normalized Resonant Q Curves.
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Figure 1: Normalized resonance curves at 1 MHz
Figure 2 shows a zoomed in version of Figure 1.

Normalized Q Curves
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Figure 2: Normalized resonance curves at 1 MHz
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Note that the Q=100 curve has a band-pass of 10nktitzh is
about the minimum that can be used to recoverrtieee
double-sideband signal.

Tuning capacitor

Generally, when the capacitor is variable, the atduis fixed
and visa-versa. Mechanical variable capacitorefofi0 —365
pF or similar) were very popular in older times bu¢ more
difficult to find in modern times. A modern substi can be
made using one or more rotary switches as willlbstiated
later.

The well know equation for the resonant frequerfcgro
inductor and capacitor is

| = —— Eq. 1
2 *n* sqrt(L * C)

where

F = resonant frequency in Hz
L = inductance in henries

C = capacitance in farads

For a given inductance the required value of capace can

be determined from

C = e Eq. 2
@*n*F)2*L
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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
t*d2*n2 —40*L *n —18*d*t*L = 0 Eq. 10
Solving for n gives:
20*L + sqrt(400*L2 + 18*%2*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
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Optimum Coil Diameter
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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:
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The required tuning range, Cmax / Cmin, of a vdeiab
capacitor can be determined using Equation 2 &safel

Cmax (2% * Fmin)2 * L Fmax2
,,,,,,,,, = = Eq. 3
Cmin 1 Fmin2

(2% * Fmax)2 * L

For the AM broadcast band Fmax is generally 1.7 Mhia
Fmin is 0.54 MHz. Thus, the ratio of Cmax to Crriiosld be
around 10.

Tuning inductor

The classic ancient method of making a variabledtar was
to provide a movable wiper to connect to individuahs of
the winding. Modern methods use a movable feraiteto vary
the inductance. Similarly to the development of &mn 3, the
ratio of Lmax to Lmin is the square of the desifiedjuency
ratio and works out to be around 10 for the AM lolezest
band.

Discussion of Q

Q can be defined in several ways and each waynipatble
with the others as shown below.

Q = resonant frequency / bandwidth3 db Eq. 4

Q = Rshunt / reactance Eq. 5
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Q = reactance / Rseries Eq. 6

Inductors and capacitors have internal losses wdgigear as a
resistance load either in series or shunt witrctivaponent.
Losses in picofarrad capacitors used at broadeziéncies
tend to be very small and thus these capacitors Adigh Q
(typically many hundreds) or as it is more commaeferred
to in capacitors, low dissipation (the reciproca®y).

Inductors have the dominant loss. This loss is coniynthe
series resistance of the wire (including skin-ejféat can also
include losses in any magnetic medium used inrttiedtor.
For good crystal radios we need inductors to haQeirathe
hundreds.

Resonant circuits are not used in isolation. Therara is
coupled to the resonator as well as the diode teteBoth of
these represent a resistive load which lowers toé Q
resonance. This is referred to as the loaded Q.mag sound
bad but it is actually fine. The loads represengmthat we
are interested in. We prefer that the resonatoe lew losses
or high-Q. That permits the maximum transfer of pofwom
the antenna to the detector.

Since any resistive load such as the antenna i@ualiat
resistance or the detector resistance lowers th@ ifiee.
Qloaded) of resonance, it is important to starhwitigh
unloaded Q known as Qu. The Qu of an LC resonatuitis
primarily determined by the Q of the inductor aslitsses tend
to dominate. Typical values for the inductor Q mfipm
around 50 to over 500. If the tuning capacitorfisery good
quality (i.e. air or silver mica insulation, etthen its Q will
typically be in the 500 to over 2000 range. Althowge like
for the unloaded Q of the resonator to be as hsgbractical
for low losses, it is desirable for the loaded @éono more
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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. Tleeupper
curves are for vinyl insulated house wire which cda@
considered if a large diameter coil form is avd#affo 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 oNite that
the true diameter is the sum of the diameter ofcibié form

and the diameter of the wire since by definitiore tboil

diameter is measured between opposite centerg afith.
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between about 1.3 to 2.0 times the diameter ottmluctor.
Coils for crystal radios are commonly wound usingatvis
known as magnet wire (thin enamel insulation) dmel turns
are tightly wound next to each other correspondinga
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 lattegritbe very
difficult to manually wind a coil with controlled pacing
between the turns. One easy method for achieviegaging
factor of 2.0 is to wind two wires tightly side Isjde at the
same time and then remove one of the windings Viihested.
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 spacingnaurally
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 miatend 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( per inch

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

n = k*d*t Eq.5

Substituting Equation 5 into Equation 4 gives:
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than about 50 so that the bandwidth is not tocomarAn
excessively narrow bandwidth makes tuning veryshaad
also distorts the audio. The bandwidth needs tat lteast 10
kHz with 20 to 50 kHz being common. The followirapte
illustrates the maximum, typical, and minimum loddg
values to use across the AM broadcast band. Kegyinid that
the unloaded Q of resonance should be significargiizer —
preferably in the hundreds. The maximum Q valderishe
minimum bandwidth of 10 kHz. The typical Q is a do@lue
to try to achieve although realistically it is ligketo be lower.
The minimum Q has a fairly wide bandwidth and wdk be
able to separate stations well.

Frequency  QLmax QLtyp QLmin
0.5 MHz 50 25 10
1.0 MHz 100 50 20
1.7 MHz 170 85 34

Table 1: Practical ranges for Q of resonance irAitde
broadcast band

The resonator has an effective resistance acrtsat it
represents coil losses. This resistance will berred to as RQ.
Ideally, RQ is infinity (i.e. no losses) but retiisvalues are
typically in the many tens to hundreds of thousasfashms.
There are two loads on the resonator —one is aféesburce
resistance, RS, of the matching network to theranet@nd the
other is the effective load resistance, RL, ofdlugle detector
and audio transducer. For maximum power transéen fthe
antenna to the audio transducer the source andésiglances
should be equal.

How to determine therequired inductance
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Although there are an infinite number of combinasi@f
inductance and capacitance that will resonatedasaed
frequency there is only a limited range of pradticdues that
can be used. An excellent question to ask is iktliean
optimum inductance. If there is then that is whatwill use.
There is not a specific answer to that questioeratian there
is an identifiable range of inductance that prositte best
overall results. We will determine the extremestista with
the minimum practical value that will result in thighest
allowable loaded Q followed by calculating the nmanim
practical value that will result in the lowest gotzble loaded
Q. Any practical value of inductance between ttese
extremes can be used.

Determination of minimum practical inductance: Ascdssed
previously, the highest loaded Q of resonanceishartactical
to use is such that the 3 dB bandwidth is abouHf This
permits the full double sideband width to be detéctn
extreme cases where we are willing to forfeit s@ameio
fidelity to achieve better selectivity the bandviidan be
reduced to about 6 kHz —but we are not going tcsicen that
case here. At 1 MHz (the rough center of the AMablaast
band), a 10 kHz bandwidth occurs with a loaded @Q0fX. The
antenna and detector circuits may be operating fegs on
the inductor for the purpose of impedance matcKting
method to design the taps is discussed in anotizgter). The
impedance at each tap can be transformed to anceypt
impedance across the entire coil. We will assuraettie
antenna circuit and detector circuit are impedanatched via
this tapping process (this provides the much neestedmum
power transfer from the antenna to the detectdwsTfor the
impedance matched condition the antenna and detecto
impedance will transform to the identical impedaacess the
inductor. We will refer to the net parallel impedarof these
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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
| I —
18*d + 40*k*d
which reduces to:
d*n2
L = -eeeeeeeee- Eq. 4
18 + 40*k

It can be shown that the value of k that minimitteslength of
wire to wind the coil is 0.450. However, other @
indicates (see Reference 1) that the value of krthiaimizes
coil losses is approximately 0.96 even though tiédtie uses
about twenty percent more wire. Factors contrilgutio 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}tkadptimum
spacing (wire center to wire center) of adjacentnguis
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r2*n2

[ 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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two across the coil as Rsignal. It was discussedipusly that
losses in the inductor can be represented by aotefé
resistance across the entire coil. We will refethis loss
resistance across the coil as Rloss. The paralfebmation of
Rsignal and Rloss is the net resistance acrossess
inductor. We will refer to this net resistance ahnt. From
Equation 5 we can write

XL = Rshunt / loaded Q Eq. 6
Thus, using a frequency of 1 MHz

Lmin = XL/ (2 * = * 1 MHz)= Rshunt / (2% * 1 MHz *
loaded Q) Eq. 7

The detector impedance is typically in the 2,008@@00 ohm
range. With antenna matching the net resistandgn&is will
be half this range as discussed above. Table 2sshow
summary calculation for the minimum value of indarate to
use to achieve a loaded Q of 100 for various |@stther
directly or transformed across the coil. The Q 600,000 row
represents essentially infinite Q and the Q of @, 8ot
normally attainable and are shown for referencg.onl

1,000,000 Hz, resonant frequency

10,000 Hz, BW 100.0 Qloaded
Rdetector transformed across entire inductance
Qunloaded 2K 5K 10K 20K 50K 100K

1,000,000 16E-6 4 0E-6 80E6 159E6 398E6 T96E6
1,000 14E6 36E6 7T2E6 143E6 358E6 T16E6
500 13E-6 32E-6 64E-6 127E-6 318E-6 637E-6

250 954 9E-9 24E-6 4 8E-6 95E6 239E6 A7T7E6

125 318.3E9 T795.8E9 1.6E6 32E6 B80E6 159E6

Table 2: Minimum Inductance in Henries

All of the inductances in Table 2 are small —someg/\small.
But our target was the absolute minimum inductahaecould
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be used. The details would be a chapter in offitsell can
tell you that the practical absolute minimum induncte that is
useful for a resonator in the AM broadcast baratasind 40
microhenries as it is a challenge to obtain a i@ghfor
inductances less than this in that frequency rafnges, only
the last column of Table 2 is useful.

Determination of maximum practical inductance: This
calculation is done the same way as before exbapttie
lowest value of loaded Q is used. That resultshigher
inductance. Table 3 is a summary calculation. Agdia top
two rows are for reference only.

1,000,000 Hz, resonant frequency
50,000 Hz, BW 20.0 Qloaded

Rdetector transformed across entire inductance

Qunioaded 2K 5K 10K 20K 50K 100K

1,000,000 B80E6 199E6 398E6 796E6 1989E-6 397.9E6

1000 78E6 19566 390E6 T8.0E6 1950E6 389.9E6

500 76E-6 19.1E6 382E6 T64E6 191.0E6 3820E6

250  73E-6 1B.3E-6 366E6 T32E-6 1830E-6 366.1E6

125 67E6 167E6 334E6 668E-6 167.1E6 334.2E6

Table 2: Maximum inductance in Henries
Conclusions:

The conclusions from studying Tables 2 and 3 aaelthw
values of inductance are needed for low impedainceits
and that high values of inductance are neededidbr h
impedance circuits. Typical values of inductancedufer the
resonant circuit in crystal radios ranges from acbi00
microhenries up to around 700 microhenries withemor
common values in the 200 to 400 microhenry range.

We can work Equation 7 backwards to determine al gadue

for the net shunt resistance across the coil atk i follows.
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DESIGNING AN AIR-CORE INDUCTOR

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 Wwno 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):
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proper impedance match although it is not veryicaiit The
issue is how to determine the proper point. A sddssue is
that the required impedance level varies across AMe
broadcast band. Thus, the tap should be variable.

If the coil is wound on a ferrite toroid core whielmables a
high degree of flux coupling from turn to turn thiens fairly
easy to calculate at what turn a tap should beHerdesired
impedance transformation. However, our coil is ¢gfly an
air-core solenoid which has a complicated flux tieteship.
Calculation is difficult and very error prone. Thest way is to
make a variety of taps and measure the impedanig us
laboratory methods and note the results. | wilkpre the data
of just such an experiment on a typical coil foystal radios
when this article continues ...
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Rshunt =2 * * 1 MHz * loaded Q * L Eq. 8

As an example, if we have a 240 uH coil and we vt
loaded Q to be 20 at 1 MHz then the total shurd E@ould be
30,000 ohms. Assuming coil losses are small thisnsa¢hat
the detector impedance should be 60,000 ohms andhi
antenna impedance should be transformed (via agapthe
ground end of the coil) up to 60,000 ohms. Thigipalar
scenario is a practical one that can be built.

Concluding remarks

Although it is discussed in other chapters it stide
mentioned here that we generally want to make éteotbr
impedance as high as possible in order that weisarthe
highest inductance practical. This results in tkeimum
signal voltage applied to the detector thus lovgetire losses
in the detector circuit.

A significant factor to be aware of is stray capaute across
the inductor. This capacitance results from theiraiphysics
of the winding (conductors separated by insulatidihjs stray
capacitance is typically in the 10 to 50 pF rangpahding on
how the inductor is wound and is in shunt with theing
capacitance. The effect is to limit the upper fiemgy that the
inductor can be tuned too. The effect is worseangd value
inductors and that typically limits the maximum gtieal
inductance to something less than 1 millihenry.réree some
advanced winding methods that minimize stray cagace but
those are beyond the scope of this chapter.
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ANTENNA MATCHING

As discussed in an earlier chapter the ten to ythineter
antenna used for crystal radios has a very lovstasie and a
high capacitive reactance. The ground resistanseussed
previously is typically in the several tens of ohmwsd is
effectively in series with the antenna. As an examp@n
antenna/ground system may have an impedance of1R0G-

ohms at 1 MHz. For maximum power transfer from the

antenna to the resonant circuit the input impedaridée set
should be a conjugate match —that is have siméaistance
but the reactance will be equal in magnitude bytosjte in
sign. For the example this means that the crystalsbould
have an input resistance of about 20 ohms and ciareze of
about +j1000 ohms (160 uH) at 1 MHz. The positivactance
is obtained by an inductance in series with therama circuit.
This inductance should be variable to tune outcéyeacitive
reactance of the antenna across the AM broadcast. ba
Tuning is not sharp as the Q of resonance is loablel 1
shows some typical values. Note that the inductdnoéng
range becomes wider for longer antennas sinceapacitive
reactance drops rapidly as the length approachesjoarter
wavelength at the upper end of the AM band. Itipadrtant
that this series inductance have very low lossesther
advantage of using it will vanish —a lossy inductould be
worse than nothing.
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Typical Typical
Antenna Antenna Antenna Antenna series
Length XC @ XC @ Inductor

550 kHz 1.7MHz tuning range
10m- j4040 ohms - j1250 ohms 1200 —120 uH
15 - 2680 - 780 780 - 70
20 - j1990 - j530 580 - 50
25 - j1580 - j360 460 - 30
30 - j1290 - j240 370-20

Table 1: Antenna seriesinductance tuning range

One effect of not tuning out the reactance of thierna is that
the resonant frequency of the tuned circuit wilitshecause
the antenna becomes a reactive load. One way t& Knihe
series inductance has been tuned to the right valtieat the
station is received at the calibration point —assgnthe radio
tuning was calibrated.

The next issue is creating a low input impedanceenferal
tens of ohms. There are two ways to do this ang #re
essentially the same. One method is wind a tursooof wire
near the ground end of the coil of resonant cireoite end of
the wire goes to the series inductor to the antemaathe other
end connects to ground. This small winding tramsfothe low
antenna/ground impedance to a high impedance atr@swil.
The other method is to make a tap a turn or so ahbe
ground end of the coil of the resonant circuit tocanplish the
same effect. If the winding or tap is too few tuthen there is
an impedance mismatch and a weak signal will redtiibugh
selectivity will be relatively sharp. If the windjnor tap has

too many turns then the coil is overloaded by the

antenna/ground impedance which also results in vsagatals
and the selectivity will be broad. The optimum e point of
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