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INTRODUCTION

The contents of this fourth handbook concernsfitsearily
with antenna and grounds as applied to crystabréaiioiding
all the HF world). Finally, It was inspired by nngalization
that | really didn't understand antenna tuning asllvas |
thought | did, and especially | didn't understamé fTuggle
Circuit. Very little qualitative discussion exists the web for
this in fact. The references | have rounded upe herthis
handbook should go a long way towards ‘“rectifyinie
situation.

In this booklet | start with a good discussion Refdf strength,
historically, qualitatively and quantitatively. then bring in
some considerations on grounds and especiallycastion of
ground resistances regionally and locally as tlzeseessential
to modeling my, or any, antenna prior to desigréngroper
antenna tuner unit. What the follows are excelkesburces
helping with the design and understanding the fonitg of a
good “Tuggle Front End”. The handbook will helpeth
beginner to quickly get up to speed and allow tkgegienced
builder to find endless new ideas. This is notamkbof
Hookups or circuit designs, that is covered in natalbg of
Crystal Hookups, nor is it a tutorial on Crystald®a that can
be found in my Handbook Volume 1.

Finally, although | intend this handbook to considée
antenna / ground as part of the crystal radio systeis true
that antennas receive potentially harmful spheatceell. Due
to this, | have included as a last chapter (but astan
afterthought) a section concerning lightening prtioe.

Much of the material in this handbook is copyrigiit which |
have not sought permission. Therefore this ispnesented for



publication or copy, and certainly not for profit is only my
personal resource. | encourage anyone finding dbfsy to
pursue ON THE WEB the web pages identified within.
include the name of the author and web addressaoh e
section. | wish to sincerely thank every authaespnted for
their excellent pages and ask forgiveness for nigingdinto
this handbook.

NOTES

215



NOTES

214

CONTENTS:
1 Field Strength Calculations: A History
Radio-Time Traveler
9 RF Basics
Martin D. Stoehr
19 RF Field Strength
Kenneth A. Kuhn
23 Field Strength Calculations
Radio-Time Traveler
23 Parti:  Ground Conductivity
27 Partii: Measurements
36 Part iii: Calculating
45 Partiv: Field Strength Calculator One
49 Antennas and Ground System
Kenneth A. Kuhn
61 Antenna Mathematical Model
Kenneth A. Kuhn
79 Grounds
Jim Lux
85 USA Conductivity Map
US Government
93 Harris County Soil Resistivity
Harris County
95 How to measure A-E Impedance
Ben H Tongue
101 Dummy Antenna
F.E. Terman
\Y



102

109

113

117

125

137

171

174

175

207

214

vi

Antenna Matching
Kenneth A. Kuhn

Working With Antenna Impedance
Jack Bryant

Experiments with an Antenna Tuner Unit
Dick Kleijer

Component Values for an Antenna Tuner
Dick Kleijer

Notes on simulations for a Tuggle Front End
Kevin Smith

Analysis of the Tuggle Frong End
Ramon Vargas Patron
137 Parti:  Formula Derivation
142  Partii:  Tuggle Tuner
158  Partiii: Model

How to Hook Up A Variable Capacitor
Darrel Boyd

Variable Capacitor Wired Wiperless
Jim KR1S

Analyzing Three Antenna Analyzers
Greg Ordy

What You Should Know: Lightning Protection
Joseph H. Reisert

Notes

References:

1. "The "Grounds" for Lightning and EMP Protectiphy
Roger Block, published by PolyPhaser Corporation.

213



Finally, there should be a large diameter (#4 AWGaoger)
copper wire connecting the equipment to the Earthurd.
The shorter the wire, the better. Additional infation on
grounding can be found in Reference 1.

Mains and Power Supply Protection

Just because your radio and antenna are miles &oaya

lightning strike does not mean that you are pregbct
Lightning often strikes power lines and producedame

voltage surge or spike that can be transmittedriites on the
main power lines.

Therefore, for maximum protection, all power limgerfaces
should include a transient voltage surge protecitrese
devices are becoming quite common and inexpensigein,

there are simple protectors and those that mayudecl
additional protection with built-in line inductorsust make
sure that the surge protector is placed betweepdher lines
and the equipment power supply.

Summary

As stated at the beginning of this paper, lightrilagnage can

be extensive and costly. We have tried to provioie with an
overview of things to consider when installing alicaand
antenna system but only you can determine how much
protection is required. Astron Wireless Technolegiec. has
access to various lightning protection solutions foost
applications. Please call for additional informatan lightning
protection devices and how they can help protectr yo
investment.
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Field Strength Calculations: A History

Radio-Time Traveler
http://radio-timetraveller.blogspot.com/2012/1 Mtfistrength-
calculations-history.html

16 December, 2012

A previous three-part series on RADIO-TIMETRAVELLER
delved into Field Strength Calculations. It covergaund
conductivity's effects on signal strength, measemm
quantifying signal intensity, and how to use the CFC
Groundwave Conductivity Graphs to calculate expkcte
received signal strength. Mathematical formulasnewhere,
produced those graphs. What is their history? Migatuse a
simplified formula to calculate expected receivenal
strength for our DX purposes?

Let's continue with the story behind Field Strength
Calculations and explore the 50 year quest for racguin
calculating signal strength by mathematical formudais an
interesting tale. We will

finish with a handy field P RN
strength calculator program | 37>>> > >>

wrote using a simplified

formula.

When we talk about field strength, we are reallging about
radio propagation - the behavior of radio waveswiey are
transmitted or propagated from one point on thehe&w
another, or into various parts of the atmosphereur formula
quest, we will mostly be concerned with those digitiaat hug
the ground, or "ground wave". It may surprise marmp are
new to the hobby of mediumwave DXing that daytimeupd
wave range for a mediumwave signal might extendtouds
much as several hundred, and in extreme casedy ri€€0
miles!
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Accurate formulas for calculating expected sigriegrgyth at
mediumwave and longwave frequencies took many years
develop. Radio originally inhabited the longwaves its
infancy. Many of Marconi's early broadcasts, inabgd his
1905-1906 transatlantic tests, were sub-100 KHz frend
would be decidedly upward in frequency and downwiard
wavelength.

At the end of World War |, a fierce battle ensuetween the
US government and the Department of the Navy owetrol

of the airwaves. The Department of Commerce evéptwan

and became master of the air and the regulatorpcggéor
commercial radio. They started by establishing twoadcast
frequencies: 833 KHz (360 meters) and 619 KHz (#@%ers).
The Federal Radio Commission took charge in 192€jng
until 1934 when the current Federal Communications
Commission was formed.

Throughout the early years of radio, interest mednto
quantitatively determine the service area of braatistations.
Engineers redoubled their efforts to derive an eateu
attenuation formula. The radio world was focusedchocuracy
of measurements at

broadcast frequencies. Inverse Square La‘w 1

"Accuracy” is the key
word here. The
Inverse-Square Law, as CE
applied to physics, had
been commonly known since Isaac Newton's day irL609s.

Applied to radio, it stated that the power densityhe wave is
proportional to the inverse of the square of thetatice from a
point source. In other words, doubling the distafrten a

transmitter means that the power density of théated wave

2

range with low VSWR up to about 2 gHz. Howeverfao
must be replaced after a strike although it wilt necessarily
warn the user by going to a short circuit so préesgve
maintenance is required.

The quarter wavelength shorting stub is becomingesy
popular device, especially above 800 MHz where esgst
bandwidth is generally narrow. It consists of aemimuarter
wavelength shorted coaxial type transmission lihat tis
placed directly across the transmission line. Sémippes have
a narrow bandwidth, typically 10'-. bandwidth, lwe low loss
and inexpensive.

The optimum place to locate an input protectortitha entry
point to the building where the equipment is lodatBon't
forget to provide a low impedance ground connectirthe
protector as described below. Always try to keeplightning
and the protection devices outdoors wherever plessib

Grounding

The most important lightning protection is a gooulv |
impedance Earth/ground connection to the associated
equipment. The Earth ground connection should lsepper
plated rod preferably at least 5-8 feet in lengtieh into the
ground. This ground rod should be located as ctoséhe
equipment as possible, typically just outside diuilding at

the entry point of the antenna feedlines.

Greater protection can be provided by using aduifiground
rods spaced at least 8 feet from and connecteldetoriginal
rod. Substituting plumbing, power ground return aiiaer "so
called" grounds for a ground rod is definitely not
recommended.
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will not discharge through the antenna. Furthermtre boom
or mast should be grounded to the mast or towereMa this
shortly. Don't forget to ground guy wires that arged on
stabilize towers. They are just as likely to be giiice they
extend over a wide area around the tower.

Input Protection

Input protection is typically provided by a lightgi or surge
protector at the input (or antenna side) of a radlieere are
three major types of lightning protection devices the radio
input. They are the spark gap, the gas discharge and the
quarter-wavelength (1/4) wavelength shorted stulachE
method has its pluses and minuses.

The spark gap is the oldest know lightning protetthaving
probably been invented by Ben Franklin! Basicallgansists
of two balls or points closely spaced and direettyoss the
transmission line. When a strike occurs, the higiitage
present will jump across the points and be condudte
ground. RF transmission devices for 50 Ohm systeums as
this have been around since the 1950's.

The shortcoming with this older device is that iaymnot
protect against a weak or lower voltage strike.usthhent at

the factory may produce varying voltage breakdowns.

Furthermore, once a strike is taken, the device faipr short
circuit so maintenance is required.

A more recently developed input protection devieehie gas
tube. It works in a similar manner to the spark apcan be
designed to operate reliably at much lower voltad@sn to
100 Volts for low power circuits and 250 Volts dgtter for
higher power applications. Another advantage iscdeis that
it can be designed to operate over a very broadvagdency

210

at that new location is reduced to one-quartertopievious
value. But did it apply?

"Free-space" formulas calculating signal loss & wacuum of
space or "perfectly conducting earth" using thecalted

inverse-square law are indeed accurate for thoseoaments.
But the Earth is not a perfect conductor, nor doespresent
perfect-world conditions. Free-space formulas alane not
usable for our purposes. You will find many of them the
web, even calculators, purporting to deliver a aigstrength
solution for a given transmitter-to-receiver digtanThey can
be ignored as inaccurate. In fact, they are non elase.

Arnold Sommerfeld, 1868-1951

Mathematicians started with a "plane earth" (fiattle) theory
when they first envisioned a signal attenuationmigle.
Brilliant, German-born
genius Arnold Sommerfeld,
nominated a record 81 times
for the Nobel Prize during
his lifetime, solved the plane
earth general problem by
1909, publishing  signal
attenuation graphs in 1911.
Bruno Rolf, basing his work
on Sommerfeld's findings,
published more attenuation
graphs in 1930, some 21
years later. From this
information, the Federal
Radio Commission compiled formulas and curves, iphet
in 1931. They were used in hearings and allocatiatters at
least until 1933. It was just the beginning.




In the intervening years from 1909 to 1930, fourreno
scientists obtained independent solutions of thenrBerfeld
problem which agreed with the 1909 solution. Tlsatexcept
for one difference - an inverted mathematical siypparently
none of these authors noticed this discrepancy thaiFCC's
K.A. Norton, in a letter to the editor of "Naturdéi 1935,
pointed it out and showed that it was responsille the
anomalies in propagation predicted by the Somnu:fRellf
graphs. Norton in 1936 was able to construct aarsal curve
for prediction of field strength at relatively shdistances.

Focusing on the plane earth theory, Sommerfeld tgpethat
the surface or ground wave would be only slightfeeted by
the curvature of the earth since it is guided adothe earth's
curve in much the same manner as an electric ¢idfollow

around the bend in a wire with a comparatively $roasis of

energy. This explains the general success of tmeng&ofeld

plane earth formula at distances far beyond the difisight.

However, two major roadblocks to accuracy stillseadl.

The first, and most important, was "diffraction"her other,
"intermediate distance".

Out beyond what is called the "radio horizon", cadignals
undergo atmospheric and ionospheric d|ffract|orat tlis,
refraction and
scattering caused by
atmospheric A i
irregularities. This enables 'AM radio S|gnals |anoO|se
environments to be received well after the transngitantenna
has dropped below the horizon. It has been shoearéhically
that the ground wave attenuation factor at mediuvewa
frequencies is very little affected by diffractiat distances
less than about 55 miles, the approximate “radidzbn” for
mediumwave.
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115 VAC we obtain from a line cord). Let's disceszch of
them separately.

Antenna Mounting

It is well known that lightning statistically stek the highest
electrical conductor in an area and then follows kwest

resistance and shortest path to ground. Since radeare
usually mounted in high places, they are very qutdge to

lightning strikes. Most antennas have a metalliorband the
elements are often attached directly to the boorthep are a
likely target for a lightning strike.

Therefore, the antenna location and how it is medinis
probably the most controversial topic when any wlison of
lightning occurs. Ben Franklin gave rise to theotiyethat the
lightning was electricity and found this out whee &almost
was killed by a lightning strike conducted down tivere
holding down his kite. Franklin is sometimes crediwith the
ball discharger and the pointed rods on houses result, to
this day lightning rods with grounding wires ar@aat of folk
law and many are installed on high buildings andnés,
especially in areas prone to lightning activity.oferly
installed and grounded, these devices surely dé&.wor

Nowadays, new controversy has resulted with theofispline
balls, static dischargers and wicks mounted onrewate and
the top of towers. These devices are said to peoaidonstant
discharge thus decreasing the potential for a distdke.
Some users claim a diminished amount of direct &iter
installing these devices.

Suffice it is to say, if at all possible, don't nmbyour antenna
on the highest building or tower. Place it a fewtflower and
hopefully the fickle lightning bolt, if it generatea direct hit,
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The Nature of Lightning

Lightning can form and stay in the upper atmosph&hés is
often a beautiful sight to behold as the bolts junopn cloud
to cloud. On the other hand, when lightning leatesclouds
and strikes the ground or a tall object, it caridhfinstant
destruction and even death to those unfortunateetnear the
strike.

The energy present in a lightning bolt can be atersible and
a direct hit will inflict the maximum damage. It &stimated
that a typical bolt may contain a potential of oitis
(1,000,000's) of volts thus generating currentstaid00,000
amperes! That is very destructive energy. At tireestime, the
heat in the bolt can have a temperature up to 80KJOhot
enough to start fires.

A lightning bolt will often drag or jump along thground.
Therefore, there can be considerable damage inde aiea
(even hundred's of feet) surrounding the strikst dsk a dairy
farmer what happened to his cows that tried to bieleeath a
tree that had a direct lightning strike.

Lightning Protection in General

Lightning protection must be examined from four tidist
directions. First off, the place where the anteimanounted
(such as on a tower) is important. Then there rbastnput
protection from the lightning strike itself, typibain the form
of a huge and rapid build up of voltage and curegrihe input
to the radio. Thirdly, a proper ground system mbst
employed to rapidly conduct the lightning bolt eneraway
from the radio. Finally, protection is requiredthé output or
main power supply such as the line voltage supely.(the
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Norton, also in 1936, provided curves for greatistashces in
the diffraction region. These curves, however, weased on
an incompletely developed theory. Mathematical timhs
were being developed in Europe, and were two yeway
from completion. Europeans van der Pol and Bremmer
published their paper in 1938, offering a more cletep
solution of the radio diffraction problem for prazaion.
Never-the-less, the calculation of field strengéydnd the
radio horizon still proved troublesome, though MNal$
remarkable work clarified Sommerfeld's ground wave
propagation theory.

The radio horizon at the longer wavelengths, inicigd
mediumwave, can be calculated quite simply.

Radio Horizon = 8x10'/f'* (meters)
f - frequency in MHz

For example, the radio horizon for a station trattémy on
600 KHz is about 59 miles.

By 1940 the FCC, through the work of K. A. Nortdrad
developed a practical method for constructing csirve
approximately representing the theoretical preodisti The
method used the flat earth theory of Sommerfeld toug
distance of about 80 kilometers, and the diffractibeory of
van der Pol and Bremmer at relatively great distanthose in
excess of 200-300 kilometers depending on frequearny
ground constants.

The gap in the curve was still intermediate diséancThe
Watson transformation, a theory originally desatitie 1918
by English mathematician G.N. Watson, was an attetop
connect the two. How to incorporate it into the erahtheory,
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to calculate the intermediate distances, was il final
problem. In the curves published in 1940, the gap simply
sketched in by a draftsman.

In 1952, George A. Hufford of the National
Telecommunications and Information Administrationyided

a basis for unifying the ground wave prediction mels of
Sommerfeld with Watson's diffraction transformatidn had
been 43 years since Sommerfeld's 1909 thesis. Thase
finally light at the end of the tunnel. New curwesre added in
1954 for very low conductivity. These were quitecwaate,
although freehand drawing was still necessary fia jhe
Sommerfeld curve segment to the curve segmentleséclifor
the diffraction field at relatively great distances

Then in 1958, Hendricus Bremmer, the same Bremnher iw
1938 brought the general solution to the diffractfroblem,
provided correction terms which completed the dedoc the
practical formula. Engineers could finally calcelaground
wave field strength with accuracy. It had been B@ry in the
making. The formula was born.

The FCC curves were considered satisfactory foulatgry
purposes until it became necessary to convert twianenits
toward the end of the 1970s. In a 1979 FCC repbomas

recommended that a computer program be written for

recalculating the curves using the methods in Brertsri949
book. The program was subsequently used to prodece
FCC curves in 1985 which agree within 1 to 2 ddsilveith
the previous curves. However, the 1979 computegrpro
was mathematically deficient in its ability to covall the
range of intermediate distances, and the greatrdistvalues it
computed were shifted upward to force a match énrtiiddle.
FCC curves drawn for the X-band, 1605-1705 KHz, the
most recent. They are the result of precise caiouis of field

6

What You Should Know About Lightning Protection
http://www.astronwireless.com/topic-archives-antenn

lightning-protection.asp
By Joseph H. Reisert

Antenna Lightning Protection

Antenna manufacturers are often asked about lightaind
whether their antenna is lightning proof. This @& & simple
question to answer. In this application note we atiempt to
describe some of the statistical properties oftfigiy strikes
and give some recommendations on how to best prpcer
installation from damage due to a lightning strike.

It is important to point out at the start that tiging protection
is primarily a function of how much time and monmu are
willing to spend. Obviously, the more expensive théio and
the importance of system connectivity, the moreusblyour
protection should be.

An Introduction to Lightning

Lightning has been around since the beginningneé tiln fact,
at this very moment, lightning is striking somewhen the
earth. In the lower 48 US states and Canada, ligdis most
prevalent in Florida (with an average of 70-100rstdays per
year!) and the Rocky Mountains especially in thelo@wlo
area (with an average of 70 storm days per yeaGalifornia
and the Northern parts of the USA and Canada Kediibod
of encountering lightning diminishes to about 10-&@rm
days per year. Lightning is most common startinthaspring
and ending in the fall with a large peak in the membut it
can occur at any time of the year.
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analysis, the author spends some time lookingeafiticuracy
of low-power SAR testers. For the Autek RF-1, he reports
good accuracy for loads from 12.5 to 200 Ohms. He also
measures the SWR accuracy of the MFJ-259, and idesadt
asvery good across the HF bands.]

Last update: Friday, May 07, 2004 01:40:39 PM
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strength over the full range of distances of irgeréncluding
the previously troublesome intermediate distances.

And thus we have the short version of the histonathieve
accuracy in field strength formulas. Stay tuned tloe next
installment, a program to calculate field strendtased on a
simplified formula.
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compendium was available. Dan's article;Time for the
Analyzers, is on page 40 of the compendium. Dan has made a
number of other contributions in the area of tragsion line
analysis. Please sées sitefor more information.

[Epilogue 1 - The ARRL Antenna Compendium #5 has an
article entitled:Measuring Antenna SWR and |mpedance, by
Francis Merceret, WB4BBH, on page 148. The authas w
initially looking into the reliability of SWR measements.
One way to measure SWR is to compute it from theadled
forward andreflected power. The populatross needle power
meter places two meter movements and two indicatoose
meter case. One indicates the forward power, aher aither
the reverse. The intersection of the indicator dimkefine a
point which reveals the SWR, which is indicated ahird
scale. | have always found these meters a litffecdit to read,
and the author indicated that some models do ne¢ high
accuracy. Their strong point, in my opinion, istttiy can be
left in line while transmitting at full power. Fqurposes such
as adjusting an antenna tuner for minimum SWR etisest of
meters are probably very appropriate. | just wottilthke the
SWR value too seriously, especially as it risee @hthor also
considered an inexpensive noise bridges and onenant
analyzer, the Autek RF-1. His conclusion sty results
indicate that SAWR bridges often do not measure capacitive
loads or high SAR values accurately. | found that a noise
bridge is more accurate, but that it is also much more difficult

to use. The most accurate and easiest instrument to use is a
modem, microprocessor-based "RF analyzer”. When is uses
the termSWR bridges, he is referring to the power meters that
also measure SWR.]

[Epilogue 2 - The ARRL Antenna Compendium #5 has an
article entitled:Baluns in the Real (and Complex) World, by
Frank Witt, Al1H, on page 171. As part of doing sobalun

205



measurement discrepancies were due to sloppy nezasot
techniques.

My Excel spreadsheet data and graphs can be dodedoas
Analyzers.xls

Some folks have commented that my results appeahaa/
much more accuracy in these meters than they eghett
think that there are at least two reasons for fiist, it's very
easy to introduce errors due to poor measuremehnite,
primarily excessive lead length. | certainly maeeesallousy
measurement runs and had to continue to try todwgthe
quality of my test fixture. Another reason is thatwas
measuring what | would call shielded system - a handful of
resistors connected to a rather short length oftréssion line
sitting on my test bench The more common applicafiz an
antenna analyzer is to measurntennas. Antennas are
designed to pick up signals, and this can include flem
nearby sources. This RF, when presented to thenmate
analyzer, can upset the reading. TW&JI calibration page
discusses this issue in more detail. A common probis
trying to measure the impedance of a 160 meteicaéwhen
you live a few miles away from an AM broadcast ietat |
have seen this problem also arise on a 15 meteolnama
Yagi. The usual solution is to filter the signafdre applying
it to the analyzer, keeping the undesired signal afuthe
analyzer. This must be done carefully, howevexkesthe filter
itself can act as an impedance transformer. Soreeiajzed
devices exist to filter while not altering the inda@ce. The
MFJ-731 is an example.

ARRL Antenna Compendium #7 has an article by Dan
Maguire, AC6LA, which largely duplicates the work this
page. Dan and | worked independently, and we hagbénm
exchange emails after | had finished my page, kfirb the
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RF Basics

Martin D. Stoehr

PMTS, ISM-RF Strategic Applications
http://pdfserv.maximintegrated.com/en/an/AN5300.pdf

Introduction

Radio frequency (RF) can be a complex subject togate,
but it does not have to be. If you are just getsStgrted with
radios or maybe you cannot find that old referelmmek about
antenna aperture, this guide can help. It is irgeri provide
a basic understanding of RF technology, as welkaa quick
reference for those who “know their stuff” but magy looking
to brush up on that one niche term that they neyéte
understood. This document is also a useful referefoc
Maxim’s products and data sheets, an index to dempaysis
found in our application notes, and a general ezfee for all
things RF.

History (How Do We Know What We Know?)

“If | have seen a little further, it is by standing the shoulders
of Giants.”

—Isaac Newton

The wireless radio technology that is so ubiquittemay is
relatively new. However, there is a long and rietthkground
that leads to our modern knowledge. The very first
investigations of what we now call the RF spectoame from
early experiments in optics, electricity, and magme. The
behavior of light was studied as far back as and@¥eece by
Plato, Euclid, Ptolemy, and many others, eventualiging to
Newton in the late 17th Century. From ancient tibatric
materials and chemical batteries, various theariesectricity
were eventually developed by Coulomb, Volta, andui$3a
Likewise, lode stones from ancient China birthedygtheories
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for magnetism from Kuo and Gilbert, eventually peipg the
investigations of Ampere and again, Gauss.

Before the early 19th Century, electricity and nmetgsm were
seen as separate forces. However, in 1820 QOrsteu fthat
electric currents exerted a force on magnets, and831
Faraday determined that changes in a magnetic Gieldd
induce electrical currents. In 1839, further exments in
electricity led Faraday to show that voltaic eleity
(chemical battery), static electricity (triboeléctcharge), and
magnetically induced currents were all manifestatiof the
same phenomenon. In 1864, Maxwell combined these
discoveries in his paper, “A Dynamical Theory ofeth
Electromagnetic  Field,”[2] ushering in our modern
understanding of the subject:

Gauss's Law relates electric charge to its elecfigdd:
v-E=£

‘e, The divergence of the electric field is related t
the charge density.

Gauss's Law for Magnetism states that magnetic ipoles
do not exist ¥*B =10, The divergence of the magnetic field is
zero or there is no net magnetic flux entering eaving a
volume.

Faraday’s Law of Induction and the Maxwell-Faradgyation
state that a changing magnetic field induces actrégefield:
TxE=— 2

% The curl of the electric field is related to the
change in magnetic flux density.

Ampere’s Circuital Law, modified by Maxwell to inde
displacement current, relates the magnetic field turrent in

10

This gives me the convenience of the analyzer avitiopefully
higher accuracy. | have built several RF networkmai this
technique, and the results are very accurate.

Conclusion

All of the analyzer plotted results followed theapk of the
equivalent computed curve. They are clearly tryiogdo the
job, and in most cases, come darn close. Modteo&trors in
my data appear in regions of large value swingss Would
tend to make the test very sensitive to even sigfurs on my
part. | tend to consider the regions of the datanelihe curve
is relatively flat over several megahertz. Thislwélduce the
sensitivity to test fixture errors. In most caség errors seem
to be no more than 5 Ohms. Errors also seem teaser as
frequency increases, which could be nothing moranth
additional testing error.

If I miscalculated the true frequency where theleabas 1/2
wavelength, that would also slightly skew the twarves,
creating additional error in the regions of langnsitions.

If you use excessive test lead length, you willtaiaty
introduce as much error as any error already inathelyzer.
Perhaps the biggest lesson | learned in testinthieipage was
to keep lead length as short as possible. Thelessdn was to
use new batteries, or better yet, a beefy poweplgupith
plenty of voltage and current.

| do hope that the next generation of analyzersaeiturately
resolve the sign of the reactance, and have ineteascuracy
around zero Ohms. For my recent applications, weatld be
very helpful. Frankly, | expected the errors torbech greater
than | measured. | suspect that many of my unexpdhi

203



All of the analyzers are sensitive to low battepftage. For
consistency sake, use an external power supplyfresh
batteries. The MFJ-269 and CIA-HF units have a lugtrent
draw, apparently due to the power consumed by tve |
distortion oscillator. Batteries seem to last sahgally longer
in the RF-1.

| measured the current drain on the MFJ-269 andCtleHF

at approximately 225 mA. When the MFJ-269 is pladed
UHF mode, the current draw does increase by andtBér
mA. If you are going to power one of these analyZeom a
wall wart, be sure that you have at least a 500 mA supply.
Make sure that the external power supply has \a@myripple
and noise.

Improving Measurement Accuracy

The only technique that | have developed that imgso
accuracy is in the area of component measurememnse la
more accurate RF bridge to measure a given capaaitd
inductor with the highest accuracy that | have latée to me.
This is a slow process due to the operation ofotfidge, and
the need for additional compensation computations.

Once | have these measurements, | measure the same
components with an analyzer, and determine a sisgaéng
factor between the two units. | do this for a singimateur
band. | then work exclusively with the analyzer,aswring
inductors and capacitors with the use of the sgafitors. |
move the test leads from the analyzer to the bridgfere |

make its measurements so that any lead inductanfrddied

into the scaling factor.
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. . =
. VxB= o .
a wire: ﬂn(l * 51]. The curl of the magnetic flux

density is related to the current density and tenge in the
electric field.

These four concepts formed the basis of electradicsa or
modern-day electromagnetic (EM) theory, and arerrefl to
as Maxwell's Equations. Maxwell had unified thedhes of
electricity, magnetism, and optics and startedfitise ventures
into electromagnetic-based communication.

The late 19th and early 20th Centuries saw theéh hift the
electrical and electromagnetic era. Continuing fidaxwell's
work, Hertz, Tesla, and Marconi contributed to Hbddry and
early forms of practical instruments of communieati In
1887, Hertz showed that an EM wave could traveladises
with a basic spark-gap transmitter and spark-gegivers, and
later linked the velocity of those waves to theespef light. In
1891, Tesla demonstrated wireless power transmissio
demonstrated wireless telegraphy in 1893, and fiedthe
first U.S. patent for a radio in 1897. Likewise, 1801 and
1902 Marconi began demonstrating trans-Atlantic
communication with the first example reaching fremgland
to Newfoundland (nearly 3500km), using a kite-flommtenna.

Just as the theories behind EM communication pesgc:
quickly, radios have also developed at an astogndate.
Wireless telegraphs first appeared in the early0$9Gnd
developed into the AM radio broadcasts of the 19Z0d
broadcast radio picked up with commercial backingthe
1940s. Satellite communication was quickly adopétdr the
launch of Sputnik in 1957. With the launch of thelstar and
others in the early '60s, the use of satellites fetay
communication progressed quickly. Through the l&@eand
'70s, satellites took on larger loads of long-dis&
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communication until submarine cables rebounded thighuse

of fiber optics in the '80s. Modern satellites Ishiear a great
burden of media transmission, especially afteremergence

of direct broadcast satellite services for tel@rsand other
broadband media. Ground-based RF communication also
progressed from simple numeric pagers in the 1980s,
cellular phones, and eventually the establishménhe ISM
bands in 1985 led to our now ubiquitous use of \Willhese
names and technologies mentioned above should be ve
familiar—these are the giants upon which we staddy.

What Is RF?

RF signals are a form of electromagnetic wave, sschisible
light, which make up a portion of the electromagn¢EM)
spectrum. The EM spectrum encompasses all forniigloff,
which ranges from audible frequencies such as Higuitous
60Hz, through the standard radio bands which irelédv
Radio, FM Radio, TV channels, and other RF bands T
spectrum continues through infrared, visible, aitdatviolet
light, to higher forms of EM energy like X-rays, ®@a-rays,
and cosmic rays.

What we refer to as the Radio or RF spectrum isvéen the
low-frequency waves that we could hear if the EMegawere
turned into air pressure waves (20Hz to 20kHz) duedhigh-
frequency EM waves that produce infrared and \asiight
(Imm to 750nm for IR and 750nm to 390nm for visitde
about 400THz to 770THz)).

0 SPECTRUM. ==
Figure 1. Radio frequency spectrum[5]
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CIA-HF will not even report capacitance or inductarif the
phase angle is -90 or 90. You must use specialdads. The
other analyzers do not specify any special testslea

Pure Capacitive Reactance Test at 3.8 MHz (pf)

f MFJ-269 CIA-HF RF-1
143 148 157 147
215 220 232 220
430 449 472 438
860 921 972 918
1290 1396 1500 1432

All measurements were made at 3.8 MHz.

The CIA-HF ispicky about making capacitance and inductance
measurements. The impedance angle must be witbértain
range that appears to be approximately 70 degtelesd to
increase the resistance of the test leads in dodemake the
measurements at 143 and 215 pf.

Because of my limited supply of the 430 pf capasitand the
need to rearrange them in several series/parafabmations,
| had to use about 4 inches of wire to make thenections. |
have no doubt that this influenced the readingse atded
inductance should lower the capacitive reactanchictw
increases the pf value. Since the errors all apfebe on the
high side, this extra wire may be the issue.

In any case, the accuracy is within 10 percent, pexhaps
much better if the lead length influenced the regsli The lead
length issue was worse on the CIA-HF because it dug
have a ground lug near the UHF connector.

The Effect of Battery Voltage and Current
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may not know the difference between capacitive inddctive
reactance. It knows what to convert to (C or Ldshupon the
mode you have selected.

Measuring components is also different than general
antenna/transmission line impedance measuremeatsecthe
resistive component is zero, or very nearly zerb.that is
being measured is a pure reactance. This is thesiipgest to
what was performed in the previous section, wheuee p
resistances were measured. It is also the casetypial
reactance values may be several hundred Ohms pasegpto
antenna measurements (especially vertical antenmdsjre
resistance and reactance are usually each und@hs (near
resonance).

| again visited the junk box, and found several $3Gilver-

mica capacitors that were labeled as being 1% aoéa. |

connected these three parts into several seriesparallel

combinations in order to create a set of expectddes. It is
my belief and understanding that these analyzerasune
reactance, without directly knowing the type ofateace, and
then convert that into units of capacitance of atdoce
depending upon frequency and the readout (capaeitan

inductance) selected by the user. If the reactacceracy is
not a function of the reactance sign, then the raoguin

measuring inductors and capacitors will be the sdmeany

case, | do not have anyecision inductors, so | can't make
absolute measurements.

The CIA-HF manual suggests that you measure conmiene
using test leads that include a 50 Ohm seriestoesi$n fact,
they suggest that the accuracy of the componensumeent
will be greatest when the phase angle of the impeslds 45
degrees. In the absence of any resistance, the pimage will
be (nearly) -90 or +90 degrees, which is not 45ekeg The
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This RF spectrum (shown in Figure 1) is furtheridéd into
conventional bands, which are typically classified their
frequency range and broken across decades. Fompéxatine
300MHz to 3GHz range is called the UHF band (destiegh by
the International Telecommunication Union (ITU)n the
UHF, SHF, and EHF bands, organization such asEE& land
NATO tend to break the bands up into smaller caiego

Table 1. RF Spectrum Bands:

Name | __ELF SIF U viF [ 3
fHa) | 30— 310 - 30— E E 310" -
30 3a0° 3a0° 310" 3010° 3x10°
Am | 10-10 | 10-10° | 10°-10° | 10°-10° | 10'-10° | 10°-10°
Uses nA ACpower | NA(audible) | Navigation | Maritime | AM radio
Name HE VHE UHE SHF EHF Infrared
(i) | 30— 3107 - 340~ | 340 - 30 07— | 36107 - 4x10
300’ 30" 30’ 300"
Am) | 10°-10° | 10-10° | 10°-10" 107-10° 10°-10° | 10°-75:0
EEE HF VHF UHFTLTS [ STCIXIKaTK| Ka[VIW]
[ Ka mm
NATO AE FK K-M
Uses | Shortwave, | TV, FMradio | ISM, TV, Wi | Microwave Radar “Light”

In the United States, the Federal Communicationsi@ission
(FCC) is the governing body that manages the RIEtspa
allocation and permissible uses. The role of th€€ F®d its
foreign equivalents is necessary to provide cewtrgdinization
of this limited resource and to establish a framéwthat
allows for compatible operation of the many andedradio
frequency systems. Without these regulating bodiegyone
would be able to broadcast without regard to frequepower,
bandwidth, or duty cycle—overpowering competitiveda
noncompetitive uses alike. This could result in opolizing
the airwaves and would possibly interfere with esaéforms
of command, control, and communication. For more
information on how ISM radios are governed by FO@ a
ETSI regulations, refer to application note 17A&here to Go
for Regulations Concerning Short-Range Devices (SRBd
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application note 3587, “FCC and ETSI Requirememis f
Short-Range UHF ASK-Modulated Transmitters.”

RF Glossary
Amplitude and Power

V — Voltage: In RF systems, the voltage of a sigaaypically
referenced to a $Dload.

P — Power: In an RF system, power is typicallynesfieed to a
500 load.

i

P=vi=Z p=":
& orin a 5@ syster 50

dB — Decibels: This is a unitless ratio measurmi(ar to %)
typically used in RF systems when discussing poiee. ratio
“dBm” is more common in RF applications where tha"*
refers to using 1mW as the referenced point. Tliferdnce
between a 1W reference point (dBW) and 1mW referenc
point (dBm) is 30dB, that is: dBm = dBW + 30dB. Wihe
referring to voltage levels, dB is used to represeratio such
as an output amplitude to an input amplitude.

Vou
L(dB) = 10- logy, (%]

in

When used in RF applications, the dB is usuallpaer ratio
based on a voltage gain.
50 « Vpue Voue

=20 -logy,y (:—“‘)
m

G(dB) =10 -logy, (

e
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RF-1 Measured Impedance Values at 3.8 MHz (Variable R Termination)

60 7
N /"Mﬂﬁ E
20 3
- -
s 3
20 3
-40 2
60 B

10 15 20 25 30 35 40 45 50 55 60 65 70 75 B0 85 90 95 100 150 388
Load Resistance

——Cale. I
——RF1 I
SWR
Cale. SWR

RF-1 Response at 3.8 MHz with a Complex Input
Very good for a tiny little box.

Component Measurements

Another common use of these analyzers is to meathere
values of inductors and capacitors. Unlike the dgpiRLC
(resistance, inductance, capacitance) meter, whighsures at
a fixed frequency, such as 1 MHz, these analyzdtsnake
their measurements at the intended frequency aftipe. It is
usually the case that the analyzer measures notharg than
reactance, and then converts that into capacitaoce
inductance using the standard formulas. In faa, ahalyzer
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Very accurate tracking. Since the frequency is gdield at
3.8 MHz, the deviation at higher resistances is dio¢ to
frequency. The gap does appear to be real, siecealbes are
rather stable in this region.

CIA-HF Measured Impedance Values at 3.8 MHz (Variable R Termination)

1) 7

w ms

.

» \ 2

X\
|

1015 20 25 30 35 40 45 S0 55 G0 B5 70 75 B0 85 90 95 100 150368
Load Resistance —e—Calc. R

Ohms

—s—Calc. X
——CIAHF R
—e—CIAHF X
SWR
Calc. SWR
CIA-HF Response at 3.8 MHz with a Complex Input
Something a little strange happened around zerotaeee
again. Otherwise, very close tracking.
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Table 2. Power Levels in Different Units

w dBW dBm v
10-logo (P) | 10-logy (1000-P) | V5OP (w/500)
1.000 o 30 7.071
0032 s 15 1257
0.020 “16.990 +13.010 1.000
0010 20 +10 0707
0.003 25 5 0397
0.001 30 o 0224
316.20W 35 K] 0126
100pW 0 10 0071
01nW -100 70 70710V
0.1pW 130 00 2.236u
10w -140 110 0.707uv
W EED) 120 0,224
4142621 203.8 1738 0.455nv
(kT at 300K)

In addition to dBW and dBm, occasional use of oftbems of
decibels may appear. In all instances, these additiletters
indicate what the base unit of reference may be: id&arrier
referred, dBi is the gain over an isotropic anteraval dBd is
the gain over a dipole antenna.

Field Strength

V/m — Volts per meter: This is a typical measuredigor
electrical field strength. It is often more comntorsee values
with higher resolution units such as mv/m @v/m. These
measurements are subject to reference antennaajains TX
and RX portions of the system, the fields are mesbsat 3m
distance (FCC specified7), and are dependent upen t
operating frequency (refer to application note 38Radiated
Power and Field Strength from UHF ISM Transmittefst
more information).

FCC field strength: for the ISM bands, the FCC miedi a
maximum field strength based on a linear extrapmiafrom
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the defined band end points of 3.750mV/m at 260Mbiz
12.5mV/m at 470MHz7, Section 15.231. To calculdtes t
maximum value for frequencies between 260MHz and
470MHz, use the equation:

8.75 .
E =Ef —7.083
Where E is the field strength (in mV/m), and fhe tfrequency
of operation (in MHz). For any frequencies abové®MAz
and under 900MHz, the FCC caps the Field Strength a
12.5mV/m. In the 902MHz to 928MHz band, the fielceagth
limit is 500mV/m. For unit translation of E(mV/m)ot
E(dBuV/m) the equation ¥ =20 - 1091 (1000 - E)
EIRP — Effective isotropic radiated power: Thisaiserm that
merges the power generated by a transmitter with th
efficiency of an antenna into one ter(E/BP =Frir)
Typically these two items can be broken into the gotver
(PT) and the gain of a transmitting antenna, @&®).
However, the antenna gain can be highly dependent o
orientation, being a function o® (planar angle) andb
(elevation angle) as noted. To remove these depeiete the
antenna gain can be simplified to a gain relativart isotropic
radiator, which by definition is uniform for anyientation.

To translate from Field Strength to the EIRP, use ECC-
specified equation:

EIRP = 10 -log,; (300 E%)

Where EIRP is the effective isotropic radiated po¢#Bm)
and E is the field strength (V/m). This equatiosiases the
field is calculated at a distance of 3m from theiated power
source.
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150

40.22 [-49.562.9 [34 |51 [3 [42.8|-47.7[2.72[65 [3

368

19.16 |-64.7247.2 |18 [-64 [8 [|25.5[63.1/5.41169 |[7.6

As before, the sign of the reactance was taken ftben
computed data. For each analyzer | created a grapiparing
it to the computed values, for impedance and SWHR. Autek
graph, as before, is compared against aggregatedmmge,
since it does not resolve Z into R and X.
MFJ-269 Measured Impedance Values at3.8 MHz (Variable R Termination)
B0 7

k] \;><£\\ 5
+E

\\ H

: \ 3
-0 \ 2
50 : 1
1015 20 25 30 35 40 45 50 55 B0 65 70 75 80 85 90 9 10015038
Load Resistance

Ohms
o

——Cale. R
—=—Cale. X
——289R
——2E9X
SWR
Cale. SWR

MFJ-269 Response at 3.8 MHz with a Complex Input
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25 [34.21123.89[2 [34 |25 |1.9 [35.6[22.2 |1.86[42 |2

30 [38.8719.35(1.7 39 [20 (1.6 [39.5]18.4 (1.6 |43 [1.7
35 [42.74|14.55(1.4 (42 [15 (1.4 [43.1]13.2 [1.3845 [1.4
40 [45.8319.64 (1.2 (46 [10 (1.2 [46.3[7.4 [1.19}46 [1.3
45 [48.234.76 (1.1 (49 [3 [1 (48454 ([1.1148 [1.1
50 [50.00/0.00 [1.0 |50 [0 (1 [50.2[0 1.01[50 [1

55 [51.23}4.57 (1.1 [51 |4 [1 [51.8)0 1.05[52 [1

60 [52 |-8.91 1.2 |51 |9 |L.2 |52.5[6.4 |1.17[52 |1L.1
65 [52.38-13 |1.3 |51 [13 [1.3 |53 [11.3]|1.25(54 |[1.3
70 [52.45[-16.8111.4 |51 |15 |1.4 |53.1[15.4]|1.35/55 |[L.4
75 [52.27}-20.341.5 |50 [-21 |[1.5 |52.6[19.5]|1.46/57 |[1.5
80 [51.89-23.61f1.6 [50 [-24 (1.6 [52.6[22.9[1.55[57 [1.6
85 [51.35-26.631.7 (49 [-27 (1.7 [52.2}-25.3[1.64[58 [1.7
90 [50.69-29.411.8 (48 [-30 (1.8 [51.9-27.6(1.71[59 [1.8
95  [49.941-31.9¢1.9 (47 [32 (1.9 [51.2}-30.3(1.81|60 [1.9
100 [49.12-34.3 2 |47 |34 2 [50.4[32.9]|1.9 [60 [2
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Table 3. Field Strength
FCC Field

f(MHz) Strength
{mV/m)

d Strength EIRP
(dBuv/m) (dBm)

260 3.750 715 -23.7
300 5.417 747 -20.6
315 6.042 75.6 -19.6
330 6.667 76.5 -18.8
434 11.000 80.8 -14.4
435 11.042 80.9 -14.4
470 12.500 81.9 -13.3
[868] 12.500 819 =k
902 500 114 +18.8
915 500 114 +18.8
928 500 114 +18.8

Per FCC Part 15.231, average field strength limits Gr=0dB, and d =3m.

FCC Field Strength Levels

——Limited

——0pen

Field Strength (mv fm)

W

450 650 850
Frequency (MHz)
Per FCC Part 15.231, average field strength limits are restricted based on
low-rate periodic operation (limited) or higher-rate periodic and
“prohibited” uses (open).
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The CIA-HF and RF-1 did a good job of measuringepur
resistance, especially at values under 150 Ohmes MFJ-269
always showed nonzero reactance, except at 50 Ohm o
resistance. Practically, most antenna work doesreqtire
measuring resistance above 150 Ohms, unless open wi
feeders are used.

| checked some of the resistances at other fredegngp to 30
MHz. All of the analyzers were insensitive to freqay, and
produced values nearly identical to their value3.8tMHz.

| then used the Lowband software to compute thepéem
impedance at the input of the cable when the load set to
various resistances. | connected a small noningi¢timmer
pot directly to a coax connector, and set it to diféerent
resistance values with the aid of my DMM. For esetting, |
recorded the values displayed by each analyzere litethe
data table. All values are measured in units of hexcept
SWR, which is dimensionless.

IComplex Impedance Test at 3.8 MHz (Ohms)

Set é%‘f’nt;)au':g . IMFJ-269 CIA-HF RF-1

ﬁoad ﬁnpm ﬁnpm sw X [sWRR [x [swRz [swR

10 [15.67[34.1914.8 [15 [35 [4.9 [20.3[32.7 [3.63[30 [4.7

15 [2.63[315 32 o2 [32 [3.3 [25.6[20.9 [p.81jar [3.2

20 [8.75)28 |25 |28 [28 [2.4 [30.8[26.2 [2.24l41 [2.5
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capacitors. We can continue to use our same pieceas, but
vary the pure resistance at the load, creating rayeraof
complex impedance values at the input (analyzely.sThe
same software previously used can be reused to utenthe
expected impedance values. We won't have arbigangrol
over our complex impedance values, but we can astle
generate values that we have some confidence in.

In the upcoming tests I'm going to hold the frequyeconstant
at 3.8 MHz. For my current application, I'm modeiested in
measurements in the 160, 80, and 40 meter bargidii3z is
a representative value somewhat in the middle efrdnge
from 1.8 MHz to 7.3 MHz.

Perhaps the simplest test is to use the analyzeanaRF
resistance meter. In other words, directly connecpure
resistance to the meter and see what value istegpdysing a
standard DMM, | measured a set of resistors and tested
them with the analyzers. Here are the results.
Pure Resistance Test at 3.8 MHz (Ohms)

ce B¢ CIA-HF RF-1
17.2 Ohms 16,2 15.7,j 0 17
25.4 Ohms _ [24,)2 24.7,j 0 25
33.50hms _ [32,j4 133.6, j O 33
50.8 Ohms 149, j0 50.7, j O 51
99.8 Ohms |97, 13 98.8, j O 99

151.2 Ohms [147,j21 148.8, )0 148
385.2 Ohms 358, j 116 1380.0, j O 375
680.0 Ohms [586, j 281 648.5, ] 0 660
| happened to have 50 and 25 termination loadssé fze
completely enclosed termination resistors with ategrated
BNC connector. Their actual measured values aresio the
table. The 17.2 Ohms resistor is their parallel loimation,
using BNC "Tee" connectors.
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RF Field Strength

by Kenneth A. Kuhn

Jan, 6, 2008 (draft —more to come)
http://www.kennethkuhn.com/students/crystal_radfofiéld
strength.pdf

Introduction

The process of building a crystal radio begins witte
transmitter. Without the transmitter there wouldrizepoint 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 orievlave
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 &menna 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 imqmedal his
reactance is in the way of coupling power to théemma.
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Various tuning schemes can eliminate the net reeeta
Antenna designers are interested in maximizingsthength of
the electromagnetic field emitted from the antenfizey also
have to deal with other limitations such as maximaitowed

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. Vbkage 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 oneeowistance
cubed law. Thus, induction fields are useful omiyfery short
distances.
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RF-1 Measured Impedance Values {25.2 Ohm Termination)

9
NN 7,
NN 7|,
* // \w/ ’

o
£ 52
s 3
0 4
2 3

mr e —l2
50 |1
23466 789101112131416161718192021 2232425256276 B
Frequency (MHz) K

—+— Lowband Z (Ohms)

RF-1 Frequency Sweep Data
Since the RF-1 only reports impedance (Z), | tduk @riginal
Lowband data and converted R and X to Z, usingsthadard
formula (Z = SQRT (R+ X?)). This derived data is available
on the spreadsheet file which can be downloadédeagnd of
this page.

Impedance at a Constant Frequency

If we want to hold the analyzer at a constant fesy, but yet
test its SWR and impedance accuracy, we simply prestent
it with a range of impedance inputs. We could defyavire

up combinations of resistors and inductors/capesgitcreating
reference standards. This approach is complicatedhb

difficulty of obtaining accurate reference industoand
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CIA-HF

The following graph displays the recorded data whlea
frequency was swept from 2 through 29 MHz, and@h&-HF
was connected to the test coax with a 25.2 Ohrstiesiload.

CIA-HF Measured Impedance Values (26.2 Ohm Termination)

100 9

i 7\ 3.

NN 7
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AR Y
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o

-40 2

Ohms
5]
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2345678 91011121314151617 181920212223 24 252527 28 29

Frequency (MHz) —+— Lowband R {Ohms)

—s— Lowband X (Ohms)

—+—CIAHF R (Ohms)

—s—CIAHF X (Ohms)
SWR

CIA-HF Frequency Sweep Data
The CIA-HF results are remarkably similar to the MF69
results, although something a little strange setambappen
when the reactance is near zero.
RF-1
The following graph displays the recorded data whlkea
frequency was swept from 2 through 29 MHz, and Rifel
was connected to the test coax with a 25.2 Ohrstiesiload.
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In order to engineer a crystal radio we need towkribe

expected electromagnetic field strengths we intenceceive.

Those strengths must be above some minimum or Wéeer

nothing in our headphones. Data is readily avaglabat gives
us a reasonable expectation of the amplitude aéimwave 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 —mosttgatively
but sometimes positively.

50 kW AM Station Signal Strength

1000

Signalstrength in uVim

Distancs in Miles

Figure 1: Signal strength with distance adapterhfReference
Data for Radio Engineers, Howard W. Sams, Inchsixtition,
pages 30-3 to 30-5

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
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weather conditions so a significantly greater raisgpossible
at times. The typical atmospheric noise level folGkHz
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.

22

MFJ-269
The following graph displays the recorded data wiiea
frequency was swept from 2 through 29 MHz, and NtieJ-
269 was connected to the test coax with a 25.2 @fsistive
load.
MFJ-269 Measured Impedance Values (25.2 Ohm Termination)
100 9
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Frequency (MHz) —+— Lowband R (Ohms)

—a— Lowband X (Ohms)

—+—269 R (Ohms)

——269 X (Ohme)
SWR

MFJ-269 Frequency Sweep Data
This graph captures the impedance results, asaséle SWR.
This is true for all three analyzers. The SWR triacghown in
yellow, and its values are labeled on the righeally, the
SWR would be a nearly horizontal line, at the 2alue. The
MFJ-269 only displays whole number values.
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6 54 35 1.9 |55 34 1.91 |67 2.0
7 69 35 19 |70.5 [33.6 |1.92 |80 2.0
8 85 27 19 |87.7 246 195 |91 2.0
9 96 12 19 986 |0 1.96 |98 2.0
10 |92 -20 1.9 |95.7 |115 |1.95 |96 2.0
11 |77 -33 19 81.4 295 |1.94 |86 2.0
12 |60 -37 2.0 [646 |-344 [191 [74 2.0
13 |47 -34 2.0 [50.5 |-32.3 [1.88 [61 2.0
14 |38 -29 2.0 (409 |-26.7 [1.84 [50 2.0
15 |32 23 20 [341 |-20.1 [1.84 K41 2.0
16 |28 17 2.0 [298 121 [1.83 [32 2.0
17 |26 10 2.0 [27 2.3 |1.85 |7 2.0
18 |25 -5 2.0 [245 |0 1.86 |26 2.0
19 |25 2 2.0 [245 |0 1.87 |26 2.1
20 [25 7 2.0 [26.8 5.7 1.89 |28 2.1
21 [28 14 19 |29.1 144 192 33 2.1
22  [31 20 19 333 [21.7 193 W41 2.0
23 [37 26 1.9 140 28.8 |1.95 W9 2.0
24 |46 32 1.9 |50 344 1.96 |58 2.0
25  [58 35 19 642 [36.6 |1.97 |70 2.0
26 [74 32 1.9 |82.2 [30.8 |1.98 |83 2.0
27 [89 19 19 985 |0 1.97 |93 1.9
28 |96 0 1.9 100 0 1.94 |97 1.9
29 [90 21 19 955 |0 1.91 [94 1.9

| supplied the reactance sign in the 269 and ClAedimns,
since the devices do not indicate the sign. | okgithe sign
by looking at the computed expected values. Thelnteter
only reports the total impedance, not the valuethefseparate
components. The following three subsection grapimpare
each analyzer with the computed results from thevdand

software.
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Field Strength Calculations
Radio-Time Traveler

PART I: Ground Conductivity
http://radio-timetraveller.blogspot.com/2011/06tistrength-
calculations-ground.html

20 June, 2011

o frv

Ground (also called soil) conductivity plays a hugle in how
far the mediumwave signal travels during the dagtibresser
known to many, station frequency is also a faciod maybe
more of one than you would think. Though one caguar
successfully that frequency is not a factor in fiwenula for

calculating received signal strength, it indeedobees relevant
as you will see. In this series, let's explore gboonductivity
and station frequency and see how they relatedw 'far you

can hear" on the mediumwave band during the daytive

will end with a method to calculate approximatddfistrength
for stations of interest.

Many years ago, ground conductivity measurementse we
compiled into a map titled "Estimated Effective Gnd
Conductivity in the United States" (Figure M3) HyetFCC.
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This map is used for the allocations planning flacement of
MW stations in the United States. The map preseptisnistic

ground conductivities and is used when measuredumivity

is not available. This information has been usedl @tepted
since it was compiled in 1954.

Comparison of Conductivity and Surface Material Composition

Surface Material Composition onductivity
ea Water 000 mS/m
Pastoral Land, Rich Soils, River Bottoms, Low Hills 0 mS/m — 10 mSfm
‘astoral Land, Densely Wooded mS/m —2 mS/m
astoral Land, Medium Hills, Medium Forestation, Clay Soil mS/ m— 1 mS/m
iocky Soil, Steep Hills, Sandy Sof mS/m —0.1 ms/m
[City Industrial Areas — Average Aftenuation mS/m
[City Industrial Areas — Maximum Aftenuation Tms/m

Soil conductance is measured in siemens per metembst
generally shown in millisiemens per meter. Thishe mS/m
designation you see in the accompanying chart. Siémmens
(symbolized S) is the Standard International (Shjt wf

electrical conductance. The old term for this usithe mho
(ohm spelled backwards). Conductance (mho) is ofssthe
opposite of resistance (ohm). As you can see,ssaltwater
provides the best conductance by far (5000 mS/img. Aigher
the value the better. Average soil runs 6-8 mS/ind fjour

location on the map and see what your local coratheet value
is. Notice also that a distant station's receiveh panay

transition across more than one zone.
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Indeed, for all pairs of values in the table, you @p with the
same SWR. Here are those equations.

(R, —RJ + X,

= EQ1
|.U‘ (Ra+Rﬂ)1+Xj Q.
swr=Lt1A) EQ2
L-lel
(swr -1)
=Wwre Yy EQ3
I (SWR +1) =
Equations Relating Load Impedance
SWR

The third equation relates SWR back to the refiecti
coefficient ). For an SWR of 2, the reflection coefficient is
0.333333... If you grind through EQ.1 with the \edifrom the
previous table, you will always end up with an aeswery
close to 0.333333... By the way,, Rnd X, are the load
resistance and reactance, iRthe line impedance (50 Ohms).
This equation only holds for low loss lines at lirequencies.

Getting back on track, here is the impedance andR Siata
recorded from the three analyzers.

Measured Impedance Values as a Function of Freguenc

MF3-269 CIAHF RFL
Freq. R IX R IX 74
(MH2)[(0hms) [ohms) PR [ohms) [onms)PYR  [onms>VH
> 7 |13 283 |11 [1.8s PBL_ |21

30 19 20 [31.7 (174 [1.88 [37 2.1

3
14 35 25 1.9 |36.6 [23.6 |1.87 W5 2.0
5 43 31 1.9 438 [29.8 |1.89 |55 2.0




Computed Expected Impedance Values (256.2 Ohm Termination)
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—s—TLAX (Ohmg)

Ohms

Lowband and TLA Computed Input Impedance
As the table and graph shows, the two differenthods of
calculating impedance diverge, especially at theeexes, but,
in general they closely agree. For the purposéstofe graphs
related to the 2.0 SWR example, | will only compagainst
the Lowband data.

Here's a little diversion. You might ask yourséiéw can all
of these different pairs of R and X values always result in an
SAR of 2.0? | certainly was interested in that question. The
answer can be found on pages 24-6 through 248e0ARRL
Antenna Book, 18th Edition. Two formulae are needEue
first (EQ.1) takes the load resistance and reaetarmnd
transmission line resistance, and computesnthgnitude of
the reflection coefficient. The second formula (EQ.2) converts
the magnitude of the reflection coefficient intoe tiIBWR.
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KILOMETERS FROM ANTENNA

GRAPE

FCC Ground Wave Field Strength Versus Distance l&rap
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ftp site for finding all field strength vs distangeaphs from the

fec:

ftp://ftp.fcc.gov/pub/Bureaus/MB/Databases/AM_grdwave
graphs/

Equally important, the FCC also produces a serfesharts
known as the "Ground Wave Field Strength VersusabDce"
graphs. These 20 graphs in .PDF form are grouped
mediumwave channels in the 540-1700 KHz range,adiosv
prediction of received signal strength by crosemicing the
distance to the receiving location with the groeodductivity
factor between you and the station. These chansrcsoil
conductivity ranges of 0.1 mS/m to 5000 mS/m. Taey still
in use today. The only working link I have for thésn

Be sure to get the .PDF versions.

How well a mediumwave transmitter “gets out" is watly

by

dependent on its power, frequency, and the ground

conductivity between it and you, but also on theugd
condition at its location. The following is a qudif@m the
Standards of Good Engineering Practice Concerntagdard
Broadcast Stations (550-1600 kc.), 1939, and Isrsievant
today:

"The ideal location of a broadcast transmittemisailow area
of marshy or ‘crawfishy' soil or area, which is garnhe

maximum percentage of time and from which a cleawv
over the entire center of population may be hddhe. type and
condition of the soil or earth immediately arounsita is very
important. Important, to an equal extent, is thé sp earth

between the site and the principal area to be deSandy soil
is considered the worst type, with glacial depoaitd mineral-
ore areas next. Alluvial, marshy areas and salemlatgs have
been found to have the least absorption of theasign
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20 26.99  16.62 L [26.66 [6.88 1.93

21 28.83 [12.66 1.9 [28.57 [13.03  [1.93

22 32.02  [18.72 1.9 [31.88 [19.22  ]1.93

23 37.07 _[24.64 1.9 37.06 [25.30  |1.93

24 4450 2991 1.9 44.77 130.76  |1.92

25 55.03 [33.35 1.9 55.78 [34.34  ]1.92

26 68.73 [32.59 1.9 70.24 [33.47 [1.92

27 83.40 [24.30 1.9 85.75 [24.42  ]1.92

28 92.87  [7.21 L 95.38 [5.85 1.92

29 90.87 |-113.01 ]1.9 92.31 |115.64 ]1.92

The Lowband software only reports SWR to tenthe SWR
does slightly drop under 2.0, but the drop is rntexhothing,
since the line is short, and it is a low-loss cable expected,
the resistance cycles close to 25 and 100 Ohms, tlad
reactance varies between +36 (approximately) afdoms,
switching signs when the resistance value revedgestion.
Since | sampled at the arbitrary unit of 1 MHz, guotual value
extremes are not exactly captured.

| took the resistance and reactance points anchgdathem in
Excel. Here is that graph.
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two programs did not agree exactly, down to the dagit. |

suspect that these programs could be made to pradentical
results if you understood how to answer the differgets of
setup questions with an eye towards how those iqnesirove
the underlying computations, which should be idefior at
least very close.

The expected impedance values, and SWR, are showrei
following table, as a function of frequency.

Computed Expected Impedance Values as a Functi

Frequency
Lowband Software [TLA Software
Freq. R R
(MH2) |Ohms) IX (OhmsJSWR (Oth)X(Ohms ISWR

2 27.61 [12.42 27.0 |12.42  ]1.97

30.69 [18.71 |2.0 31.08 [18.71  |1.97

35.56  [24.95 2.0 36.07 [24.95  ]1.96

42.87 130.72 _ [2.0 43.54 [30.69  |1.96

67.69 [35.17 1.9 66.83 [34.80 [1.95

83.79 [27.65 1.9 85.09 [26.76  ]1.95

3
n
5
6 53.44 13493 [1.9 54.32 [34.80 1.96
7
8
9

95.31 [10.89 1.9 96.35 [8.47 1.95

10 94.43 |12.14 [1.9 94.68 |-14.13 ]1.95

11 81.95 |-28.45 (1.9 81.41 |-30.19 |1.95

12 66.02  |-34.77 1.9 65.12 [-35.18 [1.94

13 52.40 |-33.93 [1.9 51.45 |-34.67 |1.94

14 [42.42 |-29.55 1.9 41.54 |-29.98 ]1.94

15 35.55 |-23.81 |1.9 34.79 |-24.03  ]1.94

16 30.64 |-117.01 ]1.9 30.36 |-17.75 ]1.94

17 28.19 11151 ]1.9 27.63 |-11.49 ]1.93

18 26.69 |-5.42 g 26.21 |-5.32 1.93

19 26.31  |0.60 L 25.91 |0.78 1.93

All well and good. Our transmitter is well-locateghitting a
good signal traveling over perhaps many kilomedeniles to
our receiving location. We either hear it or we ‘ddepending
on the natural attenuation decay between us and
transmitter. But just how do we predict the outc@riow do
we (abstractly) measure a mediumwave signal'sgtineat the
receiving end? We will use these tools and othefid out.

PART II: Measurements
http://radio-timetraveller.blogspot.com/2011/0684istrength-
calculations.html

23 June, 2011

Continuing on with ground conductivity, the highéne
conductivity the farther away the station's sigmeéll be
copyable. Study the accompanying graph showingahge of
a 600 KHz signal at the 50KW power level at varigusund
conductivities. 50 kilowatts over good ground cartéity of
15 mS/m will produce a very copyable signal at statice of
375 kilometers (233 miles). At an average to pomugd
conductivity of 4 mS/m, coverage is reduced to ur2@0
kilometers. Excellent ground conductivity of 30 mStakes
the same signal out to more than 500 kilometergbutely
over-seawater path (5000 mS/m) should result iairasfgnal
out to about 750 kilometers or some 465 miles.

Also study the graph of the transmitter with onkM output
at 600 KHz. It gets out quite well considering dstput is a
mere one-fiftieth of its bigger brother! Its rangeperhaps a
third of the 50KW transmitter.
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Take another look at the M3 map from the previcars im this
series. The country is filled with pockets of difat ground
conductivities, some large in area, some small. Tiid-
section of the country has some of the best. Aelgmgrtion of
eastern Colorado and western Kansas are in the 3fnm
range. Most of Kansas proper is an incredible 30'rmS
Signals propagating eastward out of Colorado travébng
way. Northern Texas and Oklahoma also have greaingr
conductivity.

Frequency of operation makes an important diffeeenchow
far a signal travels. Propagation distance at the énd of the
mediumwave band is less than half the distancéaifat the
low end for the same received signal strength. ullysiof the
two accompanying graphs comparing the distancerageeof
600 KHz, 1100 KHz, and 1600 KHz signals clearlywlbis.

DISTANCE COVERAGE BY FREQUENCY
1 KW Output

o0 Kz

L1100 Rz

1600 Kiiz

1000 zo0ka 300Km 400mm
W 2.5 wm (lecal)

B 0.5 w/m (discanc)

M 015 wi/m (fringe)
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parameters. | also terminated the line with a 5anQded and
verified that the SWR was 1.0 across the entiraatige. Any
errors within the transmission line itself will tw off all of
the results.

For the purposes of this page, | am going to assiatemy
cable is 180 electrical degrees at 18.90 MHz. Vhlge splits
the difference between the three meters. If | rteekhow the
electrical length at some other frequency, | withsly scale
this ratio. At 3.8 MHz, for example, the electritahgth is:

Length(degrees) = (180 degrees / 18.90 MHz) * 318zM:
36.19 degrees

The lengths will be used to determine the cableetiapce
transformation at various frequencies.

| connected the terminated cable to each analymet,swept
the frequency from 2 to 29 MHz, in steps of 1 MHeecorded
all of the information that each meter providedagilg the
data into a Microsoft Excel spreadsheet. | usedexternal
power supply or new battery with each analyzer.

But first, | used the ON4UN Lowband softwatepgband) to
compute the expected impedance and SWR at the affthe
cable. | used thiossy cable model (coaxl1.exe), which requires
the specification of cable loss per 100 feet at fiequencies.
For this cable, | specified 0.2 dB at 1 MHz, andl 6B at 10
MHz. That data came from a web site that sells paaticular
cable. | further used the TLA program obtained fromy
ARRL Antenna Book back cover to compute the same
information. Each program takes a different appino@chow
loss is entered. | did my best to supply the caness data to
TLA, but this is based upon looking at typical lessves, and
selecting values. As you might imagine, the resaftshese
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and again where the SWR stepped up from 1.0 tol uged
the center frequency of the region where the SWR %A.
This region was several hundred kilohertz wide.e Vhalues |
obtained were:

Half Wavelengt
Frequency of Test Cable
Frequency
(MHz)
MFJ-269 [18.750
RF-1 19.045
ICIA-HF ]19.150
Because of the lack of agreement, | decided tot sherload
end of the cable and divide the frequency in twaider to
treat the line as a 90 degree section. | obtaiheddllowing
values.

IAnalyzer

Quarter Waveleng|
Frequency of Test Cable
Frequency
(MHz) X 2
MFJ-269 |18.726

RF-1 19.055
ICIA-HF _ [19.550

It is also possible to compute the half wavelenghlysical
length of the cable using published data. The cablecity
factor was listed as 0.66. The formula is:

IAnalyzer

f(MHz) =(491.8/17.1 feet) X 0.66 VF = 18.98 MHz

The measured frequency where this cable is a healelength
was approximately 18.90 MHz. The frequency deteechiby
computation was 18.98 MHz, a frequency error aftgly less
than 1/2 percent. The published velocity factorselp agreed
with the measured factor. | measured another aaltlea 10
percent velocity factor error. To be on the safiesi would
reject lines that showed large deviations from jshield
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DISTANCE COVERAGE BY FREQUENCY
50 KW output

600 KHz

1100 Kz

1600 511z

100Kn 00k 300Kn 400Km
W 2.5 W/ (local)

B 0.5 aV/n (disvans)

B 015 av/m (cringe)

The common unit used in measuring received fielenstth is
volts per meter, or usually, millivolts per metenV//m". This
is also the FCC requirement. An odd term, milligolt
(thousandths of a volt) per meter. We all know wiadtage is,
but per meter of what, exactly?

Volts per meter expresses the voltage that woulthdieced in
a one meter long wire placed parallel to the liok8ux of the
received signal (remember the electrical flux froe
mediumwave tower is vertical, the magnetic horiadntThis
induced voltage results from the movement of the #icross
the wire.

It is important to note
that the E (electrical)
component of an
electromagnetic field is
Vertcal “oerzaton measured in a single
[ ——y dimension. Why? The
[ ——— intensity-versus-
distance relation is a
straight inverse rule,
not the inverse square
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law commonly used for calculating received powensity. In
the perfect environment of space, if you double distance
the signal has to travel, the received voltagesits/meter or
fraction thereof) is halved. Ten times farther awegults in
1/10 of the voltage. This is known as field stréngPower
density, a different method of measuring receivégha
strength, follows the inverse square law. Thaths,density is
related to the inverse of the square of the digtanc

In broadcast parlance, millivolts per meter is ofteferred to
in a different context, that being "dBu", or morecarately,
dBuV/m. This is decibels above or below 1 milliowtha volt
per meter. It is a convenient way to represend fgtength, as
the decibel is simply a ratio of values. Be suré tooconfuse
this dBu (lowercase "u") with the Greek "mu" ("|6%) the new
model DSP ultralight radios. They are differente3é radios
actually measure dBuV - voltage across antennairtafsnat a
certain impedance, not volts per meter.

The FCC offers a conversion calculator to conventnfdBu to
mV/m and back.

Or, you can figure it yourself by using the follawgiformula:
dBu = 20 * Log(mV/m * 1000)

To reverse the computation, converting dBu baak'tm:
mV/m = (10 ~ (dBu / 20)) / 1000

But let's put received millivolts per meter intoaptical

application, something a little more understandatdkgfield &

Dawson, Consulting Electrical Engineers out of Si@atWA
have a wealth of interesting mediumwave engineering
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1/2 Wavelength Coax Test

Open

soonmd—

]
O

SWR
Meter

Determining Coax Length via the 1/2 Wavelength Meth

At some frequency, this length of coax will be dectical

half wavelength. At that frequency, the open ciratithe far
end of the cable will be exactly transferred to theut end.
This means that the SWR meter measures nothingoexice
50 Ohm resistive load, which has an SWR of 1.0.tHe
frequency is raised or lowered, the open half wength will

present an impedance in parallel with the 50 Oted l@nd no
matter what value that impedance is, it will resolea change
in the SWR. After creating this set up, all you &ae do is to
sweep the frequency of the meter and look for W&RSlip to

1.0. The only caution is to make sure that youydency is not
so high that you are actually measuring a multgflea half
wavelength.

If you wish to consider the cable to be 1/4 wavelenthen
you must short circuit the far end. A 90 degreeleabverses
the sense of opens and shorts on its two endsa Shorted
load appears as an open input, which is the sanbea$/2
wavelength case.

Of course | obtained three different readings fritva three
different meters. The CIA-HF meter actually repaatsingle
lowest SWR frequency. On the other two meters,cbmed
the frequency where the SWR stepped from 1.1 dowha@,
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A quick comment on coaxial cable loss. Cable lassschave
the effect of reducing the SWR as the loss incieaasither due
to a longer cable, or higher frequency. We shothidrefore,
not demand that the SWR stay at 2.0, especiallythas
frequency rises. The correct SWR value will be ks 2.0.
In my tests | will use calculated models of losajple in order
to understand with the highest accuracy what oyreeted
results should be.

| decided to duplicate the Caron experiment withmsters. |
went to the old coax cabinet, and the first simiamgth |
pulled out was 17.1 feet of RG-213 cable. | hapgdenehave a
commercial 25 Ohm termination load that measure@5a2
Ohms with my 3 1/2 digit digital multimeter (DMM).

Before | started the first SWR measurements, | agrto

determine the electrical length of my sample cotsamne

frequency. Given that information, a new frequertty load

resistance, and cable attenuation, one can conthetactual
impedance which should be observed at the inptheotable.
If we are willing to believe those results, then eea generate
a set of expected values that the analyzers shepdtt.

The published techniques for determining cable tlerare
usually based upon treating the cable as eitheuater
wavelength or half wavelength section at some feegy.
Once you have either 90 or 180 degrees at someeney,
you can scale the electrical length to the desfrequency.
The following test setup is used.
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documents for perusal, floating about the web. Toisument
seems to describe it best in terms the layman ndarstand.

From an engineering report by Hatfield & DawsonQ20

"MW radio signal strengths are measured in volts peter
(V/m). The FCC requires that MW radio stations pdeva
predicted 5 mV/m daytime signal and a 5 mVv/m nigfet
signal or a Nighttime Interference Free (NIF) signa
whichever is greater, over the city of license."

”MW radlo receivers vary greatly in sensitivity antich has
been written lately about the poor
performance of MW receivers built
today. The general practice for
i broadcaster use for coverage is 2
o mV/m for coverage in vehicles, 5
o mV/m to 25 mV/m for in home and
M 25 mV/m in downtown office
buildings. On a Walkman-type
portable radio, you may need as
much as 5 millivolts (5 mV/m) of
signal to have static-free reception.

° The reason for these recommended
signal levels is to overcome the effects of intenfiee. Sources
of interference include fluorescent lights, compsiteTVs,
office equipment, overhead power lines, and otlpgliances
operating near a radio that can overload the recein a city
core, stations generally need more signal thankbisuse of
heavy attenuation inside large steel structures lifice
buildings. In your home, depending on the locatigmpe of
radio, and the utilization of any external antennasu can
have good reception with signals between 1 mV/m a&d
mv/m."

MILLIVOLTS/METER
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radio-locator.com produces widely used antennapaflots,
available to interested parties over the web. Thiegect the
expected signal coverage of the mediumwave stataaio-
locator divides the signal coverage area into thuestinct
ranges.

1. Local (red line), the area in which the fieldesgth is 2.5
mV/m or greater, where "....you should be ableeteive the
radio station on almost any radio with moderateipdjto very
good reception"”.

2. Distant (purple line), the area between 0.5 2&dmV/m,
where "....the signal of the radio station may keEakvunless
you have a good car radio or a good stereo withoadg
antenna. You may not be able to receive the staticall on
Walkmans or other portable radios".

3. Fringe (blue line), the area between 0.15 armdn@Vv/m,
where "....the station's signal will be very wedlkou may be
able to receive this station if you have a veryayoadio with a
good antenna, but it's possible that interferemoenfother
stations may prevent you from picking up thesestatat all.”
This seems to agree with Hatfield and Dawson'srtepo
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Although the analyzers have evolved from that point
measuring SWR is still one of their most importamtctions.

As | was going through all of my paper and on-fiesources,
trying to figure out how to make accurate impedance
measurements, | came across an article in ARRL nkate
Compendium #3, by Wilfred Caron, entitledhe Hybrid
Junction Admittance Bridge. In this article, he uses an
evaluation and calibration strategy which is basgdn a
section of coax cable, and a fixed resistor. Heneoted a 25
Ohm resistor to the end of a 16 foot length of R&ebax.
What do we know about that circuit? Ignoring traission
line loss for a moment, we know that the SWR mesbat the
input of the cable should always be 2.0, at angueacy. In
addition, the impedance measured at the cable implit
change as a function of frequency, displaying betistive
and reactive values. The resistance will vary betw25 and
100 Ohms, and the reactance will swing both pasitiv
(inductive) and negative (capacitive) around zehon®. When
the impedance is exactly the load impedance, 2B -©hms,
the line will be an electrical half wavelength, roultiple of it,
at the target frequency. All of the impedance valwél repeat
every half wavelengthPeter Dodd, G3LDQhas used this
same approach to evaluate his Autek VA-1 analyaed, his
HP4085A vector impedance meter. Those results rasepted
onone of his web pages

So, for the price of a resistor and a short lemjtboax cable,
we can present a range of impedance values to aR SW
measuring device that should always read 2.0, at an
frequency. In fact as we sweep frequency, the impeel
values will change, but always representing a 20RSThis is
conceptually similar to drawing the 2.0 SWR cirolea Smith
Chart, and moving around on the circle.
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While all of these analyzers can be used as RFakign
generators, the CIA-HF is, by far, the most stalflehe three.

In order to use it as a signal generator, you reessthewidth

to 0, so that the unit emits a constant signal.e@ifse, it
generates RF periodically, as it takes frequenaepweadings
and updates the screen. The only issue is thatrthkyzer then
emits a tone which is in proportion to the SWR.sTtan be a
little annoying, but it is not that loud. The qualof the CIA-
HF waveform is also dependent upon battery voltagd
current. If you do not provide it with sufficientower, the

output waveform begins to resemble a square wase, a

opposed to a sine wave.
Autek RF-1

The Autek RF-1is often noted for its very small size. It's easy
to carry around, for example, to the top of an amaetower.
This unit is several years old. Unlike the MFJ &t units,
which measure both resistance (R) and reactancal{&RF-1
only measures total impedance (Z). Autek sells pdated
model, the VA-1, which does report resistance aattance.
Both units are the least expensive of the altereati

My software version number is 9.7.
SWR Measurements

The initial use of the portable antenna analyzes twameasure
SWR. SWR meters have been around for a long tinnethey

tended to be meters which we used in the radioksleacited

with transmitter power, often times hundreds oftaatThey

were not suited for making adjustments out at thteraa.

Early antenna analyzers were nothing more tharwaptower

variable oscillator, frequency counter, SWR setsaige, and
a detector meter, all placed in a battery-operpéattage.
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r WHEB-AM

Another important factor in our quest to predicteiged signal
strength is transmitter antenna efficiency. Sizesdmatter.
The better the antenna, the better the station gets
Returning again to Hatfield and Dawson, now disitgss
mediumwave antennas:

"MW antenna heights are referenced to a waveleftigihionly
includes the radiating portion of the tower). In MW
broadcasting, 5/8 wavelength (or 225°) antennas ravee
efficient than ¥ wave antennas. A % wavelength 90f)
antenna is near the lower end of acceptable antbeaigdhts.
Antenna heights much below ¥ wavelength are uratglsiras
efficiencies decrease dramatically below this heigh225°
antenna provides the maximum coverage and is garatical
maximum. The efficiency decreases for antennasrtafian
225°, which results in reduced coverage. In summtatier
towers are more efficient and shorter towers deereaverage
and are more difficult to work with."
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So back to our quest of received signal strengédiption.
Few documents are available which demonstrate how t
predict ‘“real-world" surface propagation distances
mediumwave frequencies. Many analysts use varmlentilas
for calculating free space path loss using the rswesquare
law, computing the path loss (in dB) from transeritto
receiver. The path loss, in turn, is used to detenthe
received field strength value.

Unfortunately, free space path loss assumes a gperfe
environment, like you would find out in space orepwa
perfectly conducting earth. Be wary of cute liffileld strength
calculators on the web, their resultant field sgtarfigures are
almost an order of magnitude higher than what ése real
life. Formulas exist which will predict field strgth at
mediumwave frequencies, but the math is well beytrel
average person's ability.

A simpler method exists to ballpark the figure wamv We
need but one more piece of information to comptietepuzzle.
That is the millivolt per meter level at one kiloreefrom the
station transmitter, emanating in your directiorsirg that
with the FCC's Ground Wave Field Strength Versustddice
graphs and the M3 conductivity map we can estinthee
received signal level in mV/m to fairly good acayat our
location for any station.

The next part of this article will show you howdo that. But
let me leave you with this before we go. What infation can
we derive from the FCC graphs and other statiora dat
maximize our daytime DX distance?

1. The lower frequencies propagate better perafrdistance.
Stations near the low end of the broadcast bangagate
nearly three times farther than ones at the higbedt for the
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Shortly after | purchased my CIA-HF, | learned tifs phase
angle was considered to bereliable under 8 degrees (-8 to
+8 degrees) [on more recent units, this unreliabtgon has
been reduced to 4 degrees). For that reason, lttetiink of
the analyzer as not reporting the sign of the eemet, but if
you are willing to use the Data Screen, and befadlaneder 8
degrees, the unit does report indeed the sign.

Here is a screen shot showing the resistance,amagt and
SWR of a dipole antenna fed with a tuner, and aejlisor
resonance at 14.200 MHz. The data was transferved @
serial line from the CIA-HF to the computer, andpdyed
with my viewing software
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MFJ does make available a calibration proceduré¢hfer2598
(I have never asked about the 269). Tom, W8JI, dlas
placed ecalibration proceduren his web site.

AEA CIA-HF

| have one of the earlgIA-HF units, serial number 0341. This
unit has an LCD screen which can produce actugihgraf
measured data, such as SWR, impedance, resistande,
reactance. In addition, the unit has an RS-23alsitierface,
which can be used to interface the analyzer witomputer.
Several software packages exist. | use one thabtewnyself.
Unlike the other analyzers, the CIA-HF takes a mwonds to
update the screen. This makes it less useful fer wiile
tweaking a control, since it takes a few seconds to see the
updated data (there is a special SWR mode thattepda
quickly, and produces an audio tone in proportionttie
SWR). The CIA-HF had several hardware updates wiviete
added in its first year of production. My unit patels all of
those upgrades.

My software version number is 1.4.

On this web page, | claim in several places these¢ranalyzers
do not report the sign of the reactance. Thatrigitgy true for
the MFJ-269 and the RF-1. The CIA-HF is a more demp
story. When you are on what is called thata Screen, the
sign of the reactance is indicated by the sigrhefimpedance
angle, ranging from -90 to +90 degrees. A negatiaiie
indicates capacitive reactance, and a positiveevaidicates
inductive reactance. As best as | can tell, thighis only
indication of the reactance sign. In all other ddisplays, the
reactance or phase angle is always shown as agnaasi
number. On the Data Screen, the angle has an ixplar -
sign.
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same power output and same ground conductivity. |§$eon:
listen to the lower end of the MW band if you wantreme
distance in reception.

2. Look for over-water paths. A local example: Grdu
conductivity around here in the Rochester, NY asezbout 8
or a little less, tending towards the 6 mS/m figudging from
reception experience. Without passive loop assistanormal
daytime reception limits seem to max out at abdd files.
That is, except for two stations: WJIR-760, Detrdil, and
CKLW-800, Windsor, Ontario, Canada, near Detroihe3e
two are out at about 250 miles or about 400 kil@retWhy
are they receivable? Most of their signal pathcsss water
over the east-west length of Lake Erie into Rodest
Reception is routine on most simple radios with inedor
better sensitivity.

3. Study station antenna patterns. The FCC welissifeeat for
this. Virtually all stations with multiple towerse directional
patterns and the FCC makes the pattern plot al@ilabPDF
form. Study the plot and pay particular attentian your
azimuth away from the station. Pick stations thahpa lot of
signal in your direction. They are the best prospeexample:
WXXI-1370 pattern

4. The radio-locator "fringe" 0.15 mV/m boundaryeseon
their plots is just that - fringe. Many station aopyable at
this boundary and beyond on a sensitive radio. tChwsitate
to try for them. Example: Denver stations KHOW-6@0ly
5KW), KKZN-760 (50KW), and KOA-850 (50KW) all have
excellent strength east to well past Hays, Kan388+ miles,
or 483+ km) despite the fringe zone ending mileskkiawards
the Kansas/Colorado state line.
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The jury seems to be out on how far ground conditigiplays

a role in daytime propagation. Some documents teféne 55
kilometer figure, others to 150 kilometers. My lieft is well

beyond the 150 km figure as | have routinely hesations at
the 800 kilometer range during high daylight hoatrsll times
of the year.

PART IlI: Calculating

Radio-Time Traveler
http://radio-timetraveller.blogspot.com/2011/068tistrength-
measurements-calculating.html

25 June, 2011

As stated in the previous post, one more piecenfofrination
is required to complete the puzzle of calculatiegeived field
strength. That is the millivolt per meter level Jatkilometer
from the station transmitter, eminating in your edtion.
Notice | said "eminating in your direction". It isot good
enough to simply calculate the mV/m level at 1 rkigter for
the station's overall power output. Two things mib&t
accounted for that change that result and wouldenocak field
strength calculation inaccurate. They are:

1. Antenna efficiency. A mediumwave tower or arraf/
towers will be more or less efficient depending their
radiation length(s). The FCC provides us with aifggcalled
RMS Theoretical for every station's antenna arrégther it
be one tower or several, measured in mV/m. Refteirtehis
figure is the efficiency.

2. Pattern gain. Multiple tower arrays inherenthavé
broadcast patterns. Meaning, of course, they aibrdgadcast a
majority of their signal in a certain direction tover their
market audience and/or avoid co-channel interferewith
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Meet the Players
Here are the three antenna analyzers that | owmediested at
the time of the creation of this web page. Pleds& on the

picture for a larger view.
Antenna Analyzers: MFJ-269, RF-1, CIA-HF

TheMFJ-269looks like the very popular MFJ-259B. There are
some differences. It has a button label#dF which enables
the device to operate up through the 440 MHz b&od. my
purposes, the primary difference is that the 2685 ws 12-bit
A/D (Analog to Digital) converter, which is claimetb
produce more accurate results. It is my guess thher
analyzers use 8-bit A/D converters, since they kss
expensive, and often available directly on the opeocessor
IC. The 269 is somewhat more expensive than th8259

My software version number is 1.24.
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results, they must be used in conjunction with gnai
generator and a detector/receiver. Depending uplaat wou
are trying to measure, several computations mupebermed
to arrive at the result. It can sometimes takeutes to make a
single measurement with an impedance bridge sefip.
delay is due to having tmalance the bridge, which is a process
of adjusting two controls until a very sharp nul found.
Another alternative, perhaps the best, is a lablityua
impedance analyzer. HP has made a number of models
the years that seem to cost well in excess of $00,That
takes them way out of my hobby budget. So, forrttmney,
these analyzer boxes are a great value, even iniitations
and errors. Overall, their accuracy appears touite good.

It's also true that | tested exactly one of eacthee meters -
the one that | own. Each is several years old,veimite | don't
believe that | have ever dropped or abused theay Have
been well used. | assume that there is one or wabiferation

adjustments for each analyzer, and | have no idea if my units

are well-calibrated, or out of calibration.

| don't know how representative my units are ohemodel, or
if there have been design improvements over thesytdst
would change the results.

Finally, the battery quality and lead length witifluence
results. You can obtain better results if you ussH batteries
(or an external power supply) and short leads. At H
frequencies, even a few inches of wire can actnamauctor
with several Ohms of reactance. | can't stress ehisugh.
Short leads, better yet, no leads.
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another station. Where you are in relation to thaitern is
important. If you are in the major lobe of a 50KVdt®n, it
may be pumping upwards of 100KW towards you, orendfr
you are in a sharp pattern null, it may only be nhieg
hundreds of watts towards you. The amount of noiltsr per
meter "facing you" is the important figure. The F@@vides
that as well, in their pattern plots.

There is only one case where we will need to dimnale extra
calculation to arrive at the full millivolt per mest level for a
station. That is for stations with a single towerlyo | will
explain why in just a minute.

So let's put together what we need. First, pickatios within
reasonable distance you think you'd like to log.teNdits
frequency. Next, gather the following four things:

1. The ground conductivity in mS/m between you anel
station. Use the M3 conductivity map. If the statipath
crosses a couple of zones, estimate the averagendyro
conductivity for the entire path. The resultanufig should fall
between 0.1 mS/m and 30 mS/m, or possibly highpaif of
the path is over salt seawater.

2. The Ground Wave Field Strength Versus Distamapiyfor
the frequency of the station, one of the 20 grgphsished by
the FCC. Several frequencies are usually groupea ame
graph. The graphs are in .PDF form. Have your .R2wer
ready.

3. You will need to find your distance to the siatiin
kilometers, and also the reverse bearing from thgos back
to you. Many calculators exist on the web which wiimpute
this information. The FCC has a good one, be sughéck out
their calculator. These calculators require youktmw the
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latitude and longitude of both your location ane station's
location.

www.wikimapia.org is a great way to determine ydwme
latitude and longitude as it has a crosshair degirthe center
of the map, and thus the latitude and longitudevévihe map
to your exact location and read the latitude-lamdgt in the
web browser's address bar.

The station's latitude and longitude can be fouma touple of
ways. The FCC's AM Query web page allows us to ythe
station by call sign. The search output will digplaasic
information like latitude and longitude. Click ohet call sign
link and you will be taken to the FCC's web page tfee
facility (station). Example: WHAM-1180 page.

4. The last item. Get the millivolt per meter valae 1
kilometer from the station transmitter, headed ymay. The
method of locating this figure will depend on wresththe
station has one antenna tower or multiple toweitsiarray.

Determine if the station uses a single tower ottipiel towers
for the service you are interested in. This infaioracan be
found on the FCC's web page for the facility (stati as
shown just above.

Note that stations may have more than one entrthemage,
one for each service they operate under, i.e., ONTED,
DAYTIME, NIGHTTIME, CRITICAL HOURS. Be sure you
are looking at the correct service. Sometimes astatuse a
different number of towers for day and night.

mV/m for multiple towers.

The mV/m figure is gotten from the pattern data.dimple.
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W8BWWV - Analyzing Three Antenna Analyzers

Greg Ordy

http://www.seed-
solutions.com/gregordy/Amateur%20Radio/ExperimentéE
valAnalyzers.htm

Introduction

On this page | would like to present some measunestieat |
made with three of the popular antenna analyzetechme
interested in their accuracy when | had an appdioavhere |
wanted to make accurate measurements of relatileady
impedance values. Values where the resistance eaudance
were close to zero Ohms, certainly under 50 Ohhtsad no
reason to doubt any of the measurements, but fiom to
time | would make measurements with more than drhe
units and find that they might differ by up to 10w@s. For
many applications this difference is not significabut |
decided to see if | could determine how the anafyze
compared to reference values, as opposed to elaeh ot

Accuracy and Value

I'm not trying to present a detailed evaluation tbese
analyzers, or to rank their quality. My measurerseamtd their
accuracy are not precise enough for that purpodaleVit's
clear that these analyzers can report results evithr, they are
all a tremendous value, and a useful addition tp amateur
radio station.

| call them tremendous values because | don't khow to
make better measurements without spending substgnti
more time and/or money. Historically, impedance
measurements were made with ifmpedance bridge. While a
laboratory quality impedance bridge can produceekect
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Variable Capacitor Wired Wiperless
By Jim, Amateur Radio Station KR1S

http://theradioboard.com/rb/viewtopic.php ?t=3262&futays=
O&postorder=asc&start=15

If I'm reading this correctly, a schematic would be

For a four-section, 500-pF per section cap, tha ©twould
be 500 pF.
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Multiple tower arrays will give you the option tasplay the
pattern plot. The pattern plot link will be undeheading that
looks like this:

Horizontal Pattern at 1 km radius (Sections 73.%k65@
73.152):

Electric Field Strength pattern plot

Pattern Data for WXXI

Either link will give us the information we needough the
"Electric Field Strength pattern plot" gives a nigeaphic
pattern plot for the station. Click one of the bnk

RMS Theoretical values, and in some cases RMS Stdrut
even RMS Augmented values will be displayed forhefaee
degrees of compass, 0-360. Find the compass behenhgiost
closely matches the return bearing from the statoyou. We
need to record one value only. Preferably, rectw RMS
Augmented value, if given. If not available, recahet RMS
Standard value. If not given, record the RMS Thecae
value. These values are in millivolts per meter and the
value of signal level the station presents towgais

A quick definition of RMS Standard and RMS Augmehte
values. RMS Standard is essentially the RMS Thealet
value plus 5%. It is a "guard" against interferet@®ther co-
channel stations by overstating the RMS Theoretiatmiulated
value. If stations have pattern augmentations,raady do, the
RMS Augmented field will be present. Augmentaticar®
enhancements or detractions to the theoreticadiatt

I'll use WXXI-1370 for the example. At night it rer towers
and has a roughly figure-8 pattern north-south. WXXeturn
bearing to me is 204.7 degrees. Checking the F@@rpalot
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for the station, we see that the 205 degree retzimuth
presents a facing RMS Theoretical of 350.59 mV/md an
facing RMS Standard of 368.88 mV/m. We will use R4S

Standard value in the final calculation.

WII ROCHESTE:
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This is my common to the frame or body of the ciépac
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Left Side of Capacitor

Right Side of Capacitor
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These terminals are

Alternate
wreap #1 connection

Altemate
weap # connection

]
£
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=z
Gl

veap #1 connection

These terminals are

electrically the same

Horizontal Pattern at 1 km radius (Sections 73.150 and 73.152):

Exss : 300.070
Kfactor : 480.53  Qfacter : 22.50

Asimth  Emin  Asimich
s 103.8 187.1  1218.4
a1 2401 671

6001 asas 14088

Azimith Soorevical Srvaniesd ATURNCR usorecical St
27 180

mV/m for single tower.

A special case requiring a simple calculation. Wél w
calculate the mVv/m figure from the RMS Theoreticalue.

Again go to the FCC's web page for the facilityaisn), as
above. The RMS Theoretical value will be on thigga

Note again that stations may have more than org entthe
page, one for each service they operate under, i.e.
UNLIMITED, DAYTIME, NIGHTTIME, CRITICAL
HOURS. Be sure you are looking at the correct servi
Sometimes stations use a different number of tod@rslay
and night.
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The FCC computes all RMS Theoretical values froiorenula
of course. The values are calculated for a distamicel
kilometer. The FCC formula used generates accumitizolt

per meter values (as published) for multiple towaerays.
Single tower arrays are a special case, howevethan the
published mV/m value is always based on a 1 kilowatput
power calculation. Hence, the only published sintgdever
mV/m values we can use are those of 1 KW statiéns.all
others, we will do a simple calculation to arrivetlze correct
mV/m value. Proof of this is simple. For exampleeck the
FCC's published figures for my local WHAM-1180 siatout
of Rochester, NY. This 50KW station shows a caladeRMS
Theoretical value at 1 kilometer of only 376.59 mmv/Now of
course this cannot be correct for a 50KW statiegnad KW
station running a quarter wave (.250 wavelengthhopole
has an exact calculated figure of 305.768 mV/mkitoineter.

376.59 mV/m would, however, be correct for a 1 Kiatisn
using the same single tower antenna that WHAM (&e492
wavelength antenna).
To accurately calculate the mVv/m figure for WHAMr (@ny
other single tower station, including those 1 K\&tisins), the
following formula must be applied:

(Power in KW, distance in KM):

mV/m = RMSTheoretical x SQRoot(Power/Distance)

Thus in WHAM's case:

2662.89 = 376.59 * SQRoot(50/1)

WHAM's actual RMS Theoretical value is 2662.89 mV/m

And since it is a single tower antenna having an
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How to Hook Up A Variable Capacitor: Two Gang
Capacitors

by Darrel Boyd
http://www.crystalradio.net/beginners2/caphookup.skml

| N
AN T
veap #1 | ‘ veap #1 & veap #2 o wcap #2 |
ion on . y
the side at the frame or hody on the side
of the unit

This is the typical wiring for a two gang vcap
Refer to photo below
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Next, we shall compute the bandwidths at threeukegies:
530kHz, 1MHz and 1.7MHz. Results are tabulatedveelo

Freq.(| BW Q Re(kQ) [ AkQ) | C Ca |r Ly

kHz) | (kH2) ®©R | ®F) | (@) | (uH)

530 5.004| 105.9 354.37 155.50 450 200 ]3O 52

1000 13.47| 74.24] 558.7] 190 100 2p0 B0 152

1700 | 24.83| 68.49] 487.072  406. 31 200 RO 52
Results for BW are very close to those obtainedmfro

simulation of circuit of Fig.1.b.

Ramon Vargas Patron

rvargas@inictel.gob.pe

Lima-Peru, South America

April 11" 2004
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omnidirectional pattern, it presents this valuesigial in all
directions. Use the value you calculate for younglks tower
station of interest as the mV/m value that theigtapresents
towards you.

Making The Calculation

Now we have all of our information. Let's get bugye will
use the FCC's Ground Wave Field Strength Versutabis
graph to arrive at the received mv/m signal leffebceed with
the following steps.

1. To make them universal, the FCC's Ground WawddFi
Strength Versus Distance graphs are based on 100nmV
levels at 1 kilometer. We simply need to calculadev many
100s our mV/m value is. Just move the decimal pleiitttwo
places. In WHAM's case, 2662.89 mV/m, 26.6289 (28%x
100 = 2662.89). The multiplier value we will use WHAM

is 26.6289. In WXXI's case, 368.88 mV/m, 3.688%8838 x
100 = 368.88). The multiplier value we will use XXl is
3.6888.

2. Find the station distance in kilometers on thepl, usually
at the bottom. The bottom range is 10 to 1000 léiwmrs. The
top range is 0.1 to 50 kilometers.

3. Draw a trace upwards (or downwards if usingttgescale)
until you hit the ground conductivity value curiet matches
the average ground conductivity between you andtdugon.

4. From the previous point, draw a trace leftwardhe scale
on the left side of the graph. This is the basdivolt per
meter level based on 100 mV/m at 1 kilometer. Nditithis
value by your multiplier value. In WHAM's case, tiplly
times 26.6289. In WXXI's case, multiply times 3.888 his
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resultant value is the received field strength ilivolts per
meter at your location.

KILOMETERS FROM ANTENNA

WHAN-1180

There you have it. You have ballparked the appragnfield
strength of your station of interest. If done cothe you
should find this in fairly good agreement with V{8ofigure
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2L[C, +Clt w,CR Jaw=1C, R{%)

Now, if CrRe<<1, then:

anw=2Re[ G [ ca ]
“Llc, +Cl2ca+C

this is:

Aw=+&( Ca )( Ca )
"2, \2ca+c \2ca+C

=:i[ a J (2)

From part Il of our study we can obtain the follagi
expression for B

A
=r{l+—
R
Then, the 3dB bandwidth is given by:
...(3)

BW =2Aw= 2r(1+A

in radians per second.
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or:

w1 (L)
1-&LC oC;

Let w3 be the resonant frequency awnd = w + Aw the
frequency at a —3dB point on the amplitude curvee Teft
hand member of eqg. (1) can be written as:

WFL(C +C)-1 _ (0 +2080)C; +C)L, -1
f-efLelc, b0 +2080)LClmC,

with the following approximations:

(@ +aw)C; =@ C;

(o +D0) = + 20 A0+ A = @° + 20, Aw

Then:
@°L,(C; +C)+ 2 (C; +C)LAw-1 _
(1 z =R,
-@’L,C - 20 LCAW,C,
or:
20(C +C)Ldw  _ +wCR,

(&) - 2w, L,CAw
2Ca+C

which simplifies to:
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if you are near the zipcode point they based toalculation
on. With a list of expected receive field strengfis various
stations, you can judge the approximate sensitigityyour
receiver. After a few times trying this, you wiliné the
calculation to be rather simple to do.

PART IV: Field Strength Calculator One
http://radio-timetraveller.blogspot.com/2012/1 Mistrength-
calculator-one.html

20 December, 2012

Field Strength Calculator One is a program whicHl wi
calculate expected received ground wave signahgteat
longwave and mediumwave frequencies.

i a v Colator O STo
Pl Hep A

Tables
Typica Sl Conductiviy Values n Ml iemors/Meter

s I —

Typical Delectric Constants For Differont Types Of Soils

DOWNLOAD
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https://app.box.com/s/g257enuzufin7kincnéy

To download, see the link at the top of the rigtiear under
LATEST PROGRAMS. The sidebar at the top right \kiive
the most current link in case the program is uptlaide link
will change in the case of an update, so | woulidieopying
and pasting it into a forum or other web page. Camé¢he
main page of this blog instead.

DISCUSSION

Being a mediumwave DXer and particularly a daytime

mediumwave DXer, | wanted a way to determine alpaak"
signal strength for various stations not only in immediate
area, but out to 100, 200, or even more miles mlisfawas
unhappy with virtually all the web-based signalesgth
calculators found on the internet, as they use uheilla
Inverse-Square-Law to calculate signal attenuatfine, if

you are in an outer space vacuum or on a perfecting

conducting surface, but not even close in accufacyormal
people here on Mother Earth.

The few stand-alone programs out there were eitikely
expensive, too complicated to use, inaccessibleplainly
won't work on the Windows platform. | set out tccamulate
information, formulas, and data to start writinge tfiield
strength calculator program. Investigating the dmstand
ferreting out the pertinent information to arriieaasimplified
formula that was reasonably accurate took some time

The result was and is Field Strength Calculator.@rie based
on the work of numerous engineers and mathemasiciaho,
starting about 1909, spent some 50 years develofiieg
extremely complicated formulas to predict accuraignal
strength at mediumwave frequencies. The basic, |dieth
formula has been known since the 1930s, being tligh
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We shall now proceed to calculate the 3dB bandwidith
circuit of Fig.1.b.
Mesh current is given by:

I = E
. a, 1
R J(1—(4)2LIC aC,
where:
_ CaC
& = Carc

The amplitude-frequency relationship for | is detered by:

At the -3dB points:

(@) =—E2

V2

The corresponding frequencies must satisfy thetequa

2
2 b, _ 1) _re
R +[1—w2Llc wc,J ®
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Siaten etine ean modified by various people and agencies since tltiers
accurate to within a couple of percent of the biggpams that
calculate field strength - those using additiomguit like the
transmit and receive array heights above averagengr and
the earth's topographic elevation changes alongigimal path.

Simplified ground wave electrical field intensitwlculations

can be made by the introduction of a shadow oratitfon

factor in the Sommerfeld-Norton planar earth exgices A

mouthful! This simply means that a factor is conguuand

introduced to account for the additional attenuatiaused by
wave diffraction out beyond the radio horizon. érpits one
to calculate the ground wave E (electrical) fieldliwbeyond

the geometric and radio horizon, where E field galare close
to the atmospheric noise level.

RafiOround Xe434kid) Db Yevoicaye (i)
Fig:32 Frequency response for circuit of Fig 1b
when resonanc is adfusted to 17MHz . . .
Ya: 17i0Heg: 1.cosHagarb: 24.73% Be sure to read about the history of how this feeting
eTm e e e formula came about in the recent article on RADIO-
TIMETRAVELLER: Field Strength Calculations: A Histp
Many of the terms used in the previous and nexagraphs

- are explained.

The simplified formula used by Field Strength Cédtor One
takes into account Sommerfeld's original planehesneory,
e modified by diffraction factoring. It uses an expoiial
function which takes into account the spherical thear

diffraction effects, and acts on the planar eathagion even

before the radio horizon is reached, so the resukafield

- values, as a function of distance produce a cootisicurve,
thus rounding-in difficult intermediate distances.

TN, The long-accepted concept of "numerical distan@®) @nd

frequency of 1 TMHz is 2473kHz "phase angle" (b) are used in all calculations, t@oiables

3dB bandwidth calculations determined by frequency, distance, and dielecwitstants of

the ground as a radio conductor. Numerical distateggends
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not only on frequency and ground constants, but afs the
actual distance to the transmitter. Phase angleisneasure of
the power factor angle of the earth.

Field Strength Calculator One returns expectedivedefield
strength in millivolts per meter and dBu (also kmows
dBuV/m), based on ground conductivity, earth diglecand
several other input constants. It also displaysdiséance to
the radio horizon and the signal path loss in dBng with
several more technical parameters. The resultingpubuof
Field Strength Calculator One should be accuratadst cases
to a couple of percent in the longwave and mediuvewa
bands. It compares favorably to ITU program GRWARiat!
currently available FCC Ground Wave Conductivitggts.

Field strength calculations by Field Strength Claitar One
are based on the works of A.Sommerfeld (1909), B.Ro
(1930), K.A.Norton (1936), H.Bremmer (1949, 195B)TIA
Report 86-203 (1986), ITU-R P.368-7 (1992), and AITI
Report 99-368 (1999).

For further information on how field strength idazdated see
the Field Strength Calculations Series previousiplished on
RADIO-TIMETRAVELLER.

INSTALL

An install file is included on the web page:
http://radio-timetraveller.blogspot.com/2012/1 Mistrength-

calculator-one.html

Included in the .zip is a readme.txt file. Be stardave a look.
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Xa: 9995k Yb: 1.29MMega-h:-291.0k

-

Toonieg Taey
4 %2434 (@) /DLy Tevoltage (db)

onge for circuit of Fig 15
justed to 1MHz

Xa: 1.007Megb: $92.9% a-b: 13.77%
Yei 45.20n Yai-3.078 o-d: 3.123

10,

/

s 3
Ref-Grownd X=25. 1k (db) /Div

Fig 34 3dB bandwwidth for a resonance
frequency of 1MHz s 1377kHz
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Xa: 532.1k Xb: 608.4k acb:-76.30K
Yei 1467 Ya: 6.000 c-a: 6.667

Xa: sas.en

o5 5 T2y
RefsGround =252k () /Div Tevoltage(db) 185t

Fig 3 Frequency response for circuit of Fig, 11
when resonance is adjusted to 530kHz

o: S25.6k ach: 5037
Yai-a.0i  e-d: 3.030

Temes

Hey
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BT B S
RefsCround X=8.8k(db)/Div Yevoltage(db) S307%

Fig.3b 3dB bandsridth for a resonance
frequency of 530kHz is 5.037kHz

ANTENNA AND GROUND SYSTEM

by Kenneth A. Kuhn
http://www.kennethkuhn.com/students/crystal_radiognna,
and_ground_system.pdf

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 shantennas 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 edmed
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 crystdlo ra
enthusiasts will construct bigger and more advaraggnnas
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but that involves a degree of engineering beyordstiope of
this article.

One advanced method that the author has not hasptwe to
try is a true dipole antenna that is one-half wewngth long (in
some cases longer). Such an antenna is balancesoatides
not depend on a low-impedance ground for operatidre
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 antennanily useful
over a narrow band of frequencies and is also tieso it
must be oriented properly relative to the transngitantenna.

Figure 1 shows a typical antenna and ground setup €rystal
radio. The following sections discuss each attebut
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Figures 3.a through 3.f show simulation results diocuit of
Fig.1.b at resonance frequencies also of 530kHzHA Mnd
1.7MHz. Again, r = 30 ohms and Ca = 200pF.

Re = 2Rsg, and it can be easily shown that:

A
=rl+—
)
The Y axis on the graphics represents voltage acRes in

decibels, with Ea being a 1 volt-amplitude unmotida
carrier.
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Xa: 1.697Meg)b: 2.315Mega-b:-62L.6k
Ye: 15.67  ¥a: 7.000  c-a: 8667

N

oo T

Xa: 1.709MegXb: 1.684Hegab:

Lamey 7ty 2 1oty
Réf=Cround Xe43k(db) /Div Yevoltage (db)
Fig 26 Frequency response of circuit of Fig.1a
wrhen resonance s adjusted to 1. 7MHz

2502k

Smay
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eeey Tones sty
Refiround Xe23.9%(4b)/Div Yevoltage (ds) 18154
Fig 26 3dB bandwidth for a resonance frequency of
17MHz is 25.02kHz

/ i-m
Groond rods)
or Ground array

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

lNot 4o scale

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
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wrap the rope around the tree as that will cortsgiowth in
future years.

Antenna wire

The antenna wire is typically #14 AWG solid or sttad
copper wire and may or may not be insulated. It&rishas
no effect on reception but is an advantage to ®docrosion
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 tie e
supports more challenging. Wire sizes of #16 an8 &lso
work well but are less strong —but are also liglated will put
less stress on the supports. Wire gauge sizestrtigive 18 are
not recommended because they are more fragile rntaad
to see if they fall —you would like to not run owbe wire with
a lawn mower —could be very disastrous! Althoughv lo
resistance is nice, it is a myth to go to greabrésf for low
resistance in the antenna wire as the resistanteafround is
going to be considerably higher.

The height of the antenna absolutely must be abewe 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 evaegic
accident —this means at least 3 meters. The anterima
should not pass over anything such as a road @r otites
such as electrical power such that if the antemtfiattiat a
dangerous situation could result. Within practitedits the
higher the antenna the more signal it will pick Upat does
not extend indefinitely and there is a point of iishing
returns reached at roughly 5 meters. If it is efsyyou to
make the antenna higher then do so but theretlis fioint in
going to great effort to achieve that as you willyonotice a
difference in the extreme small signal case.
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Xa: 9999k Yu: 1.29MMega-h:-291.0k
ve: 10.32 i £.333  e-d: 5.000

i 3 T zmes Teg - Taey

ReteGround Xed3dk(db) /Div Yevoltage (db)
Fig 2 Frequency response of circuit of Fig.1a
when resonance is adjusted to 1MHz
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RafsCround Xe17.6k(db)/Div Tevoltage(db) 2454s

Fig 2d 3B Bandwidth for a resonance
frequency of IMHz is 13.78kHz
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Xa: 531.9k Xb: 608.1k a-b:-76.20k

3,667

-1

Xa: 345k Xb: S29.5% ac
Yeilads Yai17.04 e

3 3 Izsmay
RefsCround X-258k(db)/Div Tevoltage(db) 181t

Fig 2a Frequency response of circuit of Fig.1a
“rhen resonance is adjusted to 530kHz

emay

ey

Yavolcagetab)
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B B S
Ref=Grownd X=4.74k (@) /Div 59575

Fig 2b 3B bandwidth for a nominal
resonance frequency of 530kHz is 5.005kHz.
Actually, the resonance frequency is 532KHz.

Proximal support

This support is similar to the distal support an@ynbe
attached to either the dwelling or a conveniente ttbat
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 carak away
without damaging the structure should something dal the
antenna wire.

Lead-in wire

The lead-in wire can be whatever is convenient iandften
#18 wire. Since the antenna system is much shtréer one-
quarter wavelength the lead-in counts as part efahtenna
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 lightwimgstor
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
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is any possibility of a lightning strike. A numbef people
install shorting switches or connections to conrtketantenna
to ground when the radio is not being used. Thisvides
some measure of safety but is not absolute. Notlcizug
protect you or your dwelling from a direct lightgirstrike.

Ground wire and ground system

The ground wire is typically #18 copper (becausat ik a
convenient size) and should connect to either abgemetal
water pipe or some ground system —either buried mp
ground rod(s). It is a 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
is nice for the wire to be no longer than necessmyause
inductive reactance in the wire can interfere wfité 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 gooduigo
system is the most labor intensive and even moséresive
part of a crystal radio. If you are lucky then #hés 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 igltive three or
more 2.4 meter (8 foot) ground rods straight irite ground
near the house. These should be spaced roughlye2swagpart.
The quality of this ground can vary a lot dependarg soil
conditions and it is not likely to be as good et thf a water
pipe. At the easiest, this is a very labor intemsfe even
impossible job if the ground is very hard. A headyty
hammer drill can make the job easier. Otherwise wyilitneed
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Simulation results

Figures 2.a through 2.f illustrate simulation résdbr circuit

of Fig.1.a at resonance frequencies of 530kHz, 1Mtid
1.7MHz. Assumed values for r and Ca are 30 ohm=a0gF,
respectively. The values forrRare those obtained when the
secondary load Ris impedance matched to the primary side
(please refer to part Il). Notch frequencies odogrrabove
resonance can be observed on the graphics. The i&% ax
represents voltage across r in decibels with Eagbailvolt-
amplitude unmodulated carrier.
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Analysis of the Tuggle Front End — Part Ill

As a first approximation, the 3dB bandwidth of #netenna-
ground-lossy tuner system under matched load donditcan
be computed assuming that the-@ tank behaves as an
equivalent constant inductance Leq in the 3dB passbthis
inductance being in series with the rest of theuiir However,
this approach leads to large errors in the resatssuggested
by a SPICE circuit simulation.

A precise model for accurate bandwidth computaisoshown

in Fig.1.a below. Ris the net RF resistance in parallel with
the L-C tank atw = w , as found in part Il of our study.
Ground losses Rg and antenna radiation resistanaer
accounted for by r. However, calculations on thisuit are
rather tedious. Simulation shows that the circeipidted in
Fig.1.b can be alternatively employed for bandwidth
computation with equivalent results to those given the
circuit of Fig.1.a. Here, Re = 2R¢please refer to part Il).
Circuit calculations in this case are much morepsm

Fig 1a Equivalent circuit for
accurate 3dB bandwidth
calculation suggested by simulation

Fig.1 b Alternative cireuit for
bandwidth calculation as
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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 ¢mlity of
the ground system.

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 respé@cthe
answer is that it is nebulous but there does exiseffective
point that completes the circuit for the radio signThe
effective ground resistance can be inferred frorasueements
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. Itsists of a
voltage source equal to the induced amplitude \&itemall
series resistance and very large series capacéatance. A
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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.

Antenna t@rminal

Ground termual

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

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

56

Comments:

The values obtained for the coupling coefficienthild for
Roe ' as discussed previously. The transformed antenna-

3
ground system resonance resistance, as seen frem th
secondary, will be equal tOZR)erK , as we are dealing with

3
maximum power transfer to,RUnder these conditions, the
loaded Q of the secondary circuit will be 1/6 o tinloaded
value. For other load conditions, the respectivia gaould be
entered into eq.(9).
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f = 530 kHz

L= 152 uH

Ca = 200 pF (assumed)

r = 30 ohms (assumed)

A =1.555 x 16 ohms

Q1QA = 2.938 x 16° ohms

K =4.165x 16

Check: R
———— = 828kohms >> @ L, = 2214ohms
1+K*QQ,

f =1 MHz

L, =152 uH

Ca = 200 pF (assumed)

r = 30 ohms (assumed)

A=1.9x16 ohms

Q1QA = 2.334 x 16° ohms

K =5.663 x 16

Check:

——5—— =113kohms >> w L, = 2387kohms
1+KQQ,

f =1.7 MHz

Ly =152 uH

Ca = 200 pF (assumed)
r = 30 ohms (assumed)
A =4.068 x 18 ohms
QiQA = 1.29 x 18° ohms
K =8.324 x 16

Check:

# =15Xohms >> w L, = 3498&ohms
1+K°QQ,
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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
antenna length approaches one quarter wavelemgiglire 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 leagth.
Capacitive reactance dominates if the antennadsteshthan
one-quarter wavelength and inductive reactance nktes

between one quarter and one-half wavelength at twhic

capacitive reactance dominates again for the nexrter
wavelength, etc. Normal antennas for crystal radiws
significantly shorter than one-quarter wavelengitttere is a
large capacitive reactance in series with the indueltage.
The inductive reactance reduces the net reactasmevshat
for short antennas. At quarter-wave resonance ¢hetance
terms cancel and the antenna is purely resistivezigure 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.
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Antenna tuner inductance

The first element typically found in a crystal radis an
adjustable inductor to neutralize the capacitiaetance of the
antenna thus maximizing the power transfer fromahenna
to the receiver input resistance. This is knowncasjugate
matching where the sum of the positive inductivactance of
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 pdversfer
this resistance should be equal to the sum of tbengl 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 iratuat 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 wellibout it is
a challenge to construct a low-impedance groundhd\i a
low-impedance ground much of the signal picked ypthe
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Some experimental results

Two coils, Ly and L, were wound on 4.5” diameter styrene
forms using 660/46 Litz wire. Lmeasured 152 uH ang,[222
uH. A two-gang 475 pF variable capacitor with bitkel
insulation was used to tune.LL, was tuned with a 480 pF
variable capacitor with ceramic insulators.

Unloaded Qs for each of the tuned circuits were swesl at
three frequencies. Accordingly, the correspondirig IBsses
were calculated. Data is tabulated below.

f A [ Qu |[® Recai | Rinkeae | € | &

530kHz [ 700| 810 27 354.32 598.816| 450 | 406
kohms | kohms | pF | pF

1 MHz 585| 630 | 210 558.7(0 878.766| 100 | 114
kohms | kohms | pF | pF

1.7 300 | 318 | 106| 487.072754.065( 31 | 39.5

MHz kohms | kohms | pF | pF
C : two-gang 475 pF variable capacitithvbakelite
insulation
C, : 480 pF variable capacitor with ceramic insulation

QoL : unloaded Q of k-C, combination
Q1, @ :defined in the text
Rp, Rrnk: defined in the text

Using the tabulated data, values for the optimurapting
coefficient K will be calculated for a working ctg$set.
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or:

P ca Y
NRz_[zcaijs1

Substituting this equivalence into eq.(13):

E?

— Fa

ZSRﬂ

= F’MAX
according to eq.(10).

Puax is then dissipated by 2R, and by conseguence, this
power is delivered to the secondary load.
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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 earthymesia low-
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 commomreis

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 electriestitution in
the house or building. For safety considerationgol not
recommend this. In the vast majority of cases iy ima alright
but you never know what errors or faults may behensystem
that could result in a nasty or lethal surpriseerE¥f safety
were not an issue, because of inductance the impeds the
ground system at radio frequencies will be mucthéigthan
the impedance at 60 Hz. So, this practice is dangeat worst
or is not likely to work well at best. There aresisally only
two choices for constructing your own ground. Osetd
purchase several standard eight foot ground rodd
laboriously install them spaced six or more feetraprhis can
make a decent ground but is very difficult (impbisiis
probably more accurate) without the right equipmémt
installation. An easier alternative that is fine RF (although
not recommended for 60 Hz systems) is to bury gtlenf
bare copper wire or pipe perhaps six to twelve éschelow
the surface of the ground. Deeper is better buirttremental
improvement is probably not worth the extra labihe total
length should be fifty feet or more and parallehgspaced
several feet apart can be used to accumulate igfeleingth.
AM broadcast stations use such a system with mamied
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radial wires from the tower. Each wire is typicalyquarter
wavelength and the total wire length of all theiadis often
over a mile. Such extreme measures are necessagyHigh
power transmitter because otherwise many thousahdstts
could be wasted. The much more modest system Hedcis
fine for home use and a point of diminishing resuisquickly
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 aftpg® 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)

= (VIm)"2 *57 | FMHz/2

60

.(12)
(wL

eq

2 K*QQ,
R, ) R
Then:

WL KQ, R,
Ry @ LQ

Then, we obtain:

The power dissipated by’R; is:

2N°R,

Eq.(12) can be written as follows:
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= ELBq 5 NZR2
jo L +N°R,

E,

In crystal se'rs,NzRz «<aly due to the loose coupling
4
between L and L. Then:

_E
E, =—<-N?
ol

:i{(w, Ll)z}

Bearing in mind eq.(3):
. E
E, = —=K ZQz
J
Substituting the value of & given by eq.(11) into the above
expression we obtain:

. E
O

We can recall that:
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MATHEMATICAL MODEL OF A WIRE ANTENNA

by Kenneth A. Kuhn
www.kennethkuhn.cony/.../mathematical_model_of_warge
nna.pdf

Introduction

Although very simple in structure, the mathemativeldel of
a wire antenna is extremely complicated. Theresarenany
variables that it is basically impossible to acteisamodel.
However, a reasonable model can be derived thatide®
useful information and understanding. That is essleior
doing engineering. An imperfect model is far betfean no
model. We begin with the simplest possible modbat(tis
always a good starting point!). Then, we refine thedel to
include more advanced concepts. We keep refinirtig we
have accounted for all significant variables thatvjiles useful
information.

A wire antenna consists of some length of wireoame height
over the earth. Such a structure will have somedtmnce to
the earth, some inductance, and some resistance.

resistance term is more complicated than justithpls ohmic

resistance of the wire as it includes a series temown as
radiation resistance. In very simple terms radiatiesistance
accounts for a flow of energy between the antemuh feee

space involving time-dependent electromagneticddiehot

considered in a simple RLC circuit. Our initial nebds based
on frequencies much less than that where the aatisnane-
quarter wavelength resonant. For typical crystatliora
applications this is not a bad model as it is tardave the
luxury of enough space to construct an antennaoapgping

one-quarter wavelength in the AM broadcast band.
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Capacitance

We start with the capacitance of the antenna t@énth. From
the basic laws of physics, a capacitance will ebéstveen any
two conductors separated by insulation. Here, veenaaking
the rather crude assumption that the earth is d goaductor.
That turns out not to be bad as we will see thatréactance of
this capacitance at frequencies in the AM broadbasid is
large compared to the actual resistance of thé.earbrief but
excellent derivation of the capacitance betweegyliader (i.e.
the antenna wire) and a plane is provided in Reterd.. The
summary result is:

Capacitance per Meter = =------==----s==--x-z-- Eq. 1
In(2 * height / diameter)

where height and wire diameter are in meters @hds the
permittivity of free space, 8.85 pF/meter. Note tthhis

equation assumes that propagation time over the lemgth is
negligibly small. This equation also assumes thatearth is a
perfect conductor.

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

A quick example indicates that a 20 meter anterirél4 wire
(1.63 mm dia.) at a height of 3 meters would haveotal
capacitance of 135 pF at frequencies low enougthabthe
propagation time over the length is negligibly sma@hat is
not true for broadcast band frequencies and thewitamce
will be smaller as will be seen in the plots aténel.

Inductance
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which gives the value of the coupling coefficient faximum
RF power transfer to the secondary.

Power calculations

The RF power delivered to the secondary load ofiRigll be
at a maximum at resonance when eq.(6) is satisfies,is,
when r + R= Ry;. The maximum available power is then:

MAX 2R,

E? ...(10)

:ﬁ

where E is the peak value of the voltage induced in the
antenna.

The power delivered to the secondary loadisRthe same as
that dissipated by the coupled resistand®NTo compute
this power we need the voltage acrogstresonance. This is
the same as the voltage acroggih Fig.6.a. Then:

..(11)

Eg= E jo Ly

SCIZRSl

From Fig.5 we obtain for the voltage acro$®jl
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being

w2=_L[Cat+C
" “Lclecatc

Then:

2
(@Lm)zzi[Ca+C)le(2Ca+C)
LCl2ca+C Ca

4o

Eq.(6) is now written as:

L[ZJ,QJ(“SJ = R
rC Ca Ca) K*QQ,-1

Letting , €g.(8) takes the more
gl & e

2+—
Ca Ca

(8

rC
compact form:

U
KQQ, -1

Solving for K we obtain:
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On page 141 of Reference 1 the inductance of a oviez a
plane is given as

no
inductance per meter = -------- * In(2*height / diater) Eq. 2
21

where height and wire diameter are in meters j@hds the
permeability of free space, #%1E-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 anterirél4 wire
(1.63 mm dia.) at a height of 3 meters would haveotal
inductance of 33 uH if propagation time is negligismall.
Note that Equation 2 assumes that the currentiferamover
the length of the wire and that propagation timeegligibly
small. The first part of the assumption can notrbe for our
antenna as the far end is an open circuit. The tequalso
assumes that the earth is a perfect conductortypieal error
for our use in antennas for crystal radios falts ime category
of not bad. We are not going to worry about itlais ts just a
starting point and we are going to make refinemehitsough
there is an error when considering the compositenaa, there
is no error for an incremental portion that sagisfithe
assumptions.

Resistance
The resistance of a wire antenna is the sum ofottmmic
resistance including skin effect and the radiatiesistance.

The resistance of #14 wire including skin effecadtequency
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of 1 MHz is around 0.05 ohms per meter. Thus a 26em
antenna would have a total resistance of 1 ohrs assumes
that the current is uniform over the length whiein ot really
be true since the far end is an open circuit. Hamethis is not
going to be an issue for us as the resistanceeoftbund will

be significantly larger.

The ohmic resistance represents a power loss. fatdia
resistance becomes a factor when we consider thglicg of
energy between the antenna and electromagnetits fiefl free
space. The concept is easy to understand in the cbs
transmitter which delivers power to the antennartpes
significant power in the case of a 50 kW transmijtteut with
efficient design the heating of the antenna is \@nall —i.e.
the power is radiated as an electromagnetic wasead of
being converted to heat —i.e. power is coupledrée pace.
The transmitter delivers the power to the antensizs@me
voltage and some in-phase current. Thus, the aatappears
to have a resistance. That resistance is knowheasatliation
resistance. Unlike ohmic resistance, it does nptesent a
power loss —it represents a power coupling to fspace
instead. There is no magic or optimum value foreana
impedance. However, values between single digit olamd
several hundred ohms are the easiest to interéaaed so are
preferred.

It is not as easy to visualize radiation resistanten the
antenna is used for reception. However, the concEpt
reciprocity applies. Thus, however an antenna agpieathe
transmitting case, it appears identically in theereing case.
The calculation of radiation resistance is very pbeated at
the easiest. At this point in our model developnwathave no
way to determine what the radiation resistanceusfamtenna
might be. However, the incremental capacitance and
inductance are essential for the next level model.
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Let Ly and
&:@ Ro=(wL.)

R; is the series term due tg-Rnd R;, that coming from the
coupled resistance’R,. Now, maximum RF power transfer to
N?R, occurs when:

e KQQ,
Ry

r+R =Ry
or when:
@Lyf K’QQ
4+ e :( L )2#
R. « R,
or
(L. R --(6)
r Kle , -1

From part | of this study we know that:
L,

Ly=—2—

“ 1-w’LC
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If (please refer to part | of this
__wl
e
1-w°LC
study) we can redraw the equivalent circuit of tbeer at
resonance as indicated by Fig.6.a, and, by virfubeabove
inequality, the resonant frequengy will still be given by:

...(5)
W’LC 2Ca+C -1
Ca+C

Applying a parallel-to-series transformation, thguigalent
circuit of Fig.6.b is obtained.

s La
R Leg
c
% &= Rse
v c = c
e =

Fig.6.a Equivalent circuit of  Fig.6.b Equivalent circwmit
the tuner when Bt 5> wyleg after transformation

The series transformed resistanceifgiven by:

(@Laf
R
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A finite propagation time model

This model is based on well-developed transmisdioa
theory and treats the wire antenna as a lossy mirtated
transmission line where the loss is electromagneiitiation
instead of heat. This model builds on the previegsations
for capacitance and inductance and gives us astiegtiicture
of what goes on. In general, because there aredd \@riables
that we are unable to quantify the accuracy ofiislel is not
great. However, the model can be tweaked to proaigeod
fit to a specific scenario. That is what makesrtfwel useful.
It is great at providing us general information for
understanding. Understanding what is going on carmmbre
valuable than knowing specific data accurately.

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

where:

Z is in ohms and is in general complex.

Z0 is the characteristic impedance of the line erftaken as
real but could be complex.

ZT is the termination impedance at the end of the hnd
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.

The form of the equation | have chosen to use dteduength
in thea and6 terms as a matter of convenience. Other forms of
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the equation have the length as a multiplier oniribigle of the
tanh term.

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

Z =Z0/ [tanh§ + j0)] Eq.5
For reference:
ex —e-x
tanh(x) = ----------- Eq. 6
ex + e-x
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
a+jf + eu-jo
e+jo—eu-jo

@* [cos(0) + j*sin(0)] + e-w* [cos(D) —j*sin(6)]

@ * [cos(0) + j*sin(8)] —e-w* [cos(B) —*sin(0)]

(e+ ew)*cos() + j*(ea—e-w)*sin(0)

(e—e-v)*cos(®) —j*(eu+ e-w)*sin(B)
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3
R, =b

PL KZQZ

Next, we compute the equivalent resistangeoRthe parallel
combination of Rand R. It is given by:

ReRp,
Rp +Rp,

Substituting R, by its equivalent given by eq.(3):

w L,
R Tl
”[KZQJ

wl,
Ry +—
"KW,

Rr:

= Reay Ly
WL, +K*Q,R,
Letting R (unloaded Q of |-C tank) we obtain:
e

a)r Ll

R (4

AREFTTeTeY
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Up to this point, in the tuner side we have theiejent
circuit depicted in Fig.5.

La
L1

Ca
(N"Z)R2

Fig.5 Eguiwvalent circuit of the
tuner with coupled secondary load

The series-coupled resistancéRb can be transformed into a
resistance R in parallel with R. Using the known series-to-
parallel “loss resistance” transformation we get:

)z ...(2)
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Although Equation 9 looks complicated it really swmts of
just three components and it is simple to substitalues and
reduce it to a simple real plus imaginary result.

For reference: Eq. 10
A+jB  A+jB C-D AC+BD BC-AD
— * H

= - +i
C+jD C+jD C-D C2+D2 C2+D2

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

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

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

Z0 = sqrt [: ] Eq. 12

I
[ In(2*height / diameter) ]
which simplifies to
Z0 = 60.0 * In(2*height / diameter) Eq. 13

Thus, we make use of our previous work on the smmddel.
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The free-space wavelength in meters for a givequieecy in
MHz is

) =300/ FMHz Eq. 14

The propagation velocity on wire antennas is al@&upercent
of free space so we use

) =285/ FMHz Eqg. 15
6 = 2*r*FMHz*length / 285 Eq. 16
So far this has not been too complicated. Now, elgedinto

the challenge of determining the remaining constanthis
factor, which is a function of frequency, will deténe the

antenna impedance characteristics. There is no veay

calculate this factor. Instead, we will use ava#abformation
to fit an approximate equation to it. We begin ntimg that
the free space impedance of a half-wave dipolenaatés 73
ohms. Our wire antenna is only half of a dipoletke free
space impedance will be nominally 37 ohms (rourldieifi of
73) at a frequency where the wire length is anteted one-
quarter wavelength.

However, our antenna is very close to the grountheaesult
must be modified. Reference 2 shows a theoreticalgd the
impedance of a half-wave dipole over a perfectlpctating
plane as a function of height. This plot is repratiibelow.
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In the transformer circuit, the impedance coupled the
primary side consists of a capacitancg B2 in parallel with a
resistance RR,. Both are in parallel with the magnetizing
inductance KL, (please see Fig.4.a).

(1-K»2) L1 L1

(mzi Rz (m-ziRz

Fig.4.a Equivalent circuit as Fig.2.h Reduced ecuivalent
seen from the primary side atw=wr

K?L, and G/ N? resonate at a frequency

1
“s c
S
1
- -y
L2c2
as .
NE=KED
LZ

The equivalent circuit of Fig.4.a reduces to thatF@.4.b,
taking into account that for crystal set use, ndlyr&<<1.
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In this case, the net parallel resistance to bepleduto the
primary is:

()
e f)
_ R @

We shall work on this later.
Some circuit equivalents
In Fig.1, let’s replace Land the coupled secondary circuit by

the equivalent shown in Fig.3.a, which in turn tenreplaced
by the transformer circuit shown in Fig.3.b.

n
Ty (-RZILL g
Ll LZ_[CZ RZ CK”Z)L].% %%RZ
=
Fig.3.a Magnetically Ideal Transformer
coupled circuits N=K(L1/L2)"*0.5

K=Coupling Cosfficient

Fig.3.b Equivalent transformer
circuit
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Figure 1: Theoretical impedance of half-wave dipoleer
perfect ground plane

Reference 2 describes that the impedance of ani@aié dipole
over a realistic ground is very little affected bgight over
about one-half wavelength and the impedance sdaimsithe
73 ohm free space value.

We will use a simplified exponential to provide with an
approximate impedance of our antenna at the ongeguaave
resonant frequency. We first need a relation tlaverts the
physical height of our antenna to height in wavelks at the
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quarter-wave resonant frequency. This is provided the
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 prevhike best
least squares fit over the first 0.2 wavelengtheight. We
can write this as

R =37 * (1 —e-0.02333*height*FMHz) Eq. 19
Equation 19 provides us with a target to set ther@priate
value fora. At the frequency where the line length is one-
quarter wave resonant, the cosine term in Equa&igoes to
zero and the sine term goes to one. This produceal aesult
with the imaginary part zero. It should be notedtfus case
that:

A=0

B = ex—eu

c=0

D=2

Using Equation 10 the above results in a resistafice

R =270 * (&r—ew) / 2 = Z0 * sinh§) Eq. 20

We invert Equation 20 to obtain the required véfrea for a

given value of R as follows
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Matching Audio Transformer
> Bl
’ TE
i
L

Magnetic or

& Sounc-Powered Phones

Equalising B-C Netwark

Fig. 2 Load coupled to the Tuggle tuner

Usually, it is assumed that optimum RF power transftcurs
when the antenna-ground system resonance resistaige
matched to the unloaded-secondary resonance paralle
resistance Ry, with the diode detector’s input resistance
matched to this combination. Thus,

1 1 1 1
— = +
R)PT RTNK R'I'NK [RTNK j
2
or .
Ry =R

This is the overall parallel RF resistance of theomidary tank
under matched conditions, and suggests that tluaded Q of
this tank circuit has been reduced to ¥4 of its@alu
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Analysis of the Tuggle Front End — Part Il

We shall now consider the Tuggle tuner deliveriogver to a
load. First, we must account for the parallel REs&s of the
unloaded tuned circuits. LetRepresent the losses of the tank
circuit comprising L and C, and Ry those of L and G
(please see Fig. 1).

I
¢
La l
1 12— gz Semr = Fowerdaliverad
i T toaload

B

Fig. 1 Lossy Tuggle tuner delivering
power to the secandany load

The load consists of a diode detector D in seriigls an audio
load R (usually an audio transformer matching a pair lof 2
ohms DC resistance magnetic headphones or low-iamped
sound powered phones to the detector) and is cduplehe
tuner via the magnetic coupling existing betwegnahd L,
being M the mutual inductance of the coils. Theoseary is
tuned to the same radian frequency as the primAry.
schematic for the load can be seen in Fig. 2.
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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 ag. kiow Z0
from the height and diameter of the antenna wire. kivow a
target resistance, R, for the antenna impedancieabne-
quarter wave resonant frequency based on the hdighstion
21 lets us calculatefor that frequency. We need to expand
this so that we can calculate the appropriafer any
frequency.

We make use of the following general knowledge ahwite
antennas to complete our model. At frequencies beddw the
one-quarter wave resonance the resistive compooiethe
antenna impedance is practically zero. At frequeaihere
the antenna is many quarter wavelengths long thistiee
component of the antenna impedance converges tor 6.
suggests that we have a basic scale facteraod a multiplier
based on the number of quarter wavelengths aréetiirte.
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-wagenant
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 MHzeve the
antenna is one-quarter wave resonant

The only unknown in Equation 22 is k0. We calcule@evhen
F is equal to Fg. The procedure is as follows:
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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

o= sinh-1(R/Z0) = In[(R/Z0) + sqrt[(R/20)2 + 1)]]Eq. 21
k0 =0/ (Z0 * R) Eq. 23

Studies done with this equation indicated very goeslilts as
long as the frequency was greater than the quadee

resonance. For lower frequencies this model gavg peor

results —indicating significantly higher impedariban reality

and even a negative slope in some cases. A modifithe

model was needed to highly attenuafer low frequencies
only. The factor, (1 —-1/(1 + 0.14*(F/Fg)2+ 1.0*(g)B +

0.79*(F/Fq)4 + 50*(F/Fq)24)), was determined tongfigantly

improve results. The factors were derived fromastiesquares
fit to an alternative equation for short dipoleoyided by

reference 3 —shown below modified for only halfigote.

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

where L is the antenna length ands the wavelength, both in
meters. This equation is reported to give good h®sip to
about 0.2 wavelengths. A plot showing the fitteddeloto
Equation 24 is shown below. Note that the model aas
excellent fit to the theoretical “correct” model fwavelengths
shorter than 0.2. The “correct” model under predithe
resistance for longer wavelengths and the effecthef24th
power term comes into play to bring the resistasiose to the
theoretical 37 ohms at 0.25 wavelengths. This is exactly
what goes on but is a simple to work with fit.

2

The circuit will tune up to:

1
C 2
o = b 2

= 2128MHz

If we use for C a variable capacitance with

Guin = 20 pF and fzax = 365 pF, then
Cegquin = 38.18 pF and Guax = 494.20 pF, giving for the
required inductance L a value of 182.46 uH. Theudtirwill
tune up to fiax = 1.906 MHz.

AcknowledgementsSpecial thanks are given to Ben Tongue
for his comments on the manuscript and for enginga
further mathematical analysis of the circuit regayd
bandwidth variation with frequency, which will beork
shortly.
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After some algebraic manipulation we obtain:

2Ca+Cj:l -

@?LC
Ca+C

The equivalent capacitance resonating with L is:

Ca =C(2Ca+cj
Ca+C

Clearly, GC.

Following is a numerical example illustrating theeuof the
above results.
Let C be a variable capacitance with
Guin = 20 pF and Gax = 475 pF.
Let also G be 200 pF.
Then, Gqvaries between
Cequin = 38.18 pF and Guax = 615.74 pF.

If we wish to tune the MW broadcast band starting30 kHz,
then the required inductance L will be:

L=

Winin

C

‘eqMAX

= 14645uH
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Short Antenna Radiation Resistance

/

o0 005 o o on 0
Wavelengths on Line

Figure 2: Model fit to short antenna radiation semice

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

a= 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 mnegat
exponentials using. Next, we compute theta using Equation
16 and then the cosine and sine terms. We sulestihetse
values into Equation 9 and use Equation 10 to saés is
best done in a spread sheet for a range of freqgeennd the
results plotted. A wide range plot showing multipjearter-
wave resonances for a wire antenna is shown in&igu
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Antenna Impedance

inpsdance n Otms

0 s 0 1 2 = @
Frequencyn iz

Figure 3: 2 MHz resonate antenna 5 meters off gtoun

The computed impedance at 2 MHz of this antenn@.3s
ohms. The impedance at the third harmonic (6 MHzp%
ohms —for both resonant frequencies the reactiveipaero. It
should be observed that the impedance is at a mimimand
purely resistive at odd harmonics of the quarteveva
resonance. The impedance is very high at even hacso
This figure should be viewed as illustrative rathdsan
accurate. Although the pattern of impedance vaniatis true,
the magnitude could vary considerably dependingactual
ground conditions and the proximity of other stwes. It is
true that the impedance variations become smoaikethe
number of quarter-waves increases. Only a minintizimgpt
has been made to correctly model that for this rhadethe
primary interest is in the sub quarter-wave regiore work
will be done on the high frequency region at arlakste. It is
expected that the required effect can be obtaingdthie
appropriate exponent on the n term that immedidtipws
the exponential in Eq. 25 —but some kind of shower series
might be required instead. Example Antennas
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This is, when:

(2

L 1
Lat ———|-——F—==<=0
“{ l—wZLCj CaC
Ca+C

which is satisfied at certain radian frequengy
At this frequency, the L-C tank circuit behaves as
equivalent inductance

_ Lt
1-w’LC

Usually, L is much greater than for antennas used in crystal
set work. Then,

L
La<<———
1-w’LC
Equation (2) can be written as:
wl 1
>~ =0
1-w’LC w[ CaC j
d
Ca+C
We can then write:
wl _Ca+C

1-@’LC wCaC
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)

The following plots show the typical impedance fmveral

| = Ea wire antennas. In each case #14 AWG wire was usddhe
; 1 - __ solid line is the radiation resistance and theetbtine is the
r+jlaa-— +Z-—— o . .
«Ca oC reactance. In all cases the radiation resistaneerislow. The
key feature is the capacitive reactance of thenaate
5_1
Z= 7 Antenna Impedance
where:
o_ 1 .
Y=——+juC
jal
= ][(,_c _ij §
al H
i
- «’LC-1
! al
U i o "
i PLC-1 Figure 4: Antenna length = 10 m, height =3 m
This is about as short as an antenna can be alhdbeti
practical. This antenna appears as 73 pF.
or:
= al
Z=ijl %=
J[l—wZLC)

Then, | = jyax When:

1 3N 1 _
[“La ﬁ](m) w°
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Antenna Impedance

Reactance in Ohmns

[ T—

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 frequenot4&4 pF
at high frequencies. The change in capacitance fndjuency
is because the reactance of the series inductameels part of
the capacitive reactance.
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ANALYSIS OF THE TUGGLE FRONT END
By Ramon Vargas Patron
http://www.inictel-

uni.edu.pe/index.php?option=com_content&view=agtotl
235&Itemid=152

Part I:

This article analyzes the Tuggle tuner, of commse i high-
performance DX crystal sets. An equivalent cirdait the
antenna-ground system with the tuner connectedhdasvis in
Fig. 1 below. It must be recognized that thereome stray
capacitance of the rotor and frame of the two-geagable
capacitor to ground. This should be shown as al foapacitor
across the bottom variable capacitor. Its preseviteeduce
the maximum frequency to which the circuit will &n
However, in the present analysis this stray capacé is
neglected.

Loose-coupled
-Ba 15 the voltage induced in the

antenna by the radio wave.
-La s the equivalent series

inductance of the antenna
Detectorside ¢, i the equivalent series
capacitance of the antenna.

“r accounts for the antenna radiation
resistance Ra and ground losses Rg

Fig 1 The Tuggle front end connected to an antenna-ground
system

The mesh current is described by:
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25 340 20 165 440 1400 30 50 Antenna Impeciance
25 375 20 165 300 1700 26 27

25 220 20 200 700 550 130 335
25 300 20 200 585 1100 35 72 N )
25 375 20 200 300 1700 24 20

Resctance n Ohms

50 ohm / 150 uH High resistivity Earth Case sensitivities

Ohm pF uH uH Qu kHz cpl tank

Rg Ca Lla L1 f c2 c1 )

50 220 20 150 475 550 128 476 R ——

50 300 20 150 400 1100 34 108 S A
50 375 20 150 200 1700 24 35 Freauney e

Figure 6: Antenna length = 30 m, height =3 m
50 220 20 150 700 550 96 490

50 260 20 150 640 750 53 256 This antenna appears as 220 pF at low frequeno@826 pF
50 300 20 150 585 1100 28 113 at high frequencies.

50 340 20 150 440 1400 22 65

50 375 20 150 300 1700 19 39 Antenna Impedance

50 220 20 125 700 550 110 595
50 300 20 125 585 1100 31 139
50 375 20 125 300 1700 21 49

Kevin Smith
09/2011

Figure 7: Antenna length = 40 m, height =5 m
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This antenna appears as 290 pF at low frequencidsisa
almost resonant at 1.7 MHz. This is about as loagaa
antenna needs to be for excellent reception. Nistethat the
antenna is higher. The increase in radiation reasi&t at higher
frequencies is an indication that quarter wave nasoe is
being approached.
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141.

2. The ARRL Antenna Book, edited by Gerald L. Hdlhe
American Radio Relay

League, Inc. Newington, CT, 1984, Fourteenth edjtftage 2-
20.

3. Antennas and Transmission Lines, John A. Kueckéf)

Enterprises, Inc., 1996,
First edition, page 64.
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Rg Ca La L1 f Cc2 C1l
15 220 20 180 475 550 337 328
15 300 20 180 400 1100 61 63
15 375 20 180 200 1700 40 10

15 220 20 180 700 550 220 352
15 260 20 180 640 750 100 176
15 300 20 180 585 1100 49 73
15 340 20 180 440 1400 37 37
15 375 20 180 300 1700 32 17

15 220 20 130 700 550 313 511
15 300 20 130 585 1100 59 110
15 375 20 130 300 1700 38 30

15 220 20 205 700 550 195 302
15 300 20 205 585 1100 45 61
15 375 20 205 300 1700 30 13

25 ohm / 165 uH "Standard" resistivity Earth Case
sensitivities

Ohm pF uH uH Qu kHz cpl tank
Rg Ca La L1 f cz2z cC1
25 220 20 165 475 550 213 396
25 300 20 165 400 1100 48 84
25 375 20 165 200 1700 32 22

25 220 20 150 700 550 164 462
25 300 20 150 585 1100 41 102
25 375 20 150 300 1700 27 31

25 220 20 165 700 550 151 416
25 260 20 165 640 750 76 213
25 300 20 165 585 1100 39 91
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| strongly urge you to put down the Litz, set asitle silver-
plated caps, store the holy-grail diodes and gosdme
research on your local ground. All the time, exgesd effort
on the greatest "state-of-the-art" crystal recewidirbe wasted
if the ground is not attended to. If the resisyivitf your earth
is high in ohm-meters, get more metal in the groumd
consider a counter-poise. The following table frafBM
Instruments shows the relation between earth iegisn ohm
meters and actual earth resistance in ohms asctidorof the
earthing method used.

Models and Data:
10 ohm / 220 uH Lowest resistivity Earth Case sensitivities

Ohm pF uH uH Qu kHz cpl  tank
Rg Ca La L1 f c2 cC1
10 220 20 220 475 550 442 228
10 300 20 220 400 1100 68 36
10 375 20 220 200 1700 44 -3

10 220 20 220 700 550 273 255
10 260 20 220 640 750 114 122
10 300 20 220 585 1100 55 47
10 340 20 220 440 1400 41 20
10 375 20 220 300 1700 36 5

10 220 20 200 700 550 304 287
10 300 20 200 585 1100 58 54
10 375 20 200 300 1700 38 7
15 ohm / 180 uH Low resistivity Earth Case sensitivities
Ohm pF uH uH Qu kHz cpl tank
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GROUNDS
by Jim Lux
http://home.earthlink.net/~jimlux/hv/grounds.htm

The following discussions are really applicable kioe
frequencies. For higher frequencies, dielectrics losust be
considered, as well as skin effect. For lower feies (i.e.
DC) consideration should be given to electrolyfie&s such
as polarization.

The dominant effect for a ground is the currentritigtion

within the earth. The ground rod or wire itself igally has
negligible resistance, as does the interface betweerod and
soil. As such, the soil conductivity has a veryglrnfluence
on the ground resistance.

Resistivity of different soils and resistance cfirgle rod. The
rod, in the table below, is a standard rod 5/8 iimcHiameter
and 10 feet long (16 mm diam by 3m long) Data takem
|IEEE Std 142-1991.

Avg Resistance
Resistivity | ofrod
{kohmcm) | {ohm)

Group

Soil Description
P Symbol

Well graded gravel,

gravel-sand mixtures,
little or no fines GW 60-100 180-300
Poorly graded gravels,
gravel -sand mixtures,
little or no fines GP 100-250 300-750
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Avg Resistance
Resistivity | of rod
{kohmcm) | {ohm)

Group

Soil Description
P Symbol

Silty sands, porly graded
sand-silts mixtures SM 10-50 30-150
Clayey sands, poorly
graded sand-clay

mixtures sC 2-20 15-60
Silty or clyey fine sands
with slight plasticity ML 3-8 9-24
Fine sandy or silty soils,
elastic silts MH 8-30 24-50

Gravelly clays, sandy
clays, silty clays, lean

clays CL 2.5-6 17-18
Inorganic clays of high
plasticity CH 1-55 3-16

Note 1) ohm M = kohm cm * 10
2) for the last two, clays, the resistivity is higldependent on
soil moisture.

Effect of Moisture Content on Soil Resistivity

The following table gives resistivity (ohm M) fohree types
of soil, for moisture contents from 2% to 24% byigh¢. Data
taken from IEEE Std 142-1991.

Note: ohm M = kohm c¢m * 10
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represent increasing earth resistance presentetietoATU

from a very low 10 ohms to a fairly high 50 ohmsctéal

earths can go up to two orders of magnitude highehrose L1
inductances such that the maximum needed capaeitanald

approach 500pFs, easily found on many variable. céfigh

respect to the coupling cap (C2, red curve), as ¢agh
resistivity increases the needed capacitance @sclifhe tank
cap value needs to resonate with the inductor anctases
with smaller-value inductance. In searching for0®@E max
cap value, the choice of inductance needs to deeredth

increasing earth resistance. Parameters otherRba.1 and
C1-C2 have minor impact on the models.

Conclusions:

From the plots one can readily see that above hOexdrth the
two variable capacitors on the ATU do not tracklwas the
earth resistivity increases, the worse the trackiMpst

locations are not blessed with a low resistivitytleand this
needs to be factored into the ATU design. Theilétls to be
done, changing the design coil inductance will gjearthe
needed capacitance on BOTH C1 and C2, (larger adsléo
smaller C1 and C2 for resonance and vice versg)ogsible
solution well worth trying is to use a dual-gangpaaitor
where one section has a different value than therptthe
above plots give an easy way to decide the maesateeded.
Use the smaller gang on the coupling circuit arelléinget on
the tank. Experience tells us that ganging the cepa on a
"Tuggle" front end works well, but from the mod¢leave to
imagine one might squeeze a bit more performancgiigg

up the convenience of one-dial tuning on the AT&peeially
where your earth has a fairly high resistance.

The best design concept will be to know first amitically
your earth resistance. If this is just a guessquaeameter then
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1000

25 Ohm Earth-165uH Tank

y= 1600902382
\ R*z09054

2 100
8 \’\\:\\’
# 2 CouplingCap
@ C1 TankCap
10
500 1000 1500 2000
fkhz
50 Ohm Earth-150uH Tank
1000
y=6E+08x 2722
R*=09985
%100
3

v=840360x453
R1=08771

@ c2 CouplingCap
@ CLTankcap

500 1000 1500
ThHz

2000

Moisture content| . Sandy
. Top Soil Red Clay
(% by weight) Loam

2 185
4 60
6 135 38
8 90 28
10 60 2
12 35 17 130
14 25 14 55
16 20 12 20
13 15 10 14
20 12 9 10
22 10 8 9
24 10 7 8

Effect of Temperature on Soil Resitivity

The following table gives variation in soil resisty with
temperature. The significant transition is at tlee£ing point,
and above that the resitivity drops fairly lineanlith
temperature. I'm not sure about the double entrf fbegrees..
perhaps it represents the variability at the ttarsi
temperature? Data taken from IEEE Std 142-1991.

The above plots show the calculated capacitancesuser
frequency for four different models of Earth Resist / Tank
Inductance. In each case | maintain the same lpgaitance
vs frequency scale for easy comparison. The caseeled
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Temperature | Resistivity
(degC) (kohm cm)
-5 70
0 30
0(?) 10
10 8
20 7
30 3]
40 5
50 4

Note: ohm M = kohm c¢m * 10

Calculation of Resistance to Earth

An expression, accurate to 15%, for a single 13fi)(rod 5/8"
(16mm) in diameter is:

Rground(rod) = rho/335 ohms

where rho is in ohm-cm. (ohm-cm = ohm M *100)

Multiple rods

Multiple ground rods are often used particularlyené high
currents may be involved. The ground resistane®issimply

the resistance of one rod, divided by the numbeods$, unless
the rods are very far apart. However, even thohghground
resistance of the combination may not be all thathmbetter
than a single rod, the current is shared among rtius,

reducing the current per rod. A guideline from IEGf 152-
1991 to avoid "smoking rods" is:

Max Current(amps) = 34.8E3 *d * L / sqrt(rho * t)

where:

d is the rod diameter in meters

L is the rod length in meters

rho is the soil resistivity ishm meters
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10 Ohm Earth-220uH Tank

@2 Couplingcap ®
@1 Tankcap

500 1000 1500 2000
fhHz

1000

15 Ohm Earth-180uH Tank

= 1077
R¥=0.9565
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S CLTankCap
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1) Frequency is chosen per your interest, | hakertanodels
at F = 550-1100-1700 kHz.

2) Coil inductance one has control over when wigdih have
chosen base values that resonate with about 408pk
capacitance, with some sensitivities.

3) Unloaded Q | do not have. For modeling | haaken
Vargas's measures for a 4.5" coil wound with 66Q/MBwire.
| assume this will be about as good a coil as areveind. |
also made a sensitivity for lower Q. Q is a fumetiof
frequency and | have used the appropriate valu@ tf match
the modeled frequency.

4) Series Resistance is basically what the earth gaound
system will deliver plus a small 1-2 ohm contributifrom Ra
and Rr. | have modeled four cases 10, 15, 25 é&ndhns.
The first two cases reflect my needs on the GulagEavith
low resistivity soil. The 25 ohm case is a "typlcar
"standard" grround. Finally, many will have mucigher
resistivity soils and you need to know just howfidifit things
can get!

5) Series capacitance | based for my specific matem the
model of Ken Kuhn (Mathematical Model of Wire Antex).
The capacitance of a 30m antenna 3m high he ctécul®
range from 220pF and low frequencies to 375pF aigth h
frequencies. | input the correct capacitance tdcimahe
frequency modeled.

6) Series inductance | just input 20 uH every time.

The data and plots for four different scenariofofel
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t is the duration of the current in seconds (andlil for short
times only)

The text of IEEE Std 142-1991 claims that for 5/8" rod (32
cm x 16 mm) this expression yields 116A in 2500 amsoil
and 58A for 10,000 ohm-cm soil, however | don't tese
numbers.

Here's a table of some formulae to calculate graesitance
for combinations of rods. This table is taken fr¢BEE Std
142-1991, but it's cited there as coming from: DOwig
H.B.,"Calculation of resistance to groundlEE Transactions,
vol 55, Dec 1936, pp 1319-1328.

Description expression for R
Hemisphere, radius a =rho/(2"pi*a)
One rod, Length L, radius a =rho/(2*pi*L) *(In(4*L/a)-1)

Two ground rods spacing s, s»L

=rho/(4*pi*L)*(In(4*L/a)-1) +
rho/(4*pi®s)*
(1- 1/3 * (Lfs)*2+ 1/5 * (L/s)")-...)

Two rods, spacing s, s<L

—tho/(2*pi*L)*{In(4*L/a)- In(a*L/s)
- 2+1/2 % s/L-1/16 * (s/L)~2
+1/512 * {s/L)M-...)

Buried horizontal wire, length 2L, depth
s2

=rho/ (4%pi*L)*{In{4*L/a) +Inf4=L/s)
- 2+41/2 % 5/L-1/16 * (s/L)*2
+1/512 % (s/L)"4-...)

right angle turn of wire, Arm length L,
depth 5/2
(essentially 2 arms at right angles)

=rho/(4*pi*L)*(In(2*L/a)+In(2%L/s)

- 0.2373+0.2146 * 5/L+0.1035 * (s/L)"2
- 0.0424 * (s/1)"4...)

* I'm not sure of this one, the sign
pattern is very different from the
others!

3 point star

=rho/(6%pi*L) *(In(2*L/a)+In(2"L/5)
+1.071- 0.209 * s/L+ 0.238 * s"2/L"2
- 0.054% sM/LM- ...)
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forR

4 point star (cross)

—tho/(8*pi*L)*(In(2*L/a)+In(2"L/s)
+2.912- 1.071 * 5/L+ 0.645 * s°2/L"2
- 0.145 * s7/LAd- L)

6 point star =rho/(12*pi*L)*(In{2"L/a)+In(2"L/s)
+6.851- 3.128 * 5/L+ 1.758 * 5°2/L"2
- 0,430 * sha/Lna- )

8 point star =rho/(16pi*L)* (In{2*L/a)#In{2*L/s)

+10.98- 5.51 * 5/L+ 3.26 * 542/1L"2
- 117 % sM/L8- )

ring of wire, diameter of ring D, diameter
of wire d, depth 5/2

=rho/(2*pi~2*D) *(In(8*D/s)+In(4*D/s))

buried horizental strip length 2L, sectiona
xb, depth s/2, b<a/g

=rho/(a*pi*L)*( In{4L/a)

+ (a2 - pi*a*b)/(27{a+b)"2)
+In(4%Lfs)- 1+ 5/(2%1)- s"2/(16%142)
+504/(512%L7M)- ..

buried horizontal round plate, radius a,
depth 5/2

= rhof(8*a) +rho/(4*pi*s) *
(1-7/12 * (a/s)"2+ 33/40 * (a/s)"4- ...)

buried vertical round plate, radius a, dept}

= rho/(8*a) +rho/(4"pis) *

(1- 7/24 * (a/s)"2+99/320 * (a/5)"4- ...)

hv/grounds.htm - 18 March 2003 —

Jim Lux
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Modeling:

All the above discussion is great but... What ispantant
really? The following section presents the resaftapplying

different parameters to get a feel for the serigjtivf it all. To

begin with | need explain my base assumptionsth&lmodels
are based on Kleijer's calculation spreadsheetwiéquires
inputs for the following parameters:

Frequency

Coil inductance

LC circuit Q unloaded

* Complex impedance of antenna or
Series Resistance (Rg+Ra+Rr)
Series Capacitance Ca

Series Inductance La

* If the series values are given, the complex ingpee is
calculated.

129



of typical ranges in ohm meters for some differsoils
follows:

Loam 5 - 50 ohm meter
Clay 4 - 100

Sand/Gravel 50 - 1,000

Limestone 5 - 10,000

Sandstone 20 - 2,000

Granite 1,000 - 2,000

Slates 600 - 5,000

Moisture up to about 17% dramatically lowers resgitst,
mineral salts are needed and pure water is anaitisulnd as
the temperature approaches freezing the resistaly rises
dramatically. All this factors into your estimatia@i Rg. The
actual resistivity seen by the circuit depends be earth
resistivity and the type of grounding system youehmstalled.
The more metal in the ground, and deeper, the loer
resistance. Know thy earth! A map of USA soil reeity
follows:
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Map of Effective Ground Conductivity in the USA

REA Bulletin 1751F-802
http://www.rurdev.usda.gov/SupportDocuments/UTP léin
s_1751F-802.pdf

1. GENERAL

1.1 Ground, is defined as a conducting connectiowhich a
circuit or equipment is connected to the earth. @denection

is used for establishing and maintaining the pdéaémtf the
earth, or approximately that potential, on the wircor
equipment connected to it. A "ground" consists gf@unding
conductor, a grounding electrode, a grounding octone
which attaches the grounding conductor to the gioun
electrode, and the soil in contact with the groeledtrode.

1.2 Using Grounds in Protection Applications:

1.2.1 For natural phenomena, such as lightningurgis are
used to discharge the system of current beforeomest or
personnel can be injured or vulnerable system coepis can
be damaged.

1.2.2 For potentials due to faults in electric ppwgstems
with ground return, grounds aid in ensuring rapieration of
the power system protective relays by providingitmital low
resistance fault current paths. The low resistgratk provides
the means for the removal of the potential as hapas
possible. The ground should drain the potentialoteef
personnel are injured or the telephone system dedhag

1.3 Ground Resistance: Ideally, a ground shouldbbeero
ohms resistance. In reality, this value cannot biioed due
to the series resistances shown in Figure 1: Cosenof
Resistance in a Ground Connection. Grounding theomy
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methods for obtaining a ground of the smallest gwalc
resistance will be discussed in subsequent paragirap

2. PHENOMENA AFFECTING GROUND RESISTANCE

2.1 Introduction: A grounding electrode cannot bieeh into

the soil with the expectation of obtaining a goddw

resistance, ground. Many factors, both naturalfandan, may
affect results. Some of the factors include:

2.1.1 Earth Resistivity:
The electrical resistivity of
the earth (resistance of the
earth to the flow of current) (T Conductor Resisance
is of major importance. \

The unit of earth
resistivity, the ohm-meter, TTT Gectoce
is defined as the resistance, fice
in ohms, between opposite
faces of a cube of earth one
cubic meter in volume. An
alternative unit of
measurement, the ohm- centimeter, is defined asetlistance
in ohms, between opposite faces of a one centinvetiee of
earth. To convert ohm- meters to ohm- centimetergjpiyuby
the former by 100.

Figure 1: Components of Resistance
in a Ground Connection

«——— Gonnector Resistance

Resisiance Of
Surounding Earth

2.1.1.1 Earth resistivity varies over a considezabhnge.
Within the United States it varies from a few ohratens
along some coasts to many thousands of ohm- meteosky,
mountainous country. Figure 2: Estimated AveragethEa
Resistivity in U.S. provides very general data orerage
surface earth resistivity throughout the United&ta
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inductance L1 and capacitance C1. The capacitame a
inductance of the ATU is needed to tune out theteeme of
the various components of the antenna for whichdeenot
have data. What to do?

Without an antenna analyzer (expensive) one canestimate

the many component values based on published antenn
models. Ken Khun's engineering page has a numbeicef
models and a good discussion of the antenna paszesnee

will be trying to understand and use. For my peassetup my
antenna consists of about 75' of 14awg wire avegagbout
10-12' high and with another 25' of lead-in. Foctsian
antenna Khun models a 30m antenna 3m high which
approximates my situation closely enough. Wirestesice is
negligible as is the radiation resistance whiclsthews to vary
between some 0.1 to 1.5 ohms. Such an antennpasitae

by nature and will have about 220 - 375pF alondhwibme
small 20uH inductance, not too far off a standaddnimy"
antenna. This pretty much leaves earth resistacafRthe
main unknown parameter.

For Rg one has the option of punting and taking'8tandard"
value of 25 ohms. In my modeling | have found grasameter
to be critical and highly sensitive. | do not recoend
guessing here, it is recommended one go to thmitt@age of
their state, county, or local government and seéocheports
on ground or soil resistivity (or conductivity). Akis is an
important agricultural and engineering parametehas been
surveyed for most places and should be available some
effort. Effort well rewarded. Earth resistivity fdhe Texas
Gulf Coast is a mercifully low 10 - 15 ohm metebsit for
many regions this will not be the case.

Earth resistivity depends on a number of varialietuding
the material, moisture, mineral salt, and tempeeatA table
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and for this | am deeply in his debt. My hat's tff Dick,
thanks so much.

The following discussion presents the results ofynamodels
cranked through the design calculator. | wishedrderstand
what factors play main roles and which have miretsp

For a conventional detector-circuit coil one caetfyr much
control all the main factors, really only the intamce and
capacitance of the circuit. The main and only segpcomes in
the form of "stray capacitance" resulting from gpacing of
the coil wires. This can readily be 1) guessed rad )
minimized by good coil winding technique. For thetemna
circuit by contrast many of the needed parameteesth
resistance, antenna capacitance and inductanceargedna
resistance in the forms of actual wire resistanu mdiation
resistance are, for most of us, unknown and onBssed at.
The following figure illustrates the antenna andAWith a
list of the main "components” that need to be usited
and/or modeled.

The Antenna Equivalent Circuit consists of an ACtage
source Va (the signal of interest), in series witme radiation
resistance Rr, antenna capacitance Ca, antennetamde La,
antenna resistance
Rr, and finally a
rRe ©? Lo Ra 11 ground  resistance
Rg for the return
1 path to complete
: the circuit. In
Lo addition the ATU
consists of a
coupling
capacitance C2,
and a tank with

Antenna ATU

Rr+Ra+Rg=R1
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2.1.1.2 In addition to regional variations, eamRistivity may
vary widely within very small distances due to Ibcail
conditions. Table | lists typical ranges of ear#isistivity for
various soil types. This table should be usefulséecting
locations at which a ground is to be installed.

TABLE I: RESISTIVITY OF VARIOUS SOILS
SOIL RESISTIVITY RANGE (ohm- meters)

Loam 5-50

Clay 4 -100
Sand/Gravel 50 - 1,000
Limestone 5-10,000
Sandstone 20 - 2,000
Granite 1,000 - 2,000
Slates 600 - 5,000

2.1.2 Soil Moisture: Nearly any soil, with a zero moisture
content, is an insulator. Fortunately, this comditis rarely

encountered except in desert
areas or during periods of
extreme drought. Figure 3:
Typical Variation of Soil
Resistivity ~ with  Moisture
illustrates the typical affect of
moisture on soil resistivity. It
should be noted that above
17% moisture by weight
additional moisture has little
effect. Below this figure
resistivity rises rapidly until, at
2% moisture it reaches 100

Figure 3: Typical Variation
of Soil Resistivity with Moisture

Soil Resistivity (ohm-meters)
000

500

1,000/

500/

o
o 20 30 w0

Porcont Moisture in Sail by Weight

times its value at 17% moisture. Thus, a good gioun
connection should always be in contact with soiihg a
ground water content in excess of 17%. Local weileds
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should be able to provide information concerning depth of Notes on simulations for a Tuggle Front End

the water table in their areas. Water content albmes not http://www.lessmiths.com/~kjsmith/crystal/atu.shtml
provide a good ground in many areas so do not lséechby By Kevin Smith

moisture depth only. (See Soil Mineral Content isecto

follow). Introduction:

2.1.3 Soil Mineral Content: Water with no mineral salt When designing my radios | always make extensive afs
content is nearly as good an insulator as soil withmoisture Mike Peebles and Dan Petersen's "Professor Caiasigheet.
content. Fig_ure 4: Typical Figure 4: Typical Effect of Mineral Salt This tool along with the many tutorials and expliores onlir]e
Effect of Mineral Salt on on Earth Resistivity have vastly eased the design work around homebiiv

Earth Resistivity illustrates
the effect of mineral salt
content on soil resistivity.

2000 PSRy ehmemeters) winding. We can now model a coil with good accurpdgr to
i | the actual job and thus better match the coil te other
components we plan to include. One quickly becoeware

Soils which lack adequate 19| I that most coils for the broadcast band vary arcambminal
soluble mineral salts may 220 or so uH. More than this and most variable ciapa will
be encountered from time to  1o%|-| — have too much bottom-end capacitance to tune theotdhe

time. band. Less than this and you need caps with faigi values

when fully meshed, 500+pF or more.
2.1.4Temperature: As the

temperature of soil . SRR All the above is pretty straight forward. On thénet hand,
decreases, resistivity e when | have been reviewing double-tuned set desigofien
increases. When the soil ?Freerieos of oisre by aent note that the coil used for the ATU (antenna tuning) wil
tempgrature Flrops below the Figure 5 Typal Vo of S ity have an |nduptance gune a bit onver than the mmk coil.
freezing point of water, with Temperature Professor Coil doesn't address this aspect ofdesign and |
resistivity increases rapidly, o Resistty (ahm-meters) have found little discussion online concerning ATEsign.
as shown in Figure 5: Typical | Mostly this seems to be dealt with in passing oa digression
Variation of Soil Resistivity Y L when dealing with other subjects. The most usefelb wites
with Temperature. T i for addressing this aspect of crystal set desigiudte Dick
| | Kleijer's excellent work and Ramon Vargas's dedadlealysis
o | of the "Tuggle Front End", that's about it. Neithsite
\ | discusses the ramifications of varying differentrapaeters
&0 A A — such as the Earth Resistance, Coil Inductancealétough
| Kleijier's site includes a great calculator pagefiow one to
% s 0T o T w w ask these questions. In my explorations of ATU glesi
Tempsrature (C) (primarily Tuggle) | have made extensive use ofijilge page
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REA Bulletin 1751F-802
APPENDIX C MEASUREMENT OF SOIL RESISTIVITY
1. GENERAL

1.1 Soil Resistivity Measurements are commonly maitle a
test instrument that uses the four-terminal fall poitential
method. The test instrument has four terminals thet
connected to four electrodes arranged at equalrdiss along
a straight line (shown in Figure C1: "Four-Termin&lethod
for Measurement of Soil Resistivity). Internallyetinstrument
contains a current circuit and a voltage circuihe Tcurrent
source can be a handdriven a.c. generator or aageolt
reversing vibrator that causes a current to flowwben the
two outer electrodes (Terminals C1 and C2). A puidéris
measured between the inner electrodes (Terminan@P2).
The voltage and current circuits are coupled within test set
to provide a reading in ohms.

1.2 The Theory for This Measurement was develope®b
Frank Wenner of the U.S. Bureau of Standards irb1&id
published in Report No. 258, Bulletin of BureauSténdards,
Vol. 12, No. 3, October 11, 1915, "A Method of Medsg
Earth Resistivity." Dr. Wenner established that,the test
electrode depth is small compared to the distaeteden the
electrodes, the following equation applies to detee the
average soil resistivity to a depth equal to tistalice between
the electrodes:

p = 21AR = 6.28AR

Where: q = Average soil resistivity to depth eqt@lA, in
ohm-centimeters

n = 3.1416

A = Distance between electrodes, in centimeters
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R = Test instrument resistance reading, in ohms
Note: Divide ohm-centimeters by 100 to convert to
ohm- meters.

1.3 Ground Test Instruments generally use an alt&g
voltage source with a frequency not related to posystem
fundamental frequencies or their harmonics. Thisids/ the
effects of polarization and foreign earth currentich could
produce erroneous results.

1.4 Objectives of Soil Resistivity Measurementse Tihst is to
determine the type of earth connection requireprawvide the
objective resistance to earth. The second is tineledny
geological limitations that might be present, sacha rock
layer, that would restrict installation of the gnoling system.

2. BASIC SOIL RESISTIVITY MEASUREMENT

2.1 Introduction: The depth to which the averagdl so
resistivity is desired determines the distance lf@jween the
test electrodes. This distance will typically be tangth of the
ground electrode to be installed plus the deptlovbethe
earth's surface to which it will be driven. A measuent
should be taken with test electrode spacings ofhatie one,
two and four times the length of the proposed gdoun
electrode. This will identify the presence of ladgviations in
the soil resistivity. Place four test electrodesngla base line
in relation to the proposed vertical ground eledértocation as
shown in Figure C2: "Four-Terminal" Method for Megsg
soil Resistivity. The test electrodes should beairiinto the
soil to a depth equal to A/20. Depths for test tetetes for
various distances (A) are shown in Table C-I.

TABLE C-I
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When we disconnect the antenna from the antenrex,ttime
resonance frequency of the circuit will increaseahie 2.
This is because Cp is no longer part of the tunedic.
2=1/(2.piN(L5.C6)

The frequency shift of the circuit is equal to:ff2-

The loaded Q of the circuit

If we connect the antenna (via C4) to the LC circtiie Q of
the circuit will degrease.

The Q we have then is called the Q of the loademliti(or the
loaded Q).

If the LC circuit is well matched to the antenrtze toaded Q
will be halve the value of the unloaded Q.
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Step 4
Now we have X8 we can calculate also XP with threnfda:
Xp=(R12 + X82)/X8

XP is a capacitor which is parallel to C6.
XP represents a capacitor value of: Cp=1/(2.pi.f,Xnd this
is in parallel with C6

Step 5
For resonance of the circuit must apply:
f=1/(2.piN(L5.Ctotal)

Or:

Ctotal = C6+CP = (1/(2.pi.f))?/L5 if we substrabe value of
CP, the value of C6 is left.

Step 6
Finally we want to know the value of C4.
We already had X8.

With the formula XC4=X8+XL2-XC3 we can calculateeth
impedance of C4.

And then with C4= 1/(2.pi.f.XC4) calculate the valof C4.
Now we know all values of the matched circuit.

Sometimes, XC4 will have a negative value, in ttege it is
not possible to get a match by means of a variedgacitor on
the place of C4.
As an alternative, we then can replace C4 by aveithi value:
L4= -XC4/(2.pi.f)

Frequency shift when disconnecting the antenna
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Test Electrode Depths for Various Distances Between
Electrodes Distance Between

Electrodes (A) Test Electrode Depth (B)
Feet Meters Inches Centimeters
5 1.52 3.0 8

8 2.44 5.0 13

10 3.05 6.0 15

16 4.88 10.0 25

20 6.10 12.0 30

30 9.14 18.0 46

40 12.19 24.0 61

50 15.4 30.0 76

2.2 Performing the Measurement: Connect the leaxs the
four test electrodes to the proper terminals ontélse set, C1,
P1, P2 and C2. Complete the measurement as desbytibe
manufacturer of the test equipment. Calculate tlod s
resistivity by the equation in Paragraph 1.2 amdm results.
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REA Bulletin 1751F-802
Figuras
Page 53

ity in Uv.8.

Pstimated Average Earth

Step 2

The antenna can be considered as 3 separate comgoRé,
Z2 and Z3

We take the sum of Z2, Z3 and variable capacitor é
consider this sum as one capacitor with impedaabes\Z8.
So0 Z8=72+7Z3+Z4= -JX8

Z8 must provide the match between resistor R1 ahd R

Ri 28 25 24 Ry}

ﬁg%@:_}ﬂTé%@

Step 3
Z8 in series with R1 can be converted to a parelfelit RP,
XP met de formulas:

RP=(R12 + X82)/R1 XP=(R12 + X82)/X8  hoveeywe
can't use these formulas yet, because X8 not kiyetvn

For impedance match, parallel resistor RP must chealeto
parallel resistor R7.

So: RP=R7

From this follows:

(R12 + X8)/R1 =R7

R1? + X82 = R7.R1

X82 = R7.R1 -R12

X8=1 (R7.R1 -R12)
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The antenna tuner

23 z4 25 26 Ry

= =y

cy =
|1

L5 cs !

g

The antenna tuner split into separate impedances.

R1, Z2 and Z3 represents the antenna.

R7 is not a real resistor, but represents the ossgarallel
circuit L5, C6

Step 1

Choose a frequency, calculate the complex impedaftke
coil: Z5=+J(2.pi.f.L5)

Calculate the parallel resistor (R7) of the cirdufii C6 with
the formula: R7=2.pi.f.L5.Q

Resistor R7 represents the losses occurring imid5G6.
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Soil Survey of Harris County, Texas

http://texashistory.unt.edu/ark:/67531/metapth13029/m1/
148/

Soil Survey of Harris County, Texas
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Harris County Summary (@ 1 — 2 m depth):

Loam 11-16 ohm M
VF Sandy Laom 10

Sandy Loam 13

Clay 6-9

Clay Loam 6-9

Fine Sand 11k — 34k

Loam 15

Fine Sandy Loam 5-16

Loam 14 - 16

Equation of single rod resistance of earthing:
Rrod=p/2zLr .[In(8Lr /d)— 1]

p: is the resistivity of the soil iftem

Lr: is the length of the ground rod in m

D: is the diameter of the ground rod in m

Soil Earthing resistance ()
| resistivity

Type of Soil Re Earthing rod m depth Earthing strip m

am 3 [ 10 5 10 20
Moist humus soil
moor soil, swamp 2 10 5 3 12 5 3
Farming soil
loamy and clay
soll 100 3 17 10 40 20 10
Sandy clay soil 150 50 2% 15 60 30 15
Moisty sandy soi 300 -] k] i) &0 40 20
Dry sand sail 1000 330 165 100 400 200 100
Conerete 1:§ 400 - - - 160 80 40
Moist gravel 500 160 0 48 200 100 50
Dry gravel 1000 330 165 100 400 200 100
Stoney soil 30,000 1000 500 300 1200 €00 200
Rock 107 -

LEM Instruments Brochure
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=X8 (Q) =C6+CP (pF)
=XP (@) =XC4 @)
=CP (pF) =Frequency without antenna (kHz)

Calculating the component values.

Here is explained what the calculator is calcutatin
To calculate the component values, we need thewaig
data:

The frequency.

The induction value of the coil (L5).
The unloaded Q of the LC circuit

The complex impedance of the antenna

The complex impedance of the antenna is build uh i
certain resistor R1 which is in series with a dai?) and a
capacitor (C3).

The values of R1, L2, and C3 are depending on nfactprs,
like frequency, antenna length, height of antentmve
ground, etc.

The impedance of the antenna is: Zantenna = R1+32+Z
R1+J(XL2 - XC3).

With a short antenna (shorter then 1/4 wavelengt®} will

have a higher value then XL2, the result is a cépac
complex impedance for the antenna, so with a mgigs in
front of the J.
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Click on “calculate”.
[Frequency: kHz
(Cotlvae @ Wi
[Unloaded Q of LC circuit

(Complex mpedance of antennz

T )

<<Deete valies

‘Series componeats of antenna:

Q (resistor)

WH (col)
oF (capacitor)

<< delte values

(Fssuss sndainaiies]

Calcuiate | | Resst

(Complex impedance of antema

w0

[Parallel resistance of LC circuit

[Value of Cs.

o

Value of C4

[Frequency shift when
isconnecting antenna

akematve:

Estra information as used i the caleulations belory

0 =@ [0 =C51CP GF)

0 =@ ESTD)

0 =cz R0

Frequency:  kHz

Coil value (L5):
Unloaded Q of

uH
LC circuit:

Complex impedance of antenna:
Series components of antenna:

pH (coil)
pF (capacitor)

Complex impedance of antenna
Parallel resistance of LC circuit
Value of C6 pF

Value of C4 pF

Frequency shift when
disconnecting antenna kHz

Frequency without antenna (kHz)|

Q
Q (resistor)

Q
Q

alternativeH

Extra information as used in the calculations below
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How to measure the impedance of an AM-band antenna-
ground system, what one can do with the results, @ig
with some measurements

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

Quick Summary: This Article describes a methodnasure
the series capacitive and resistive parameterisecimpedance
of an antenna-ground system vs frequency. Redudts
measurements on an attic antenna are given.

Schematic using a half wave rectifier
full wave rectifier

Schematingia

The circuit in Fig. 1

was inspired by an
agio Article in The Crystal
ekl Set Society Newsletter

d of Jan 1, 1995. It was

D written by Edward
o Richley. He used a 1
a MHz crystal oscillator
for his source, so had
no problem with using
a 200 uA meter. | use
a sine wave function
generator for my RF source, but a radio Service 'snan
oscillator may also be used if it has enough outg&ither of
these sources cannot supply as much signal as tdle x
oscillator, so | had to increase sensitivity. Thathat the 2.5
mH chokes and 5 nF caps are for. The 2.5 mH chokes

Headphanes

Fig. 1 - Vier. A of Artenna-ground messurement bridge.
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eliminate RF loading by any resistive componenthef meter
or phones on the diode detector. The 5 nF capsingite
resistive DC loading on the detector from the tv&D ®hm
resistors. | lay out the components breadboarte sty a
nonconductive table to minimize stray capacity, pkee
connections short, and especially keep the signake lead of
J1 away from the connections to each end of D1myrsetup
D1 is a IN34A, M1 is a 0-20 uA DC meter, R1 is actsn
non-inductive carbon pot and C1 is a two gang éeigap of
365 pF per section. | parallel the two sectionsemvithe
antenna capacitance is above 365 pF. A lower taghsi
meter can be used

I —y—
680 &80 than the one used

= L here, at the cost of a

28mH requiring a higher

B applied signal to J1.

o Aligator -
o cliplead If a sensitive

MD enough meter is not

- ° E available, a pair of
Note: Carrect ua meter I high impedance
or hesdphones between
Ant poirts A and B . phones (2000 ohms
Gnd DC resistance) or

preferably, a sound
powered pair with
the elements wired in series can be used. Indhse, the
generator must have its AM audio modulation turoadat its
highest level. A modulation frequency of about Hzkis

recommended. If the meter is used, do not corthegphones.
If phones are used, do not connect a meter.

Fig. 2- Ver. Blof Antenna-ground messurement brige

To use the bridge, tune the generator to a frequehimterest.
Adjust C1 and R1 for minimum deflection on M1 onall of
the modulation tone in the phones. Increase thesigfal to
J1 as much as possible in order to get the shagmesimost
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CALCULATING COMPONENT VALUES FOR AN
ANTENNA TUNER
Dick Kleijer crystal-radio.eu

http://www.crystal-radio.eu/entunercalc.htm

In this article we are going to match a parallel tifeuit to an
antenna.
Matching means, connecting LC
circuit and antenna in such a way
that there is maximum power
transfer from antenna to LC
clj circuit.

- This article makes use of complex
impedances, a explanation about
this you can find here (external

L5 b link).

There are several ways of

matching the antenna to the LC

circuit, | discuss here only the
matching via a variable capacitor between antem l2C
circuit.

With the next calculator, the component valueshisf antenna
tuner can be calculated.

Enter: frequency, value of the coil in the LC citc{t5) and
the unloaded Q of the LC circuit L5, C6

Also enter the complex impedance of the antenngheoseries
component values of the antenna.

(when you enter both complex impedance, and series
components, the complex impedance is used, anthaseries
components).

If you don't know the antenna impedance, use thadsird
values for the series components:(2520uH en 200 pF.
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Now with various settings of C1, the frequency &g the
circuit, the voltage across coil L1, and the Q ¢asrcoil L1)
are measured.

The measured voltages are Volt peak-peak.

The frequency range can be slightly influenced Ine t
measuring amplifier which was connected acrosslLdoil
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precise null. Measure the resistance of R1 witlolammeter.
Use any desired method to measure Cl. | use the ca
measurement range of my Fluke DVM. I'm sure thedee
does not need to be reminded that this test ingaiadiating a
weak RF signal from the antenna when making the
measurements, so the length of time the genetmm should

be kept as short as possible.

Possible issues: More sensitivity is needed oerfetence
from antenna pickup of local stations obscurestidge null.

If insufficient signal is available from the RF geator to
provide satisfactory meter readings, one can usentbre
sensitive broadband circuit shown in Fig. 2. Th&es of L1
and L2 are 2.5 mH and C2 is set to zero in the divaad
version. A full wave rectifier is used insteadtoé half wave
one used in Fig.1 and it gives about twice the wiutOne can
also change from using 1N34A diodes and try Schafiro
Bias detector diodes such as the Agilent HSMS-285ther
circuit. The HSMS-2855 Zero Bias diode is espécwiitable
for use in the circuit shown in Fig. 2 since itadspackage
having two independent diodes, one for D1 and therofor
D2. One must be cautious when using the HSMS-2855
because the diodes can be damaged by the appiictimo
strong a signal to J1. This can happen if theaigenerator
signal is very strong when the bridge is greatlpalanced.
It's best to start with a weak signal, balance litidge, then
increase the signal if necessary.

If the signal from the RF generator is not strompugh to
override local pickup, thus obscuring the metet, rsellectivity
may be added to the bridge shown in Fig. 2 by ntpkise of
C2 and changing L1 and L2. If L1 and L2 are charge say,
10 uH inductors and C2 is made equal to 1200 p=btidge
will be tuned to about 1 MHz. These changes weitiuce the
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influence of local pickup upon measurement of amaen
ground impedance at 1 MHz. One suitable 10 uHdratuis
Mouser's "Fastron" #434-23-100.

If one uses headphones instead of a meter as thedicator,
even greater sensitivity can be achieved by AF riabitg the
bridge signal generator and connecting a parallltuned to
the modulating frequency of the generator acrossptiones.
This will filter out much of the interfering crosalk from local
pickup and pass the modulation tone with little slos

Suggested values are L=47 mH and C=0.5 uF if the

modulating frequency used is about 1 kHz. A lovgtacoil
having an inductance of 47 mH and a Q of about Blatiz is
available from Mouser as a Fastron Plugable Shielctsl,
#434-02-473J ($1.20 each). Greater selectivitynsgaross-

talk can be obtained by decreasing the inductante a

increasing the capacitor.

| live about 9 miles from WOR and 12 from WABC, bd&0
kW stations. 10 volts peak-to peak applied to bhnielge
overrides the local radio station pickup sufficlgrio provide
a clear null on the meter when using the circuitvehin Fig. 1
when using a 1N34A diode. A useable null with ppled
signal of only 1.5 volts p-p can be obtained whemg the
circuit in Fig. 2 with zero bias detector diodesyisd-powered
phones instead of a meter and the parallel LQ filte

Notes:

* |f the RF source has too great a harmonic contéetbridge
balance null will become less deep and sharp. 'Thety |
used a sine wave function generator to assure ehémonic
content. If one uses a function generator for sime waves,
make sure the symmetry control is set for best symm
(minimum reading on the bridge microampmeter). April
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L12, only the outermost winding is removed to rezluc
inductance a little bit. This reduced the totalelénght from
15 to 14.5 meters.

The frame of this antenna unit is made of 8mm pbbee
sheet.

Tuning capacitor C2 is driven via a 1:5 vernierveriso we
can tune it very accurate. Tuning capacitor C1lrwasernier
drive.

Experiments:

During the measurements the antenna unit is coadeot the
signalgenerator via a dummy antenna.

The dummy antenna.

Made with a resistor of 50 Ohm, a coil of 20 uHdam
capacitor of 200 pF. The 50 Ohm output resistavfcéhe
signal generator is in parallel with the 50 Ohnistes.

20uH

200P
GENE RATOR 500, _Radip

The dummy antenna makes the receiver input is dnivith a
impedance of 25 Ohm in series with 20 uH in senék 200
pF.. This is about the impedance of a averagewasg
antenna. With the dummy antenna connected toehergtor
(but without the receiver connected), the outputage of the
generator is adjusted to 50 mV peak-peak.
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The circuit L1,C2 has a high impedance (e.g. 1 NiphBut
the antenna has a low impedance (e.g. 10 Ohm)nguni
capacitor C1 forms a impedance match between thfs dnd
low impedance.

With a certain value of C1, there wil be maximumweo
transfer from antenna to the circuit L1,C2. Théere is
maximum voltage across the coil L1, and maximunsisigity

of the receiver. At low frequencies we must fatance adjust
C1 to 100 pF, and at high frequencies to 20 pF, thase
values are depending on the (lenght of) antennaomeect to
it. For the circuit Q however, the lower the vahfeC1, the
higher the Q. More information about this, you fiid here.

Coil L1 is wound with litzwire 660x 0.04mm (660/48NG),
on a polypropylene former. This coil is descrithedte as coil
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2004 Tom Polk published a description and schenfatia

low distortion medium wave home brew signal germeratit

looks very good, and can be found at:
http://www.beecavewoods.com/testequipment/sineviam|

* If the resistance of a specific antenna-groundtesy is
greater than 100 ohms, use a pot of a higher vidlale 100
ohms.

* A typical antenna-ground system will show a cafaece of

a few hundred pF at the low end of the BC bandcaBse of
the series inductance in the system, the measwagacitance
will rise at higher frequencies. At a high enodigiyuency the
system will go into series resonance and the bridifjenot be

able to be balanced. To measure the system sesissance at
or above this resonance, place a hi Q capacitasayf,100 to
220 pF in series with the antenna. That will rafee resonant
frequency sufficiently so that the capacitor-antegnound

circuit will be capacitive, a null can be obtainedd the

resistive component determined. An NPO ceramimioa cap

should be OK.

* At my location, detected signals from local styostations
show up as fluctuations at about 15% of full scafe the
meter, but are not strong enough to obscure thigérnulls
from of the signal generator's signal.

* Unless the signal generator connected to J1 iefya
powered (most aren't), it is important to put a owm-mode
radio frequency choke in the power line to the getoe. |
made mine by bundling a length of 18 ga. lamp d¢otal an 18
turn coil having a 9 inch diameter, and then fgtm male AC
plug on one end and a female socket on the otibe turns
were kept together using twist ties.
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What can one do with the measurement results?

The main practical thing one can do with the bridgeto

Measure and Monitor antenna-ground circuit resegtanThis
resistance comes primarily from the physical groumat the
antenna and ground connecting leads or radiatisistagce of
the antenna. Any increase in the antenna-grousistasce
serves to reduce the signal power available froenatfitenna.
Any decrease, of course increases it. A halvinthefantenna-
ground system resistance provides a 3 dB increnagailable
signal power, if one properly rematches to thetalysdio set
input circuit.

Measure: One can experiment with different grounds
various ground paralleling schemes to come up withone
that has the lowest resistance. Use of this orleregult in
maximizing the available signal power (more volume)
Experiments using a counterpoise ground can be made
Monitor: As has been recently been posted on thboy
Club:  thecrystalsetradioclub, earth ground resean
deteriorates (increases) over time. This results igradual
decrease in available signal power (less volumBkriodic
measurement can alert one if this is happeningeqzs £an be
taken to correct the problem.

The other thing one can do, if one is mathematicall
engineering a crystal radio set, is to use the &R@walues as
parameters in the design. See Article #22.

Measurement results on an indoor attic antenna sysm:

My present external (as opposed to loop) antennia ihe
attic. The horizontal element used to be madeofuptwisted
strands of #26 copper wire (17 ga.), suspendedrings about
1 1/2 feet below the peak of an asphalt shingled. rdt runs
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EXPERIMENTS WITH AN ANTENNA TUNER UNIT
Dick Kleijer crystal-radio.eu
http://www.crystal-radio.eu/enantunittestl.htm

Here some measurements done with rapténna unitl

€l
500PF
ca Li
500pF 169 «H

Schematic of the antenna unit 1.
The antenna unit has a tuned circuit L1, C2.

If we only look at L1 and C2, then the tuning ranges50 -
2184 kHz. But if we also connect the antenna athethe
frequency of the circuit will decrease, so we co aeceive
the lowest mediumwave frequency of 530 kHz.

Variable capacitor C1 and the antenna and earthlsoea part

of the tuned circuit, but the antenna and earthb aive
reduction of circuit Q.
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along under the peak and parallel to it for 53.feEhe wire is
about 24 feet above ground level. The lead-inneoted to
the center of the horizontal wire, runs horizontalit a right
angles for about 9 feet and then drops down véitita the
crystal radio set location, about four feet aboweugd level.
The ground system consists of a connection to ofek water
supply in parallel with a connection to the hot evdtaseboard

heating system. To achieve a low inductance ground

connection | use 300 ohm TV twinlead, both condsto
soldered in parallel, for each lead. The additiba oonnection
to the AC neutral does not seem to reduce the tadae or
resistance of this antenna-ground system. | alveaggest
trying the addition of a connection to the AC nautr
Sometimes it helps.

The measured antenna-ground system capacitanc2obgs-

at 0.5 MHz, 325 at 1.0 MHz, 410 at 1.5 MHz and &60 at

2.0 MHz initially. The respective series resisesitneasured:
17, 12, 10 and 14 ohms. The equivalent reactaeceecats of
this antenna are a capacitance of 285 pF in sevigs an

inductance of 12.5 uH. Since my ground is compaxfeithe

house cold water supply pipes in parallel withttie hot water
baseboard heating system pipes, much of the ¢apaeifrom
the horizontal attic antenna wire is to them arel ribof, not a
real resistive earth ground. That, | think expdaihe low
resistance and high capacitance readings. ProHablground
system is acting as a sort of counterpoise.

| decided to see if | could get greater signal pikby
changing to a very crude simulation of a flattopeana. To
do this, | paralleled the antenna wire with a piedeTV

twinlead connected to it at each end and at thet mdidown-
lead takeoff. The twinlead was separated from7f2& wire
by about 2 1/2 feet. The new measured antennaadrsystem
parameters became: Capacitance: 430 pF at 0.5 BiHrat
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1.0 MHz and 860 at 1.5 MHz. The respective sagsistance
values became: 15, 12 and 11 ohms. The equivedantance
elements became a capacitance of 405 pF in seifbsaw

inductance of 14.2 uH. Signal pickup increased dy
negligible 0.8 dB at 710 kHz, and even that was, dure,

within experimental error.

One may want to compare these equivalent impedance
components with the 'Standard Dummy Antenna’, asified
in 1938 by the IRE (Institute of Radio Engineers)3tandards
on Radio Receivers'. My reference for this is Tamts Radio
Engineer's Handbook, first edition, 1943, pp 978 am4. A
rather complex equivalent circuit for the antenmahown on
page 974. It is stated that a simpler alternatizvork, given
in footnote #2 on page 973, can be used when dyBC
band is of interest. It consists of the series lwioation of a
200 pF capacitor, 25 ohm resistor and 20 uH induct@rman
states that the two antenna equivalent circuit® ldosely the
same impedance characteristics in the BC band. The
impedance graph on page 974 and the impedance tilem
series combination of 200 pF, 25 ohm resistor a@duB
differ, particularly in the resistive curve in theomplex
equivalent circuit. The 25 ohm resistance in thepéfied
circuit is probably taken from the resistance ie tomplex
circuit, at the geometric center of the BC bandis Fesistance
is shown as constant in the simplified circuit, &#da strong
function of frequency in the more complex circuitlt is
suggested that the complex equivalent circuit &otétically
derived, assuming a perfect ground and therefores dwt
include the resistance of the ground return pathe ground
circuit can easily add 15-50 or more ohms to theudi

#20 Published: 11/24/01; Revised 04/16/2004
© 2001-2008 Ben H. Tongue, All rights reserved
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of -j14 ohms. The negative sign indicates a capadst
needed. Here is the value for 1650 kHz:
XC=1/(2*pi*F*C)

Solving for C, we get:
C=1/(2*pi*F*XC)

C=1/(6.28*1650 kHz*14)

C=6,890 pf

This is a huge capacitor and would probably berahioation
of fixed and variable capacitors.

Now, referring to the first antenna example befvesadded
more capacitance, we can see what value of reactanc
required to bring the antenna into resonance. Sirate
antenna had an impedance of 20 - j34 ohms, we wwaéd a
series inductor to combine with the capacitancg3dfohms.
This inductance is:

XL= 2*pi*F*L

Solving for L we get: L=XL/(2*pi*F)

L=34/(6.28*1650 kHz) L=3.28 uH

These calculations were all done at the higheroéide
broadcast band. When moving down to 530 kHz, therenas

we have been analyzing would have smaller resistand
higher negative reactance.
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=-j241 ohms (capacitance has a minus sign)

The value of this complex impedance is:
=20 +j207 - j241 ohms
=20 - j34 ohms

As mentioned earlier the use of complex numbeoswallus to
simply add the resistance and reactance. The $ithe o
reactive component -j34 is negative and indicdtesantenna
is capacitive. It is also shorter than the resoteargth ( at
resonance XL + XC = 0).

Now if you increase the capacitance of the anténmaound
with a flat top section, where the series capac#ancreases
to 500 pF, here is what happens:

XC=1/(2*pi*F*C)

93 ohms

-j193 ohms

The value of this new complex impedance is:
=20 +j207 - j193 ohms
=20 + j14 ohms

The sign of the reactive component is now positingicating
the antenna is inductive, or long compared to rasoe.

Use of the complex number notations also lets jguré what
value of series reactance you would need to bhiegahtenna
circuit into resonance. You could tune out the taame and
then match the remaining resistance to the inpthetrystal
set.

Referring to our last set of complex numbers: 304+ you
could bring the antenna circuit into resonance witieactance

110

From Terman's Radio Engineer's Handbook, firsticedit
1943, pp 973 and 974.

MEASUREMENTS ON RADIO RECEIVERS

36. Receiver Ci ics and Their D i 1—Radio receivers are
tested by employing an artificial signal from a standard signal generator to provide
& voltage corresponding to that induced in the receiving antenna. This voltage is
ordinarily applied to the receiver through a network, termed a dummy antenna, having
characteristics such that the receiver views substantially the same impedance as it
would in normal operation with an actual anterina. The receiver output is then
observed by replacing the loud-speaker or telephone receivers by a suitable resistance
load, with which is associated a power indicator.

The dummy antenna recommended for use in testing broadcast receivers is given
in Fig. 78.2 The impedance of this network in the frequency range 540 to 1,600 ke
approximates that of the typical open-wire antenna resonant at about 2,500 ke,
and having a capacity of the order of 200 uuf. At higher frequencies the network
approaches a constant impedance of 400 ohms, and so resembles a nonresonant

ission line of ing i d:

* Where tests are to be made only in the standard broadeast frequenoy range, an alternative network
cousisting of a capacity of 200 puf, resistance of 25 ohms, inductance of 20 sh, all connected in
serics, is commonly used. Such a dummy antenna has practically the same impedance as the recom-
mended network in this frequency range.

2000
ot st L[]
—i 1001
Signal Receiver = B N AR
generator 400yt #00a.  input

(a) Circuit

\=—"~Resistonce

Inpedance, ohms'
=1
g

N a5 10

1
Frequercy in Megacycles
(b) Impedance characteristics

¥16. 78—Standard dummy antenna used for testing broadeast receivers, together with its
impedance characteristic.
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Working With Antenna Impedance

Jack Bryant
Birmingham Crystal Radio Group
http://www.crystalradio.us/antennas/impedance.htm

This is an elaboration of a post | made on the 'Rapap
Discussion group. The objective was to explain lowulti-
wire flat top antenna adds capacitance to the aatemhile
making it more inductive. This is an exercise impdex
numbers. For example the expression 20 + j40 disi#8
ohms resistance and 40 ohms of inductive reactaree.
complex number approach allows us to simply adiéser
resistance, capacitance and inductance. The mesistamains
constant when the frequency changes. However gdance
of an inductor increases with frequency. The remeaf a
capacitor decreases with frequency.

For purposes of illustration, assume an antenria tivé
following parameters for R, L and C in series fetl650 kHz
(our frequency of interest):

Rtotal = 20 ohms (total of radiation resistance sdes,
including ground losses, since we are using a Martype
antenna, i.e., worked against ground.)

L = 20 uh; the reactance is calculated as:

XL= 2*pi*F*L (where 2*pi =6.28, F is in hertz, andin
henries)

=207 ohms

=+j207 ohms(inductance has a plus sign)

C =400 pF; the reactance is calculated as:
Xc=1/(2*pi*F*C) (Where F is in hertz and C in farg)d
=241 ohms
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ANTENNA MATCHING
by Kenneth A. Kuhn
www.kennethkuhn.com/students/crystal_radios/antemaach

ing.pdf

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 exemp@an
antenna/ground system may have an impedance of1200-
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 buytosjte in
sign. For the example this means that the crystlsbould
have an input resistance of about 20 ohms and carez of
about +j1000 ohms (160 uH) at 1 MHz. The positiactance
is obtained by an inductance in series with theram circuit.
This inductance should be variable to tune outctigeacitive
reactance of the antenna across the AM broadcastl. ba
Tuning is not sharp as the Q of resonance is loablér 1
shows some typical values. Note that the inductdnoing
range becomes wider for longer antennas sinceapacitive
reactance drops rapidly as the length approachesjoarter
wavelength at the upper end of the AM band. Inipadrtant
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 1.7 MHz tuning range
10m- j4040 ohms - j1250 ohms 1200 —120 uH
15 - j2680 - j780 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 antemdathe 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 ehbe
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 vsaatals
and the selectivity will be broad. The optimum hie point of
proper impedance match although it is not veryicalit The
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issue is how to determine the proper point. A sddsaue 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 impedanirey us
laboratory methods and note the results. | wilpre the data
of just such an experiment on a typical coil foystal radios
when this article continues ...
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