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Revision History

This document is a work in progress. Here’s a list of changes.

Version 7, Winter, 2022 Corrected error in loss tangent formula (Permeability chapter).
Version 6, Winter, 2022

Updates to chapter on FSL antennas.
Changed limits where proximity e ect calculations are accurate ( gure 5.2).
Added info about proximity e ects and Medhurst’s data to Miscellaneous appendix.

Version 5, Winter, 2022
Experimental veri cation of FSL antenna analysis added.
FSL chapter modi ed extensively.
Many minor edits and corrections.
Versions 4, 4.1 Spring 2022
Many changes and additions to the chapter on Air Core loops.
More re-working of examples. This work is not yet nished.
Many edits and corrections, too humerous to mention.
(4.1) Bug x in Matlab/Octave script SolenoidAcResistance.
Version 3, Winter 2021
Rev 3.1 added calculation of Q to Matlab/Octave example in Appendix E.
Chapters have been re-ordered.

Chapter on Noise has been updated with more information on the variation of noise with
seasons of the year, and an example observation of sferics.

Appendix D has been reworked; it contained errors and the analysis was confusing.

Analysis in appendix E has been reworked in favor of computer analysis. The previous
equations were very complex and prone to error.

Errors in Appendix H have been cleaned up.
Matlab/Octave scripts added with ITU noise data.
Version 2, Winter 2020

Many small changes and text edits.
None of the underlying simulation data or curve ts has been altered.

Example calculations have been updated to include losses in capacitors used to resonate loop
antennas in the LF band.

Example calculations for loop using 77-material updated to X problems with self resonance.
Section added about self resonance in ferrite loop antennas.
Chapter on models updated with discussions of capture area and quality factor.

Appendix with resonant loop analysis updated with better de nition of resonance, and sample
calculation of Q away from resonant frequency.



Chapter 1

Introduction

This article explores the design of receiving loop antennas for the LF (30 to 300kHz)
and MF (300kHz to 3MHz) frequency bands. This may also be useful for some VLF
applications (3 to 30kHz). Typical examples are antennas for the AM broadcast band
(approximately 500 to 1700kHz), or single-frequency designs at 60kHz or 75.5kHz, to
receive time signals transmitted by NIST station WWVB in the United States, or
DCF77 in Europe.

As with the design of anything, the process begins with a preferably explicit, but
perhaps more often, implicit set of speci cations. It is not uncommon to begin with
only a vague, unwritten idea of speci cations. For example, a project might start
with the thought \I need a better antenna for my AM radio™. Several questions are
lurking inside this idea which must be dealt with for the project to succeed.

What signal or signals are to be received?

What are the ambient noise levels?

What receiver(s) will be used with the antenna?
How much time is available for the project?

What are the limits on cost?

How large can the antenna be?

Is an electrically small loop antenna the best choice?

Often, the answer to some of these questions will be vague. Regarding size, one
might only be able to say something like \tell me how big it needs to be, and I'll tell
you if I can live with it." As with most engineering problems, there are plenty of
trade-0 s to be made.



Un nished Work

This article is still a work in progress, though we feel it is far enough along to publish
at this point.

The directional behavior of these kinds of loop antennae is not currently examined
in this article, and that is important for some applications. Future versions of this
document may be expanded to cover this topic as well.

Signal Strength

The question of which signals are to be received is tougher than it rst appears.
What the antenna designer really wants to know is the eld strength of the signal
at the antenna. This is typically the electric eld magnitude in units of micro-volts
per meter. For example, the requirement might be to receive the AM broadcast on
850kHz from KOA in Denver, Colorado on a typical night in Modesto, California.
This then becomes a problem in radio propagation with questions such as:

What is the frequency? (850kHz)
What is the transmit power? (50kW)
What is transmit eld strength? (362mV/m at 1km)

Is the transmit antenna omni-directional, or if not, what does the pattern look
like? (non-directional)

Is the propagation mode ground or sky-wave? (Huh?)
What is the path loss? (What?)

Answers to some of the easier questions are included above from the FCC AM
station query page on the Internet. But the signal strength cannot be estimated
without answers to all of those questions, and those having to do with propagation
over long distances are not so easily dealt with. It is a complex topic, and beyond
the scope of this article. Luckily, in many cases it’s not necessary to work these
propagation problems because there are alternate ways to estimate the signal strength
at the receiving location.

Never Mind

Reality beats theory every time, and examples of signal reception in the same vicinity
using antennas and radios with known parameters can provide rough estimates of
signal eld strength. In the AM broadcast band, regulations published by the FCC
provide hints about signal strength. In other cases, signal strength maps may be
available regarding the signal of interest.



Noise

A major role is played by noise in the design of loop antennas. Signal output levels
from the antenna must be adequate to overcome the contributions of various noise
sources. These sources may be broadly categorized as being either external or in-
ternal to the antenna and receiver. Noise external to the antenna comes from many
sources and includes cosmic, atmospheric, thermal and man-made variants. Noise
categorized as internal includes thermal noise (from many di erent sources) or shot
noise generated in electronic ampli ers.

At frequencies of interest for the purposes here (MF and LF), it is often the case
that atmospheric noise dominates, and therefore places a lower bound on the weakest
signal which can be received. Data published by the International Telecommunica-
tions Union (ITU) [ITU-R] can be used to estimate these noise levels. Depending on
the receiving site, man-made noise can also be a limiting factor. A following chapter
on noise looks at this in more detail.

In cases where atmospheric noise (i.e. lightning discharge) is a limiting factor, a
directional antenna may provide better results. Electrically small antennas are limited
in their gain (see Chu) and therefore, directionality. This is a case where bigger (a
lot bigger) is better, and beyond the scope of consideration here.

Size

Loop antennas can be broadly categorized by size. An electrically small loop is one
whose size is quite small compared to a wavelength at the frequency of operation.
The word \small" is a fuzzy term but here we take it to mean something on the order
of 5-10% of a wavelength (0.05 to 0.1 ), at the highest frequency of operation. For
example at 1710kHz (= 175m) a small loop would be no larger than 9 to 18 meters
maximum dimension.

For purposes of this article, consideration is further limited such that the total
length of wire is no more than 5-10% of a wavelength. It may be possible to push this
up as far as 20%, but some of the small-antenna assumptions begin to break down at
this point and the accuracy of formulas begins to degrade.

For antennas that tune the entire AM broadcast band (up to 1710kHz), this
requires the antenna’s main loop to be wound with no more than about 20m (65 feet)
of wire.

For the remainder of this article, only electrically small loop antennas are consid-
ered in which both the size and total wire length are limited. The word loop will only
refer to such designs unless otherwise noted.



Bigger Loops

Design equations used here are based on the approximation that current in the loop
wire is roughly in phase at all places in the loop. Loops using more wire will violate
this assumption and the equations used will become inaccurate.

For example, we’ve built a large octagonal loop containing 32m of wire and it works
quite well over the entire AM broadcast band. However, estimates of sensitivity made
from information in this article are of questionable accuracy at the upper end of the
AM band.

Magnetic Coupling

A common technique used to enhance the performance of portable and tabletop AM
broadcast receivers is to place the receiver’s internal loop antenna in the vicinity of
a large air core loop which has been tuned to resonance. This provides magnetic
coupling between the receiver’s internal ferrite core antenna and the external loop. A
theoretical analysis of this con guration is presented which helps to understand what
sort of performance can be expected from it.

FSL Antennas

A relatively new, trendy antenna design is the Ferrite Sleeve Loop. These seem to
have sprung up in hobbyist/amateur radio circles and have received much praise from
users. This article presents what may be the rst theoretical analysis of these designs.

Motivation

This article was originally intended to be a rewrite and clean up of a previous treatise
on loop antennas (see [CIA]). As we got into the article however, it became clear
that some of the analysis presented therein was just plain wrong. So that idea was
dropped, although some of the drawings and original text have survived in this nal
result.

A fair bit of research was consulted in the process and it’s all referenced in the
bibliography. In addition to [CIA], a master’s thesis from [Bolton] played a major
role in some of the material regarding ferrite core loops.

Theoretical/Mathematical Content

Overall, the math content of this article is not too deep. It is provided in an attempt
to provide an intuitive understanding of loop antennas.



For the most part, simple algebra is about the extent of math used here. We also
assume a fundamental understanding of AC circuit theory, and complex numbers. The
reader will also nd it useful to have a very basic understanding of electromagnetic

elds and radio wave propagation. Some calculus is also used, but has been limited
as much as possible.

Attachments

A zip le has been attached to the original PDF le in which this article is distributed.
It may be extracted using the pdftk utility, and other PDF viewers may also be able
to extract it. Contained in the zip le are Matlab/Octave scripts and data les which
implement functions related to ferrite core antennas which are described herein to
compute the oq and Fey parameters.

Summary and Conclusions

The original motivating article ([CIA]) concludes that in general, the ferrite cored
antenna is comparable to an air core antenna when its maximum dimension is some-
what larger (1.2 - 1.8 times) than the air core antenna diameter. In general, we found
this to be an accurate statement. The choice between air and ferrite core antennas
often depends upon the value that is placed on size. In the limit, air core antennas
can be made large enough that it’s not practical to build a ferrite core antenna with
the same performance.

The line geometry of ferrite antennas results in reduced stray capacitance to
nearby objects, so there may be less E- eld noise pickup. Furthermore, E- eld shield-
ing of a line geometry can be simpler than for an air core loop.

Some design considerations push for a large number of coil turns, yet the higher
inductance can make simultaneously achieving a high Q value and acceptable self-
resonance frequency di cult with air core designs. This is less of an issue with ferrite
core antennas.

Characteristics of ferrite materials introduce problems not found in air-core an-
tennas.

Ferrite is hard and brittle.

Its permeability varies with temperature.

Hum pickup is possible due to ferrite’s non-linear B-H curve.

Permeability can be altered by mechanical shock and stress, vibration and ex-
posure to high level AC or DC magnetic elds.

In many or most situations, it is possible to avoid these issues with careful design.



The largest readily available ferrite rods that will work at MW frequencies (e.g.
AM broadcast) are in the range of 1/2 inch (12.7mm) diameter and 7 or 8 inches
(200mm) long.

For lower frequencies it may be possible to re-purpose ferrite rods designed for
use in RF welding of pipes. These are sometimes called ferrite impeder cores and
may be useful at frequencies up to a few hundred kHz at most. However, they are
very di cult to nd online for purchase, and only seem to be available in lengths
up to 200mm. To be useful two such cores would need to be stacked, doubling the
price, which is quite high. We found some slotted hollow cores online, 40 x 200mm
with 20mm ID for about $36US each. The reduced size of a ferrite antenna would
need to be very important to justify that kind of price. Our analysis of Ferrite Sleeve
antennas would be of some use here, since these cores often are available as hollow
tubes, and have more realistic aspect ratios than do typical FSL designs.



Chapter 2

Antenna Modeling

A simple concept is used to estimate the voltage induced in a loop antenna by an
incoming radio signal. More accurate results can be had with expensive simulation
software, but this is of questionable value for the purposes of this article.

Propagating radio signals are Transverse Electro-Magnetic (TEM) plane waves.
See the entry in Wikipedia or many other resources on the Internet for more detail
about TEM plane waves. For a plane wave propagating in free space or air, the
magnitudes of electric and magnetic elds have a known ratio. This ratio is often
called the impedance of free space, and has a numerical value of about 377 ohms.

By way of example, if the electric eld strength of a propagating TEM wave
is known to be 1 volt-per-meter (1 V/m), then the magnetic eld strength will be
1 V/m divided by 377 ohms or about 0.0027 A/m (amperes-per-meter). For the
sake of completeness, the impedance of free space is de ned by the permeability and
permittivity of free space:

r

Z,= — 377
0

Also useful is this relationship between free space permittivity, permeability and
the speed of light:

P

0o

O o|kr

and the relationship between frequency and wavelength (also in free space):

K]

Another concept used here is that of the phase constant. It represents how much
the phase of a TEM wave changes per unit distance of travel. In the MKS system, it
is in units of radians per meter and assigned the greek leter beta. A wave propagating
in free space or air will go through a full 360-degree (or 2 radians) rotation over a



distance equal to it’s wavelength. This relationship can be expressed in several ways
by making substitutions for the wavelength:

=175 (2.1)

Magnetic Fields

There is really only one magnetic eld that can be directly measured, and it is a
vector eld usually represented by the symbol B. Thus, people talk about B- elds and
whether it’s vector nature matters or not is often taken as a matter of context. Except
for introductory remarks, this article will only be concerned with the magnitude of
the eld and it will be referred to by the capital letter B. In the MKS system of units,
it has units of Teslas.

Confusion may arise however because there is another conceptual magnetic eld.
It is also a vector eld and is symbolized as H, and it’s magnitude will be referred to
as the H- eld. It has units of amperes per meter, or A/m. This eld is not always
directly measurable, but the conceptual di erence between H and B- elds is quite
useful when working with ferrite materials.

The chapter on permeability explores this topic. For now, it is adequate to keep
in mind that in general, B- elds and H- elds are not the same thing.

E ective Height

The key parameter which characterizes the ability of an electrically small loop antenna
to convert radio signals (aka TEM plane waves) into voltages is e ective height. It
tells us how much voltage is induced in the antenna coil in the presence of a radio
signal of known eld strength.

In a magnetic loop antenna, the open-circuit voltage (Vo) induced by the incoming
signal is determined by a vector dot product between the signal’s magnetic eld vector
(H) and the antenna’s e ective height, which is a vector, aligned with the loop’s axis.

|
Voo = H hg

For simplicity however, we assume the antenna has been rotated for maximum
pickup, and the dot product can be replaced with a multiplication of the two vector
magnitudes.

There may be a bit of confusion regarding electric and magnetic elds as relates
to e ective height. It is customary to describe TEM waves in terms of the electric
eld magnitude in volts per meter, not the magnetic eld. A radio signal’s strength
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is not often described in units of micro-Teslas, or micro-Amperes per meter. Thus,
the previous equation is not used and (2.2) below takes its place, with e ective height
in meters multiplying the E- eld in volts per meter to yield open circuit voltage in
volts.

More will be said about this in the chapter on permeability. For now it’s su cient
to note that the open circuit voltage induced in a loop antenna is equal to the TEM
wave’s E- eld magnitude multiplied by the loop’s e ective height:

Voe = E he (2.2)
under theses two assumptions:

The magnetic eld and e ective height vectors are co-linear so that maximum
output voltage is obtained.

The signal is propagating in, and the antenna is located in free space or air.

Capture Area

Another useful measure of antenna e ectiveness is the idea of capture area. This
concept is not used here, but a quick explanation as to why is in order. This is a way
of quantifying how much power an antenna can extract from a propagating radio wave.
In this case, the incoming signal strength is expressed in the plane perpendicular to
propagation direction at the antenna in units such as watts per square meter. Full-
sized antennas can have practical impedances and radiation resistances such that it’s
feasible to extract signi cant amounts of power from a radio signal. This idea of
capture area makes sense in these circumstances.

Electrically small loops being considered here have such small values of radiation
resistance that it’s impractical to extract useful power from a radio signal. Most of
the power ends up being dissipated in copper losses within the antenna and associated
wiring.

Instead, small loops are more often used as magnetic eld probes with high
impedance voltage outputs. So, although it’s possible to compute the capture area of
a small loop, this parameter is of little use for our purposes. Instead, quantifying the
linear relationship between an incoming signal’s eld magnitude and and the output
voltage from the loop is more useful.

Directional Behaviors

Electrically small loop antennas are not generally omnidirectional. In some applica-
tions, the ability to place an interfering signal in the null of an antenna pattern is
useful. This document does not currently explore the directional behavior of loop
antennas, although future updates may add information on this topic.

11



Loop Schematic Model

Figure 2.1 is the schematic equivalent of a small loop antenna that is used for this
article. It contains the following components:

A voltage induced by an incoming TEM plane wave.

Loop self-inductance, L

Wire and core losses, Rjoss.

Radiation resistance, Ryaq

Self resonance is modeled by placing a capacitor across the loop.

—p
R rad R loss

9\

© >

Figure 2.1: Simple loop antenna model

Estimation of loop inductance is left to later chapters. It is treated separately for
air and ferrite core loops.

Loss resistance encompasses ohmic losses in the wire plus core losses when the coil
is wound on a ferrite rod. Wire resistance will be increased above its direct current
value by skin and proximity e ects. Core losses can be signi cant when coils are
wound on ferrite rods and in general cannot be neglected. These losses behave just
like an additional resistance, including the generation of thermal noise.

For electrically small antennas, radiation resistance is typically in the range of
micro-ohms and will be neglected.

Self resonance is a topic in itself but here it’s modeled with a capacitor in parallel
with the loop terminals. As long as the loop is operated well below its self resonance
frequency (SRF), this capacitance will slightly alter the values of external compo-
nents required to resonate the loop. Losses associated with this capacitance may
also slightly lower the resonant Q, mainly in the case of ferrite cored loops. In many
cases, it’s possible to ignore this capacitance with the caveat that computed external
component values may need to be slightly altered to compensate.

12



Quality Factor

Much of what follows will assume the loop is to be operated with external capacitance
added to place it in resonance at the operating frequency. As such, the quality factor,
or Q of the resonant loop is of major importance.

The Q of a circuit is frequency dependent, and is de ned as the peak energy stored
during one cycle divided by the total energy lost per cycle (see [Krauss] section 3.1
for example).

Q=2 Peak Energy Stored during cycle
B Energy Lost per cycle

For a series RLC resonant circuit, the Q at resonance is given by

1

"~ R RIC
This expression is only valid at the resonant frequency where equal amounts of
energy are being stored in the inductor and capacitor. Calculation of Q requires
nding the maximum combined stored energy in both L and C at any point during

the cycle.

Q=2 Energy stored in C + Energy stored in L
B EnergyLost

At resonance of a high-Q circuit, stored energy is constant, moving back and
forth between L and C during the cycle, with a small fraction of it being dissipated
(typically as heat). As such, it’s easiest to compute peak energy using either the peak
capacitor voltage (when inductor current is zero), or vice versa.

A resonant loop will produce an output voltage higher by a factor of Q, but the
calculation of Q must include capacitor losses and the loading e ect of the receiver,
preamp or whatever electronics is connected to the loop. The actual output voltage
is given by

Vo =E Q he;

and we may de ne the resonant e ective height as

he = Q he (2.3)

In the remainder of this document, we will denote both resonant and non-resonant
heights by the same symbol, he, and the di erence should be apparent according to
the context.

13



Q Away From Resonance

The calculation of Q is generally assumed to be made at the resonant frequency of a
circuit, but it can also be calculated at other frequencies. Away from resonance, the
picture changes. At frequencies well below resonance, energy stored in the inductor
is inconsequential. During a cycle, energy in the capacitor reaches a maximum, then
nearly all of it gets returned, not to the inductor, but to the source during the next
half of the cycle. Even less power is dissipated in the loss resistance away from
resonance.

The calculated Q at these frequencies is higher than at resonance, but this is not
of much use or interest as the circuit’s behavior at resonance is the main concern.
Expressions for Q away from resonance are worked out in Appendix E.

The Terminal Impedance Trap

A frequent misconception has it that the Q of a resonant circuit can be determined
by measuring the terminal impedance, and that at resonance the Q is zero because
the impedance is purely resistive. Plenty of energy is being stored in the circuit at
resonance, so the Q cannot be zero.

Impedance analyzers often have the ability to measure the Q of inductors and
capacitors. This is done in many cases by assuming the device under test is either an
ideal capacitor or inductor with associated loss resistance. Q is estimated by nding
the tangent of the phase angle between current and voltage. This method works as
long as the test frequency is well away from any resonances of the device, but does
not produce the correct result at and near resonance.

High Q Designs

When a high-Q loop is resonated with an external capacitor and connected to a
receiver, estimating the Q at resonance requires consideration of additional losses.
These include losses in the capacitor and the input impedance of the receiver. The
formula for this is not simple and won’t be attempted here. Instead, the result can
be worked out using CAD tools such as Matlab, Octave or SPICE.

As demonstrated in the chapter on ferrite core loops, more complex models are
required to accurately model loop behavior over a wide range of frequencies. This is
not strictly necessary for single-frequency designs, but wide band loops (e.g. those
used for AM band reception) may need to use more complex models to accurately
predict Q at resonance.

Predicting Loss Resistance

Predicting the loss resistance of air core loops is feasible but both skin and proximity
e ects must be included in the calculation. Ferrite core loops are a di erent story.

14



We did not nd any published techniques that gave a good estimate for at least one
of the ferrite loops we built. While accurate prediction might be possible, we cannot
recommend any methods, formulas or algorithms for this purpose.

Diminishing Returns

For resonant loops, Q at the tuned frequency has two major impacts on loop per-
formance that must be traded o against one another. Higher values of Q produce
a larger output voltage (proportional to Q), and output impedance (proportional to
Q?). At some point, the resonant impedance becomes large enough that receiver
input impedance prevents any further increase in Q.

Higher values of Q result in a smaller 3dB bandwidth for the tuned loop. This is
helpful up to a point, but tuned bandwidth can not in general be reduced below the
signal bandwidth.

High values of Q also require more accurate loop tuning and can result in stability
issues. In our experience, Q values above 150-200 or so start to become di cult to
manage without automation through rmware or other means.

In-situ Measurement of Q

The most accurate way to determine the frequency response of a high-Q loop is to
measure it in situ, i.e. while connected to an operating receiver. This removes any
concerns about the accuracy of estimated parameters for the loop, capacitors, receiver
and any other relevant components.

This is easily done with the aid of a signal generator and oscilloscope, as shown in

gure 2.2. Depending on the frequencies involved, an expensive signal generator may
not be required. We have done this successfully at 60kHz using an Arduino Unot! as
the signal source, running some code which implements a fractional-N divider on the
system clock.

The excitation loop can consist of a ferrite core with enough turns of wire to create
a reasonable impedance at frequencies of interest. For example, 80-100 turns of wire
on a 12.7x190mm core of 43 material worked well for us.

Depending on the signal source, a current limiting resistor and/or DC blocking
capacitor may be necessary. If used, make sure the blocking capacitor value is much
larger than what’s required to resonate the test loop at frequencies of interest. Its
impedance at test frequencies should also be much less than the current limiting
resistor (if used).

The excitation loop is placed at a distance from the test loop such that a reasonable
signal level is generated at resonance. This should enough above the noise oor of
the scope to give repeatable data, but not so large as to overload the receiver’s input

1To generate accurate frequencies, the ceramic resonator on the Uno must be replaced with a
quartz crystal.

15
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Figure 2.2: In-situ testing of frequency response

stages. Levels of a few hundred mV are typical. Loop spacings are typically on the
order of 1-5 feet or so. Obviously, the excitation loop should not be so close as to
signi cantly alter the characteristics of the test loop.

At typical frequencies (MW and below), the test loop will mostly see magnetic
near- eld components generated by the excitation loop.

The response data may be curve tto an ideal resonant loop response to determine
the resonant Q of the loop under test. For low-Q loops, it may help to correct the
measured response with a 1=f term to compensate for increasing e ective height versus
frequency. Some samples of these measurements are shown in the Examples chapter.

Capacitor Losses

For designs with targeted resonant Q values of 50 to 100 or more, losses in the
resonating capacitor must be considered. The ratio of loss resistance to reactance
in a capacitor is called the loss tangent. This is frequency dependent and is usually
expressed as a percentage. The inverse of this value represents an upper limit on the
Q of a parallel resonant circuit for the capacitor. For example, a loss tangent of 1%,
or 0.01 would limit the Q to no more than 100. In a resonant loop antenna, the loss
resistance of the capacitor is in series with the loop’s loss resistance, and this must
be factored in as well.

The loss tangent is mostly a function of the dielectric material in the capacitor,
and here is a quick rundown of what’s typically available.

X7R MLCC These are not generally useful for anything but low-Q designs, as loss
tangents are typically larger than 1%.

NPO/C0G Although the range of capacitance available is limited, these can have
very low losses { 0.1% and less, and are very useful for MW band loops.

PPS Film (Polyphenylene Sul de) Typical loss tangents below 100kHz can be frac-
tions of a percent, and these are useful for designs with Q values less than 100
or so. Losses tend to increase above a few hundred kHz.

PP Film (Polypropylene) Loss tangents are very low, often less than 0.1%, and these
are useful for designs with moderate to high Q.

16



Air Usually found in the form of variable capacitors, these units can have very low
losses, but maximum capacitance values are usually in the range of a few hun-
dred pF to a couple of nF. They are useful for MW band designs, and for ne
tuning of lower frequency loops.

Polystyrene This material makes a very high performance capacitor, but such units
are no longer generally available. Consider polypropylene as an alternative.

To have minimal e ect on resonant Q, the loss tangent of the capacitor should be
at least ten times less than 1=, where Q_ is the ratio of reactance to resistance of the
antenna coil in parallel with the receiver input impedance. This is often not possible
with high-Q designs, and capacitor losses may end up causing a signi cant limit on
achievable Q.

As an example, consider an air-core loop we built for 60kHz. It is 170mm in
diameter with 83 turns of 22-gauge stranded wire. Measurements of the loop alone
indicate an inductance of 1.034mH with AC resistance of 2.26 ohms at 60kHz { giving

a maximum achievable Q of 28003 0001034 173,
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Figure 2.3: E ect of Capacitor Losses on Resonant Q

Measurements of resonant Q were made with two di erent resonating capacitor
types. First a PPS Im capacitor in parallel with some COG units for ne tuning
were tried, with a resulting Q of 77 at 60kHz, indicating a loss tangent of about 0.7%,
which matches the manufacturer’s speci ed loss.

Switching to polypropylene Im capacitors increased the Q to 152, which is con-
sistent with a capacitor loss tangent of 0.08%, which is also in line with the speci ed
loss tangent of 0.07%.
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Figure 2.3 shows the measurements of these two con gurations, with measured
data points as red dots and tted resonance models in blue. Using the best available
capacitors (PP Im) results in a 5.9dB increase in resonant e ective height, compared
to moderately low loss caps (PPS Im).

Impedance Transformation

As shown in the appendix, for a simple series R-L-C circuit, loss resistance is trans-
formed at parallel resonance into a much higher value { by a factor of Q2. In many
cases, extremely high values of receiver input impedance are required to avoid lowering
the overall loop Q at resonance.

When this is not practical, a second coupling loop with fewer turns may be added
for connection to the receiver. This will transform the receiver input impedance to a
higher value which better matches the loop’s tuned impedance.

For example, a 1:10 turns ratio (N = 10) on the output coupling loop would
increase a reciever’s 300 input impedance by a factor of 10 up to 30k , and
that might be enough to avoid loading down the loop’s Q too much. This would
simultaneously reduce the loop output voltage by a factor of ten (20dB).

Antennas versus Systems

While loop antenna performance in isolation can be modeled, in many or most cases
this is not practical. The loop must be connected to a receiver to be useful, and the
receiver’s input parameters can have a signi cant e ect on overall performance. In
practice then, it is only possible to predict and compare the performance of antenna-
receiver combinations.

As an example, the overall resonant Q (and therefore e ective height) must take
into account the loss resistance of the receiver’s input. Two resonant loops may have
a 10:1 ratio of Q values by themselves, but receiver input loss resistance may reduce
that ratio to a much lower value, thus reducing bene t of one loop over another.
Similar issues arise with parameters such as noise and bandwidth.

So, while this document is largely concerned with prediction of antenna perfor-
mance, it is tacitly assumed that relevant parts of receiver performance will be inte-
grated with these methods in predicting overall system performance.
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Chapter 3

Output Coupling

Electrically large antennas (such as a half-wave dipole or large loop) have a practical
radiation resistance (tens or hundreds of ohms), and copper losses are low compared
to this. As a result, useful amounts of power may be extracted by a receiver.

In a small loop antenna, radiation resistance is minuscule compared to the loss
resistance. A typical ratio of radiation to loss resistance is 100 =3 which equates to
an 84dB power loss compared to the power theoretically available from the antenna
without the loss resistance. This explains why small loops are not used much in
transmit mode.

Electrically small loop antennas in receive mode cannot be expected to provide
useful power to the receiver. Instead, voltage or current must be sensed and ampli ed
to provide a useful output. Typically, such loops are coupled to receivers in one of
two ways: direct voltage output, or by magnetic coupling to a secondary loop.

Connecting a capacitor in parallel with the loop to resonate it at the operating
frequency does two things. First, voltage developed in the loop is multiplied the by
the resonant Q; this is useful for direct voltage output. Secondly, current through
the loop is maximized at resonance, and this maximizes induced elds for purposes
of magnetic output coupling.

Direct Output

This can be done with or without resonating the loop. Parallel resonant circuits are
most common, but it’s also possible to con gure the loop as a series resonant circuit.

Non-Resonant

If loop output levels are adequate, a low-noise ampli er may be connected directly
across the loop’s output. The input impedance only need be large compared to the
loop reactance at frequencies of operation.
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Ampli er input current noise must be managed since the loop may have a reac-
tance of several thousand ohms or more at operating frequencies.

If noise issues can be managed, this scheme has an advantage in that the loop does
not require tuning to match incoming signal frequencies. A non-resonant loop does
not provide frequency-dependent Itering, and this may be a disadvantage if there
are large undesired signals at other frequencies capable of overloading the ampli er.

Parallel Resonance

A capacitor can be placed across the loop terminals as in gure 3.1. This model
includes a resistance, Reune to represent losses in the added capacitor. Of course, the
ampli er should have a high input impedance, Z,, at the frequencies of interest {
ideally, high enough not to signi cantly lower the loop’s resonant Q.

MN >
L e Rune
Z
Voc=E he Ctune
R .

Figure 3.1: Parallel Resonant Loop Con guration

Resonating the loop increases its output voltage but also drastically increases the
impedance through which this voltage is delivered. If the load impedance in gure
3.1 is ignored, there is a simple formula to express the loop’s quality factor:

1

Q:%:-R, R = Rac + Riune

The rst identity is the ratio of center frequency (f,) to 3dB bandwidth (B), and
the second is loop inductive reactance at resonance (1,L) divided by loss resistance
(R). At resonance, the loss resistance is transformed by the Q squared, so the loop’s
output impedance appears to be:

R AU 1Y IR £
Z,=RQ* =R 5 = R R R

For a typical example, consider a loop with 20kHz bandwidth operating at 1MHz
(Q = 50) and total loss resistance of 4 . At resonance, the output impedance will be
4 502 = 10k .

While these equations are useful for getting a rough idea of overall Q, they don’t
consider the load impedance, Z,, or the fact it is connected at the junction between
Rac; Rune. Including these additional factors make the equations considerably more
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complex, and it will be simpler to used CAD tools such as Matlab/Octave or SPICE
to analyze the overall circuit.

Series Resonance

A variation of resonant coupling involves adding a capacitor in series with the loop
to cancel the loop reactance. In this case, the induced voltage in the loop generates
a current which is then ampli ed as shown in gure 3.2.

Figure 3.2: Series Resonant Loop Con guration

A typical schematic for this is shown in gure 3.1 where an operational ampli er
is used. This type of design requires an ampli er with very low input current and
voltage noise. These types of ampli ers do exist, but can be fairly expensive.

We’re not aware of this design being used anywhere. The main advantage of
this con guration would be improved rejection of atmospheric noise (sferics) in MW
frequency applications. To get good sensitivity, loops with large non-resonant e ective
heights are required and this kind of design may or may not be practical.

Parallel vs Series Resonance

A signi cant di erence in these two con gurations is their behavior away from res-
onance. The parallel circuit ( gure 3.1) has a constant low frequency gain of 1q at
frequencies well below resonance. Gain rolls of at a rate of 40dB/decade well above
resonance. Thus, unwanted signals and noise at lower frequencies are suppressed by
a constant amount.

The series resonant con guration ( gure 3.2) exhibits a gain curve that rolls o
at a rate of 20dB/decade both above and below resonance. Compared to parallel
resonance, this con guation does a better job of rejecting unwanted signals and noise
lower frequencies, but is not as good with higher frequencies. This is an accurate
picture for internally generated voltages such as thermal noise. Where external signals
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are concerned, the antenna’s e ective height varies linearly with frequency and that
must be considered as well. This adds a 20dB/decade increasing slope to the gain at
all frequencies.

These di erences are shown in gure 3.3 for the parallel (left graph) and series
(right graph) resonant con gurations. External gains are plotted with solid lines, and
internal gains are dashed.

External (solid) and Internal (dashed) Parallel Resonant Gain External (solid) and Internal (dashed) Series Resonant Gain
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Figure 3.3: Behavior of Parallel and Series Resonant Loops

Where external signals are concerned, the parallel resonant con guration rejects
unwanted signals and noise equally above and below resonance (20dB/decade). The
series resonant design rejects low frequencies better (40dB/decade) than high (con-
stant attenuation of 1/Q). In the chapter on Noise, the e ect of these behaviors on
atmospheric noise will be investigated.

Modern AM Radios

Several portable/tabletop radios are commercially available today which make use
of radio-on-a-chip integrated circuits (e.g. from Silicon Labs). These chips connect
directly to a loop antenna and contain internally adjustable capacitance. The loop is
automatically tuned to resonance by rmware in the radio chip. This makes it feasible
to modify the radio by disconnecting the internal loop antenna and connecting a much
larger external loop directly to the radio chip. It is only necessary to keep the loop
inductance within limits acceptable to the radio chip.

Magnetic Coupling
This is usually done for one of two reasons.
Loops may be wound with a low turn count secondary winding either adjacent

to or interspersed with the main winding. The high main loop impedance can
be lowered to a more convenient value by this method.
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A resonant loop may be coupled to the internal ferrite rod antenna of a portable
or tabletop radio, by placing the radio in close proximity to the loop. This is
convenient as it does not require any modi cation of the radio to achieve better
sensitivity. The downside is that the loop must be manually tuned to the same
frequency as the receiver.

Tuning the loop to resonance cancels the reactance of the coil so the voltage in-
duced into the antenna by RF signals is applied across the total loop resistance, which
is the sum of radiation resistance, copper resistance and ferrite losses (if present). A
current ows in the loop equal to the induced voltage divided by the total resistance.
This current then creates a magnetic eld which is picked up by the secondary wind-
ing, which can be either a dedicated winding that’s part of the loop structure, or the
internal ferrite antenna in a portable radio.

In both scenarios, this is essentially a transformer and it will be analyzed that way.
The transformer parameters of interest here are the inductance of primary, secondary,
and mutual inductance. The reader may review the transformer model used here on
many educational web sites or in standard entry-level engineering textbooks.

Figure 3.4 shows the transformer model. L,;Ls are the open-circuited primary
and secondary inductance. K is the coupling factor, V,; Vs are the induced primary
and transformed secondary voltages. Resistors represent winding resistance but core
losses may need to be modeled as resistances in parallel with the windings; we don’t
consider that here for the time being. The second schematic shows the secondary
components re ected into the primary side of the transformer.

First, consider the situation with the secondary open-circuited. Assume that the
primary resistance R, is negligible compared to the total inductive reactance and
may be ignored. When tuned to resonance, the voltage across the primary is the
induced signal voltage, V, multiplied by Q. This voltage appears across the series
combination of primary leakage ((1 k)Lp) and magnetizing (kL) inductance. These
two components act as a voltage divider so that the voltage appearing across the
magnetizing inductance is the induced primary voltage multiplied by the coupling
factor. It is this reduced voltage which is transformed by the turns ratio into the
secondary voltage, Vs.

Thus, signal voltage will be lost on the secondary side when the coupling factor is
less than one. A coupling factor k = 0:1 means that only 10% of the induced primary
voltage actually gets transformed, so there is a 20dB loss of signal. A transformer
with induced primary voltage of 100 V, k = 0:5, and a 5:1 turns ratio would provide
an open-circuit voltage of (100 0:5 0:2) =10 V on the secondary.

Loaded Q

The second equivalent schematic in gure 3.4 must be used to determine the e ect of
receiver loading on the resonant Q. This is no longer a simple resonant circuit, and
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Figure 3.4: Transformer model including leakage inductance

an expression for the loaded Q will not be developed here. It’'s much easier in this
case to use a SPICE simulation to determine the output voltage levels.

Coupled Windings

When secondary windings are located adjacent to or interspersed with an air core
loop’s main winding coupling factors between 0.5 and 0.8 are not uncommon. If it’s
not possible to measure k, assume a value in this range for typical designs. Multiple
windings on ferrite rods will typically have higher coupling factors.

At resonance the loss resistance on the primary side is transformed by Q?, and
can become very large. The transformer will scale this impedance as the square
of the turns ratio, so the high impedance of a resonated loop is lowered to a more
manageable value on the secondary side, although the output voltage is obviously
also reduced by the turns ratio.

Consider a resonant loop with 200 H of inductance and Q of 100 tuned to res-
onance at 1IMHz. Based on the Q value, loop resistance would be 12.6 ohms, and
that would be transformed at resonance to RQ? = 126k . Using a 5:1 turns ratio
on the secondary would reduce that by a factor of 25, down to about 5k , while
also reducing the output voltage (and equivalent e ective height) by a factor of ve
(assuming k = 1). Obviously, the numbers would come out di erently with a lower
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coupling factor.

Coupling to a Radio’s Internal Loop Antenna

Most portable/tabletop AM radios are supplied with an internal ferrite loop antenna.
A common technique used to improve the sensitivity of these radios is to magnetically
couple the internal antenna to an external loop which has been tuned to resonance.

The external loop acts as the primary winding of a transformer with the secondary
being the antenna coil in the AM radio. Now both loops are tuned since ferrite
antennas in these types of radios are resonated inside the radio { this is a double-
tuned transformer. Analysis of a double-tuned transformers is complex and beyond
the scope of this article. Readers should be aware that these types of circuits can
behave in unexpected ways.

(1-K)Lp (1-k)Ls
DI
W A
| R |
Ctune >P 7 k I—p k I—s s Cradio x RL
A A R
O/ O/
Vp: E |e VS

Figure 3.5: Double tuned transformer model

There is a critical coupling ratio where the output of the secondary is maximized.
The frequency response of the circuit changes signi cantly above and below the critical
coupling ratio. Below we show three di erent frequency responses from a double-
tuned transformer with both primary and secondary having Q = 100, tuned to 1MHz.
Critical coupling in this case is k. = 0:01. The three responses represent coupling
factors less than, equal to and more than critical. These responses can occur as the
portable radio is moved towards and away from the external loop.

The horizontal axis is 10kHz per division and we observe the following:

The red response has k = k.=3. The bandpass may be a bit too narrow for an
AM signal without distortion of the audio spectrum.

In blue, coupling is critical, with the classic at-top passband shape. This is
a reasonable bandwidth for AM broadcast signals. The signal voltage is about
2dB higher than in the over- and under-coupled cases.

The green response is over-coupled (k = 3k.), and the bandwidth is now wider
than necessary for a 10kHz AM signal spacing. Tuning the external loop slightly
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V(io) V(med) V(hi)

0.99MHz 1.00MHz 1.01MHz 1.02MHz 1.03MHz 1.04MHz

Figure 3.6: Double-tuned transformer response variations

o frequency will produce more signal in the receiver, but selectivity will not
be as good.

To analyze this accurately, a lot must be known about all of the components,
including those in the radio, but that’s not usually the case. See the appendix for a
bit more detail on double-tuned resonant transformer circuits.

The big take-away is that the critical coupling factor { where voltage into the
receiver is maximized { occurs where

1
k=k = p—
T Qs
The term in the denominator is the geometric mean of the external loop Q and
the internal ferrite antenna Q. The actual voltage gain at critical coupling is the
geometric mean of the two Q values:
1 P—
k_c = Qst
Because the portable receiver’s antenna is treated as part of a transformer here,
it’s e ective height is no longer of interest...assuming the additional signal imparted
through the external loop is a lot bigger than that picked up directly by the internal
antenna. Under this assumption, the total e ective height of the dual-loop setup
with critical coupling will be the external loop’s non-resonant he, multiplied by the
geometric mean of the two loop Q values.

Typical Coupling Factors

With an LCR meter it’s possible to measure some typical values of k with a typical
internal ferrite antenna magnetically coupled to an air or ferrite core loop. Some
sample measurements are shown here for three di erent situations.

Two ferrite rod antennas separated by 3/4 of an inch.
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A four-foot air core loop and ferrite rod antenna with the ferrite on the inside
of the loop, one inch from the windings.

The same four-foot loop, but with the ferrite rod on the outside of the air core
loop, one inch from the windings.

Here’s a summary of measured coupling factors for the three setups.

Situation Coupling Factor Relative Loss
Two ferrite rods 0.11 0dB
Inside 4-foot loop 0.036 9.7dB

Outside 4-foot loop 0.022 14dB

Some Good News

It is not a coincidence that external MW loop Qs are often designed to be of the same
order of magnitude as a portable radio’s tuned internal antenna, in the range from
50-100 or so. That’s a consequence of the bandwidth of AM broadcast signals. This
means the critical coupling factor is in the neighborhood of 0.01 to 0.02, and we see
from the preceding section that it is often possible to slightly exceed the critical value
with typical geometries encountered in the real world. This seems like just plain good
luck.

If a radio with a numeric RSSI display is used, that makes it possible to carefully
adjust the spcaing between radio and external loop for the highest RSSI reading which
would indicate critical coupling.

Comparing External Loops

As stated above, the total e ective height for the dual-loop con guration is going to
be

he = hexthextQint
where hey IS the non-resonant e ective height of the external loop.
We may wish to compare di erent external loops with the same portable radio.
Assuming that critical coupling can be achieved with each external loop, the ratio of

overall e ective heights for two di erent external loops is
s

hel _ hextl Qextl

he2 hext2 Qextz

From this it is clear that to predict the relative performance of two external loops
critically coupled to the same radio, knowledge of the two external loop Q values
is necessary. However, knowledge of the Q of the radio’s tuned ferrite loop is not
required.
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E ect of External Loop Q on Overall Q

Although this result has already been developed, it is worth repeating. The overall
e ective height of the coupled design is equal to the non-resonant h, of the external
loop, multiplied by the geometric mean of the resonant Q’s of internal and external
loops.

P P P
e = hext  QextQint =  Qext Next  Qint

The terms have been grouped to show that the overall e ective height varies only
with the square-root of the external loop’s resonant Q. For a given radio and non-
resonant height, doubling the external loop’s Q (6dB) will only increase the overall
height by about 41% (3dB).
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Chapter 4

Noise

The minimum signal that can produce a useful output from a radio receiver is de-
termined by the overall signal-to-noise ratio. This ratio is set by the external noise
entering the receiver via the antenna and by the internal noise generated in the an-
tenna and in the front end of the receiver. It’s important therefore to brie y review
sources of noise generation and single out those which are most objectionable at LF
and MF.

Noise Sources
Externally Generated Internally Generated
Atmospheric (electrical storms) Antenna ohmic resistance (thermal)
Cosmic (extra-terrestrial radiation) | Coupling circuit resistance (thermal)
Man-made static Receiver front end
Precipitation static Ferrite losses (thermal)
Radiation resistance (thermal)

External Noise Sources

An important source for data on external noise sources is the ITU recommendation on
radio noise [ITU-R]. Considering rst external generators, the following noise sources
are typically not important in MF and LF applications:

Cosmic (or gallactic) noise plays no important role below 2-3MHz. See gure 2
in the ITU recommendation.

Thermal noise related to the radiation resistance of antennas to be considered
in this report will be miniscule by comparison with other resistive components
as a direct consequence of restricting this article to electrically small antennas.
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Precipitation static is caused by the discharge of charged particles in the im-
mediate vicinity of the antenna. Accumulation of the charged particles can be
caused by raindrops, hailstones, snow or dust clouds. This type of noise is of
particular importance in aircraft receiving antennas, and will not be considered
here.

That leaves two normally dominant noise sources:

Atmospheric (electrical storms)

Man-made

These two sources generate noise signals which are fundamentally di erent. The
former gives rise to propagating electromagnetic waves in which the electric and
magnetic eld intensities are related by the characteristic impedance of free space
(about 377 ).

The latter on the other hand is a near- eld phenomenon for which the E- eld and
H- eld intensities are related by a factor which is a function of frequency and which
is far greater than 377 for frequencies below 1500kHz. At the frequencies of interest
for this report, man-made disturbances are primarily electric eld phenomena.

Summing up these points, it is noted that atmospheric noise and the signals of
interest both propagate via radiation elds and, in its passband, an omni-directional
antenna cannot distinguish one from the other. In this respect, then, one antenna
is superior to another only if its directivity is higher. An ideal loop antenna has a

gure-eight pattern in the horizontal plane compared to the uniform pattern of a
vertical open antenna, so this is a bene t.

Electrostatic disturbances can be e ectively discriminated against by antennas
that respond only to magnetic elds. This attribute is one of the chief advantages of
the magnetic loop antenna. E- eld noise can however generate common mode noise
(capacitively coupled to the loop), and there may be identical noise signals on both
antenna connections. Receivers must provide reasonable common-mode rejection per-
formance when this occurs, or the loop must be shielded.

ITU Estmiates of Atmospheric Noise

ITU recommendation ITU-R P.372-13 [ITU-R] provides estimates of atmospheric
noise at any point on the Earth as a function of time of day (4-hour segments)
and season. Noise levels are provided in the form of an external noise factor, F,
in decibels. It is the ratio between noise power produced by a lossless antenna to
thermal noise at room temperature. A formula is provided to convert this value to
an equivalent E- eld magnitude.

Examples of the ITU data are shown in gures 4.1 and 4.2. Estimating noise is a
two-step process. First, there is a set of six maps which show countours of F, values
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at 1MHz across the globe, one map for each 4-hour segment of a 24-hour day. There
are separate map sets for the four seasons, Winter, Spring, Summer and Autumn. A
second chart which allows determination of noise levels at other frequencies based on
the 1MHz level.
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Figure 4.1: ITU atmospheric noise map at 1MHz in winter, 04:00 to 08:00 local time

Figure 4.1 ( gure 16a in [ITU-R]), shows that 1MHz levels are around F, = 60dB
over most of the contiguous US. Say we are interested in an antenna for receiving
WWVB at 60kHz. Figure 4.2 ( gure 16b in [ITU-R]) shows that for a 60dB level at
1MHz, F, will be about 115dB at 60kHz. Equation (7) in the ITU document provides
a conversion from F, to electric eld strength for electrically small antennas:

E = F, + 20log,o(funz) + 10l0g;, B 95:5dB V=m
Where T is frequency in MHz and B is equivalent noise bandwidth in Hz, and The
result is in units of dB V/m. The mixed units of Hz and MHz in this equation may
be a bit confusing for some, so this can also be written with all values in Hz:
E = F,+20log,o(f) + 10log,o B 215:5dB V=m 4.1)
For the example F, value of 115dB at 60kHz and target bandwidth of 500Hz,

E = 115 + 201lo0g,,(60; 000) + 10l0g,,(500) 215:5 22:1dB V=m 13 V=m
These equations are only valid for narrow bandwidths where the value of F; is

relatively constant. They would not accurately predict voltage levels produced by a
broadband loop.
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Figure 4.2: ITU atmospheric noise levels in winter, 04:00 to 08:00 local time

Parallel vs Series Resonance

Since atmospheric noise is highly frequency dependent, it is of interest to investigate
its interaction with parallel and series resonant loop con gurations. Gain plots for
external signals shown in gure 3.3 have been added to manually digitized data from
ITU gure 30b, with F,=70dB at 1MHz. This is a typical level of noise for much of
the US Midwest on Summer afternoons from 1200 to 1600 local time. This is shown
in gure 4.3 for antennas tuned to 60kHz and 1MHz, with three di erent values of Q.
At 1MHz in particular, the series resonant con guration does a better job of rejecting
atmospheric noise below resonance.

Ultimately, total atmospheric noise voltage at the receiver’s input is obtained by
integrating the power in these curves over linear frequency. Thus it is useful to plot
this data linearly as in gures 4.4 and 4.5 for the two example resonant frequencies.
For the 60kHz antenna and all but the lowest value of Q, both con gurations do
a reasonable job of rejection out of band, low frequency sferics (down to 10kHz,
anyway).

This is not the case for the 1IMHz antenna, where the series con guration may
make a noticeable di erence. This only considers Itering provided by the resonant
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loop. In addition to this, unwanted atmospheric noise may also be reduced by fur-
ther Itering in the receiver, as long circuitry prior to the Itering does not become
overloaded.

At m)sgherlc noi se out put éParallel Resonance) using | TU Fi g30b At mospheric noise output (Series Resonance) using | TU Fi g30b
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Figure 4.4

At mospheric noise output (Parallel Resonance) using |TU Fi g30b At mospheric noise output (Series Resonance) using | TU Fi g30b
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Signal to Atmospheric Noise Ratio

The total amount of atmospheric noise within the loop bandwidth is determined
by the tuned frequency, resonant Q and the value of F,. Tuned frequency and F,
are generally given as speci cations, so the only loop design parameter available to
control the noise level is resonant Q. Thus, it’s useful to examine the computation of
atmospheric noise E- eld levels as a function of loop noise bandwidth (f in Hertz).

Recall that 3dB bandwidth is resonant frequency divided by Q, and noise band-
width is that multiplied by =2, or =(2Q). We also make use of the fact that
10log,o( =2) 2:0. Finally, atmospheric noise density is explicitly shown as a func-
tion of frequency, F,(T), to emphasize that it’s the value from one of the ITU charts
(e.g. gure 4.2)) at the loop’s operating frequency.

f

Fa(f) +30log,, f 10log,,Q+2 215:5dB V=m

[ Eatm Fa(f) +30log;, f 10log;,qQ 213:5dB V=m ] (4.2)

Based on a range of practical resonant Q values, we can easily determine the
range of atmospheric noise levels that will be present for the tuned loop. For a loop
receiving a narrow band signal (e.g. WWVB at 60kHz), the largest practical Q will
be limited to perhaps around 200-300 or so. For a MW loop, Q may be limited by
the signal bandwidth if the spectrum of a received AM signal is to be preserved.

This shows that practically speaking, there is limited control over atmospheric
noise through varying resonant Q. Doubling the Q only reduces the noise level by
3dB. The equations presented above are mostly useful then for determining how
much atmospheric noise will have to be dealt with.

Atmospheric noise can be further reduced by more narrow ltering in the receiver’s
block diagram (e.g. in the IF or baseband stages), but for that to be practical, noise
must be held to some reasonable level at the receiver input to avoid overloading the
input stages.

MW Sensitivity

Knowing what to expect from atmospheric noise levels can help in understanding
what actual signal levels would be reasonable to design a loop antenna to receive.
These guesses can be strengthened through consideration of FCC broadcast rules for
MW in the United States.
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Radiative external noise sources (e.g. lightning) create a lower limit for sensitivity
to radio signals. Even in a quiet rural environment with little man-made noise,
atmospheric noise is still present. This suggests a signal level beyond which additional
sensitivity may be of minimal use. To get a better idea of what might be reasonable,
there are some FCC regulations which can be compared with predicted atmospheric
noise levels.

The outer edge of the fringe area for AM broadcasting is de ned by an E- eld
signal strength of 150 V/m.

The emissions limit in the AM broadcast band for intentional radiators and
for low power college/university stations is 24;000=f V/m at a distance of 30
meters, where f is in kHz. This translates to 45 V/m at 530kHz and 14 V/m
at 1700kHz.

FCC rules (CFR 73.37) do not permit a new station from overlapping with an
existing station’s signal as follows.

{ Where the existing station is 100 V/m , a new station may not exceed
5 V/m.

{ A new station may not exceed 25 V/m where existing station is 500 V/m

These regulations suggest that a decent AM receiver/antenna system is at least
capable of detecting signals at 25 V/m and perhaps even at5 V/m . Given expected
atmospheric noise of 1 V/m at 1MHz, one could infer that serious DXing might
require a sensitivity somewhere in the range of 1-10 V/m .

Sferics

It’s said that much of the noise encountered at LF/VLF frequencies is caused by
atmospheric lightning discharges (sferics, for short). This can be seen by comparing
ITU maps for Winter in North America, where there is little lightning, to conditions
during Summer.

Compare the previous ITU map for Winter at night to gure 4.6 below for af-
ternoon in the Summer. While much of the U.S. is fairly quiet in Winter with F,
values around 60dB throughout much of the midwest, the story changes completely
in the Summer. Noise levels in the midwest rise dramatically, to around F, = 75dB
on afternoons in the Summer. However, there’s not much change in conditions for
the West coast of the U.S., as there are few lightning storms in this area at any time
of year.
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S

Figure 4.6: ITU noise map at IMHz in Summer, 12:00 to 16:00 local time

N

Internal Noise Sources

Thermal noise due to:

{ Antenna copper resistance
{ Resistance added to reduce resonant Q
{ Ferrite losses

Receiver input noise

Copper wire resistance can be signi cant, especially when skin and proximity
e ects come into play, and must often be considered as part of the noise budget. It
is usually undesirable to add resistance to intentionally lower the Q of the loop, but
sometimes this is done.

It is generally accepted that receiver input noise at MF and LF can be made
negligibly small by comparison with other unavoidable noise sources by proper design.

Any coupling circuits and their resistance as well as transmission lines used must
also be considered. Typically, transmission lines are not used between a small loop
antenna and the receiver. If an appreciable distance exists between loop and receiver,
a pre-ampli er is typically located at the antenna, and a low-impedance ampli ed
signal is sent over a transmission line to the receiver.

Thermal Noise

This is the Johnson-Nyquist noise due to the resistance R discussed above. Ferrite
core losses also produce thermal noise and this can all be lumped into thermal noise
from a single resistance. The total noise voltage over a given bandwidth is
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en = PkTBR (4.3)

where

en IS RMS noise voltage in volts,

k is the Boltzmann constant (about 1:38 10 23 Joules per Kelvin),
T is absolute temperature in degrees Kelvin,

B is bandwidth in Hertz, and

R is the resistance producing noise in ohms.

At room temperature (300K),

P 129pV=p Hz

For example, with a 10-ohm resistor and 1kHz noise equivalent bandwidth we

have
P
en 129pVv 10 1000 = 12:9nV

R is a lumped combination of several di erent contributions, and we must either
assume all physical contributors (i.e. coil wire and ferrite core) are at the same
temperature, or handle each one separately. Here, a uniform temperature of 300K is
assumed.

Equivalent Noise Bandwidth

In evaluating equation (4.3), the bandwidth term is the system’s equivalent noise
bandwidth. This is usually not the same as the 3dB bandwidth of the system in
question. For the single-tuned resonant circuit in gure 2.1, noise bandwidth is ap-
proximately given by

Bnoise = E Bsds

See the appendices for a derivation and analysis of the errors in this approximation.

Sensitivity with Excess Noise

One important situation to consider is where the receiver input RF gains are limited
by one noise source, such as atmospheric noise. Signal and thermal noise levels will
be some amount less than this. In other words, receiver AGC will set the gains such
that the desired signal is not at the optimum level for demodulation.

Subsequent stages in the receiver my apply more narrow IF or baseband Itering,
reducing the noise level to the point where the signal becomes dominant. Depending
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on the design, it may not be possible to get the downstream signal up to the desired
level without overloading the RF gain stages. It’s useful to be aware of this issue, but
it is really about the topic of receiver architecture which is beyond our scope.
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Chapter 5

Alr Core Loops

Figure 5.1 shows an air core loop being excited by a TEM plane wave. The magnetic

eld vector is aligned with the axis of the loop. In this case the dot product between
loop axis and H- eld may be replaced with a multiplication of eld magnitudes. This
is assumed in all that follows.

Figure 5.1: Air core loop excited by TEM plane wave

The open circuit voltage developed in a single turn, electrically small loop is given
by (5-39) in [Balinis], and may be modi ed for an n-turn loop by multiplying by the
number of turns:

Voo = TAN (H

where A is the area inside the loop and H is magnetic eld intensity. This expres-
sion is valid for electrically small loops { where the length of wire in the loop is not
a signi cant fraction a wavelength.

This equation is often written with the term H replaced with the B- eld value
(in free space the two are equivalent). This formula assumes we know the H- eld
strength, but by convention, it’s more common to work with E- eld values. This
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does not present a problem, because the signal is propagating in free space, and the
ratio of E-to-H eld magnitudes is given by
E r__
0
—= — 377,
H 0
and the induced voltage can be expressed in terms of applied E- eld magnitude
using the de nition of in (2.1).
r__
Ve =E JAn 2=e(P57)an=E An
(0]
The combined term multiplying E here is in units of meters and is known as the
e ective height of the antenna. For the air core loop then,

he = AN (5.1)

Inductance

Inductance may be calculated with a decent level of accuracy using one of Wheeler’s
formulas. This rst one (published in 1928) is good for coils whose winding length is
at least 80% of the radius.

10  ,n?r?
9r + 10l
where n is the turn count, r the radius and | the length of the winding. The
radius and length are in inches for this formula. This is not a typical geometry for an
air-core loop, and this can be in error by 25% or more for typical loop geometries. A
better formula (published in 1982) and further optimized by Knight in 2016 is claimed
accurate to  265ppm for any geometry.

(5.2)

1
2(=d)  2:3004 + 3:2219(1=d) + 1:7793(I=d)?

L= orn> In 1+ (5.3)

where d is the diameter (d = 2r), and (I=d) is the coil’s aspect ratio { length
divided by diameter.

Algorithms instead of formulas

We prefer to use a computer-implemented algorithm for the computation of induc-
tance and have had very good results with it. Typically, measured inductances come
out with much less than 1% error when measured on a Hewlett-Packard LCR meter
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with allowance for lead inductance. [Weaver] provides several algorithms for this pur-
pose, and we have been using his Lcoil() function (see [Weaver-1]) with excellent
results on typical air-core loop geometries.

Resistance

Given resistivity of wire used in the loop (including skin and proximity e ects) of
ohms per meter, a coil of radius r and n turns has a total wire resistance of

R=2rn

As de ned here, is a function of the wire diameter, material (copper), frequency,
winding pitch and number of turns.

The resistivity includes skin e ect, which can be accurately computed from the
exact formula using modern computer applications such as Matlab and Octave. Prox-
imity e ect will further increase resistivity and is more di cult to estimate.

Skin E ect

The exact formula for the increase in resistance due to skin e ect contains Kelvin
functions, which are Bessel functions evaluated with speci ¢ arguments. These are
di cult to evaluate using a hand operated calculator, and much e ort has been ex-
pended to derive approximations that are more easily evaluated. See for example
[Knight-1], and his equation (3.1) for the exact expression for resistance including
skin e ect.

Current computer applications such as Matlab and Octave can accurately evaluate
the Kelvin functions, so it is easier to implement the exact solution rather than one of
the approximations. Matlab/Octave scripts attached to this PDF document include
functions to evaluate skin e ect.

Proximity E ect

This section applies to solid and stranded copper wire. Although Litz wire is capable
of achieving much higher Q, the amount of wire used in air core loops may make that
option cost prohibitive.

Accurate proximity e ect calculations for solid and stranded copper wire are di -
cult in some cases. The method suggested here uses data published by R. G. Medhurst
in 1947 ([Medhurst-1], [Medhurst-2]). This data was developed for situations where
the wire diameter is at least ten times the skin depth, and for coils having at least 30
turns.

Attempts to correct these estimates for greater skin depths, and smaller turn
counts have been suggested [Knight-2] and do seem to produce more accurate esti-
mates in many cases. However, the accuracy of these corrections over the full range

41



of loop geometries is unknown, and we’ve seen cases where these estimates have been
in error by as much as 20-30%.

When wire diameter is small in terms of skin depth, both skin and proximity
e ects become negligible. Straight wire with a diameter of 2-12 skin depths has a
resistance increase only 5% higher than at DC, and two skin depths is a 2% increase.
These could be taken as two possible boundary conditions for the absence of skin and
proximity e ects. However, experiments seem to indicate that proximity e ects for
close-wound coils begin to appear with wire diameters as small as one to 1-'2 skin
depths?.

For the purpose of estimating proximity e ects, three regions may be de ned:

Wire diameter is at least ten times the skin depth, with 30 or more turns.
Medhurst’s data is valid.

Wire diameter is less than 1 (or 1-*2) skin depths. Skin and proximity e ects
may be ignored.

Wire diameter is between 1 (or 1-12) and 10 skin depths, and/or turn count is
less than 30. Proximity e ects can be signi cant, and Medhurst’s data is not
valid in this region. The accuracy of Medhurst’s estimates will will be unknown.

Figure 5.2 shows the wire size limitations as a function of frequency. The green
boundary line for the No E ect region is based on one skin depth, and the blue
boundary line is for 1-12 skin depths. For convenience, wire diameter is shown as
AWG wire size. The range of wire sizes where proximity e ect estimates can be less
accurate is labeled as an area of patchy fog and poor visibility. Except in the No
E ect region, turn count is assumed to be 30 or more in this depiction.

The range of problematic wire sizes for LF and MF loop designs encompasses
many of the wire sizes typically used to build such loops. For example, at 60kHz,
wires sizes from 10 AWG through 26 or 30 AWG are inside this foggy zone.

Finally, don’t get the idea that these wire sizes should be avoided; we’re not saying
that. It’s just that predictions of AC resistance may be less accurate, and trial and
error may be required to achieve the desired performance.

Dowell’s Estimate

According to [Nan], a widely known method by [Dowell] gives answers with about 5%
error at lower frequencies, but at higher frequencies can underestimate the e ect by
as much as 60%. However, these analyses apply to multi-layer windings, so it is not
clear how much error there may be in using Dowell for single layer coils.

Earlier versions of this document included formulas for this estimate, but that’s
been removed as this method does not seem to be accurate for typical air core loops.

LEarlier versions of this report stated this limit to be 2 to 2-12 skin depths. Recent experiments
suggest this was incorrect.
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Figure 5.2: Regions of validity for proximity e ect estimates

Dielectric Losses

To a rst order, dielectric losses may be modeled as a resis-
tance in series with the parallel capacitance associated with
self resonance.? This causes a reduction in Q at the SRF. This
model (shown to the right) suggests that dielectric losses have
little e ect on overall loop Q at frequencies well below self-
resonance. A quick estimate is that the maximum frequency
at which Q is not signi cantly degraded by dielectric loss is

fmax fSRF RSRF:RP

where Rg¢ is the loop’s AC resistance at the self-resonance frequency, fsgre. Since
both Ry, and R, vary with frequency, this is only an approximate value. If the oper-
ating frequency is close to the SRF, it’s best to run some mathematical calculations
or SPICE models to get a more accurate answer.

In summary, as long as SRF is large enough compared to the loop operating
frequency, forms made of high-loss dielectric materials (e.g. PVC) can often be used
without a signi cant impact on overall Q. Several experiments with loops wound on
high-loss PVC forms seem to bear this out.

This is perhaps stating the obvious, but measurement of loop Q at SRF is neces-
sary to determine the equivlent circuit values, and the frequency limit.

2A more accurate model might have another resistor connected across the top and bottom nodes,
but this is usually a very large value and has been omitted for the purposes here.
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Reality Checks

Three loops have been built for which in-situ measurements of resonant Q were made.
Predicted Q values using Medhurst compare favorably with the measurements. Being
measured in operation, there aren’t any issues about LCR meter accuracy.

Resonant Q was determined by exciting the loop with a magnetic eld over a range
of frequencies and tting the measured response to an ideal RLC circuit. These are
all 60kHz designs and used polypropylene dielectric resonating capacitors. Figure 5.3
describes the three sample loops.

Form Diameter  Pitch  Wire AWG Insulation Turns
6-inch PVC Pipe  170mm  1.27mm 22 PVC 83
40-inch Spokes 1016mm  3.18mm 20 PVC 24
33-inch Spokes 838mm  2.76mm 16 enameled 30

Figure 5.3: Three Sample Loops

In gure 5.4, the measured Q of each sample loop is shown along with the esti-
mates of Q made using Medhurst data with corrections for turn count and frequency.
Predicted Q values include loading of the loop as con gured for measurement.

Wire Dia Q
Loop  Skin Depths Measured Estimated
6-inch 2.4 151 140
40-inch 3.0 140 152
33-inch 4.8 238 263

Figure 5.4: Measured and predicted Q of sample loops

Optimum Winding Pitch

Performance of resonant loops depends strongly on the quality factor, Q. Within
certain limits, it is may be desirable to have the highest possible value for Q. Some-
times, minimum limits on loop bandwidth will make high Q designs undesirable, such
as with AM broadcast reception. Other times, such as with 60 or 75kHz designs for
WWVB or DCF reception, maximizing Q may be desirable.

By incorporating most of the relevant factors, such as resonating capacitor losses
and receiver input impedance, it’s possible to examine the variation of Q with winding
pitch, and it’s generally found that there is an optimum value.

Figure 5.5 is an example of scanning a design for the optimum pitch. This can be
accomplished using the AnalyzeAirCoreLoops Matlab/Octave script. It incorporates
variable coil AC resistance due to skin and proximity e ects, as well as variable
capacitor ESR as a function of frequency according to dissipation factor (DF).
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Figure 5.5: Loop Q versus Winding Pitch

High-Q Designs

High Q loops must be operated in the clear { away from objects such as walls, oors,
furniture and metals. The higher the designed Q, the more spacing is required. This
should be thought of in terms of loop diameters. Larger loops require more spacing.
Distances of 1-3 loop diameters may be required to attain the highest Q.

Antenna Thermal Noise

Thermal noise from an air core loop is dominated by e ective wire resistance. Radi-
ation resistance for electrically small loops is so small as to be irrelevant.

P P
e, = 4kTBR = 8 KTBrn

Above, the wire’s resistivity multiplied by it’s length has been substituted for the
total wire resistance. Note that is not the resistivity of copper, but the resistance
of the wire being used, in ohms per meter.

We are interested in how this noise level will compare to the voltage induced in
the loop by an external electric eld. The external E- eld might represent a radio
signal or atmospheric noise levels. If the e ective height of the antenna is known,
this noise level may be referred back to an E- eld strength by dividing by the loop’s
e ective height.

_ p8 KTBrn

E
n he
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Self Resonance

One upper limit on the amount of wire used in a loop antenna is determined by self
resonance. In general, the loop SRF should be signi cantly higher than any tuned
receive frequency to allow for accurate and stable tuning.

Estimating SRF is a complex topic and the subject of another report. As a rule
of thumb, if total wire length is limited to no more than 10-20% of the wavelength
at the highest frequency of operation problems won’t arise from an SRF that is too
low. If the boundaries are to be pushed to achieve larger e ective heights, then one
must delve more deeply into this topic and that’s beyond the scope of this report.

Shape

All the loops examined so far have been circular, but they don’t have to take that
shape. A circular loop maximizes the area for a given circumference which is often
the reason for using that shape.

A square loop may be easier to build in some cases. The area of a circular loop
made with 2 meters of wire is  square meters. A square loop made with the same
length of wire has an area of ( =2)? square meters, so the ratio of areas is:

2:4

The reduction in area (and e ective height) is about 2.1dB.

Both circular and square loops take up a lot of planar space, and a lot of volume
if they are to be rotated in use. One solution to this problem is to change the shape
to a rectangle with a high aspect ratio (e.g. 3:1 or 4:1). A rectangle with aspect
ratio r has sides of length 1 and r, thus the area is r with circumference 2(r + 1). A
rectangle with aspect ratio r and circumference 2 meters will have sides of length

=(r+1) and r=(r +1). It’s area area is then ?r=(r + 1)?, and relative to a circle
with the same circumference it is;

r
17

For example, a rectangle with aspect ratio of 4:1 would have 4 =25 50% of the
area of a circle with the same circumference. This represents about a 6dB reduction
in area and e ective height. This e ect is graphed in gure 5.6.

In exchange for the loss of e ective height, a high-aspect ratio loop will require
considerably less space when it is rotated. A four foot circular loop essentially requires
a cube of space four feet on a side (64 cubic feet) in which to operate. However, a
rectangular loop with the same circumference, 15 inches by 5 feet mounted with the
long edge vertical requires considerably less room for operation, but su ers a 6dB
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Figure 5.6: Loss of Area in Rectangular Loops

reduction in e ective height. This loop could be operated in a 15x15x60 inch cube of
space (about 8 cubic feet) { one eighth of the volume required by the circular loop.

As long as the loop’s thickness (winding pitch times turn count) or pitch is not
too large, the radiation pattern won’t be any di erent than that of a circular loop.
This might not be the case for thick loops, but most situations where a high aspect
rectangle is desirable will involve small turn counts and the resulting loop will not be
all that thick.

Analysis Tools

A set of Matlab/Octave scripts are included in the zip le attached to this PDF doc-
ument containing tools to analyze air core loop performance. The analysis includes
the ability to calculate inductance, and resistive loop losses. With input of infor-
mation about capacitor losses and load impedance, accurate estimates of resonant Q
and e ective height are possible. This permits scans of design parameters such as
diameter, turn count and winding pitch as an aid to nding the best loop design for
a particular application.

Construction Notes

One loop was built for 60kHz which demonstrates an unexpected behavior having to
do with wire pitch. The usual winding technique places each turn of wire a constant
distance from the previous turn, and each turn is wound on an identical diameter.
An octagon loop was built with 33-inch equivalent diameter with 16 AWG wire
on a pitch of two wire diameters. There were eight spokes used as wire supports to
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form the octagon. A wire support with evenly spaced notches was attached to the
end of each spoke. Wire was unsupported in between the supports.

The initial build had very uneven wire spacing between supports as the relatively
sti magnet wire inevitably had small deviations from being straight. In places adja-
cent turns were touching and in others the spacing was much more than the average.
This lead to concerns that the AC resistance might be unduly raised by the uneven
spacing.

In an attempt to prevent wire spacing less than the average, two wire loom spacers
were inserted in between each of the eight main supports (16 total looms). This was
done in such a way that even turns were forced inwards on one side of the loom, and
odd turns outward on the other side. Radial spacing between adjacent turns was four
wire diameters. Even and odd turns were spaced radially an average of four wire
diameters apart. This ensured that adjacent turns were never closer than one wire
diameter. Photos of the loop are shown in gure 5.7.

Figure 5.7: Wire spacing technique used in octagon loop antenna

This con guration has the same average axial pitch as before, but now there is
a signi cant radial spacing between adjacent turns. The surprise was that this did
not alter the inductance much at all, reducing it from 1570 H to 1520 H . Further-
more, the AC resistance did not change much either and that was perhaps the bigger
surprise.

Analysis

We discovered that methods suggested in [Weaver] provide accurate estimates of
of inductance when alternate coil turns have di erent radii. The method used in
Weaver’s Lcoi I function is to sum the mutual inductance between every pair of turns
in the coil, using Maxwell’s formula for the inductance between two circular loops.
This algorithm allows for each loop turn to have a di erent radius.

The Lcoil function can be modi ed for the case where each turn has a distinct
radius. In fact, it can be modi ed for each turn having a di erent wire size, as well
as for each turn having a non-uniform spacing from previous turns. It can therefore
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be used to investigate the e ect that random axial spacing of turns would have on
inductance (each turn having the same radius).

A Monte-Carlo analysis was done for a 30-turn loop with
random turn spacing, using 16 AWG wire, average pitch of
100 mils and minimum pitch of 1.1 times the wire diameter.
Turn spacing was uniformly distributed and scaled to meet
the minimum and average pitch values. A sample of ve such
random spacing sets is depicted to the right.

Figure 5.8 shows the cumulative distribution function for
inductance computed from this simulation, using 10,000 sets
of random spacings. The result is, not surprisingly, a good t
to a normal (Gaussian) distribution, with standard deviation
being 0.5% of the average.
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Figure 5.8: CDF of inductance with random turn spacing

The following conclusions regarding coil winding tech-
niques are suggested:

Average axial wire spacing is the most important parameter. O setting every
other turn radially by 5 wire diameters had little e ect on inductance and AC
resistance.

Uneven wire pitch has seems to have little e ect on inductance and AC resis-
tance.
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Chapter 6
Permeability

To get an intuitive understanding of ferrite core loops, a review of permeability is in
order.

What is Permeability?

We’ll start with the the elds H and B and their relationship to each other. These
elds are really vector elds (or tensors, but that’s way beyond the scope here), but
for simplicity they will be carefully treated as scalars.
B symbolizes the total magnetic eld magnitude at any point in space. H is also a
eld and represents only that portion of B caused by free currents (e.g. those owing
in a coil)!. The total eld at any point is the sum of that caused by free currents and
magnetization of the materials in the eld. In free space, there is no magnetization,
so the relationship is trivial

B= ,H

In CGS units, it is even simpler, (B = H) but this article will stick with MKS
units. In general however, there will be magnetized materials such as ferrites present
and then

B
B= ((H+M),;orH=— M
(o]
where M is magnetization (e.g. associated with ferrite domains). We are only
concerned with currents and elds which have a sinusoidal variation in time { not
static ones. In other words, there’s no such thing as a 1MHz permanent magnet. So,
any magnetization must be induced by free currents somewhere. Note that M can be

quite a bit larger than the H that induced it.

1H does not include portions of B caused by bound currents such as magnetic moments associated
with magnetized domains in ferrite
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It’s worth restating that the H eld doesn’t really exist. It cannot be measured
directly? { only the B eld is directly measurable. H is none the less a useful concept
because it permits total induced elds to be easily calculated.

In materials where magnetization is approximately proportional to H, such as
soft ferrites operated below saturation levels, the constant of proportionality is called
magnetic susceptibility and usually denoted as . Thus we have (H+M) = (H+ H)
which yields

B= (H+ H)=(1+ ) (H r oH

This bit about B and H is intended mostly as background material, and we won’t
concern ourselves with susceptability  or magnetization M going forward. The
important points to keep in mind are

Free currents induce the H eld which is una ected by the permeability of the
medium in which it exists.

B is the sum of H and any magnetization produced by H. The amount of eld
enhancement due to magnetization determines the relative permeability.

This knowledge will help a lot in understanding how the ferrite rod works, both
as an antenna and an inductor.

Intrinsic Permeability

Passing current through a coil of wire wrapped around a ferrite toroid creates an
H- eld. The toroid forms a closed magnetic circuit, and nearly all of the eld from
the coil remains inside the ferrite. Under these conditions, the ratio between B and
H elds in the ferrite is known as the intrinsic permeability, ;. This is an inherent
characteristic of the material and has little to do with the size or exact shape of the
toroid.

A toroidal inductor makes a poor antenna because the magnetic circuit is closed
and ux can’t get in or out very easily. For antennas, open magnetic circuits are
required, and di erent measures of permeability have been de ned to deal with them.

Variations on the Theme

There are two very di erent H eld con gurations in which the behavior of the ferrite
rod is of interest.

1. The rod is placed into a uniform H eld { speci cally one that is part of a
propagating radio signal (TEM wave).

2except in free space where there’s no magnetization
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2. The rod forms the core of a coil in which a current has been established (free
current).

These scenarios are quite di erent. We feel that many treatments of ferrite rod
antennas do not give adequate attention to the di erences, and explanations of why
they are important. These two scenarios are discussed in detail below.

Permeability in a Uniform Applied Field

Consider a propagating radio signal oriented as shown in gure 6.1. The rod is
perpendicular to the direction of propagation and the H- eld is parallel to the long
axis of the rod.

Figure 6.1: Ferrite Rod Orientation

The plane wave and associated H eld was generated by free currents in a transmit-
ting antenna (miles distant, presumably). This means that the electric and magnetic
elds are quite uniform. We assume either that there is no coil of wire on the rod yet,
or that any coil is open-circuited and nowhere near self-resonance. The TEM wave’s
H eld will induce magnetization in the rod and that in turn will add to the B eld
in and around the ferrite rod.

This is a crucial point: the ferrite core does not distort the H eld { by de nition.
The only free currents in this picture are those back at the transmitting antenna. As
a result, H is still uniform everywhere around the rod, including inside and in the
vicinity of it. It is only the B eld that is modi ed by the rod’s presence.
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The amount of magnetization (and therefore the B eld) is not uniform throughout
the rod (see gure 6.2). Itis strongest in the center. If a coil of wire is wrapped around
the rod, the total B eld inside the coil will induce a voltage in the coil { not just the
H eld. And because the B eld has been enhanced by magnetization of the ferrite
there’s a larger induced voltage than there would be without the rod.
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Figure 6.2: Hlustration of ey

Figure 6.2 shows a rough idea of the di erence in B- eld with and without the
ferrite core. The air-core loop on the left has no e ect on the B eld, but the ferrite
core produces a larger B eld in its vicinity. This drawing from [CIA] in 1957 is
in fact pretty accurate; gure 6.3 shows a typical B- eld computed by modern E-M
simulation software (the scaling on the plot is highly logarithmic for clarity, and the

eld falls o much faster away from the rod that the image tends to imply).
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Figure 6.3: Simulated B- eld around ferrite rod ( ; = 300) in uniform H- eld
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The B eld is not uniform throughout the interior of the rod, even though the
H- eld is. In other words, the apparent relative permeability is not constant inside
the rod; it is a function of position. No one number can describe this situation. As a
result, two di erent measures of relative permeability have been de ned in an attempt
to quantify these variations. Even two numbers cannot completely describe this, but
it’s better than only one.

Apparent Permeability

After intrinsic permeability, the next variant of permeability we run into has to do
with the current situation { a ferrite core immersed in a uniform magnetic eld.
Apparent permeability is known by at least two di erent names, , and (4. It is
the ratio of the axial B eld at the center of the rod to the externally applied H eld.

This value is most directly applicable to a very short receiving coil located at
the center of the rod. It varies as a function of the ferrite’s permeability in a closed
magnetic circuit ( ;) and the rod’s length-to-diameter ratio. Being based on a very
short receiving coil, this is not always directly useful, but it serves as a starting point
for determining additional measures of permeability. So far, this only considers the
B and H- elds, there’s no talk of coils or voltages here.
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Figure 6.4: Separating the eld components

To help visualize what’s happening, gure 4.7(d) from [Snelling] is reproduced

in gure 6.4. The upper half of the drawing shows three separate sets of magnetic

eld lines, the uniform plane wave, the enhanced eld inside the core, and the eld

external to the core created by the enhanced eld { these are the ux return lines

that complete the magnetic circuit. The bottom half shows the resultant eld which
is the vector sum of the three separate elds.

The net e ect is a reduction in the eld outside the core along its axis. The
shorter the core, the more concentrated these return lines become and the eld at
the core’s midpoint, just outside the core can become severely attenuated with very
short, high permeability cores. In the next section, we discuss how this attenuation
can be estimated.
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A Funny Thing Happens

For the sake of curiosity, we look here at how the B- eld varies in the close vicinity
of a ferrite rod.

There will be much more later about how o4 depends on the length-to-diameter
ratio of a ferrite rod. For now let’s just note that for long skinny rods, o is fairly
large and can be 50% or more of the intrinsic permeability, ;. For short, squat rods

rod Can be surprisingly small.

Consider a rod with ; =350 and ,,q = 120 immersed in the magnetic eld of a
plane wave (at say, 1 A/m). At the center of the rod in the ferrite, the B- eld will be
120 times stronger than the H- eld (i.e. 120A/m { because that’s what ,,q means.)

This is where things get a bit odd. Far away from the ferrite, the B- eld is 1A/m
because the relative permeability of free space is one®. However, the B- eld near the
center of the rod, in the air just outside the ferrite is only about 0.34A/m. This is
caused by the ux return lines shown in gure 6.4 reducing the ambient B- eld.

Here’s the surprising (or maybe not so surprising) observation about this reduction
in B- eld. If you take the B- eld at the middle of the rod, just at the outer edge of
the ferrite and divide it by the intrinsic permeability ( ; = 350), you get the exact
value of the B- eld just outside the ferrite. So the 120A/m inside divided by 350
gives us the 0.34A/m that actually exists.

Example B-Fields

To provide an example, the previously discussed rod with ; = 350 and I=d = 20
which has oq = 120 was simulated. A couple of plots show how the B- eld varies
through the rod and outside it in gure 6.6. Both of these plots only depict the axial
component of the B- eld because that’s what is linked by an antenna coil and will
produce an output voltage. Colored arrows in gure 6.5 shows the lines along which
the B- elds are sampled in the two plots.

Axial

Figure 6.5: B- eld directions sampled in gure 6.6

The plot on the left shows eld magnitudes along the red radial line in gure 6.5.
Distance is normalized so the rod’s radius is one, and the applied H- eld magnitude
(TEM wave) has magnitude of 1.0 A/m in free space. Inside the rod, B- eld is running
at 120A/m as expected, but just outside the rod (where B and H elds are the same),
the eld is reduced substantially to a value of about 0.35A/m.

3See comments on units below
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Figure 6.6: B- elds in and around a ferrite rod

The right-side plot shows the eld along the axis of the rod, with the rod length
scaled so the end of the rod is one. Again, the eld is maximum at rod center
(120A/m), and drops quickly to the ambient value of 1.0A/m past the end of the rod.

Units

We need to be a bit careful with units when discussing B and H elds as they are
related by B = , jH, where , is the permeability of free space and ; is the intrinsic
(relative) permeability of the medium. In CGS units, , =1 so we can numerically
compare B and H elds in free space or air without worrying too much (except we
shouldn’t forget which one we’re talking about { B or H). In MKS units however,
o =4 10 "H/m and B and H elds are numerically quite di erent, even in free
space.
So above, in discussing B and H eld values there’s an assumption that the
conversion constant is silently allowed for, and we may speak of B elds in units of
A/m even though that’s not a valid unit for B.

Interactions Between Rods

As illustrated in  gures 6.4 and 6.6, a ferrite rod in a uniform H- eld, such as that
which is part of an E-M plane wave, will alter the B- eld in it’s vicinity. In gure
6.7, transparent cylinders have been placed around two ferrite rods, hinting at the
size of the a ected volume. In reality, there is no sharp edge to the a ected volume,
but that’s shown here to illustrate the point.
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Figure 6.7: Ferrite rods a ect H- elds in their vicinity

Inside the a ected volume and outside the rod, the resultant magnetic eld is
reduced, and any additional antennas placed with this volume will have less overall
B- eld to work with.

Since o IS an indication of how much ux intensity is increased by the rod’s
presence, it could be thought of as gathering the ux from an area larger than the
rod’s cross section, and concentrating that ux within the rod. Under this analogy,
the radius from which ux is collected would be pﬁ times the rod’s radius. This
isn’t exactly correct but it helps to provide an intuitive grasp on the e ect.

In gure 6.7, the two rods are spaced such that their a ected volumes overlap
(shaded as brown in the image), with the result that antenna coils wound on either
rod will pickup less signal voltage in the presence of the other rod.

Simulations were run with three parallel rods, and gure 6.8 presents the results
for two values of spacing. The spacings are relative to rod radius, so forpﬁﬁ;llf-inch
diameter rod with g =122, a spacing of (2r" oq) would be 0:25 122 55
inches.

dB loss at rod spacing

i I=d rod i rod 2" rod
350 20 122 1.6 0.6
125 15 62 1.8 0.7

2000 15 103 2.3 0.7

Figure 6.8: Flux loss in middle rod of three parallel rods
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External Permeability

Of primary interest for antenna designs, another de nition of relative permeability
relates the voltage induced in a coil (not necessarily a short one) wound around the
rod by a uniform external H eld. This will be symbolized here as ext.

This permeability is determined by the total amount of B eld ux linked by the
coil along its length, and it depends on the length of the coil and where the coil is
located on the rod. Referring back to right side of gure 6.6, its easy to see that
placing a coil at the end of the rod will link less ux than in the middle.

ext 1S de ned as the ratio of voltage induced in the coil with and without the
ferrite rod. This is often expressed as the product of apparent permeability and a
factor which is partially dependent on the coil geometry.

ext = rodFext = aFext (61)

Too Many Names

Published literature on ferrite rods provides a plethora of names for various measures
of permeability. In some places, oq Will be referred to as the uxmetric permeability,
and it’s measured at the center of the rod.

Permeabilities are also measured which involve an average of ux levels over the
entire volume of a ferrite rod. These are variously called magnetometric or ballistic.
Subscriptssuch as ,.¢ and ,.m are sometimes used to distinguish apparent uxmetric
and magnetometric permeabilities. This report considers uxmetric values almost
exclusively and we de ne (g a af- Whenever possible, only .4 will be used
in this article.

The moniker \ballistic" is a reference to permeability measurement techniques.
A device known as a ballistic galvanometer is sometimes used to measure bulk (i.e.
average) properties of ferro-magnetic materials.

Permeability in a Coil-Generated Field

Above, apparent permeability was de ned in the context of immersing the ferrite rod
in a uniform magnetic eld (i.e. a radio signal). The motivation was to be able to
predict how much voltage would be induced in the receiving coil.

Here, we’ll look at the elds induced by currents owing in the receiving coil. The
motivation is di erent { we wish to predict the self-inductance of the receiving coil.
This is another very important design parameter for the antenna.

With no radio signal present, consider the magnetic eld generated by alternating
currents in the coil, as in gure 6.9 (copied from [CIA]). On the left is a coil with air
core, and a ferrite core is shown on the right side of the gure. There, a closed ux
path is setup by the coil, part of which is in ferrite and part in air. Once again, the B
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Figure 6.9: Illustration of ju¢

eld in the rod will not be uniform, and depends on both the coil and rod geometries.
Figure 6.10 shows the B- eld from an E-M simulation of a coil on a ferrite rod; the
coil is centered on the rod and half the rod’s length (red shaded area). Notice that
this eld looks nothing like that in gure 6.3. The rough drawing in gure 6.9 from
[CIA] is pretty accurate.

\:\'\‘\‘;;;','/'/'/'
" w P

Figure 6.10: Simulation of B-Field generated by coil on ferrite core

The speci ¢ geometry of the air and ferrite portions of the path, and the ferrite
material’s ; all factor into the electrical inductance of the coil. The ratio of induc-
tance with and w/o the ferrite core de nes another measure of permeability, .. It
is often expressed as the apparent permeability ( ;) multiplied by a factor Fi..

int = aFint (62)
In general it & ext.

Losses in Ferrite Materials

Rods with large aspect ratios (for example, 1=d 10) are often used in antenna
designs. In this case, ferrite losses can end up limiting the maximum achievable Q
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for the loop antenna. Losses are usually speci ed as the imaginary part of a complex
permeability, and/or the associated loss tangent:

=" 3% tan =—
This is a function of frequency and manufacturer data sheets should contain graphs
of the real and imaginary parts of the permeability, as in gure 6.11. One may think

of the loss tangent as being approximately equal to the Q of the ferrite material.

Why is Permeability Complex?

Somewhere in the calculation of inductance, permeability is going to appear as a
multiplicative term, yielding a complex value of inductance: L =a jb (the imaginary
part of permeability is always negative). When working with complex frequency,
s =], the calculation of complex impedance for an ideal inductor is Z =sL = j!L.
When inductance is complex, the result is this:

Z=jlL=jl(a+jb)=jla+ Ih=ideal inductance + loss resistance

This automatically incorporates a frequency dependent loss resistance in series
with the inductor to represent ferrite losses. It’s now apparent why the imaginary
part of the permeability (b in the above equation) is negative { it makes the loss
resistance positive. See [Snelling] section 2.2.1 for more on this.

For resonant ferrite rod antennas in the AM broadcast band (up to 1710 kHz),
61 Material ( ; = 125) is one of the few currently available materials that makes any
sense. We have tested some rods of unknown materials removed from AM broadcast
receivers which appear to have ; 200. There don’t seem to be any rods with ;
in this range currently available in the U.S. from reputable manufacturers, so it’s not
known what material they might be made from.

All materials with higher values of initial permeability have too much loss at AM
broadcast frequencies. There are materials with less loss than 61 Material but with
substantially lower permeability.

Figure 6.11 is reproduced from an Amidon speci cation sheet about the material.
The ratio between real permeability % and imaginary permeability ¥ is the max-
imum Q achievable. At 2MHz and below that value is greater than 100, probably
several hundred, although the curve dives o the bottom of the graph there, so it’s
value is unknown.

More detail on ferrite losses is presented in the next chapter. Loss may be much
less of an issue in the case of Ferrite Sleeve Loop antennas because of the tiny aspect
ratios they typically have. See the chapter on FSL designs for more on that topic.
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Complex Permeability vs. Frequency
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Figure 6.11: Complex permeability of 61 material

Summary

The worst is over now. If you've got a fair understanding of the material in this
chapter, the rest of this will seem pretty simple and make a lot of sense.
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Chapter 7

Ferrite Core Loops

This chapter presents a method for accurately estimating the e ective height of ferrite
core loops. Readers may nd it helpful to refer back to the chapter on permeability
while reading this chapter.

Figure 7.1: Ferrite core antenna receiving TEM plane wave

Empirical Approach

Although the cylindrical rod is a simple geometric shape, it’s still complex enough
that no closed form solutions exist to calculate the magnetic elds induced by TEM
plane waves. The same can be said about predicting the self inductance of coils wound
around such rods.

What is typically found in literature are attempts to approximate the cylindrical
shape with other shapes (for which solutions are known), or curve ts to empirical
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data. For example, an ellipsoidal spheroid, when highly elliptical starts to look like a
cylindrical rod, as in gure 7.2.

E

Figure 7.2: Approximating a cylindrical rod with an elliposidal spheroid

This article takes an empirical approach to the problem. Electromagnetic simu-
lations were run over a range of reasonable rod and coil geometries. Data sets have
been generated covering a multi-dimensional grid of design parameters which may be
interpolated to estimate the performance of a given design. The data and equations
provided here are based on literally thousands of simulations.

The range and sampling density of research involving physical experiments is
necessarily limited by time and resources. A wide range of geometric parameters can
be more densely sampled with the simulation approach used here. This would be a
prohibitive task experimentally, but with simulations, it just requires more computer
time.

The simulated data can either be directly interpolated, or replaced with low or-
der polynomial ts. Both techniques are used here. Scripts for Matlab/Octave are
provided which perform this interpolation, or can serve as examples for writing code
in other computer languages. Polynomial coe cients and data sets are provided in
Matlab/Octave-format data les.

Induced Voltage

The same equivalent circuit is used for the ferrite core antenna as was used for air
core loops. The voltage induced by a vertically polarized TEM wave propagating is
er = (ext AfN)E (7.1)
and E is the electric eld intensity. The ferrite core antenna’s e ective height is
the combined multiplier on the electric eld intensity.
he = ext AfN
As with air core loops, this assumes the magnetic eld vector is aligned parallel

with the coil’s (and rod’s) axis as shown in gure 7.1. A subscript is included on the
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area term (Af) to emphasize that it is the area of the ferrite core, not the area inside
the coil. The coil diameter is often slightly larger due to the presence of insulation
or a coil form. That su x may be dropped at times, but when dealing with ferrite
core loops, it’s always assumed that A refers to the ferrite core area, not the coil area.
The case of a coil wound with a much larger diameter around a ferrite rod is not
considered here.

Determination of oy

This would be a much shorter chapter if it weren’t for the presence of the exter-
nal permeability multiplier in the e ective height formula. The concept of . was
introduced in the chapter on permeability, and it will be expanded on here.

To review, the value of, .4 is the factor by which the e ective height of the
antenna is increased by inserting the ferrite rod. It is a function of several factors.

The ferrite material’s intrinsic permeability, ;.
The ferrite rod’s length-to-diameter ratio, a.k.a. aspect ratio.
The length and placement of the coil on the rod.

For analysis, ext IS broken down into two components, o4 and Fex::

e = rod Fext AN (7-2)

Equation (7.2) is the money equation for ferrite core loops, as (5.1) is for air
core loops. The primary focus of this chapter is to provide the means for accurately
estimating the rst two terms on the right hand side, oq and Fext.

The rst term, (o IS the amount by which the ambient magnetic ux level
is increased at the middle of the ferrite rod. This is also known as the apparent
permeability or uxmetric permeability.

The Fex term is necessary because magnetic ux inside the ferrite is not constant
everywhere. If varies along the length of the rod, and also radially between center
and outside radius. When a coil of nite length is wrapped around the rod, Ampere’s
law tell us that the total amount of ux within each turn of the coil contributes to
the overall induced voltage. Because each turn of the coil encircles a di erent amount
of ux, the total induced voltage becomes an average of the ux levels from one end
of the coil to the other.

Flux in a cylindrical ferrite rod is generally greatest at the center of the rod, and
falls 0 towards the ends (see gure 6.6). To get the largest induced voltage then, the
coil should be centered. For the same reason, centered short coils will have a higher
induced voltage per turn than long ones since they will only be sampling the higher

ux levels near the center of the rod.
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Most of the remainder of this chapter will be concerned with accurately predicting
the values of ,oq and Fey. There are published formulas for this purpose and some
of them are presented.

We found that existing formulas have some accuracy issues, and in some cases
there is a lot of variation between published research data and theory. Alternative
methods for estimation presented here are based on extensive E-M simulations of
bare ferrite rods, and ferrite cored coils excited by TEM plane waves. To the extent
these simulations are inaccurate, so are the estimating functions published here. No
hard comparisons between simulations and real-world measurements have been made,
and the reader should keep that in mind. That said, we believe the simulations are
reasonably accurate.

Apparent Permeability

Some published approximations de ne a demagnetization factor N, and apparent
permeability is derived from that as follows.

=_ i
rod — 1+ N( : 1) (73)
Solving for ;,
i(l rodN) = rod(l N)
rod(:L N)
i= ——= 7.4
I 1 rodN ( )
and for N,
rod T N rod( i 1) = i
N= 1" (7.5)

rod( i 1)

Approximations from [Bolton-1]

These are formulas that Bolton collected from various sources. Below are two dif-
ferent estimates for either o4 directly, or indirectly through the demagnetization
factor. This article will provide estimates for o4 based on simulation data, so these
approximations are included only for purposes of comparison.

The rst approximation is said to be less accurate for 1=d ratios below 10; above
10, it may be most accurate to use both equations and average the result.
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i[(1=d)>= + 2:5]
T+ (205 +25] g 210

(7.6)

N 0:37(l=d) 4 (7.7)

2 (I=d) <20

More complex equations, claimed to produce accurate results over the entire range
of 1=d ratios are shown in (7.8) and (7.9). They are found in [Bolton-1], and originally
come from [Cross]. The formula also requires the spheriodal demagnatization factor
Nen as presented in  gure 4.3 in [Bolton-1]. We t a polynomial visually to that
graph and it is included below as equations (7.10) through (7.12).

— cheII
N = 12500503+ (logy (=) 0:7)7 * (7.8)

0 I=d s 1
k. = @1+ W (7.9)
X = logy(l=d) (7.10)
= 0:01851729x* 0:01515424x>  0:37379092x°
0:79188605x  0:50881135 (7.11)
Nen 10 (7.12)

A graph based on equations (7.3) and (7.8) through (7.12) for several common
values of initial permeability is shown in gure 7.4. This chart, or something very
close to it may be found on many di erent ferrite manufacturers’ web sites.

Approximations from Simulations

A large number of E-M simulations were run of ferrite rods with a 1-turn centered
coil, excited by a TEM plane wave. The simulated ferrite material had no losses
and no dispersion. The longest rod simulated was 0.0056 wavelengths long at the
simulation frequency. A one-turn coil was used to sample the ux in the center of the
rod as shown in gure 7.3. As such, Fex = 1 by de nition.
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Figure 7.3: Simulation setup for estimating ,oq

Based on the voltage induced in each simulation, and the formula for induced
voltage (7.1), the value of .4 was determined. The T subscript is added to rod
geometry parameters (e.g. l¢; Ag) to indicate they apply to the ferrite rod and not
the coil. Once g Was determined, the demagnetization factor N could be computed
using (7.5). The last equality in the formula below includes the substitutions E =
1V/m, Feiy =1and n = 1.

— VOC — VOC
T EF . AfN

Ar N=1; Fext=1 E=1

Using this technique, simulations were run with values of ; from 63 through 4000,
and aspect ratios from about 0.37 up through 33. This gave a 2-dimensional table
of (g Versus both  and aspect ratio. The best choice of independent variables for
interpolation seems to be the logarithms of ; and aspect ratio, and logarithm of g
for the dependent variable. Thus, the following function is suggested for interpolation:

M InN=f In In(;—f; and then K = eV
f

Figure 7.4 is based on equations from Cross, because it covers a very wide range
of aspect ratios { including ridiculously large ones which will probably never be en-
countered in the real world. This is done to show asymptotic behavior of the function
with di erent values of ;. Our simulations did not cover this wide range of aspect
ratios and it would not be appropriate to extrapolate the results that far.

Graphs over a practical range of aspect ratios based on simulation data are shown
in gure 7.5 and for very small ratios in gure 7.6. The small aspect chart is referred
to in the analysis of ferrite sleeve loop antennas in a following chapter. It can be seen
that for smaller aspect ratios, the value of ; has a smaller e ect on o4, and for
I=d < 5, the initial permeability has very little e ect.
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Apparent Permeability vs Aspect Ratio
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Figure 7.6: Apparent permeability for very small aspect ratios

Comparing Estimates

The di erences between computing .9 With equations (7.8) through (7.12) and sim-
ulation data are shown in gures 7.7 and 7.8.

Formula-based values are in red, while simulation-based data is in black. The
formulas consistently under-estimate simulated o4 values for aspect ratios in the
range f1..10g or so, and agree pretty well from about 20 to 40. Our simulations did
not examine ratios above 33, but the graphed ts have been extrapolated out to ratios
of 100:1 just out of curiosity. Curves for ve di erent values of intrinsic permeability
are shown for both formula and simulation-based data: 125, 250, 500, 1000 and 2000.

In gure 7.8, the di erences between the two sets of data in decibels are shown as
a 3-D surface plot. The formulas come out as much as 1.5dB higher than simulations
at all values of ;, and the largest di erences occur over a range of aspect ratios from
about 1 to 10.

These E-M simulations have not been veri ed against any real world measure-
ments, so there’s no claim of any speci c level of accuracy. This is due to the fact we
have no way to accurately measure the intrinsic permeability of any of our test rods.

It’s felt that the simulations are reasonably accurate and that’s about the best
assurance that can be o ered. The best alternative for those who don’t trust the
simulation data is to use equations (7.8) through (7.12) to get N instead.

The Fq¢ function

If the magnetic ux in the rod were constant along its length, there would be no need
for this function. However because it does vary, the coil essentially takes an average
of the ux in the rod over its length. Although equations exist to approximate this
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Figure 7.7: Comparing . equations to simulation polynomial ts

Figure 7.8: Di erence between .4 equations and simulations in dB

average for coils centered on the rod, a more general approach is to have approx-
imations for the ux variations along the rod. These approximations can then be
averaged over the physical range of the coil. This method can easily handle o -center
coils.
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The paper by Bolton [Bolton-1] contains a graph and some functional approxima-
tions for centered coils as a function of the coil length. One question not addressed
by Bolton is whether this function depends at all on the rod’s I=d ratio, or the initial
permeability of the ferrite. Using and I=d ratio of 10:1, we rst veri ed that our
simulations matched gure 4.8 in [Bolton-1], which is reproduced here as gure 7.9.
That data is almost identical to the curve labeled \Smith 2007".
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Figure 7.9: Bolton’s gure 4.8

Further simulations with other aspect ratios however show that Fqy does depend
on both the aspect ratio and initial permeability, ;.

Simulation-based Feyt

Simulations were run over a wide range of permeability and aspect ratios. Data on
axial magnetic eld variations across the rod were used generate polynomial curve

ts to the axial eld variations. A total of 42 ts were generated for combinations
of seven di erent permeability values from 63 to 4000, and six di erent aspect ratios
from 5 to 28.

Because the magnetic eld varies not only along the axis of the rod, but radially
as well, each simulation examined the eld not only along the rod’s axis, but along
two additional parallel lines. One was half-way between center and edge radially,
and the other just in from the outer radius of the rod. These three eld values were
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averaged go get the value to which curve ts were generated. Figure 7.10 depicts the
three paths along which the elds were evaluated inside the ferrite.

=

Figure 7.10: Axial paths for magnetic eld evaluation

The resulting ts may be evaluated to get reasonably accurate approximations to
axial eld variations through the rod. These ts may then be averaged (i.e. inte-
grated) across the coil position and compared to the eld at the center of the rod to
generate the Fqy value.

For combinations of ; and aspect ratio that are not tabulated, our suggestion
is to integrate all of the tabulated polynomials over the coil position using one of
(7.13) through (7.15). This will result in a set of Fey values over a 2-dimensional
grid of  and aspect ratios. Then a 2-D interpolation may be used to get the desired
estimate. Matlab/Octave scripts are attached to this document which perform these
operations.

Using the axial eld approximations

These are polynomials in X, where X represents a position between center of the rod
and the end. The rod’s center is at (x = 0), and at the end, (x = 1). The B eld
magnitude at the center has been normalized to one, so averaging across the coil
position will directly give the value for F. For a coil occupying a position between
X1 and X2,

1 Z

Fext =

P (x)dx (7.13)
1 x
This assumes the coil lies solely on one side of center. For a coil which spans the
rod’s center, and is not centered, two integrals must be evaluated, one from center to
one end of the coil, and one from center to the other end. Let fx};x%g represent the
ends of the coil as the distance from the rod’s center (relative to half the length of
the rod).
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. Iy Z !
Fext = — P (x)dx + P (x)dx (7.14)
XA 0

In the special case of a centered coil of length 2x, both integrals yield identical
results and this can be simpli ed
Z

X

P (X)dx (7.15)

X| =

Fext =

Since the integrands are polynomials, the de nite integrals may be explicitly writ-
ten:

P (x)dx = cxidx = “X (7.16)

X1 X1 k=0 k=1 X1

Coe cients for the polynomial ts are available in the appendix, and are encoded
as part of the attached Matlab/Octave scripts.

Inductance

This is a large topic in itself and is beyond the scope of this article. A separate article
[osengr-1] from Open Source Hardware Engineering deals with the topic of estimating
inductance of coils wound on ferrite rod cores.

Stacking Rods

Ferrite rods may be stacked end-to-end to achieve a larger aspect ratio. Air gaps must
be kept small, and some simulations with stacking two identical rods with I=d = 5
per rod to achieve a combined I=d = 10 yielded the following curve t for estimating
decibels of lost permeability as a function of gap length relative to rod diameter,
where g is the gap length:
g 2=3
Loss(dB) = 19:034 d + 0:074
Only a few simulations were performed, and it’s known that the sensitivity to gap
length is di erent for di erent values of ,,q and or I=d. However this gives a hint
that if the gap can be kept to less than about 0.02 rod diameters either for materials
with low permeability or combined aspect ratios less than 10, the loss won’t be more
than one decibel.
Additional experiments with ; = 2000 and stacked I=d = 30 show that gaps must
be kept to less than 0.004 rod diameters to avoid more than one decibel or so of loss.

I=d=10; ;=125
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For example, with half-inch diameter rods, the maximum gap would be 2 mils. A gap
of 6 mils would result in about a 2dB loss. The curve t for this case is

g 2=3
Loss(dB) = 39:84 = + 0:010

d 1=d=30; ;=2000
Physical experiments with stacking two rods having estimated ; = 350 and I=d =
7:56 (per rod) seem to back this up. The ends of the two rods were manually attened
with sandpaper, and when joined the resulting inductance was about 1dB less than
predicted by simulation for a solid rod. Adding a 4-mil gap to the simulation matches
the measured inductance.

Ferrite-lmposed Limitations on Q

In various literature, the maximum attainable Q for the open magnetic con guration
of a ferrite cored inductor is claimed equal to the Q of a closed circuit multiplied
by the ratio ( § 1)=( rog 1). The other possibility is that using i, might be
more accurate, but as explained below, this provides less accurate estimates. This
is described in [Ferroxcube], and it requires treating the ferrite rod inductor as a
air-gapped magnetic circuit. This upper limit considers losses in the ferrite material
only and does not consider wire resistance, so the actual Q obtained will always be
less.

Q in a closed-circuit is given by the ratio of real to complex permeability, usually
denoted ‘= ¥ or sometimes referred to as the loss tangent, tan . These values are
frequency dependent and must be taken from manufacturer speci cations. This is
the expression for maximum attainable Q based on ferrite losses alone.

0 i 1
Qmax w rod 1

For reasons explained in [osengr-1], using in¢ in this formula instead of o4 , as

is sometimes done, does not make much sense.

0 i 1
Qmax & m int 1;

The second term in the equation for Qmax reveals another engineering trade-o .
Maximizing ,oq by using a high permeability material and a very large L/D ratio,
increases o4 , Which reduces the second term in the above expression for Qmax. If
the ferrite material’s inherent Q value is not large enough for the loop design, it will
place an upper limit on the L/D ratio, and this is at odds with the goal of maximizing
the e ective height.

To work an example, consider a rod of 61 material with L/D=15, wound with an
80% full-length coil. For thiswe nd °=118:54, " =0:76, ; =125, ,oq = 64, SO
a guess for maximum attainable Q at 2MHz is:
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9 1185125 1
M 076 64 1

Consider what happens if we now double the rod length so that L/D=30, but we
keep the coil winding length unchanged. Now og = 99 which lowers Qmax to about
190. The situation would be worse if using 52 Material which has a lower inherent Q
value.

For example, in [Tongue] we have an example of such data, with a 61 Material
rod. Using the 'B’ coil in his data table, air core inductance is 19.3 H while it
rises to 248 H with the ferrite rod inserted. This provides a direct calculation of

int = 248=19:3 = 12:85. For the 61 Material, ; = 125 and at 500kHz, ° =
117:95; % =0:48, so

295

_117:95 125

Qmax = 528 1285

The overall Q is limited by the coil in this case, and doesn’t provide much help
con rming any of this.

2390

Self Resonance

Antenna coils will resonate at an often much lower frequency when wound on a ferrite
rod. How much lower depends partly on how much space there is between the rod
and coil. Larger diameter coils can result in a many-fold increase in SRF compared
to minimum diameter coils. This can permit many more turns in the coil and the
concomitant increase in e ective height.

Unlike air core coils, the Q factor can plummet precipitously around the self
resonant frequency (SRF). We have been unable to nd a de nitive explanation for
the cause of this behavior. Antenna coils are rarely operated near self resonance and
this might explain the lack of published research on the topic.

Coils wound with Litz wire also show this drop in Q factor, which suggests the
cause may be something other than proximity e ect.

An Accurate Circuit Model

When very high values of Q (e.g. more than 100-200) are desired, an accurate model
of the coil’s self resonance may be necessary. The schematic model shown in gure
7.11 provides an excellent match to the measured impedance below and near SRF of
one test coil wound with Litz wire on a 77-material ferrite rod.

In this model, the large value of resistance (400 ) in series with the capacitor is
responsible for the degradation of Q over a wide range of frequencies near SRF. This
makes achieving a high Q (e.g. several hundred) impossible anywhere above about
10% of SRF or so.
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Figure 7.11: Model matching impedance near SRF

It is tempting to associate the loss of Q at resonance with some kind of loss
(possibly dielectric loss) in the ferrite. The dielectric loss tangent of some ferrite
materials can be very large in support of this idea. There is additional support for
this idea in section 5.7.4 of [Snelling]. If this idea is correct, and for it to be useful,
a method for computing the loss resistance would be required and that’s beyond the
scope here.

Coil Diameter Experiment

The coil in question was wound directly onto the rod with no former. We wondered
if the capacitance between ferrite and coil provided coupling into a the high-loss
dielectric material (ferrite) at SRF. To explore this, more experiments were performed
with di erent coil diameters on the same 77-material rod. The hoped-for result was
that the loss of Q near resonance would be vastly reduced with the larger diameter
coil. That’s not what was found, but the results are still useful.

One coil was wound directly on the 2-inch diameter rod, and the other on a 1-
inch diameter form (a clear acrylic tube). Both coils had approximately the same
turn count (184 for one and 189 for the other), and inductance was about the same
for both. Figure 7.12 shows approximate models generated to match the measured
impedance of each coil. These were not as good a match to measured data as was
found in the case of gure 7.11, so another parallel resistor was added to the model
to get a better match (as suggested in [Green)).

The large diameter coil’s SRF was 5.7 times larger than the smaller coil (2MHz
vs 350kHz). The Q at resonance of both coils is quite low. The main e ect of a
larger diameter coil was to drastically increase the SRF. This allows high Q to be
maintained to higher frequencies, or for much larger turn counts to be used without
loss of Q.

These models were based on impedance measurements at discrete frequencies.
We did not have a means to directly measure the bandwidth of the coil at resonance,
which would have been preferable.
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Figure 7.12: Models for di erent coil diameters, and Q at SRF

Musings On Mechanisms

Based on these results, it might be that at resonance, losses in the ferrite are excited
by magnetic elds generated by the coil. If these losses were excited by capacitive
coupling to the coil, one would expect them to be reduced a lot with a larger diameter
coil { and that did not happen. The advantage of using a larger coil diameter is solely
due to the increase in SRF { not from any reduction in actual losses at SRF. It’s
possible the increase in SRF is a capacitive issue involving the ferrite, but losses at
SRF don’t appear to be.

That said, it’s worth noting that self resonance is an electromagnetic phenomenon
{ not an electric or magnetic one. As such, our attempts above to associate observed
behaviors with capacitive or inductive phenomena should be taken with a grain of
salt. Lacking more evidence, we will avoid the temptation to attribute this behavior
to any particular cause, and close this section with the conclusion that when SRF
rears its ugly head, using larger diameter coils may solve the problem.

Don’t Forget the Capacitors

If high Q (e.g. a couple hundred or more) is the goal, be sure to take into account
losses in the capacitors used to resonate the loop. A very high Q ferrite design can be
ruined by using lossy capacitors. Even low-loss capacitors such as those constructed
with polypropylene Im dielectric may still have a measurable e ect on the overall Q
of the tuned antenna.

Wire Losses

Over at least some range of frequencies, losses computed for air-core coils wound with
solid wire may be used with ferrite core designs to estimate copper losses. According
to [Payne] however, at higher frequencies additional losses may appear and they can
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be signi cant.

We built one antenna using 77-Material with ; =2000, and the measured Q at
60kHz was much smaller than even predicted by Payne. This left us at somewhat of
a loss for accurate estimates. All we can suggest is that the actual Q may be lower
than expected.

This topic is not explored further and the reader is referred to the referenced
article for more information. Scripts attached to this document do not take into
account the possibility of these higher losses.

_ G 2 P
Rac - E - N a

The last term accounts for the fact that the coil is not solid copper and it’s the

inverse of the fraction of the coil’s length made of copper, not air.

d, o le > d. do ® Lf °

Rpe = 32 —N?

16 , Oy le ° Lf °

Ic F 4d% + |§ E I—air

The task of estimating wire losses for coils wound with Litz wire is not attempted
here.

Temperature Dependence of ;

The permeability of ferrite varies with temperature, and the characteristic can be
quite di erent for various materials. In x-tuned antenna applications with high Q,
this must be taken into account to prevent the resonant frequency from straying too
far in operation at di erent temperatures.

The inductance of a ferrite-cored antenna coil is given by

ALn2

and therefore varies directly with the inductance factor A_. The resonant fre-
quency varies with the square root of inductance, so for small relative changes in
inductance, resonant frequency will move by half as much. This is because
P—— X

1+x 1+ -
2x 1

The temperature dependence of A_ may be explored if a table or graph of ; versus
temperature is available from the ferrite manufacturer. If a table is not provided, then
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a published graph may be converted by eye into a table of temperture-permeability
pairs. Once this is done, each permeability in the table can be converted into an
A_ value for the proposed antenna design, and then plotted versus temperature.
Determination of inductance factor requires speci cation of coil length in addition to
ferrite rod ; and dimensions. See [osengr-1] for details on calculating A, .

Eyeballing the graph provides a clue as to how linear the behavior is over temper-
ature. An example of manually digitizing graph data, using the Amidon data sheet
for their 77 material is shown in gure 7.13.

a8 77 material rod, D=12.7mm L=190mm Lc=160nmm

/9/9—_@\\0
87 /
86 //
g 85 /q
e
84 v
83 0,
8-240 -20 0 20 40 60 80 100
deg C
Figure 7.13

For further analysis, the temperature dependence of A_ may be linearized around

a some temperature of interest, T,. The graph of A_ versus temperature gives an
idea over what range of temperatures the linearized approximation might be valid. In
gure 7.13, it appears that A_ is fairly linear with temperature from -35C to +40C.

Working with ; speci cations

Sometimes the manufacturer will specify a maximum temperature coe cient for
over some range of temperatures. A small amount of di erential calculus will show
how this speci cation may be used. The speci ed value (e.g. 0.7%/deg C) is the
partial derivative w.r.t. temperature, relative to the value at any temperature within
the speci ed range. Here we assume the value is in percent but it can be done unit-less
as well.

100 @AL
AL(Ty) OT

We consider two di erent estimates of the inductance factor, A_ now, one of which
IS very common:
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At
AL= o rod5—
I¢

Here, the only thing that changes signi cantly with temperature is .4 because
it depends on ;:

rod = rod( i(T;:2))

In fact, ; depends on other parameters as well, such as frequency and applied
DC magnetic elds. We assume those other parameters are constant and will not
indicate them in subsequent formulas. With these assumptions, the relative variation
of inductance factor in percent per degree C at temperature T can be estimated by
using the chain rule. This will be denoted by o4(T) here:

100 @ rod @ i
T,) = — = -
rOd( O) rod @ i @T T=T,
An alternate way to proceed is to use the estimates of A_ developed in [osengr-1].
Here, the formula for inductance factor is

P
AL= o L leds
The only thing that varies signi cantly with temperature here is the inductive
permeability, | and we may de ne a temperature coe cient as above:

L i @T T=To

Although using the inductive permeability can give signi cantly better estimates
of inductance compared with .4 , for the purposes here it doesn’t matter too much
which one is used. That will be demonstrated below.

The partial derivatives of ,,q or | can be estimated by computing their changes
over small changes in ; . The amount of change depends on how linear the temper-
ature dependence is, but in general it’s probably okay to use roughly a 1% change in

i or | for estimation. There may be exceptions for highly non-linear materials but
we have not seen one that would require that. For example, with 61 Material and

nominal ; =125 at 25C, a change in ; of 1 would work:
0 . L(126;::0) L(124; )
@ ; 126 124

Note that | is a function of more than just ;, the other parameters being
indicated by ellipses in the formula are identical in both invocations of the | function.
The ellipses will be omitted in subsequent formulas.
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Speci cations of

The temperature sensitivity (aka temperature coe cient) of ; is usually speci ed as
a relative value in percent:

=100

' i @T
so the slope is

ei_ i

T 100

As an example, the coe cient for 77 material from 20 to 70C is speci ed as being
no more than 0.7%/deg C. At 25C, ; is speci ed as being 2000, so the slope there
can be expected to be no more than

0:7 2000
ey V)

100 20 T 70C
This is in units of per deg C since relative permeability is unit-less.

Final Result

Comparison of the temperature coe cients computed using o4 Versus | are shown

here. For the example of 77 material, if the rod has an aspect ratio of 15:1, then the

approximate derivative of | or o4 Versus ;at25C may be found by computing

or roq for  values of (for example) 1990 and 2010 as suggested above. Values shown

here for o4 use the Matlab/Octave scripts attached to the PDF le for computing
rod » DUt similar results will be obtained using formulas found in [Bolton].

O v _roa(2010)  1og(1990) _ 1133158 113:2601 0
0 i 2010 1990 20 asc

100 @ rod 1400
rod(2000) @ ;(T)  113:2881

The same calculation using inductive permeability looks like this:

rod(25C) = 14 0:00278  0:0344%=C

0 L 603 10 ©
@ «(T) 20
100 0 L 100
L(2000) @ (T) 1:305
Methods published in [osengr-1] have been used for computing | above. There’s

only a 6% di erence in the coe cients determined by these two methods and in most
cases it won’t matter which method is used.

302 10 °

T (25) =14 30:2 10 ® 0:0324%=C
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Temperature Limits

A reasonable requirement would be to limit the resonant drift to no more than one-
half of the 3dB resonant bandwidth, which is the frequency divided by Q. The max-
imum relative drift in frequency would be 1=(2Q) or 1=(4Q). The relative drift in
inductance would be limited to twice this much then, or 1=(2Q).
Continuing the example, If the resonant Q is 200, the inductance, and therefore
rod OF AL should not drift by more than 1=400 = 0:0025 = 0:25%. Given the
known temperature coe cient of o4, the maximum temperature change to achieve
this goal based on o iS

0:25%
=_=7  73C
T 7 0:0344%=C
and using  itis
0:25%
=___=7  78C
T 7 0:0322%=C

Collecting Terms

To summarize all of these formulas, there are three computations. First determine the
slope of ; at a temperature of interest, T,, given the permeability at that temperature,
and a relative temperature coe cient in percent per deg C there:

@i _Te i
oT 100 _q,
Second, estimate the slope (partial derivative) of | or o for the value of ; at

a temperature of interest; often that will be room temperature. Below,  is shown,
but . may be substituted.

@ CiT)+ ) (M) )
@ ; 2
where is a small number such as 0:01 {(T,) as suggested above. Then get the

relative temperature coe cient in percent per deg C by combining the two results
above which are shown in brackets below:

100 0 . @ i(T)
LCi(M) @ i(T) eT

L(T)

where og may be substituted for  if desired.
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More Examples

Let’s modify the above example to use Amidon 61-Material with ; = 125 at room
temperature and ; = 0:1%=C, keeping the rod dimensions the same. Skipping the
details (an exercise left to the reader), we nd that

L = 0:0431%=C

Even though the ferrite temperature coe cient is less by a factor of 7:1, after
reducing ; from 2000 to 125, the coe cient is still larger than in the previous example.

If the rod aspect ratio is reduced from 15:1 to 8:1, keeping everything else the
same, the coe cient drops to

L = 0:0231%=C

Big Picture

The above examples demonstrate that two things in particular drive the temperature
sensitivity higher: lower values of ; and larger rod aspect ratios. But of course, for
best performance the desire is usually for large aspect ratios, and the choice of
is often pushed lower than we’d otherwise like by ferrite losses. Understanding this
issue helps in making the best trade o s for x-tuned designs.

Overall Tuning Accuracy

So far, the analysis has ignored some additional important factors which must also
be considered in a practical design.

Ferrite permeability and capacitance values will not be exact and some addi-
tional allowance for component tolerances is necessary. For high-Q designs,
hand tuning of each loop may be necessary.

Coil windings may have variability from coil to coil and should be considered.

Temperature dependence of capacitors used to resonate the loop must be con-
sidered. In many cases this will not be a signi cant issue.

For variable tuned designs, these considerations do not come into play as long as
means are provided for tuning the loop to resonance at each frequency of interest.
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Materials for AM Broadcast

For the frequency range from 500 to 1700kHz, the ferrite materials which have the
highest initial permeability and acceptable levels of loss up to about 2MHz are the 61
( i =125) and 52 ( ; = 600) materials, both of NiZn composition. Only rods made
from 61 Material seem to be readily available in 2019. Estimated maximum Q values
are plotted for three di erent L/D ratios for both materials in gures 7.14 and 7.15.
These plots re ect only ferrite losses.

Best achievable Q, 61 Material (from Fair-Rite Corp, 2019)

900 — T I I ——
\\ L/D= 8.0
800 \ L/D = 15.0 [
\ L/D = 30.0
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5 300 \ Py \\
= \\ — N
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h\'\\ \\
100 S
0
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Frequency

Figure 7.14: Ferrite 61 Material Q factor

The other e ect of varying ,oq iS on e ective height. The largest commonly
available rods are about one-half inch in diameter (12mm). The longest such rods
reasonably priced are 7.5 inches long (L/D=15). One vendor o ers a 7.5-inch rod for
$24US in 2019. They are also the only vendor which seems to o er a 12-inch rod
(L/D=24) for about $100, which represents a large increase in the cost per linear
inch.

As the L/D ratio is increased without limit, .oq Will eventually become equal to

i- Since in the end, antenna e ective height varies linearly with o4, it is useful to
plot the ratio .= ; in decibels.

Figure 7.16 gives a good feeling for the point of diminishing returns as L/D ratio is
increased with 61 material. L/D ratios of commonly available rods, or series combina-
tions thereof are marked on the X-axis. Compare for example the di erence between
half-inch diameter rods with lengths of four and 7.5 inches { it is about 5dB and this
is a signi cant di erence. Likewise, compare one 7.5 inch rod to two of them joined
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Best achievable Q, 52 Material (from Fair-Rite Corp, 2019)
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Figure 7.15: Ferrite 52 Material Q factor

U,oq VErsus L/D ratio for ui=125 (61 Material)
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Figure 7.16: Ferrite 61 Material e ect of L/D ratio

tightly in series (L/D ratios of 15 versus 30). This ia almost a 4dB di erence and
also signi cant. However, stacking three rods in series (L/D 45) only yields another
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1dB improvement in the limit. These bene ts come at the cost of reduced Q-factor
and that may in some cases be the limiting factor.

If ferrite losses are low enough, it may be desirable to design an antenna with two
long ferrite rods stacked in series. This can end up being quite long { e.g. about 15
inches for half-inch diameter rods, but the alternative is going to be an air core loop
of perhaps an 8-inch diameter.

To get the most out of stacking rods, the ends must be in intimate contact with
each other to minimize any air gaps. Even a slight gap, just a fraction of a millimeter
must be avoided. Experiments have not been performed on methods to implement
this idea. It may be necessary to lap rod ends for a perfect t, and it is not known
whether attempting to bond them together with some sort of glue would create an
unacceptable gap.

Optimum Aspect Ratio

A useful question to answer it this: Given a xed volume of ferrite to be fashioned
into a rod, what aspect ratio will give the largest e ective height? It is assumed that
the coil will be wound to obtain a xed target inductance.

A simulation was run for this scenario, with the volume of ferrite de ned as that
within a 12 x 700mm rod. Diameters between 12 and 25mm were examined to
determine the resulting non-resonant e ective height of a ferrite rod antenna. For
each diameter, the number of wire turns required for a 350 H inductance (with a
1.8mm winding pitch) was determined, and used to compute he.

The most interesting result is that the largest value of he is achieved with the
smallest diameter rod, and highest aspect ratio.

One conclusion is that given a small number of ferrite rods (e.g. 3-5), how best to
arrange them for e ective height? The answer seems to be stacking them in series,
rather than forming a larger diameter bundle. This goes with earlier caveats that
e ectively stacking rods may require very small gaps between rods, especially where
higher permeability is concerned.

The simulation in this case had to consider aspect ratios as large as 58:1, and
that’s really out of the valid range for some of the calculations, so for aspect ratios
more than 30-40, take this with a grain of salt.

Optimum Coil Length

E ective height is improved by a larger turn count, but at some point the inductance
becomes too large, or SRF too small. Often the largest manageable inductance value
is chosen to maximize sensitivity.

In these cases, maximizing the coil length by increasing the winding pitch may
result in a slight gain in e ective height. Longer coils will need more turns to achieve
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the same inductance, and that has a positive e ect on h,. However, longer coils also
have a smaller value of Fey and this lowers the resulting e ective height. The net
result however is that the added turn count usually wins out over reduced Fey values
so there’s a slight advantage to longer coils.

There is one caveat however. Increased turn count required for longer coils will
increase wire resistance and since we’re comparing coils with a constant inductance,
the Q will be smaller. This will not be a problem if the Q is higher than necessary, as
it will need to be lowered anyway. A good example is an antenna for AM broadcast.
The largest usable Q may be in the range of 50-200 due to the bandwidth of AM
signals. Here, a coil tight-wound with Litz wire may have a Q of 500 or more, and a
longer coil still provides adequate Q.

As a case in point, consider a 10mm diameter by 200mm long ferrite rod with

i = 250. Taking a target inductance of 350 H, we computed the turn counts required
to achieve this inductance for a number of coil lengths between 40 and 190mm. The
value of Fey was also computed for each coil length. Based on the equation for
e ective height,

he = AN (ogFext ;

and the fact that and rod area are constant for each design, the performance
di erent choices of coil length can be compared by examining the product of turn
count and Fey. The answer varies depending on the speci ¢ antenna design.

Applications which need to maximize Q may not bene t from increased coil length.
Here, the output voltage when the loop is resonated will drop if Q is lowered. A good
example is a 60kHz antenna for WWVB which has a very narrow bandwidth. Higher
Q in this case results in larger output voltage from the loop, up to a limit determined
by receiver input impedance. In this situation, a longer coil with more turns has
three e ects, more output due to more turns, and reduced output due to both Fey
and Q dropping. Now the two declining tendencies will typically win out against the
increased turn count and a longer coil may not be helpful.

Estimating the Q of ferrite core loops is beyond the scope of this article, and test
coils may need to be built to quantify the trade-o s presented here.

In summary, there can be some bene t to longer coils, depending on requirements,
ferrite material and antenna geometry. Where Q must be limited, this bene tis more
signi cant with lower permeability ferrite materials, and larger rod aspect ratios. At
best, the improvement will be 2dB or so, but each case needs to be examined to
determine the exact numbers.
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Chapter 8

Ferrite Sleeve Loops

Figure 8.1: Example of Ferrite Sleeve Loop Antenna for MW band

A relatively new and popular antenna design uses a large nusbof ferrite rods
arranged as shown in gure 8.1. These are often callderrite sleeve loopsor FSLs
for short. A lot of qualitative praise is given to such antena designs, but there is a
dearth of quantitative measurement, or theoretical analys on the topic.

This chapter develops methods to predict e ective heightsand validates these
methods with comparative measurements of air core and FSL amnas.

The chapter on loop antenna output coupling is relevant heras many FSL designs
use magnetic coupling to the internal antenna of a portablesceiver and the result is
a double-tuned transformer.
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Scripts/AirCoreLoops/acResistanceKelvin.m

function [ratio,ohmsPerMeter]=acResistanceKelvin(freqHz, rhoOhmMeters, muRelative, wireGauge, dia)

%

% [ratio,ohmsPerMeter]=acResistanceKelvin(fHz, rho, mu, awg, dia)

%

% returns:  ratio of AC-to-DC resistance for round wire

%           ohms-per-meter at frequency for the wire

%

% fHz   AC freqency in Hz

% rho   resistivity of conductor in ohm-meters (if zero, defaults to copper)

% mu    relative permeability of conductor (use 1 for copper)

% awg   AWG wire size

% dia   Optional: wire diameter in mils -- if this argument is provided, then awg is ignored

% 

% arguments may be arrays but must all be same size. 

% mixing arrays and scalar arguments is also okay.

%

% Uses exact formula with Kelvin Bessel functions.

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%



emconsts;

units;



if rhoOhmMeters == 0

    rhoOhmMeters=rhoCu;

end



if nargin < 5

    r=awg(wireGauge)*.001*mperin/2 ;

else

    r=dia*.001*mperin/2;

end



Rs=sqrt(pi*freqHz*u0.*muRelative*rhoOhmMeters);





A=pi*r.^2;

Rdc=rhoOhmMeters./A;



delta=sqrt(rhoOhmMeters./(pi*freqHz.*muRelative*u0));



q=sqrt(2)*r./delta;



[ber,bei]=Kelvin(q);

[dber,dbei]=KelvinDerivatives(q);



Zint=1i*Rs./(sqrt(2)*pi*r).*((ber+1i*bei)./(dber+1i*dbei));



ohmsPerMeter=real(Zint);

ratio=ohmsPerMeter./Rdc;








Scripts/AirCoreLoops/AnalyzeAirCoreLoops.m

function loop=AnalyzeAirCoreLoops(f, D, n, ga, p, DF, Zin)

%

% Electrically Small Air-Core Loop Antenna Analysis

%  

% result=AnalyzeAirCoreLoops(f, D, n, ga, p, DF, Zin)

% 

% f     frequency in Hz

% n     turn count

% ga    wire size, AWG

% p     winding pitch, meters

% DF    resonating capacitor dissipation factor 

% Zin   receiver input impedance

% 

% Returns a structure containing input parameters (by the same names), and the following

% analysis results in MKS units (meters, Ohms, Henries, Farads, Hz)

%

%   dw      Wire diameter

%   len     total length of the coil

%   lw      length of wire in the coil

%   A       area of the loop (for computing effective height)

%   he      non-resonant effective height

%   L       Inductance 

%   Rdc     DC resistance

%   Rac     AC resistance 

%   srf     Self resonance frequency estimate -- this is only approximate, and may

%           be considerably in error for insulated wire, and/or coils wound on solid forms

%           of dielectric material.

%   C       Capacitance required to resonate loop

%   Rtot    Total effective series resistance, including loading from capacitor and Zin

%   Q       Resonant Q

%   heRes   Resonant effective height

%   vn      RMS noise voltage in volts at antenna terminals

%   En      Equivalent E-field noise level corresponding to vn, in volts/meter

%

% Calculation of Q is approximate and could be in error by as much as 25-30%.

% The Q estimate assumes the antenna is operated well below the SRF.

% 

% Denote capacitor equivalent series loss resistance by Rc, and loop AC resistance as Rw.

% The estimate of Q will be valid below approximately SRF x sqrt(Rw / Rc).

% 

% All inputs must be either numeric scalars, or arrays.

% If any inputs are arrays, then all input arrays must have identical element counts.

% Arrays are converted to column vectors for processing, and the output structure will

% contain column vectors corresponding to the converted input arrays.

%

% Copyright 2022 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%



%

% convert all inputs to column vectors

%

f=f(:);

D=D(:);

n=n(:);

ga=ga(:);

p=p(:);

DF=DF(:);

Zin=Zin(:);

%

% validate inputs...they must either be scalars or arrays with identical element counts

% create an array which can expand scalar inputs to column vectors

%

nelems=[numel(f),numel(D),numel(n),numel(ga),numel(p),numel(DF),numel(Zin)];

nvals=max(nelems);

kvecs=find(nelems > 1);

if min(nelems(kvecs)) ~= nvals

    error 'All inputs must either be scalars, or arrays with identical numbers of elements';

end



one=ones(nvals,1);



emconsts;

units;



w=2*pi*f;

s=1i*w;

beta=w/c;

%

% store parameters in output structure

%

loop.type='Air Core';

loop.freq = f;

loop.D = D;

loop.n = n;

loop.ga = ga;

loop.p = p;

loop.DF=DF;

loop.Zin=Zin;

%

% do the easy, elementary calculations

%

loop.dw = awg(ga)*0.001*mperin;

loop.len = n * p;

loop.lw=pi*D.*n;

loop.A=pi/4*D.^2;

loop.he=beta*loop.A.*n;

%

% more complex calcs for which functions already exist

%

loop.L=1e-6*Lcoil(n.*one, D/2.*one, n.*p.*one, ga);

loop.Rdc=cuWireDcRes(ga,loop.lw);

loop.Rac=SolenoidAcResistance(ga,p,D,n,f);



loop.srf=0.8*EstimateSRF((D-loop.dw).*one, n.*one, loop.dw.*one, p.*one);

%

% now the hard part -- accuarate calculation of Q based on 

% loop inductance and losses, receiver input impedance, and capacitor losses.

% What makes is hard is that the exact value of C to resonate at the desired freq.

% depends weakly on both Zin and the capacitor DF. We want to get this exact.

% (That's not the case if Zin is infinite.)

%

% First, calculate

%   Zc = capacitor impedance, and Rc = capacitor loss resistance

% 

% Zc = Rc + (1/sC) = (Rc C s + 1)/(sC) and 1/Zc = sC/(Rc C s + 1)

% 1/Zc = C/(Rc C + 1/s)

%

% With a fixed DF, Rc = DF/(wC), so 1/Zc = C/(DF/w + 1/s), and now it

% depends linearly on C, and the useful results:

%

%   Im(1/Zc) = C Im(1/(DF/w + 1/s)

%

% Now for capacitor value calculation for parallel resonance at desired frequency.

% At resonance, the total parallel admittance for parallel combination of 

% loop, capacitor and receiver Zin should be real -- zero imaginary part.

%

% Im(1/Zl + 1/Zc + 1/Zin) = 0, or Im( 1/Zc ) = -Im(1/Zl + 1/Zin)

%

% Substituting for Im(1/Zc) using equation (1) above gives this:

%

% C Im(1/(DF/w + 1/s)) = -Im(1/Zl + 1/Zin)

%

% C = -Im(1/Zl + 1/Zin) / Im(1/(DF/w + 1/s))

%

Zl=s.*loop.L+loop.Rac;

loop.C=-imag(1./Zl+1./Zin)./imag(1./(DF./w+1./s));

%

% now get capacitor loss resistance, Rc, and compute impedance of receiver Zin

% in parallel with capacitor impedance; call it Zload

%

Rc=DF./(w.*loop.C);

Zc=Rc+1./(s*loop.C);

Zload=1./(1./Zc+1./Zin);

%

% Total loop loss resistance is loop resistance plus real part of Zload

%

loop.Rtot=loop.Rac+real(Zload);

%

% now we have what's need to compute loop Q, and resulting resonant effective height

%

loop.Q=loop.L.*w./loop.Rtot;

loop.heRes=loop.he.*loop.Q;

%

% Use Rtot to compute thermal noise in loop's noise bandwidth

%

Bwn=loop.freq./loop.Q*pi/2;

T=300;                          % room temperature, Kelvins

loop.vn=sqrt(4*Bk*T*Bwn.*loop.Rtot).*loop.Q;

loop.En=loop.vn./loop.heRes;










Scripts/AirCoreLoops/AwCorr.m

function Corr=AwCorr(Aw,n)

%

% function AwCorr(Aw,n)

%

% Computes the correction to solenoid self resonant frequency for winding aspect ratio

%

% Aw is the winding aspect ratio -- winding pitch divided by wire diameter.

%    Valid results can be expected for 1.2 < Aw < 10, and probably for Aw as large as 100.

%    Extrapolating below 1.2 or above 100 is not recommended.

%

% n is the number of turns of wire in the solenoid

%

% Both Aw and n may be arrays, and must either contain the same number of elements,

% or one of them must be scalar.

%

% The result will have the same size as either Aw or n.

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

if numel(Aw) > 1

    if numel(n) > 1

        if numel(n) ~= numel(Aw)

            error('Both Aw and n must be the same size, or at least one of them must be scalar.');

        end

        nk=1:numel(n);

    else

        nk=ones(1,numel(Aw));

    end

    Corr=zeros(size(Aw));

    Awk=(1:numel(Aw));

else

    Corr=zeros(size(n));

    Awk=ones(1,numel(n));

    nk=1:numel(n);

end



porder=ones(numel(Aw),1)*3;

%

% for Aw values out of the comfort zone (1.2 ... 100), use a 2nd order polynomial 

% fit instead of 3rd order. this might give better extrapolated results over a wider 

% range of Aw values.

%

kSmall=find(Aw(:) < 1.199);

kBig=find(Aw(:) > 10);

kHuge=find(Aw(:) > 100);



if numel(kSmall)

    fprintf(1,'Warning: AwCorr may not return valid results when Aw < 1.2\n');

    porder(kSmall)=2;    

end



if numel(kBig)

    fprintf(1,'Note: AwCorr results are extrapolated for Aw > 10\n');

end



if numel(kHuge)

    fprintf(1,'Warning: AwCorr may not return valid results when Aw > 100\n');

    porder(kHuge)=2;

end



for k=1:numel(Corr)

    p=AwCorrPoly(Aw(Awk(k)),porder(k));

    Corr(k)=polyval(p,1/n(nk(k)));

end








Scripts/AirCoreLoops/AwCorrPoly.m

function p=AwCorrPoly(Aw,porder)

%

% poly=AwCorrPoly(Aw,porder)

%

% returns polynomial in 1/n for the winding aspect ratio Aw

% correction at a specified value of winding aspect ratio.

% Polynomial order (porder) is optional and defaults to 2. 

% Values above 3rd order are not recommended.

% if supplied, plotIt gives a figure number to plot the polynomial 

% fit. 

%

% Uses values of 'n' and 'polys' stored in the file AwCorrPolys.mat

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

if numel(Aw) > 1

    error 'Aw must be scalar';

end



load 'AwCorrPolys.mat';



if numel(n) ~= size(polys,1)

    error 'Error in AwCorrPolys.mat data file: numel n must match num rows polys';

end



if nargin < 2

    porder=2;

end



corr=zeros(size(n));



x=1/acosh(Aw);

clear xlbl;

m=numel(n);



for k=1:m

    corr(k)=polyval(polys(k,:),x);

    xlbl{k}=sprintf('%1.0f',n(m-k+1));

end

xlbl{m+1}='\infty';



x=1./n;

y=corr;

p=polyfit(x,y,porder);



%fitErr=(polyval(p,x)-y)./y*100;

%stdErr=std(fitErr);

%maxErr=max(abs(fitErr));










Scripts/AirCoreLoops/AwCorrPolys.mat

n:[8x1  double array]


polys:[8x4  double array]






Scripts/AirCoreLoops/awg.m

function diaMils=awg(gauge)

%

% diaMils = awg(Gauge)

%

% returns wire diameter in mils for the AWG gauge specified

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%



diaMils=5*92.^((36-gauge)/39);








Scripts/AirCoreLoops/cuWireAcRes.m

function ohms=cuWireAcRes(gauge, length, freqHz, verbose)

%

% ohms = cuWireAcRes( gauge, length (meters), freqHz, verbose )

%

% An exact method is used based on Kelvin Bessel functions as described by Dr. David Night in

% a published article.

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%



emconsts;

units;



if ~exist('verbose','var'); , verbose=0; , end



%

% now check against most exact answer

%

[acRatio,opm]=acResistanceKelvin(freqHz,0,1,gauge);



exact=opm*length;



ohms=exact;








Scripts/AirCoreLoops/cuWireDcRes.m

function R=cuWireDcRes(gauge,length)

%

% function R=cuWireDcRes(gauge, length)

%

% Returns DC resistance (ohms) of solid copper wire of specified AWG gauge and length in meters

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;



r=awg(gauge)*0.0005*mperin;



R=rhoCu.*length./(pi*r.*r);








Scripts/AirCoreLoops/emconsts.m

%

% sets some useful physical constants 

% 

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

u0=4e-7*pi;

c=299792458;

e0=1/(c*c*u0);



%rhoCu=1.678e-8; % ohm-m

rhoCu=1.7241e-8;    % IACS standard value ???



Bk=1.3806485279e-23; % Boltzman's constant, in J/K








Scripts/AirCoreLoops/EstimateSRF.m

function srf=EstimateSRF(D,n,d,p)

%

% srf=EstimateSRF(D,n,d,p)

%

% Estimates the self-resonant frequency of air-core single-layer solenoids

%

% D : Inside diameter of the solenoid winding (meters)

% n : Turn count

% d : Wire diameter (meters)

% p : Winding pitch -- distance between adjacent turns (meters)

%

% If an argument is an array, then all other arguments must either be 

% scalar, or an array of the same size.

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

c=299792458;    % speed of light in vacuum (m/s)



L=n.*p;

As=L./D;

Aw=p./d;

psi=atan(p./(pi*D));

lw=pi*n.*D;

%

% Compute the Normalized SRF

% It is the product of initial estimate and two corrections,

% one for winding angle and the other for winding aspect ratio.

%

Fn=initialFn(As).*PsiCorr(psi,As).*AwCorr(Aw,n);

%

% The SRF estimate is equal to the frequency at which the total

% wire length is 1/2 wavelength in free space, multiplied by the

% above-computed nomalized SRF (Fn).

%

srf=c*Fn./(2*lw);










Scripts/AirCoreLoops/FnPoly.txt

  0.0000000e+000  3.0000000e+000  8.1824033e-003  6.9429670e-002  2.6884917e-001  8.2533218e-001

  2.0000000e+000  5.0000000e+001  0.0000000e+000  1.6105695e-003  4.2509058e-001  7.4552192e-001








Scripts/AirCoreLoops/initialFn.m

function Fn=initialFn(As)

%

% Fn=initialFn(As)

%

% Computes the inital resonant frequency estimate as a function of solenoid aspect ratio

% which is length divided by inside diameter of the windings.

%

% The result multiplies the frequency at which total solenoid wire length is exactly 

% one-half wavelength in free space.

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

dataFn='FnPoly.txt';



if ~exist(dataFn,'file')

    error('The data file FnPoly.txt is missing');

end

%

% data file contains multiple rows.

% each row contains two range values followed by polynomial coefficients.

% the range values are min/max values of As over which the polynomial in that row is valid.

% ranges specified in successive rows are expected to overlap

%

a=load('FnPoly.txt');



rng=a(:,1:2);

p=a(:,3:end);

%

% modify overlapping ranges so that they don't overlap and change-over at center of the overlap.

%

for k=2:size(rng,1)

    m=(rng(k-1,2)+rng(k,1))/2; % m is the center of the range overlap

    rng(k-1,2)=m;              

    rng(k,1)=m;

end



Fn=zeros(size(As));

%

% for each range, find the entries in the As array that fit within that range,

% and evaluate the polynomial for those As entries.

% Any As values which lie outside the range of all data rows will not be used, and

% an estimate of zero will be returned for them in the Fn array.

%

for r=1:size(rng,1)

    k=find( (As >= rng(r,1)) & (As <= rng(r,2)) & (Fn == 0) );

    Fn(k)=polyval(p(r,:),log(As(k)));

end








Scripts/AirCoreLoops/Lcoil.m

function L=Lcoil(n,rc,x,ga,dw)

%

% L(uH) = Lcoil(N,Rcoil,Length,Gauge,Dwire)

%

% Calculate inductance of solenoid using Maxewll's mutual inductance formula,

% as published by Robert Weaver.

%

% N      number of turns

% Rcoil  Coil radius (m) 

% Length Coil length (m) 

% Gauge  is the wire diameter expressed as AWG

% Dwire  Wire diameter (m) will override Gauge if present

%

% Inductance in micro-Henries is returned.

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%



%

% Weaver's code uses units of cm so convert meters to cm before starting

%

emconsts;

units;



if ~exist('dw','var')

    dw=awg(ga)/1000*mperin;

end



rc=rc*100;

x=x*100;

dw=dw*100;



pitch=x./n;

L=MaxwellMut(rc,rc,dw/2*exp(-.25)).*n;



for idx=1:numel(n)

    for z=1:(n(idx)-1)

        L(idx)=L(idx)+MaxwellMut(rc(idx),rc(idx),z*pitch(idx)).*(n(idx)-z)*2;

    end

end








Scripts/AirCoreLoops/LcoilArbitrary.m

function L=LcoilArbitrary(Radii,AxialPosns,Ga,Dw)

%

% L(uH) = LcoilArbitrary(Radii,AxialPosns,Gauge,Dwire)

%

% Calculate inductance of arbitrary solenoid using Maxewll's mutual inductance formula,

% as published by Robert Weaver. All values in meters.

% Each turn can optionally have a unique radius and wire size.

% Spiral, conical and multilayer windings can be represented in this format.

%

% Radii         Radius of each turn, can be scalar or same size as AxialPosns

% AxialPosns    Axial location of each turn -- reference zero can be anything

%               This parameter must have a number of elements equal solenoid turn count

% Gauges        Diameter expressed as AWG, can be scalar or same size as AxialPosns

% Dwires        Alternate to using Gauge, scalar or same size as AxialPosns

%

% Inductance in micro-Henries is returned.

%

% Copyright 2020 Open Source Hardware Engineering

%

% Redistribution and use in source and binary forms, with or without modification,

% are permitted provided that the following conditions are met:

%

% 1. Redistributions of source code must retain the above copyright notice, this list of

%    conditions and the following disclaimer.

%

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

%

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;

%

% convert everything to column vectors

% 

Radii=Radii(:);

AxialPosns=AxialPosns(:);

%

% compute wire diameter from gauge if Dw not supplied

%

if exist('Dw','var')

    Dw=Dw(:);

else

    Dw=awg(Ga(:))/1000*mperin;

end

%

% determine number of turns in the coil

%

n=numel(AxialPosns);

one=ones(n,1);

%

% convert all scalars to column vectors

%

if numel(Radii) == 1 , Radii=one*Radii; , end

if numel(AxialPosns) == 1 , AxialPosns=one*AxialPosns; , end

if numel(Dw) == 1 , Dw=one*Dw; , end

%

% verify all arguments are same size

%

m=[numel(Radii),numel(Dw)];

if (min(m) ~= max(m)) + (m(1) ~= n)

    error 'Inconsisten array sizes. All arguments must contain 1 or n elements.';

end

%

% Weaver's code uses units of cm so convert meters to cm before starting

%

Radii=Radii*100;

AxialPosns=AxialPosns*100;

Dw=Dw*100;

%

% Enhancement -- check to see that wire turns don't overlap...to do

%



%

% start by summing mutual inductance of each turn with itself

%

L=0;

gmdFactor=exp(-0.25)/2;  % for computing geometric mean distance between a turn and itself



for k=1:numel(Radii)

    L=L+MaxwellMut(Radii(k),Radii(k),Dw(k)*gmdFactor);

end

%

% now, add the inductance between every pair of turns.

%

for j=1:n-1

    for k=j+1:n

        L=L+MaxwellMut(Radii(j),Radii(k),abs(AxialPosns(j)-AxialPosns(k)))*2;

    end

end










Scripts/AirCoreLoops/LcoilRandom.m

function [L,AxialPosns]=LcoilRandom(Radii,AvgPitch,MinPitch,Ga,Dw)

%

% L(uH) = LcoilGeneral(Radii,AxialPosns,Gauge,Dwire)

%

% Calculate inductance of general solenoid using Maxewll's mutual inductance formula,

% as published by Robert Weaver. All values in meters.

% Each turn can optionally have a unique radius and wire size.

% Spiral, conical and multilayer windings can be represented in this format.

%

% Radii         Radius of each turn, must be vector with one element for each turn

% AvgPitch      Average pitch over the total turn count (scalar).

% MinPitch      Minimum center-to-center spacing between turns (scalar).

%               This parameter must have a number of elements equal solenoid turn count

% Gauge         Diameter expressed as AWG, can be scalar or same size as Radii

% Dwires        Alternate to using Gauge, scalar or same size as Radii

%

% Inductance in micro-Henries is returned.

%

% A set of N random values R on [0,1] will have mean m.

% We scale to dx so that min(R) is MinPitch and mean(R) is AvgPitch

% That is dx = a R + b, and min(dx) = MinPitch, mean(dx) = AvgPitch.

% So  MinPitch = a min(R)  + b      (1)

% and AvgPitch = a mean(R) + b      (2)

%

% this system of equations results: A x = B, where

%

% A = [ min(R)   1 ;  mean(R)   1 ] x = [ MinPitch ; AvgPitch ];

%

% Copyright 2020 Open Source Hardware Engineering

%

% Redistribution and use in source and binary forms, with or without modification,

% are permitted provided that the following conditions are met:

%

% 1. Redistributions of source code must retain the above copyright notice, this list of

%    conditions and the following disclaimer.

%

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

%

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;

%

% convert everything to column vectors

% 

Radii=Radii(:);

%

% compute wire diameter from gauge if Dw not supplied

%

if exist('Dw','var')

    Dw=Dw(:);

else

    Dw=awg(Ga(:))/1000*mperin;

end

%

% determine number of turns in the coil

%

n=numel(Radii);

one=ones(n,1);

%

% convert all scalars to column vectors

%

if numel(Dw) == 1 , Dw=one*Dw; , end

%

% verify all arguments are same size

%

m=[numel(Radii),numel(Dw)];

if (min(m) ~= max(m)) + (m(1) ~= n)

    error 'Inconsisten array sizes. All arguments must contain 1 or n elements.';

end



if ( (numel(AvgPitch) ~= 1) + (numel(MinPitch) ~= 1) )

    error 'AvgPitch and MinPitch arguments must be scalars';

end

%

% Weaver's code uses units of cm so convert meters to cm before starting

%

Radii=Radii*100;

Dw=Dw*100;

AvgPitch=AvgPitch*100;

MinPitch=MinPitch*100;

%

% Generate random set of axial positions, with min and avg equal to the desired values

%

r=rand(n-1,1);

rmin=min(r);

ravg=mean(r);

A=[rmin 1 ; ravg 1];

B=[MinPitch ; AvgPitch];

X=A\B;

dx=r*X(1)+X(2);

AxialPosns=[0;cumsum(dx)];



%plot(zeros(n,1),AxialPosns,'r.','linewidth',1.5);



%

%

% Enhancement -- check to see that wire turns don't overlap...to do

%



%

% start by summing mutual inductance of each turn with itself

%

L=0;

gmdFactor=exp(-0.25)/2;  % for computing geometric mean distance between a turn and itself



for k=1:numel(Radii)

    L=L+MaxwellMut(Radii(k),Radii(k),Dw(k)*gmdFactor);

end

%

% now, add the inductance between every pair of turns.

%

for j=1:n-1

    for k=j+1:n

        L=L+MaxwellMut(Radii(j),Radii(k),abs(AxialPosns(j)-AxialPosns(k)))*2;

    end

end










Scripts/AirCoreLoops/LcoilUniform.m

function L=LcoilUniform(N,Ro,dR,dX,Ga,Dw)

%

% L(uH) = LcoilUniform(N,InitialRadius,RadialPitch,AxialPitch,Gauge,Dwire)

%

% Calculate inductance of a cylindrical, spiral or conical solenoid using 

% Maxewll's mutual inductance formula, as published by Robert Weaver. 

%

% All values in meters.

%

% N             Turn count

% InitialRadius Radius of the first turn in the solenoid

% RadialPitch   Change in radius for each subsequent turn. Set to zero for cylindrical

%               coils, or non-zero for spiral and conical shapes.

% AxialPitch    Change in axial location of each subsequent turn. Set to zero for 

%               spiral coils, and non-zero for cylindrical and conical designs.

% Gauge         Diameter expressed as AWG, can be scalar or same size as AxialPosns

% Dwire         Alternate to using Gauge, scalar or same size as AxialPosns

%

% It is an error to specify zero for both RadialPitch and AxialPitch.

% This function does no error checking for wires spaced closer than physically possible,

% or other logically impossible situations.

%

% Inductance in micro-Henries is returned.

%

% Copyright 2020 Open Source Hardware Engineering

%

% Redistribution and use in source and binary forms, with or without modification,

% are permitted provided that the following conditions are met:

%

% 1. Redistributions of source code must retain the above copyright notice, this list of

%    conditions and the following disclaimer.

%

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

%

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;

%

% convert everything to column vectors

% 

N=N(:);

Ro=Ro(:);

dR=dR(:);

dX=dX(:);

%

% compute wire diameter from gauge if Dw not supplied

%

if exist('Dw','var')

    Dw=Dw(:);

else

    Dw=awg(Ga(:))/1000*mperin;

end

%

% for each coil design, build a set of arguments for LcoilArbitrary and compute inductance

%

nelems=[numel(N) numel(Ro) numel(dR) numel(dX) numel(Dw)];

m=max(nelems);

k=find(nelems > 1);

if min(nelems(k)) ~= m

    error 'Inconsistent arrays passed to LcoilUniform';

end

%

% force all arguments to be column vectors of size m

%

one=ones(m,1);

N=N.*one;

Ro=Ro.*one;

dR=dR.*one;

dX=dX.*one;

Dw=Dw.*one;

%

%

%

L=zeros(m,1);



for k=1:m

    n=N(k);

    t=(0:n-1)';

    r=abs(Ro(k)+t*dR(k));

    x=t*dX(k);

    L(k)=LcoilArbitrary(r,x,16,Dw(k));

end








Scripts/AirCoreLoops/MaxwellMut.m

function L=MaxwellMut(r1,r2,d)

%

% L = MaxwellMut(r1,r2,d)

%

% r1,r2 Radii of the two circular current filaments in cm

% d     Axial spacing of the two current filaments in cm

%

% Result is returned in micro-Henries.

%

% Implements Maxwell's formula for mutual inductance between two coaxial circular

% filaments of current or radii r1,r2 and axial spacing d.

% This comes from the Elctron Bunker (electronbunker.ca),

% and is an implementation of his function name "Mut".

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

k=2*sqrt(r1.*r2)./sqrt((r1+r2).^2+d.^2);

m=k.*k;

% matlab definition of ellipke uses k^2 as argument, not k

[K,E]=ellipke(m);



% there is a units discrepancy (e.g. meters vs mm) or some other units

% variation that requires multiplying the answer by 0.001



L=0.004*pi*sqrt(r1.*r2).*((2./k-k).*K-2./k.*E);










Scripts/AirCoreLoops/Medhurst-AC-Res-Data.csv

d/p,L/D=00,02,04,06,08,1,2,3,6,8,10,inf : values in percent, first line is column headings coil aspect ratio L/D

0,0.0,0.2,0.4,0.6,0.8,1.0,2,4,6,8,10,100

1.0,531,545,565,580,580,555,410,354,331,320,323,341

0.9,373,384,399,411,417,410,336,305,292,290,293,311

0.8,274,283,287,310,320,317,274,260,260,262,265,281

0.7,212,220,228,238,244,247,232,227,229,234,237,251

0.6,174,177,183,189,192,194,198,201,203,208,210,222

0.5,144,148,154,160,164,167,174,178,180,181,183,193

0.4,130,129,133,138,142,145,150,154,156,157,158,165

0.3,116,119,121,122,123,124,128,132,134,134,135,140

0.2,107,108,108,110,110,110,113,115,116,116,117,119

0.1,102,102,103,103,103,103,104,104,104,104,104,105








Scripts/AirCoreLoops/MedhurstProxDataSmoothed.mat

LD:[1x14  double array]


dp:[10x1  double array]


logPhi:[10x14  double array]






Scripts/AirCoreLoops/MedhurstProxFactor.m

function factor=MedhurstProxFactor(pOverd,LoverD)

%

% factor = MedhurstProxFactor( pitchOverWireDia, CoilLengthOverDia )

%

% Returns the proximity factor correction for AC resistance of a solenoid.

% Based on data from Medhurst, "H.F. Resistance and Self-Inductance of Single-Layer Solenoids",

% published in Wireless Engineer in two parts, Feb (pp35-43) and Mar (pp80-92) 1947.

% This is data from Medhurst's Table VIII on page 88 of the Mar 1947 article.

%

% Data has been slightly modified as follows to make interpolated results more smooth.

%

% 1) Data in the table is natural logarithm of the resistance ratio, as that tends 

%    give better results with interpolation.

%

% 2) Coil aspect ratios (Length/Diameter) of zero and infinity are modified to 0.01 and 100

%    respectively. This is done to allow interpolation versus log(L/D).

% 

% 3) Linearly interpolated points are added to the table at L/D values of 0.05 and 32, 

%    again, to make interpolation results more smooth.

% 

% 4) The set of data points for pitch/wire dia = 10:1 have been replaced with a 

%    straight line between original end points in the table.  This is minor but keeps

%    interpolation results smooth

% 

% The table is first interpolated to yield logPhi values for all d/p entries at each

% L/D value of interest. This is done using log(L/D) as the independent variable.

% The result is then interpolated to the d/p value of interest.

% All interpolations are done with a smoothing spline.

%

% Results using these methods are not all that different than using a 2-D spline

% interpolation on the original data, but they are much smoother between points.

% 

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

if ~exist('plotFit','var') , plotFit=0; , end



load 'MedhurstProxDataSmoothed.mat';



pOverd=pOverd(:);

LoverD=LoverD(:);

nelems=[numel(pOverd);numel(LoverD)];

nout=max(nelems);

one=ones(nout,1);

pOverd=pOverd.*one;

LoverD=LoverD.*one;



m=numel(LD);

n=numel(dp);



xo=log(LD)';

yo=zeros(n,nout);

factor=one;

%

% First, interpolate the table to the desired L/D value

%

for k=1:n

    y=logPhi(k,:)';

    g=fit(xo,y,'smoothingspline');

    yo(k,:)=g(log(LoverD));

end

%

% each column of yo contains logPhi values versus dp for one input value of LoverD

% for each column, interpolat to the desired dp point

%

for j=1:numel(pOverd)

    %

    % then interpolate the resulting data to the desired pOverd point

    %

    z=1./pOverd(j);

    h=fit(dp,yo(:,j),'smoothingspline');

    factor(j)=exp(h(z));

end










Scripts/AirCoreLoops/PsiCorr.m

function Corr=PsiCorr(psi,As)

%

% y = PsiCorr(psi,As)

% 

% Computes the winding angle correction to the estimate for self-resonant frequency.

%

% psi     winding pitch angle in radians

% As      solenoid aspect ratio (L/D)

% returns the multiplicative correction for the given winding pitch angle

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

dataFn='psiPolys.txt';



if ~exist(dataFn,'file')

    error('psiPolys.txt data file is missing.');

end



psiPolys=load('psiPolys.txt');

c1=polyval(psiPolys(2,:),log(As));

c0=polyval(psiPolys(1,:),log(As));



Corr=c1.*sin(psi)+c0;








Scripts/AirCoreLoops/PsiPolys.txt

 -7.8523874e-003  5.2629122e-002 -9.8092567e-002  1.0992140e+000

  6.4765739e-002 -5.0577257e-001  1.1350849e+000 -2.0714060e+000








Scripts/AirCoreLoops/skindepth.m

function depthMeters=skindepth(freqHz, rhoOhmMeters, muRelative, eRelative)

%

% depth(meters) = skindepth(freqHz, rhoOhmMeters, muRelative, eRelative)

%

% set rho to zero to use rho for annealed copper (1.724e-8 ohm-meters)

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;



if rhoOhmMeters == 0

    rhoOhmMeters = 1.724e-8;

end



w=2*pi*freqHz;

rwe=rhoOhmMeters.*w*e0;

u=u0*muRelative;

e=e0*eRelative;



d1=sqrt(2*rhoOhmMeters./(w.*u));

d2=sqrt(sqrt(1+rwe.^2) + rwe);

depthMeters=d1.*d2;










Scripts/AirCoreLoops/skindepthCu.m

function depthMeters=skindepthCu(freqHz)

%

% depth(meters) = skindepthCu(freqHz)

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;

depthMeters=skindepth(freqHz, rhoCu, 1, 1);








Scripts/AirCoreLoops/SolenoidAcResistance.m

function [R,Quality]=SolenoidAcResistance(ga,p,D,N,fHz)

%

% [R,Quality]=SolenoidAcResistance(ga,p,D,N,fHz)

%

% Includes both skin and proximity effects, from

% Medhurst, HF Resistance and Self-Capacitance of Single-Layer Solenoids,

%           Part II, Wireless Engineer, March 1947, pp 80-92.

%

% with corrections by Knight from "Solenoid Impedance and Q Part II"

%

% ga            wire size, AWG

% p             winding pitch in meters

% D             solenoid diameter in meters

% N             turn count

% fHz           frequency in Hertz

%

% returns:

%

%     R in ohms

%     Quality integer, zero or one with these vague meanings

%         1  R might be of reasonable accuracy

%         2  R may be less accurate

%

% The areas where estimates are probably more accurate is when:

%     * Wire diameter >= 10x skin depth AND n >= 30

%     * Wire diameter <=  2x skin depth

%

% Copyright 2022 Open Source Hardware Engineering

%

% Redistribution and use in source and binary forms, with or without modification,

% are permitted provided that the following conditions are met:

%

% 1. Redistributions of source code must retain the above copyright notice, this list of

%    conditions and the following disclaimer.

%

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

%

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

emconsts;

units;



d=awg(ga)/1000*mperin;  % wire dia in meters

lw=pi*D.*N;



pOverD=p./d;

LoverD=N.*p./D;



sd=skindepthCu(fHz);

dbQuality=(d <= (2*sd)) + (N >= 30) .* (d >= (10*sd));



Rdc=cuWireDcRes(ga,lw);

Rac=cuWireAcRes(ga,lw,fHz);



Xi=Rac./Rdc;

Phi=MedhurstProxFactor(pOverD,LoverD);

Xi=Xi(:); Phi=Phi(:); % must be column vectors

%

% apply end correction. note that when Phi == 1, the end correction does nothing

%

g=Phi.*(N-1)./N+1./N; % equivalent to this: g=Phi.*((N-1+1./Phi)./N);

%

% apply frequency correction to end-corrected estimate

%

g=1+(Xi-1).*g;  





R=Rdc.*g;










Scripts/AirCoreLoops/units.m

%

% sets some useful US-metric unit conversions.

% 

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

inperm=1/0.0254;

ftperm=inperm/12;

mperin=1/inperm;

mperft=1/ftperm;



gallonsPerLiter=0.2641720512415;

litersPerGallon=1/gallonsPerLiter;








Scripts/Fext/AxialFieldPolynomials.mat

LD:[6x1  double array]


mu:[7x1  double array]


axialFieldPolys:[7x6x5  double array]






Scripts/Fext/definiteIntegral.m

function f=definiteIntegral(p,x1,x2)

%

% function f = definiteIntegral(p,x1,x2)

%

% p contains polynomial coefficient in highest power order first

%

% returns integral of the polynomial from x1 to x2

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

n=numel(p);

pint=zeros(1,n+1);

pint(1:n)=p./(n:-1:1);



f=polyval(pint,x2)-polyval(pint,x1);








Scripts/Fext/EvaluateAllAxialFields.m

function avgs=EvaluateAllAxialFields(polys,x1,x2)

%

% function avgs=EvaluateAllAxialFields(polys,x1,x2)

%

% Computes average field over the range x1..x2 for all input polynomials.

%

% polys[n,m,k] is a 3D array. The last index accesses coefficients for individual polynomials.

%              The first two indices can represent anything but typically, the first covers

%              different values of ui, and the second covers the L/D aspect ratio of the rod.

%

% Returns an n by m array with each element equal to the average of the polys[n,m,:] polynomial

% over the range x1..x2

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

nmu=size(polys,1);

nld=size(polys,2);



avgs=zeros(nmu,nld);



for kmu=1:nmu

    for kld=1:nld

        p=polys(kmu,kld,:);

        p=p(:)';

        avgs(kmu,kld)=definiteIntegral(p,x1,x2)/(x2-x1);

    end

end












Scripts/Fext/Fext.m

function f=Fext(ui,aspect,coilCenter,coilLength,interpolate)

%

% function f=Fext(mu,LD,coilCenter,coilLength,interpolate)

%

% Determines fractional reduction in effective permeability due to total magnetic flux

% across the length of the coil.

%

% coil length is as a fraction of the total ferrite rod length.

%

% coil center is relative to half the rod length, with the center of the rod being zero,

%             and the end of the rod being one.

%

% interpolate if non-zero, causes all polynomials to be evaluated and a 2-D interpolation is

%             performed if the input values don't exactly match a tabulated polynomial.

%

% Returns Fext -- a value between zero and one used to multiply \mu_{rod} to get \mu_{ext}

%

% Multiple curve fits from E-M simulations are used to generate the answer.

%

% Inputs may be arrays, but all non-scalar inputs must have the same number of elements.

% The output will always be a column vector, regardless of the shape of input arrays.

%

% This function requires the presence of the AxialFieldPolynomials.mat data file.

%

% Copyright 2020 Open Source Hardware Engineering

%

% Redistribution and use in source and binary forms, with or without modification,

% are permitted provided that the following conditions are met:

%

% 1. Redistributions of source code must retain the above copyright notice, this list of

%    conditions and the following disclaimer.

%

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

%

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

n=max([numel(ui),numel(aspect),numel(coilCenter),numel(coilLength),numel(interpolate)])



if numel(ui) == 1

    kUi=ones(n,1);

else

    if numel(ui) ~= n

        error('ui array size mismatch');

    end

    kUi=1:n;

end



if numel(aspect) == 1

    kAspect=ones(n,1);

else

    if numel(aspect) ~= n

        error('aspect array size mismatch');

    end

    kAspect=1:n;

end



if numel(coilCenter) == 1

    kCC=ones(n,1);

else

    if numel(coilCenter) ~= n

        error('coilCenter array size mismatch');

    end

    kCC=1:n;

end



if numel(coilLength) == 1

    kCL=ones(n,1);

else

    if numel(coilLength) ~= n

        error('coilLength array size mismatch');

    end

    kCL=1:n;

end



if numel(interpolate) == 1

    kInt=ones(n,1);

else

    if numel(interpolate) ~= n

        error('interpolate array size mismatch');

    end

    kInt=1:n;

end



if (min(coilCenter(:)) < 0) || (max(coilCenter(:)) > 1)

    error('coilCenter is not in the range [0..1]');

end



if (min(coilLength(:)) <= 0) || (max(coilLength(:)) > 1)

    error('coilLength is not in the range <0..1]');

end



if min(coilCenter(:) - coilLength(:)) < -1

    error('Coil overhangs the rod');

end



if max(coilCenter(:) + coilLength(:)) > 1

    error('Coil overhangs the rod');

end



mu=[]; % required so error doesn't occur when loading the mat file



load 'AxialFieldPolynomials.mat';



f=zeros(n,1);



for k=1:n



    zUi=ui(kUi(k));

    zAspect=aspect(kAspect(k));

    zCC=coilCenter(kCC(k));

    zCL=coilLength(kCL(k));

    zInt=interpolate(kInt(k));

    %

    % coil length is in units of rod length

    % coil center is in units of half-rod length

    %   so...to convert coil length to half-rod length units, multiply by two, and then

    %   to get half coil length divide by two..so

    % coil length is also half the coil length in half-rod length units

    %

    [junk,kmu]=min(abs(log(zUi./mu)));

    [junk,kld]=min(abs(log(zAspect./LD)));

    %

    % see if interpolation is required

    %

    if zInt % it's requested...is it requried?

        hit=abs(log(zUi/mu(kmu)))+abs(log(zAspect/LD(kld)));

        if hit < 0.0001

            interpolate=0;

        end

    end



    if ~interpolate

        p=axialFieldPolys(kmu,kld,:);

        p=p(:)';

    end

    %

    % three cases to deal with. First one is coil centered on the rod

    %

    if zCC == 0

        if zInt

            avgFlds=EvaluateAllAxialFields(axialFieldPolys,0,zCL);

            f(k)=interp2(log(LD),log(mu),avgFlds,log(zAspect),log(zUi),'spline');

        else

            f(k)=definiteIntegral(p,0,zCL)/zCL;

        end

    else

        %

        % next case is coil entirely on one side of center

        %

        if (zCC - zCL) >= 0

            x1=zCC-zCL;

            x2=zCC+zCL;

            if zInt

                avgFlds=EvaluateAllAxialFields(axialFieldPolys,x1,x2);

                f(k)=interp2(log(LD),log(mu),avgFlds,log(zAspect),log(zUi),'spline');

            else

                f(k)=definiteIntegral(p,x1,x2)/(x2-x1);

            end

        else

            %

            % coil spans the center

            %

            x1=zCL-zCC; %coilLength-coilCenter;

            x2=zCL+zCC; %coilLength+coilCenter;

            if zInt

                avgFlds=EvaluateAllAxialFields(axialFieldPolys,0,x1);

                f1=interp2(log(LD),log(mu),avgFlds,log(zAspect),log(zUi),'spline');

                avgFlds=EvaluateAllAxialFields(axialFieldPolys,0,x2);

                f2=interp2(log(LD),log(mu),avgFlds,log(zAspect),log(zUi),'spline');

                f(k)=(f1+f2)/2;

            else

                f(k)=(definiteIntegral(p,0,x1)+definiteIntegral(p,0,x2))/(x1+x2);

            end

        end

    end

end








Scripts/ITU/Fig15b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x4  double array]


			[4x8  double array]


			[16x1  double array]


			[9x1  double array]


			[16x1  double array]


			[9x1  double array]









Scripts/ITU/Fig16b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x3  double array]


			[3x8  double array]


			[16x1  double array]


			[9x1  double array]


			[16x1  double array]


			[9x1  double array]









Scripts/ITU/Fig17b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x3  double array]


			[3x8  double array]


			[16x1  double array]


			[10x1  double array]


			[16x1  double array]


			[10x1  double array]









Scripts/ITU/Fig18b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x3  double array]


			[3x8  double array]


			[16x1  double array]


			[10x1  double array]


			[16x1  double array]


			[10x1  double array]









Scripts/ITU/Fig19b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x3  double array]


			[3x8  double array]


			[16x1  double array]


			[9x1  double array]


			[16x1  double array]


			[9x1  double array]









Scripts/ITU/Fig20b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x3  double array]


			[3x8  double array]


			[16x1  double array]


			[9x1  double array]


			[16x1  double array]


			[9x1  double array]









Scripts/ITU/Fig27b.mat

ITUdata:[1x1  struct array]



			[10x1  double array]


			[10x1  double array]


			[16x1  double array]


			[16x1  double array]


			[1x902  char array]


			[4x7  double array]


			[1x4  double array]


			[1x64  char array]









Scripts/ITU/Fig28b.mat

ITUdata:[1x1  struct array]



			[10x1  double array]


			[10x1  double array]


			[16x1  double array]


			[16x1  double array]


			[1x902  char array]


			[1x64  char array]


			[4x7  double array]


			[1x4  double array]


			[2x1  double array]









Scripts/ITU/Fig29b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[16x1  double array]


			[10x1  double array]


			[2x1  double array]


			[16x1  double array]


			[10x1  double array]


			[4x8  double array]


			[1x4  double array]


			[1x64  char array]









Scripts/ITU/Fig30b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x4  double array]


			[4x8  double array]


			[16x1  double array]


			[10x1  double array]


			[16x1  double array]


			[10x1  double array]









Scripts/ITU/Fig31b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[10x1  double array]


			[16x1  double array]


			[10x1  double array]


			[16x1  double array]


			[1x4  double array]


			[4x8  double array]









Scripts/ITU/Fig32b.mat

ITUdata:[1x1  struct array]



			[1x902  char array]


			[2x1  double array]


			[1x64  char array]


			[1x4  double array]


			[4x8  double array]


			[16x1  double array]


			[9x1  double array]


			[16x1  double array]


			[9x1  double array]









Scripts/ITU/ITUnoiseLevel.m

function [Fa,ttl]=ITUnoiseLevel(dataFile,Fa1MHz,fMHz)

%

% Fa=ITUnoiseLevel(dataFile,Fa_1MHz,fMHz)

%

% Three possibilities for the Fa and fMHz arguments:

%

% * Both scalar, scalar result returned

% * fMHz is array, Fa is scalar, array same size as fMHz returned

% * Fa is array, fMHz is scalar, array same size as Fa returned

% * fMHz and Fa both arrays of same size, array same size as either on returned

% * Fa is n-by-1 row vector, fMHz is 1-by-m column vector.

%      A n-by-m array is returned with all possible combinations of fMHz and Fa values

%

% Copyright 2021 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

load(dataFile);



ITUdata.Fa;

porder=numel(ITUdata.Fa)-1; % polynomial order to interpolate between Fa data points



if (Fa1MHz < ITUdata.Fa(1)) + (Fa1MHz > ITUdata.Fa(end))

    error 'Fa is outside range of tabulated data';

end



if (min(fMHz) < ITUdata.fMHz(1)) + (max(fMHz) > ITUdata.fMHz(end))

    error 'fMHz is outside range of tabulated data';

end



szFa=size(Fa1MHz);

szf=size(fMHz);



if isequal(szFa,szf)

    Fa=zeros(size(fMHz));

else

    if numel(Fa1MHz) == 1        

        Fa=zeros(size(fMHz));

        Fa1MHz=ones(size(fMHz))*Fa1MHz;

    else

        if numel(fMHz) == 1

            Fa=zeros(size(Fa1MHz));

            fMHz=ones(size(Fa1MHz))*fMHz;

        else

            % only thing left is Fa1MHz column vector, fMHz row vector

            if (numel(szFa) ~= 2)+(numel(szf) ~= 2)

                error 'Incompatible Fa1MHz and fMHz arrays (1)';

            end

            

            if (szFa(1) ~= 1)+(szf(2) ~= 1)

                error 'Incompatible Fa1MHz and fMHz arrays (2)';

            end

            

            Fa=zeros(szf(1),szFa(2));

            Fa1MHz=repmat(Fa1MHz,szf(1),1);

            fMHz=repmat(fMHz,1,szFa(2));

        end

    end

end



y=zeros(size(ITUdata.Fa));



[nrow,ncol]=size(Fa);



for row=1:nrow

    for col=1:ncol

        

        for m=1:numel(y)

            y(m)=polyval(ITUdata.polys(m,:),log(fMHz(row,col)));

        end

        

        p=polyfit(ITUdata.Fa,y,porder);

    

        Fa(row,col)=polyval(p,Fa1MHz(row,col));

    end

end



ttl=ITUdata.title;








Scripts/uRod/Nell.m

function N=Nell(aspect)

% 

% N=Nell(aspectRatio)

%

% Returns spheriodal demagnetization factor for a given length-to-diameter aspect

% ratio. This is a curve fit visually to data presented in Bolton's thesis figure 4.3.

%

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

p=[ 1.8517292e-002, -1.5154241e-002, -3.7379092e-001, -7.9188605e-001, -5.0881135e-001];



x=log10(aspect);

y=polyval(p,x);



N=10.^y;








Scripts/uRod/uRod.m

function u=uRod(ui, aspect)

%

% u=uRod(ui, aspectRatio)

%

% Returns effective relative fluxmetric permeability of a cylindrical ferrite rod, 

%         given the ferrite material's initial permeability

%         and the rod's aspect ratio (length divided by diameter).

%

% ui is the relative initial permeability and typical values between 125 and 2000 are

%    accurately handled by this function.

%

% aspectRatio is the ferrite rod's length divided by its diameter.

%             For rods with flatted sides, use the FlattedRodEqDia function to determine

%             the effective diameter to be used in computing the aspect ratio.

%

% Restrictions on size and shape of ui and aspectRatio arguments are identical to the interp2

% function. See help for interp2 for more information (aspectRatio being the X-vector,

% and ui being the Y-vector). Invalid input sizes or shapes will result in errors being

% generated by the interp2 function.

%

% A 2-dimensional table of data from E-M simulations is interpolated to generate the answer.

%

% This function requries the uRodSimData.mat data file be available.

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

if ~exist('uRodSimData.mat','file')

    error('Data file is missing: uRodSimData.mat');

end



Mu=[];

mu=[];

load 'uRodSimData.mat';



nmu=numel(Mu);

nld=numel(LD);

%

% are inputs in a reasonable range?

%

if (min(ui) < 0.7*min(Mu)) + (max(ui) > 1.4*max(Mu))

    fprintf(1,'==> WARNING: ui is far outside range of tabulated data. Result may be invalid.\n');

end





if (min(aspect) < 0.7*min(LD)) + (max(aspect) > 1.4*max(LD))

    fprintf(1,'==> WARNING: aspect is far outside range of tabulated data. Result may be invalid.\n');

end



kar=find(Arem==1);

if numel(kar) ~= 1

    error('Data file contains zero or multiple entries for solid rods');

end



uSolid=uRod3D(:,:,kar);



uLog=interp2(log(LD),log(Mu),log(uSolid), log(aspect),log(ui), 'spline');



u=exp(uLog);












Scripts/uRod/uRodCross.m

function u=uRodCross(ui,LoverD)

%

% u = uRodCross(ui, aspectRatio)

%

% Returns effective relative permeability of a cylindrical ferrite rod, 

%         given the ferrite material's initial permeability

%         and the rod's aspect ratio (length divided by diameter).

%

% ui is the relative initial permeability and typical values between 125 and 2000 are

%    accurately handled by this function.

%

% aspect is the ferrite rod's length divided by its diameter.

%

% This function implements equations published by Ray Cross in a 2007 spreadsheet,

% and also requires the spheroidal demagnetization factor which is implemented

% in function Nell.

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

kc=(1+(LoverD/1.178769.*ui.^(-5/7)).^(4/3)).^-0.5;



den=1.2+0.05*(0.3+(log10(LoverD)-0.7).^-2).^-1;



Nc=kc.*Nell(LoverD)./den;



u=ui./(1+Nc.*(ui-1));








Scripts/uRod/uRodSimData.mat

Mu:[13x1  double array]


LD:[16x1  double array]


Arem:[11x1  double array]


uRod3D:[13x16x11  double array]


Nrod3D:[13x16x11  double array]


ReadMe:[1x361  char array]






Scripts/uRod/uSleeve.m

function u=uSleeve(ui, aspect, area)

%

% function u=uSleeve(ui, aspect, area)

%

% Returns effective relative permeability of a cylindrical ferrite sleeve, given:

%         o the ferrite material's initial permeability,

%         o the sleeve's aspect ratio (length divided by outside diameter),

%         o the sleeve's cross sectional area relative to a solid rod.

%

% ui is the relative initial permeability and typical values between 125 and 2000 are

%    accurately handled by this function.

%

% aspect is the ferrite rod's length divided by its outside diameter.

%

% area is the sleeve's cross sectional area divided by that of a solid rod.

%      if ID is the sleeve inside diameter, and OD the outside, then

%      area = 1 - (ID/OD)^2. It's required that 0 < area <= 1.

%

% Restrictions on size and shape of ui, aspect and area arguments is identical to the interp3

% function. See help for interp3 for more information (aspect being the X-vector,

% ui being the Y-vector and area being the Z-vector). Invalid input sizes or shapes will 

% result in errors being generated by the interp3 function.

%

% Note that uSleeve(ui, aspect, 1) is equivalent to uRod(ui, aspect) (see help for uRod).

%

% This function requries the uRodSimData.mat data file be available.

%

%

% Copyright 2020 Open Source Hardware Engineering

% 

% Redistribution and use in source and binary forms, with or without modification, 

% are permitted provided that the following conditions are met:

% 

% 1. Redistributions of source code must retain the above copyright notice, this list of 

%    conditions and the following disclaimer.

% 

% 2. Redistributions in binary form must reproduce the above copyright notice, this list of 

%    conditions and the following disclaimer in the documentation and/or other materials provided

%    with the distribution.

% 

% THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND ANY EXPRESS OR

% IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND

% FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT HOLDER OR

% CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL 

% DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE,

% DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

% WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY

% WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

%

if ~exist('uRodSimData.mat','file')

    error('Data file is missing: uRodSimData.mat');

end



Mu=[];

mu=[];

load 'uRodSimData.mat';



nmu=numel(Mu);

nld=numel(LD);

%

% are inputs in a reasonable range?

%

if (min(ui) < 0.7*min(Mu)) + (max(ui) > 1.4*max(Mu))

    fprintf(1,'==> WARNING: ui is far outside range of tabulated data. Result may be invalid.\n');

end





if (min(aspect) < 0.7*min(LD)) + (max(aspect) > 1.4*max(LD))

    fprintf(1,'==> WARNING: aspect is far outside range of tabulated data. Result may be invalid.\n');

end



if (min(area) <= 0) + (max(area) > 1)

    error('area argument is out of range. 0 < area <= 1');

end



if (min(area) < 0.7*min(Arem))

    fprintf(1,'==> WARNING: area is a lot smaller than the minimum tabulated value. Result may be invalid.\n');

end 



uLog=interp3(log(LD),log(Mu),log(Arem),log(uRod3D), log(aspect),log(ui),log(area), 'spline');



u=exp(uLog);










