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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 specifications. It is not uncommon to begin with
only a vague, unwritten idea of specifications. 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 needs to be, and I’ll tell
you if I can live with it.” As with most engineering problems, there are plenty of
trade-offs to be made.
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Signal Strength
The question of which signals are to be received is tougher than it first appears.
What the antenna designer really wants to know is the field strength of the signal
at the antenna. This is typically the electric field 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 field 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 field 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 internal to the antenna and receiver. Noise external to the antenna comes from many
sources and includes cosmic, atmospheric, thermal and man-made variants. Noise
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categorized as internal includes thermal noise (from many different sources) or shot
noise generated in electronic amplifiers.
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 Telecommunications 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 gain1 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 0.1λ), at the highest frequency of operation. For
example at 1710kHz (λ = 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 considered 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
1

See [Chu], and related research by Wheeler and Harrington
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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 configuration 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 first 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 final
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 find it useful to have a very basic understanding of electromagnetic fields and radio wave propagation. Some calculus is also used, but only in the
appendices.
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Attachments
A zip file has been attached to the original PDF file 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 file are Matlab/Octave scripts and data files which
implement the functions described herein to compute the µrod and Fext parameters.

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

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 somewhat 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-field noise pickup. Furthermore, E-field shielding 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 selfresonance frequency difficult 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 antennas.
• Ferrite is hard and brittle.
• Extremes of temperature affect its characteristics.
• Hum pickup is possible due to ferrite’s non-linear B-H curve.
• Permeability can be significantly degraded by mechanical stress, vibration and
exposure to high level AC or DC magnetic fields.
In many or most situations, it is possible to avoid these issues with careful design.
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Chapter 2
Noise
The minimum signal that can produce a useful output from a radio receiver is determined 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 antenna and in the front end of the receiver. It’s important therefore to briefly review
sources of noise generation and single out those which are most objectionable at LF
and MF.
Noise Sources
Externally Generated
Atmospheric (electrical storms)
Cosmic (extra-terrestrial radiation)
Man-made static
Precipitation static
Radiation resistance (thermal)

Internally Generated
Antenna ohmic resistance (thermal)
Coupling circuit resistance (thermal)
Receiver front end
Ferrite losses (thermal)

External Noise Sources
An important source for data on external noise sources is the ITU recommendation on
radio noise [ITU-R]. Considering first 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 figure 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 immediate 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 different. The
former gives rise to propagating electromagnetic waves in which the electric and
magnetic field intensities are related by the characteristic impedance of free space
(about 377Ω).
The latter on the other hand is a near-field phenomenon for which the E-field and
H-field intensities are related by a factor which is a function of frequency and which
is far greater than 377Ω for frequencies below 1500kHz. At the frequencies of interest
for this report, man-made disturbances are primarily electric field phenomena.
Summing up these points, it is noted that atmospheric noise and the signals of
interest both propagate via radiation fields 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
figure-of-eight pattern in the horizontal plane compared to the uniform pattern of a
vertical open antenna, so this is a benefit.
Electrostatic disturbances can be effectively discriminated against by antennas
that respond only to magnetic fields. This attribute is one of the chief advantages
of the magnetic loop antenna. E-field 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 performance when this occurs, or the loop must be shielded against such coupled
noise.

ITU Estimates 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, Fa
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-field magnitude.
Examples of the ITU data are shown in figures 2.1 and 2.2. Estimating noise is a
two-step process. First, there is a set of six maps which show countours of Fa 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.

Figure 2.1: ITU atmospheric noise map at 1MHz in winter, 04:00 to 08:00 local time
Figure 2.1 (figure 16a in [ITU-R]), shows that 1MHz levels are around Fa = 60dB
over most of the contiguous US. Say we are interested in an antenna for receiving
WWVB at 60kHz. Figure 2.2 (figure 16b in [ITU-R]) shows that for a 60dB level at
1MHz, Fa will be about 115dB at 60kHz. Equation (7) in the ITU document provides
a conversion from Fa to electric field strength for electrically small antennas:
E = Fa + 20 log10 (f ) + 10 log10 B − 95.5
Where f is frequency in MHz and B is equivalent noise bandwidth in Hz. The
result is in units of dBµV/m. For the example Fa value of 115dB at 60kHz and target
bandwidth of 500Hz,
E = 115 + 20 log10 (0.060) + 10 log10 (500) − 95.5 ≈ 22.1 dBµV/m ≈ 13 µV/m
Pay attention to the additional figures (e.g their figure 15b) in the ITU report
that characterize statistics of atmospheric noise. These include expected standard
deviations for noise levels and data on amplitude probability distributions. Using
this data is beyond the scope here, but it can be important in many cases.

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.
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Figure 2.2: ITU atmospheric noise levels in winter, 04:00 to 08:00 local time
These guesses can be strengthened through consideration of FCC broadcast rules for
MW in the United States.
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 defined by an E-field
signal strength of 150µV/m.
• The emissions limit for intentional radiators and for low power college/university
stations is f /24, 000 µV/m , where f is in kHz. This translates to 45µV/m at
530kHz and 14µV/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 100µV/m , a new station may not exceed
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5µV/m .
– A new station may not exceed 25µV/m where existing station is 500µV/m
.
These regulations suggest that a decent AM receiver/antenna system is at least
capable of detecting signals at 25µV/m and perhaps even at 5µV/m . Given expected
atmospheric noise of 1µV/m at 1MHz, one could infer that serious DXing might
require a sensitivity somewhere in the range of 1-10µV/m .

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 significant, especially when skin and proximity
effects 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-amplifier is typically located at the antenna, and a low-impedance amplified
signal is sent over a transmission line to the receiver.
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Chapter 3
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 fields 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 field strength of a propagating TEM wave
is known to be 1 volt-per-meter (1 V/m), then the magnetic field 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 defined by the permeability and
permittivity of free space:
r
µo
≈ 377Ω
Zo =
o
Also useful is this relationship between free space permittivity, permeability and
the speed of light:
1
√
µo o =
c
and the relationship between frequency and wavelength (also in free space):
λ=

c
f

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 2π radians) rotation over a
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distance equal to it’s wavelength. This relationship can be expressed in several ways
by making substitutions for the wavelength:
β=

2π
2πf
ω
√
=
= = ω µo o
λ
c
c

(3.1)

Magnetic Fields
There is really only one magnetic field that can be directly measured, and it is a
vector field usually represented by the symbol B. Thus, people talk about B-fields 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 field 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 field.
It is also a vector field and is symbolized as H, and it’s magnitude will be referred to
as the H-field. It has units of amperes per meter, or A/m. This field is not always
directly measurable, but the conceptual difference between H and B-fields 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-fields and H-fields are not the same thing.

Effective Height
The key parameter which characterizes the antenna’s ability to convert radio signals
(aka TEM plane waves) into voltages is effective height. It tells us how much voltage
is induced in the antenna coil in the presence of a radio signal of known strength.
In a magnetic loop antenna, the open-circuit voltage (Voc ) induced by the incoming
signal is determined by a vector dot product between the signal’s magnetic field vector
(H) and the antenna’s effective height, which is a vector, aligned with the loop’s axis.
→
−
Voc = H · he
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.
Voc = H he
There may be a bit of confusion regarding electric and magnetic fields, and Bfields and H-fields. It is customary to describe TEM waves in terms of the electric
field magnitude in volts per meter, not the magnetic field. A radio signal’s strength
is not often described in units of micro-Teslas, or micro-Amperes per meter. Thus,
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the previous equation is not used and (3.2) below takes its place, with effective height
in meters multiplying the E-field 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 sufficient
to note that the open circuit voltage induced in a loop antenna is equal to the TEM
wave’s E-field magnitude multiplied by the loop’s effective height:
Voc = E he

(3.2)

under theses two assumptions:
• The magnetic vector field and effective height vector are co-linear so that maximum output voltage is obtained.
• The signal is propagating in free space or air.
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Loop Schematic Model
Figure 3.1 is the schematic equivalent of a small loop antenna that is used for this
article. It contains the following components:
• Voltage induced by an incoming TEM plane wave, Voc
• Loop inductance, L
• Radiation resistance, Rrad
• Copper and ferrite core losses, Rloss
• Load resistance, RL
• Capacitance often added to resonate the loop, Ctune .

L

R rad

R loss
Ctune

RL

VOC = E he
Figure 3.1: Simple loop antenna model

Inductance
This is a very important parameter.
• It must be known to understand antenna interactions with the receiver.
• For resonant loops, the inductive reactance at the tuned frequency must be
known for a variety of reasons.
Estimation of loop inductance is left to later chapters. It is treated separately for
air and ferrite core loops.
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Q
For the resonated, open-circuited loop, Q at resonance (ω = ωc ) is defined by
ωc L
ωc L
≈
(3.3)
Rrad + Rloss
Rloss
Predicting the loss resistance, and therefore the Q of air core loops is feasible but
both skin and proximity effects must be included in the calculation.
Ferrite core loops are a different story. We did not find any published techniques
that gave a good estimate for at least one of the ferrite loops we built. While accurate
prediction might be possible, this article cannot recommend any methods, formulas
or algorithms for this purpose.
For resonant loops, Q at the tuned frequency has two major impacts on loop
performance that must be traded off against one another. Higher values of Q produce
a larger output voltage (proportional to Q), and output impedance (proportional to
Q2 ). At some point, the resonant impedance becomes large enough that receiver
input impedance prevents further increases 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 most of this article, it is assumed that Rrad is negligible, and Rloss may be used
by itself to represent all loop loss resistance.
Q=

Impedance Transformation
As shown in the appendix, loss resistance Rloss is transformed at resonance into a
much higher value – by a factor of Q2 . In many cases, extremely high values of load
resistance are required to avoid lowering the overall loop Q at resonance.
When receiver input impedances are too low, 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 300Ω input impedance by a factor of 102 up to 30kΩ , 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), reducing
the loop’s effective height by the same amount.

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
16

from a single resistance. The total noise voltage over a given bandwidth is
en =

√
4kT BR

(3.4)

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),
√

√
4kT ≈ 129pV/ Ω Hz

For example, with a 10-ohm resistor and 1kHz noise equivalent bandwidth we
have
√
en ≈ 129pV 10 × 1000 = 12.9nV
R is a lumped combination of several different 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 (3.4), 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 figure 3.1, noise bandwidth is approximately given by
π
B3dB
2
See the appendices for a derivation and analysis of the errors in this approximation.
Bnoise =
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Chapter 4
Air Core Loops
Figure 4.1 shows an air core loop being excited by a TEM plane wave. The B or Hfield vector is aligned with the axis of the loop. In this case the dot product between
loop axis and H-field may be replaced with a multiplication of field magnitudes. This
is assumed in all that follows.

Figure 4.1: 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 modified for an n-turn loop by multiplying by the
number of turns:
Voc = ωAnµo H
where A is the area inside the loop and H is magnetic field intensity. This expression is valid for electrically small loops – where the length of wire in the loop not a
significant fraction a wavelength.
This equation is often written with the term µo H replaced with the B-field value
(in free space the two are equivalent). This formula assumes we know the H-field
strength, but by convention, it’s more common to work with E-field values. This
18

does not present a problem, because the signal is propagating in free space, and the
ratio of E-to-H field magnitudes known.
r
µo
E
=
≈ 377
H
o
and the induced voltage can be expressed in terms of applied E-field magnitude
using the definition of β in (3.1).
r
o
√
Voc = E µo ωAn
= E(ω µo o )An = EβAn
µo
The combined term multiplying E here is in units of meters and is known as the
effective height of the antenna. For the air core loop then,

he = βAn

(4.1)

Equation (4.1) should be highlighted and bookmarked.

Inductance
Inductance may be calculated with a decent level of accuracy using one of Wheeler’s
formulas. This first one (published in 1928) is good for coils whose winding length is
at least 80% of the radius.
10πµo n2 r2
(4.2)
9r + 10l
where n is the turn count, r the radius and l 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.
L≈

 
L = µo rn ln 1 +
2

π
2(l/d)



1
+
2.3004 + 3.2219(l/d) + 1.7793(l/d)2


(4.3)

where d is the diameter (d = 2r), and (l/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 inductance and have had very good results with it. Typically, measured inductances come
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out with much less than 1% error when measured on a Hewlett-Packard LCR meter
with allowance for lead inductance. [Weaver] provides several algorithms for this purpose, 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 effects) of ρ
ohms per meter, a coil of radius r and n turns has a total wire resistance of
R = 2πrn ρ
As defined here, ρ is a function of the wire diameter, material (copper), frequency,
winding pitch and number of turns.
Skin effect may be calculated to varying degrees of accuracy as documented in
[Knight-1].
Proximity effect calculations are more difficult. 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 effect 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. Lacking anything better, we suggest
using Dowell’s formulas for proximity effect, but with a grain of salt. Measurement of
actual AC resistance is always a good idea, but especially so for tightly wound coils.

Dowell’s Estimate
Dowell’s formulas are reproduced here for convenience. Note that this estimates
both skin and proximity effects, so the addition of skin effect losses is not required.
As stated above, results can be in error by significant amounts, but more accurate
methods are also much more complex. The equations assume rectangular conductors
and this is one source of error. Converting the diameter of a round conductor to the
dimension of a square conductor of equal area yields:
√
π
d
w=h=
2
where d is the wire diameter. Next a porosity factor, η is defined. Originally it
is in terms of the “winding window” which is the total width occupied by the wire.
That’s equal to the pitch times turn count, but we also have to add one wire diameter
to account for one wire radius at each end of the coil.
η=

nw
np + w

Then there’s this alpha term:
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s
α=

jωµo η
ρ

Then the actual estimate is
Rac = Rdc R [αh coth(αh)]
where R[·] takes the real part of a complex number.
Again, this is not a very accurate expression at higher frequencies where skin
depth is less than half the conductor diameter.

Antenna Thermal Noise
Thermal noise from an air core loop is dominated by effective wire resistance. Radiation resistance for electrically small loops is so small as to be irrelevant.
en =

p
√
4kT BR = 8πkT Brnρ

Above, the wire’s resistivity multiplied by it’s length has been substituted for the
total wire resistance. Note that ρ 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 field. The external E-field might represent a radio
signal or atmospheric noise levels. If the effective height of the antenna is known,
this noise level may be referred back to an E-field strength by dividing by the loop’s
effective height.
√
8πkT Brnρ
En =
he

Self Resonance
One upper limit on the amount of wire used in a loop antenna has to do with self
resonance. In general, the loop SRF should be significantly 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 there won’t typically be problems with SRF being
too low. If the boundaries are to be pushed to achieve larger effective heights, then
one must delve more deeply into this topic and that’s beyond the scope of this report.
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Chapter 5
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 100µΩ/3Ω 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 amplified
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 fields for purposes
of magnetic output coupling.

Direct Output
This can be done with or without placing the loop into resonance with a parallel
capacitor.

Non-Resonant
If loop output levels are adequate, a low-noise amplifier 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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Amplifier input current noise must be managed since the loop often has a reactance
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 filtering, and this may be a disadvantage if there
are large undesired signals at other frequencies capable of overloading the amplifier.

Resonant
The amplifier typically has a constant input impedance over the frequencies of interest, and that must be high enough not to adversely lower the loop’s resonant Q at
the highest such frequency. Resonating the loop increases its output voltage but also
drastically increases the impedance through which this voltage is delivered. There
are a couple of ways to express the loop’s Q:
ωo L
fo
=
B
R
The first identity is the ratio of center frequency (fo ) to 3dB bandwidth (B), and
the second is loop inductive reactance at resonance (ωo 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:
 2

2
fo
ωo L
ω 2 L2
2
Zo = RQ = R
=R
= o
B
R
R
Q=

For a typical example, consider a loop with 20kHz bandwidth operating at 1MHz
(Q = 50) and total loss resistance of 4Ω. At resonance, the output impedance will be
4Ω × 502 = 10kΩ. Loss resistance must include skin and proximity effects and these
can be significant.

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 firmware in the radio chip. This makes it
feasible to modify the radio by disconnecting the internal loop antenna and connect
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.
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• 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.
• 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 modification 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 induced 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 flows in the loop equal to the induced voltage divided by the total resistance.
This current then creates a magnetic field which is picked up by the secondary winding, 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 5.1 shows the transform model. Lp , Ls are the open-circuited primary
and secondary inductance. k is the coupling factor, Vp , Vs are the induced primary
and transformed secondary voltages. Resistors represent winding resistance but core
losses may need to be in parallel with the windings; we don’t consider that here for
the time being. The second schematic shows the secondary components reflected into
the primary side of the transformer.
First, consider the situation with the secondary open-circuited. Assume that the
primary resistance Rp 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, Vp multiplied by Q. This voltage appears across the series
combination of primary leakage ((1−k)Lp ) and magnetizing (kLp ) 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 100µV, k = 0.5, and a 5:1 turns ratio would provide
an open-circuit voltage of (100 × 0.5 × 0.2) = 10µV on the secondary.
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Figure 5.1: Transformer model including leakage inductance

Loaded Q
The second equivalent schematic in figure 5.1 must be used to determine the effect of
receiver loading on the resonant Q. This is no longer a simple resonant circuit, and
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 Q2 , 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 200µH of inductance and Q of 100 tuned to resonance at 1MHz. Based on the Q value, loop resistance would be 12.6 ohms, and
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that would be transformed at resonance to RQ2 = 126kΩ. Using a 5:1 turns ratio
on the secondary would reduce that by a factor of 25, down to about 5kΩ, while
also reducing the output voltage (and equivalent effective height) by a factor of five
(assuming k = 1). Obviously, the numbers would come out differently with a lower
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 doubletuned 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

Ctune

RP

M

k Lp

(1-k)Ls

k Ls

VP = E le

RS

C radio

RL

VS

Figure 5.2: 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 significantly above and below the critical
coupling ratio. Below we show three different frequency responses from a doubletuned transformer with both primary and secondary having Q = 100, tuned to 1MHz.
Critical coupling in this case is kc = 0.01. The three responses represent coupling
factors below below, at and above 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 = kc /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 flat-top passband shape. This is
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Figure 5.3: Double-tuned transformer response variations
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 = 3kc ), and the bandwidth is now wider
than necessary for a 10kHz AM signal spacing. Tuning the external loop slightly
off 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 = kc = p
Qp 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:
p
1
= Qp Qs
kc
Because the portable receiver’s antenna is treated as part of a transformer here,
it’s effective 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 effective 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.

27

Typical Coupling Factors
With an LCR meter it’s possible to measure some typical values of k with a typical
internal ferrite antenna is magnetically coupled to an air or ferrite core loop. Some
sample measurements are shown here for three different situations.
• Two ferrite rod antennas separated by 3/4 of an inch.
• 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
Two ferrite rods
0.11
Inside 4-foot loop
0.036
Outside 4-foot loop
0.022

Relative Loss
0dB
9.7dB
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 effective height for the dual-loop configuration is going to
be
he = hext

p

Qext Qint

where hext is the non-resonant effective height of the external loop.
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We may wish to compare different external loops with the same portable radio.
Assuming that critical coupling can be achieved with each external loop, the ratio of
overall effective heights for two different external loops is
s
hext1
he1
Qext1
=
he2
hext2
Qext2
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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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 fields H and B and their relationship to each other. These
fields are really vector fields (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 field magnitude at any point in space. H is also a
field and represents only that portion of B caused by free currents (e.g. those flowing
in a coil)1 . The total field at any point is the sum of that caused by free currents and
magnetization of the materials in the field. In free space, there is no magnetization,
so the relationship is trivial
B = µo 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 = µo (H + M ), or H =

B
−M
µo

where M is magnetization (e.g. associated with ferrite domains). We are only
concerned with currents and fields 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.
1

H 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 field doesn’t really exist. It cannot be measured
directly2 – only the B field is directly measurable. H is none the less a useful concept
because it permits total induced fields 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 χ. Thus we have (H +M ) = (H +χH)
which yields
B = µo (H + χH) = (1 + χ)µo H ≡ µr µo H
This bit about B and H is intended mostly as background material. As such, we
won’t worry too much about susceptability χ or magnetization M going forward. The
important points to keep in mind are
• Free currents induce the H field which is unaffected 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 field
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-field. The toroid forms a closed magnetic circuit, and nearly all of the field from
the coil remains inside the ferrite. Under these conditions, the ratio between B and
H fields in the ferrite is known as the intrinsic permeability, µi . 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 flux can’t get in or out very easily. For antennas, open magnetic circuits are
required, and different measures of permeability have been defined to deal with them.

Variations on the Theme
There are two very different H field configurations in which the behavior of the ferrite
rod is of interest.
1. The rod is placed into a uniform H field – specifically one that is part of a
propagating radio signal (TEM wave).
2

except 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).

Permeability in a Uniform Applied Field
Consider a propagating radio signal oriented as shown in figure 6.1. The rod is
perpendicular to the direction of propagation and the H-field is parallel to the long
axis of the rod.

Figure 6.1: Ferrite Rod Orientation
The plane wave and associated H field was generated by free currents in a transmitting antenna (miles distant, presumably). This means that the electric and magnetic
fields 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 field will induce magnetization in the rod and that in turn will add to the B field
in and around the ferrite rod.
This is a crucial point: the ferrite core does not distort the H field – by definition.
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 field that is modified by the rod’s presence.
The amount of magnetization (and therefore the B field) is not uniform throughout
the rod (see figure 6.2). It is strongest in the center. If a coil of wire wrapped
is wrapped around the rod, the total B field inside the coil will induce a voltage
in the coil – not just the H field. And because the B field has been enhanced by
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magnetization of the ferrite there’s a larger induced voltage than there would be
without the rod.

Figure 6.2: Illustration of µext
Figure 6.2 shows a rough idea of the difference in B-field with and without the
ferrite core. The air-core loop on the left has no effect on the B field, but the ferrite
core produces a larger B field in its vicinity. This drawing from [CIA] in 1957 is
in fact pretty accurate; figure 6.3 shows a typical B-field computed by modern E-M
simulation software (the scaling on the plot is highly logarithmic for clarity, and the
field falls off much faster away from the rod that the image tends to imply).

Figure 6.3: Simulated B-field around ferrite rod (µi = 300) in uniform H-field
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The B field is not uniform throughout the interior of the rod, even though the
H-field 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 different measures of relative permeability have been defined 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 field.
Apparent permeability is known by at least two different names, µa and µrod . It is
the ratio of the axial B field at the center of the rod to the externally applied H field.
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 (µi ) 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-fields, there’s no talk of coils or voltages here.

Figure 6.4: Separating the field components
To help visualize what’s happening, figure 4.7(d) from [Snelling] is reproduced
in figure 6.4. The upper half of the drawing shows three separate sets of magnetic
field lines, the uniform plane wave, the enhanced field inside the core, and the field
external to the core created by the enhanced field – these are the flux return lines
that complete the magnetic circuit. The bottom half shows the resultant field which
is the vector sum of the three separate fields.
The net effect is a reduction in the field outside the core along its axis. The
shorter the core, the more concentrated these return lines become and the field 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-field varies in the close vicinity
of a ferrite rod.
There will be much more later about how µrod depends on the length-to-diameter
ratio of a ferrite rod. For now let’s just note that for long skinny rods, µrod is fairly
large and can be 50% or more of the intrinsic permeability, µi . For short, squat rods
µrod can be surprisingly small.
Consider a rod with µi = 350 and µrod = 120 immersed in the magnetic field of a
plane wave (at say, 1 A/m). At the center of the rod in the ferrite, the B-field will be
120 times stronger than the H-field (i.e. 120A/m – because that’s what µrod means.)
This is where things get a bit odd. Far away from the ferrite, the B-field is 1A/m
because the relative permeability of free space is one3 . However, the B-field near the
center of the rod, in the air just outside the ferrite is only about 0.34A/m. This is
caused by the flux return lines shown in figure 6.4 reducing the ambient B-field.
Here’s the surprising (or maybe not so surprising) observation about this reduction
in B-field. If you take the B-field at the middle of the rod, just at the outer edge of
the ferrite and divide it by the intrinsic permeability (µi = 350), you get the exact
value of the B-field 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 µi = 350 and l/d = 20
which has µrod = 120 was simulated. A couple of plots show how the B-field varies
through the rod and outside it in figure 6.6. Both of these plots only depict the axial
component of the B-field because that’s what is linked by an antenna coil and will
produce an output voltage. Colored arrows in figure 6.5 shows the lines along which
the B-fields are sampled in the two plots.

Figure 6.5: B-field directions sampled in figure 6.6
The plot on the left shows field magnitudes along the red radial line in figure 6.5.
Distance is normalized so the rod’s radius is one, and the applied H-field magnitude
(TEM wave) has magnitude of 1.0 A/m in free space. Inside the rod, B-field is running
at 120A/m as expected, but just outside the rod (where B and H fields are the same),
the field is reduced substantially to a value of about 0.35A/m.
3

See comments on units below
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Figure 6.6: B-fields in and around a ferrite rod
The right-side plot shows the field along the axis of the rod, with the rod length
scaled so the end of the rod is one. Again, the field 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 fields as they are
related by B = µo µi H, where µo is the permeability of free space and µi is the intrinsic
(relative) permeability of the medium. In CGS units, µo = 1 so we can numerically
compare B and H fields 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,
µo = 4π × 10−7 H/m and B and H fields are numerically quite different, even in free
space.
So above, in discussing B and H field values there’s an assumption that the µo
conversion constant is silently allowed for, and we may speak of B fields in units of
A/m even though that’s not a valid unit for B.

Interactions Between Rods
As illustrated in figures 6.4 and 6.6, a ferrite rod in a uniform H-field, such as that
which is part of an E-M plane wave, will alter the B-field in it’s vicinity. In figure
6.7, transparent cylinders have been placed around two ferrite rods, hinting at the
size of the affected volume. In reality, there is no sharp edge to the affected volume,
but that’s shown here to illustrate the point.
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Figure 6.7: Ferrite rods affect H-fields in their vicinity
Inside the affected volume and outside the rod, the resultant magnetic field is
reduced, and any additional antennas placed with this volume will have less overall
B-field to work with.
Since µrod is an indication of how much flux intensity is increased by the rod’s
presence, it could be thought of as gathering the flux from an area larger than the
rod’s cross section, and concentrating that flux within the rod. Under this analogy,
√
the radius from which flux is collected would be µrod times the rod’s radius. This
isn’t exactly correct but it helps to provide an intuitive grasp on the effect.
In figure 6.7, the two rods are spaced such that their affected volumes overlap
(shaded as brown in the image), with the result that antennas 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 figure 6.8 presents the results
for two values of spacing. The spacings are relative to rod radius, so for√a half-inch
√
diameter rod with µrod =122, a spacing of (2r µrod ) would be 0.25 × 122 ≈ 5.5
inches.

µi
l/d
350 20
125 15
2000 15

µrod
122
62
103

dB loss at rod spacing
√
√
µrod
2 µrod
1.6
0.6
1.8
0.7
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 definition of relative permeability
relates the voltage induced in a coil wound around the rod by a uniform external H
field. This will be symbolized here as µext .
This permeability is determined by the total amount of B field flux 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 figure 6.6, its easy to see that
placing a coil at the end of the rod will link less flux than in the middle.
µext is defined 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.
µext = µrod Fext = µa Fext

(6.1)

Too Many Names
Published literature on ferrite rods provides a plethora of names for various measures
of permeability. In some places, µrod will be referred to as the fluxmetric permeability,
and it’s measured at the center of the rod.
Permeabilities are also measured which involve an average of flux levels over the
entire volume of a ferrite rod. These are variously called magnetometric or ballistic.
Subscripts such as µa,f and µa,m are sometimes used to distinguish apparent fluxmetric
and magnetometric permeabilities. This report considers fluxmetric values almost
exclusively and we define µrod ≡ µa ≡ µa,f . Whenever possible, only µrod 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 defined in the context of immersing the ferrite rod
in a uniform magnetic field (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 fields induced by currents flowing in the receiving coil. The
motivation is different – 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 field generated by alternating
currents in the coil, as in figure 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 figure. There, a closed flux
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 µint
field in the rod will not be uniform, and depends on both the coil and rod geometries.
Figure 6.10 shows the B-field 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 field looks nothing like that in figure 6.3. The rough drawing in figure 6.9 from
[CIA] is pretty accurate.

Figure 6.10: Simulation of B-Field generated by coil on ferrite core
The specific geometry of the air and ferrite portions of the path, and the ferrite
material’s µi all factor into the electrical inductance of the coil. The ratio of inductance with and w/o the ferrite core defines another measure of permeability, µint . It
is often expressed as the apparent permeability (µa ) multiplied by a factor Fint .
µint = µa Fint

(6.2)

In general µint 6= µext .

Ferrite Materials
Rods with large aspect ratios (for example, l/d ≥ 10) are often used in antenna
designs. In this case, ferrite losses can end up limiting the maximum achievable Q for
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the loop antenna. More about this, and detail on material performance is covered in
the next chapter.
For resonant ferrite rod antennas in the AM broadcast band (up to 1710 kHz),
61 Material (µi = 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 µi ≈ 200. There don’t seem to be any rods with µi
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 specification sheet about the material.
The ratio between real permeability µ0s and imaginary permeability µ00s is the maximum Q achievable. At 2MHz and below that value is greater than 100, probably
several hundred, although the
These comments don’t apply 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.

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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Figure 6.11: Complex permeability of 61 material
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Chapter 7
Ferrite Core Loops
This chapter presents a method for accurately estimating the effective height of ferrite
core loops. Readers may find it helpful to refer back to the chapter on permeability
while reading this chapter. Due to this chapter’s length, at the end a summary is
presented to highlight the most important takeaways for antenna analysis and design.

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 fields induced by TEM
plane waves. The same can be said about predicting the self inductance of coils wound
around such rods.
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What is typically found in literature are attempts to approximate the cylindrical
shape with other shapes (for which solutions are known), or curve fits to empirical
data. For example, an ellipsoidal spheroid, when highly elliptical starts to look like a
cylindrical rod, as in figure 7.2.

Figure 7.2: Approximating a cylindrical rod with an elliposidal spheroid
This article takes a very empirical approach to the problem. Electromagnetic
simulations 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 order polynomial fits. 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 coefficients and data sets are provided in
Matlab/Octave-format data files.

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
ef = (µext βAf n)E

(7.1)

and E is the electric field intensity. The ferrite core antenna’s effective height is
the combined multiplier on the electric field intensity.
he = µext βAf n
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(7.2)

As with air core loops, this assumes the magnetic field vector is aligned parallel
with the coil’s (and rod’s) axis as shown in figure 7.1. A subscript is included on the
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 suffix 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 µext
This would be a much shorter chapter if it weren’t for the presence of the external permeability multiplier in the effective height formula. The concept of µext was
introduced in the chapter on permeability, and it will be expanded on here.
To review, the value of, µext is the factor by which the effective height of the
antenna is increased by inserting the ferrite rod. It is a function of several factors.
• The ferrite material’s intrinsic permeability, µi .
• 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, this is broken down into two components:
µext = µrod Fext

(7.3)

The first term, µrod is the amount by which the ambient magnetic flux level
is increased at the middle of the ferrite rod. This is also known as the apparent
permeability or fluxmetric permeability.
The Fext term is necessary because magnetic flux 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 finite length is wrapped around the rod, Ampere’s
law tell us that the total amount of flux within each turn of the coil contributes to
the overall induced voltage. Because each turn of the coil encircles a different amount
of flux, the total induced voltage becomes an average of the flux 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 off towards the ends (see figure 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
flux levels near the center of the rod.
Most of the remainder of this chapter will be concerned with accurately predicting
the values of µrod and Fext . There are published formulas for this purpose and some
of them are presented.
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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 define a demagnetization factor N , and apparent
permeability is derived from that as follows.
µrod =

µi
1 + N (µi − 1)

(7.4)

Solving for µi ,
µi (1 − µrod N ) = µrod (1 − N )
µi =

µrod (1 − N )
1 − µrod N

(7.5)

and for N ,
µrod + N µrod (µi − 1) = µi
N=

µi − µrod
µrod (µi − 1)

(7.6)

Approximations from [Bolton-1]
These are formulas that Bolton collected from various sources. Below are two different estimates for either µrod directly, or indirectly through the demagnetization
factor. This article will provide estimates for µrod based on simulation data, so these
approximations are included only for purposes of comparison.
The first approximation is said to be less accurate for l/d ratios below 10; above
10, it may be most accurate to use both equations and average the result.
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µrod ≈

µi [(l/d)5/3 + 2.5]
µi + [(l/d)5/3 + 2.5]

N ≈ 0.37(l/d)−1.44

(7.7)
(l/d) >10

2≤ (l/d) <20

(7.8)

More complex equations, claimed to produce accurate results over the entire range
of l/d ratios are shown in (7.9) and (7.10). They are found in [Bolton-1], and originally
come from [Cross]. The formula also requires the spheriodal demagnatization factor
Nell as presented in figure 4.3 in [Bolton-1]. We fit a polynomial visually to that
graph and it is included below as equations (7.11) through (7.13).

N =

kc Nell
1.2 + 0.05 [0.3 + (log10 (l/d) − 0.7)2 ]−1


kc = 1 +

"

(7.9)

#4/3 −1/2

l/d
5/7
1.178769µi



x = log10 (l/d)

(7.10)

(7.11)

β = 0.01851729x4 − 0.01515424x3 − 0.37379092x2
−0.79188605x − 0.50881135
Nell ≈ 10β

(7.12)
(7.13)

A graph based on equations (7.4) and (7.9) through (7.13) for several common
values of initial permeability is shown in figure 7.3. This chart, or something very
close to it may be found on many different 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 flux in the center of the
rod as shown in figure 7.4. As such, Fext = 1 by definition.
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Figure 7.3: Apparent Permeability for several common values of µi
Based on the voltage induced in each simulation, and the formula for induced
voltage (7.1), the value of µrod was determined. The f subscript is added to rod
geometry parameters (e.g. lf , Af ) to indicate they apply to the ferrite rod and not
the coil. Once µrod was determined, the demagnetization factor N could be computed
using (7.6). The last equality in the formula below includes the substitutions E =
1V/m, Fext = 1 and n = 1.
µrod =

Voc
Voc
=
EFext βAf n
βAf

n=1, Fext =1 E=1

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


lf
b = eM
M ≡ ln N = f ln µi , ln , and then N
df
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Figure 7.4: Simulation setup for estimating µrod

Comparing Estimates
The differences between computing µrod with equations (7.9) through (7.13) and simulation data are shown in figures 7.5 and 7.6.
µrod : Simulation Fits vs Published Equations

1000

µrod

100

10

2

1

10

100

Rod Aspect Ratio

Figure 7.5: Comparing µrod equations to simulation polynomial fits
Formula-based values are in red, while simulation-based data is in black. The
formulas consistently under-estimate simulated µrod values for aspect ratios in the
range {1..10} or so, and agree pretty well from about 20 to 40. Our simulations did
not examine ratios above 33, but the graphed fits have been extrapolated out to ratios
of 100:1 just out of curiosity. Curves for five different values of intrinsic permeability
are shown for both formula and simulation-based data: 125, 250, 500, 1000 and 2000.
In figure 7.6, the differences 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 µi , and the largest differences occur over a range of aspect ratios from
about 1 to 10.
These E-M simulations have not been verified against any real world measurements, so there’s no claim of any specific 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
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Figure 7.6: Difference between µrod equations and simulations in dB
assurance that can be offered. The best alternative for those who don’t trust the
simulation data is to use equations (7.9) through (7.13) to get N instead.

The Fext function
If the magnetic flux 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 flux in the rod over its length. Although equations exist to approximate this
average for coils centered on the rod, a more general approach is to have approximations for the flux variations along the rod. These approximations can then be
averaged over the physical range of the coil. This method can easily handle off-center
coils.
The paper by Bolton [Bolton-1] contains a graph and some functional approximations 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 l/d ratio, or the initial
permeability of the ferrite. Using and l/d ratio of 10:1, we first verified that our
simulations matched figure 4.8 in [Bolton-1], which is reproduced here as figure 7.7.
That data is almost identical to the curve labeled “Smith 2007”.
Further simulations with other aspect ratios however show that Fext does depend
on both the aspect ratio and initial permeability, µi .
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Figure 7.7: Bolton’s figure 4.8

Simulation-based Fext
Simulations were run over a wide range of permeability and aspect ratios. Data on
axial magnetic field variations across the rod were used generate polynomial curve
fits to the axial field variations. A total of 42 fits were generated for combinations
of seven different permeability values from 63 to 4000, and six different aspect ratios
from 5 to 28.
Because the magnetic field varies not only along the axis of the rod, but radially
as well, each simulation examined the field 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 field values were
averaged go get the value to which curve fits were generated. Figure 7.8 depicts the
three paths along which the fields were evaluated inside the ferrite.
The resulting fits may be evaluated to get reasonably accurate approximations to
axial field variations through the rod. These fits may then be averaged (i.e. integrated) across the coil position and compared to the field at the center of the rod to
generate the Fext value.
For combinations of µi and aspect ratio that are not tabulated, our suggestion
is to integrate all of the tabulated polynomials over the coil position using one of
(7.14) through (7.16). This will result in a set of Fext values over a 2-dimensional
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Figure 7.8: Axial paths for magnetic field evaluation
grid of µi 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 field 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 field
magnitude at the center has been normalized to one, so averaging across the coil
position will directly give the value for Fext . For a coil occupying a position between
x1 and x2 ,
Z x2
1
P (x)dx
(7.14)
Fext =
x 2 − x 1 x1
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 {x01 , x02 } represent the
ends of the coil as the distance from the rod’s center (relative to half the length of
the rod).
!
Z x01
Z x02
1
Fext = 0
P (x)dx +
P (x)dx
(7.15)
x1 + x02
0
0
In the special case of a centered coil of length 2x, both integrals yield identical
results and this can be simplified
Z
1 x
P (x)dx
(7.16)
Fext =
x 0
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Since the integrands are polynomials, the definite integrals may be explicitly written:
"N +1
# x2
Z x2 X
Z x2
N
X ck−1
ck xk dx =
xk
(7.17)
P (x)dx =
k
x1 k=0
x1
k=1
x1

Coefficients for the polynomial fits 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 l/d = 5
per rod to achieve a combined l/d = 10 yielded the following curve fit 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
+ 0.074
d

l/d=10, µi =125

Only a few simulations were performed, and it’s known that the sensitivity to gap
length is different for different values of µrod and or l/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 µi = 2000 and stacked l/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.
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 fit for this case is
Loss(dB) = −39.84

 g 2/3
+ 0.010
d

l/d=30, µi =2000

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

Ferrite-Imposed Limitations on Q
In various literature, the maximum attainable Q for the open magnetic configuration
of a ferrite cored inductor is claimed equal to the Q of a closed circuit multiplied
by the ratio (µi − 1)/(µrod − 1). The other possibility is that using µint 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.
The closed-circuit Q is given by the ratio of real to complex permeability, usually
denoted µ0 /µ00 in the literature. Both of these values are frequency dependent and
must be taken from manufacturer specifications. This is the expression for maximum
attainable Q based on ferrite losses alone.
µ0 µi − 1
,
µ00 µrod − 1
Experiments with high-loss ferrite rods and coils significantly larger in diameter
than the rod create a situation where µint is quite different from µrod . For example
with a 33-material half-inch diameter rod and a coil wound on a one-inch diameter
form, µrod is about 100 while µint is only about 11. This is a large enough difference
to suggest the above formula is more accurate than the alternate version using µint :
Qmax ≈

µ0 µi − 1
,
µ00 µint − 1
The second term in the equations reveals another engineering trade-off. Maximizing µrod by using a high permeability material and a very large L/D ratio, results
in µrod being only slightly less than µi 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 effective height.
To work an example, consider a rod of 61 material with L/D=15, wound with an
80% full-length coil. For this we find µ0 = 118.54, µ00 = 0.76, µi = 125, µrod = 64, so
a guess for maximum attainable Q at 2MHz is:
Qmax 6=

118.5 125 − 1
≈ 295
0.76 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 µrod = 99 which lowers Qmax to about
Qmax =
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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 19.3µH while it
rises to 248µH with the ferrite rod inserted. This provides a direct calculation of
µint = 248/19.3 = 12.85. For the 61 Material, µi = 125 and at 500kHz, µ0 =
117.95, µ00 = 0.48, so
117.95 125
≈ 2390
0.48 12.85
The overall Q is limited by the coil in this case, and doesn’t provide much help
confirming any of this.
Qmax =

Wire Losses
Over at least some range of frequencies, losses computed for air-core coils 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 be significant.
We built one antenna using 77-Material with µi =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.
dc ρ 2 p
N
lc δ
dw
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.
Rac = π

Rax

d2f
ρ 2 dw
= 32π N
δ
p 4d2f + lc2

 2
 2 
2
le
dc
dc
Lf
lc
2lc df
Lair

16π ρ 2 dw
d3c
=
N
lc δ
p 4d2f + lc2

 2 
2
le
Lf
lc
Lair
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Temperature Dependence of µi
The permeability of ferrite varies with temperature, and the characteristic can be
quite different for various materials. In fix-tuned antenna applications with high Q,
this must be taken into account to prevent the resonant frequency from straying too
far in operation at different temperatures.
The inductance of a ferrite-cored antenna coil varies approximately linearly with
µi . The resonant frequency varies with the square root of inductance. For small
percentage changes in inductance, resonant frequency will move by half as much.
The temperature dependence of µi may be linearized around a reference temperature
with a slope in percent per degree Celsius. Then the relative change in resonant
frequency will be half this much because
√
δ
1+δ ≈ 1+
2

δ1

To keep the tuning within the 3-dB bandwidth of the resonant circuit, the total
variation in inductance should be no more than the resonant frequency divided by
resonant Q, and AL should vary by no more than twice this. Although we provide a
suggested means for determining the inductance factor (AL ), one can use variations
in µrod as an approximate substitute.
Consider an example of a 77-material rod with aspect ratio of 15:1 (µi =2000 and
µrod ≈ 113.28). If resonant Q is 200, resonant frequency should not be allowed to
move more than a total of 1/200 or ±1/400 of the center frequency. With the 2:1
relationship between resonance and inductance, temperature variations should not
move µrod by a relative amount of no more than ±2/400 or ±0.5% to keep the loop
properly tuned.
By trial and error, it is found that with µi =2225 causes µrod to increase by 0.5%
to 113.85. This is an increase in µi from 2000 to 2225 or about 11.2%. The data
sheet for 77 material specifies a temperature dependence of 0.7%/C so the acceptable
variation in temperature would be 11.2% / 0.7%/C or ±16C.

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 additional 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.
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• Temperature dependence of capacitors used to resonate the loop must be considered. In many cases this will not be a significant 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.

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
(µi = 125) and 52 (µi = 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 different L/D ratios for both materials in figures 7.9 and 7.10.
These plots reflect only ferrite losses.
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Figure 7.9: Ferrite 61 Material Q factor
The other effect of varying µrod is on effective 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 offers a 7.5-inch rod for
$24US in 2019. They are also the only vendor which seems to offer a 12-inch rod
(L/D=24) for about $100, which represents a large increase in the cost per linear
inch.
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Figure 7.10: Ferrite 52 Material Q factor
As the L/D ratio is increased without limit, µrod will eventually become equal to
µi . Since in the end, antenna effective height varies linearly with µrod , it is useful to
plot the ratio µrod /µi in decibels.
Figure 7.11 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 combinations thereof are marked on the X-axis. Compare for example the difference between
half-inch diameter rods with lengths of four and 7.5 inches – it is about 5dB and this
is a significant difference. Likewise, compare one 7.5 inch rod to two of them joined
tightly in series (L/D ratios of 15 versus 30). This ia almost a 4dB difference and
also significant. However, stacking three rods in series (L/D 45) only yields another
1dB improvement in the limit. These benefits 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 fit, and it is not known
whether attempting to bond them together with some sort of glue would create an
unacceptable gap.
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urod versus L/D ratio for ui=125 (61 Material)
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Figure 7.11: Ferrite 61 Material effect of L/D ratio
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Chapter 8
Ferrite Sleeve Loops

Figure 8.1: Example of Ferrite Sleeve Loop Antenna for MW band
There seems to be a bit of a fad regarding antenna designs using a large number of
ferrite rods arranged as shown in figure 8.1. These are often called ferrite sleeve loops
or FSLs for short. A lot of qualitative praise is given to such antenna designs, but
there is a dearth of quantitative measurement, or theoretical analysis on the topic.
The chapter on loop antenna output coupling is relevant here, as many FSL designs
use magnetic coupling to the internal antenna of a portable receiver and the result
is a double-tuned transformer. This chapter develops methods to accurately predict
the effective height of FSL designs, but does cover the prediction of inductance.
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Analysis
FSL antennas are mostly air-cored with a relatively thin ferrite sleeve upon which
the coil is wound. The theory and formulas presented so far apply to solid ferrite
rods and that will be a good place to start. To make things a bit simpler at first, it’s
assumed there are no gaps between individual ferrite rods and that they form a solid
sleeve.
Now surely, replacing the sleeve with a solid ferrite rod having the same outside
dimensions would improve the performance (if a solid 7-inch diameter ferrite rod were
available). Figure 8.2 shows the difference between a solid rod and the ferrite sleeve.
This is a useful first step in the analysis as this is just a normal ferrite rod design,
albiet a large, stubby one. Computation of effective height and other parameters is
easily done in the case of a solid rod.

Figure 8.2: Solid rod versus ferrite sleeve
The example design considered here is pictured in 8.1 and detailed in [DeBock-2].
It uses 68 rods, each 8mm in diameter and 140mm long. There is an 18-turn coil
wound around the ferrite rods. The outside diameter of the assembled core is estimated to be 7 inches (178mm) based on the construction document. At first, it will
be treated as a solid ferrite rod with the same outer dimensions – 178mm in diameter
and 140mm long.
This is a big, fat, stubby rod, and its l/d ratio is only 140/178 = 0.79. Assuming
µi = 400, we estimate that µrod ≈ 3.6. The best case is assumed, where Fext = 1
which gives µext = µrod ≈ 3.6.
In this case it doesn’t matter too much what µi is – for this small aspect ratio
even with µi = 2000, we find that µrod is only slightly higher and still rounds to 3.6.
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Reality Check
Wait. Hold the iPhone. We’re talking about µrod values of a whopping 3.6 here. A
typical single rod design for MW would have a µrod value of 50 or more. This bears
repeating.
Using a solid 7-inch diameter, 5-1/2 inch long ferrite core to build a loop
antenna will only increase the output voltage by a factor of 3.6 (about
11dB), compared to an air core.
And the true benefit isn’t even really that big. Without the ferrite core it would
require about 80% more turns in the coil to get the same inductance, and that would
cut the benefit roughly in half, down to about 5dB.
You may be wondering what’s wrong here. Well, it’s the ferrite rod’s aspect ratio
(l/d) of 0.79 that kills the effective permeability – go back and have a look at figure
7.3. In a typical, ferrite core MW antenna, the aspect ratio is usually at least 8-10 or
so, and here it is only 0.79. To increase µrod from 3.6 up to a more respectable 25, we
would need l/d = 5 so that solid ferrite core would need to be almost three feet long!
With the solid rod, computations for the non-resonant effective height at 1MHz
look like this:
2π × 106 π
× 0.1752 × 18 × 3.6 ≈ 0.033m
3 × 108 4
A non-resonant height of 33mm isn’t all that much, but it is 3.6 times better than
the 9mm height that would result without the solid core.
he = βAnµext =

Hollowing out the Rod
So in reality it’s not quite as bad as all that, but it isn’t a lot better either. Solid
7-inch diameter ferrite rods aren’t available, and they wouldn’t be affordable even
if you could find one. Not to mention that it would weigh about 35 pounds. So,
let’s hollow out the center of the rod, leaving behind only a thin sleeve, This can be
approximated by a whole bunch of small rods laid out in a circular pattern, as in
figure 8.1.
Removing material from the center of the solid ferrite core would be expected to
reduce µrod , but the question is: by how much? This was investigated with several
computer simulations and the result is a bit surprising at first, but makes a bit more
sense once you think on it a while. The reduction in µrod resulting from removal of
some percentage of the ferrite core area depends on both the l/d ratio and the value
of µrod for the solid rod. In general we find that the lower µrod is with a solid core,
the more material can be removed without reducing the permeability too much.
Figure 8.3 below shows this effect in two different ways. The x-axis on the two
graphs is the percentage of original core area remaining after we hog out the middle.
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This is based on simulations for ferrite with µi = 125. Because this effect depends
on the solid core’s aspect ratio, there are separate curves plotted for cores with l/d
ratios of 0.8, 1, 2, 4 and 10.
1

Sleeve permeability (µrod) relative to solid core
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Figure 8.3: Ferrite Sleeve Permeability
The left side of figure 8.3, shows the reduction in permeability compared to a
completely solid ferrite rod. The smaller the l/d ratio becomes, the less effect there
is if some of the core is hollowed out. That sounds good, until you look at the graph
on the right side of figure 8.3. This shows the actual rod permeability, µrod , as a
function of the amount of hollowing out that’s done. This reveals the ugly truth that
when you start with a small l/d ratio, the rod permeability is much smaller to begin
with so it’s not so helpful that you can hollow it out without losing much more. You
already gave the farm away by choosing a small l/d ratio.

Estimating µrod
The expression for the fraction of core material remaining in the sleeve compared to
a solid rod of radius r and diameter d is given by
 2
 r 2
di
r2 − ri2
i
=1−
=1−
Arem =
2
r
r
d
where ri , di are the radius or diameter at the inside edge of the sleeve.
The value of µrod for the ferrite sleeve is a function of three variables: µi , the aspect
ratio and Arem . As with the prediction of µrod for solid rods, an empirical approach
was taken and a large number of E-M simulations (about 2,200 in fact) were run to
create a data set of apparent permeability (µrod ) covering a 3-dimensional grid of
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values of µi , aspect ratio and Arem . This data set may then be interpolated using
various algorithms.
Similar to the situation with solid rods, it’s felt the best set of independent variables for interpolation is the logarithms of µi , aspect ratio and Arem , and the logarithm of µrod as the dependent variable. In other words, we take the natural logarithm
of the output and all input variables and interpolate using that data, instead of the
raw values.


lf
b = eM
M ≡ ln N = f ln µi , ln , ln Arem and then N
df

Rod and Bar compensation
So far, it’s been assumed the ferrite sleeve is solid. Typically, the sleeve is comprised of either small diameter rods, or flat bars arranged on a large diameter circle.
Some allowance should be made for the fact that there’s less ferrite in this kind of
construction than there would be in a solid sleeve.
The appendix discusses this compensation in more detail. The gist of it is to
assume a sleeve for estimating purposes which has the same average diameter as the
actual construction, but the thickness is reduced so the cross sectional area of the
solid sleeve and actual sleeve are the same.

What about Fext?
Axial field simulation data for solid rods is of unknown applicability to ferrite sleeves.
It certainly won’t be exactly correct and it’s not known how much error would be
introduced by using it. However, since Fext is usually pretty close to one for rods with
small aspect ratios, we can probably just set Fext = 1 for typical ferrite sleeves. The
bottom line however, is that this was not investigated with simulations, and any use
of solid-rod data for estimating Fext of ferrite sleeves would be pure guesswork.

Inductance
Fully characterizing the µL parameter that was defined for solid rods in [osengr-1]
would require a huge number of simulations covering a 4-D parameter space: µi ,
sleeve aspect ratio, sleeve thickness and coil length. This has not been attempted.
No recommendations are made here for predicting inductance of FSL designs. Wind
the coil and measure it.
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Optimum Coil Length
A few simulation runs show that even for aspect ratios as small as 0.6, the inductance
factor can be half as much for a full length coil compared to a very short one. By
that we mean the wire turns are spaced such that the coil occupies the entire length
of the ferrite sleeve.
However, Fext remains close to one for all coil lengths. This suggests that about
40% more turns of wire could be used if spaced out over the full length of the sleeve,
without adding more inductance. Because Fext remains close to one, effective height
would be improved by about 40% or 3dB by doing this.
The longer length of wire might result in reduced resonant Q which could cancel
the gain due to more turns. However, this would only be the case if wire resistance is
the determining factor for Q. Some experimentation would be required to figure this
out.

Output Coupling
The preceding analysis assumes the output is directly coupled to a receiver. That’s
often not the case, and the FSL antenna is magnetically coupled to the internal ferrite
antenna of a portable or tabletop radio. The chapter on output coupling deals with
this scenario and it is fully applicable here, so refer to that chapter for magnetically
coupled designs.

Analysis Procedure
To summarize the preceding material, here’s a step-by-step procedure for estimating
the non-resonant effective height of an FSL antenna design.
• If not known, assume a value for µi . 125 is a good choice for MW band ferrites.
A higher value might be appropriate for LF and VLF designs. Otherwise, use
the known value.
• Determine the true cross sectional area of the ferrite in the sleeve. Then, using
the average diameter of the sleeve material, determine the thickness of a solid
sleeve that would have the same cross sectional area. This gives the effective
OD and ID of a solid sleeve for computational purposes.
• Compute the sleeve aspect ratio which is the length divided by the adjusted
outside diameter from the previous step.
• Compute µrod by interpolating the simulation data set. The simulation data,
and sample Matlab/Octave scripts attached to the PDF form of this document
should be used.
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• Dealer’s choice. Either set Fext to one, or use the estimate of µrod to compute
Fext using the simulation data for a solid rod. For small aspect ratios, using a
value of one will not be too far off the mark.
• Compute effective height using the formula below.
he = β

π 2
d n µrod Fext
4

An Aside
The computation of µrod using (7.4) and (7.9) through (7.13) can be a bit tiresome
if a math-oriented computer application is not available. To save some effort and
expose some interesting relationships, we can linearize the result of those equations
for a single value of µi (e.g. µi = 125). This approximation covers three different
ranges of aspect ratio and results in no more than a 0.5dB error compared to the full
equations.

µrod ≈

 
l
+b
a
d

µrod ≈

2.7946(l/d) + 1.0903|0.1≤l/d≤1.4

µrod ≈

3.6139(l/d) − 0.1602|1.25≤l/d≤4

µrod ≈

3.0555(l/d) + 0.8535|0.4≤l/d≤2.2

Ignoring the additional reduction in µi due to the sleeve being hollowed out, an
interesting simplification results. Substituting this into the effective height equation
above gives

π
π
he = µrod Fext β d2 n ≈ β Fext n ald + bd2
4
4
Let’s assume that Fext doesn’t vary much (it doesn’t for small l/d) and set it to
one. Also, keep the aspect ratio within the range of a single linear approximation.
π
he ≈ β n(ald + bd2 )
4
Furthermore, if we assume either that (ald  bd2 ) or equivalently (al  bd), then
π
π
he ≈ β n(ald + bd2 ) ≈ β n a ld
4
4
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albd

Under all of these constraints, effective height is proportional to the product of the
ferrite sleeve’s length and diameter and the coil turn count. The reason this is worked
out here is that one experimenter (DeBock) discovered this rough dependence on the
length-diameter product, and invented a score for FSL designs which is the ferrite rod
or bar length in mm multiplied by the outside diameter of the sleeve construction in
inches. The score did not include coil turn count, and it’s possible that variations in
antenna diameters (the bd2 term) was compensated for by smaller turn counts being
required for larger diameters.

Air Core Comparisons
If the simulations we ran are valid, and we believe they are, the 7-inch FSL design
shown at the beginning of this chapter has a non-resonant effective height of 33mm
at 1MHz. We estimate the actual coil diameter of this design is 185mm (7.3 inches)
based on published construction documents and manufacturer data for the design
components.
The following air core designs compare very favorably in non-resonant effective
height as the 7-inch FSL antenna we’ve been looking at.
• A 300mm (12 inch) diameter loop with 21 turns of wire on 2.5mm pitch has
he = 30mm. Approximate inductance would be 220µH and an SRF in the range
of 4-5MHz which is a good match for direct connection to an Si4735-based radio.
• A 220mm (8.7-inch) diameter loop with 38 turns of wire on 3.7mm pitch has
he = 30mm. It would have an inductance of about 290µH and SRF in the range
of 3.5-4MHz. With the wide winding pitch, Litz wire might not be required.
• A 185mm (7.3-inch) diameter loop with 43 turns of wire on a 3.3mm pitch
would have the same coil length as the original sleeve (140mm) and the same
coil diameter. SRF is again in the 4-5MHz range. The inductance would be
about 280µH with he = 24.3mm. This example occupies the same volume as
the FSL design, but falls short of it’s effective height by only 1.8dB.
At this point, it should be clear that while adding all those ferrite rods to the
antenna as a sleeve does improve performance, the small sleeve aspect ratios typically
encountered limit these designs to a modest reduction in size over an equivalent air
core coil.
Since µrod (for a solid rod) can be looked at as a gain term, we can generate a
plot of best possible gain due to a ferrite sleeve versus it’s aspect ratio, as seen in
figure 8.4. In published designs, the largest aspect ratio we see is about 2.3, but it’s
typically much smaller.
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FSL Gain due to sleeve versus aspect ratio, µi=125
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Figure 8.4: Effective sleeve gain vs aspect ratio

Comparisons Between Loops
Although we believe our analysis of FSL designs to be sound, without some physical
experiments for confirmation, it’s not possible to say the analysis is correct. We don’t
really have the motivation to go out and build any FSL designs for this purpose so
until someone can provide a quantitative comparison with a known air-core design
the analysis here is unproven.
We know of no published comparisons of FSL antennas to other FSLs, or air
core loops where the antennas being compared are individually hard-wired to the
same receiver with numeric RSSI values being recorded. There are lots of published
comparisons which use magnetic coupling to a portable receiver and subjective scoring
of performance. As pointed out in the chapter on output coupling, predicting the
overall performance in this case requires knowledge of the external loop’s Q, and
none of the published studies provide that.
For the sake of completeness, here is a proposed performance factor which may
predict the relative performance of two different external, magnetically coupled loops
– assuming the receiver can be located for critical coupling with each loop.
s
he1 Q1
he2 Q2
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Examples
DeBock published an article [DeBock-1] which compares the performance of eight
different FSL antennas using magnetic coupling to a portable receiver. We added two
more designs to the list, one 2-inch FSL made with flat ferrite bars, and a monster
17-inch design using 10x200mm rods.
Each antenna’s effective height was both simulated and calculated using the procedures defined in this chapter. Figure 8.5 shows the results, and compares simulated
to estimated heights as well as a modified DeBock score (see below). OD values are
in inches. Rod/bar dimensions and effective heights are in millimeters.
Sleeve Coil Effective Ht Modified
FSL Design Name
Rod/Bar Size Count
OD
Turns
Sim
Calc Debock
------------------------------------------------------------------------------3-inch Micro
Rod 8 x 65
27
3.00
36
11.38 11.95 17.00
3.5-inch Long John
Rod 10 x 200
23
3.50
27
28.81 29.64 24.77
5-inch Short-rod
Rod 8 x 65
47
5.00
30
18.73 19.08 19.00
5-inch Ultra Light
Rod 8 x 140
45
5.00
26
28.48 29.27 24.77
7-inch AM-Band
Rod 8 x 140
64
7.00
20
32.61 33.24 29.08
17-inch DXpedition
Rod 10 x 200
129
17.00
10
66.04 67.05 66.31
3-inch Bar
Bar 3x20x100
10
3.25
42
18.93 21.19 19.00
5-inch Bar
Bar 3x20x100
17
5.00
33
25.16 27.48 21.69
7-inch Bar
Bar 3x20x100
25
7.00
23
27.39 29.39 24.77
3-inch PL-380 Model
Bar 3x20x100
8
2.24
36
11.00 12.64 17.45

Figure 8.5: Partial calculation data for rod-based FSLs.
DeBock in [DeBock-1] compared eight of these designs and proposed a score to rate
their performance. If that score is divided by 65 and 14 is added to it, there’s a good
correlation between that and the effective heights (both simulated and estimated).
Figure 8.6 shows how the estimated heights, and modified DeBock scores compare to
the simulated heights, which are shown in decibels relative to one millimeter.
Although not mentioned in his report, we believe there’s an unstated detail in
DeBock’s comparisons that the coil turn count in each design was selected to give
approximately the same self inductance. This places a further constraint on the test
designs, and it would appear this aids in making those scores agree well with effective
height values. Clearly, one could add or remove turns from the coil in any given
design, changing the effective height but not the DeBock score, as that only depends
on the ferrite sleeve’s length and diameter.

Unknowns
Although there is good correlation between estimated effective heights and most of
DeBock’s performance rankings, there are some uncontrolled experimental variables
that add an unknown amount of uncertainty.
• Simulated and estimated values are non-resonant height comparisons.
• Experimental results are magnetically coupled, resonant configurations.
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Simulated FSL effective heights vs estimates and modified DeBock scores
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Figure 8.6: Simulated heights vs estimates and DeBock scores
• Experiments used double-tuned magnetic coupling, with an unknown coupling
coefficient.
• The effective Q of each loop tested is unknown.
• It’s not known if the FSL diameters listed in the report are actual OD values
for the sleeve, approximate, or measurement of some other value such as coil
diameter. It is assumed they are sleeve OD values.
It can be claimed that the estimating techniques proposed herein compare well
with simulation results. The same cannot be said for the apparent correlation between
DeBock’s results due to the uncertainties listed above.

FSL Simulation Details
The eight designs analyzed in [DeBock-1] are built with 660/46 Litz wire (OD of 56
mils) closely spaced. We didn’t want to simulate the full turn count, but did want to
get the coil lengths right, so simulations used 28-mil solid octagonal wire spaced 112
mils apart and half the number of turns. Simulated heights were then compensated
by doubling the induced voltage, to make up for the difference in turn count.
A 100 mil gap was used between ferrite form and coil. The use of solid wire in the
simulations will not effect the non-resonant effective height, but it would be important
for AC resistance and Q estimates.
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A Smaller FSL Design
The smaller 2-inch FSL that was analyzed above is shown in figure 8.7. It’s built
with eight flat eight ferrite bars, 3mm thick and 100mm long arranged with a 50mm
(2-inch) ID and 56.8mm OD.

Figure 8.7: 2-inch FSL using flat ferrite bars
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$1,000 FSL Analysis
The monster 17-inch design included in the analysis above is pictured in figure 8.8.
This has OD of 420mm, ID of 400mm and uses 129 10x200mm ferrite rods.

Figure 8.8: $1000 FSL antenna
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One Quantitative Comparison
Connected to the FSL example [DeBock-2], a video on YouTube [DeBock-3] provides
the only known quantitative comparison, in this case with a 7-turn, resonant 4-foot
square loop antenna. We’ve estimated he = 30mm for the FSL antenna and he =
220mm for the air-core loop, which equates to a 17dB difference. However, we don’t
know the Q values for the two external loops, and we don’t know if critical coupling
was achieved with either loop.

Figure 8.9: FSL Loop Comparison from DeBock
Figure 8.9 shows that there’s 6dB more signal strength with the air-core loop
(49dB versus 43dB RSSI) as indicated on the receiver1 . Because loop Q values and
evidence of critical coupling are not published, nothing conclusive can be said about
these results.
This example is brought up not to validate our analysis of FSL antennas (it
doesn’t), but to point out what we feel are the shortcomings in some of the studies
that have been published.

Comments on Published FSL Performance
There are several published examples of good performance obtained using FSL antennas. One in particular that stands out are many reports of trips to some cliff-side
pullouts off Highway 101 just north of Manzanita, Oregon. Apparently, this is a location where MW signals from New Zealand and the South Pacific area can be frequently
received. There are many reports of FSL antennas being used with good results in
this location. The problem is, there don’t seem to be any reports of comparisons
with different antennas (preferably air-core loops) with known design parameters. As
such, it is very difficult to conclude anything about the performance of FSL antennas
compared to air core loops from these trip reports.
1

In the video, more emphasis is given to the receiver’s SNR display, but effective height should
be more directly reflected in the RSSI value.
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There are also comments about FSL antennas being less noise sensitive, but there’s
so little quantitative information available about this that it’s hard to say much about
it here. If the issue is capacitive pickup of electric field noise, this might make some
sense. A larger loop with more wire will have a larger capacitive coupling to such noise
sources, unless the antenna is balanced and common mode rejection in the receiver
is adequate.

Suggestions for Experimenters
• Some portable radios (like the Tecsun PL-380 and PL-606) have digital signal
strength readouts. Use them! Don’t just rely on qualitative judgments of signal
reception. While it’s useful to describe results qualitatively, write down the signal strength and SNR numbers too. Pay more attention to the signal strength,
but the SNR values may also give clues about loop tuning, bandwidth, and
common mode noise rejection.
• Don’t limit experiments to very weak stations. Measure some stronger stations
which don’t overload the receiver so as to get some solid RSSI values.
• Record as much data as possible about the loop, including measured inductance
and Q values.
• Try to verify whether critical coupling is achieved. This would be evidenced
by the RSSI value reaching a peak and then dropping again as the receiver is
slowly moved closer to the external loop.
• After critical coupling is achieved, re-tune the external loop to resonance and
move the receiver off frequency then back. That will ensure everything is tuned
to resonance in case the loop coupling has shifted the previously tuned resonance.
• Place each loop in the same location for testing if at all possible, or at least
swap locations between loops and re-run the tests to be sure that the location
isn’t having a significant effect.
External loops with very high Qs will have very narrow bandwidths. For example,
a loop Q of 400 at 1MHz has a total bandwidth of 4kHz – which is a 2kHz one-sided
bandwidth. This is narrow enough that it can start to filter out some of the high
frequency noise in the demodulated audio and may give the impression of clearer
reception. It will have much less effect on the total power received however, which is
another reason to record RSSI numbers when available.
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FSL Summary
This chapter has attempted to provide some much needed analysis of the workings of
FSL antennas. We have not performed real world tests to validate the simulations and
analysis presented here. If others are motivated to perform some more quantitative
experiments it would help to confirm or refute the analysis presnted here.
We’re not all that enthused about FSL designs if our analysis is correct. It would
seem that the reduction in size provided by the ferrite sleeve is not all that great, and
the extra cost and weight are substantial compared to an air core loop. Again, this is
our opinion and it’s based on an analysis that hasn’t been verified yet by experiments.
We hope others find this information useful for designing FSL antennas, or for deciding
whether to build one of these beasts.
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Chapter 9
Design Strategies
This chapter presents a variety of approaches for designing electrically small loop
antennas. It’s unpolished and unfinished. For now, this is mostly just a collection of
disconnected and incompleete ideas, presented in the hope that some of them may be
useful.
Some of the fairly obvious steps that should be taken up front are as follows:
1. Determine expected signal strength, bandwidth and atmospheric noise levels.
2. Determine overall receiver bandwidth required to keep atmospheric noise level
to acceptable levels.
3. Determine required receiver input voltage and impedance.

Effective Height
For air core loops, one way to start is by assuming a fixed length of wire and looking at
how he varies with either the turn count, or loop radius. These relationships between
wire length, turn count, area and radius may be substituted into the formula for
effective height.
lw
l2
lw
, r=
, A= w2
2πr
2πn
4πn
First, height may be expressed as a function of wire length and turn count:
n=

βlw2
4πn
Then as a function of wire length and loop radius, but with the realization that
only discrete values of radii will result in an integer turn count,
he = βAn =

he = βAn =

βπr2 lw
βrlw
=
2πr
2
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With a fixed length of wire then, effective height varies directly with radius, and
inversely with turn count.
In some cases (e.g. AM broadcast band loops), problems with self resonance may
end up limiting the amount of wire that can be used. In other cases (e.g. 60kHz
loops) this won’t often be a concern.
For inductance calculations, a fixed length of wire, lw , can be specified for the
loop, and along with the winding pitch, additional relationships can be specified.
l
lw p
lw2
lw p
2
,
=
,
and
rn
=
2πr
d
4πr2
4π 2 r
Substituting these into one of the above formulas, we can write inductance as a
function of radius, winding length and pitch.
l = np =

L = L(r, lw , p)
There’s no attempt to actually work out that expression here. Rather, this idea
may be of use in developing design software to find inductance based on these inputs,
or to find one of the three inputs based on a desired inductance and the other two
inputs.

Resonant Loops
Inductance
The required loop Q can be used to infer a maximum inductance value, based on
the receiver’s input impedance and a guess at copper losses. This is one piece of the
optimization puzzle that must be considered as part of the design.
The calculations here are only apply at the resonant frequency of the loop. Loops
covering a range of frequencies will require examination of these equations at multiple frequencies. Using equation (E.2) for the transformed value of receiver input
impedance, the resulting Q is

RT (C) = Rloss + Rser = Rloss +

Q(C) =

RL
1 + (ωc RL C)2

1
RT ωc C

The capacitor or inductor value that will yield a desired value for Rser is is easily
worked out.
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RL = Rser + ωc2 RL2 Rser C 2
1
C =
ωc

s

RL − Rser
1
≈ √
2
RL Rser
ωc RL Rser

RL Rser

√
RL Rser
L ≈
ωc
Making a graphical plot of Rser versus inductance L would be helpful going forward.

Q
Using expressions derived above,

Q=

2πf
L(r, lw , p)
lw ρ(f, dw )

(9.1)

Because the inductance (L(·)) and resistivity (ρ(·)) functions are not trivial, this
expression will not be further simplified here. Instead, it will be simpler to plug in a
set of fixed values such as (f, dw , lw , p), making Q only a function of r. Then Q may
be evaluated and plotted as a function of loop radius. This is one way to get a handle
on the range of loop radii which might be acceptable.
Continuing the example with 64 meters of 20 gauge wire wound on a 6.3mm pitch,
we find resistivity to be 36.6mΩ/m at 60kHz for a total resistance of 2.3Ω.

Equivalent Air and Ferrite Core Loops
Here’s another possible method to design an air core loop. We start with a known
ferrite loop and wish to build an air loop with larger effective height. The diameter
of an air core loop whose effective height is g times the height of the ferrite loop can
be derived as follows. Since there is at least one free parameter that must still be
chosen, it is assume that a specified length of wire must be used in the air core loop.
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ghf = ha
gµo µext ωAf nf = µo ωAa na
gµext πDf2 nf = πDa2 na
na =

lw
πDa

gµext πDf2 nf = Da lw
Da = g

µext πDf2 nf
lw

Take a ferrite loop with µext = 60, half inch diameter and 225 turns of wire. What
diameter is required for an air core loop wound with 300 feet of wire which has ten
times the height of the ferrite loop?
60 × π × 0.52 × 225
≈ 29.45inch
Da = 10
12 × 300
and the turn count will be
12 × 300
≈ 38.9
π × 29.45
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Effective Height vs Diameter
d =

lw
,
nπ

π
A =
4

n=



lw
nπ

he = βAn =

=

lw
πd

2
=

lw2
4πn2

βlw2
4πn

βlw2 πd
βlw d
=
4π lw
4

For a fixed turn count, height varies as wire length squared. For a fixed diameter,
height varies as wire length.

Noise vs Loop Geometry
It will be useful to have some expressions for signal-to-thermal noise ratio based
on the geometry of the loop. Loop parameters determine effective height, and that
determines the signal voltage induced in the loop, so it’s just a matter of a few
algebraic substitutions.
We’ll refer to the external field strength with the suffix “s” for signal. The voltage
induced by it is
es = Es hs = Es βAa na
The signal-to-thermal noise ratio can be worked out in terms of loop geometry as
follows.
Es βAa na
Es βπra2 na
es
=√
=√
en
8πkT Brnρ
8πkT Brna ρ
 r

√
√
Es β π 3/2 √
π
=√
r
n = Es
β r3/2 n
8kT Bρ
8kT Bρ
3

r n=



es 1
en Es β

2

8kT Bρ
π

(9.2)

This result can be manipulated in several ways to suit the design process. We
could for example, hold the parameters on the right hand side of (9.2) fixed which
provides a relationship between loop radius and turn count.
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In some cases, especially at MW and upper LF frequencies it is not difficult to
design a multi-term loop which has a self-resonance frequency that is too low. One
way to avoid this is by keeping the total length of wire less than 0.1 to 0.2 λ at the
highest operating frequency. When the total length of wire in the loop is specified, it
creates a relationship between radius and turn count:
n=

lw
2πr

which can be substituted into (9.2):
r2 lw
=
2π



es 1
en Es β

es 4
r=
en Es β
es
Es βr
=
en
4

2

r

s

8kT Bρ
π

kT Bρ
lw

lw
kT Bρ

(9.3)

(9.4)

These last two expressions are useful whenever the design process specifies a fixed
length of wire. At room temperature (300K), equation (9.3) becomes
r
es 257 × 10−12 Bρ
r≈
en
Es β
lw
For an example, let fo = 60kHz, Es = 10µV/m, ρ = 0.05Ω/m and B = 500Hz.
r≈

es 0.102
√
en
lw

To achieve a 10:1 signal-to-noise ratio (SNR) with 64 meters of wire,
r≈

10 × 0.102
√
≈ 0.128m
30

and
lw
≈ 79.5turns
2πr
Noise calculations, paired with effective height specifications can provide a large
part of the information needed to nail down a particular loop design.
Given a total length of wire to be used, effective height can be quantified in terms
of loop radius.
n=
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he = βAn = βπr2
r=

lw
βlw r
=
2πr
2

2
he
βlw

(9.5)
(9.6)

Continuing with the above example, at 60kHz with 60 meters of wire,
r
and n ≈ 38 turns
25
For example, if an effective height of 20mm is required, we get r = 0.5m. And
since this is larger than the 0.128m radius required for a 10:1 SNR, it becomes the
determining factor.
Now, if the desired he cannot be obtained with a reasonable loop radius, the only
alternative is to increase the wire length, as long as SRF stays high enough. For
example, setting lw = 150 meters gives r ≈ 10.6he .
r ≈ 25he ,

and he ≈
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Example Analyses
Here are a few examples of analyzing loop antennas.

60kHz Antennas
Analysis of five 60kHz loop antennas are considered here. This was born from real
world experience. A 60kHz receiver module along with a ferrite core resonant loop
had been removed from an old atomic clock (Oregon Scientific brand). The module
was wired up to an Arduino Uno and a decoding sketch was written for the experiment. Several different antennas were connected to this receiver and the performance
examined. Tests were performed on the West coast of the U.S. References to sunrise
and sunset may be at either the receiver (West coast) or transmitter site (Colorado).
The antennas tried were:
• The original loop with a very small ferrite rod (8 x 60mm). This antenna would
only pull in WWVB at certain times of the day, and not even on every day.
• A 6-inch air core loop wound with 83 turns of 22AWG wire. A good signal was
received for most of the day, but there were still periods with intermittent or
no reception.
• A 14-by-20 inch rectangular air core design, wound with 36 turns of 20AWG
wire using a cardboard box as a form. This worked quite reliably and had good
reception at nearly all times of the day with the exception of narrow 30-minute
windows near sunrise and sunset.
• 40-inch octagonal loop with 24 turns of 20AWG wire. This worked even better
but still lost the signal for short periods of time near sunrise and sunset.
• A ferrite antenna was made using 77-material. The measured Q of this loop
was a lot less than predicted using simple formulas for losses in air core loops.
We predicted a Q of over 400 but the actual value was only about 200. When
loaded with the receiver, it drops to about 160.
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Below is presented an analysis of these five antennas, and it can give some estimate
of field strength based on a guess at receiver sensitivity. The guess we make is that
the receiver module is an MSA6180C which has a published sensitivity at the receiver
terminals of 0.4µV, and input impedance of 600kΩ. The Q for each loop is limited
by this impedance value.
Another guess is that the published sensitivity value is actually the receiver’s noise
floor, so it’s also assumed that a signal 20dB above that is required for solid reception.
Therefore, the E-field sensitivities in figure 9.2 are found by dividing a sensitivity of
4µV by the resonant effective height.
Figure 9.1 shows measured and computed data for these antennas, plus a hypothetical ferrite loop that could be built with 77 material (more on that below). The
Q values are based on measured or estimated un-loaded Q with additional loading by
the specified receiver input impedance. For ferrite core antennas, µrod was estimated
to come up with effective height. As such, the he values have more uncertainty.
Figure 9.2 shows noise present in the resonant bandwidth only for the sake of
curiosity. The receiver module employs a 60kHz crystal to filter the incoming signal
so the actual noise bandwidth is only a few Hertz, and thermal noise from any of
these loops is not a factor.
Coil

225T, 30AWG
83T, 22AWG
36T, 20AWG
24T, 20AWG
157T, 22AWG
* 157T, 22AWG

Core

L(µH)

Q

2044

165

0.50 mm

0.083m

1023
1355
1345

160
141
144

2.3mm
8.6mm
25.8mm

0.37m
1.21m
3.7m

2068
2048

370
163

2.3mm
2.3mm

0.84m
0.37m

52 material
8x60mm
Air
170mm Dia
533x356mm
1.016m Octagon
77 material
12.7 x 190mm
12.7 x 190mm

Effective Height
Raw
Resonant

Figure 9.1: Example loop particulars

WWVB Field Strength Estimates
These tests were performed on the second floor of a residential building. With the
170mm loop, it was clear that man made noise was an issue as the exact location of
the loop was critical. Even with careful placement, an unknown amount of this noise
was present. This was not the case with the two larger loops, they could be placed
just about anywhere and still get reliable reception.
Based on our estimate of receiver sensitivity, we conclude that the WWVB signal
strength can drop below 5-10µV/m at times around sunrise and sunset, and at other
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Coil

225T, 30AWG
83T, 22AWG
36T, 20AWG
24T, 20AWG
157T, 22AWG
* 157T, 22AWG

Core
52 material
8x60mm
Air
170mm Dia
533x356mm
1.016mm Octagon
77 material
12.7 x 190mm
12.7 x 190mm

Noise
µV/m

Sensitivity
µV/m

13

48

2.1
0.7
0.24

11
3.3
1.1

1.1
2.9

4.8
10.7

Figure 9.2: Example loop sensitivities
times exceeds 40-50µV/m at the test location. Although the data sheet for the receiver
module leaves a fair bit of uncertainty in these numbers, this demonstrates how
ballpark field strength estimates may be made without expensive instrumentation.

77 Material
The MnZn ferrite designated “77 Material” has µi = 2000 and a µ0 /µ00 ≈ 100 at
60kHz, according to the Fair-Rite company. An antenna was built using this material
and is included in the list above. A rod of 1/2 inch diameter and 7.5 inches long was
obtained from Amidon. We estimate µrod ≈ 113 for this rod.
22-gauge wire was selected for the coil. By running 2-D analysis scans in Matlab
over turn count and coil length, a maximum of effective height occurred with 178
turns for a 6.525 inch long coil. Backing off to 155 turns with a 6.5 inch long coil only
drops the height by 0.1dB so this was chosen for the design point. Figure 9.3 shows
the physical parameters and predicted performance for this design.
Wire gauge
Turns
Coil Dia
Coil length
Load Resistance
Inductance
Noise bandwidth
Thermal noise
Effective height

22
155
16.5mm
165 mm (6.50 inch)
600 kΩ
2.02mH
250 Hz
2.5nV
2.3 mm

Wire Diameter
Winding Pitch
Wire Length
DC resistance
AC resistance
Loaded Q
Coil Form Dia
E-field referenced
Resonant he

0.644 mm (25.3 mils)
1.07mm (42.1 mils)
8.035m
350 mΩ
500 mΩ
370
15.9mm
1.1 µV/m
840 mm

Figure 9.3: 60kHz antenna design using 77 Material
The one analysis result that’s significantly off is the value of loaded Q. This is
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due to the lack of accurate formulae where high Q ferrite materials are used. As
presented above, the actual loaded Q was only 163, not 370 as predicted, so the
actual performance is about 7dB worse, giving a more realistic effective height of
370mm.
With correction for true loaded Q, this design has the same sensitivity as the
170mm air-core loop. Note that its largest linear dimension (190mm) is about the
same as the diameter of the air core loop with similar performance. This illustrates
our belief that in general, equivalent ferrite core loop rods must be slightly larger
than the diameter of a given air-core antenna.

AM Band Example
The Eton Field BT radio has a built-in ferrite loop connected to a Silicon Labs
Si4735 single chip receiver. This receiver automatically adjusts input capacitance to
tune the loop to resonance. The SI Labs data sheet claims the receivercan accept a
loop inductance values between 180 and 450µH, so it is entirely feasible to replace
the ferrite loop with an external air-core loop1 .
The ferrite antenna’s measured Q begins dropping above 400kHz, probably due
to ferrite losses since the coil is wound with Litz wire. Perhaps a ferrite material with
high µi was chosen for the design which has significant losses in the AM band.
Coil
85T, Litz
101T, Litz
31T 20AWG
12T, 22AWG
7T, 20AWG

Core
Ferrite 1x14cm
Air 16.8cm round
Air 58cm square
Air 122cm octagon

L(µH)
600
790
270
220
160

Q
he (mm) en µV/m
300
3.8
19
400
4.7
27
200
7.8
9.2
400
46
1.4
250
97
0.35

Figure 9.4: AM Band Antenna Examples
Figure 9.4 shows measured and calculated parameters for three antennas: the
original ferrite loop, an intermediate size air-core loop, and a large four-foot octagonal
air core loop. For the ferrite core, µext = 59 was used for calculation of effective height.
Compared to the large octagonal loop, the 16.8cm round loop is about 20dB less
sensitive, and the Eton Field BT’s ferrite antenna about 26dB less. Tests performed
with a Tecsun PL-380 radio hard-wired to each of these antennas seems to confirm
these relative sensitivities within 3dB or so. However, this assumes the radio tunes
each coil to the same Q value and that is far from certain.
1

The Field BT’s ferrite antenna inductance is much higher than the acceptable range published
in the Silicon Labs Si473x data sheet. It is not clear whether this is an error in the design or data
sheet, or if some circuit modifications were incorported by Eton to accommodate this large value of
inductance. Regardless, 210µH air core loops work well over the entire AM band.
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4 foot Air-Core Loop for Eton Field BT
Parameter
Value
Shape
Octagon
Area
1.16 m2
Circumference
3.96m
Equivalent circular diameter
1.230m
Turn count
7
Wire length
27.65m (0.16λ@1700kHz)
Average Winding pitch
7.26mm
Non-resonant he @ 540kHz
97mm
Resonant he @ 540kHz, Q=50
4.9m
Wire
20ga, 0.812mm dia
Parameter
Estimated
Measured
Inductance
161.8µH
159.3µH
Q @ 400kHz
216
204
SRF
4.27MHz
4.07MHz
DC Resistance
1.00
0.95 Ω
Figure 9.5: Air core loop for Eton Field BT
The estimated SRF was determined as 80% of that expected for a free-hanging,
disconnected loop. Measured SRF of the loop with connections implies an equivalent parallel capacitance of 9.6pF. A capacitance of 51pF is required to resonate at
1710kHz, leaving headroom of about 33pF for stray and wiring capacitance.
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Appendix A
Symbols
All units are MKS (meters, kilograms, seconds, Hertz, Henries, Farads, etc) unless
otherwise noted. Although we attempt to delineate coil and ferrite rod parameters
with d and f subscripts, that may not be the case everywhere and in some cases the
meaning is implied by the context.
r, rc , rf Coil or ferrite rod radius
d, dc , df Coil or ferrite rod diameter
l, lc , lf Coil winding or ferrite rod length
A Area, either that inside the coil, or that of a cross-section of ferrite core
n Number of turns in coil
p Winding pitch – distance between adjacent turns in the coil
w Coil wire diameter
f Frequency
ω Radian frequency
o Permittivity of free space, about 8.854pF/m
Zo Impedance of free space, approximately 377Ω
E Electric field RMS intensity, volts/meter
H Magnetic field RMS intensity, Teslas
he Effective height, meters
Q Component or circuit Q factor
R Resistance
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Permeability symbols are shown in a separate list here as they come with many
different subscripts. All the different variants are explained in the text.
µo Permeability of free space, 4π × 10−7 H/m
µi Initial permeability of ferrite material
µa Apparent permeability of cylindrical ferrite rod
µext Apparent external permeability of ferrite rod with coil
µint Apparent internal permeability of ferrite rod with coil
µ With any other subscript, represents a permeability relative to µo
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Appendix B
Double-Tuned Transformers
(1-k)Lp

Ctune

RP

M

k Lp

(1-k)Ls

k Ls

VP = E le

RS

C radio

RL

VS

Figure B.1: Double tuned transformer model
There are several resources on the internet which provide a full analysis of the
double-tuned transformer that is used to model two tuned, magnetically coupled
loop antennas here, as in figure B.1.
This analysis assumes both primary and secondary inductance are tuned to the
same frequency, fc (with corresponding radian frequency ωc ). The critical coupling
factor, kc results in the largest possible voltage across RL .
Maximum gain occurs with critical coupling, where k = kc , but the classic flat-top
response only occurs here when the primary and secondary Q values are about equal.
With wildly different Qs, the flat-top condition will occur at a higher value, when
k > kc .
In typical usage, the Q values of primary and secondary are chosen to be the same,
Qp = Qs . However, in this case, Qs is determined by the portable radio and is often
unknown. For AM broadcast signals, one may guess that it is likely no more than
50-100 or so, since larger values will start to attenuate high frequencies in the audio
modulation. It may also vary with frequency, but that’s also unknown.
Here are the equations to determine the critical coupling factor, kc , and we note
that for typical situations, the best possible gain at resonance is about equal to the
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inverse of kc .
s

Ls
Lp
ωc Ls
Qs1 =
Rs
Qs1 Qs2
Qs =
Qs1 + Qs2
p
1
V RL
≈ Qp Qs =
VP
kc
N=
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Qp =

ωc Lp
Rp

Qs2 = RL ωc Cradio
1
kc = p
Qp Qs

Appendix C
Noise Bandwidth
Here we provide a justification of the noise bandwidth for the antenna tuned circuit
model used in this paper. The approximation used is
π
B3dB
2
The ratio between noise and 3dB bandwidths is termed the noise bandwidth ratio
and is assumed to be a constant equal to π/2 herein.
Normalized to a maximum magnitude of one, the voltage output of the tuned
antenna versus frequency is:
Bnoise =

1/Q
1 − θ2 + jθ/Q

(C.1)

where θ = ω/ωo = f /fo
The magnitude-sqared of the denominator is
X(θ) = θ4 − (2 − 1/Q2 )θ2 + 1
To find noise bandwidth we need to integrate the magnitude squared
Z ∞
Z ∞
1
dθ
1
dθ
= 2
2
4
Q 0 X(θ)
Q 0 θ − (2 − 1/Q2 )θ + 1

(C.2)

(C.3)

The integrand is a ratio of polynomials with four poles in the denominator (two
repeated pairs). This integral may be evaluated using the Residue Theorem, which
yields the value of the integral from negative to positive infinity.
Z ∞
Z ∞
dθ
dθ
=2
X(θ)
−∞ X(θ)
0
We only want the integral from zero to infinity, so the result will need to be divided
by two. Due to the repeated poles, a partial fraction expansion of 1/X(θ) must be
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Nois e B andwidth R atio les s π/2

10

10

10

10

-1

Nois e bandwidth ratio as a function of circuit Q

-2

-3

-4

10

100
R es onant circuit Q

Figure C.1: Noise bandwidth ratio dependence on Q
created; then the residuals at every pole in the upper half of the complex plane (those
with non-negative imaginary parts) are summed.
For large values of Q the noise bandwidth is very close to the 3dB bandwidth
multiplied by π/2. The actual ratio is always larger than this value, never smaller.
This result is only applicable to the tuned antenna circuit shown in figure 4.1. Note
that this circuit passes the noise voltage through un-attenuated at low frequencies –
this is the reason that the ratio is always larger than π/2.
This problem was solved in Matlab for values of Q between about 3 and 100 and
the results are shown in figure C.1. This shows that for values of Q even as low as
three, errors in computed noise levels are insignificant if a fixed value of π/2 is used
for the ratio. The error here at Q = 3 is only about 1/4 dB in the noise ratio.
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Appendix D
Antenna Noise Output
Figure D.1 shows the gain of the antenna tuned circuit for both thermal and atmospheric noise as well as man-made noise and signals. This is shown for three different
values of Q. The important fact here is that below resonance, the gain (relative to
resonant gain) is 1/Q – low frequency noise is passed through attenuated by Q.
20
Q=10
Q=100
Q=500

R elative Amplitude, dB

0

-20

-40

-60

-80

-100
-2
10

10

-1

10

0

10

1

Normaliz ed F requency

Figure D.1: Noise Gain of Tuned Antenna

Thermal Noise
Because the antenna passes noise below resonance un-attenuated, thermal noise is
present with a bandwidth of approximately fo . In addition to that, thermal noise in
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a bandwidth of πfo /2Q amplified by Q is also present. Total power in thermal noise
is then

π 
(D.1)
pnoise = 4kT R fo + fo
2
The noise power at fo is only slightly larger (about 2dB) than the integrated
low frequency thermal noise. If atmospheric noise contributions at fo are more than
this total thermal noise then it won’t be the limiting factor. Otherwise, a small
improvement can be gained by filtering out the low-frequency portion.

Atmospheric Noise
20
Q=10
Q=100
Q=500

Atmos pheric nois e dens ity, dB

0
-20
-40
-60
-80
-100
-120
-140
4
10

10

5

F requency

Figure D.2: Atmospheric noise density at tuned antenna output
Referring to figure 2.2 we can see that atmospheric noise below 1MHz increases
at least 40dB per decade with decreasing frequency. This data for Fa = 60dB at
1MHz (typical of US) has been manually digitized and added to the noise gain for an
antenna tuned to 60kHz. The result is shown in figure D.2.
Since this data must be integrated over linear frequency to determine total noise
voltage, it is useful to look at this data plotted versus linear frequency, as shown in
figure D.3.
As noted earlier, in figure D.1 the integrated noise below f0 is only 2dB less than
that at resonance. As such, in figure D.3 it becomes clear that additional low-pass
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Figure D.3: Atmospheric noise output vs linear frequency
filtering will be necessary to control low frequency atmospheric noise at the receiver
input.
Furthermore, with thermal noise, the relative contribution of noise below fo is
independent of circuit Q. In figure D.3 it is obvious this is no longer the case – higher
Q circuits will require less low-pass filtering than low-Q circuits.

Example 1
Design air-core resonant receive antenna for WWVB signal at 60kHz.
• Receiver is MAS6180C with 600kΩ input impedance, with a specified sensitivity
of 1µV worst case.
• Resonant noise bandwidth to be 500Hz – 3dB bandwidh is 320Hz.
• Expected level of atmospheric noise is about 7µV/m.
• Thermal noise should be 10dB below atmospheric in 500Hz bandwidth.
• Atmospheric noise at receiver input should be 10dB above receiver sensitivity
or 3.2µV.
For bandwidth requirement, resonant Q must be 60kHz/320Hz or about 190.
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First guess at wire resistance is 3 ohms, with 5nV RMS thermal noise in 500Hz
noise bandwidth. Atmospheric noise s/b 10dB higher or 16nV in the non-resonant
coil.
To meet atmospheric-to-thermal noise ratio, effective height must be at least
(16nV)/(7µV/m) or 2.3mm.
To meet receiver input voltage requirement, resonant effective height must be
(3.2µV)/(7µV/m) or about 0.46 meters. The non-resonant height would be 0.46/190
or about 2.4mm. Luckily, that’s almost exactly the same requirement imposed by the
thermal noise specification. Finally, to provide a little headroom, the target will be
a non-resonant he = 3mm.
The required inductance to get a Q of 190 at 60kHz is 1.52mH. This is a good
first parameter to satisfy. By trying different total wire lengths and a tight winding
pitch (25 mils with wire diameter being 22 mils including insulation) it was found
that coil of radius 5.5 inches with 91 turns yields 3.59mH with 80m of wire 262 feet).
Resistance is 6.7 ohms and Q=202. However the high inductance means the resistance
transforms to a high value (273k) at resonance and the receiver’s input impedance
kills it.
Bottom line – it’s not going to be possible to get the desired value of Q with an
air-core coil. The effective transformed resistance is 9.8 ohms, so the receiver has
added 3.1 ohms effectively.
Q becomes 138, and he = 7.0mm and resonant he = 0.97m – call it 1m. Noise
bandwidth is 680Hz which is a 1.3dB increase in atmospheric and thermal noise levels
that will appear at receiver input.
Due to the new Q and he , atmospheric noise level at receiver input will be 7µV.
Thermal noise level will be 1.5µV.

Ferrite-Coupled Example
This is intended to boost signals in the AM broadcast band between 540 and 1700kHz.
The loop is large enough that a receiver with internal ferrite loop will fit inside the
form to access the strongest magnetic fields. To avoid problems with the receiver’s
ferrite rod reducing the SRF too low, a minimum target air core SRF of 5MHz was
used. A total wire length of about 20m was chosen – about 0.11λ at 1700kHz.
The outer shield of a small coax cable was used to construct the loop. Due to
the relatively large coax shield diameter, it has a very small AC resistance – only
about 0.05Ω/m at 1700kHz. This is equivalent to using AWG 10 wire to wind the
coil, and due to skin effect the AC resistances are comparable. Neglecting proximity
effects, the total AC resistance will be one ohm or less over the band of frequencies.
Therefore, the overall Q is too high at resonance and additional resistance is added
to achieve a 3dB bandwidth of about 12kHz.
A section cut from a scrap fiberglass water softener tank provided the coil form
with an outside diameter just over nine inches. This is large enough for the portable
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receiver to fit inside the form and receive the best signal boost.
Winding inside diameter
Turn count
Total wire length
Wire diameter
Winding pitch
SRF (estimated)
Inductance (measured)
Added R
3dB and noise bandwidths
Tuning capacitor
Thermal noise

232mm
27
19.67 m
2.49mm
5.48mm
6.1 MHz
140µH
10Ω
12kHz
570 to 57pF
4.4 to 1.4 µV/m

9.13 in
64.54 ft
98 mil
220 mil

18kHz

Figure D.4: Ferrite Coupled Design Example
Thermal noise has been computed at room temperature using the noise bandwidth
of the tuned loop, not the 3dB bandwidth. The resulting noise voltage is converted
to an equivalent E-field strength through the effective height of the antenna – which
varies linearly with frequency. The equivalent thermal noise is larger at the low end
of the band because the antenna’s effective height is smaller there.
For computing the extra resistance for a specific bandwidth,
B=

fo R
R
fo
=
=
Q
2πfo L
2πL

so,
R = 2πBL

Receiver Bandpass Filtering
60kHz receivers often use a 60kHz crystal to filter out excess noise. This may create
an excessively narrow bandwidth and slow down carrier amplitude transitions. Is it
feasible to use a wider bandwidth?

Estimating Crystal Q
Not many datasheets will specify the Q value. Some (e.g. from Abracon) will give
the shunt capacitance and the ratio between shunt and motional capacitance. This
allows computation of impedance at resonance and Q based on specified motional
resistance.
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Using data for the Abracon ABS25 crystal, the possible range of Q at 60kHz
would be from about 13,000 to 53,000 for a bandwidth range of 4.6Hz to 1.1Hz.
At 1.1Hz bandwidth would require about at 10ppm frequency tolerance, and typical
commercial 60kHz crystals are 20ppm tolerance at best, so it may be safe to assume
that typical bandwidths are between 2.4 and 4.6Hz. These bandwidths may be too
narrow and it’s likely that a series resistance is added to the crystal to reduce the Q
and get something more reasonable. Even so, it’s still likely the resulting bandwidth
is only 20Hz or less.
These narrow bandwidths have a significant impact on how fast the receiver can
responsd to carrier amplitude changes.

Discrete Component Filtering
Tight tolerance (5%) are available in 10mH SMT packages with Q values of 30 (Bourns
SDR0503 series). These could be used to create a 60kHz bandpass filter with sufficient
rejection of the low-frequency atmospheric noise. The tolerance is not quite good
enough for that high of a Q value but it’s close.

MAS6180C
Input impedance is 600k ohms and with high-Q ferrite antenna, this impedance results
in a 6dB signal amplitude loss and the effective Q is reduced and bandwidth is about
250-300Hz instead of the 140Hz with a higher input impedance.
In this situation antenna L is 3.950mH, R is 2.8 ohms and C for resonance is
1.7813nF. The effective output impedance of the antenna at resonance is about 800k
ohms.
The MAS6180C receiver’s input impedance cuts the antenna Q about in half, and
reduces gain by 6dB.
Consider AD8605 amplifier setup as voltage follower and a series LC filter on the
output terminated in a resistor. LC filter is 10mH series with 7.04nF and inductor
has Q of 30. Resistance is then 125 ohms at resonance. Put it in series with 50 ohm
resistor so total Q is 21. If amplifier has gain of 20 then overall gain including 50-ohm
resistor is about 3.
This feeds the MSA6180C input.
Opamp current noise is 10fA/root-Hz times 800k is 8nV and 12nV from voltage
noise, so say total input referred noise is 20nV/root-Hz. With a 200Hz noise bw,
that’s 0.28uV total noise. Acceptable.
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Appendix E
Exact Resonant Loop Analysis
We’ll look at limits on load resistance in two ways. First the Thevenin equivalent circuit of the loop from the point of view of the load resistor will illustrate the impedance
transformation that occurs to the loss resistance.
To find exact and approximate expressions for changes in resonant frequency and
Q due to load resistance, a series equivalent of the load resistor in parallel with the
tuning capacitor is required.

Thevenin Equivalent
One way to look at the limitations on load resistance is through the Thevenin equivalent of the loop at resonance, as seen from the load terminals.

L

R

2

QR
C

1/(ωQR)
Load

Load

VOC = -j Q E he

VOC = E he

Figure E.1: Thevenin equivalent of tuned loop at resonance
To determine the Thevenin equivalent of the circuit at resonance, we use that fact
that the loop’s inductance is exactly canceled by the tuning capacitor. As such, this
analysis is only valid at resonance. At resonance, the Q of the circuit is equal to the
capacitive or inductive reactance divided by the resistance,
Q=

ωc L
1
=
R
Rωc C
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The Thevenin voltage is set by a voltage divider composed of two impedances,
(R + jωc L), and 1/(jωc C).
Vth = Voc

−j/(ωc C)
−j/(ωc C)
= Voc
= −jQVoc
R + jωL − j/(ωc C)
R

To work out the source impedance, we’ll use the Laplace transform variable s
initially, and switch to s = jωc at the end. The desired impedance is the parallel combination of two impedances, the capacitor (1/(sC)), and the inductor plus
resistor, (R + sL). We again use the fact that at resonance, sL = −1/(sC), and
sC = −1/sL.
Zth =

sL + R
sL + R
(sL + R)/sC
=
=
sL + R + 1/sC
sRC
−R/sL

multiplying numerator and denominator by sL/R2 :
Zth =

sL + R
(sL/R)2 + sL/R
=
−R/sL
−1/R

Again, noting that at resonance with s = jωc , sL/R = jQ, and substituting
s = jω,
Zth = RQ2 − jRQ
which has the resistance increased by Q2 in series with a capacitor with reactance
of RQ at resonance, which is a value of Cth = 1/(ωc RQ)

Thevenin Result

71kΩ

-j380Ω
Load

VOC = -j 190 E he
Figure E.2: Thevenin example for 60kHz loop
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As shown in figure E.2, at resonance, the voltage induced in the loop the the
external E-field is multiplied is increased by a factor of 190, and phase shifted by -90
degrees.
The impedance seen looking into the resonated loop is the series combination of
a resistor of value R2 Q in series with a capacitor of value 1/(ωc RQ).
To get a feeling for what this might look like, consider a loop with 1mH of inductance, 2 ohms of total loss resistance, and resonated at 60kHz with about 7nF of
capacitance. The Q of this setup is about 190, and the loss resistance of 2 ohms is
transformed to about 71k ohms and it appears in series with a capacitive reactance
of about 380 ohms.
The design of an amplifier for this source would mostly be concerned with the
71k ohm input resistance and the reactance might be safely ignored. There might be
tight limits on amplifier input current noise, as it would be converted to noise voltage
across the 71k ohm source impedance.

Series Equivalent of RL || Ctune

R ser
C tune

RL
C ser

Figure E.3: Series equivalent of load
The other way to look at loop loading is to convert the parallel combination of
tuning capacitor and load resistor to a series equivalent. This permits determination
of how much the loop’s Q, resonant frequency, and output voltage are reduced by the
addition of a load resistance.
The components RL and Ctune are symbolized heres by R, C for convenience. We
expect at DC for the capacitor value to go to infinity, and at high frequencies, for the
resistor to go to zero.
ZL =

R/sC
R
sR2 C − R
=
=
R + 1/sC
sRC + 1
(sRC)2 − 1

with s = jω,
ZL =

−jωR2 C + R
(ωRC)2 + 1
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The reactive portion is
−j

R2 C
1
1
= −j
= −j
2
2
2
ωR C + 1/ω
ωC + 1/(R ωC)
ωC(1 + 1/(ωRC)2 )

This looks like a capacitor of value


Cser

1
=C 1+
(ωRC)2


(E.1)

and a resistor of
Rser =

R
1 + (ωRC)2

(E.2)

This looks right – the capacitor value goes from infinity at DC to just C at high
frequency, and the resistor is R at DC and goes to zero at infinity. Now the effect
of this on loop Q can be examined. For simplicity we define the Q of the series
combination as the ratio of capacitive reactance to resistance, also returning the
original subscripts to the values:
Qser =

1
ωRL Ctune

and we have
Cser = Ctune (1 + Q2ser (ωc ))
and
Rser =

RL
1 + 1/Q2ser

The load resistor modifies the equivalent capacitance, and this will shift the resonant frequency slightly – very little for high values of Q. The resonant fequency is
now:
1
ωc = p
LCser (ωc )
This is technically a problem because the equivalent capacitance which determines
resonance is itself a function of frequency. For high values of load resistor it won’t
matter much, but to be complete, resonance occurs exactly where (dropping the
suffixes on RL , Ctune ):
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1
LC
= LCser (ω) = LC +
2
ω
(ωRC)2
ω2
1
1
2
= ω2 +
=
ω
+
LC
(ωRC)2
(RC)2
1
1
ω2 =
−
LC (RC)2
So the exact resonant frequency is
s
ωc =

1
1
−
LCtune (RL Ctune )2

The actual loop Q at resonance can be computed either using L or Cser .
Q=

1
ωc L
=
ωc Cser (Rrad + Rloss + Rser )
Rrad + Rloss + Rser

ω=ωc

Approximations
Let the resonant frequency without a load resistor be ωc∞ . The change in resonant
frequency can be safely ignored when
(ωc∞ RL Ctune )2  1
where ωco is the resonant frequency with RL = ∞. The change in Q may be
ignored when
1

p
Rloss RL 

= ωc∞ L
ωc∞ C
In other words, the geometric mean of loss and load resistance must be much
greater than capacitive reactance at resonance in order to ignore the effect of RL on
the overall circuit Q.
This can also be written
RL 

(ωc∞ L)2
Rloss

In approximate terms, if RL is ten times this limit, Q will be reduced 10% and if
it is 100 times the limit, Q is reduced by 1%.
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Example
Consider a loop tuned to resonance with an inductance of 200 µH, loss resistance of
8Ω, and capacitor of 120pF. Then add a load resistance of 600kΩ and find the change
in Q and resonant frequency. Working the numbers is an exercise left for the reader,
but our answer is shown in the table below.
Resonant Frequency
Resonant Q

RL = ∞
1,027,340.7 Hz
161.4

RL = 600kΩ Change
1,027,338.4 Hz -2.4 Hz
119.8
41.6

There is an imperceptible change in resonant frequency but a drastic reduction in
Q. In order for Q not to be reduced more than 10% by RL ,
RL ≈ 10

12912
(ωc∞ L)2
≈ 10
≈ 2.08MΩ
Rloss
8
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Appendix F
Miscellaneous
Inductance Calculations
The calculation of inductance of air core loops for this article were done using Robert
Weavers’s methods, and in particular the Lcoil function as defined in [Weaver]. In
our limited experience, these methods generally yield results which match measured
inductances to an accuracy of 1% or better.

Skin Effect
These two formulas are often used for computing skin depth and the resulting resistance of solid copper wire. See Wikipedia on the topic of Skin Effect for example.
r

p
2ρ 
ρω + 1 + ρω
(F.1)
δ=
ωµ
J = Js e−(1+j)d/δ

(F.2)

For those interested in higher accuracy in all cases, a paper published by Dr.
David Knight [ITU-R] provides an algorithm accurate to parts-per-billion. Use of
those methods instead of the above formula makes little difference (hundredths of a
percent) for the examples presented in this article.
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Core Area
Ferrite rods often are circular but with two flats on opposite sides of the diameter.
To include that in the area use these formulas. Let r be the rod radius and f the
distance across the flats.

r
f

Figure F.1: Ferrite core cross section
Angle between center of flat and one edge is
φ = cos−1

f
f
= cos−1
2r
d

Width of the flat is
w = 2r sin φ
Area of cut-out is area of sector less area of triangle which has base formed by flat
of width w and height of f /2


wf
f r sin φ
f sin φ
2
2
2
Acut = φr −
= φr −
=r φ−
4
2
2r
The area of the ferrite rod is then the circular area less twice the cut area:
Arod






f sin φ
2φ f sin φ
2
= πr − r 2φ −
= πr 1 −
−
r
π
πr



f
2
2
= πr 1 −
φ − sin φ
π
d
2

2

(F.3)

The percent loss of material due to the presence of flats on the rod is plotted in
figure F.2. The x-axis is the ratio between distance across the flats and the diameter
of the rod.
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Material los s due to flats on ferrite rod

P ercent Materal Los t

10
8
6
4
2

0.8

0.82

0.84

0.86

0.88
0.9
0.92
F lat-to-Diameter R atio

0.94

Figure F.2: Effect of flats on round ferrite rods
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0.96

0.98

Effective Size of Ferrite Sleeve
When composed of multiple round rods or flat bars, the sleeve has less total ferrite
area in cross section than would a solid sleeve. The ratio of these areas and the
dimensions of a sleeve having the same average diameter are easily worked out.

Rod Construction
Let R be the average sleeve radius – O.D. plus I.D. over two, r the rod radius and n
the number of rods in the sleeve. The cross section of a solid sleeve with same I.D.
and O.D. is
Af ull = π((R + r)2 − (R − r)2 ) = 4πRr
The actual cross sectional area is simply
Atrue = nπr2
So the fraction of the sleeve outline filled with ferrite is
nr
nd
nπr2
=
=
4πRr
4R
4D
where we can use diameters instead of radii in the comparison.
Take an actual design from DeBock which has 23 10mm diameter rods with a
sleeve OD of 3.5 inches (89mm). The fraction of the sleeve outline comprised of
ferrite is:
α=

23 × 10
≈ 0.646
4 × 89
This reveals that 64.6% of the outline is filled with ferrite.
The next question is, what sleeve thickness with the same average radius would
have the same cross sectional area of ferrite? Let req be half of this equivalent thickness.
nπr2 = 4πRreq
nπr2
nr2
req =
=
= αr
4πR
4R
deq = 2 req = α d
Continuing the example, we find that
deq =

23 × 102
≈ 6.46
4 × 89
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(F.4)
(F.5)

A ferrite sleeve with thickness of 6.46mm has the same cross sectional area as the
actual configuration. The average diameter of the design is (89-10) or 79mm and the
equivelant sleeve would have OD of (79+6.46) or 85.46mm and ID of (79-6.46) or
72.54mm.
This effectively changes the L/D ratio by the change in OD, and changes the
remaining area as well.
A second example uses 64 8mm rods on a 7-inch (178mm) OD circle. For this, we
have D = 178 − 8 = 170mm, α ≈ 0.719. The effective sleeve thickness is deq = αd ≈
5.75mm. This has an effective OD of R + deq ≈ 175.75mm.

Bar Construction
A similar analysis is done here, but it’s assumed that the flat bars are not really flat,
but have a small radius matching the circle that they’re placed on.
Again, the average radius, R is used, and w will represent the bar width, with t
being the thickness. The total amount of ferrite around this circle is the bar width
times the number of bars. The ratio of this to the circumference of a circle of average
radius R is what you’d have if the sleeve were solid. That leads to this:
nw
2πR
where w is the bar width. From there the effective OD and ID of the equivalent
solid sleeve are given by
α=

R ± αt
where t is the bar thickness. Where very thin bars are used, it may not matter
too much if the FSL design OD or average diameters are used.
For an example, consider a two-inch ID design built with eight flat bars, each
20mm wide and 3mm thick. The average diameter would be 2 inches plus 20mm or
53.8mm. The circumference of that circle is 169mm while the total of all bar widths is
8×20mm or 160mm. That gives α = 160/169 ≈ 0.95. Thus, the sleeve thickness used
to compute effective external permeability would be 0.95 × 3mm or about 2.85mm.
These adjustments may not always make a significant difference, but it’s worthwhile to make a quick calculation just to see. Finally, there’s some error here because
we assume the bars are curved to match the circle and not flat. How much that
matters depends on the number of bars.
Alternate Technique
Another approach is to estimate the average gap between bars around the circle and
divide that by bar width to get the value of (1 − α).
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Area of Octagon
This proceeds by finding the area of the triangle formed by the line from center to
one apex, then half-way across a flat side, then back to the center. There are 16 such
triangles in the octagon so multiplying by 16 gives the total area.
Assume we are given the distance across the flats, f . The angle at the center from
the center of a side to the adjacent apex is φ = 2π/16 = π/8. The length of the line
from center to center the center of a side is f /2, and the length of the side s is:
tan φ =

s/2
, or s = f tan φ
f /2

The area of that right triangle is one half width times height:
tan φ 2
1 s f
=
f
2 2 2
8
And the total area of the octagon is sixteen times that:

π 2
f
A = 2 tan
8
and the diameter of a circle having the same area is
r
r
π
π
4
8
Deq =
2f 2 tan = f
tan ≈ 1.0270f
π
8
π
8
The circumference is just eight times the length of a side:

π
C = 8 tan
f
8
At =
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Appendix G
Axial Field Polynomial Fits
These are fourth order polynomials and the independent variable, x is position relative
to center of rod, with zero being the center and one being the end. Since fields are
symmetrical about the center, only one side of the rod is considered.
H(x) =

4
X

ck x k

k=0

µi
63

lf /df
c4
c3
c2
c1
5.00 -1.5329 2.2676 -1.6685 0.2008
7.07 -1.5844 2.3210 -1.6975 0.1972
10.00 -1.6731 2.4038 -1.7114 0.1970
14.14 -1.9721 2.8987 -1.9955 0.2718
20.00 -2.2592 3.2286 -2.0779 0.3060
28.28 -2.6284 3.6011 -2.0674 0.2960
125 5.00 -1.4836 2.2123 -1.6690 0.1962
7.07 -1.4814 2.1935 -1.6758 0.1860
10.00 -1.4865 2.1646 -1.6565 0.1764
14.14 -1.6577 2.4838 -1.8835 0.2357
20.00 -1.7416 2.5166 -1.8567 0.2451
28.28 -1.8268 2.4409 -1.6560 0.1984
250 5.00 -1.4578 2.1837 -1.6696 0.1939
7.07 -1.4275 2.1283 -1.6659 0.1802
10.00 -1.3883 2.0430 -1.6320 0.1658
14.14 -1.4903 2.2745 -1.8360 0.2173
20.00 -1.4583 2.1556 -1.7655 0.2140
28.28 -1.3698 1.8427 -1.4893 0.1483
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c0
0.9927
0.9907
0.9835
0.9840
0.9815
0.9848
0.9929
0.9911
0.9842
0.9853
0.9852
0.9884
0.9930
0.9913
0.9846
0.9860
0.9864
0.9902

µi
500

lf /df
5.00
7.07
10.00
14.14
20.00
28.28
1000 5.00
7.07
10.00
14.14
20.00
28.28
2000 5.00
7.07
10.00
14.14
20.00
28.28
4000 5.00
7.07
10.00
14.14
20.00
28.28

c4
-1.4448
-1.4000
-1.3380
-1.4043
-1.3118
-1.1300
-1.4389
-1.3867
-1.3129
-1.3608
-1.2374
-1.0081
-1.4388
-1.3820
-1.3012
-1.3394
-1.2002
-0.9468
-1.4495
-1.3876
-1.2994
-1.3302
-1.1819
-0.9163

c3
2.1695
2.0955
1.9821
2.1703
1.9786
1.5537
2.1634
2.0799
1.9520
2.1188
1.8917
1.4149
2.1643
2.0754
1.9387
2.0938
1.8490
1.3476
2.1808
2.0864
1.9391
2.0842
1.8287
1.3148

c2
-1.6701
-1.6613
-1.6207
-1.8152
-1.7288
-1.4287
-1.6708
-1.6595
-1.6156
-1.8059
-1.7134
-1.4067
-1.6727
-1.6602
-1.6140
-1.8019
-1.7065
-1.3983
-1.6802
-1.6670
-1.6168
-1.8014
-1.7038
-1.3949

c1
0.1927
0.1772
0.1605
0.2081
0.1985
0.1238
0.1922
0.1758
0.1579
0.2035
0.1909
0.1120
0.1922
0.1754
0.1567
0.2013
0.1871
0.1062
0.1934
0.1764
0.1568
0.2005
0.1854
0.1033

c0
0.9930
0.9915
0.9848
0.9863
0.9870
0.9911
0.9931
0.9915
0.9849
0.9865
0.9873
0.9916
0.9931
0.9915
0.9849
0.9865
0.9874
0.9918
0.9930
0.9915
0.9849
0.9866
0.9875
0.9919

The field value estimates produced by these curve fits must be integrated over the
range of x-values corresponding to the position occupied by the coil and divided by
the coil length to get an average value of the field within the coil. That answer is
relative to the field at the center of the rod. See the chapter on ferrite core loops for
more on applying these curve fits.
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Appendix H
Worked Examples
Calculations for three of the example antennas are worked out in detail here.
The bandwidth that is used for thermal (and atmospheric) noise in any calculation
will depend on the situation. In some cases, the resonant bandwidth is appropriate,
in others the receiver or other system bandwidth might be the correct choice.

60kHz Thermal Noise
Thermal noise calculations shown below are not directly useful for the 60kHz examples
because the receiver’s bandwidth is set by a crystal filter. They are just shown for
purposes of illustration.

MW Receiver Sensitivity
The MW antenna calculations are based on a Silicon Labs Si4374 receiver. The
specified input sensitivity of 25µV is specified at 26dB (S+N)/N power ratio (400:1)
(2kHz IF bandwidth). Here, our use of the term SNR will mean the ratio of signal
plus noise power to noise power. The relationships between SNR and signal and noise
voltages are as follows:
SNR = (s2 + n2 )/n2 ,

or,

n= √

s
,
SNR − 1

p
and s = n (SNR − 1)

In this case the SNR of 26dB is roughly a 400:1 power ratio, which corresponds
to a receiver noise floor voltage of
r
(25µV)2
n≈
≈ 1.25µV
400 − 1
This is a reasonable SNR value for a listenable signal, but for DXing purposes,
stations may can often be identified with higher noise levels. Therefore, calculations
in in this appendix will use an SNR of 10dB or a 10:1 power ratio, and we have
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s≈

p

(1.25µV)2 (10 − 1) ≈ 3.8µV

Tuned Loop Q
One of the unknowns for this receiver is the final Q of the tuned loop antenna. It’s
important to know this because it has a direct bearing on the overall effective height
of the system.
None of the documentation indicates that the receiver adds any resistance across
the loop to intentionally lower the Q. However, there are obviously varactors or equivalent in the receiver and these may result in a lowered Q value. For the purposes
here, it’s assumed the tuned loop has a Q of 50, regardless of the actual Q of the
unloaded loop.
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Large 60kHz Rectangular Air Core Loop
Form
Rectangular, 533x356mm (21x14 inches)
Coil
36T insulated 20ga copper, closely spaced
Inductance
1355uH
Resistance at 60kHz 3.20Ω

Loaded Q
Using equation (E.2)),
ω = 2π × 60, 000 ≈ 377krad/s
1
≈ 5.19nF
Ctune =
2
(377k) × 1335uH
600kΩ
≈ 0.44Ω
Rser =
1 + (377k × 600kΩ × 5.19nF)2
ωL
377k × 1355µH
Q =
=
≈ 141
R
3.20 + 0.44
fc
60kHz
B3dB =
=
≈ 426Hz
Q
141
π
Bnoise =
B3dB ≈ 670Hz
2
The transformed receiver input impedance (0.44 ohms) is not the major determining factor in loaded Q, but it does pull it down noticeably.

Effective Height
ω
377k
=
≈ 0.00126
c
3 × 108
A = 0.533 × 0.356 ≈ 0.190m2
he = βAn = 0.00126 × 0.190 × 36 ≈ 8.6mm
he (resonant) = he Q = 8.2 × 141 ≈ 1.21m
β =

At this point, estimated receiver sensitivity of 4µV may be referred back to an
E-field value by dividing it by the resonant effective height,
Esens =

4µV
≈ 3.3µV/m
1.21m
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Thermal Noise
At a temperature of 300K, with noise bandwidth of 670Hz and resistance of (3.76 +
1.05 ≈ 4.8Ω).
√

√
4kT ≈ 129pV/ Ω Hz
√
√
en =
4kT BR = 129pV × 670 × 3.6 ≈ 6.35nV
en
6.35nV
En =
=
≈ 0.74µV/m
he
8.6mm
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Small 60kHz Ferrite Loop
Ferrite Rod
Coil

7.700mm dia, 6.723mm across flats, 59.2mm long
225T 30ga copper wire, 2 layers
Bottom layer 38.5mm long
Top layer 16.5mm long, centered over bottom layer
Inductance
2100uH
Equivalent Parallel C 105pF
Resistance at 60kHz 3.76Ω

Core Area
Using equation (F.3),
6.732
= 0.5092
7.700 


1
6.732 sin(0.5092)
2
A = π(7.700/2) 1 −
2 × 0.5092 −
≈ 44.1mm2
π
7.700/2
r
r
A
44.1
=
≈ 3.747mm
req =
π
π
59.2
≈ 7.90
l/d =
2 × 3.747
φ = cos−1

Permeabilities
0.0021
≈ 41.5nH/T2
2252
AL lf
41.5nH/T2 × 0.0592m
=
=
≈ 44.3
µo Af
1257nH/m × 44.1 × 10−6 m2

AL =
µint

There’s a bit of a problem here as µint has come out unreasonably high. Even with
µi = 2000, we calculate µrod = 39.2 for the given aspect ratio l/d = 7.90. However,
this is a two layer coil and equations for that have not been developed here.
In order to get some ballpark numbers, we will use µrod = µext = 40. The results
should not be off by more than a factor of two.

Loaded Q
Using equation (E.2)),
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ω = 2π × 60, 000 ≈ 377krad/s
1
Ctune =
≈ 3.35nF
2
(377k) × 2100uH
600kΩ
Rser =
≈ 1.045Ω
1 + (377k × 600kΩ × 3.35nF)2
ωL
377k × 2100µH
Q =
=
≈ 165
R
3.76 + 1.045
fc
60kHz
B3dB =
=
≈ 360Hz
Q
165
π
Bnoise =
B3dB ≈ 570Hz
2
The transformed receiver input impedance (1.045 ohms) is not the major determining factor in loaded Q, but it does pull it down noticeably.

Effective Height
ω
377k
=
≈ 0.00126
c
3 × 108
he = µext βAn = 40 × 0.00126 × 44.1 × 10−6 × 225 ≈ 0.50mm
he (resonant) = he Q = 0.50 × 165 ≈ 83mm
β =

At this point, estimated receiver sensitivity of 4µV may be referred back to an
E-field value by dividing it by the resonant effective height,
Esens =

4µV
≈ 48µV/m
0.083m

Thermal Noise
At a temperature of 300K, with noise bandwidth of 570Hz and resistance of (3.76 +
1.05 ≈ 4.8Ω).
√
√
4kT ≈ 129pV/ Ω Hz
√
√
en =
4kT BR = 129pV × 570 × 4.8 ≈ 6.7nV
en
6.7nV
En =
=
≈ 13.4µV/m
he
0.50mm
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40-inch Octagonal 60kHz Loop
Frequency
Form
Coil
Spacing
Inductance
Resistance at 60kHz
Parallel capacitance
SRF

60kHz
Octagonal, 1.016m (40 inches) across flats
24T 20ga PVC insulated wire
3.2mm (1/8 inch)
1345µH
3.1Ω
13.6pF
1.19MHz

The turn spacing is about 4 times the wire diameter, so proximity effects may be
significant, but are ignored for this example calculation.

Loaded Q
Using equation (E.2)),
ω = 2π × 60kHz ≈ 377krad/s
1
≈ 5.233nF
Ctune =
2
(377k) × 1345uH
600kΩ
Rser =
≈ 0.43Ω
1 + (377k × 600kΩ × 5.233nF)2
377k × 1345µH
ωL
=
≈ 144
Q =
R
3.10 + 0.43

fc
60kHz
=
≈ 420Hz
Q
144
π
=
B3dB ≈ 650Hz
2

B3dB =
Bnoise

Effective Height
β =
A =
he =
he (resonant) =

ω
377 × 103
=
≈ 0.00126
c
3 × 108
 2

2
d
π
1.016
8
tan = 8
× 0.4142 ≈ 0.855m2
2
8
2
βAn = 0.00126 × 0.855 × 24 ≈ 25.8mm
he Q = 0.0258 × 144 ≈ 3.7m
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At this point, a receiver sensitivity of 4µV may be referred back to an equivalent
E-field value by dividing it by the resonant effective height,
Esens =

4µV
≈ 1.1µV/m
3.7m

Thermal Noise
At a temperature of 300K, with noise bandwidth of 650Hz and resistance of (3.53Ω),
√

√
4kT ≈ 129pV/ Ω Hz
√
√
en =
4kT BR = 129pV × 650Hz × 3.53 ≈ 6.2nV
en
6.2nV
En =
≈ 0.24µV/m
=
he
25.8mm

Again, the receiver uses a crystal filter so the actual noise bandwidth is much less
than this. This computation of thermal noise is just for the purpose of illustration.
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4-foot Octagonal MW Loop
Frequency range
Form
Coil
Spacing
Inductance
Resistance at 540kHz
Receiver

540 to 1700kHz
Octagonal, 1.18m (46.5 inches) across flats
7T 20ga magnet wire
7.2mm
156µH
2.3Ω
Silicon Labs Si4734, 3.8 µV sensitivity

The turn spacing is large enough (almost 9 times wire diameter) that proximity
effects should not be significant. Performance will be worst at the low end of the
band so calculations are performed at 540kHz. The turn count (7) cannot be made
any larger without lowering the SRF to a point where the receiver cannot tune the
top end of the band.

Loaded Q
Using equation (E.2)),
ω = 2π × 540kHz ≈ 339Mrad/s
1
≈ 545pF
Ctune =
(339M)2 × 156uH
600kΩ
Rser =
≈ 0.49Ω
1 + (339M × 600kΩ × 545pF)2
ωL
339M × 156µH
Q =
=
≈ 193
R
3.20 + 0.40

fc
540kHz
=
≈ 10.8kHz
Q
50
π
=
B3dB ≈ 17kHz
2
ωL
=
≈ 11Ω
50

B3dB =
Bnoise
Rnoise

The loop’s Q is too high compared to the signal bandwidth, so it is assumed to be
loaded down to a value of 50 by the receiver, which gives more reasonable bandwidth
given channel spacing and signal bandwidths. We will use this lowered Q value in
computing thermal noise.
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Effective Height
ω
3.39 × 106
=
≈ 0.0113
c
3 × 108

2
 2
π
1.18
d
tan = 8
× 0.4142 ≈ 1.16m2
A = 8
2
8
2
he = βAn = 0.0113 × 1.16 × 7 ≈ 92mm
he (resonant) = he Q = 92 × 50 ≈ 4.6m
β =

At this point, a receiver sensitivity of 3.8µV may be referred back to an equivalent
E-field value by dividing it by the resonant effective height,
Esens =

3.8µV
≈ 0.82µV/m
4.6m

Thermal Noise
At a temperature of 300K, with noise bandwidth of 670Hz and resistance of (11Ω) –
using the resistance equivalent used to reduce loop Q down to 50.
√
√
4kT ≈ 129pV/ Ω Hz
√
√
en =
4kT BR = 129pV × 17kHz × 11 ≈ 55nV
en
92nV
En =
=
≈ 0.60µV/m
he
8.6mm
Thermal noise in this bandwidth is about the same as the receiver’s sensitivity,
and this may slightly degrade the overall system sensitivity.
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FSL Examples
Figure H.1 shows some of the details of the calculations for effective height of the
example FSL designs discussed in the chapter on FSL antennas. All dimensions are
in millimeters. All ferrite is assumed to have intrinsic permeability µi =400. Figure
8.5 contains more detail on the FSL designs listed here.
Sleeve Geometry
Effective Height
-------------------------------FSL Design Name
Fill
OD Thick Aspect uRod
Est
Sim
----------------------------------------------------------------------3-inch Micro
0.709
73.9
5.7
0.88
3.70
12.0
11.4
3.5-inch Long John
0.647
85.4
6.5
2.34
9.15
29.6
28.8
5-inch Short-rod
0.740
124.9
5.9
0.52
2.48
19.1
18.7
5-inch Ultra Light
0.709
124.7
5.7
1.12
4.40
29.3
28.5
7-inch AM-Band
0.720
175.6
5.8
0.80
3.28
33.2
32.6
17-inch DXpedition
0.747
429.3
7.5
0.47
2.21
67.0
66.0
3-inch Bar
0.771
81.9
2.3
1.22
4.57
21.2
18.9
5-inch Bar
0.852
126.6
2.6
0.79
3.16
27.5
25.2
7-inch Bar
0.895
177.5
2.7
0.56
2.46
29.4
27.4
3-inch PL-380 Model
0.895
56.6
2.7
1.77
6.66
12.6
11.0

Figure H.1: Details on FSL calculations
• Fill is the percentage of the sleeve outline cross section that is actually filled
with ferrite as opposed to gaps between the rods or bars.
• Sleeve geometry is the effective size of the sleeve, which compensates for the fill
fraction.
• uRod is the computed apparent fluxmetric permeability, µrod , for a sleeve of
the indicated geometry, and was used to estimate effective height.
• Two different effective heights are shown:
– A value computed using the methods described chapter 8.
– The simulated value using a physical model matching the actual FSL design.
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