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Observations on Ferrite
Rod Antennas

Here are the results of the author’s extensive research into
winding ferrite rod antennas

Although the air-core loop antenna was
known from the earliest days of radio, its
modern variant, the fernte loopstick, was
made possible by the development of ferrite
materials in the mid 1940s.! Coupled with
the introduction of transistors, the loopstick
made it possible to produce compact, truly
portable AM broadeast band receivers.

Although the Amateur Radio literature
contains lerrite loop antenna design articles,
their focus is upon replication of the pre-
sented designs. Two notable exceptions
aside, many of the peculianties of work-
ing with ferrite loop antennas are not well
covered n the amateur literature.” Even the
readily available engineering literature gives
short shrifl (o ferrite loops.*

In working with ferrite loops while build-
ing receiving antennas for the frequency
range ol 10 kHz to 2 MHz, | found consider-
able divergence between practice and theory,
This article attempls o caplure my experi-
ences in building and testing more than 50
ferrite rod antenna configurations.

These resulis are not onented to designs
that may be copied and replicated, but
rather serve as a guide for those wishing to
experiment with this small comer of antenna
development. Nevertheless, sulficient detail
is provided to permit replication of the more
successful configurations.

Thearetical Considerations

By Faraday's law, we know the vollage
induced into a loop ofwire is equal to the rate
of change of the magnetic flux through the
loop. I the loop contams more than one turn,
and is physically small, each turn's induced
voltage, in essence, 15 in series with all
other turns. Ignoring signs, since the ampli-
tude of the received signal 15 our interest,

'Motes appear on page 34.
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Figure 1 — Selection of test coils and rods.

we have, by Faraday’s Law:”

dd
Ve =N—
(25 N df
where:
Vv = Open circuit voltage (volts)
N=number of turns
b = magnetic flux (webers)
it TR
dt
representing the rate of change of the flux
with time.
If the loop is small compared with a

[Eq 1]

wavelength, @ may be assumed to be con-
stant throughout the foop area at any instant
ol time. IF so, the total Aux, @, and the Qux
density, B, have a simple relationship:*

=84 cos |Eqg 2]

where:

B = flux density (webers / square meter)

A = loop area (square meters)

& = angle between the plane of the loop
axis and the incoming flux

A radiated clectromagnetic ficld, such as
a radio wave, contains both electric and mag-
netic field components, related as follows:”



E=ch [Eq 3]

where:

£ = electric field (volls / meter)

¢ = the speed of light, approximately 300
# 10" meters / second in a vacuum

B = flux density {(webers / sguare meter)

Solving Equation 3 for & and substituting
it into Equation 2 allows us to express the
open circuit voltage induced in a loop as a
function of the electric field strength of the
incoming electromagnetic signal.

[Eq4]

For radio waves of the type we are mler-
ested 1n receiving, both the electric and
magnetic field strength varies with ime in a
smusoidal fashion, such that:

E=E'sin(2x fi)
where:
£ = instantancous value of electne field
E' = peak electric field
= frequency in Hz
1= lime

[Eg 5]

dE | :
— is thus simply
dt

E'2r feos(2m f£)

Since we are interested only in the peak
magnitude ol V., we may lurther simplify
feos(2nfti=1, £ = E") with the result that
dE
—=E2xf
it

We have now arrived at the relationship
between the incident clectric field signal

strength and the induced loop voltage:

NAE?2
Vm__ = i{:{)ﬁ ,ig}
[

[Eg 6]

Since e 1s simply the reciprocal of wave-
length, &, we can further simplify and recast
Equation 6 into its familiar form:

2mENA

Vr)r - TCUS ¢’ [Eq7)

where:

A =wavelength in meters

A loop antenna i3 also, of course, an
inductor. If the loop is resonated, the induced
voltage will be mereased. Recalling from
basic eircuil theory that O s also the volt-
age magnilication factor, Equation 7 can be
modified to reflect the tuned case:
. = 2T ENAQ - [Eq &]

A

where:

{) = the loaded O of the tuned circuit

Adding a ferrite rod core to the receiving
loop increases V.. Theory provides that the
ferrite core, having a large relative perme-
ability, collects and concentrates the incident
magnetic Qux, thereby increasing dB/dt, and
consequently V. The literature shows WV,
increasing directly with the effective relative
permeability, g, of the core:®

[Eq 9]

s

2rENAQu y
=— % cos

where:

e =effective permeability of the rod/coil
combination

The cos ¢ factor is responsible for the

familiar null as the loop is rotated in azimuth.
When the loop plane is 90° 1o the magnetic
field. cos{d) = 0 and hence V., 15 also zero.

Equation 9 is deceptively simple — for a
given frequency and incident feld strength,
the recerved signal level is directly propor-
tional to the loop arca, the number of turns,
the O, and the effective permeability of the
core.

Air cored loops are well behaved and
Equation 8 describes their behavior with
remarkable aceuracy, as pe= 1.0 regard-
less of the loop geometry. However, as the
remainder of this article demonstrates, the
behavior of practical fernte rod antennas 18
anything but simple! We will discover, for
example, that p,, 15 not a constant, but rather
depends upon:

s The type of material used in the core;

» The length of the winding in proporiion
to the length of the core;

s The ratio of the length of the core to 1ts
diameter;

s The position of the windings along the
(814

o The ratio of wire diameter to wire spac-
ing; and

s The frequency

The effect of these factors, and others, are
presented in the remainder of this article.

Terminology

A number of terms are used through the
texl, and are defined below for convenience,

e [, — the inductance of a test coil with-
out a ferrite rod mserted (with an air core).

e [ — the inductance with a femite rod
mserted.

e Uy — the ratio L/, or the ratio of
nerease in inductance when a Territe rod is
mserted into a coil with a specific geometry,
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Figure 2 — Test amplifier.
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® 1, — the permeability of free space:
numerically 4z = 107 henry/meter in 51
unies.

® i, — initial relative permeability of the
material comprising the core, usually mea-
sured in a toroidal configuration.

® u— relative permeability of a fer-
rite rod of a specific geometry, determined
using the theoretical demagnetization factor.
Adjustments must be made 1o ., o yvield

Hog

Coil Construction

The data presented 15 based on more than
50 test coils | constructed and evaluated dur-
ing June and July 2000, Each coil was wound
over a paper core, with wire sizes from AWG
no. 34 through AWG no. 16, as reguired for
the purpose, and was given a unigue num-
ber for identification. A sampling of the test
coils is shown in Figure 1. Most coils were
tested with at least two rod types, with vary-
ing positions, [requencies, and so on, so that
several thousand individual measurements
were taken.

The paper core consisted of approxi-
mately four wraps of standard copy paper,
secured with houschold glue, wound over
a steel mandrel. The mandrel was turned in
a Myford Super-7 lathe to the appropriate
size Lo permit the different ferrite cores o
be snugly slid inside the core, 0.500-inch
diameter for the Type 33 and Type 61 cores,
and approximately 0.390-inch diameter for
the surplus cores. Where multiple cores were
used, such as the test of six surplus cores.
arranged in a 3-long by 2-wide configura-
tion, separate paper cores were used, which
were then, in turn, wrapped with an outer
paper core, upon which the windings were
wrapped. After winding, the coil was coated
with GC “Coil Dope” o secure the wind-
ings. The coil ends were additionally secured
with several turns of 0.5-inch adhesive tape.
Generous leads were allowed.

Standard paper is usually considered as
an undesirable material for coil formers, as it
15 hygroscopic. However, for short-term test
purposes, in a controlled environment, the
cost and ease of working outweigh the long-
lerm problems ol the paper.

The coils were wound using a home-
made wire feed installed on a Myford Super
T lathe, equipped with a gearbox offering a
range of pitch options from 8 through 56 TPL
Finer increments were available, but were not
used dunng these tests.

for & and £3% for inductance. Checks using
a selection of Boonton Model 113 induc-
tance standards indicate that the Q-meter
meets these performance specifications. L,
measurements were in most cases taken at
7.9 MHz, while L measurements were al
790 kHz. These are “standard™ test frequen-
cies for Boonton/HP Q meters, at which
the mstrument’s induclance scales may be
directly read. Inductances outside the range
permitied at these two test frequencies used
a different frequency, based on the instru-
ment’s recommended test frequency for the
inductance being measured. Since gy 1s
defined as L/L,, it was caleulated based upon
these two measured inductances, not directly
measwred. Ideally, L and L, would both be
measured al the same frequency, but practical
limitations make this difficult at best.

Signal Level — To measure the receiv-
ing effectuveness of various configurations,
a simple balanced input resonator/amplifier,
based upon a published design by DeMaw
was used.” See Figure 2. The amplifier output
was fed into a Racal RAGTHVGM receiver,
as illustrated in Figure 3. The receiver was
operated with AGC off and the IF-gain man-
ually adjusted to be in the lincar mode. Under
these conditions, the 455 kHz 1F output of the
receiver 15 proportional to the received signal
level. This level was read with a Hewlett
Packard 3400A true RMS analog voluneter,
with an upper frequency limit of 10 MHe.

A local standard AM broadeast station,
WMAL, 630 kHz, was used for medium
wave signal comparisons. Some long wave
comparisons were made using non-direc-
tonal beacons, DC, at 332 kHe and 1A at 346
kHz. Limited measurements were also made
with WWVB, 60 kHz.

Each test antenna was connected to
the amphfier and the resonating capacitor
adjusted for peak signal. Additional sections
of the tuning capacitor were selected, as nec-
essary for resonance. The 34004 volimeter
reading was recorded, with care tken o read
the meter during speech pauses or guict car-
rier times for the non-directional beacons,

imitial antenna tested. The orientation was
not moved for subsequent tests ol different
antennas.

The signal readings are relative and
thus indicate only the performance of one
antenna against another. In most cases, com-
parison readings were taken at one sitting.
However, some later measurements were
made as new configurations were developed.
In these cases readings were also taken with
a reference antenna, thereby enabling later
measurcments 1o be correlated with earlier
measurements.

Chee=-Of-Range Tests — A final series of
tests were run on several coils o determine
their performance as inductors at frequencies
between 4 and 50 MHz using a HP 8754 net-
work analyzer with the configuration shown
at Figure 4. The inductor under lest s placed
in series with the swepl output of the network
analyrer using a homemade test fixture. A
Tektronix TDS430 digital oscilloscope was
used 1o capture the network analyser output
in a convenient digital form,

Unloaded or Loaded 7

Unless explicitly stated o the contrary,
references to the coil guality factor, O, in
this article are to the values measured using
the 2604 Q-meter, For practical purposes,
the 260A measures “unloaded™ 0. When
a coil is used as an antenna in the test cneuit
of Figure 2, it is shunted by the 100 k(2 gate
resistors. Sinee the gate resistors are effec-
tively in series, 200 k£ is imposed across
the tuned eircuit, thereby lowering the O,
and the resultant voltage magnification of the
signal level.

For a 200 pH antenna coil — a value
typical of those measured--the elfect of the
gale resistor shunt can be significant, For
example, at 1 MHz, an unloaded & of 200 is
reduced to BE.6 by the effect of the 200 kO
shunt impedance,

The following approach may be used 1o
caleulate Qe

(O is defined, for the parallel model, as:

Test Procedures

Inductance, O and p — Inductance
(both L, and L) and £ were measured using
a Boonton Model 2604 Q-meter. The rated
accuracy in the frequency ranges used is+5%,
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WWWVB was read at modulation peaks. At = [Eq 10]
the outset of any test run, the antenna fixture Qrntocded = 27 /L 4
was adjusted to peak the received signal with *
QH0SA7-Cmis HP-3400A
Wideband Voltmetar
Tuner and Rascal RAGTI0GM
Amplifiar Receiver o= =-'%
Mufednna - 455 kHz W=
noer
Test . e e @ . IF Out s g i

Figure 3 — Signal measurement setup.




Or, rearranging:

R.u =t z'ﬂ-.-ﬁl" an’mm’r..f

where:
Ry = equivalent parallel resistance of the
internal coil losses
f= frequency
£ = inductance
Using the unloaded 0, calculate £,
Determme the effective shunt resistance,

= RF'RI'J
P B R,

Ry, = the gate resistance shunting the coil
The loaded (7 is then:

B R,
Jeaded ZJTfL

The most significant effect of using
100 kL2 gate resistors in the test amplifier is
to diminish the benefit of using the higher ¢,
Type 61 core material. Thus, the relative ben-
efits of the Type 61 material are understated
in this article’s signal level comparisons,
However, in practice, a relatively low value
of R, may be desirable to intentionally reduce
the loaded €. At 1000 kHz, for example, a O
of 300 — a value easily achievable with Type
61 material — yields a 3 dB bandwidth of
3.3 kHz. This narrow bandwidth mmposcs
tuning difficulties, may give rse to tempera-
ture stability concerns and will muffle the
audio of AM broadcast radio signals. These
concerns are ameliorated i the (13 reduced
through parallel resistance. In this example,
the 100 k€Y gate resistors reduce the loaded
O o 104, assuming L = 200 puH, The 3 dB
bandwidth is correspondingly increased to
about 10 kHz, and tuning is much easier. OF
course, the price paid for the lower () is the
received signal voltage 13 reduced to about
one-third the @ = 300 case. The gate resis-
tors in Figure 2 could be increased 1o several
megohms, iFdesired, o improve loaded (.

Length/Diameter Ratio Effect on
Rod Permeability

I a test coil is wound over the full length
of a ferrite core and the inductance of the test
coil is measured with and without the rod in
place, p will be Tound to be, for reasonable
rod dimensions, much less than the perme-
ability of material [rom which the rod is con-
atructed, p,. (The permeability value based
upon theoretical considerations for a coil
wound over 100% of the rod length 15 com-
monly referred to as the *rod permeability,”
O Lo However, the actual measured perme-
ability pq 15 almost always less than p.. and
il'the coil oceupies less than the full length of
the rod, p, will be even lower.)
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Figure 4 — Out-of-band sweep configuration.
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Figure 5 — Effect of rod length / rod diameter of rod permeability.

The theoretical relationship between .,
and p;is:" "

= — [Eq 11]
I+ D(p 1)

where:

D = demagnetization faclor

As Lenz's law provides, an induced cur-
rent generates a magnetic field in the sur-
roundings, mcluding the core, in a direction
opposing the inducing current’s magnetic
field. The demagnetizing factor, D, 15 a mea-
sure of cffectiveness of the opposing field.

Computing D for an arbitrary core shape is
difficult or impossible. Fortunately, D) can
be determined for a simple cylindrical rod-
shaped core, In this case, D is a function
of the ratio of the rod length, L o the rod
diameter, d. For an infinitely long eyhndrieal
rod, D=0 and p,, = p, while for a rod with
a length/diameter ratio = 1.00, D =027, and
Hpg =361 p = 125,

Based upon Equation 11 and published D
values, | caleulated the relationship between
Woo and p; and Figures 5 and 6 show my
results. ™ For 1d ratios below 10, both fig-
ures shows slightly lower p, values than
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provided in other published curves.” Figure
5 presents the ., versus Id in the conven-
tional fashion, while Figure 6 recasts the data
to better illustrate the effect of Vd on p,, by
parameterizing bd.

Figure 7 plots D as a funcuon of 1d to
aid in making the calculations called for by
Equation 11. Likewise, it is possible to work
backwards and estimate p, from i measure-
ments. Solving Equation 11 for w, yields:

, _ Hus(1-D) [Eq12]
1-Du

In my experience, however, measured
values will almost never match the theoren-
cal g, numbers for commonly available rod
materials and dimensions, although making
the adjustments described below reduces
divergence between measured and theoreti-
cal data.

Effect of Winding Over Less than
the Full Length of the Rod

If the winding occupies less than the [ull
rod length, pogdecreases. O, however, in my
measurements, is maximized for short cen-
tered windings and decreases as the wind-
ing extends over a greater proportion of the
rod length. This is contrary to The ARRL
Antenna Book statement thal maximum
is found when the winding occupies the full
coil length. " Figure 8 plots 0 measured with
air core, Type 33 core and Type 61 core for
28 coils versus core length to rod length ratio,
The data is greatly scattered because the test
coils have a variety of s, wire diameters
and pitch, but it shows an unmistakable trend
to lower (2 as the winding occupies a greater
proportion of the core length, (R =—0.42 for
Type 33 material and B = —0.47 {or Type 61
malerial. No statustically valid similar trend
can be seen for the air core O data (R =—0.06)
This data represents a limited range ol coil
geometry (0.5 inch diameter, 7.5 mch long
rod) and hence may require caution in apply-
ing to the general case.

Since Equation Y shows the received
signal level in a tuned loop is proportional
to product of py (increases with wind-
ing length) and O (decreases with winding
length), the length of winding providing
maximum sensitivity requires further exami-
nation. We first turn to the relationship
between V., W, o and the ratio of winding
length to rod length. We introduce an adjust-
ment factor — the “Free End Factor™ as it is
known — relating p 1o, as a function of
the length of the coil relative to the rod:

et = Fot % AU [Eq 13]
where:
{15 the length of the coil

{15 the length of the rod
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SULALY 15 a function providing an adjust-
ment factor to relate the measured .y to the
theoretically predicted valoe, based on the
ratio ol winding length to total rod length,

I've found two versions of [{1/1) in the
literature, one presenied in recent editions
of The ARRL Antenna Book and the second
in Johnson and Jasik’s Antenna Engineering
Heandbook, 2 Edition.,

The ARRL Antenna Book version 1s:"

[Eq 14]

F [
= 3r .
M= ""“"llb

where:

W' 18 py in the terminology of this article

a 15 the length of the core (rod) (1)

b is the length of the winding (coil) (1)

Al a minimum, Equation 14 scems to
incorrectly exchange a and b, as it has p'
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increasing without bounds as the winding
length decreases as a proportion of core
length. This is contrary 1o Johnson and
Jasik, as well as other references and my
measurements, in addition w being physi-
cally implausible. Since The ARRL Antenna
Book provides the equation without source
reference, 1t i not possible o determine
if the error is a simple transcription error,
madvertently exchanging terms g and b, or
if there are other problems with it. Assuming
that, arguendo, parameters o and b were
madvertently reversed without other ermors
introduced, the corrected form of Equation
14 (with modified terminology consistent
with this article) is:

[Eq 15]

Johnson and Jasik provide only a graphi-
cal representation of the relationship between
W and L (which they call correction fac-
tor Fi ) but 've extracted the data points and
fitted a cubic equation to their data. Figure
9 shows excellent agréement between the
curve fit and the underlying data (R = 0.99),

= W (0.0699 + 1.547x —
1.109x" + 0.208x")

[Eq 16]

where x 15 the ratio [ /.

To determine the effect of varying the
winding length as a proportion of the rod
length, and to assess whether these various
adjustment factors were accurate, | wound
coils oceupying 20%, 40%, 60%, 80% and
100% of the rod length over mandrels for
cores of Type 61 and Type 33, The target
inductance of the test coils for Type 33
cores was 200 uH. This was achieved within
+10%, The coils wound for the Type 33 rod
were also used with the Type 61 core, accepl-
ing the lesser inductance,

Az the coil length was increased to cover
a greater percentage of the core length, the
winding pitch (turns per inch) was ncces-
sarily reduced o maintain the target induc-
tance value, reducing from 24 TPL lor 20%
coverage to 8 TPI for 100%. This decision
to reduce the winding pitch o maintain
{approximately) the same inductance com-
plicates an already difficult analysis. As
discussed below, 1 18 also affected by the
“winding fill ratio,” in other words, as the
ratio of copper 1o open space increascs, so
does e Thus, the choice w maintain con-
stant inductance with varying length poten-
tially changes two variables at once.

Figure 10 compares the free end adjust-
ment factors predicted by Equation 3-8
in Fhe ARRL Antenna Book, as corrected
above, Johnson and Jasik's F, factor, and
the free end factor | measured for both Type
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33 and Type 61 material rods. The vertical
bars in the measured data show the range of
measured free end factor Tor different wind-
ing pitches and inductance values of my test
coils. The figure shows significant diver-
gence amongst the two prediction methods
and my measuwred data. The reasons for the
discrepancy remain unknown to me.

Further complicating an already complex
matter, Johnson and Jasik note a dilfferent
factor, F., relates the induced open circunt
voltage Lo that computed with .

Voo = jol,,4Fj NAB. [Pl
where:
V.. is open circuit voltage induced in the
loop

jo is the angular frequency, 2n/ where
|18 frequency.

N is number of tums

A is the loop area

B 15 the component of the incident mag-
netie flux density normal o the plane of the
loop.

Except for the factor Fv, Eguation 17 15
identical to Equation 7 when the simplifica-
tions introduced in this article are consid-
ered. Fy. hike F|, is provided in Johnson and
Jasik only as a graphical factor, derived from
experimental data. 've extracted data points
for I, and fitted a quadratic equation 1o it, as
tllustrated at Figure 11.

F,=0.9984+0.0181x-0.235x"

[Eq 18]

where x 15 the rano /4.
| have not, however, attempted to relate Fy
to measured signal strength data,

Off-Center Windings

Where the coil winding occupies less than
the entire length of the rod. it is possible o
offset the winding so that it is no longer cen-
tered on the rod. To test this effect, | made a
test coil of 20 wrns close-wound, AWG no,
20 enamel magnet wire on a paper form. The
length of the test coil was (162 inches and its
measured inductance without a ferrite core
was 3.2 iH at 7.9 MHz, with a € of 154,
Measurements of O, induclance, p. and
received signal voltage were taken as the test
coil was moved in 0.25-inch increments rom
the center position, with rods of both Type 33
and Type 61 material.

Figure 12 shows that as the winding is
displaced from center, 0 and inductance
decrease, (1 observed a slight O peak at an
offset ratio around (1.6 {or Type 33 material )
£ is little changed with moderate displace-
ments, remaining within a few percent of
the maximum value up to 40% off-center for
Type 61 and up to 60% off-center for Type
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33 matenal. Inductance changes more with
position, particularly with the higher p Type
33 rod. Even here, however, 40% off-center
placement reduces inductance by less than
10%. Both inductance and { peak with the
windings centered, consistent with state-
ments in The ARRL Antenna Book. (One
reason to offset the winding 15 to trim 1o a
precise inductance value without materially
affecting ()

Since pLgis defined as the observed indue-
tance divided by the air-core inductance, the

change m pwith core offset the shape of

inductance curve in Figure 12,

Equation 9 predicts that received signal
voltage 1s proportional to ONp. 1o this
case, v is constant at 20 tums, while (& and
b vary with the oflset, Equation 9 therefore
predicts the received signal voltage 1o be
lincarly proportional to the product e To
test this, 1 collected relative signal strength
data as the test coil was moved to different
offsets and plotted the signal strength versus
the product of the ¢ and (1, carlier measured
for the same oflset value. Figure 13 shows an
excellent linear fit to the product of (J and
(R = 0.997) for the Type 61 rod, and almost
as good fit for the Tvpe 33 rod (R = 0.985),
This analysis uses loaded @ values, and |
have adjusted the measured (0 to reflect the
amplifier’s input loading, although the ampli-
fier resulis in less than a 10% reduction in ¢
for the test coil used, The signal readings in
Figure 13 are relative, with the maximum
observed signal level {Type 33 rod, coil cen-
tered) set o 1,00,

Figure 14 illusirates the vartation in
received voltage as the winding is offset from
center. A twenty percent offset reduces the
received signal only shightly.

Winding Fill Ratio

In addition to changes caused by core
occupancy and off-center windings, p is
a function of windmg fill ratio, The wind-
ing fill rato equals the conductor diameter
divided by the winding pitch, as illustrated
in Figure 15. The winding fill ratio is thus
a measure of the “density™ of the copper
over the ferrite core. As the winding fill ratio
approaches |00, the surface of the ferrite rod
15 nearly completely covered by the copper
winding, (OF course, 1.00 is achievable only
for one turn, as there must be some turn-to-
lurn gap.)

To study the effect of winding fill ratio,
a series of 48-tum test windings were made,
each 6.0 imches long, wound at 8 tums per
inch on a paper core. To vary winding fill
ratio, wire sizes [rom AWG no. 16 down o
AWG no, 34 were used, Measurements were
taken with both Type 33 and Type 61 cores.

Before discussing the results of varving
the winding fill ratio on P 1t s instructive

te consader its effect upon L, the inductance
without a ferrte core. Even though the num-
ber of turns and the coal length were held
constant, Ly, the coil indoctance without a
core, still varied. Two countervailing physi-
cal effects are responsible for most ol the
variation;

e Since the coils must be wound with a
fixed inside diameter of 0.50 inches — so as
to accommodate the fermte core — as the wire
diameter increases, the mean diameter of the
coil necessarily increases. As the inductance
of a solenoid is proportional to the square of
ils diameter, this factor alone accounts for an
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inerease of 1 7% o the caleulated mductance
of the coil wound with 16 AWG wire over
that of its 34 AWG counterpart.

o Commonly used inductance formulas
— such as the elassic Wheeler eguation —
are geeurate only for current sheets, that is,
where the current flows in an infinitesimally
thin perfectly conducting tape with negh-
gible gap between adjacent tums. A fixed
pitch wound mnductor looks less and less like
a perfect current sheet as the wire diameter
decreases and an appropriate correction must
be applied il the coil is not close wound,"”
Because the space-wound correction factor
15 not casily located, Appendix 1 reproduces
the key equations, including Wheeler’s basic
single winding solenoid inductance equa-
tion.

Adter caleulating the current sheel induc-
tance using Wheeler's equation, the wire
spacing adjustment outweighed the increase
in inductance with larger wire diameter, with
the coil wound with 34 AWG having a calou-
lated inductance some 15% above that of its
16 AWG counterpart.

Returning to the effect of the winding fill
factor upon g, Figure 16 illustrates that as
the ratio of copper to Gpen space MCreases.
s0 does 1y

Choice of Core Type

Two rod-type core materials are readily
available from suppliers:

» Type 33 material; p, = 600 to 800, opii-
mum frequency 10 kHe to | MHz. "

o Type 61 materdal: p, = 125, oplimum
frequency 0.2 MHz 1010 MHz,

These cores are commonly available
m two sizes, both 0.5 inch diameter, with
lengths of 4 inches and 7.5 inches. Some
suppliers also stock other diameters and
lengths,

When used as an anlenna, our inlerest
in ferrite rods is Lo maximize received sig-
nal strength at the frequency of mterest, or,
perhaps more correctly, to maximize the
signal o noise ratio of the received signal. OF

CHOBOT-Emith15

Winding Ratio = p/d

interest in the mass production environment
is selecting a core that permils a reasonably
sized tuning capacitor and meets the cost
targets. In the one-off amateur environment,
these latter considerations are of less impor-
tance and will not be further considered in
this article.

Based upon the material specifications,
it might be assumed that Type 33 material
would be preferred for up to | MHz, inelud-
ing the new sub-200 kHz amateur bands
avatlable in some countries, while Type 61
material would be better for general broadeast
band listening up through the 160 meter band.
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This is not the case, however, My measiure-
ments demonstrate that Type 61 material 15 i T i O
to be preferred Tor all frequencies between 60 1+—° Ralative Padormancs =
kHz and 2 MHz. Type 61 varsus Type 33 Mat ’flr..-*"’-.

Figure 17 illustrates the relative perfor- ¥elrala Craduenicy Q Ratio - Ugy/ 33 |
mance of three key parameters for Type 33
and Type 61 cores; received signal level, ¢ 7
and pe The data is for a 6-inch long coil, 2 Signal Level Ratio |
48 turns of AWG no. 22, wound al 8 tums/ v a L Signalg { Signaly,
inch, and sets the perlormance of the Tvpe
33 material version at 1.00. Ratios > 1 indi-
cale Type 61 matenal 15 superior, Alternating
measurements were made with a Type 33
rod and Type 61 rod cores, re-resonating the
antenna alter each core change. For almost
all frequencies studied, from 60 kHz through
1600 kHz, the Type 61 rod provided more
signal level than the same coil with a Type 33
core. Even at the lowest frequency measured,
60 kHz, well below the recommended mini-
mum frequency for Type 61 material, the
received signal level was essentially identical 01
with Type 33 and Type 61 rods.

Also plotied in Figure 17 is the relative
effect of the two rod materials upon mea- 0807 SonlHT. Fraguancy (kHz)
sured ¢ and p . I variations in the received

A
LY
A
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Heffa1! Hetfaa—
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signal level were explained solely by dif-
ferences in g then we should have seen
reverse performance, with Type 33 material
core outperforming Type 61 material. The
data shows a broadly parallel trend between
€ and recewved signal level, although the
sharp up-tick in received signal performance
around 1300 kHz is not mirrored by a similar

Figure 17 — Relative performance of Type 33 and Type 61 rods.

change in the ratio of Qe /O s

As may be apparent by now, when deal- 125
ing with ferrite rod antennas changing any i i
parameter has a knock-on effect upon others, 00 Type 61 Rod —
However, the Type 61 rod retamned its supe- e P 5 i
tority for six winding configurations tested,
albeit with varying margins. 250
Type *¥" Rod
225 d.i firo it
Surplus Rods? : : ; : ; ;
Purchasig new ferrite rods can be expen- 200 Typical Measured Q varsus Freguancy [
sive, with the larper rods costing 520 or more. o 175 | RS Hoe ALy
Can surmplus AM broadeast band ferrite rods = i i | i
be used outside of the broadeast band? How § 150
do small surplus rods compare with large =
Type 61 cores? Ll e
| ran tests with two groups of surplus AM st
broadcast band ferrite cores:
e Type “X” rods, diameter cylindrical [/ E -
with two flats, measuring approximately
0.388 inches (9.85 mm) across the round 0 7
and approximately 0.340 inches (8.64 mm) — ""‘r--.
across the flats, 3.55 inches (0.5 mm) long. ! i ; ! : i ! !
These rods are of crude finish, compared 0 . : : i . j : j .
with the other rods available, having notable 0 200 400 GO0 BOD 1000 200 1400 1600 1BOO 2000 2200 2400
bumps, blemishes and imperfections. The T Fraiidtic (kH3)

quoted dimensions vary by 0.040 inches (1.0

mm} or more for the same rod and between
samples. Six of these rods were recently (as

ofsummer, 2000) procured rom a mail order Figura 18— Change In' g with frequency.
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supplier for $2.25 ecach."

o Type *Y" rods, same shape and diam-
eler as the Type X rods, but 5.51 inches (140
mm) long. These rods have a superior finish
and are dimensionally identical within 0.002
mches (0,05 mm). Three of these rods were
acquired several years ago from a surplus
house and have resided in my junk box since,
These rods are obviously unlikely 1o be
found by anyone else, but are included as a
point of reference.

To compare the  possible with Type X
and Y cores, L wound a test coal foreach, with
approximately equal inductance (180 pH at
790 kHez with the rod inserted) and measured
the ¢ between 200 kHz and 2000 kHz, For
comparison, similar measurements were
taken for test coils with Type 33 and Type 61
material. Figure 18 shows that the Type 61
and Type Y rods are similar, as are the Type
33 and Type X rods.

Although the Type X rod is a poor
performer al most frequencies, its relative
cheapness and availability leads to the ques-
tion: “is it possible to use several relatively
poor — but cheap — cores 1o match the
performance of the expensive Type 61 rod?”
The answer is ves, at least in the AM radio
band. Figure 19 illustrates the relative signal
level performance, measured at 630 kHz, for
the test configurations described in Table 1.
The relative comparison relerence point is
Test Configuration 21A, 48 turns at 8§ TPL
on a Type 61 core. Signal levels = 1.0 are
better than the Type 61 core reference con-
figuration.

Configurations 31, 32, 34 and 35, perform
al least as well as the Type 61 rod reference.
Reference coil 21A was the best perform-
ing Type 61 core configuration observed,
so it 18 possible to duplicate the best Type
61 performance with less than one half the
investment in lerrite. However these Type
X rod configurations were nol evaluated for
signal reception outside of 630 kHz. The O
versus frequency data of Figure 18 strongly
suggests, however, that Type X rods will
deteriorate sharply at higher lrequencies, and
will likely be unsatisfactory above | MHz
However, Type X material may have merit
below 500 kHz "

Distributed Capacitance

Terman sucemetly stated the canse of dis-
tributed capacitance in coils:

“In a coil there are small capacitances
between adjacent turns, between turns that
are not adjacent, between terminal leads,
between turns and ground, ete. ... The total
effect that the numerous small capacitances
have can be represented 1o a high degree
of accuracy by assuming that they can be
replaced by a single capacitor of appropriate
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size shunted across the coil terminals!

Distributed capacitance sets a limit on
the highest frequency at which a coil may be
resonated; with no additional capacitance the
inductance and C, parallel resonate at some
frequency, referred to as the “self-resonant

frequency,” or £, o addition, self-capac-
itance causes a discrepancy between mea-
sured and true (7 and mductance >

In additon to increasing the inductance,
adding a ferrite core o a coil increases the
distributed capacitance. This 15 because some
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Figure 19 — Received signal level — Type X rod configuration.
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ol the electrie field hines that give rise to
Caq are contained within the ferrite, Typical
ferrites have a relative permittivity (dielec-
tric constanty of 10 to 11.% Thus, Cy,, wall
increase. Since only part of the electric field
lines are within the ferrite, the total increase
i Cy, will be less than indicated by the rela-
tive permittivity of the ferrite rod.

Aus the fermte core inereases both induc-
tance and distributed capacitance, F_y will
be significantly lower than for the same coil
without the rod inseried.

To evaluate the reduction in F, mea-
surements were made on a typical antenna
coil with and without the ferrite rod. The
coil measured is the one identified as
Configuration number 38 in Table 1. The
radius of the coil 15 approximately (1.2 inches
and the winding length is approximately 3.5
inches.

Without 4 core inserted, | measured Cgy,
as 1.9 pF, using the auxiliary work coil
method described in the Model 260-A O
meter mstruction manual, Since L, was mea-
sured as 18.3 pH, the £ can be computed
as 27 MHz.

With the Type X core inserted, C,,
increased o 8.5 pE. L increases to 1,100
pH (measured at 250 kHz), resulting in an
approximate £ of 1.6 MHz. (L is, in fact,
a function of frequency since [y varies with
frequency. An exact £ would require adjust-
ment of L to mateh that at the self-resonant
frequency. Alternatively, F . can be mea-
sured directly.)

In this example, C . increased by a factor
of 4.5 and T, decreased by approximately
17:1.

It is also interesting (o compare the mea-
sured (without ferrite core) Oy, to the com-
puted value using the Medhurst formula, =

3
C,, =0297+041R+1.94 JRT

[Eq 19]

where:

I=coil length in inches

£ = coil radius in inches

Inserting the values for col length and
radius yields Cy, = 1.2 pF. The discrepancy
of 0.7 pF between caleulated and measured
values can be attributed, at least in part, to the
lead capacitance connecting the coil o the O
meter. Further, Medhurst’s work assumes a
spectfic geometry, where the coil is mounted
vertically over a grounded chassis, a configu-
ration significantly different than when the
induetor is attached to a Q meter.

Simplified Inductance Calculation
Approach

To avoid the complexity ol the equa-
tions and adjustment factors presented in
this paper, a simplified approach may prove
adequate for Amateur Radio purposes.
Ferrite and powdered iron woroidal are often
designed wsing o simple equation. relating
inductance, number of wms and the “A™
factor. If we stick w the 7.5 inch = 0.5 inch
Type 33 and Type 61 cores, it is possible to
define a similar equation, presented below,

DesiredL |,
NumberTurns =100 (——— ~
A [Eq 20]

Instead of a single value for A, for Type
33 and Type 61 cores, however, the particular
Ay value must be selected from the curves
shown at Figure 20. The data markers are A
points based on my measured coils, and the
straight line are curve fitted. The results will
be within 1 to 15% in most cases, and the
calculations are much easier than the tradi-
tonal methods covered earlier in this article.

62 tums, wound over 6 nches, or approxi-
mately 10 TPL, will yield 200 uH when cen-
tered over the 7.5 mch long Type 61 core.

Sample Calculation:

Desired Inductance: 200 pH

Desired coil length: 6 inches (18 winding
length to rod length ratio)

Core Material: Type 61,

From Figure 20 we read AL =520, Hence
the number of tumns required 1s:

200

520

NumberTurns =100

=1004/0.385 =62

Conclusion

Our rambling excursion through the
world of ferrite cores and antennas might
lead to the expedient strategy of bypassing
analysis completely and trving, maore or less
randomly, combinations of core materials
and windings until an accepiable result fol-
lows. And, the complexity and contradictory
nature of the limited information available
may reinforce those desires, However, i's
often said “a day in the library is worth a
month in the lab” meaning thal experiments
guided by past leamning are [ar more produc-
tive than random efforts.

I designing a ferrite rod antenna, my data
shows a good starting point to be the large
7.5 inch = 0.5 inch Type 61 material cores.
For maximum performance, the windings
should cover at least 80% of the core length,
and reasonably laree diameter wire should
be used, such as AWG no. 18 1o 16, depend-
ing on the number of turns required for the
frequency band of interest. To determine the
antenna inductance, one may start with the
old rule of thumb of 1 to 2 pF of resonating
capacitance per meter wavelength, From
that capacitance, the inductance, and hence
the number of tums can be determined from
Equation 20 and Figure 20.

Table 1
Type X Core Configuration

o Configuration

28 1 Type X rod, 42 turns at 12 TPI

29 1 Type X rod, 67 turns at 20 TPI

30 2 Type X rods long, 70 turns at 10 TP

i 3 Type X rods long, 85 turns at 8 TP

32 4 Type X rods long, 112 turns at 8 TP

33 1 Type X rod long, 5 rods in approx. cylindrical format, 32 turns at 10 TPI

34 2 Type X rods long, 3 rods in triangle (6 total rods) format, 70 turns at 10 TPI
as 3 Type X rods long, 2 rods side-by-side (6 total rods) format, 100 turns at 10 TPI
38 1 Type X rod, 35 turns at 10 TRI

a7 1 Type X rod, 112 turns at 32 TRI

38 1 Type X rod, 168 turns at 48 TRI

Reference Configurations
21A 48 turns at 8 TP, Type 61 core
21B 48 turns at 8 TP, Type 33 core
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Appendix 1

Adjustment for Space-Wound
Inductors

The following is based upon an equa-
tion given in the Radiotron Designer's
Handbook > The method desenbed yields
results “suitable for shde rule computation”

Step 1 — Caleulate the inductance
using one of the standard formulas, such as
Wheeler's equation,

aiiN?

L=
Qa+10{

where;

Ly=nductance in pH

a = coil radius w center of wire, m inches
N = number of tums

{ = length of coll, in inches

Step 2 — The correction factor applied to
the result in Step 1 is:

L=L,-00319aN{4d+8)
a. N as above
A, B as below

A=23log,,(1.7 - 5)

B ~ 0.336 [1 —Z‘—Hfﬁ
¢-L

P
where:

1= wire diameter

£ = winding piich

(frand P should be in the same units, such
as inches)

Example:

48 turns, AWG no. 30 copper wire,
wound at # wmsinch. The coil is wound on a
paper core, consisting ol 4 layers wound over
a (L5308 inch diameter mandrel. The paper is
standard typing paper. approximately 4 mils
{0.004 inches) thick per sheet. AWG no. 30
copper wire has a diameter of 10 mils (0.010
mch).

Step 1 — Determine the parameters
use in the Wheeler formula and caleulate Li:

0.500+2=4=0.004 0.010
a= +

2 2
= (.27 l inches radius to center of wire

i 48 turns e BT
Bturns /inch
N =48 turns
02717 =48
=~~~ =27
Y 9x0271+10x6 i

Step 2 — Calculate the spaced winding
correction
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S:M:O_ﬂﬂﬂ
0.125
A=23xlog,,(1.7%0.080)=—1.99
2.5 38
B=0336%|1-——+_— [=0319
48 4%

L=271-0.0319x0271x48x
(-1.99+40.319)=2.71~
(—0.693)=3.40uH

In this example, the spaced winding cor-
rection increases the inductance by more
than 25%,

Measurement Comparison

The inductor in this example was con-
structed and measured with 8 Boonton 2604
() meter at 7.9 MHz. The distributed capaci-
tance, Cy.. of the coil was measured at 2.5
pF. The measured inductance, afier correc-
tion for Cy, the inductance of the lead wires
connecting the coil with the ¢ meter and the
residual imductance of the Q) meter, was 3.55
1tH. Based upon calibration with 2.5 pH and
5.0 pH Boonton 103A standard inductors,
the Q meter is known Lo have an error of
+2.6% at 7.9 MHz. Adjusting for this instru-
ment error, the inal measured L is 3.46 pH,
representing a dilference between the caleu-
lated and measured values of 1.8%.
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MNotes

1Fair-Rite Soft Ferrites Catalog, 14th ed.
(Fair-Rite Products Corp., Wallkill, N,
2000). p 2:*During the 1930s research on
‘soft’ ferrites continued, primarily in Japan
and the Metherlands. However, it was not
until 1845 that J. L. Snoek of the Phillips
Research Laboratories in the Netherlands
succeeded in producing a 'soft’ ferrite for
commercial applications.”

‘For example, “The Optima 160/80-Meter
Receive Antenna,” R.Q. Marms, in The
ARRL Antenna Compendium. Vol 6, R.D.
Straw, ed., (ARRL, Newington. CT, 199%);
The ARRL Anfenna Book, R.D. Straw, ed.

(ARRL, Newington, CT, 1997), Chapter
14; The ARRL Handbook for Radio
Amateurs 2000, R.D. Straw, ed. (ARRL,
MNewington, CT, 1999], Chapter 23; Loop
Arntenna Handbook, J.J. Carr {Universal
Radio Research, Reynoldsburg, OH,
1999), Chapter 10; The Low and Medium
Frequency Radio Scrapbook, 10" ed., K.
Cornell (sef-published, 1996).

'M.F. "Doug” DeMaw, Ferromagnetic-Core
Design and Applicalion Handbook, Section
2.2, (MFJ Publishing Co, Inc, Starkville, M3,
1996}, R.D. Straw, ed., The ARRL Antenna
Book, 18" Ed, (ARRL, Newington, CT,
1997}, pp 5-6 through 5-8.

*1.0. Krause, Antennas, 2 ed., (McGraw
Hill, 1988), Section 6-12; W.L. Weeks,
Antenna Engineering. Section 8.6.1,
(McGraw-Hill Book Co., Mew York, NY, 1968;
R.C. Johnson and H. Jasik, eds,. Antenna
Engineering Handbook, 2 ed., (McGraw-
Hill, New York, 1984) pp 5-5 through 5-9.

The derivation of Equation 1 through
Equation 9 is based upon several sources.
Of particular interest is Sensitivily of Multi
Turn Receiving Loops, by W.E. Payne,
MAYWE, unpublished, but available at www.
Iweca.orgllibrary/articles/ywhk/looptheo.
Elm. See also the references cited at Note

“One weber per square meter is also known
as one Tesla. Because stating a “density”
in terms of a value per unit area offers a
mare intuitive understanding, the discussion
uses the older weber'm® terminoclogy. It is
simple to see that a uniform flux density of 5
webers/m? through a loop area of 2 square
meters yields a total flux of 10 webers.

"Of mare familiarity in radio engineering is
the magnetic field strength, H. of an electro-
magnetic fisld, in amperes/meater, given by
H= i

My

where

1,15 the intrinsic impedance of free space,
120z ohms. H is used, for example, to
sel safe exposure limits of low frequency
signals where the biological effects of mag-
netic induction, not electric field coupling, is
of ;unc.em. Of course, 8 = u,H in free space
an

Mg =

where g, is the relative permittivity of space,
B85 = 10" Fim. Substituting, we find that

8= EaJugeg
But we know
!

o
4 pHEa

Therefore,

E
B=—oark =08

s

"R. Dean Straw, NBBY, The ARRL Antenna
Book, Equation 10, page 5-8. Note, how-
ever, that Johnzon and Jasik, (op. cit Mote
4} add an additional empirical correction
factor F, to the open circuit voltage, where
F, is an experimentally derived function
of the ratio of the overall winding length to
the core length. See Johnson and Jasik
(op cit Note 4) Section 5-2, Figure 5-9 and
Equation 5-15. F_ runs from 1.0 (Lellr=0
to 0.8 {Le/Lr = 1, where Lo/Lr is the ratio
of the winding (coil) length Lc to the ferrite




core length Lr.). The ARRL Antenna Book
has a similar correction factor, but of differ-
ent magnitude, due to the “free end effect”
Mote, however, that The ARRL Anfenna
Book Equation 5-8 appears to erroneausly
invert Lc and Lr.

"M.F.“Doug” DeMaw, Ferromagnetic-Care
Design and Application Handbook, Section
2.2, (MFJ Publishing Co., Inc., Starkville,
MS, 1996).

"ln general, adjustments in @ and L for
distributed capacitance were not made, nor
were adjustments made for the Boonton
2604 O Meter finite input impedance and
other imperfections.

WL, Weeks, Antenna Engineering, Section
B.6.1, (McGraw-Hill Book Co., New York,
NY, 1968).

“|'ve emphasized the term “theoretical” since,

as we see later, further adjustments are
necessary to obtain even an estimate of the
true relationship between the measured rod
permeability and the material permeability.

"G, Chen, Magnetism and Mefaffurg of Soft
Magnetic Materials, Page 536, Table AZ.1,
{MNorth-Holiand F'uhl'rshing Co., Amsterdam,
1877, reprinted by Dover Publications,
Inc.. New York, 19%5, provides a table of *D"
values versus rod geometry.

“M.F."Doug’ DeMaw. Ferromagnetic-Core
Design and Application Handbook, Figure
2.2, (MFJ Publishing Co., Inc., Starkville,

MS, 1996); R.C. Johnson and H. Jasik, eds.,

Antenna Engineering Handbook, 2™ ed.
Figure 5-8, (gMcGrmu Hill, New York, 19‘84}
Fair-Rite Soff Ferrites Calalog, 147 ed
p?(ge 131 (Fair-Rite Products Corp., Wallle

"R Dean Straw MNEBBY, The ARRL Antenna
Book, 18" Ed., op. cit., p 5-7 says “The Q of
a short coil on a long rod is greatest at the
center. On the other hand, if you require a
higher Q than this, it is recommended that
ruu spread the coll turns along the whole

ength of the core. even though this will

result in a lower value of inductance. (The
inductance can be increased to the original
value by adding turns.)" J.J. Carr (Joe Camr's
Loop Antenna Handbook, 1+ Ed., 1898,
Universal Radio Research, Reynoldsburg,
OH) makes a similar statement: “The O is
worst when the coll is concentrated in a
small portion of the rod length. To improve
), at the expense of overall possible induc-
tance, then wind the coil over the entire
length of the rod.” Mo measured data or cita-
tion is advanced to support this staterment.

“R. Dean Straw, N6BY, The ARRL Antenna
Book, 18" Ed., op. cit., p 5-7, Eqg. 8.

"F. Langford-Smith, ed., Radiotron Designer's
Handbook, 4" ed., (Wireless Press, Sydney,
Aust., 1953), reprinted by RCA Electronics
Components, Harrison, N.J.. 1968, A
comprehensive discussion of the effect of
spaced windings is given at Section 10.1(ii).

"“Type 33 Matenal is described In catalogs
and the literature as "permeability 8007 See,
for example DelMaw, Section 2.1. However,
Fair-Rite, the manufacturer of Type 33 mate-
rial, states. in Catalog no. 14, that it has an
initial permeadbility of 600. Fair-Rite's graph
of initial permeability versus frequency, how-

g =0t

aver, shuws an initial permeability of 700
below about 750 kHz, increasing to 800 at
1 to 2 MHz. Fair-Rite specifies permeability
within £20%.

"Oeean State Electranics, parl no. LA-540.
Cicean State Electronics, 6 Industrial Drive,
P.O. Box 1458, Westerly, Rl 02891, Order
telephone number 1-800-866-6626, Web
site: www.oselectronics.com.

“although the Type “X" rod is described in

Ocean State Electronics' catalag as "tunes
the broadcast band, 540 kHz — 1600 kHz,"
the O performance leads to the suspicion
that, in fact, the materal is optimized for the
long wave broadeast band, 200-400 kHz.

“F.E. Terman, Electronic and Radio

Ca
‘C+Cy,
Engineering, 4 Edition, (McGraw Hill, New
York, 1955), Section 2.7,

“Hewlett Packard provides the following

correction factors in Opem!'mg and Serwice
Manual: Q Meter 43424 (1983) at Pages
3-13 through 3-16:

t

Where:

0 is the true O

0, is the indicated (instrument reading) Q

C is the instrument capacitance to achieve
resonance

. is the inductor's distributed capacitance

where:

L is the true inductance

L is the indicated (instrument reading Q)

C and C, are as above

Similar correction formulas are provided in
the Instruction Manual for the G Meter Type
2604, (undated) pages 19-21.

“H.P. Westman, ed., Reference Data for
Radio Engineers, 57 Edition, (Howard W.
ggms. Indianapolis, 1970), Chapter 4, Table

“A different formulation of Medhurst's for-
mula is presented in Radiofron Designer’s
Handbook, id, Chapter 11. Section 2(i), in
which a table of coil length versus diameter
must be used. | don't know the provenance
of the formula presented — widely used
by the Tesla coil builder fraternity — but
it closely matches values computed
using the tabular approach presented in
the Radiotron Designer's Handbook. Of
course, Medhurst's formula is based upon a
vertically oriented coil, installed on a metal
chassis and is not necessarily accurate for
other configurations. However, it provides
reasonable results for the examples that |
investigated.
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