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SUMMARY.—This paper contains the results of high-frequency resistance and self-
capacitance measurements on about 4o coils, wound with copper wire on grooved Distrene
formers. The measuring instrument was a twin-T impedance bridge.

For coils whose turns are widely spaced, the high-frequency resistance measurements
are in good agreement with the theoretical values of S. Butterworth.? For closely-spaced coils,
the measured values are very considerably below those of Butterworth.

A table of values of high-frequency resistance of coils having various values of length/
diameter and spacing ratio is derived from these measurements.

It is shown that a good approximation to the high-frequency Q of coils of the type
measured is given by the simple expression

Q = o.15 Ry/f
where R is the mean radius (cm), f the frequency (c/s) and ¢ depends on the length/diameter
- and the spacing ratios. A table of i) has been calculated.

Measurements of self-capacitance were made with one end of the coils earthed. These
measurements show a very considerable divergence from the formula of A. J. Palermol4
though they are in quite good agreement with other previous experimental work. The self-
capacitance of coils of this type is shown to be substantially independent of the spacing of
the turns. It is given by an expression of the form

C, = HD picofarads
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where D (cm) is the mean coil diameter and H depends on the length/diameter.
A table of H is given, based on these measurements.

1. Introduction.

GREAT deal of theoretical and experi-
mental work has been published
concerning the resistances of coils

and their variation with frequency. The
experimental work, in general, suffers both
from its restricted application and from
uncertainty as to the absolute error inherent
in the method of measurement. The theoreti-
cal work, even where it is in reasonable
agreement with experiment, tends to produce
complicated formulae which lead to very
considerable computation. Even now, after
over a quarter of a century of work on every
type of coil that has been used or proposed,
the present writer knows of no reliable data
from which Qs of even the simplest coils
can be easily and quickly predicted.

The only comprehensive theory extant is
that of S. Butterworth!-5. He gave formulae
which purported to cover single-layer solen-
oids, wound with round wire, for any fre-
quency, coil dimensions and spacing of turns.
The only restriction was that the number of
turns had to be large, the case of few turns
only being dealt with when the length of

* MS accepted by the Editor, July, 1946

the coil was small compared with its diameter,
and the turns were not too closely spaced.
He suggested modifications to include multi-
layer coils and coils wound with stranded
wire. All these formulae only dealt with
copper losses, dielectric losses being assumed
negligible. Dielectric loss must, if necessary,
be allowed for separately.

This theoretical work has become so
generally accepted that it is quoted as a
basis for calculation in standard reference
books (see, ¢.g., ref. 12, pp. 78-80). It will
be shown experimentally that Butterworth’s
theory is only applicable to coils having
widely spaced turns (roughly d/s < o.5).
More closely spaced coils have a lower high-
frequency resistance than that predicted by
Butterworth, the discrepancy increasing as
the coil length decreases relative to the
diameter. For coils having //D =1, when
d/s = 0.6 Butterworth’s value is too high
by 15 per cent, when d/s = 0.7 by 25 per
cent, when d/s = 0.8 by 55 per cent and
when d/s = 0.9 by 190 per cent.

During the determination of high-fre-
quency resistance and inductance it was
necessary to make allowance for the self-
capacitance of the coils measured. It was
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thought that self-capacitances calculated
from the formula of A. J. Palermo!3 would be
sufficiently accurate for this purpose. How-
ever, it was found that use of Palermo’s
formula led to variations, larger than the
experimental error, of the apparent méasured
inductances over quite -a‘small frequency
range.

Measurements of self-capacitance of a
wide range of single-layer coils were con-
sequently carried out. The results failed
to confirm Palermo’s claim that the self-
capacitance varies steeply with the spacing
of turns. They are, instead, in quite good
agreement with previous work, which had
shown the self-capacitance to be very nearly
independent of d/s. For coils having length/
diameter = 1, Palermo’s formula gives results
which are greater than the measured value
by 4:1 when d/s = 0.9, and smaller than
the measured value by 1.6 : 1 whend/s = o.1.

2. List of Symbols

D  represents mean diameter of coil (cm)
R represents mean radius of coil (cm)
l represents overall length of coil (cm)
#n  represents number of turns
d  1epresents diameter of each wire (cm)
s represents distance between centres of adjacent
turns (cm)
d/s represents spacing ratio of turns
p  represents resistivity of wire (ohm-cm)
f  represents frequency . (c)s)
7  represents power factor of material of coil
former
C, represents self-capacitance of coil (pF)
L, represents equivalent series inductance of
coil (uH)
R, represents equivalent series resistance of coil
(ohms)
fo represents self-resonant frequency of coil (c/s)
¢ represents ratio of h.f. coil resistance to

resistance at same frequency of same length
of straight wire.

is a function of //D and d/s, occurring in the
formula for Q,

te., Q =0I5R Y/ f
Where Q = 27 f L,/R,;.

z:nd\/ o I

10%  4/%

3.—Butterworth’s Work
Solenoids

3.I.- S. Butterworth’s series of papers on
solenoidal coils are based on two sets of
formulae which he developed for single-
layer solenoids. In both cases there is no
restriction on the frequency. The first!
apply to coils having any specified number
‘of turns, the turns being ‘““not too closely
spaced,” and the coils having lengths small
‘compared with their diameters. © The second?®

-«
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‘predicted by these formulae®™
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were evolved as a consequence of some
measurements by C. N. Hickman, which were
made on coils outside the range of conditions
assumed in the formulae of Ref. 1, and con-
sequently failed to agree with the results
This second
group of Butterworth formulae extended the
theory to coils having arbitary spacing ratio,
and arbitary ratio of length to diameter.
The number of turns, however, had now to be
assumed to be large. Butterworth’s method
of deriving his second group of formulae is
as follows :

——H,
(2)
'Q OO Ow
s —
Fig. 1. Views from above (a) and transverse to the

wives (b) of Butterworth’'s infinite plane system
of pavallel wiyes.

He took as his starting- pomt a system
consisting of an infinite number of ‘parallel
wires of equal diameters, equally spaced
and lying in the same plane as shown in
Fig. 1, which shows a portion of the system
seen from above and end-on. He set out
to solve three problems, namely, to deter-
mine the losses in the system (), when the
wires carry equal alternating currents, i,
flowing in the same direction; (), when
they are situated in a uniform alternating
magnetic field H, parallel to the plane of the
wires and perpendicular to their axes; and
(c), when they are situated in a similar uni-
form field H, perpendicular to the plane of
the wires. We shall call H, and H, the
axial and transverse fields respectively.

Each of these problems involved the solu-
tion, by a method of successive approxima-
tions, of a set of an infinite number of linear
equations, each containing an infinite number
of variables. Butterworth’s solutions are
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contained in three tables, for a range of
d/s from 0,1 to 1.0, in steps of 0.1 (i.e., from
widely separated turns to turns touching).

In order to apply these solutions  to
solenoidal coils, Butterworth worked out the
field associated with the coil by adding to the
field | associated with an infinitely  long
solenoid a modifying field produced by its
ends, considered as a circular disc of poles.
This field was resolved into two components,
one parallel to the axis of the coil (the axial
field) and the other perpendicular to the
‘axis (the transverse field), and the mean-
square value of each over the length of the
coil deduced.. .. o

Now, he pointed out that each short
section of wire may, if the wire diameter 1S
small compared with the coil diameter, be
treated as part of a plane system, of the
kind already considered. He considered
that, as a sufficiently close approximation,
the axial and transverse fields associated
with the coil could be replaced by their
mean-square values, these being considered
to act uniformly along the length of the
equivalent plane system, now taken as being
infinitely long. Under such conditions, he
showed that the total losses in the system
equivalent to the coil could be obtained by
summing the separate losses deduced from
the solutions of his three problems.

His results for very high frequencies are
summarized in a table which is reproduced
here as Table I. The quantity tabulated
is the ratio of the high-frequency resistance
of a coil, assumed to have a large number of
turns, to the resistance at the same frequency
of a straight wire of the same length and
diameter as the wire forming the coil.
"This straight-wire resistance can be calculated
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of Table I are the ratio length/diameter of
the coil, and the spacing ratio dfs. = = '
““ Very-high frequency ~’ has to be defined
in terms of the diameter and electrical con-
stants of the wire. It is a frequency higher
than that at which the current penetration
depth is some arbitrary fraction, say, 1/10th,
of the wire diameter. It is convenient to
express the high-frequency resistance of a
round wire in terms of a quantity z, which Is
defined by the- relation

z = ﬂd/\/ 2 _ 0.107 d 4/f for coppéf.
- 10%
Now, the current penetration depth in
copper at frequency f

I [10%
- 277, ~ -
Hence, it follows immediately that the

criterion, given above, that the frequency
should be ““ very high ” may be written in
the form _
z > 10[4/2
i.e., z > 7 approximately.

3.2. Certain curious features are apparent
in this Butterworth table. Particularly
surprising are the high values that appear
when the turns are closely spaced. Suppose
for example, that we take a coil having a
length/diameter = 0.4 and spacing ratio
— 0.8—that is to say, with turns quite close.
If we bring the turns a little closer to give
a spacing ratio of 0.9, the length/diameter
ratio being thereby only slightly changed,
we are to expect the h.f. resistance to increase
in the ratio of about 2.7 to 1. This would be
surprising. For a spacing ratio of 1.0 the
value infinity appears in the table; i.e,
when the turns are brought very close the

from a well-known formula. The variables h.f. resistance becomes infinitely large.
TABLE 1

p Coil Length/Ccil Diameter

B o 0.2 0.4 0.6 0.8 1.0 2 4 6 3 10 ®
1.0 ('S oo 0o oo oo 0o oo oo o] oo 3.41
0.9 18.2 17.5 16.1 14.6 13.2 11.9 | 8.02 5.27 4.39 3.96 3.78 3.I1
0.8 6.49 6.32 5.96 5.57 5.23 4.89 | 3.91 3.20 3.04 2.97 2.92 2.82
0.7 3.59 3.53 3.43 3.29 3.17 3.07 | 2.74 2.61 2.51 2.51 2.50 2.52
0.6 2.36 2.35 2.32 2.29 2.26 2.23 | 2.16 2.15 2.14 2.16 2.16 2.22
0.5 1.73 1.74 1.75 1.75 1.75 1.76 | 1.77 1.85 1.85 1.86 1.86 1.93
0.4 1.38 1.39 1.41 I.42 1.44 1.45 | 1.49 1.56 1.57 1.59 1.60 1.65°
03 | I.16 1.19 1.21 1.22 I.22 I1.24 1.28 1.34 1.34 1.35 1.36 1.39
0.2 1.07 1.08 1.08 1.10 1.10 1.10 | I1.I3 1.16 1.16 1.17 1.17 1.19
0.1 1.02 1.02 1.03 1.03 1.03 1.03 | 1.04 1.04 1.04 1.04 1.04 1.05

Butterworth’s theoretical values of the ratio of the h.f. coil resistance to the resistance at the same
frequency of the same length of straight wire.
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However, although this infinite value of the
h.f. resistance holds for coils whose length
varies from zero to a value indefinitely
large, when the length actually becomes
infinite there is a discontinuity, the h.{.
resistance assuming a value 3.41 times the
straight-wire resistance.

It will be useful to consider where, in
Butterworth’s calculation, these unexpectedly
high values of h.f. resistance arise.

We have said that Butterworth evaluates
separately three sets of losses, which he
subsequently combines. These are (1) the
losses due to the current in the wire under
consideration and the currents in adjacent
wires, (2) the losses due to the axial field
(H, in Fig. 1) and (3) the losses due to the
transverse field (H,). Losses (1) and (2)
show no surprising behaviour when the
wires are closely spaced ; the abrupt rise in
h.1f. resistance for close spacing is all due to
'oss (3). Butterworth tabulates a quantity
g, varying with d/s, which when multiplied
by (d/s)? and a factor depending on the
length/diameter ratio of the coil, gives the
contribution of the transverse field losses to
the total losses. This is reproduced as Table I1I.
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Table II gives values, worked out by
Butterworth, of the ratio of the losses in
one wire of his infinite parallel-wire system,
acted on by a transverse field, to those in an
isolated wire acted on by the same field.
The table shows the variation of this quantity
with the spacing ratio. If we work through
the theory again, taking account only of the
two adjacent wires (besides the wire in
question), we find for a spacing ratio of 1.0
that g comes out as 3.40 instead of oo.
Values of g for wider spacings will now lie
between 3.40 and 1. Consequently, it is
the more remote wires that, for close spacings,
make the largest contribution to Butter-
worth’s values of g given in Table II. In the
case of a coil, the transverse field will be con-
centrated near the ends of the coil, that is to
say, it will be effective over the last few
turns. Consequently, the contribution of
the effect of the transverse field to the total
coll losses would be expected to be of the
order of.the value of g that we have just
worked out, rather than of that given by
Butterworth.

So far, we have only considered the results
given by Butterworth for ““ very high fre-

TABLE 11
d/s ) 0.1 ! 0.2 l 0.3 l 0.4 ‘ 0.5 0.6 ' 0.7 ’ 0.8 0.9 ’ 1.0
g | 1.017 ’ 1.069 ‘ 1.166 ' 1.326 1.585 2.03 l 2.87 5( 4.83 12.5 | ool
| oL

That part of the resistance due to the
transverse field rises steeply for spacing
ratios over 0.7, becoming infinite’ for dls =
I.0. In this latter case, the 'parallel-wire
system becomes a continuous infinite metal
screen at right angles to the field.
~ We can show, qualitatively, that Butter-
worth’s high h.f. resistance values, for coils
having closely-spaced turns, may be expected
to be absent in practice. Butterworth has
substituted for the actual transverse field
of a coil a uniform field whose square is the
mean-square value—obtained by a method of
approximate integration—of the transverse
field. This uniform field is supposed to be
imposed on a system consisting of an infinite
number of parallel wires, and we have to
consider the effect on any one wire of this
field as modified by the eddy-currents set
up in that wire and in all other wires of the
system. Now, we shall show that the high
losses predicted by Butterworth in each wire
of this system are due chiefly to the presence
of the more remote wires.

quency.” We shall see later (Section 14)
that it is also necessary to proceed with
caution when trying to make use of his low-
frequency results. '

4. Previous Experimental Work on the A.C.
Resistance of Single-layer Solenoids

Butterworth, in his second paper?, com-
pares his theoretical values of the a.c.
resistances of single-layer solenoids with two
sets of experimental results, those of C. N.
Hickman? and G. W. O. Howe.®

C. N. Hickman used coils wound with very
thick wire (0.518 cm diameter), each coil
being 96 cm in length, the ratio of length/
diameter varying from 3 to 17. He used
a d/s value of 0.86. He employed a bridge
method of measurement, at frequencies of
I, 2 and 3 kc/s. The coils were wound on
“ well-seasoned wooden cylinders.” Com-
parison of Butterworth’s predicted values of
resistance and Hickman’s measured values
shows that the former are from 2 to 13
per cent higher than the experimental.
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G. W. O. Howe, using a thermal method,
measured coil resistances at radio frequen-
cies. He gave results for two coils, each
having a length/diameter ratio of about 10,
wound with wire of diameters 0.163 cm and
0.264 cm respectively. The respective values
of djs were 0.49 and 0.9o. The results for
the widely-spaced coil are close to those
predicted by Butterworth. Those for the
closely-spaced coil are lower than the
theoretical values by 53 per cent at the low-
frequency end of Howe's frequency range,
and 20 per cent at the high-frequency end.
Howe made his measurements on long
coils because, at that time, no satisfactory
formulae had been suggested for short coils.
He pointed out that short coils, such as
occur almost invariably in practice, would be
expected to give results considerably different
from those predicted by the long-coil theory,
and he suggested a tentative modification
of this theory to make it applicable to short
coils.

Not a great deal of additional experimental
work has been published, since the publica-
tion of Butterworth’s papers. The most
important is that of Dr. Willis Jackson.®
He pointed out that Butterworth’s formulae
had not hitherto been satisfactorily verified.
The two principal difficulties that he men-
tioned were that “ precision uses of bridge
networks are not available at radio fre-
quencies,” and that the losses in a tuning
capacitor, which can at radio frequencies be
comparable with those of the coil being
measured, could not usually be measured
separately. He avoided these difficulties by
using an ingenious method suggested by
E. B. Moullin, involving measurements on
a number of coils having the same dimen-
sions but wound with wire of different metals.
The method is elaborate, and it would not
be practicable to use it for measuring more
than a small number of coils. It consti-
tutes a check on an existing theory, rather
than a method of making absolute measure-
ments, and in addition Jackson found that it
did not give results sufficiently accurate to
allow more than tentative conclusions to be
drawn. He worked at about 1 Mc/s, his
coils having a spacing ratio of 0.03.

Sets of (Q-meter readings, corresponding
to coils of various dimensions, have been
published from time to time. Typical of
these are the values quoted in an article by
Art H. Meyerson.® Results are given from
25 to 60 Mc/s in the form of a table, and some

very irregular curves are based on the
measurements. These results seem charac-
teristic of the Q-meter rather than of the coils.

Of the methods of measurement so far
considered, only the thermal method of Howe
seems likely to give reliable results. The
objection to Howe’s method is the practical
one of the length of time required for each
measurement.

5. Description of Coils used in the Present
Series of Measurements

The intention of the present series of
measurements was to provide an empirical
substitute for Butterworth’s theoretical h.f.
resistance table (Table I). We shall see that
the conditions that need to be fulfilled before
Butterworth’s table becomes applicable—
i.e. that z should be high and the number of
turns large (see below)—tend to become
incompatible over part of the range of the
table, more especially in the bottom left-hand
region. That is to say, practically useful
coils cannot be wound such that they work
at a large z value, have a large number of
turns, have a wide turn spacing and have a
small length/diameter. To cover this region,
some compromise had to be made, and the
results are of theoretical rather than.practical
interest. Butterworth, constructing his table
exclusively from theoretical formulae, did
not encounter this difficulty. However, most
high-frequency single-layer coils actually
used do fall within the region covered by the
body of the table, which is the practically
important region.

It is specified in Butterworth’s table that
the number of turns shall be large, though
there is no indication of the effect on the h.f.
resistance of employing a finite number of
turns. We can form a very rough estimate
of the order of magnitude of this effect as
follows. If we assume that the part of the
losses in each wire due to proximity effect
is to be attributed largely to the two
immediately adjoining wires, one on each
side, the effect of using a finite number of
wires will be, principally, to diminish the
proximity effect in two turns, those at each
end of the coil. As a first approximation,
the proximity effect in each of these end
turns will be diminished by half, since there
is only one wire adjacent to each. Thus the
total proximity effect losses will be diminished

‘ 0 100
by 2 X = X — 9, ; i.e, by — %.
yz X > X= oo y n O
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‘Since, in practice, the proximity effect on
each turn of more remote turns is not
negligible, this expression will be too low.
Since, however, proximity losses form only
part of the total losses, this expression should
give the order of magnitude of the effect of
using a finite number of turns. It is not in
violent disagreement with Butterworth’s
figures for very short coils, of not too close
spacing, having a finite number of turns.
From this consideration, it was decided
that the minimum number of turns that
would be used was 30. In practice, the number
of turns ranged from 30 for the smallest
length/diameter coils to 50 for the largest.

The condition that the number of turns
shall be large may, over part of Butterworth’s
table, be difficult to reconcile with the
condition that the frequency shall be high,
or, more correctly, that z should be large.
From the expression for z, i.e.,

2 = 0.107 dr\/f

it is evident that both the wire diameter and
the frequency must be as large as possible.
As regards the frequency, since as we shall
see later, we shall want to make use of a
large tuning capacitance, in order to work at
a high enough frequency our coil inductance
must be as low as possible. - That is to say,
we must use the smallest permissible coil
diameter and the smallest number of turns.
The minimum number of turns has already
been decided. As for the coil diameter, since
the number. of turns has a lower limit, and
the spacing of turns and the ratio of coil
length to coil diameter are determined by
the position of the coil in Table I, we can
only decrease the coil diameter by decreasing
tne diameter of wire. But it is evident from
the form of the expression for z, that, for
satisfying the ** high-frequency ’ criterion, a
large 4 is more important than a large f.

Specifically, since for a given number of
turns and a given spacing ratio, the length
of coll, /, is proportional to the diameter of
wire, d, then the coil diameter D, for a
given //D ratio, will also be proportional to 4.
But f is proportional to 1/4/L, i.e., to1/4/D,
and hence tox1/4/d. So 4/fis proportional to
1/(d)*, and hence z is proportional to (d)i.

It is apparent that the upper limit to d is
. determined by the maximum permissible coil
diameter. In the present work, the largest
formers used had a diameter of 24in.  This
involved the use of wires of 18 and 20 S.W.G.

for most of the coils. Furthermore, since
for a given maximum coil diameter, the upper
limit of z becomes increasingly severely
diminished with decreasing value of length/
diameter, no coils were constructed having a
length/diameter less than o.4.

The coils were wound on Distrene rod,
diameters ranging from 2%in to $in. In one
case, to attain a sufficiently high length/
diameter ratio with a spacing ratio of 0.9, a
coill of 20 S.W.G. double-silk-covered wire
was wound on a }-in diameter former. The
special virtues of Distrene rod for the present
purpose are its low power factor (about
0.0003) and, from the mechanical point of
view, the ease with which it can be grooved
and the ends of the coil anchored.

The effect of dielectric losses on the total
losses may be estimated if we assume that the
coil turns are completely embedded in the
former. Since 1n reality, each turn is
roughly half surrounded by air and half by
former material, we may expect that this
assumption will cause us to over-estimate the
actual dielectric losses. With this limitation,
the percentage increase in the copper-loss
series resistance due to dielectric losses is

given by
3L2C
ER——O X 100 %,
where 7 is the power factor of the former
material,

w is the angular frequency,
L is the coil inductance,
C, is the coil self-capacitance,
R is the equivalent series resistance
due to copper losses.
This may be written as

TQ(f/f,)? X 100,

where f is the working frequency and f, the
self-resonant frequency,
or as

7Q(C,/C) X 100
where C is the tuning capacitance at the
working frequency. Q, for the coils measured,
was never higher than about 250, and C, was
usually about 3 or 4 pF. Minimum C was
about 850 pF. Thus, the maximum value
of the percentage dielectric losses that we
may expect is

0.0003 X 250 X 4 X I00

850
= 0.035 %, approx.
The ends of the wires (mostly 18 and

20 gauge copper wires) were soldered to leads
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of 12 or 14 gauge copper wire, which had been
previously tinned and sunk about }in into
the former (using the heat of a soldering
iron pressed against the lead just above the
former). There is a tendency for the leads
to twist in their holes, if they are not bent
carefully.

For spacing ratios up to 0.8, the formers
were grooved and the coils were wound with
bare wire. For a spacing ratio of about 0.9,
double-silk-covered wire was wound on
ungrooved formers, the turns being as close
as possible. This procedure gave spacing
ratios ranging from 0.885 to 0.92. One coil
(length/diameter = 1.30) was wound with
single-silk covered 20 gauge wire (d.s.c. wire,
from which the outer layer was stripped) on
an ungrooved former, a spacing ratio of
about 0.95 being obtained.

There is an appreciable tolerance on wire
sold by gauge number, and in any case, the
wires are stretched before winding to remove
kinks. Consequently, the wire diameter for
each coil was taken as the mean of three or
four roughly equally spaced measurements,
by a centimetre micrometer, along the length
of the wire, these measurements being made
during the winding.

Each coil was dried for about twelve hours
in a desiccator, before measurement.

6. Use of the Twin-T Impedance Measuring
Bridge

The twin-T Impedance-Measuring Circuit
manufactured by the General Radio Com-
pany, Cambridge, Mass., is one of the most
recent developments in the technique of
measuring high-frequency impedances. De-
tailed accounts of the theory and its practical
application are given in references 10 and II.
We shall very briefly describe its use for
the measurement of high-frequency coil
impedances.

The twin-T operates over a frequency
range from 460 kc/s to 30 Mc/s. It is a null
instrument, a balance being obtained by the
adjustment of two capacitors. One of these
capacitors is calibrated in micro-mhos, and,
after multiplying by a factor involving the
square of the frequency, gives the effective
parallel conductance of the measured im-
pedance. The other, ‘calibrated in pico-
farads, gives directly the effective parallel
capacitance.

The capacitance dial has a range of from
100 to 1,100 pF, and it is calibrated at

intervals of 0.2 pF, The scale of the con-
ductance dial is not linear, the calibration
intervals ranging from 2} to 1o per cent of
the measured conductance. This dial can
usually be read to 1 per cent or better.

In the present series of measurements, the
oscillator consisted of a Marconi Signal
Generator, covering a frequency range from
85 ke/s to 25 Mc/s. A number of receivers
were used from time to time, the necessary
qualifications being that the receiver should
be well shielded, that it should have a
sensitivity of the order of 1 to 10 microvolts,
and that it should be provided with a local
oscillator to beat with the incoming signal,
o0 as to produce an audible note.

7. Method of Measurement

Each coil was measured over a small band
of frequencies at the low-frequency end
of the available working range; 1ie., at
frequencies at which it tuned with capaci-
tances of 8oo-1,000 pF. There were
two reasons for working at the lowest
available frequencies: (1) because the con-
ductance-dial reading falls off rapidly as the
frequency increases (being inversely pro-
portional to f*?, for the present type of coil)
and the error in the reading becomes corre-
spondingly larger, and (2) because the effect
of the resistance of the twin-T tuning capacitor
is minimum at the lowest frequencies.

Each se* of measurements was entered up
on a standard sheet. We have reproduced,
as a typical example, that relating to coil
No. 31. Nine measurements were carried out
on each coil, the first at a frequency at which
the coil tuned with about 1,000 pF, and the
remainder at frequencies increasing pro-
gressively by the smallest dial intervals of
the signal generator. It was thought prefer-
able to perform each measurement at a
different, rather than at the same, frequency
to avoid, if possible, systematic errors. The

values of Q/4/f thus obtained, after various

corrections had been made (see over),

usually showed aspread of from 3 to 5 percent.
Various necessary formulae were repro-

duced, for convenience, on each sheet.

8. Corrections Applied to the Twin-T

Measurements

Six corrections had to be applied to the
original measurements. Four of them will be
described in this section, and the remaining
two will be given a section each.
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TABLE IIT 29 . 8. 45.
Coil No. 31. Mean temperature, 20.5°C.
Freq Cpy Cpo Conduc- Cps—Cpy Corrected True Q9 L
Y| (pF) (pF) tance dial + 3.4 conductance|—38G {conductance| Q F (uH)
Mc/s . s . 2
reading (pF) dial reading {umhos)
0.78 100 | 1,080.3 34.9 983.7 21.2 0.1 2I.1 228 | 0.258 42.32
0.79 100 | 1,056.2 32.9 959.6 20.5 0.1 20.4 233 | 0.262 42.29
0.80 100 | 1,031.8 32.0 935.2 20.5 0.1 20.4 230 | 0.257 42.32
0.81 100 | 1,007.9 30.8 911.3 20.2 o.1 20.1 231 | 0.257 42.36
0.82 100 084.8 29.1 888.2 19.6 0.1 19.5 235 | 0.260 42.41
0.83 100 062.6 28.0 866.0 19.3 0.1 19.2 235 | 0.258 42.46
0.84 100 943.5 27.0 846.9 19.1 o.1 19.0 235 | 0.256 42.39
0.85 100 923.4 26.0 826.8 18.8 0.1 18.7 236 | 0.256 42.40
0.86 100 904.0 25.2 807.4 18.6 0.1 18.5 236 | 0.255 42.42
Mean| o.2577 | 42.37
No. of turns = 40 d  0.0910 X 39 Rexp. = 1,033 X 106 \/fohms
Wire gauge = 20 s.w.g. s 6.92 Resistance of leads _
D = 5.19—0.09 cm = 0.5I3 =X 10_~6 v/f ohms
_ 282 1C Resistance of coil _
5.1 cm Q= 0.283/ = 1,026 X 1079 4/f ohms
R = 2.55cm G $ = 1.745
length = 7.01cm I 0.022533 — 1.743 at 20°C
Length r375 6J;8§L i = 1.71 at 20° C f—> 00
diameter R, = ——=2C./f Resistance of leads
d = 0.0910 cm oIS _ el
_ 6.92 _ [(resist)/10=8 /f] x d = 0.1661 X 107° 5 vf
$ = 39 em $ = 0.5218 Rn where! = } (total length of leads).

8.1. The conductance-dial reading has to be

. 2
multiplied by a factor of the form <]j;>
0

where f is the working frequency and f, is
either 1, 3, 10 or 30 Mc/s according to the
frequency range which is used. The results
of this correction are in column 6 of the
measurements sheet.
8.2 The corrected conductance value thus
obtained has to be further corrected on
account of the resistance, R, of the metal
structure of the main capacitor. According
to Sinclair’s paper,® R,, in a twin-T whose
residual parameters were measured by him,
had the value 0.025 ohm at 30 Mc/s. As
will be shown later, even a large departure
from this value in the machine actually
used, will not seriously affect the present
measurements. Assuming this resistance to
be proportional to the square root of the
frequency, the error it introduces into the
conductance reading can be corrected by
adding algebraically a factor 3G, which has
the form

5G = — {0.184(/)*%)

(Cpo? — Cpe?) X 107¢ umhos.

f represents the frequency (Mc/s), and C,,
and C,, are respectively the initial and final
settings of the tuning capacitor (pF).

This is a very cumbersome expression to
use, if one has to work out a large number
of values of 8G. The labour of evaluation
can be considerably decreased by using a
graphical procedure. The first part of the
expression, 0.184(f)*°, is plotted on double-
logarithmic graph paper (Fig. 2), for a range
of f from 0.1 to ro. The second part,
(C,2— C,%) x 107% is plotted as the third
line of a nomograph (Fig. 3) the two base
lines being C,, and C,, each ranging from
100 to 1,150 pF. &G is now obtained as the
product of the two quantities read off from
Figs. 2 and 3.

As an example: for coil No. 31, at a
frequency of 0.78 Mc/s C,; was 100 pF,
and C,, 1,080.3 pF.

Now, 0.184(f)*®

0.184(0.78)*°

= 0.1 from Fig. 2
and (C,,2 — C,2) X 107% = 1.16 from Fig. 3
s0 8G = — 0.I X I.I6

— 0.1 umho approx.

While the value of R,, for the particular
twin-T used, was probably not identical with
that of the twin-T measured by Sinclair, it
was not thought necessary to repeat Sinclair’s
measurements. There were two reasons for
this: (1) the correction for R, at the
frequencies used, is a small fraction of the
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measured conductance (usually of the order
of 1 or 2 per cent), and the correction would
not be appreciably affected by any likely
deviation of R, from Sinclair’s value, and
(2) the value assumed for R,, at frequencies
of the order of 1 Mc/s is, in any case, an
approximation, since R, has to be measured
at a frequency round about 30 Mc/s and the
doubtful assumption is made that R, will
vary precisely as the square root of the
frequency.

8.3 The correction for losses in the leads is
most conveniently applied by subtracting it
from the equivalent series resistance. The
expression for the h.f. resistance of a straight

100 0

ol8af?s

N o o0

FREQUENCY - Mc/s

Fig. 2. Correction for R, (1).

isolated copper wire was considered a good
enough approximation to this loss. The
correction was usually less than 1 per cent
of the total series losses.

8.4 Temperature variation of the dimen-
sions of the coils will not produce an appreci-
able effect on the series resistance over the
temperature range (from about 16° to 26° C)
encountered. However, temperature varia-
tion of resistivity has to be taken into
account. Taking the temperature coefficient
of resistivity of copper as 0.0039 at 20°C,

WIRELESS
ENGINEER

43

we have to multiply the apparent value of ¢
(the ratio of the coil resistance to the resist-
ance of the same length of straight wire at

(Cp-Cpityx1d®

sz ——3_—' 1-4 CPI
1150 —— X3 100

T 12 =
i ES 300 ——

1,100 —— — ES
T —£—10 0

T ——09 E
I F 500 ——

L ——08 T

T —F 07 +

1000 —— *+ ¥
T 06 0

T ——05 +

T —1 04 - I
L * 0 700 ——
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600 —— T
T 1,000 ——

500 —F— I

400 —— I
£ LI00 ——

300 —3 T

200 T
100 1,150 ——

Fig. 3. Correction for R, (2).

the same frequency) by one of the following
factors.

if £>20° C

VI 4+ 0.0039(f — 20)
or 4/1 +0.0039(z0 —¢) if £<20°C
where £°C is the temperature of measurement.
8.5 The remaining two corrections are (5),
for coil self-capacitance and (6), a frequency
correction to the final value of ¢. We shall
consider each of these in a separate section.
(To be concluded)

For refevences see end of avticle in March issue.




H.F. RESISTANCE AND SELF-
CAPACITANCE OF SINGLE-LAYER
SOLENOIDS

By R. G. Medhurst, B.Sc.

(Communication from the Staff of the Research Laboratories of The General Electric Company, Limited, Wembley, England.)

(Concluded from page 43 of the Febvuavy issue.)

9. Self-capacitance of Single-layer Coils.

M 9.1. The self-capacitance of each colil,
including capacitance due to leads, has to
be added to the parallel capacitance reading
of the twin-T. It is a small correction,
usually less than 1 per cent. The original
intention was to use Palermo’s formula
for self-capacitance!4, this being available
in abac form? and hence readily made use
of. However, for the closely-spaced coils, a
noticeable variation with frequency started
to appear in the calculated values of induc-
tance (which should be consistent to better
than § per cent), so it was decided that an
attempt should be made to find out whether
Palermo’s formula did in fact agree with
experiment, and, if there was a substantial
disagreement, whether an empirical formula
could be substituted.

What was required was a set of formulae,
or, preferably, a set of curves from which
the self-capacitance of a particular coil
could be quickly and easily read off, say to
20 per cent or better. Since the capacitance
of the leads is of the same order of magnitude
as that of the coil, it was first necessary to
find out whether the lead capacitance could
be specified by some quantity which would
be additive algebraically to the self-capaci-
tance of the coil.

The simplest hypothesis is that the *“ live ”
lead can be treated as an isolated straight

vertical wire ; that is to say, that (1) the fact
of its being bent, and (2) the proximity of
the coil to the upper end have a negligible
effect on its capacitance. This we shall
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vertical 12 gauge copper wive.

Fig. 4.

show to be correct, to the degree of approxi-
mation we require.

9.2. The capacitances of a number of
copper wires of various lengths and diameters,
from 10 to 40 cminlength and from 12 S.W.G.
to 44 S.W.G., were measured at 200 kc/s,
the wires standing vertically upright with
their lower ends in the live terminal of a
Cambridge Capacity Meter. Over this range
of length, the capacitances of each wire
gauge were quite closely proportional to
their lengths (see, for example, Fig. 4).
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The capacitances, measured in this way,
of 25-cm lengths of wire of various gauges
are plotted against the wire diameter in
Fig. 5. In Fig. 6 capacitance is plotted
against length for a number of wire gauges.*

We may readily show that bending of the
wire and alteration of its position relative to
earth make no large difference to the
measured capacitance. A 25-cm length of
No. 12 S.W.G. copper wire was measured
in a vertical position, as before. Its capaci-
tance was 2.9 pF. Now, a plece of brass
sheet, 35 cm X 15 cm, was attached to
the earth terminal of the capacitance
meter, so that it formed a horizontal earth
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Fig. 5. Capacitance of 25-cm lengths of vertical

copper wive of various diameters.

adjacent to the wire in the live terminal.
The wire was bent over so that about 2/3
of its length was horizontal and about
6 cm above the brass sheet. The capacitance
was now 3.0 pF. Even when the wire was
brought to within about 2 cm of the earth
plate, the capacitance reading only rose
to 3.6 pF. Finally, the wire was screwed
into the meter terminal at its centre, the
two ends being bent up to about 45° to the
horizontal. The capacitance reading was
now 3.1 pF. .

Some of these measurements were repeated
on the twin-T, at frequencies up to 20 Mc/s,
and close agreement was obtained. In

* It is interesting to note that, over these
ranges of length and diameter, the theoretical
expression, given originally by G. W. O. Howe (see
ref. 19 : also ref. 12 p. 116), for capacitance of a
straight vertical wire above a plane earth is very
roughly linear with respect to the length of wire.
Our experimental points, however, fit more closely
to a straight line than to this theoretical curve.
The theoretical curve for 12-gauge wire intersects
the experimental straight line at the 45-cm length
point and is about o.4 pF above at a length of
10-cm. In the 20-gauge case, the theoretical curve
falls above the experimental line throughout the
range, the maximum deviation being about 0.3 pF.

addition, some observations were made on
the effect of the proximity of an adjacent
vertical earth lead, screwed into the earth
terminal of the twin-T. It was found that
there was no measurable increase in capaci-
tance until the earth lead was brought to

within one or two centimetres of the live
lead.

9.3. Before we discuss the effect of the
proximity of the coil on the capacitance of
the “live” lead, we have to describe the
method used for measuring the capacitance
of the whole coil-lead assembly.
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Fig. 6. Variation of capacitance with wive length

for vertical copper wives of vavious gauges.

The standard technique for making self-
capacitance measurements on colls was
originally suggested by G. W. O. Howe'".
The square of the wavelength is plotted
against the added parallel capacitance
necessary to resonate the coil. The points
so obtained should lie on a straight line,
which is produced to meet the capacitance
axis, making a negative intercept which is
numerically equal to the self-capacitance.
The present method is a modification of this,
making use of the large range (1,000 pF)
of the main tuning capacitor of the twin-T
and its fine graduation (0.2 pF per division).
A measurement is carried out at the frequency
at which the coil resonates with about
1,000 pF. About half a dozen additional
measurements are now required, the first
at about four times this frequency and the
remainder at frequencies increasing in steps
of 2 or 3 Mc/s.

Now, if we know the self-capacitance
(including lead capacitance), we can calculate
the inductance from any one of these measure-
ments, since the coil is resonating with its
self-capacitance plus the added capacitance.
To obtain a given accuracy of inductance
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we need to know the self-capacitance less
accurately as the added capacitance becomes
higher. In particular, if we make use of the
measurement involving an added capacitance
of about 1,000 pF, quite a rough value of the
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Fig. 7. Apparent self-capacitance of a coil with

vavious lengths of leads.

self-capacitance (which is not usually greater
than 5 pF) will yield an inductance value of
very high accuracy. The rough value is
derived from the 1,000-pF measurement and
the measurement involving the lowest added
capacitance. In practice, we do not actually
work out this self-capacitance correction,

where C is the added capacitance at fre-
quency f. '

As an example of this method, coil No. 32
had 38 turns of 20 S.W.G. copper wire,
mean diameter being 5.10 cm, overall
length 4.79 cm, spacing ratio 0.720. Self-
capacitance measurements took the form
shown in Table IV.

The live lead consisted of 10 cm of 14
S.W.G. copper wire. Thus, alead capacitance
of 1.03 pF (independent of frequency)
has to be subtracted from each of the readings
in Table IV, to give the actual self-capaci-
tance of the coil (see below, Sections 9.4
and 9.6). The mean self-capacitance now
becomes 2.30 pF.

It appears, from these results, that the
reactance of this coil can be represented
closely, over quite a wide frequency range
up to and beyond the self-resonant frequency,
by a fixed inductance in parallel with a
fixed capacitance. This is true for all the
coils measured, no evidence being found
for the suggestion sometimes made (e.g.,
ref. 12, p. 84, footnote) that self-capacitance
1s lower at the self-resonant frequency of
the coil than at frequencies much less than
this.

9.4 Now we can return to the question of

TABLE 1V.
C L C,
Frequency C, (pF) C, (pF)
Mc/s C,—C, Inductance 0.02533 0.02533 c
pF) (nH) Ly? Lrr
(PF) (PF)
0.72 100 1076.0 976.0 49.89
3.0 100 153.2 53.2 56.4 3.2
6.0 200 210.7 10.7 I4.1 3.4
8.0 150 154.6 4.6 79 3.3
12.0 200 200.15 0.15 3.52 3.4
I5.0 300 298.95 —1I1.05 2.25 3.3
18.0 200 198.2 —1.8 1.57 3.4
. . . R Mean. 3.33
the inductance being obtained directly
from the formula .
0.02533 1 I the effect of the lead capacitance on the
= = [—“ — —2] total measured capacitance.
Co—Cy L2 N

C, and C, (pF) being the added capacitances
at frequencies f, and f, Mc/s) respectively.

Finally, using this value of inductance
we can calculate the self-capacitance, at
each of the frequencies of measurement
after the first, from the formula

0.02533
CO - I"fz - C

A coil was constructed (39 turns of 20
gauge wire, mean diameter 5.08 cm, overall
length 4.70 cm) having 14 gauge leads each
35 cm in length, inclusive of the portion
bent over near the twin-T terminals.
The parallel capacitance of coil plus leads
was measured as just described, and the
measurements repeated when the leads
were shortened to 23.5, 11.5 and 7.5 cm.
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The results are plotted, in Fig. 7, against
the length of the live lead. If the lead
capacitance adds algebraically, without
modification, on to the coil self-capacitance,
these points should lie on a straight line
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Fig. 8. Comparison between Palermo’s formula
and wmeasuved self-capacitances of coils having
length|diameter = 1 approximately.

parallel to the 14 S.W.G. line of Fig. 6.
By the method of least squares, the best
fitting straight line has been drawn among
these points, which deviate from it by
not more than 59%,. This line, it will
be seen, is very closely parallel to the
14 S.W.G. line.

9.5. We are now in a position to deal
with Palermo’s self-capacitance formula.
Previous work 1471720 has established
that the self-capacitance of a single-
layer coil (C,) is directly proportional
to the coil diameter. 1t is also in-
dependent of the number of turns,
provided this number is not toc small.
The remaining quantities upon which
C, might depend are the ratio of coil
length to diameter, the wire diameter
(d) and the spacing of the turns (s).
Investigators before Palermo had as-
sumed that C, was independent of 4
and s. Palermo asserted that C, varied with
d and s according to the following relation :

C D
" 3.6 cosh 1 s/d
where D is the coil diameter (cm).
This result, independent of the length of the
coil, was supposed to hold for coils whose

length/diameter ratio was equal to or less
than 1. ‘

. SELF-CAPACITANCE
COIL DIAMETER

H

0

Fig. 9.

Fig. 8 shows measured values of the ratio
C,/D for nine coils having diameters ranging
from 2.6 to 6.4 cm and spacing ratios (d/s)
from 0.15 to 0.95. Wire gauges used range
from 18 to 30 S.W.G. All the coils were
wound with bare wire on grooved Distrene
formers except two, with values of d/s equal
to 0.947 and o0.919, which were wound
respectively with single-silk-covered and
double-silk-covered wire on ungrooved
Distrene rod, the turns being as close to-
gether as possible. Values of length/diameter
were all about 1, ranging from 0.94 to 1.49.
Each coil was measured as described above
(see Table 1V), lead capacitances being
subtracted. In Fig. 8, Palermo’s theoretical
expression for Cy/D is plotted against dJs,
and the experimental values are plotted on
the same scale. To better than 59, the
measured values fit the expression

Jo =0.40 D,

being independent of the spacing ratio.
These observed values show a tendency to
increase slightly with increasing proximity
of turns, but this increase was of the order
of magnitude of the experimental error
anticipated, and it was not thought than any
useful conclusions could be drawn.

It has to be pointed out that this experi-
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ES et

i 0
COIL LENGTH /COIL DIAMETER

100

Vaviation of self-capacitance with coil length (one
end of coil eavthed).

mental demonstration of the lack of depend-
ence of self-capacitance on the spacing of
turns contradicts not only Palermo’s theory
but also some experimental confirmation
which he brought forward (see Section 9.7
below.) Consequently, it seems advisable
to remark that no investigators other than
Palermo have found a measurable variation
with turn spacing. J. C. Hubbard 6, for
example, says :
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“ There is no evidence that the variation
of ratio of pitch to diameter of wire has
a measurable effect on the distributed
capacity in the region studied, though some
effect is to be expected for coils of a smaller
number of turns than those studied here.”
Hubbard’s minimum number of turns was
35, and he worked down to a length/diameter
of about 0.2; i.e., his coils are “ short”
enough for Palermo’s formula to be
applicable.

9.6. C, having been shown to be sub-
stantially independent of d/s, the final step
is to find the variation of C, with the length/
diameter ratio. Fig. 9 shows the results
of a series of measurements on coils whose
length/diameter ranged from 29.2 to 0.163.
Diameters ranged from 0.675 to 6.36 cm,
and numbers of turns from 10 to about 636.
All the coils were those which had been used
for h.f. resistance measurements, except
the two with the greatest and smallest
ratios of length/diameter. The former was
wound with about 636 turns of 34 gauge
wire, double-silk-covered, on a 3-in Distrene
former, and the latter with 10 turns of 20
gauge wire, double-silk-covered, on a 21-in
Distrene former.

It appears that, in the commonly occurring
case when one end of the coil 1s at earth
potential, we can write down the self-
capacitance in the form

Co = HD picofarads, where D is in
centimetres.

H depends on the length/diameter ratio
only. The table of values of H which
follows is based on the curve of Fig. g.
The use of these values, with the appropriate
lead correction, should give results accurate
to 59, or better.

TABLE V.

Length Iength Length
- H |——| H —-| H
Diameter Diameter Diameter

50 5.8 5.0 0.81 0.70 0.47
40 4.6 4.5 0.77 0.60 0.48
30 3.4 4.0 0.72 0.50 0.50
25 2.9 3.5 0.67 0.45 0.52
20 2.36 3.0 0.61 0.40 0.54
15 1.86 2.5 0.56 0.35 0.57
10 1.32 2.0 0.50 0.30 0.60
9.0 1.22 1.5 0.47 0.25 0.64
8.0 I.12 1.0 0.46 0.20 0.70
7.0 1.01 0.90 0.46 0.15 0.79
6.0 0.92 0.80 0.46 0.10 0.96

J. C. Hubbard'® remarked: “. .. we
apparently have two quite independent
factors ”” (determining the self-capacitance
of coils), “one predominating greatly in
very short coils, the other, in very long
coils.” It is an interesting confirmation of
this suggestion that the experimental results
of Fig. 9 and Table V can be fitted quite
closely (to 2 or 3%) by an expression of the
form

0.27
Vi/D
The first numerical factor follows from
Nagaoka’s inductance formula for long
coils and the experimental fact that the
self-resonant wavelength for long coils equals
twice the length of winding (see below)
The other two factors are empirical.

A few additional measurements were made
on some two-turn and single-turn coils.
A coll of two turns of closely-spaced 18
S.W.G. double-silk-covered wire, diameter
6.47 cm, length/diameter 0.042 gave an
H value of 1.53, which is quite close to the
value, 1.40, calculated from the expression
above. Another two-turn coil, of closely-
spaced double-silk-covered 40 gauge wire,
diameter 4.46 cm, length/diameter 0.0067,
gave the low H value of 0.96. The lead
correction is uncertain in both these cases,
the assumptions about the live and the
earth leads needing modification when the
length of the lead becomes comparable with
the winding length. It seems from these
results that the curve of Fig. 9 can be
extrapolated to a length/diameter of about
0.05, even when the number of turns is
only two, but that there is a considerable
falling off thereafter. A one-turn coil
(14 S.W.G., mean diameter 23.9 cm, length/
diameter 0.0084) departed even more from
the trend of the curve in Fig. g, the H value
being only 0.23.

As an example of the use of Fig. 6 and o,
we may take the coil dealt with in Table II1.
Ratio of length to diameter was 1.375, and
mean diameter was 5.10 cm. Hence, from

se'f-capacitance of coil = 5.10 X 0.47
= 2.4 pF.
The leads were of 14 S.W.G., the length of
each was 9.5 cm. Hence, from Fig. 6,
capacitance of live lead = 1.0 pF

H = 0.11261% + 0.08 +

Thus, total capacitance = 2.4 + 1.0 pF
= 3.4 pF.
9.7 The wide discrepancy  between
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Palermo’s results and the present work
make it desirable to say something about
the theoretical basis of the expression put
forward by Palermo.

What is called the *self-capacitance”
of a coil will actually be a composite quantity,
and the components will not necessarily be
mutually dependent. It is convenient, to begin
with, to divide coil self-capacitance into
two parts, the “internal” and the
“external ”’ capacitances. When a current
flows through the coil, each turn 1s at a
different mean potential from every other
turn. Consequently, there will be capacitan-
ces between each pair of turns (modified by
the presence of the other turns between or
on either side of the particular pair.). We
shall call the effective parallel capacitance,
across the whole coil inductance, the ‘‘ inter-
nal ”’ capacitance ; it is formed by summing
all these capacitances between turns, each
taken across the appropriate part of the
inductance.

Furthermore, each turn will be at a mean
potential different from that of the earth,
so that each turn will show a capacitance to
earth. The effective parallel capacitance
formed by summing these capacitances to
earth we shall call the ‘‘ external” cap-
acitance.

It will be apparent that if the external
and internal capacitances are comparable
in magnitude, the apparent self-capacitance
will be different when neither end of the
coil is earthed, since the external capacitance
will then not appear directly across the
terminals of the coil. Hence, the present
results, which are all for coils earthed at
one end, may not be applicable to coi’s both
ends of which are above earth potential.

Palermo further divides the internal
capacitance into two portions, the capacitance
between adjacent turns and the capacitance
between turns which are not adjacent. He
assumes that almost the whole of the
self-capacitance is made up of the portion
of the internal capacitance between adjacent
turns : that is to say, he asserts that the
capacitance between non-adjacent turns will
be negligible, and he fails to mention the
external capacitance.

Now, in spite of having neglected what
may be a large part of the total self-capacit-
ance, he predicts values which, for closely
spaced coils, are very much larger than the
values we have measured. The reason for
this over-estimate is not too difficult to see.

Palermo derives his capacitance between
adjacent turns from the formula for the
capacitance between long parallel cylinders,
diameter 4 and separation of centres s,
which he quotes in the form

C = m picofarads/cm.

When s/d approaches 1, that is to say, when
the cylinders are very close, this expression
approaches infinity. However, when the
turns of a coil are very close the self-capacit-
ance does not approach infinity, and the
reason for the discrepancy appears to be
that what we have to concern ourselves
with is the effective current-carrying path
and not the whole of the cross section of
each turn.

When high-frequency current flows through
an isolated wire, the current tends to be
concentrated near the surface. When the
wire 1s bent into the form of a coil, the
current tends, further, toflow round the inner
surface of the coil. Finally, the effect of
the adjacent turns is to cause the current
to withdraw from the portions of the wire
nearest to these turns. Thus, even when
the turns are very close the effective current-
carrying paths are still comparatively remote
from each other.

Thus, the capacitance between adjacent
turns will be less than that predicted by
Palermo. The fact that self-capacitance
is substantially independent of spacing of
turns suggests that the part of the self-
capacitance considered by Palermo is
actually negligible.

The question of the validity, or otherwise,
of Palermo’s formula is complicated by the
existence of some measurements (on coils
earthed at one end) which he brings forward
in support of his theory. It is difficult to
say much about these measurements, except
that they are closely in agreement with
Palermo’s formula, and consequently, when
the turns are closely spaced, they are very
different from other published results on
similar coils. The discrepancy is drastically
illustrated by Palermo’s coil No. g, which had
a diameter of 10.40 cm and a length of
9.65. The number of turns was 28, the wire
diameter 0.325 cm and the spacing ratio
0.94. The coil was measured at a “ high
frequency ”’; i.e., at something below,
but of the order of magnitude of the self-
resonant frequency. From the curve of
Fig. 9 we would predict a self-capacitance of

D
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4.8 pF. Palermo’s formula gives 20.5 pF.
The measured value he gives as 20.0 pF.

Palermo’s measured coils fall into two
groups. Seven of them, with spacing ratios
between 0.3 and 0.8 were measured by the
Bureau of Standards. Over this region of
spacing ratio, Palermo’s ‘“ proximity effect ”’
is not too pronounced The measured values
were all between 1 and 3 picofarads larger
than the values that would be predicted
from our present work. Palermo makes no
mention of a correction for leads and ter-
minals, and possibly this accounts for the
discrepancy. The remaining twelve coils
were measured by Palermo himself, and
it is among these that we find the capaci-
tances (such as the one already quoted)
which are so greatly different in magni-
tude from our results.

9.8. We have seen that, so far as
self-capacitance is concerned, a single-
layer coil behaves very closely like a
cylindrical current sheet. It is well
known that this is also true of the
inductive part of its reactance. If we
combine these two current-sheet formulae
we might expect to deduce some simple
expression, depending on the coil geo-
metry, for the self-resonant frequency.

Our measurements have given a
self-capacitance expression in the form

Co = HD, where H is a quantity
dependent on the length/diameter
only.

The Nagaoka expression for the inductance,
L,, may be written in the form

L, = Kn?D, where K is dependent on
the length/diameter only.

Exd
-
O - N Wb L 0~ @ v

Now, if we call A (cm) the self-resonant
wavelength, we have
TABLE VI

Length Length Length

— N ——| N —| N

Diameter Diameter Diameter
50 2.0 5.0 2.3 0.70 3.8
40 2.0 4.5 2.4 0.60 4.0
30 2.0 4.0 2.4 0.50 4.3
25 2.0 3.5 2.5 0.45 4.5
20 2.0 3.0 2.5 0.40 4.8
15 2.1 2.5 2.6 0.35 5.0
10 2.1 2.0 2.7 0.30 5.4
9.0 2.1 1.5 2.9 0.25 5.8
8.0 2.2 1.0 3.4 0.20 6.3
7.0 2.2 0.90 3.5 0.15 7.1
6.0 2.3 0.80 3.6 - 0.10 8.3

X = 27 ¢ /L,C, where ¢ (cm/sec) is the
velocity of electro-magnetic radia-
tion, ) o

2m ¢ /HKn?D?

2w cnD A/HK

Nl where N is dependent on the
length/diameter only and / is thz
total length of wire.

Values of N, worked out from the in-
ductances and self-capacitances of the coils
previously measured, are plotted against
length /diameter in Fig. To. Table VI gives
values of N and has been worked out from
Table V and Nagaoka’s values of K.

<

<

Fig. 10.

| 10
COIL LENGTH/COIL DIAMETER

100

Wavelength at self-vesonant frequency equals
N X total length of wire.

10. Frequency Correction.

The measured values of ¢ (ratio of the h.f.
resistance of the coil to the resistance of the
straightened wire at the same {frequency)
are mostly for frequencies such that z (see
list of symbols) has values between 8 and 20.
Though these frequencies are to be regarded

“ hlgh »” according to our previous defin-
1t10n of “high frequency,” (i.e., frequency
for which z>7), ¢ will still, to some small
extent, be frequency dependent. So that
the measured values shall be comparable
among themselves, it will be advantageous
to apply a frequency correction such that the
corrected ¢s correspond to the same value
of z. If we choose infinity as this standard
z value the corrected ¢s can be compared
directly with Butterworth’s “‘high-frequency”’
table, which is supposed to apply at in-
finitely large z. Since, as we shall see,
the frequency correction is small, we may
still use the corrected ¢ values at the orders
of frequency commonly encountered.

It is unfortunate that exact measurements
on coil resistance are almost as scarce at



March, 1947 WIRELESS 87
ENGINEER
low as at high frequencies. Consequently, % has some value which does not vary with

it has not been found possible to deduce
from previous work an experimental
frequency correction to convert the present
measurements from ‘“ high ”’ to “ infinite ”
frequency. Tentatively, a  correction
formula was used based on Butterworth’s
theoretical considerations, modified in the
light of the present results. The formula
in question is

A4 = g (Bery — 29

$exp Deing the measured value of ¢, and
G and a being quantities due to Butterworth
(see, e.g., ref. 12, pp. #8 and 79).

The correction did not usually exceed 2%,.
It may be either positive or negative. In
deriving 4¢, the general form of Butter-
worth’s resistance formula is assumed ; 1i.e.,

a.c. resistance
. = oH -+ kG
d.c. resistance

where the first term represents the losses
due to the currents in the wires, and the
second the losses due to the field of the
whole coill. H and G are functions of z only,

/o
being given for large z by Vvzzal and

4
\/228 ! respectively (the value of z chosen
for each coil being that corresponding to the
mean working frequency). o« depends on the
spacing ratio of the turns, and % on the
spacing ratio and the dimensions of the coil.
Now, we have seen previously (Section
3.2) that the Butterworth theory is most
open to suspicion in that part of it which
deals with losses due to the “ mean trans-
verse field.” The effect of these losses, in
the theory, is to cause %, at infinitely high
frequency, to have very high wvalues,
especially for close spacing. This is the
effect that 1s not confirmed by the present
measurements. So, to derive a frequency-
correction formula, we shall assume that

frequency (¢ being sufficiently high) and,
eliminate %2 between the expressions for ¢
at the frequency of measurement and at
infinite frequency. o« we may take, according
to the theory, as being also very nearly
invariable with frequency.

When z approaches infinity, we have

-k
¢ =a + 2
a.c. resistance I
AlSO, $oap = d.c. resistance ~ 4/2z/4
_oH kG
486 11

and hence, eliminating £ from the expres-
sions for ¢ and &,,, and using the relation
2H =1 + 4G, we obtain the required ex-
pression for ¢ ; i.e.,

515 = ¢eacp + 8LG (¢eocp - 20()

We shall see later that the argument for
assuming % to be substantially independent
of frequency, when z is high enough, is not
complete, because we have only given
reasons for rejecting that part of Butter-
worth’s theory which applies to /Aigh-
frequency coil resistance. We shall con-
sider the low-frequency case in Section 14.

11. Effect of the Proximity of the Twin-T

Top.

It was thought that an additional correc-
tion might be necessary for losses due to
the proximity of the metal top of the twin-T.
To ascertain the order of magnitude of
this effect, a coil (48 turns of 20 gauge d.s.c.
wire, mean diameter 2.70 cm, length/
diameter 1.82, d/s 0.89) was measured a
number of times, the leads being progres-
sively shortened until the distance of the
coil from the twin-T terminals was about
its own diameter. The coil was then about
2 diameters above the twin-T top.

There was no significant variation in the

TABLE VII.
Length of Total Temperature | Total Resistance Resistance of Resistance of
each lead Resistance °C at 20° C leads (20° C) coil (20° C)
cm ohms ohms ohms ohms
40 ‘ 1219 X 107%4/f 24 1210 X T0784\/f| 25 X 107%4/f 1185 X 10784 /f
15.5 1204 . 24 1195 ' 10 )s 1185 )
8 1212 . 25 1200 ' 5 " 1195 "
8 1218 ' 26.5 1203 . 5 v 1198 v
4.5 I211 v 27 1195 " 3 " 1192 v
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measured resistances, their spread being
about 1 per cent. The results are given
in Table VII.

The two 8-cm measurements were carried
out on successive days. The length of each
lead includes the right-angle bend at the
twin-T terminal, so that in the case of the
last measurement the coill was about 2.5
to 3 cm above the terminal.

12. Results of Measurements.

After all these corrections have been
applied, we are left with a set of experi-
mental values of ¢ for various non-integral
values of coil length/diameter and dJs.
These have to be reduced to a table with the
same intervals as those of Table I.

We are assisted in this process by re-
membering that the error in Butterworth’s
values has been assumed to be due to ex-
cessive weight being given to the transverse
field losses. If we work out Butterworth’s
formula again neglecting the transverse
field we obtain another table whose entries
are all less than those in the Butterworth
table, except for the column corresponding
to infinite length/diameter. In this case,
the transverse field has disappeared.

Our experimental values all lie between
these two sets of values. Consequently, we
shall take the case where these two sets of
values are equal, i.e. the extreme right-hand
column, as the limiting case of our empirical

worth values when the transverse field is
neglected. Since transverse-field effects are
less appreciable as the length/diameter
ratio increases, we may use this result to
fill in the 8 and 10 length/diameter columns.

Measurements on several coils having
values of d/s =o0.2 and 0.3, with length/
diameter ranging from 0.5 to 4, showed that
Butterworth’s values for these two rows are
confirmed by the experimental results.
This was used to fill in the three lowest rows,
it being assumed that the bottom row, the
values in which are close to those for a
straight wire, could safely be taken as
following Butterworth.

It may be pointed out that this agreement
with Butterworth’s figures, over the region
in which Butterworth’s theory might be
expected to hold, constitutes indirect evi-
dence of the reliability of the measurements.

There remains the most important portion
of the table, that is, the top left-hand
quadrant. In general, due to difficulties in
accurate grooving, the spacing ratios were
not exact multiples of o.r. However, the
spacing ratios of the coils which had been
constructed to have d/5 = 0.6, turned out
to be very close to the value aimed at. A
smooth curve could thus be drawn through
their ¢ values, giving the sixth row from
the bottom. By extrapolating the values
of coils having d/s about 0.5 and 0.7, using
this d/s = 0.6 row and then drawing smooth

TABLE VIII.
Coil Length/Coil Diametcr
dls —
o 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 oo

1.0 5.31 5.45 5.65 5.80 5.80 5.55 4.10 3.54 3.31 3.20 3.23 3.41
0.9 3.73 3.84 3.99 4.11 4.17 4.10 3.36 3.05 2.92 2.90 2.93 3.11
0.8 2.74 2.83 2.97 3.10 3.20 3.17 2.74 2.60 2.60 2.62 2.65 2.81
0.7 2.12 2.20 2.28 2.38 2.44 2.47 2.32 2.27 2.29 2.34 2.37 2.51
0.6 1.74 1.77 1.83 1.89 1.92 1.04 1.98 2.01 2.03 2.08 2.10 2.22
0.5 1.44 1.48 1.54 1.60 1.64 1.67 1.74 1.78 1.80 1.81 1.83 1.93
0.4 1.26 1.29 1.33 1.38 1.42 1.45 1.50 1.54 1.56 1.57 1.58 1.65
0.3 1.16 1.19 1.21 1.22 1.23 1.24 1.28 1.32 1.34 1.34 1.35 I.40
0.2 1.07 1.08 1.08 1.10 1.10 1.10 I1.13 I.15 1.16 1.16 I.17 1.19
0.1 1.02 1.02 1.03 1.03 1.03 1.03 1.04 1.04 1.04 1.04 1.04 1.05

Experimental values of the vatio of the high-frequency coil vesistance to the vesistance at the same frequency of
the same length of straight wive.

table. This is convenient, because it is not
possible to measure coils whose length/
diameter is infinite.

Further, measurements on a few coils
whose length/diameter ratio was about 8§,
showed that the experimental values of ¢
were within 1 or 2 per cent. of the Butter-

curves, the adjacent rows were obtained,
and similarly for the rest of the table.

The final result is Table VIII. The values
for d/s =1 are obtained by extrapolation.
So are the values for the two left-hand
columns.

In general, the experimental points deviate
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from the smoothed curves by 1 or 2 per cent.
In three cases the deviation is as high as
3 per cent.

It has already been pointed out (Section
5) that, from physical considerations, it
becomes increasingly difficult to construct
coils fulfilling the various criteria of Butter-
worth’s h.f. resistance table as one approaches
the extreme left-hand side of the table.
The difficulty becomes acute in the bottom

13. Variation of Q with Coil Shape.

It is not very easy to judge coil per-
formance from figures connected with the
h.f. resistance. Normally, we are concerned
with coil efficiency, which may best be
defined by its Q value at a particular fre-
quency.

It 1s well-known that Nagaoka’s inductance
formula may be used, with an error of
not more than 59, up to quite high

left-hand quadrant. To cover this region, frequencies. In fact, in the case of the coils
6
) N \\
v —~—
~ ] dls=10
) / \ _ =09
~—— =08
/\~ =07
=06
I =03
" =04
L — 1 =03
( =02
! =01
00 2 3 4 5 6 8 9 10

COIL LENGTH/COIL DIAMETER

Fig. 11.
0

Variation of 8 with spacing vatio and length|diameter ratio.
h.f. vesistance of coil

it was necessary to sacrifice the condition
that z should be high. Thus, coil No. 4,
which had a mean diameter of 6.24 cm,
length/diameter of 0.542, and d/s of 0.266,
had to be wound with 30 gauge wire, and z
was only 2.79. The correction for frequency
was now about 17 per cent. This, however,
Is not too alarming because in this region
Butterworth’s formulae predict values of
« and £ (in the Butterworth expression for
é, given above) which are almost independent
of frequency for large z.

The entries of Table VIII are shown
graphically in Fig. 11. For closely spaced
wires, there 1s a critical value when the
length/diameter ratio is about 1. This may
have some connection with the parallel
phenomenon observable in the case of the
self-capacitance (see Fig. 9).

~ J. vesistance of same length of straight wive at same frequency

used in the present series of measurements,
if we assume a constant self-capacitance the
inductive part of the reactance agrees closely
with Nagaoka’s value up to the self-resonant
frequency. It breaks down most seriously
when the wire diameter becomes comparable
(of the order of 1/roth or more) with the
coll diameter.

Nagaoka’s inductance formula is usually
written in the form

472 R?n? K 1079
L, = ]
where R, / and » have the meanings pre-
viously defined, and K is a factor involving
the ratio of length/diameter only.

Also, R, = (d.c. resist.). H . ¢ ohms.
where H has its high-frequency value
(see Section 10) and ¢ is defined by Table
VIII.

henrys
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Hence,
2mRn I _Zf—
R, = dJ2) p. W wdA/I—O?f-) . ¢ ohms.
where
B= - 10%
2427 f
Now,
- 27Tf L,
Q - Rw
- 42 R2 52 9 Bd
—2wf.—l— Ko ‘Rnp vz
L 7R nd 5
VBTl ¢
_ R om K
vz s ¢
R

= VeT  where ¢ is a function of
d[s and I/D.

For copper, taking p = 1.7 X 10~% ohm-cm

we find that
Q = 0.15R s \/f

Table IX, which gives values of ¢ for
various values of coil length/diameter and
spacing ratio, is derived from Table VIII
and Nagaoka’s table of K. The measured
values of ( (uncorrected for leads) were
checked against those predicted from this
table.
of the table, that is to say, to the left of the
column length/diameter = 4, the difference
was 5 per cent. or less, the values based
on Table IX being usually higher than the

For coils falling within the body

experimental values. For coils with length/
diameter = 5 or more, and d/s greater
than 0.5, the measured values tended to be
10 per cent or more lower than the predicted
values. ‘ '

The discrepancy in the case of the long
colls is due not to divergence of the measured
resistances from the values corresponding
to Table VIII but to inductance values
different from those predicted by Nagaoka'’s
formula. These coils all had small diameters,
in order that a sufficiently large length/
diameter ratio could be attained without
excessive bulk of coil, and the wire diameter
could no longer be regarded as small com-
pared with the coil diameter. Now,
Nagaoka’s formula is a current-sheet formula
and assumes that the thickness of this sheet

I'0
/ I~

< 09 =
b
a
E 08 /
g P
v 07 7
=
pun
= /
£ 06 /
o

05

0 | 2 3 4 5 6 7 8 9 10
COIL LENGTH / COIL DIAMETER

Fig. 12. Variation of optimum spacing vatio with

length|diameter.

1s negligible compared with the diameter.
In using Nagaoka’s formula, we have taken
the mean diameter of our coil as the diameter
of his equivalent current-sheet. However,
the current in a coil, at high frequencies,
tends to flow round the inner surface, so
that the equivalent 'current-sheet should

TABLE IX.
Coil Length/Coil Diameter
dls
o 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 o)

1.0 0.00 0.18 0.26 0.31 0.35 0.38 0.63 0.80 0.89 0.93 0.93 0.92
0.9 0.00 0.24 0.33 0.39 0.43 0.47 0.69 0.84 0.90 0.93 0.93 | 0.9I
0.8 0.00 0.28 0.40 0.46 0.50 0.55 0.75 0.87 0.90 0.91 0.91 0.89
0.7 0.00 0.32 0.46 0.53 0.58 0.61 0.78 0.87 0.90 0.89 089 0.87
0.6 0.00 0.34 0.49 0.57 0.63 0.67 0.78 0.85 0.87 0.86 0.86 | 0.85
0.5 0.00 0.34 0.48 0.56 0.61 0.65 0.74 0.80 0.81 0.82 0.82 0.81
0.4 0.00 0.31 0.45 0.52 0.56 0.60 0.€9 0.74 0.75 0.76 0.76 0.76
0.3 0.00 0.25 0.37 0.44 0.49 0.52 0.60 0.64 0.66 0.67 0.67 0.68
0.2 | o0.00 0.19 0.27 0.33 0.36 0.39 0.45 0.49 051 0.51 0.51 0.53
0.1 0.00 0.10 0.14 0.17 0.19 0.21 Q.25 0.27 0.28 0.29 0.29 | 0.30

Values of o, from Table VIII and Nagaoka’s inductance formula. High-frequency Q of a coil of cotper

wive ov thick tubing is given by Q = o0.15Ry/f.



March, 1947

WIRE

LEDSDS

ENGINEER

have a diameter less than the mean diameter
of the coil and greater than the inner dia-
meter. That is to say, the measured in-
ductance value should lie between the
Nagaoka value obtained by using the mean
diameter and that obtained by using the
inner diameter. This is found to be the case.

0
09 ——
08
5 07 ///
s 06 7
o
= 05 /
o 04
o
03
02
o'l
0 | 2 3 4 5 6 7 8 9 10
COIL LENGTH [ COIL DIAMETER
Fic. 13. Variation of optimum with length
g 8

diameter.

Thus, for coil No. 54 (mean diameter 1.72
cm, wire diameter 0.12 cm), the two Nagaoka
values corresponding to the inner and mean
diameters respectively were 7.8 and 9.0 pH.
The measured value was 8.15 pH., and,
subtracting a (calculated) lead Inductance
of 0.13 pH., the coil inductance was 8.0 pH.

The entries in Table IX increase steadily
with increasing length/diameter, except that
when length/diameter approaches infinity,
and d/s > 0.4, there is a small decline. This
decline seems not to be readily explainable.
The last three columns of the ¢ table, it
will be remembered, are those resulting
from Butterworth’s theory when the trans-
verse field term is neglected. The slight
anomaly in the ¢ table doubtless means that
the effect of the transverse field is not quite
negligible for length/diameter ratios of 8
and 10, when d/s is greater than 0.4.

The zero Q values for coils of zero length
do not mean that the resistance is infinite,
but that the inductance has disappeared.

For a given length/diameter, these entries
show a rather flat optimum as the spacing
ratio varies. In Fig. 12 the optimum
spacing ratio is plotted against length/
diameter. In Fig. 13 the value of ¢ corre-
sponding to the optimum spacing ratio 1s
likewise plotted against length/diameter.

There is an interesting interpretation of
s analogous to the interpretation of K in
Nagaoka’s formula. K may be defined as
the ratio of the coil inductance to the in-
ductance of an infinitely long cylindrical

current sheet having a diameter equal to
{he mean diameter of the coil. K, in fact,
is an end correction. Similarly, it can be
shown from the results in reference 13 that
s is the ratio of the coil @ to the Q at the
same frequency of a certain idealized coil.
This ““ coil ” is an infinitely long cylinder,
having its inner diameter equal to the mean
diameter of the coil we are considering and
a wall thickness large compared with the
current penetration depth, the current being
assumed to flow round the inner surface.

14. Low-frequency Resistance of Single-
layer Coils.

When we derived a frequency correction
to the measured h.f. resistance values, we
assumed that the factor we have called %
(in the version of Butterworth’s formula
given in Section 10) was independent of
frequency if z was sufficiently high (of the
order of 1o or more). This, it was pointed
out, is not even approximately true In
Butterworth’s theory.

Another way of putting this is that, with
close spacing of turns, in Butterworth’s
theory the h.f. resistance does not become
proportional to the square root of the fre-
quency until z is very high. When the
turns are touching (physically, but not
electricaily), the h.f. resistance, in the
theory, never becomes proportional to +/f.

Butterworth gives values for his various
quantities for z values up to 5, and for
infinite z. Table I is based on these latter
values. Interpolation for z values between
5 and oo is most conveniently done by
plotting Butterworth’s functions against
the reciprocal of z. The values so obtained
are, as one might expect, in closer agreement
with the experimental results than those of

Table I. Thus, when z = 10, for length/
diameter = 1 we have the results of Table X.
TABLE X.

% €XCess over
dls & experimental
values
1.0 10.37 87%
0.9 5.57 3€%
0.8 3.01 14%
0.7 2.61 6%

In the case of the single coil with d/s =
0.05, the theoretical value thus obtained
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was about 60 per cent. in excess of the
measured value.

Thus, if Butterworih’s low-frequency
values can be relied upon, his predicted
resistances are not so wildly in disagreement
with experimental results as appears by
comparison of Tables I and VIII, especially
since in the top left-hand region of the Table,
where the discrepancy will be largest, the
coils, for physical reasons, had to be
constructed with low 2 values, between 8
and Io0.

We can easily show that these low-
frequency Butterworth results are open to
considerable suspicion. In fact, we shall
see that, in consideration of the degree of
approximation tolerated by Butterworth,
any agreement with observation must, for
closely spaced coils, be regarded as in the
nature of an accident.

It was stated in Section 3 that Butter-
worth worked out each of his three types
of loss by solving a set of an infinite number
of linear equations, each containing an
infinite number of unknowns. He used a
method of successive approximations.

Now, when the frequency is low, that is
to say, for z =35 or less, the amount of
arithmetic involved in proceeding beyond
the first approximation becomes very large
indeed. Consequently, for these values of z,
Butterworth uses the first approximation
only.

One can only guess at the error thisintro-
duces. For the case of touching wires,
when z is infinite, there is an infinite error
involved if we take only the first approxi-
mation for the transverse field losses. That
is to say, the entries in the first row of Table I
would be decreased from infinity to a series
of not too large finite values.

Whether the converse is true, that is,
whether if one proceeded to a sufficiently
large number of approximations for the
case of touching wires at low frequency an
infinite result would be obtained, must be
a matter of conjecture.  On physical grounds,
if a coplanar system of an infinite number of
infinitely long touching wires offers infinite
Impedance to a transverse field of very high
frequency, it seems not unreasonable to
suppose that it will also offer an infinite
impedance to a low-frequency transverse
field.

Consequently, for different reasons, the
applicability of the Butterworth low-fre-
quency formula to specific coils is open to

March, 1947

as much doubt as that of his high-frequency
formula.
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Radiocommunication Convention

The Institution of Electrical Engineers is holding
a convention, covering the wartime activities in
the field of radiocommunications, from 25th to
28th March. The convention will be opened by
the President of the Board of Trade, Sir Stafford
Cripps, at 5.30 p.m. on Tuesday, 25th March, and
he will introduce an address by Colonel Sir Stanley
Angwin, on ‘‘ Telecommunications in War.”*

On the following days there are to be morning,
afternoon and evening sessions at which papers
covering naval, military, short and long distance,
and pulse communications will be read. Propaga-
tion, radio components and future trends will also
be covered in the convention.

At a further meeting at 5.30 p.m. on 2nd April
there will be a paper on C. W, Navigational Aids.

Physical Society’s Exhibition

The 31st Exhibition of Scientific Instruments
and Apparatus is being held by the Physical
Society on gth-12th April in the Physics and
Chemistry Departments of Imperial College, South
Kensington, London, S W.7.

Admission is by ticket only and is restricted to
members of the Society from 10 a.m. to 1 p.m.,
but it is open to non-members from 2 p.m. to g p.m.
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Letters of technical interest ave always welcome.

In  publishing such communications the

Editors do mot mecessarily endovse any techmnical ov geneval statements which they may contain.

Q of Solenoid Coils
To the Editor, « Wiveless Engineer”’

Sir,—From Mr. Medhurst’s paper in Wireless
Engineer for March, one concludes that the results
of his careful measurements on solenoid coil Q
should be taken as superseding Butterworth’s
formule which have for so long been taken by
engineers as a practical basis for coil design.

Mr. Medhurst’s results for the Q of coils wound
with the optimum gauge of wire are contained in
his formula Q = o.15R$+/f and his curve for ¢
shown in Fig. 13. It is interesting to note that
the latter curve agrees to an accuracy of a few per
cent with the simple empirical equation = 1/(1.03
+ 0.8R/l) as shown in the graph. Thus we arrive
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at the following simple and practical formula for
the Q) of a properly designed solenoid, using plain
copper wire, at high radio frequencies :(—
o VF

(6.9/R + 5.4/1)
where R and / are the radius and length of the coil
in centimetres. In a majority of practical cases
we can use the even simpler formula

Q = 0.15v/f/(1/R + 1)
which follows the data to a few per cent, provided
I>R.

The range of conditions under which this formula
applies is the same as that to which Mr. Medhurst’s
data refer : in particular—

(a) The ratio of wire diameter to wire spacing
must approximate to the optimum (i.e., this
ratio should lie between o.5 and o.7 for short
coils ({<<2R) or 0.6 to 0.8 for I order of 4R, and
0.75 to o.g9 for very long coils).

(6) The formulee apply strictly only for very
high frequencies, but (from Sect. 10) the accuracy
will be better than -- 10 per cent provided
z>7; i.e., provided frequency in Mc/s exceeds
0.5 divided by (wire diameter in mm)2.

Solenoids are chiefly used in current practice
on frequencies above about 3 Mc/s, and here
Litz wire is of little or no advantage; the
following table, giving the thinnest gauge for
which the formula applies to 4 10 per cent,
shows that most practical solenoids will be
covered.

freq. 16 Mc/s

' 1 Mc/s ‘ 4 Mc/s

wire 22 S.W.G. | 28 S.W.G. | 37 S.W.G.

(c) The formulae do not hold for coils of very
few turns (or extremely short coils). Mr. Med-
hurst gives us little guidance as to how far
Butterworth’s correction factor for coils of few
turns can be relied on. Further experimental
work seems indicated in view of the practical
importance of coils of very few turns on v.h.f.
and u.h.f.

(d) Dielectric loss is not, of course, allowed for.
This is unlikely to be material except where the
coil has a rather poor dielectric (bakelite or
worse) and is used in a circuit having a low
parallel tuning capacitance.

M. V. CALLENDAR.
E. K. Cole & Co. Ltd.,
Southend-on-Sea,
Essex.

Absolute Rotation and a Rotating Magnet
To the Editor, ** Wiveless Engineer "’

Sir,—There are two aspects of the old rotating
magnet problem : one is the absolute property of
rotation, and the other is the electromagnetic
reaction on the magnet itself. Various suggestions
have been put forward by different authors to
explain absolute rotation and from them to interpret
the electromagnetic reaction upon the magnet.1

The problem is, however, as fundamental as it
is hoary. We should especially notice that the
questions of absolute acceleration and absolute
rotation, which were sanctioned in the special
relativity and which signify a return to the
Newtonian Hypothesis of absolute space and
absolute time, served, in fact, as the genesis of
Einstein’s theory of general relativity. Einstein’s
““ principle of equivalence "’ asserts that, for the
description of physical processes, we may take
either the view-point of an observer A, at rest with
an inertial coordinate system or that of another
observer B, on a constantly accelerated coordinate
system who measures the physical processes by
means of the coordinates of observer A and, in
addition, assumes the presence of a homogeneous
gravitational field.2 This principle, properly applied
here for any particular instant, gives us a simple
way of explaining so-called ‘‘ absolute rotation ”.
The electromagnetic reaction upon a rotating
magnet and the resultant electric field distribution
in it can then be obtained from Maxwell’s equations
modified for the relativity effect.

1. Absolute Rotalion
Consider an inertial system X, in which the
position-vector of any point is given by
r=ir +ijv + ke .. .. (1)
and another coordinate system X“, with its k’-axis
and origin coinciding with the k-axis and origin of
the first system, and rotating about the k-axis
with constant angular velocity w. The position-
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letter. I did not postulate a *‘ connection *’ between
the propagation difficulties found around 1cm
wavelength and the existence of a limit to the
performance of resonator-valves at the same part
of the wavelength gamut. On the contrary, 1 said
(Section 10) that it was a ‘‘ singular coincidence ”’
that two unconnected but fundamental phenomena
should both adversely affect radio communication
at the same part of the gamut. I am sorry that this
does not seem as interesting to Mr. Beck as it does
tome, but I am, I fear, unrepentant and still find it
well worthy of comment that, at this particular part
of the gamut, one finds not merely one but two
separate obstacles which have to be taken into
account when one is trying to establish
communication.
J. H. OWEN HARRIES.
Harries Thermionics Ltd.,
London, W.1.

Q of Solenoid Coils
To The Editor,

Sir,—Mr. Callendar points out (Wireless Engineey,
June 1947) that there is little indication in my
article as to how far Butterworth’s correction factor
for coils of few turns can be relied on. That is a
deficiency of which I was acutely aware and I can
only plead lack of time for making the large number
of measurements necessary to fill this gap.

Very tentatively, we can deal with short coils
in the following way. Suppose we try to plot
curves of ¢ (ratio of h.f. coil resistance to resistance
of the same length of straight wire at the same
frequency) against the number of turns (), for
various spacing ratios. We know that the curve
has to approach asymptotically the values given
in column 1 of Table VIII (Wireless Engineer,
March 1947, p. 88). Also we know two more
points, those for » = 1 and #» = 2 values come from
Butterworth’s exact solution of the problem of two
parallel wires carrying high-frequency currents
in the same direction (Proc. Roy. Soc., 1925, 107A,
p. 708). From these we can draw a plausible
looking curve, being guided by the very rough

Wiveless Engineer

device suggested previously (Wiveless Engineer,
February 1947, p. 39) namely that ¢ should be

diminished by I—ZO 9% when = is greater than, say,

20. The results of this procedure are shown in the
diagram. Of course, as the ratio of length to
diameter increases the curves become modified
even for the smaller # values, in what is at the
moment, an unpredictable way.

All this juggling with doubtful approximation
is clearly quite unsatisfactory, and, as Mr. Callendar
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remarks, further experimental work would be

useful. It has, however, to be remembered that
exact knowledge of the h.f. resistance of coils of
two or three turns is likely to be required rather
infrequently. The total resistance of circuits
containing such coils will usually be dominated
by other features of the circuits.
R. G. MEDHURST.
G.E.C. Research Laboratories,
Wembley.
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A Summary of Recently Accepted Specifications

The following abstracts ave prepaved, with the pevmission of the Controller of H.M. Stationery Office, from
Specifications obtainable at the Patent Office, 25, Southampton Buildings, London, W.C.2, price 1/- each.

DIRECTIONAL AND NAVIGATIONAL SYSTEMS

581 683.—Amplifier utilizing selective feed-back
through a delay network, particularly for the
pulsed signals employed in radiolocation.

Standard Telephones and Cables Lid. and M. M.
Levy. Application date 6th June, 1941.

581 696.—Radiolocation system in which the
exploring beam covers a conical field of observation
in alternately diverging and converging spiral paths.

A. L. Hodgkin. Application date 16th September,

1943.
581 724.—Directive-aerial system including a horn-

shaped reflector having two variable earthing
points for oscillating the maximum lobe of radiation
in order to define an approach path.

Standard Telephones and Cables Ltd. and E. O.
Willoughby. Application date 2nd May, 1941.

581 762.—Directive aerial comprising a number of
forked waveguide dipoles, each provided with
spaced apertures, for controlling the relative
phasing of the energy-flow inside and outside the
guides.

Board of Trustees of the Leland Stanfovd Junior
University. Convention date (U.S.A.) 10th July, 1940.

581 806.—Radiolocation system in which a cathode-



