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By Charles J. Michaels, W7XC
13431 N 24th Ave
Phoenix, AZ 85029

There are applications for inductors in
electronic circuitry where the inductor Q
is of little or no importance. in many other
applications, the Q is secondary only to
the value of the inductance. Among these
are tank circuit coils, impedance match-
ing circuit coils, and virtually all coils
involved in loading or tuning antennas.

The Q of an inductor is the ratio of its
reactance (X|) to its ac resistance (R,.)
at the operating frequency.

XL = ZIFL
and

(Eq 1)

(Eq 2)

(Eq 3)
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guality factor
frequency in Hz

L = inductance in henrys
Rz = ac resistance of coil

The Q of an inductor is proportional to
frequency. Less obvious is that the
resistance to alternating current is also a
function of frequency and of several other
factors we will discuss.

RF In A Conductive Sheet

A sheet of conductive material has a
resistance at high frequencies that is
higher than the resistance measured with
direct current. The difference is caused
by skin effect. That is, the current is
carried not by the entire cross section of
the material, as in direct current, but by
a thin layer of conductor lying at the
surface. For example, in a sheet of
copper at 1.8 MHz, the current density at
a depth of about 0.001 inch is only 0.37
of that at the surface. The current density
continues to decrease exponentially with
depth. At 30 MHz, the depth is 0.0005
inch.

The depth at which the current density
is down to 0.37 of the surface density is
called the skin depth. It is a mathematical
concept in that the sheet’s resistance at
RF is equal to the dc resistance of a layer
of the skin thickness (0.37 is 1/e, where
e is the base of the natural logarithms,
2.718).

The skin depth, and consequently the
ac resistance, can be calculated by

0.3937

Dy = (Eq 4)
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where

Dg = skin depth in inches

F = frequency in Hz

u = magnetic permeability (4= x 10-9
for non-ferrous materials)
conductivity in mhos per centi-
meter cube (5.8 x 105 for copper)

Since F, x and ¢ appear under the
square root sign in the denominator of
Eq 4, the skin depth varies inversely as
the square root of their values,

The higher the frequency, and the
higher the permeability, the thinner the
skin. Therefore, ferromagnetic metals
such as iron, steel, and nickel make poor
RF conductors. Non-ferrous metals such
as copper, silver, aluminum, and gold
have a permeability essentially that of free
space. These materials make better, but
not equally good, RF conductors.

The higher the conductivity, the thinner
the skin. The advantage of using silver
over copper is not as great as the ratio
of their dc conductivities might conclude.
The conductivity of silver is 6% better
than that of copper, but is only about 3%
better at RF.

Q In A Straight Round Wire

If the conductor is not flat, but has a
surface curvature (round wire}, then all of
the direct inverse square root relation-
ships become more complex. In wire of
small diameter, the skin depth is greater.
And because a larger portion of the wire
conducts, the skin effect is not as severe.
The ratio of ac resistance to dc resistance
is smaller. A large straight wire has a
smaller ac resistance than a small wire,
but again the advantages are less than
might first be thought.

For the reasons stated earlier, large
copper, silver (or silver plated), and alu-
minum wires are used as high-frequency
conductors. Silver’s surface corrosion
products are conductive, and it provides
for a good contact. It has a slight advan-
tage over copper's less conductive cor-
rosion products. Aluminum is light and
sometimes larger-dimensioned materials
can compensate for its somewhat poorer
conductivity.

Q in A Coil

When a piece of wire is wound into a
coil, three additional factors come into
play. First, the wires of adjacent turns are
in close proximity, and the current is not
distributed uniformly over the surface.
Therefore, some parts of the skin carry
a higher-current density than other parts,
and since the power loss is proportional

o =
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to the square of the current, the effective
resistance is increased. This is called the
proximity effect.

Second, the coil's magnetic field in-
duces eddy currents in the wire material.
The loss incurred by these currents are
reflected as more loss resistance in the
coil. Smaller wires have less material for
eddy current induction and (for the same
turns per inch) less proximity effect. The
combination of these two effects can
combine to overcome the lower ac
resistance of the larger wire in its straight
form.

The third factor occurs when a colil is
wound on a form. Loss in the coil form
material may occur. This factor is usually
of less concern in the HF range unless
poor form material is used, particularly if
it is subject to water absorption.

Each factor interacts in an extremely
complex manner to yield a multiplying
factor that is the ratio of the ac resistance
of a coil o its dc resistance. If a coil is
wound with a specific diameter, length,
and number of turns, we have a sort of
dilemma. If the wire is too small, the ac
resistance is unnecessarily high in spite
of a low multiplying factor because of its
high dc resistance. if the wire is too large,
the ac resistance is unnecessarily high in
spite of its low dc resistance because of
a high multiplying factor.

As it turns out, for any ¢oil of a given
diameter, length, and number of turns,
there is an optimum wire size. That wire
size is not the largest that can be accom-
modated. When a coil specification says
closewound enameled wire, be assured
that the coil will have more loss than it
could have. Formulas that minimize dc
resistance do not apply at radio fre-
quencies.

Butterwarth researched this problem.’
A fairly simple equation yields the opti-
mum wire diameter for a simple single-
layer solinoidal coil wound of round wire.
All the complexities described went into
the calculation of factor A in Table 1.
do = £ (Eq §)
where
optimum wire diameter
length of coil
diameter of coil
number of turns
from Table 1

do
L
D
N

oo oy

A

{These terms are expressed in the same
units.)

"Notes appear on page 7.



Table 1

Machine-Wound Coil
Specifications

L
B A
04 0702
06 0.666
08 0637
1.0 0.615
2.0 0.551
4.0 0.508
8.0 0.478
10.0 0.474
o 0.450

Let’s Try An Example

For a 160-m antenna construction
project, we want a coil two inches in
diameter and four inches long.2 It should
be closewound with no. 14 enameled
wire, with an inductance of 80 xH, and a
measured Q of 110. (That dictates a loss
resistance of 8.7 @ at 1.9 MHz.) Now, 60
closewound turns of no. 14 enameled
wire should fit in four inches and yield an
inductance of approximately 80 xH. But
is that the optimum wire size for maxi-
mum Q and minimum loss and heat? No!
Applying Eq 5, we calculate L/D = 4/2 =
2. From Table 1, A = 0.551 and

d. = LA _ 4 x 055
¢ N 60
= 0.0367 inch (Eq 6)

Consulting a wire table, we find that
0.0867 inch in diameter lies between
values listed for no. 18 and no. 19 wire.
Number 18 wire is used because no. 19
is not commonly available. We space 60
turns of no. 18 wire to ocoupy the four
inches of winding length. Expectthe Qto
be about 200 or better. This cuts the 1.9
MHz loss resistance from 8.7 210 4.8 @
or less. You can get less loss with less
copper.

Improving Q

It is generally accepted that coils
having a length similar to their diameter
optimize Q with little difference over the
range of lengths of from one half 10 two
times the diameter. With longer lengths
the increased coil form loss (if any) also
adds to the loss.

If we consider a coil with a specific
length-to-diameter ratio, loss can further
be reduced by increasing the coil size. f
we maintain the same ratio of length to
diameter, the Q increases as the square
root of the ratio of the diameters, provid-
ing that for each coil size we use the op-
timum wire size for that coil. Larger coils
have larger optimum wire sizes. Thus, if
the coil in our example were increased to
four inches in diameter and eight inches

in length, with 44 turns (for the same
80-uzH inductance), the optimum wire size
would be no. 10 and we’d expect the Q
to be 280 or better (4/2 = 2, V2 = 1.414,
200 x 1.414 = 280). The 1.9 MHz loss
resistance would be reducedto 3.4 Q or
less.

For those interested in the low-
frequency experimental band at 160-180
kHz, Litz wire can be used to increase Q.
For most amateurs, however, Litz wire is
of no advantage; its effect disappears at
frequencies above about 0.8 MHz. Hard
drawn copper wire should not be used for
high-Q coils—its conductivity is only
about 59% of that of soft drawn copper
wire.

Some commercial loaded antennas
use closewound coils. | can only conjec-

ture that the higher loss is tolerated to
provide a tradeoff for wider SWR band-
width. In fact, the manufacturer of one
popular antenna states in his packaged
instructions, “Do not be concerned if
rescnators appear to warm up. Efficien-
cy wvill not be affected.” Wow! Perhaps
they meant “efficiency will not be ef-
fectad’’!

Notes
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Bits

Catch Up On Your Reading

Forrest Mims' Circuit Scrapbook If by
Forrest Mims is a compilation of 70
projects for the electronics enthusiast
from the pages of Modern Electronics.
Each topic explores a specific area of
electronics, but assumes no prior
knowledge. Mims has authored 57 books
and over 500 articles related to the elec-
tronics field. This 272-page bock can be
enjoyed by both technicians and hob-
byists. Price is $19.95.

How about a Crash Course in Artificial
intelligence and Expert Systerns? Written
by Louis E. Frenzel, Jr, this book covers
important concepts and techniques that
are practical and useful in the real world.
Short programming samples using LISP
and Prolog are included. The book has
368 pages and sells for $19.95.

A task-oriented program guide for
Amateur Radio and electronics enthu-
siasts, the programmer, engineer or tech-
nician is the Commodore 64° and 128%
Programs For Amateur Radio & Electron-
ics by Joseph J. Carr. It contains 23 pro-
grams in the area of Amateur Radio
technology and 19 for general electron-
ics. Save time and simplify programming
tasks. A diskette is also available from the
author for readers who wish to avoid
keying the programs themselves.

Solid-State Projects You Can Build by
Rudolf F. Graf and George J. Whalen
details challenging and stimulating do-it-
yourself projects that use simple tools and
a VOM. Complete step-by-step construc-
tion procedures are iflustrated with draw-
ings and photographs. Background
theory is presented, as well as tips on
where to buy those hard-to-find parts.
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This book has 176 pages and retails for
$10.95.

A must for every ham shack is the
Raclio Handbook by William 1. Orr. The
23rd edition contains new material reflect-
ing the latest technology on everything
from HF/VHF amplifier design to interfer-
ence reduction for VCRs and video disc
players. This 640 page edition sells for
$29.95.

For more information on these books,
write or call the Howard W. Sams & Com-
pany, 4300 W 62nd 8t, indianapolis, IN
46268, tel 317-298-5400.—KAT1DYZ

Analog Introduces An Ultra-High
Speed Monolithic Op Amp

The AD5539 is a high-speed monolithic
op amp with one of industry’s fastest
settling times (12 ns to + 1%). This device
offers a typical gain-bandwidth product of
1.4 GHz, a slew rate of 600 V/us and a
full-power response of 82 MHz. These
specs represent a 20-70% improvement
over the pin-compatible NE/SE5539
amplifier and excell against GaAs
amplifiers.

The AD5539's performance makes it
weli-suited for buffering low resolution,
high-speed flash A/D converters. For use
with video displays, the ADS5539 is
optimized for 75- and 150-ohm input and
output termination impedance. For further
information on this new monolithic op
amp, write Analog Devices’ Literature
Center, 70 Shawmut Rd, Canton, MA
02021. For applications engineering
assistance, contact Applications En-
gineering, Analog Devices Semiconduc-
tor, 804 Woburn St, Wilmington, MA
01887, tel 617-935-5565.
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