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A discussion of low-frequency reception would not be complete without mentioning
loop antennas—the subject of this article.

Part 5 IN PARTS 1, 2, 3, AND 4

of this series (in the
February through May issues of Radio-
Electronics). we covered several aspects
of low-frequency receiving techniques,
including the design and construction of
an active-antenna system using a vertical
whip. This time we’ll discuss a different
type of antenna—the loop. While this
isn’t exactly a construction-type article,
the ambitious reader will find that he can
make his own loop-antenna system using
the information presented.

Perhaps the most important difference
between loop antennas and the whip an-
tennas that we have previously discussed
is the loop's directivity. (The vertical
whip is, of course, omnidirectional and
cannot indicate the direction from which a
received wave comes.) Before we can
talk more about this directive property,
we have to take a look at how an electrical
signal is induced in the loop by a passing
electromagnetic wave, and at some
general electrical characteristics of loop
antennas.

R.W. BURHANS

Loop-antenna characteristics

A current is set up in a loop antenna by
a changing magnetic field. (That current
is equal to the integral of the electric field
that is induced around the loop.) The
sensitivity of a loop is directly pro-
portional to the loop area and to the num-
ber of turns in the loop. It is, in general,
inversely proportional to the wavelength
of the signal. Small receiving loops for 60
kHz (WWVB) require a preamplifier
with a voltage gain of 30 dB or more to
make them comparable in performance to
a small active whip-antenna.

The inductance of the loop winding
itself makes loop antennas frequency-
sensitive. Because of that. it becomes dif-
ficult to make such antennas with wide-
band characteristics. To increase the
sensitivity of a loop, multiple-turn coils
are used at the VLF-LF range. However,
the distributed capacitance of the wind-
ings acts with the loop’s inductance to
decrease the antenna’s frequency re-
sponse. That, however, is not always a
disadvantage. The frequency selectivity

of a loop winding is often an advantage in
that it can provide for rejection of out-of-
band signals (in other words, it can form a
sharply tunable antenna-system). Loop-
antenna systems seldom have
intermodulation-distortion problems be-
cause of their lower sensitivity, lower im-
pedance level, and better selectivity.

Directivity of loops

Perhaps the most significant and valu-
able property of loop antennas is the fact
that they can be used to determine the
direction of an arriving signal. Let’s look
at how they can do that. Consider a loop
and a vertically polarized passing
electromagnetic wave as shown in Fig.
l-a. A voltage will be induced in the
vertical members of the loop, but none in
the horizontal ones. If the voltages in-
duced in each vertical member are the
same (as they would be if the plane of the
loop were perpendicular to the direction
of travel, Z, as shown), then no current
will flow. However, if the plane of the
loop is parallel to the direction of travel of
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FIG. 1—AN ELECTROMAGNETIC WAVE can be
described by its electric component (E), mag-
netic component (H), and direction of travel (Z).

the oncoming wave, as shown in Fig. 1-b,
then the wave will reach one side of the
loop before the other, the total voltage
around the loop will not be zero, and
current will flow. The voltage induced in
the vertical members is proportional to
the height of the loop, and the voltage
difference between the vertical members
is proportional to the width of the loop.
Therefore, the voltage around the entire
loop is proportional to the product of its
height and the width—that is, its area.

Another way of reaching the same con-
clusion is to say that the voltage induced
around the loop is proportional to the rate
of change of the magnetic-flux linkages
through the loop. Then it is obvious that
the area of the loop is the controlling
factor, and the loop will receive the most
signal when its plane is normal (per-
pendicular) to the magnetic field (H) of
the oncoming wave (or in the same plane
as the direction of travel of the oncoming
wave).

Direction-finding shortcomings

The directional properties of loop an-
tennas that we have just described permit
you to null out interference or to obtain a
broad peaking of a signal merely by rotat-
ing the loop. However, loops, though
they are often used because of their rela-
tive simplicity, are not ideal direction-
finding antennas.

Loops cannot distinguish between sig-
nals that arrive from opposite directions
(for example, north and south). Another
drawback is that trying to determine the
source of a signal that arrives at an angle

different from that of the ground wave
(not exactly head-on) will usually result
in an error. Ground waves themselves
frequently arrive *‘tilted.”’ That tilting is
often due to the magnetic effects of such
things as the steel I-beams of buildings
(which distort the boundary conditions
even for close-in ground-wave recep-
tion). One way that the problems caused
by downcoming (*‘tilted’”) waves can be
reduced is by using an Adcock antenna.
We won't discuss that antenna in any
detail except to say that it operates by
cancelling out voltages induced in its
horizontal members. A third problem that
loop antennas have in direction-finding
applications, especially at low frequen-
cies, is due to the antenna effect. The
antenna effect is seen when a direction-
finding antenna acts like a simple, non-
directional one. Loop antennas, when
used at low frequencies, are subject to
that effect because their size is only a
fraction of a wavelength, and they pick up
interference from a signal derived from
the electric, rather than the magnetic,
field. A loop’s symmetry should ideally
cause that signal to be cancelled out, but
in real systems the effect is often the
source of problems.

Resolving those problems

If you were to turn a loop antenna
through 360° and observe the strength of
the signal received, you would obtain a
reception pattern that looked like a figure-
8. Such a pattern leaves you with a 180°
uncertainty as to which direction the sig-
nal is from. That uncertainty can be re-
solved by using a whip antenna in con-
junction with the loop to cancel one of the
lobes of the figure-8 pattern. That is done
by coupling the output of the vertical an-
tenna to the loop so that the voltage in-
duced in the loop by the coupling is 90°
out of phase with the voltage the passing
wave induces in the vertical antenna. Fig-
ure 2 shows the cardiod directional pat-
tern that results from combining the
figure-8 with the omnidirectional pattern
from a whip. The sense of the incoming
signal is usually determined by rotating
the loop to cancel one of the lobes of the
figure-8. In practical systems it is neces-
sary to provide some phase- and
amplitude-balancing between the two an-
tennas.

To reduce the antenna effect that dis-
torts the loop’s directional pattern, and to
obtain the best performance (in terms of
detecting sharp nulls and uniform
amplitude-peaks as the loop is rotated),
the loop should be mounted within an
electrostatic shield. That arrangement
balances the loop by making sure that all
parts of it will have the same capacitance
to ground. That shield or cavity also pro-
tects the loop from the induction field
created by nearby disturbances. The in-
duction field refers to the electric and
magnetic fields in the immediate vicinity
of an antenna. Those fields decrease

COMBINED WHIP
PATTERN VOLTAGE

~ Looe
—|" VOLTAGE

PLANE
LOOP oF
VOLTAGE LOOP

FIG.2—A WHIP ANTENNA combined with a loop
antenna can remove the ambiguity as to the
sense of the oncoming wave.

rapidly in strength with distance, and the
induction field is usually ignored (and the
radiation field is all that is considered).
However, wires and other metal objects
near the loop can take energy from a pass-
ing wave and produce induction (and
radiation) fields that can induce spurious
voltages in the loop.

A shield over a loop antenna (one type
of shielded loop is shown in Fig. 3) will
not appreciably decrease the amount of
magnetic flux that passes through (and
links with) the loop when a wave goes
by—as long as it does not form a com-
plete (shorted to itself) turn. An insulated
segment or gap is always left in the shield
so that it does not become a shorted turn.
Without the gap, the shield would form a
shorted turn and it would reduce the mag-
netic field linking the loop so that no
signal could be received by the internal
wire(s). With the insulated segment or air
gap, alternating currents can be induced
in the metal shield (but no current will
flow), and voltages will be induced in the
internal wire(s). Some experimenters
have wound loops inside slit Hula-Hoops
and then shielded them by wrapping the
outside with aluminum tape, leaving a
gap in the tape at the top of the loop.
Ferrite-core loops (which we will discuss
shortly) are usually mounted axially in a
trough or U-shaped channel (with the top
and ends open to prevent a shorted turn)
for electrostatic shielding.
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FIG. 3—AN ELECTROSTATIC SHIELD can im-
prove the performance of a loop.
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FIG. 4—CONSTRUCTION OF A BOX FRAME. The “U” channel forms an effective electrostatic shield.

A method for making a square box-
frame loop is shown in Fig. 4. A long
length of U-channel aluminum is formed
into into a box frame by cutting slots into
the side of the channel and then bending
the material. A small gap with a plastic
insulator in it is left at the top of the frame;
the insulator holds it together and pre-
vents it from forming a shorted loop. The
coil winding is supported on plastic foam,
just below the outer edges of the U-
channel.

Winding loops

The distributed capacitance of the loop
may, especially at low frequencies, cause
the current to vary at different points on
the loop and cause deviations in the di-
rectional pattern. A technique for reduc-
ing the distributed capacitance of the loop
windings is to make the loop in a mobius
form. A mobius loop is one where the coil
is “‘twisted’’ so that (except at the start/
finish point where the wires cross) all the
“‘even-numbered’’ turns are adjacent to
one another, with the same being true for
the ‘‘odd-numbered’’ turns. The distrib-
uted capacitance of the mobius-type an-
tenna shown in Fig. 5 is about one-half
that of the antenna illustrated in Fig. 4—
even though both contain the same num-
ber of turns. The mobius-wound antenna
also has a wider bandwidth.

Effective length

When we discussed active-antenna
systems, we frequently mentioned the
effective length of an antenna (often re-
ferred to as effective height). We can also
talk about the effective vertical length of a
loop antenna. An approximation for com-
puting the effective length, [, of loop
antennas is:

_ 27 nA p,

A .

where A = the wavelength in meters;n =
the number of turns in the loop; A = the
cross-sectional area of one turn in
meters”; w, = the effective permeability

tive as a single-layer coil that covers
almost the whole length of the rod. Un-
fortunately a long coil has a problem in
that the distributed capacitance of the coil
winding is quite high, and the Q of the
long coil will not be as good as a coil with
a better *‘shape-factor’” (smaller length-
to-diameter ratio). To maximize the coil’s
sensitivity to the magnetic field in space,
the product of the number of turns and
effective permeability of the rod should
be as large a number as possible. From
Fig. 6 it can be seen that the whole length
of the rod should be used to maximize the
effective permeability. Another factor to
consider is the effect that the ferrite mate-
rial used has on the Q of the coil. (At low
frequencies, the maximum Q that can be
obtained depends on the core material, its
size, and the signal frequency.) Figure 7

)

o A
tance. Four turns of the winding are

shown in a. The corresponding corners on the box frame are shown in b. The finished winding should

ook like c.

of the core material (= 1 foraircore); and
A = 3 X 10%frequency in Hz.

Smali-size ferrite-core loop antennas
It is often useful to consider the small-
est practical size of loop antenna that can
be used, say for reception of signals such
as those from WWVB at 60 kHz. Using a
ferrite core increases the effective per-
meability of the core and, as you can see
from equation 1, that increases the effec-
tive length. Ferrite cores are available
commercially in several different per-
meability ranges. Figure 6 is a chart that
illustrates the effective permeability of a
ferrite rod compared to the bulk per-
meability of the ferrite material.

The whole idea of using a ferrite-rod
core is to increase the magnetic flux den-
sity through the loop. For the maximum
effect, you want to have as much of the
core exposed to the winding as possible.
Compact, multiple-layer coils in the cen-
ter of a long core-rod are never as sensi-

describes the effect on Q for an 800 w
bulk-ferrite-material rod that measures ¥4
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FIG. 6—THE PERMEABILITY of a ferrite rod

does not depend only on the permeability of

bulk ferrite, but also on its length and diameter.
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FIG. 7—THE RESPONSE OF A LOOP ANTENNA
depends upon the response of the core as well
as the response of the loops wound on the core.

100120

X 7 X V5 inches. It also describes the
antenna’s response with and without ex-
ternal capacitances added. The winding
properties of the ferrite-core loop are in-
cluded in Table 1, and Fig. 8 shows the
ferrite-core loop-antenna itself.

Comparing loops

The comparative properties of a ferrite-
rod antenna and the two air core box
frame loops (shown in Figs. 4 and 5) are
shown in Table 1. The scramble-wound
box loop, which is in a slightly smaller
U-channel, has a higher winding capaci-
tance that results in a resonant frequency
of 180 kHz. The mobius flat-wound loop
has only half the winding capacitance and
almost the same inductance. That results
in a higher resonant frequency of 275
kHz. Both of the air-core box loops are
intended to be operated in the wideband
mode with no external tuning-
capacitance. The mobius box-frame loop
has exceptionally deep nulls of 40 dB or
more in the 60-kHz to 100-kHz frequency
range. The ferrite-rod loop is intended for
fixed-frequency use (tuned to 60 kHz
with an external tuning-capacitor) for
WWVB reception. Similar ferrite loops
(where the loop coil and housing is differ-
ent for each frequency band) that cover a

wider frequency range are available com-
mercially from several sources.

For an untuned box-loop, the upper-
frequency limit is determined by the self-
resonant frequency of the coil and its dis-
tributed capacitance. The effective length
Is greatest at that point, and it decreases
by a factor of 10 or so at the 10-kHz
low-frequency end. The box loop can also
be tuned by placing a tuning capacitor in
parallel with the loop coil. That will in-
crease the Q, but a preamplifier with a
higher input-impedance will be required.
The best power transfer from the loop coil
to the preamplifier is usually obtained
when the loop impedance and the pre-
amplifier input impedance of the pre-
amplifier are in the same impedance
range—which is not at highest Q. In de-
signing loop antennas there is always a
compromise to make between selectivity
and sensitivity. An untuned loop with a
rather broad self-resonant frequency peak
(which is the case for the flat mobius-coil
box-loop) provides the best sensitivity
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and also the deepest nulls of the antennas
compared in Table 1.

Balanced loops

As we discussed previously, to obtain
the best null-performance, loop antennas
should be operated so that the capacitance
between the antenna and electrostatic
shield is the same at all points along the
loop. With a single winding that’s a prob-
lem, since one end of the winding has to
be grounded in some way. A loop with a
center-tapped winding is often used
together with a preamp with a balanced
input, but there is a better way of winding
loops on long ferrite-rods that also re-
duces the inductance of the whole wind-
ing and results in a single-ended terminal
for the loop.

The technique, developed by the U.S.
Army Signal Corps many years ago, in-
volves making right-hand- and left-hand-
sense windings starting at the center of the
core. The resulting loop, shown in Fig. 9,
still has opposite-phase nulls off opposite



ends, but now has excellent electrostatic
symmetry with respect to the trough
shield. (The ferrite-core loop discussed
earlier was a balanced loop.) The
sensitivity of this coil is about the same as
that of a coil wound in a single direction
from one end to the other, but the in-
ductance is reduced, resulting in a higher
self-resonant frequency. The termination
point in the center of the core practically
eliminates induction-field noise-pickup,
even with a single-ended preamplifier
system. When winding a coil with a re-
latively large number of turns, it is advis-
able to check the winding for inductive
balance because the ferrite core material
may not be uniform from end to end.
Another factor contributing to non-
uniformity is that it is difficult to wind a
perfectly spaced coil by hand. That is why
the figures indicating the number of turns
on each side of the antenna described in
Table 1 are different.

To tune the balanced-loop coil arrange-
ment shown in Fig. 9 to resonance at 60
kHz, a fixed capacitor of about 500 pF
can be placed in parallel with a small
variable capacitor of up to 350 pF (and the
330-pF distributed capacitance of the
coils). That allows the total capacitance to
be set to about 1000 pF—the capacitance
required for resonance with the 6.89-mH
inductance indicated in Fig. 7.

1G. 9—A BALANCED LOOP with a single out-
put can be made by using the left-right winding
technique shown here.

Balun method

Another technique for making the
capacitance of a single-winding loop
symmetric with respect to the electrosta-
tic shielding is to employ a toroidal balun
(BALanced-line to UNbalanced-line)
transformer between the loop winding
and the preamplifier. That technique is
illustrated in Fig. 10. The balun is used
with the air-core box loops shown in Fig.
4, which have no center tap on the loop
windings. The trifilar-wound transformer
consists of about 30 turns of No. 30 in-
sulated wire-wrap wire twisted 6 to 8
turns-per-inch and wound on an Amidon
(12033 Ostego St., North Hollywood,

FiG. 10—A TRIFILAR BALUN used between a
balanced loop and a preamplifier with an un-
balanced input.

CA 91607) FT82-75 high-permeability
ferrite core. That makes the loop coil,
which is a balanced source, look like an
unbalanced source to the preamplifier.
Baluns can also be used with ferrite-core
antennas wound in a single-direction (in-
stead of the right-left method of Fig. 9.)

Loop antenna locations

Loop antennas are much less sensitive
than small whips, but they have the
advantage of having more selectivity as
well as having directional null- and
peaking- properties. It’s a good idea to
place a loop in the attic of a house well
away from the electrical appliances and
power lines, and to keep it away from
major steel structural members (which,
distort the local magnetic field).

High-gain preamplifier

When designing an active-whip an-
tenna, we considered the whip to be a
voltage source with a high internal im-
pedance requiring current-amplification,
and (to reduce attenuation due to a mis-
match) we wanted the preamplifier also to
have a high input-impedance. However,
with a loop antenna, which is considered
to be a low-impedance current source, we
want a low-impedance voltage amplifier.

Almost all LF loop antennas will re-
quire a preamplifier with a voltage gain
on the order of +30 dB. Low-noise per-
formance is more important here than
with whip antenna preamps because of
the lower signal levels at the loop ter-
minals. There is a great variety of circuits
possible, but one of the simplest uses a
power-FET or VMOS-FET like the one
shown in Fig. 11. That preamp should be
mounted directly at the terminals of the
loop in a weatherproof shielded box or
inside of a trough shield (with the balun
transformer, if required). The output of
the amplifier is fed (through a coaxial
cable) back to the same receiver coupler
that we used with the active antennas de-
scribed in previous articles. The gate-bias
voltage-divider trimmer potentiometer is
adjusted so that the operating current of
the receiver coupler 1s about 40 mA. The
VMOS transistor used can be the Silico-
nix VN10KM. You can also use an ITT
BS170-—which has properties similar to

. o REAMPLIFIER
used for a frequency range of 10 kHz to 500 kHz.
The transformer is a audio-outputtransformer—
200 ohms center-tapped: 8 ohms center-tapped.
No connection is made to the secondary.

those of the VNIOKM, but a different
pinout. The series resistor for the gate
bias, about 15,000 ohms, is chosen to
approximately equal the reactance of the
loop coil at the highest or cutoff
operating-frequency. If a tuned loop coil
with a higher Q is used, then the value of
the resistor should be increased in value to
100,000 ohms or so. The output transfor-
mer can be the primary winding (about
200 or 600 ohms) of a subminiature or
ultraminiature audio transformer. The
secondary can be left open for operation
up to the 500-kHz region. At higher fre-
quencies, a bifilar toroid—such as the one
wound on an Amidon FT50-75 core for
the wideband active whip preamplifier—
can be used as an output transformer. The
preamplifier will have a voltage gain of
about 30 dB when driving a 50-ohm load
at the receiver coupler.

Bench testing loops

You can evaluate the resonant frequen-
cy of a small loop-antenna system by con-
necting a coupling coil and a 50-ohm load
resistor in parallel as a termination at the
end of a coaxial cable from a signal gener-
ator. For low-frequency testing (below
500 kHz) the coil can be a I-mH pi-
wound RF choke. The probe is brought
very close to the loop under test to inject a
small amount of signal by magnetic or
inductive coupling. The output from the
loop and/or a suitable preamplifier are
then observed (either on an oscilloscope
or a receiver) as the signal generator is
tuned over the desired frequency range.
The coupling sensitivity of both the probe
coil and the loop will decrease at lower
frequencies. This simple magnetic probe
will allow you to obtain a good idea of the
loop resonance and its general perfor-
mance. You can also estimate the loop
inductance by placing known capacitors
in parallel with the antenna and then
observing the response. The coil’s dis-
tributed capacitance can be estimated by
computing the difference between the re-
sonant frequencies of the loop with and
without the added tuning capacitance.R-E
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