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ABSTRACT

The radiation properties of the square loop driven in the zeroth phage sequence (voltages
‘in phase at all four corners), the second phase sequence (alternately in and out of phase at the
corners) and a simple superposition of the two phase sequences are studied. Assuming zeroth-
order current distributions, the theoretical far-zone field has been obtained for each phase
sequence and for the superposition. The square loop was used as a receiving antenna in
obtaiming the experimental radiation patterns for the same cases. In general, there is good
agreement between theory and experiment. In some cases the centributions due to the trans-
mission lines driving the loop is such that the experimental pattern does not agree with theory.
However, when the effect of the transmission lines is taken into account, the corrected theoretical
pattern agrees well with experiment.

I. Taeory

In caleulating the radiation field of corner-driven square loop antennas,
three cases are considered : (1) a loop driven in the zeroth phase sequence
(equal voltages in phase at the four corners), (2) a loop driven in the second
phase sequence (equal voltages alternately in and out of phase at the four
corners), and (3) a simple superposition of these two phase sequences where
voltages at the two diagonally opposite corners are zero and the other two
voltages are equal and in phase. In analysing the square loop antenna as a
receiving antenna, the restriction that the loop be in the far-zone of the trans-
mitter is imposed. Then, just as in the case of the dipole antenna, the great
separation makes the effect of currents in the receiving antenna on the currents
in the driven antenna negligible. The field is calculated theoretically for the
transmitting square loop but in the experiment the loop was used as a
receiving antenna. However, it is known by the Rayleigh-Carson reciprocity
theorem that the directional pattern of the radiation field of a transmitting
antenna of a given size and structure is the same as the directional pattern of a
receiving antenna of the same size and structure. Therefore, it is poésible to
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compare the theoretical and experimental radiation field. The vector potential
and electric field in the radiation zone are related in the following way : £ =

- ij, where K is the electric field and A4 is the vector potential. It is
therefore sufficient to calculate the vector potential in order to obtain th‘e

magnitude of the electric field. It should be noted that E—=— grad ¢ — gwA
but in the radiation zone, only the tangential component of the electric field is
of interest and the term grad ¢ is therefore neglected. The general integral
which is used for the calculation of the vector potential is :

A= fh L0 g 1
s —4‘"—8110' _hf R Z .. ‘e . ()

In order to obtain a more accurate solution for the vector potential, the first-
order solutions of the current obtained by King (1956) for both the zeroth and
second phase sequences would have to be used. However, it is assumed that
in the far-zone, a zeroth-order value of the current would be quite adequate
in comparing experimental results with those obtained theoretically. Asshown
in Fig. 1, the loop is so oriented that the z-axis and y-axis of the rectangular
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Fig. 1. Square loop in co-ordinate systems,

co-ordinate system are parallel to the ‘sides of the loop and the z-axis is
perpendicular to its plane.
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RapiaTion FierD oF A SQUARE Loop DRIVEN IN THE
ZEROTH PHASE SEQUENCE

Using the integral expression for the vector potential given in equation
(1) and assuming a cosinusoidal zeroth order distribution of current, the
z and y components of the vector potential may be obtained. There is no
z-component of the vector potential since the sides of the loop are parallel
only to the z and y axes. If the point P at which the radiation field is to
be calculated is considered to be on the surface of a large sphere, the vector
potential has three components in the three directions of the spherical co-
ordinate system.

If the point P is considered to be on the surface of a large sphere, the
vector potential has three components in the three directions of the spherical
co-ordinate system. They are: A%, 4}, Ag, where (R, 6, @) are the co-ordinates
of P in the spherical co-ordinate system and the superscript ‘r” denotes the
far-zone. In the case of the square loop, however, the currents are confined
to the four sides of the loop and since it is a completely symmetrical structure
in space, the only component of the vector potential present is the ¢-component.
The #-component is zero. Since the E-field is related to the vector potentlal

4 as follows in the far-zone, E},,, = jwAl,,,, the R—component of A is neg-
lected in calculating the E-field. Then the electric field has a ®-component :

_F:’ = @ Eg¢ and the magnetic field has a §-component : I:f = § Hy. The ¢-com-
ponent of the vector potential is given by the following expression :

A9 = — A4, cos =4, sin .. . VA
The substitution of the expressions, obtained for 4. and 4,, gives

1 e 7Bofo(—4j)
Ay = 4m, R, Bo

gcos @ sin (Boh sin 8 cos D)
. (1=sin?0 sin®®)

[sin 8 sin @ cos Bk sin (Byh sin 8 sin D)

—sin Bk cos (Boh sin 8 sin @)]

+sin @ sin (Boh sin 0 sin P)

(T—sin®d cos?®) [sin @ cos @ cos Bk sin (Bok sin 8 cos D)

—sin Byh cos (Boh sin 8 cos ¢)]} . .. (3)

The E-field is given by the equation E = —jwA and since only the ¢-com-
ponent of vector potential is present, only the @-component of the E-field is
present.

The special case of an electncally small loop where Bh<< <1 is now con-
sidered. A
It follows that sin Byh == Boh and cos Bgh = 1.
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Using these relations;

r . r
E¢=—]wA¢
~iBoFo :
=2C_1°T"R0 2B2A sin 0. e L@

It might be noted that the current has been assumed proportional to cos By
(or cos Bgx). Actually, the zeroth-order current when the loop is driven in
the zeroth phase sequence is [I® Jo = j I cos Byy. With the constant included,
the expression for the @-component of electric field for an electrically small

loop becomes
o~ 1Boo

Co 2B2h2 sin 6 . . .. (5)

which is the same as the expression obtamed when a uniform current distri-
bution is assumed on the loop.

The directional properties of the electric and magnetic fields in the far
or radiation zone of an infinitely thin square loop driven in the zeroth phase
sequence (voltages in phase at all four corners) are contained completely in
the expression in braces in (3)—the function may be denoted as Fy(8, @, B4h)-
Unlike the dipole which is rotationally symmetrical and has a field that is,
therefore, independent of the angle &, the loop depends on 8, & and S,k where
2h is the length of one side of the square loop. Graphs of the magnitude of
Fy(8, &, Boh) as functions of § and ¢ (8 being held constant while ¢ varies and
vice verse) will be sufficient to show the directional properties of the electric
and magnetic fields in the far-zone. These graphs are field patterns in a
plane containing the antenna. Polar graphs have been drawn in all cases.
The completely general form of F (6, @, Byh) in (3) may be specialized for

37 5m 37w

o= 7" 73
The expressions obtained for Fo(8, &, Boh) in the special cases are used to
calculate the field patterns for (1) § variable, ¢ constant and equal to 90°,
(2) 8 variable, ¢ constant and equal to 45°, (3) @ variable, 8 constant and equal

to 90°, .
RapiarioNn FieLDp oF A SQUARE LooP DRIVEN IN THE
SEcoND PHASE SEQUENCE

As in the case of the zeroth phase sequence, the loop is so located that
its centre is at the origin of a rectangular co-ordinate system. The voltages
are alternately in and out of phase at the four corners but equal in magnitude.
The zeroth-order current in this phase sequence is proportional to sin Boy
(or sin fex) in each of its sides. The field is again calculated at a point P
which is located in the far-zone with respect to the loop.
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With a procedure similar to that used for the zeroth phase sequence, the
following expression is obtained for the vector potential :

;1 eTBefo(—yj)
" Imy Ro  Po

Fy0, D, Boh) .. .. .. (6)
avhere
Fy0. P, Boh)

__{cos @ cos (Boh sin 6 cos D)
U (1—sin2 0 sin?® D)

[sin 6 sin P sin Byh cos (Bph sin # sin D)

~co8 Byh sin (Boh sin 0 sin P)]

sin @ cos (Boh sin 0 sin P)
{1—sin2 6 cos? P)

{sin @ cos P sin Bok cos (Bgh sin 8 cos D)

—cos Byh sin (Boh sin 0 cos ¢)]} . .M

As in the case of the zeroth phase sequence, Fy(0, @, k) shows the directional
properties in the far-zone. @ and ¢ are varied separately to obtain the field
patterns in the plane of the antenna. The expression Fo(8, @, Byh) may be
specialized for

37 bnw 37w
BOh’——“"'s ;"’_Z:Q'

The expressions obtained for Fy(8, &, Byh) for the special cases are used to
calculate the field patterns for (1) @ variable, ¢ = 45°, (2) @ variable, § = 90°.
In the case where @ is a constant and equal to 90°, Fy(6, 90°, Bsh) will be

zero regardless of the values of 6 and Bgh. This is explained by the fact that,
in the second phase sequence, the current at the centre of each side is zero..

RADIATION FIELD OF A SQUARE L0oOP WITH A SUPERPOSITION OF THE
ZEROTH AND SECOND PHASE SEQUENCE CURRENTS

An important special case is the simple superposition of the zeroth and
second phase sequences. The simplest superposition is when a loop is driven
by equal voltages in phase at diagonally opposite corners and the veltages at.
the other two corners are equal to zero.

The zeroth-order value of the current on sides 1 and 8 of the loop. wxﬁh.
such a simple superposition of the zeroth and second phage sequences is given
by‘ . . . - ] )

(1)o ~ cos By(y—h). .. . A ¢

Similarly on the sides of the loop parallel to the x-axis, the current is given by

() ~ cos »Bo(:c—-h). . .. . .. (9
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1t follows from (8) that I ~ cos BhI® 4 sin Byhl® . .. .. (10)

where I® = cos Byy (zeroth-order value of zeroth phase sequence current),
I® =gin Byy (zeroth-order value of second phase sequence current).

In the calculation of the vector potential, when there is a simple super-
position of the zeroth phase sequence and the second phase sequence currents,
the zeroth-order value of the current as given in (8) is used. This, however,
is a sum of the individual phase sequence currents (with a constant multiplying
factor in each case). The @-component of vector potential is the sum of the
expressions obtained for each phase sequence. )

The ¢-component of vector potential for the superpomtlon of the two
phase sequences is given by

4o 1 e—fﬂoRo(-4j)(_cos (p{cos Boh sin (Boh sin 0 cos @)
(1—sin20 sin?Q)

X [sin Bgk cos (Byh sin 6 sin D)
—gin 6 sin @ cos Byh sin (Bph sin 0 sin P)]

sin Byh cos (Boh sin 8 cos D)
(1~-8in2@ sin2d)

+

X [cos Boh sin (Byh sin 8 sin D) ~sin 0 sin @ sin Bok cos (Byh sin 8 sin ¢)]}

L cos Boh sin (Boh sin 0 sin P)
sin. ¢ { (1 —sin26 cos2P)

X [sin Bok cos (Byh sin 8 cos @) —sin 0 cos D cos Pyh sin (Byh sin 8 cos P)]

sin Bok cos (Bgh sin 8 sin P)
{1 —sin20 cos2®)

+

% [eos Boh sin (Bok sin 6 cos @) —sin 8 cos D) sin Bk cos (Byh sin @ cos di)]}) .

1)

The di-component of the far-zone electric field is easily obtained from this ex-
pression. The éxpression in parentheses is the field factor F(0, &, Boh). The
,magnitm of F(B, &, ) is the same as Fy(6, &, Boh) for foh = ?%’ .z

and is the same as Fy(0, @, Byh) for Bob = m. It differs only when o = 5: 3:

The polar graph of the field factor for loops of different dimensions driven
in the two phase sequences and for a superposition are given in Fig. 2. For
the superposntlon only the patterns that are different from those of the zeroth
or second phase sequence are shown.
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TI. EXPERIMENT

~ The radiation patterns of the corner-driven square loops diseussed in the
prekus section were obtained by using the square loop as a receiving antenna.
-As mentioned before, by the Rayleigh-Carson reciprocity theorem, the field
paﬁtern ‘of an antenna used as a transmitter is the same as the field pattern of
£lis same antenna when used as a receiver. The frequency used in this experi-
ment was 3,000 Mo/s. The square-wave modulating frequency is set at 1,000
cps. The transmitting antenna consists of a dipole mounted on a parabolic
reflector. By means of a motor, it can be rotated through 90 degrees. Thus,
when the horizontal patterns are required, the transmitting dipole is in the
horizontal position and when the vertical patterns are required, it is rotated
through 90 degrees so that it is in the vertical position. The field pattern of
the antenna which is used as a receiver may be recorded directly on polar
paper.

Figure 3a shows the corner-driven square loop connected to a shielded-pair
line to obtain the vertical pattern; that is, to obtain the radiation pattern
when 6 is varied and & is kept constant. The shielded-pair line is connected
through a balun to the coaxial line which, in turn, is connected to the bolometer
amplifier which is part of the detecting system. Figure 3b shows the loop in
a horizontal position connected to a coaxial line. In both cases, the antenna
and the line are set up on a rotating turntable which is in the radome and iso-
lated from the rest of the receiving system. The turntable rotates by means
of a motor. It should be noted that in Fig. 3¢ the vertical loop is shown for
the case where @ was equal to 90 degrees, but experimentally the vertical
patterns were measured for § variable when @ was assigned the two constant
values, 45 and 90 degrees. The vertical patterns for two different cases,
& = 90 and 45 degrees respectively, and with § variable in each case, and the
horizontal patterns for § = 90 degrees and ¢ variable were measured for the
zeroth and second phase sequences and for a simple superposition of these
two phase sequences.

DiscussioN oF THEORETICAL AND EXPERIMENTAL RESULTS

Since the loop is a perfectly symmetrical structure, a perfectly symmetrical
radiation pattern is to be expected in each case. The theoretical patterns,
however, do not take account of the presence of the transmission lines and
while in some cases the presence of the transmission lines does not affect the
pattern, in others the effect is clearly seen and the experimentally obtained
pattern differs from the one predicted theoretically. Theoretically, a zeroth-
order cosinusoidal or sinusoidal current distribution was assumed and the
radiation field was calculated using these distributions. This is approximately
equivalent to assuming the loop to be infinitely thin. - From actual current
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distribution and impedance measurements made previopsly, it was- found
that, in practice, the current approximates a cosinusoidal distribution ciosel'y
but not exactly. The impedance measurements showed that even a first-order
distribution of current does not give quantitatively accurate results in so far
ag the input current is concerned. In determining'the far-zone field, however,
the sinusoidal distribution should be a good approximation. H-should be
noted that the crystal detecting device obeys a square law and, therefore, the
experimental patterns show the square of the far-zone field rather than the
actual field. In order to compare with experiment the square of the theoretical
field factor has been plotted in a polar graph in the several cases and these
will be discussed together. There are also other effects which contribute to
the experimental radiation patterns.

Figure 4 shows some theoretical polar plots of B2 and the corresponding
patterns that were obtained experimentally. There is good agreement between
experiment and theory in all the cases shown here.

The general effect of the transmission lines on the experimental radiation
patterns may now be discussed in detail. For loops driven in the zeroth and.
second phase sequences, the transmission lines driving the four corners are
symmetrically placed and the contributions from them are cancelled out. The
only contribution to the radiation pattern is from the two-wire line connecting
the loop to the shielded-pair line (for the vertical loops). For some loops, the
experimental pattern is quite different from that predicted theoretically. The
vertical transmission line was found by actual experiment to give maximum
radiation in the end-fire directions (0 and 180 degrees). The magnitude of

-the far-zone field for the transmission line cannot be measured accurately but
in cases where the contribution from the line affected the pattern, themagnitude
was 80 chosen that when it was added to the field factor of the loop, the result-
ant pattern compared reasonably with the experimental pattern. There are also
different phase changes in the several cases and these are also accounted for.
When there is a superposition of the two phase sequences, there are transmission
lines only from two diagonally opposite corners and so there is no cancellation.
For horizontal loops, with a horizontally polarized field, the contribution
from the transmission lines is present only when there is a superposition. Inall
other cases, there is a cancellation. Figure 5 shows some experimental and
theoretical radiation patterns and the effect of the presence of the transmission
lines is clearly seen. When this effect is also considered the resultant corrected
theoretical pattern more nearly approximates the pattern obtained experi-.
mentally, S

1t is appropriate at this point to review the general behaviour of the corner-
driven square loop antenna in the far-zone. In the preceding paragraphs,
the radiation patterns have been considered for loops of different sizes and the
rélé,tion between experiment and theory.has been shown. This discussion
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was necessarily qualitative because, although the. theoretical and experimental
results were each quantitatively accurate, in the former case the graphs showed
the plots of the field factor and, in the latter case, the plots of the actual far-zone
radiation field. Therefore, it was not possible to make a quantitative compari-
son between experiment and theory. As was mentioned at the beginning of
the discussion, the transmission lines affect the experimental radiation patterns
and the contribution from these lines is lesser ar greater depending on the
dimensions of the loop and the symmetry of the structure. Hence, it was
gB
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found that the patterns for the superposition were definitely affected by the
transmission lines in most cases due to the basic asymmetry in the structure,
except in the case of @ — 45°, where the structure was more symmetrical. It
should also be noted that the spacing between the conductors of the trans-
mission line and between the several transmission lines themselves is
comparable with the wavelength and thus their effect on the radiation pattern
is enhanced. In this experiment, the frequency of 3,000 Mc/s was chosen
because of convenience in obtaining a klystron oscillator with enough output
power to drive the transmitting antenna. For many practical purposes, the
square loop would be operated at longer wavelengths, and, at such wavelengths,
the transmission-line spacing may be relatively much smaller and the effect
of the line on the radiation pattern may be reduced. It might be concluded
that at longer wavelengths more symmetrical radiation patterns may be ob-
tained. Since the loop is a symmetrical structure, it cannot be used
for unjdirectional radiation or transmission. It has maximum directivity in
two or four directions, depending on the size and orientation and method of
driving and it may be used either as a broad beam-width device or a highly-
directive device. It should be added that even though the zeroth-order ex-
pression for current was used in calculating the field, since main interest lies
in the far-zone, such distributions of current dre adequate and the pattern will
not be changed considerably if higher-order current distributions are used.
The corner-driven square loop antenna may be used successfully in practice
where multidirectional devices are desired since such a wide variety of radiation
patterns are obtained with it.
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