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FOREWORD

The work described in this report was conducted in the
Electronics Division of the Research Department, Naval Ord-
nance Laboratory, Corona, as a part of the NOLC very-low-
frequency {VLF) research program, which is jointly sponsored
by this Laboratory's Foundational Research Program, WepTask
R360-FR-104/211-1/K011-01-0], and the Qffice of Naval
Research, Code¢ 418, under P. O, 3-0012.

C. J. HUMPHREYS
Head, Research Department

ABSTRACT

If improperly designed, the loops, preamplificrs, mixers,
and transmission lires tend to deteriorate the directivity of .
VLr superdirective arrays in which they are used, This report !
-describes the characteristics iequired of these components
when used experimentally in superdiractive arrays. Reception
patterns of these arrays and illustrations of the respective capa-
bilities of the components are given,
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INTRODUCTION

Very-low=frequency (VLF) superdirective arrays heve heen studied
at the Naval Ordnance Laboratory, Corona, California, for the past sev-
cral years (Refs, 1-5), It has become increasingly clear that, if it 15
dusired to operate effectively over the wide bandwidth of which these
arrays are theoretically capable, special attention must be given to the
components of the arrays. For that reason, this report examines the
characteristics cf the components of practical arrays.

Experimental work on these components was performed at NOLC
and at the NOLC field site in Johnson Valley, California,

LOOPS, PREAMPLIFIERS, AND TRANSFORMERS

The components of VLF superdirective arrays must be broadband
to utilize the broad bandwidth of the arrays. If loop antennas are used,
they must be designed to avoid self-resonance or resonance with the
matching input transformer of the preamplifier used with them, These
design requirements are specific for operating in the 10 to 30 kc fre-
quency band within which sferirs are normally received, Broadb .nd
loops with matching transformers and preamplifiers, and delay-line
mixers have been designed for sferic reception,

For this exper.mental work, a loop 10 ft square was selected to
obtain a signal-to-noise ratio that was adequate and still allowed opera-
tion well below resonance for broad bandwidth. In a loop, the inductive
reactance increases in direct proportion to the square of the number of
turns, and the effective height (or signal-receiving ability) increases
lincarly with the nuinber of turns. Therefore, the loop was designed
to contain the minimum number of turns that was ccmpatible with the
signal needed to exceed preamplifier noise, and to maintain tolerable
physical size. Because of their importance in superdirective arrays,
the null depths were increased by electrostatically shielding the loops,

A broadband transformer was designed by the Thunderbird Elec-
tronics Company, Pomona, California, to match the loop to the tran-
sistorized preamplifier, The input resistance and reactance of this
transformer as functions of frequency for various load resistances are
given in Figs, 1 and 2. The figures show that a wide range of impedances




can be lincarly matched over the 10 to 30 ke frequency range, The trans-
former was used to match the input impedance (Fig. 3) of the preamplifier
to the loop. The gain (Fig. 4) of the transformer and preamplificr is very
flat over a wide frequency range.

Signals received from several Navy VLF stations ere used to deter-
mine that a four-turn loop had the greatest e. ective height (Fig. 5). The
loop antenna was found more effective with a single shield than with pairs.,
The resonant frequency of the loop-preamplifier combination was meas-
ured by exciting the loop with a small coaxial transmitting loop with con-
stant input current, and was well above the 10 to 30 kc range (Fig. 6).

The four-turn, single<shielded loop was celected for the basic element

- of the array and additional measurements were made on it. The far-field
nulls were measured by using transmissions from the Navy VLF stations,
and the null depths ranged 30 to 38 db {or more) below the main lobes.
The null signals were usually below the sferic noise level and were there-
‘fore not detected.

The input impedance of the loop alone was measured and compared
with the theoretical reactance; the agreement was quite good (Fig. 7). For
frequencies well below resonance, the theoretical inductive reactance is

2 2 -7 D
XL = 47 fDN~ X 10  £n 3 (1)
where { = frequency
D = diameter of the loop in meters
N = number of turns in the loop

d = diameter of the wire

The effective height of a loop is a measure of its ability to receive
signals, The theoretical effective height of a matched loop is

H_ = nNA (2)
N

where A = area of the loop, and \ = free-space wavelength. A comparison
of the measured and theoretical effective ‘heights of the 10 ft square loop
is given in Fig. 8, where the theoretical curve is for a matched loop. At
the higher frequencies, the loop is not matched; at frequencies beyond

25 kc, the discrepancy between theoretical and measured values becomes
progressively wider,
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The cffective height was maicasured by using the ~tandard coaxial=loup
method (Ref, 0). A coaxial transmitting loop at o viven distuance fram the
test loop immerses it in an clectrical ficld expres-cd by

)

. b 1 (1262, 3t
T A EVEA TR P2 S (3).
R+ (rl + r,) ]
where Ef = electrical ficld surrounding the test loop
R = distance between transmitting and test loops
r, = radius of the transmitting loop
r, = radius of the test loop
I = current in the transmitting locp
2 4rlr2
ko 7 = 2
+ +
R (tl rZ)
The cffective height is
\Y
o == (4)
¢ E _

where VL is the terminal voltage of the loop.

The effective height of the loop-preamplifier combination was meas-
ured (Fig. 9); it was determined that the height increases linearly over
the 10 to 30 kc range, but levels off beyond 80 kc. The lack of increase
is partly because of the inability of the transformer to match the rapidly
increasing reactance of the loop to the more slowly increasing rcactance
of the preamplifier. The signal level of a transmitting station received
with the loop-p~ ‘¢ mplifier combination can be predicted by using Fig. 9
and Eq. 4. For xample, the Navy VLF station NPG (18.6 kc) in Southern
California has a field strength of approximately 2 inv/m, At this frequency,
the cffective height of the loop-preamplifier combination is 24 m {(from
Fig. 8). Therefore, from Eq. 4, the received voltage should be about 48
mv; this signal was measured with the Hewlett-Packard Model 302A Wave
Analyzer and was actually 60 mv. Typically widcband sferics of 10 v peak
measured from the loop-preamplificr combination indicated a field strength
of 0.5 v/m. An average effective height of 20 m was indicated (Fig. 9).
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The measurcments made of these components indicate that *hev ar
sufficiently linear and accurate for use in superdircctive arrays over too
10 to 30 kc frequency range,

MIXERS
LOOP ARRAYS MIXERS

The signals from the loops must be fed into a mi:.er, where they are
delayed and subtracted with the least possible errors or differences in
phase and amplitude. The No. | Emitter Follower Mixer (Fig. 10) buiit
for the two-loop array has the following characteristics:

a. Depending on the amount of delay inserted, 12 tc 20 v peak-to-
pcak is the maximum input voltage before distortion occurs.

b, Also depending on the delay, the loss (Fig. 11) through the mixer
is from 7 to 11.5 db.

c. The delay variation over a wide range of frequencies before and
after compensation is shown in Figs, 12 and 13, respectively.

d. The net voltage change between east am_:l' west channels (Fig. 13)
limits the null depth over a wide frequency range.

e. The nulling capabilities can be comput.d from the data in Fig. 13.
When the array was nulled at 20 kc with 5.2 psec delay inserted, the mixer
nulled -26 db at 10 kc and -20 db at 30 kc. When using a sine wave nulled
-51.3 db at 20 ke with 2.4 pusec delay inserted, the mixer nulled -23 db at
10 kc and -25 db at 30 kc. A typical sferic generated by the function
generator was nulled <34 db. It is concluded that the delay error deter-
mines the null depth at the higher frequencies, and the amplitude error
determines the depth at the lower frequencies.

The mixer was installed at the Johnson Valley field site. Two loops
placed 1 mi apart wcre used for a superdirective array; the array was
nulled on Navy VLF station NAA (18.6 kc, 60 deg true bearirg) and two
patterns (Figs. 14 and 15) were taken with the passive pattern plotter
(PPP) at 10.5 kc (Ruef. 5). The large back lobes shown in the figures are
results of nulling 50 deg off the axis. of the array. The figures also show
that pattern rcpetition was very good.’

SHORT BEVERAGE ARRAY MIXER
An improved mixer that uses highér impedance delay lines was designed

and testcd for use in a superdirective .Beverage array (Fig. 16). The
charactcristics of this No. 2 Emitter Follower Mixer are:



a0 The muaximauwm input voltage before distortion is 15 v neak=to=nae o

Hoe The loss through the mixer is ¥ b, The net voltage autput
between cast and west coennels over a vide fregquency range is shown in
Fie. 17, )

c. The net phase delay, in microseconds, between cast and west
channels is given in Fig, 13.

d. TI'nc nulling capabilitic. con bhe computed from the forecoing .t
Ly using the equation E . = Ac¢ - JAGL . With the mixer nulled ot 20 ke,
the null voltages at 10 ke and 30 ke shouid be =37.4 db and =257 b, ceepoc-
tively, Fair agreement was obtained when a simudated suner rective
array was connected to the mixer, which was nulled at 20 ke, " he null
was =35,5db at 10 ke and -29.5 db at 30 ke, The typical sferic cenerated
by the function generator was nulled -34 db,

¢. The mixer was installed at the Johnson Valley site; tea B reraze
antennas one-half mile in length and at 115 dey relative orientation were
installed to form a superdirective array. The array was nulled on thre
Navy VLF stations, with the following results:

Station NAA (15,6 kc, 60 deg true bearing), null =40 db
Station NS5 (22.4 ke, 70 deg true bearing), null =34 db
Station NPM (19.8 kc, 265 deg true bearing), null =32 db

With the array nulled on NAA and using sferics, a 10.3 ke pattern (Fie. 17)
was made with the PPP, The large back lobe shown is a result of nulling
60 deg off the axis of the array. An improved pattern (Fig. 20) was taken
under similar conditions, but with the antennas terminated in their char-
acteristic impedance and the array nulled beforehand oa sferics arriving
from 70 deg true. Under these conditions, nulls 25 db below the main
lobe were recorded, and the back lobes were down 17 db. Another pattern
(Fig. 21) was taken under likc conditions, but with the array nulled at 110
deg true; nulls 28 db below the main lobe, and back lobes 19 db below the
front lobe, were recorded. The 18 db side lobes are approximately what
would be expected from the theorctical pattern of such an array. T1ihrec
elements (~30 db back lobes) must be used to obtain lower back lobes,
Another pattern (Fig. 22) was taken under the samec conditions, but from
the cast-looking output of the mixer. Therefore, the pattern shows nulling
on the axis of the array to the west at 290 deg true..

f. The input impedance of the No. 2 Mixer was 365-j82 for the cast
input, and 370-j85 for the west; the inputs are not purely resistive at 20 ke,



e

w. For the mixers, a1 calibration of net delay as o function of inserted
delay is givenin Fig. 23, The net delav is very close to the inserted dolay

selected by the delay lines,

h, Ihe Beverage antennas were terminated with their characteristic
impedances (7). To determine the impedance, the load resistance con
the antenna was increased until maximum power was delivered; a resis-
tance value of approximately 270 okms was indicated (Fig. 24). Resis-
tnce was then placed at the far terralnations of the Beverage antennas
to balance the termination and ground-plane resistances, thus providing
the proper antenna termination impedance. The west antenna required
250 ohms, and the cast 200 ohms. Input impedance measurements we:e
made to confirm the frequency-response flatness of the Beverage; the

results are plotted in Fig. 25, where Z is a nominal 280 ohms,

TRANSMISSION LINE CHARACTERISTICS

If the connecting transmission lines are not terminated in their char-
icteristic impedances, pattern deterioration can result, Fig. 26 shows
that the phase delay can change markedly with variances in termination
resistance on a *vpical coaxial cable, RG58/U. Fig. 27 is a plot of the
losses an hasc delays through RG33/U and RG22/U cables, over a
wide freq . .y range. The figure shows that, if the cables are not ter-
~“inated in their characteristic impedances of 53 ohms and 48 ohms,
ruespectively, with the center conductors connected, the losses and phase
‘vlays vary with frequency. Usually, a termination resistance above Z
causes the phase delay to increase, and the loss to decrease, with fre-

acncy. If the termination resistance is below Zo, opposite effects are
observed.

CONCLUSIONS

Any error in phase or amplitude tends to deteriorate the pattern of
a superdirective array. Therefore, if the array is designed to operate
over a broad band of frequencies such as 10 to 30 ke, each array compo-
nent must be scrutinized.

In a broadband mixer, the phase errors dete~iorate the null depths
at the higher frequencies; at the lewer frequencies, the null depths are
deteriorated by the amplitude errors.

High directivity was achieved with superdirective loop and Beverage
arrays that employed the components described in this report.
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FIGURE 3., Loop Preamplifier Input Impedance;
Amplifier With XE-134 Matching Transformer
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FIGURE 11. Loss Through No. 1 Emitter Follower Mixer
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