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ABSTRACT

The underwater propagation of radio signals and the mode
of operation of submerged loop antennas are briefly consid-
ered, Directional and nondirectional rec eptionare discussed,
and an omnidirectional loopcircuit is presented. Study of the
influence of submerged depth and iron cores on loop dimen-
sions, andthe consideration of boundary depths for effective
reception, leadtoa Suggested omnidirectional loop system in
whichthe loop structure is mounted on or suspended from a
submerged buoy and is located within the boundary layer of
long-distance reception.

PROBLEM STATUS
This report presents a brief general summary of under-
water receptionfrom the technical operational point of view.
Further detailed technical workonthe problem is continuing,

AUTHORIZATION

NRL ‘Problem R10-43R (BuShips Problem 51083.1)
o NE 120-201
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UNDERWATER LOOP RECEPTION
PHENOMENA AND TECHNIQUES

i

*TION

nomenon of underwater and underground propagation of radio waves has been
?many years. Some submarines in World War I were equipped with so-called
coils for undersea radio reception, and at about this same time the reception
gnals with antennas buried in the ground was demonstrated in the United States.
ged U.S. submarine was able in 1919 to receive in Long Island Sound long-wave
rom Nauen, Germany. Submarines were equipped for underwater reception during
s I, the British, for instance, transmitting from Rugby, England, to submerged
joe craft patrolling the Mediterranean Sea. Two types of underwater receiving
were developed for the U.S. Navy just prior to and during this last war. With
ese adapters (developed at NRL) the submarine Sea Lion while submerged to

depth (loop depth about 15 feet) at Pearl Harbor, was able in 1940 to get a good
‘the Annapolis transmitter NSS. .

2 are, however, certain fundamental limitations encountered in subsurface radio

sfitfon. which must be recognized and upon which operational techniques must be based. -
t,.anly a small part of the radio field energy existing above the surface appears below.
d, the energy which does penetrate the surface is very rapidly absorbed by the sub-

¢ medium (water or earth), so that the field-strength attenuation per foot of in-

asing depth is very considerable. Third, the attenuation per foot of increasing depth

submergence becomes greater as the frequency of the radio carrier wave becomes
igher.

- These various effects result in limitations which, in sea water, restrict long-distance
reception to a frequency range with a practical upper value of about 35 or 40 kilocycles
Land to a submerged depth for the top member of the antenna of not much more than about

20 feet. Failure to appreciate these limitations will seriously curtail the usefulness of
funderwater receiving equipment.

 PROPAGATION

At very low radio frequencies a radiated wave in air may be considered as advancing
with its electric vector almost, but not quite, perpendicular or normal to the surface of
 the earth. This is the case for a vertically polarized horizontally advancing wave, which

15 the condition essentially obtained in long distance VLF reception. The slight forward

: tilt of the electric vector may be considered as being caused by refractive effects resulting

| from the difference in wave propagation velocity above and below the surface. As a con-

| Sequence, there is generated a downward component of the wave, so that, in addition to the

&

: AN\

:‘ 4 c‘;‘m

INFIDENTIAGE CONFID&@\AL 1




2 NAVAL RESEARCH LABORATORY CONFIDE

-DIRECTION OF WAVE
 ADVANGE_IN WATER

ATTENOAT\ON PER FOOT — av
. .

P = T — = TR 10
Figure 1 - Electric vector of a radio wave above and below the surface Figur
horizontally advancing wave front component which moves parallel to and above the sur- ' ,_ | provi
face, there will be a vertically advancing component which moves downward from the sup 33§ syst
face toward the center of the earth. ]
E ]
Figure 1 in somewhat exaggerated fashion illustrates this phenomenon for a particulaf tODE 0
instant and position on the earth’s surface. The angle § is usually between 89 and 90 de- Loo.p
grees, so that the electric-vector component under water is generally quite small relati d licqtlt
to the component in air. Figure 2 shows the field strength of the radio wave in sea water Jigwa 1M
immediately under the surface, as compared to its field strength in air. The loss in field ey can
energy is high, ranging from about 70 decibels at 10kc to about 48 decibels at 1000ke. hut high!
A loc

The horizontally polarized underwater component of the original vertically polarized {
wave has a much lower velocity because of the high conductivity of sea-water. The
wavelength of the radio wave therefore becomes much less than its above-surface value. Jhdio wa:
In addition, its energy is dissipated in the highly conductive salt water to the degree indi- f kes indu
cated by Figure 3,from which it is evident that only the lowest practicable carrier frequenciegilinctical
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Figure 2 - Computed strength of radio field just under surface Fased
of water relative to field strength in air k 5perc€
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%e 3 - Computed attenuation of underwater radio field per foot of submergence

yide with increasing submergence a loss of signal strength tolerable in an oper-
dtem.

OPERATION OF SUBSURFACE LOOP ANTENNAS

or coil antennas are particularly well suited for low-radio-frequency collector
ns. They can readily provide the normally desirable characteristic of low an-
edance, transformable to any reasonable value by simple means. In addition,
allow essentially complete control of the antenna circuit in equipment design, so
y efficient utilization of antenna induced energy is feasible.

é”i rv—w“.iv ;

, p antenna operating in air provides a terminal voltage which is a function of the
: ting ime of arrival of a wavefront at the two opposite sides of the coil which are par-
él‘fiﬁ?‘he electric vector (Figure 4a). In other words, the magnetic flux lines of the
hdio wave cut through first the nearer side of the coil and then the farther side. The volt-
eS iﬁ@uced in these two elements (e; and e:) are almost absolutely equal, because-in
fittical designs the attenuation of the radio wave over the small space difference be-
¢n the forward and aft legs of the loop is negligibly small. Since the two induced poten-
s are equal and in opposition in the loop winding, the net voltage e, appearing at the
op terminals is only that resulting from the phase difference between the two induced
ltages as caused by difference in time of arrival of the wave front at the nearer and
er sides of the loop. This is shown by the vector representation in Figure 4b.

The same loop under water has the same two voltage components (e, and e;) induced

s winding, except that in this case the electric vector is horizontal and the voltages
re induced in the horizontal members of the loop. The voltage e,, however, is greater

e; since the radio field is attenuated by the water with increasing depth (Figure 44d).

e phase angle 6 between e, and e; is also much greater than for the loop in air, because
1 wavelength has greatly decreased as the result of the much lower velocity of propaga-
nof radio waves in water (about a thousandth of the velocity in air). The output voltage

the loop e, is, however, mainly the resultant of the difference in amplitude of e, and e,
Wsed by field attenuation in the water, with phase difference accounting for only about
‘5percent (2 decibels) or less of the total output voltage in the VLF range.

“NFIDENTIAL
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Figure 4 - Induced voltages in air and underwater loops

The mode of operation of the loop in water produces a great improvement in loop pick.ﬁ

up efficiency. At 20 kilocycles, for example, underwater operation results in an increase |
in output voltage (for a given field strength at the loop) of about 1650 times, or about +64 ]

decibels, as compared to the same loop in air. However, the loss in field strength encoun-j
tered in transition from the air above the surface to the water immediately under the sur- g8

face is 66 decibels at 20 kc (Figure 1). Thus transfer of a loop from above the surface to ;

just below the surface results in a loss of only 2 decibels in output voltage. With increase(
depth of submergence, the output voltage decreases rapidly (about 1.5 db per foot at 20 kc]; '

as indicated in Figure 5.

E
It is evident that the-most important effect in underwater radio reception is the rapid @

loss of signal strength with increasing submergence. The attenuation per foot of depth is |

least at the lowest frequencies, and only the VLF range of 15 to perhaps 35 or 40 kc ap-§
pears at all practicable for underwater reception when the receiving antenna is required o}

be more than a few feet below the surface.

FIELD STRENGTH ALONG THE EARTH'’S SURFACE

Very-low-frequency transmission of radio signals is also desirable for submerged re»‘ ‘

ception for a number of other reasons. Propagation characteristics in the 15- to 35-ke reé:

gion result in a strong ground wave which follows the earth’s curvature and produces good
signal strength at great distances. The effect of sky waves is discussed briefly in the Ap- §

pendix, Figure 6 shows the computed field strength obtained for the radiated power of 1
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t 20 kilocycles with increasing
4long the surface of the earth,
e being mainly water, At 1000
instance, the very respectable
ngth of 150 microvolts per meter

& d .

GE INDUCED IN A LOOP IN AIR

re 7 is a graph of the terminal
in air, of an untuned loop one inch
diameter and with an inductance
100 millihenries, This inductance
neighborhood of the values gener -
d for the tuned circuits of receivers
15- to 35~-kc range. The graph
‘the decrease in loop output voltage
creasmg distance for a groundwave
Multiplication of the graph voltage
by the effective Q of the loop will

5 - Output voltage of a submerged
lative to same loop above the surface
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yield thk approximattxoltage imbresse}l on the control grid of the first tube k{ the receiv
used in t}\é system. The volta%é obtainea\with- loops of larger mean diameter an also beg
proximaped by multiplying the Aoltage froix\:he graph by the ratio of the new ditameter to o}
i e ihduced voltage oy a transmitter\radiated power\pther than one kilowatt can bey

y multiplying the griph voltage valueé\gy the square hpot of the power ratl?.

/

\ ]
For instande, the terminalvoltage e for thé one-inch 90003urn loop at 1000 miles 154
mijcrovolts, With the loop circuit resonated using\a suitable corAISQnser, and with the ,er-_v
lgop system Q =%5, the/voltage At the grid of the first tube is eQ % 3 x 25 = 75 microvaltsi
ith a loop having\a m¢an diametex of 12 inches instead of one inch) the grid voltage is \ ]
g% (d,/d) (where d,Yd/is the ratio oR\loopdiameters), which is 900 microvolts. For a transni¥
ter radiated power i ingtead of one kilowgtt, eg (the griy voltage) = eQ (dz/d}
VP,/R = 10¢ i where B, /P, is the transmitter\power ratio.
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TRANSMITTER RADIATED POWER =1 KILOWATT

INDUCTANGE *100 MILLIHENRIES
: \ WINDING = 9000 TURNS (approx)
10 ' i—_—“

o.1

CONFIDE |

Loop TERMNAL VOLTAGE — MICROVOLTS

0.0l

0.001 l 10 100

4000 10,000
DISTANCE ~ STATUTE MILES

bigure 7 . Computed terminal voltage of loop antenna
in 20 kc sround-wave field

yield the approximate voltage impressed on the
used in the system, The

control grid of the first tube of the receiver
voltage obtained with loops of larger mean diameter can also be ap
proximated by multiplying the voltage from the graph by the ratio of the new diameter to ong
inch. The induced voltage for a transmitter radiated power other than one kilowatt can be of
tained by multiplying the graph voltage values by the square root of the power ratio, ‘

For instance, the terminal voltage e for the one-inch 9000-turn loop at 1000 miles is
0.3 microvolts, With the loop circuit resonated using a suitable condenser, and with the
over-all loop system Q = 25, the voltage at the grid of the first tube is eQ = 0.3 x 25="15
microvolts, With a loop having a mean

diameter of 12 inches instead of one inch, the grid
voltage is eQ(d;/d,) (where d,/d, is the ratio of loop diameters),

which is 90 microvolts.
For a transmitter radiated power of 100 kilowatts instead of one kilowatt,
voltage) = VPB,/
t

eg (the grid
= eQ(d,/d,) P, =90 ¥100 = 900 microvolts, where P, /P, is the trans-
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Figure 8 - Computed boundary depths of reception at 20 kc and
150 kc with a 21-inch air-core loop

Assuming that 15 microvolts at the control grid of the first tube in the receiver repre- -
sents a signal just readable through the circuit noise, we see from Figure 5 that we can
submerge the loop to about 40 feet before losing the signal. At 5000 miles, however, the
‘submerged depth of the loop must not exceed about 25 feet. It is interesting to note that
such a great increase in distance (1000 to 5000 miles or a ratio of 5 to 1) affects thelimit
of loop submergence in the ratio of 40 to 25 feet, or only about 1.6 to 1. This is an indi-
cation of how restricted underwater reception is with regard to depth below the surface
for tolerable performance.

 THE BOUNDARIES OF UNDERWATER RECEPTION

Figure 8 shows how in a practical case computed loop depth for a constant-output
. signal -to-noise ratio varies with distance. The transmitter is assumed to provide a radi-
ated power of 160 kilowatts for both the 20- and the 150-kc cases. The 20-kc curve is
based on measured characteristics for a 21-inch-diameter underwater transformer-
coupled loop system, made by RCA, as used with the Navy Model RAK receiver. The 150-kc
curve is for the same loop diameter and system Q as the one for 20 kc, but is based en-
tirely on computations.

. .- The zero-decibel output signal-to-noise ratio curves of Figure 8 define limits resem-

‘bling boundary strata or layers under the sea surface, below which effective reception is,
* In general, not practicable. Submerged reception is thus somewhat like reception in a

-duct, with the very-low-frequency signals providing deepest and longest duct operation.
'With the loop submerged 35 feet, signals can theoretically be read to about 2300 miles
{rom the transmitter under optimum conditions at £0 kc, but only to about 50 miles at 150ke.
With the loop at 20 feet depth, reception at 20 kc may reach an optimum range of 8000 miles,
whi}e at 150 kc the range may be as much as 1100 miles. Location of the loop relatively
hear the surface of the water is a “must” for underwater reception.

DIRECTIONAL RECEPTION WITH UNDERWATER LOOPS

A loop antenna rotated about its vertical axis under water will exhibit the same direc-

- tional effect as it provides during operation above the surface. As the loop turns from its

CONFIDENTIAL
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maximum pickup position, in which
the plane of the loop winding is par-
allel to the horizontal electric vector
of the downward-advancing wavefront
(Figure 9),its terminal voltage follows
" a cosine law. When the plane of the
winding reaches a 90-degree angle
relative to the electric vector, the
loop terminal voltage becomes zero.
At this position there is no voltage
induced in any part of the winding.
This same effect can be obtained with
aloop in air by rotating the loop about
a horizontal axis instead of the ver-
tical axis normally utilized with the
usual vertically polarized air wave.
The directional characteristic of an
air loop as usually employed, how-
ever, depends ondifference in timeof
arrival of a wavefront at opposite legs
of the winding, and not on relative
alignment of the loop winding plane
and the plane of polarization of the

oncoming wave. Shielding of an underwater loop is normally unnecessary even when d
tional reception is desired, since in this case the Figure-8 pattern is the result of relat
alignment between the plane of the loop and the plane of wave polarization.

SUBMARINE ABOUT 1700 MILES FROM TRANSMITTER

(SUBMARINE AT
COPE

PERIS

180
AZinyry __  peoREE?
-

{ NOTE: OUTPUT METER READING NOT PROPORTIONAL TO DEPTH. GAIN OF
RECEIVER REDUGED FOR SURFACED CONDITION}

Figure 10 - Measured directional patterns
of a loop (ay in air and (b) in sea water

LABORATORY

77 ST 77777 77777

'R

ELECTRIC VECTOR

I

PARALLEL -0° 45°

IH{\

€ <E €0 .7E

Figure 9 - Effect on terminal voltage of rotati
an underwater loop about its vertical axig »

Figure 10 shows the directional effecfj
observed in 1940 with a loop system instalf
on U.S. Submarine S-30. Pattern discrepaf
for the submerged condition are largely thg
result of difficulties in maintaining a consf
depth while orienting the fixed loop by turn
the submarine.

NONDIRECTIONAL LOOPS

For communication purposes, and for 4
navigational aids which depend on time of j
arrival of two transmitted waves (hyperbolf
navigation), the directional receiving chard
teristics of loop antennas are generally un4
desirable. It is possible to combine the
pickup patterns of two loops so as to provlig
omnidirectional reception, but only, howevt
if the phase of the terminal voltage of one
loop is shifted by 90 degrees prior to being
added to the other.

Figure 11a shows a sche..atic diagrar
of a pair of identical crossed loops in is0-
metric view. The arrows indicate relativé
angles of arrival of a radio wave. Thecrot

CONFIDENTIA!
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(b) (c) v
SUMMATION WITHOUT SUMMATION WITH 90" PHASE SHIFT
PHASE SHIFT BETWEEN TERMINAL VOLTAGES

90° 135% 20° 135°
€o, €o, €o, 8¢ €op €.t O
SR SR RY RN
=0 H —_— L * 0,
-1} €y T @9, o, e ! [

Figure 11 - Field patterns of crossed loops .

'ﬂgure-eight'patt'erns of the two loops result in a summation pattern which is also a figure-

. in Figure 11b. This is the case for no shift in phase between the two loop terminal voltages,
€ and ;. Adding the two loop voltages with an electrical phase shift of 90 degrees be- ‘
. tween them produces a circular summation pattern, as shown in Figure 1lc. This is of the
nondirectional form normally desirable for underwater communications reception. The
maximum possible loop system terminal voltage obtainable in this way will have a value
equal to the voltage obtained from either loop alone at its maximum response orientation.

When the planes of the loops are vertical, the antenna pattern will be circular for
vertically polarized waves advancing horizontally and horizontally polarized waves advanc-
ing vertically. The response will have a circular null for horizontally polarized waves
advancing horizontally. Consequently, tilting of the loops from a vertical plane in air will

. result in reduced response from a vertically polarized wave advancing horizontally. With
45-degree tilt of the loop structure, for instance, pickup will be reduced 3 decibels, . In

- underwater operation a figure-eight pattern will be obtained when the common axis of the
loops is horizontal instead of the normal vertical. Such positioning of the loops,however,

is practically never encountered in actual use, since it would require that the loop structure
tilt 90 degrees from its normal position.

The 90-degree phase difference between the two loop terminal voltages can be obtained
~with rather simple circuitry, such as shown in Figure 12. In this circuit the 90-degree
phase shift and the proper matching of amplitudes is inherently automatic. Considerable '
departure from the 90-degree phase angle due to mistuning of either transformer can be
tolerated; such departures will produce mainly deviation from the perfectly circular theo-
retical pattern. A phase difference of about 45 degrees instead of 90, for instance, would
result in 3 decibels loss in output-voltage level at the orientation of least crossed-loop
response, This circuit will introduce a loss of approximately 3 decibels in signal-to-noise
ratio due to the coupled tuned-circuit configuration, as compared to the output of a single
loop at maximum response.

CONFIDENT}AL
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C3p

L, AND L =IDENTICAL LOOPS AT RIGHT ANGLES.
T, AND T =IDENTICAL COUPLING TRANSFORMERS.
C, AND C, =GANGED SECONDARY TUNING CONDENSERS.
Cga,Cagr DIFFERENTIAL TRIMMER CONDENSER.
M ="CRITICAL" MUTUAL COUPLING BETWEEN LOOP SYSTEMS
(MAY BE CAPAGITIVE, INDUCTIVE, OR COMBINED).
€, AND €, = SECONDARY VOLTAGES OF LOOP SYSTEMS 1 AND 2.
e'2=SYSTEM 2 VOLTAGE APPEARING ACROSS
SYSTEM { SECONDARY.
€ = VOLTAGE APPLIED TO GRID OF AMPLIFIER TUBE.

vight -folc
ume.
Figure 12 - Omnidirectional loop system

' ' IFFECT
CROSSED-LOOP STRUCTURES N LOOI
A crossed-loop system can consist of two identical loops separately mounted at ri The
angles to each other. Itis desirable, however, from the viewpoint of performance an bedouble
minimum space requirements, to mount the loops coaxially and intermeshed. This typeliliwce of t
of construction is illustrated in Figure 13a. The iron core appearing in the diagram im-g lop cent
proves the loop pickup, as discussed in the following sections. fouble th
wpvoltag

tter may
tenter is
wchang
nalue of

Some of the difficulties involved in the type of construction shown in Figure 132 mif
be avoided by the four-winding spaced type shown in Figure 13b. Although a simpler cond
struction from the assembly viewpoint, this latter type may have somewhat less pickupf

a given volume occupied by the structure. W frequenc
2% tter and

4% constant

EFFECT OF IRON CORE ON LOOP EFFICIENCY Inductan
face. T

Incorporation of a suitable iron-dust or ferrite core in a loop structure can produce & length-t
an increase of voltage induced in the windings of the loop by a radio wave. The improve-$ wiltage -
ment can be considered as resulting from distortion and concentration of the radio field (%3 -
caused by the presence of the iron. The magnitude of improvement in terms of over-all B these ci
receiving system sensitivity is shown for a particular case in Figure 14, With a core & ome-hun
length of 3.5 inches, for instance, which corresponds to a core-length-to-diameter ratio ¥ of only
of 1.55, the iron-cored loop has 4 decibels more pickup (and consequently provides 4 §
decibels greater sensitivity) than an air-cored loop of the same inductance, Q, and shapes
factor. '

CONFIDENTIA CONFII




erably greater improvement - in per-

‘be realized by proper iron-core
ign. The curveof Figure 14 does not
eoptimum possible but only indicates
e achieved with one simple solenoid-
ucture. The improvement due to the
is retained in underwater operation.

¥ OF LOOP DIAMETER ON PICKUP

" in air and under water, is dependent
winding enclosed area. For any given
ratio of coil length to equivalent diam-
h a constant value of inductance, the
or induced voltage of the loop will be
imately a direct function of the diameter.
publing the diameter of the usual type of
maintaining the inductance,Q, and the
h-to-diameter ratio constant will pro-
6 decibels improvement in receiving
sensitivity. Itshould be noted, however,
vo-fold increase in diameter with a con-
ength-to-diameter ratio results in an
Id increase in loop displacement or vol-

E¥FECT OF DECREASING SUBMERGENCE
> ON L;0OP DIMENSIONS

. " The induced voltage of a submerged loop may
bedoubled simply by moving it closer to the sur-

'~ face of the water. At 20 kilocycles, moving the
loop center 4 feet closer to the surface will nearly
touble the underwater field strength and the pick-
upvoltage of the loop. Likewise, the loop diam-
gter may be reduced to almost one-half if the loop
center 1s moved 4 feet nearer to the surface, with
nochange inloop terminal voltage for a constant
“value of inductance. Figure 15 indicates for a
frequency of 20 kilocycles the reduction in diam-
eter and volume of a loop possible for any given
constant values of loop pickup voltage, Q, and
inductanceasthe loop is moved toward the sur-
face_. The curves are based on a mean coil-
length-to-diameter ratio such that the induced
VOlltage varies with the diameter to the 1.2 power
(D). The displacement volume of a loop under
these conditions can be reduced to as little as
one-hundreth of the original value for a change
of only 11 feet less submergence.
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(@) SIMPLE TWO-WINDING TYPE (TOP VIEW)

WINDING A
LOOP No.2

WINDING B
LOOP Nol

SHELL

{b) FOUR- WINDING SPACED TYPE (TOP VIEW)
{WINDINGS A AND B IN SERIES
FOR EACH LOOP)

Figure 13 - Crossed-loop structures

INGREASE IN OVER-ALL SENSITMITY MED TO AR CORE — DB

5 i /'

/ LOOP Q AND INDUCTANGE HELD _|
CONSTANT WITH BOTH AIR
/ AND IRON OORES,
e PERMEABILITY OF IRON » 26. |
/ HOLLOW GYLINDRIGAL GORE--

21/4 IN. O.D., 1 % IN. §.D. ~
A WINDING DISTRIBUTED ALONG
ENTIRE LENGTH OF CORE. -

] 1 2 3 4
RATIO OF GORE LENGTH TO DIAMETER

Figure 14 - Measured effect of
iron-dust core on.loop efficiency
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\ T ,.~;o;=
L\

LOOP PIGKUP VOLTAGE AND
\ GURCUIT VALUES MAINTAINED
GONSTANT

o4 J . —
’ LOOP-LENQTH-TO-DIAMETER
RATIO HELD QONSTANT

oel—\ AN
\ \i—mmmn OF LOOP
o \\ AN
N N\
\ N

B — VOLUME OF LOOP
{DISPLACEMENT)
04 \

— \
\

] L] 10 . 15 20
DISTANGE LOOP-GENTER MOVED GLOSER TO SURFAGE FROM
INITIAL POSITION — FEET

RATIO OF NEW VALUE TO INITIAL VALUE OF DIAMETER OR YOLUME

Figure 15 - Computed decrease. in loop
dimensions possible by moving loop cen-

ter closer to surface of water

EFFECT OF LOOP CIRCUIT Q ON Ry
SYSTEM SENSITIVITY AND BANDWIp4

Increasing the over-all or net Q of
circuit—which would include any cableg }
formers, and coupling circuits associa ;
the loop—will result in an increase in pg ec
system sensitivity. The magnitude of the ine
will depend on whether the bandwidth of th
circuit is greater or less than the receiye
detector bandwidth following the loop, T
shown by curves A and B in Figure 18. The nof
case will be between the two curves, so thay
improvement in sensitivity due to doubl
for instance, will be between 3 and ¢ decibel*

Increasing theloop circuit Q will also aff
the over-all predetector bandwidth of the i
ceiving system to the extent indicated in Figy3
17. If the loop bandwidth is much greater ti
that of the other receiver predetector circuif
changing theloopQ will not substantially chap]
the receiving system bandwidth over-all, 4
shownby curve A. When loop system bandwid
is much less than that of the other circuits, §
affects the 3-decibel bandwidth over-all as show
by curve B.

-db
»
(o]

INCREASE IN RECEIVING SYSTEM SENSITIVITY
(=

RATIO OF INCREASED @ TO INITIAL Q

Figure 16. - Computed effect of increase in loop system Q
on receiving system sensitivity

3 4 5 6 7 8 10
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»

) BANDngTH AT lngl

! T®_A - INITIAL LOOP BANDWIDTH MUGH GREATER THAN
0.9 REGEIVER PRE-DETECTOR BANDWIDTH
0.8 !

ALg? VARLE o

[+1]

A

shbmergence.

SUGGESTED UNDERWATER LOOP COLLECTOR

SYSTEM

¥ Figure 19 illustrates a loop system for underwater
- "Teception designed to take maximum advantage of the
phenomena and limitations already outlined. The loop
4sembly might be suitably stabilized with fins and
Would be supported on or suspended from a submerged,
ilydrostatically controlled buoy at a depth well within
he +20-decibel output signal-to-noise ratio boundary

JONFIDENTIAL

. WNCREASE IN LOOP SYSTEM Q EQUIVALENT TO
. DECREASE OF LOOP SUBMERGENCE

4 The increase in receiving system sensitivity re- $e20ke /
- sulting from an increase in loop system Q is generally
equivalent to a rather small decrease in depth of sub-
mergence of the loop. This is shown in Figure 18 for
20 kilocycles. It is usually very difficult to double the
. Q value of most underwater loop systems, even with
i radical changes in design. Figure 18 shows that the
ﬂiﬁaprovement resulting from such a doubling of Q value
- _cduld be equalled merely by raising the loop center
‘ “§ feet closer to the sea surface. A ten-fold improve-
| ““ftent in Q is equivalent to only 10 feet decrease in

4 4 -]
RATIO OF NEW ,Q VALUE TO INITIAL @ VALUE

Figure 17 - Computed effect of increase in loop system Q
on -3 db bandwidth of receiving system over-all

sl BASED OM or asdbw A
. SENSITIVITY FOR DOUBLING OF O

MULTIPLICATION FACTOR

L1/
/

4
DISTANGE LOOP GENTER MOVE% CLOSER YO
FROM INITIAL POSITION —FEET

Figure 18 - Computed increase
in loop system Q equivalent to
decrease of loop submergence
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SEA SURFAGE

“HYDROSTATIGALLY =%
~CONTROLLED e

Al

OMNIDIRECTIONAL =
LOOP (IRON-GORED )=

[,

CABLE -

~LOOP

Figure 19 - Suggested underwater loop collector system

i

for the system (for instance, at 10 feet below the surface). Loop diameter would be on the
order of perhaps 3 or 4 inches, and a suitable iron core could be used to produce a loop §&
‘efficiency approaching that of a 10-inch-diameter air-cored structure. The system would _
be omnidirectional in two planes, so that normal underwater reception would be essentialii
unaffected by loop tilts or orientation as usually encountered. The loop structure would ¥
be completely enclosed, so that no water would appear in the concentrated field region of 3
the loop windings, permitting good loop Q values to be realized. The loop inductance ‘
value would be chosen for best opération with the type of retractable loop cable used.

With a suitable cable, this arrangement should permit excellent reception of VLF
signals by deeply submerged submariunes. In considering this and other possible schemes
it should be remembered that 2 feet of decreased submergence of the loop at 20 kc is
equivalent to almost doubling the radiated power of the transmitter, insofar as the signal §
is concerned. When atmospheric or other noises mask the signal however, there is, of
course, no substitute for increased transmitter power.

CONFIDENTIAL 1
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. foregoing considerations, it is concluded that

. Long-distance underwater reception of radio signals (1000 to about 5000
" miles) is largely confined to the VLF range (15 to 30 ke) and to a shallow
layer extending not much over 20 feet below the surface. : o

A useful underwater communications receiving system is possible only if

the receiving antenna is essentially omnidirectional and is always located

o _within the practicable, receiving layer, regardless of the depth of submer -
“gence of the submarine and of the surface motion of the water. '

:(c) Small iron-cored omnidirectional loops suspended near the surface from
submerged buoys would permit VLF reception of several thousand miles
. and may allow reception in the LF range (from 30 to about 100 ke) at

_ ‘distances from a few hundred to possibly 1000 miles. o

MMENDATIONS

g, recommended that the loop receiving system herein proposed be considered for
er development. , ) _

mownEDGMENT

A The underwater rééeption theory utilized in this report is based on the work of Dr. O.
%gorden of the Communications Branch of Radio Division o . -

* k%
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APPENDIX i

Variations in VLF Signal Strength Due to Simultaneous
Reception of Ground and Sky Waves

o propagation as a ground wave (direct ray), which becomes considerably

d about 1000 miles (see Figure 6), VLF signals are propagated around the
in “hops” by reflections between the ionosphere and the earth’s surface (reflected

1t may not generally be realized that, at points where the direct and first reflected
“VLF reception may be quite poor. This condition will be particularly evident
carrier is about 180 degrees opposed to that of the direct

f difference in path lengths and the intervention of, the reflecting surfaces.

addition t
Jted beyon

jmilar but 'progressively less marked deterioration of signal strength will also occur
cidence of the ground wave with the sky waves on the second and succeeding hops.
%ons of poor reception may therefore be encountered from about 300 to 500 nautical

s from the transmitters, with occasional deterioration of signal up to perhaps 1000

. Whenever a sunset zone intervenes between transmitter and receiver, there will
seduction in signal strength as-compared to a path which is entirely in day or night.

Fluctuations in the height and composition of the ionosphere with changes in time of
;, season, and solar activity will result in changing signal conditions at the receiving
lete loss of signal should seldom be encountered, the most likely region

gtion. Comp
at the first-hop range. The reduction in field strength as the receiving antenna is

gmerged, however, will make the zones of interference between the sky and ground

ces much more evident. Under these conditions, increase in distance from the trans-
fter may produce the anomalous result of increasing signal strength as the submarine
verses the interference zone at any given practicable depthof submergence. In general,
carriers will provide good communications, particularly for long-distance operations.

* * %
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NOTE ON RECEIVER CIRCUITRY FOR VLF UNDERWATER RECEPTION

In general, receiver designs for VLF submerged reception are similar to th

ose ip.
tended for ordinary VLF radio use. Some special considerations will, however, -

apply,

The superheterodyne type of receiving system will normally be more desirabje tha, 4
the TRF (tuned-radio-frequency) type for this frequency range (15 to 30 kilocycles), Tl? 9
disadvantages of the superheterodyne, i.e., increased number of spurious responses, an:
conversion oscillator tracking and stability problems, will be outweighed by the advantgq8
of better selectivity, more uniform gain over the frequency range, and the greater ease of ;
adding auxiliary circuits such as noise limiters. Superheterodyne selectivity is Closer

the ideal of a rectangular or trapezoidal characteristic (relatively wide “nose;’ relative
narrow “skirt”),

The use of tuned-coupled-circuit networks at the receiver input and for interstage
loading throughout will be advantageous, both for selectivity purposes and for minimizipg 4
transient disturbances, such as atmospheric and man-made static. A pair of tuned circujid
ator near critical coupling will inany case be needed if the omnidirectional loop sysyem shoyy
in this report is used. Switching should then be provided to permit the use of only one lo(;p")‘
winding when desired. Receiver pre-detector bandwidth (r-f +i-f) must be wide enough t *
allow passage of the keying-modulation sidebands to a degree sufficient for easy reading of 4
Morse code characters at the highest keying speeds likely to be encountered, without; how.
ever, excessive compromise in the ability to separate adjacent-channel signals. Provision4
of variable predetection bandwidth control (i-f) should be seriously considered. The beat. 3
ing oscillator (audio-beat oscillator) at the final detector should be arranged for switching 1
either above or below the i-f center frequency, to assist in avoidance of simultaneous beat.3

ing of two adjacent-channel signals. The oscillator-injected voltage should be controllable ‘
if a noise limiter is used. :

Location of preselector circuits and tubes in the loop housing appears at first sight to 4
be an attractive device for avoiding the losses in signal-to-noise ratio imposed by loop cablé
and transformers. It is, however, very desirable to use low-impedance loops in order to mif
imize the shunt resistance losses due to moisture and water leakage in the loop system, Thé
very high impedance of direct-tuned loops is under these conditions obviously a hazard whic
can result in a loss in efficiency much greater than a loop transformer’s insertion loss. In |
addition, the problems of remote tuning of a resonating condenser in the loop housing and the

supply of filament and plate voltages from the submarine to the loop make the idea unattrac-
tive,

A good noise-peak limiter can be very helpful in the reception of weak VLF signals
through atmospheric noise. The series-diode type with a simple counter-modulation cir-
cuit is recommended. Control of the audio-beat oscillator voltage will assist in obtaining
best performance with noise-limiter “on” operation,

The audio circuits following the final detector should utilize a low-pass filter cutting
off at about 1500 cps. A separately controllable variable-frequency peaked filter will also
be advantageous for further audio selectivity. All such filters must have low Q circuits,
properly terminated, so that their transient response characteristics will be good enough
to avoid obscuration of keying due to “ringing” effects. With good audio circuit design, it
will be advantageous to use headphones or loudspeakers with relatively wide frequency re-
sponse, free of peaks, so as to avoid ringing effects in the acoustic transducer element.
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