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Electromagnetic  Propagation Between Antennas 
Submerged in the Ocean 

XARVIN SIEGEL AND RONOLD W. P. KIKG 

A 
INTRODUCTION 

SERIES of electrical measurements  was  performed 
to verify theoretical predictions of the properties 

of finite antennas submerged in the A4tlantic Ocean [lJ. 
Experiments  were  conducted TVit,h b0t.h the  transmitting 
and receiving a.ntennas located beneat.h t,he water  surface 
at two field sites in Maine.  Measurement,s of electric field 
strength,  antenna  current distribut.ion, and  antenna 
input impedance  were  compared  with t,heoretical predic- 
tions at t,wo  widely separat,ed frequencies, 100 kHz a.nd 
‘14 MHz. The higher frequency, 14 MHz, was chosen 

frequencies because of t,he smaller physical dimensions 
required. 

The inst.rument.at,ion and equipment, used in this 
experiment  had to be capable of operating when  t,ot.ally 
submerged.  Since all  the measurement.s had to be per- 
formed over a. hrge body of deep wat,er, unusual restric- 
tions were  imposed on the design of the experiment. 
Thus  in  addition t.0  discussing the specific antennas  and 
propagation  experiments associated with  submerged 
a.ntennas, this paper is also directed toward illuminating 
the practical problem of conducting electrical experi- 
ments in  the ocean environment.. 

A laboratory and fieId progmm wa.s undertaken to 
confirm experiment.ally a.symptotic and numerical  solu- 
tions for t,he electric fields  of short dipoles and longer 
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investigation was  designed to  be performed in  the Atlantic 
Ocean at  two  widely separated frequencies (100 kHz and 
14 MHz)  in order to  correlate the measured absolute 
value of t.he electric field with theoretical predictions. 
The higher frequency was  chosen in order eventually 
to demonstrate arraying effects as well as to examine t.he 
fields in the intermediate region. (For reference to  ot>her 
experiments in sea water, see [8)-[10].) 

To perform t.his  experiment  high  power transmitters 
(up to 500 W  CW) were required. Both  the  transmitter 
and transmitting  antenna  and  the receiver and receiving 
antenna mere  submerged in t,he Atlantic Ocean. To  carry 
out a program of radiation measurements it was necessary 
to do the following. 

1) Design two complete  high-power transmitters  and 
sensitive receivers,  one transmitker and receiver  syst.em 
at each  frequency. Both  the  transmitter wit,h its trans- 
mitting  antenna  and  the receiver with the receiving 
antenna  had to  be designed to permit  accurate calibrat.ion 
and monitoring while they remained totally  under water. 

2) Design support  structures  (rafts) capable of in- 
dependently suspending transmitters  and receivers at 
various dept.hs, ranges, and orient.ations. 

3) Characterize experimentally and analytically the 
impedance propert.ies of short dipoles and longer ant.ennas 
in sea water at  the two  selected  frequencies and design 
suitable matching  units for maximum power t,ransfer. 

SITE LOCATIONS 
The experiments to be described  were  performed in 

three different locat>ions, one laboratory site  and two 
field sites. The  laboratory  site included a sizable tank 
(10 ft X 7.5 ft X 2 ft) filled with “synt,hesized” sea 
wa.ter. This tank was  useful  making preliminary measure- 
ments relat.ed t,o impedance matching, current distribu- 
tion and nea.r-field radiation even  under high  power. 
In addit.ion, all physical aspects of the water seals and 
pressurizing  schemes  were  evaluat.ed first in t.his  t.ank 
before being  placed into field use. 

The other two sites were  1ocat.ed in Maine; one at 
Rockport  Harbor where  deep water was readily accessible 
by a little-used long  polyfoam floating dock, and tho 
second, a  tidal basin near Waldoboro,  which had t.he 
advantage  t,hat adjustments and changes  could  be  per- 
formed  easily on the experimental apparatus when  t.he 
tide receded, and the experiment run when the  tide came 
in. Since  over 1000 f t  of polypropylene  rope wm available 
for the control and guidance lines, the experiment could 
be performed  over  considerable ranges in deep water. 
Both  Maine sites had t.he advant.ages of relative isolation 
and little interference (both low electrical  noise and 
low  water-traffic density). 

At t,he field sites the  transmitter float (Fig. 1 )  was 
located about 30 f t  off the shore line; anchor points 
were  established up to 1000 f t  into the deep  wat.er 
and parallel ropes  were stret,ched between the anchor 
points and t.he t,ra.nsmitter 1oca.tion. The receiver float 

Fig. 1. Polyfoam rafts supporting antennas and electronics systems. 

(Fig. 1 )  was arranged so t.hat it could  be  guided  between 
the parallel ropes  using a third marker rope as a  range 
measuring  device. Proper  antenna orientation and  accurate 
range determination (accuracy to one third of a foot 
along the water surface) were  ensured  using this met,hod. 
Field strength  measurements were  made from a small 
five-man inflatable life raft running parallel to t,he receiver 
float but sufliciently remote to minimize  reflections and 
interference. The conduct,ivity and relative dielect.ric 
constant of the water a t  all field sites were  electrically 
tested at  the field temperature. 

PHYSICAL AND ELECTRICAL DESIGN OF IKSTRUMENTATION 

In  the experiments all cables  were  deeply  submerged, 
and  the detector, t.he mixer, and the rest of the receiver 
were mounted directly behind the receiving antenna. 
Therefore, only an intermediate frequency much  lower 
t.han the signal  frequency  was carried by cables to  the 
surface for  purposes of measurement. The entire trans- 
mit.ter was designed so that it could be enclosed in a 
stainless steel drum which  was R F  by-passed and  then 
pressurized and water sealed to make it capable of being 
lowered if necessary to  the ocean  floor. It was felt that 
these attempts to minimize stray radiation and  un- 
balanced currents, to provide “Gaussian surfaces” 
around the transmitt,ers and to provide R F  bypassing 
on power and control lines  would greatly assist in making 
accurate determination of the elect.roma.gnetic  field. 

An additional diiliculty in obt.aining accurat,e field 
measurements is the necessity of maintaining overall 
linearity over t.he expected  wide dynamic range (70 to 
80 dB). The technique used to achieve linearity also 
allowed the receiver to  be calibrated and sensit.ivity 
checks to  be made  while the entire transmitt.ing-receiving 
system was  submerged. A remote-controlled  motorized 
precision attenuator was inserted behind  t.he  receiving 
antenna together with  a coaxial remotecontrolled RF 
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100 KHz RECEIVER 

Fig. 2. Block diagram of lOO-k€€z receiver. 

switch a.nd a calibrated crystal-controlled  oscillator  (see 
fig. 2). Whenever it was  desired to check the performance 
of the receiving  syst.em from the surface, the calibrated 
oscillator  would be switched into  the receiver.  Whenever 
actual field measurements were  being  made, the  antenna 
would be switched int,o the receiver, and the signal level 
at  the receiver  would always  be adjusted to  the same 
level by using  t.he  remote-cont,rolled a,ttenuat.or. In  this 
manner t.he  mixer and remaining portions of the receiver 
are ensured of operat>ing at  the same operating point 
regardless of t,he signal  level at  the antenna. Thus signal 
strength is proportional t.0 t.he att,enuator reading and 
linea.rity is assured over a wide range of input signal 
levels. 

The experiment’s  mechanical  design centered around 
the supporting rafts  and t,he brass cylinders containing 
the electronics (matching  units, receiving and  transmitting 
components, etc. ). The  rafts for the  transmitting  and 
receiving antennas  are shown in Fig. 1. They consisted 
of 4-ft squares of polyfoam, Gin thick, upon  which  was 
cemented a marine plywood  cover. A square hole (1 ft on 
a  side) was cut in the center, through which  was  passed 
a wooden support  structure t.0 raise and lower the elec- 
tronics cylinders; t,he  ra.nge of depth  adjustment from the 
top of the  antenca to  the water  surface was  zero to 29 in 
in  l-in st,eps. This center support frame could readily 
handle the 50- to 75-lb brass elect,ronics containers. 

The waterproof  cont>ainers  for the electronics  consisted 
of brass cylinders, 9-in diameter, sin long and Q - i n  
thick. The diameter was determined  by the largest item 
(the motorized atteenuator),  the length by t,he number 
of component.s, and t.he thickness by  the necessity of a 
u-ater-tight seal. The electronics  were mounted on a 
wooden “bread  board”  and different boards were  as- 
sembled  for use at  each  frequency. Two brass end  flanges 
~ t . h  circula.r  grooves  were  placed  on  each end  and fastened 
by st.ainless  st.eel  rods parallel to  the cylinder.  Silicone 
rubber seala.nt, and adhesive was  poured into  the groove 
and served as an effect.ive gasket, never  leaking though 
subject to repeated dismantling. 

All  cables  (power,  contrrol, and RF coa,xial cables) had 
their own vinyl covering and were  passed through t,he 
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DIPOLE ANTENNA CND FEED SYSTEM 

Fig. 3. Dipole antenna and feed system. 

end plat,es by brass vacuum fit.t,ings,  used as “feed- 
throughs.” When the fitting was  screwed  down, a  doughnut 
shaped insert was  compressed around the cable to 
establish a leak-free effective means to control, monitor, 
and power  t.he underwater cylinders.  Since a single leak 
in any cylinder  could prove catastrophic, it was decided 
to pressurize dl t.he cylinders and cables. To accomplish 
this, air valves were  inst.alled on the sides of all cylinders. 
With the cylinders maintained at  a positive pressure 
(10 psi) by means of a hand pump, a leak  would be 
revealed by escaping air bubbles.  Sufficient air was 
stored so that t>ime was available for raising the leaking 
cylinder  before ,essential components  became  wet. fortu- 
nately, all the seals  proved to be effective in holding 
air in and  water out. 

The  actual  radiating (and receiving) dipole  was located 
a  short dist,a.nce  away  from the brass cylinder containing 
t.he  electronics to minimize  reflect.ions and int.erference. 
A 20-in long twin coaxial transmission line was  used 
to  feed the balanced  dipole,  one  coaxial line for each 
half of t.he  dipole (see Fig. 3). Difficulties  were  experienced 
at first with the water-sealing of the junction region 
between the dipole sections and t.he  coaxial  feeder  lines. 
(For example, the feed regions uf t,he dipole a,ntennas 
were encapsulated in a waterproof  dielectric, but  they 
deteriorated after  a few days of operation at  t.he 300 W 
power  level under the heat and stress of the high RF 
currents circulating in the sea water near the feed region.) 
It was act.ually possible to  boil continuously the sea water 
if the feed gap was  not. made sufficient,ly large. Egh-power 
water-tight joints were finally ma.de  possible by press- 
fitting low-loss  dielectric  beads into t,he gap region. 

Both txansmitting and receiving antennas  with their 
matching unit.s mere installed on similar containers and 
suspended  from  similar rafts. Since the  RF power  genera- 
tion  equipment was too large to be contained in these 
electronics  cylinders, it was  contained in a.  pressurized 
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Fig. 4. Antenna input resistance versus antenna half-height 
(sea water). 

55 -gal st,a.inless steel drum which  could be  totally sub- 
merged. Each tra.nsmitter (14 MHz, 100 kHz) was 
placed on a removable board designed for easy installa- 
tion  in the drum. Prime power for the transmit,ter was 
provided by a gasoline driven generator, and for the 
receiver by  a 12-V storage battery.  Thus t.he experiment 
could be performed in isolated areas. 

In the main, considerable satisfaction was experienced 
wit.h the mechanical  design of t,he equipment judging 
by  the ruggedness, durability  and interchangeability 
of all comp0nent.s. A  variety of hydraulic problems  were 
solved by tjhe selective use of 0 rings, RTV sealant 
(General Elect.ric ), vacuum fit.t,ings, and pressurization. 

SHORT ANTENNA AND ANTENNA FEED SYSTEM 
In order to validate experimentally t.heoretica1 solutions 

that had been derived, it was important to use tra.nsmitting 
and receiving antennas having a known  dipole moment 
derivable from a known current dist,ribution. Considerable 
invest.igation, both experimental and theoretical, has been 
performed on short dipoles  immersed in an in€inite 
dissipative medium [4]-[SI. In sea wat,er, the antenna's 
electrical behavior (input impedance and  current distribu- 
tion) is little influenced by  the medium a  short dista,nce 
away. Provided the antenna is submerged a sufficient 
distance, elect.rically,  below  t.he surface, the  current 
distribution  and  input impedance for a dipole in a. highly 
dissipative half-space will be litt.le changed  from those 
existing in an in$nite medium.  Actua,l  ocea,n measurements 
confirmed this. IGng has shorn [4, p. 161 t.hat, for 
elect,rically short dipoles in sea n-ater, t,he current. distribu- 
tion is essentially triangular. 

I ( z )  I ( 0 )  {l - 9 
where I ( 0 )  is the current at z = 0, the driving region; 
z is the distance along the a.ntenna; and h is the half- 

height of the antenna. Expressions for t,he conductance 
Go and suscept.ance Bo of the  input  admittance Yo = 
Go +  BO are: 

Go G 
4 d h  

le[2 In (h/a) - 21 ' 

where l = op//3, P is the phase constant  and a is the 
radius of t,he antenna. 

In sea water the conductance term is considerably 
la.rger t,han the susceptance term.  By  substituting the 
parameters of the short dipoles  used in the experiment 
(h = 6 X 10"  m, a = 2.14 X 10" m) t,he following results 
are obtained from the formulas or curves in [4]: 

f = 1 0 5  Hz 
G = 3.24 X 10-' mho 

23 = 1.488 X W 3  mho 

f = 1.4 x 107 HZ 

G = 3.24 X 10-lmh~ 

B = -2.08 X 10-1 mho. 

Note that in both cases the current distribution €or 
electrically small antennas  is essentially triangular  and 
t.he input. impedance is predominant.ly resistive and  quite 
low (a few ohms). Because of this low input impedance 
some  difficulty  was  expect,ed in impedance matching 
between the antenna  and t,he tra.nsmit.ter or receiver. 
To confirm  t.hese results, t.he impedance of a coaxially 
fed short monopole operating beneath  a ground plane 
immersed in water was  measured.  Fig. 4 shows the 
variat.ion in input. resistance as a funct.ion of antenna 
length at. the various frequencies of interest.  The high- 
frequency measurements (at 14 and 29 MHz) were 
made with a Boont.on RX met.er, type 250A (t.ransforming 
into the range of the meter using a sect,ion of rigid  coaxial 
line); these measurements were  la,t.er  verified with a 
Vector Voltmeter (Hewlett-Packard 8405A) arranged 
to read impedance. The low frequency measurements 
used a RF bridge (General Radio 916-AL) and  a  tuned 
amplifier null det>ector (General Radio 1292-A). Note 
that the measurements shown in Fig. 4  are for monopoles; 
dipoles  would have twice t,he input, impedance. 

BALUNS AND IMPEDANCE MATCHING 
Although the impedance ma,tching problem is important 

especially under high  power, t.he balancing problem is 
also very  important  in preventing the entire system 
from carrying unbalanced circulating currents which 
would interfere with proper measurements. At 100 kEIz 
the impedance matching and balancing were  accomplished 
simultaneously by means of a transformer. A ferramic 
toroid (Indiana General, 0-5 material) was used as  the 
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Fig. 5. Block  diagram of l4-MHs transmitter. 
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14 MHz RECEIVER 

Fig. 6. Block diagram of 14MHs receiver. 

core, tightly wound with # 14 magnet wire (31:9 t,urns 
rat,io). Careful placement of the seconda.ry  winding 
symmetric nit.h respect to  the unba,lanced primary’s 
grounded side  assured a well-balanced  excit,ation to  the 
dipole. The balance  between the dipole halves was  mon- 
itored by submersible probes and  an oscilloscope (Tek- 
t.ronix 545) while the dipole  was under water. In  addition, 
the input. impedance  looking into  the primary of the 
transformer was 50 1(2 t o  mithin 1 percent. (after  the 
transformer primary reactance was tuned out). This 
transformer was capable of handling 200 W of RF power 
wit,hout overheating. 

The 14  MHz matching  and balancing network utilized 
a pseudo-transmission-line threewire coil (balun) wound 
on a ferramic core (Indiana General, Q-2 material)  to 
act  as a 1: 1 balun, and  a pair of “back-to-back” Pi 
networks t.o match the 5 0 4  impedance to  the low input 
impedance of t.he  immersed  dipole. Actual measurements 
made at 14 MHz using t.he vector voltmeter confirmed 
that  the  balance. was  good to within 5 percent using 
standard component  values. 

Considerable care and effort went into t.he  design of 
the baluns, matching networks, and  the physical and 
electrical symmet,ry of the components. Electrical im- 
balance could  cause currents to  circulate on the outer 
shields of coaxial  lines and  underwater containers thereby 

placing in error all est.imates of effecbive  dipole  moment 
and also providing a mechanism  for extraneous fields 
to leak into t,he receiver.  All matching  units  and b a l m  
performed  well  even under high  power; the only di%culty 
occurred in foggy weather when trimmer capacitors 
would  “arc-over” at  the 3 0 W O  W level. Diagrams of 
the 14 MHz transmitter  and receiver are shown in Figs. 
5 and 6. 

EXPERIMENTAL ~,~EASUREAXENTS 

All measurements were  recorded in dB below the 
ca,librated reference  oscillator in the receiver (100 kHz, 
2.21 X 10-6 W and 14 MHz, 5.52 X lo4 W). The 
method chosen to normalize  all  t.heoretica1 and experi- 
mental result,s was as follows. The equivalent dipole 
moment of the transmittsing dipole mas determined from 
a knowledge of dipole input impedance, the  antenna 
current distribution and  the  transmitter RF power 
(verified by  antenna-gap voltage measurements). The 
effective  field outside the receiving antenna was  de- 
termined in the experimental cases by using: l )  knowledge 
of the dipole input impedance, 2) receiving antenna 
t,heory [7, pp. 465-4703  (assuming a  uniform external 
field dong  the  short  antenna),  and 3) the equivalent 
vohage of the receiver  derived from comparisons of 
meter readings in the receiver and the int.erna1 calibration 
oscillator. In  the theoretical cases, t,he solutions (numerical 
and asymptot.ic) gave directly the field outside t.he re- 
ceiving  dipole. 

To examine the  type of behavior t,hat is  expected, two 
of Baiios’ [Z] explicit  formulas for the radial component 
of the electric  field are presented. The experiments t,hat 
were  performed  were  designed by choice of frequency 
and horizontal range to ext.end  over the near-field and 
intermediate-field  formulas. 

Near field: 

Intermediate field : 

-exp [ihr + i h ( z  + 41. 
where pLt = il(0) ( h / w )  is the classical Hertzian dipole 
[l(O) is the current at  the driving point., Ax- is an in- 
finitesimal  height], f = E + ia/w is the complex dielectric 
constant, kz is the wavenumber  in air, kl is the wave- 
number in sea water, z is the dept,h of submergence of 
the receiver, and zo is the  depth of submergence of the 
source (transmitter). 

From the near-field  formula,  log I El, I versus  log T 

should  be a stxaight line  (slope equal to -3) with its 
axis intercept easily determined  from t,he const.ants. 
Alternatively, for a fixed range r, a dept.h test can be 
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Fig. 7. Electric  field  versus  horizontal  range (radial component, Fig. 9. Electric  field  versus  horizontal  range (radial component, 
100 kHz). 14 MHz). 
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Fig. 8. Electric  field  versus  horizontal  range  (azimuthal  component, Fig. 10. Electric  field  versus  horizontal  range (mhuthal 
100 kEtz).  component, 14 MBz).  

performed and  a  graph of log I Eb I versus  log (z + 20) 

constructed. The curve is also a  straight line  with a 
slope 0.434 (z + zo) Im (h). Note  that  the logarithmic 
curves conveniently display the exponential behavior 
and  the inverse power behavior as straight lines. In 
addition to  the experimental results, the theoretical 
results, both from  asymptotic solutions and from  nu- 
merically integrated solutions, are presented for com- 
parison. 

It should be noted that sea water measurements, 
especially at  the higher frequencies, are  diEcult  to perform 
due to an extreme sensitivity to minor variations in 
depth (or waves); a t  100 kHz the change in electric 
field with  depth of submergence AElr/A (z + 20) = -0.109 
dB/cm, a t  14 M H z  A&r/A(z + zo) = - 1.28 dB/cm. A 
4-in wave  over the t,ransmitter or receiver  dipole at 
14 MHz causes a 10 dB variation in received  signal! 
Ext.reme care (and calm seas)  are required. 

Figs. 7 through 10 display t,he magnitudes of E* 
and El+ versus horizontal range for transmitting  and 
receiving  dipoles,  each  submerged 0.15 m. Not,e the 
generally  good agreement between  measured and theo- 
retically predicted values. In particular, note the agree- 
ment (Fig. 10) between the experimental results and 

I r = 20 feet 

both near field and intermediate field theoretical predic- 
tions in  the transit,ion region (2  t o  4 m) between near 
and intermediate fields.  Over the first part of the range 
Bafios' near field formula is valid; over the final part  the 
intermediate formula applies. 

Fig. 11 shows a graph of electric field  versus dipole 
orientation angle Q, at a fixed range r = 20 ft, a fixed 
depth z = zo = 0.15 m. Again the sinusoidal behavior 
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Fig. 12. Electric field versus  dipole  depth (14 M H z ) .  

”\{ 
- 1 6 0  

ELECTRIC  FIELO VS. DIPOLE  DEPTH  (SEA  VIPTER. IO’Hz) 

Fig. 13. Electric field  versus  dipole depth (100 kHz). 

(with a 23-dB null) agrees  well with theoretically pre- 
dicted values. 

Figs. 12 and 13 display graphs of elect,ric  field strengt,h 
versus depth of submergence  for the E, and E+ components 
at  the two frequencies (14 MHz, 100 kHz). In  the depth 
measurements, “reciprocity” tests confirmed t.hat. the 
radiation pat.h did not include stray  paths, i.e., the 
attenuation resulting from  lowering the transmit,t,er 
with the receiver depth fixed agreed exactly with that 
obtained by lowering the receiver  with  t.he transmitter 
depth fixed. 

CONCLUSIONS COKCERNIKG DIPOLE M E A S ~ E M E N T S  

It has been  shown t,hat at both 14 MHz  and 100 kBi 
in sea water, very fine experimental con6rmation of 
asymptotic formulas in their regions of validity and 
numerical results has been obtained. The slopes of all 
t,he respective curves match to within a reasonable 
experiment,a.l error, thus verifying range  and  depth 
dependence predicted by t,heoretical solutions. In  addition 
very favorable absolute compa.risons of the theoretically 
determined  and experimental curves indicate that  the 
assumed  model of an electrically short dipole (and 
dipole behavior) is a proper one, and practical results 
can  be  obt.ained by using asymptotic or  numerical solutions 
over a wide range of frequencies. The absolute amplitudes 
of t.he radial and azimut,hal components  were related by 
the predicted fa,ctor of 2 (6 dB). 

In  addition to presenting some of the experimental 
results on  submerged ant.ennas and comparing these 
with theoretical predictions, the practical problems 
associat,ed  wit.h  electromagnetic measurements in  the 
ocean have been  discussed. 
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