
RADIO SCIENCE Journal of Research NBS/USNC-URSI 
Vol. 69D, No.9, September 1965 

Experimental Study on the Circular Loop Antenna 
Immersed Shallowly in a Conducting Medium 1 

Keigo lizuka 

Division of Engineering and Applied Physics, Harvard University, Cambridge, Mass. 

(Received December 21 , 1964; revised March 18, 1965) 

The behavior of a circular loop antenna near the interface be tween a conducting medium and air 
has been studied experimentally in terms of the following several parameters: 

(1) Circumference per wave length f3b of the loop 
(2) Loss tange nt of the conducting medium 
(3) Depth of the loop below th e inte rface 
(4) Angle between the plane of the loop and the inte rface. 
Comparisons were made of th e behav io r of a loop whe n oriented bo t h pa ra lle l to th e inte rface and 

perpend icul ar to it in terms of such quantiti es as the driving·point admi tt ance, the amplitude and 
phase di stributions of the c urre nt , the effec t of varying the distance from th e interface, and the up ward 
tran s miss ion of powe r into air from th e loop when immersed in the condu cting solution. 

It was found that as the de pth of the loop is inc reased the valu es of the dr iving-point admittance 
asymptot icall y app roach the theore ti ca l results by King, Harri son , a nd Tingley [1964] and Wu [1962] 
for an infinite medium . As the size of the loop became large r the difference betwee n the driving-point 
admittance for the loop ori en ted paralle l to the interface a nd that for the loop perpend icular to the inter
face increased. It was discovered that there ex ists an optimum angle tilted from eithe r parallel or 
pe rpendicular ori entation for th e bes t upward transmiss ion of power. 

1. Introduction 

The present s tudy extends earli e r work on a loop 
in an infinite homogeneous medium to a loop near the 
interface between two semi-infinite media. Evidently, 
the half-space configuration is of practical signi 
ficance, since it approximates such si tuations as 
antennas under a landing strip for aircraft, submarine 
antennas , missile antennas in plasmas, or buried 
antennas for survival telecommunications. 

To the bes t of the author' s knowledge, however, 
no theoretical analysis of a circular loop of finite size 
located near the interface between a dissipative 
medium and free space has been re ported. This 
problem is mathematically complex, owing to the 
boundary conditions along the interface. Hence, an 
experimental investigation of this subject has a special 
significance. 

Experiments were performed to determine the 
driving-point admittance, current amplitude, and phase 
distributions, and radiated power for a loop when 
immersed in a dissipative medium at an arbitrary 
orientation near a plane interface. The parameters 
used and thei r ranges are summarized as follows : 

(1) Circumference per wavelength of the loop 

21T 
{3b =T b= 0.4 to 1.2; 
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(2) Loss tangent of the medium , ~= 0.036 to 2.64; 
WErEO 

(3) Distance of the loop from the interface, d 
A 

=-t02A-00 ' 
21T ' 

(4) Angle () be tween the plane of the loop and the 
plane perpendicular to the interface, () = 0 to 180°; 

(5) Angle <P be tween the line which connects the 
driving-point and the center of a loop and that which 
connects a point on the circumference and the center 
of the loop, <P = 0 to 180°. 

Consideration is given to the ques tion: which of the 
parallel and perpendicular orientations of the loop with 
respect to the interface are advantageous from the 
viewpoint of frequency bandwidth, insensitivity to 
changes in the surrounding medium, and upward 
transmission of the power. It may be added that it 
was discovered that neither parallel nor perpendi c ular 
orientation is the best for the transmi ssion of power 
from the loop in the solution into the air above it. 

2. Experimental Arrangement 

The previously described setup designed for th e 
s tudy of antennas in a homogeneous dissipative medi
um [Iizuka , 1961, 1962, 1965J was used with ce rtain 
modification. A detailed description of the apparatus 
is given in the earli er reports. A water solution of 
sodium chloride was used to fill partially a tank having 
di mensions 41f2A X 41f2A X 25/S A, where A = 29.77 
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a
cm IS the wavelength in the water solution, 

WErEO 
= 0.036, Er = 78, and the corresponding frequency is 
114 Mc/s. The wavelength used is always that in the 
conducting medium. As shown in figure 1, five of the 
six walls are made of wood, and the sixth, arranged in 
a vertical position, is an aluminum image plane. The 
semicircular loop was installed over the image plane 
and driven by a slotted line. A receiving antenna was 
installed in the air exactly above the driving-point of 
the loop in order to measure the power radiated upward 
above the interface as a function of the orientation and 
size of the loop. By measuring the standing wave 
pattern on the feeding coaxial line, the power Pt 
(-Emax . Emin) transferred outward from the antenna 
was determined. The loop antenna was slotted along 
the circumference so that a small shielded current 
probe could be moved along the circumference by 
pulling the attached cable by means of a carriage on a 
rack outside the tank. The probe was covered by 
slotted plastic tubing and had no direct contact with 
the solution. This construction was necessary so that 
the conducting solution would not short-circuit the 
opening of the shielded probe. 

The loop was clipped onto the inner conductor of the 
line with a brass-fingered connector, and the other end 
of the circular loop was pressed against the aluminum 
image plane, which was moistened with silver paint. 

PER MANENT MAGNET TO 
SECURE THE LOOP -----.ll"-=~ 

IMAGE PLANE 

The loops were made of iron, and the attractive force 
of a strong permanent magnet installed outside the 
tank directly opposite the loop assured a good electrical 
contact with the image plane and facilitated changes 
in the orientation of the loop. 

3. Driving-Point Admittance 

The driving-point admittance of the loop was meas
ured repeatedly with the same solution at different 
levels by draining out measured quantities of the 
solution. 

In figure 2 the measured driving-point admittances of 
the loop immersed in a solution with the loss tangent 

a-
--=0.1, Er=78 at the depth d/A=0.125 are com
WErEO 

pared in the complex G-B plane with that of the loop 
immersed in the same solution but infinitely far from 
the interface (in broken line). The normalized cir
cumference f3b of the loop is the parameter. One of 
the two curves shown in solid lines is for the loop 
oriented parallel to the interface, and the other is for 
the loop perpendicular to the interface. As the size 
of the loop becomes larger, the difference between the 
driving-point admittance for the loop oriented parallel 
to the interface and that for the loop perpendicular to 
the interface is increased. Note that for the larger 

FIGURE 1. Block diagram of experimental equipment. 
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loops the curves for perpendicular orientation differ 
less from that for an infinite medium than does the 
curve for parallel orientation. Since the main radia
tion lobe of the larger loop (f3b = 1.0 and 1.2) excited 
principally in the dipole mode is in the direction per
pendicular to the plane of the loop, the interface is out 
of the direction of the main lobe when the plane of the 
antenna is oriented perpendicular to the interface. 
And also, the average depth of the perpendicular loop 
is greater than that for the parallel loop. As a result, 
the interaction of the perpendicular loop with the inter
face is smaller, and a smaller deviation from the admit
tance of the loop in an infinite medium occurs. 

The experiment was repeated with a much smaller 
depth of the loop at d/A.=0.037. This is the depth at 
which the entire base of the coaxial feeding line was 
barely immersed in the solution, i.e., d=B(B=7hs") 
in the end view of the base of the antenna driven by a 
coaxial line shown in figure 2. The measured results 
with the smaller depth are indicated by crosses with 
an arrow. It is seen that the spiral shapes of the 
curves for either orientation were preserved but be
came smaller in size with a decrease in de pth. For a 
loop with s maller values of f3b , the changes in the 
driving-point admjttance due to the reduction in depth 
are less significant than for those with larger values 
of f3b. 

To see the effect of the de pth of a loop on the driving
point admittance , the measure me nts were made at 
intermediate values of d/A. with various orientations 

in the solution with ~=0.1 and E,. =78. The 
WE,.Eo 

results are shown in figure 3 as a fun ction of d/A.. The 
sizes of the loops used were f3b = 0.4, 0.6, and 1.0 in 
three different ori entations. They are : 

(1) parallel to the interface, denoted by solid dots 
in the figure; 

(2) perpendicular to and with the driving-point of 
the antenna nearest the interface, denoted by small 
circles; and 

(3) perpendi cular to the interface with the driving
point at the deepes t point, de noted by triangular points. 
With co nfiguration 3, the meas ureme nts were made 
only with a loo p with f3b = 0.6. The upper end of the 
loop broke the interface in a range of the de pth s maller 
than 0.19U. 

It is seen that as the depth d/A. increases both the 
conductance and susceptance curves become flatter 
and asymptotically approach the values for a circular 
loop antenna immersed in an infinite dissipative 
medium. The curves for the loops with f3b = 0.4 
and 0.6 and with any orientation are flattened faster 
(a smaller value of d/A.) than those for the loop with 
f3b = 1.0 in any orientation. The corresponding values 
calculated by King, Harrison, and Tingley [1964] 
based on Wu' s [1962] theory for an infinite medium 
are included in fi gure 3. (The measured values of 
th e driving- point jmpedances are for a half loop over 
a conducting plan e so that the theore ti cal admittance 
of the co rres ponding· loop mu st be multipli ed by two.) 
The c urves for th e loop with f3b = 1.0 in the perpe ndi c
ul ar ori e ntation are flatt e ned fas ter than those in the 
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FIGURE 3. Driving-point admittance of the Loops either paraUeL or 
petpendicuLar to the interface as a function of the depth d/A of 
the Loop. 

horizontal orientation. This may be not only because 
the average depth is larger but also because the direc
tion of the main lobe of a loop in the former orientation 
is 90° from the direction of the interface, whereas in 
the latter it is in the direction of the interface. He nce, 
it may be said that in case a knowledge of the char
acteristics of a circ ular loop imm ersed in such a 
medium is to be utilized in determinin g the properti es 
of the medium , the perpe ndic ular ori e ntation of the 
loop requires the leas t de pth of the driving-point of 
the loop from the interface. 

Observe that a rather mark ed kink appears in the 
c urves near d/A. = 0.125 (recall that d/A. = 0.191 is 
the de pth at which the en tire loop of size f3b = 0.6 is 
barely imm ersed in the solution whe n the loop is in 
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the previously mentioned configuration 3) in the curves 
of both G and B for a loop with f3b = 0.6 perpendicular 
to the interface with the driving-point at the deepest 
part of the loop. This illustrates that as soon as any 
portion of the loop is exposed above the surface of the 
solution, the conductance curve, and especially the 
susceptance curve, begin to behave quite differently 
from those of a loop that is entirely immersed. 

It should be added that the points obtained with 
d/A = 0 are complicated by the fact that [Iizuka, 1964] 
one half of the end surface of the feeding line is in 
air, while the other half is immersed in the solution , 
so that the reactive end and coupling effects near the 
base of the antenna are different from those when the 
base is fully immersed in the solution. In addition, 
the dimensions of the present tank are too small to 
permit accurate measurements, since the wavelength 
outside the solution is about nine times as long as that 
in the ·solution (Er = 78). 

In figure 4 is plotted the driving-point admittance of 
a loop with f3b = 1.0 when it is either prependicular or 
parallel to the interface as a function of the depth d/A. 

In this figure the loss tangent ~ of the solution was 
WErEO 

taken as the parameter, but in figure 3 the size of the 
loop was taken as the parameter. The curves for 
solutions with larger loss tangents are flattened in 
shorter distances d/A than those for solutions with 
smaller loss tangents, but regardless of how large the 
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F I GURE 4 . Driving-point conductance (solid line) and susceptance 
(dash. line) of a loop with. {3b = 1_0 as a function of the depth. with. 

a 
-- as a parameter_ 
WErEO 

loss tangent may be, oscillations in the amplitude are 
observed when d/A is smaller than 0.15 or 0.2. In this 
sense d/A = 0.15 ~ 0.20 may be considered to be a 
critical depth. (It should be mentioned that the dis
cussion here is made in terms of d/A; note that A 

decreases as ~ is increased. It follows that the 
WErEO 

actual depth d for a fixed value of d/A also decreases 

with an increase in ~, and for the limiting case d 
WErEO 

approaches zero as ~ approaches infinity. In a 
WErEO 

similar way, even if the radius of the loop is fixed, the 

value of f3b increases with an increase in ~. In the 
WErEO 

case of the highest loss tangent, ~= 2.64 in figure 
WErEO 

4, the value of f3b which corresponds to f3 0b = 1.0 in 

the solution with Er = 78, ~ = 0.036 is 1.30; however, 
WErEO 

for the rest of the values of ~ in the figure, f3b can 
WErEO 

be considered to be identical with f3ob.) It is interest
ing to know that the critical depth for a dipole antenna 
was also the same d/A= 0.15 ~ 0.20 [Iizuka, 1964]. 

4. Current Amplitude and Phase Distribu
tions on the Loop 

Measurements were made of the amplitude and rela
tive phase distributions of the current on a loop with 
f3b = 1.0 when oriented either parallel or perpendicular 

to the interface in a solution with Er = 78, ~= 0.2, 
WErEO 

and with the loop at various depths. In figure Sa 
the following are shown with parallel orientation of the 
loop: the amplitude of the current /(<1» along the 
circumference of the loop normalized to the value 

/ (0) 
y = V mA/V, and the phase (h of the current along 

the circumference of the loop referred to 81(0)= tan- ! 
G 

In figure 5b, the same quantities are shown but 

with perpendicular orientation. All the quantities 
are shown as a function of <1>. The curves for d/A 
= 0.0 are for the case when the center line of the wire 
of the loop is exactly in the interface (disregarding a 
slight rise in the level of the solution due to surface 

1 
tension). The curves for d/A=-0.022 and --

27T 
are, respectively, for the cases when the driving-point 
of the loop is located at the distance 2a above the 
surface of the solution (where a is the radius of the 
wire of the loop and a= l / S in.) and when the center 
of the circle of the loop is located at the interface and 
only half of the circumference is immersed In the 
solution. 

Note that the mllllmum of the magnitude of the 
current which exists near <I> = 70° for both parallel 
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FIGURE Sb. Like figure Sa but with loop perpendicu.lar to th.e 
interface. 

and perpendi cular cases moves toward smaller values 
of <1>, that the ratio of the maximum magnitude to the 
minimum decreases, and that the slope of the (h 
curve as a fun ction of <I> beco mes less s tee p as the 
ante nna is moved toward the .interface. In other 
words, the nearer the loop is to the interface, the more 
the di s tribution of current tends to rese mble th e distri
bution in a loop of smaller size. The curre nt distri· 
butions on the perpendicularly ori e nted loop are muc h 
less influenced by the de pth of the loop. For both 
orientations the di s tribution of the phase is more 
sensitive to a change in the depth than is the aropli
tude of the current. 

The di s tributions of the amplitude and phase 011 

the loop, when only half of its circ umference is im-

mersed in th e solution (the c urves with d/A=- 2~)' 
show a particularly interes ting be havior. The shapes 
of the curves both for the amplitude and phase along 
the upper half of the circumference (which is in the 
air) are quite different from those along the lower 
half of the circumference which is in the solution. 
(No account is tak en of the change in size of the current 
probe in terms of wavele ngth when it is inside and 
when it is outside the solution.) The former is 
concave upward and resembles th e res t of the curves 
whic h are for loops fully imm ersed in the solution and 
the la tte r is Rat and resembles those of a s mall iso
lated loop in air. This is due to the fact that the wave
le ngth outside the solution is about nin e times that in 
the solution (E,. = 78). The di s tribution of c urrent 
in one part of an antenna is usually closely related to 
that in another, and a c hange in the di stribution in one 
part significantly inRue nces the di stribution on other 
parts. In the pre ent case, however, one loop antenna 
has the characteri stics both of an antenna immersed 

---- --- . -- --- ---

in a medium and in free s pace with a marked border 
line. This means that the mutual in teraction of the 
curre nt ele me nts above and in a di ssipative medium 

s mall. 

5. Upward Transmission of Power 

It is of practical interes t to study the relation 
be tween the upward radiated power from a loop and 
the angle () of orientation of the loop with respect to 
the interface . The relative power P received by a 
monopole located in the near field perpendicular to 
the image plane exactly above the driving-point of the 
loop was measured and divided by the input power 
Pt of the loop. Measurements were repeated for loops 

with f3b = 0.4, 0.8, and 1.0 in the solution with ~ 
WE,·Eo 

= 0.2, E,. = 78. The height of the solution was adjusted 
each time so that the di s tance between the point of 
the loop neares t the interface when () = 0 and the inter
face was always 0.13'11. (see the confi guration in fi g. 6). 
The adjusted di s tances d from the dri ving-point to 
the surface of the solution were d= 0.26'11. for f3b 
= 0.4, d = 0.38'11. for f3b = 0.8 , and d= 0.45'11. for f3b = 1.0. 
In fi gure 6, meas ured values of the relative power 
(linear scale) received by the monopole and the driving-
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point admittance of the loop are shown as a function 
of the orientation angle of the loop. The values for 
f3b = 0.4 were multiplied by a factor of 10 for clarity. 
Note that in general neither the parallel nor the per
pendicular orientation of the loop is best for the upward 
transmission of power. There exists an optimum 
angle slightly tilted from either parallel or perpendi
cular orientation. The angles of optimum transmission 
are 66 degrees for f3b = 1.0, 104 degrees for f3b = 0.8, 
and 180 degrees for f3b = 0.4. The optimum angles 
for the larger loops differ significantly from either the 
parallel or perpendicular orientation. In general, 
as the size of the loop is decreased the loop should be 
tilted with a decreasing angle and should come close 
to the perpendicular orientation for f3b = 0.4. 

The field patterns of a loop immersed in an infinite 
homogeneous conducting medium measured at a much 
larger distance have been reported [Iizuka, 1965]. 
The field pattern of the loop with f3b = 1.0 in a solution 

~= 0.7, Er = 78, in this reference was copied into 
WE,·Eo 

figure 6 for comparison. It was normalized to the 
peak of the curve for the loop with f3b = 1.0 near the 

interface between the solution with ~= 0.2 and 
WE,-EO 

air. (The radiation pattern as a function of the loss 
tangent of the solution has been reported [Iizuka, 
1965]. After a study of these results it is found that 

the curve for ~= 0.7, which is the closest to the 
WErEO 

present value of ~= 0.2, can be used with a reason
WErEO 

ably small error.) 

Note that very close agreement has been obtained 
between the field pattern of the loop in an infinite 
medium and that of the corresponding loop located 
near the interface, except that for the latter the curves 
have two small humps at (J= 100° and 155°. 

It may be concluded that the general behavior of 
the radiation pattern of a loop near the interface be
tween a dissipative medium with moderate con
ductivity and air is not very different from that of a 
loop immersed in an infinite conducting medium. 

The author is indebted to Professor R. W. P. King 
of Harvard University for correcting the manuscript. 
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