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An experimental investigation was made of t he d ri vin g-point admi ttance of a dipole 
a ntenna immersed in a fini te dissipative medium in order to obtain fund amental informa
t ion a bout t he dependence of t he adrni ttanee upon t he size of t he med ium . Thi information 
is intended to assist in determining the size of a tank fi lled wit h a dissipative medium for 
use III studYll1 g t he properties of a ntennas in such a finite med iu m. 

The effect of refiections from the side and back walls was investigated q uant itatively 
by means of s ixteen tanks of differen t s izes. It was shown t hat a shif t in t he posit ion of 
an ante nn a from t he center of t he tank is eq ui valent to enla rging the d ime ns ions of t he 
tank. A reson ance p henomenon was obse rved a nd t udied in ter ms of (a) t he distor t ion 
of t he admittance cur ve as a fun ction of the size of the tank, (b) t he d i ·tr ibut ion of t he curre nt 
on t he antenn a, (c) t he frequen cy characteristic of t he field intensity ins ide t he tank a nd 
(d) t he sensit ivity of t he system to per t urbat ion . Ce r tain p recaut ions to be taken i ~ the 
design of a dissipative-so lu t io n-filled tank a re d iscussed brie fl y . 

1. Introduction 

Interest in the ch fLrac teristics of anLennas imll1.ersed 
in various conducting media bas increased in r ecen t 
years because of possible application to an ten llas 
under a landing strip for aircraft, probe antennas 
for geophysical exploration, subm arin e antennas, 
missile an tennas in plasmas, and of quite recen t 
concern, buried an tennas for survival telecommuni
cations. Since in most cases t lleoretical analyses 
fLre complicated and numeri cal calculations are in
variably difficul t even in the simplest cases, experi
men tal inves tigations have a special significance. 
It is fL general prac tice to constru ct a tank of finite 
size as an approximation of a medium t hat is infinite 
in exten t. The tank is fill ed with a substance whose 
conductivity can be changed by simply adding 
measured quan tities of sui table materials. In most 
cases wa tel' solutions of sodium chloride a,re con
veniently used as a conducting dielectric, E= 78", 70 
a t 114 M c/s [Iizuka, 1963a, 1963b ; Jizuka and 
King,. 1961a, 1961b, 1962a, 1962b , and 1962c; Kin g 
a,ud h zuka, 1963]. The conductivity is eRsily con
trolled by the percentage of sodium chloride. For 
example, the dimensionless ratio (J /WETEo may b e 
allowed to range from 0.036 to 8.8 at 114 M c/s. 
Practically speaking, it is prefen tble to choose a 

1 rrhe research reportecl in this paper wns made possible th rough suppor t ex
teuded Cru Ct Laboratory, Ha rvard Un iversiLy , by the Geop hysics Research 
Directorate, U.S. Air Forcc, undcr Contract AFI9 (604)- 7262 and by Lhe National 
Science Foundation under Grant 20225. 

liquid wiLh a, modemLely lo w dielectric constan t t h,tt 
has the proper ty of dissolving sui tabl e compound s 
in order to ch ange the conductivi ty of the solution . 
"When thc dielectric constan t is low, t hc waveleno-th 
is not unreasonably shor t, so that the acclll~te 
J~ ea y reJ?lent of the CUlTcn t Rmpli t ude and ph ilSC 
dlstnbutlOns along a subm erged antenna, are not 
difficul t . Moreover the wavelength is no t incon
veniently lon g in the ail'- or plastic-f1lled coaxiRl 
lin e which is used to measure th e driving-point 
admittance. Onc of the better ca,nclicla tes is dioxane 
C4H g0 2 (ET"'-'2 .21, (J= 5 X 10- 15 111ho-el11 - 1 at low 
frequen cies and the value of ET bccomessli gh tlysmaJler 
at high er frequ encies) which h as th e abili ty to dis
solve the compound tetramethyl-ammonium (CH 3)4 
N OH wi th which the conductivi ty or the solut ion 
may be varied . However, dioxane would require 
special precautions in designing componen ts, because 
it readily dissolves most plastic materials and is 
toxic as well as flamm able. 

How close are the r esults measured in a tank of 
fini te size to those measured in a medium that is 
infinite in exten t? T o the best of t he au thor's 
knowledge, no qu an titative answer to this qu estion 
has been gi \ren, fL nd it is to pro vide such an answer 
that m efLsuremen ts hayc been made of t he driving
poin t admittance of an a ntenna immersed in a series 
of fluid-filled tanks of difrerent sizes. 

In the representation of theore ti cal and experi
mental results, the skin dep th is of ten used as the 
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dependent variable in graphical representations of 
the properties of antennas immersed in dissipative 
media. Actually, this is a con \Tenient variable pri
marily when highly conducting solutions and plane 
waves are involved. Since the finite size of a tank 
is a greater limitation when the solution is not highly 
conducting, the wa\Telength is here preferred as the 
variable. 

The electromagnetic field of a thin half-wave 
dipole in an infinite dissipative medium consists 
essentially of expanding spheroidal wave fronts 
similar to those in air, but with an added exponential 
attenuation. Complete formulas and discussions 
are in the literature [King, 1961J. In a medium of 
finite size, similarly attenuated reflections from the 
walls combine with this direct field to generate a 
highly complicated total field. This reflected field 
may produce significant differences in the distribution 
of the current and the impedance of the antenna. 

2. Experimental Arrangement 

For the purpose of the present investigation, the 
previously described apparatus designed for the 
study of antennas in a homogeneous dissipative 
medium [Iizuka and King, 1961a, 1962aJ was used 
with certain modifications. The original tank had 
the dimensions 4tAw, 4tAw, and 2!Aw, where Aw= 
29.77 cm is the wavelength in the water solu tion. 
The corresponding frequency is 114 .Mc/s. Five of 
the six walls are wooden, the sixth, arranged in a 
vertical position, is an aluminum ground plane with 
dimensions H Aw ancl4tAw. This latter is pierced by 
the dielectric and the inner conductor of a horizontal 
coaxial line which extends into the solution . The 
largest tank is cOlweniently called the main tank to 
distinguish it from the sixteen smaller tanks which 
were sucessively installed in it. 

The driving-point admittance of the monopole 
was obtained by measuring the stand ing-wave 
pattern on the coaxial line with a movable current 
probe. A cutout view of the experimental setup is 
shown in figure 1. 

Wooden 
Main Tonk 

FIG U RE 1. Cut-away view of the experimental setup for meas
uring the driving-point admittance with various si zes oJ 
tanks. 

3. Reflections From the Tank Walls 

First, consider the simple case of an incident plane "
wave impinging from a water-filled half-space per
pendicularly on an infinite wooden wall in the xy
plane. Behind the wall is air. The problem is one 
of reflection from the boundaries of the three parallel 
dielectrics with two discontinuities of the medium. 
The geometry is shown in figure 2a. The impedance 
Z i2 at the boundary between the solution and the 
wooden wall looking to the right in figure 2a may be 
expressed in terms of the propagation constant, 
k 2= a+ j/32 of the wood, the wave impedance 112 of the 
solution, the wave impedance 113 of the air and the 
thickness l of the wooden wall, when the solution 
and the wooden walls are considered to be perfect 
dielectrics as follows [Ramo and Whinnery, 1953J: ) 

Z i2= 11 ? [113 cos /32l +'~11 2 s0- f32l J . (1) 
- 112 cos /32l + J11 3 sm f32l 

"Vhen /32l is much smaller than one, Z i2 can be approx
imated by 

(2) 

The reflection coefficient p at the solu tion-wood 
surface is 

Z i2- 11! p=---
Z i2+ 111' 

If (2) is inserted in to (3), the result is 

[ 1 + j/32l(~- 113)J _ '!J..l:. 
113 11 2 113 

(3) 

(4) 

In the particular case when the solution and the 
wooden walls are approximated by perfect dielec
trics, the effects of the reflections from the walls 
are most serious. In this case the value of [pi in (4) 
is calculated to be 0.78 when the thickness of the 
wooden walls of the actual tank is inserted in the 
equation. Thus, more than half of the incident 
power is reflected back toward the source ([p[2= 0.62 ), 
and the standing-wave ratio for plane waves as 
calculated with this value of pis 8.1. Actually, the 
incident wave is not plane, but roughly spheroidal, 
so that the reflected wave diverges from theplaneof dis
continuity. Also, neither medium is a perfect dielec
tric. Hence, the actual values of [pi and of the stand
ing-wave ratio should be smaller than those obtained 
above and the results calculated from (4) give an 
idea of the worst case to be expected. 

Measurements of the standing-wave pattern in 
the finite tank were made to determine the actual 

situation. A solution with - (1- = 0.0354 where (1 
WfTfO ~ 

IS the conductivity of the solution was used. This > 

IS the smallest value of _ (1_ obtainable with tap 
Wf Tf O 

water at 114 Mc/s and it is the smallest value used 
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FIGURE 2a. Reflection from the tank wall. 

F I GURE 2b. Reflection from the tank wall with reflector. 

in most of the measurem ents of the driving-point 
admittance of antennas [Iizuka, 1963a; Iizuka and 
King, 1961a]. H ence, the effect of wall refl ections 
on the driving-point admittance is gr eatest for this 

value of _ IT_ . A shielded-loop probe was moved 
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FIG U RE 3. Field distl'ib1ltion in the tank when SWR = 1.33 

4. Driving-Point Admittance as a Function 
of Different Reflections From the Walls 

The effect of different reflections from the walls 
of the main tank on the driving-point admittance 
of an antenn a was determined when the five wooden 
sides of the tank were backed by aluminum screens 
as shown in figure 2b and figure 4. The spacing D, 
between the aluminum screen and the ttl,nk walls 
was varied , and with it the impedance Z /3 looking 
from the outer surface oJ the tank lVall towards the 
aluminum screen. For infmite plane surfaces and 
plane waves this latter is given by 

(5) 

where {33 is the propagation constant oJ the air. 
E vidently Z I3 can be changed practically from zero 
to infinity by varying D. A change in Z i3 affects 
Z /2 according to the relation 

Z - [ Z i3 cos {3zl + j"y/z sin {3z lJ (6) 
i2 - "Y/ Z "Y/ 2cos {32l + jZi3sin{3zl . 

The value of Z iZ is related to the plane-wave reflec
tion coeffi cient p by (3). Although these plane-wave 
expressions are not applicable to the finite tank, 
they indicate that a change in D should cause a 
significant change in the reflection from the walls 
of the tank. 

The measured driving-point admittance of an 
. 1 h 27rh . d . I' antennawltltJ = f..

w 
= 1.78 Immerse 111 a soutlOn 

along the ground plane horizon tally from the posi
tion of the antenna to the edge of the tank wall. 
The output from the probe is shown in figure 3 
together with the corresponding magnetic field dis
tribution Hq, in a dissipative medium of infinite size 
as obtained by King [1961] . It is seen from t.he figure 
that the distribution of the field intensity insid e the 
tank more or less follows the theoretical curve of the 
sph eroidal wave excep t for periodic fluctuations due 
to the reflected wave from the wall. A rough meas
ure of the relative amplitude of the standing wave 
may be obtained by averaging the ratio of maximum 
to next-adjacent minimum over the part of the pat
tern for which the ideal th eoretical curve is r easonably 
flat. The value so obtained is l. 33 . This is much 
small er than the SWR obtained with the assumption 
that the incident wave is a plane wave and the media 
are perfect dielectrics infinite in the x and y directions. 
Nevertheless, the question arises what effect a 
standing wave of this amplitude has on the measured 
values of the driving-point admittance. This prob
lem is studied further in the following sections. 

with Er = 78 and - 1T- = O.0354 is tabulated in table 
WErEO 

1 as a function of D . It is seen that the driving-
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FIGURE 4. Geometry of aluminum reflector. 

point admittance varies only slightly with changes 
in D. Hence, it may be concluded that an error in 
the measurement of the driving-point admittance 
due to reflections from the walls of the main tank 
is very small, and the size of the main tank seems to be 
adequate. However, the question naturally arises: 
Could a tank of smaller size which would be more 
economical to construct as well as easier to handle, 
be used? If so, what factors determine the mini
mum size of a tank for a given error in the driving
point admittance of an antenna? 

TABLE 1. Driving-point admittance of a di pole antenna with 

13h = 1.78 in the solution with . ,= 78, - " - = 0.0354 with 
W€ r € o 

aluminum reflectors placed ontside the tank on five sides at 
distance D 

D 

Without screCil 
0.022 Aair 
.092 Aair 
.1l7Aair 
.172 Aair 
.235 Aair 

Back wall only' 
at 0.022 Aw 

" fi ll imho8 
32. 4 
3L 3 
32. 9 
34. 4 
35. 0 
33.9 
32. 9 

B 

jl1ill imhos 
23. 0 
21.9 
21. 7 
23. 0 
24. 0 
25. 1 
24.5 

• All the side reflectors were removed and onl y the reflector at the back wall 
retained. 

5. Significance of the Dimension Between 
the Side Walls 

Sixteen smaller wooden tanks with progressively 
increasing widths as shown in figure 5 were ar
ranged for successive installation inside the main 
t ank. They were numbered from 1 for the smallest, 
to 16 for the largest. Each small tank rested on a 
tripod of adjustable height as shown in figure 1, 
and its open face was sealed to the ground plane 
by means of suitably arranged screws and gaskets. 

o 

o 

FIGU RE 6b. 

FIGU RE 5. 
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Driving-point susceptance with various si zes of 
tanks . 

The dimension L of the smaller tanks was fixed at 
L = 1.0Aw and their width D varied from O.953Aw 
to 3.10Aw at intervals of O.133Aw. 

The measured normalized driving-point admit
tance of an antenna with (311, = 1.78 and Q= 21n 
211, d (5 • h . fi d -=6.3 an --=0.0354 IS sown 111 gures 6a an 
a WE, EO 

6b as a fun ction of the tank number. In figme 6a 
a point of convergence of the oscillation in the 
normalized conductance is determined very roughly 
and rather arbitrarily by extending the envelopes 
of the extrema. The main tank corresponds to 
number 27.3 and the indicated variation in con
ductance is of the order of magnitude of ± 10 
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percent at this point. A comparable variation in 
the susceptance shown in figure 6b should be ob
tained, but due to a resonance phenomenon dis
-cussed later, even a rough estimate of the percentage 
variation from the 16 measured points is meaningless. 

6 . Significance of the Distance Between the 
Image Plane and the Back Wall 

In order to study the effect of the reflection from 
the back wall on the driving-point admittance, the 
solu tion at the back of the tank was replaced by 
two blocks of poly£oam. The distance L was then 
varied from L = 1.017 to L = 2.296 by cutting slices 
from the polyfoam at intervals of 0.133Aw. The 
measured driving-point admittances of antennas 
with j3h = 1.78 and {3h = 3.57, st= 6.3 in a solution 

with Er= 78 and ~=0.0354 are shown in figures 
W~r~O 

7a and 7b. It is seen that as the dimension L is 
increased the admi ttance curves spiral inward on 
the Smith chart. As the length of the antenna is 
increased beyond {3h = 7r, the electric field at s~l1all 
angles from the axis and, hence, in the direction of 
the back wall becomes relatively greater. It follows 
that the driving-point admittance for an antenna 

FIG U RE l7a. E.ffect oj back wall oj the tank on the dr-iving-]Joint 
admittance oj antenna with ,Bh = 1.78 with different si zes oj 
polyfoam wall. 

Lin Aw 

" '. ~ I 1.017 n' 
0.734 i 

2 1.150 0.866 J 
3 1.283 0 .999 
4 1.410 1.132 

1.544 1. 265 
6 1.643 1.398 
7 1.776 1.53 1 

8 1.909 1.664 

9 2.042 1.797 

10 2. 163 1.930 

" <.296 2.063 

FIG U RE 7b. Effect of back wall of the tank on the dl'iving
point admittance oj antenna with ~h= 3 .. 57 with difJeTent 
sizes oj 1Jolyjoam wall. 
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with {3h = 1. 78 converges more rapid ly as the back 
wall recedes than for an antenna with {3h = 3.57. 
The variation in the admittance of the antenna 
with {3h= 1. 78 is less than 5 percent even at point 
number five (L = 1.54 i\.w). The variation in the 
tldmittance of the antenna with {3h = 3.57, however, 
does not decrease so rapidly and even at point 
number eleven (L = 2.30i\.w) the variation is still 
approximately 4 percent to 8 percent. These 
results suggest that a limit 1'01' the length of an 
antenna in the measurement of its driving-point 
admittance in the main tank (L = 2.62 i\.w) is about 
{3h = 3.57, or possibly somewhat longer if considerable 
eITor can be tolerated. 

7. Installation of Antenna Off Center 

It can be anticipated that the effect of the reflec
tion from the edges is in general reduced, if the 
antenna is installed off center. W'hen the antenna 
is located at the center of a square ground plane 
tbe reflected waves that reach the antenna from the 
foul' side walls are equal so that Lhe effect of one wall 
is multiplied by four. On the other hand, if the 
antenna is located off center the four reflected waves 
that reach the antenna are not equal, and they inter
fere at least partially. 

An experiment to test this prediction was made 
with smaller tank placed off center in the measure
ment of the driving-point admittance of the antenna. 
The center of the smaller tank was shifted horizon
tally from its original center by the distance S at 
intervals of 0.133Aw. It was not shifted in the ver
t ical direction. 

The admittance of one antenna was measured 
successively with tanks numbered 1, 2, and 5. The 
results are shown in figures 8b, 8c, and 8d , respec
tively . The solution in the tank was the same as 
for the measurements discussed in the preceding 
section . The full line shows how the admittance 
moves on the Smith chart as the distance of the 
shift is increased. The broken line is a copy [lizuka 
and King, 1962a] of the driving-point admittance 
with differen t sizes of smaller tanks shown in figure 
8a. The admittance moves in the direction of the 
arrows as the size of the tanks is increased. It is 
interesting to note that the admittance in the full 
line always moves almost in the same direction as 
that of the arrow in the dotted line for the first few 
shifts in the position of the tank. In other words, 
the admittance always approaches the values meas
ured with larger tanks provided the shift S is less 
than a quarter wavelength. Thus, the sh.ifting of 
the antenna from the center of the tank is effectively 
equivalent to enlarging the dimensions of the tank, 
and so demonstrates tbe advantage of installing the 
an tenna off cen tel' in the main tank. 

8. Resonance Phenomenon of the Tank 

Among the measured driving-point admittances 
obtained with the series of tanks of increasing size, 
the points with the tanks numbered five and eight 
in figure 8a do not fall on the spiral. The measure-
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FIGURE 8. Driving-point admittance with tanks of different 
sizes in a, with tank No . 1 installed off center in b, with 
tank No. 2 installed off center in c, and with tank No.5 
installed of)" center in d. 

ments for these two points were repeated three times, 
but all measured values were in good agreement. 
In order to explain these deviations, the experimen
tal results must be re-examined. 

The curves of the conductance and susceptance in 
figures 6a and 6b show not only a good periodic 
dependence on the size of the tank, but also certain 
peculiarities in the shapes and the relative positions of 
these two curves. To be more specific, the locations 
of the steepest slopes of the susceptance curve always 
coincide with the locations of the extrema of the 
conductance curve. 

It is also noticed that there are two oscillations in 
the susceptance curve at the points five and eight 
and that both are located at the extrema of the 
curve, symmetric with respect to the locations of 
the steepest slope between points six and seven. 
Moreover, the driving-point admittances for these 
points are rather close together on the Smith chart. 
Furthermore, it has been verified that the distrib
ution of the amplitude and phase of the current 
along a dipole antenna immersed in the tanks of these 
particular two sizes behave just as if the wavelength 
had become longer than in the tanks of all the other 
sizes [Iizuka and King, 1962a]. It appears possible 
to interpret these phenomena as the result of a con
dition of resonance with significant standing waves 
generated in the tank. In general, the wavelength 
at resonance is longer than that in free space, and 
the values of the driving-point admittance of the 
consecutive resonances are close together. The 
measured results correspond to this picture. 

Another way of checking this interpretation is to 
observe the change in the field intensity inside the 
tank with respect to a change in the driving fre-
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FIGURE 9. Frequency characteristics of the system. 

quency. For this purpose an additional shielded 
probe was installed on the image plane O.2Aw away 
from the antenna inside tank number 5. The 
measured result is the lower cune in figure 9. It 
is seen that as the frequency was varied from the 
original frequency of 114 Mc/s to either lower or 
higher values, the output from the probe decreased 
just as if the cavity had been detuned. The same 
measurement was made with the main tank to see 
whether it was off resonance. The upper curve in 
figure 9 is the result of this measuremen t; it shows 
that the main tank is not resonant at 114 Mc/s. 

Additional evidence can be found to confirm the 
condition of resonance of tank number 5 from a care
ful comparison of the curves in figul'es 8b , 8c, and 
8d of the driving-point admittance as a function of 
the lateral shift in the position of the smaller tanks. 
Tanks numbered 1, 2, and 5 were shifted in steps of 
O.133Aw. The difference between t he admittance 
without shift and that with the first shift (S= 
O.133Aw) may be compared in these three curves. 
It is seen that the curve for tank number 5 is the 
largest even though this was the largest of the three 
tanks (D for tanks 1, 2, and 5 are O.95Aw , l.09Aw, 
and 1.49Aw respectively) and the fraction SID was 
the smallest. Evidently tank number 5 is most 
sensitive to a perturbation of the system, since it is 
resonant. 

The studies in this section all indicate that a con
dition of resonance may be produced in a tank filled 
with a solution of relatively low conductivity. In 
designing the main tank it is necessary to verify 
that it is off resonance by checking with one or more 
of the above-mentioned methods. Note that a 
condition of resonance cannot be determined in a 
simple manner familiar from the theory of reso
nators with metal walls . . 

9 . Temperature Dependence of the Electrical 
Properties of the Solution 

The measurements of the driving-point impedance 
of the same length of antenna (fjh = 1. 78) were 
repeated three times at the water temperatureYof 
19.2 °C in the midsummer, 17.2 °C in the fall , and 



16.8 °C in t he beginning of win ter. All three meas
ured values were practically t he same. 

A change of 4 vC in t he te lllperature of th e water 
brings about a change of 1. 5 in the dielectric con
stant and a change of 1.6 and 10- 3 in t he value of 

u u 
-- at 18°C and 300 M c/s ( ~ T = 79 . 5 and --= 
W~T ~O W~ T ~ O 

1.88 and 10- 3 at 18°C) [von Hippel, 1958). This 
fact may be used to reach the followin g conclusion: 
Since the driving-point admit tance of an antenna 
is insensiti ve to the changes 

1.6 X lO - 3 

18.8 X 10- 3 
(7) 

an error of 2 per cen t in the measuremen t of ~T and 

of 8 .5 percen t in the measuremen t of _ u_ is tolerable 
W ~ T ~ O 

insofar as the measuremen t of the driving-point 

admittance in th e solution wi th ~=0.03 6 , ~ T= 78, 
W~T~O 

is concerned. 

10. Conclusion 

It has been shown by a systematic series of meas
urements how the fini te size of a dissipati ve medium 
may signi fican tly affect antenn a measuremen ts . 
Of particular in terest is the possible occurrence of 
resonances which ar e evid ently possible even in 
very large tanks if the conducti \Tity of the medium 
is no t too high. 
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