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Abstract—n the past, the insulated linear antenna has been an- T
alyzed with an approximate transmission-line theory. The range of
validity for this theory has not been established. In this paper, the kb~ _ Insulation
finite-difference time-domain (FDTD) method is used to analyze 1 K Gl
the insulated monopole antenna. The validity of the FDTD anal- x
ysis is established by comparison of results with accurate measure-
ments for a variety of antennas. The FDTD analysis is then used
to determine the accuracy of the approximate transmission-line h Amb.ieﬂt
theory. Graphs are provided to quantify the errors in the approx- " h Medium
imate theory as functions of the geometry and the electrical prop- Eres Ues Mo
erties of the monopole antenna.
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. INTRODUCTION

N insulated antenna is formed by placing a simple wire
antenna such as a dipole or loop in a dielectric sheath such
as a plastic tube. Insulated antennas are almost always useiddnt- Model for the insulated monopole antenna.
an ambient medium, such as soil, seawater, or biological tissue,
whose electrical properties are quite different from those of tigat the wavenumber in the external medium be much larger than
insulation. Fig. 1 shows an insulated monopole antenna. Thidhét in the insulation, specifically
a vertical metal rod of heiglit and radius: placed over a metal o /2> 1 (1)
image plane. It is fed through the image plane by a coaxial line er
with inner and outer radii andb, respectively. The cylindrical where the complex wavenumber is
insulation of height:; and radiu$; > a extends beyond the top
end of the metal rod. The insulation is assumed to be a lossless s W ;9 ™
dielectric with relative permittivity:,; and the external medium F=f-ja="4fa Jeo — Fovervl=gp ()
has the relative permittivity,.. and the conductivityr.. Both
media are assumed to be nonmagngtie /..

Insulated antennas were apparently first proposed for
in highly conducting media. For example, as early as 19
insulated loops were used as low-frequency communication ere i > 1. ©)
antennas on submarine boats in seawater [1]-[3]. When the
external medium is highly conducting, it is clear that the The insulated monopole antenna shown in Fig. 1 can be
monopole antenna shown in Fig. 1 can be modeled as a coaxialved as a section of coaxial transmission-line terminated in
line with the rod forming the inner conductor and the externah open circuit. The current in the antenna (center conductor of
medium forming the lossy outer conductor. Convention#he line) is then
transmission-line formulas are then easily adapted to provide a SV sinlkr (h—
useful analysis of this antenna [4]-[6]. I(z) =22° sinfkr,(h — 2)] ()

Inthe early 1970’s, R.W.P. King and his coworkers at Harvard Ze  cos(krh)

UniverSity discovered that the external medium did not ha\oﬂqere the Comp|ex WavenumbekL and characteristic
to be highly conducting for the transmission-line model to bignpedancez, for the transmission line are
useful for the insulated linear antenna. All that was required was

andp = o /weoc, is the loss tangent for an assumed?® time
endence. Notice that the external medium can even be a loss-
8ss dielectric in which case the inequality (1) becomes

ki, =pr — jor,
k2 [HSQ)(keb) + kb ln(b/a)H]EQ)(keb)}
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King’s group at Harvard went on to make extensive theo-
retical and experimental studies for a variety of insulated an-
tennas, e.g., eccentrically insulated monopoles, coupled insu-
lated monopoles, and insulated loops. Much of this research is
summarized in [7]. More recently, insulated antennas have been
tailored for specific applications such as for the treatment of
cancer using microwave hyperthermia [8]-[10].

An interesting question with regard to the use of the transmis-
sion-line theory for the insulated antenna is, “How well does the
inequality, (1), or (3) for lossless media, have to be satisfied for
the theory to provide accurate results?” In [7], various quantita-
tive interpretations for this inequality were offered. Of course,
some indication of the accuracy was obtained from comparisons
with experimental results. However, the experiments were for
limited values of the electrical parameters of the insulation and
external medium. In addition, some of the measurements were
made on monopole antennas that did not correspond precisely
to the simple geometry shown in Fig. 1. For example, dielectric
tubes were sometimes used to contain the material forming the
insulation, air gaps existed between the conductor and the solid
insulation, and dielectric supports were placed in the external
medium to properly align and hold the insulation. Also, these
early measurements were made without the use of a network an-
alyzer, so the accuracy is lower than commonly obtained today.

In this paper, the insulated monopole antenna shown in Fig. 1
is accurately analyzed using the finite-difference time-domain
(FDTD) method, and the results from this analysis are used to
answer the question posed above. In Section Il of this paper,
the details of the FDTD method as applied to this antenna are
briefly described, and in Section Ill, the validity of the analysis
is established by comparing calculated results with a number
of new experimental measurements. In Section IV, parametric
studies are presented that compare the predictions of the trans-
mission-line theory with the FDTD results for a wide range of
geometrical and electrical properties of the antenna. The results
of these comparisons are summarized in a set of graphs that
show the percentage error to be expected when the transmis-
sion-line theory is used for the insulated monopole antenna.

Il. ANTENNA ANALYSIS

In this section, the FDTD analysis for the insulated linear
monopole antenna shown in Fig. 1 is briefly described. The
FDTD method is inherently a time-domain technique, so the
analysis is performed using a pulsed excitation. Fourier trans-
formation is then used to obtain frequency-domain results, e.g.,
the input impedance for comparison with the transmission-line

Fig. 2. Comparison of FDTD results with Scott's measurements [16] for theyeory.

input impedance of bare monopole antennas in (a) air, (b) fresh water, and (c

salt water.

‘The dimensions of the coaxial line feeding the antefana)
are chosen so that only the TEM mode propagates within the
line at the frequencies of interest. The incident voltdgge(¢)

. 2) . .
In these expression#f” is a Hankel function of order. The  excites the antenna at the source plane. When the distance
input impedance of the monopole antenna is obtained from thgm this plane to the junction between the coaxial line and the

ratio of the voltagd/; to the current at the drive poilit = 0)

(4); that is

Z =R+ jX =—jZ. cot(kph).

antenna is chosen so that > (b — a), the fields of all modes
higher than the TEM, which are generated at the junction, are
insignificant at the source plane. The source is configured to
produce an outgoing TEM wave above the source plane and a
negligible field below; this device is referred to as a “one-way
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TABLE |
PARAMETERS OF FRESHWATER AND SALT WATER

Measurement T €rco | Ero o9 T

Bare Ant., Fresh Water | 22.0°C | 4.90 | 79.4 | 8.00-10~> S/m | 8.77 - 10~ s
Bare Ant., Salt Water | 22.0°C | 4.90 | 78.0 1.00 S/m 8.76 - 10~ 12
Ins. Ant., Fresh Water | 22.7°C [4.90 | 79.2 | 8.00-10~3 S/m | 8.62 .10~ s

injector” [11], [12]. Thus, only the reflected voltag&.:(t) is f [GHz]
present at the observation plang,, which is below the source 1 2
plane.
For this study, the incident voltage is the differentiated 200 4
Gaussian pulse

300 7 ! T -

— FDTD
0,0 Measurement

Ve (t) = Voltr) 03056/ o
with the Fourier transform

Vino(@) = F{Vine(£)} = =i Vo 2 p (wry ) > ~0270)",
)

The characteristic time for the pulsg = 1/w, determines the
useful spectrum for this signal. The spectrum exceeds ten per-
cent of its peak value whenis within the rang®.06w, < w < :
2.8w, (the 10% bandwidth). The differentiated Gaussian pulse
has a well-defined spectral peak and a small low-frequency con- £ [GHz]
tent. The latter property is a desirable feature for the FDTD anal- 2
ysis, because significant low-frequency content in the exciting 100 , s =
pulse can lead to unacceptably long settling times. s

The Fourier transforms of the incident and reflected voltages
are used to calculate the reflection coefficient

V;ef(zobsa CU) _ F{Vref(zobsa t)}

F ~obs ) = - 10

(7 b w) ‘/inc(zobsv w) F{Vinc(zobsv t)} ( )

and the impedance
s = Z (o, @) = Zog L1 Zobs: @) (11) 50 —

1 = T(Zobs, W)

3
kh

at the observation plane. Here. is the characteristic &

impedance of the feeding coaxial line, which is filled with the
same material as the insulation:

Fig. 3. Comparison of FDTD results with measurements for the input

7 1 o impedance of monopole antennas with Teflon insulation in (a) air and (b) fresh
Zei = 2— In(b/a) = — In(b/a). (12)  water.
T

21\ eo€p;

~ The “apparent impedanceZ of the monopole antenna at the, o ndary condition for cylindrical coordinates [13]. This PML
image plane is obtained by transforming the impedance at &, ost totally absorbs all outgoing electromagnetic waves in the
observation plane over the distancg, external medium. An extensive investigation of the PML used
Zots + § Zei tan(k;zops) ilj this stut_jy shows that it refle_cts Iess_ than Q.l% of a wave in-
(13) cident on its surface [14]. Typically, dimensions of the FDTD
cells wereAp ~ Az = a/3. Using the conventional Courant
This is the ideal impedance that when placed at the end of thigmber for two dimensions, i.eAt = Ap,/e./2¢, 2 - 10*
coaxial line (propagating only TEM waves) produces the sartigiesteps were usually sufficient to obtain convergence.
reflection coefficient at the observation plane as the monopoleln some of the comparisons with measurements to be pre-
antenna [7]. sented in the following section, the external medium is a saline
The rotational symmetry of the antenna and excitation allogolution. The electrical properties of this medium exhibit dis-
an analysis in the two spatial coordinapeendz. The finite two- persion over the range of frequencies of interest, and this dis-
dimensional discretized domain for the FDTD analysis is trupersion must be accounted for in the theoretical analysis. In the
cated with the new perfectly matched layer (PML) absorbirenalysis, the saline solution is modeled as a dielectric material

Z=R+jX =74 - .
+ J Zci + J Zobs tan(kizobs)
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Fig. 4. Comparison of (a) the resonant heighh... and (b) the resistance 7 5% Error
at resonance, .. /#; for the transmission-line theory (solid line) with FDTD inR,./n;
calculations (solid line with dots). The external medium is lossless. 10% N,
. . . . ) 20% e
with a single Debye relaxation [7], [14]. The effective relative 3 \
permittivity and effective conductivity of the medium are then 40”’\
€0 — Eroo 2 4 6 § 10 12
€re(W) = €poo + ——— 14
and b
( ) + €0 — froo 2 (15)
c.{w) =0 —— W TE,.
O T (wr)?

) . ) ~_ Fig. 5. Contour plot of the error in (a) the resonant heiglit,.. and (b) the
In these equations,q is the low-frequency relative permittivity, resistance at resonanf®... /7; as a function of,.. /e,; andb/a for a lossless

roo is the high-frequency relative permittivity, is the relax- external medium. Lines of constaitd are dashed on this graph.
ation time, andrg is the low-frequency conductivity. All of these

parameters are functions of the normality and the temperatise the approximate transmission-line model for the insulated
of the saline solution, and they must be determined from empjiiear antenna. Thus, it is very important that the accuracy of the
ically derived expressions [7], [15]. FDTD analysis be firmly established. This is done by a thorough
The dispersion was incorporated in the FDTD computatioggmparison of the FDTD results with accurate measurements
in the following manner. The frequency range of interest Wafade on model antennas with the geometry shown in Fig. 1.
divided into several small segments; a typical segment was cqfe full details of the measurement procedure are described in
tered aty; and of widthAw;. The computation was performedreference [14]; only the results will be presented here.
using a pulse with characteristic timg; = 1/w; and the elec- o frot get of results, shown in Fig. 2, are for a bare
trical properties gi\{en by (14) and (15) with= Wi- The results monopole and use measu}ements made by W R. Scott, Jr. [16].
from the computation were then used to obtain the impeda 6t these results, the length-to-radius ratio for the monopole is
over the small segmemwi. Th? segments were chosen smal a = 32.9, and the air-filled coaxial line feeding the antenna
enough that no discernable differences were observed for bja = 2.30 (precision 7-mm line, with characteristic

impedances at the ends of adjacent segments. impedanceZ. = 50.0 ). Results are presented for three
different materials surrounding the monopole: Fig. 2(a) air,
(b) fresh water, and (c) salt water. The electrical parameters
The FDTD analysis described in the previous section will Her the last two materials are given in Table I. The apparent
used as the standard when determining the range of validitypedances shown in Fig. 2(b) and (c) are referenced to a

I1l. V ALIDATION OF FDTD ANALYSIS: MEASUREMENTS
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point in the transmission line slightly below the image plane 1.6
z/h = —0.04.

For all three cases, the agreement between the FDTD theo-
retical results (solid line) and the measurements (solid and oper
dots) is very good. The small difference that can be seen in the 3
reactances in Fig. 2(c) is possibly due to the inaccuracy associ-33 0.8 h
ated with measuring an impedance that is severely mismatchec
to the characteristic impedance of the transmission line [16]. For

{

this case, the reflection coefficient is typically| > 0.65 with 04 q--= == -t | —— TL. Theory
|/ — | < 7°. Notice that these results cover an extreme range {—s— FDTID
of electrical parameters for the surrounding medium. The rela- 0.0 o ;
tive permittivity for Fig. 2(b) is nearly 80 times that for Fig. 2(a).

; 3 7 10 30 70
This causes the resonant frequency (whgre- 0) and the re- e e
sistance at resonance both to drop by nearly a factor of ten. The (@)

conductivity for Fig. 2(c) is nearly 100 times that for Fig. 2b.
This causes the resonance almost to disappear.

The second set of results, shown in Fig. 3, are for an insu-
lated monopole. For these results, the length-to-radius ratio for
the monopole isi/a = 37.4. The insulation is formed from
Teflon with the dimensions, /a = 44.1 andb; /a = 2.97. The
relative permittivity of this Teflon, which was measured by W.
R. Humbert, is¢,; = 2.04 [17]. The Teflon filled coaxial line
feeding the antenna haga = 2.30 (precision 7-mm line, with
characteristic impedancé.; = 35.0 ).

Fig. 3(a) is for the insulated monopole in air, while Fig. 3(b)
is for the insulated monopole in fresh water with the electrical
properties given in Table I. For both cases, the agreement be-
tween the FDTD theoretical results (solid line) and the measure-
ments (solid and open dots) is very good. These two cases agail .
represent eXt.remE.’S' ForFig. 3(a), the relative permittivity fortrIlileg. 6. Comparison of (a) the resonant heighb... and (b) the resistance
external medium is about a factor of two lower than that of thg"esonance,.../#; for the transmission-line theory (solid line) with FDTD
insulation, whereas for Fig. 3(b), the relative permittivity for thealculations (solid line with dots). The external medium is l0Bsft...) =
external medium is about a factor of 40 higher than that of tHé-
insulation. Note that the first case Fig. 3(a) is one for which the

transmission-line model would not apply since the inequalihe permittivity of the external medium to that of the insulation
(1) is clearly violated. ere/eri. The height of the antenna relative to its radius is held
fixed ath/a = 100, the outer radius of the coaxial feed line is
equal to that of the insulation= b;, and the height of the insu-
lation ish; = h + 3b in all of the comparisons.

The results in Fig. 4 are for a lossless external medium (con-
In this section, results computed from the approximate trarguctivity c. = 0) for which the inequality in (1) becomes
mission-line model for the insulated monopole antenna will bg. /¢.; > 1. The resonant height and resistance at resonance

compared with accurate numerical calculations made with thee shown as functions of the ratio of permittivitigs/e,; for
FDTD method. These comparisons will lead to a better undehree different sizes of the insulatidfz = 2, 4, and8. The res-
standing of the range of validity for the transmission-line modednant height predicted by the transmission line model is seen to
specifically, the degree to which the inequality (1) must be sagree favorably with the FDTD results even when the inequality
isfied for the model to be used. ere/eri > 1 does not hold. Specifically, for the extreme case
There are a number of quantities that could be used for the /c,; = 2, the results for the transmission-line model are
comparison. At first glance, the complex wavenumbegr(5) only in error by about 5% for any of the valuesigf:. The re-
seems a likely candidate for the comparison since it plays a kagtance at resonance predicted by the transmission-line model,
role in the transmission-line model. However, this quantity hdmwever, is seen to deviate from the FDTD results whenever
no precise meaning for an antenna, so any attempt to extraet.it/c,; < 15. The deviation is slightly greater for the smallest
from the FDTD results would introduce additional approximaralue ofb/a.
tions. After some thought, the quantities selected for the com-The errors associated with the transmission-line model are
parison are the electrical heighth.., of the antenna at the first quantified in Fig. 5. Here, the percentage errors in the elec-
resonance of the impedance and the normalized resistance atttigal height [shown in Fig. 5(a)] and the resistance at resonance
resonancei,.;/n;. These quantities are examined as functiorjshown in Fig. 5(b)] are shown as functions of the ratigg/¢,.;
of the relative thickness of the insulatidéry/a and the ratio of andb/a. These results are again for lossless media. Curves of

Rres /77;

0.04 BN N

ere /Sri
(®)

IV. RANGE OF VALIDITY FOR THE TRANSMISSION-LINE
MODEL
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constantk.b are also shown in Fig. 5(a). This parameter is a 70 T T AN <.
measure of the electrical size of the insulation in the external Y AN 14
medium. ' N 10, )
In these figures, regions are marked where the error is less 301 \ 2%Emor R T
than a given percentage. The error in the resonant height is seen _/‘\/'“ hibes \0.6\ ™
to be less than 5% for the entire gragh< «¢,.. /¢, < 80 and & AN ‘\\
2 < b/a < 12. However, the error in the resistance at resonance - I\kebl=0.2 ‘\\
is less than 5%, only when. /¢, is greater than about 15. The AN b
ratiob/a has a small effect on this error except near the extremes 7 \ S
of b/a; that is, wherb/a & 2 and 12. The highest errors occur, 4% /
as expected, when both. /¢,; andb/a are small (in the lower 3 \ N
left-hand corner of the graph). 6% ——ms —
When the external medium is lossy (conductivity # 0), 5 2 & ] 10 o
the ratio of wavenumbers in (1) becomes bla
(@)
ke /ei]? = (—) V1+p2(w). (16) 70
i
For the comparison of results, it is convenient to fix the value of
the loss tangent at a particular frequency. Notice from Fig. 4(a) 30
that resonance for the insulated antenna occurs Vifter: 7 /2
or for the frequency =~ wyes = wc;/2h. When the loss tangent &‘f
at this frequency is selected as a parameter; that {8y.cs) = & 10 \ 4 Errorin &, /7,
T [Wres€o€re, (16) becomes ; e
4%
. 12 Cre Wpe(wres) ? 6%
Ihe/ ™ = <Cri> \/1 i < 2k;h ) ' n 3 )
For the results shown in Figs. 6 and 7, the valu@u...) = ; ) T T 1o i
1.0 is used. The addition of loss to the external medium is seen
. . . bla
to change the resonant heights only slightly [compare Figs. 4(a) ®)

and 6(a)]. Hence, the errors in the resonant height for the trans-

mission-line theory, Fig. 7(a), differ by only a few percent fronfig. 7. ~ Contour plot of the error in (a) the resonant heigfit... and (b) in

those in the lossless case [Fig. 5(a)]. However, the resistangggesistance at resonaniée.. /1; as a function of, /,; andb/ « for a lossy
. . . external mediunp.(w..s) = 1.0. Lines of constanfk.b| are dashed on this

at resonance are now quite different [compare Figs. 3(b) ph.

6(b)]. The addition of loss has greatly improved the agreement

betvx{een the transmlssmn-llne theor.y qnd F.DTD results. The % h wherx,.. /e.; < 10to 15. The addition of loss to the external
rors in the resistance for the transmission-line theory are Slgnr';fedium increases the accuracy of the transmission-line theor
icant (greater than 5%) only when the ratig& ande,. /¢, y Y-

. Fofr loss tangents. (w.s) > 1.0, the error in the resistance at
are both very small. Comparisons were also made for values o . o
rers]{)nance is less than 5%, except whénande,.. /¢,.; are both

the loss tangent higher than one, and the errors in the resona . .
. . V g small. Contour plots are provided to quantify the errors as
height and resistance at resonance were found to be comparg

to or smaller than for the cage (w..s) = 1.0. Unctions ob/a ande /er:.
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