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The Electric-Field Probe Near a Material
Interface with Application to the Probing of

Fields in Biological Bodies

GLENN S. SMITH, MEMBER, lEEE

Abstract—A theoretical model is formulated to determine the effect of
an interface betweendifferent media on the responseof an electric-field
probe. Tbe model naed provfdes a “worst case” estimate of the interaction
between the probe and the frsterface. ‘llte effect of the interface on the
response of the probe is examined as a fonction of the size of the probq
the insnfation on the probe, the load admittance at the terminals of the

probe, tbe dissipation in the surrounding medhq and the spacing between
the probe and the interface, The use of ekxtricalfy smaff bare and
iuaolated probes to measure the field in the interior of biological bodies is

discussed as an example, Measared resultsare shownto be in general
agreement with the theory.

I. INTRODUCTION

I N MANY APPLICATIONS an electric dipole is used

as a probe to measure the component of an incident

electric field parallel to its axis. When the dipole is located

in an inhomogeneous body, such as a biological specimen,

the response of the probe can change with its position as a
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result of the variation of the electrical constitutive param-

eters within the body. The constitutive parameters may be

slowly varying continuous functions of the position or

may change abruptly at a material boundary, such as at a

muscle–fat interface or the boundary between tissue and

air. Specifically, the response from the probe, i.e., the

voltage V, is proportional to the component of the inci-

dent electric field parallel to its axis (,f)

V= Kel?(r).E= KeEz(r) (1)

and the proportionality factor K, is a function of the

constitutive parameters of the medium surrounding the

probe (0=, c., I.LS PO) including any abrupt changes in these
parameters due to nearby boundaries. Note that the inci-

dent jield Ez(r) in (1) is the field at the point where the

probe is located when the probe is absent; it is the field to
be measured. The total jield is the incident field plus the

field that is scattered from the probe and scattered be-

tween the probe and the boundaries of the body,

Ideally, a probe is needed that has a proportionality
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factor K.e that is independent of the location of the probe

within the imhomogeneous body. The voltage V can then

be interpreted as a measure of the electric field E=(r)

without a specific knowledge of the constitutive parmne-

ters of the material in the immediate vicinity of the probe

or the location of nearby boundaries. A probe with this

response would be calibrated absolutely by measuring a

known field in one standard medium, i.e., by determining

K,.

When the constitutive parameters of the body are a

slowly varying continuous function of the position, the

material in the immediate vicinity of an electrically small

probe is approximately homogeneous. In this case, the

variation of the probe’s cesponse with position, i.e., a

change in K,, is a result of a change in the constitutive

parameters of the material surrounding the probe. In

previous papers, the author showed that the response of

both the bare and the concentrically h-m.dated electrically

short dipole probes under certain conditions could be

made fairly independent of the constitutive parameters of

the surrounding material [1], [2]. To obtain this indepen-

dence for the electrically short bare dipole, the admittance

of the load at its terminals must be much less than the

admittance of the dipole, i.e., I YL \<<~Y 1. For the electri-

cally short insulated dipole (the insulated probe is shown

in Fig. 3), the response is fairly independent of the con-

stitutive parameters of the medium if the ratio of the

permittivity of the external medium to that for the insula-

tion is large, ce,/ce,Z>>1.

In this paper, the response of the dipole probe is ex-

amined when a boundary formed by an abrupt change in

the constitutive parameters of the body (an interface) is

nearby. For this case, the interaction between the probe

and the interface is a result of the scattering of electro-

magnetic energy from the two elements. Note that, here,

the mechanism altering the response of the probe is diffe-

rent from the one previously described. Rather than

analyze each specific configuration for the probe and

interface used in practice, a ‘6worst case” analysis is used

to determine the effect the interface has on the response

K, of the probe.

The “worst case” analysis is used to provide a qualita-

tive picture of how the various parameters, such as the

length of probe, the insulation, the load admittance, and

the distance from the interface, affect the response. The

analysis can also be used to estimate the minimum separa-

tion required between the probe and the interface, if the

difference (error) between the actual response (with the

interface present) and that for a probe in an infinite

medium (interface absent) is to be kept below a certain

level.

In a recent exchange of comments between Bassen and
C!hen, the relative merits of changing the dipole length,

adding insulation, and adjusting the load admittance were

debated as means of reducing the interaction of an elec-

tric field probe with material boundaries in biological

bodies [3]. The theoretical and experimental results pre-

sented in this paper provide quantitative information that

answers some of the questions posed in their debate.

MEDIUM 2
3

, MEDIUM 1
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Fig. 1. Electric-field probe near an interface between media.

II. FOILWLATION OF THE MODEL PROBLEM

The geometry for the electric field probe near an inter-

face between two different media is shown ii~ Fig. 1. If the

probe is to be used to measure the distribution of the field

in each of the media (1 and 2), its maximum dimension 2h

must be small compared to the dimensions of the media.

Specifically, when the radius of curvature describing the

interface is RC, then 2h <<RC. If the distance between the

probe and the interface is also small so that s<< RC, as it

will be when the interaction between the probe and the

interface is large, then the surface orI the interface that is

in the immediate vicinity of the probe is nearly planar.

For an approximate analysis of the probe near an intcz--

face, the geometry shown in Fig. 1 can be replaced bj a

probe at a distance s from a planar interface between the

two media.

The maximum interaction between the probe and (he

interface will occur when the electrical properties of the

media on the sides of the interface are very different and

the probe is parallel to the interface. An extreme case will

be considered here, namely, an interface between a dis-

sipative medium (region 1) with the electrical constitutive

parameters o., .Ee,p. and a perfect conductor (region 2)I; see

Fig. 2(a). The effect this interface has on the performance

of the probe is expected to be greater than would be

produced if region 2 were a medium with a finite conduc-

tivity. The results obtained from the analysis of this inter-

face are, therefore, considered to give a “worst case”

estimate of the error introduced in the response of the

probe by the presence of a nearby interface. For the

calculation, the source of the electric field is assumed to

be an incident electromagnetic plane wave with the elect-

ric field parallel to the axis of the probe and the plane of

the interface,

.?li = .2Eoe“Jkx (2)

where k = ~ –ja is the wavenumber in the medium.
The method of images is now used to obtain an

arrangement of sources and conductors which is equiv-

alent to that in Fig. 2(a) for determining the electromag-

netic field in the region x ~ O. This is shown in Fig. 2{b).

The current in the image probe in Fig. 2(b) is in the

direction opposite to that in the actual probe, i.e., 1’ ==---1,

and the image of the incident plane wave has the form
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Fig. 2. (a) Probe parallel to a plane interface formed by a perfect
conductor and a material. (b) Equivalent arrangement obtained using
the method of images.

~i’ = _ ~Bo~’kx, (3)

The pair of nonstaggered parallel dipoles shown in Fig.

2(b) can be analyzed using the theory for coupled linear

antennas in a dissipative medium [4]. The distribution for

the total axial current Z(z) on the probe is given by the

solution to the following integral equation:

The parameters that describe the bare linear antenna are

shown in Fig. 3. The function Fe(z) on the right-hand side

of (4) is determined by the method of excitation and

loading of the probe. When the probe is a transmitting

antenna driven at its terminals by a voltage V, this func-

tion becomes

Fe(z) =+’ sink(h – IzD. (5)

When the probe is used as a receiving antenna with its

terminals short-circuited and the incident field is as shown

in Fig. 2(b), FO(Z) becomes

2jEo
Fe(z) = ~ sin ks( cos kz – cos kh).

In (4), { is the wave impedance of the medium

J =upO/k

and the modified kernel K; is

Kj(z,z’) = K(z,z’) – ( COS kZ/ COS kh)K(h,z’)

where

– “kR,, ~ –jkR ,2

K(z,z’) = ~ – ~

(6)

(7)

(8)

(9)
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Fig. 3. Details of bare and insulated cylindrical dipole electric-field
probes.

R1z=~(z–z’)2+ a2+4s2 . (11)

For antennas of length ~h ~ 3T/2 (h< 3A/4), the

following simple expression has been shown to be an

accurate representation for the axial current on coupled

dipoles in dissipative media [4]:

1(z)= e-”lzl Cl sin ~(h– 121)+ C2( cos ~z–cos &s)

(+C3 COS$Z-COS #3h )1
= Cljl(z) + CJ2(Z) + CJ3(Z). (12)

The coefficients Cl, C2, and C3 in (12) can be chosen by

making the current Z(z) satisfy the integral equation (4) as

well as possible in the least squares sense [5]. After ‘

stituting (12) into (4), the integral equation becomes

CIF,(z) + C2F2(Z) + C3F3(Z) = COJ’O(Z)

where

E(Z) = fh f(z’)&(z, z’) dz’ (i=l,2,3)
–h

and

CO~j4~/~ cos kh.

To satisfy the least squares criterion

f:h[c,~l(z)+c2F2(.) +c3F3(z)

– COFO(Z) ]2 dz = minimum.

suD-

(13)

(14)

(15)

(16)

The implementation of (16) leads to a set of simultaneous
linear equations for the coefficients ~.(~ = 1,2, 3). In

matrix form, these equations are

[A~]{~}=cO{Bi} (17)

where

A,=~h ~(z)~(z)dz and ~i=~’ ~Jz)K(z)d..
–h –h

(18)

Once the coefficients ~ are determined by solving the

matrix equation (17) with FO(Z) given by both (5) and (6),and
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1

F@. 4. (a) Loaded receiving probe. (b) Equivalent circuit for loaded
probe.

it is easy to obtain the input admittance for the driven

probe, viz.,

y– m) (19)

and the current at the terminals of the receiving probe

when they are short-circuited, viz. 1(0, Y~ = co). The volt-

age V across a general load admittance Y~ connected to

the terminals of the receiving probe is determined from

the equivalent circuit shown in Fig. 4(b)

v= – 1(0, YL= m)/(Y+ YL). (20)

When the terminals are open-circuited, this voltage is

simply

V(YL=O)= –1(0, YL=co)/Y. (21)

The effect the interface has on the response of the

probe (the error) can be determined by soiving (4) both

with and without the presence of the terms representing

the image probe (terms which depend on R12) and com-

paring the results, Note that the interaction between the

probe and the interface is completely accounted for by the

presence of the image probe, With the image probe ab-

sent, the voltage at the terminals of the probe as a func-

tion of the position s is an exact replica of the standing-

wave electric field for x <O, no matter how close the

probe is to the interface. The subscript O is used to

designate quantities computed with the image probe ab-

sent. The errors in the amplitude of the voltage across the

load, the amplitude of the open-circuit voltage, and the

amplitude of the short-circuit current due to the presence

of the interface are then

~,v,= IVI-IF’O1 = ]1(0,YL=CQ)IIYO+YLI _]

I~ol ll.(O, YL=CKJ)[IY+ YLI

(22)

11(0,YL=CO)lIYO( _ ~

‘lv(y=’=o~l=]l.(O,YL=oc)ll Y\

/1(0,YL= Co)l
AIZ(O, Y~=co)l= ,10(0 y~=m)l – 1,

3

(23)

(24)
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Fig. 5. Errors in short-circuit current and open-circuit voltage fo]r a
bare probe in a lossless medium as a function of spacing between
probe and interface for two lengths of probe h/A= 0.1,0.2.

111. NUMERICAL RESULTS

For electrically short receiving probes that are not

matched to the load admittance Y~ as is the usual case for

the probes used in biological bodies, the errors in the

received voltage for two extreme values of the load admit-

tance are of interest, namely, I Y~l <<I YI and I Y~l >>I Y 1.

From (22), the error in the received voltage approaches

the error in the open-circuit voltage when I Y~l <<I Yl, i.{fi.,

Al VIXAI V(Y~=O)l (25)

and the error in the received voltage approaches that for

the short-circuit current when I Y~l > I Yl, i.e.,

AIVISAll(O,Y~=co)l. (26)

Numerical results for the errors in these two extreme cases

are given in the following examples.

A. Bare Probe

Fig, 5 shows the errors in both the short-circuit current

(24) and the open-circuit voltage (23) for bare probes of

two lengths, h/A =0. 1, 0.2, as a function of the spacing

between the probe and the interface s/L Both probes

have the same radius, a/A =0.005, and the medium

surrounding the probes is assumed to be lossless, a/~= I().

The wavelength A is that in the medium surrounding the

probe. The errors in the short-circuit current are seen to

be substantially greater than those in the open-circuit

voltage. The error in the response due to the presence of a

nearby interface can, therefore, be decreased by choosing

the load admittance such that I Y~l <<I Yl, A comparison of

the results in Fig, 5 for the two lengths of the probe shows

that the longer probe generally has a larger error in both

the short-circuit current and the open-circuit vohage. An

increase in the radius of the bare probe will alsc~ increase

the error in both the short-circuit current and the open-

circuit voltage. This is shown in Fig. 6, where rlesults are
presented for probes of length h/t4 = 0,1 and various radii

in a lossless medium.

The effect of the dissipation in the medium surrounding

the probe on the error in the short-circuit current and the
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bare probe in a lossless medium as a function of spacing between
probe and interface with radius of probe a/A as a parameter.
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Fig. 7. Errors in short-circuit current and open-circuit voltage for a
bare probe iu a lossy medium as a function of spacing between probe
and interface with ratio a/~ as a parameter.

open-circuit voltage is examined in Fig. 7 for a bare probe

of length h/A= 0.1. The errors are shown as a function of
the spacing between the probe and the interface for three

Iossy media, a/@= O, 0.3, 0.9 (effective loss tangent pesO,

0.66, 9,5), At the larger spacings (s/A~O. 15), an increase

in the ratio a/~ is seen to decrease the error. This result is

consistent with a wave picture for the interaction between

the probe and its image; i.e., the attenuation of a plane

wave propagating between the probe and the image has its

– 2~ due to the dissipa-amplitude reduced by a factor of e

tion in the intervening medium. When the probe is closer

to the interface (.r/AsO.05), an increase in the ratio a/~
is seen to increase the error. At these close spacings, the

wave picture no longer applies. The interaction between

BARE
PROBE

+C,

cmQGm

INSULATED
PROBE

Fis 8. Circuit remesentations for the input admittance of electrically
short”bare and insulated electric-field probes.

the probe and its image is by capacitive and conductive

coupling. An increase in the ratio a/~ causes an increase

in the conductive coupling between the probe and the

image and, therefore, causes an increase in the error.

B. Electrical& Short Probe with Concentric Cylindrical In-

sulation

When the probe is electrically short and insulated by a

concentric dielectric sheath, as in Fig. 3, the approximate

analysis presented ~n [1] can be used to analyze the

insulated probe near an interface. As presented in Fig. 8,

the previously obtained results show that the input admit-

tance of the electrically short insulated probe ~ is ap-

proximately the admittance of a bare probe, Y~ = G~ i-

jaCM, of length 2h and radius b, in series with the capaci-

tance of the sheath C,, i.e.,

(27)

where

C,= ne,lh/ in (b/a) (28)

and c., is the permittivity of the insulation. The subscripts

b and i are used here to identify the quantities associated

with the bare and the insulated probes, respectively. For

the probe near the interface, the admittance Y~ contains

the interaction between the probe and its image and is

obtained from the solution of the integral equation (4)

with (19). The open-circuit voltage for the electrically

short insulated probe Vi( Y~ = O) is approximately the

same as that for a bare probe with the same radius a and

length 2h for the conductor. This voltage can be obtained

from the solution of the integral equation (4) with (21):

~(Y~ =0)- V~(a, h, Y. =0). (29)

The short-circuit current for the insulated probe is then
simply

1,(0, YL=CO)= – ~(YL=o)~.

– V~(a, h, YL =O)jwC, Y~(b, h)
x

Y~(b,h) +jaC~ “
(30)

The errors in the short-circuit current and open-circuit

voltage for the electrically short insulated probe near am.

interface can be determined in the same manner as for the

bare probe using (24) and (23). The effect of the insulation

on these errors is illustrated in Fig. 9 where results are

shown for insulated probes with b/a =3.0 and c,,/<e,i =
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Fig. 9. Errors in short-circuit current and open-circuit voltage for bare
and insulated probes in a lossless medium as a function of spacing
between probe md interface with ratio q,/ce,i as a parameter.

1.0 (bare), 4.0 and 30 in a Iossless medium, The relative

effective permittivities for the medium surrounding the

probe and the insulation are ~e, and C,,i, respectively. The

error in the open-circuit voltage is the same for the three

different insulations used; this is the result of imposing

the equality in (29). The error in the short-circuit current

is seen to decrease with an increase in the ratio of the

permittivity of the external medium to that of the insula-

tion ce,/c,,i and to approach the error in the open-circuit

voltage when this ratio is large. This behavior is easily

understood by examining the expression for the admit-

tance of the insulated probe (27), As the ratio c,r/6@,i

increases, the admittance of the sheath capacitance C$

decreases relative to the admittance Y~, i.e., [ Y~(b, lz)l >>

oX’,, so that the admittance of the insulated probe is

approximately that of the sheath, ~. ~jcX,. ~-e short-

circuit current is then simply proportional to the open-

circuit voltage, Z,(O, YL = co)= –jcoC~ Vi( YL = O); therefore,

the relative errors in the two quantities ~.( YL = O) and

1[(0, YL = CM) are approximately the same. Note that the

error in the terminal voltage (22) for all values of the load

admittance is also approximately the same as the error in

the short-circuit current, Al ~.1NA]Zi(O, YL = CO)I, when the

ratio 6e,/ Cc,,is large, since Y,OS YiSj6JC$,

IV. COMPARISON WITH EXPERIMENT

Before performing experimental measurements for com-

parison with the theory, an experimental model had to be

developed that was a good approximation to the model

used in the theoretical analysis. Since the error in the
response of the probe due to the nearby interface was a

small fraction of the quantity measured, typically

Al Vi/l V] = 2 to 20 percent for the measurements to be

described, the experimental model and accompanying in-

strumentation had to be capable of accurately determin-

.=EN p- s I

)
WAVEGUIDE

t
+

bg
MATERIAL

4

SHORT
MEDIUM CIRCUIT

~,,,,,m,~
P“’”

Fig. 10. Detail of experimental arrangement of probe in wiiveguide.

ing small differences between measured quantities. A ge-

ometry that permits an accurate measure of the position

of the probe with respect to the interface and a simple

characterization of the electric field in the vicinity of the

interface were, therefore, essential for the experiment. A

section of waveguide filled with a material and terminated

in a short circuit was used to model the interface. A small

movable monopole probe was inserted through ii slot in

the center of the upper surface of the waveguide, a~s shown

in Fig. 10. By using the method of images, the res]ponse of

the monopole probe can be shown to be equivalent to thak

of the dipole to within a constant factor. With the domi-

nant mode (TEIO) in the waveguide, the longitudinal dis-

tribution of the component of the electric field parallel to

the axis of the probe is proportional to sin (kgs) where

kg= /?g– jag is the guide wavenumber. This is the same

distribution used in the theoretical analysis with the wave-

number in the medium k replaced by kg. If the probe is

small compared to the cross-sectional dimensions of the

waveguide, i.e., b <h <<bg< ag, and is positioned close to

the short circuit, ile,, s<< ag/2, the electromagnetic interac-

tion between the probe and the interface formed by the

material medium and the metallic short circuit will be

essentially the same as that for the planar geometry with

the plane-wave excitation shown in ~ig, 2(a). In this cast:,

only the term sin (ks) in (6) must be replaced by sin (kc~)
to obtain theoretical results for comparison with ~he

measured data. Note that the symbols ag and bg are used

for the cross-sectional dimensions of the reCtaI@alr

waveguide; the conventional symbols a and b are used to

describe the probe.

The error in the voltage measured at the terminals cjf

the monopole probe that is a result of the nearby interface

was determined using two different methods. The first

method was used when media that were assumed to ble
lossless were in the waveguide. For a Iossless system, the

amplitude of the longitudinal standing-wave pattern in the

waveguide is repetitive with a period of As/2= r/f?r,

where Ag is the wavelength in the guide when it is filled

with the medium. The voltages measured at the terminals

of the probe when it is positioned ats ands + As/2 would,
therefore, be the same if there were no interaction be-

tween the probe and the interface, i.e., the metallic short

circuit. When the probe is positioned at s + Ag/2, th[e

interface is far enough away that it has a negligible effect

on the response of the probe. The error in the response
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Fig. 11. Comparison of theoretical and experimental results for error
in terrninat voltage of bare probe inalossless medium asa function of
spacing between probe and interface lYLl>>\ Y1. Aisthe wavelength in
the medium.

Al v(s) I can, therefore, be determined from the voltages

measured with the probe positioned at s ands + AJ2, i.e.,

A, ~(,), _/ J“(s)/ -I v(s+Ag/2)1 = /p’(~)1

I J“(~+l?/2)1 I v(s+Ag/2)1 ‘1”

(31)

A second method for measuring the error Al V(,s)l was

used with lossy media in the waveguide. The voltage at

the terminals of the probe is measured as a function of the

positions, At a points’ away from the interface (typically

s’= AJ4), the interaction between the probe and the inter-
face is assumed to be negligible, so that Al v(s’)1 = 0, The

error in the response at distances closer than s’ to the

interface is then determined from

I V(s)ll sin kgs’l _ ~
Al V(S) I = 1~(s)ll sin kg.s “ (32)

In Fig. 11, theoretical and experimental results for the
error Al V(s)l are displayed as a function of the position

s/A for a bare probe with the dimensions h/A= 6,67x

10-2, a/A= 1,73x 10-2, A is the wavelength in the infinite

medium and not to be confused with the guide wave-

length Ag. The medium in the waveguide for the experi-

ment was air, which was assumed to be lossless, and the

frequency of operation was 10 GHz. The load admittance

at the terminals of the probe was chosen so that I YLI >>

I Y1. The error brackets for the measured data were de-

termined by considering both the errors associated with

the positioning of the probe and the metering of the

voltage. The rather large errors associated with the quan-
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Fig. 12. Comparison of theoretical and experimental results for error
in terminal voltage of bare and insulated probes as a function of
spacing between probe and interface b/a s3.28, Cer/~,,iW37, I YLI >>
I Y1. A is the wavelength in the medium.

tity Al V(s)l are the result of the manner in which errors in

the measurement of I V(s)l enter the calculation of Al V(s)l.

The numerator of (31) is the difference between two

measured quantities that are nearly equal; a small error in

either number will, therefore, give a large error in the

result. For example, if Al V(s)l is approximately 0.1, a

~ 1-percent error in the measurement of I V(,s)l can cause

an error as large as A 20 percent in Al V(s)l. The overall

agreement between the theoretical and experimental re-

sults in Fig. 11 is seen to be good. The differences that do

exist between the theoretical and the experimental results

at the closer spacings (smaller values of s/k) are possibly

due to the proximity effect which makes the distribution

of the surface current around the circumference of the

probe nonuniform [6]. This effect, which is not considered
in the present analysis, causes the effective separation

between the probe and its image to be slightly less than

the actual separation, and thus causes an increase in the

error Al V(s)l over that which is computed without consid-
ering the proximity effect.

In Fig. 12, theoretical and experimental results for the

error Al P’(s)I are displayed as a function of the position

s/A for a bare probe and the same probe with an insulat-

ing sheath, The dimensions of the probes are h/A= 5.32x
10-2, a/A= 6.81X 10-3, and the insulation is formed from
Teflon, e.,, =2. 1, b/a= 3.28. The medium in the wave-

guide for this experiment was fresh water. At the
frequency of operation, 900 MHz, the relative effective

permittivity and effective loss tangent of the water are

6., =78, p, s4.8 X 10–2(eJe,,i x37, a/~m2.4 X 10–2).

Note that the section of WR90 waveguide used here was
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the same as in the previous experiment. The frequency of

operation was lowered to compensate for the increase in

the electrical size of the guide that resulted from replacing

the air by fresh water. The load admittance at the termi-

nals of both probes satisfies the inequality I YJ >>I Y1. The

overall agreement between the theoretical and experimen-

tal results is seen to be good, The reduction in the error

due to adding the insulation is clearly displayed.

V. OTHER FORMS OF INSULATION

The theoretical and experimental results presented here

and in the previous paper [1] are for the linear antenna

with a concentric cylindrical insulation. In certain ap-

plications it may be desirable to use an insulation with

another shape. For example, for isotropic probes con-

structed from three orthogonal dipoles, such as those used

in biological tissue, the insulation may be a dielectric

sphere that encapsulates all three probes [7], [8]. A com-

plete analysis is not available for the linear antenna with

an insulation of general shape. The folIowing approximate

analysis suggests, however, that the behavior of all in-

sulated dipole probes with dimensions that are small com-

pared to the wavelength in the surrounding medium will

be similar to that for the probe with a concentric cylindri-

cal insulation.

The voltage developed across the load admittance Y= at

the terminals of the dipole when it is in an incident field

E, parallel to its axis is

V= K, E== V(YL=O)~
L

(33)

where V( YL = O) is the voltage at the terminals when they

are open-circuited. For an arbitrary load admittance Y=,

the voltage response (33) will be independent of the elec-

trical properties of the external medium (u,, c., PO) only if

the input admittance Y of the driven probe and the term

V( YL = O) are both independent of these properties.

The input admittance of an insulated dipole that is

electrically short in the external medium can be repre-

sented by the equivalent circuit shown in Fig, 8. The

relative magnitudes of the elements in this circuit will

depend upon the shape of the insulation and the electrical

properties of the insulation and the external medium,

When the insulation is not very thin (referring to Fig. 13,

the radius of the insulation should be much greater than

SPHEROIDAL
/ INSULATION

(’ ‘e,

Fig. 13. Dipole with prolate spheroidal insulation showing stepsin the

approximate analysis.

the behavior exhibited by the input admittance of the

electrically short dipole with a concentric cylindrical. ins-
ulation when ee,/ce,~>>1.

In general, the open-circuit voltage V( YL = Cl) for the

insulated dipole will be a complicated functicm of the

shape of the insulation and the electrical properties of the

insulation and the external medium. The follc)wing ap-

proximate analysis, however, can be used to show that the

voltage V( YL = O) for the electrically short probe will be

nearly independent of the electrical properties of the ex-

ternal medium for a large range of insulator shapes when

the ratio of permittivities satisfies the inequality ~,r/~,,i:>

1.

Consider the linear dipole with an insulation formed by

a solid dielectric in the shape of a coaxial prolt~te

spheroid; see Fig. 13. When the dimensions of the dipole

are small compared to those of the insulation, the analysis

of this structure can be approximately divided into two

parts. First, the electric field Ezi at the center of the

prolate spheroid is determined with the dipole absent, The

open-circuit voltage at the terminals of the dipole is then

determined from the simple relation for an isolated elec-

trically short dipole in an infinite medium with tlhe electri-

cal properties of the insulation and the incident field l?,,,

viz., V( YL = O)= – hEzz. This simple analysis, of course,

neglects the interaction (multiple scattering) between. t~he
dipole and the dielectric discontinuity at the surface of tlhe
insulation.

When the spheroid is electrically small in the external

dielectric medium, the internal axial field Ezi is approxi-

mately that obtained from an electrostatic analysis [9],

and the resulting open-circuit voltage is

{ (%)
–1

V(YL=O)W– AE=,= –hEz 1+ ~-l (X2-l) [Xctnh”l (X)-1]
1

(34)

where
the radius of the wire, b>>a) and the relative permittivities

satisfy the inequality ~@,/~,,, >>1, the admittance due to the x=c/v- (35)

insulating sheath will be much less than that for the and b and c are the semiaxes of the spheroid. For a long
elements that represent the external medium (Parallel thin Spheriodal insulation c>>b, (34) reduces to

combination of G~ and CJ. In this event, the input

admittance of the dipole will be approximately that of the
V(YL=O)=–hEz (36)

sheath capacitance Y=jaC$, and will be independent of which is the same as the open-circuit voltage obtained for

the properties of the external medium. This is the same as the electrically short dipole with a concentric insulation,
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cf., [1, ‘(l 7)] with Y1= O. The other limiting case for the

prolate spheroid occurs when b= c, i.e., the insulation is a

dielectric sphere. For a spherical insulation (34) reduces to

V(YL=O)= –hEz, =–hEz2e3& ,. (37)
CT en

Note that for any value of the ratio of the axes of the

spheroid (O < b/c < 1), a large value for the ratio of the

permittivities ee,/cc,, >>1 will make the open-circuit voltage

(34) independent of the permittivity of the external
medium Cer.

In summary, the approximate analysis presented above

suggests that the voltage response (33) of an electrically

small dipole with a general shape for the insulation will be

independent of the electrical properties of the external

medium whenever the insulation is not very thin and the

inequality ce,/c,,i >>1 is satisfied. This is the same behavior

that was shown both theoretically and experimentally to

be true for the electrically short dipole with a concentric

cylindrical insulation.

VI, SUMMARYAND DISCUSSION

A “worse case” analysis has been formulated to de-

termine the effect of a nearby interface on the response of

an electric field probe. In summary, the results of this

simple analysis show that the interaction between the

electrically short probe and the interface has the following

properties:

a) The interaction (error in the response) is decreased if

the radius or the length of the probe is reduced.

b) A low value for the load admittance at the terminals

of the probe, i.e., I YL I<< Y, will produce less interaction

(error in the response) than a high value of t$e load
admittance, i.e., I YLI >>I Y1.

c) An increase in the dissipation (a/~) in the medium

surrounding the probe will decrease the interaction (error

in the response) at a distance from the interface, but can

increase the interaction when the probe is very close to the

interface.

d) The use of a probe with a concentric cylindrical

insulation of permittivity ratio e,,/ce,l >>1 can reduce the

interaction (error in the response) to the level that is

obtained with an open-circuited bare probe with the same

dimensions, and the interaction, for the insulated probe,
unlike that for the bare probe, will be independent of the

value of the load admittance used.

e) For electrically short bare probes that are thin (h/A
< fJ.1, a/h< O.1), the error in the response for either load

condition (1YL I<<I Y 1, I YL I>>I Y/), was found to be less

than 5 percent when the distance from the interface was

greater than the half-length of the probe s~h. For the
cases examined, the addition of an insulating sheath with

●er/ceri >>1 reduced the error to less than 5 percent for
spacings sz h/3.

A simple approximate analysis indicates that the re-

sponse of all electrically short insulated dipole probes will

exhibit a behavior similar to that for the probe with a

concentric cylindrical insulation when the insulation is not

very thin and the permittivity ratio cc,/ ee,i>>1. A more

comprehensive analysis of the dipole with an insulation of

general shape is clearly needed.

In a recent report, Cheung has presented measured data

for the electric field near an interface that were taken

using an electric-field probe developed by the United

States Bureau of Radiological Health (BRH) [10]. The

planar interface in this experiment was formed by air and

a slab of simulated muscular tissue with the electrical

properties c.,=50, pe=0.35 at the frequency of operation
2,45 GHz. The dipole elements of the BRH probe are

insulated and have a half-length of about h = 1.25 mm. At

the operating frequency, h/A~7.3 x 10-2 in the simulated

muscular tissue. No error was detected in the response of

the probe as it was moved through the muscular material

toward the interface (decreasing s). The scatter in the

measured data, however, is about ~ 10 percent for a

group of measurements made at a fixed distance from the

interface, cf., [10, fig. 13]. The findings are in agreement

with the present analysis, since the analysis predicts an

error in the response of less than 4 percent at spacings

s > h for a bare probe with the same dimensions as the

BRH probe and the terminals short-circuited, i.e., I YLI >

[ Y]. The error in the response due to the presence of the
interface was, therefore, undetectable since it was prob-

ably less than the scatter in the measured data. In fact, the

error in the response for the BRH probe was probably less

than 4 percent when s > h, because the insulation on the

probe and the large value used for the load admittance

reduced the error below that for the bare probe with

I YLI>>I Yl, as is shown by the present analysis.
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