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Responses of Electric-Field Probes Near a
Cylindrical Model of the Human Body
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Abstract —A theoretical and experimental study on the response of an

E-field probe near a cyfindncaf model of the human body has been

conducted. The body is simnfated with a long cyfindricaf dielectric shell

filled with safine water, and a single Efield probe oriented in various

directions, or an orthogonal probe is heated near its surface. The model

with the probe is illuminated by a TE or T’M plane EM wave. The response

of the probe was found to be strongly dependent on the probe location with

respect to the dwection of the incident EM wave, the probe separation from

the model snrfaee, the probe orientatio~ and the polarization of the

incident EM wave. The effect due to the dielectric shell on the probe

response, with and without the presence of safine water, was carefully

investigated. In all cases, tbe agreement between theory and experiment

was fonnd to be very good.

I. INTRODUCTION

A N ELECTRIC-FIELD probe is often carried by a

person on his body surface for sensing the intensity

of the electromagnetic fields he is exposed to. It is, there-

fore, worthwhile to study the responses of these probes in

the proximity of the human body. The study was con-

ducted theoretically as well as experimentally, and useful

results are reported in this paper. For an analytical treat-

ment of the problem, the human body is modeled as two

concentric cylinders of infinite length, illuminated by a

linearly polarized plane EM wave. The responses of single

as well as orthogonally connected E-field probes near the

body are determined after solving the boundary value

problem. These results were verified experimentally using a

cylindrical dielectric shell filled with saline water and the

frequencies of 2 GHz, 2.45 GHz, and 3 GHz. In order to

see the effect of a thin dielectric shell on the response of

the probe, the experimental results were also compared

with the theoretical results ignoring the presence of the

container (considering the saline water column only), and

the effect of the shell was found to be insignificant. How-

ever, the experimentally recorded responses of the probe

near the empty shell were found to be affected greatly by

the shell. This somewhat confusing phenomenon can be

explained when the experimental results are compared with

the corresponding theoretical results. Only selected results

are given in this paper for brevity, and more results are

available elsewhere [1]. It is noted that, to our best knowl-

edge, no work on this subject has been reported.
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H. THEORETICAL BACKGROUND

In order tc} determine the response of a probe near the

cylindrical model, the total electric field at the probe

location is required. It can be determined by solving the

boundary value problem assuming a TM or TE polarized

incident wave [2]. For a TM wave incidence as shown in

Fig. 1, the total electric field at a point (r,+) outside the

cylinder is found, assuming ( i3/ ilz ) -+ O and the electric-
field components along the radial and azimuthal directions

Er and E+, respectively, are zero as follows:

~(r, +) = 2EOzexp(– jkOrCOSr#S)

+ i? g dnllp(kor)cos(rzo) (1)
~=o

where Eoz represents the amplitude of the incident field

and k. is the wavenumber of free space. .2 is the unit

vector along the axis of the cylinder. The constant dn is

found to be
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where c. is the Neumann number in (2), and k, and k2
represen~ complex wavenumbers of the” saline w’ater and

the dielectric shell, respectively. The usual notations for

Bessel and Hankel functions are employed in (l)-(4).

Now, consider a small cylindrical receiving antenna

(probe) located at a distance of R (R> r2) from the axis of

the cylinder and aligned along the z-axis as shown in Fig.

1. We use the induced EMF method [3] to determine the

response of the probe. The boundary condition which must
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Fig. 1. A TM-polarized plane wave illuminates a vertical receiving
probe located near along sheathed conducting cylinder.

be satisfied by the electrical field at the antenna surface is

2XP= V08(Z)=ZLQ3(Z) (5)

where VO is the voltage across the probe load impedance

ZL due to the current 10 at z = O on the probe (the central

terminals of the probe), and

where ~ is given by (l), ~~elf is the electric field main-

tained by the induced current on the receiving probe, and

Eimage is the electric field maintained by its image created

by the presence of the cylindrical body. Here, the effect of

the probe–body coupling is included via image theory, and

the strength of the image is approximated by weighting it

with an appropriate reflection coefficient [4].

We assume lot(t) is the induced current over the an-

tenna, where ~(t) is the current distribution function with

~(0) equal to unity, as usual, and defining

and

(7)

(8)

(9)

the boundary condition (5) gives

V&

10=ZL+ Zin+ rzzm
(lo)

where Zi~ is the input impedance of the receiving probe

antenna, Z~ is the mutual impedance of it and its image

assuming the perfectly conducting body with a flat surface,

and r= is an appropriate reflection coefficient weighting

function [4]. However, as shown in the following para-

graph, in practice, IZL + ZJ >> ll’zZml; therefore, the ef-

fect of the probe–body coupling is ignored throughout in

the theoretical calculations.

2,. is very large for a small probe. For example, if the

total length 2h of the probe is 1.3 cm, input impedance Zin

is found to be about 2 – jl137 S!?at 2.45 GHz [5]. A

zero-bias diode is generally connected across the terminals

of the probe antenna and the highly resistive leads are used

to connect the terminals of the probe to the input terminals

of an amplifier and the recorder [8]. Thus, the load imped-

ance of the probe ZL consists of the diode impedance in

parallel with the characteristic impedance of the high resis-

tive leads. The value of ZL is usually designed to be higher

than the input impedance of the probe antenna 2,.. More

information is available in [11]. If two of these probes are

placed in parallel 2.54 cm (arbitrary) apart, which repre-

sent the probe and its image, the mutual impedance Z~ can

be computed [6] as 2.06 – j2.07 S?.Since Ir=l <1, IZL + Zi~l

>> Ir= Z~ I for all practical purposes. Therefore, (10) may be

approximated as

10= P&/(zL + Zin). (11)

Assuming a triangular distribution of current over the

probe [12], V,q in (7) can be evaluated easily.

It is noted that a TM-polarized field will be coupled to

an axially aligned probe only, while a TE-polarized field

will be coupled to a radially and an azimuthally aligned

probe, but not to an axially aligned probe.

When the cylindrical body is exposed to a TE-polarized

EM wave, the electric field will be coupled to both,

azimuthally as well as radially aligned probes. This

boundary value problem can be solved using the geometry

and the coordinate system as depicted in Fig. 2. This time

the magnetic-field components H, and H+ and the
electric-field component E= are zero. The partial derivative

with respect to z is also zero. Thus, the electric-field

components E,( r, +) and E+( r, @)can be determined easily.

As before, the load current 1$ for an azimuthally aligned

probe as shown in Fig. 2(a), can be determined via the

induced EMF method [3] and the image theory to account

for the probe–body coupling [4]. It is found to be

whereas V.;E’ @for the smaU txobe is found
-1 ,

(12)

after assuming
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Fig. 2. A TE-polarized plane wave illuminates a horizontal receiving

probe located near a long sheathed conducting cylinder. (a) The probe
is oriented azimuthally and (b) the probe is oriented radially.

the triangular distribution of current over it as

-exp
( -’k”RcOs(@”-+))

‘Cos($”+?)exp( -’k”RcOs(+”+a)l
j2{oR

+ j{oeo@~RHf2J’(koR) + —
+h

“ ~:,; {l-cOs(n@/z)}cO’(n@o)H;2’’(koR)

(13)

where

{0= ~== intrinsic impedance of free space

and

[:;-%l

H[~)(k2rl) J:(klrl)

Cn = @(k2rl) ~n(klrl _ _

(16)

c~ is the Neumann number, and the usual notations of

Bessel functions and their derivatives are employed.

Also, still for all practical purposes, IZL + Zinl >> lrdZml

in (12), i.e., the contribution from the probe~body cou~

pling term is relatively small and, hence, ‘can be neglected.

Following a similar procedure, the load current 1{ in the

radially aligned probe shown in Fig. 2(b) can be found as

ve~, r

I;=
z=+ Zin + rrzmr

(17)

where Ve~ r “IS evaluated after assuming a triangular distri-

bution function of current over the short dipole. It can be

found as

4{0ve~,r=
–H”@+sec’sin2(k0 hYo)hk:

[ {“( 2))”+%). (h- R)H;2) k R-k

(0( 2)}q%)]
+(h+R)H:) k R+L

+&:,”e.’in(”~)[H’2)(k”(R-:)}

-H’2)(k”(R+311
(18)

where {0 and en are as defined earlier.

It maybe noted that the probe is collinear with its image

this time [71. However, it can be demonstrated that the

effect of the probe–body coupling is still relatively very

small [1] and, hence, the term 17,Z~, in (17) can be

neglected for all practical purposes. Further, when kl = k2
and rl = r2, the boundary value solution reduces to the

well-known results of scattering by the cylinder of complex

permittivity.

Respons& of the axial, azimuthal, and radial probes are

( %’(ko~2) ~ ,) proportional to the magnitude square of the probe currents

—n Jn(kor2)

11

Jn(kor2) – ‘n
(14)en= cnH~z H~2)(kor2)

H;2J’(kor2)

‘n – H~)(kor2)

[

k. H~2)’(k2r2)- CnH~)’(k2r2)

‘“= ~ H:2)(k,r2)– CnHil)(kzr,) I (15)

given by (11), (12), and (17), respectively. The response of

an orthogonally connected probe system can be de-

termined by summing up the individual responses.

III. RESULTS AND COMPARISON

For experimental studies, a plexiglass cylindrical shell

(inner and outer radii 0.146 m and 0.1524 m, respectively,

and 0.83 m high) filled with saline water was illuminated
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Fig. 3. Response of an axially aligned E-probe near a sheathed conduct-
ing cyli~der il~uminated by a TM-polarized plane wave at 2.45 GHz.
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by plane EM waves of various frequencies and polariza-

tions using a GR-type 1360=B signal generator and a

pyramidal horn antenna. A suitable short E-field probe [8]

was fixed on the surface of the shell about midway from its

ends. The output of this probe, available through a pair of

resistive leads, was connected to an antenna pattern re-

corder. Thus, the probe antenna, which was about 1.3 cm

long, was about 40 cm away (always over 2A) from the

ends of the cylinder. Its orientation was adjusted according

to the polarization of the incident wave. Also, the transmit-

ting horn antenna was located at a suitable distance to

ensure uniform plane-wave illumination of the cylinder in

an aneclnoic chamber. The polarization of the incident field

was changed by rotating the horn antenna by 90° about its

axis. The shell was filled up with saline water (salt/water

= 1/75 by weight) to simulate the human body [9]. With

this arrangement, the end effect of the finite cylinder used

in the experiment was found to be insignificant, and a

good agreement was obtained between the experimental

results and the theoretical results which were based on the

geometry of an infinite cylinder. The experiments were

conducted at three different frequencies, viz., 2 GHz, 2.45

GHz, and 3 GHz [1]. However, only a few results are

presented here for brevity.

Fig. 3 shows the measured and theoretical responses of

an axially aligned probe as a function of its location in

terms of azimuthal angle q, when a TM-polarized plane

wave of 2.45 GHz is incident on the sheathed conducting

cylinder from the @= 180° direction. In this case, the

probe response shows a maximv.m on the front side (i.e.,

@= 180°) and a very small output on the backside (i.e.,

0 = OO). This type of probe response is understandable via
shadow region formation behind a conducting body il-

luminated by EM waves. As seen in Fig. 3, the agreement

between experiment and theory is very good. It is noted

that the theoretical results shown in Fig. 3 were calculated

+- + + probe resp.ose i. .b.e.c. .f *. b+ (ch=or.cical)

Fig. 4. Response of an azimuthatly aligned E-probe near a sheathed
conducting cylinder illuminated by a TE-polarized plane wave at 2.45

GHz.

by taking into account the existence of the dielectric shell.

These theoretical results were not altered significantly when

the existence of the shell was ignored. This implies that the

dielectric shell has a negligible effect on the EM wave

scattering and the probe response when it is filled with

saline water. Also included in Fig. 3 is the probe response

at the same location but in free space after the sheathed

conducting cylinder was removed. This free-space probe

response has a circular pattern with a magnitude a little

larger than the maximum of the probe response in the

presence of the simulated body. This comparison of the

magnitudes of the probe responses does not have signifi-

cant meaning because of the probe response in the pres-

ence of the simulated body can be varied greatly when the

spacing between the probe and the body is changed, due to

the standing wave pattern of the EM wave created by the

body surface.

When .a TE-polarized plane wave illuminates the sheathed

conducting cylinder, both the azimuthally as well as the

radially aligned probes respond. Fig, 4 shows the response

of an azimuthally aligned probe as a function of @when a

TE-polarized plane wave of 2.45 GHz illuminates the

sheathed conducting cylinder from the direction of @=

180°. The probe response shows a maximum on the front

side (~ = 180°) and a very small output on the backside

(4= OO). In Fig. 4, the measured probe response agrees
quite well with the corresponding theoretical probe re-

sponse. It is noted that the theoretical results were very

close for the cases of with and without taking into account

the presence of the dielectric shell. The other pattern in

Fig. 4 represents the probe response in free space or in the
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Fig. 5. Response of a radiatly aligned E-probe near a sheathed conduct-

ing cylinder illuminated by a TE.polarized plane wave at 2.00 GHz.

absence of the sheathed conducting cylinder. This free-space

probe response has a maximum at the directions of @= 0°

and 180°, because the probe is parallel to the incident

electric field for these cases, and it has a null at the

directions of $ = 90° and 270°, because the probe is per-

pendicular to the incident electric field for these cases.

Fig. 5 depicts the measured and theoretical responses of

a radially aligned probe for a TE-polarized plane-wave

illumination with a frequency of 2 GHz. The probe re-

sponse shows a maximum on the right and left sides (i.e., at

@= 110° and o = 250°) and a negligible value on the front

and back sides (O= 180° and @= 0°) of the sheathed

conducting cylinder. The computed results in which the

presence of the dielectric shell is included compare well

with the experimental results as shown in Fig. 5. Again,

when the presence of the shell is ignored in the calcu-

lations, the theoretical results still compare fairly closely

with these experimental results in all cases. The free-space

probe response has a similar pattern as other patterns in

Fig. 5 with the exception of smaller magnitude. This phe-

nomenon is due to the fact that the induced electric field

on the conducting body surface at the direction of r#I= 90°

and 270° is higher than the incident electric field, com-

monly known as the electric-field enhancement [13].

From previous results, it is learned that the theoretical

results on the probe response are not significantly affected

by the presence of the shell and, at the same time, the

theoretical probe response matches very well with the

measured probe response. This implies that the shell in the

presence of filled saline water does not scatter the EM

wave significantly. To explore this implication more care-

fully, experiments were performed with the empty dielec-

1

—. theory , — -?-i-=-t

-s- + + w.be r=sr.Mc. in lb...== .f the b=-4Y (th=c.mtical)

Fig. 6. Response of an axially aligned E-probe near a cylindrical dielec-

tric shell illuminated by a TM-polarized plane wave at 3.00 GHz.

tric shell. Fig. 6 shows one of these experimental results. In

this figtire, the response of an axially aligned E-field probe

near the empty shell is shown, when it is illuminated by a

TM-polarizt?d plane wave of 3 GHz. The measured re-

sponse pattern shows a large peak in the back side (O = 0°)

and some minor peaks in other directions. This result is

completely different from the one we would expect if the

presence of the shell can be ignored; the probe response

would have a circular pattern then. Obviously, the empty

shell, in the absence of filled saline water, scatters the EM

wave significantly. To assure this contention, the corre-

sponding theoretical probe response, with the probe located

on the surface of the empty shell, was calculated and it was

found to be in good agreement with the measured probe

response. As mentioned earlier, the effect of the probe

image is ignored in all the calculations. These results,

indicate that the empty dielectric shell in free space scatters

the incident EM wave significantly, but when ‘the shell is

filled with a medium of high-dielectric constant, the effect

of the shell can then be ignored.

The theory considered for the responses of different

E-field probes in the preceding section matches very well

with the experimental results. Hence, the response of a

system of three orthogonally aligned probes, which is an

usual sensor for the electromagnetic radiation, can be

predicted easily by combining the responses of the three

individual, viz., axial, azimuthal, and radial, probes. Fig. 7

illustrates the response of such a sensor near a cylindrical

model with electrical parameters equivalent to those of the

biological body [10]. The incident wave is assumed to be at

2.45 GHz and its polarization angle varies from 0° to 30°,

60°, and 90°. It may be noted that the response of the

sensor is about the same on the front side for all four
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polarization angles; it increases on the sides with an in-

crease in the polarization angle of the incident field. The

large shadow region on the back side is always there.
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IV. CONCLUSIONS

The response of E-field probes in the proximity of the

human body is studied in this paper. The probe response is

found to be not only the function of the location of the

probe on the body, but also the separation of the probe

from the body surface. The polarization angle and the

direction of the incident field also affect the response to a

large extent. The probe response may be very small or a

null if the incident field is from the back side. Also, it may

indicate a lower level than the actual incident field because

of the destructive interference with the reflected waves.

We also reconfirmed a phenomenon known to re-

searchers in the bioelectromagnetic area: an empty dielec-

tric container perturbs an impressed EM field significantly.

However, when it is filled with biological media or bodies,

the effect of the container becomes negligible. Physically,

this phenomenon can be explained as follows. When an

empty dielectric container (c = 2- 5C~) is located in the

free space (c= CO), the incident EM wave is significantly

scattered or perturbed by the container. However, if the

container is filled with a biological medium (with a high

permittivity, c =40 - 70c0, and a finite conductivity), the

existence of the container (with a lower permittivity and a

nearly zero conductivity y) becomes insignificant because the

biological medium scatters the EM wave much more than

the container does. In this study, we have proved this

phenomenon both theoretically and experimentally.
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