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Numerical Computation of the EM Coupling
Between a Circular Loop Antenna and a

Full-Scale Human-Body Model

W.-T. Chen and H.-R. Chuang

Abstract—This paper presents numerical computation of the electro-
magnetic (EM) coupling between circular loop antennas and a full-scale
human-body model. The loop antenna can bex-, y-, or z-oriented.
Coupled integral equations (CIE’s) and the method of moments (MoM)
are employed to numerically solve this antenna–body-coupling problem.
Numerical results of the antenna radiation characteristics influenced by
the human body and the body-absorption rate from 50 to 400 MHz are
presented. The applications of this study include assessment of a radio-
frequency (RF) dose from a loop antenna and the body effect on the
performance of the loop antenna used in personal communication devices
such as radio pagers.

Index Terms—EM coupling, human body, loop antenna, RF dose.

I. INTRODUCTION

Recently, there has been much research studying the electro-
magnetic (EM) interaction between the dipole-type antenna and the
human body for portable/personal communication interests and radio-
frequency (RF) safety issues [1]–[3]. However, the EM coupling
effect between the loop antenna and a realistically shaped full-scale
human-body model has yet to be further investigated. The interests
include the body absorption of the radiated power from the proxi-
mate loop radiator for RF dose assessment and the communication
performance of the radio-pager’s internal loop antenna affected by
the human operator within vicinity [4]. In [5], the human body was
replaced as a large conducting reflector plane, and the image theory
was applied to analyze this loop antenna and body coupling problem.
The body-absorption effect is not included in this crude analysis. In
[6], a human-head model was employed to numerically study the
coupling effects on the loop antenna. In many cases, such as the loop
antenna of the radio pager kept very close to the abdomen of the
human operator, a realistically shaped full-scale human-body model
is necessary for full investigation.

In this paper, a circular loop antenna and a full-scale human-body
model are used to study the body effect on the loop-antenna char-
acteristics and the body-absorption rate. Coupled integral equations
(CIE’s) and the method of moments (MoM) are used to analyze
this EM coupling problem [7]. Both the Galerkin and point-matching
techniques are applied in the MoM procedure. Numerical results of
the loop withx-, y-, andz- orientations in free space, and proximate
to the body from 50–400 MHz, are presented. The loop-antenna
radiation characteristics at a 280-MHz very high frequency (VHF)
radio-paging band affected by the body is studied. The rate of the
power absorbed by the human body from 50 to 400 MHz is also
calculated for the RF dose assessment.

II. THEORETICAL ANALYSIS

Fig. 1 illustrates a circular loop wire antenna located close to a
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Fig. 1. A circular loop antenna proximate to a human body.

human body. The orientation of the loop antenna is defined by the
vector, which is normal to the loop plane. The loop withx-, y-,
and z- orientations are considered. The loop antenna is excited by
a delta–gap generator of driving-point input voltageVo. The loop
radius isb and the wire radius isa. The electric parameters of the
human-body tissue are expressed as (�, ", �0) and are assumed to
be a nonmagnetic medium. By using the dyadic Green’s function
technique, the integral equation for the electric field induced inside
the body from the nearby radiating antenna and the antenna current
distribution along the surface of the perfectly conducting wire antenna
are given as (1)–(3), shown at the bottom of the following page, where
Vb is the volume of the body and̂s (or ŝ0) is the unit tangential
vector of the field (or source) point on the antenna surface [7]–[13].
Equations (1) and (2) are solved numerically by the MoM. The
loop-antenna current is expanded by the piecewise sinusoidal basis
functions. The electric field in the body is expressed by the pulse
basis functions. In the MoM procedure, the point-matching technique
is applied to (1) and the Galerkin technique is applied to (2).
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Under the perfect-conductor assumption for the loop wire, the antenna
input impedanceZi and the real power delivered to the antenna (for
radiation) is given by

Zi = Vo=Io Pin PEC = 1

2
Re(VoI

�

o ) (5)

whereI0 is the antenna current at the feed point. Since the power
delivered to the antenna should be equal to the sum of the body-
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absorbed powerPabs and the radiation power (to free space)Prad,
these quantities can be used to check the EM coupling computation
accuracy. The computation error is defined as

computation error= jPin PEC � (Prad + Pabs)j=Pin PEC: (6)

In practice, since the conductivity�c of the loop wire is finite, an
ohmic-loss resistance exists. For an electrically small loop antenna,
the ohmic-loss resistance is given by [14], and the ohmic-loss
radiation efficiency can be defined by

Rohm = �f�0=�c (b=a) �r
 = Rr=(Rr +Rohm) (7)

whereRr represents the radiation resistance (real part of the input
impedance). Also, due to the human-body absorption, the body-
absorption radiation efficiency�rb is defined by

�rb =Prad=(Prad + Pabs) = Prad=Pradl

Pradl =Prad + Pabs = the radiation power leaving the antenna:

(8)

The antenna power gain is then expressed as

Gp = �r
�rbG: (9)

It is important that the power gain defined under the body absorp-
tion should be used to evaluate the antenna performance in the
communication-link budget.

Although, in this analysis, the loop antenna is treated as a trans-
mitting antenna, the computed radiation characteristics can also be
used for a receiving antenna from the reciprocity point of view (if
the human body is an EM linear system). It is also important to note
that for the receiving-system analysis [such as signal-to-noise ratio
(SNR)] the antenna noiseTA can be expressed as [14]

TA = �r
Tb + (1� �r
)TP (10)

whereTb is the background noise temperature andTP is the antenna
physical temperature, and only the ohmic-loss radiation efficiency
�r
 is related. The two different radiation efficiencies should be used
carefully in the receiving-system analysis.

III. N UMERICAL RESULTS

A realistically shaped human model with a height of 170 cm
is constructed. Since the main interest is the body effect on the
antenna radiation characteristics, the human body is modeled as a
homogeneous muscle phantom with relative permittivity constant"r
and conductivity�, shown in Table I [15]. The loop antenna is located
adjacent to the center of the abdomen (d = 2 cm, w = 0 cm,
h = 100 cm) with loop radiusb = 1:7 cm and wire radiusa = 0:072

Fig. 2. 280-MHz numerical results of the current distribution and input
impedance of thex-, y-, and z-oriented loop antenna located adjacent to
the center of the human abdomen (d = 2 cm, w = 0 cm, h = 100
cm). Loop radiusb = 1:7 cm (kb = 0:1 at 280 MHz). Wire radius
a = 0:072 cm (Hallen factor2 ln(2�b=a) = 10). Loop-wire ohmic-loss
resistanceRohm = 0:103 
 for copper (�c = 5:8� 107 S/m) at 280 MHz.

cm (kb = 0:1 at 280 MHz). For MoM numerical computation, the
loop is divided to 60 segments and the body is partitioned to 280
cubic cells with a cell size of 5 cm. The three-dimensional (3-D)
Gaussian quadrature method with six points in each dimension is
employed for the numerical volume integrals in the CIE’s.

Fig. 2 shows numerical results of the current distribution and input
impedance of thex-, y-, andz-oriented loop antennas located adjacent
to the center of the human abdomen and in free space at 280 MHz
(VHF radio-paging band). The imaginary part of the current has
almost no change, and the real part of that is highly enhanced when
close to the body. It is observed that the real part of the input current
of the x-, y-, andz-oriented loop increases approximately ten, four,
and six times, respectively. This corresponds to the enhancement of
the real part of the antenna input impedance (also shown in Fig. 2)
by the human body approximately ten times (x-oriented loop), four
times (y-oriented loop), and six times (z-oriented loop), respectively.
The imaginary part of the antenna input impedance has almost no
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TABLE I
NUMERICAL RESULTS OF THERADIATION CHARACTERISTICS OF AY -ORIENTED LOOP ANTENNA IN FREE SPACE OR ADJACENT

TO THE CENTER OF THEHUMAN ABDOMEN (d = 2 cm, w = 0 cm, h = 100 cm) FROM 50 TO 400 MHz. LOOP RADIUS

b = 1:7 cm (kb = 0:1 AT 280 MHz). WIRE RADIUS a = 0:072 cm (HALLEN FACTOR 
 = 2 ln(2�b=a) = 10)

Fig. 3. Computed antenna radiation efficiency versus frequency for loop
antennas located adjacent to the center of the human abdomen (d = 2 cm,
w = 0 cm, h = 100 cm). Loop radiusb = 1:7 cm (kb = 0:1 at 280 MHz).
Wire radiusa = 0:072 cm (Hallen factor2 ln(2�b=a) = 10).

change. By considering the antenna ohmic-loss resistance [copper
�c = 5:8 � 107 S/m], the ohmic-loss efficiency�r
 for the x-, y-,
andz-oriented loop antennas close to the body and in free space at
280 MHz are 70%, 48%, 60%, and 18%, respectively (see Fig. 2).
The increase of radiation resistance indicates a positive effect of the
body, which enhances�r
.

Fig. 3 shows the total antenna efficiency�rt, which is the product
of the body-absorption efficiency and the ohmic-loss efficiency�r


versus frequency (see Table I). The dielectric constant"r and con-
ductivity � of the muscle tissue from 50 to 400 MHz are listed in
Table I [15]. It is observed that"r becomes lower at higher frequency
and, on the contrary, for�. Overall, thex-oriented loop has the
lowest efficiency (less than 10%). This is because the main radiating
direction of thex-oriented loop is toward the human body. In general,

the y-oriented loop antenna has the highest total antenna efficiency.
This is the reason that the vertically polarizedy-oriented loop antenna
is used in a radio pager (see Fig. 4). Note that for the loop antenna
in free space, although�rb is equal to one (no body absorption), the
ohmic-loss efficiency is very low and, hence, its total efficiency is less
than they-oriented loop proximate to the body. It is also observed
that the total efficiency increases with frequency.

Fig. 4 presents the two-dimensional (2-D) power gain patterns of
theE� (vertical polarization) andE� (horizontal polarization) fields
of thex-, y-, andz-oriented loop antennas in theH-plane(� = 90�)
at 280 MHz for VHF radio-paging application. The two radiation
efficiencies�rb and �r
 were taken into account to compute the
power gain patterns [see (9)]. It can be seen that the coupling and
absorption effects of the nearby human body significantly affect the
radiation patterns. For thex-oriented loop antenna, theE� power
pattern is highly attenuated for up to 10 dB. This is because a large
part (up to 95%) of the power radiated from the antenna is absorbed
by the body, although the radiation efficiencies�r
 are enhanced
by the body. However, the body coupling effect enhances theE�

power pattern for approximately 8 dB in the backward direction
(� = 180�). For they-oriented loop antenna, the two nulls in 90�

and 270� directions of the free-spaceE� pattern are “filled” when the
loop antenna is close to the body. This is a positive effect of the body
coupling, which enhances the power gain in the two null directions for
the desired omnidirectional pattern in radio-paging communication.
The expected attenuation of theE� field toward the direction of the
body (� = 180�) is observed, and the maximum attenuation level
is about 10 dB. However, the enhancement of the power gain in the
front direction of the body is approximately 4 dB. For thez-oriented
loop antenna in theH-plane, there is almost noE� field, and theE�

field is enhanced approximately 3 dB in the front direction, and is
attenuated approximately 3 dB in the backward direction. Numerical
data of the maximum and minimum directive/power gains of they-
oriented loop antenna are shown in Table I. Fig. 5 shows the three
kinds of radiation efficiency of they-oriented loop as a function of
the lateral distancew from the center of the abdomen (see Fig. 1). It
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(a)

(b)

(c)

Fig. 4. Computed power patterns(Gp = �r
�rbG) of E� andE� fields in theH-plane for loop antennas in free space or adjacent to the center of
the human abdomen (d = 2 cm, w = 0 cm, h = 100 cm). (a) x-oriented loop. (b)y-oriented loop. (c)z-oriented loop. Loop radiusb = 1:7 cm
(kb = 0:1 at 280 MHz). Wire radiusa = 0:072 cm (Hallen factor2 ln(2�b=a) = 10).

is observed that the variation of the total radiation efficiency versus
the lateral distancew is not high.

Table I summarizes radiation characteristics and body absorption
of a y-oriented loop antenna in free space, which is adjacent to the
center of the human abdomen from 50 to 400 MHz. It is observed
that the increasing rate of the real part of the antenna input impedance
(radiation resistance) with frequency is much faster than that of the
imaginary part. This is because the loop becomes electrically larger at
higher frequency, although it is still an electrically small loop antenna
at the frequency range (50–400 MHz) considered. Although the loop
ohmic-loss resistance also increase with frequency, the ohmic-loss
efficiency in free space increases from 0.12% at 50 MHz to 46.8% at
400 MHz. Regarding the human-body coupling effect, as expected,

the radiation resistance of they-oriented loop is enhanced by the
body and, hence, the ohmic-loss efficiency increases from 0.67% at
50 MHz to 67% at 400 MHz. For the body-absorption efficiency,
higher efficiency means less body-absorption rate of the radiated
power. It is observed that the body-absorption efficiency (for the
y-oriented loop) is more than 60% when higher than 280 MHz. The
total radiation efficiency has the same trend which increases from
0.19% at 50 MHz to approximately 45% at 400 MHz. For receiving
system analysis in wireless-communication environments, the noise
temperatureTA of the antenna is calculated by assumingTb = 200 K
andTp = 300 K [see (10)]. Since the ohmic-loss efficiency increases
with frequency, the noise temperature of the loop proximate to the
body decreases from approximately 300 to 232 K at a 50–400-MHz
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Fig. 5. Computed radiation efficiency of ay-oriented loop antenna proximate
to a human body versus the lateral distancew from the center of the human
abdomen. Loop radiusb = 1:7 cm (kb = 0:1 at 280 MHz). Wire radius
a = 0:072 cm (Hallen factor2 ln(2�b=a) = 10).

range. It is also noted that compared with the loop in free space,
the noise temperature is approximately 30 K lower for they-oriented
loop proximate to the body when frequency is higher than 280 MHz.
Table I also shows the maximum/minimum directive and power gains
of they-oriented loop in theH-plane at 280 MHz. For theE� pattern,
although maximum directive gain is reduced from 1.52 dB in free
space to�3.9 dB due to the body blocking and absorption effects,
the maximum power gain is enhanced from�5.93 to�1.49 dB.
This is contributed by the enhancement of the ohmic-loss efficiency
by the body. The highly increasing of the minimum directive gain
(from�100 dB to�9 dB) and power gain (from�100 dB to�14.47
dB) when proximate to the body also indicates the positive effect of
the human body.

IV. CONCLUSION

Analysis and numerical computation of EM coupling between
a circular loop antenna with different orientations and a full-scale
human-body model from 50 to 400 MHz have been performed.
The body has the highest absorption rate of the radiated power
from the x-oriented loop antenna. Hence, thex-oriented loop may
be suitable for the hyperthermia-applicator application to achieve
efficient power deposition. They- and z-oriented loop antennas are
suitable for personal wireless-communication applications by consid-
ering the radiation efficiency and power patterns. Numerical results
for the antenna input impedance, radiation patterns/polarization level,
radiation efficiency, and power gain are important for the applications
of different aspects.
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New Tunable Phase Shifters Using
Perturbed Dielectric Image Lines

Ming-yi Li and Kai Chang

Abstract—This paper presents new tunable phase shifters using per-
turbed dielectric image lines (DIL’s). The propagation constant in the
DIL was perturbed by a movable metal reflector plate installed in parallel
with the ground plane of the DIL. The phase shift was thus controlled
and adjusted by varying the perturbation spacing between the DIL and
movable reflector plate at a given operating frequency. A rigorous hybrid-
mode analysis was used for calculating the dispersion of propagation
constants in the perturbed DIL, and then for designing tunable phase
shifters. Ka-band tunable phase shifters have been designed, fabricated,
and tested. Measurement results agree well with theoretical predictions.
The device is especially useful for millimeter-wave applications where
traditional phase shifters are lossy.

Index Terms—Dielectric image lines, millimeter waves, tunable phase
shifters.

I. INTRODUCTION

Dielectric image lines (DIL’s) have reduced losses compared to
microstrip lines at millimeter-wave frequencies since most of the
signal travels in the low-loss dielectric region [1]. This structure
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