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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 (©eu,)

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 ber-, 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. A _ 2 N

Index Terms—EM coupling, human body, loop antenna, RF dose. ‘@ S 2

I. INTRODUCTION x-oriented y-oriented z-oriented

Recently, there has been much research studying the elecitg: 1. A circular loop antenna proximate to a human body.
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 couplinguman body. The orientation of the loop antenna is defined by the
effect between the loop antenna and a realistically shaped full-sc4@gtor, which is normal to the loop plane. The loop with y-,
human-body model has yet to be further investigated. The interedftfl z- orientations are considered. The loop antenna is excited by
include the body absorption of the radiated power from the prox@ delta—gap generator of driving-point input voltale The loop
mate loop radiator for RF dose assessment and the communicafi@#us isb and the wire radius is. The electric parameters of the
performance of the radio-pager’s internal loop antenna affected Byman-body tissue are expressed @s=( n0) and are assumed to
the human operator within vicinity [4]. In [5], the human body wa$€e a nonmagnetic medium. By using the dyadic Green’s function
replaced as a large conducting reflector plane, and the image thééghnique, the integral equation for the electric field induced inside
was applied to analyze this loop antenna and body coupling problelfie body from the nearby radiating antenna and the antenna current
The body-absorption effect is not included in this crude analysis. fhstribution along the surface of the perfectly conducting wire antenna
[6], a human-head model was employed to numerically study ti&e given as (1)—(3), shown at the bottom of the following page, where
coupling effects on the loop antenna. In many cases, such as the Ibops the volume of the body and (or #') is the unit tangential
antenna of the radio pager kept very close to the abdomen of Wgetor of the field (or source) point on the antenna surface [7]-[13].
human operator, a realistically shaped full-scale human-body mod#uations (1) and (2) are solved numerically by the MoM. The
is necessary for full investigation. loop-antenna current is expanded by the piecewise sinusoidal basis

In this paper, a circular loop antenna and a full-scale human-botinctions. The electric field in the body is expressed by the pulse
model are used to study the body effect on the loop-antenna chR@sis functions. In the MoM procedure, the point-matching technique
acteristics and the body-absorption rate. Coupled integral equatiéh@pplied to (1) and the Galerkin technique is applied to (2).
(CIE's) and the method of moments (MoM) are used to analyze The total radiation field £ , H ) is the sum of the radiation field
this EM coupling problem [7]. Both the Galerkin and point-matchingrom the antenna and the scattered field from the body. The radiation
techniques are applied in the MoM procedure. Numerical results @bwer to free space, body absorbed power, and antenna directive
the loop witha:-, y-, andz- orientations in free space, and proximatgain G' can be expressed as
to the body from 50-400 MHz, are presented. The loop-antenna

radiation characteristics at a 280-MHz very high frequency (VHF) Braa = f % Re[E" x H™ |- d3
radio-paging band affected by the body is studied. The rate of the : 1

power absorbed by the human body from 50 to 400 MHz is also Py = / - a|1§|2 dv
calculated for the RF dose assessment. v, 2

1/2 Re[E" x A"
0.0y = 2RI < A7)
Il. THEORETICAL ANALYSIS Praa/(47r?)
Fig. 1 illustrates a circular loop wire antenna located close to'dnder the perfect-conductor assumption for the loop wire, the antenna

input impedanceZ; and the real power delivered to the antenna (for
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absorbed poweP,1,. and the radiation power (to free spad@).q, ++X-oriented loop with Eogy
L . . ] - - t!
these quantities can be used to check the EM coupling computation 5B [ 87 0hctied 100p with body 1m(1) ’
accuracy. The computation error is defined as [ {—1n free space T ['\
computation erroe= |Py,_pec — (Prad + Pabs)|/Pu_prrc.  (6) 2B005 [ M S A A0 AR 4SS l'\_l' MM 001
In practice, since the conductivity. of the loop wire is finite, an ~ __ I |
ohmic-loss resistance exists. For an electrically small loop antenna;< 1SE-005 ‘

the ohmic-loss resistance is given by [14], and the ohmic-loss §
radiation efficiency can be defined by

Rnh]n =V ’/Tfllo/ffc (b/(l) N = RV/(RI + Rolnn) (7)

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

Real P

1E-005

Imaginary Part (A)

SE-006

0 T * 0.05

N6 = Prad/(Prad + Pabs) = Praa/ Praal 0 90 180 270 360
Praa1 = Praa + Pans = the radiation power leaving the antenna Degree
8
Input Impedance Ohmic-loss Etficiency 1, (%)

The antenna power gain is then expressed as Joop in frc space 0.022+]129 18
x-oriented loop (close to body) 0.240+129 70

Gp = nranreG. 9) y-oriented loop (close to body)  0.094+j129 48

z-oriented loop (close to body) 0.155+j129 60

It is important that the power gain defined under the body absorp-

tion should be used to evaluate the antenna performance in ffig 2. 280-MHz numerical results of the current distribution and input
communication-link budget impedance of ther-, y-, and z-oriented loop antenna located adjacent to

. . . . the center of the human abdomet#i &€ 2 cm, w = 0 cm, A = 100
Although, in this analysis, the loop antenna is treated as a traRg). Loop radiush = 1.7 cm (b = 0.1 at 280 MHz). Wire radius

mitting antenna, the computed radiation characteristics can alsode 0.072 cm (Hallen factor2 In(27b/a) = 10). Loop-wire ohmic-loss
used for a receiving antenna from the reciprocity point of view (ifesistanceRonm = 0.103 €2 for copper ¢. = 5.8 x 107 S/m) at 280 MHz.
the human body is an EM linear system). It is also important to note

t(g?\}é;)]r t;]h: z;r?tceer:\r?;gn-ziys%en;a?]nggseli [ri)uscsz(j\zss?lrﬁl-to-n0|se ractslrcr)] (b = 0.1 at 280 MHz). For MoM numerical computation, the
A P loop is divided to 60 segments and the body is partitioned to 280

Ta =0Ty + (1 —m0)Tp (10) cubic cells with a cell size of 5 cm. The three-dimensional (3-D)

hereT is the back 4 noi is th Gaussian quadrature method with six points in each dimension is
whereT,, is the background noise temperature diidis the antenna employed for the numerical volume integrals in the CIE’s.

phy;lcal temperature, apd only thg (.)hmlc-.lo.ss r.adlatlon efﬂuencyFig 2 shows numerical results of the current distribution and input
n-o is related. The two different radiation efficiencies should be us%pedance of the-, y-, and=

i . . -oriented loop antennas located adjacent
carefully in the receiving-system analysis.

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
. NUMERICAL RESULTS almost no change, and the real part of that is highly enhanced when
A realistically shaped human model with a height of 170 cralose to the body. It is observed that the real part of the input current
is constructed. Since the main interest is the body effect on théthe x-, y-, andz-oriented loop increases approximately ten, four,
antenna radiation characteristics, the human body is modeled agnd six times, respectively. This corresponds to the enhancement of
homogeneous muscle phantom with relative permittivity constant the real part of the antenna input impedance (also shown in Fig. 2)
and conductivityr, shown in Table | [15]. The loop antenna is locatedy the human body approximately ten timesdfriented loop), four
adjacent to the center of the abdomeh £ 2 cm, w = 0 cm, times (-oriented loop), and six times<{oriented loop), respectively.
h = 100 cm) with loop radiud = 1.7 cm and wire radiua = 0.072 The imaginary part of the antenna input impedance has almost no

14 2 E(?)—Pv/ r(#)VE( )G, T ) dv’
3jwe, ’ v,
= / I(s)d - G(7.8) ds' Q)
ant
1 / s.di2n(sy 4 2L 2 G(s,s')ds'—l—/ §-G(s,7)-r(7HE(T ) dv'
JWeo Jant gds’ 0Os i
= —V,6(s) @)

(1) =o(r)+jwle(r) — =]
G(r, 7)) = —jwpe F n I% VV}G(T«,?')

[——

G, 7 )= e~ "= | a7 — 7] @3)
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TABLE |
NUMERICAL RESULTS OF THERADIATION CHARACTERISTICS OF AY -ORIENTED LOOP ANTENNA IN FREE SPACE OR ADJACENT
TO THE CENTER OF THE HUMAN ABDOMEN (d = 2 cm, w = 0 cm, h = 100 cm) FrRoM 50 To 400 MHz. Loopr RADIUS
b=1.7cm (kb = 0.1 AT 280 MHz). WRE Rabius @ = 0.072 cm (HALLEN FACTOR Q = 2In(27b/a) = 10)

Frequency (MHz) 50 100 200 280 400
Human Muscle Tissue (g,,0) (92.1,0.71)  (71.7,0.89) (56.5,1.28) (54.5,1.35) (53.2,1.41)
Ohmic-loss Resistance () 0.043 0.061 0.088 0.103 0.125
Input Impedance in Free Space (2) 5.0x1()'5+j23 3.1x107%+j45  0.006+j90 0.0224j129  0.11+4j196
Ohmic-loss Efficiency 1, (%) 0.12 0.51 6.4 17.6 46.8
Noise Temperature** 7, (K) 299 299 293.6 282.4 253.2
Input Impedance proximate to Human Body () 2.9x107%4j23  9.5x107+j45 0.035+j90 0.094+j129  0.264196
Ohmic-loss Efficiency m,,, (%) 0.67 134 28.8 48 67.5
Body-absorption Efficiencyn,, (%) 28.1 47.9 40.9 60 67

Total Radiation Efficiency* 1, (%) 0.19 6.4 11.8 28.8 452
Noise Temperature** 7, (K) 299.3 286.6 271.2 252 232.5
Computation Error (%) 1.3 0.35 0.27 0.8 24

280 MHz In free space proximate to h body

Ey H-plane Max. Directive Gain (dB) 1.52 -3.91

E, H-plane Min Directive. Gain (dB) <-100 -9.07

E, H-plane Max. Directive Gain (dB) -12.4 -15.9

E, H-plane Min. Directive Gain (dB) <-100 <-100

E, H-plane Max. Power Gain (dB) -5.93 -1.49

E, H-plane Min. Power Gain (dB) <-100 -14.47

E, H-plane Max. Power Gain (dB) -19.9 -21.3

E, H-plane Min. Power Gain (dB) <-100 <-100

* Total Radiation Efficiency 1,=m,q x M,
** Assuming 7, =200 K and 7, =300 K

0.5

, . the y-oriented loop antenna has the highest total antenna efficiency.
:L‘fggé;tgdei?;fw"'hh body| | This is the reason that the vertically polarizedriented loop antenna
04 |-|-=y-oriented loop with body| .. . s// | is used in a radio pager (see Fig. 4). Note that for the loop antenna
[ °Z‘°r‘°‘ft°d loop ‘”’fh body| in free space, although.» 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
the Ey (vertical polarization) andt,, (horizontal polarization) fields
of the z-, y-, andz-oriented loop antennas in tté-plane(f = 90°)
at 280 MHz for VHF radio-paging application. The two radiation
efficienciesn,, and .o were taken into account to compute the
power gain patterns [see (9)]. It can be seen that the coupling and
o 100 200 300 400 absorption effects of the nearby human body significantly affect the
Frequency (MHz) radiation patterns. For the-oriented loop antenna, th&, power
pattern is highly attenuated for up to 10 dB. This is because a large
Fig. 3. Computed antenna radiation efficiency versus frequency for Io%rt (up to 95%) of the power radiated from the antenna is absorbed
i?tjnonﬁrsn}%?itefogtﬂ;(;?%gopt:];jiﬁg‘tirf; t(?ri aimj%_?b;%niﬂ(ﬂg’. by the body, although the radiation eff_iciencie,sn are enhanced
Wire radiusa = 0.072 cm (Hallen factor2 In(27b/a) = 10). by the body. However, the body coupling effect enhancesHhe
power pattern for approximately 8 dB in the backward direction
(¢ = 180°). For they-oriented loop antenna, the two nulls in°90
o ] ] and 270 directions of the free-spadgé, pattern are “filled” when the
change. By considering the antenna ohmic-loss resistance [COPRR}, antenna is close to the body. This is a positive effect of the body
0. = 5.8 x 10" S/m], the ohmic-loss efficiency,o for the z-, y-,  coupling, which enhances the power gain in the two null directions for
and z-oriented loop antennas close to the body and in free spacey@ desired omnidirectional pattern in radio-paging communication.
280 MHz are 70%, 48%, 60%, and 18%, respectively (see Fig. Zje expected attenuation of tt# field toward the direction of the
The increase of radiation resistance indicates a positive effect of lf@jy (¢ = 180°) is observed, and the maximum attenuation level
body, which enhancesg.q. is about 10 dB. However, the enhancement of the power gain in the
Fig. 3 shows the total antenna efficiengy, which is the product front direction of the body is approximately 4 dB. For theriented
of the body-absorption efficiency and the ohmic-loss efficieney loop antenna in thé-plane, there is almost nB, field, and theFE,
versus frequency (see Table I). The dielectric constanand con- field is enhanced approximately 3 dB in the front direction, and is
ductivity o of the muscle tissue from 50 to 400 MHz are listed imttenuated approximately 3 dB in the backward direction. Numerical
Table | [15]. It is observed that. becomes lower at higher frequencydata of the maximum and minimum directive/power gains ofithe
and, on the contrary, for. Overall, thexz-oriented loop has the oriented loop antenna are shown in Table I. Fig. 5 shows the three
lowest efficiency (less than 10%). This is because the main radiatikipds of radiation efficiency of thg-oriented loop as a function of
direction of thez-oriented loop is toward the human body. In generathe lateral distance’ from the center of the abdomen (see Fig. 1). It

Tt

03 |

02

Total Radiation Efficiency n
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E# pattern —with the body E¢ pattern
Y - in free space
90°

270- 270°

(b)

270°

(©
Fig. 4. Computed power patteri&’, = n,on+G) of Ey and E4 fields in the H-plane for loop antennas in free space or adjacent to the center of
the human abdomeni(= 2 cm, w = 0 cm, h = 100 cm). (a) z-oriented loop. (b)y-oriented loop. (c)z-oriented loop. Loop radiu$ = 1.7 cm

(kb = 0.1 at 280 MHz). Wire radiuse = 0.072 cm (Hallen factor2In(2xb/a) = 10).

is observed that the variation of the total radiation efficiency verstise radiation resistance of theoriented loop is enhanced by the
the lateral distancev is not high. body and, hence, the ohmic-loss efficiency increases from 0.67% at
Table | summarizes radiation characteristics and body absorpt®ed MHz to 67% at 400 MHz. For the body-absorption efficiency,
of a y-oriented loop antenna in free space, which is adjacent to thggher efficiency means less body-absorption rate of the radiated
center of the human abdomen from 50 to 400 MHz. It is observgmbwer. It is observed that the body-absorption efficiency (for the
that the increasing rate of the real part of the antenna input impedapeeriented loop) is more than 60% when higher than 280 MHz. The
(radiation resistance) with frequency is much faster than that of thwtal radiation efficiency has the same trend which increases from
imaginary part. This is because the loop becomes electrically largefat9% at 50 MHz to approximately 45% at 400 MHz. For receiving
higher frequency, although it is still an electrically small loop antenrgystem analysis in wireless-communication environments, the noise
at the frequency range (50-400 MHz) considered. Although the lotgmperaturd’4 of the antenna is calculated by assumfiyg= 200 K
ohmic-loss resistance also increase with frequency, the ohmic-l@sgi7;,, = 300 K [see (10)]. Since the ohmic-loss efficiency increases
efficiency in free space increases from 0.12% at 50 MHz to 46.8%with frequency, the noise temperature of the loop proximate to the
400 MHz. Regarding the human-body coupling effect, as expectdmhdy decreases from approximately 300 to 232 K at a 50-400-MHz



1520 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 10, OCTOBER 1998

1 T [5] K. lto, I. Ida, and M. Wu, “Body effect on characteristics of small

loop antenna in pager systems” il BEE AP-S Int. Symp. Digvol. 2,

Chicago, IL, July 1992, pp. 1081-1084.

075 L TIIb [6] J. S. Colburn and Y. Rahmat-Samii, “Electromagnetic scattering and

; radiation involving dielectric objects,J. Electromag. Waves Applicat.
/ ~ vol. 9, no. 10, pp. 1249-1277, 1995.

N~ s 7 ] [7] H.-R. Chuang and W.-T. Chen, “Numerical modeling of EM coupling

between a loop antenna and a 3-D lossy body objecthin Symp.

C T EMC, Rome, ltaly, Sept. 1996, pp. 204-209.

[8] J. Van Bladel, “Some remarks on Green’s dyadic for infinite space,”

n IRE Trans. Antennas Propagatol. AP-9, pp. 563-566, 1961.

025 [ . [9] D. E. Livesay and K. M. Chen, “Electromagnetic fields induced inside
arbitrarily shaped biological bodies)EEE Trans. Microwave Theory
Tech, vol. MTT-22, pp. 1273-1280, Dec. 1974.

[10] K. M. Chen, “A simple physical picture of tensor Green'’s function in

0 . i i . source region,’Proc. |IEEE vol. 65, pp. 1202-1204, Aug. 1977.

0 4 8 12 16 [11] D. P. Nyquist, K. M. Chen, and B. S. Guru, “Coupling between
small thin-wire antennas and a biological bodigEE Trans. Antennas
Propagat, vol. AP-25, pp. 863-866, Nov. 1977.

Fig. 5. Computed radiation efficiency of/aoriented loop antenna proximate [12] A. D. Yaghjian, “Electric dyadic Green’s functions in the source region,”

Radiation Efficiency
i =
7
N
!
=

Lateral Distance w (cm)

to a human body versus the lateral distancérom the center of the human Proc. IEEE vol. 68, pp. 248-263, Feb. 1980. _
abdomen. Loop radius = 1.7 cm (kb = 0.1 at 280 MHz). Wire radius [13] K. Karimullah, K. M. Chen, and D. P. Nyquist, “Electromagnetic
a = 0.072 cm (Hallen factor2 In(2wb/a) = 10). coupling between a thin-wire antenna and a neighboring biological body:

Theory and experiment/EEE Trans. Microwave Theory Teclvol. 28,
pp. 1218-1225, Nov. 1980.

range. It is also noted that compared with the loop in free spa({é“] J. D. Kraus Antennas New York: McGraw-Hill, 1988, ch. 6.

the noise temperature is approximately 30 K lower forghariented 15 ¢ c Johnson and A. W. Guy, “Nonionizing electromagnetic wave
) e : effects in biological materials and system®&foc. IEEE vol. 60, pp.

loop proximate to the body when frequency is higher than 280 MHz. 692718, June 1972.

Table | also shows the maximum/minimum directive and power gains

of they-oriented loop in the? -plane at 280 MHz. For th&), 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 fror5.93 to —1.49 dB. . )

This is contributed by the enhancement of the ohmic-loss efficiency New Tunable Phase Shifters Using

by the body. The highly increasing of the minimum directive gain Perturbed Dielectric Image Lines

(from —100 dB to—9 dB) and power gain (fromra-100 dB to—14.47

dB) when proximate to the body also indicates the positive effect of

the human body.

Ming-yi Li and Kai Chang

Abstract—This paper presents new tunable phase shifters using per-
IV. CoNcLusIioN turbed dielectric image lines (DIL's). The propagation constant in the

Analysis and numerical computation of EM coupling betweeRIL Was perturbed by a movable metal reflector plate installed in parallel
ith the ground plane of the DIL. The phase shift was thus controlled

a circular loop antenna with different orientations and a fulI-sca‘%d adjusted by varying the perturbation spacing between the DIL and
human-body model from 50 to 400 MHz have been performeghovable reflector plate at a given operating frequency. A rigorous hybrid-
The body has the highest absorption rate of the radiated powesde analysis was used for calculating the dispersion of propagation
from the z-oriented loop antenna. Hence, theoriented loop may constants in the perturbed DIL, and then for designing tunable phase

: . . s . ifters. Ka-band tunable phase shifters have been designed, fabricated,
be suitable for the hyperthermia-applicator application to aChle\Z%d tested. Measurement results agree well with theoretical predictions.

efficient power deposition. Thg- and z-oriented loop antennas arethe device is especially useful for millimeter-wave applications where
suitable for personal wireless-communication applications by consighditional phase shifters are lossy.
ering the radiation efficiency and power patterns. Numerical result%ndex Terms—Dielectric image lines, millimeter waves, tunable phase
for the antenna input impedance, radiation patterns/polarization levgliers. ' '
radiation efficiency, and power gain are important for the applications
of different aspects.

I. INTRODUCTION
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