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Numerical Computation of Human Interaction
with Arbitrarily Oriented Superquadric Loop
Antennas in Personal Communications

Wen-Tzu ChenStudent Member, IEEEand Huey-Ru Chuangvlember, IEEE

Abstract—Loop antennas are widely used in many personal input impedance radiation patterns/polarizations and antenna
communication systems such as radio pagers. This paper presentsefficiency are strongly influenced by the nearby body tissue.
results from an extensive numerical simulation of the human Several research efforts have been devoted to evaluation of

interaction with loop antennas. The loop antenna with a su- . . .
perquadric curve, which is able to model the circular, ellipse, € éléctromagnetic (EM) interaction between the human body

square, and rectangular loop is used to model the rectangular loop (Particularly the head) and the hand-set dipole or monopole
antenna with rounded corners. The magnetic frill source is used antennas [1]-[3]. For the loop antennas, which sometimes are
to model the antenna feeding structure. A realistically shaped more suitable than dipole-whip antennas for certain mobile and
full-scale human-body model (1.7:m) is constructed. The coupled o a1 communication applications (such as radio paging),
integral equations (CIE) approach, which consists a Pocklington- . . .
type integral equation (PIE) for the loop antenna and a volume the human interaction effect has not been widely reported yet.
electric field integral equation (VEFIE) for the body with mutual Radio paging is a cost-effective solution for altering per-
coupling terms, are developed to numerically study this elec- sonnel by transmitting one-way messages or data. The pagers
tromagnetic (EM) coupling problem. The method of moments  gre widely used in wireless communications due to low cost,

(MoM) is employed for numerical solution. Numerical results for . . .
the antenna located at the chest pocket and waist-belt levels Ofsmall size, and low-power consumption. Usually, the internal

the human body with arbitrary loop orientations are presented ar_ltennas of a pager is a loop an_tenna since it has compar-
at 280-MHz VHF paging band. The pager’s internal rectangular atively better performance than dipole-type antennas due to

loop antenna with rounded corners is modeled by a superquadric the human-body effect [4]. This is due to the enhancement

loop antenna. It is found that the real part of the impedance i
(radiation resistance) increases about five times and, hence, thef)f the magnetic field by the human body when the pager

antenna ohmic-loss radiation efficiency increases from 4% (in is in the vicinity _Of the body. A pager is usually worn or'1
free-space) to 33, 17, and 26% for ther-, y-, and z-oriented the belt or kept in the chest pocket and may be kept with

loops when proximate to the body. The radiation efficiencies, different orientation with respect to the body. Hence, the
reduced by the bOdy absorptlon effect, are 13, 40, and 27% for pager’s antenna is in proximity to and may have different

the -, y-, and :-oriented loops, respectively. For they-oriented o niations with respect to the human body. It will be shown
loop, which is found to be the most suitable for radio-paging

communications, it has the highest value off, average power |ater that EM-coupling effects of the human body on the

gain (product of the directive gain and the ohmic-loss and body- antenna performance strongly depend on the orientation of the
absorption efficiencies) in the horizontal plane. The computed loop. For the design consideration of the pager antenna, it is
antenna characteristics influenced by the human body, including jmportant to investigate the antenna characteristics influenced

the input impedance, antenna patterns, cross-polarization field . .
level, radiation efficiencies, and maximum/minimum and average by the human body and the loop orientation. In [5], the

power gains, are very useful for the antenna/RF design and the P0dy was replaced as a large conducting reflector plane and
link budget consideration of the personal communication systems. the image theory was applied to approximately evaluate the

Index Terms—Human factors, loop antennas, mobile commu- characteristics of rectangular antenna. In [6], a numerical
nication. model of the head was constructed and the method of moments
was applied to analyze the EM-coupling issue. An experiment
has been conducted to measure the field-strength sensitivity
of the body-worn pager by using a 1.7-m height cylindrical

N personal wireless communications, the human interactiphantom contained the salty water to simulate the human body

with the antenna mounted on the portable communicat@. It is found that the human body and the body posture
is one of the most important considerations for the antenmauld significantly affect the field-strength sensitivity of the
design. Since the portable communicators are usually vergger. This indicated a realistically shaped full-scale human-
close to the human body, the antenna characteristics suclbady model is necessary for the full investigation of this

) ) ) i problem. Recently, coupled-integral-equations (CIE)/method-
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Fig. 1. EM coupling between an arbitrarily oriented superquadric loop antenna and a proximate human-body model at the chest pocket level or
the waist belt level.
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model the circular, ellipse, square, and rectangular loopsAsotated coordinate fram& *Y*Z* is introduced to describe
a better model than the circular loop to simulate the pagetise arbitrary orientation of a superquadric loop antenna. It can
antenna. be obtained by the axis rotations of the original coordinate
This paper presents extensive numerical simulation of tframe XY Z with the Eulerian angles,, 6., ¥.,), as shown
human interaction with a superquadric loop antenna, whiah Fig. 1. In the coordinate rotation, the anglg is assumed
has arbitrary orientations. The coordinate transformation tedb-be equal to zero. Therefore, the unit vectdrof the new
nigue is employed to describe the loop antenna of arbitracgordinate system is now in thé-Z* plane. The unit vector
orientation. The CIE/MoM, which consists a Pocklington-typé* is chosen to define the orientation of the superquadric loop
integral equation (PIE) for the superquadric loop antenna aadtenna and the loop plane coincides with fh&Y™ plane.
a volume electric field integral equation (VEFIE) for the bodyn this case, the parametric expression of a superquadric curve
with mutual coupling terms, are developed to numericalip the X*-Y* plane is given by [9], [10]
study this EM-coupling problem. A realistically shaped 3-D
man model with a height of 170 cm is used in the numerical v
simulation. Numerical results at 280-MHz VHF paging band b
will be presented. The situations of the loop antenna witbhere and b are the semi-axis lengths in th€* and Y*
various orientations in free-space and proximate to the bogyis andv is the squareness parameter. The expression of a
are studied and compared for radio-paging communicatieperquadric curve in (1) has flexibility for modeling circular,
applications. It is noted that although in this analysis the loafllipse, square, and rectangular thin-wire loop antennas. If
antenna is treated as a transmitting antenna, the compuied= 4 and v = 2, it is a circular loop. Ifv is large
radiation characteristics can also be applied for a receiviggiough, for examples = 20, it is almost a square loop.
antenna. This is from the reciprocity point of view, assumingy Fig. 1 the superquadric curves with various squareness
the human body is a linear and isotropic EM system. parameters is also illustrated. An alternative representation
of the superquardric loop is given by [9]

A. A Superquadric Loop Antenna with Arbitrary Orientation \¥" = l"/’(d)*) sin ¢ (|sing* [ 4 | cos ¢*[*)1/¥

A superquadric loop antenna with arbitrary orientation lo- 0<¢7 < 2. @)
cated near a human body is shown in Fig. 1. Since a pagefe differential arc lengtkls can be expressed in terms of the
may be kept in the chest pocket or worn on the waist belf¢* as in the following:
the two positions of the loop antenna, the pocket ledek(2 _
cm, w = 10 cm, h = 120 cm) and the belt leveld(= 2 cm, 5" = (V/a?|sin ¢*[2=2 12| cos ¢* [2=2)9) "+ (§") dop*
w = —10 cm, h = 100 cm), are considered as shown in Fig. 1. = A(¢™) dp*. 3)

v

=1 (1)

*® |V *®

T

a

"

Il. THEORETICAL ANALYSIS AND COMPUTATIONAL MODEL
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In order to derive the coupling terms in the moment methainusoidal basis functions and the induced electric field in the
solution, the expression of the arbitrarily oriented loop in coobody is approximated by the pulse functions
dinate frameX*Y™* Z* is converted to the reference-coordinate N,
form. Using the coordinate transformation technique [11], thje(d)*) _ Z Lo fu(6%)
position componentéz, ¥, z) are related tqz*, y*, 2*) via a =
coordinate transformation matrix as

. Ny Ny Ny
080, CO8 ¢, —Sin¢, Sinb,, cos o, * E(T):xZE:p"(T)—’_yZE;}p"(T)+ZZEQP"(T)
= |cosOy,sing, COSpy St by sin ¢y, . n=t n=t n=t ®)

—sin b, 0 cos 6y,
(4) wherel,, E7, E}, and E7 are the unknown coefficients to
be determined. By applying the Galerkin technique and the
Therefore, the representation of a superquardric loop in tpeint-matching technique to (6) and (7), it leads to two sets
reference coordinate fram&Y Z can be obtained from (2) of simultaneous equations as follows:
and (4). The unit tangential vectdron the antenna surface

: N ~ . Ng N b
* -1 41 n41
can be expressed in terms 6f and g* [6]. By using the Z—Tn/ / {(Sm o +8yS;)

@ 8
@ 8

™
N

coordinate transformation (4), the expressiors afi terms of  jwe, ot

1—1

Z, 4, and Z can be obtained.

* *. /kOR + 1 * *
< k2 (o)A - PRI (g o
B. EM-Coupling Formulation A fn(d*)
] ] N ) ) - * */TL—G' - *A *d*/d*
The electric fieldE* radiated from the antenna induces an o (07— u7)] dp* } Sl @T)A(F") dg™ d
equivalent current density., inside the human body. The N, 3 ¢rin
equivalent current density inside a lossy body with parameters — Z Z E;"P / Tn/ I:Swamp(377,/)
(0., 10) IS given by n=1p=1 Vb 1
. . _ _ + 8y Gya, (5,7") + 8:Gan, (5,7)] fi(6*)A(¢7) dp* df
Jeg(P) = [0+ jwle — e)JB() = rE@.  (5) e
TR . - = sued" +5y-07) - EN(@") () A(¢") d”
The total electric field inside the body is the sum of the incident /45;1 ( v ) (@) (@A)

field radiated from the loop antenna and the body-scattered (9)

field determined from the equivalent current density. By using 3 N, ¢7
the dyadic Green’s function technique, the total electric fieldz xp{ Zjn/ (G (75, 8 ) 55 + Gy (75,8},
inside the body and the loop-antenna current distribution cap=: n=1 @51
be formulated as [6], [8] +Gmpz(ﬂ‘,8’)Sz]fn(</)*’)A(</)*’)dd)*’
~1 s I(s) @ e S o
e, /am [3'5/k01(3/)+ o5 s G(s,s')ds +z:1221E% TnPV-/(A’U) Gy, (T, ) d’
n=1qg= n
< —t Tt —
—/ 5. Gs, 7)) r(TYEG ) AW =5 Fi(s)  (6) - -
Vi — GpgOrr, [ 1+ e, =0 (20)
a0 Y
/ 1(s')s" - G(r,s')ds' + PV . T(r)E(r) wherem =1,2,---, N,,i=1,2,---, N, andG is the
ant 7 )’ ? a) )& ’ 1 TpTg
() ’ element of the matrix representation for the Dyadic Green’s
= .y ’ T{7r - . —
SG(r,7 — 1+ > |E(r) = 7
G(r,r )dv + Siwe, (r)=0 (7) function G [14]
_jwﬂoko —J .
Gypu, = WC ! [(042 —1—ja)bpg

where E' is the impressed field from the antenna feeding (2 — ) (g — 23 — o + Bja) /R
P P q q

source. The magnetic frill is employed to model the loop- o

antenna feeding structure [12], [13]. The impressed filds a=koR, R=|r-7

produced by an annular ring of magnetic current at the feed 7 =[xy, 20, 23], 7 = [2],xh,xh]. (11)
point. The outer and inner radii of the annular ring are s
to the value ofr, = 2.3r; to model a 5012 air-filled coaxial
feeding cable having outer radius and inner radius;.

thuations (9) and (10) can be converted into a matrix form.
In the MoM computation, the volume integrals in (10) are
computed by volume Gaussian quadrature integral method
) with six points each dimension. A cubic cell of edge length of
C. Moment-Method Solution 5 cm was used for modeling the human body. The wavelength
Equations (6) and (7) are solved numerically by MoMis about 15 cm in the body tissue at 280 MHz. Thus, by
The antenna is partitioned int&/, segments and the bodyusing the six points Gaussian quadrature method, it results
is subdivided intoN, cubic cells. The unknown current ofin subdividing the cubic cell into 216 subcells of edge length
the loop antenna is expanded in terms of a set of piecewagout 0.07 wavelength. The accuracy of the computation can
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TABLE |
280-MHz NUMERICAL RESULTS OF THEINPUT IMPEDANCE, BODY-ABSORBED POWER, RADIATION EFFICIENCIES, AND POWER GAINS OF A
SUPERQUADRIC LOOP ANTENNA IN FREE-SPACE OR APPROXIMATE TO A HUMAN-BoDY MODEL AT THE CHEST POCKET AND WAIST BELT LEVELS

(Superquadric loop antenna : 4=0.4 cm, b=2.25 cm, v=20, wire radius 0.08 cm. Human body muscle tissue : £, =54.5, 6=1.35 S/m)

Antenna Position In Free Space Chest Pocket Level Waist Belt Level
Antenna Orientation Y X Y Z Y

Input Impedance (£2) 0.00362+j82.5 0.044+j82.5 0.0181+i82.5 0.0322+j82.5 0.0153+j82.5
Ohmic Loss Resistance (£2) 0.0905 0.0905 0.0905 0.0905 0.0905
Radiation Efficiency M, (%) 4 33 17 26 14
Body-Absorbed Power (%) 0 87 60 73 55
Radiation Efficiency 1, (%) 100 13 40 27 45

Total Radiation Efficiency* 1, (%) 4 4.29 6.8 7.02 6.3

Nosie Temperature** T, (K) 296 267 283 274 286

E, Max. Power Gain in the H-Plane (dB) -12.4 -14.1 -7.4 -16.0 -8.6

E, Min. Power Gain in the H-Plane (dB) =223 -37.0 -56.8 -25.2 -34.0

E, Ave. Power Gain in the H-Plane (dB) -15.0 -16.4 -13.6 -20.0 -13.4

E, Max. Power Gain in the H-Plane (dB) <-100 -13.5 -20.8 -94 -21.3

E, Min. Power Gain in the H-Plane (dB) <-100 -43.4 -38.5 -20.6 -41.3

E, Ave. Power Gain in the H-Plane (dB) <-100 -17.0 -23.7 -124 -25.7
Computation Error (%) 0.76 1.42 0.6 0.99 1.0

* Total Radiation Efficiency M,=M,q x N
** T, =0T, +(1-M,4)T,; assuming 7,=200K and 7,=300 K

be monitored by checking the antenna input power which Two important quantities to evaluate human body effects on
should be equal to the sum of the radiation power (to frethe radiation performance of the loop antenna are the radiation
space) and the body-absorbed power. It will be shown latefficiency and the power gain. The antenna radiation pattern
(in Table I) the computation errors are lower than 1.5% fawill be distorted by the body blocking effect and the antenna

all cases used. directive gainZ will be significantly changed from that in free-
space. There are two different antenna radiation efficiencies
D. Antenna Radiation Characteristics Affected by 7, defined by the radiation power absorbed by the body and
the Body Absorption and Coupling Effects 1o defined by the antenna ohmic loss
The antenna current and the induced electric field inside the Pood R,
body can be determined by solving the above matrix equation. o = Pead + Pans o = R, + Ropm (15)

The antenna input impedanég, input power (to the antenna)

P;, and radiation power absorbed by the body can then were E,. and R.,, are the antenna radiation resistance
calculated and ohmic-loss resistance. The ohmic-loss resistance of a
electrically small loop wire-antenna is given by

1 -
Zi=Vo/l, P=Re(V,[)/2, Puy= / SolBP dv.
y

’ (12) R (7 f po <Ioop perimete) (16)
ohm —
The total radiation field (to free-space) is the sum of the o 2n7;

radiation field from the loop antenna and the scattered ﬁ%erer is the wire radius and., is the conductivity of the
from the bOdY' The _radlatlon power to free-spac_e can li’(seop wire. Note that when the antenna is in free-space, there
calculated by integrating the radiation power density over,a o body-absorption effect and, hence, e is equal to

far-zone spherical surface and also the directive gain is th&qe The antenna power gat¥, and the average power gain

given by Gavg Can be obtained as
1 = = N
PradzjéaRe[E x H ]ds Gp:777‘bX777*QXG7
1 Re(E_I’T % ﬁ1t) 1 8 m . 7r
-2 - 7 GaVI— G 92—,1‘, p = ¢ X —. 17
GO 9) = 2 (13) 8= 3 ; W(0=50), di=ixy @n

Since the antenna input pow& should be equal to the sum—L o average power gaifl,,, over the eight equal-angle posi-

of the body absorbed poweP,;,; and the radiation power .. in th ; . .
. H pl fi I h
P,,, (to free-space), these quantities can be used to check Ens In thet plane is appropriate for evajuating the antenna

. . . fformance in wireless communications [7]. It is important
EM coupling computation accuracy. The computation error 3 note that the power gain defined under the antenna ohmic

defined as loss and the body-absorption radiation efficiencies associated
[P — (Praa + Pans)| (14) with (17) should be used to evaluate the antenna performance

computation erroe . k o PE LSt e
P; in the communication link budget. However, for the receiving
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system analysis (such &N ratio), the antenna noisg, is E
defined as [15], [16]

Ty = 777,QT(, + (1 — 777,Q)Tp (18)

where X} is the background noise temperature andis the
antenna physical temperature. Only the ohmic-loss radiation ~
efficiency is related. Two different radiation efficiencies should % X-oriented
be used carefully in the receiving system analysis. @)

I1l. NUMERICAL RESULTS

Numerical simulations are conducted to ascertain the
human-body effects on the loop antenna characteristics for
some configurations of interest at 280-MHz VHF radio paging

X

band. First, a rectangular loop with rounded corner in free- y-oriented

space is analyzed. Second, a realistically shaped 3-D man (b)

model with a height of 170 cm is constructed and used in - ,

the numerical simulations. Since the main interest is the ‘ 4

effects of the proximate human body on the antenna radiation b

characteristics, the human body is modeled as a homogeneous Y QD

muscle phantom with the relative permittiviey. = 54.5 and X soriented

conductivity o = 1.35 S./m at 280 MHz. The loop antenna X

may be located at the chest pocket level or the waist belt level ©

of the human body. Fig. 2. Three-dimensiondly andE, patterns of a rectangular loop antenna

in free-space at 280 MHz:(= 0.4 cm, b = 2.25 cm, wire radius= 0.08
. cm, v = 20)). (a) z-oriented loop. (b)-oriented loop. (c)-oriented loop.
A. Rectangular Loop Antenna with Rounded

Comers in Free-Space been enhanced in the backward direction due to the body

Consider a rounded corner rectangular loop in free-spaggupling effect.

that corresponds to a superquadric curve with parametersrom the numerical results of the antenna current distribu-
a =04 cm, b = 225 cm, andv = 20. The wire radius tjon, it is found that, while the imaginary part of the current has
is 0.08 cm and the loop perimeter is aboutOdt 280 MHz. almost no change, the real part increases about five times for
It is of interest to discuss the convergence issue in numerigaé chest pocket level and about three times for the belt level
solutions. The number of the basis functions used to expregsnpared with that in free-space. The radiation resistance also
the current distribution on the antenna surface is examinedif@reases about four to five times due to the body coupling
ensure the accuracy of computed results. It can be found thgfect (as shown in Table I). It is noted that the inductive
60 expansion functions would yield reasonably convergenggactance is much higher than the radiation resistance of the
result for the antenna input impedance. The 3-D linear-scad®p antenna (since the loop perimeter 0.5 electrically
antenna patterns of, and Ey4 for z-, y-, and z-oriented small). The enhancement of the radiation resistance by the
loop are shown in Fig. 2. Note that tife, component is the human body represents a positive effect on radiation efficiency
dominant component for the-oriented loop antenna, and the,,, as defined in (15). The ohmic-loss resistance of the
level of £, component is higher than that &, for the - rectangular loop antenna is approximately 0.09D3or the

and y-oriented loop. copper materialo, = 5.8 x 107 s/m. Thus, the radiation
efficiency n,.q is 4% for the antenna in free-space, 17% at

B. Y-Oriented Loop Antenna at the Chest Pocket the chest pocket level, and 14% at the belt level. However,

Level and the Belt Level of a Human Body due to the body absorption effect, the radiation efficiengy

{which is 100% in free-space) is 40% for the chest pocket
level and 45% for the belt level. Overall, the total radiation
efficiency is 4% for the antenna in free-space, 6.8% at the chest
h = 100 cm) is considered. The 3-E, and E,, patterns po_ckgt and 6.3% at t_he belt level. The average antenna power
of the loop antenna affected by the human body are sho®@in i the H-plane increases about 2 dB due to the body
in Fig. 3. Fig. 4 shows the two-dimension&l-plane £, and effects. This co_mputed result is consistent with the previously
E, power patterns, which include the body absorption ad§Ported data in [4].

ohmic-loss effects [see (15)]. From these figures, it can be

observed that due to the body blocking and absorption effects, LOOP Antenna at Chest Pocket Level

the power gain off; component will be much higher in the With Arbitrary Orientations

front direction than that in the backward direction of the human When the loop orientation changes franaxis toy axis, it
body. It is also noted that the cross-polarization figlgd has corresponds to the Eulerian angleg = 90¢ and#é,, changes

As shown in Fig. 1, ay-oriented loop antenna located a
the chest pocket leveld(= 2 cm, w = 10 cm, h = 120
cm) and at the waist belt levell(= 2 cm, w = —10 cm,
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- loop in free space (E&)
~—loop with body (E#¢)
--loop in free space (E¢)
++loop with body (E¢)

150° 30°

180°

210° 330°

- loop in free space (E@)
~—=loop with body (E@)
-+-loop in free space (E¢)
+loop with body (E¢)

150°

4 R Wgd N\
D“"“Q&
IR Y e AR T
Fig. 3. Three-dimensionaky and E, patterns of ay-oriented rectangular “v \v.’y X
loop antenna proximate to the human body at 280 MHz= 0.4 cm,
b = 2.25 cm, wire radius= 0.08 cm, v = 20). (a) Chest pocket level. '
(b) Waist belt level.
210° 330°

from O° to 9C°. If the loop orientation changes from axis
to z axis, then the Eulerian angles afg = 0 and#é,, from
0° to 9C°. Fig. 5 shows the antenna efficiencigs and 7, ®)
versus the Eulerian angk,,. It can be observed that when
the loop orientation moves fromaxis toy axis, 7,, increases F9: 4. Power patterns ok and K, in the H-plane of ay-oriented

. . rectangular loop antenna in free-space and proximate to a human body at
andrn,. decreases and, as that changes froaxis toz axis, 280 MHz @ = 0.4 cm, b = 2.25 cm, wire radius= 0.08 cm, v = 20). (a)
7, decreases angl.q increases. The increase of the antennzhest pocket level. (b) Waist belt level.
efficiency,,, for the loop orientation changed fromaxis to
y axis can be explained as follows. To theoriented loop,
the height of the body has a much longer “extension” than the
width of the body in they-oriented loop situation. Hence, the 0.5 ; . : . :
z-oriented loop will suffer more body absorption and has less r |“-orientation from z-axis to y-axis
radiation efficiency than thg-oriented loop. For the-oriented -#-orientation from z-axis to x-axls
loop, high body absorption is clear since the main radiation
direction is aimed to the body. However, it is also observed
that higher body absorption means more body coupling effect
and more body enhancement to the antenna radiation resistance

2 S My
,which increases the antenna efficiengy,. This can also 02 : —a
be seen in Fig. 6, which shows the antenna input impedance ’

versus the Eulerian anglg,. The radiation resistance of the \07

y-oriented loop antenna is the smallest and that-ofiented 0.1} b
loop is the highest. These characteristics are also depicted in
Table I. Numerical results show that the loop antenna ohmic- ol ,
loss efficiency increases from 4% (in free-space) to 33, 30, 26, 0 5 30 45 6 7S 90

21, and 17% for the:-, z2- (» to z axis; 8, = 45°), z, 2y (» Eulerian angle fw

to y axis; 8,, = 45°), andy-oriented loops when proximate to_. - o

the body (see Fig. 5). The radiation efficiencies, reduced F . 5. Radiation efficiencies of a rectangular loop antenna (at the chest

- cket level) versus the Eulerian angle at 280 MHz ¢ = 0.4 cm,b = 2.25
the body absorption effect, are 13, 18, 27, 26, and 40% fan, wire radius= 0.08 cm, v = 20).

270°

04 |

0.3 —./‘/.——

Antenna Efficiency
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0.08 - - : - - .
s z : : =~ -o-Ef6 max.
— : : : : <) —E# ave.
e : : ; : 8 -0-E¢ min.
o : : : : g m-E¢ max.
Q - =
£ 006 F~gigege gt ST 825 D & --E¢ ave.
3 : : : : [N 2 ¢-E¢ min.
Q : : : : g ~
[=5 : — =]
g - 5
2 0.04 824 8 g
K= B £
Sy e
2 = 30 \
5 % \
& 0.02 823 & .
8 N T — : . : 5 40 . \ L
o -=-orientation from z-axis to y-axis| : =
@-orientation from z-axis to x-axis| : E 0 15 30 45 60 75 90
: = Eulerian angle 0w
P N I S PV
0 15 30 45 60 75 9 @
Eulerian angle fw - . N
) . -»-E6 max.
Fig. 6. Input impedance of a rectangular loop antenna (at the chest pocket —E§6 ave.
level) versus the Eulerian anghe, at 280 MHz ¢ = 0.4 cm, b = 2.25 cm, -0-E@ min.
wire radius= 0.08 cm, v = 20). u-E¢ max.
& ~a.lg__l --E¢ ave.
. . <) - ¢-E¢ min.
thez-, zz-, z-, zy-, andy-oriented loops, respectively. Forthe =~
total antenna efficiency, the- and y-oriented loop antennas S N
have the higher value (about 7%). g \
To analyze these complicated power patterns and achieve = \0
important key values for wireless communications applica- -30 f\
. . P . 1}
tions, the maximum, minimum, and average power gains of 1
the £y and E, components (in thed plane) versus the \ ,’ \\
Eulerian angleé,, are computed and shown in Fig. 7 and 40

0 15 30 45 60 75 90

are also listed Table I. For th&, field, the y-oriented loop Eulerian angle 8w

has the highest values of the maximum and average power )
gain in the H-plane. While for theE, field, the maximum

. . Fig. 7. Ey andEy4 power gain in thed -plane of a rectangular loop antenna
and average power gains of theoriented loop are the g o ¢ P g P J P

. s '~ (at the chest pocket level) versus the Eulerian afiglet 280 MHz ¢ = 0.4
highest. These results are similar to the reported data in B}, 5 = 2.25 cm, wire radius= 0.08 cm, v = 20). (a) Orientation from:

for circular loop. Therefore, for vertical-polarization incidengxis toy axis. (b) Orientation from: axis tox axis.
wave environment, the-oriented loop antenna is the most

suitable for the body-mounted pager usage. If the incidegly, antenna of a radio pager at 280-MHz VHF paging band.
wave is horizontally polarized, the-oriented loop antenna \ymerical results show that the body coupling effect increases

will be more suitable. Since in indoor or urban environment§,a ohmic-loss radiation efficiency of the loop antenna due to

both the vertical- and horizontal-polarization wave could exishe enhancement of the radiation resistance (real part of the
a good arrangement to combine #reand z-oriented 100pS IN 4ntenna input impedance). However, the radiation efficiency is

a paging receiver may have a better receiving performancégqced because a part of radiation power is absorbed by the

human body. The ohmic-loss efficiency increases from 4% (in
free-space) to 33, 30, 26, 21, and 17% when proximate to the
In this paper, detailed analysis and extensive numeridabdy, and the body-absorption radiation efficiencies (100% in
simulation of the influence of a human-body model on ainee-space) are 13, 18, 27, 26, and 40% fortherz-, z-, zy-
arbitrarily oriented loop antenna for personal wireless com-and y-oriented loops, respectively. The power gain defined
munications are presented. CIE, which consists of a PIE abyg the product of the directive gain, ohmic-loss efficiency,
a VEFIE with mutual coupling terms, and the MoM are usednd body-absorption efficiency is an important quantity to
to numerically solve this antenna body coupling problem. Avaluate the antenna performance influenced by the human
superquadric loop curve, which has the flexibility to model theody. The average power gain of theoriented loop antenna
circular, rectangular, and ellipse loop, is used to model the rett-the H-plane increases about 2 dB due to the body effects.
angular loop antenna with rounded corners. A magnetic friixtensive numerical results for the loop antenna with various
source is used for the antenna feed modeling. The coordinatentations are also presented to investigate the orientation
transformation technique is employed to allow the modelirgffect of the loop with respect to the body. Computational
of the loop antenna with arbitrary orientation. A 170-cm maresults of loop antenna characteristics influenced by the human
model is constructed and a rounded corner rectangular Idopdy are useful for the antenna/RF design and the link budget
antenna (0.8 cmx 4.5 cm) is used to simulate the internatonsideration of the personal communication systems.

IV. SUMMARIES AND CONCLUSIONS
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