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An Analysis of the Performance of a Handset
Diversity Antenna Influenced by Head, Hand, and
Shoulder Effects at 900 MHz: Part |I—Effective Gain
Characteristics

Koichi Ogawa Member, IEEEToshimitsu Matsuyoshi, and Kenji Monma

Abstract—A diversity antenna for portable telephones, which operator—have been reported. For designing a diversity antenna
is composed of a whip antenna and a planar inverted F-antenna with a small correlation coefficient and a high effective gain,

(PIFA) operating at 900 MHz, has been analyzed. The analysis in- 55\vsis of these characteristics under practical use conditions
cludes the electromagnetic effects of a human operator. Wire-grid is essential

analysis yielded radiation efficiency, mean effective gain, correla- . L
tion coefficient, and diversity gain characteristics under variousin- ~ Beécause portable telephones operate in proximity to the
cident wave propagation environments with whip length, head-to- human body, one particular important consideration involves

radio separation, and inclination of the radio from the vertical as the interaction of radiant electromagnetic fields with nearby
parameters. The analysis has been carried out using a homoge'biological tissue. The operator's influence on antenna gain,

neous human phantom model, which includes a head, ahand, and a diati it di ti d h b . tioated
left shoulder. The description of this work is divided into two parts, radiation paftern, and input impedance has been investigate

devoted, respectively, to the effective gain characteristics in mul- theoretically by the moment method [5], [6] and the finite
tipath propagation environments in Part | and to the correlation  difference time-domain method [7], [8], [26], [9], [10]. These

characteristics of the diversity branches in Part Il. The analytical  studies indicate that significant gain reduction occurs when the
results indicate the structural and environmental requirements for - 5ianng is used close to the human body, and approximately
deS|g_n|ng the dlverglty antenna with a high diversity effect under half of the transmission power is absorbed ,in the human bod
practical use conditions. . ] > p a Y;
_ o S resulting in a radiation efficiency of less than 0.5. In these
Index Terms—Body effect, correlation coefficient, diversity, ef- analyses, human heads were modeled by a sphere [7], a cube
fective gain, moment method, portable telephone. [8], [26], a spheroid [6], or a more realistic shape [5], [9], [10].
Recently, some studies have modeled a hand holding a
. INTRODUCTION ortable telephone [7], [8], , [9], . The effect of the
I 1 portable teleph 7], [8], [26], [9], [10]. The effect of th

ITH the expansion of cellular telephone services, then,'?fanI depends on the type of gntenna used; the effect is rela-

has been an interest in and much research directed %?Iy small.for. an external whip antenna, whereas the effect

ward antenna gain enhancement in ordinary use situations.bﬁfomes &gmﬂcsntl;ihlarﬁe Lorsa g‘glt"g agte?r?a vtvr?enhth%
order to reduce multipath fadings in a land mobile communic nienna approaches the han [8], [26], [9]. On the other hand,
shoulder is a part of the human body that can affect the

tion environment, diversity reception techniques are employ : h terist . th di d the should
for portable telephone terminals because high diversity gain djenna charactenstics since the radio and the shoulder are
close proximity when the shoulder is raised in the usual

be achieved while at the same time equipment can be furttfer ot o .
Wlk position. In such a situation, the shoulder could provide

miniaturized. A very compact diversity antenna configuratiolt . :
for portable telephones comprising a retractable whip anten"f\éi'ﬁerem effect compe}red to the hand because the hand is
and a built-in planar inverted F-antenna (PIFA) has been d| garded as a bulky object located near the antenna, vyhereas
veloped [1]. In order to obtain high diversity, the correlatio e shoulder is an extended plane at a distance of apprommat_ely
between diversity branches must be small while maintaini quarter-wavelength at 900 MHz from th_e antenna. For this
a high effective gain [2] in the communication environmenfcason, the authors have presented a basic study of the effects

To this end, correlation coefficients and effective gains ha the shoulder on the !mpedance and radiation characteristics
half-wavelength dipole antenna located near the head at

been analyzed in free space in relation to antenna structu MHz 1111, [27
under various radiowave propagation environments [3], [24], z [11], [27].

[4], [25]. However, few theoretical analyses evaluating these re—;-_he p_t:rpos;a of this paper is to mike a \;V're'g”d 3nal)é5|_lst (.)f
lationships—which include electromagnetic interaction due IVersity antenna comprising a whip antenna and a bulit-in

the presence of the antenna, the hand-held unit, and the hu H:ﬁA to include the elgctromagnetm effects O.f a human oper-
ator and to evaluate diversity performance with regard to the

whip length, the head-to-radio separation, and the radio inclina-

Manuscript received August 13, 1998, revised March 21, 2000. tion angle from the vertical under various multipath propagation
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Industrial Company, Ltd., Osaka 571-8501, Japan. enivironments. The analysis has been carrie olut y the use o

Publisher Item Identifier S 0018-9545(01)03226-1. a homogeneous human phantom model, which includes a head,

0018-9545/01$10.00 © 2001 IEEE



OGAWA et al. HANDSET DIVERSITY ANTENNA: PART I—EFFECTIVE GAIN CHARACTERISTICS 831

WHIP
Lw
W _‘—'
1.2 4 —= 6.2
6 fp 8
/ 5{ ¥ 12.5
' 9.5
PIFA| 35
| Sf Shoulder 20
2 f
35 h 33 o (cm)
(a) (b)
z
|t—— 18—
54 Yé—»x
1
T
25 Head i
l E'E Hand
A
8.'7 Shoulder
- 33 -
(©) (d

Fig. 1. (a) Configuration of the diversity antenna, (b) outline of the human model, (c) side view, and (d) front view.

a hand, and a left shoulder. The description of this work is diith respect to antenna structure and incident wave parameters
vided into two parts, devoted, respectively, to the effective gaimill also be considered in Section V. From these results, a mech-
characteristics in multiple radiowave propagation environmerdsism for obtaining a high radiation efficiency and a high effec-
in Part | and to the correlation characteristics of the diversitive gain is explained. In Section VI, the analytical results of the
branches in Part Il. The analytical results indicate the structuedfective gain are verified by an experiment conducted in an in-
and environmental requirements for designing the diversity atieor radiowave propagation environment.
tenna with a high diversity effect under practical use conditions.

This paper (Part ) first presents the configuration of the di- II. THEORETICAL MODEL AND METHOD
versity antenna and the wire-grid model in Section Il. Equations ,
for calculating the radiation efficiency and the effective gair Antenna and Human Body Modeling
and a theoretical model for the incident wave distribution, are An external view of the diversity antenna model, which sim-
presented. In addition, simultaneous conjugate-matched condates a commercial hand-held terminal, is shown in Fig. 1(a).
tions for the two antennas, as is the usual case for commerdatietal cube represents the equipment body case. A whip an-
portable telephones, are discussed. The effects of a shouldetasma of length.«w is mounted at the top of the metal case, and
the radiation and effective gain characteristics are discusse@iRIFA is attached on the side plate adjacent to the upper plate.
Section Ill. In that discussion, there is a demonstration of hadiis known that a PIFA resonates when the element perimeter is
the characteristics of whip antennas of different whip lengttashalf-wavelength [12]. In Fig. 1(a), the dimensions of the ele-
and the PIFA are changed by the proximity of a shoulder. In Senent give a resonant frequency of nearly 900 MHz. A feed point
tion 1V, the calculated radiation efficiency and effective gain aref the PIFA, labeled “fp” in Fig. 1(a), is located at a position so
introduced with regard to the considerations mentioned aboteat a good matching condition is obtained at 900 MHz.
Section V is concerned with investigations into the power ab- Fig. 1(b) shows a model of a human phantom used for nu-
sorbed in a head, a hand, and a shoulder on the power loss ohegical calculations. Fig. 1(c) and (d) show the side view and
to impedance mismatch and on the dissipated power in a nongnt view of the human phantom. This represents a practical
cited element when the whip length and the head-to-radio sepae condition with a simplified structure assuming biological
ration are changed. Mechanisms for the effective gain variatiomsman tissue parameters. The head is approximated by a circular
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Fig. 3. Arrangement of the load impedances.

modified to include the load impedance, which is related to the
surface impedance by the following equation [6]:

cylinder, the dimensions of which are 18 cm in diameter and 25 Z. = ZSE 2)
a

cm in height. The hand is modeled by a simple parallelepiped
holding a model of a radio with a thickness of the palm of 2 Crf_.‘\./herea and_b are the side Iengths_ of t_he area in which the load
The distance between the lower edge of the PIFA and the upffBPedance is located, as shown in Fig. 3.
edge ofthe handis settobe 0.5 cm. Theradiois placed incIine%at
anglex fromthe vertical and at distanégfrom the head so thatit ~
is positioned between the operator's mouth and ear. The rotatiodn general, the input impedance of antennas positioned in
center of the radio is located at a distance of 2 cm from the tfige space is designed to be 80 Therefore, there would be
of the metal case and accords with the ear, which is located &himpedance mismatch loss when a hand-held terminal is lo-
height of 12.5 cm from the surface of the shoulder, correspondiggted close to a human body because the inputimpedance of the
to the rotation center of the head, as shown in Fig. 1(c). antennas may change from that in free space. For this reason,
In previous studies, human phantoms consisting of onlytae impedance mismatch loss must be considered in calculating
head and a hand were used, and shoulder effects were not tdkérradiation efficiency. Since the two antennas are positioned
into account. In this work, we have attempted to simulate typicelose together, as shown in Fig. 1(a), the power radiated from
conditions in which a trapezoidal left shoulder is located at tfiee one is dissipated in the other. This condition would reduce
side of a head giving a more realistic geometrical relationshifye radiation efficiency and thus must be taken into account in
between the human body and the radio during ordinary use. Tthe efficiency calculation.
dimensions and structure of the phantom shown in Fig. 1(b) areThe equivalent circuit at the feed points of the diversity an-
those of the average of 20- to 30-year-old men. tenna with one antenna excited and acting as a transmitter is rep-
The wire-grid method illustrated in Fig. 2 was employed téesented in Fig. 421; andZ»; are, respectively, the self-imped-
calculate the antenna characteristics. The wire-grid model ®jices of the whip antenna and the PIFA, afdis the mutual
a hand-held terminal is described in detail in the literature [lnpedanceZr; andZy are the load impedances seen from the
[3], [24]. As shown in Fig. 2, the head consists of six circles ar@ntenna terminals into the RF circuit. Thus the antenna terminal
16 straight lines, and the shoulder is divided by lines into a befiltages and currents are related by the following impedance
plane mesh structure. The validity of this structure will be vermatrix:
fied by the measurements in Section Ill. A human body can be {Vl} _ [Zn Zm} [Il} Vi — — 7.0,

Fig. 2. Wire-grid model.

Radiation Efficiency

treated as a lossy dielectric material with the surface impedance Va T  Zoa | | I2
calculated from the biological parameters of human tissue as Vo =—Z120s. (3)
i Ifthe load impedances; ;, Z;» and the inputimpedances,
Zs = J u (1) Zi,o areinthe conjugate-matched condition, from (3) we obtain
ot gwe the following:
where g o Nn_, z,
eandp electric permittivity and the magnetic per- T T YT Zio + s
meability; 9
- \Z Z
o conductivity; Dy = I_2 = Ty — ﬁ 4)
w=2n;andf frequency. 2 Ll A1l
sand/ iiied Zim1 =211 Zin2 = 21y ®)

In order to simulate the human body by the wire-grid method,
lumped load impedances are added into the wires as showmimere the asterisk*) denotes the complex conjugate. With a
Fig. 3 so that diagonal elements in the impedance matrix drand-held terminal placed in free space, the matched load im-
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define radiation efficiency with respect to the available power
Z11 Zm Z12 using the following relationship:
ZL1§ V!1 2 b _Pa=h o p B P4 PLtP, 8
Zm 222 Vg2 n= P_av - P—av t = thetihatistiontm ( )
| where
o P. power radiated into the air;
(b) PIFA excitation P, total power loss:

Py, Py andP, powers absorbed in the head, the hand, and
the shoulder, respectively.
FP,, is the power dissipated in the matched ldagh,,, of the
IFA andP,, is the power loss due to the impedance mismatch.
e relationship of these powers is illustrated schematically in
19- 5, and they can be calculated from the following equations:

Fig. 4. Equivalent circuit of the diversity antenna.

pedances4rim, Zr2m) Satisfying (4) and (5) are assumed t
be connected to the terminals of the two antennas. When
hand-held terminal approaches a human body, the self- and

tual-impedances are changed to8g, Z},, andZ/,, and the P =% Z Re(Zipe) 12, 9)
input impedances becon# ; andZ_,. Now we consider the ) R
case where the whip antenna is excited with voltage as Pa=73 ) Re(Zua)li, (10)
shown in Fig. 4(a). The input powe?,, applied to the whip p, =1 ZRe(ZLs)IQ (12)
antenna is expressed by the following equation: f *S

P = 1 R Z/ I T* 6 Pan :§Re[ZL27nIQIQ] (12)

n — 3 e[ inltl 1] ( ) Prn :(1 _ S)Pav (13)

where where Z1 1., Zrn., and Zy, are the load impedances in the

I = Vo head, the hand, and the shoulder, respectivelyand,,., and

Zrim + 2, 1 are the currents through each load. Usually, radiation effi-

This power is transferred from generator 1 and is given from (éfncy is defined as the ratio of total radiated power to the net

wer accepted by the antenfa/ Py, [13]. Our definition in

as follows: ) ) (8) is a measure of how effectively the antenna converts avail-
po_ LValRe(Z) _ o (7) @ble powerP,, into transmitted power’,. This radiation effi-
2 Zpm 2012 ciency is analogous to transducer power gain in the design of
where two-port networks (e.g., amplifiers) in circuit theory [14] and
) is useful in considering the general case, since it includes the
P = Vol effect of impedance mismatdh,,. In the same way, where the
T 8Re(Zrim) PIFA is excited, the radiation efficiency can be obtained from
and Fig. 4(b) and (8).
g Re(Zum)Re(Z) C. Mean Effective Gain

[ Zoim + Ziul* ~ When an antenna moves in a multipath propagation environ-
Re[X] represents the real part &f and P,, denotes the avail- Ment over a random route, the mean effective gain (MEG) is
able power from the generatdf. expresses the ratio of poweroPtained using the following equation [2]:
delivered to the antenna to power available from the generator, Prec
which is unity under the conjugate-matched condition. Let us Ge = P+ P

(14)
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Fig. 6. Incident wave model.

P... is the mean received power of an antenna over the rand
route, P; is the mean power received bygolarized isotropic
antenna in a mobile radio environment, afd is the mean
power received by &-polarized isotropic antenna. Thug, +
P, is the total mean incident power of an antenna averaged o
the route.P,.. is expressed by Yeh as follows [15]:

27
Rae= [ [ PGP + PGo@) P} a0

(15)
where 2 denotes component#,(¢) in spherical coordinates
andd$) = sin 8dodep. Gy () andG4(2) are thed and¢p com-
ponents of the antenna power gain pattern, which take acco
of the impedance mismatch loss, ad ) and P, (2) are thed
and¢ components of the angular density functions of incomir.,
plane waves. Since the mean incident power rBtioP, repre-
sents the cross-polarization power ratio (XPR)

(d) Real Human Body

Fig. 7. Radiation pattern calculated by (a) the nonshoulder model and (b) the
shoulder model, and radiation pattern measured by (c) the human phantom
p shoulder model and (d) a real human bodwat 60° andD = 2 cm.
1
XPR o (16)
z-y plane
the expression for the MEG can be represented by the followi

equation derived from (14)—(16) z-x plane
am XPR
Ge = / / [1 +XPR Go( DR (SY)
+m G,(Q)P,(Q)| dQ. (17)
P,(Q2) and P, (£2) are from a statistical model in which the an-

gular density functions are assumed to be Gaussian in elevat....

and uniform in azimuth as shown in Fig. 6, and are given by Fig.8. Measurement method for the radiation pattern in the vertical ptane (

z andz — y).
P9(97 d))
2
{9 - (g - m'v)} wheremy andm g are the mean elevation angles of theand
= Agexp |— 52 (0<8<7) (18) ¢-component wave distributions observed from the horizontal
v direction.cy andoy are the standard deviations of theand
P4(8, ¢) ¢-component wave distributionsls and A, are proportional
{9 (W 2 constants determined by the following equation:
()}

:A¢€Xp — 5 (OSQS']]’) (19) 27 oy 27 T
20 Q) dQ = Q)dQ = 1. 20
b / /0P0<> / /OP¢<> L (o)
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Fig. 9. (a) Radiation efficiency and (b), (¢) MEG calculated by the shoulder and nonshoulder madets@t® andD = 2 cm.

lll. EFFECT OF THESHOULDER ON EFFECTIVE GAIN properties of the two antennas. For\&-whip antenna, the
CHARACTERISTICS radiation in the lower hemispherical (negativeregion toward
the shoulder is suppressed in the case of the shoulder model
and consequently the dominant radiation occurs in the upper
Incident radiowaves coming from a base station are knovmemispherical (positive) region toward the sky.
to be distributed in the elevation angle between 0—#0a In contrast, for a\/2-whip antenna, there is a strong radiation
land mobile communication environment in the 900-MHz banid the lower hemispherical region toward the shoulder, and
[16]. Therefore, for accurate evaluation of portable telephoifile change is observed between the shoulder and nonshoulder
antennas, it is essential to obtain accurate radiation patternsnatdels. It is clear from Fig. 7(a) and (b) that gain enhancement
those angles of signal arrival. Thus, in this section, the influendee to the shoulder in the high elevation angles occurs in the
of the shoulder on the radiation characteristics at the high e@ase of a shorter whip antenna. This effect can be deduced
vation angles is examined by comparing the characteristics foom the fact that the distance between the maximum point
the human model with the shoulder, shown in Fig. 1, with thos¥# the current distribution on whip antennas and the phantom
without the shoulder corresponding to the cylindrical head astioulder differs for the two whip antennas (see Figs. 1 and
parallelepiped hand only in Fig. 1. These are referred to as “thé), and for a shorter whip antenna, the shoulder functions as a
shoulder model” and “the nonshoulder model,” respectively. reflector, since the shoulder is spread over as a conformal plane
Fig. 7(a) and (b) shows the radiation patterns in the vertical a distance of a quarter- to half-wavelength from the antenna.
plane ¢ — %) calculated for the shoulder and nonshouldé¥ig. 7(a) and (b) indicates that this explanation is also true for
models. The frequency was 900 MHz, and the whip antenttee PIFA, in which the radiation occurs just above the shoulder,
was of a quarter-wavelength (83 mm) or a half-wavelengtind thus the radiation to the negativehrection is suppressed
(167 mm). Fig. 7(a) and (b) shows the different radiatiodue to the shoulder.

A. Radiation Characteristics
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Fig. 7(c) shows the measured results of a human phantend is made of polypropylene plastic of 3-mm thickness. A
The phantom has the same shape as the human model in Figuided solution comprising 0.6 N salt and ethyleneglycol normal
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solutions, with a weight ratio of 35:65 with a relative permit-
tivity of 45 and a conductivity of 0.9 S/m [17], is contained
in the phantom plastic case. A small oscillator device was in-
stalled inside the radio case in order to eliminate the influence
of coaxial cable. Comparing Fig. 7(b) and (c), the calculated
radiation pattern of the shoulder model shows good agreement
with the measured radiation pattern of the human phantom, in-
dicating the validity of the wire-grid modeling in Fig. 2.

Fig. 7(d) shows the measured radiation pattern for a 30-year-
old man of 170 cm height and 60 kg weight. The measurement
was made by laying the man on a rotation table, while holding

MEAN EFFECTIVE GAIN (dBd)

the radio terminal in Fig. 1(a) next to the ear with an inclination ocV=cH=40°
angle of 60, as shown in Fig. 8 [18]. The rotation table is made -12 0 A 1'00 ¥ 2(')0
of a plastic plate with a diameter of 70 cm. In the measurement, M4 A2

WHIP LENGTH Lw (mm)

the lower part of the conductive radio body was covered with a
styrene foam plate of 1-cm thickness for insulation. Comparingy. 12. Mean effective gain versus the whip lengtivat 60°, D = 2 cm,
Fig. 7(d) and (b) or (c), there are slight differences between tKBR= 6 dB, andsV' = ¢ H = 40°.

two radiation patterns in the lower hemispherical region. This is

probably due to a simple approximation of the human phantofy 4, respectively. This MEG enhancement is caused by
model. However, Fig. 7(d) shows the radiation characteristifig, 4 iation pattern change in the direction of incident waves,
such that the radiation to the shoulder direction is suppres shown in Fig. 7. These facts suggest that the existence of

and_t_he radiatio_n to the high e_Ieva_ltion angles is enhanced_. W& shoulder should be taken into account when an adequately
addition, th_e ra_d|at|on pattern_s in Fig. 7(d) agree very well WIBlccurate evaluation of the radiation characteristics of portable
the results in Fig. 7(b) and (c) inthe upper hemsphencal re(‘:J"t)é]ephone antennas is needed, especially for a short whip an-
toward the sky. From this, the human model is found to be "%%nhna and a built-in PIFA in urban radiowave environments

sonably accurate in evaluating practical radiation characteris%ﬁere the incident waves tend to arrive from the high elevation
at elevation angles typical of mobile radio signal arrival. angles

B. Effective Gain Characteristics

In this section, we investigate how the change in the radia- IV, ANALYTICAL RESULTS

tion characteristics due to the existence of the shoulder affect$-ig. 10 shows the radiation efficiency as a function of head-
the effective gain in a multiple radiowave environment, and thie-radio separatior with a fixed radio inclination anglev
condition under which the shoulder is necessary for modeling 60°. The frequency is 900 MHz, and the whip antenna is
the human body is considered. of a quarter-wavelength [Fig. 10(a)] and a half-wavelength
Fig. 9 exhibits the calculated radiation efficiency and ME@ig. 10(b)]. The relative permittivity of human brain tissue
as a function of the whip lengthw. Fig. 9 (b) and (c) shows used in the calculation is 42, and the conductivity is 0.85 S/m
the MEG for the shoulder and nonshoulder models. The in¢t9]. From Fig. 10(a), the radiation efficiency of the whip
dent radiowave parameters are determined to be typical valaesenna increases significantly with increasifig while that
in urban areas; the XPR is 6 dB, the mean elevation angles aféhe PIFA increases gradually. This effect can be interpreted
0° to 40, and the standard deviation is2@ he detailed expla- in terms of the power absorbed in the head and hand. For the
nations and considerations concerning the relationship betwddrA, the power absorbed in the hand is greater than that in
these radiowave parameters and the antenna characteristicsterdead, and the effect of the head becomes relatively small
given in the next section. In this section, we focus on the effestee Section V in detail). As the radio approaches the head,
of the shoulder. a significant reduction in efficiency is seen, and consequently
Comparing the radiation efficiency of the shoulder and notess than half of the available power is radiated into the air,
shoulder models in Fig. 9(a), a reduction in efficiency is olwhich is consistent with previous studies [7], [8], [26], [9].
served in the case of the shoulder model for both antennas. Thi8vhenLw = A\/2, on the other hand, the efficiencies increase
is caused by the power absorbed in the shoulder, which will bensiderably for both antennas as in Fig. 10(b). This significant
discussed in Section V. In contrast, comparing Fig. 9(b) amcrease in efficiency is mainly caused by the reduction in power
(c), arelatively large increase in the MEG due to the existendessipated in the matched lodd,, (see Fig. 16). Comparing
of the shoulder can be seen fo&t-whip antenna and a PIFA Fig. 10(a) and (b), it can be seen that the increasing rate with
with Lw = A/2, but the increment is very small for’d2-whip D of the PIFA efficiency is changed from tHav = A\ /4 to the
antenna and a PIFA withw = A/4. It should be noted that the Lw = A/2 case. This is attributed to the fact that whem =
higher the elevation angle of incident waves, the larger the ih/2, the power absorbed in the he&gl, for the PIFA increases
crement in the MEG. For example, fotd4-whip antenna, the compared with thew = A\/4 case, as shown in Fig. 16(b),
increment in the MEG is 0.4, 1, and 1 dB fer,y = my = 0°, and thus the efficiency of the PIFA fdtw = A/2 increases
20°, and 40, respectively. For a PIFA witlhw = A/2, the more rapidly than that foLw = A/4, since P, reduces with
increment is 0.3, 1.1, and 1.5 dB fety = myx = 0°, 20°, increasingD.
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Fig. 13. Mean effective gain versus the inclination angle of the radio bodlyat2 cm: (a), (b)Lw = A/4 and (c), (d)Lw = A/2.

Fig. 11 exhibits the MEG with respect 1o with whip length, this, the variation in the MEG with changing the elevation angle
elevation angle, and standard deviation of the incident wavesfiesn 0° to 4C° is found to be 0.7 dB for the whip antenna and
parameters. It is known that the incident waves in the 900-MHZz5 dB for the PIFA afD = 2 cm. These values become smaller
land mobile environment arrive from elevation angles of 0—4@&s the incident waves are spread over a wide angle, as shown
in urban areas with the waves spread over a wide angle, andrig. 11(b). It can be seen from these results that the PIFA is
thus the mean elevation angles, andmy are assumed to be more influenced by the radiowave environment under the con-
0-40C, and the standard deviations: ando gy are assumed to dition assumed in Fig. 11. The reason for this phenomenon will
be between 20-40 be dealt with in Section V.

From Fig. 11(a) and (b), it can be seen that wiien= \/4, When Lw becomes longer up to a half-wavelength as in
the MEG for the whip antenna decreases as the hand-held t&g. 11(c) and (d), there is a significant increase in the MEG.
minal approaches the head. For instance, Fig. 11(a) shows that example, wherD = 2 cm andmy = myg = 0°, the
whenD = 2 cm, which may be the normal separation in pradncrement in the MEG for the whip antenna frabaw = A/4
tical use, the MEG for the whip antenna-is$3.2 to—7.5dBd to A/2 is 1 and 1.5 dB for standard deviations of°2@nd
for my andm g from 0° to 20° and increases rapidly with in- 40°, respectively, and is 2.5 dB for the PIFA for both standard
creasingD, whereas the MEG for the PIFA becomes as low aeviations. It is interesting to note that an increase in whip
—11.3 t0o—9.8 dBd formy andmy from O° to 40° and in- length brings about a more effective MEG enhancement of the
creases gradually with increasidg. This behavior is similar PIFA. In addition, Fig. 11(c) and (d) shows that the increasing
to that of the radiation efficiency, as shown in Fig. 10. Fromate with D of the MEG is changed fromlw = A\/4 to \/2
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for the PIFA. The results are similar to those of the radiation
efficiency in Fig. 10.

It should be noted from Fig. 11 that the MEG performance is
strongly dependent on the type of antenna used, which arises
from a different electromagnetic interaction between the an-
tenna and a human operator. The mechanism for this compli-
cated problem will be dealt with in the next section.

Fig. 12 shows the MEG with respect to the whip lengti
for XPR= 6 dB andoy = oy = 40°. Fig. 9(b) shows the MEG
for oy = oy = 20°, and the solid curves in Fig. 9(a) show
the radiation efficiency which are companion data for Fig. 12.
In the figures, the radiation efficiencies and the MEG change B ottt Aol oo diall Pha
depending or.w, and there is an optimum whip length for ob- 3 4 5 Pm
taining high efficiency and MEG. The optimum whip lengths DISTANCE D (cm)
are neal.w = A/2 for both antennas.

Figs. 9(b) and 12 also show that the variation in the MEG @
of the whip antenna is small with changing whip length, while
that of the PIFA is large. Of particular interest is that,/as
becomes longer, the increment in the MEG of the whip antenna
in Figs. 9(b) and 12 is smaller than that in efficiency in Fig. 9(a),
while the increment in the MEG of the PIFA almost agrees with
that in efficiency. The reason for this behavior will be discussed
in Section V.

Figs. 9(b) and 12 also show that the variation in the MEG
of the whip antenna is small with changing elevation angles of
the incident waves, while that of the PIFA is large, which are
similar to the results in Fig. 11. On the other hand, the MEG of
a vertically oriented whip antenna without a human body (in [4,
Fig. 4, p. 900], [25]) varies considerably as the valuesngf
andmpy change, while that of the PIFA does not. The reason 0 1 2 3 4 5
for this behavior will also be discussed in Section V. DISTANCE D (cm)

Fig. 13 exhibits the MEG as a function of radio body incli-
nation angle from the vertical with XPR as a parameter. The
whip is of a quarter-wavelength or a half-wavelength, which is
a basic antenna configuration from the design viewpoint. It fd40. 14. Dissipated power versus the distance between the human head and
noted from the figure that there are particular inclination angl&¥ "adio body at = 607 (&) whip and (b) PIFA.
at which the MEG becomes constant regardless of the value of
XPR. These inclination angles are labeled A, B, C, and D Ag. 14(a) and (b) shows the results calculated as a function of
Fig. 13, and they are at 4723°, 43°, and 38, respectively. head-to-radio separatiaB with Lw = A/4 anda = 60°. In
Also, at certain XPR values, the variation in the MEG is smadlach case, the power is normalized to the available p&yer
regardless of the antenna inclination angle. For instance, wh@oncerning the whip antenn#’),. decreases ab increases,
XPR = 0 dB, the MEG of the\/2 whip antenna is nearly and this leads to a reduction of the total power IBssFig. 14(a)
constant at-6 dBd. It is reported that the XPR depends verglso shows thaF,. and P, for the whip antenna are the major
much on the propagation environment [20] and ranges fromcBntributory factors ta?, when D is small. In the case of the
to 9 dB. From Fig. 13, we can estimate the change in the MB®FA, however,P,,, P.., and P,, are the major factors, and
with changing XPR in a practical situation where the averagkey are almost constant regardlessiaf To investigate this
inclination angle is about 6021]. For instance, in the case ofphenomenon, the impedances for both antennas are calculated
Lw = \/4, the changes in the MEG for the whip antenna arghd measured.

PIFA are estimated to be 0.8 and 2 dB, respectively, with a vari-Fig. 15 illustrates the calculated impedance characteristics of

Lw=A/4 Whip
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£ Y
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1
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o
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S
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=
i ]
[

100

Lw=N4 PIFA
80 -
Pt

60

20 4 L4 hd e Pm

ABSORBED POWER RATIO (%)

)

ation of XPR from 0 to 9 dB. the whip antenna and the PIFA as a function of head-to-radio
distance, together with the impedances measured by the human
V. CONSIDERATIONS phantom described in Section Il and the real human body of a

30-year-old man. The whip antenna is of a quarter-wavelength,
and load impedanceg(,; andZy, in Fig. 4) of 502 are con-

In order to consider the radiation efficiency behavior deiected to both terminals. In the figure, dashed lines indicate the
scribed in Section 1V, the power losses caused by the absorptimpedances of the antennas in free space. From Fig. 15, the im-
of each region of the human bod¥\(., P.., andF;) and by pedances of the whip antenna change apprecialdlyasanges,

a hand-held terminal itselfH,,, and P,,) were investigated. while those of the PIFA remain almost constant regardless of the

A. Power Loss and Current Distribution
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distance. In addition, the figure shows that greater variations in 0 7\/2 1'00 )32 2(')0

impedance from the free space impedance are observed in the

case of the PIFA compared to the whip antenna case. The larger WHIP LENGTH Lw (mm)

power loss due to impedance mismatch for the PIFA shown in (b)

Fig. 14(b) can be interpreted in terms of this greater variation in

impedance from the free space impedance. Fig. 16. Dissipated power versus whip lengthat= 60° andD = 2 cm:

Fig. 16(a) and (b) shows the power losses with respect to i Whip and (b) PIFA.

lengthZw. P,, decreases with increasitigv, and the minimum
value of 0% is obtained whelw = A/2. This behavior gives a
minimum value ofP, at the same value dfw, corresponding to t0 @ decrease i, and P, thus resulting in an increase in
the radiation efficiency shown by solid lines in Fig. 9(a). Reduéhe absorbed powersdX., Py., P;) in the human body, since
tion in P,,, is related to the current induced on the nonexcitdf€ shape of the radiation patterns of the PIFA does not change
element. Fig. 17 shows the current distribution with a whip afPpreciably with changing whip length, as shown in Fig. 18.
tenna excited with a voltage of 1 V f@» = 2 cm anda = 60°. o
Itis found from Fig. 17 (a) and (b) that when the whip antenrla: Radiation Patterns
is of a quarter-wavelength, a large current flow is induced on As described in Section 1V, when a portable telephone is in
the PIFA, whereas the current is very small in the case ofaa inclined configuration, the mean effective gains of the whip
half-wavelength whip antenna. This suggests that in these casegenna and the PIFA change considerably as the whip length
the changes i,,, can be accounted for by changes in the cuchanges. The reason for this phenomenon was considered by
rents induced on the PIFA. calculating changes in the radiation patterns of both antennas
Fig. 16(a) also shows that a decrease in absorbed power ingivece the MEG mainly depends on the radiation patterns rather
handP,,. is seen neakw = \/2in the case of the whip antennathan antenna efficiency. Fig. 18 shows the radiation patterns in
This effect can be explained in terms of a smaller current flow dhe vertical plane { — ) of the whip antenna and the PIFA
the conducting radio case whémw = A /2, leading to a small with respect to whip length from/8 to 5/8\. The frequency is
current induced on the hand, as shown in Fig. 17. On the otl880 MHz. As can be seen from the figure, the whip antenna
hand, Fig. 16(b) shows that increases in the absorbed powssws little change in radiation intensity in the upper hemi-
(Pres Puay Ps) are observed neatw = A/2 in the case of spherical region particularly for whip lengths betweef8 and
the PIFA. This phenomenon is interpreted by the fact that &8\ [Fig. 18(a)—(c)]. This is the reason for little variation in the
increase i w leads to a greater radiated power into the air dUdEG of the whip antenna for whip lengths 48 to 3/8\ in
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Fig. 17. Current distribution versus whip lengthrat= 60° andD = 2 cm with whip excitation of’; = 1 V: (a) Lw = A/4 and (b)Lw = X/2.

Figs. 9(b) and 12. In contrast, in Fig. 18, the PIFA offers a sighorizontal direction) in Fig. 18. However, as the standard devi-
nificant change in radiation intensity at elevation anglesf @Gtions are large, as in Figs. 11(b) and (d) and 12, the variations
to 47, which are the average directions of signal arrival fromia the MEG with respect to the elevation angles become smaller
base station. For example, at an elevation angle df @@ in- since in such a situation, the radiation patterns at high elevation
crease in radiation intensity is as large as 8 dB as the whip lengtigles mainly determine the MEG values.
increases from\ /8 to A/2. These radiation pattern changes ex-
plain the large MEG changes of the PIFA with respect to whip VI
length in Figs. 9(b) and 12. '
As mentioned in Section Ill, in the case of the whip antenna,
as Lw becomes longer, the stronger radiation occurs in theln order to verify the validity of the analytical results in
lower hemispherical region toward the shoulder, which Section IV, an experiment was made in an indoor multiple
clearly demonstrated in Fig. 18(c)—(e). However, this radiatioadiowave environment to estimate the MEG characteristics
is very small in the case of the PIFA. This explains whyas at 900 MHz. Fig. 19 shows the experimental setup. The ex-
becomes longer, an increment in the MEG of the whip antenparimental procedure and method for incident wave parameter
in Figs. 9(b) and 12 is smaller than the increment in efficienepeasurement for indoor environments have been reported
in Fig. 9(a), while the increment in the MEG of the PIFA idy Taga [22]. The experiment was conducted in a typical

EXPERIMENTAL STUDY IN AN INDOOR MULTIPATH
ENVIRONMENT

almost the same as the increment in efficiency. laboratory with concrete walls and plastic boards on a concrete
Figs. 11(a) and 9(b) atw = A/4 show that for the whip base for the floor and ceiling. The transmitting antenna was
antenna, the MEG has a greater value whepn = my = located vertically on the floor and the receiving signals were

20°, while for the PIFA, the MEG has a greater value whesampled by an analog-to-digital converter simultaneously
my = my = 40°. This phenomenon can be explained fronwith the receiving whip antenna and PIFA close to the human
the fact that the maximum radiation direction exists ne&ar 2@hantom (Fig. 1), which was moving around on a rotating arm
for the whip antenna and 4@or the PIFA whenLw = A/4, as of 1.5 m. A partition wall was placed between the transmitting
in Fig. 18(b). and receiving antennas so that the out-of-sight condition
It is found from Figs. 11(a) and (c) and 9(b) that variationwas maintained. Both antennas were located at the same
in the MEG of the whip antenna are small with changing elevaeight of 1.5 m from the floor, which was the ceiling—floor
tion angles of the incident waves, while those of the PIFA amenter position. In this configuration, the incident waves are
large. In particular, the MEG of the PIFA atyy = my = 0° assumed to have a symmetrical distribution in elevation with
is significantly smaller than that &ty = my = 20° and 40. the maximum value in the horizontal direction. If we assume
The reason for this behavior is explained in terms of a deep ntile incident wave distribution to be Gaussian in elevation,
observed in thely-radiation pattern of the PIFA & = 90° then the incident wave can be represented by three parameters:
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Fig. 19. Indoor experimental setup of multiple radio wave propagation.
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TABLE |
MEASUREMENT RESULTS OFINCIDENT WAVE PARAMETERS
XPR | ov ‘ CH
44dB | 27° | 58°
(e) Lw=5/8\

positions at 90 intervals relative to the tangential direction of
the rotating arm. The detailed measurement procedure is given
in the literature [22].
!:ig. 18. Whip length versus radiation characteristice-at 60° andD = Table | shows the measured incident wave parameters. The
2 cm. results indicate that the transmitted vertically polarized compo-
nent is dominant. This phenomenon can be interpreted as being
the XPR and the standard deviations of the vertically arttlie to multiple radiowaves’ being created by reflections from
horizontally polarized components,, and oy, respectively. the walls, floor, and ceiling in a regular manner since there is no
XPR was measured by the ratio of the average receiving poviemiture such as desks or bookshelves in the room.
of a half-wavelength dipole antenna to that of a cylindrical slot Fig. 20 exhibits the measured MEG's together with the cal-
antenna when the two antennas rotate once. The slot anteomated ones. The figure shows the average receiving powers
was 28 mm in cylinder diameter, 246 mm in slot length, antheasured when the human phantom was directed (@@,
1 mm in slot width, and was fed by a coaxial cable through 80, and 270 relative to the tangential direction of the rotating
parallel matching capacitor of 2 pF. The slot antenna has amm. The average value for the four measurements is also shown.
omnidirectional radiation pattern in azimuth and a figure-eighthere is some discrepancy between the receiving powers in the
pattern in elevation with a dominai,, polarized component four directions, implying that incident waves were nonuniform
when the antenna is located vertically. The standard deviationazimuth. However, even in such a situation, it has been re-
can be found from the MEG characteristics for the dipole anmbrted that the averaging process for the receiving power for
slot antennas located vertically and horizontally. The totakimuthally nonuniform incident waves agrees very well with
incident power required for the MEG calculation was measurdidat for a uniform model [23]. Thus, it is concluded that the
by the dipole antenna skewed by°5f5om the vertical. Since measured result in Fig. 20 that should be compared with the
there may have been some deviation in the azimuthal angleaofalytical result is the average value of the four directions. The
the incident waves, the MEG was calculated from an averageaskerage values show a good agreement with the calculated ones,
four successive measured results in which each measureniedicating that the analysis of MEG performed in this paper is
was made for the human phantom at four different angularade with adequately high accuracy.
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Fig. 20. Comparison between calculated and measured MEGs.

VII. CONCLUSION
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The performance of a diversity antenna for portable tele-
phones comprising a whip antenna and a planar inverted [18]
antenna, which includes the electromagnetic effects of a human
operator, has been analyzed. The analysis shows the radiatig]
efficiency and mean effective gain as functions of whip length,
head-to-radio separation, and body inclination angle from the
vertical under various incident radiowave environments. Thesggq)

results will contribute to realizing stable and high-quality

mobile radio communications.
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