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Diversity Antenna Influenced by Head, Hand, and

Shoulder Effects at 900 MHz: Part I—Effective Gain
Characteristics
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Abstract—A diversity antenna for portable telephones, which
is composed of a whip antenna and a planar inverted F-antenna
(PIFA) operating at 900 MHz, has been analyzed. The analysis in-
cludes the electromagnetic effects of a human operator. Wire-grid
analysis yielded radiation efficiency, mean effective gain, correla-
tion coefficient, and diversity gain characteristics under various in-
cident wave propagation environments with whip length, head-to-
radio separation, and inclination of the radio from the vertical as
parameters. The analysis has been carried out using a homoge-
neous human phantom model, which includes a head, a hand, and a
left shoulder. The description of this work is divided into two parts,
devoted, respectively, to the effective gain characteristics in mul-
tipath propagation environments in Part I and to the correlation
characteristics of the diversity branches in Part II. The analytical
results indicate the structural and environmental requirements for
designing the diversity antenna with a high diversity effect under
practical use conditions.

Index Terms—Body effect, correlation coefficient, diversity, ef-
fective gain, moment method, portable telephone.

I. INTRODUCTION

W ITH the expansion of cellular telephone services, there
has been an interest in and much research directed to-

ward antenna gain enhancement in ordinary use situations. In
order to reduce multipath fadings in a land mobile communica-
tion environment, diversity reception techniques are employed
for portable telephone terminals because high diversity gain can
be achieved while at the same time equipment can be further
miniaturized. A very compact diversity antenna configuration
for portable telephones comprising a retractable whip antenna
and a built-in planar inverted F-antenna (PIFA) has been de-
veloped [1]. In order to obtain high diversity, the correlation
between diversity branches must be small while maintaining
a high effective gain [2] in the communication environment.
To this end, correlation coefficients and effective gains have
been analyzed in free space in relation to antenna structures
under various radiowave propagation environments [3], [24],
[4], [25]. However, few theoretical analyses evaluating these re-
lationships—which include electromagnetic interaction due to
the presence of the antenna, the hand-held unit, and the human
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operator—have been reported. For designing a diversity antenna
with a small correlation coefficient and a high effective gain,
analysis of these characteristics under practical use conditions
is essential.

Because portable telephones operate in proximity to the
human body, one particular important consideration involves
the interaction of radiant electromagnetic fields with nearby
biological tissue. The operator’s influence on antenna gain,
radiation pattern, and input impedance has been investigated
theoretically by the moment method [5], [6] and the finite
difference time-domain method [7], [8], [26], [9], [10]. These
studies indicate that significant gain reduction occurs when the
antenna is used close to the human body, and approximately
half of the transmission power is absorbed in the human body,
resulting in a radiation efficiency of less than 0.5. In these
analyses, human heads were modeled by a sphere [7], a cube
[8], [26], a spheroid [6], or a more realistic shape [5], [9], [10].

Recently, some studies have modeled a hand holding a
portable telephone [7], [8], [26], [9], [10]. The effect of the
hand depends on the type of antenna used; the effect is rela-
tively small for an external whip antenna, whereas the effect
becomes significantly large for a built-in antenna when the
antenna approaches the hand [8], [26], [9]. On the other hand,
the shoulder is a part of the human body that can affect the
antenna characteristics since the radio and the shoulder are
in close proximity when the shoulder is raised in the usual
talk position. In such a situation, the shoulder could provide
a different effect compared to the hand because the hand is
regarded as a bulky object located near the antenna, whereas
the shoulder is an extended plane at a distance of approximately
a quarter-wavelength at 900 MHz from the antenna. For this
reason, the authors have presented a basic study of the effects
of the shoulder on the impedance and radiation characteristics
of a half-wavelength dipole antenna located near the head at
900 MHz [11], [27].

The purpose of this paper is to make a wire-grid analysis of
a diversity antenna comprising a whip antenna and a built-in
PIFA, to include the electromagnetic effects of a human oper-
ator and to evaluate diversity performance with regard to the
whip length, the head-to-radio separation, and the radio inclina-
tion angle from the vertical under various multipath propagation
environments. The analysis has been carried out by the use of
a homogeneous human phantom model, which includes a head,
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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 di-
vided into two parts, devoted, respectively, to the effective gain
characteristics in multiple radiowave propagation environments
in Part I and to the correlation characteristics of the diversity
branches in Part II. The analytical results indicate the structural
and environmental requirements for designing the diversity an-
tenna with a high diversity effect under practical use conditions.

This paper (Part I) first presents the configuration of the di-
versity antenna and the wire-grid model in Section II. Equations
for calculating the radiation efficiency and the effective gain,
and a theoretical model for the incident wave distribution, are
presented. In addition, simultaneous conjugate-matched condi-
tions for the two antennas, as is the usual case for commercial
portable telephones, are discussed. The effects of a shoulder on
the radiation and effective gain characteristics are discussed in
Section III. In that discussion, there is a demonstration of how
the characteristics of whip antennas of different whip lengths
and the PIFA are changed by the proximity of a shoulder. In Sec-
tion IV, the calculated radiation efficiency and effective gain are
introduced with regard to the considerations mentioned above.
Section V is concerned with investigations into the power ab-
sorbed in a head, a hand, and a shoulder on the power loss due
to impedance mismatch and on the dissipated power in a nonex-
cited element when the whip length and the head-to-radio sepa-
ration are changed. Mechanisms for the effective gain variations

with respect to antenna structure and incident wave parameters
will also be considered in Section V. From these results, a mech-
anism for obtaining a high radiation efficiency and a high effec-
tive gain is explained. In Section VI, the analytical results of the
effective gain are verified by an experiment conducted in an in-
door radiowave propagation environment.

II. THEORETICAL MODEL AND METHOD

A. Antenna and Human Body Modeling

An external view of the diversity antenna model, which sim-
ulates a commercial hand-held terminal, is shown in Fig. 1(a).
A metal cube represents the equipment body case. A whip an-
tenna of length is mounted at the top of the metal case, and
a PIFA is attached on the side plate adjacent to the upper plate.
It is known that a PIFA resonates when the element perimeter is
a half-wavelength [12]. In Fig. 1(a), the dimensions of the ele-
ment give a resonant frequency of nearly 900 MHz. A feed point
of the PIFA, labeled “fp” in Fig. 1(a), is located at a position so
that a good matching condition is obtained at 900 MHz.

Fig. 1(b) shows a model of a human phantom used for nu-
merical calculations. Fig. 1(c) and (d) show the side view and
front view of the human phantom. This represents a practical
use condition with a simplified structure assuming biological
human tissue parameters. The head is approximated by a circular
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Fig. 2. Wire-grid model.

cylinder, the dimensions of which are 18 cm in diameter and 25
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 cm.
The distance between the lower edge of the PIFA and the upper
edge of the hand is set to be 0.5 cm. The radio is placed inclined at
angle from thevertical andat distancefrom the headso that it
is positioned between the operator’s mouth and ear. The rotation
center of the radio is located at a distance of 2 cm from the top
of the metal case and accords with the ear, which is located at a
height of 12.5 cm from the surface of the shoulder, corresponding
to the rotation center of the head, as shown in Fig. 1(c).

In previous studies, human phantoms consisting of only a
head and a hand were used, and shoulder effects were not taken
into account. In this work, we have attempted to simulate typical
conditions in which a trapezoidal left shoulder is located at the
side of a head giving a more realistic geometrical relationship
between the human body and the radio during ordinary use. The
dimensions and structure of the phantom shown in Fig. 1(b) are
those of the average of 20- to 30-year-old men.

The wire-grid method illustrated in Fig. 2 was employed to
calculate the antenna characteristics. The wire-grid model for
a hand-held terminal is described in detail in the literature [1],
[3], [24]. As shown in Fig. 2, the head consists of six circles and
16 straight lines, and the shoulder is divided by lines into a bent
plane mesh structure. The validity of this structure will be veri-
fied by the measurements in Section III. A human body can be
treated as a lossy dielectric material with the surface impedance
calculated from the biological parameters of human tissue as

(1)

where
and electric permittivity and the magnetic per-

meability;
conductivity;

and frequency.
In order to simulate the human body by the wire-grid method,
lumped load impedances are added into the wires as shown in
Fig. 3 so that diagonal elements in the impedance matrix are

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]:

(2)

where and are the side lengths of the area in which the load
impedance is located, as shown in Fig. 3.

B. Radiation Efficiency

In general, the input impedance of antennas positioned in
free space is designed to be 50. Therefore, there would be
an impedance mismatch loss when a hand-held terminal is lo-
cated close to a human body because the input impedance of the
antennas may change from that in free space. For this reason,
the impedance mismatch loss must be considered in calculating
the radiation efficiency. Since the two antennas are positioned
close together, as shown in Fig. 1(a), the power radiated from
the one is dissipated in the other. This condition would reduce
the radiation efficiency and thus must be taken into account in
the efficiency calculation.

The equivalent circuit at the feed points of the diversity an-
tenna with one antenna excited and acting as a transmitter is rep-
resented in Fig. 4. and are, respectively, the self-imped-
ances of the whip antenna and the PIFA, andis the mutual
impedance. and are the load impedances seen from the
antenna terminals into the RF circuit. Thus the antenna terminal
voltages and currents are related by the following impedance
matrix:

(3)

If the load impedances , and the input impedances ,
are in the conjugate-matched condition, from (3) we obtain

the following:

(4)

(5)

where the asterisk denotes the complex conjugate. With a
hand-held terminal placed in free space, the matched load im-
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Fig. 4. Equivalent circuit of the diversity antenna.

pedances ( , ) satisfying (4) and (5) are assumed to
be connected to the terminals of the two antennas. When the
hand-held terminal approaches a human body, the self- and mu-
tual-impedances are changed to be, , and , and the
input impedances become and . Now we consider the
case where the whip antenna is excited with voltage, as
shown in Fig. 4(a). The input power applied to the whip
antenna is expressed by the following equation:

(6)

where

This power is transferred from generator 1 and is given from (6)
as follows:

(7)

where

and

represents the real part of and denotes the avail-
able power from the generator.expresses the ratio of power
delivered to the antenna to power available from the generator,
which is unity under the conjugate-matched condition. Let us

Fig. 5. Relationship between the dissipated powers (whip excitation).

define radiation efficiency with respect to the available power
using the following relationship:

(8)

where
power radiated into the air;
total power loss;

, and powers absorbed in the head, the hand, and
the shoulder, respectively.

is the power dissipated in the matched load of the
PIFA and is the power loss due to the impedance mismatch.
The relationship of these powers is illustrated schematically in
Fig. 5, and they can be calculated from the following equations:

(9)

(10)

(11)

(12)

(13)

where , , and are the load impedances in the
head, the hand, and the shoulder, respectively; and, , and

are the currents through each load. Usually, radiation effi-
ciency is defined as the ratio of total radiated power to the net
power accepted by the antenna [13]. Our definition in
(8) is a measure of how effectively the antenna converts avail-
able power into transmitted power . This radiation effi-
ciency is analogous to transducer power gain in the design of
two-port networks (e.g., amplifiers) in circuit theory [14] and
is useful in considering the general case, since it includes the
effect of impedance mismatch . In the same way, where the
PIFA is excited, the radiation efficiency can be obtained from
Fig. 4(b) and (8).

C. Mean Effective Gain

When an antenna moves in a multipath propagation environ-
ment over a random route, the mean effective gain (MEG) is
obtained using the following equation [2]:

(14)
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Fig. 6. Incident wave model.

is the mean received power of an antenna over the random
route, is the mean power received by a-polarized isotropic
antenna in a mobile radio environment, and is the mean
power received by a-polarized isotropic antenna. Thus,

is the total mean incident power of an antenna averaged over
the route. is expressed by Yeh as follows [15]:

(15)
where denotes components ( ) in spherical coordinates
and . and are the and com-
ponents of the antenna power gain pattern, which take account
of the impedance mismatch loss, and and are the
and components of the angular density functions of incoming
plane waves. Since the mean incident power ratio repre-
sents the cross-polarization power ratio (XPR)

XPR (16)

the expression for the MEG can be represented by the following
equation derived from (14)–(16):

(17)

and are from a statistical model in which the an-
gular density functions are assumed to be Gaussian in elevation
and uniform in azimuth as shown in Fig. 6, and are given by

(18)

(19)

Fig. 7. Radiation pattern calculated by (a) the nonshoulder model and (b) the
shoulder model, and radiation pattern measured by (c) the human phantom
shoulder model and (d) a real human body at� = 60 andD = 2 cm.

Fig. 8. Measurement method for the radiation pattern in the vertical plane (z�

x andz � y).

where and are the mean elevation angles of the- and
-component wave distributions observed from the horizontal

direction. and are the standard deviations of the- and
-component wave distributions. and are proportional

constants determined by the following equation:

(20)
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Fig. 9. (a) Radiation efficiency and (b), (c) MEG calculated by the shoulder and nonshoulder models at� = 60 andD = 2 cm.

III. EFFECT OF THESHOULDER ON EFFECTIVE GAIN

CHARACTERISTICS

A. Radiation Characteristics

Incident radiowaves coming from a base station are known
to be distributed in the elevation angle between 0–40in a
land mobile communication environment in the 900-MHz band
[16]. Therefore, for accurate evaluation of portable telephone
antennas, it is essential to obtain accurate radiation patterns at
those angles of signal arrival. Thus, in this section, the influence
of the shoulder on the radiation characteristics at the high ele-
vation angles is examined by comparing the characteristics for
the human model with the shoulder, shown in Fig. 1, with those
without the shoulder corresponding to the cylindrical head and
parallelepiped hand only in Fig. 1. These are referred to as “the
shoulder model” and “the nonshoulder model,” respectively.

Fig. 7(a) and (b) shows the radiation patterns in the vertical
plane ( ) calculated for the shoulder and nonshoulder
models. The frequency was 900 MHz, and the whip antenna
was of a quarter-wavelength (83 mm) or a half-wavelength
(167 mm). Fig. 7(a) and (b) shows the different radiation

properties of the two antennas. For a/4-whip antenna, the
radiation in the lower hemispherical (negative-) region toward
the shoulder is suppressed in the case of the shoulder model
and consequently the dominant radiation occurs in the upper
hemispherical (positive-) region toward the sky.

In contrast, for a /2-whip antenna, there is a strong radiation
in the lower hemispherical region toward the shoulder, and
little change is observed between the shoulder and nonshoulder
models. It is clear from Fig. 7(a) and (b) that gain enhancement
due to the shoulder in the high elevation angles occurs in the
case of a shorter whip antenna. This effect can be deduced
from the fact that the distance between the maximum point
of the current distribution on whip antennas and the phantom
shoulder differs for the two whip antennas (see Figs. 1 and
17), and for a shorter whip antenna, the shoulder functions as a
reflector, since the shoulder is spread over as a conformal plane
at a distance of a quarter- to half-wavelength from the antenna.
Fig. 7(a) and (b) indicates that this explanation is also true for
the PIFA, in which the radiation occurs just above the shoulder,
and thus the radiation to the negative-direction is suppressed
due to the shoulder.
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Fig. 10. Radiation efficiency versus the distance between the human head and the radio body at� = 60 : (a)Lw = �=4 and (b)Lw = �=2.

Fig. 11. Mean effective gain versus the distance between the human head and the radio body at� = 60 and XPR= 6 dB: (a)Lw = �=4, �V = �H = 20 ;
(b)Lw = �=4, �V = �H = 40 ; (c)Lw = �=2, �V = �H = 20 ; and (d)Lw = �=2, �V = �H = 40 .

Fig. 7(c) shows the measured results of a human phantom.
The phantom has the same shape as the human model in Fig. 1

and is made of polypropylene plastic of 3-mm thickness. A
mixed 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
the radio terminal in Fig. 1(a) next to the ear with an inclination
angle of 60, as shown in Fig. 8 [18]. The rotation table is made
of a plastic plate with a diameter of 70 cm. In the measurement,
the lower part of the conductive radio body was covered with a
styrene foam plate of 1-cm thickness for insulation. Comparing
Fig. 7(d) and (b) or (c), there are slight differences between the
two radiation patterns in the lower hemispherical region. This is
probably due to a simple approximation of the human phantom
model. However, Fig. 7(d) shows the radiation characteristics
such that the radiation to the shoulder direction is suppressed
and the radiation to the high elevation angles is enhanced. In
addition, the radiation patterns in Fig. 7(d) agree very well with
the results in Fig. 7(b) and (c) in the upper hemispherical region
toward the sky. From this, the human model is found to be rea-
sonably accurate in evaluating practical radiation characteristics
at elevation angles typical of mobile radio signal arrival.

B. Effective Gain Characteristics

In this section, we investigate how the change in the radia-
tion characteristics due to the existence of the shoulder affects
the effective gain in a multiple radiowave environment, and the
condition under which the shoulder is necessary for modeling
the human body is considered.

Fig. 9 exhibits the calculated radiation efficiency and MEG
as a function of the whip length . Fig. 9 (b) and (c) shows
the MEG for the shoulder and nonshoulder models. The inci-
dent radiowave parameters are determined to be typical values
in urban areas; the XPR is 6 dB, the mean elevation angles are
0 to 40 , and the standard deviation is 20. The detailed expla-
nations and considerations concerning the relationship between
these radiowave parameters and the antenna characteristics are
given in the next section. In this section, we focus on the effect
of the shoulder.

Comparing the radiation efficiency of the shoulder and non-
shoulder models in Fig. 9(a), a reduction in efficiency is ob-
served in the case of the shoulder model for both antennas. This
is caused by the power absorbed in the shoulder, which will be
discussed in Section V. In contrast, comparing Fig. 9(b) and
(c), a relatively large increase in the MEG due to the existence
of the shoulder can be seen for a/4-whip antenna and a PIFA
with , but the increment is very small for a/2-whip
antenna and a PIFA with . It should be noted that the
higher the elevation angle of incident waves, the larger the in-
crement in the MEG. For example, for a4-whip antenna, the
increment in the MEG is 0.4, 1, and 1 dB for ,
20 , and 40, respectively. For a PIFA with , the
increment is 0.3, 1.1, and 1.5 dB for , 20 ,

Fig. 12. Mean effective gain versus the whip length at� = 60 ,D = 2 cm,
XPR= 6 dB, and�V = �H = 40 .

and 40 , respectively. This MEG enhancement is caused by
the radiation pattern change in the direction of incident waves,
as shown in Fig. 7. These facts suggest that the existence of
the shoulder should be taken into account when an adequately
accurate evaluation of the radiation characteristics of portable
telephone antennas is needed, especially for a short whip an-
tenna and a built-in PIFA in urban radiowave environments
where the incident waves tend to arrive from the high elevation
angles.

IV. A NALYTICAL RESULTS

Fig. 10 shows the radiation efficiency as a function of head-
to-radio separation with a fixed radio inclination angle
of 60 . The frequency is 900 MHz, and the whip antenna is
of a quarter-wavelength [Fig. 10(a)] and a half-wavelength
[Fig. 10(b)]. The relative permittivity of human brain tissue
used in the calculation is 42, and the conductivity is 0.85 S/m
[19]. From Fig. 10(a), the radiation efficiency of the whip
antenna increases significantly with increasing, while that
of the PIFA increases gradually. This effect can be interpreted
in terms of the power absorbed in the head and hand. For the
PIFA, the power absorbed in the hand is greater than that in
the head, and the effect of the head becomes relatively small
(see Section V in detail). As the radio approaches the head,
a significant reduction in efficiency is seen, and consequently
less than half of the available power is radiated into the air,
which is consistent with previous studies [7], [8], [26], [9].

When , on the other hand, the efficiencies increase
considerably for both antennas as in Fig. 10(b). This significant
increase in efficiency is mainly caused by the reduction in power
dissipated in the matched load (see Fig. 16). Comparing
Fig. 10(a) and (b), it can be seen that the increasing rate with

of the PIFA efficiency is changed from the to the
case. This is attributed to the fact that when

, the power absorbed in the head for the PIFA increases
compared with the case, as shown in Fig. 16(b),
and thus the efficiency of the PIFA for increases
more rapidly than that for , since reduces with
increasing .
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Fig. 13. Mean effective gain versus the inclination angle of the radio body atD = 2 cm: (a), (b)Lw = �=4 and (c), (d)Lw = �=2.

Fig. 11 exhibits the MEG with respect towith whip length,
elevation angle, and standard deviation of the incident waves as
parameters. It is known that the incident waves in the 900-MHz
land mobile environment arrive from elevation angles of 0–40
in urban areas with the waves spread over a wide angle, and
thus the mean elevation angles and are assumed to be
0–40 , and the standard deviations and are assumed to
be between 20–40.

From Fig. 11(a) and (b), it can be seen that when ,
the MEG for the whip antenna decreases as the hand-held ter-
minal approaches the head. For instance, Fig. 11(a) shows that
when cm, which may be the normal separation in prac-
tical use, the MEG for the whip antenna is8.2 to 7.5 dBd
for and from 0 to 20 and increases rapidly with in-
creasing , whereas the MEG for the PIFA becomes as low as

11.3 to 9.8 dBd for and from 0 to 40 and in-
creases gradually with increasing. This behavior is similar
to that of the radiation efficiency, as shown in Fig. 10. From

this, the variation in the MEG with changing the elevation angle
from 0 to 40 is found to be 0.7 dB for the whip antenna and
1.5 dB for the PIFA at cm. These values become smaller
as the incident waves are spread over a wide angle, as shown
in Fig. 11(b). It can be seen from these results that the PIFA is
more influenced by the radiowave environment under the con-
dition assumed in Fig. 11. The reason for this phenomenon will
be dealt with in Section V.

When becomes longer up to a half-wavelength as in
Fig. 11(c) and (d), there is a significant increase in the MEG.
For example, when cm and , the
increment in the MEG for the whip antenna from
to is 1 and 1.5 dB for standard deviations of 20and
40 , respectively, and is 2.5 dB for the PIFA for both standard
deviations. It is interesting to note that an increase in whip
length brings about a more effective MEG enhancement of the
PIFA. In addition, Fig. 11(c) and (d) shows that the increasing
rate with of the MEG is changed from to
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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 length
for XPR dB and . Fig. 9(b) shows the MEG
for , 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
depending on , and there is an optimum whip length for ob-
taining high efficiency and MEG. The optimum whip lengths
are near 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 values of
and change, while that of the PIFA does not. The reason
for this behavior will also be discussed in Section V.

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 is
noted from the figure that there are particular inclination angles
at which the MEG becomes constant regardless of the value of
XPR. These inclination angles are labeled A, B, C, and D in
Fig. 13, and they are at 47, 23 , 43 , and 35, respectively.
Also, at certain XPR values, the variation in the MEG is small
regardless of the antenna inclination angle. For instance, when
XPR dB, the MEG of the 2 whip antenna is nearly
constant at 6 dBd. It is reported that the XPR depends very
much on the propagation environment [20] and ranges from 0
to 9 dB. From Fig. 13, we can estimate the change in the MEG
with changing XPR in a practical situation where the average
inclination angle is about 60[21]. For instance, in the case of

, the changes in the MEG for the whip antenna and
PIFA are estimated to be 0.8 and 2 dB, respectively, with a vari-
ation of XPR from 0 to 9 dB.

V. CONSIDERATIONS

A. Power Loss and Current Distribution

In order to consider the radiation efficiency behavior de-
scribed in Section IV, the power losses caused by the absorption
of each region of the human body ( , , and ) and by
a hand-held terminal itself ( and ) were investigated.

Fig. 14. Dissipated power versus the distance between the human head and
the radio body at� = 60 : (a) whip and (b) PIFA.

Fig. 14(a) and (b) shows the results calculated as a function of
head-to-radio separation with and . In
each case, the power is normalized to the available power.
Concerning the whip antenna, decreases as increases,
and this leads to a reduction of the total power loss. Fig. 14(a)
also shows that and for the whip antenna are the major
contributory factors to when is small. In the case of the
PIFA, however, , , and are the major factors, and
they are almost constant regardless of. To investigate this
phenomenon, the impedances for both antennas are calculated
and measured.

Fig. 15 illustrates the calculated impedance characteristics of
the whip antenna and the PIFA as a function of head-to-radio
distance, together with the impedances measured by the human
phantom described in Section III and the real human body of a
30-year-old man. The whip antenna is of a quarter-wavelength,
and load impedances ( and in Fig. 4) of 50 are con-
nected to both terminals. In the figure, dashed lines indicate the
impedances of the antennas in free space. From Fig. 15, the im-
pedances of the whip antenna change appreciably aschanges,
while those of the PIFA remain almost constant regardless of the
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Fig. 15. Impedance versus radio-to-head distance at� = 60 .

distance. In addition, the figure shows that greater variations in
impedance from the free space impedance are observed in the
case of the PIFA compared to the whip antenna case. The larger
power loss due to impedance mismatch for the PIFA shown in
Fig. 14(b) can be interpreted in terms of this greater variation in
impedance from the free space impedance.

Fig. 16(a) and (b) shows the power losses with respect to whip
length . decreases with increasing , and the minimum
value of 0% is obtained when . This behavior gives a
minimum value of at the same value of , corresponding to
the radiation efficiency shown by solid lines in Fig. 9(a). Reduc-
tion in is related to the current induced on the nonexcited
element. Fig. 17 shows the current distribution with a whip an-
tenna excited with a voltage of 1 V for cm and .
It is found from Fig. 17 (a) and (b) that when the whip antenna
is of a quarter-wavelength, a large current flow is induced on
the PIFA, whereas the current is very small in the case of a
half-wavelength whip antenna. This suggests that in these cases,
the changes in can be accounted for by changes in the cur-
rents induced on the PIFA.

Fig. 16(a) also shows that a decrease in absorbed power in the
hand is seen near in the case of the whip antenna.
This effect can be explained in terms of a smaller current flow on
the conducting radio case when , leading to a small
current induced on the hand, as shown in Fig. 17. On the other
hand, Fig. 16(b) shows that increases in the absorbed powers
( , , ) are observed near in the case of
the PIFA. This phenomenon is interpreted by the fact that an
increase in leads to a greater radiated power into the air due

Fig. 16. Dissipated power versus whip length at� = 60 andD = 2 cm:
(a) whip and (b) PIFA.

to a decrease in and , thus resulting in an increase in
the absorbed powers ( , , ) in the human body, since
the shape of the radiation patterns of the PIFA does not change
appreciably with changing whip length, as shown in Fig. 18.

B. Radiation Patterns

As described in Section IV, when a portable telephone is in
an inclined configuration, the mean effective gains of the whip
antenna and the PIFA change considerably as the whip length
changes. The reason for this phenomenon was considered by
calculating changes in the radiation patterns of both antennas
since the MEG mainly depends on the radiation patterns rather
than antenna efficiency. Fig. 18 shows the radiation patterns in
the vertical plane ( ) of the whip antenna and the PIFA
with respect to whip length from 8 to 5/8 . The frequency is
900 MHz. As can be seen from the figure, the whip antenna
shows little change in radiation intensity in the upper hemi-
spherical region particularly for whip lengths between8 and
3/8 [Fig. 18(a)–(c)]. This is the reason for little variation in the
MEG of the whip antenna for whip lengths of 8 to 3/8 in



OGAWA et al.: HANDSET DIVERSITY ANTENNA: PART I—EFFECTIVE GAIN CHARACTERISTICS 841

Fig. 17. Current distribution versus whip length at� = 60 andD = 2 cm with whip excitation ofV = 1 V: (a)Lw = �=4 and (b)Lw = �=2.

Figs. 9(b) and 12. In contrast, in Fig. 18, the PIFA offers a sig-
nificant change in radiation intensity at elevation angles of 0
to 40 , which are the average directions of signal arrival from a
base station. For example, at an elevation angle of 20, the in-
crease in radiation intensity is as large as 8 dB as the whip length
increases from 8 to 2. These radiation pattern changes ex-
plain the large MEG changes of the PIFA with respect to whip
length in Figs. 9(b) and 12.

As mentioned in Section III, in the case of the whip antenna,
as becomes longer, the stronger radiation occurs in the
lower hemispherical region toward the shoulder, which is
clearly demonstrated in Fig. 18(c)–(e). However, this radiation
is very small in the case of the PIFA. This explains why as
becomes longer, an increment in the MEG of the whip antenna
in Figs. 9(b) and 12 is smaller than the increment in efficiency
in Fig. 9(a), while the increment in the MEG of the PIFA is
almost the same as the increment in efficiency.

Figs. 11(a) and 9(b) at show that for the whip
antenna, the MEG has a greater value when

, while for the PIFA, the MEG has a greater value when
. This phenomenon can be explained from

the fact that the maximum radiation direction exists near 20
for the whip antenna and 40for the PIFA when , as
in Fig. 18(b).

It is found from Figs. 11(a) and (c) and 9(b) that variations
in the MEG of the whip antenna are small with changing eleva-
tion angles of the incident waves, while those of the PIFA are
large. In particular, the MEG of the PIFA at
is significantly smaller than that at and 40 .
The reason for this behavior is explained in terms of a deep null
observed in the -radiation pattern of the PIFA at

(horizontal direction) in Fig. 18. However, as the standard devi-
ations are large, as in Figs. 11(b) and (d) and 12, the variations
in the MEG with respect to the elevation angles become smaller
since in such a situation, the radiation patterns at high elevation
angles mainly determine the MEG values.

VI. EXPERIMENTAL STUDY IN AN INDOOR MULTIPATH

ENVIRONMENT

In order to verify the validity of the analytical results in
Section IV, an experiment was made in an indoor multiple
radiowave environment to estimate the MEG characteristics
at 900 MHz. Fig. 19 shows the experimental setup. The ex-
perimental procedure and method for incident wave parameter
measurement for indoor environments have been reported
by Taga [22]. The experiment was conducted in a typical
laboratory with concrete walls and plastic boards on a concrete
base for the floor and ceiling. The transmitting antenna was
located vertically on the floor and the receiving signals were
sampled by an analog-to-digital converter simultaneously
with the receiving whip antenna and PIFA close to the human
phantom (Fig. 1), which was moving around on a rotating arm
of 1.5 m. A partition wall was placed between the transmitting
and receiving antennas so that the out-of-sight condition
was maintained. Both antennas were located at the same
height of 1.5 m from the floor, which was the ceiling–floor
center position. In this configuration, the incident waves are
assumed to have a symmetrical distribution in elevation with
the maximum value in the horizontal direction. If we assume
the incident wave distribution to be Gaussian in elevation,
then the incident wave can be represented by three parameters:
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Fig. 18. Whip length versus radiation characteristics at� = 60 andD =

2 cm.

the XPR and the standard deviations of the vertically and
horizontally polarized components and , respectively.
XPR was measured by the ratio of the average receiving power
of a half-wavelength dipole antenna to that of a cylindrical slot
antenna when the two antennas rotate once. The slot antenna
was 28 mm in cylinder diameter, 246 mm in slot length, and
1 mm in slot width, and was fed by a coaxial cable through a
parallel matching capacitor of 2 pF. The slot antenna has an
omnidirectional radiation pattern in azimuth and a figure-eight
pattern in elevation with a dominant polarized component
when the antenna is located vertically. The standard deviation
can be found from the MEG characteristics for the dipole and
slot antennas located vertically and horizontally. The total
incident power required for the MEG calculation was measured
by the dipole antenna skewed by 55from the vertical. Since
there may have been some deviation in the azimuthal angle of
the incident waves, the MEG was calculated from an average of
four successive measured results in which each measurement
was made for the human phantom at four different angular

Fig. 19. Indoor experimental setup of multiple radio wave propagation.

TABLE I
MEASUREMENTRESULTS OFINCIDENT WAVE PARAMETERS

positions at 90 intervals relative to the tangential direction of
the rotating arm. The detailed measurement procedure is given
in the literature [22].

Table I shows the measured incident wave parameters. The
results indicate that the transmitted vertically polarized compo-
nent is dominant. This phenomenon can be interpreted as being
due to multiple radiowaves’ being created by reflections from
the walls, floor, and ceiling in a regular manner since there is no
furniture such as desks or bookshelves in the room.

Fig. 20 exhibits the measured MEG’s together with the cal-
culated ones. The figure shows the average receiving powers
measured when the human phantom was directed to 0, 90 ,
180 , and 270 relative to the tangential direction of the rotating
arm. The average value for the four measurements is also shown.
There is some discrepancy between the receiving powers in the
four directions, implying that incident waves were nonuniform
in azimuth. However, even in such a situation, it has been re-
ported that the averaging process for the receiving power for
azimuthally nonuniform incident waves agrees very well with
that for a uniform model [23]. Thus, it is concluded that the
measured result in Fig. 20 that should be compared with the
analytical result is the average value of the four directions. The
average values show a good agreement with the calculated ones,
indicating that the analysis of MEG performed in this paper is
made with adequately high accuracy.
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Fig. 20. Comparison between calculated and measured MEGs.

VII. CONCLUSION

The performance of a diversity antenna for portable tele-
phones comprising a whip antenna and a planar inverted
antenna, which includes the electromagnetic effects of a human
operator, has been analyzed. The analysis shows the radiation
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. These
results will contribute to realizing stable and high-quality
mobile radio communications.
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