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Dipole Configurations with Strongly Improved
Radiation Efficiency for Hand-Held Transceivers

Roger Yew-Siow Tay,Member, IEEE, Quirino Balzano,Senior Member, IEEE, and Niels Kuster,Member, IEEE

Abstract—In this paper the design criteria for antenna struc-
tures with improved radiation efficiency while operating in close
vicinity to a biological scatterer were investigated. The study
was performed using a simple�=2 dipole combined with a
directive or reflective element. The optimization criteria were the
effective radiation efficiency, the spatial peak specific absorption
rate (SAR), and the sensitivity of the input resistance to the
distance from the scatterer. It could be demonstrated that the
primary design criterion to improve the radiation efficiency is not
directivity but the reduction of the maximum incident magnetic
field strength in the exposed skin area of the user’s head. For the
reflectively coupled dipole, all performance parameters could be
improved by several decibels compared to a standard�=2 dipole,
whereas for some other directive structures, the performance
was impaired. The study was conducted with the generalized
multipole technique (GMT) numerical simulation method, the
results of which were validated by measurement methods.

Index Terms—Design criteria, directional antennas, mobile
phones, radiation efficiency, SAR.

I. INTRODUCTION

SINCE the introduction of cellular phone service, industry
has succeeded in greatly reducing the size and weight

of hand-held mobile telecommunications equipment (MTE).
Performance has been greatly improved and functionality has
been greatly expanded, but with few exceptions, antenna
configurations have remained basically the same. Most cur-
rently employed antennas are helical antennas and monopole
antennas, some of them with reduced length. In general, short
antennas and reduced separation between the antenna and the
head increase energy loss into the head of the user [1]. If
the device is not carefully designed, a considerable amount of
the power available at the feed point of the antenna may be
absorbed in the user’s head [2]–[4]. Comparisons of current
commercial devices show that the performance with respect to
user exposure varies greatly between the different designs. In
general, large absorption values correlate with poor radiation
performance [5], [6].

Therefore, significant power loss in the head is not only
an issue of achieving compliance with safety limits [5] since
excellent radiation efficiency provides distinguished technical
advantages such as longer talk time or smaller and lighter
batteries. A major constraint regarding the design of highly ef-
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ficient devices, however, is the consumer’s desire for compact
design of both antenna and device.

An obvious design approach, which satisfies the requirement
for compactness and limited exposure, is the use of a planar
antenna integrated onto the back side (away from the head)
of the hand-held MTE. The effectiveness of such an antenna
design was investigated [7]. Although the study showed sig-
nificant reduction of the absorption in the user’s head, this
approach brings additional design restrictions and difficulties.
For example, effective design measures must be found to
prevent the user from covering the antenna with his/her hand or
while shouldering the phone. Another difficulty is in achieving
the required bandwidth and efficiency for a small device.
Nevertheless, cellular phones with planar antennas have lately
become commercially available.

Directivity can also be achieved through other antenna
concepts, e.g., dipole structures combined with directors and/or
reflectors. The advantages and disadvantages of directional
antennas were discussed in [8] on the basis of a study
performed with an array structure of four small dipoles in the
vicinity of a lossy sphere. The various approaches described
in the literature were also discussed. One of the general
conclusions of this paper was that power absorption into
the head of the operator is effectively reduced by increased
antenna directivity.

Contracting this general statement, which is based on a
radiation model, the study on the absorption mechanism in
biological bodies in the near field of dipole antennas [1]
would suggest that increased directivity does not necessarily
result in improved efficiency. The reason is that the energy
absorbed in the head is proportional to the square of the
magnetic field strength at the location of the tissue [1], i.e., the
energy absorption mechanism is predominantly an induction
and not a radiation phenomena. Therefore, the design goal
for antennas of improved efficiency would not be primarily
to attain enhanced directivity, but to minimize the-field
incident on the user’s face.

The objective of this paper is to verify this design goal on
a dipole antenna combined with a director or a reflector
for operation in the close vicinity of a very lossy scatterer.
In addition, the suitability of such structures for hand-held
transmitters is evaluated.

II. PARAMETERS OF OPTIMIZATION

Today, not only do technical considerations govern the
design of antennas for hand-held MTE, but economics and
aesthetics also play critical design roles. In this paper, only
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radiation efficiency, the specific absorption rate, and input
impedance stability have been employed as criteria for op-
timization.

A. Effective Radiation Efficiency

The effective radiated power is the power available for
communication, i.e., the power which is actually radiated away
from the user. It can be determined by integrating the normal
component of the time-averaged Poynting vector over a
closed surface , which encloses the antenna and the user

(1)

where and are the electric and magnetic field vectors
(amplitudes).

The effective radiated efficiency is, therefore, the ratio
between the power available for communications and the
antenna input power

(2)

is the RF power dissipated in the lossy dielectric
material of the antenna and enclosure. The power absorbed
in the user can be found either by the surface integral of
the normal component of the time-averaged Poynting vector

entering the surface of the lossy scatterer or by
integrating the specific absorption rate (SAR) over the entire
volume of the scatterer (user)

(3)

where is the density of the tissue and SAR is defined below.

B. Specific Absorption Rate (SAR)

SAR is the incremental electromagnetic power absorbed by
an incremental mass contained in a volume element of given
density and is expressed by

(4)

where is the equivalent conductivity and the
mass density of the tissue. are the orthogonal root
mean square (rms) components of the-field in the tissue.

C. Input Resistance Stability

To achieve high efficiency, the driving-point impedance
and output impedance of the transmitting circuit should be
closely matched. However, the input impedance of antenna
systems operating in close vicinity of scattering objects such
as a user’s head may significantly depend on the proximity
to the head. Small variations of the driving point impedance
due to variation of the distance between the head and the
antenna would be greatly desirable. The rate at which the input
resistance changes is defined as

(5)

(a) (b) (c)

Fig. 1. Length and spacing definitions of the studied antenna structures in
free-space (top) and in the proximity of the spherical scatterer (bottom).
(a) Center-fed�=2 dipole. (b) Center-fed�=2 dipole coupled to a directive
element. (c) Center-fed�=2 dipole coupled to a reflective element.

where and are the real parts of the
driving-point impedance for the antenna in free-space and in
the presence of the spherical phantom, respectively.

III. A NTENNA CONFIGURATION

The performance of real MTE, when used on the street,
depends on a wide range of parameters, as has been described
in [2]. These include:

• operational frequency and antenna input power;
• entire mechanical and RF design of the device includ-

ing mounting location of the antenna, antenna type and
configuration, feeding network, etc.;

• position of the device with respect to the head;
• outer shape of the head;
• distribution of the different tissues within the head;
• electrical properties of these tissues.

In order to evaluate the performance and potential effective-
ness of a dipole structure combined with parasitic elements, it
was necessary to reduce this large parameter space to a simple
configuration in order to derive the fundamental interaction
properties. To reduce computational requirements and improve
the reliability of the numerical results, the symmetrical con-
figurations shown in Fig. 1 were utilized.

The antenna configurations used in this analysis are fully
described in Fig. 1. The length of the active elementwas

in all evaluated configurations, i.e., 160 mm at 900 MHz.
The radii of the active and the parasitic elements are 1 mm.
The antenna diameter was not varied in this study, since the
dependence of the performance on the radius of the wire is
very small for thin wires. Various parameters were varied in
the course of this study, the results of which were compared
to those of the simple dipole. The varied parameters were
as follows:

• the separation between the active dipole and the
parasitic element from 5 to 50 mm in steps of 5 mm;



800 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 6, JUNE 1998

• the length of the parasitic element or the ratio of
the length of the parasitic to those of the active elements

from 0.125 to 2.0:

—parasitic element acts as director;
—parasitic element acts as reflector;

• the separation between the surface of the spherical head
phantom and the center of the antenna element from 5 to
50 mm in steps of 5 mm.

The modeling of the head was reduced to a sphere of
diameter 200 mm having the dielectric parameters of
and /m, which correspond to those of brain tissue
at 900 MHz. The density was taken to be ,
which is slightly below the density of brain tissue
but simplifies the comparison with results given elsewhere in

. This phantom is identical to the spherical phantom
used in [2], which resulted in RF absorption characteristics that
tally well with those of the anatomically correct head phantom
based on high-resolution magnetic resonance imaging (MRI)
scans of different adults and children [2]–[4], [9].

IV. SIMULATION TECHNIQUE

The three-dimensional (3-D) multiple multipole (MMP-3-D)
code, which is based on the generalized multipole technique
(GMT), was the numerical method chosen for this study.
This technique has proven to be suitable for the detailed
and accurate evaluation of symmetrical antennas [10] and has
proven to have several conceptual advantages for antennas
operating in the close vicinity of simple scatterers [4], [11].
Details about GMT and the MMP-3-D code are given in [12].

V. EXPERIMENTAL SETUP AND TECHNIQUES

A. Setup

Experimental techniques were employed to verify qualita-
tively the findings obtained through simulations. A quantitative
verification was not striven for since this study was not
designed to validate the numerical approach but to study
and verify basic design criteria. The experimental antenna
prototype for the frequency of 900 MHz was built, as shown
in Fig. 2. It consists of a balanced center-fed dipole and a
TeflonTM fixture holding the parasitic elements. The separation
of the parasitic elements from the dipole can be simply
adjusted and the two parasitic arms are also easily exchanged.
Since the driving impedance drops with decreased spacing
between the dipole and parasitic element, the impedance
was matched with a “three top tuner” (Maury Microwave
Corporation, CA, Model 1878A S/N 846). The forward and
reflected power were monitored with a bi-directional coupler.

Previous studies have shown [2], [3], [9] that the curvature
of the phantom does not strongly alter the absorption distribu-
tion nor the spatial peak SAR. Therefore, the quite laborious
fabrication of a spherical phantom could be omitted and an
available human head–torso phantom [13] was used instead.
Nevertheless, to achieve the closest possible correspondence
between numerical and experimental modeling, the antenna
was positioned at the upper back of the head, the location

Fig. 2. Experimental antenna prototype.

at which the phantom has a curvature similar to that of the
numerical model. The phantom was filled with a sugar-salt-
water solution produced according to the recipe [14]. The
dielectric parameters measured by the slotted line technique
were and /m.

B. Applied Techniques

The near-field measurements were conducted using minia-
ture - and -field probes positioned with a robotic scanner
(DASY2). A detailed description of the system is given in
[15]. This automated system provides accurate quantitative
assessments with high spatial resolution [16].

VI. RESULTS IN FREE-SPACE

According to [1], the directivity of an antenna does not
necessarily result in reduced absorption and improved ef-
ficiency since the fields are predominately induced in the
tissue by the -field. The capacitive coupling is of minor
importance compared to the inductive coupling because of the
high permittivity of living tissue. Hence, the square of the
magnetic field strength at the location of the surface of the
human head is a reliable qualitative indication of the expected
losses [1] and should be the subject of minimization.

To test this prediction, the -field generated in the close
vicinity of the antenna is first analyzed in free-space. Then the
effective radiation efficiency, the spatial peak SAR as well as
the sensitivity on the driving-point resistance are determined
in the vicinity of the spherical scatterer.

Figs. 3–5 show (1) the analysis of the amplitude ratio and
the phase difference of the current in the parasitic element
to the active dipole) element, (2) the directivity in the

plane (azimuth cut), and (3) the radiation resistance as a
function of the element length ratio and the separation.
The real part of the driving-point impedance was equivalent
to the radiation resistance since the conductive structures
were simulated as perfectly conductive elements. These figures
illustrate the coupling mechanisms of the parasitic elements as
a function of the separation between active ( dipole) and
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(a)

(b)

Fig. 3. (a) Comparison between the ratio of the current amplitude and (b)
the phase difference in the parasitic element to the current in the active(�=2
dipole) element versuskkk. The separation� between radiator and parasitic
element is varied from0:015� to 0:15�. The simulations were performed
at 900 MHz.

parasitic element. The results were compared to adipole
and they can be summarized as follows.

• For , the coupling of electromagnetic energy be-
tween the active ( dipole) and the parasitic elements is
very low. Hence, the change in the radiation performance
is also small (Figs. 4 and 5).

• For , the coupling of electromagnetic energy between
the active ( dipole) and the parasitic elements is large;
the current induced on the parasitic element is maximized
and is 180 out of phase from the active dipole
element. Hence, the radiation efficiency is minimized for
constant current excitation (Figs. 3 and 5).

• For , the incremental radiation performance en-
hancement is minimal as increases (Figs. 4 and 5).

An important constraint for mobile phones is the dimen-
sions of the antenna structure (separationand height) be-
cause of aesthetic and ergonomic considerations. A low input
impedance is equivalent to large currents on the antenna ele-
ments, which generate large-field strengths in their vicinity.
To investigate whether the cancellation of the different-field
components due to the phase shift can become sufficient in
the vicinity of the antenna structure to provide a lower total
magnetic field strength than the single dipole, the magnitude of

(a)

(b)

Fig. 4. Plot of the directivity of the parasitically coupled dipole in (a) the
direction of (�x) and (b) (+x) versuskkk in free-space. The separation�
between radiator and parasitic element is varied from0:015� to 0:15� (i.e.,
5 mm to 50 mm at 900 MHz).

Fig. 5. Plot of the radiation resistance in free-space versuskkk. The separation
� between radiator and parasitic element is varied from0:015� to 0:15� (i.e.,
5 mm to 50 mm at 900 MHz).

the magnetic field was plotted at mm as a function of
the ratio (Fig. 6). Concluding from this plot, the magnetic
field at the side of the potential user is only reduced if the
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Fig. 6. Plot of the maximumH-field atx = �15 mm in free-space versuskkk.
The separation distance� between active (�=2 dipole) and parasitic elements
is 0:015�. The simulations were performed at 900 MHz and the radiated
power was normalized to 1 W.

parasitic element is placed between the user and the active
( dipole) element, and if is greater than 1.125. The other
configurations would not reduce the-field at this location
and, if the prediction derived from [1] is correct, would not
result in lower exposure nor increase radiation efficiency,
although they would provide directivity.

The separation constraint between antenna and face is
the maximum distance at which an antenna element can
be placed, i.e., the separation. In the real world, this
maximum separation is equivalent to the thickness of the
device. Even considering this constraint, the-field strength
for the reflectively coupled dipole is substantially lower than
for the dipole, as is shown in Fig. 7 for mm
(corresponds to mm). The directively coupled dipole,
having a similar directivity, generates significantly increased
magnetic field strengths due to the closer proximity of the
active dipole.

The advantages of the reflectively coupled dipole diminish
for small distances ( mm), as shown in Fig. 8, because
of the large magnetic field in the immediate vicinity of the
parasitic element due to the low driving-point impedance of
the dipole. In hand-held MTE applications, the antenna would
have to be designed so that the user’s face does not coincide
with this region. From this standpoint, the configuration with

, which generates strongly enhanced-field values
for distances up to 20 mm, would not be applicable.

The measured and computed distribution of the-field
strength is shown in Figs. 9 and 10 for the plane mm.
The measured and simulated-field in the same evaluation
plane also agreed well, which gave us sufficient confidence in
the free-space result.

VII. RESULTS WITH SCATTERER

Whether the observed rather large reduction of the-field
in the case of the reflectively coupled dipole still translates to
improved performance in close vicinity to the lossy scatterer is

(a)

(b)

Fig. 7. (a) Plot ofjHHHj2 on thez axis (atx = �15 mm, y = 0) and (b)y
axis (atx = �15 mm,z = 0) for four selected configurations. The separation
between the�=2 dipole and the parasitic element is� = 0:015�. The
simulations were performed at 900 MHz with the radiated power normalized
to 1 W.

Fig. 8. Plot of the peakjHHHj2 in the planez = 0 as a function ofx.
Compared are the peak values in free-space for the same configurations, as
shown in the previous figure.
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Fig. 9. MeasuredH-field distribution of the reflectively coupled dipole
(kkk = 1:25; � = 5 mm, f = 900 MHz) in the planex = �10 mm. The input
power was 0.985 W. The darker central shading denotes a higherH-field
intensity, which moves to a lighter (lowerH-field intensity) shading at the
outer edges.

Fig. 10. SimulatedH-field distribution of the reflectively coupled dipole
(kkk = 1:25; � = 5 mm, f = 900 MHz) in the planex = �10 mm. The
radiated power was normalized to 1 W and plotted in the same fashion as
the previous figure.

the subject of this section. Endpoints to be investigated were
effective radiation efficiency, spatial peak SAR, driving-point
impedance and the far field.

A. Effective Radiation Efficiency

The effective radiation efficiency as a function of the
distance between the active dipole and sphere was com-
puted for different reflector configurations. The lengths of
the reflective element and the separation between the
reflective and the active elements were varied. The results are
shown in Figs. 11 and 12. As expected, the effective radiation
efficiency increases with for all configurations. The results
were compared to a dipole and they can be summarized
as follows.

• The directive configuration shows a degradation in ra-
diation performance because of the requirements for
hand-held MTE applications. In this case, the active
element is closer to the user’s head .

• The reflective configuration shows a very significant im-
provement in radiation performance at normal operating
conditions, although the parasitic element is closer to the
user’s head . As expected based on the free-space

Fig. 11. Comparison of effective radiation efficiencies for reflectively cou-
pled dipoles operating at 900 MHz with different heights (kkk > 1) of the
reflective element. The separation� between the active dipole and the reflector
was0:015�. The results were compared to the effective radiation efficiency
of a �=2 dipole and a�=2 dipole coupled to a director withkkk = 0:625 and
� = 0:015�.

Fig. 12. Comparison of effective radiation efficiency at 900 MHz for reflec-
tively coupled dipoles(kkk = 1:25) having different separations� between
active and reflective elements. The results were compared to the effective
radiation efficiency of the�=2 dipole and a�=2 dipole coupled to a director
with kkk = 0:625 and � = 0:015�.

results, the radiation efficiency does hardly depend on
the separation .

• When the antenna is far away from the user, the coupling
of electromagnetic energy between the user and antenna
is small. This is evident from the diminished radiation
efficiency improvement.

• For , the incremental radiation performance is
small for larger or .

For hand-held MTE, the separation distancebetween the
antenna and the user’s face is between 15–30 mm. This trans-
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Fig. 13. Comparison between the ratio of maximum induced SAR for the
reflectively coupled dipoles to the�=2 dipole at 900 MHz as a function of the
distance(�). The separation(�) between the active dipole and the reflector
was kept constant at0:015�, but the height of the reflective element was
varied fromkkk = 1:0625 to kkk = 1:5.

lates into an improvement in radiation efficiency of greater
than 2 dB. As the trend for hand-held MTE is to develop
smaller and lighter devices, the separation distanceis ex-
pected to reduce. Hence, effective radiation efficiency is ex-
pected to improve. In Fig. 12, the effective radiation efficiency
increases with . However, the costs associated with imple-
menting larger antennas into hand-held MTE devices are very
high, especially in an era of miniaturization.

B. Spatial Peak SAR

In this investigation, the total power absorbed is
reduced by the same ratio as the improvement in effective ra-
diation efficiency because all antenna elements were simulated
as perfect conductors (i.e., . Since the reflectively
coupled dipole not only reduces the maximum magnetic field
strength but also widens the-field distribution over a larger
area, one may expect greater reduction of the peak SAR
than for the sphere-averaged SAR or total power absorbed.
In Fig. 13, the maximum locally induced SAR values are
compared to a dipole and to a directively coupled dipole
as a function of the distance between the active dipole and
sphere. The improvement is significant for the entire range
of distances (10–50 mm) and is better than3 dB for the
closest distances between the active dipole and the head except
when is very close to one, at which point the impedance
is very low resulting in an increased magnetic field strength
in the closest vicinity of the antenna. The greatly increased
absorption for confirms the prediction derived
from the distribution of the incident -field given in Fig. 8.
However, because of the large gradient of the incident-field,
the peak is very local such that the overall radiation efficiency
is still better than that of the dipole (see Fig. 11).

To verify these findings, the SAR distribution was compared
with those of measurements using the setup described earlier

Fig. 14. The SAR distribution experimentally measured in the head phantom
filled with brain simulating liquid (�r = 44 and� = 1:0 /m). The reflectively
coupled dipole with� = 5 mm andkkk = 1:25 was positioned at the distance
� = 13 mm. The darker shading denotes a higher SAR, which moves to a
lighter (lower SAR) shading at the outer edges.

Fig. 15. The simulated SAR distribution in the spherical dielectric phantom
(�r = 44 and� = 1:0 /m). The reflectively coupled dipole of� = 5 mm
andkkk = 1:25 was positioned at the distance� = 13 mm. The darker shading
denotes a higher SAR, which moves to a lighter (lower SAR) shading at the
outer edges.

[2]. The experimental antenna ( and )
was positioned close to the phantom at a distance of 13
mm (reflector axis to the brain-simulating liquid). The SAR
distribution was scanned in the tissue simulating liquid at
the inner surface of the phantom shell. The simulated results
were evaluated at the same distance from the surface. Since
the electrical parameters of the brain simulating liquid were
slightly different than those used in the previous computations,
i.e., and /m, an additional simulation was
performed with exactly the same parameters, except that a
sphere phantom was used instead of a head phantom. The
results are compared in Figs. 14 and 15. Comparing this
induced field pattern with that of the incident-field (Figs. 9
and 10), it does become very obvious that the fields are mainly
induced by magnetic coupling as stated first in [1].

C. Driving Point Resistance

The third parameter to be optimized was the stability of the
driving-point impedance. This is important in order to maintain
the performance of the MTE independent of its position with
respect to the head.



TAY et al.: DIPOLE CONFIGURATIONS WITH IMPROVED EFFICIENCY FOR HAND-HELD TRANSCEIVERS 805

Fig. 16. Comparison of the change of input resistance at 900 MHz in
free-space and in the presence of a scatterer for a�=2 dipole, the same
dipole coupled to a directive element ofkkk = 0:625 and the two cases with
the reflective elements ofkkk = 1:0625 andkkk = 1:25 whereby� is 0:015�
in all cases.

The sensitivity of the driving-point resistance on the dis-
tance from the sphere compared to the dipole is shown in
Fig. 16. In conclusion:

• large variations of the driving-point resistance are ob-
served for the dipole and the directively-coupled
dipole;

• small and linear changes in the driving-point resistance
were found for the reflectively coupled dipole.

D. Far Field

The most instructive plots are those of the radiation pattern.
Figs. 17 and 18 reveal that the improvement in gain between
the reflectively coupled dipole and the dipole is con-
siderably better at the head than in free-space, whereas the
losses on the rear of the head are minor. This improvement in
gain is even more pronounced for smaller distances. At higher
frequencies the relative reduction in gain in the shadow of the
head will become less significant.

On the other hand, the performance of the directively
coupled dipole deteriorates in all directions.

VIII. C ONCLUSIONS

This paper demonstrates that reduction of the magnetic field
strength at the surface of the user’s head is the key parameter
to improve the efficiency of the transmitter. This has been
demonstrated in the coarse of the study on the basis of a simple

dipole combined with a directive or reflective element.
For example, a reflectively coupled dipole at 20-mm distance
between antenna structure and head reduces the spatial peak
SAR in the head by 4.7 dB and improves the effective radiation
efficiency from 34 to 71% compared to the dipole. On
the other hand, other directive antenna structures reduced the
antenna performance. Hence, directive antennas do notper se

Fig. 17. Comparison of the far-field radiation plot in thexy plane (azimuth
cut) between the�=2 dipole, the directively coupled dipole, and the reflec-
tively coupled dipole. The separation distance between the active element and
the spherical phantom was 25 mm. The separation distance� between the
active element and the parasitic element was0:015� and the frequency was
900 MHz.

Fig. 18. Comparison of the far-field radiation plot in thexz plane (elevation
cut) between the�=2 dipole, the directively coupled dipole, and the reflec-
tively coupled dipole. The separation distance between the active element and
the spherical phantom was 25 mm. The separation distance� between the
active element and the parasitic element was0:015� and the frequency was
900 MHz.

reduce the power loss in the head of the user. This reasoning
also explains the relatively poor performance of helix antennas.

The reflectively coupled dipoles further reduced the de-
pendence of the driving-point impedance upon the position
of the antenna with respect to the scatterer. However, the
disadvantages of this approach are a more complicated an-
tenna structure, slightly larger antenna size compared to the

dipole, and an input impedance of below 10. In
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addition, implementation of the reflectively coupled dipole
for hand-held MTE applications requires great care. Incorrect
orientation of the antenna during operation could cause severe
radiation performance impairment and high electromagnetic
(EM) energy absorption by the user. Nevertheless, reflectively
coupled dipoles are an interesting alternative for mobile-phone
antennas, especially in the 1–2-GHz band.
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