
Figure 6 Measured phase of the field at the output of the five-tray
Ž . Ž .structure at 10.5 and 12.5 GHz. a E-plane cut. b H-plane cut

� �as the distributing�combining device 5 . However, this has
not been attempted here.

3. CONCLUSIONS

Theoretical and experimental investigations have been per-
formed on the application of a uniplanar quasi-Yagi antenna
as a receiving and transmitting antenna element of a spatial
power combiner. A single tray consisting of two back-to-back
antennas, and then five- and seven- tray configurations for
operation in the Ku-band, have been developed. Using horn
antennas to distribute and collect microwave power, the
experiments have been performed in terms of return loss,
insertion loss, and field uniformity across the trays to achieve
optimal power-combining conditions. The results have shown
that the investigated structures featured small insertion losses.
Also, using ordinary horns, relatively high uniform excitation
over a stack of trays has been achieved over a large frequency
band. These overall results of the investigations indicate that
the quasi-Yagi antenna is a suitable element to develop a
broadband spatial power combiner.
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ABSTRACT: Using numerical and experimental techniques, a wideband,
low-Q, electrically small antenna design is characterized as a function of
frequency and the relati�e phasing between antenna elements. The
antenna demonstrates wideband operation, with a radiation Q approxi-
mately a factor of 20 below the Q-limit established by Chu for electrically
small, omnidirectional antennas. � 2000 John Wiley & Sons, Inc.
Microwave Opt Technol Lett 27: 53�58, 2000.

Key words: radiation Q; electrically small antennas

INTRODUCTION

Analytic work has shown that the radiation Q of certain
multielement antennas is a function of the relative phasing

� �between the different radiating elements 3 . The analytic
� �work has recently been confirmed 2 both numerically and

experimentally for the simplest of these designs, a turnstile
antenna, comprised of two perpendicularly oriented collo-
cated electric dipoles. The most intriguing antenna design

� �discussed in 3 consists of four spatially collocated dipoles;
Ž .two perpendicularly oriented magnetic TE dipoles are collo-

Ž .cated with two perpendicularly oriented electric TM dipoles.
The TE and TM dipole pairs are phased to support similarly
directed circular polarization, and the pairs are driven ��2
out of phase. For this source, the analytically predicted

� �radiation Q is 0 3 independently of the size-to-wavelength
ratio. In this paper, we report on our attempts to confirm or
deny the analytical predictions using numerical and experi-
mental techniques.

Earlier attempts to build and characterize this antenna
using a feed for each of the four dipoles were unsuccessful
due to unwanted power transfer between adjacent, symmetri-

� �cally located dipole feeds 5 . To avoid such difficulties, the
four-dipole antenna was built using two separate dipole-pair
elements, with each element supporting an equal power elec-
tric and magnetic moment; see Figure 1. Using this design,
unwanted coupling between the feeds and the relative phas-
ing between the two dipole-pair elements can be controlled.
The radiation Q of the antenna system is determined using
the numerical and experimental techniques detailed earlier
� �1, 2 . Q-values are obtained as a function of the phasing
between the dipole pairs and the relative electrical size ka; a

Contract grant sponsor; U.S. Air Force Office of Scientific Research
Contract grant number: Contract F49620-96-1-0353
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Figure 1 Schematic drawing of antenna comprised of two dipole-
pair elements, with each element providing equal-power TE and TM
fields. Different line thicknesses are used to denote the two different
dipole-pair elements

is the radius of the smallest virtual sphere that circumscribes
the antenna, and k is the wavenumber of radiation equal to
2���.

THEORETICAL MODEL

� �We define radiation Q by the equation 3

�WSpk Ž .Q � 1
P

W denotes the peak standing-field energy that remainsSpk
Ž .attached to the source, and P is the time average real

output power. The historical difficulty with the calculation of
antenna Q is determining which part of the total field energy
remains associated with the source, returning to the antenna
to determine radiation Q, and which part does not.

The analytic method for determining antenna Q, de-
� �scribed in detail in 3 and summarized here, begins with the

time-dependent Poynting vector N, where boldface indicates
a vector. The power that separates from the outgoing wave is
calculated using the divergence of the power at constant
retarded time t � t � ���, where t denotes time, � is theR

radian frequency, � � kr, and r is the radial distance from
the source. The divergence at constant retarded time is equal
to the rate at which energy is extracted from the wave at each
point in four-space. An indefinite time integral of the result
and the addition of the appropriate integration constant
result in the source-associated standing-energy density

Ž .W t , where subscript d indicates density and S indicatesdS R
source associated. The integration constant is chosen in such

Ž .a way that it is both part of the total energy density W tdT R
Ž . Ž .� ��2 E � E � ��2 H � H and the smallest possible value

Ž .for which W t � 0 at all points in four-space. To find thedS R
� � .peak source-associated standing energy 3 W : 1 deter-Spk

mine the time-dependent Poynting vector N for the radiation
.source, 2 evaluate the divergence of N at constant retarded

.time, 3 take the indefinite integral of this divergence with
respect to retarded time to obtain the time-varying portion of

.the source-associated standing energy density, 4 insert the
smallest integration constant for which the source-associated

.standing energy is positive at all points in four-space, and 5
take the definite integral of the time-dependent source-asso-
ciated standing energy density over external space to obtain

Ž .W t , from which we obtain the peak value W .S R Spk
It should be noted that all analytic techniques used to

� �determine the radiation Q of a source 3, 4, 6 necessarily
solve for the fields external to a virtual sphere enclosing the
radiation source, and so ignore standing energy at radii less
than the length of the antenna arms. Hence, the analytic
expressions for Q are inherently optimistic in that the actual
Q is undoubtedly higher due to standing energy within the
antenna arm radius.

The analytic technique is applied to a spherical source
consisting of four coherently radiating dipoles. Two special
cases are examined.

Ž .Case A: An electric and magnetic dipole dipole-pair
oriented along both the x- and y-axes. All four dipoles
are driven in phase.

Case B: The x-axis directed dipole-pair are driven in time
quadrature with the y-axis dipole-pair.

The radiation quantities of interest for Case A follow,
beginning with the total instantaneous energy density:

1 2 1
 �2� Ž .� Ž . � Ž .�4 1 � cos 2� t � sin 2� t � 1 � cos 2� t sin �R R R¦ ;6 5 4� � � �� 
Ž . Ž .W t � 2dT R 2 1 4 2 42 2� Ž .� Ž . Ž . Ž .� � 1 � cos 2� t � � sin 2� t � cos 2� t 1 � cos �R R R� �¦ ;2 6 3 5 4ž / ž /� � � � �

where � is the permittivity of space. The spherical Poynting
vector components are

1 2 1
Ž . � Ž .� Ž .�N t � 1 � cos 2� t � � sin 2� tr R R R2 3 5½ ž /� � �

2
2Ž . Ž . Ž .� cos 2� t 1 � cos � 3R4 5�

4
Ž . Ž .�N t � cos 2� t� R R4½ �

2 2
Ž . Ž .� � sin 2� t sin � cos � 4R3 5 5ž /� �

Ž . Ž .N t � 0 5� R
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The source-associated standing energy density is

1 2 1
 �2� Ž .� Ž . � Ž .�4 1 � cos 2� t � sin 2� t � 1 � cos 2� t sin �R R R¦ ;6 5 4� � � �� 
Ž . Ž .W t � . 6dS R 12 2� Ž .�Ž .� 1 � cos 2� t 1 � cos �� �R6�

Ž .Integrating 6 over all space, the total source-associated
standing energy is

8�� 1
Ž . � Ž .�W t � 1 � cos 2� tS R R3 3½3k Ž .ka

2 2
Ž . � Ž .� Ž .� sin 2� t � 1 � cos 2� t 7R R2 5Ž .kaŽ .ka

The outbound real power is

8�
Ž . � Ž .�p t � 1 � cos 2� tR R2 ½3�k

2 1
Ž .� � sin 2� tR3ž /Ž .ka Ž .ka

2
Ž . Ž .� cos 2� t 8R2 5Ž .ka

Ž . Ž . Ž .Combining 1 , 7 , and 8 the radiation Q of the source
gives

�W 1 1Spk 4' Ž . Ž .Q � � 1 � 1 � 4 ka � 9ž /3 Ž .P kaŽ .2 kaav

where a is the radius of the source. For an electrically small
antenna, the radiation Q of Case A is the same as that of a

� �single electric dipole 3, 5 .
For Case B the radiation properties are

� 2 4
2 2Ž . Ž .W t � 1 � cos � � sin �dT R 2 4½2 � �

1
2Ž . Ž .� 2 � 3 sin � 106 5�

1 1 1 1
2Ž . Ž . Ž .N t � 1 � cos � � � cos � 11r R 2 2 6ž /� � � �

2
Ž . Ž .N t � � sin � 12� R 5��

2 1 1 1
Ž . Ž .N t � � � cos � sin � 13� R 3 5 3ž /� � � �

Ž . Ž .W t � 0 14S R

16�
Ž . Ž .P t � 15R 23�k

Ž .Q � 0. 16

The calculated source-associated standing energy, and the
resulting Q, are 0.

Keeping in mind that the Q � 0 result is obtained using
ideal, spherical mathematical functions, the result motivates
both a numerical and experimental investigation of the source
to see if a low-Q, electrically small antenna can be realized.

ANTENNA DESIGN AND CHARACTERIZATION TECHNIQUES

Equal TM and TE Power from a Single Element. For each
Ž .antenna design Fig. 1 , an MoM analysis of a single element,

shown in Figure 2, was performed to ensure that each ele-
ment was radiating equal TE and TM power. The fields on
the surface of the smallest virtual sphere that circumscribes
the radiating elements were computed using NEC4 MoM.

� �Following the approach described in 7 , the calculated fields
are equated to the multipolar field expansion to determine
the TM dipole field coefficient F and the TE dipole field
coefficient G. The TE-to-TM dipole power ratio is equal to
Ž .2 � �G�F 7 . Figure 3 is the calculated TE�TM power ratio
plot for the structure shown in Figure 2, with loop sides
a � l�2 � 12 cm. As shown in Figure 3, for these dimen-
sions, the element radiates equal TE and TM power at 166.67

Figure 2 Single TE and TM dipole-pair element

Figure 3 TE�TM power ratio versus frequency from single dipole-
pair element pair shown in Figure 2, with dimensions a � l�2 �
12 cm

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 27, No. 1, October 5 2000 55



MHz. Since the dimensions scale linearly with frequency
for loop side a � l�2 � 4 cm, the equal power frequency is
500 MHz.

� �Numerical Determination of Q. In earlier work 1, 2 , a numer-
ical technique was presented that is capable of accurately
measuring the total source-associated standing energy, i.e.,
the energy that returns from the radiation field to the an-
tenna and enters into the calculation of radiation Q. The
numerical method for determining Q of an antenna is as
follows. After attaining steady-state operation, the source
driving voltage is turned off. After source turn off, the local
standing-energy field collapses. The source-associated stand-
ing energy returns to the antenna, from which it is either
reflected back into space or absorbed in the source resistor.
After source turn off, the time integral of the power absorbed

� �in the source resistor 1 and the time integral of the power
reflected from the antenna back into space are summed. The
sum is put equal to the source-associated standing energy.

Ž .The finite-difference time-domain FDTD technique for
determining Q avoids spurious errors due to unwanted power
reflections associated with feed networks, allowing for direct
characterization of the antenna itself. This is of great impor-
tance for the antenna discussed herein, comprised of two
radiating elements driven by a single generator through a
power splitter and a feed network. When the voltage phase
difference between the two elements is 90�, the operating
point of interest, the waves reflected back from the two
elements to the generator, are 180� out of phase, and cancel
with the forward traveling wave. Zero reflected power is
measured independently of antenna properties. Conse-
quently, the time-domain method of determining radiation Q
� �2 is employed in this work so that antenna performance can
be characterized independently of transmission-line effects.

The FDTD computations were made using a rectangular,
� �three-dimensional computer code based on the Yee 8�10

cell. The problem space was chosen as 120 � 120 � 120 cells,
with cell dimensions � x � � y � � z � 5 mm; a perfectly
matched absorbing boundary layer was used to terminate the

� � � �computational space 11 . As described previously 1, 2 , the
antenna elements are fed with a modified sinusoidal wave of

� �frequency f 12, 13 to cancel spurious transient computa-
Ž .tions. Each element see Fig. 2 is composed of a square loop

and a straight-wire electric dipole. For the numerical compu-
tations, the dimensions of the antenna were held constant at
loop side length 12 cm and electric dipole length 24 cm. The
operational frequency was varied above and below 166.67
MHz, the frequency at which the TE and TM powers are of
equal magnitude.

Experimental Determination of Q. An analogous technique is
� �used to experimentally determine antenna Q 2 . The net-

work for characterization of the antenna is shown in Figure 4,
with a circulator placed in the feed line of each element.
After steady-state operation is reached, the generator is
turned off, and the power is returned to each element cap-
tured from the output of the circulators using a two-channel
oscilloscope. The returned power from each element is inte-
grated over time, and then summed. That quantity is set
equal to the source-associated standing energy. The output
real power P is determined using a network analysis of the
feed system. In common with the numerical analysis, the
experimental Q measurement technique isolates antenna

Figure 4 Experimental setup for measuring radiation Q of antenna
shown in Figure 1

performance from the feed network, enabling direct charac-
terization of the antenna.

Ž .A Tektronix arbitrary waveform generator AWG610 is
used as the source generator. The AWG610 is able to gener-
ate an arbitrary waveform to 500 MHz, and to terminate the
waveform virtually without a measurable transient. The gen-
erator output power in steady state can be determined from
the measured voltage, and is calculated to be about 7.1 mW
Ž .8.5 dBm . The circulator effectively divides the input and
reflected signals, so the generator always sees the network as
a 50 
 load, and delivers the same power as calculated
above. A 3 dB hybrid is used to split the power between two
dipoles, a phase shifter to adjust the desired phase difference,
an attenuator to compensate for the loss in the phase shifter,
and circulators to separate the incoming and reflected sig-
nals. To capture the transient signal coming back from the
antenna elements upon source shutdown, an 8 Gsample�s
HP 54845A oscilloscope is used. The antenna is a two-port
network, the scattering parameters of which are measured by
a network analyzer. The scattering parameters of a five-port

Ž .network six with the hybrid port connected to 50 
 are
measured; all components in our experimental setup are 50

 devices. Using network theory, the power radiated by the
antenna is determined taking into account any parasitic cou-
pling between the two antenna elements. The total source-as-
sociated standing energy of the antenna is determined by
summing the time integrals of reflected powers from each
antenna element. A thin-wire antenna of loop side a � l�2
� 4 cm was built and tested in an anechoic chamber.

RESULTS

Figure 5 shows the numerically and experimentally deter-
mined radiation Q of the antenna at ka � 0.42 as a function
of the phase difference between elements. In agreement with
theory, the results show that the radiation Q is dependent
upon relative phasing between the two antenna elements. In
agreement with theory, when the dipoles are in phase, the Q

� �is approximately that of an electric dipole 1, 3 of the same
electrical size. When the dipole-pair elements support circu-
lar polarization, antenna Q is reduced by an approximate
factor of 4.5 from the in-phase results. For this relative
electrical size, the measured Q-value is approximately a fac-

� �tor of 3 below the minimum Q-value determined by Chu 4
for an omnidirectional antenna with the same ka-value.

Figure 6 shows the FDTD-determined radiation Q of the
antenna for which ka � 0.42 as a function of source turn-off

� �point, relative to the minimum input power point 2 . Theory
indicates that the source-associated standing energy is time
varying for all relative phases except 90�, when the dipole
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Figure 5 Numerically and experimentally determined Q versus
relative phase between dipole-pair elements; ka � 0.42

Figure 6 Numerically determined Q as a function of source turn-off
point, referenced to the input power minimum, for dipole-pair ele-
ments in phase and phased to support circular polarization; ka � 0.42

pairs support circular polarization. As seen in Figure 6, Q is
independent of the source turn-off point when circular polar-
ization is maintained. However, for other relative phases, Q

Ž .varies with the source turn-off point. As indicated by Eq. 1 ,
the correct value of Q is the largest value that is determined
when the source-associated standing energy is a maximum.

Figure 7 shows measured and computed Q versus relative
Ž .space shift steps D for antennas with ka � 0.42. Steps of 5z

mm were taken in the numerical model, dimensions a � l�2
� 12 cm, and steps of 1.67 mm were taken in the experimen-
tal work, dimensions a � l�2 � 4 cm. Figure 7 illustrates
what happens when, rather than being collocated, the source
pairs are separated by distance D along the z-axis. With 90�z
relative phasing between the dipole-pair elements, the radia-
tion Q is small for D small, and increases with increasingz
values of D . In contrast, when the four dipoles are in phase,z
the radiation Q is approximately that of an electric dipole of

� �the same ka independently of D 3 . Further experimentsz
moving the dipole pairs relative to each other in three dimen-
sions showed similar results; the Q of the 90� phased dipole
pair is sensitive to the relative location, and the Q of the
in-phase dipole pairs is not.

Figure 8 shows the numerically determined Q versus
relative phasing between dipole-pair elements and the rela-

Figure 7 Numerically and experimentally determined Q as a func-
tion of spacing between dipole-pair elements, ka � 0.42. Step size �
5 mm in numerical model, 1.67 mm in experimental work

tive electrical size of the antenna. The trends seen in the
numerical results have been confirmed experimentally over a
more limited range, ka � 0.37 to ka � 0.42, due to the inher-
ent narrowband performance of the circulator. At ka � 0.23,
Q for the circularly polarized antenna is more than a factor

� �of 20 below the Chu limit 4 for omnidirectional antennas.
The oscillations seen in the in-phase Q results were reported

� �earlier 1, 2, 15 , and are due to higher order modes that
cause variations in the outbound real power. The in-phase

Ž .3results clearly show the 1� ka dependence of Q as the
antenna becomes electrically small. In contrast, with the two
dipole-pair elements phased to support circular polarization,
Q is relatively insensitive to frequency. As noted earlier,
when circular polarization is maintained, the antenna does
not have to support, i.e., store in the near fields, large

� �amounts of source-associated standing energy 3 . As dis-
� �cussed in 16, 17 , the frequency response seen in Figure 8 is

indicative of the fact that the current and charge distributions
on the dipole-pair elements self-adjust to support radiation
fields that minimize source-associated standing energy, and
hence Q.

Figure 8 Numerically determined Q of antenna, dimensions a �
l�2 � 12 cm, as a function of relative phasing between dipole-pair
elements and electrical size ka
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CONCLUSIONS

� �Earlier theoretical work 3, 14 showed the potential for a
� �low-Q electrically small antenna. In 3 , analytic results

showed a radiation source with Q � 0 independently of the
size-to-wavelength ratio. The antenna is comprised of four
spatially collocated dipoles radiating equal powers: two per-

Ž .pendicularly oriented magnetic TE dipoles collocated and
Ž .coaxial with two perpendicularly oriented electric TM

dipoles. The TE and TM dipole pairs are phased to support
circular polarization, and the TE and TM dipole pairs in

� �phase with each other. In this work, the mathematics 3 were
translated to thin wire antennas, and the radiation Q was
determined both experimentally and numerically as a func-
tion of phasing between the two dipole-pair elements and
frequency.

� �In agreement with theory 3 , both experimental and nu-
merical analyses show that the radiation Q of the antenna is
a function of the relative phasing between dipole pairs, with
the minimum value obtained when the dipole pairs are phased
to support circular polarization. The measured and numeri-

Žcally determined Q-values are well below by an approximate
. � �factor of 20 at ka � 0.23 the limit established by Chu 4 for

electrically small omnidirectional antennas. Furthermore,
when phased to support circular polarization, the antenna
demonstrates wideband operation.
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INVERTED-F ANTENNA FOR
TRIPLE-FREQUENCY OPERATION
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ABSTRACT: A no�el meandered planar in�erted-F antenna with a
single feed is presented for triple-frequency operation. Using two shorting
strips, good impedance matching is achie�ed in three bands. This com-
pact low-profile design shows characteristics of near-omnidirectional
radiation patterns with minimal hand effects, which is preferable for
application in wireless communications. � 2000 John Wiley & Sons,
Inc. Microwave Opt Technol Lett 27: 58�60, 2000.

Key words: planar in�erted-F antenna; meandered antenna; triple-
frequency operation; finite-difference time-domain method

1. INTRODUCTION

Ž .The planar inverted-F antenna PIFA has been proposed as
a candidate for portable wireless terminals because of its
compactness. Recently, several multifrequency antennas aris-

� �ing from the PIFA have been presented 1�3 . For triple-
frequency operation, Song et al. have presented three designs
� �3 . The first design was realized with a simple inverted-F
antenna using three feeds. The second design, a dual-feed
PIFA, was achieved by embedding an L-shape spur line as a
reactive load. The third design, a single-feed PIFA, used two
L-shape spur lines. In this letter, we propose a novel mean-
dered PIFA with a single feed to operate at three frequency
bands. Electric field distribution, return loss, bandwidth, and
radiation patterns of the new design are investigated numeri-
cally and experimentally. The finite-difference time-domain
method has been used for numerical simulation. In addition,
the presence of a hand on the antenna performance is
discussed.

2. ANTENNA DESIGN AND RESULTS

The proposed antenna is mounted on a finite ground plane
Ž .Fig. 1 . It is well matched to a 50 
 coaxial line using two
shorting strips, G and G . Two linear slots, S and S , are1 2 1 2
cut in the patch. For this triple-frequency structure, we have
found that the dimensions of S determine the highest reso-1
nant frequency, and the next resonance is mainly dependent
on the dimensions of S . The highest resonant frequency2
decreases with a narrower width or a longer length of S . The1
frequency ratio can be adjusted in the range 1.05 � 2.11. The

� �patch size depends on the lowest resonant frequency 2 .
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