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Polarization-Diversity Printed Dipole
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Abstract—Detail numerical simulation, fabrication, and
experimental measurement of a 2.4-GHz polarization-diversity
printed dipole antenna are presented for wireless communication
applications. Two orthogonal printed dipole antennas and each
with a microstrip via-hole balun feeding structure are combined
and fabricated on an FR-4 printed-circuit-board substrate. A
p-i-n-diode circuit is used to switch and select the desired an-
tenna polarization. In the antenna design simulation, a full-wave
method of a three-dimensional finite-difference time-domain
(FDTD) method is employed to analyze the entire structure
of the printed antenna including the lumped elements of the
polarization-selected p-i-n diode switching circuit. The Berenger
perfectly matched layer absorbing-boundary condition is used
for the FDTD computation. Numerical and measured results of
antenna radiation characteristics, including input standing-wave
ratio, radiation patterns, and polarization diversity are presented.

Index Terms—2.4 GHz, finite difference time domain (FDTD),
integrated balun, p-i-n diode, polarization diversity, printed
dipole, switching circuit.

I. INTRODUCTION

I N THE URBAN or indoor environments, the radio wave
will propagate through complicated reflection or scattering

processes. The polarization of the radio wave may change
significantly. In order to effectively receive the communications
signal, a polarization-diversity antenna for wireless commu-
nication applications, such as a wireless local area network
(WLAN), may become an important requirement [1]–[4]. As
shown in Fig. 1, a polarization-diversity antenna may have
a pair of linearly polarized antennas and the polarization is
selected by a switching circuit controlled by the baseband of the
communicator for the best signal quality. A typical vertical-ori-
ented dipole antenna basically radiates the vertically polarized
wave and has an omnidirectional antenna pattern. In order
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Fig. 1. Illustration of a 2.4-GHz polarization-diversity antenna, which consists
of two orthogonal printed dipole antennas, integrated microstrip via-hole baluns,
and a polarization-selection p-i-n-diodes circuit.

to have a preferred planar antenna structure for the 2.4-GHz
polarization-diversity antenna, a printed dipole antenna with
a microstrip via-hole balun is designed. Research on printed
dipole antennas with a microstrip-feedline incorporated with an

open-circuit stub has been reported, such as in [5]–[7]. It is
known that a open-stub transmission line can be equivalent
to a shorted circuit and the open stub may radiate to cause the
coupling effect and power losses. Hence, instead of an open
stub, a via-hole through the substrate to the metal of bottom
layer can be designed to be the via-hole balun structure.

The design simulation of a complete polarization-diversity
printed dipole structure includes the p-i-n diode switching
and bias controlled circuit; in [8] a three-dimensional (3-D)
finite-difference time-domain (FDTD) modeling of digital
signal propagation in 3-D circuits with passive and active loads,
which are assumed to be located in a free-space region. Hence,
in this study, the FDTD modeling of an equivalent
circuit model of the p-i-n diode and lumped elements of the
polarization-switching circuit (of the antenna) soldered on the
printed circuit board (PCB) substrate has to be derived. The
Berenger perfectly matched layer (PML) absorbing-boundary
condition (ABC) is used for the FDTD computation [9]. A
2.4-GHz printed dipole antenna and a polarization-diversity
planar printed dipole antenna (with a polarization-selection
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Fig. 2. Geometry of printed dipole antennas with integrated microstrip
via-hole balun.

p-i-n-diodes circuit) have been realized by using the FR-4
PCB substrate. Measured radiation characteristics of the
polarization-diversity planar dipole antenna, including input
standing-wave ratio (SWR), radiation patterns, and polarization
diversity with co-/cross-polarization level, are presented and
compared with FDTD simulated results.

II. PRINTED DIPOLE ANTENNA WITH VIA-HOLE BALUN

The geometry and photograph of realized 2.4-GHz planar
printed dipole antennas are shown in Fig. 2. A microstrip
via-hole balun acts as an unbalance-to-balance transformer
from the feed coaxial line to the two printed dipole strips. The
lengths of the dipole-arm strip and the microstrip balun are all
approximately a quarter-wavelength. The ground plane of the
microstrip line and the dipole strips are in the same plane. As
indicated in this figure, a via-hole permits feed point 2 of a
printed dipole strip to have the same phase as feed point 1 of
the other printed dipole strip. Due to the 180 phase difference
between the top strip and ground plane of the microstrip line,
feed point 2 of the printed dipole strip will have 180 phase
difference with the other feed point 1. Accurate dimensions of
each part of the printed dipole and integrated via-hole balun
needs to be numerically computed to achieve desired perfor-
mance of the printed dipole antenna. The structure parameters

of the printed dipole antenna with an open-stub or via-hole
balun are listed as follows:

• PCB substrate: FR-4 (thickness mm, ,
;

• dipole arm: length mm, width mm, gap
mm;

• microstrip balun: length mm, mm,
mm, width mm, mm,

mm, gap mm;
• via-hole: radius mm;
• ground plane: length mm, width mm.

The frequency range of interest for 2.4-GHz wireless commu-
nication systems is from 2.4 to 2.483 GHz. A higher frequency
range to 3 GHz is chosen to observe the comparison between
FDTD computation and measurement. In order to ensure the ac-
curacy of the computed results, here, the FDTD cell size (

mm, mm) is smaller than a 1/20 wavelength
of 3 GHz. The computation volume is .
Since the PML ABC requires a large amount of memory and an
excessive CPU time, the choice of the parameters of PML ABC
is very important. An eight-layer PML ABC and a reflection
coefficient of 10 are used to realize reflectionless of all trans-
mission waves between memory requirement and performance
of the PML ABC.

To obtain multiple frequencies with only one FDTD run, a
Gaussian pulse is selected by specifying the vertical direction
of an -directed excitation source within the coordinates

of the source location at time step as
follows:

(1)

The time discrete step used is ps. The time delay
is set to be . The Gaussian half-width is determined

by the pulsewidth and chosen to be approximate . was
further defined as the width between the two symmetric points,
which have 5% of the maximum value of the pulse
[10]. Thus, we get ps. Here, is
the velocity of the pulse in the substrate medium. Its Fourier
transform is still of Gaussian shape. The performed simulation
data tell us that the Gaussian pulse is enough long for 3000 time
steps.

The cross section of the cylindrical via-hole is shown in
Fig. 2. The hole size of the via is 0.375 mm in radius. To
characterize the cylindrical via-hole in FDTD computation, a
stair step or locally conformed FDTD method [11], [12] can
be applied, although numerical results of these two methods
have been compared and good agreement has been achieved
since the via-hole is small. For the accuracy of computation,
the locally conformed FDTD is adopted for the following
computation. As shown in Fig. 3, the irregular magnetic-field
components around the perfect electric conductor (PEC)
cylindrical via-hole can be calculated by applying the contour
integral formulation of Faraday’s law. Note that the tangential
electric-field and normal magnetic-field components are set to
zero on the metallic surface of the cylindrical via-hole. Hence,
the circumferential magnetic fields for the PEC cylindrical
via-hole can be found in [11].
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Fig. 3. Illustration of the cross-sectional view of the FDTD model for the
cylindrical via-hole.

By using the transient data obtained from FDTD running,
the time-domain to frequency-domain (TD–FD) transformation
can get the electromagnetic fields of the antenna in the spectral
domain. The surface current distribution on the metal plates
can then be obtained directly from the tangential magnetic
fields at a specific frequency. The complete far-field radiation
pattern or response at a specific frequency can be determined
by the near-to-far-field transformation method [13] that uses
the near-field data obtained by post-processing stored FDTD
running. Firstly, the tangential electric- and magnetic-field
components on a total of six virtual planes surrounding the
antenna element were converted to equivalent electric- and
magnetic-current sources on the surface and, secondly, from the
time-averaged Poynting vector of the scattered field expressed
as follows [13]:

(2)

where

(3a)

(3b)

with the vector phasors and

(4a)

(4b)

(4c)

(4d)

and the equivalent phasor electric and magnetic current

and are converted from the surface - and -fields.

Fig. 4. FDTD simulation and measurement of VSWR of a 2.4-GHz printed
dipole antenna with an integrated via-hole balun.

(a)

(b)

Fig. 5. Computed surface current density vectors on the top and bottom metal
plates of a printed dipole antenna with a via-hole structure at 2.45 GHz.

The far-field radiation in spherical coordinates at any angular
direction in free space can then be obtained.

Fig. 4 shows the computed and measured input voltage
standing-wave ratio (VSWR) with good agreement. The
VSWR of the printed dipole antenna with a via-hole balun is
approximately lower than two from 2.2 to 2.9 GHz, with a
bandwidth of approximately 28% (for SWR 2). Fig. 5 shows
the computed surface current density vectors on the top and
bottom metal plates. The directions of the surface current
density vectors also show the balanced current distribution and
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Fig. 6. FDTD simulation and measurement of radiation patterns of a printed
dipole antenna with integrated via-hole balun at 2.45 GHz.

the 180 phase difference of the flowing current vectors at the
two feed points of the printed dipole. This shows the function
working of the integrated microstrip balun. Fig. 6 shows the
computed and measured - and -plane antenna patterns.
The -plane pattern is quite omnidirectional and the -plane
pattern is also very close to that of an ideal dipole antenna. It
can also be seen that the level of the cross-polarization field

is less than 15 dB. The antenna directivity of the printed
dipole is approximately 2.1 dBi.

III. POLARIZATION-DIVERSITY PRINTED DIPOLE ANTENNA

The geometry and photographs of a realized 2.4-GHz planar
polarization-diversity antenna consists of two orthogonal
printed dipole antennas and a p-i-n diode polarization-switching
circuit are shown in Fig. 7. The dimension of each printed
dipole is the same as the single dipole indicated in Section II.
The dimension of the ground plane (of the switching circuit)
is mm and mm. Each printed dipole
has a microstrip via-hole balun. The terminals of the two
baluns is connected to a p-i-n-diode selection circuit. The dc
voltage 5 and 5 V from the bias circuit, fed through the
cable to the input of the p-i-n-diode circuit section, will have
controlled an OFF- or ON-state circuit of the p-i-n diode. The
equivalent circuit models of a p-i-n diode containing
packaged parasitic effects can be extracted from the measured

-parameters. The p-i-n diodes are with self-protect resistors
of forward-biased current, RF choke inductors, and dc block
capacitors to isolate the dc bias from the RF signal. The dc
block capacitors should have a very low impedance at the RF
frequency, while the RF choke inductors should have a very

Fig. 7. Structure layout of a 2.4-GHz planar polarization-diversity antenna
with a polarization-selection p-i-n diode circuit on an FR-4 PCB substrate. The
size (L �W � H) of the p-i-n diode is 1 � 3 � 1 mm, the chip resistor is
0.8 � 1 � 0.5 mm and the chip capacitor is 1 � 1.5 � 0.5 mm.

(a) (b)

Fig. 8. Equivalent circuits for the ON and OFF states of a p-i-n diode.
(a) Forward-bias (ON) state. (b) Reverse-bias (OFF) state [14].

high RF impedance. A quarter-wavelength meander line can be
on the PCB substrate to replace the RF choke inductors.

The equivalent circuit parameters of the p-i-n diode
(HSMP-389B), as shown in Fig. 8, are extracted from the mea-
sured -parameters [14] as follows.

• At forward bias, the equivalent circuit is in series of
and nH.

• At reverse bias, the equivalent circuit is in series of
, nH, and pF.

Since the maximum forward-bias current of the p-i-n diode
(HSMP-389B) is mA (with a forward voltage

V), a self-protect resistor should be
added for the forward-bias 5 V. A dc block capacitors with

pF to have a very low impedance at the RF frequency
is chosen. The size of the p-i-n diode is 1
3 1 mm, the chip resistor is 0.8 1 0.5 mm, and the chip
capacitor is 1 1.5 0.5 mm.

For FDTD modeling of the lumped elements, diode, and
bipolar junction transistor, Melinda et al. [8] assume that all
circuit components are located in a free-space region for con-
venience. Here, the p-i-n diode (with equivalent in the
forward or reverse state) and other components of the po-
larization-switching circuit are soldered on the PCB substrate.
The FDTD modeling procedures that include the substrate
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(a)

(b)

Fig. 9. Computed surface current density distribution of a polarization-diversity printed dipole antenna with: (a) vertical dipole selection and (b) horizontal dipole
selection at 2.45 GHz.

parameters and electric conduction current on the substrate
have to be established completely. For the FDTD modeling of
the lumped elements located on the interface between the air
and PCB substrate region, an average formulation of and
is derived [10] and used in the following equations. Therefore,
an assumed -directed electric field of resistor, inductor, and
capacitor models at a time-stepping algorithm can be
expressed as (5)–(7), respectively, as shown at the bottom of
page 380, where is the value of the resistance, is the value
of the inductance, and is the value of the capacitance.

Fig. 9 shows the magnitude of the computed surface current
density distribution on the top and bottom metal plates of the
polarization-diversity antenna for the selection of a vertical or
horizontal dipole, respectively, at 2.45 GHz. It can be observed
that the input RF signal is guided toward the vertical or hori-
zontal dipole through the switched-ON p-i-n diode circuit path
and microstrip balun. Only very little RF signal is coupled to the
nonselected dipole path. From the phase distribution of the com-
puted surface current, it is also found that the phase distributions

Fig. 10. Photographs of a realized 2.4-GHz planar polarization-diversity
antenna on a FR-4 substrate with a polarization-switched p-i-n diode circuit.

of the surface current on the two dipole arms (of the selected
vertical or horizontal dipole) are quite balanced. The phase of
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(a)

(b)

Fig. 11. Input VSWR of 2.4-GHz polarization-diversity printed dipole
antenna. (a) Vertical dipole selection. (b) Horizontal dipole selection.

(a)

(b)

Fig. 12. Computed 3-D E (vertical polarization) and E (horizontal
polarization) radiation patterns of a 2.4-GHz polarization-diversity printed
dipole antenna. (a) Vertical dipole selection. (b) Horizontal dipole selection.

the feed current on the two input terminals (to the dipole arms)
can, as expected, also be observed to have approximately 180
difference.

Fig. 10 presents photographs of a realized 2.4-GHz planar
polarization-diversity antenna on an FR-4 substrate. The com-
puted and measured VSWR are shown in Fig. 11 for both
vertical and horizontal dipole selections. Satisfactory agree-
ment between simulation and measurement is observed. The
SWR is less than two from 2.2 to 3 GHz. Fig. 12 shows the
computed 3-D (vertical polarization) and (horizontal
polarization) patterns. It can be observed that the vertical or

(a)

(b)

Fig. 13. 2-D radiation patterns of a 2.4-GHz polarization-diversity printed
dipole antenna with vertical dipole selection. (a) Co-polarization (vertical pol):
E . (b) Cross-polarization (horizontal pol.): E .

(a)

(b)

Fig. 14. 2-D radiation patterns of a 2.4-GHz polarization-diversity printed
dipole antenna with horizontal dipole selection. (a) Co-polarization (horizontal
pol): E . (b) Cross-polarization (vertical pol.): E .
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horizontal polarization is dominant when the associated dipole
section is selected. Figs. 13 and 14 show the computed and
measured patterns with vertical or horizontal dipole selection
at 2.45 GHz. Simulated and measured results on the co-polar-

ization fields agree well. It can be observed that, in Fig. 13,
for vertical dipole selection, the -plane ( -plane) pattern
is still quite omnidirectional (as an ideal vertical dipole) with
some attenuation in the direction of the p-i-n-diode circuit

(5)

(6)

(7)
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board. The -plane ( -plane) pattern is also very close to
that of an ideal vertical dipole. As for the selection of the
horizontal dipole (Fig. 14), similar results, which are close to
those of an ideal horizontal dipole, can be seen. Also, the level
of the cross-polarization field for both cases is basically less
than 15 dB. The 2.4-GHz polarization-diversity antenna can
be used for WLAN and wireless communication applications.

IV. CONCLUSION

A 2.4-GHz planar polarization-diversity printed dipole an-
tenna with an integrated microstrip via-hole balun and polariza-
tion-switching circuit has been designed, fabricated on an FR-4
PCB board, and measured. The polarization-diversity antenna
consists of two orthogonal printed dipoles for vertical and hor-
izontal polarization and selected by a p-i-n-diode circuit. The
3-D FDTD method is used for design simulation of the complete
structure of the antenna including the lumped elements in the
p-i-n-diode switching circuit. The Berenger PML ABC is used
for FDTD computation. The magnitude and phase of the com-
puted surface current distribution on the top and bottom metal
plates of the printed dipole antenna show the balanced current
distribution due to the integrated via-hole balun. Good agree-
ment between simulated and measured results on input VSWR
and antenna patterns has been achieved. The input VSWR is
approximately lower than two at 2.2 3 GHz for either polariza-
tion selection. The antenna patterns are all close to those of an
ideal vertical or horizontal dipole. The designed planar printed
polarization-diversity antenna can be used for 2.4-GHz WLAN
and wireless communication applications.
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