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Abstract—This paper presents the use of pin diodes to recon-
figure the impedance match and modify the radiation pattern of
an annular slot antenna (ASA). The planar antenna is fabricated
on one side of a Duroid substrate and the microstrip feeding line
with the matching network is fabricated on the opposite side of
the board. The central frequency is 5.8 GHz and, by reconfiguring
the matching circuit, the antenna was also designed to operate at
5.2 and 6.4 GHz. Pin diodes are also used to short the ASA in
preselected positions along the circumference, thereby changing
the direction of the null in the plane defined by the circular slot
changes. As a proof of concept, two pin diodes are placed 45° on
both sides of the feeding line along the ASA and the direction of the
null is shown to align with the direction defined by the circular slot
center and the diode. Consequently, a design that is reconfigurable
in both frequency and radiation pattern is accomplished. Return
loss and radiation pattern measurements and simulations are pre-
sented, which are in very good agreement.

Index Terms—Annular slot antenna (ASA), frequency reconfig-
urability, pin diode, reconfigurable antenna, reconfigurable radia-
tion pattern, slot antenna.

1. INTRODUCTION

HE multitude of different standards in cell phones and

other personal mobile devices require compact multi-band
antennas and smart antennas with reconfigurable features. The
use of the same antenna for different purposes, preferably in dif-
ferent frequencies is highly desirable. Moreover, as the number
of users of the same spectrum increase, there is an increasing
probability of interference between users. Thus, antennas with
reconfigurable null positioning are critical. A number of different
reconfigurable antennas, both planar and three—dimensional
(3-D), have been developed for radar applications [1], [2] and
wireless devices [3], [4]. Reconfigurable patch antennas were
also designed to operate in both L and X bands [5]. Most of
those papers demonstrate only frequency reconfigurability.
The annular slot antenna (ASA) on dielectric material has been
described explicitly in [6]. The effect of one shorted point along
the circumference has been explored in [7], an application of a
shorted ASA integrated with a narrowband filter is presented
in [8], and the effect of capacitive loading is investigated in [9].
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While the literature concerning the shorted ASA is limited, a
significant number of papers have been published investigating
feeding techniques and several antenna features like the input
impedance, the radiation efficiency, and the radiation pattern of
a pure ASA. For the antenna feature analysis, both analytical
[10], [11] and numerical techniques [12] were used and different
approaches or models were applied [13]. Various feeding lines
[14] and feeding techniques are used in order to achieve broader
bandwidth, or to demonstrate multiband operation [15]-[20].
In these designs all resonating frequencies are excited simulta-
neously. While the radiation pattern is an essential parameter
of an antenna, very little has been published about radiation
pattern control techniques for the ASA [21].

The reconfigurable ASA proposed in this paper operates at
three frequencies with a central frequency at 5.8 GHz, and it also
has a reconfigurable radiation pattern that can position a null
within a 150° arc in the plane of the antenna. It is fabricated on
low-cost material, utilizes high isolation, low-cost pin diodes,
and is a compact design suitable for integrating in mobile sys-
tems. This is the first time an annular slot antenna with both
frequency and radiation pattern reconfigurability is presented.
For this antenna only one frequency resonates at a time, which
is desirable when there are power or interference issues. Both
simulations and experimental results of the return loss and radi-
ation patterns are presented.

II. THEORY OF OPERATION
A. Design Concept

The annular slot antenna consists of a circular slot on a square,
metal ground plane that is fed by a microstrip line fabricated on
the opposite side of the substrate as can be seen in Fig. 1. The
mean length of the slot circumference is approximately 3\ /2 at
the design frequency where As is the equivalent wavelength in a
slot transmission line with slot width w [22], which is small com-
pared to As. The microstrip feed line terminates in an open circuit
that is approximately A, /4 from the ring where A, is the guided
wavelength on the microstrip line. At the intersection of the mi-
crostrip line and the slot, magnetic coupling occurs, which, due
to the 3)\,/2 ring circumference, creates a null in the radiation
pattern in the direction of the microstrip feed line. In Fig. 1 and
all subsequent figures x-y axes are used. The x axis corresponds
to ¢ = 0° and the y axis to the ¢ = 90°. The radiation pat-
terns and all references on angle positions are consistent with the
aforementioned notation. The radiation pattern and the null posi-
tioning are explained in detail in the theory section. To change the
direction of the null, pin diodes are used to create short circuits
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Fig. 1. Annular slot antenna schematic The feeding line with the matching
stubs are on the bottom and the annular slot antenna is on the top side of the
substrate. The short is placed at ¢ = 225°, else 45° far from the feeding line.

across the slot. Generally, a null appears opposite to the position
where the short is placed, but the short position must be tuned
to compensate for discontinuity in the slot fields caused by the
feed line to achieve the desired null direction with accuracy. The
simulation results indicate that a null can be created anywhere
between 15° and 165° by adding a short in the opposite direc-
tion. For a nonreconfigurable design, the short circuits may be
hard-wired slotline short circuits as shown in Fig. 1, but in the re-
configurable design, they are implemented with pin diodes. The
short in the slot results in a reformation of the electric field dis-
tribution along the slot leading to a shift of the null in the short
direction. It also changes the equivalent load at the input of the
microstrip transmission line; therefore, reconfigurable matching
stubs are required to keep the antenna matched at the design fre-
quency during null reconfiguration. Linear matching stubs are
also used to match the antenna at different frequencies when the
slot configuration is kept constant. As a proof of concept, the an-
tenna is designed to operate at 5.2 and 6.4 GHz in addition to the
initial frequency of 5.8 GHz. To reconfigure the matching net-
work, pin diodes are used to connect or disconnect the stubs
from the microstrip transmission line and consequently shift the
resonance to the desired frequency.

B. Pattern Reconfigurable Principles

The radiation patterns of the shorted ASA yield anull in a di-
rection different than the feeding line direction, which is the case
for the regular, unperturbed slot. The simulated x-y plane radi-
ation patterns for the case of a hard-wired short circuit at 225°
are presented in Fig. 2. In that plane the E field is polarized in
 direction, parallel to the slot plane. The null is created in the
x-y plane instead of the broadside direction because it is meant
to decrease the effect of an interferer coming from a direction
different than the directivity (maximum field value) direction,
which is parallel to z axis. At 5.8 GHz, for which the slot di-
mensions are optimized, a null exists exactly opposite to the slot
short with respect to the slot center. At 6.4 GHz, the null appears
approximately 10° closer to the 90° direction, while at 5.2 GHz,
the null deviates from the 90° direction and moves closer to the
0° direction by 5°. Similarly, placing a short circuit at 315°, re-
sults in a null in the radiation pattern at 135° for 5.8 GHz. As a
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Fig. 2. Simulated normalized radiation patterns on the x-y plane with a short
circuit at 225°. The null direction for the slot without any short would be in the
90° direction with respect to the plot labeling.
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Fig. 3. Simulation and measurement results for the null reconfigurable design
The first two lines refer to the design without any short. The numbers in the label
refer to the hard-wired short position compared to the polar plot label in Fig. 2.

more general concept, when a frequency lower than the design
frequency is used, the null shifts toward the ¢ = 90° direction
while it shifts toward the ¢ = 0° direction when a higher fre-
quency than the design frequency is used.

As discussed, varying the null position changes the
impedance of the antenna and requires a reconfigurable
matching circuit. When a short is placed at 45° from the
feeding line, as shown in Fig. 1, a single stub with length
4.21 mm and width 0.92 mm at a distance of 7.27 mm from the
feeding point is used to match this short position at 5.8 GHz.
When the short is removed, simulating the case that the diode
is not biased, a second stub must be added as a shunt matching
device at the feeding line in order that the resonance frequency
remains constant. The technique to define the stubs’ length
and their position is explained in the next section. Return loss
simulation and measurements are presented in Fig. 3, where
it is seen that a 5.8-GHz resonant frequency is maintained
regardless whether or not a short exists. The 4.5-GHz parasitic
resonance, when no short circuits occur on the ring, is easily
removed by filtering it with a microstrip passband filter that can
be cascaded to the antenna geometry.

To qualitatively explain the shift in the null direction when a
short is placed along the slot, a novel but simple model using
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Fig. 4. Electric field distribution for f = 5.8 GHz when a short is placed at
225°. The dipoles model is superimposed for comparison.

Fig. 5. Magnetic dipoles model of ASA with short circuit at 225°. Three
dipoles are used in equilateral triangle orientation (Blue solid lines are for 5.8
GHz and green dotted lines for 5.2 GHz).

magnetic dipoles is introduced and briefly discussed. The field
distribution as a result of a numerical simulation using HFSS
[23] is presented in Fig. 4. Based on the field distribution, the
dipole model presented in Fig. 5 is proposed, which consists
of three magnetic dipoles of length \;/2 with sinusoidal mag-
netic current excitation. The \s/2 magnetic dipole is the dual
equivalent to the \/2 electric dipole. The electric field compo-
nent E on a plane that includes an electric dipole with length 1 is
given by [24]. Based on the duality principle [24] the E field de-
rived from a magnetic dipole is presented in (1), where k is the
wavenumber, r is the distance from the dipole’s center, and M,,
the amplitude of the magnetic current excitation. The angle 6 is
the elevation angle measured from the z axis which is parallel to
the dipole. The dipoles for the proposed model lay on x-y plane,
therefore, the azimuthal angle ¢ is used in (2) but the expression
applied for each one dipole is still the expression in (1).
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Fig. 6. (a) Magnetic current amplitude distribution along the annular slot. (b)
Magnetic current phase distribution along the annular slot The 0 corresponds
to the short position. The singularity at 45° is due the excitation source. The
phases and normalized amplitudes correspond to M5, M; and M3 from left to
the right.

The superimposed electric field as a result of all three dipoles is
given by (2) and is plotted in Fig. 7 in polar coordinates.

. , . 2
oo (14343)

o 2
eIt ek gy <¢ + % - g) )

The phase shift 7/4 is used to take into consideration the re-
spective dipoles’ orientation with respect to the reference axes.
There is also a 2m/3 angle between two consecutive dipoles
which must be considered. In Fig. 6 the magnetic current and
phase distribution along the annular slot, are presented as de-
rived from the electric field distribution presented in Fig. 4. The
magnetic current distribution presented in Fig. 6 matches the
magnetic current distribution calculated and measured for the
shorted annular slot, presented in [7].

For (2), the amplitude and phase for each magnetic current
excitation must be estimated. The phases and amplitudes for the
dipoles’ currents for f = 5.8 GHz are calculated from the solid
lines in Fig. 6 using the technique applied in [25]. The phases,
01, 62 and 03 are the phases of the current excitations and are
calculated as the mean values of the continuous phase distribu-
tion in the corresponding segment, as shown in Fig. 6(b). There-
fore from Fig. 6(b) the phases are estimated as 62 = —20°,
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Fig. 7. Analytical expression plot of ASA with short circuit at 225° compared
to the numerical solution for the amplitude of E field.

61 = —180° and 63 = 20°. The current amplitudes are nor-
malized with respect to the strongest current My, which is the
current on the segment where the excitation is applied. From
Fig. 6(a) M; = 0.9M5 and M3 = 0.7M; are deduced. The
amplitudes descent in that order, because of the traveling wave
which is excited on the ring that attenuates as it propagates away
from the excitation source. The path difference between E; and
Eo, is do = (A/4) cos(60 — ¢) while the path difference be-
tween E; and E3 is d3 = (A\/4) cos(120 — ) and can be easily
deduced geometrically. The normalized magnetic current exci-
tations and the phases used, apply for any design frequency for
which the annular slot length is 3\;/2. The antenna prototype
can be scaled for a different frequency without affecting the va-
lidity of the model.

The analytical model predicts the null position and matches
the numerical solution with satisfactory precision as shown in
Fig. 7 for the central frequency, f = 5.8 GHz. Measurements
and the numerical solution show a shift in the null position as the
frequency changes, which is predicted by the dipole model. At
a different frequency, the slot circumference is no longer 3\ /2
and a different field distribution occurs. As a result the magnetic
dipoles do not maintain their orientation with respect to the
axes, but they rotate slightly instead. For the lower frequency,
the wavelength is about 10% longer and therefore the magnetic
dipoles structure is rotated clockwise with the point at the short
fixed. The current distribution for f = 5.2 GHz, for the dipole
with My excitation requires a longer segment along the ring
[dotted line Fig. 6(a)] compared to the current 5.8 GHz. The A5 /2
length at 5.2 GHz is about 10% longer than the one for 5.8 GHz
so the dipoles structure is rotated clockwise with the point at the
short fixed (dotted straight lines in Fig. 5). The dipole with cur-
rents M; and M3 behave accordingly. The dipole with M» needs
to be slightly shorter than As/2 since it terminates at the short
position and it overlaps with the feeding line. However it still
remains close to \s/2. Therefore, the same analytical expression
(2) is used with the offset angle to be slightly greater than 7 /4.
That results in the rotation of the entire radiation pattern by the

same offset angle clockwise as can be seen in Fig. 2. For the
same reason, the use of a higher frequency at 6.4 GHz results a
counter-clockwise rotation of the null direction. The proposed
model aims primarily to give a qualitative explanation in the
null shifting; therefore absolute agreement with the numerical
solution should not be expected. The microstrip feed line and
the matching circuits, which are only on one side of the ASA
only, destroys the symmetry. Therefore the null is stronger in
the direction opposite to the feeding line as can be seen in Fig. 7
where the simulation results in all 4 quadrants are presented.

C. Reconfigurable Matching Network

The ASA using various feeding techniques has been shown
to have a relatively wide bandwidth compared to a patch or
other narrowband antennas [26], [27]. For the design dimen-
sions used in this paper, simulations predict radiation efficiency
greater than 80% over the frequency range from 4.8 to 6.5 GHz.
Since the radiating element can radiate over a wide range, the
matching network must also support a broad bandwidth. More-
over, the use of diodes to create shorts in the annular ring for
null reconfiguration also affects the input impedance, and this
also must be accounted for in the matching circuit. Instead of
a broadband matching network, a reconfigurable matching net-
work employing stub tuners was designed to support three nar-
rowband frequency ranges. At the center frequency of 5.8 GHz,
the input admittance was determined from the simulations, and
this admittance was transferred along the 50 2 microstrip line
to the point where the admittance had a real part of 0.02 siemens
(= 1/50 siemens) and a random imaginary part. At that point,
an open circuit microstrip stub was placed parallel to the trans-
mission line to cancel the imaginary part. For the other frequen-
cies, the impedance at the port needs to be determined with
the first matching stub in place so the other two frequencies
are matched using the combination of two stubs for each one
of them. Those additional stubs have been shown not to affect
in any way the radiation pattern. As an extension of section’s
(Section II-B) experiment for the validation of the frequency
reconfigurability, the short on the slot is placed at 45° from the
feeding line, namely at 225°. Because of symmetry, the same
matching stubs can be used when the short is placed at the sym-
metrical position 45° toward the opposite direction, which is at
315°. In order to investigate the effect of the diodes, three dif-
ferent designs with the correct matching network hard wired for
each of the three frequencies were tested. The return loss plots
are presented in Fig. 8. Simulations and measurements are in
good agreement, with a small shift downwards for the 6.4-GHz
resonance, which could be a result of fabrication inaccuracy and
imperfect connector soldering.

III. ANTENNA DESIGN DESCRIPTION
A. Frequency Reconfigurable Design

A layout of the front side of the antenna with the matching
stubs designed as described in Section II-C is presented in Fig. 9.
For shorting and opening the stubs to the feeding line, ASI 8001
PIN diodes are used, which will be referred to as small diodes.
Their length is less than 200 pgm. On the annular slot, MBP-
1035-E28 PIN diodes are used, which will be referred to as *big’
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Fig. 8. Simulation and measurement are presented for the three different
frequencies. Simulation is presented in solid line and measurement is presented
in dashed line.

Ls1

Fig. 9. ASA frequency reconfigurable design matching network.

diodes. They are long enough to cover the 2-mm slot width. The
matching network for the frequency reconfigurable design with
a “big” diode biased at 45° along the ASA is shown in Fig. 9.
Three stubs of length L1, 1.3, and L2 are used to match the slot
antenna to 5.2, 5.8, and at 6.4 GHz, respectively. The dc bias
lines are used to apply the dc voltage to the small diodes. When
neither of the small diodes is biased, the antenna is matched at
5.8 GHz, by forward biasing the diode on the stub of length
L1, the antenna is matched at 5.2 GHz, and by forward biasing
the diode on the stub of length L2, the antenna is matched to
6.4 GHz. The reconfigurable matching network dimensions are
presented in Table L.

In Fig. 9, the 200 pm gaps (between the tapering small tri-
angles and the feeding line) for the small diodes can be seen.
The radial stubs are 70° wide and all the microstrip lines are
0.92 mm wide which results in a Zo of 50 €. The thin feeding
lines are 120 pm wide and are used as dc bias lines. Their re-
spective lengths are optimized for the frequency used, so they
are equivalent to an open for the RF signal while they are perfect
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TABLE 1
DIMENSIONS OF CIRCUIT ELEMENTS FOR FREQUENCY RECONFIGURATION AND
NULL AT 45°
Symbol Value in mm

D1 549
D2 7.27
D3 4.10
D4 12.08
L1 4.05
L2 2.75
L3 421
Lsl 7.60
Ls2 5.75
Ls3 6.50
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Fig. 10. ASA null reconfigurable design matching network.

conductors for any applied dc current. The dc lines however are
thin enough (very high RF impedance) to prevent leakage for the
frequencies for which they are not optimized. Tapered segments
are used to match the wider linear stubs to the small diodes in
order to minimize reflections.

B. Null Position Reconfigurable Design

For the null reconfigurable design, two stubs are used to
match the antenna for the two cases; when there is a short at
+45° away from the feeding line, and when no short exists
along the circumference. Consequently one small diode is used
for the activation of the matching stubs and two big diodes for
the null control. When the small diode is not biased and one of
the two big diodes is biased, the antenna is matched at 5.8 GHz.
Note that this corresponds to the same matching network in
Fig. 9. When none of the big diodes are biased and the small
diode is biased, the antenna is matched at 5.8 GHz and a null
appears in the direction opposite to the feeding line. As a
result, for a fixed frequency at 5.8 GHz a null in three different
directions (—45°, 0°, and +45°) can be created. The matching
network design is presented in Fig. 10 and the dimensions are
presented in Table II.
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TABLE 1I
DIMENSIONS OF CIRCUIT ELEMENTS FOR NULL RECONFIGURATION AT 5.8 GHz

Symbol Value in mm
D1 475
D2 7.27
D3 12.08
L1 297
L2 421
Lsl 6.50
Ls2 6.50

Big Diode

Fig. 11. Photograph of the front side of the annular slot antenna. Two
MBP-1035-E28 PIN diodes are observed, soldered symmetrically 45 from the
feeding line.

C. Fabrication

The antenna was fabricated on a 635-pum-thick Rogers
RO3006 substrate with e, = 6.15 and tand = 0.0025. The
antenna is fed by a 50-(2 microstrip line. A standard pho-
tolithography technique was used for fabrication. The copper
thickness was 18 pm and the alignment between the two copper
layers was achieved by drilling holes on the substrate using
a laser method. Big and small diodes can be seen in Figs. 11
and 12, respectively. A current smaller than 10 mA, was used
to forward bias the diodes. For the small diode bias, dc bias
lines were used and a wire carrying the bias was soldered to the
radial stub. For the big diodes, the ground plane was grounded
and a wire was soldered to the inner section of the ring. For
return loss and radiation pattern measurements a 3.5 mm SMA
connector was soldered at the beginning of the feeding line.

1V. EXPERIMENTAL RESULTS DISCUSSION
A. Diodes’ Effect in Return Loss

The small diodes are used to electrically connect the matching
stubs to the transmission line. When the diodes are soldered
onto the board but are not biased, they are equivalent to a small
capacitive load (0.08 pF) and behave as if they do not exist
for the frequencies of interest. That was verified in both return
loss measurements and radiation pattern measurements. Return
loss measurements to demonstrate the “small” diode effect are
shown in Fig. 13.

Small Diode 4

Fig. 12.  Photograph of the back side of the frequency reconfigurable design.
Two ASI 8001 PIN diodes are observed connecting the matching stubs to the
feeding line. The dc bias lines are also visible.
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Fig. 13. Small diode effect in the frequency reconfigurable design for the
5.2-GHz stub.

When the diode is biased, the circuit is designed to match at
5.2 GHz, which is close to the measured resonant frequency in
Fig. 13. When the diode is not biased, the antenna is designed
to be matched at 5.8 GHz. The measurement with the diode not
biased is compared to the reference hardwired design of Fig. 13
with no diodes on, and very good agreement is observed.

A small shift in the resonance frequency is consistently ob-
served when a big diode is biased along the slot. The capacitive
load on the circumference results in a downwards shift of the
resonance frequency as discussed in [9]. For the null reconfig-
urable design, the coexistence of two diodes on the slot with one
of them forward biased and the second one reverse biased results
in a parasitic resonance close to 6.5 GHz, as seen in Fig. 14. This
is because of the additional capacitive load as a result of the re-
verse biased diode. The parasitic resonance can be filtered with a
cascaded microstrip passband filter for the single frequency (5.8
GHz) null reconfigurable antenna. For the extension to multiple
frequencies, the parasitic will be taken care of with the appro-
priate matching configuration. For the simulation, the reverse
biased diode was simulated as a perfect open and that is why
the parasitic resonance does not appear in the simulation. There
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Fig. 14. Diodes effect in return loss measurement for the null reconfigurable
design. The design frequency was 5.8 GHz.

is still a good resonance at the design frequency which is con-
sistent for all three directions of the null and is measured at 5.65
GHz which is less than 3% off the design frequency.

B. Radiation Pattern Measurement

A far field antenna test range was used to characterize the
ASA. In the test range, the ASA was the receiving antenna that
rotated through the ¢ plane while a 5.4-8.2 GHz, 15-dB stan-
dard gain horn was used as the fixed, transmitting antenna; the
two antennas were separated by 1 m. The transmitted RF signal
was AM modulated by a 20-MHz signal that was detected by a
diode detector and measured by a lock-in amplifier. Control of
the rotary stage, lock-in amplifier, and data recording was auto-
mated. To bias the diodes, wires were soldered to the center of
the ASA and the radial stubs of the matching circuit. In addition,
a bias tee was used to ground the microstrip line and to isolate
the applied bias from the diode detector. Because the ASA radi-
ates backward as well as forward, the coaxial launcher, bias tee,
and detector were sandwiched between 1-cm-thick pieces of ab-
sorbing material. During test, it was observed that the substrate
corners had to be rounded to minimize reflections and diffrac-
tions at the corners that caused ripples in the radiation pattern.
Before characterizing the ASA, a variable attenuator was used
to vary the input power in order to calibrate the diode detector
and determine the radiated power that results in maximum de-
tector sensitivity.

C. Diodes Effect in Radiation Pattern

The effect of both the small and big diodes on the radiation
patterns was investigated and is presented in the current sec-
tion, and the radiation patterns are compared to the simulation
results (ideal elements) and to the hard-wired design measure-
ments presented earlier. In Fig. 15, the measured radiation pat-
terns for the E, component of the electric field, which is the
component parallel to the antenna substrate, for all three fre-
quencies and a hardwire short at 225° are shown, In addition, the
measured radiation pattern at 5.2 GHz for a regular slot without
any short along the slot is shown. The results in Fig. 15 have
similar behavior to the simulated results presented in Fig. 2 in
Section II. The shift in the null direction with respect to the fre-
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Fig. 15. Measured radiation patterns for the design frequencies when a hard-
wired short is placed at 225°.
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Fig. 16. Radiation patterns for the 5.2-GHz frequency design when the short is
placed at 315°. Simulation, measurement with hard-wired short, measurement
with the big diode biased, and measurement with the small diode biased are
presented.
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Fig. 17. Radiation patterns for the 6.4-GHz frequency design when the short is
placed at 225°. Simulation, measurement with hard-wired short, measurement
with the big diode biased, and measurement with the small diode biased are
presented.

quency that was explained in a previous section is hereby veri-
fied experimentally.

Figs. 16 and 17 present the measured radiation patterns for
frequencies of 5.2 and 6.4 GHz, respectively, with diodes used
to short the slot. They were in very good agreement with the sim-
ulation and the hard-wired measurements. This proves that the
PIN diode is a suitable switch for this application. The effective-
ness of the small diodes has been verified in designs other than
antennas, like filters [28] and it only has to do with the matching
network. The parasitic capacitance and resistive load of the big
diodes that differentiate them from the ideal short circuit, on the
other hand, have been hereby proven experimentally not to dis-
tort the radiation pattern in comparison to the ideal elements.
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Fig. 18. Simulated radiation patterns in x-y plane for the null reconfigurable
design at f = 5.8 GHz. The null is directed at 45°, 90°, and 135° direction.
The 90° direction is the null direction when no short is used.
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Fig. 19. Measured radiation patterns in x-y plane for the null reconfigurable
design atf = 5.65 GHz. The null is directed at 45°, 90°, and 135° direction
using two PIN diodes placed at. 225° and 315°.The 90° direction is achieved
when none of the diodes is biased.

The short was placed in symmetrical positions with respect to
the feeding line direction in order to show that the results are
not dependent on the side of the short and are not affected from
the non symmetric matching stubs. The behavior of the antenna
is equivalent for both sides of the short.

In the plots presented in Figs. 16 and 17, the measurements
were taken for different samples in order to compare and eval-
uate the effect of small and big diodes independently. For the
null reconfigurable design (Figs. 18 and 19) all measurements
were taken for the same sample on which three diodes are used
and biased individually to steer the null in the three directions
and maintain a constant resonant frequency. In order to get the
nulls in the side directions, the corresponding big diode is bi-
ased. In order to get the null in the feeding line direction, the
small diode on the matching stub L1 in Fig. 10 is biased in order
to maintain the resonance frequency constant at 5.65 GHz while
none of the big diodes is biased. In Figs. 18 and 19 where the
simulated and measured results are presented, respectively, it is
obvious that the steering of the null is achieved with high pre-
cision. The slot dimensions are optimized for the frequency of
5.8 GHz and for that frequency the null is exactly at 45° off the
feed line direction. The measured patterns are for f = 5.65 GHz
which is very close to the design frequency and as a result the
null directions verify the simulation with high accuracy. In the
90° direction the simulated field is stronger than the measure-
ment but overall good agreement is demonstrated.

V. CONCLUSION

A new design for both pattern and frequency reconfigurable
annular slot antenna was presented. Matching stubs are used
to match the antenna to three different frequencies, 5.2 and
6.4 GHz in addition to the initial central frequency at 5.8 GHz.
PIN diodes are used to connect or disconnect the stubs creating
a reconfigurable matching network. The radiation pattern con-
trol is achieved by activating/deactivating shorts on the slot.
As a result the null is redirected to a different direction. As a
benchmarking approach, the shorts are implemented by use of
pin diodes. When each diode is forward biased, it is equivalent
to a short, and when it is reverse biased, it behaves as a capaci-
tive load. In the latter case, when no diodes are forward biased,
the slot antenna behaves like the unloaded slot antenna and the
null appears in the feeding line direction. The results for this
antenna are presented at three separate frequencies. Any other
frequency can be matched using the same technique as long
as the radiation efficiency for that frequency is satisfactory.
The same applies with the position of the shorts. The possible
directions are not limited to the ones used in this paper but in
that case also, the matching stubs need to be redesigned and
optimized for the preferred short direction, since the short di-
rection affects the equivalent load at the end of the transmission
line. The measured results are compared to the simulations
and are found to be in very good agreement. The proposed
antenna is compact and easy to integrate with other microwave
components. This antenna is the first step toward more mature
compact reconfigurable slot antennas both in frequency and
radiation pattern using pin diodes or RF MEMS switches.
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