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Abstract—A new technique for designing dual-band reconfig-
urable slot antennas is introduced. The technique is based on
loading a slot antenna with a lumped capacitor (or varactor) at
a certain location along the slot. Given a fixed capacitor location
along the slot, decreasing the capacitance results in increasing
the first and second resonant frequencies of the slot antenna.
However, the changes in the resonant frequencies are signifi-
cantly different for the first and second resonances and, hence,
a dual-band antenna with considerable frequency ratio tuning
range can be obtained. Based on this technique, an electronically
tunable dual-band antenna with a frequency ratio in the range
of 1.2–1.65 is designed and fabricated using a single varactor
with a capacitance range of 0.5–2.2 pF. The antenna has similar
radiation patterns with low cross-polarization levels at both bands
and across the entire tunable frequency range.

Index Terms—Multifrequency antennas, multiple band an-
tennas, reconfigurable antennas, slot antennas.

I. INTRODUCTION

DUAL-band antennas are of interest in many wireless
applications that use two different frequency bands for

receiving and transmitting. Current advancements in printed
antenna technology have resulted in a variety of different
techniques for designing low profile, cost effective, and highly
efficient dual-band antennas [1]. Most techniques make use of
certain approaches to manipulate the current distribution at one
of the higher order resonant modes of the structure to change
its resonant frequency. For example, in [2], a rectangular patch
antenna is loaded with a slot at a particular location such
that it affects one resonant mode more than another, and this
way a dual-band operation is obtained. However, the range of
achievable frequency ratio ( ) is limited to 1.6–2. This
idea was later applied to circular and triangular patch antennas
where frequency ratios of 1.3–1.4 and 1.35–1.5 were, respec-
tively, achieved [3], [4]. Variations of these techniques with
differently shaped slots and patches have also been investigated
and discussed in detail in [1, Ch. 4].

The configuration and radiation characteristics of slot an-
tennas appear to be more amenable to reconfigurability than
their patch antenna counterparts. In a recent study, the design of
a reconfigurable slot antenna was demonstrated with an octave
band tunability using five PIN diode switches [5]. The drawback
of this design, however, is that the PIN diodes are forward biased
to change the resonant length of the antenna and significant
amount of electric currents flows through each diode which,
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given the ohmic resistance associated with each diode, results
in loss of RF power and, hence, reduces the antenna efficiency.
In [6], a single-element dual-band CPW-fed slot antenna with
similar radiation patterns at both bands is studied. However,
this antenna shows high levels of cross-polarized radiation in its
second band of operation. In [7], a compact dual-band CPW-fed
slot antenna, with a size reduction of about 60% compared to a
conventional slot antenna, is studied. However, this antenna is
designed for two particular frequency bands, and little attention
has been paid to investigating its frequency tuning capabilities.
Furthermore, it suffers from high levels of cross-polarized ra-
diation, which at some angles are equal or even larger than the
copolarized component. Other topologies have also been used to
achieve dual/multiband operations. Examples of these include
structures that make use of parasitic elements and multiple
radiating elements as described in [8] and [9]. Among other
categories, design of a wideband/dualband relatively wide slot
antenna fed by a microstrip line can be mentioned. It is shown
that, for a rectangular slot with width to length ratios larger than
0.15, a dual-resonant behavior can be achieved and frequency
ratios from 1.1 to 1.7 can easily be obtained by choosing the
appropriate location for the feed [10]. The antenna is shown to
have very small cross-polarization levels and similar radiation
patterns at both bands.

In this paper, we propose a new technique for designing
dual-band narrow slot antennas that can easily be modified to
obtain a tunable antenna. Furthermore, the frequency ratio of
the antenna will be determined by the applied dc bias voltage
or by choosing the right value for the lumped element and not
by changing the geometrical parameters of the antenna. The
proposed technique is based on loading a slot antenna with a
fixed or variable capacitor at a certain location along the slot.
One of the advantages of this technique is that the current
that flows through a capacitor, or a reverse biased varactor, is
small compared to a PIN diode or a MEMS switch and hence,
the finite of the device does not deteriorate the antenna
efficiency. As will be shown, such an antenna exhibits a dual
resonant behavior. In addition, placing a capacitor in parallel
with the slot results in reduction of its resonant frequency. This
occurs for both the first and second resonant modes. However,
the decrease is not uniform and depends on the location of the
capacitor along the slot. It will be shown that the location of
the capacitor can be chosen to minimize the variations of one
mode and, therefore, obtain a dual-band antenna with adequate
control over its frequency ratio. In what follows we will first
develop an approximate transmission line model as a design
tool for determining the resonant frequencies of the slot antenna
for a given value and location of the capacitor. Exact location
of the capacitor can then be obtained using full wave analysis
of the antenna. Then a tunable dual-band antenna is designed
in which a varactor, with its proper biasing network, is used
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Fig. 1. Transmission line model of a slot antenna loaded with a lumped
capacitor.

to tune the frequency ratio of the antenna. Finally, measured
results for the radiation patterns and input reflection coefficients
of the antenna are presented, compared with the simulation
results, and discussed. It will be shown that the simulation
and measurement results agree very well and the antenna has
good simultaneous match at both bands with similar radiation
patterns across the entire band of operation.

II. LOADED SLOT ANTENNAS FOR DUAL-BAND OPERATION

A resonant narrow slot antenna at its first resonance may be
considered as a transmission line, short circuited at both
ends [11]. Loading such a structure with a capacitor as shown
in Fig. 1, increases the line capacitance at one point and, there-
fore, reduces the frequency of its first and all higher order reso-
nances. This reduction, however, is not uniform and depends on
the location of the capacitor ( in Fig. 1), its value, and the slot
line impedance. Applying the transverse resonance condition to
the structure shown in Fig. 1 results in the following equation
for the resonant frequencies of the structure

(1)

where is the frequency dependent, slot line propagation
constant, is the capacitance of the lumped capacitor, and is
the angular frequency. This equation can be solved numerically
as a function of frequency and capacitance value and for fixed
values of to obtain the resonant frequencies of the loaded
slot. For different values, this equation is solved for a loaded
slot antenna with slot length and width of and

, which is printed on a 0.5-mm-thick substrate with
. The propagation constant and impedance of this

line, , are calculated using equations provided in [12] and
the results are shown in Fig. 2. The variations of and are
seen to be dependent on and . However, this model does not
take into account the effect of the antenna feed and its matching
network, which affect the resonant frequencies of the antenna.

At its first resonance, the magnitude of the electric field of a
slot antenna (and therefore the voltage magnitude) is maximum
at the center of the slot and zero at the edges. On the other hand,
the magnitude of the electric current that flows around the slot is
minimum at the center and maximum at the edges [11]. There-
fore, if the slot antenna is fed at the center, its input impedance,
as seen from the feed terminals, will be very large (ratio of a
large voltage to a small current). However, if the feed terminals
move away from the center of the slot antenna and approach
its edge, the observed input impedance drops until it assumes a
value of zero when the feed terminals are right at the edge of
the slot (and therefore are short circuited). Thus, it is possible to

Fig. 2. First and second resonant frequencies of a loaded slot antenna (with
` = 60 mm, w = 2 mm, � = 3:4, and the substrate thickness of 0.5 mm) as
a function of value and location of the capacitor. The curves are obtained from
solving (1) numerically.

Fig. 3. Resonant frequencies of a microstrip-fed loaded slot antenna, with
` = 60 mm and w = 2 mm printed on a substrate with � = 3:4 and
thickness of 0.5 mm, obtained from full-wave simulations in IE3D. (a) First
resonant frequency. (b) Second resonant frequency.

match the impedance of the antenna to a wide range of line im-
pedances by choosing the right location for the feed (from center
to the edge). In this paper, we use an open circuited, off-cen-
tered, microstrip line to feed the antenna. Therefore, in addition
to choosing the feed location, the length of the open circuited
microstrip line can be tuned such that it compensates the reac-
tive part of the input impedance to obtain a good match. This
way, the antenna can easily be matched to the line impedance
by only choosing the appropriate location and length of the open
circuited microstrip line ( and as shown in Fig. 5). This
feeding mechanism is very well known and is comprehensively
studied in [11], [13], and [14] and in their references. Using
full-wave simulations in IE3D [15], better approximations for
the resonant frequencies of the first and second bands of the
loaded slot antenna (for different values of , , and ) can
be obtained. Fig. 3(a) and (b) shows the frequencies of the first
and second resonances of a straight slot antenna with an overall
length of and a slot width of , which
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Fig. 4. Electric field distribution of a loaded slot antenna at (a) first and (b)
second resonant frequencies. The antenna has ` = 60 mm, w = 2 mm, ` =

2:5 mm, � = 3:4, and substrate thickness of 0.5 mm. Solid: C = 0 pF,
Long-dashed: C = 1 pF, Short-dashed: C = 2 pF, Dash-dot: C = 3 pF, and
Dash-dot-dot: C = 5 pF.

is printed on a 0.5–mm-thick substrate with . This an-
tenna is fed with a 50 microstrip line with and

. As can be seen from this figure, the first and
second resonances of this antenna, without a capacitor, occur at
2 and 4 GHz, respectively. As is increased, the frequencies
of both of these resonances decrease. However, this decrease is
a function of . For , and , the
decrease in the frequency of the first resonance is much smaller
than that of the second one [see Fig. 3(a) and (b)]. This suggests
that a dual-band antenna, with a relatively constant and vari-
able can be designed by only changing the value of .

The radiation patterns of the antenna at the two bands are
determined by the electric field distribution across the slot at
the first and second resonances. The electric field distribution
in the presence of the capacitor cannot easily be obtained from
full-wave simulations. However, by using the equivalent model
of Fig. 1, and solving the Maxwell’s equations for the voltages
and currents of the transmission line, in conjunction with the
boundary conditions at , , and , the following
expression for the normalized voltage (electric field) distribu-
tion across the transmission line (slot antenna) can be obtained

(2)

In this equation, the effect of the microstrip feed on the cur-
rent distribution is ignored. However, examining it for different
values of capacitance provides significant intuition in the oper-
ation of the antenna and its radiation patterns at both bands of
operation. Fig. 4(a) and (b) shows the normalized electric field
distribution across a straight slot antenna with ,

Fig. 5. Topology of the reconfigurable dual-band slot antenna of Section III.

, and for different values of . As
can be seen in Fig. 4(b), the electric field distribution at the
second resonance, when there is no capacitance, is antisym-
metric and therefore the radiation pattern of this mode will have
a null at broadside. This is significantly different from the radia-
tion pattern of the first mode, which has maximum directivity at
its broadside. In order to circumvent this problem and obtain a
dual-band antenna with similar radiation patterns at both bands,
the slot topology of Fig. 5 is used. In this case, the straight slot
antenna is bent such that the longer (including the 7–mm bend)
and shorter arms of the slot antenna are, respectively, and

long at the second resonant frequency ( is the guided
wavelength of the unloaded slot at the second resonant). The an-
tenna shown in Fig. 5, still has the same model given in Fig. 1
and has the electric field distributions shown in Fig. 4(a) and (b).
By bending the slot as shown in Fig. 5, the magnetic current at
the lower section of the slot antenna is forced to flow in oppo-
site direction relative to the current in the upper (longer) sec-
tion of the slot antenna. If the length of the lower slot is at least

at the second resonant frequency, when the antenna is not
loaded, these two oppositely directed currents have almost the
same current distribution [as can be seen from Fig. 4(b)] with
a 180 phase difference caused by bending the slot. Therefore,
the part of the antenna to the left of the dashed line (see Fig. 5)
does not significantly contribute to the far-field radiation of the
second band. In this case, the radiation comes only from the part
of the slot antenna to the right of the dashed line, which has an
electric field distribution similar to that of the first mode. At the
first resonance, however, the magnetic current of the lower part
and upper part have different magnitudes; therefore, they do not
completely cancel each other. Nevertheless, this somewhat re-
duces the radiation efficiency and can be viewed as a tradeoff
for having consistent radiation patterns. In this case, the overall
effective length of the lower slot is chosen to be slightly larger
than . This length is optimized, using full wave simulations
in IE3D, to ensure that the antenna will have similar radiation



404 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 2, FEBRUARY 2006

TABLE I
PHYSICAL AND ELECTRICAL PARAMETERS OF THE DUAL-BAND RECONFIGURABLE SLOT ANTENNA

patterns at both bands when the effects of the microstrip feed and
the loading capacitors are considered. In the next section, simu-
lation and measurement results of the antenna are presented and
discussed.

III. SIMULATION, FABRICATION, AND MEASUREMENT OF THE

RECONFIGURABLE DUAL-BAND ANTENNA

A. Simulation and Measurement Results

The bias network of the varactor used in tuning the antenna
is shown in Fig. 5. The dc bias voltage is isolated from the RF
by cutting the ground plane around the varactor cathode. The
RF connectivity around the slot antenna is achieved using two
large capacitors that connect the cathode path to the surrounding
ground plane. The antenna is fed with an off-centered microstrip
line, and the length of the open circuited line and its position

are tuned to obtain good simultaneous match at both bands.
The antenna is designed to operate on a 0.5-mm-thick RO4350B
substrate with , , and ground plane size of
12 cm 10 cm (Table I). A high quality varactor manufactured
by Metelics (SODT 3001) with a tuning range of 0.5 to 2.2 pF
for is used. In order to improve the dc/RF
isolation, a first-order low-pass filter is placed in the path of the
dc bias line. The filter is implemented using stepped impedance
microstrip lines with a rejection band covering the frequency
range of 1.5 to 4 GHz, which covers the entire band of operation
of the antenna.

The antenna is then simulated using IE3D, which is a
full-wave simulation tool based on the method of moments
[15], and its input reflection coefficient and radiation patterns
are studied for various different varactor values. The antenna is
then fabricated on the same 12 cm 10 cm, RO4350B substrate
and its spectral response is measured using a calibrated
vector network analyzer. The simulated and measured
of this antenna, for different bias voltages, are presented in
Fig. 6(a) and (b), respectively. The simulation results indicate
that good simultaneous impedance match at both bands can
be obtained by just choosing the appropriate values of and

(Fig. 5). Fig. 6(b) shows that by increasing the dc bias
voltage from 1.5 to 30 V, the frequency of the first resonance
is increased from 1.8 to 1.95 GHz. However, this change is
fast for small values of bias voltage and exhibits a saturation
behavior for bias voltage values beyond 6 V. On the other hand
the resonant frequency of the second band increases from 2.15
to 3.22 GHz in a rather smooth fashion. In order to compare
the measurement and simulation results more easily, the simu-
lated and measured values of the operating frequencies of the
antenna are presented in Fig. 7 as a function of the applied dc
bias voltage of the varactor. The maximum error between the
predicted and measured values of the operating frequencies are

Fig. 6. S of the dual-band reconfigurable slot antenna of Section III for
different bias voltages. (a) Simulation. (b) Measurement.

Fig. 7. Comparison between the measured and simulated operating
frequencies of the first and second bands of the dual-band reconfigurable
slot antenna of Section III.

3.6% and 3% for the first and second bands, respectively. The
discrepancies between the two results can mostly be attributed
to the inaccuracies in the fabrication process (alignment er-
rors), uncertainties in the exact permittivity of the substrate
( specified by the manufacturer), uncertainties in
the capacitance values of the varactor diode, and numerical
errors in the simulation results. Nevertheless, a good agreement
between the simulation and measurement (with a maximum
error of 3.6%) is observed.

Fig. 8 shows the measured and simulated frequency ratios of
the antenna as a function of the varactor’s dc bias voltage. It
is observed that by changing the bias voltage from 1.5 to 30
V the frequency ratio ( ) can continuously be tuned from
1.2 to 1.65. For bias voltage values below 1.5 V, simultaneous
matching at both bands cannot be easily obtained. However, for

a very good simultaneous match is obtained only
by choosing the length of the open circuited microstrip line, ,
and its location, , appropriately [11], [13], and [14]. The RF
to dc isolation of the antenna is also measured using a VNA and
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Fig. 8. Simulated and measured frequency ratio (f =f ) of the reconfigurable
slot antenna of Section III as a function of applied dc bias voltage.

Fig. 9. Measured RF to dc isolation of the dual-band reconfigurable slot
antenna of Section III.

is shown in Fig. 9. The RF to dc port isolation of better than 24
dB across the entire band of operation is demonstrated.

The radiation patterns of the antenna, for bias voltages of
, 10, 20, and 30 V, are simulated in IE3D and the

simulated patterns in the and planes are presented in
Figs. 10–12, respectively. The radiation patterns of the antenna,
for the same dc bias voltages, are also measured in the anechoic
chamber of the University of Michigan and are presented in
Figs. 11–13. Since the antenna is bidirectional and is almost
symmetric with respect to the plane containing it, the fields in
the lower half-space are similar to those in the upper half-space.
Therefore, only the pattern plots in the range of
are shown.

Fig. 10(a) and (b) shows the simulated co- and cross-polar-
ized radiation patterns of the antenna in -plane for the first
and second bands, respectively. It is observed that the antenna
has similar radiation patterns at both bands and the shape of the
pattern in this plane does not strongly depend on the applied
bias voltage. Fig. 11(a) and (b) shows the measured co- and
cross-polarized radiation patterns of the antenna in the -plane
for the first and second bands, respectively. The measurement
results also indicate that the antenna has similar patterns at both
bands. Furthermore, low levels of cross-polarized radiation are
observed. The cross-polarization levels are, however, larger in

Fig. 10. Simulation results for the E-plane co- and cross-polarized radiation
patterns of the dual-band slot antenna of Section III at (a) first band and (b)
second band. Solid line: V = 4 V, Dash-dash: V = 10 V, Dash-dot:
V = 20 V, and Dash-dot-dot: V = 30 V.

Fig. 11. Measured E-plane co- and cross-polarized radiation patterns of the
dual-band slot antenna of Section III at (a) first band and (b) second band. Solid
line: V = 4 V, Dash-dash: V = 10 V, Dash-dot: V = 20 V, and
Dash-dot-dot: V = 30 V.

the first band due to the larger values of the electric field magni-
tude at the bent section. The simulated and measured radiation
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Fig. 12. Simulated H-plane co- and cross-polarized radiation patterns of the
dual-band slot antenna of Section III at (a) first band and (b) second band. Solid
line: V = 4 V, Dash-dash: V = 10 V, Dash-dot: V = 20 V, and
Dash-dot-dot: V = 30 V.

patterns in the -plane are presented in Figs. 12 and 13, respec-
tively. Fig. 12(a) and (b) shows the simulated -plane pattern
of the antenna at the two bands for different bias voltage values
where as before similar radiation patterns at both bands and for
different bias voltage values are observed. Fig. 13(a) and (b)
shows the measured -plane radiation patterns of the antenna
for the first and second bands. It is observed that the radiation
patterns of the antenna, in the -plane, are also similar to each
other for both frequency bands and for different bias voltages.
Comparison of the simulated radiation patterns of Figs. 10–12
with the measured radiation patterns of Figs. 11–13 shows that
the copolarized simulated and measured radiation patterns are in
a relatively good agreement with each other whereas the cross-
polarized components are not. The discrepancies between the
simulation and measurement radiation patterns can be attributed
to the presence of the coaxial cables and connectors, which feed
the antenna and bias the varactor diode, in close proximity to the
antenna during the pattern measurements. The induced currents
on these components radiate and distort both the copolarized
and the cross-polarized components of the radiation patterns of
the antenna. Since the cross-polarized component generated by
the antenna is much weaker than its copolarized component,
the distortions caused by the cables and connectors completely
change the shape of the cross-pol pattern but only moderately
affect the co-pol component.

The gain of the antenna is also measured across the entire
band of operation using a double-ridged horn as a reference and
is shown in Fig. 14. The antenna shows an average 0.5 dB gain

Fig. 13. Measured H-plane co- and cross-polarized radiation patterns of the
dual-band slot antenna of Section III at (a) first band and (b) second band. Solid
line: V = 4 V, Dash-dash: V = 10 V, Dash-dot: V = 20 V, and
Dash-dot-dot: V = 30 V.

Fig. 14. Measured gain of the dual-band reconfigurable slot antenna of
Section III. (a) First band. (b) Second band.

at the first band and 1.8 dB at the second band of operation in the
direction of maximum radiation. The lower gain of the first band
is a result of smaller electrical dimensions of the antenna at this
band. The lower bound of the efficiency of the antenna can be
calculated using the measured gain values of the loaded antenna
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Fig. 15. Simulated results of the operating frequencies of the dual-band
reconfigurable slot antenna, shown in Fig. 5, as a function of the varactor bias
voltage for different ground plane sizes. (a) First band. (b) Second band.

Fig. 16. Simulated results of the frequency ratios (f =f ) of the dual-band
reconfigurable slot antenna, shown in Fig. 5, as a function of the varactor bias
voltage for different ground plane sizes.

and simulated directivity values for an unloaded antenna. Based
on this calculation, the lower bound efficiency of 70% and 85%
for the first and second bands are calculated. The major factor
that contributes to the reduced efficiency of the antenna is its
topology and the reduction of its electrical size that occurs as
a result of capacitive loading [16]. Nevertheless, as these lower
bound values indicate, the antenna radiates rather efficiently.

B. Finite Ground Plane Effects

The dimensions of the ground plane of a slot antenna affect its
electrical and radiation parameters such as the radiation pattern,
resonant frequency, and the gain of the antenna. For a single
band slot antenna, these effects have extensively been studied

in [17]–[23]. The effects of the finite ground plane size on the
radiation patterns of a slot antenna are examined in [17] and
[18]. In [17], the edge diffractions of surface waves in a slot an-
tenna are modeled and it is shown that these diffractions cause
ripples in the radiation patterns. In [19], the effects of finite
ground plane size on bandwidth and gain of a U-shaped slot
antenna are studied. The effects of the finite ground plane on
the input matching and radiation parameters of a microstrip-fed
cavity backed slot antenna are examined in [23]. In [20], [21],
and [22], the effects of the ground plane dimensions on the gain
and bandwidth of electrically small slot antennas are examined.
It is shown that as the ground plane dimensions are increased,
the antenna gain increases and approaches the gain of the an-
tenna with an infinitely large ground plane size.

Since the effects of finite ground plane size on the radiation
patterns and the gain of slot antennas are well known, in this
paper we only examine the effects of the finite ground plane
size on the resonant frequencies and frequency ratios of the
dual-band reconfigurable slot antenna of Section III. In order to
do this, full-wave simulations have been performed on the an-
tenna shown in Fig. 5 for four different ground plane sizes of 6
cm 5 cm, 12 cm 10 cm, 24 cm 20 cm, and . Fig. 15(a)
and (b) shows the effect of the ground plane size on the fre-
quencies of the first and second bands of the dual-band antenna.
As is observed from this figure, for fixed antenna and feed net-
work dimensions, the resonant frequencies of both the first and
second bands increase as the ground plane size increases and ap-
proach the resonant frequencies of the antenna with an infinitely
large ground plane. Fig. 16 shows the effect of the ground plane
size on the frequency ratio of the second band to that of the first
band for the tunable antenna. Similar to the previous case, for
fixed antenna dimensions and bias voltage, the frequency ratio
increases as the ground plane size increases. As can be observed
from Figs. 15 and 16, the ground plane size moderately affects
the frequency response of the antenna. However, these effects
can be taken into account in the simulation process and a very
good agreement between the measurement and simulation re-
sults can be obtained as shown in Section III-A.

IV. CONCLUSION

A new technique for designing dual-band reconfigurable slot
antennas is proposed. The technique is successfully applied to
design a dual-band slot antenna with similar radiation patterns at
both bands. Measurement results of the antenna indicate that it
has a frequency ratio ( ) that continuously increases from
1.2 to 1.65 by increasing its dc bias voltage from 1.5 to 30 V.
Furthermore, good simultaneous matching is observed at both
bands for the entire range of bias voltages, low levels of cross-
polarized radiation is observed, and the radiation patterns of
each band remain practically unchanged as the dc bias voltage
is changed.
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