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1. INTRODUCTION

Wideband antenna elements are essential for providing
wideband scanning array antennas in industry and mili-
tary applications. Such applications require several fea-
tures such as wide scan, security, high-speed
communication, and high reliability, and, in many cases,
a compact size is required for space-limited mobile anten-
na systems. Because element size is a critical parameter in
determining the scan angle in antenna array configura-
tions, small size is desirable for the antenna arrays sup-
porting wideband applications.

In many civilian and military applications, antenna
size, weight, cost, performance, and ease of installation
are constraints leading to the selection of low-profile an-
tennas such as microstrip printed and slot antennas. Mi-
crostrip antennas were originally proposed in early 1953;
however, it was not until the 1970s that further develop-
ment was achieved in this field, due primarily to the ad-
vancement in substrate technology. By exploiting the low-
profile, lightweight, conformal configuration, compatibili-
ty with integrated circuits and low fabrication cost of these
printed circuit board (PCB)-type structures, antenna de-
signers have developed many diversified printed and slot
microstrip antenna applications. However, because of the
inherent narrow bandwidth characteristics of this class of
antennas, an enormous amount of research more recently
has been devoted to broadbanding techniques for micro-
strip printed and slot antennas. Some of these techniques
include the use of thicker substrates, odd or optimized
shapes of the patch or the slot, aperture coupling, parasitic
directors and/or reflectors, and stacks of more than one
layer of substrate material, each supporting one or more
antenna elements. Microstrip technology utilizing these
techniques has enabled many designers to meet the de-
mands of today’s communication devices. However, with
increasing demands for high-performance dual-band, tri-
band, and wideband and ultraband antennas capable of
providing adjustable beamwidth and direction of the
mainlobe of the radiation pattern, more sophisticated de-
signs are required.

As a result of these needs, the authors have originated
several innovative designs to specifically address these
requirements as reported in Refs. 1–5, where new designs
of triangle slot antennas with tuning stubs, bowtie slot
antennas with tapered tuning stubs, and microstrip-fed
printed bowtie antennas for wideband phased-array sys-
tems are analyzed and presented. This article provides the
detailed performance of one class of the more recently de-

veloped printed and slot Lotus antenna elements that
support many applications in the X band.

For this, two novel antenna designs will be presented in
this article: the coplanar waveguide (CPW)-fed slot Lotus
antenna for ultra wideband applications and the micro-
strip-fed Lotus printed antenna for wideband phased-ar-
ray systems. The two designs are obtained from smooth
and idealized transitions from the feedlines to the anten-
nas, which result in wide bandwidths and low return loss
levels.

In addition to regular antenna design for wideband ap-
plications, this article also presents multiple band-re-
configurable printed and slot antennas. The multiple-
band technology is more redundant to interference and
requires lower peak power consumption. Wideband an-
tennas, based on multiple-band technology, normally uti-
lize bandlimited pulses through which information is
transmitted with time-spaced pulses at different center
frequencies. Thus, the antenna can be constructed from
parts that are selected or reconfigured using switches, an
approach that can be employed in most microstrip-based
printed and slot antennas. The procedure for designing
such reconfigurable antennas will be discussed and exper-
imental verification for several basic antenna structures
at X band will also be demonstrated for ideal switching
configurations.

The analysis of these antennas will be based on the
electromagnetic commercial software packages: momen-
tum of the Agilent advanced design system (ADS), which
is a method-of-moments (MoM)-based simulation comput-
er program, and the Ansoft high-frequency structure sim-
ulation (HFSS), a finite-element based program. A finite-
difference time-domain (FDTD) simulation package devel-
oped by the authors is also used in this study. Measure-
ments of the return loss and radiation patterns are
presented along with simulation results to further verify
the presented designs. The primary objectives of this work
is to present how the parameters that affect the charac-
teristics of these new antennas are determined by simu-
lation; to determine the limitations on bandwidth,
radiation pattern stability, and antenna scanning capabil-
ities in and array configuration; and to assemble and test a
practical prototype antenna in order to validate the sim-
ulations and designs achieved.

2. ULTRAWIDEBAND CPW-FED SLOT LOTUS ANTENNA

In this section, a novel printed slot antenna design fed by
coplanar waveguide, called the Lotus slot antenna, is in-
troduced. This new antenna is a result of our more recent
investigations for designing wideband slot antennas [1,2].
The suggested geometry is shown in Fig. 1, where the an-
tenna consists of two ellipses with horizontal and vertical
axes equal to A1, B1 and A2, B2 for the inner and outer
ellipses, respectively. The tapering is truncated at an an-
gle a from the vertical axis of the outer ellipse. The an-
tenna is printed on Rogers RT/Duroid 5880 with er¼ 2.2
and substrate height AU:2h¼ 1.57mm (62 mil).

A parametric study has been performed for this anten-
na using ADS Momentum. The initial design has A1, A2,
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B1, B2 and a¼9.8, 4.5, 9.8, 4.5mm and 01. Figures 2–4
show that an increase of the radii of the ellipses shifts the
resonance frequencies of the antenna to lower frequencies.
The parameter B1 has a significant effect on the resonance
frequencies, since by changing B1 from 9.8 to 17.15mm,

the lower resonance decreases by 2GHz, while the upper
decreases by 5GHz. This is very important because it al-
lows for shifting the operating band to lower frequencies
without increasing the antenna width. For this study, ul-
trawide bandwidth is obtained when B1¼12.25 and
17.15mm. At the same time, the proper choice of A1 and
A2 is essential for good return loss levels. From Fig. 5, one
notices that the angle a has almost the same effect as B1;
whereas an increase of a increases the antenna width.
Therefore, to keep the antenna size small a is set equal to
zero in the present investigation.

In order to improve the return loss level, two additional
parameters, d1 and d2, are introduced and studied. These
two parameters change the curvature of the antenna
while keeping the slot area almost the same, and as a re-
sult a much smoother transition between the feedline and
the antenna is obtained. As shown in Fig. 6, introducing d1

and d2 improves the return loss level, which results from
decreasing the reflection coming from the transition be-
tween the narrow CPW slot and the wide Lotus slot.

A design of this antenna with A1, A2, B1, B2, d1, d2¼

10.1, 4.5, 12.4, 4.25, 0.56, 0.76mm and a¼ 01 is fabricated.
The return loss for this design is computed from 5–50GHz,
and, as shown in Fig. 7a, the antenna operates over a large
operating band starting from 8 up to 450GHz. The mea-
surements are compared to the simulation results in Fig.
7c, where good agreement is obtained between the two
results. The computed radiation patterns using ADS Mo-
mentum are shown in Fig. 8 in the E andH planes at 8, 10,
and 12GHz. The radiation pattern is stable in this range,
which covers the X band with a cross-polarization level of
� 6dB in the H plane and zero in the E plane because of
the antenna symmetry. Two elements of this antenna are
simulated using ADS Momentum with a separation dis-
tance of 2mm, and the computed coupling is depicted in
Fig. 9. The coupling is less than � 20dB over the entire X-
band range. The copolarized fields for 1, 8, and 16 ele-
ments of the slot Lotus antenna in the H plane are com-
puted using ADS at 10GHz, and are presented in Fig. 10.
The maximum gain increases from 3.69dB for one ele-
ment to 12.47 and 15.49 dB for 8- and 16-element arrays,
respectively.
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α

Figure 1. Geometry and parameters of the Lotus slot antenna.

Figure 3. The effect on S11 of changing B2.
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Figure 2. The effect on S11 of changing B1.

Figure 4. The effect on S11 of changing A1 and A2.
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3. MICROSTRIP-FED PRINTED LOTUS ANTENNAS

Printed microstrip antennas are widely used in phased-
array applications. They are generally economical to pro-
duce since they are readily adaptable to hybrid and mono-
lithic integrated circuit (IC) fabrication techniques at RF
and microwave frequencies. In addition, they exhibit a

very low profile, small size, light weight, low cost, high
efficiency, and simple installation.

Among the most widely used printed antennas in
phased-array systems are printed dipoles and quasi-Yagi
antennas fed by coplanar stripline (CPS), which are usu-
ally used to obtain an endfire radiation pattern. In order to
feed this antenna, some researchers suggested microstrip-
to-CPS transition that includes a 1801 phase shifter [6].
The phase shifter consists of a T junction with one side of
the microstrip line delayed by a half-wavelength to pro-
duce a predominantly odd mode for the CPS. Other re-
searchers feed the dipole with two microstrip lines, where
the upper is an extension of the microstrip feedline and
the lower is connected to the ground plane directly or
through a tapered microstrip [7]. However, the latter
method provides omnidirectional patterns and suffers
from low bandwidth (BW) (19%). Other researchers used
coplanar waveguide (CPW)-to-CPS transitions to feed
printed dipole and bowtie antennas [8] that are designed
for 100O characteristic impedance.

An attractive quasi-Yagi antenna design that uses the
transition in Ref. 6 is presented in Refs. 9 and 10 exhib-
iting wide BW (48%) and good radiation characteristics.
The antenna consists of a half-wavelength dipole as aFigure 5. The effect on S11 of changing a.
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Figure 6. The effect of changing antenna curvature by d1 and d2.

       (a)           (b)                 (c) 

Figure 7. Return loss for the Lotus slot antenna: (a) simulation results up to 50GHz;(b) printed
Lotus prototype; (c) measured versus simulated return loss.
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driver and an approximately quarter-wavelength rectan-
gular director to increase the gain and improve the front-
to-back ratio. While the driver and director are placed on
one side of the substrate, the ground plane is placed on the
other side and truncated to act as a reflector.

In this section, a novel printed antenna dual to the slot
Lotus is designed and presented for additional improve-
ments in terms of bandwidth and return loss level. The
new antenna is called the printed Lotus, which supports
wideband characteristics. The antenna is fed by micro-

          (a)           (b)            (c) 

E�  (E-plane) E�  (H-plane)

Figure 8. Computed radiation patterns for the Lotus slot antenna at (a) 8GHz, (b) 10GHz, and (c)
12GHz.

 

2 mm 

      f (GHz)

Figure 9. Computed coupling between two elements of the Lotus slot antenna.

Figure 10. The copolarized field in the H plane for 1, 8, and 16 elements of the slot Lotus.
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strip line through a modified phase shifter that has a
smaller size and better match with the new antenna than
the one introduced in Ref. 10.

The proposed antenna element is printed on a Rogers
RT/Duroid 6010/6010 LM substrate of a relative dielectric
constant of 10.2, a thickness of 25mil, and a conductor loss
(tan d) of 0.0023. The use of high-dielectric-constant sub-
strate material reduces radiation losses from the feedline
because most of the electromagnetic field is concentrated
in the dielectric between the conductive strip and the
ground plane. Another benefit in having a high dielectric
constant is that the antenna size decreases by the square
root of the effective dielectric constant. To minimize con-
ductor loss, the conductor thickness should be greater
than 5d [11], where d is the skin depth, which is approx-
imately 0.65 mm for copper. The conductor thickness used
to fabricate the antenna prototypes in this research is
34 mm.

The geometry of the proposed CPS-fed printed Lotus
antenna is shown in Fig. 11a. The antenna is defined by
two ellipses. The smaller ellipse is located completely in
one half of the larger one. The larger ellipse has Rh1 and
Rv1 as the semi-horizontal and semivertical axes, respec-
tively; the smaller ellipse has Rh2 and Rv2 as the semi-
horizontal and semivertical axes, respectively, and is ro-
tated by an angle a. The vertical and horizontal distances
between point P, shown in Fig. 11a, and the smaller ellipse
centerpoint are L1 and W1, respectively. The parameter L2

defines the vertical dimension of the antenna, while L3 is
the distance between the substrate edge and the antenna
in the y direction and L4 is the length of the CPS.

This study reveals that one of the proper dimensions of
the parameters for this antenna Rh1, Rv1, Rh2, Rv2, L1, W1,
L2, L3, and L4 are equal to 3.4, 3.6, 1.57, 1.06, 3.87, 1.76,
4.2, 5.8 and 4.55mm, and a¼ 411, respectively. The CPS
dimensional parameters w and s are 0.3 and 0.2mm, re-
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Figure 11. (a) Geometry of the printed Lotus antenna and (b) its computed return loss.
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Figure 12. (a) Geometries of the conventional and modified phase shifters and (b) the computed
return loss for the microstrip fed printed Lotus through these phase shifters.
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spectively, for an approximate characteristic impedance of
100O. Thus the total width of the antenna is 7mm, which
is 20% less than the quasi-Yagi antenna reported in Refs. 7
and 8. This antenna is simulated using Ansoft HFSS, and
the computed return loss is shown in Fig. 11b. On the ba-
sis of the simulation results, the antenna operates over a
wide frequency range that extends from 7.8 to 420GHz,
except for a small range from 17.7 to 18.7GHz. This makes
the printed Lotus antenna a very good candidate for many
applications that require wideband operations.

To feed this design with a microstrip line, improve-
ments for the microstrip-to-CPS transition are required
for two reasons: reduction of its horizontal size to be com-
parable to the small antenna size and improving the
matching with the new wideband antenna. The transition
presented in the pervious section along with five modified
transitions, as shown in Fig. 12a as cases 1–6, is used to
feed the designed printed Lotus antenna, while the return
losses are depicted in Fig. 12b. An average lg/2 difference
between phase shifter arms has been reserved for a
10GHz center frequency. The horizontal dimension is de-
creased by 28% from 7.5 to 5.4mm, which, in turn, de-
creases the coupling between elements in the array
environment. The radiation patterns are calculated for
these cases, and no significant difference is observed.
However, modifying the phase shifter has a very obvious
effect on the operating frequency band, return loss level,
and BW. The return losses for these different cases are
compared in Fig. 12b. The operating band is shifted from
(6.6–11.8GHz) for case 1 to (7.5–13.5GHz) for cases 3–6.
The return loss level decreases uniformly to � 15dB over
a very wide range in cases 3, 5, and 6.

Because case 5 shows almost the best BW and return
loss level, it will be used in all the following designs. It has
a 57% bandwidth relative to � 10dB return loss level and
a 52% BW relative to �15dB. The dimensions (in milli-
meters) of the transition section and a comparison be-
tween the measured and calculated return loss are shown
Fig. 13. A very good agreement is obtained with a slight
increase in the � 10dB BW from 57% to 60% and in the

� 15dB BW from 52% to 55.5%. The small discrepancies
between measurement and simulation around 10GHz are
due to the imperfect fabrication of the SMA coaxial con-
nector transition. However, one should note that these
differences are well below the � 15dB level; thus, the
simulations and measurements predict a wideband range
of operation for this antenna.

Because of the high dielectric constant, the distance L3,
shown in Fig. 11a, will have an effect on the radiation
pattern in the H plane. As shown in Fig. 14, as L3 increas-
es from 5.8 to 10mm, the pattern becomes more concen-
trated in the y direction, which results in gain
enhancement from 5.7 to 7 dB while decreasing the 3 dB
beamwidth. At the same time, varying L3 has a negligible
effect on the return loss. Since beamwidth is very impor-
tant in phased-array applications, L3 is chosen to be
5.8mm on the basis of this study.

The radiation patterns at 10GHz are shown in Fig. 15.
The beamwidth is 741 and 1431 in the E and H planes,
respectively. The maximum gain is around 5.7 dB, and the
front-to-back ratio is 17.9 dB. The cross-polarization level
is � 26 and � 29dB in the E and H planes, respectively,
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Figure 13. (a) Dimensions (in mm) of the modified phase shifter case 5 and (b) the measured
computed return loss for the microstrip-fed printed Lotus through the phase shifter of case 5.

Figure 14. Effect of L3 on the H plane copolarized field.
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considering only the angles defined by the 3 dB beam-
width. The stability of the radiation pattern is illustrated
in Fig. 16, where the copolarized fields in the E and H
planes at 8, 10, and 13GHz, which cover the entire oper-
ating band, are compared. The gain is found to vary from
4.2 to 5.7 dB. These characteristics make this antenna a
very good candidate for phased-array systems.

A two-element array will be analyzed first in order to
reduce the coupling between elements in the x (horizontal)
and z (vertical) directions. The most significant source of
coupling in the x direction is the surface waves traveling

through the substrate from element to element. Introduc-
ing slits in the ground plane and gaps in the substrate can
reduce the effects of the surface waves. Three two-element
arrays are designed: the normal case, a case with a gap in
the substrate, and a case with both a slit in the ground
plane and a gap in the substrate. Figure 17 presents the
geometries of these three cases and compares their cou-
plings. The gap improves the coupling from 8.5 to 14GHz,
while using both the slit and gap improves the coupling
from 6.5 to 10.5GHz and from 11.5 to 14GHz. Since the
area from 10.5 to 11.5GHz is already less than � 25dB,
the case with both the slit and gap is considered the best
for these design parameters. The effect of the gap and slit
on the radiation patterns of two elements is examined.
Improvements are noticed in the gain and front-to-back
ratio of the resulting radiation pattern. The gain increases
from 7.2 dB for the normal case to 7.6 dB when using slit
and gap, and the front-to-back ratio also improves from
17.5 to 20.5 dB. The second major source of coupling is the
radiation coupling, which cannot be reduced in the x-di-
rected array, whereas this is possible in the z-directed ar-
ray by adding a metallic sheet in between the antenna
elements to prevent the effect of the radiation from the
feedlines and the phase shifters. This is shown in Fig. 18,
where the array geometries and the resulting couplings
are shown. The metallic sheet improves the coupling in
the range of 9.5 to almost 14GHz; the gain improves from
8.5 to 9.3 dB, and the front-to-back ratio increases from
19.8 to 27.2 dB. However, it decreases the 3 dB beamwidth
from 841 to 711 and from 631 to 561 in the E and H planes,
respectively. This configuration also affects the radiation
patterns for a two-element array in the x direction by in-
creasing the gain from 7.2 to 8.5 dB and the front-to-back
ratio from 17.5 to 21 dB. At the same time, it decreases the
3 dB beamwidth from 531 to 491 and from 1291 to 1031 in
the E and H planes, respectively, which is considered an
acceptable range for a two-element array.
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Figure 15. Radiation patterns at 10GHz.

         (a)           (b) 

� �

� �

Figure 16. Comparison between the copolarized fields at 8, 10, and 13GHz in the (a) E plane and
(b) H plane.
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The ideal value of the center-to-center separation dis-
tance between elements in array environment (d) is free-
space half-wavelength (l0/2) at the center frequency,
which is 14.3mm for an array of these elements. Much
higher separation values will cause grating lobes, and
much lower separation values will increase the array
beamwidth. All the above mentioned two-element arrays
are designed for d equal to 14mm. Thus, the ratio of d/l0
for the frequency range 7.5–13.5GHz ranges from 0.35 to
0.63, which is considered optimum for phased-array sys-
tems with the requirements of narrow beamwidth and low
grating lobe within this wide range of frequencies.

To examine the maximum scanning angle, the radia-
tion pattern of a 32-element array is analyzed at 10GHz
using the antenna design and visualization (ADV) soft-
ware package [12] with Dolph–Chebyshev excitation fac-
tors calculated for 25 dB sidelobe level. The number 32 is
considered for an array of total size less than 45 cm long.
For an antenna in the x–y plane, the copolarized field Ef is
calculated for steering angles of 01, 301, 501 and 701. Fig-

ure 19 shows Ef in the E plane for an array along the x
axis, while Fig. 20 shows Ef in the H plane for an array
along the z axis. The results in both figures show that the
mainbeam of the antenna array starts to deteriorate when
the steering angle approaches 701.

Practical wideband arrays require wideband corporate
feed networks to split and deliver the power to the array
elements. Two designs are proposed for the microstrip feed
network: design 1 and design 2, which are shown in Fig.
21 for a substrate of height¼ 0.635mm and er¼ 10.2. In
design 1, the power divider consists of two 50-O lines of
width¼ 0.6mm. The matching is obtained by using an
impedance transforming line of length S and width D, and
tapering the edges by 451 with a length of W, as shown in
Fig 21a. In design 2, the power is divided through two 90-
O branches of thickness¼ 0.1mm, two 65-O impedance
transformers of thickness¼ 0.3mm and length S, and a
50-O line of horizontal length L. The matching is obtained
by controlling S and L, and tapering the edges 451 with a
length ofW. The parametersW, S, and L of the two designs

 
(a) (b) 

 

x 

 y 

Normal Case Gap Slit and gap

Figure 17. Antenna array configuration in the horizontal direction: (a) geometries; (b) computed
coupling.
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Normal case

Figure 18. Antenna array configuration in the vertical direction: (a) geometries; (b) computed
coupling.
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are studied using the full-wave analysis of ADS Momen-
tum to improve the return loss and transmission coeffi-
cient.

For design 1 with L¼ 3mm and S¼ 1.2mm, the effect of
W is presented in Fig. 22, where improvement in S11 and
S21 is observed asW increases from 0 to 0.9mm. The effect
of L is studied when W¼ 0.9mm and S¼ 1.2mm, and the
results are presented in Fig. 23, where S is changed from
2.5 to 3.1mm around the quarter-wavelength at 10GHz.
When increasing S, the null position shifts to lower fre-

quencies. For best return loss at 10GHz, S is chosen to be
2.75mm. Finally, the effect of changing D from 0.8 to
1.2mm is depicted in Fig. 24, with W¼ 0.9mm and S¼

2.75mm. The value of D controls the return loss and
transmission levels at the center frequency. The best val-
ues out of this analysis are W¼ 0.9mm (1.5 times the
feedline width), S¼ 2.75mm (lg/4 at 10GHz), and D¼

1.1mm (transformer characteristic resistance¼ 36O). The
average transmission coefficient is � 3.2 dB (48%), while

Scanning
Angle

Scanning
Angle

0° 30°

70°50 °

h

Figure 19. Mainbeam steering using 32-el-
ement array of Lotus antenna along the x

axis.

Scanning
 

Angle

0°

50° 70°

Scanning
Angle 

30°

Figure 20. Mainbeam steering 32-element
array of Lotus antenna along the z axis.
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the return loss is less than � 15dB from 7 to 13GHz, and
� 40dB at 10GHz.

For design 2 with L¼ 3 and S¼ 1.2mm, the effect of W
is presented in Fig. 25. As W increases from 0.6 to 0.9mm,
both return loss and transmission improve. Further in-
crease inW results in improvement in the return loss level
at the lower frequencies. Next, S is varied from 2.8 to
3.4mm, where the operating band shifts to lower frequen-
cies as S increases, as shown in Fig. 26. Figure 27 shows

the effect of changing L from 0.8 to 1.4mm, with W¼ 0.9
and S¼ 3.2mm, where the operating band increases as L
increases, but the return loss level at higher frequencies
decreases.

The case of maximum bandwidth, with W¼ 0.9mm, S
¼ 3.2mm, and L¼ 1.4mm, is chosen for further study. To
improve the return loss at higher frequencies, S is de-
creased from 3.2 to 3mm, as shown in Fig. 28. In the final
design W¼ 0.9mm, L¼ 1.4mm, and S¼ 3mm, with an

D S 

W

W 
45°

45°

50 Ω  

50 Ω50 Ω  

(a) (b)

45°

45°

 
S 

W 

L 
 

0.5 

0.25  

0.1 0.3  

50 Ω

50 Ω

Figure 21. Proposed designs for microstrip feed network: (a) design 1; (b) design 2.

(a) (b) 

(c) (d)

Figure 22. Effect of W on the return loss (a,c) and the transmission (b,d), for design 1.
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average return loss of � 30dB and a transmission coeffi-
cient of � 3.16 dB from 8 to 13GHz. Comparison between
the two designs is shown in Fig. 29, where the second de-
sign has much wider bandwidth and almost constant
transmission. However, accurate fabrication of this final
design of the feeding network requires precision machin-
ing, due to the small thickness of the microstrip lines.
With the available facilities, only the first design is fabri-
cated and used to feed the printed Lotus antenna array.

Two 16-element arrays with one feed for 01 and 501
steering angles are built and measured. The 501 phase
shift is obtained by decreasing the length of the feedline
gradually, as shown in Fig 30a, and this introduces a pro-
gressive time delay that is equivalent to the progressive
phase shift that steers the mainbeam 501. Figures 30b and
30c show the measured return losses and copolarized pat-
terns in the E plane for the two arrays. The bandwidths
for the 01 and 501 cases are almost the same, and equal to
about 71%. The sidelobe level for the 501 array is around

� 12.5 dB with uniform excitation, but this can be signif-
icantly decreased by using Dolph–Chebyshev excitations
for amplitude tapering.

To conclude this part, the printed Lotus antenna fed by
a microstrip line through a modified phase shifter has a
wide bandwidth of 55.5% relative to �15dB and 60% rel-
ative to � 10dB. In addition to being very small in size,
the antenna exhibits stable far-field radiation character-
istics over the entire operating band with relatively high
gain, low cross-polarization, very wide beamwidth, and
high front-to-back ratio. The antenna arrays investigated
have low coupling and high scanning capabilities, while
the 16-element array with a feed network yielded 71%
impedance bandwidth.

4. RECONFIGURABLE ANTENNAS

Antenna system performance depends on the parameters
of the radiating elements, such as the size, shape, and po-

(a) (b)

S11 (dB) S21 (dB)

Figure 23. Effect of S on the return loss (a) and the transmission (b) for design 1.

        (a)           (b) 

S11 (dB) S21 (dB)

Figure 24. Effect of D on the return loss (a) and the transmission (b) for design 1.
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        (a)           (b) 

S11 (dB) S21 (dB)

Figure 25. Effect of W on the return loss (a) and the transmission (b) for design 2.

(a) (b)

Figure 26. Effect of S on the return loss (a) and the transmission (b) for design 2.

        (a)           (b) 

S11 (dB) S21 (dB)

Figure 27. Effect of L on the return loss (a) and the transmission (b) for design 2.
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sition of each radiating element. Modifying or reconfigur-
ing the parameters of these radiating elements enables
one to use the same antenna for multiple functions at dif-
ferent frequencies or occasions. The conventional method
for achieving reconfigurability is to allow reconnectivity
between the various predefined conducting or slot regions
by using multiple switches to modify the size or shape of
the antenna radiating element. Thus, in order to have an
additional degree of freedom for enhancing the antenna
performance or to tailor its radiation characteristics for a
specific application, it is desirable to have dynamic and
reliable reconfigurable dimensions. This task can be
achieved by using switches, provided these switches and
their bias feeding network do not interfere with the an-
tenna performance.

Conventional semiconductor switches are common
components in today’s microwave systems, and, depend-
ing on size and construction, they exhibit parasitic char-
acteristics. The resulting high insertion loss of these
switches, ranging from 1dB to several decibels at milli-
meter-wave frequencies, is a serious issue for many ap-
plications. There is a crucial need for new switch
technologies to address the loss issue for next-generation
communication and phased-array systems.

The emerging microelectromechanical switch (MEMS)
technology has attracted increased interest due to excel-
lent switching characteristics over an extremely wide fre-
quency band. Many RF MEM switching topologies have
been reported, and they all show superior characteristics
compared with their semiconductor-based counterparts.
The low insertion loss, high isolation, and fast switching of

(a) (b)

Figure 28. Effect of S on the final design return loss (a) and the transmission (b).

        (a)           (b) 

S11 (dB) S21 (dB)

Figure 29. Comparison between the return loss (a) and the transmission coefficient (b) of the final
cases of designs 1 and 2.
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MEM switches have been one of the most attractive de-
vices for reconfigurable antennas and for developing wide-
band phase shifters for antenna arrays. These switches
provide circuits with reduced insertion loss for switching
between different linelengths. With the loss reduction in
switching components, smaller amplification is required
or higher overall gain for the antenna system will be at-
tained. The cost, weight, and heat dissipation problems
can also be greatly reduced which improves the entire
system efficiency.

A MEMS-switched reconfigurable multiband antenna
is one that can be dynamically reconfigured within a few
microseconds to serve different applications at drastically
different frequency bands. In this article, we do not focus
on the development of the MEMS switches themselves
[13]. Rather, we use them as ideal control elements that
are in an open or closed configuration in a reconfigurable
antenna.

The concept of a frequency-reconfigurable rectangular
ring slot antenna fed by slotlines or CPW is presented in
Ref. 14. A reconfigurable patch antenna is obtained [15] by
inserting slits at the nonradiating edges of the patch. A
reconfigurable Yagi antenna has been presented [16] to
operate at 2.4 and 5.78GHz for wireless communications.

In this section we present multiple frequency-re-
configurable rectangular microstrip and slot antennas
fed by a microstrip line or a coplanar waveguide (CPW)
feedline. The reconfiguration for the microstrip antennas
is carried out by connecting or disconnecting (switching on
or off) appropriate rectangular strips surrounding the
patch antenna to model the MEM switches. The shape

and number of these strips along with the switching state
and position are used to control the operating frequency of
the antenna without changing the feeding mechanism. A
similar procedure is adapted for slot-type antennas. Full-
wave EM simulations using Agilent’s Momentum have
been carried out to demonstrate the feasibility of the pro-
posed configurations. The procedure for designing such
reconfigurable antennas is discussed, and experimental
verification at X band is also conducted for ideal switching
configurations. Detailed simulation results are presented
for communication systems operating in the C and X fre-
quency bands.

4.1. Reconfigurable Coplanar Patch Slot Antenna

A coplanar patch slot antenna (CPSA) is constructed from
a rectangular metallic patch surrounded by a slot that
separates the patch from the ground plane. The geometry
and dimensions of this antenna along with the four pairs
of switches, S1–S4, that perform the reconfiguration pro-
cess of the antenna are shown in Fig. 31a, while the mech-
anism of controlling the return loss by these switches is
indicated in the legend of Fig. 31b. Figure 32 shows the
radiation pattern and lists the directivity D and gain G in
decibels at the operating frequency f0 for each configura-
tion. The reconfiguration process here depends on trans-
forming the antenna type from a slot dipole to a CSPA
rather than changing the antenna width. When all switch-
es are closed or only S1 is open, the antenna acts as a slot
dipole. The dominant contribution in these two cases
comes from the main slot dipole in the presence of neigh-

(a) 

(b) (c) 

�

Figure 30. Prototypes of 16-element arrays for 01 and 501 steering angles (a), their measured
return loss (b), and measured copolarized patterns in the E plane (c).
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boring parasitic rectangular slots. The operating frequen-
cies for these two cases are 10.5 and 9.5GHz with band-
widths of 17% and 14%, respectively. The slot dipole
length is around 0.82lg, which is the resonance length of
the slot dipole [17]. Very low cross-polarization is ob-
tained, as shown in Fig. 32, because no vertical currents
exist. When the other switches are opened one after an-
other, the physical length of the slot antenna increases
and, consequently, it operates at lower frequencies (8.4,

7.1, and 6.8GHz), as shown in Fig. 31b. The bandwidth for
these three cases is 10%, 23%, and 14%, respectively. Al-
though the maximum bandwidth of the antenna in any of
the five states is 23%, the usable bandwidth using the
MEM switches extends from 5.7 to 11.4GHz, which is
equivalent to a 67% bandwidth. This is 3 times the max-
imum bandwidth of each individual case.

The cross-polarization level increases when S2 and S3

are opened because the vertical path of the magnetic cur-
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Figure 31. Reconfigurable CPSA (a) geometry and (b) return loss for different states of the
switches.
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Figure 32. The radiation patterns of the reconfigurable CPSA at the operating frequencies.
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rents is increased, which contributes to the cross-polar-
ized field component. As shown in Fig. 32, the copolarized
fields are almost constant for all cases, providing stable
radiation characteristics at different operating frequen-
cies. The maximum gain is found to decrease as the oper-
ating frequency increased. As shown in the figure, within
the 6.8–10.5GHz band the gain drops by 1.4 dB for this
configuration.

4.2. Reconfigurable Printed Monopole Antenna

The printed monopole antenna presented here is designed
for wideband applications. Its operating frequency de-
pends mainly on its vertical length, which should be
around lg/4, while the bandwidth depends on its width.
Therefore, changing the vertical length would allow for
controlling the operating frequency. The geometry and di-
mensions of this antenna along with four pairs of switches,
S1–S4, that perform the reconfiguration process are shown
in Fig. 33a, while Fig. 33b shows the return loss variation
for five states of the switches. When the antenna vertical

(a) (b)
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Figure 33. Reconfigurable printed monopole antenna (a) geometry and (b) return loss for different
states of the switches.
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Figure 34. The radiation patterns of reconfigurable printed monopole antenna with S1–S3 closed.
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length increases using the switches, the operating band
changes from 6–13.5GHz to 5–11.3GHz, 4.6–10.3GHz,
4.2–9.6GHz, and 3.9–7.1GHz, with the corresponding
bandwidths equal to 77%, 77%, 77%, 78%, and 58%, re-
spectively. Therefore, the usable bandwidth using the

MEM switches for this antenna extends from 3.9 to
13.4GHz, which is equivalent to 110% bandwidth.

The radiation patterns shown in Fig. 34 are calculated
for the case when S1–S3 are closed (metal) at different
frequencies within the entire operating band. Almost sta-
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ble copolarized field patterns are obtained, while the high-
est cross-polarization level is �14dB at 9GHz.

4.3. Reconfigurable Slot Dipole Antenna

The geometry and dimensions of the CPW-fed slot dipole
antenna with four pairs of switches, S1–S4, that perform
the reconfiguration process are shown in Fig. 35a, while
Fig. 35b shows the return loss variation for five states of
the switches, and the corresponding radiation pattern, di-
rectivity, and gain at the center operating frequency for
each case are shown in Fig. 36. The reconfiguration pro-
cess for this antenna is obtained by changing the antenna
width, which is approximately equal to 0.82lg [17]. The
original width is 20mm, and when a pair of switches is
opened, the width increases by 2mm to 28mm for the case
with all switches open. As shown in Fig. 35b, when the
antenna width increases using the switches, the center
operating frequency decreases from 11GHz to 9.8, 8.8, 8.0,
and 7.3GHz, and the corresponding bandwidths change
from 23% to 22%, 20.5%, 20%, and 20%, respectively.

This design has a stable radiation pattern and very low
cross-polarization for all configurations presented, with an
almost stable gain of 2.9 dB as shown in Fig. 36. It is also
noticeable that the cross-polarization level decreases as
the antenna width increases, because the antenna’s of the
vertical dimension–horizontal dimension (width) ratio de-
creases as its width increases.

The five configurations of the slot dipole antenna were
fabricated, and their return loss and input impedance
were measured using the network analyzer HP 8510C.
The ground plane is truncated at 3 cm away from the slot
antenna edges. A sample picture of one of these antennas
and the measured return loss are shown in Fig. 37. The
measured operating frequency decreases from 10.9 to 9.8,
9, 8, and 7.5GHz, which is very close to the simulation
results. However, the bandwidth changes from 35% to
23.5%, 22.5%, 22.5%, 22.5% and 22.4%, which are slightly
wider than the bandwidths calculated from the simulation

results. A comparison between the simulation results and
measurements for the cases with all switches closed, S1

and S2 open, and S1–S4 open is shown in Fig. 38, where a
very good agreement is observed. Although the maximum
bandwidth of any of the five cases of this antenna is 35%,
the usable measured bandwidth using the MEM switches
extends from 6.6 to 13GHz, which is equivalent to 65%
bandwidth.

5. CONCLUSIONS

This article presents two novel antenna designs and a
study of reconfigurable antennas for wideband applica-
tions. The presented slot Lotus antenna is a good candi-
date for ultrawideband applications. The printed Lotus
antenna is also an excellent candidate for wideband

(a)   (b) 

S11 (dB)

Figure 37. Reconfigurable slot dipole antenna (a) prototype and (b) measured return loss for dif-
ferent states of the switches.

S11 (dB)

Measurements
Simulation

Figure 38. Comparison between the computed and measured
return loss for the cases of the printed slot dipole with all switches
closed, S1–S2 open, and S1–S4 open.
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phased-array systems because of its small size, wide band-
width, low return loss level over the entire operating
band, low coupling between elements, stable radiation
patterns over the entire operating band, and wide scan-
ning capabilities. Finally, antenna reconfiguration using
ideal switches shows great promise in controlling the an-
tenna operating band without changing one of the anten-
na dimensions. This technique permits the antenna to
operate at different frequency bands and, consequently, it
increases the usable bandwidth of the antenna to further
expand the wideband or multiband operation of printed
and slot antennas.
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