
572 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 66, NO. 2, FEBRUARY 2018

An Eight-Element Reconfigurable Diversity
Dipole System

Youssef Tawk , Joseph Costantine , and Christos G. Christodoulou, Fellow, IEEE

Abstract— In this paper, an antenna system that is composed of
eight radiating elements is presented. The eight elements consist
of a set of four curved dipoles and another set of four straight
dipoles, providing two diversity antenna structures. Each curved
and straight dipole is designed to produce a focused gain pattern
toward one dedicated quadrant. A parasitic printed reflector
is introduced into the center section of the top layer of the
proposed antenna to enhance the matching and the gain pattern
redirection capabilities of each radiating element. In addition,
the printed reflector further enhances the isolation between
the various elements. The assessment of the proposed diversity
antenna system is performed in a rich multipath environment
for various propagation scenarios. A diversity gain between
16.5 and 19.1 dB is attained for a 1% probability level and
by assuming a Rayleigh fading channel for both structures. The
control of the feeding of the various elements for both diversity
structures is achieved through the design and incorporation of
four reconfigurable feeding networks within the antenna system.
Fabrication and testing of various prototypes display very good
agreement between the simulation and measured results, which
validate the presented designs.

Index Terms— Antenna diversity, dipole antenna, frequency
reconfigurability, MIMO system, pattern diversity, polarization
orthogonality, reconfigurable antenna.

I. INTRODUCTION

D IVERSITY antenna structures are required for next
generation wireless systems to provide high data rates

and increased channel capacity. Several antenna concepts
have been presented in the literature with diversity behav-
ior [1]–[12]. A four ports wideband antenna that is able
to radiate two broadside patterns and two omnidirectional
patterns is presented in [1]. Another antenna structure that
features two orthogonal and one diagonal linear polarization
is discussed in [3]. The proposed structure can also achieve
beam switching for the three different polarization states by
electrically reconfiguring specific parasitic elements.

The improvement in the gain characteristics of printed
antenna structures is an added feature for diversity sys-
tems [12]–[18]. One possible implementation is the loading
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of shorting pins to disrupt the field distributions beneath the
radiating patch [13]. Another possible implementation is to
incorporate a set of parasitic elements that serve as director
cells. For example, in [15], parasitic elements are added to the
shorter end of a printed log-periodic dipole array in order to
achieve gain enhancement.

The performance of a diversity antenna structure is highly
dependent on the isolation between the various radiating
elements. An extensive work can be found in the literature that
proposes different techniques to improve the isolation levels
between the different radiating elements [19]–[26]. A coupled
resonator decoupling network is presented in [20] to reduce the
mutual coupling between two dual-band antennas operating at
2.4 and 5.2 GHz. Zhai et al. [21] propose the integration of
a wall with a double metamaterial mushroom like structure
between the four antenna elements. Each element is probe
fed and is composed of a substrate-integrated cavity backed
slot. An enhanced interelement isolation of 16 dB is achieved
between the parallel-directed antenna element pairs.

The addition of frequency reconfigurability to a diversity
antenna structure is instrumental in a dynamic environment
such as cognitive radio [27]. In such environment, the users’
activity is constantly monitored through a sensing antenna and
the communicating antenna is reconfigured accordingly. One
possible implementation is to design a reconfigurable feeding
network that changes the operating frequency of the various
elements on demand [28]–[31]. For example, in [29], a recon-
figurable feeding network using p-i-n diodes is proposed.
The network is able to provide four different transmission
modes and is composed of coupled line sections in order to
miniaturize the size as well as enhance the coupling between
the ports. It is essential to note that the reconfiguration can also
be obtained by relying on various electrical switches other than
p-i-n diodes [32].

In this paper, the design of a radiating system that
is composed of two diversity antenna structures is pre-
sented [33], [34]. Each diversity antenna structure is composed
of four elements that operate over a different span of frequen-
cies with a directive gain pattern. Two elements are aligned
along the x-axis while the others two are placed along the
y-axis to provide orthogonal polarization between the various
radiating elements. A set of four curved dipoles constitute the
first diversity structure while the second diversity structure is
composed of four straight dipoles.

The novelty of the presented paper is based on the compact
integration of the two antenna structures. Each structure is
appropriately designed to actively shape the gain pattern
of the other structure while at the same time enhance the
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isolation levels. The novelty of this paper is also focused on the
simple feeding of the different dipoles through the integration
of a multilayer surface mount chip balun in addition to the
incorporation of a printed parasitic reflective surface in the
empty space between the dipoles. Such integration contributes
to the compactness of the design and enhances the isolation
as well as the directive characteristics of the whole antenna
system. The novelty of this paper can also be assessed by
the selective activation of each diversity antenna structure.
Four reconfigurable feeding networks are placed underneath
the antenna’s bottom layer and orthogonally to the printed
curved reflector. Such selectivity enables the entire antenna
diversity system to reconfigure its operating frequency. The
proposed antenna system in this paper can be adopted in a
cognitive radio environment. Radiation diversity along with
frequency reconfiguration is needed features in a cognitive
radio system. The two diversity structures can be activated
based on the users’ activity in the channel while applying a
cognition ability to the system. Such performance enhances
the spectrum usage efficiency and guarantees a high tolerance
of multipath effects due to the diversity performance of the
proposed antenna system.

Section II discusses the design of a dual antenna system
that is composed of one curved and one straight dipole.
The implementation of the whole antenna system is detailed
in Section III. The addition of the printed parasitic reflector
is presented in Section IV. The assessment of the fabricated
prototype is highlighted in Section V. The analysis of the
antenna system in a multipath environment is investigated
in Section VI. The control of the elements’ radiation char-
acteristics through the integration of a reconfigurable feeding
network is discussed in Section VII. Concluding remarks are
drawn in Section VIII.

II. DUAL ANTENNA ELEMENT INTEGRATION

The design process of the complete antenna system is ini-
tiated by integrating two antenna elements in close proximity
to each other. The two antennas are composed of a straight
and curved dipoles. The purpose of such integration is to
investigate the ability of one antenna structure, when inactive,
to act as a parasitic reflector to the other active antenna.
Fig. 1(a) shows the structure of the curved dipole printed
on top of Rogers 5880 substrate with a dielectric constant
of 2.2 and a thickness of 1.6 mm. The length of the dipole
(65.4 mm) corresponds to almost 3λg/2 at f = 5.8 GHz.
λg is the guide wavelength that takes into account the fringing
effect inside the dielectric substrate. The width of each dipole
arm is designed to be 3.279 mm for a differential input
impedance of 50 �. The structure of the straight dipole is
shown in Fig. 1(b). This structure has a length of 23.325 mm
and a width of 1.2 mm in order to operate at 5 GHz with
also a differential input impedance of 50 �. The straight
dipole resonates at almost λg/2. The reflection coefficients
for both radiating structures are summarized in Fig. 1(c)
displaying the antennas’ respective frequencies of operation.
The excitation mechanism of both elements is highlighted
in Fig. 1(d). A six-pin surface mount multilayer chip balun

Fig. 1. (a) Curved dipole structure. (b) Straight dipole. (c) Reflection
coefficient for both structures. (d) Balun circuitry.

Fig. 2. (a) Integration of both radiating elements. Reflection coefficients for
the (b) straight dipole and (c) curved dipole.

is used to feed the two arms of each dipole [35]. The balun
provides the appropriate transition from the dipole’s balanced
structure to the unbalanced antenna feeding point by providing
a phase difference of 180° between the two arms of each
dipole. It also allows the appropriate transformation from an
input impedance of 50 � to a differential impedance of 50 �
between the dipole arms. Two pins of the integrated balun are
connected to the two arms of the dipoles. Two other pins are
connected to the balun’s ground through six vias. The ground
has a dimension of 0.6 cm × 0.6 cm. One pin is connected
to the antenna’s SMA connector through the feeding line that
has a length of 0.45 cm and a width of 0.2 cm.

The two dipole structures are then integrated together,
as shown in Fig. 2(a), on the same antenna substrate with
a total dimension of 7.5 cm ×3.5 cm. The distance of separa-
tion d between the two radiating elements is optimized for a
minimum effect on their matching and gain charactertistics.
The presence of the curved dipole has an inductive effect
on the input impedance of the straight dipole. Without the
presence of the curved dipole, the reactive component of the
input impedance of the straight dipole is − j0.37 � at 5 GHz.
However, after the integration (d = 0.8 cm), the reactive
part changes to + j21.725 � at 5 GHz. This change forces
the straight dipole to shift its resonant frequency to 4.8 GHz
while maintaining the same physical length. The reflection
coefficient of the straight dipole is shown in Fig. 2(b) for
different values of d . The best matching is obtained when
d = 0.8 cm with an operation that shifts from 5 to 4.8 GHz.
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Fig. 3. Change in the total gain pattern for the (a) straight dipole (dashed
line: 5 GHz/solid line: 4.8 GHz) and (b) curved dipole (dashed and solid lines:
5.8 GHz).

The effect of the straight dipole on the reflection coefficient
of the curved element is negligible, as shown in Fig. 2(c), for
different values of d . It is clear that the curved dipole preserves
almost the same reflection coeffecient. This is related to the
fact that the straight dipole is shorter in length and its parasitic
effect is not noticeable on the curved dipole’s input impedance.
For the remainder of this paper, the distance d = 0.8 cm is
kept between the two dipoles.

The change in the total gain pattern of the straight dipole
antenna in the yz plane is highlighted in Fig. 3(a). The pattern
changes from omnidirectional to a directive one. The curved
dipole element forces the radiated fields by the straight dipole
to be directed toward one direction (−y-direction) and blocks
the radiation from the opposite direction (+y-direction). The
maximum total gain increases from 2.9 dBi at f = 5 GHz
(standalone) to 4.5 dBi at f = 4.8 GHz (dual). As for the back
lobe gain (at θ = 90°), its value drops from 2.9 to −0.2 dBi.

The curved dipole by itself produces a directional pattern
with a maximum realized gain of 4.45 dBi and a front to
back gain ratio of 8.18 dB. The parasitic effect of the straight
dipole on the total gain pattern of the curved element is shown
in Fig. 3(b). Such effect is noticed by a drop of almost 2 dB in
the maximum realized gain as well as in the front to back gain
ratio. Such drop is obtained since the close proximity to the
straight dipole affects the curved element radiation efficiency
and thus adds destructively to the total realized gain pattern.
This can be solved by changing the distance of separation d
between the two elements. However, this will disturb the
performance of the straight dipole. Another solution will be
discussed in Section IV to restore the curved dipole’s gain
witout impacting the straight dipole’s impedance matching and
gain levels.

III. EIGHT-ELEMENT ANTENNA STRUCTURE

In this section, the dual antenna integration is extended
into an eight-element antenna system with dual frequency of
operation, directive gain pattern as well as dual polarization.
The eight elements are placed along the four edges of the
antenna substrate, as shown in Fig. 4. The antenna susbtrate
is placed along the xy plane (horizontal plane). For each
structure, two elements are oriented along the x-axis while
the other two are placed along the y-axis. Such placement

Fig. 4. Diversity antenna structure composed of eight radiating elements.

Fig. 5. Simulated S-parameters between the various (a) straight dipoles and
(b) curved dipoles.

enables the antenna to feature an orthogonal polarization
behavior by receiving both linearly polarized waves along
the x- and y-directions. The dimension of the antenna’s
Rogers 5880 substrate is 11 cm × 7.5 cm. The two straight
dipoles Element 1: S1 and Element 2: S2 are separated by a
distance of 8.3 cm while Element 3: S3 and Element 4: S4
are separated by a distance of 5.1 cm. As for the second
structure, the two curved dipoles (C1 and C2) are separated
by a distance of 5.9 cm while C3 and C4 are separated by
a distance of 2.7 cm. The various distances are greater than
the corresponding quarter wavelength at the dipole’s resonant
frequency [36].

The reflection coefficient of any straight dipole in addition
to the isolation between S1 and S2, S1 and S3 as well as
S3 and S4 are included in Fig. 5(a). The straight dipole
preserves its operation at 4.8 GHz. A good level of isolation
is obtained between the various elements due to two factors.
First, the distance of separation between the different dipoles
is greater than quarter wavelength and second each straight
dipole produces a directional pattern due to the presence of
the corresponding curved dipole. The best isolation (−32 dB)
is obtained between S1 and S3 since one element is placed
along the x-direction while the other is along the y-direction.

The corresponding S-parameters results for the curved
dipoles are shown in Fig. 5(b). Each curved element res-
onates at 5.8 GHz. An isolation below −20 dB is obtained
between the various elements due to the directional pattern
of each curved dipole as well as the corresponding dis-
tance of separation. The lowest isolation is obtained between
C1 and C3 despite their orthogonal polarization. This behav-
ior is related to the close proximity between these two
elements. It is important to note that for either the curved or
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Fig. 6. Final antenna structure after the integration of the printed parasitic
element. (a) Top view. (b) Bottom view.

straight dipoles, the isolation levels between elements 1 and 3,
elements 3 and 2, or elements 2 and 4 are identical. In terms of
the total gain pattern, each dipole element preserves almost the
same characteristics as the dual antenna system. A directive
gain pattern toward one of the four quadrants is now achieved.
These four quadrants are divided as follows between the
various dipole elements for −180° < θ < 180°.

Quadrant 1 (0° < φ < 45° and 315° < φ < 360°) is
dedicated for C3 and S3.
Quadrant 2 (45° < φ < 135°) is dedicated for C2 and S2.
Quadrant 3 (135° < φ < 225°) is dedicated for C4 and S4.
Quadrant 4 (225° < φ < 315°) is dedicated for C1 and S1.

IV. INTEGRATION OF A PRINTED PARASITIC REFLECTOR

The performance of the antenna system discussed
in Section III is further enhanced through the integration of
a parasitic printed reflector in the center of the top layer,
as shown in Fig. 6. The four edges of the parasitic element
have the same curvature and almost the same length as the
curved dipoles. Such addition forces each antenna element in
the two diversity structures to produce a more directive gain
pattern. It also compensates for the drop in the gain levels of
the curved dipoles. It is important to note that the addition of
this parasitic element does not increase the total dimensions
of the antenna system since it is placed in the empty space
between the four curved elements.

A. Effect on the Input Reflection Coefficient
of any Curved and Straight Dipole

The effect of the printed reflector on the reflection coeffi-
cient of any straight and curved dipole is shown in Fig. 7(a).
The resonant frequency of the curved dipole is shifted from
5.8 to 5.6 GHz. This is due to the inductive effect of the printed
parasitic element on the impedance of any curved dipole.

Fig. 7. (a) Effect of the printed parasitic reflector on the reflection coefficient
of both radiating structures. (b) Change in the isolation between C3 and C4.

The impedance match of the curved dipole is also improved
where the reflection coefficient drops from −15 dB at 5.8 GHz
to −20 dB at 5.6 GHz. The reflection coefficient of any
straight dipole is also included in Fig. 7(a). The straight dipole
preserves its resonant frequency at 4.8 GHz. This is obtained
since the existence of the curved dipole minimizes the effect of
the parasitic element on the impedance of the straight dipole.

B. Effect on the Isolation Between the Curved Dipoles

The improvement in the isolation between the curved
dipoles C3 and C4 can be inspected in Fig. 7(b). The isolation
level at f = 5.6 GHz is almost −30 dB after adding the curved
parasitic element. On the other hand, the isolation between the
curved dipole C1 and C3 remains almost the same. The same
behavior applies to the other combination of the curved dipole
elements.

C. Effect on the Gain Pattern of the
Curved/Straight Dipoles

The realized total gain pattern for the two curved dipole
elements C3 and C4 after the integration of the printed reflec-
tor is plotted in Fig. 8(a) along the xz plane at f = 5.6 GHz.
The gain pattern becomes more directive with a maximum
realized gain of 6.7 dBi and a minimal back lobe. The front to
back gain ratio has improved from 5.98 dB without the printed
parasitic element to almost 12 dB. The total gain pattern at
f = 4.8 GHz for S3 and S4 is summarized in Fig. 8(b) along
the xz plane. The back lobe gain pattern is reduced from
−0.2 dBi (without the parasitic reflector) to almost −8 dBi.
As for the peak gain, it retains its maximum value of 4.7 dBi.
Fig. 8(c) shows the 3-D total gain pattern when C3/C4 is
activated, while Fig. 8(d) presents the same data when S1/S2 is
fed. These two plots highlight the directive behavior of the
total gain pattern after the integration of the printed parasitic
reflector. Each dipole is dedicated to cover a specific quadrant.

D. Effect on the Polarization of the
Curved/Straight Dipoles

Fig. 9 shows the cross-polarized gain component for
S1/C1 and the co-polarized gain component for S4/C4 in
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Fig. 8. Total gain pattern after the addition of the printed parasitic element for
(a) C3 and C4 ( f = 5.6 GHz) and (b) S3 and S4 ( f = 4.8 GHz). (c) 3-D gain
pattern when C3 or C4 is activated ( f = 5.6 GHz) and (d) S1 or S2 is activated
( f = 4.8 GHz).

Fig. 9. Gain difference between the cross-polarized component of S1/C1 and
the co-polarized component of S4/C4.

the xy plane. Even though the four polarizations components
shown in Fig. 9 possess the same sense (y-polarized), a notice-
able gain difference is obtained between the two straight
as well as the two curved elements. Similar results can be
obtained between the remaining dipoles. These results con-
firm that the polarization orthogonality feature is maintained
for both structures. Such behavior is mainly related to the
placement of the various elements along the four edges of the
substrate.

V. ASSESSMENT OF THE FABRICATED PROTOTYPE

The proposed antenna system is fabricated to test its
performance, as shown in Fig. 10. Every integrated balun has
a ground plane that is optimized to be of the same size as
the connector. A hole is drilled throughout the substrate to
connect the feeding point to the input lead of the balun. The
comparison between the simulated and measured antenna’s
reflection coefficients when one curved dipole is fed while all
the other elements are loaded by 50 � terminations is shown
in Fig. 11. Any curved dipole element covers a measured
band in the 5.3–5.85 GHz range. The same mechanism is

Fig. 10. Top and bottom layers of the fabricated prototype.

Fig. 11. Reflection coefficient of any curved dipole and straight dipole.

Fig. 12. (a) Simulated (dashed line) and measured (solid line) total gain
pattern in the xz plane for S3 at f = 4.8 GHz and C4 at f = 5.6 GHz.
(b) Measured gain for S1, S2, C3, and C4 in the xy plane.

repeated by feeding only one straight dipole and terminating
the remaining seven elements by 50 �. Any straight dipole
element covers the band of frequency from 4.6 to 5 GHz
as also presented in Fig. 11. For both measurements, a good
agreement is noticed with the computed data.

The simulated and measured total gain pattern in the
xz plane are plotted in Fig. 12(a) for the case when S3
( f = 4.8 GHz) or C4 ( f = 5.6 GHz) is fed. The patterns
for the other straight or curved dipoles are similar but with
the main beam directed in other directions according to their
respective positions on the antenna system. A measured max-
imum total gain of 4.5 dBi (S3) and 5.6 dBi (C4) is achieved
accordingly. To further investigate the directive behavior of
the proposed antenna system, the total measured gain pattern
in the xy plane is summarized in Fig. 12(b) for the two
straight dipoles (S1 and S2) as well as for the two curved
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TABLE I

MEASURED ISOLATION |Si j | BETWEEN THE VARIOUS ELEMENTS

IN THE TWO RADIATING STRUCTURES

TABLE II

DIVERSITY GAIN FOR BOTH RANDOM-LOS AND RIMP SCENARIOS

BETWEEN VARIOUS TWO-DIPOLE ELEMENTS

dipoles (C3 and C4). Such plot proves that each straight/curved
dipole element covers a specific quadrant with a minimal back
lobe radiation. The measured isolation between the various
straight as well as curved dipoles are summarized in Table I.
The fabricated antenna structure is able to maintain low
isolation levels between the different elements. These values
agree well with the simulated data presented in Section IV.

VI. DIVERSITY SYSTEM ANALYSIS

The proposed antenna system can be deployed in a
multiple-input-multiple output (MIMO) environment with dual
operating frequency, directive radiation patterns and dual
polarization. The antenna system can be considered as a two
four-element MIMO structure. The first structure is composed
of the straight elements while the second one consists of
the curved elements. It is important to note that the whole
antenna system is placed along the xy plane (horizontal plane),
as detailed in Fig. 6. For both diversity structures, there are
four branches where each branch corresponds to one of the
radiating elements.

The diversity gain of the proposed structure is first assessed
in a random-line of sight (LOS) as well as rich isotropic
multipath (RIMP) propagation environments [38]–[40]. These
two scenarios are studied since real-life environments are
somewhere in between a random-LOS and an RIMP. Thus,
if an antenna structure exhibits good performance in these two
environments, it will also perform well under real-life condi-
tions [41]. The diversity gain between two various dipole ele-
ments for both scenarios is summarized in Table II. It is found
that the gain varies between 7.2 and 11.7 dB. This gain level
increases when considering the four curved/straight dipole
elements. Fig. 13(a) shows the diversity gain between the four
curved dipoles in a random-LOS environment while Fig. 13(b)
presents the case for the four straight dipoles for the RIMP
scenario. A diversity gain of almost 16.5/18.9 dB is achieved
for the four curved dipoles (random-LOS/RIMP) while the
four straight dipoles feature a diversity gain of 16.7/19.1 dB
(random-LOS/RIMP). The diversity gain is calculated for a 1%
probability level and by assuming a Rayleigh fading channel
with the average noise being equal and uncorrelated between
the antenna branches. Such level of diversity gain is obtained
due to the high isolation between the dipole elements as

Fig. 13. Cumulative distribution function for the (a) four curved dipoles
(random-LOS) and (b) four straight dipoles (RIMP). (c) TARC between
S1 and S2 as well as C1 and C2 for various phase differences.

well as the directive gain pattern of the curved and straight
dipoles. These results prove the validity of the proposed
antenna structure as a diversity structure in a high multipath
environment.

The envelope correlation coefficient, mean effective
gain (MEG) of each branch, and the MEG ratio between the
diversity branches for both dipole structures verify the required
limits for a suitable MIMO behavior. Such MIMO behavior
is evaluated in various statistical distribution of the incoming
signals (Gaussian, Laplacian, and elliptical) [42]–[44]. The
analysis performed proves that for the three different channel
models in both indoor and outdoor environments, the two
structures are able to exhibit an independence between the
different incoming fading signals in a multipath environment
and thus satisfy all the required MIMO constraints.

Another parameter to take into consideration in such analy-
sis is the total active reflection coeffection (TARC). The objec-
tive of such study is to ensure that the power delivered to each
dipole element is radiated. The TARC determines the resonant
frequency and the impedance bandwidth of the MIMO struc-
ture as a function of the phase excitation between the various
dipole elements. The TARC (dB) between S1 and S2 as well as
between C1 and C2 are shown in Fig. 13(c) for four different
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Fig. 14. (a) Control of two different radiating elements via a reconfigurable
feeding network. (b) Physical dimensions of the proposed reconfigurable
feeding network. (c) Fabricated prototype.

values of the phase difference. Based on this plot, it is apparent
that the proposed structure preserves its operating bandwidth
despite the difference in phase between the received signals
by the different elements. A similar response is obtained
when inspecting the other curved or straight elements in both
structures.

The total radiation efficiencies of C3 and S3 in both struc-
tures is found to be 0.81 and 0.87. The efficiency is computed
at the resonant frequency of the corresponding element and
by accounting for the coupling between C3 or S3 and all the
remaining elements in both structures. Such efficiency is very
similar to a standalone curved and dipole element. This proves
that the diversity implementation does not deteriorate the
radiation efficiency of each element due to the high isolation
levels between the various dipoles.

VII. CONTROL OF THE SYSTEM’S RADIATING ELEMENTS

The operation of each diversity structure is controlled by
integrating a reconfigurable feeding network. The purpose
of the network is to selectively enable each structure to
radiate on demand, as illustrated in Fig. 14(a). The structure
of the proposed reconfigurable feeding network is shown
in Fig. 14(b). It is printed on a Rogers 3203 substrate with
a dielectric constant of 3.02 and a thickness of 1.52 mm.
It has an overall dimension of 3.5 cm × 3.5 cm and consists
of three ports. Port 1 is the input port where the RF signal
is supplied. The two output ports (Ports 2 and 3) are used
to feed one straight and one curved dipole. Two p-i-n diodes
(D1 and D2) are appropriately incorporated in the network’s
structure, as highlighted in Fig. 14(b). These p-i-n diodes allow
the RF input signal to be delivered to either Port 2 or Port 3.

The reconfigurable feeding network is composed of multiple
microstrip transmission lines with appropriate impedances to
satisfy matching criteria. The first transmission line, where
the input signal is supplied, has a width of 3.84 mm. This
width corresponds to an input impedance of 50 �. The second
transmission line has a length of 9.77 mm and a width

Fig. 15. Comparison between the simulated and measured S-parameters of
the feeding network (a) when both diodes are OFF and (b) when D1 or D2
is ON.

of 1.8 mm. This length value is designed to match the
50 � input to the input impedance of the two p-i-n diodes
(D1 and D2). The length of the second transmission corre-
sponds to λg/4 at 5 GHz. The output of each p-i-n diode
is connected to a 90° curved transmission line with a total
length of 19.36 mm (λg/2 at 5 GHz) and a width of 2.34 mm.
The last transmission line that is connected to Ports 2 and 3
has an impedance of 50 �. The activation of the two p-i-n
diodes is done separately through an external bias tee that
guides the RF signal and supplies the necessary dc current
level. The p-i-n diodes used in this paper are BAR 64 from
Infineon technologies [45]. Two biasing lines (lines 1 and 2),
as highlighted in Fig. 14(b), are used to provide a closed path
to the dc current that flows through each p-i-n diode from
the external bias tee. Once connected to the ground of the
feeding network, the corresponding p-i-n diode is activated.
The fabricated prototype of the feeding network along with
the biasing tee is shown in Fig. 14(c).

Fig. 15(a) compares the simulation and measurement of the
reflection coefficient at the input port (Port 1), the reflection
coefficient at the output port (Port 2), and the transmission
from Port 1 to Port 2 when both diodes are OFF. There
is no matching at the two ports. The corresponding reflec-
tion coefficients are higher than −10 dB. Besides reflection
losses, a weak transmission is witnessed. This is due to
the fact that during the OFF-mode, the diodes block the RF
signal from being delivered to the corresponding output port.
Fig. 15(b) shows the same data but for the case when diode D1
is activated. The reflection coefficient at Port 1 and Port 2
is below −10 dB over the 4–6 GHz frequency span. The
measured insertion loss is not more than −2 dB for the whole
frequency range of interest.

Four networks are required to feed the different dipoles of
both structures. The integration of the four networks with
the antenna structure is demonstrated in Fig. 16(a). Each
network is placed at the bottom layer of the antenna and
orthogonal to the printed parasitic curved reflector. The ground
plane of each feeding network is facing the corresponding
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Fig. 16. (a) Bottom view of the integration of the four feeding networks
underneath the curved printed reflector. (b) Location of the eight diodes
within the four feeding networks. (c) Fabricated prototype. (d) Simulated and
measured reflection coefficient.

set of dipole elements. Such placement guarantees that the
radiation from the different antenna elements does not affect
the operation of the four networks. Each feeding network
contains two p-i-n diodes and in total four diodes must
be activated simultaneously in order to feed either the four
straight or curved elements. Diodes D1, D3, D5, and D7 that
are shown in Fig. 16(b) must be activated simultaneously to
feed all the four curved elements. The feeding of the four
straight elements is done by biasing the other four diodes
(D2, D4, D6, and D8). The corresponding fabricated prototype
is shown in Fig. 16(c).

The comparison between the simulated and measured reflec-
tion coefficient at the input Port 1 of the feeding network is
plotted in Fig. 16(d) when diode D1/D2 is forward biased.
The simulation results are obtained by modeling the antenna
system as an eight-port S-parameter matrix while each feeding
network is modeled as a three-port S-parameter matrix. The
connections between the two output ports of the feeding net-
work and the antenna elements are achieved through low loss
flexible coaxial cables. The lengths and losses of these cables
are included in the simulation to account for their effect on
the antenna matching performance. The same response can be
obtained when activating the other diodes in the three different
feeding networks. The measured isolations between the four
inputs of the feeding networks when all the curved or straight
elements are fed are summarized in Table III. The isolation
is maintained below −30 dB between the different ports for
both cases.

TABLE III

MEASURED ISOLATION |Si j | BETWEEN THE INPUT PORTS
OF THE FOUR FEEDING NETWORKS

Fig. 17. Change in the measured gain pattern with and without the
reconfigurable feeding network when feeding (a) C3 and (b) S3.

The total gain patterns for the various elements are affected
by the integration of the four feeding networks within the
antenna system. The transmission between the input port of
each feeding network and one of its two output ports as well
as the insertion loss of any biased p-i-n diode have an effect
on the gain level of the corresponding radiating element. The
measured gain pattern along the xz plane when the curved
element C3 is fed directly without the presence of the feeding
network is shown in Fig. 17(a). The same data is plotted when
C3 is fed through the third feeding network and by activating
the diode D5. Two different scenarios for the feeding networks
are investigated. The first scenario corresponds to the case
when the feeding networks are not placed orthogonally to the
printed curved reflector. The four feeding networks are located
at an offset position away from the antenna structure. The
purpose of this scenario is to assess the effect of the insertion
loss of the reconfigurable feeding network on the antenna gain
pattern. For this scenario, the measured total gain drops from
5.6 to 4.2 dBi. The second scenario, also shown in Fig. 17(a),
assesses how the ground plane of each feeding network helps
in compensating the drop in the gain levels. By placing the
four reconfigurable feeding networks orthogonal to the printed
parasitic reflector, the maximum achieved total gain for the
curved elements increases to 5.3 dBi. The back lobe of the
gain pattern also decreases. The same behavior is obtained for
the remaining curved dipoles. Fig. 17(b) shows the same set
of data but for the case when the straight element S3 is fed.
The maximum measured total gain drops from 4.5 to 2.7 dBi
after feeding the radiating element through the correspond-
ing feeding network. The orthogonal placement of the four
networks allows each straight dipole to achieve a maximum
measured gain of 4.3 dBi with a decrease in the back lobe
gain pattern. The direction of the maximum realized gain for
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TABLE IV

COMPARISON BETWEEN THIS PAPER AND REFERENCES [6]–[12]

both the curved and straight elements shifts from θ = 90°
to almost θ = 110°, as highlighted in Fig. 17. This shift is
related to the placement of the feeding network orthogonally
underneath the bottom layer of the antenna substrate.

As a summary, it is important to highlight the key differ-
ences between the work presented in this paper and recently
published work on diversity antenna structures [6]–[12]. First,
the system proposed in this paper features two compact
antenna diversity structures that operate at two distinct spans
of frequencies. Each antenna structure actively contributes in
shaping the gain pattern of the other structure, thus improving
the directional behavior of each antenna element and increas-
ing the isolation levels between the different elements. This
proposed paper is to our knowledge the first reported antenna
system that features feeding reconfigurability between the two
diversity structures. The reconfigurable feeding network is
designed to choose which diversity structure to activate while
at the same time compensate for all the losses that result from
the activation of the integrated p-i-n diodes. A comparative
analysis between this paper and previously published papers
is summarized Table IV. Also in this paper, the diversity
gains from each of the four curved or straight elements vary
between 16.5 and 19.1 dB. As for [46], the authors are
able to achieve a gain of 13.6 dB when relying on four
folded dipole elements. The gain increases to 17 dB when
adopting eight dual-polarized elements that operate at the same
frequency. Another diversity antenna array that consists of
eight antenna elements is discussed in [47]. The structure has
four horizontally oriented and the remaining four are vertically
oriented with a reported diversity gain of 9.5 dB.

VIII. CONCLUSION

This paper presents an antenna system that is composed of
different sets of curved and straight dipoles. The integration of
a printed parasitic curved reflector is implemented to further
improve the radiation characteristics of the various elements.
The proposed system features good diversity for both struc-
tures in various propagation environments. A diversity gain
between 16.5 and 19.1 dB is attained for a 1% probability level
and by assuming a Rayleigh fading channel for both structures.
Reconfigurable feeding networks are also incorporated within
the antenna system to control which radiating structure is
excited. The measurement results show good agreement with
the simulated data, proving the validity of the proposed
antenna system.
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