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Abstract—A  compact antenna with broadside and
monopole-like pattern reconfigurability is presented. Its radiating
elements are linearly polarized and consist of a magnetic dipole
and an electric monopole. A capacitively loaded loop (CLL) and
two rectangular strips, one driven and one parasitic, serve as a
magnetic near-field resonant parasitic radiator. The broadside
pattern is generated by the magnetic radiator; the electric
monopole radiates the monopole-like pattern. A coax-fed
structure is developed with only two PIN diodes integrated into it
that dynamically controls the excitation of either the magnetic or
the electric radiator. A prototype was fabricated and tested. The
measured results are in reasonable agreement with their
simulated ones. The antenna is impedance matched within an
overlapping operational fractional bandwidth of 3.8%; the
combination of its radiating elements is compact with ka4 = 0.69.
The realized gain value of the broadside pattern at boresight is 7.1
dBi and the null of the monopole-like pattern is over -28 dBi deep.
The prototype is an attractive candidate for applications in many
space-limited wireless systems that require reconfigurable
broadside and monopole-like performance characteristics.

Index Terms—Broadside pattern, monopole-like pattern,
near-field resonant parasitic elements, reconfigurable antenna

I. INTRODUCTION

Reconﬁgurable antennas with broadside and monopole-like
radiation pattern diversity exhibit unique performance
characteristics. With an ability to electrically switch their
patterns they not only provide significantly enhanced coverage,
but they also avoid interference arising from noise sources
[1-15]. Benefiting from these advantageous features, they have
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been extensively employed in many modern wireless systems,
e.g., radar [1-3], direction-finding [4], anti-interference [5],
indoor wireless communications [6-9], global positioning (GPS)
[10-11], base station [12], and MIMO
(multiple-input-multiple-output) [13-15] systems. As a
common method to accomplish their broadside and
monopole-like radiation pattern reconfigurability, array
antennas have been adopted to switch their patterns between
sum and difference ones by controlling the phase differences
between each radiator element [1-3, 7]. While effective, the
number of radiating elements in those arrays exhausts a
significant amount of space [7]. Moreover, these arrays require
phase shifters [2], couplers [3] or comparators [1], which
significantly increase the system complexity and cost.

Different methods to achieve broadside and monopole-like
radiation pattern diversity while simplifying the configuration,
saving space, and reducing costs have been developed in recent
years. They can be classified into three general categories. The
first one deals with reconfiguring the radiators. For example,
one could employ PIN diodes to short the elements of a patch
array to their ground plane [5, 14, 16, 17]. The second one
considers reconfigurable feeding networks, i.e., developing
dynamically controlled current pathways beneath the radiators
of an array [4, 9, 11, 18]. The third one introduces switchable
exciting ports, i.e., broadside and monopole-like radiation
patterns are obtained simply by switching the two ports of the
system between in-phase and out-of-phase states [12, 19, 20, 21]
or by exciting only one of the two ports [6, 8, 10] or several
others [13, 15]. Nevertheless, most of these reported designs
have unavoidable large electrical sizes that are not suitable for
space-limited platform applications. Thus, it is highly desired
to achieve a compact antenna with reconfigurable broadside
and monopole-like radiation patterns.

In this letter, a broadside and monopole-like
pattern-reconfigurable compact antenna is reported. It
systematically combines one reconfigurable exciting structure
and two orthogonally oriented radiating elements. One is a
magnetic radiator for the broadside pattern and the other is an
electric monopole element for the monopole-like pattern. Its
reconfigurability relies on only 2 PIN diodes switches
integrated into its exciting structure. This prototype was tested
and the measured results, in agreement with their simulated
values in  both  states, demonstrates that this
pattern-reconfigurable antenna can dynamically realize either a
stable broadside or monopole-like (with high-level null depth)



realized gain pattern over the same frequency range.

II. ANTENNA GEOMETRY

The configuration of the pattern-reconfigurable compact
antenna design is presented in Fig. 1. It consists of two
radiating elements, an electric one and a magnetic one. Each is
etched on a semi-circular disk of Rogers 4350b, whose relative
dielectric constant is €, = 3.48 and loss tangent is tan 6 = 0.0037.
Both substrates, labeled Sub_1 and Sub_2, are vertically placed
on and orthogonal to a circular substrate labeled as Sub_3. They
have the same thickness, h; = 0.508 mm, and the same radius R,
= 21.0 mm. The electric radiator is a curved Egyptian
axe-shaped electric monopole. The magnetic radiator is an
evolved form of the CLL-based near-field resonant parasitic
(NFRP) antennas introduced in [22, 23]. Each radiator is driven
independently by the same reconfigurable exciting structure
printed on Sub_3. The whole antenna system is mounted on a
large circular copper disc that acts as its ground plane; it has the
thickness hs = 1.0 mm and radius R; = 96.0 mm. The optimized
design parameters are given in Table I. The electrical size of the
main radiators, i.e., the combination of the NFRP and dipole
elements alone without the ground plane, is ka,,qg = kR, =0.69 at
the resonance frequency, 1.57 GHz.
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structure on Sub_3 [24]. When this monopole structure is
excited, a deep null is achieved at boresight as expected [25].
Note that two straight horizontal arms are introduced at the
ends of the curved top strip of the monopole to provide a fine
tuning mechanism for the resonance frequency and for
impedance matching (see Section III).

As shown in Fig. 1(c), the magnetic radiator consists of one
CLL element and two rectangular strips on opposite sides of
Sub_2. One strip is connected to a second strip of the exciting
structure on Sub_3, which lies orthogonal to it. The other is a
parasitic strip that is positioned symmetrically with respect to it
in terms of the yoz-plane. It is introduced to guarantee a
relatively symmetrical radiation pattern (see Section III). Note
that there are two rectangular slits etched at the lower ends of
the CLL element to provide another resonance frequency
adjustment mechanism. When this magnetic NFRP element is
excited, a broadside radiation pattern is generated [22].

The exciting structure is shown in Fig. 1(d). It was made
reconfigurable by integrating two PIN diodes (M/A-COM
CPINUCS5206-HF), labeled as PIN 1 and PIN_2, between the
exciting strips on Sub_3 as shown in Fig. 1(d). There are three
surface mounted Murata 100 nH inductors also introduced into
the driving structure to prevent any RF signals from entering
the bias network. Three small holes, each with a 0.8 mm radius,
were drilled in the ground disc (xoy-plane). They are used to
provide the routing path from below the ground disc for three
dc wires. When PIN 1 is on and PIN 2 is off, the electric
radiator is excited and the monopole-like pattern is produced.
This state is donated as State 1. On the other hand, when PIN 1
is off and PIN_2 is on, the magnetic radiator is excited and the
broadside pattern is generated. This state is donated as State 2.
The relationships between the states of the PIN diodes and the
corresponding two radiation states of the compact antenna are
summarized in Table II.

TABLE 1. OPTIMIZED DESIGN PARAMETERS OF THE OPTIMIZED ANTENNA
(ALL DIMENSIONS ARE IN MILLIMETERS)
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Fig. 1 Geometry of the reported pattern reconfigurable antenna. (a) 3D view.
(b) y-z plane. (c¢) x-z plane. (d) x-y plane.

As shown in Fig. 1(b), the electric radiator is etched on
Sub 1 and is directly connected to one strip of the exciting

h; =138 hy=2.0 h;=0.508 hy=154 hs=1.0
hs=19.8 h;=0.8 L;=3.0 L,=3.6 L;=2.0
L4:2.6 L5:2.0 L5:5.0 L7:7.0 L8:16
L9:9.0 L10:2.0 L11:2.0 W1:2.0 W2:3.0
Ws;=3.0 Wi=23 R, =96 R,=21 R;=20.7
R,=155 Rs=20 d =16 null

TABLE II. THE RELATIONSHIPS BETWEEN THE STATES OF THE PIN DIODES AND
THE RADIATION STATES OF THE PROTOTYPE ANTENNA

State PIN 1 PIN 2 Pattern Type
1 ON (1V) OFF (N/A) Monopole-Like
2 OFF (N/A) ON (1V) Broadside

III. DESIGN PRINCIPLES

A. Curved Egyptian-Axe Shaped Monopole Radiator

The curved Egyptian-axe shaped monopole is excited when
the reconfigurable antenna operates in State 1. The effect of the
two horizontal arms on the monopole’s performance was
parametrically studied by varying two of its design parameters,
the inner radius Rs and the arm length L,. As illustrated in Fig. 2,
the monopole resonance frequency witnesses a red-shift and the
impedance matching level improves as Rs becomes larger. The



same behavior occurs as L, increases, i.e., the resonance
frequency red-shifts and the impedance matching improves.
The presence of the two horizontal arms significantly benefits
the monopole element. It not only reduces its electrical size, but
it also improves its impedance matching.

s
s -10f
g 2 .sf i
= -5 v
Z a5{R~14mm v = ol Ly3mm| i
ﬂ: 20l Rs=16mm & Fal™ w L=5Smm ‘::
----- R=18mm —L,=Tmm|
-25 ; 30 k
—Rs=20mm ==L =9mm|
230 " 35 . i
1.3 14 1.5 1.6 1.7 1.8 1.3 14 1.5 1.6 1.7 1.8
Frequency (GHz) Frequency (GHz)
(a) (®)

Fig. 2 The EAD monopole radiator (State 1 of the reconfigurable antenna). The
|Sy1] values as functions of the source frequency (a) as the inner radius, Rs,
varies (left) and (b) as the length of its horizontal arms, L, varies (right).

B. Hybrid Design of NFRP CLL Element and Rectangular
Strips

The CLL-based, magnetic NFRP antenna, which was
introduced in [22, 23], was selected as the initial design of the
magnetic radiator. The original design only utilized the driven
vertical strip shown on the left side of the CLL. Its loop current
behavior is illustrated in Fig. 3(a). However, this original
design does not have the maximum of its dipole pattern along
the vertical direction, but rather it is directed away from it
towards the side opposite the driven strip [22-24]. The
maximum directivity in the E-plane of the example is tilted 10°
away from the broadside direction as illustrated in Fig. 3(c). It
was determined that by adding the symmetrically placed
parasitic rectangular strip of the same dimensions to the system,
the current density becomes more uniform on the CLL element
as shown in Fig. 3(b). The currents induced on the parasitic
strip are out-of-phase to the driven strip. This behavior
compensates for the tilt and the modified system radiates the
pattern shown in Fig. 3(d), which has its maximum along the
vertical (broadside) direction.
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Fig. 3 The CLL-based magnetic radiator design (State 2 of the reconfigurable
antenna). The current density distributions on the metallic surfaces of the
magnetic radiator at its resonance frequency, 1.57 GHz, (a) without and (b)

with the parasitic rectangular strip being present. The corresponding E- and
H-plane radiation patterns (c) without and (d) with it.

Because of its symmetric presence, the parasitic strip also
increases the null depth of the monopole-like radiation pattern
in State 1. As shown in Fig. 4(a), the monopole induces strong
currents on the magnetic radiator’s components on Sub_2 when
the reconfigurable compact antenna operates in State 1 without
the parasitic strip being present. These induced currents are not
symmetrically balanced on them in the absence of the parasitic
strip. The net result is a tilt of the null direction away from the
broadside direction (+z axis) by 1°, and the depth of its null is
only -26 dB as shown in Fig. 4(c). On the other hand, when the
parasitic strip is present, the symmetry of the induced current
distributions on the CLL elements is well recovered as
illustrated in Fig. 4(b). As a consequence, the null direction is
now strictly pointed along the boresight direction and its null
depth reaches -33 dB, as shown in Fig. 4(d). Thus, the parasitic
strip facilitates a 7 dB null depth improvement.

Jsurf
[A/m]

07(dB) 330 30 01(dB)

300 60 o] 300

-401270

201 240 120 240 120

zox-plane
150 0 210

180 180

(© (d)

Fig. 4 Characteristic features of the reconfigurable antenna operating in its State
1 at the resonance frequency, 1.57 GHz. The current distributions on the
radiating elements (a) without and (b) with the parasitic strip being present. The
corresponding radiation pattern in the zox-plane, i.e., the plane in which the
magnetic radiator lies, (c¢) without and (d) with it.
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IV. MEASURED RESULTS

The optimized prototype of the reconfigurable compact
antenna was fabricated and tested. Photos of the fabricated
prototype are given in Fig. 5. The three dc bias lines are
connected to the positive side of the PIN diodes as shown in Fig.
5. They are fed 1V from a voltage-stabilized power supply to
control the ON/OFF states of the PIN diodes.

The |S;| values when the prototype was operating in State 1
and State 2 were measured using an Agilent ES063A PNA
vector network analyzer (VNA). The simulated and measured
|Sy;] values of these two states are presented in Fig. 6(a). The
simulated —10-dB fractional bandwidth of State 1 is 3.8% (from
1.54 to 1.60 GHz) while its measured value was 7.6% (from
1.51 to 1.63 GHz). The simulated fractional bandwidth of State
218 2.5% (from 1.55 to 1.59 GHz) while its measured value was
3.8% (from 1.54 to 1.60 GHz). The measured (simulated)
overlapped operational fractional bandwidth of the two states is



3.8% (2.5%). The measured bandwidth values were larger than
the simulated ones. This is a consequence of fabrication errors,
which led to the higher than expected losses noted below.

As depicted in Fig. 5, the far-field radiation performance
was measured in a SATIMO passive measurement system
(0.8-6 GHz) with an Agilent N5230A PNA-L VNA [26]. The
measured and simulated realized gain values at boresight of
both states are presented in Fig. 6(b). In State 1, the measured
(simulated) realized gain at boresight was ~—28 dBi (~—31 dBi)
and the total efficiency was 75% (92%). In State 2, the
measured (simulated) realized gain at boresight was ~ 7.1dBi
(~ 7.1 dBi) and the total efficiency was 80% (87%). As a
consequence, the gain difference is almost 33 dB (36 dB) over
the operational band.
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Fig. 5 Reconfigurable antenna prototype as the AUT in the anechoic chamber.
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Fig. 6 Simulated and measured results of the two operating states of the
reconfigurable antenna as functions of the source frequency. (a) |S;| values.
(b) Realized gain values at boresight.

The measured (simulated) 2D normalized realized gain
patterns in the zox-plane and zoy-plane at the resonance
frequency, 1.57 (1.57) GHz, of the two states are presented in
Fig. 7. It is readily seen that good monopole-like and broadside
radiation patterns were achieved in both states and the
associated cross polarization levels were low.

To emphasize the efficacy of our work, Table I compares
the prototype’s performance characteristics with those of
previously reported pattern-reconfigurable antennas with
broadside and monopole-like radiation pattern diversity. Note
that the total electrical size of each design’s main radiators
corresponds to the center frequency of its —10-dB impedance
bandwidth. These comparisons demonstrate that the prototype
has several notable advantages. It is simple, utilizes the least
number of PIN diodes, has the smallest ka,,4, and has the largest
difference between the broadside gain maximum and the null
depth. While it has narrow bandwidth because of its small
electrical size [24], its compactness, efficiency, and
reconfigurability features are attractive for many existing and

aspirational, narrowband, space-limited wireless applications
communications,

including indoor wireless GPS, and

high-density MIMO systems.
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Fig. 7 Simulated and measured normalized realized gain patterns in the zox- and
zoy-planes at the resonance frequency of both states, 1.57 GHz. (a) State 1. (b)
State 2.

TABLE III. COMPARISONS OF THE PERFORMANCE CHARACTERISTICS OF THE
PROTOTYPE RECONFIGURABLE ESA WITH RELATED ANTENNAS REPORTED IN
THE LITERATURE *

Broadside
FBW ?f? ! Cross-Pol | Number gain max
i. .

Refs. | kanug %) %) Level pf (dBi), null

(dB) Switches depth (dB)

(difference)

[5] 2.01 2.5 86, 82 -18,-20 16 6,-25(31)
[9] 331 23.5 66,75 -25,-30 4 8.2,-21(29.2)
[11] | 2.35 7.8 78, 82 -25,-28 12 8.5,-11(19.5)
[17] | 2.98 9.0 NA NA 2 4.1,-4.0 (8.1)
[18] 1.77 11.0 NA -20,-15 4 7.7,-20 (27.7)

Rep.

Aot 0.69 3.8 80,75 -40, -25 2 7.1,-28 (35.1)

* The values of the total efficiency and the cross-polarization level are for the
first broadside mode and the second monopole-like mode, respectively.

V. CONCLUSION

This letter presented a reconfigurable antenna that
dynamically produces either a broadside or a monopole-like
pattern. The combination of its main radiating elements is
compact, ka,,;, = 0.69. The two states of the system are
controlled with two PIN diodes that are integrated into a simple
excitation structure. The magnetic radiator is based on a
modification of the CLL-based NFRP antenna. When it is
excited, the broadside radiation pattern is obtained. When the
electric radiator, an EAD-based monopole antenna, is excited,
the monopole-like radiation pattern is obtained. The pattern has
a very deep null depth at boresight. A prototype was realized
and tested. The measured overlapping operational fractional
bandwidth of the two states is 3.8% and the measured gain
difference at boresight between them is over 35 dB. Moreover,
the prototype exhibited a high radiation efficiency (> 75%) and
realized symmetric and stable radiation patterns in both states.
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