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ABSTRACT The pattern reconfigurable antenna provides a new implementation scheme for expanding
application in modern wireless communications. In this paper, a pattern-reversal wideband microstrip
antenna is proposed. This antenna is composed of a radiation patch with attached rectangular metal rings
connected by a microstrip line on the upper layer and a four-defects ground plane connecting two PIN-
diodes-loaded L-shaped stubs on the bottom layer. In view of the Yagi-antenna feature of metal rings
and L-shaped stubs, the ON-OFF of diodes controls directly the radiation direction of antenna. Under the
joint action of multiple resonances of rings, slots and stubs, the bandwidth of antenna is surged so as
to develop evident wideband radiation. Finally, the measured impedance bandwidth of —10 dB is about
20.1% from 4.54 to 5.55 GHz. The average gain of the antenna with the size of 0.75X¢ x 0.75X¢ reaches
4.92 dBi. With the diodes dependence, the pattern can really deflect in opposite direction. The designed
antenna has much advantages, such as low cost, wider band, compact and simple structure along with

explicit application scenarios.

INDEX TERMS Microstrip antenna, wideband, pattern reversal, PIN diodes, defective ground.

I. INTRODUCTION

ITH the rapid development of contemporary wire-

less communication systems, higher requirements are
put forward for the performance of indispensable antennas,
which are mainly reflected in the wider working frequency
band, smaller size, easier installation and integration along
with higher radiation efficiency. In order to improve com-
munication security and efficiency as well as reduce the
antagonistic effect of co-channel interference and chan-
nel blockage, pattern reconfigurable antennas are usually
required in some application scenarios, such as satellite
communications, medical devices and other fields.

In the recently reported works, the methods to realize the
pattern reconfiguration are roughly divided into the follow-
ing three types. The first one is to change the structure of
the antenna. References [1] and [2] mechanically altered the
geometry of the antenna to realize pattern tuning. This way
will introduce large mechanical errors and is not suitable
for the field of miniaturized civil mobile communications.
The second one is to use special materials to obtain the
reconfigurable pattern. To achieve beam control, [3]-[6] used
the shape memory alloy, the distilled water parasitic unit
and the graphene film. In [7], the liquid metal antenna
adopted room temperature liquid eutectic gallium-indium
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(EGaln) alloy to realize bidirectional directional radiation.
Reference [8] introduced an arched water column around
the seawater monopole antenna as a parasitic passive oscil-
lator to realize dual beam radiation, wide-angle radiation
and directional high gain radiation. In [9], the antenna was
made of highly flexible PDMS conductive fabric composite.
Overall, the use of special materials is generally compli-
cated and costly, and thus it is hard to be widely employed
in actual production. The last one is to switch the feed
network of the antenna. References [10]-[19] all changed the
current distributions on the patch by controlling the ON-OFF
state of the integrated PIN the integrated PIN diodes on the
antenna to realize the manipulation of pattern. Reference [20]
controlled the phase difference between the fields at the
two radiation slots to reorganize the beams. Reference [21]
achieved the beam reconfiguration by selecting the appro-
priate excitation port combination for the slot patch with
double-sided frequency selective surface. Reference [22]
proposed a microstrip switchable double balun with sym-
metrical three-coupling-line structure as the feed network to
design the radiation mode reconfigurable end-fire antenna.
Reference [23] used a microcontroller to switch the array
of cubes excited by the feed network. By selecting a spe-
cific mode on the mobile application, the radiation mode of
the array is reconfigured. Comparatively, the third method
is more realistic, but these mentioned antennas have either a
narrow working bandwidth in [10], [11], [18]-[20], or low
gain in [14]-[17], or complex and bulky structures which
are not easy to integrate in [12], [13], [21]-[23].

In this paper, a reconfigurable wideband microstrip
antenna is proposed. Two diodes are embedded into the
L-shaped stubs on the ground contribute directly to the recon-
figurability. Then, the wideband performance is realized by
jointing the metal rings next the patch on the upper plane
and four slots on the lower plane of antenna. Based on the
Yagi-antenna property of metal-rings and L-shaped branches,
the pattern is reversible. Simulated and measured results are
almost coincident, showing that this antenna has indeed a
wider impedance bandwidth, higher gain and better beam
deflection ability.

Il. ANTENNA DESIGN AND ANALYSIS

A. STRUCTURE OF ANTENNA

Fig. 1 shows the geometry of the pattern-reconfiguration
antenna. The dielectric substrate is Rogers RO4350B with
the relative permittivity of 3.48 and the loss tangent of
0.0037. The size of the entire antenna is 45(0.751p)mm x
45(0.7510)mm x 0.762(0.0127X9)mm, where Aq is the cor-
responding wavelength of SGHz in free space. The upper
layer of the dielectric substrate is the radiation surface of
the antenna, where mainly a rectangular patch is connected
to two rectangular metal rings through a microstrip line.
The antenna is fed by a microstrip transmission line with
a characteristic impedance of 50 Q. On the lower layer of
substrate, the ground plane consists of two parts. The first
part is a rectangle sheet etched with four defective ground
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FIGURE 1. Geometry of the proposed antenna.

TABLE 1. Optimized parameters of this antenna (Units: mm).

Parameter  Value  Parameter  Value  Parameter  Value
w 45.0 W1 9.0 w2 3.0
w3 3.6 W4 2.0 W5 1.0
Wr 0.3 Wg 1.2 wcC 0.5
Wt 2.5 L 45 L1 12.5
L2 222 L3 21.6 L4 5.0
L5 7.8 Lr 15.0 Lc 8.3
Lg 8.3 Lt 5.0
BAR64-02V
'l>|| PIN ON PIN OFF
L16.8nH L2 5.1nH
2.1Q 3kQ 0.17pF
R 200Q
2

V1

FIGURE 2. Biasing circuit for PIN diodes.

structures (DGS), including a pair of symmetrical C-slots in
the X-axis direction and two triangular slots in the Y-axis
direction. The second part is a symmetrically distributed L-
shaped stubs with the embedded PIN diodes. The parameter
values after optimization are shown in Table 1.

The antenna can realize pattern reconfiguration by chang-
ing the working states of the PIN diodes. A PIN diode is
often equivalent to such a circuit composed of the capacitor
and resistor in the RF field for the convenience of study.
The diode bias is controlled by the DC bias circuit as given
in the Fig. 2. In order to isolate RF signals from DC sig-
nals as much as possible, additional inductors are added to
the circuit. A biasing voltage of 3V or OV is applied to
the bias circuit for the switch ON or switch OFF condition.
Two operating states of the antenna are given in Table 2. In
view of the high degree of symmetry of antenna structure,
the working frequency band of the antenna is basically the
same in the two states. Hence, State 1 is only considered
here as an example to analyze this antenna performance.

The equivalent circuit of designed antenna is displayed
in Fig. 3. The rectangular radiation patch is equivalent to
a RLC lossy parallel resonant circuit composed of R,, C,
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TABLE 2. Operating states of the antenna.

Operating States PIN 1 PIN 2
State 1 ON OFF
State 2 OFF ON

FIGURE 3. Equivalent circuits of designed antenna.

and L,. Then, the expression of input admittance Y, can be
obtained as

Y, = Ria +jwCq +ija (D
in which R,, C, and L, can be known from [24]. The
microstrip transmission line is equivalent to a lossless res-
onant circuit composed of two series inductors of L,; and
L.> along with a parallel capacitor C, [25]. Furthermore, the
rectangular metal ring is equivalent to a RLC lossy parallel
resonant circuit composed of R, L, and C,, [26]. The ground
plate is composed of L-shaped branches and defective ground
structure, so it is equivalent to a parallel and series LC res-
onant circuit with Ly, Cp, C, and L, [27]. Besides, C; is
the coupling capacitance between the radiation patch and the
ground plate. By utilizing these local admittance as provided
by Egs. (1)-(4), the input admittance Y;, of the whole equiv-
alent circuit can be gained based on Eq. (5). Ultimately,
the electrical parameters are optimized as C, = 1.1pF,
L, = 1.1nH, R, = 129Q, L,; = 0.32nH, C, = 0.68pF,
Lo = 03%9H, C, = 0.8pF, L, = 0.5nH, R, = 78%,
C; = 1.2pF, Cp, = 1.1pF, L, = 0.9nH, C, = 0.25pF and
L, = 13nH. Evidently, the resonance of equivalent circuit can
be controlled by adjusting the size of antenna and then the
bandwidth could be broadened depending on the resonance
coupling.

-1
| 1
Yb = |:ij€1 + ( +]wce> :| (2)
JwLe
1
Y. = — +jwC, P —— 3
c Rp +Jjw p+ijp 3)
1 1\
Yy = | joL — + (joC 4
g ["” b+jwcs+jwcb+<’w V+ijv) } @
Yin=Y,+ Y, + Y.+ Yy 5)

B. EVOLUTION AND COMPARISON OF ANTENNAS

Fig. 4 and 5 present the evolution structures of upper plane
and ground plane of antennas. A typical microstrip antenna
utilizes often rectangular patch in Fig. 4(a), whose frequency
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FIGURE 4. Upper plane with (a) typical patch, (b) metal-rings-loaded patch.
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FIGURE 5. Ground plane with (a) I-shaped stubs, (b) L-shaped stubs and DGS.

band is narrow with the bandwidth from 3% to 5% due to
the high Q property. In order to expand the bandwidth and
meanwhile enhance the directivity of antenna, a pair of rect-
angular metal rings as the deflectors with reactance feature
are added on both sides of the traditional patch in Fig. 4(b),
where the metal rings and the patch are connected by the
transmission line. The ground plane of the initial design is
revealed in Fig. 5(a), where two diodes are embedded into
the I-type branch to realize the reconfiguration of pattern.
To obtain wider bandwidth, a pair of C-shaped grooves and
a pair of triangular grooves are introduced to form the DGS,
and a parasitic branch is added to the I-shaped branch to
develop the L-shaped one in Fig. 5(b). Fig. 6 shows these
four antennas through the combination of those in Fig. 4
and Fig. 5.

Fig. 7 shows the surface current distributions of Ant 1
and Ant 2 at 5.0GHz in State 1. Clearly, the surface current
of Ant 1 mainly distributes on the I-type branch of the
bottom ground, and the current of a single patch on the
upper layer is relatively weak. The surface current of Ant
2 is mainly concentrated on the rectangular metal ring on
the left, while the metal ring on the right has only a little
current. The right ring is equivalent to a parasitic unit as
the reflector to reflect the radiation energy to the left one so
as to enhance the directivity of the antenna. Fig. 8 displays
the 2-D radiation of Ant 1 and Ant 2 on the xoy plane
at varying frequencies. Obviously, the radiation pattern of
Ant 2 is more stable against the change of frequency, which
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FIGURE 6. Geometry of the antenna with (a) typical patch and the ground plane with
I-shaped stubs (Ant 1), (b) metal-rings-loaded patch and the ground plane with
I-shaped stubs (Ant 2), (c) typical patch and the ground plane with L-shaped stubs and
DGS (Ant 3), (d) metal-rings-loaded patch and the ground plane with L-shaped stubs
and DGS (Ant 4).
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FIGURE 7. Surface current distributions of Ant 1 and Ant 2 at 5.0 GHz.

indicates that the antenna directivity can be improved really
by adding two metal rings.

In order to further study the effect of the right metal ring
as the reflector on the antenna radiation, the structure of the
Ant 2 without the right ring and corresponding pattern are
given in Fig. 9. As seen, when the antenna does not have
a reflective metal ring, the radiation pattern also deflects to
the left with the diode in ON state. However, the effect is
not obvious and the back lobe is large. Moreover, the gain is
only 1.74dBi at 5.0GHz. Instead, when the antenna has the
reflective metal ring on the right, the pattern deflects to the
left metal ring obviously, and the gain increases to 5.76dBi
at 5.0GHz as presented in Fig. 8(b).

Fig. 10 shows the reflection coefficients for Ant 3 and Ant
4 with different ground structures. The panel (a) displays the
results with and without DGS, where the inset presents the
ground without DGS. As seen, the position of deepest dip is
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FIGURE 8. Simulated 2-D radiation of (a) Ant 1 and (b) Ant 2 in the xoy plane.
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FIGURE 9. Simulated 2-D radiation of Ant 2 without right reflective metal ring in the
xoy plane. (a) Ant 2 without right metal ring. (b) Corresponding 2-D radiation pattern.

basically unchanged in both cases, but the impedance band-
width with DGS is much broader than that without the one.
This is because that there is a dense current distribution
near the DGS, and a new resonance dip can be generated
near the original one by adjusting the size of DGS. Then,
the bandwidth is expanded based on the resonance coupling.
The panel (b) displays the results with different-shape stubs,
where the ground with I-shaped stubs is given in the inset.
For the convenience of design and processing, the antenna
usually uses I-shaped branch [28]. However, the L-shaped
one is used here in order to obtain a wider impedance band-
width. The reflection coefficient and impedance bandwidth
of the antenna with L-shaped stubs are much better than those
with I-shaped ones. The main reason is that the L-shaped
stub has two parasitic units compared with the I-shaped stub.
Through the method similar to staggered tuning, the new res-
onant dip is located near the original one. The coupling of all
resonant modes contributes to better impendence matching,
and thus improves the bandwidth of the antenna.

The comparison of different evolutionary models is shown
in Fig. 11. In the panel (a), the bandwidth of Ant 2 with
metal-rings-loaded patch increases slightly from 246MHz to
384MHz relative to Ant 1 with typical rectangular patch.
Meanwhile, Ant 3 with L-shaped branch and DGS shows
also better bandwidth characteristic, which has more than
twice the bandwidth compared with Ant 1. In a word, both
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FIGURE 10. Reflection coefficients for varying ground structures. (a) With or
without the DGS. (b) With I-shaped or L-shaped stubs.

Ant 2 with the improved patch and Ant 3 with the improved
ground plane show better impedance characteristics than Ant
1. As a result, Ant 4 with both improved patch and ground
has a wider bandwidth. In the panel (b), there is not much
difference between the Ant 1 and Ant 3 at higher frequencies
and Ant 2 and Ant 4 at lower frequencies with the same
patches and different grounds. However, the gain of the
antenna with the same ground plane and different radiation
patches is quite different. The main reason is that relative
to the traditional simple patch, the two extra metal rings act
separately as director unit and reflector unit, revealing Yagi-
antenna feature, which makes the electromagnetic energies
more concentrated so as to greatly enhance the directivity
of the antenna. In short, Ant 4 has the best performance
with the deepest dip of —46.373 dB, the widest bandwidth
of 1030MHz and the maximum gain of 5.89dBi.

C. PARAMETRIC ANALYSIS
The variation of antenna parameters will affect directly
antenna performance, especially the geometries of the mental
rings, transmission line, slots and stubs restricting the wide-
band characteristic. This section will still take State 1 as an
example to give important analyses to better comprehend the
parameter dependence of antenna.

Fig. 12 shows the effect of the width Wt of the trans-
mission line as a bridge connecting the metal ring and the
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center patch and the length Lr of the metal ring on the upper
plane of antenna. In the panel (a), the imperfect matching
impedance leads to a small stopband when Wt is 2.0mm.
With the increase of Wt, the impedance matching is improved
so that the resonance dip deepens and meanwhile shifts to
the left, which brings about that the stopband disappears
and a wider bandwidth is obtained when Wt is 2.5mm. As
the Wt increases to 3.0mm, the impedance matching dete-
riorates again, triggering that the resonant dip moves up
and the bandwidth becomes narrow. In the panel (b), Lr
affects strongly the resonance of antenna, since Lr deter-
mines the reactance characteristics of the metal rings. The
ring is equivalent to the RLC circuit, so the second resonance
dip of appears at about 5.75GHz when Lr is 13 mm. With
the increase of Lr, the resonance frequency decreases and
the third mode is excited when Lr becomes 15mm. Through
the coupling of three modes, more frequencies satisfy the
condition of |S1;] < —10dB. As the Lr increases further to
17mm, a stopband emerges and then the bandwidth worsens
accordingly. Therefore, attaching appropriately metal rings
next the patch can quite expand bandwidth.

Fig. 13 depicts the influence of the depth Lc of C-slot
and the width W5 of L-shaped stub on the lower plane
of antenna. In the panel (a), when the Lc is 8.0mm, there
are three resonant dips. However, the distance between each
other is great, so the antenna bandwidth is not improved.
As the Lc increases to 8.3mm, three resonant dips become
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FIGURE 12. Reflection coefficients against the change of (a) Wt, (b) Lr.

closer so that the resonant coupling is strong enough to
pull down the S;; in a wider range. With the increase of
Lc to 8.6 mm, the second resonance moves far away from
the fundamental resonance, which causes impedance mis-
matching at target frequencies.In the panel (b), the width of
W5 has a significant impact on the impedance bandwidth
and resonance frequency. This is because the L-shaped stub
extremely affects the coupling between the radiation patch
and the ground plane. When the W5 is 0.6mm, the antenna
appears two dips. As the W5 increases to 1 mm, a third dip
is achieved and then a large band arises. With the increase
of W5 to 1.4mm, the dips number turns into two once more
resulting in a narrower bandwidth. Therefore, the effective
introduction of slot and stub is very important to wideband
radiation.

D. OPERATING PRINCIPLE OF PATTERN REVERSAL

This section will elaborate on the realization mechanism
of pattern reversal. The current distribution in each state
is shown in Fig. 14. From the panel (a), the current on
the upper plane is mainly distributed on the left rectangular
metal ring, indicating that the antenna is affected by the left
part in State 1. The current on the lower plane distributes
mainly in the L-shaped stub with conductive diode. Also,
this current is concentrated around the left C-slot near PIN
1 and two triangular slots. Instead, there is little current
around the right C-slot away from PIN 1. From the panel
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FIGURE 13. Reflection coefficients against the change of (a) Lc, (b) W5.

(b), the opposite case happens in State 2. On the whole, there
is also weak current distribution on the stub with the non-
conducting diode due to the coupling effect. Currently, the
disconnected stub is equivalent to a parasitic element acting
as a reflector, reflecting the radiated energy to the direction
of another stub with ON-state diode, whose mechanism is
analogue to Yagi antenna. Hence, the function of pattern
reversal can be realized by manipulating the ON-OFF state
of the PIN diode.

Fig. 15 describes the E-field distributions with different
phases on the substrate in State 1. At the 45°, the E-fields
are distributed mainly on the rectangular patch, the left metal
ring and C-slot and a few fields are on the right L-shaped
stub. At the 135°, the E-fields are most localized at the patch,
the left metal ring and L-shaped stub, and slight fields are on
the right metal ring. Obviously, the E-fields on the left-right
symmetrical patches, metal rings, C-slots and L-shaped stubs
are different, which is not symmetrical about the X-axis,
resulting in the deviation of the main beam from the Z-axis.
Instead, the E-fields in State 2 are distributed nearly in oppo-
site positions, which results in opposite direction deflection
of pattern.

lll. MEASURED RESULTS AND DISCUSSIONS
In order to verify the effectiveness of the design method
and explore the consistency between the simulation and
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FIGURE 15. E-field distributions on the substrate in State 1 with phases of (a) 45°
and (b) 135°.

measurement results, the antenna is manufactured. The cor-
responding electronic components are welded on the antenna
and the diodes’ bias circuit is built according to the fore-
going analysis. Fig. 16 gives the manufactured antenna and
test scenario, where the bias voltage is provided by the bias
circuit for the PIN diodes through two 1.5V dry batteries,
and the vector network analyzer of Agilent company and the
microwave darkroom are used for antenna measurement.
Fig. 17 displays the comparison results between the sim-
ulation and measurement in two states. In the panel (a),
the simulated and measured impedance bandwidth are about
21.4% (4.53-5.6GHz) and 20.1% (4.54-5.55GHz), which are
consistent basically. Merely, the measured results are slightly
inferior to the simulation ones because of the inevitable
machining tolerance and the insertion loss of the DC bias
circuit introduced by the external antenna. In the panel (b),
the gain is flat in general with the dynamic range of 1dB for
both results, and the overall gain effect is high. Evidently,
the antenna gain suffers from little influence of the stopband.
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FIGURE 16. Manufactured antenna and test scenario. (a) Upper side of antenna. (b)
Bottom side of antenna. (c) Antenna with DC circuit. (d) Test scenario.
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FIGURE 17. Simulated and measured results in two states. (a) S11. (b) Gain.

The simulated average gain is 5.34dBi, while the measured
average gain becomes 4.92dBi. It reduces about 0.42dBi
caused by the insertion loss of the bias circuit and the SMA
connector, which is within a reasonable range.

The simulated and measured co-polarization and cross-
polarization of the radiation pattern in azimuth plane (xoy
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FIGURE 18. Simulated and measured radiation patterns in the xoy plane. (a) 4.55 GHz, (b) 5.0 GHz, (c) 5.55 GHz.

TABLE 3. Comparison between this work and previously published antennas.

Ref. Size(\p?) No.  No. Bandwidth Peak Gain
of of
Modes Diodes
[10] 072 x 054 3 16 430MHz15.2% 6.4dBi
[11] 1.17 x 1.17 4 8 190MHz5.6% 6.7dBi
[12] 082 x 078 9 8 60MHZ2.5% 6.3dBi
[14] 0.624 x 0.624 4 4 1000MHz26.3% 3.3dBi
[15] 048 x 0.62 4 4 760MHz34% 4.0dBi
[16] 037 x 037 2 2 670MHz30.2% 4.54dBi
[17] 022 x 027 3 2 860MHz41.3% 2.2dBi
[21] 082 x 082 8 4 210MHz11.6% 8.4dBi
[22] 051 x 098 3 4 100MHz4.92% 5.8dBi
This work ~ 0.75 x 0.75 2 2 1010MHz20.1%  5.42dBi

plane) are revealed in Fig. 18. It can be observed that the
radiation main beam on azimuth plane is determined by the
working state of the antenna. The pattern is relatively stable
which can be reconstructed in two opposite directions. With
the suitable arrangements of the bias voltage, the maximum
beam direction deflection was ¢ = 162° and ¢ = 18° at
4.55 GHz, ¢ = 172° and ¢ = 8° at 5.0 GHz, ¢ = 188°
and ¢ = 352° at 5.55 GHz respectively. Obviously, in the
whole impedance bandwidth, this antenna can realize the
reversal of pattern. Besides, the radiation of antenna main-
tains a good directionality against varying frequency, which
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is suitable for such communication systems demanding well
anti-interference ability.

The performance comparison between this work and
other published beam-reconfiguration antennas is shown in
Table 3. The antennas in [10]-[12], [21] and [22] have higher
gain, but they own narrower bandwidth. Meanwhile, the size
of antennas in [11], [12] and [21] is larger. The antennas
in [14]-[17] have a wider bandwidth and smaller size, but
their gains are not high. Therefore, the antennas mentioned
above either have too narrow working bandwidth, too low
gain, or too large size to be utilized conveniently, which
cannot well meet the requirements of wide band, high gain
and small size in the contemporary wireless communica-
tion system. Further, although there are more number of
reconfigurable modes in [10]-[12], [14], [15], [21] and [22],
more diodes are utilized, which makes the antenna struc-
ture more complex. The comparison results show that the
proposed antenna has a compact structure, wide bandwidth
and good gain characteristics as a whole, which can improve
effectively the quality and capacity of the communication
system.

IV. CONCLUSION

A wideband microstrip antenna with the reversible pattern
is proposed in this paper. This antenna is compact with the
size of 0.75A9 x 0.75A¢. Specifically, two PIN diodes as
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controllable devices are loaded on the L-shaped stubs. And
rectangular metal rings, C-shaped slots and triangular slots
are integrated into the upper and lower plane of antenna.
Depending on the states of diodes and the Yagi-antenna prop-
erty of structure, the pattern can deflect inversely. Relaying
on the multi-resonance at the patch and ground, the radia-
tion band is enhanced greatly. Measured results show that
the impedance bandwidth reaches 20.1% from 4.54GHz
to 5.55GHz and the average gain is 4.92dBi in the band
range. Meanwhile, the deflection angle of maximum beam
reaches 164° at the center frequency of 5GHz. Based on
the reversible pattern, the wideband antenna could be used
in anti-reference communications, aircraft multi-directional
tracking and multi-target radar imaging.
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