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ABSTRACT Reconfigurable antennas have been widely employed for beam scanning in recent years.
However, such antennas are usually limited by narrow bandwidth. To overcome this challenge, we present
a linearly polarized 2-bit ultra-wideband (UWB) antenna array in C-band. The antenna array consists
of 16 Vivaldi elements, 16 wideband phase shifters and a feeding network. The structural symmetry is
employed to provide a couple of opposite phase states in the broad bandwidth. The measured results show
that the antenna array can operate well in a broad bandwidth from 4.0 to 5.5 GHz (the relative bandwidth
~ 31.5%) with reflection loss lower than —10 dB. The scanning angle ranges from —45°to 45° with the
sidelobe below —10dB, which agrees well with the theoretical predictions. The design features low cost,
simple structure, easy fabrication and broad bandwidth.

INDEX TERMS Reconfigurable antenna, 2-bit, beam scanning, antenna array.

. INTRODUCTION

ECONFIGURABLE antennas can be used in radar,

remote sensing, biomedical engineering, satellite and
the fifth-generation (5G) communications. Such antennas
are able to change their operating frequencies, polarizations,
beam widths and directions, thus they are more flexible and
cheaper than traditional phase array antennas. Hence, they
have attracted extensive attentions of the researchers in radar
and wireless communication societies.

Recently, a series of low-cost reconfigurable antennas have
been proposed as alternatives of traditional phased arrays
for beam scanning. For instance, digital coding metasurface
antennas have been employed to implement beam shap-
ing [1], [2], wherein PIN diodes are embedded and utilized to
realized 1, 2, or 3-bit discrete phase shifts [3], [4], [5], [6].
Although the gains and sidelobe levels of such antennas
suffer inevitable deterioration owing to the phase quanti-
zation, they still provide a good route to balance the cost
and performance [7]. Varactor diodes can also be employed
in reconfigurable antennas such as to achieve continuous

phase adjustment [8], [9], [10]. In addition, the MEMS
switches [11] and liquid crystals [12] are also promising
candidates for reconfigurable antennas.

Reconfigurable beam scanning antennas are usually
plagued by narrow bandwidth [13], [14]. It stems from the
frequency dispersion of the tunable materials or devices,
making it hard to maintain a stable phase response in
wide bandwidth [15], [16], [17]. A lot of efforts have been
devoted to improve the impedance bandwidth of reconfig-
urable beam scanning antennas. For instance, the bandwidths
in [3] and [17] are extended to 13% and 21.4%, respectively.
However, they are still unable to meet the requirements of
ultra-wide bandwidth (UWB) applications.

In this paper, we proposed a 2-bit reconfigurable antenna
array which features broad bandwidth and flexible beam
scanning capability. Due to the structural symmetry, the
antenna can provide a couple of stable opposite phase states
in the relative bandwidth of 31.5%. The design is ver-
ified through full-wave simulations and experiments. The
rest of this paper is organized as follows. In Section II, the
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FIGURE 1. The geometry of the designed 2-bit reconfigurable UWB planar antenna
array, where L1=205 mm, L2=400 mm.

configuration and design of the proposed 2-bit reconfigurable
antenna array are introduced. In Section III, the simulation
and experimental results of the fabricated antenna array are
given. Finally, Section IV concludes the whole paper.

1. ANTENNA ARRAY DESIGN

A. GENERAL CONFIGURATION

The geometry of the 2-bit reconfigurable antenna array is
illustrated in Figure 1. The array consists of Vivaldi antenna
elements, 90° phase shifters, and a feeding network, and
operates in the C band. The whole size of the array is
400 mm x 205 mm.

The basic 2-bit antenna element is shown in Figure 2,
which consists of a Vivaldi antenna element and a 90° phase
shifter. As shown in Figure 2(d), two dielectric substrates and
three copper layers form the vertical structure of the element.
The two dielectric substrates are both Rogers RO4350B
(e, = 3.48, § = 0.0037 @10GHz), with the thicknesses of
h1=0.25mm and h2=0.53mm, respectively. The three cop-
per layers all have a thickness of 0.035mm. The top copper
layer acts as the feeding layer of the antenna. The middle
layer is the Vivaldi antenna responsible for energy radiation,
and the bottom layer is the control layer for transmitting
control signal to antenna elements.

The details of the UWB antenna element and the phase
shifter are illustrated in Figure 2, and the geometric dimen-
sions are shown in Table 1. As marked in Figure 2(b),
two PIN diodes (BAR64-02EL from Infineon Technologies)
named P1 and P2 are placed symmetrically on the feeding
layer. The S parameters of the diode, instead of Lumped
RLC, are directly imported into CST MWS to characterize
its broadband behavior. When one diode is turned on and
the other is turned off, a phase shift of 0°or 180°(Case I/II)
will be obtained. Therefore, the biasing line on the top of
the feeding layer is required to connect the control layer by
a via-hole to provide the necessary biasing voltages of the
diodes.

The simulated S; parameters of the antenna element
under the two states (Case I/I) are presented in Figure 3.
Compared to the traditional Vivaldi antenna, the overall
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FIGURE 2. Configuration of the 2-bit UWB antenna element. (a) The exploded view.
(b) The top copper layer for Vivaldi antenna element. (c) The middle Vivaldi antenna.
(d) The side view with of the element. (e) The top copper layer for wideband phase
shifter.

TABLE 1. Geometric dimensions of the UWB antenna element.

C 100 pF L8 3.3mm W4 0.15mm
L1 21.5mm L9 12.5mm W5 5.2mm
L2 9.55mm L10 3.41mm Woé 0.075mm
L3 17.4mm D 20.8mm WT 25mm
L4 8.2mm Wi 0.4mm LT 83.5mm
L5 9.9mm W2 0.4mm W7 0.23mm
L6 9.25mm W3 0.15mm W8 0.41mm
L7 10.2mm d 0.035 mm hl 0.25 mm
h2 0.53 mm

impedance bandwidth (IS;jl<—10 dB) of the antenna ele-
ment is greatly limited by the feeding layer, but the element
can still operate well in the frequency range of 3.9~5.7 GHz.
The relative bandwidth is nearly 38%, indicating that it is
suitable for many UWB applications. Although the structural
symmetry of the antenna element is employed to provide the
180° wideband phase difference, the accuracy of phase quan-
tization of the antenna element is still insufficient to support
good property of array. Hence, a wideband phase shifter is
needed to enhance the performance of the antenna element.

B. WIDEBAND PHASE SHIFTER

The wideband phase shifter shown in Figure 2(e) is designed
to improve the accuracy of phase quantization by generat-
ing 90°phase difference. The dimensions of the directional
coupler are carefully optimized to realize the 90°phase dif-
ference, which is related to the ON/OFF states (Case III/IV)
of the PIN diodes (P3 and P4 are also BAR64-02EL) in
Figure 2(e).

VOLUME 4, 2023



IEEE Open Journal of

Antennas and Propagation

)
S a0t
)
30
—&—Case |
—o—Case Il
-40 L . L . L
3.5 4.0 4.5 5.0 555 6.0 6.5

Frequency (GHz)

FIGURE 3. The simulated S11 of the UWB antenna element in Case | (P1 is on and
P2 is off) and Il (P1 is off and P2 is on) without the phase shifter.
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FIGURE 4. (a) S11 curves of the designed 90° phase shifter for Case Ill (The diodes
are turned on) and Case IV (The diodes are turned off). (b) The phase difference
between the two cases.

The S11 curves of the phase shifter when P3 and P4 are
turned on (Case III), or P3 and P4 are turned off (Case IV),
are shown in Figure 4(a). They are both below —10 dB
from 3.7 GHz to 5.5 GHz, while their phase difference
remains between 68°and 82°from 3.7 GHz to 5.5 GHz in
Figure 4(b). Because the range of phase shifter is sacri-
ficed to ensure that the impedance bandwidth (IS;;l<—10 dB)
meets the design objective, some corrective measures, such
as changing phase coding strategy and adding the pseudo-
random phase in initial phase, are employed to adjust the
operating situation of the antenna to reduce the impact caused
by the limited phase shift range.

C. 2-BIT UWB ELEMENT

Finally, we proceed to investigate the performance of the
antenna element when the phase shifter is included, as shown
in Figure 2(a). The simulated Sq; of the 2-bit antenna ele-
ment with four phase states, generated by the combination
of Case I/II and Case III/IV, is presented in Figure 5(a). It
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FIGURE 5. (a) S11 of the 2-bit antenna element in four phase states. (b) The phases
of the co-polarization electric field measured by the electric-field probe located in the
front of the antenna element.

is clear that, with the introduction of the phase shifter, the
impedance bandwidth (IS;;l<—10 dB) of the 2-bit antenna
element is slightly narrowed compared to Figure 3, which
ranges from 4 GHz to 5.5 GHz with a relative bandwidth
of 31%.

Moreover, the simulated phase states of the antenna ele-
ment measured by the electric-field probe are presented in
Figure 5(b). Since the structure of the phase shifter is mod-
ified for placing the biasing line, the phase difference of
element generated by the phase shifter remains between 80°
and 88° from 4 GHz to 5.5 GHz, as shown in Figure 5(b),
which is closer to the ideal phase states than the single wide-
band phase shifter. In summary, the 2-bit antenna element
reaches the design targets with excellent performance. Then,
a feeding network is required to transmit the microwave
signal to the designed elements.

D. FEEDING NETWORK

A feeding network with Taylor weight distribution and
—10 dB edge taper is designed to feed the antenna elements.
The Wilkinson power splitter is used as the basic structure
of the feeding network to improve the isolation between the
elements at the same level. Figure 6(a) shows the simula-
tion result of feeding network, wherein the 10 dB return loss
bandwidth is above 2.2 GHz and the relative bandwidth is
53%. Moreover, the amplitude distributions fit well with the
ideal ones at 4.0 GHz, 4.5 GHz and 5 GHz, respectively, as
shown in Figure 6(b). So far, the physical structure design
of the antenna has been completed and the phase codes for
beam steering are then discussed.
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FIGURE 6. (a) The reflection coefficient and (b) the amplitude distribution of the
feeding network.

E. PHASE QUANTIZATION

To realize a scanning beam, the phase states of antenna
elements should be coded to change the wavefront direc-
tion. According to the classical antenna theory, the phases
of all elements should be identical for broadside radiation.
However, for oblique radiation, different phase codes of
antenna elements are required. Moreover, it is necessary to
adopt phase quantization because of the finite phase states
of the proposed reconfigurable antenna element.

In [19], the round off method for phase coding was inves-
tigated to design phased array whose elements had 4 discrete
phase states with the resolution of 90°. However, because of
the inhomogeneous step of the phase states of the designed
2-bit UWB antenna element, the method are implemented as
Table 2, which shows the relation between the phase code
and the required continuous phase of the element, and the
purpose is to improve the pointing accuracy of antenna array.

Nevertheless, the above coding strategy still results in
phase quantization effects [17]. In order to further reduce
such errors, one can slightly change the last bit of phase
code for n-bit element (n > 2), since it can break the
periodicity of phase quantization error. But the available
phase states are actually reduced [20]. Therefore, we still
use the round off method for phase quantization in our
design. To avoid the high sidelobe level caused by the
phase quantization error, an additional pseudorandom phase
(PP) is added to the initial discrete phase for each ele-
ment as shown in Table 3, which breaks the periodicity of
phase quantization error [17]. In addition, the additional PP
will reduce the influence of the non-homogeneous phase
steps.
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TABLE 2. Determination the phase code.

Code 00 01 10 11

Phase 0°-80° 80°-180° 180°-260° 260°-360°

TABLE 3. The additional pseudorandom phase of each element at 4.5 GHz.

Element 1 2 3 4 5 6 7 8

PP(°) -10 -55 -10 -20 -55 -30 -55 0

Element 9 10 11 12 13 14 15 16

PP(°) -84 -55 -68 -10 -76 -10 =50 -10
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FIGURE 7. (a-b) Top and bottom views of the antenna element without the feeding
network. (c) The simulated and measured S11 when only the eighth element on the left
of Figure 7(a) is fed.

lll. FABRICATION AND MEASUREMENT

To validate our design, the 2-bit antenna array was manufac-
tured and measured. The top and bottom views of the Vivaldi
antenna elements without the feeding network and phase
shifter are provided in Figure 7(a) and (b). To characterize
the radiation property of single element within the array, we
only feed the eighth element on the left of Figure 7(a), while
the other elements are connected to 50€2 resistors. The mea-
sured 10-dB return loss bandwidth is about 1.88 GHz with
the relative bandwidth of 39.1%, which is in good agreement
with the simulation result.

The fabricated 2-bit reconfigurable antenna array com-
bined with the feeding network is exhibited in Figure 8(a),
in which the front view is provided, respectively. The mea-
sured reflection coefficient in Figure 8(b) indicates that the
—10 dB bandwidth is from 3.8 to 6 GHz (the relative band-
width is 45%), which is wider than the simulation result.
This can be attributed to the power dissipation of the feeding

VOLUME 4, 2023



IEEE Open Journal of

Antennas and Propagation

TABLE 4. Performance comparison of typical reconfigurable antennas.

Operating
Element
Type Bandwidth frequency Polarization Bit Width Scanning range
Number
(GHz)
2] RTA 29% 13.5 LP 256 1-bit +60°
[13] RRA 10.96% 7.85 LP n.a. 1-bit n.a.
[15] planar antenna Narrow Band 2 LP 4 1-bit +30°"
[17] planar antenna 21% 5.7 LP 16 1-bit +30°°
this work planar antenna 31.5% 4.8 LP 16 2-bit +45°
*Only switchable in few directions
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FIGURE 8. (a) Top views of antenna array with the feeding network. (b) The
measured S11 of the antenna array when the main lobe direction is normal direction of
array.

network, which leads to reduced quality factor and expanded
impedance bandwidth.

In the end, Figure 9(a) and (b) illustrate the measured and
simulated radiation patterns of the fabricated 2-bit antenna
array at 4 GHz and 5.5 GHz, respectively. The antenna
shows excellent scanning ability from —45°to 45° in the
observation bandwidth when we change the phase coding
sequence of the elements, and the sidelobe levels remain
below —10 dB, generally. For comparison, the simulated
radiation patterns of the antenna array are also given in
Figure 9(a) and (b), which are consistent with the measure-
ment results except that the maximum antenna gain along
broadside is reduced by 2.5 dB at 4 GHz and 1.5 dB at
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5.5 GHz. This may be due to the loss in the feeding network
being relatively more significant at 4 GHz.

Finally, we summarize performance comparisons among
the previously reported reconfigurable antennas and this
work in Table 4. It is obvious that the proposed recon-
figurable planar antenna array exhibits wide impedance
bandwidth and moderate scanning range. Besides, in compar-
ison to RRA (reconfigurable reflectarray antennas) and RTA
(Reconfigurable transmitarray antennas), this design has an
additional advantage of lower profile, making it easier to be
integrated in electronic systems.

IV. CONCLUSION

In this paper, a 2-bit reconfigurable UWB antenna array is
proposed. It is composed of Vivaldi antenna elements, 90°
UWB phase shifters and a feeding network. The simulated
and measure results show that the antenna array can oper-
ate well within the bandwidth of 4.0 ~ 5.5 GHz, with the
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sidelobe being lower than —10 dB and the scanning range
covering —45° ~ 45°. Thanks to the good performance of
the antenna array, we believe that it may find potential appli-
cations in areas including wireless communications and radar
detections.
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