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ABSTRACT In this paper, an electronically pattern reconfigurable antenna for Internet of Things (IoT)
applications is presented. The antenna consists of 4 wire-patches sharing the same ground plane. This
radiating element can switch between four end-fire radiation states in less than 5 us and achieves a
290 MHz frequency bandwidth from 2.25 to 2.54 GHz. The results show that this antenna can realize a
peak gain of 3.9 dBi at 2.44 GHz and a front-to-back ratio greater than 6.5 dB. A single low-power, low-
insertion loss SP4T switch enables the radiation pattern steering. This approach avoids the use of multiple
electronic components in the reconfiguration mechanism, thus accommodating the IoT microcontroller’s
limited resource constraints. The antenna structure is compact and printed on two cost-effective FR-4
printed circuit boards (PCBs). Thanks to its high performance, small size, low cost, and low-power
characteristics, the proposed structure is suitable for IoT applications.

INDEX TERMS Pattern reconfigurable antennas, pattern agile antennas, wire-patch antennas, compact

antennas, Internet of Things (IoT).

l. INTRODUCTION

NTERNET of Things (IoT) provides seamless interop-

erability between a large variety of low-power wireless
devices via the Internet. Smart objects are continuously sens-
ing the changes and gathering data from the environment.
As reported in [1], the number of connected objects world-
wide is expected to reach 29.3 billion by 2023. Large-scale
IoT networks are characterized by massive volume of data,
stringent resource constraints, and heterogeneous activity
levels. The high number of communication links creates
packet collision and decreases the overall network effi-
ciency. Moreover, retransmitting packets raises node power
usage despite their typically limited energy resources. In
this scenario, pattern-reconfigurable antennas can filter the
interference by targeting the radiation pattern towards a spe-
cific direction and decrease the data collisions rate, the
average energy for packet transmission, and the latency
opportunistically. Nodes equipped with switched beam anten-
nas would allow 88% lower energy consumption and 24%
lower data collision than a solution based on omnidirec-
tional antennas [2]. Reconfigurable radiation patterns with

maximal gain in the azimuth plane are usually preferred for
long range communication.

Antenna reconfigurability can be achieved by control-
ling mechanical, physical, or optical switches. Among them,
electronic switches are the most popular because of their effi-
ciency and easy integration with microwave circuits. Radio
Frequency (RF PIN diodes and RF MEMS are typical com-
ponents used to achieve dynamic tuning. PIN diodes have
some disadvantages, like a high insertion loss and lower
efficiency [3]. However, the lower costs make them attrac-
tive amongst researchers. RF MEMS switches are near-zero
power consumption. They offer miniaturization with no loss
of functionality, fast actuation techniques, very low insertion
loss, and extremely linear. Even though MEMS have only a
few drawbacks, such as the need for costly transformers to
provide high DC-bias voltages (40 V to 100 V), they are still
difficult to integrate on PCB and they are still expensive [4].
In contrast, Gallium Arsenide (GaAs) and CMOS switches
are relatively low cost and easy to integrate with RF cir-
cuitry. GaAs switches are small, they consume low power,
and they have very good switching speed performance. They
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are relatively low cost and easy to integrate into the antenna
structure. Finally, the limited number of external components
makes the interaction between the switch and the antenna
kept to a minimum [5]-[7]. However, GaAs switches require
DC blocking caps on RF inputs, an external driver, and are
usually high-power (> 1 pA), making them unsuitable for
power-constrained performance. CMOS switches are specif-
ically designed to operate on a band of frequency up to
900 MHz. They can handle transmitted power up to 16 dBm.
The low insertion loss, the high isolation between ports, the
low distortion, and the low current consumption (1 ©A max.)
make these switches an excellent solution for low-power IoT
applications [8], [9].

One possible solution to obtain radiation pattern reconfig-
uration relies on the use of parasitic element antenna arrays.
These systems are constituted by a single driven radiator
and multiple parasitic elements excited through the coupling
effect. The overall radiation pattern is usually reconfig-
ured by properly controlling variable loads connected to
the parasitic elements [10]. However, in these solutions,
each reactance’s value needs to be controlled separately
and is affected by the microcontroller output voltage vari-
ations. Other methods use integrated devices such as PIN
diodes [11], [12], or dimmers [13] that can be turned on
using external voltages. In [14], by changing the eight PIN
diodes-based switches’ states, the antenna provides eight
pattern-reconfigurable modes. In [15], the proposed antenna
achieves beam agility by reconfiguring parasitic striplines
with 20 PIN diodes. While effective, all these reconfigurable
design schemes are based on the use of several electronic
components that do not fit the limited energy and com-
putational resources usually available on autonomous IoT
nodes.

In [16], a 3-D parasitic layer-based antenna changes its
geometry using switches, thus providing reconfigurability of
the radiation pattern in both the azimuth and vertical planes.
However, the complex three-dimensional structure makes the
antenna challenging to fabricate and integrate into an IoT
device. In [17], a compact monopole antenna array with pairs
of switchable parasitic strips is proposed. The introduction of
control circuits in the antenna structure allows the realization
of eight beams in the azimuth plane. However, this solution
requires integration between the main steering elements with
other discrete components, such as DC blocks or RF bypass
components, to efficiently activate the reconfiguration circuit.

In this paper, a novel pattern reconfigurable antenna suit-
able for IoT applications is presented. A proof-of-concept
of the antenna was proposed in [18]. The antenna struc-
ture is composed of 4 wire-patch antennas and operates in
the 2.4 GHz band. The radiating elements and the con-
trol circuit are printed on two different FR4 printed circuit
boards (PCBs), thus facilitating the integration into an IoT
device. Each pattern configuration is activated using a sin-
gle 0.45 dB insertion loss single-pole four-throw (SP4T)
switch. The radiation structure is optimized to provide a max-
imum gain in the azimuth plane. The simple reconfiguration
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FIGURE 1. Initial antenna model: (a) 3-D isometric view and (b) zoom on the wire
patch elements.

mechanism, the small size, and the low-cost realization make
the proposed solution an ideal candidate to fulfill the demand
for IoT systems with spatial filtering capabilities.

Il. ANTENNA DESIGN

A. ANTENNA STRUCTURE

The proposed antenna geometry is shown in Fig. 1. It incor-
porates two layers, separated by an air gap. The top layer
consists of a metal film that includes N = 4 fan-shaped
microstrip patches while the bottom layer is a double side
circular PCB. On one side of the board, the transmission
lines used to feed the 4 antenna elements are printed. On
the other side, a copper floor acts as a ground plane for the
antenna. Each radiator is indicated with WP,,, n=1, ..., N.
The bottom PCB is printed on low-cost 0.8 mm thick FR-4
copper-cladded substrate with a relative dielectric permittiv-
ity of €, = 4.3, a dielectric loss tangent of tan § = 0.025,
and copper cladding thicknes of 0.035 mm.

Each patch is shorted to the ground plane by a copper pin
Sn, whose termination is indicated by 7S,. The shorting pin
is 8.835 mm long with a diameter of 0.5 mm. Each patch
on the top copper film is connected to a second vertical wire
marked as the feeding pin and indicated by F,,. The feeding
pin height is indicated by #,, and its diameter is 0.5 mm.
The combination of the fan-shaped patch, the feeding pin
and the shorting pin realizes a wire-patch radiating element.
The feeding pins are connected through the pads TF, to N
microstrip lines printed on the bottom board. The microstrip
lines are used to transfer the RF energy from a 502 discrete
port to the 4 patches. The length and width of the microstrip
lines are indicated by /s and wy, respectively. The distance
between shorting and feeding pins is indicated by dy.

A conductive skirt of height /s has been placed under
the lower PCB. The skirt surrounds the ground plane’s cir-
cumference forming an empty cylinder connected along the
edge of the copper floor. The ground skirting increases the
ground plane’s electrical length without changing its radius
and it reduces the tilt in the elevation plane of the radiation
pattern when the ground-plane size is limited [19], [20]. As
a consequence the peak gain in the azimuth plane increases
by reducing the elevation of the main lobe.
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TABLE 1. Radiation states provided by the antenna.

Pn
’ sae | ) ‘ P ‘ Py ‘ Py ‘ Py ‘
Ay 225 fed open open open
Ag 315 open fed open open
As 45 open open fed open
Ay 135 open open open fed

B(A/m)
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P
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FIGURE 2. Current distribution on the antenna at 2.44 GHz. (a) Ay, (b) Ag, (c) A3,
and (d) A4 antenna states.

B. ANTENNA RECONFIGURATION STATES

The reconfiguration mechanism of the antenna relies on the
activation of one wire-patch radiating element at the time.
The antenna can therefore provide N = 4 different states A,
n=1,...,N.In each A, state, the n-th 50-Ohm port injects
the RF signal to the TF, termination through the respec-
tive microstrip line, making the WP,, wire-patch active. The
remaining ports Py, k = 1,...,N, k # n are left in open
circuit, so that all WP, become parasitic elements and act
as directors for WP,,. The antenna’s main beam direction is
determined by the phase differences between the driven and
the parasitic elements. These latter contribute to the overall
radiation of the antenna through the coupling mechanism. In
this sense, the antenna is not the simple switchable combi-
nation of four wire-patch antennas, which would, otherwise,
exhibit their classical omnidirectional radiation behavior. The
proposed antenna can steer its main beam in the azimuth
plane to N different directions ¢, with a discrete step of 90
degrees (see Table 1).

Fig. 2 illustrates the simulated surface current distribu-
tion at 2.44 GHz for each antenna state A,. The strong
current concentration on the standing pins distinguishes the
antenna operating mode, which provides a vertically polar-
ized radiation pattern. The inductances of both feeding and
short-circuit wires act, together with the capacitance con-
stituted by the fan-shaped patch and the ground plane, as
a resonant circuit. The inductances are used to balance
the antenna impedance matching [21], and the resulting
equivalent circuit enables the TMp; mode of wire-patch
antennas [22]. A change in patch height or size would there-
fore affect the resonant frequency of the antenna. Fig. 3
shows the effect of changing the patch height on the Voltage
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FIGURE 4. Effect of varying the distance df between the feeding wire and the short
circuit (antenna in A4 state).
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FIGURE 5. Effect of varying the distance dp between each radiating unit.
(a) Antenna model, (b) and realized gain pattern in the A4 state for 3 different values
of dp.

Standing Wave Ratio (VSWR) of the antenna. As expected,
as the patch height decreases, the antenna resonant frequency
increases.

Fig. 4 shows VSWR of the antenna in A state for different
values of dr. As expected, the impedance matching can be
tuned by modifying the distance between the feeding wire
and the short circuit. More specifically, the VSWR lowers as
the short circuit gets closer to the feed. When df = 1 mm,
the resonance is centered at 2.44 GHz, and the matching
achieves a VSWR lower than 2.4 in the operating band. It
must be pointed out that, dealing with compact antennas, A
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FIGURE 6. Effect of varying the patch dimension. Analysis of (a) the radius rp, (b)
and the angular aperture ap (antenna in Ay state).

VSWR lower than 3 is considered to be acceptable for IoT
applications [23]-[26], since, as the antenna gets smaller, it
becomes harder to have a matching with a high Q-factor.
Moreover, given the low transmission powers of IoT devices,
the losses due to a VSWR = 3 lead to a signal level reduction
that is not noticeable over the air (if compared with the
signal level when the antenna has a lower VSWR, e.g.,
equal to 1.92).

Fig. 6 shows the effect of changing the radius r, and
the angular apertures o, of each wire-patch for the same
antenna state. The figure reveals that the antenna resonant
frequency is determined by both the angle and radius of the
radiating unit. As expected, the antenna resonance decreases
as the radius of the patch increases [see Fig. 6(a)], whereas
it increases as the angular aperture of the fan-shaped patch
element decreases [see Fig. 6(b)]. For r, = 16.41 mm and
ap = 90°, the antenna can cover 240 MHz from 2.36 to
2.6 GHz with a VSWR < 3. It is worth noting that the vari-
ation of the antenna resonance provided by the modification
of the patch height (please see Fig. 3) is more important than
the one caused by the patch dimension. For this reason, we
have first optimized the patch height and then the patch size.

The separation between each radiating element has been
determined to optimize the radiation performance of the
antenna in the state A;. The distance between the elements
must be sufficient to ensure a good gain. On the other hand,
such distance must not be too large so that the mutual
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FIGURE 7. Simulated total realized gain patterns in the A4 configuration with and
without the conductive skirt in (a) the azimuth plane (¢ = 90°), and (b) the elevation
plane at 4.
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FIGURE 8. Effect of varying the skirt’s diameter. (a) Antenna model, (b) and realized
gain pattern in the A4 state for 3 different values of the diameter of the skirt rs.

coupling can be properly exploited to obtain the desired radi-
ation behavior (minimum backward radiation and increased
front-to-back ratio), as shown in Fig. 5.

In order to clarify the role of the conductive skirt, the
simulated realized gain patterns provided by the antenna in
the A; configuration with (solid line) and without (dashed
line) the skirt are shown in Fig. 7. Fig. 7(b) clearly illustrates
that, when the skirt is not present, the maximum of radiation
is directed at 8 = 69° (21 degrees off the azimuth plane). The
maximum realized gain in the horizontal plane is 1.99 dBi,
i.e., 2.21 dBi lower than the gain obtained with the skirt
[see Fig. 7(a)].

In order to clarify how the height and diameter of the
skirt have been selected, the antenna radiation performance
has been evaluated in the A; state for the different antenna
models shown in Figs. 8(a) and 9(a). The simulated realized
gain patterns in the elevation plane for different values of the
skirt’s height and diameter are shown in Figs. 8(b) and 9(b),
respectively. As it can be noticed, the selected skirt diameter
is the smallest one that provides the maximum of radiation
in the horizontal plane without any tilt in the elevation plane
[see Fig. 8(b)]. Similarly, Fig. 9(b) shows that the selected
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FIGURE 9. Effect of varying the skirt’s height. (a) Antenna model, (b) and realized
gain pattern in the Ay state for 3 different values of the height of the skirt hs.
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FIGURE 10. The different radiation pattern configurations provided by the antenna.
The patterns represent the total realized gain in (a) the azimuth plane (¢ = 90°), and
(b) the elevation plane at pp, n=1-.--N.

skirt height is the one that puts the maximum of radiation
in the horizontal plane. When the skirt height is smaller or
larger, the maximum tilts towards 6 < 90° or 6 > 90°.

Finally, the realized gain of the antenna in its 4 antenna
states at 2.44 GHz is shown in Fig. 10. As it can be observed,
the patterns have a constant angular spacing of 90° and the
antenna is capable of providing 360-degree coverage in the
principal plane cut at & = 90° [see Fig. 10(a)]. The peak
realized gain in the direction of maximum radiation is almost
4.2 dBi. The half-power beamwidth (HPBW) of each pattern
is about 135° with a minimum gain between two consecutive
patterns of 3.1 dBi. Moreover, each pattern has a high front-
to-back ratio (FBR) of more than 9 dB, which can help
in spatial filtering of interfering signals coming from the
backward direction. For completeness, the radiation patterns
in the vertical planes at the different ¢, (see Table 1) are
shown in Fig. 10(b). Because of the antenna symmetry, the
vertical cuts look exactly the same.

C. RECONFIGURATION CIRCUIT IMPLEMENTATION
A reconfigurable network based on a SPAT switch is imple-
mented to accomplish the reconfiguration of the radiation
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FIGURE 11. Final antenna structure: (a) 3-D isometric view, (b) zoom on the
wire-patch, (c) bottom PCB including the SP4T switch and the reconfiguration circuit.

pattern. The numerical model of the antenna structure includ-
ing the reconfiguration circuit is shown in Fig. 11. The
copper film on the top layer is now printed on a FR-4 dielec-
tric substrate that makes the antenna more rigid and easy to
integrate into an IoT device. The 4 wire-patch radiators share
a single DC control circuit. This results in savings power
resources of the IoT node, which are usually limited (e.g.,
when the node is battery powered). The switching network
is placed on the bottom PCB to limit the impact on the radi-
ation performance when the reconfiguration is activated. The
selected SPAT switch is the PE613050 SPAT from Peregrine,
which is a CMOS-based tuning control switch with low
on-resistance and insertion loss. Both decoding and biasing
are integrated on-chip with the two-pin low voltage control.
There is no need for external DC filtering or biasing com-
ponents to prevent the DC and RF current’s short circuit.
The switch is characterized by 0.45 dB of insertion loss and
a very low-on resistance of R = 1.6 Q at 2.44 GHz. For
low-power IoT services, a CMOS switch represents the most
suitable means of reconfiguration amongst the many popular
electronic switches proposed in literature. It is worth noting
that the SPAT switch allows 4 directive radiation states that
can satisfy the 360-deg coverage with a power consumption
of 1 puA, which is approximately 10000 times lower than
the typical current value (10 mA) required to control PIN
diodes [27].

Fig. 11(c) shows the schematic of the DC bias lines to
control the SPAT switch. The switch input port is named
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TABLE 2. Optimized parameters of the proposed antenna.

[ Parameter [ Size [mm] [ Parameter | Size [mm] |
Tp 16.41 dp 13.9
Ts 35 lcom 9.09
s 9.1 Weom 0.25
wy 1.55 A 9.09
hp 8.4 1B 8.84
ds 1 I3 9.09
ts 0.8 4 8.84
hs 20 Wn, 0.6

Piom, while the four outputs are indicated with P,,n =
1,...,N. Each output port is connected to the respective
feeding pin F, via the pad TF,.

The RF signal is injected from a 50 € coaxial cable
through the pad C.y, and then to the input port of the
switch P, via a transmission line of dimension .., and
Weom- One output port of the switch is always in the ON
state, and the other three are in the OFF state. The SP4T
is used to practically activate one of four antenna configu-
ration. When the A, antenna mode is selected, the switch
allows the transfer of the RF signal from the coaxial cable
to TF, and thus to the n-th wire-patch antenna element. The
PE613050 switch relies on open reflective unselected ports
characterized by a very high reflection coefficient. Thus the
remaining output ports Py, k = 1,...,N, k # n are left in
an open circuit mode. Each transmission line used to route
the RF signal from F, to TF, has been designed using a
coplanar waveguide (CPW) model using a trace of length
1, initial width w,,, and metal thickness of 0.035 mm. The
RF output pads of the SP4T switch are thinner than the
50  lines. In order to connect each output switch port P,
to the feeding pin F), of the radiating unit, the width w,
have been tapered to a reasonable degree. This increases the
RF current injected in the connecting lines and avoids step
discontinuities that cause VSWR mismatch. Starting from
the dimension of a standard isolated 50 Q2 line, the width of
wy, and we,,, lines have been optimized separately to obtain
the best insertion loss considering the available space and
the integration constraints. This resulted in two different line
widths.

The paths that link the RF input port to the selected RF
output ports are modeled as an equivalent circuit composed
of a parallel connection of a fixed capacitor C = 0.14 pF and
a variable resistor R,,. In each antenna state A,, R, = 1.6 Q
(low-on resistance) so that P, is in ON, while R; = 400 k<2,
k=1,...,N, k # n (Px OFF). The switch requires only
two voltage control bits to enable the four antenna config-
urations. The switch pads Vi and V, receives the control
voltages and put each output port P, either in low or high-
impedance state. G and DG indicate respectively, the ground
and digital ground. The optimized values of the final antenna
model’s geometric parameters, as well as the values of the
reconfiguration circuit layout, are listed in Table 2.

lll. NUMERICAL AND EXPERIMENTAL RESULTS
The optimized pattern-reconfigurable antenna has been fab-
ricated and tested. Fig. 12 shows the pre-assembly prototype
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FIGURE 12. Antenna prototype. Pre-assembly antenna elements: (a)-(b) top and
bottom view of the top PCB, (c) vertical metallic pins and plastic screws, (d)-(e) top
and bottom view of the bottom PCB, and (f) integration of the RF and DC stages.

FIGURE 13. Assembled antenna. 3-D radiation pattern and antenna under test (AUT)
measurement test setup.

elements of the antenna. Figs. 12(a), (b), (d), () show the
top and bottom faces of the two PCBs. The plastic screws
of Fig. 12(c) support the top PCB and keep it at the cor-
rect distance of 8.4 mm from the bottom PCB. The metallic
wires have been used as feeding and shorting pins. The
antenna allows suitable integration of the RF and DC elec-
tronic stages thanks to its natural protection created by the
skirt and the bottom PCB’s ground plane. The integration of
the RF and DC electronic stages is shown in Fig. 12(f). The
material of the skirt is an aluminum-manganese alloy. The
alloy offers good strength and turns the skirt into natural
protection to the antenna’s RF and DC electronic stages
accommodated inside it. The alloy allows the skirt to be eas-
ily soldered with the bottom layer’s copper film to which it
is attached and has good conductivity (¢ = 3.5 x 107 S/m).
On the bottom face of the lower PCB, the prototype has been
equipped with a classical SMA connector to inject the RF
signals and with wires soldered to the pads of the switching
circuit. These electrical wires are connected to an Arduino
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FIGURE 14. Simulated and measured realized gain patterns of the antenna in the A4
state.

Pro Mini powered by a 3.3 V battery. The Arduino provides
the DC supply voltage to the switch through the Vpp pad and
the voltage control bits through the CB; and CB; pads (see
Fig. 11). Finally, the microcontroller and antenna grounds
are connected through the Vgg pad. Both the electric and
radiating characteristics of the prototype have been tested in
a Satimo Starlab Station. Because of the symmetry of the
antenna structure, only the results of the antenna state A
are here reported. Fig. 14 shows the simulated (solid line)
and measured (dotted line) realized gain values in the hor-
izontal and vertical planes. As it can be noticed, numerical
and experimental data are in good agreement. The simulated
and measured maximum realized gains are 4.45 dBi and
3.9 dBi, respectively. The measured main-beam is pointed
to 230° (225° in simulation) in the horizontal plane with a
80° half-power beamwidth (HPBW) from 190° to 270° (a
115° HPBW from 167° to 282° in simulation). The side lobe
pointing at & = 180° is mainly due to the limited dimen-
sions of the antenna ground plane. As shown in Fig. 8, when
the antenna ground plane increases, the side lobe intensity
in the vertical direction decreases. However, to keep the
antenna size as small as possible, a smaller skirt radius has
been selected (the minimum one for which the maximum
of radiation was in the horizontal plane). It must be pointed
out that, since IoT network nodes are usually considered
to be communicating in the same horizontal plane, having
a side lobe in the vertical direction will not increase the
interference level. The antenna exhibits a measured FBR
higher than 6.5 dB. This value is acceptable in the majority
of IoT applications. As demonstrated in [16], the spatial fil-
tering capability given by a pattern reconfigurable antenna
with a FBR approaching 7 dB provides up to 29% of network
capacity gain and 13% coverage improvement compared to
the standard case in which a legacy omnidirectional antenna
is used.

Fig. 15 shows the simulated and measured VSWR of the
antenna over frequency. It can be seen that the antenna
achieves a measured impedance bandwidth of 290 MHz
ranges from 2.25 to 2.54 GHz with a VSWR < 3. These
data are in good agreement with the numerical ones. The
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FIGURE 16. Simulated and measured total efficiency of the antenna in the A state.

simulated antenna impedance bandwidth covers 170 MHz
from 2.33 GHz to 2.5 GHz. The differences between the
simulated and measured VSWR values outside the band of
interest can be ascribed to the currents flowing on the coaxial
cable used to feed the antenna during the measurement phase.
These currents increase the electrical size of the antenna
ground plane, resulting in a decrease of the antenna Q-factor
and therefore in an increase of the impedance bandwidth.

Finally, the simulated and measured antenna total effi-
ciency is depicted in Fig. 16. The measure results well fit
the simulated ones, especially in the band of interest, con-
firming the effectiveness of the antenna numerical model.
The differences in terms of quality factor can be ascribed to
imperfections in the realization of the prototype. The mea-
sured antenna total efficiency varies between to 57% and
60% in the 2.4 GHz band.

Table 3 presents the characteristics of the proposed solu-
tion compared with those of other works available in
literature. The solutions in [12], [15], [16] have static power
consumptions higher than the power handling capabilities of
standard IoT receivers (usually 30 mW). In our solution, a
monolithically integrated tuning solution based on CMOS
technology reduces the overall power consumption, which
is only 0.42 mW, less than the power consumption of the
solutions presented in [10]-[12], [15]-[17]. Only in [13],
single pole single throw (SPST) switches have been used to
activate the reconfiguration with a lower static power con-
sumption (0.0013 mW). However the 4 radiation patterns
that are enabled have a maximum gain of only 1.5 dBi in

VOLUME 2, 2021



IEEE Open Journal of
Antennas and Propagation

TABLE 3. Comparison to the state of the art.

N. of

Fabrication S.C. static radiation Gain at
cost and Steerin Number of power Number of states / N 0 =90° /
Reference S.C.* elementgs components consump- radiation Size of : largest
complexity in the S.C. tion states components dimension
[Low/High] [mW] o ﬂfl’e SC [1/A]
[10] Low DTC 3 0.5 3 Ot 1 6.16
: 0.65X0 x
[11] Low PIN diodes 24 8 0.560 0.33 4.53
[12] High PIN diodes 36 600 6 2(')55*/‘\’0* 0.16 0.4
. SPST 1.23Xg %
[13] High switches 8 0.0013 4 0.028)0 0.5 1.14
[14] Low PIN diodes 32 NA. 8 O 0.25 135
[15] High PIN diodes 30 161.5 5 06527§‘§0x 0.16 5.15
[16] High PIN diodes 15 66.5 7 065?3;‘20* 0.46 422
[17] High PIN diodes 44 8 (1)’\10/\: 0.18 1
SP4T 0.23)\ x
Our work Low switch 1 0.42 4 0.56)0 4 4.6
*S.C.= switching circuitry

the azimuth plane which is less than the peak gain offered
by the proposed solution (3.9 dBi).

Moreover, Table 3 shows that a ratio between the num-
ber of radiation states and the number of reconfigurable
components of the proposed antenna is equal to 4, which
is higher than the ratio obtained by the solutions in [11],
[12], [14]-[17]. Using a single switch to reconfigure the
radiation pattern eliminates the use of many circuit modules
and, consequently, it well fits the microcontroller’s limited
resource constraints. An acceptable ratio of the number of the
states over the number of components equal to 1 is obtained
in [10]. However, the microcontroller’s output voltage vari-
ations affect the capacitance values provided by the DTC,
which also needs to be independently controlled. Finally, the
solutions presented in [10], [15] have a larger ratio between
the antenna realized gain in the principal cut & = 90° and its
largest dimension when compared with the antenna proposed
here. However, the solution in [10] is based on a differential
antenna, and the lack of a ground plane makes the devel-
opment and the integration with radio-frequency circuitry
difficult. Besides, the gain performance of [15] relies on
expensive substrate and complex biasing network. Instead,
the proposed antenna solution is printed on two cost-effective
FR-4 PCBs suitable for massive production.

IV. CONCLUSION

A novel pattern reconfigurable antenna suitable for IoT
applications has been presented in this paper. The antenna
structure consists of only two FR4 PCBs, vias, and a metallic
skirt, making the antenna easy to realize and cheap to pro-
duce. The antenna can steer its radiation pattern to four
overlapping endfire directions in the azimuth plane. The
reconfiguration of the pattern is activated using a single
low insertion loss, low on-resistance SP4T switch controlled
by a 2-bit microcontroller-generated voltage combination.
Its simple reconfiguration mechanism, limited volume, and

VOLUME 2, 2021

low-cost realization make the proposed antenna an ideal can-
didate to satisfy the need of IoT devices with spatial filtering
capabilities.
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