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Abstract— Reconfigurable antennas introduce unique and
dynamic system capabilities for wireless communication and
sensing, by enabling controllable radiation pattern, frequency
response, and polarization of electromagnetic (EM) waves. The
antenna’s physical dimensions are critical to enhancing control
of radiative characteristics, making it necessary to distribute
RF control devices across a large-area aperture. Previous
reconfigurable antennas have been limited in scale and per-
formance by the need to assemble discrete active components.
Large-area electronics (LAE) is a technology that can enable
monolithic reconfigurable antennas, with flexible and large form
factors. However, conventionally the speed of LAE, specifically of
thin-film transistors (TFTs), has been restricted to 10–100 MHz.
In this work, a reconfigurable antenna based on LAE RF TFTs
is achieved through a combination of: 1) materials and device
enhancements pushing fundamental TFT performance metrics to
the giga-Hertz regime and 2) an architecture that employs the
TFTs as passive switches, rather than active amplifiers, to enable
aggressive biasing for high-frequency operation, yet within the
breakdown limits. A 9 × 9 cm2 reconfigurable antenna consisting
of an 11 × 11 array of metal patches as sub-radiators controlled
by 208 TFT-based RF switches is demonstrated. Far-field and
S-parameter measurements show reconfigured beam steering by
90◦ and resonant-frequency tuning by 200 MHz.

Index Terms— Internet of Things (IoT), large-area electronics
(LAE), reconfigurable antenna, thin-film transistor (TFT), wire-
less sensing.

I. INTRODUCTION

THE Internet of Things (IoT) envisions a large number
of widely and densely distributed sensing devices, which

are typically accessed using low-power giga-Hertz radios [1],
[2], [3]. As illustrated by the example of a smart warehouse
in Fig. 1, the dense and spatial nature of the network requires

Manuscript received 18 March 2023; revised 1 September 2023; accepted
25 September 2023. Date of publication 19 October 2023; date of current
version 25 April 2024. This article was approved by Associate Editor Piero
Malcovati. This work was supported in part by the Center for Brain-Inspired
Computing (C-BRIC), one of the six centers in Joint University Microelectron-
ics Program (JUMP) sponsored by the Defense Advanced Research Projects
Agency (DARPA) under Grant 40001859-075 and in part by the Princeton
Program in Plasma Science and Technology (PPST). (Corresponding authors:
Can Wu; Naveen Verma.)

Can Wu, Yue Ma, Yoni Mehlman, Murat Ozatay, Sigurd Wagner,
James C. Sturm, and Naveen Verma are with the Department of Electrical
and Computer Engineering, Princeton University, Princeton, NJ 08544 USA
(e-mail: canw@princeton.edu; nverma@princeton.edu).

Suresh Venkatesh is with the Department of Electrical and Computer
Engineering, North Carolina State University, Raleigh, NC 27606 USA.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JSSC.2023.3322905.

Digital Object Identifier 10.1109/JSSC.2023.3322905

Fig. 1. IoT systems envision antennas with dynamically tunable beam
directionality and frequency.

several critical functionalities for wireless accessing, including
direction finding, addressing, and transmission, as well as
flexible spectrum allocation and polarization control. Such
agility presents significant new opportunities and challenges
for antennas, which serve as the interface between guided sig-
nals in the system and unguided electromagnetic (EM) waves
to the distributed nodes. The constraints of traditional designs
with fixed parameters motivate a new class of antennas, with
designs where the key parameters, such as directionality,
frequency response, and polarization, can be reconfigured.

Such parameter reconfigurability can be achieved by setting
the RF current distribution across the radiating aperture, using
controllable devices [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16]. Moreover, there is significant
interest in creating physically large apertures (cm’s to m’s),
as this enhances reconfigurability, directionality, and radia-
tion efficiency. Large antennas are particularly important for
communication in the low-power sensing band of 2.4 GHz
(λ = 12.5 cm in vacuum/free space) [17], [18], [19]. Up to
now, antenna size for this band has been limited by the lack
of a technology offering control devices with adequate RF
performance over the centimeter-to-meter dimensions required
[4], [7]. All reconfigurable-antenna realizations thus far have
employed assembly of discrete devices [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16], limiting performance
and cost for widescale IoT applications.

Large-area electronics (LAE) is a compelling candidate
technology for IoT. LAE employs monolithic integration
of semiconductors, metals, and dielectrics over meter-scale
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Fig. 2. Architecture of the reconfigurable antenna.

dimensions at low cost on rigid or flexible substrates [20],
[21], [22], [23], [24], [25], [26], [27], [28]. The primary
application of LAE has been flat-panel displays, with industrial
fabrication on up to 10 m2 glass or plastic substrates [29]. Such
dimensions and substrates require low-temperature fabrication
processing and technologies, resulting in low charge-carrier
mobilities that have restricted LAE system frequencies to 10’s
of mega-Hertz [26], [30], [31], [32], [33], [34], far below the
frequencies required for practical wireless systems.

Here we expand on the initial report [35] of the first demon-
stration of a monolithically-integrable reconfigurable antenna
based on LAE, suitable for IoT wireless systems operating
in the 2.4 GHz band. The radiating aperture is formed by
a 2-D array of metal patches on a flat substrate. Reconfig-
urability is achieved via LAE thin-film-transistor (TFT)-based
RF switches placed between neighboring patches. The ON/OFF
states of the switches control the current distribution across the
antenna aperture, thus setting its radiative characteristics. The
operating frequency of commercial LAE TFTs is inadequate
for giga-Hertz applications. By systematic device and circuit
co-design, we boost the operating frequency of TFT switches
to enable LAE technology in the giga-Hertz regime. This
provides an approach to implementing monolithic reconfig-
urable antennas that can scale to large physical dimensions,
enabling wireless capabilities impracticable by conventional
technologies (e.g., Si, RF-micro-electromechanical systems
(MEMS), and III–V’s) [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16].

II. SYSTEM ARCHITECTURE

The design of our reconfigurable antenna is shown in Fig. 2.
The radiating aperture has a size of 9 × 9 cm2 and consists of
an 11 × 11 array of uniformly spaced square metal patches,
each 4.2 mm on a side. Between two neighboring patches,
a TFT-based RF switch is placed to configure direct current
paths across the array. The RF input is fed into the antenna
via two central patches. The entire design can be imple-
mented as a multilayer planar structure of thin-film dielectrics,
semiconductors, and metals. We adopt standard manufacturing
techniques of the LAE flat-panel display industry, wherein the
thin films can be deposited onto a glass or plastic substrate and
lithographically patterned, all at low temperatures (<200 ◦C)
[21], [30], [31], [32], [33], [34].

Fig. 3. Full-wave EM simulation of the reconfigurable antenna for
three representative switch configurations. (a) Definition of coordinate axes.
(b) Simulated antenna characteristics. In the current-distribution heat maps
(top), thick black lines indicate where switches are ON, while their absence
indicates where switches are OFF.

Each metal patch acts as a sub-radiator. In its vicinity,
the EM field is controlled by: 1) current directly flowing in
from its neighbors through RF switches and 2) surface current
induced by interactions with nearby patches via near-field
coupling. Hence, the overall characteristics of the antenna,
including electrical impedance (seen by the RF source), far-
field polarization, and radiation pattern, are controlled by the
combined ON/OFF states of the switches in the array.

To analyze these characteristics, full-wave 3-D EM simula-
tions are performed using a time-domain solver based on the
finite integration technique provided by the Computer Simu-
lation Technology (CST) Microwave Studio software package
[36]. Fig. 3 shows the current distributions and radiation
patterns for three representative switch-state configurations.
The coordinates are defined as follows: the antenna is placed
on the xy plane; the radiation patterns are probed on a
hemisphere in the far-field and are shown on a 2-D map using
polar coordinates (θ and φ).

The different current distributions set the controllable
antenna parameters. First, they establish the effective radiating
aperture, whose size determines the frequency at which under-
lying electric fields form standing waves, thereby controlling
the antenna’s resonant frequency [37]. Second, they establish
the electric field, through the relationship given by the inho-
mogeneous Helmholtz equation between vector potential and
current, thus controlling the far-field radiation pattern [37].
Third, they determine the direction of current flow, which
also directly sets the polarization of the electric field in the
far-field. As examples, Configs. I and II demonstrate antenna
reconfigurability in beam direction, and Configs. II and III
demonstrate reconfigurability in frequency.

Authorized licensed use limited to: Princeton University. Downloaded on August 23,2024 at 13:53:38 UTC from IEEE Xplore.  Restrictions apply. 



WU et al.: MONOLITHICALLY INTEGRABLE RECONFIGURABLE ANTENNA BASED ON LARGE-AREA ELECTRONICS 1477

Fig. 4. Simulated reconfigurable antenna radiation efficiency versus nor-
malized switch width. The tradeoff between insertion loss (large |ZON|)

and isolation loss (small |ZOFF|) leads to an optimal switch width for any
|ZOFF/ZON| ratio.

Fig. 5. Optimal antenna radiation efficiency versus |ZOFF/ZON|. The data
points are the maximum efficiency values of the curves in Fig. 4.

III. DESIGN OF LAE TFT RF SWITCH

Efficient RF switches operating at giga-Hertz frequencies
are the essential components for the reconfigurable antenna.
The nonzero impedance of the switch ON state |ZON| causes
insertion loss, and its finite impedance of the OFF state
|ZOFF| causes isolation loss, both resulting in system losses.
Fig. 4 illustrates their effect by plotting the antenna radiation
efficiency versus normalized width of switches implemented
for a range of impedance ratios |ZOFF/ZON| (noting that |ZOFF|

and |ZON| scale together with the chosen switch size). Due
to the tradeoff between insertion loss, caused by large |ZON|

(small switch width), and isolation loss, caused by small |ZOFF|

(large switch width), an optimal width is observed for radiation
efficiency, with the highest achievable efficiency shown in
Fig. 5 set by the impedance ratio. Figs. 4 and 5 thus show
that the switch impedance ratio |ZOFF/ZON| is a fundamental
metric for reconfigurable antenna system efficiency.

The |ZOFF/ZON| of LAE TFTs is limited by high para-
sitic capacitance (sets |ZOFF|) and low charge-carrier mobility
(sets |ZON|). High parasitic capacitance originates in the
TFT source(S)/drain(D)-to-gate(G) overlaps, which in standard
TFTs typically range from 10 to 20 µm [21], [22], [38].
The comparatively low electron field-effect mobility originates
in trap states in the low-temperature semiconductor materials

Fig. 6. Schematic of a standard (non-self-aligned) bottom-gate n-channel
ZnO TFT with parasitic capacitances.

Fig. 7. Modeled impedance of a non-self-aligned ZnO TFT used as an
RF switch. While |ZOFF| is dominated by the S/D-to-G overlap capacitances,
|ZON| is dominated by the channel conductance.

Fig. 8. Resonant LAE RF switch, consisting of a self-aligned ZnO TFT with
minimized S/D-to-G overlaps, high-quality-factor LAE inductor, and low-loss
thick gate-metal stack, used with high gate-biasing for breakdown-safe passive
operation.

used, and typically ranges from 10 to 20 cm2/V ·s in the state-
of-the-art LAE TFTs [21], [39].

Fig. 6 illustrates the zinc oxide (ZnO)-based TFT fabricated
in our laboratory, in the standard non-self-aligned bottom-gate
configuration. The semiconductor (ZnO), gate oxide (Al2O3),
and passivation (Al2O3) are deposited by plasma-enhanced
atomic layer deposition (PEALD) at a flex-compatible temper-
ature of 200 ◦C [38]. Typical TFT parameters are: n-channel
field-effect mobility of ∼20 cm2/V · s; Al2O3 gate insula-
tor thickness of 40 nm; state-of-the-art channel length of
L = 2 µm; and S/D-to-G overlap of L OV = 10 µm.

The modeled impedances of this TFT, used as an RF switch,
are shown in Fig. 7. Its OFF-to-ON impedance ratio drops
to unity at a cut-off frequency of 32 MHz, far below the
frequency required for a 2.4 GHz reconfigurable antenna.

To enable giga-Hertz reconfigurable antennas, we enhance
the TFT |ZOFF/ZON| via device, circuit, and system architecture
co-design, as shown in Fig. 8: we 1) leverage self-aligned
TFTs, to reduce the overlap capacitances and enable aggressive
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Fig. 9. Circuit model of the resonant RF switch.

scaling of channel length [40]; 2) resonate out the OFF-
state capacitances via a high-quality-factor (high-Q) planar
inductor, made possible by the large surface area available
in LAE; 3) increase the resonant-circuit quality factor by
reducing TFT gate-electrode losses, via thick low-resistance
gate-metal materials; and 4) reduce TFT ON-state resistance
by aggressive gate biasing while maintaining adequate margin
against TFT thermal breakdown, made possible by the passive
switch operation required in the antenna architecture.

A. Circuit Model and Optimization of the Resonant Switch

Fig. 9 illustrates the circuit model of the resonant RF
switch. The TFT’s OFF state is dominated by a parasitic
conduction path through the two S/D-to-G overlap capacitors
CGS and CGD in series with the gate electrode resistor RL

G
(the superscript “L” represents the gate resistance in the
channel length direction, to distinguish it from the traditional
definition of the gate resistance along the channel width
direction). The TFT’s ON state is dominated by the channel
conductance 1/RCH.

By putting a high-Q inductor L IND in parallel with the TFT,
the capacitors can be resonated out at the frequency of interest
ω0, which is 2.4 GHz in our case

ω0 =
1

√
L INDCS

= 2π · 2.4 GHz. (1)

CS is the combined capacitance of the two overlap capacitors
CGS and CGD in series, i.e., CS = CGS||CGD. In the equivalent
parallel network, this resonant operation leaves two residual
resistances, RC,P and RL ,P . Their values are set by the
capacitance and the quality factors of the inductor and the
capacitor

RC,P ≈
QC

ω0CS
(2)

RL ,P ≈ QLω0L IND =
QL

ω0CS
. (3)

QC and QL are the quality factors of the capacitor and
inductor, defined as QC = (1/(ω0CS RL

G)) and QL =

((ω0L IND)/RIND).

Fig. 10. OFF impedance |ZOFF(ω)| of the resonant switch versus frequency,
for a range of inductor quality factors QL .

Fig. 11. Switch OFF impedance |ZOFF(ω0)| (left axis) and bandwidth at
half-maximum (right axis) versus inductor quality factor QL .

Therefore, the overall OFF impedance is

|ZOFF| = RC,P ||RL ,P =
1

ω0(CGS||CGD)
· (QC ||QL). (4)

Thus to boost |ZOFF|, we 1) enhance the quality factors by
employing low-loss inductors and a thick, composite gate
electrode (Section III-C) and 2) minimize the overlap capac-
itances CGS and CGD by a self-aligned fabrication process
(Section III-D).

B. Bandwidth Versus OFF-Impedance Tradeoff

Fig. 10 shows the OFF-state impedance of the switch |ZOFF|,
for four values of the inductor quality factor QL . The resonant
operation is seen to trade off bandwidth for |ZOFF|. For a fixed
gate resistance of RL

G = 1 �, Fig. 11 shows the effect of
varying QL on |ZOFF| and bandwidth. Raising QL from 10 to
30 raises |ZOFF| by a factor of 2.2, while the bandwidth at
half-maximum of |ZOFF| reduces by 55%. This bandwidth-
impedance tradeoff is acceptable in IoT applications, because
antennas are typically operated within a narrow bandwidth,
to attain high system efficiency [1], [3], [41].

C. High Quality-Factor Inductor and Low-Resistance Gate

Equation (4) suggests that the OFF impedance can be
increased by increasing the quality factors of the inductor QL

and the capacitor QC .
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Fig. 12. Measured inductance L IND (left axis) and quality factor QL (right
axis) of integrated ON-chip planar loop inductors made of 2.5 µm-thick gold
and silver. Inset: die photograph of the inductor.

To enhance QL , we take advantage of wide metal traces
with large cross sections, as well as the low-loss substrates
possible in LAE [42], [43], [44], [45] (e.g., tangent loss
of ∼0.006 for polyimide and ∼0.005 for Corning glass in
LAE versus ∼0.04 for Si substrates in Si-CMOS, at giga-
Hertz frequencies). The inset to Fig. 12 shows the inductor,
a planar loop of 1 mm radius made with a 0.2 mm wide trace.
The loop is made of 2.5 µm-thick thermal-evaporated gold or
silver (two metals of low resistivity available in our cleanroom
facility). In industrial manufacturing, a thick silver layer can be
fabricated using screen printing of nanoparticle ink followed
by a short period of annealing to attain high conductivity [46].
EM simulations predict an inductance L IND of ∼4.1 nH, which
agrees well with that measured on fabricated inductors via a
vector network analyzer (VNA). The measured quality factors
at 2.4 GHz are ∼28 for gold and ∼22 for silver. These values
are approximately 2.5–3 times that of a monolithic inductor
with similar geometry made in Si-CMOS [43], [47].

To raise QC , we reduce the gate resistance by building a
composite gate electrode stack of Cr/Al/Cr with thicknesses
of 10/110/40 nm, as shown in Fig. 6. Its sheet resistance is
about 2 �/□.

D. Self-Alignment

Equation (4) suggests that the OFF impedance can be
increased by minimizing the S/D-to-G overlap capacitors CGS
and CGD. In the standard LAE TFT fabrication process, large
CGS and CGD originate from the need to avoid misalignment
between source/drain and gate-electrodes [22], [31], [32], [33],
[34], [35]. But ensuring adequate alignment margin results in
large S/D-to-G overlaps, typically ranging from 10 to 20 µm.
We reduce CGS and CGD by using a self-aligned process. When
patterning the S/D contacts, we expose the photoresist to UV
light incident from the glass substrate side, with the thick gate
metal acting as the mask [40]. The self-alignment reliably
reduces the overlap down to ∼0.5 µm, correspondingly reduc-
ing CGS and CGD tenfold. With the self-alignment technique,
as shown in Fig. 13, the unity-current gain frequency fT

and the unity-power gain frequency fMAX for ZnO TFTs
are pushed from the mega-Hertz regime to 0.4 and 2 GHz,
respectively.

Fig. 13. Measured current gain (|H21|) and maximum available power gain
(MAG) versus frequency, for a self-aligned ZnO TFT with W/L = 150/1 µm
(six fingers, each 25 µm wide).

Fig. 14. Measured current IDS,BREAK and power PBREAK (≜VDS · IDS,BREAK)

over a range of breakdown voltages VDS’s.

E. Aggressive Yet Breakdown-Safe Biasing

Having increased |ZOFF| through resonant operation and
TFT self-alignment, we now turn to decreasing the
ON-state impedance |ZON|, which is determined by the channel
resistance RCH as shown in Fig. 9. In our reconfigurable
antenna we use the TFTs as passive RF switches that operate
in the deep triode regime (i.e., VDS ≪ VGS − VT ). Therefore,
RCH can be approximated as

RCH =
1

µnCOX
W
L (VGS − VT )

(5)

where µn is the electron mobility and COX is the gate capaci-
tance per unit area. Raising VGS reduces RCH, but in practice,
this is limited by TFT breakdown. Previous work has shown
that the safe bias point for employing our TFTs with 40 nm
thin gate dielectric, as active amplifiers (i.e., VDS > VGS−VT ),
e.g., in oscillator circuits, is only about 6–8 V [45].

Characterization of the TFT breakdown conditions in
Fig. 14 reveals an inverse relationship between VDS and the
breakdown current IDS,BREAK. The breakdown condition is
a roughly constant power PBREAK (defined as PBREAK ≜
VDS · IDS,BREAK). This suggests a thermally induced breakdown
mechanism [48], [49], [50].

A key co-design insight is that the antenna architecture
employs the TFTs as passive switches, rather than as active
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Fig. 15. Transfer curve in the deep triode regime of the LAE ZnO TFT used
as a passive switch in the antenna.

Fig. 16. Measured OFF-state TFT impedance (without the inductor) versus
frequency. The impedance is shown as the real and imaginary parts.

devices. This enables operation in the deep triode regime, with
low VDS bias, while active devices require saturation-regime
biasing at a much higher VDS. The deep-triode operation
reduces TFT power consumption, allowing for increasing VGS
from 6–8 to 20 V, while still maintaining an adequate thermal-
breakdown margin. The low-VDS transfer curve in Fig. 15
shows that this leads to a 9× reduction in RCH.

F. Limits of the LAE Switch and Outlook

As suggested by (4), the switch OFF impedance is set by
the quality factor of the LC resonator, i.e., QC and QL for the
capacitor and inductor branches, respectively. In this section,
we first analyze the factors that limit QC and QL in the
current LAE technology, and then identify directions for future
improvement of switch performance.

As shown in Fig. 16, the real part of the measured OFF-
state TFT impedance (without the inductor) is orders of
magnitude higher than the gate resistance RL

G , estimated by
RL

G = R□ · ((L + 2LOV)/W ) ≈ 2 m�, where R□ = 2 �/□
is the measured gate sheet resistance. This suggests that when
we use the thick, composite gate-stack (made of Cr/Al/Cr as
shown in Figs. 6 and 8), the OFF impedance is no longer
dominated by the gate, but rather possibly by the metal-
to-semiconductor contact resistance at the TFT source and
drain.

In Fig. 17, we illustrate how the OFF impedance of the reso-
nant switch (with the inductor) scales with contact resistance.

Fig. 17. OFF impedance |ZOFF(ω0)| of the resonant switch versus contact
resistance (normalized by TFT width), for a range of inductor quality
factors QL .

Fig. 18. Die photograph of the LAE resonant RF switch, monolithically
fabricated on glass at flex-compatible temperatures (<200 ◦C).

This points out that optimizing the TFT contacts is key to
further enhancement of the switch performance. Doping the
semiconductor layer [51] or plasma treatment [52] could serve
this purpose.

Fig. 17 also suggests that when the contact resistance is
minimized down to 100’s � · µm, the inductor quality factor
becomes the bottleneck. To address this, layout optimization
[53] and integrating ferromagnetic materials [54] are possible
solutions.

IV. SYSTEM DEMONSTRATION AND MEASUREMENTS

A. Characterization of the LAE Resonant RF Switch

Combining all the device and circuit techniques of
Section III, TFT-based resonant RF switches, as shown in
Fig. 18, are fabricated on glass at flex-compatible temperatures
(<200 ◦C). A high-impedance ∼20 k� resistor, made of
a 10 nm-thick Cr film, is put in series with the gate. It
isolates the dc biasing traces, thereby preventing undesired
parasitic RF feedthrough as well as electrostatic discharge
(ESD) damage.

Fig. 19 shows the dc transfer curves of our ZnO TFTs and
their variations. The measured switch impedance is shown in
Fig. 20. Within the band of interest, centered at 2.4 GHz, a
|ZOFF/ZON| of 48 with half-maximum bandwidth of 350 MHz
is achieved. The antenna radiation efficiency reaches a maxi-
mum at W/L = 3000/1.4 µm with |ZOFF/ZON| = 48, which
corresponds to a normalized switch size of ∼17 in Fig. 4.
This device demonstrates, for the first time, an efficient RF
switch made in LAE technology, operating in the giga-Hertz
frequency regime required for practical wireless systems.
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Fig. 19. Measured IDS − VGS transfer curves of 15 ZnO TFTs with
W/L = 3000/1.4 µm at VDS = 0.1 and 5V . The solid line shows an average,
while the shaded region shows maximum/minimum boundaries.

Fig. 20. Measured impedance of the resonant RF switch in the ON and OFF
states.

TABLE I
SUMMARY OF TRANSISTOR MEASUREMENTS

Table I summarizes the characteristics of the demonstrated
LAE TFTs.

B. Antenna Prototype and Measurement Setup

Using the resonant RF switches we now demonstrate the
LAE-based reconfigurable antenna. The system prototype is
shown in Fig. 21(a). The fabrication techniques employed are
fully compatible with the monolithic integration of all compo-
nents onto a large-area and flexible substrate. Due to the size
limitations of our microfabrication equipment, the TFTs are
fabricated on a 6 × 6 cm2 substrate, diced, and then assembled
on a printed circuit board (PCB). This custom PCB carries
an aluminum ground plane, a 5 mm-thick dielectric spacer
(made of alumina, εr ≈ 9), the 2-D array of metal patches,
and the TFT voltage-supply circuitry. Two dc bias voltages,

Fig. 21. Antenna (a) prototype, consisting of an 11 × 11 array of uniformly
spaced square metal patches and 208 LAE RF switches, and (b) measurement
setup.

0 and 20 V, supplied by two voltage regulators, are pulsed
during the measurement to avoid over-stressing the TFTs.

The measurement setup is shown in Fig. 21(b). To identify
the antenna’s resonant frequency, the reflection coefficient S11
is measured by a VNA. To characterize the radiation beam
pattern, a horn antenna as the receiver (RX) is placed at
l = 2 m distance, i.e., in the far-field (defined as l ≫ NF,
where NF is the near field range of the reconfigurable antenna,
estimated as NF ≜ (D2/λ ) = 6.48 cm, with aperture size
D = 9 cm and signal wavelength λ = 12.5 cm at 2.4 GHz).
The radiated signal from the reconfigurable antenna as the
transmitter (TX) is measured while it is rotated in steps of
1.8◦. A high-gain RX antenna (gain = 18) is used to minimize
indoor multipath interference.

C. Prototype Measurements

Test results of the antenna’s reconfigurability in the beam
direction are shown in Fig. 22. By changing the switch
configuration, while maintaining the same resonant frequency,
the beam is steered from 0◦ to −35◦ and 55◦, covering a 90◦

steering range. This directional reconfigurability will enable
spatial addressing of densely distributed sensors, as illustrated
in Fig. 1. A better spatial resolution, i.e., a narrower beam, can
be realized by increasing the antenna’s aperture size, as the
beamwidth inversely scales with the aperture size [37].

We also test reconfigurability in the frequency domain.
The results shown in Fig. 23 are obtained while the beam
direction is maintained at 0◦. It is seen that the resonant
frequency is shifted from 2.4 to 2.2 GHz, demonstrating
a 200 MHz frequency tuning range. With typical 5 MHz
frequency spacing, in the 2.4 GHz band this tuning range
can accommodate forty channels, enabling dynamic spectrum
allocation. This also enables frequency division multiplexing
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TABLE II
SUMMARY AND COMPARISON OF PROTOTYPE MEASUREMENTS

Fig. 22. Measured |S11| and radiation patterns, when the resonant frequency
is configured to 2.4 GHz and the beam is configured to (a) 0◦, (b) −35◦, and
(c) 55◦.

to enhance the signal-to-noise ratio (SNR) in IoT wireless
systems [5], [7].

Table II summarizes the characteristics of the present
antenna prototype, and those of previously reported
reconfigurable antennas based on Si, RF-MEMS, and III–V

Fig. 23. Measured |S11| and radiation patterns, when the beam is configured
to 0◦ and the resonant frequency is configured to (a) 2.4 GHz and (b) 2.2 GHz.

technologies, which require discrete-assembly (non-
monolithic) fabrication. The presented antenna has superior
or comparable directionality control (in steering range and
half-power beamwidth), and represents the first monolithically
integrable large-aperture reconfigurable antenna.

V. CONCLUSION

Giga-Hertz RF switches in LAE technology were achieved
by co-designing device, circuit, and architecture for a
large-area reconfigurable antenna. The LAE RF switches
enable the first-time demonstration of a monolithically inte-
grable, large-aperture reconfigurable antenna for 2.4 GHz
wireless systems. Dynamically tunable resonant frequency and
radiation patterns were realized and measured. This work
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demonstrates the feasibility of LAE as a technology for future
IoT wireless systems.

While this work demonstrates the feasibility of LAE sys-
tems for emerging RF applications, opening up new capabil-
ities toward large-aperture-enabled performance and agility,
we see many avenues for further progress, from the technology
through to its applications.

On the technological level, large-area thin-film semiconduc-
tors have seen steady progress in critical materials properties,
such as mobility [20], [55], [56]. This progress holds the
promise of enabling higher frequency and/or higher power
handling, leading to increased and higher-performance RF
functionality. At the device level, this work has exposed
the frequency-limiting parameters, such as S/D contact resis-
tance and S/D-to-G overlap capacitance. We see substantial
opportunities to address these limitations through structural
and processing optimizations. Finally, we see opportuni-
ties for features beyond the devices, such as for enhanced
thermal dissipation [57], [58], to extend device operation
beyond the thermal-breakdown limits seen today, espe-
cially on thermally insulating substrates such as glass and
plastic.

At the system level, we anticipate many new wireless system
concepts to emerge. But even for reconfigurable antennas
such as those presented, we see opportunities for optimiz-
ing geometric array design. Such optimization could address
particular far-field characteristics/targets, work together with
various, dynamic shapes afforded by antenna conformality, and
be designed for various RF driver architectures and attributes.
Finally, arranging multiple reconfigurable antennas in an array
(e.g., a phased array) presents an interesting avenue [59]. The
single-element reconfigurability can be utilized to increase the
overall gain factor, mitigate grating lobes, and avoid aliasing
in sparse arrays.

At the application level, research on control algorithms is
essential. So far, analyzing reconfigurable antennas, specifi-
cally the mapping of switch configuration to output radiation
characteristics, relies on time-consuming EM simulation. As
LAE has now pushed reconfigurable antennas into an unprece-
dented design space, wherein degrees of control are greatly
expanded (e.g., 2208 in this work), undertaking exhaustive
analysis of each configuration becomes infeasible. This will
make efficient models for inverse design critical, along with
the integration of such models in larger control systems that
drive the optimal radiation patterns desired for sensing and
communication tasks.
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