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Abstract

In this work, we report a dual-mode ferroelectrically programmable on-chip antenna. The antenna
is built on a silicon wafer using Complementary Metal-Oxide-Semiconductor (CMOS) processes
and exhibits two programmable resonant modes: one in the super high frequency (SHF) range
and one in the extremely high frequency (EHF) range. The SHF mode resonates at 8.5 GHz and
exhibits ultrawideband (UWB) behavior, while the EHF mode resonates at 36.6 GHz. Both resonance
frequencies can be tuned in a non-volatile fashion by controlling the ferroelectric polarization state
of a Hafnium Zirconium Oxide (HZO) varactor monolithically integrated into the feed line. This
programmability arises from the ferroelectric switching of the embedded HZO film, which results in a
non-volatile variation of its permittivity upon application of a voltage pulse. Ferroelectric switching
occurs at approximately ±3 V and induces maximum resonance frequency shifts of 381 MHz for the
SHF mode and 3 GHz for the EHF mode, corresponding to fractional frequency changes of 4.5% and
8.3%, respectively. Unlike previously reported ferroelectrically tunable antennas, our reported antenna
combines full integration, CMOS compatibility, higher operating frequency, compact footprint, and
non-volatile programmability.

Keywords: ferroelectric devices; reconfigurable antennas; ultrawideband antennas; hafnium zirco-
nium oxide

1. Introduction
Driven by the increasing need for service bands in fifth-generation (5G) communication systems

and by the approaching sixth-generation (6G) era, wireless front-end designers face growing challenges
to increase the data rates available for communication while preserving low power consumption [1].
Equipping radiofrequency front-ends (RFFEs) with programmable components is an effective approach
to improve power efficiency, in particular through adaptive reconfiguration based on instantaneous
power and communication requirements [2]. The development of reconfigurable ultrawideband (UWB)
on-chip antennas is particularly important, as it can lead to the optimization of transceivers’ power
efficiencies and throughput regardless of the active operating mode of power amplifiers (PAs) [3].
Similarly, developing these antennas would reduce self-interference coming from the impedance
mismatch between PAs’ output impedance and antennas’ input impedance [4].

Among electrically reconfigurable antennas, different methods addressing frequency programma-
bility were studied [5,6]. Due to its miniaturization potential and reduced parasitics [7,8], the mono-
lithic integration of an antenna with a tunable reactance is considered one of the preferred strategies to
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achieve on-chip programmable antennas [9]. In this regard, the integration of antennas with micro-
electromechanical systems (MEMS) [10,11], graphene [12] or metamaterials [13,14] has recently been
proposed. However, the non-compact form factor, the high required voltage, or the challenging
fabrication requirements make these existing methods hard to exploit, especially when adopting
circuit elements manufactured using established Complementary Metal-Oxide-Semiconductor (CMOS)
fabrication techniques [15]. Alternatively, the use of ferroelectric components to program anten-
nas’ response has recently been proposed. In this regard, tunable antennas using (KTax, Nb1−x)O3

(KTN) [16], (K0.5, Na0.5)NbO3 (KNN) [17] and (Ba, Sr)TiO3 and (BST) as ferroelectric material have
been previously reported. However, all these materials lack CMOS compatibility, which hinders their
use in large-scale manufactured RFFEs.

Hafnium Zirconium Oxide (HZO), first discovered by Mueller et al. [18], has quickly become
one of the most versatile ferroelectric materials [19]. Importantly, HZO is already available in CMOS
foundries [20], and shows a significant ferroelectric remnant polarization [21] when its thickness is
within a few tens of nanometers [22]. An extensive portion of its properties, such as the doping
percentage [23], the mechanical stress effect of the electrodes [24], the switching speed [25], and the
optimal film thickness [26,27], have been thoroughly investigated in the past. More recently, an initial
investigation on the high-frequency properties of HZO varactors has been carried out [28], where
capacitive tuning ranges as high as 15% and 11% were measured within the super (SHF) and extremely
high frequency (EHF) ranges, respectively. Nonetheless, only a few tunable RF components leveraging
the ferroelectric characteristics of HZO have been reported to date[29], mostly for wireless sensing
[30,31] and analog computing [32,33].

In this work, we report a HZO-based ferroelectrically tunable RF antenna. The antenna consists
of an on-chip monopole antenna embedding an HZO varactor in its feed-line, and is designed to
exploit two electromagnetic modes for dual-mode operation. One mode, from now on labeled "the
SHF mode", has a resonance frequency at 8.5 GHz, whilst the other mode, the "EHF mode", displays a
resonance frequency at 36.6 GHz. The resonance frequency of both modes can be tuned by exploiting
the ferroelectric properties of the varactor. In particular, the varactor shows a tunable capacitance when
a biasing voltage is applied across its metallic plates, a feature that allows to modulate the electrical
length of the feed line and, consequently, to shift the antenna’s resonance frequency of both modes.

Excitingly, we show here that this shift is non-volatile, allowing both resonance frequencies to be
reprogrammed and to retain their values even when the varactor’s biasing voltage is removed. In fact,
when a voltage above the coercive voltage of the HZO layer is applied across the varactor’s metallic
plates, polarization switching of its HZO layer occurs. This switching results into a non-volative
change in the dielectric permittivity of the HZO layer (e.g., the dielectric permittivity does not return
to the initial value after removing the biasing voltage). Such ferroelectric polarization retention practically
enables a programmability of the antenna’s resonance frequency that does not require the biasing
voltage to be continuously connected to the varactor during the regular operation of the antenna. This,
in turn, enables reduced power consumption in the biasing circuitry and suppresses any degradation
in the antenna’s insertion loss due to feed-through of the RF power into the DC power line.

2. Materials and Methods
2.1. Antenna Design

The reported antenna is described in Figure 1. The antenna consists of a λ/4 meander-line
monopole [34], where λ indicates the electromagnetic wavelength. The choice of the monopole over
the traditional λ/2 dipole allows us to shrink the overall dimension of the antenna while maintaining
the desired electrical length [35]. The antenna is composed of a patterned 100 nm-thick platinum (Pt)
bottom electrode forming the meandered structure, in conjunction with a 20 nm-thick HZO layer and
a 200 nm-thick gold (Au) top electrode. The whole antenna is built on a high-resistivity silicon (Si)
wafer coated with a 150 nm thick thermal oxide layer. The antenna’s overall dimensions are 1.68 mm
in length (L1) and 1.5 mm in width (W1). The width of the meandered pattern is 360 µm (L2), while
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the gaps are set to 300 µm (L3). The antenna is fed with a 1080 µm long (L5) and 120 µm wide (W2)
50 Ω coplanar waveguide (CPW)-to-microstrip transmission line hosting the varactor, which is directly
connected to the ground-signal-ground probing pad used to drive the device.

The location of the varactor was chosen to maximize the change in the resonance frequency of
both operating modes, which is induced by a variation of the varactor’s capacitance. This was done by
placing the varactor at a position within its hosting microstrip line that shows large modal electric field
values for both modes. All the antenna’s in-plane dimensions are listed in Table 1, together with the
in-plane dimensions of the varactor (L4 and W2). L4 and W2 are also important design parameters for
the reported antenna. L4 was chosen to ensure proper matching to 50 Ω when no voltage is applied. In
particular, through our optimization process based on finite element analysis (FEA) simulations, we
found that an L4 of 460 µm ensured a return loss larger than 40 dB for the SHF mode and a return loss
larger than 10 dB for the EHF mode. By contrast, W2 was selected to match the size of the probes used
to bias the varactor, ensuring reliable electrical contact to the top electrode in the Pt-HZO-Au junction
region. The electrical access to the bottom metal plate was instead provided through a 45 µm by 45 µm
via etched through the HZO layer. The position of the via (Figure 1a) did not appear to be critical in
terms of return loss, according to FEA simulations.

Table 1. In-Plane Dimensions of the Ferroelectrically-Programmable Meander-Line Antenna.

Symbol L1 W1 L2 L3 L4 W2 L5 L6 W3

Length [µm] 1680 1500 460 300 460 115 1080 300 950

a) b)

W2

W1

L1

L2

L4

L3

HZO Varactor
Thermal Oxide

Platinum Gold
W3

L6

L5

Via

Figure 1. a) Model of the proposed on-chip programmable meander-line monopole antenna. The via and the
HZO varactor section, formed by the Pt-HZO-Au junction and responsible for the resonance frequency shifting
behavior, are highlighted in red. b) Fabricated programmable antenna in comparison to a U.S. quarter dollar.

2.2. HZO Material Characterization

The ferroelectric characterization of the varactor started by analyzing the electrical response of
the ferroelectric layer embedded in our antenna (Figure 1a), and was performed through an AixACCT
TF 2000 analyzer. The polarization state of the ferroelectric layer was controlled by applying a voltage
between the top electrode and the bottom grounded plate through direct probing. First, we extracted
the polarization vs. applied voltage (PV) characteristics of the deposited HZO layer by applying a
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5 kHz voltage pulse with a triangular waveform (Figure 2a). We found a remnant polarization (Pr) of
24 µC/cm2, which matches closely what found in previous work [22].

Figure 2. a) Experimental ferroelectric polarization vs. applied voltage (PV) loop of the deposited HZO film.
b) Experimental dielectric permittivity (ϵr) vs. applied voltage curve extracted from the varactor. The reported
device exhibits a Tuning Range (TR) of 28% between the dielectric permittivity at its coercive voltage (ϵr(Vc), 44.9)
and at its maximum tunability (ϵr(Vt), 32.3). Both the PV loop and the CV curve were measured at 5 kHz with a
triangular waveform.

Later, we extracted the voltage-dependent capacitance values (C(V)) of our varactor from capaci-
tance vs. applied voltage (CV) measurements. We then computed the dielectric permittivity (εr(V)) of
the deposited HZO film through the following equation:

εr(V) =
C(V) · tHZO

ε0 · Aover
(1)

where we refer to the HZO film thickness as tHZO and to the area of the overlap between the two
metallic electrodes as Aover. It is worth noting that the equation above is voltage-dependent, since
HZO’s dielectric permittivity value varies when the film is biased.

Finally, the tuning range (TR) of the fabricated varactors, which represents the maximum degree
of programmability achievable by the ferroelectric layer, was computed as reported in [28]:

TR =
εr(Vc)− εr(Vt)

εr(Vc)
(2)

where ϵr(Vc) indicates the dielectric permittivity at the coercive voltage and ϵr(Vt) refers to the
dielectric permittivity at the maximum tunability of the HZO film.

The resulting dielectric permittivity vs. applied voltage measurement (Figure 2b) shows a
distinctive ferroelectrically induced butterfly shape, exhibiting a maximum TR of 28%, with an ϵr(Vc)

of 44.9 and an ϵr(Vt) of 32.3. The measured TR value is a significant improvement over the current
state of the art (15%, as reported in [28]), showing the effectiveness of our in-house deposition method.

The as-deposited HZO layer exhibits a dielectric permittivity of 42 when no programming voltage
is applied. As expected, the ϵr of the HZO layer is also voltage dependent. A slight imprint effect,
which can be defined as the phenomenon where the coercive field is asymmetrically shifted along the
voltage axis, can be identified in Figure 2b. As reported in [28,36], this phenomenon might be caused
by the accumulation of space charges on one of the electrodes, thus increasing the pinching of the
domain walls and inducing a Schottky effect [37].

We did not notice any appreciable "wake-up" effect in our HZO layer, opposite to what has been
reported for thinner films [28]. In fact, 20 nm-thick HZO films tend to exhibit better phase stability,
and the wake-up effect is less critical to their overall performance [38].
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2.3. Fabrication Process

The fabrication process of the proposed device is shown in Figure 3 [31] and adopts CMOS-
compatible microfabrication techniques. A 10 nm-thick titanium (Ti) layer was sputtered on a thermal
oxide-coated high resistivity silicon wafer for adhesion purposes. Afterwards, the 100 nm-thick
meandered Pt bottom electrode was deposited through radio frequency (RF) sputtering. A bi-layer
lift-off process was optimized to minimize fencing effects along the bottom electrode’s edges.

A 20 nm-thick ferroelectric HZO layer and a 3 nm-thick Al2O3 capping layer were subsequently
deposited through atomic layer deposition (ALD). The thin HZO layer was grown by alternating pulses
of tetrakis(dimethylamido)hafnium (TDMAHf) and tetrakis(dimethylamido)zirconium (TDMAZr) as
precursors, each followed by water pulses as an O2 source. The Al2O3 layer was instead deposited
using alternating pulses of trimethylaluminum (TMA) and water. A via was then etched in the HZO
film through an inductively-coupled plasma (ICP) fluorine etch. Subsequently, a 200 nm-thick Au
top electrode was deposited through e-beam evaporation. Finally, the chip hosting the fabricated
devices was annealed through a rapid thermal annealing (RTA) processing step under N2 for 60 s at
a temperature of 450 ◦C. A Scanning electron microscope (SEM) picture of the fabricated device is
reported in Figure 4.

1)

2)

3)

4)

5)

Silicon

Thermal Oxide

Platinum

HZO + Al2O3 Gold

Via

Figure 3. Fabrication process and 5) cross-section of the proposed on-chip programmable antenna.

75 μm

40 μm

200 μm

HZO Varactor

Figure 4. SEM picture of the meander-line antenna, with emphasis on the monolithically-integrated HZO varactor
structure along the microstrip line (left) and on the via structure (right).

3. Results
The performance of the super high frequency (SHF) mode was characterized through direct wafer

probing, using a ground-signal-ground (GSG) probe with a 150 µm pitch. The S11 parameters (Figure 6)
were recorded using a Keysight P5008A vector network analyzer (VNA).
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3.1. SHF Mode

This test was intended to measure the SHF mode’s resonance frequency for different partial and
full polarization states of the varactor’s HZO layer. In this context and in line with prior work [31], we
call partial polarization state a device’s state where only a fraction of the ferroelectric domains has been
switched through the application of a triangular voltage cycle with the maximum value being lower
than the coercive voltage of the HZO layer. First, we studied the effect of the ferroelectric polarization
on the antenna’s resonance frequency by applying voltage pulses, ranging between -5 V and +5 V
in steps of 0.5 V, across its varactor’s metal plates. To do so, we investigated the dependence of the
resonance frequency of the SHF mode from the magnitude of the biasing voltage applied to polarize
the varactor. The electrical response of the antenna was measured after executing each voltage step and
following the removal of the voltage source. Our measurements (Figure 5) highlight a ferroelectrically-
induced non-volatile programmability in the antenna’s resonance frequency, justifying the occurrence
of a hysteresis behavior in the antenna’s resonance frequency vs. applied voltage profile.

Figure 5. Ferroelectrically-induced hysteresis loop of the antenna’s resonance frequency in response to the applied
programming voltage. Point A denotes the maximum resonance frequency (8.78 GHz) obtained when applying
a programming voltage of 3 V. Point B marks the minimum resonance frequency (8.399 GHz) observed with
a programming voltage of -3.5 V. The inset reports the applied voltage profile during the partial polarization
experiment between -5 V and 5 V.

It is worth emphasizing that our work is the first one, to our knowledge, that shows a non-volatile
programmability of an antenna’s resonance frequency without the need of a continuous application of
a DC bias. In fact, the embedded varactor requires only a single voltage pulse to achieve ferroelectric
switching.

Figure 5 highlights the two operational points (A and B) showcasing the highest difference in
resonance frequency and the corresponding programming voltages (3 V and -3.5 V). We report the
SHF mode’s S11 vs. frequency trends for such points in Figure 6. These trends were extracted after
applying a single voltage pulse of 3 V for point A and -3.5 V for point B. After each set of measurements,
we removed the voltage source and measured the antenna’s maximum resonance frequency shift
without applying a continuous DC bias. The SHF mode displays a fractional bandwidth of 21% when
considering a minimum return loss of 20 dB. Thus, according to [39], the antenna can be classified as
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UWB. To our knowledge, this is the first demonstration of a ferroelectrically programmable antenna
with UWB capabilities.
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Figure 6. Measured and simulated S11 parameters for point A (3 V) and point B (-3.5 V) for the SHF mode.
Programming Voltages A and B mark the maximum ferroelectrically-induced frequency shift derived from the
partial polarization experiment (see inset in Figure 5). This shift is obtained by modifying the polarization states
of HZO’s domains.

Evidently, the SHF mode shows resonance frequencies of 8.78 GHz and 8.399 GHz at points A
and B, respectively. The measured frequency shift between the two points is 381 MHz, corresponding
to a fractional frequency change (FFC) of 4.5%. The FFC between the lowest (RFB) and the highest
(RFA) experimentally measured resonance frequencies at different applied voltages was computed as
reported in [17]:

FFC =

∣∣∣∣ RFB − RFA
(RFB + RFA)/2

∣∣∣∣× 100 (3)

It is worth noting that the measured S11 trends in Figure 6 closely match the corresponding
simulated trends. These simulations were extracted by combining the results of our FEA model with
the measured equivalent R-C circuit of the varactor. Furthermore, our FEA simulation assumed a
perfectly conductive grounded backside plane, which is necessary to frame the metallic chuck of the
RF-characterization setup.

We also experimentally extracted the gain of our SHF mode at points A and B and compared it
with the expected values according to our circuit and FEA simulations (see Figure 6). The measured
gain was extracted in an uncontrolled electromagnetic setting by wire-bonding our antenna to a printed
circuit board (PCB) and by using a commercial UWB transmitting antenna (DEEPACE Wideband
Omnidirectional Antenna UWB-2) with fully-characterized gain vs. frequency trend. A picture of
our experimental setup is reported in the inset of Figure 7. We found that the SHF mode exhibits
a maximum gain of -4 dBi and -7.5 dBi at points A and B, respectively. The difference in gain for
the two programming voltages originates from the different resistances of the varactor in the two
partial polarization states. We attribute the discrepancies between the measured and simulated gains
in Figure 7 to parasitics from the PCB used for gain characterization.
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Figure 7. Measured (continuous lines) and simulated (dashed lines) gain vs. frequency trends for points A (3 V)
and B (-3.5 V). The inset on the bottom left shows the measurement setup used to extract the gain vs. frequency
profile and the radiation diagrams.

Next, we extracted the SHF mode’s normalized radiation diagrams (Figure 8) at the on-chip
antenna’s resonance frequencies measured at points A and B (see Figure 6). A variation as big as
4 dB between the two ferroelectric polarization states of the HZO layer can be found in the two plots,
suggesting a degree of programmability in the radiation patterns that was also adequately captured
in the simulations. Overall, the E-plane pattern exhibits a multi-lobed structure while the H-plane
pattern shows a more directive response.
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Figure 8. Normalized measured (continuous lines) and simulated (dashed lines) radiation diagrams showing the
antenna gain in dB in the E-plane (a) and H-plane (b) for the two polarization states of the SHF mode.

3.2. EHF Mode

In this section, we experimentally demonstrated that the ferroelectric, non-volatile programmabil-
ity reported for the SHF mode can be maintained and even improved at EHF frequencies[40]. As done
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for the SHF mode, the performance of the EHF mode was characterized through direct wafer probing,
using a GSG probe with a 150 µm pitch. The S11 parameters (Figure 6) were recorded using a Keysight
P5008A VNA.

The two operational points showcasing the highest difference in resonance frequency (A and B)
for the EHF mode and the corresponding programming voltages (3 V and -3 V) are reported in Figure 9.
As observed for the SHF mode, the applied programming voltage generates a ferroelectrically-induced
hysteresis on the resonance frequency of the antenna between different partial polarization states. We
also report the EHF mode’s S11 vs. frequency trends for such points in Figure 10. These trends were
extracted after applying a single voltage pulse of 3 V for point A and -3 V for point B. Similarly to
the SHF mode, the antenna’s maximum resonance frequency shift was measured without applying a
continuous DC bias.

Figure 9. Ferroelectrically-induced hysteresis loop of the EHF mode’s resonance frequency in response to the
applied programming voltage. Point A denotes the maximum resonance frequency (37.957 GHz) obtained when
applying a programming voltage of 3 V. Point B marks the minimum resonance frequency (34.938 GHz) observed
with a programming voltage of -3 V. The inset reports the applied voltage profile for the partial polarization
experiment between -5 V and 5 V.
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Figure 10. Measured and simulated S11 parameters for point A (3 V) and point B (-3 V) of the EHF mode.

The reported mode shows resonance frequencies of 37.957 GHz and 34.938 GHz at points A and
B, respectively. The measured frequency shift between the two points is 3.019 GHz, corresponding to
a fractional frequency change (FFC) of 8.3%, as computed through Equation 3. The antenna’s S11 vs.
frequency trends at the two different polarization states suggest a splitting of the electromagnetic mode.
In fact, point A showcases one single resonance at 37.957 GHz, while point B exhibits two resonances
(one at 34.938 GHz and the other at 40.283 GHz). The fractional bandwidth of the EHF mode, when
considering a maximum allowed return loss of 6 dB, is 8% for point A and 3.5% for point B. Such a
behavior was matched through a combination between FEA and circuital simulations. We observed the
same splitting of the mode in the FEA simulated polarization states by adding a series inductance of
0.18 nH, which represents the expected sheet inductance of the probing pads. This value was derived
from the ground pad structure, to compensate for effects that were not adequately captured in our FEA
framework. It is important to highlight that we successfully recreated the experimentally measured
S11 vs. frequency trends for both polarization states by using the same series inductance value.

We then extracted the gain of the EHF mode for the polarization states A and B through the same
experimental setup used for the SHF mode. The same considerations regarding the discrepancies
between measured and simulated gain values drawn for the SHF mode can be extended here as well.
Figure 11 compares the simulated and measured gain for the two polarization states (Points A and
B) over the 30–41 GHz range. Both experimental polarization states follow a similar spectral trend,
exhibiting a maximum gain of about 5 dBi for Point A and 4 dBi for Point B. The differences between
the experimental curves, especially around 38.5 GHz, indicate the presence of polarization-dependent
variations in gain magnitude across the band.
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Figure 11. Measured (continuous lines) and simulated (dashed lines) gain vs. frequency trends for points A (3 V)
and B (-3 V) of the EHF mode.

We also extracted the EHF mode’s normalized radiation diagrams (Figure 12) at the resonance
frequencies measured at points A and B (see Figure 10). We found a nearly omnidirectional trend
for the E-plane and a more directive response for the H-plane. As observed for the SHF mode, the
radiation diagrams at points A and B exhibit polarization-dependent variations, which arise from the
different polarization states of the HZO layer and are adequately reproduced by the FEA simulations.
Among them, the most meaningful variation is highlighted in the E-plane plot (Figure 12a), where a
15◦ shift of the maximum gain can be observed.
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Figure 12. Normalized measured (continuous lines) and simulated (dashed lines) radiation diagrams showing the
antenna gain in the E-plane (a) and H-plane (b) for the two polarization states of the EHF mode.
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4. Discussion
A comparison between this work and other ferroelectric-based reconfigurable antennas is pre-

sented in Table 2. The reported HZO-based antenna shows a smaller area and requires a significantly
lower voltage to achieve ferroelectric switching compared to most reported counterparts. Together
with the overall CMOS compatibility and low power consumption, the non-volatile programmability
of the presented HZO-based device offers strong advantages over the BST, KNN, and KTN counter-
parts. Such a feature enables our antenna to retain its programmed resonance frequency value without
having to continuously apply a bias, since the embedded varactor can achieve ferroelectric switching
even with a single pulse. Furthermore, the lack of continuous bias relaxes the design constraints of
electrostatic discharge protection circuits [41].

It is worth adding that, to the best of our knowledge, our device is the first ferroelectrically
programmable antenna with UWB capabilities ever reported. Compared to another HZO-based device
reported in the literature [21], this design exhibits a more compact form factor (area of only 6.5 mm2),
non-volatile programmability of the resonance frequency, and a fractional frequency change of 4.5%
for the SHF mode and 8.3% for the EHF mode, which is more than four times the one found in [21].

Table 2. Comparison Between Different Ferroelectric-Based Thin Film Reconfigurable Antennas

Work Frequency
Shift† Material Area

CMOS
Compati-

ble

Maximum
Gain Voltage UWB

Mode

Fractional
Frequency

Change

Non-Volatile
Programma-

bility

[16] 17–17.3 GHz KTN 100 mm2 No 6.7 dBi 0–150 V No 1.7% No

[17] 15.2–16 GHz KNN 16 mm2 No -2 dBi 0–150 V No 4.6% No

[42] 0.6–
0.75 GHz BST 645 mm2 No †† 0–30 V No 14.5% No

[43]††† 28–30.7 GHz BST 1.75 mm2 No -7.5 dBi 0–100 V No 16.7% No

[21] 9–9.2 GHz
HZO, Meta-

material,
Resonator

139.7 mm2 Yes 4 dBi ±2 V No

Not
Provided,

2%
Estimated

No

This
work

8.4–
8.78 GHz HZO 6.5 mm2 Yes -4 dBi ±5 V Yes 4.5% Yes

This
work

34.9–
37.9 GHz HZO 6.5 mm2 Yes 5 dBi ±5 V No 8.3% Yes

†Measured resonance frequencies at the maximum frequency variation. ††Gain not provided, the measured efficiency is up to
1%. †††The results are only based on simulations, no physical device was built.

5. Conclusions
In this work, we present a ferroelectrically programmable on-chip dual-mode antenna. The pro-

posed design combines miniaturization and ferroelectrically-derived programmability, monolithically
integrating an HZO varactor into the transmission line of a meandered monopole and covering a much
smaller on-chip area than its state-of-the-art counterparts.

Owing to the ferroelectric properties of the nanometer-thick HZO film, the reported antenna
shows significant ferroelectric programmability, resulting in 4.5% and 8.3% fractional frequency
shift of its two resonant modes without having to continuously apply DC voltages. To the best
of our knowledge, the EHF mode represents the highest operating frequency for a ferroelectrically
programmable antenna reported to date. Furthermore, we demonstrated the first ferroelectrically
programmable mode with UWB capabilities. The combination of compact size, CMOS compatibility,
UWB technology, high frequency of operation, non-volatile programmability, and low programming
voltage marks a significant improvement over similar state-of-the-art devices. This frames HZO-based
programmable antennas as promising candidates for future 5G and 6G-grade chip-scale transceivers.
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