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ABSTRACT

The next generation of wireless networks will utilize highly
directional beams to overcome the path loss at high frequen-
cies, requiring angle inference during link establishment.
Furthermore, the integration of location-based services into
the wireless infrastructure is rapidly increasing, bringing
in a significant demand for an integrated fast localization
scheme. In this work, we present a first-of-its-kind one-shot
angular localization method that is carried out with a re-
configurable architecture that unlocks ISAC functionality.
Specifically, we use an electrically tunable metasurface with
broadband response to generate wavefronts that are ran-
domized across the angular space with diverse wideband
amplitude and phase observations, corresponding to a col-
lection of angle-unique one-shot beacons. Our results show
down to 0.26° mean absolute error at 20 dB SNR, an order
of magnitude improvement over the recently proposed one-
shot solutions based on leaky-wave antennas (LWAs), in
addition to having wider area coverage and less stringent
bandwidth requirements.
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1 INTRODUCTION

Angular localization of wireless nodes is a fundamental ca-
pability for future integrated sensing and communication
(ISAC) systems [1, 2]. As the implementation of location-
based services over wireless networks becomes increasingly
ubiquitous towards 6G and wavefront engineering emerges
as an integral part of establishing wireless links in mmWave
and sub-THz bands [3, 4], low-latency localization becomes
essential to offer such functionalities while avoiding out-
ages due to mobility. Recently, “one-shot” location discovery
became a pivotal component to realizing low-latency angu-
lar localization [5-12]. However, the architectures proposed
in these works for one-shot localization are static, i.e., the
transmission characteristics are not reconfigurable after fab-
rication, thus resulting in a significant setback in realizing
efficient ISAC systems, where the ability to engineer the
transmitted wavefronts for both communication and sensing
dynamically is essential.

In this work, we present a first-of-its-kind one-shot angu-
lar localization method with a reconfigurable architecture
that offers dynamic amplitude and phase modulation over a
wide band, and we report an order of magnitude improve-
ment in estimation error compared to leaky-wave antennas
(LWAS). To realize our method, we generate sub-THz beacon
signals that are unique to each angle of departure by ran-
domizing the transmitted wavefront’s amplitude and phase
distribution over the transmitter’s field of view (FoV). We
use a broadband sub-THz metasurface that consists of sub-
wavelength-scale resonators with continuously tunable and
frequency-diverse amplitude and phase responses through
column-wise separated analog voltage biasing. Moreover,
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our reconfigurable architecture enables the realization of
effective communication tools through the same transmit-
ting aperture and thus is a crucial component in realizing
efficient ISAC systems in 6G networks.

The prior work related to our method can be categorized
into two fields:

One-Shot Localization. Several works demonstrated
one-shot location discovery methods leveraging the disper-
sive angle-frequency relation of a THz leaky-wave antenna
(LWA) [5-9]. However, LWAs are limited to an effective angle
estimation field of view (FoV) of ~ 70°, with average estima-
tion error reported between 1° —3°, both due to their smooth
convex angle-frequency function. Furthermore, the transmis-
sion characteristics of LWAs are static, i.e., they are limited
to the same dispersive gain pattern for communication. Sim-
ilarly, frequency-diverse methods based on lens-integrated
cavities [10, 11] or non-reconfigurable metasurfaces [12] all
use static hardware, rendering reconfiguration for effective
communication tools impossible. In contrast, with our ap-
proach, we not only offer one-shot localization with finer
resolution, wider FoV, and efficient bandwidth usage com-
pared to LWAs but also unlock ISAC functionality through
our reconfigurable architecture.

Reconfigurable Methods. While various methods using
reconfigurable metasurfaces have been developed to improve
latency and accuracy compared to Transmit Sector Sweep
(TXSS) [13, 14], including the use of random narrowband
angular signatures [15-18] based on compressive sensing
framework [19-21], or harmonic frequency signatures gen-
erated by periodic-time modulation [22-27], they cannot be
realized in one-shot. In contrast, our work realizes one-shot
localization, a sensing paradigm critical to unlocking the
data rates envisioned in 6G networks, with a reconfigurable
architecture through carefully designing wideband beacons.

2 PROBLEM FORMULATION

In this section, we present the problem scenario and describe
how our solution achieves one-shot fine-resolution angular
localization through its key design features.

In one-shot localization, the ultimate goal is to design a
set of wideband beacon signals that have unique amplitude
and phase distributions at any given angle within the FoV of
the transmitter:

h(0k) = [h(fi, 0k) h(f, O) - h(fi.OK)]" VO €© (1)

where © = {0y, 0,, ..., Ok} is the discretized FoV and

B = {fi, f2» .., fu} is the beacon bandwidth with L chan-

nels. A visual representation of the beacon transmission in
our architecture is shown in Figure 1.

Subsequently, a receiver collecting a noisy beacon signal

h =h+WN(0,0%) can perform angle of departure estimation
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0" according to the pre-characterized beacon h(6) closest in
Euclidean distance to h:

. T 2
0 —argglelgﬂh h(O)II3 @)

In our work, we propose to dynamically generate sub-THz
beacons that are randomized in amplitude and phase across
the FoV to maximize inter-beacon distance. In contrast to a
smooth and convex angle-frequency function, a randomized
pattern minimizes the similarity of beacons corresponding
to adjacent angles. Furthermore, we generate said beacon
signals with reconfigurable hardware, providing ISAC func-
tionality essential for 6G networks. We incorporate two key
design features in our method:

B
[T]
E
£
0
[=
g
=
N
I
I
Q
=}
n

Receiver

Figure 1: Proposed one-shot localization system.

1- Metasurface with Continuously Tunable EM Re-
sponse. We design a transmissive and electrically tunable
metasurface with a strong resonance response in the sub-
THz band, envisioned to be a critical network component
in 6G networks. Unlike the binary phase response of the
PIN-diode elements typically used in the mmWave region,
our subwavelength-scale split-ring resonators have continu-
ously tunable amplitude and phase response, both unlocking
a wider response domain over which to generate randomized
beacons and allowing fine-resolution amplitude and phase
modulation necessary for sub-THz communication.

2- Wideband Wavefront Randomization through
Frequency-Diverse Response. Through carefully design-
ing the geometry of our resonators, we realize a frequency-
diverse inductive-capacitive (LC) resonance in the 125-155
GHz band [28]. Furthermore, combining this with a set of
bias voltage configurations that uniformly randomize the
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complex E-field response at each metasurface “pixel”, we gen-
erate unique beam patterns at each frequency component
over the band.

3 METASURFACE AND BEACON DESIGN

In this section, we describe the metasurface design and fab-
rication process as well as the voltage configuration design.

To generate our wideband angle-unique beacons, we use
the metasurface shown in Figure 2a. The 2.5 cm x 2 cm
metasurface is fabricated on a THz-transmissive 2 ym-thick
n-doped GaAs layer grown on a semi-insulating GaAs wafer
[29]. The cross-shaped split-ring gold resonators are lay-
ered on the semiconductor substrate through photolithogra-
phy. The combination of the split-ring resonators with the
semiconductor substrate yields a Schottky junction, where
the carrier density of the substrate at the corners of each
resonator can be tuned by reverse biasing the resonators,
enabling continuous and dynamic tuning of the amplitude
and phase response of the resonator to incident sub-THz EM
waves [28, 30]. The same bias voltage is fed to each "pixel,’
consisting of 6x155 columns of resonators, with a total of
16 pixels. The resonators are fabricated with an edge length
of 163 ym, line width of 6 ym, and gap width of 2 ym, cor-
responding to an LC-resonance response at 145 GHz. The
metasurface’s amplitude and phase response tunable range
are shown in Figures 2c and 2d, where all pixels are fed with
a uniform bias voltage. In addition to the resonance observed
at 145 GHz, the metasurface is capable of frequency-diverse
amplitude and phase modulation over the 127-152 GHz band.

3.1 Beacon Design

To design wideband angle-unique beacons, we first mathe-
matically characterize the signal modulation capabilities of
our metasurface. As visualized in Figure 1, a metasurface illu-
minated by a sub-THz transmitter generates a wideband sig-
nal. At azimuth angle 6, each frequency component h, (f, 6)
observed by a receiver can be characterized as a sum of the
waves emitted by the 16 metasurface pixels, with each pixel
modulating the wave according to its frequency response
and applied bias voltage:

P
1 . f ) )
hr(f, 6) = Z —elzc Tp Ap (f’ V)el¢p(f,V) Ame127rft (3)
— p
=
where r = {ry,ry,--+,rp} is the set of distances from each

pixel to the receiver, Aine27ft is the transmitter signal, and

Apexp(i¢,) is the complex E-field response of the Pt pixel.
We omit the elevation angle for ease of analysis.

In our work, we design each pixel’s complex field response
Apexp(i¢,) to be an independent and identically distributed
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(i.i.d.) uniform random variable, defined within the metasur-
face’s modulation range at the resonance frequency of 145
GHz. Combined with the varying pixel-to-receiver distances
r, the sum of the resulting random modulations corresponds
to a unique amplitude and phase value observed at each
0 € O at this frequency. To realize this set of randomly se-
lected pixel responses, we then determine the corresponding
control voltages for each pixel V' = {Vi, V4, ..., Vp} through
the precharacterized voltage-to-response function shown
in Figure 2b. We refer to any given set of control voltages
determined this way as a metasurface configuration.
Furthermore, by applying a metasurface configuration de-
signed in the above manner, we uniquely randomize the pix-
els’ responses also at neighboring frequencies, i.e., over the
125-155 GHz band. This is achieved through the spectrally
diverse nature of the response function as seen in Figures
2c and 2d, in which a given bias voltage results in different
amplitude and phase responses at different frequencies, and
each pixel-receiver distance r; € {ry,rs,--- ,rp} correspond-
ing to a wavelength-dependent propagation phase at the re-
ceiver angle 0, resulting in a unique complex superposition
of the randomly modulated signals at each frequency. Ulti-
mately, our reconfigurable architecture can generate random
wavefronts across a wide band. For one-shot localization,
we assign the complex field values across the discrete FoV

0 = {6, 0,, ..., Ok} over the bandwidth B = {fi, fi, ..., fv}
in a beacon-angle map Hjk.
1
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Figure 2: Metasurface design and response.
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4 OVER-THE-AIR EXPERIMENTS

In this section, we present an experimental characterization
of our designed wavefronts as beacon signals for one-shot
localization and analyze the angle estimation performance
of our method.

4.1 Beacon Generation

Here, we experimentally generate wavefronts with the es-
tablished design process and characterize them at different
frequencies. As described in Section 3, each wavefront at
a distinct frequency ideally exhibits a unique angular pat-
tern due to the frequency-diverse metasurface response and
wavelength-dependency of the superposed waves from each
pixel. Consequently, a receiver listening over the bandwidth
B is ideally able to identify the angle of departure of the
signal thanks to the unique set of wavefronts corresponding
to a unique set of received beacons at each angle.

Figure 3: Experiment setup.

Experimental Setup. Our experimental setup is shown
in Figure 3. We use a LUNA T-Ray 5000 Time-Domain Tera-
hertz Spectroscopy (TDS) system, which provides sufficient
bandwidth to characterize the generated wavefronts. In the
setup, a transmitter sending broadband THz pulses illumi-
nates the metasurface positioned 11 cm from its aperture,
and a broadband directional receiver collects the generated
signal over the FoV [-50°, 50°] with a 0.1° step size at a fixed
distance of 15 cm from the metasurface. The received signal
is averaged 100 times at each angular location to ensure ac-
curate beacon characterization. Similarly, the distance values
are determined to characterize the randomness of the gener-
ated waves without the effect of experimental noise caused
by the extremely low-power nature of the TDS system. We
bias the functioning 7 pixels of the metasurface (pixels 1, 2,
4,5, 6,7, 8) using a National Instruments DAC card (NI PCle-
6738) with a configuration designed in the manner described
in Section 3.
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Results. We present in Figure 4 the amplitude and phase
patterns generated by the designed configuration at frequen-
cies 127.1, 140, and 151.4 GHz. Here, the x-axis shows the
angles in the FoV, and the y-axis shows the amplitude and
phase values in the top and bottom plots, respectively. The
amplitude values are on a linear scale and normalized with
respect to the highest observed value. We observe that the
wavefront at each frequency exhibits a randomly distributed
amplitude and phase pattern, and the distributions are unique
across all frequencies. While each wavefront contains a main
lobe with high amplitude near 0°, these main lobes differ
in beamwidth and peak amplitude. Ultimately, the patterns
show that the beacons generated over the 125-155 GHz band
carry unique sets of amplitude and phase values correspond-
ing to each angle of departure, verifying our architecture’s
wideband beacon generation capability.

e
=

Normalized Amplitude

Figure 4: Randomized wideband E-field.

Findings. We conclude that the designed metasurface
configuration successfully generated randomized amplitude
and phase distributions at a fixed distance, and thus, the
combination of such distributions over the metasurface’s
resonance band yields angle-specific wideband beacons. The
high amplitude values observed in the broadside region are
likely caused by the limited modulation efficiency of the cur-
rent prototype, resulting in a fraction of the source signal
passing through the metasurface unmodulated. Nonetheless,
the wavefronts still exhibit diversity in beam shape, intensity,
and phase in this region as a result of the modulated fraction.
As such, the wavefronts generated in this experiment are col-
lected into the beacon-angle map Hj g for the experimental
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performance analysis of our one-shot localization scheme,
as presented in the next section.

4.2 One-Shot Angle Estimation

In this experiment, we utilize the beacons generated in the
previous section as a pre-characterized mapping to realize
one-shot localization. Specifically, when a receiver in the FoV
of the transmitter receives a beacon, it estimates the angle
of departure as the minimizer of the function in Equation (2)
by comparing the received beacon to each column of Hy.
Ideally, the wireless nodes in a typical ISAC system aim to
perform communication and sensing with minimal band-
width to avoid interference and prevent congestion. In our
method, this goal corresponds to minimizing the number of
rows of Hy g since the beacons are defined over a bandwidth
B. Therefore, in this experiment, we investigate the change
in angle estimation error achieved with our method over
varying bandwidth values utilized in constructing Hy k.

Experimental Setup. We use the testbed introduced in
Section 4.1 and repeat the data collection in the same manner,
then add white Gaussian noise with 20 dB signal-to-noise
ratio (SNR) to generate a set of test signals. Then, we perform
angle estimation on each signal through a least squared error
comparison between the received signal and the columns of
the codebook and calculate the mean absolute error (MAE).
Finally, we repeat the estimation 100 times with different
noise values and calculate the maximum, minimum, and
mean of MAE. Note that the data collection is performed over
a discrete FoV with 0.1° resolution; thus, angle estimations
in the correct angle “bin” equal zero error.

Results. Figure 5 shows the mean absolute error (MAE)
calculated at 20 dB SNR in log-scale. The x-axis shows the
varying bandwidth values used to construct the codebook
with a 1.4 GHz step size, i.e., the frequency resolution of our
system. The error bars show the range of MAE calculated
across 100 trials. We observe a rapid improvement in average
error with increasing bandwidth usage. In particular, when
there are only two distinct frequencies used to construct the
codebook, the observed MAE is 30.7°, which decreases to
0.26° with 18 components used in the 127-152 GHz band,
demonstrating fine-resolution one-shot angle estimation.

Findings. Our results show that each additional frequency,
i.e., row, in the set of pre-characterized beacons drastically
improves estimation error due to the diverse wavefronts gen-
erated at each frequency. Furthermore, the observed 0.26°
average error with 25 GHz bandwidth shows that statisti-
cal randomness in frequency response enables significantly
more efficient bandwidth usage compared to non-random
methods, e.g., the frequency dispersive function of LWAs,
which requires more than 100 GHz bandwidth even with an
optimized design [8]. As such, our method proves to be a
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critical facilitator for future ISAC systems where bandwidth
is a limited resource.
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Figure 5: One-shot localization error performance.

5 CONCLUSION

In this work, we report a one-shot angular localization
method with a reconfigurable architecture that enables com-
munication and sensing functions to take place over the
same aperture through its electrically tunable and frequency-
diverse resonators. We experimentally demonstrate one-shot
localization using spectrally and spatially randomized wave-
fronts and achieve an order of magnitude improvement in
estimation error compared to LWA-based methods, in addi-
tion to improved field-of-view (100° vs 70°) and significantly
more efficient bandwidth usage (25 GHz vs up to several hun-
dred GHz). In future work, we envision further improving our
method by carefully optimizing our design with respect to
the frequency-unique characteristics of the metasurface and
designing the accompanying network protocol that governs
channel access and data transmission following localization.
Furthermore, we aim to increase the transmission efficiency
of our fabrication to further increase beacon diversity for
small angles ([-10°, 10°]).
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