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Conformal Frequency-Diverse Metasurface for
Computational AoA Detection

Mohammadreza F. Imani

Abstract—Detecting the angle of arrival (AoA) of electromag-
netic waves is an important function in a variety of applications,
such as navigation and wireless communication. In this letter, we
propose a conformal metasurface antenna (CMA) for detecting the
AoA in the horizontal plane. This structure consists of a conformal
waveguide with its upper conductor wall fashioned with metama-
terial radiators. The resonance frequencies of the metamaterial
radiators are selected randomly over a band of operation. The ran-
dom distribution of resonance frequencies results in patterns that
change with frequency and encode information about the AoA of
an incident signal into frequency samples, which can be analyzed to
retrieve the incident AoA. Using full-wave simulation, we detail the
design and operation of the proposed frequency-diverse CMA. We
develop and numerically demonstrate a computational processing
technique to estimate the AoA from the cross correlation of the
signals at the end of coaxial connectors attached to the CMA. The
impact of the number of frequency points, bandwidth, and noise
on the performance of the device will be illustrated. The proposed
device promises a simple and versatile hardware that can detect
the AoA from a single receiver and can find application in wireless
communication, surveillance, and navigation systems.

Index Terms—Angle of arrival (AoA), computational imaging,
conformal antenna, metamaterial, metasurface.

I. INTRODUCTION

ETECTING angles of arrival (AoAs) of electromagnetic

(EM) signals is a priority for many civil and military appli-
cations. In wireless communication, the information about the
A0A is vital to adaptive beamforming and mitigating undesired
signal wastage and interference [1], [2], [3]. In tracking devices
such as radars, the AoA is continuously tracked to determine
the direction of targets [4], [5], [6]. Similarly, autonomous,
marine, and aerial vehicles are equipped with direction-finding
devices for navigation and/or surveillance [7], [8], [9]. Fur-
thermore, direction-finding mechanisms can also be leveraged
in microwave and synthetic aperture radar imaging systems to
determine signal scattering characteristics from different direc-
tions [10].

Over the years, a plethora of works have been dedicated
to the design of antenna hardware or processing algorithm to
deduce the AoA from planar structures [11]. However, the AoA
detection mechanism can better serve many practical purposes
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when it can conform to the surface of readily available objects,
such as robots, cars, aerial vehicles, missiles, etc. As a result,
using conformal antennas and arrays for AoA detection has also
gained traction [12], [13], [14]. Array elements on a conformal
surface need to be closely spaced to avoid phase ambiguity.
As an alternative approach, one can utilize high-gain array
elements to mitigate phase ambiguity and improve detection
over a wider bandwidth (BW) [15]. The design of conformal
antennas for AoA detection, thus, requires navigating a tradeoff
between the size of each element (to increase gain) and the
spacing of the adjacent elements, which can become complicated
especially when there are other restrictions set by the application.
Furthermore, almost all the methods above require using many
receiving units, which can further complicate the overall cost
and complexity. To overcome that issue, some recent works have
examined the application of compressive sensing techniques to
AoA detection problems [16]. To overcome all these challenges,
it is, thus, highly desired to develop a conformal antenna struc-
ture that is simple and versatile and allows for the application of
compressive AoA detection, where only one or a few receiving
units are required.

In the meantime, metasurface antennas have emerged as a
simple platform well suited for the application of compres-
sive sensing techniques to microwave imaging problems [17],
[18]. This is due to the fact that metasurface antennas, when
designed properly, can allow for multiplexing of information,
a property that can be leveraged to implement compressive
sensing techniques. A simple example of such a metasurface
antenna is a waveguide or a cavity with one of its conductive
walls patterned with metamaterial radiators with randomly se-
lected resonance frequencies. These metasurfaces could gen-
erate frequency-dependent spatially diverse radiation patterns
that illuminate the whole region of interest and could multiplex
reflectivity maps into fast frequency sweeps. The frequency
measurements made in this manner can then be computationally
processed to reconstruct the desired image [ 19]. This concept has
been recently applied to AoA detection in planar structures as
well [20], [21]. In addition to frequency-diverse metasurface
antennas, dynamic metasurface antennas—where each meta-
material radiator is loaded with a switchable component and
addressed independently—have also been proposed, and their
utility in computational imaging has been established [22]. This
concept has also been extended to AoA detection in planar
structures [23], [24].

In this letter, we extend the idea of computational AoA
detection to conformal metasurface antennas (CMAs). CMAs
have been extensively studied for beam steering purposes [25],
[26], [27], [28], [29], [30], [31], [32]. However, these works
have not explored the application of CMAs to AoA detec-
tion. In comparison to conventional conformal antennas and
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arrays, CMAs allow for utilizing numerous radiators close to
each other on a conformed surface, eliminating the need for
high-gain antennas or issues related to phase ambiguity. Since
metamaterial radiators are usually subwavelength, they can be
implemented easily on any surface of arbitrary curvature. Given
these advantages and their utility to implement compressive
sensing techniques (to reduce the number of receivers), this
letter intends to investigate the application of CMA to AoA
detection. Toward this goal, we extend the idea of information
multiplexing metasurfaces to conformal structures and design
a sensing device capable of AoA detection across the entire
azimuthal range, i.e., [0-360°]. We will show that the proposed
CMA can generate angularly diverse radiation/receiving pat-
terns as a function of frequency. Using these frequency-diverse
patterns—which can be characterized using simple cylindrical
scans—we can multiplex AoAs of signals into simple frequency
measurements at a single port. We then show that the collected
frequency reading can be computationally processed to deduce
the incident signal’s AoA. In addition, we examine the impact
of the number of frequency points, BW, and noise on the fidelity
of AoA estimation. We conclude this letter by outlining several
interesting future directions.

II. CONFORMAL METASURFACE ANTENNA

The proposed device consists of a conformal waveguide excit-
ing a multitude of metamaterial radiators, as shown in Fig. 1. In
this letter, we have selected to use substrate integrated waveg-
uides (SIWs) since they have shown great promise in recent
works for a successful implementation of conformal antenna
geometries [33], [34], [35], [36]. It is worth noting that the
proposed operation can be extended to any other waveguide
geometry. This SIW is connected to two coaxial connectors on
opposite sides. Coaxial feeds are selected for simplicity of their
implementation in simulation setup. In a practical implementa-
tion, one may excite the SIW via apertures coupled to microstrip
lines or from the sides using a coplanar waveguide. Those
modifications, however, would not change the main concepts
presented in this letter about the feasibility of detecting AoAs
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using conformal frequency-diverse metasurfaces. For metama-
terial radiators, we have selected complementary I-shape res-
onators [37] due to their simplicity. The resonance frequency
of the metamaterial radiators is selected randomly to be within
a given band of operation. As the EM signal illuminates this
metasurface antenna, it couples to a different set of elements
depending on their resonance frequency and location along the
array. It is worth noting that owing to the subwavelength size of
the metamaterial radiators (and consequently low gain), they can
accept signals from almost all the angles in the half-space facing
each of them. For example, if a 10 GHz EM wave is illuminating
this structure, it can couple to almost all the elements—with
resonance frequency near 10 GHz—in the half circle facing that
direction. The signal at the end of coaxial connectors would,
thus, be a random weighted multiplex version of the incident
signal, where the random weights for each frequency will be
different. In this manner, we can encode the information about
the AoA to frequency measurements at the end of the coaxial
connectors.

In this letter, we use the cross correlation of the voltage reading
at the end of the coaxial connectors as the measured data. The
cross correlation of the two signals can be implemented using
analog or digital cross-correlating circuits [38], [39] and is not
modeled in this letter for simplicity and brevity. In other words,
we plan to use g = V1 V5 /|V1 V5| as the measurement for each
frequency point, where V; and V5 are voltages at the end of
the coaxial connectors (see Fig. 1), and * denotes the complex
conjugate. Since the information about the incident angle is only
present in the phase difference, we will disregard the amplitude
of the measured signal.

For demonstration purposes, we select the X-band, i.e.,
[8 — 12] GHz, as the frequency band of operation. The SIW
is assumed to be made of Rogers/Duroid 5880 with a dielectric
constant of 2.2 and a loss tangent of 0.0009. This substrate is
selected due to its flexibility and the possibility to conform to
arbitrary geometries. To improve the transition from the coaxial
connector to the SIW, we selected the thickness of the SIW to
be 3.1 mm. For simplicity, we modeled the walls of the SIW
with conductive boundary conditions (instead of via walls). The
width of the SIW is selected to be 15 mm, which corresponds to
a cutoff frequency of 6.742 GHz. In our setup, to simplify the
simulation configuration, we assume that the SIW consists of a
36-equal-side regular polyhedron. Each side of the STW contains
one metamaterial radiator. In practical implementation, this
design can be fabricated to conform any curvature if needed by
bending its flexible substrate. The radius of the SIW polyhedral
is Ry = 45 mm = 1.5A, where A = 30 mm is the wavelength at
10 GHz.

The first step in the design of this structure is to find the ap-
propriate combination of length and width for the metamaterial
radiators—denoted by h and w in Fig. 1. Toward this goal, we
used Ansys HFSS to simulate a single element in a planar STW
of the same cross section as the conformal one, as shown in
Fig. 2(a). The transmission between the two ports of this setup
is shown in Fig. 2(b) for different combinations of ~ and w.
Using this simulation as the guide, we selected the elements
along the SIW randomly to have a width, w, randomly drawn
from [6 — 9] mm, and a height, h, randomly drawn from [3 — 5]
mm. The opening of the I-shape of the metamaterial radiator in
all the studies is 0.5 mm.

The CMA designed in this manner is then simulated to an-
alyze its radiation pattern (or reception pattern by reciprocity).
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Fig. 2. (a) Simulation setup for designing metamaterial radiators. (b) Simu-
lated scattering parameter for the setup shown in (a) for different geometrical
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Fig. 3. Normalized radiation patterns of the CMA for 41 frequency points
over the X -band. The envelope of the patterns is denoted by the thick black line.

To reduce the simulation complexity and time, we placed the
structure between a parallel plate waveguide made of perfect
magnetic conducting walls. This way, we can confine our studies
to quasi-2-D, where the transmitted/incident electric fields are
assumed to be polarized horizontally. The radiation pattern of
this structure for the case when both the connectors are excited
is shown in Fig. 3. The radiation patterns exhibit clear changes
as a function of frequency, thereby verifying the hypothesis that
this device has frequency-diverse angularly distinct receiving
patterns. Here, we have used 41 frequency points uniformly
distributed over the X-band (spacing of 100 MHz). The en-
velope of the patterns formed at different frequency points is
also depicted. We see that, overall, all the angles are received
with fairly reasonable strength by this device over the band of
operation, i.e., approximating an omnidirectional pattern with
angular selectivity.

III. COMPUTATIONAL AOA DETECTION

To utilize the frequency-diverse patterns shown in Fig. 3 for
Ao0A detection, we follow a similar procedure as those in [23]
and [24]. The first step is to discretize the range of AoAs (i.e.,
[0-360°]) into N bins. Next, we simulate the structure in Ansys
HFSS with plane waves arriving from the angles at the center
of those bins, i.e., ¢rf. The voltages at the end of the coaxial
connectors (terminated in absorbing boundary condition) are
computed numerically and correlated with each other. In this
manner, we can form an M x N reference matrix H for all the
N reference angles and M frequency points. The mn entry of
this matrix for the mth frequency point, f,,,, and the nth reference
angle, ¢, is, thus, given as

B = ViV [[ViV3| o8 fon, & (1)
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over the X-band (4 GHz BW).

In practice, one can populate the reference matrix by placing the
metasurface on a rotation stage, while a transmitting antenna
illuminates it from a distance. It is worth noting that by using
the cross correlation of the received signals, the reference matrix
becomes independent of the incident signal’s phase reference
(i.e., the radial distance of the source).

Now, let us consider the case where the incident signal was
received from one of the reference directions. In that case, we
can write the received signal, g, as

grx1 = Hayonfnxa. ()

Here, fy 1 is a vector whose nth entry is 1 if the incident signal is
from the nth reference angle and is zero otherwise. Using g, we
can, thus, estimate f by solving (2). However, H is not a square
matrix, and its inverse is not defined. Furthermore, the incident
signal may be from directions other than the reference angle. As
a result, we estimate f by using computational techniques. In
this letter, we use the least-squares solver method (implemented
as Isqr in MATLAB). The result would be a vector fest, which
has a peak closest to the actual AoA. We, thus, can estimate any
Ao0A by the reference angle closest to it. In this letter, we select
touse N = T72reference angles, separated by 0.0873 rad (= 5°).
Denser discretization of the azimuth plane may be possible but
will require a prohibitively lengthy simulation. It is important to
note that the resolution of this device, based on a uniform circular
array calculation, would be around 13.5°. However, since we
are using prior knowledge that a single (predominant) signal
is incident on the device, we can detect the AoA with higher
resolution, hence, justifying using dense discretization (bin size
of 5° instead of 13.5°).

The ability to solve the inverse problem at the heart of the
AO0A detection [i.e., solving (2)] depends on the number of
measurements, M, i.e., frequency points. However, increas-
ing the number of frequency points may not necessarily yield
new information since the total number of measurements of
a frequency-diverse structure depends on the correlation of
frequency samples, which s a function of the number of metama-
terial radiators, their quality factor, and the size of the structure
(see [40]). Here, we assess the quality of measurements by
plotting the singular value decomposition of the sensing matrix,
H, for different numbers of frequency points in Fig. 4 (using
N = 72). We clearly see that increasing the number of frequency
points yields a diminishing return. As a compromise between
simulation time and measurement diversity, we use frequency
points with 100 MHz spacing.

To demonstrate the proposed operation, we have plotted the
estimated vector |f2| in Fig. 5(a) for different test angles

(selected to be diffgrsent from reference angles). This figure is
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Fig.5. (a)Reconstructed |fest |2 for different test angles (dashed lines) at SNR
= 50 dB and BW = 4 GHz. Estimated AoA versus incident AoA is plotted in
(b) SNR = 50 dB, BW = 4 GHz, (c¢) SNR = 50 dB, BW = 3 GHz, (d) SNR =
50 dB, BW = 2 GHz, (e) SNR = 20 dB, BW = 4 GHz, and (f) SNR = 10 dB,
BW =4 GHz. In (b)—(e), incident AoA coinciding with ¢yef is denoted by “+.”
Otherwise, they are denoted by “o.”

obtained at a signal-to-noise ratio (SNR) of 50 dB—noise is
assumed to be white Gaussian and is added to V; and V5> using
MATLAB built-in additive white Gaussian noise function before
calculating g. Examining Fig. 5(a), it is evident that |fee:?|
exhibits a peak at a reference angle closest to the test angle.
We have computed the detected AoAs for all the possible tests
and reference incident AoAs for SNR of 50 dB. The results
are shown in Fig. 5(b). It is important to emphasize that for
all the case studies presented in Fig. 5, the sources of incident
signal are assumed to be 2 m away from the reference plane used
for populating H. The amplitude also fluctuates as a function
of frequency (drawn randomly from [0.5,1]). The results in
Fig. 5(b) confirm the ability of the proposed device to detect
AoAs over the whole horizontal plane even for sources which
may not have constant amplitude or are at a different distance
from the one used during characterization.

In some applications, it may be desired to use a smaller band of
operation. To examine this case, we have reduced the frequency
band of operation from 4 GHz in Fig. 5(b) to 3 GHz in Fig. 5(c)
and to 2 GHz in Fig. 5(d). It is evident that the proposed method
can still operate over a narrower band of operation. However,
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it requires using more iterations of the least-squares solver to
deliver desired performance as the inverse problem becomes
more ill-conditioned—since the number of measurements, M,
is reduced.

Finally, we examine the impact of noise on the performance
of the proposed device. In Fig. 5(e) and (f), we have replotted
the cases examined in Fig. 5(b) but with an SNR of 20 and
10 dB, respectively. As the SNR decreases (or the axial distance
of the target increases), the spurious peaks shown in Fig. 5(a) can
confuse the estimation process. It is evident that the detection
of AoA at the SNR of 10 dB becomes slightly less accurate. It
is worth noting that the proposed device is examined assuming
only one receiving unit. If more receiving units were added to
the device (i.e., by adding more connectors), we can improve the
performance by increasing the number of measurements and al-
leviating sensitivity to noise. In fact, using more receivers would
also allow for operating with a narrower BW. Alternatively, we
can use a low-noise receiver to accommodate low signal levels.

IV. CONCLUSION AND DISCUSSION

In this letter, we designed a conformal frequency-diverse
metasurface that can detect the AoA in the horizon using a
single receiving unit. The estimation process and operation of
the proposed device were detailed. The role of BW, number of
frequency points, and noise on the device performance was ana-
lyzed. From a practical perspective, this device can be embedded
into any shape or configuration. Since it was not designed to
form directive beams, its fabrication was not restricted by strict
requirements, and any deformation/defect can be accounted
for during calibration. Furthermore, this device used a single
receiver and only required a frequency sweep, which can be
implemented at a low cost. Such a versatile and simple structure
for finding the AoA may find application in navigation systems,
radars, and wireless communication networks.

This work lays the foundation for applying computational
sensing using a CMA. In future works, one can improve the
performance by using more elements or by introducing other
sources of frequency diversity (such as a planar cavity [20],
[21]). Alternatively, one may increase the number of measure-
ments by using more receiving units. Another area to investigate
is the estimation process. In this letter, we used simple least-
squares solvers. By using more complex compressive sensing
techniques or machine learning algorithms [41], [42], we can
improve the detection performance. While the dependence on
BW is an inherent property of frequency-diverse imaging and
sensing systems, it can limit the applications of the device. To
remedy this issue, one may implement a conformal dynamic
metasurface antenna, where each metamaterial radiator is loaded
with a switchable component and addressed independently [32].
It is anticipated that such a structure can detect AoAs using a
single frequency of operation [23], [24], [43] and even using
only the intensity of the received signal [44]. Demonstrating
these exciting possibilities is left for future studies.
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