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Abstract—The work demonstrates a dynamic metasurface
antenna (DMA) that consists of hexagonal-shaped meta-atoms.
The hexagonal-shaped meta-atoms are arranged in a diagonal
fashion in the top layer of the substrate integrated waveguide
(SIW). The SIW feeds an array of 32 such meta-atoms. By using
p-i-n diodes, the radiation characteristic and the interaction with
the propagating wave of each meta-atom are varied in two states.
The DMA is capable of generating 7 distinct beam patterns by
biasing the p-i-n diodes with the binary distributions obtained
through holographic approximation. The DMA offers a wide
beam coverage of 136° and an average gain of 6.3 dBi for all
the binary distributions. Furthermore, the DMA demonstrates
direction-of-arrival (DoA) detection for one or two simultaneous
sources with an error as low as 1°. Full-wave simulations validate
the design, highlighting its potential for integrated sensing and
communication (ISAC) applications.

Index Terms—beamcoverage, ISAC, metasurfaces, meta-atoms,
reconfigurable, p-i-n diodes.

I. INTRODUCTION

Integrated Sensing and Communication (ISAC) is expected
to play a key role in enabling new functionalities for 6G
services [1], [2]. Sensing in wireless systems can take var-
ious forms, including human activity recognition [3], vital
sign monitoring [4], direction of arrival (DoA) estimation of
transmitting sources [5], [6], localization and tracking [7],
[8]. A wireless system that can sense its environment and
adapt accordingly not only enhances communication reliability
but also improves system throughput. Achieving this requires
radio frequency (RF) hardware capable of supporting both
communication and sensing tasks.

Several antenna designs have been proposed for ISAC.
For example, full-duplex or simultaneous transmit-and-receive
(STAR) antennas provide isolated channels for transmitting
and receiving electromagnetic (EM) signals, typically through
two physically separated antenna elements [9], [10], [11].
Another promising category is Dynamic Metasurface Antennas
(DMAs), which employ a spatial distribution of meta-atoms
to achieve reconfigurable radiation characteristics. In [12] a
reconfigurable DMA is introduced which utilizes compressive
sensing techniques for DoA sensing and imaging. Subse-
quently, in [13], a substrate integrated waveguide (SIW)-fed
DMA is presented, resonating at 5.1 GHz and offers a wide
beam coverage. Other works [14], [15], [16] have explored
SIW-based DMAs across different bandwidths and meta-

atom designs. These SIW-based DM As enable azimuthal-plane
scanning of transmitting sources and directional beamforming
for communication, making them strong candidates for ISAC
applications.

The DMA presented in this work employs a hexagonal-
shaped meta-atom to achieve beam steering in X-band, with
a wide beam coverage of 136°. It is further characterized for
DoA sensing, achieving an estimation error of up to 1° for
a single source in the azimuthal plane, as well as for two
simultaneously transmitting sources with the same precision.
This combination of wide beam coverage and high DoA
accuracy highlights the suitability of the proposed antenna for
ISAC applications.

II. RECONFIGURABLE ANTENNA DESIGN
A. DMA Design

The Fig.l1 demonstrates the proposed SIW-based DMA
antenna design, which consists of 32 complementary electric
inductive capacitive (cCELC) meta-atoms arranged periodically
on the top layer of the SIW. The p-i-n diodes from MACOM
semiconductors, MA4SPS402 [17], are mounted across the
meta-atoms for controlling their radiation response. The SIW
cavity is fed using a microstrip line with a tapered transition.
As compared to a microstrip waveguide, which supports quasi
TE;p, the SIW supports a true TE;y mode, which makes
them optimum for exciting the cELC meta-atoms [18]. The
hexagonal-shaped meta-atoms are placed symmetrically along
the central line of the structure (z-axis) to minimize wave
perturbation of the propagating wave and reduce inter-cell
interaction. The number of elements is also selected in order to
have a sufficiently large electrical aperture with a reasonable
antenna size. Rogers R4003C (¢, = 3.55 and tand = 0.0027)
is chosen as the constituent dielectric with copper cladding on
both sides for the antenna design.

B. Meta-Atom Design and Simulation Response

The constituent meta-atoms of the DMA are obtained by
taking the complement of the electric—inductive—capacitive
(ELC) resonator, as illustrated in Fig. 2(a). The ELC structure
consists of a hexagonal ring with T-shaped inserts positioned
such that their wider portions face each other across a narrow
gap. These wider portions act as capacitors when excited by
an electric field oriented along the y-axis, while the hexagonal
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Fig. 1. Schematic of the DMA antenna design. The illustrated dimensions
are as follows:-e = 1.4 mm, f = 10.8 mm, g = 18 mm, 4 = 12.7 mm, j = 8.4
mm, k = 2.1 mm, m = 5.1 mm, W = 60 mm, wg, = 2.2 mm, Ly, = 189
mm and Lg,;, = 256 mm.

ring provides inductive response to a magnetic field along the
z-axis. Consequently, the structure behaves as a parallel LC
resonator for an incident electromagnetic (EM) wave propagat-
ing in the —ve z-direction. According to Babinet’s principle, its
complementary structure exhibits the dual response, operating
as a series LC resonator that couples strongly to the magnetic
field component [19].

Fig. 2(b) shows the scattering parameter (S-parameter)
response of the complementary meta-atom under periodic
boundary conditions, with magnetic boundaries along thez-
axis, electric boundaries along the y-axis, and ports defined
along the x-axis. The resonance occurs at 9.8 GHz, where the
structure behaves analogously to a series LC circuit. In other
words it behaves as a short circuit at resonance, enabling wave
transmission, while attenuating off-resonant frequencies. The
resonance frequency can be tuned by adjusting the hexagonal
ring dimensions or the gap between the T-shaped inserts.

Subsequently, a single element of the meta-atom is embed-
ded in an SIW with p-i-n diodes to observe the control over
the radiation characteristics. The operational spectrum of the
antenna is influenced by the resonant frequency of the meta-
atom and the off-state (Copp) capacitance of the p-i-n diode
as well. Fig. 3(a) depicts the normalized radiated power when
the biasing state of the p-i-n diodes is varied, and Fig. 3(b)
represents the simulation setup. The p-i-n diodes are modelled
as an RL circuit with Roy =7 2 and Loy = 0.45 nH, during the
forward biased state, and, in the reverse biased state, as an LC
circuit with Logr = 0.45 nH and Cggg = 0.01 pF [17]. It can be
observed that when the p-i-n diodes are reverse biased or in the
OFF state, the element radiates (element is in the ON state)
with maximum radiated power at 10.7 GHz. Subsequently,
when the p-i-n diodes are forward biased, the element is in
the OFF state and ceases radiation. It can be observed that the
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Fig. 2. (a) Hexagonal-shaped unit cell design and it’s complementary
structure. The illustrated dimensions are as follows:- a = 2.75 mm, b = 0.25
mm , ¢ = 0.9 mm and d = 1.93 mm . (b) S-parameter response of the meta-
atom. The boundary conditions are shown in the inset of the figure.
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Fig. 3. (a) Normalized radiated power plot for different biasing states of the
p-i-n diodes. (b) Schematic for simulation with pi-n diodes (Roy =7 €2 , Lon
= 0.45 nH N COFF = 0.01 pF and LOFF =045 l’lH)

radiated power is almost 10 dB higher when the element is in
the ON state as compared to when it is in the OFF state.

III. SIMULATION AND RADIATION PATTERN RESULTS
A. S-Parameter Response

Fig. 4 demonstrates the S-parameter response of the DMA
for different biasing states of the p-i-n diodes. Fig. 4(a)
illustrates the S-Parameters obtained when all the p-i-n diodes
are reverse biased (elements are in ON state), and Fig. 4(b)
shows the S-Parameters when all the p-i-n diodes are forward
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Fig. 4. S-Parameter response of the developed DMA antenna, (a) when all the
p-i-n diodes are reverse biased, and (b) when all the p-i-n diodes are forward
biased.

TABLE 1
HEXADECIMAL CODES FOR BEAM GENERATION
Case No. | Hexadecimal Code Int;e)n.ded .Beam Slmul.ated.
irection Beam Direction
1 DB6DB6DB 5° 7°
2 D2DA5B4B 15° 18°
3 94B5AD69 20° 23°
4 B52A56AD 30° 31°
5 AS556AAS5 40° 41°
6 AAS5556A 50° 49°
7 AAAAAAAA 60° 63°

biased (elements are in OFF state). It can be observed that
when all the p-i-n diodes are forward biased, the entire antenna
behaves as a typical waveguide; conversely, when all the p-i-n
diodes are reverse biased, a dip in S;; can be observed at the
intended frequency, indicating the coupling to the propagating
wave in the waveguide. The S;; values are also below -10 dB
in both the cases, demonstrating good match to the input ports.

B. Radiation Pattern Results

The cELC meta-atoms can be modeled as magnetic dipoles
that couple strongly to the magnetic component of the propa-
gating wave. A holographic approximation on the polarization
of the meta-atoms can be used for beamforming in the intended
direction [13], [20], [21]. Subsequently, by using a heaviside
function, a binary distribution for forming beam in the desired
direction can be obtained. A detailed description can be
found in the ref. [20] and [21]. Table I lists the hexadecimal
equivalents of the binary distributions derived for different
beam directions. Here, “1” indicates a forward-biased diode
(element is in OFF state), while “0” corresponds to a reverse-
biased state (element is in ON state).

Fig. 5 plots the simulated radiation pattern for the different
cases as mentioned in Table I. As can be seen in Fig. 5,
the obtained radiation patterns from the DMA closely follow
the intended scan angles throughout the studied biasing cases.
Slight differences in the point angles can be attributed to inter-
cell interactions and wave scattering from the meta-atoms,
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Fig. 5. Simulated radiation patterns of the DMA in E-plane (xz-plane) for
the different biasing cases provided in Table I. The cross marks indicate the
intended beam directions.

which are difficult to model while extracting the binary codes
for the intended beam directions. The antenna has an average
gain of 6.3 dBi and an average simulated radiation efficiency
of 42% over all the studied cases. The overall beam coverage
of the antenna is 136° when the antenna is fed from both ports.

IV. DOA SENSING RESPONSE

The wide beam coverage of the DMA can be leveraged
to estimate the direction of arrival (DoA) of nearby sources.
Specifically, the 1-D DMA enables estimation of the azimuthal
angle by solving eq. (1),

g = Hf. (1)

In (1), the bold font is used to denote the vector-matrix
notation. Here, g is a column vector of size (m, 1) containing
the amplitudes of the received signal at 10.7 GHz for m
different radiation patterns (m = 7 in this case). H in (1)
is an m X n matrix where each element in a row corresponds
to the magnitude of the received signal at the n'" angle, while
the m" row corresponds to the m™ case (hexadecimal code)
listed in Table 1. The vector f is the unknown column vector
of size (n, 1) representing the angular spectrum across n angle
bins [22], [23].

Due to the antenna’s symmetry, only a quadrant of the az-
imuthal plane is considered, with the angular space discretized
into 1° bins. Since H is not square, equation 1 is solved using
the generalized minimum residual method (GMRES) [24]. Fig.
6 shows the estimated DoA for a single-source scenario under
three cases: 10°, 32°, and 50°. The corresponding estimated
angles are 9°, 32°, and 51°, respectively. All reported angles
refer to the azimuthal plane of the antenna, as depicted in Fig.
6.

A multi-source scenario is also investigated, considering two
simultaneous transmissions at 25° and 50°. The corresponding
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Fig. 6. Normalized estimated DoA patterns (solid lines) for the source placed
at three different angles in the azimuthal plane. The cross mark points to the
actual position.
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Fig. 7. Normalized estimated DoA pattern for the studied multi-source
scenario.

results are shown in Fig. 7, where the DoAs are identified
from the peaks in the calculated and normalized f. The antenna
correctly estimates the angle of the source at 25° and detecting
the second source with an error of 1° at 51° for the actual 50°
case.

V. CONCLUSION

In this paper, we proposed an SIW-integrated DMA design
offering a wide beam coverage and can estimate the DoA
for transmitting sources. When fed through both ports, it
achieves an azimuthal coverage of 136°. The beams generated
by biasing the p-i-n diodes with the patterns listed in Table
I were used to detect the sources. The proposed DMA was
validated through full-wave simulations in CST Studio Suite.
Its planar configuration allows seamless integration with other
RF front-end components. The combination of wide beam
coverage and beam steering capability makes it well-suited
for ISAC applications.
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