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ABSTRACT: Antennas are one of the most important elements in modern communication systems. Recently, significant progress has been
made in developing metasurface antennas as an alternative for beam steering, commonly used in radar and communication applications.
Metasurface antennas consist of an array of metamaterial elements, uniformly distributed and with subwavelength dimensions, which can
be excited by a progressive wave. This work focuses on the application of Incremental Difference Method for estimating the magnetic
polarizability of metamaterial arrays embedded in a waveguide-fed linear configuration. The method is validated through full-wave
simulations and further assessed using a weighting function introduced in prior studies. The design is demonstrated using a WR340

waveguide-based metasurface antenna model.

1. INTRODUCTION

etasurface antennas (MSAs) represent an advanced class
Mof antennas that utilize metasurfaces to efficiently con-
trol and manipulate electromagnetic waves. Metasurfaces are
ultra-thin artificial structures composed of subwavelength ele-
ments — smaller than the wavelength of the electromagnetic
radiation they interact with — which allow precise modifica-
tion of the amplitude, phase, and polarization of electromag-
netic waves. These properties enable metasurface antennas to
adjust wave characteristics with high precision, providing cus-
tomizable radiation patterns and controlled beam directional-
ity [1]. Their lightweight and low-profile design makes them
ideal for integration into flat surfaces, such as those on vehicles
or buildings [2]. Furthermore, MSAs are highly efficient and
reconfigurable, playing a critical role in technologies such as
5G/6G communications, radar imaging, and portable devices,
offering a wide range of functionalities [3].

The growing relevance of metasurface antennas is reflected
in the increasing body of research, with numerous studies high-
lighting their applications in 5G/6G, wireless communications,
and radar systems [4—7]. Key areas of focus in these stud-
ies include the dynamic reconfiguration of radiation patterns,
improved efficiency, and the integration of metasurfaces into
high-frequency technologies [8]. Metasurface antennas have
gained considerable attention due to their ability to control elec-
tromagnetic waves at subwavelength scales. Recent reviews,
such as [9], comprehensively discuss state-of-the-art develop-
ments, including dynamic beam steering and high-efficiency
implementations.

This work contributes to the advancement of waveguide-fed
metasurface antennas by combining a localized polarizability
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extraction technique — based on the Incremental Difference
Method — with a realistic waveguide excitation model. Unlike
previous studies that rely on idealized excitation conditions or
assume continuous weighting functions, our method accounts
for the physical constraints of subwavelength resonant elements
and guides the design of amplitude and phase profiles within
these limitations. This provides a practical path toward com-
pact, steerable antennas for next-generation radar and commu-
nication systems.

In this paper, we present the design and validation of a meta-
surface antenna based on Complementary Electric-LC (CELC)
structures [10, 11], excited through a WR340 waveguide-fed
system. The antenna structure comprises three main sections:
a coaxial-to-waveguide adapter, a separating section, and a
short-circuited termination. Section 2 introduces the theoretical
framework of the design, grounded on classical Lorentz theory
and the extraction of single-port polarizability. Section 3 fo-
cuses on validating the Incremental Difference Method, which
enables the characterization of the metamaterial cell response
at different positions along the waveguide. Subsequently, the
implementation of phase control is examined using Lorentzian
Constrained Phase Hologram (LCPH) method proposed in [12],
leveraging the available amplitude and phase information for
each metamaterial element. Finally, in Section 4, the design
is validated through full-wave simulations using a model that
closely resembles a practical implementation.

2. THEORETICAL MODEL

Any element that can distribute charges by electric or magnetic
effects has a polarizability. This concept defines the ability
to form instantaneous dipoles in dynamic response to exter-
nal fields. Metamaterials do not possess an inherent property
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FIGURE 1. Analytical response of a metamaterial unit cell based on Lorentzian polarizability. (a) Magnitude |a| versus frequency, (b) Phase Za.

versus frequency.

of polarizability, and based on the theory of polarizability of
molecules it is possible to obtain a relationship between the
dipole moment p and m and the electric and magnetic fields,
respectively. The response of each dipole can be described by
the polarizability tensor relating incident electric field.

(M
2

Equations (1) and (2) indicate that the electric dipole moment
p and magnetic dipole moment m in a metamaterial structure
are induced by both the external fields ET and HT, as well as
the local fields E;,.. and H;,,.. These local fields account for in-
teractions between neighboring dipoles, representing the feed-
back effect.

Polarizability and array factor are related in the design and
behavior of antenna arrays, especially when antennas contain-
ing resonant structures or metamaterials are used. The polariz-
ability of individual array elements (whether dipoles, metama-
terial elements, or resonators) affects how these elements in-
teract with the electromagnetic field, which in turn influences
the radiation pattern of the entire array. In the case of anten-
nas using elements with metamaterials or resonant structures,
the polarizability can be highly tuned for certain frequencies,
which can modify the radiation behavior of the individual el-
ement. Based on basic antenna array theory, the array factor
describes how the waves radiated by the individual elements of
the antenna array are combined [13]. The polarizability affects
the radiation pattern of each element in two ways: in amplitude,
if the real part of the polarizability is significant, it can amplify
or attenuate the radiated field, and in phase, if the polarizability
is complex, its imaginary part introduces an additional phase
shift in the emitted wave. The polarizability of each element
can be described by the Lorentzian function, commonly used
to model resonant responses in metamaterials [14—17]:
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where F' is the oscillation force, wg the resonance frequency,
and I' the damping factor. Equation (3) is related to the mag-
netic dipole moment of the metamaterial element 1 and the
local field of the waveguide H,. ¢- The relationship between
each metamaterial element and the reference wave is:

—

’Iﬁi = amyi(w)H(xi)
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Using the approximation defined in [12] it is possible to de-
termine the radiation pattern for a one-dimensional array as:

N
AF(¢7 0) = cosf Z am,i(W)e_sz’ ejk’risinqb (5)
=1

To control the radiation contribution of each cell, it is nec-
essary to control the polarizability ., of each cell near the
resonance frequency wy. Figure 1 presents the magnitude and
phase of the polarizability of a unit cell. Tuning an element
can be done by changing its resonance frequency wy, causing
magnitude and phase changes in the polarizability. Since the
polarizability is a complex analytical function of the resonance
frequency, magnitude and phase are totally related and present
a restriction in the phase advance reducing the control range,
as the magnitude decays at the extremes of the resonance fre-
quency. The use of sublambda elements allows to reduce the
spaces between elements, and the accumulation of the phase of
the guided wave helps to recover the phase control of the ele-
ments.

The polarizability of each element is a function that depends
on its geometry, resonance, and electromagnetic environment.
This mapping involves periodic adjustments in the magnitude
of o, resulting in an oscillating modulation profile that con-
tributes to the formation of the major lobe and minor lobes.
For beamforming, linearly increasing weights of constant am-
plitude and phase can be found. Lorentzian Constrained Modu-
lation (LCM) mentioned in [12] is an approach that simultane-
ously optimizes the phase and magnitude of each metamaterial
element in an antenna array.

j+ ed(Bzitkzisin(¢o))
2

Qm g (W (6)
Equation (6) reflects the combination of a constant com-
ponent (representing a phase adjustment) and an exponential
component e”%: TFzin(®0) representing the phase variation as a
function of position. n(¢q) corresponds to the desired radiation
angle ¢q. This term indicates how the radiation from each cell
contributes to forming the beam in the desired direction ¢g.
Recapitulating Equation (5), c;,; (w) does not fully represent
the behavior of LCPHs in a waveguide with a single-port exci-
tation and a metallic termination at the other end (closed cir-
cuit). In this configuration, the closed port generates a stand-
ing wave inside the waveguide, requiring a different approach
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FIGURE 2. Comparison of field response and estimated polarizability for a CELC cell with dimensions 18 x 18 mm (a) Local magnetic field Hioca:

at the cell position. (b) Calculate magnetic polarizability cu,.

to analyze the cells. For a WR340 waveguide, this standing
wave influences how the amplitude and phase of the cells are
measured. Additionally, the electromagnetic fields within the
waveguide exhibit a sinusoidal spatial distribution, characteris-
tic of the T'E1y mode.

H, ocn(%) @)

2.1. Phase and Amplitude Measurement with a Single Port

Even though port 2 is closed, it is possible to measure the ampli-
tude and phase of the cells through indirect measurements from
port 1. Parameter S7; reflects the effect of the CELC cells and
the interaction of the reflected fields at the closed port, and if
S11 is measured in different configurations (e.g. with the first
cell, with the second cell, etc.) the incremental contribution of
each cell can be deduced. The approximate calculation of mag-
nitude and phase per cell requires deducing the contribution of
each cell from S7;. For simplicity, the following model can be
used:

ASll - Sll,with cells — Sll,without cells (8)
The amplitude and phase of a cell are related to AS; as:

Acell - |A511| (9)
¢celd(z == arg(ASn) (10)

Additionally, when there is a small space, it involves mod-
ifying the effective phase of each cell and, in some cases, ad-
justing the magnetic polarizability to compensate the position
mismatch with respect to the magnetic field maxima.

2.2. Polarizability from Incremental Difference Calculation

The definition of magnetic polarizability o, from incremen-
tal difference calculation (AS71) comes from the analysis of
the fundamental principles of electromagnetic interactions and
the properties of metasurfaces. This approach is based on the
concepts of local perturbations of an electromagnetic field and
how they affect observable properties such as the reflection co-
efficient [18]. In the case of CELC cells, it acts as a resonator
responding to a local magnetic field H;,.,; generating a mag-
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netic dipole moment (m).

m = o, Higear

(11)

The polarizability v, describes the ability of the cell to re-
spond to the Hj,.q; field. The relationship with S1; occurs
when a metamaterial cell is inserted into the waveguide, pro-
ducing perturbations.

The magnitude of AS1; is proportional to the induced mag-
netic dipole moment m, which in turn depends on «,, and
Hj,cqi- Therefore, the polarizability can be deduced as:

ASll
Hlocal

Ay =

(12)

Experimentally, the field Hj,.,; represents the incident mag-
netic field at the cell position, which can be measured or es-
timated by simulation. The incremental reflection coefficient
AS1; is calculated as described in Eq. (8), comparing the sys-
tem with and without each metamaterial cell. Therefore, the
change in magnitude of AS;; is proportional to the induced
dipole moment m.

ASll xXm X amHlocal

(13)

Through simulations, the proportionality of the local field
can be verified with the incremental calculation, which in turn
is proportional to the polarizability as shown in Figure 2.

3. INCREMENTAL METHOD VALIDATION

Based on the characterization provided by the Incremental
Difference Method [8], the magnitude and phase response of
each metamaterial cell are predicted through individual tun-
ing. The structures are characterized by correlating the res-
onance frequency with the physical dimensions of the CELC
cells [19,20]. The resonance frequency of each CELC cell is
primarily controlled by its geometric dimensions. Increasing
the physical size of the resonator elements (e.g., arm length,
loop area) results in a lower resonance frequency due to higher
effective inductance and capacitance. This behavior enables
frequency tuning through dimensional scaling, as illustrated in
Figure 3. Since the polarizability of each element follows a
Lorentzian profile centered at its resonance frequency, dimen-
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FIGURE 3. Relationship between resonance frequency and the size of
the CELC cell. A linear regression is used to determine the optimal
dimension for the target frequency.

sion adjustments directly influence both amplitude and phase
response, allowing for tailored radiation contributions in the ar-
ray.

For this design, the waveguide structure is adapted to a
practical implementation model using a WR340 waveguide-to-
coaxial adapter as the foundation (Figure 4). A conical ex-
citer is employed, and the position of the CELC cells is ad-
justed along the Z-axis to characterize each structure individu-
ally. This allows the extraction of amplitude and phase contri-
butions from each cell. Figure 5 shows the spatial distribution
of the cells along the waveguide, with a separation of A\ /4 be-
tween them. Full-wave characterization is performed at each
position ;. As shown in Figure 5, the amplitude and phase of
the magnetic polarizability exhibit the expected Lorentzian be-
havior as a function of the cell size. The resonance frequency
is directly controlled by the geometry of the CELC elements
(see Figure 6), which confirms that dimensional tuning leads
to frequency shifts consistent with the analytical model. These
results support the validity of using the Lorentzian formulation
to approximate the near-resonant response of the CELC cells in
both amplitude and phase.

To maximize radiative efficiency and ensure the radiation
pattern adheres to the amplitude and phase constraints of the
CELC cells, we focused on the geometric optimization of the
unit cells. By adjusting their dimensions, the resonance fre-
quency of each element was shifted accordingly.

Referring back to Equation (6), we estimate the amplitude
and phase distributions of the metamaterial elements along the
waveguide. This mapping is performed with respect to the ex-
citation point located at cell CELC2. Phase adjustments are
implemented to steer the radiation pattern toward —30° from
broadside (cos(f) = 1) [12,13]. However, the amplitude and
phase configuration obtained for the elements, as shown in Fig-
ure 6, does not fully conform to the expected LCM function.
Instead, the direction of the radiation pattern is primarily influ-
enced by the elements with the highest magnetic polarizability,
in this case, CRLC1 and CELC4 cells.
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As shown in Figure 7, the amplitude responses of CELCI,
CELC4, and CELCS are the closest to those predicted by the
LCPH model. Based on the amplitude and phase values ob-
tained using the Incremental Difference Method, the array fac-
tor defined in Equation (5) is computed and illustrated in Fig-
ure 8, where o, ; represent the discrete magnetic polarizability
values assigned to each cell.

Due to the Lorentzian nature of the magnetic polarizability,
the available phase shift for each CELC element is limited. As
shown in Figure 6(b), the effective phase control range extends
from approximately 17° to —130°, covering about 147° around
the resonance frequency. Beyond this range, the polarizability
amplitude diminishes significantly, reducing the effective con-
tribution to the radiation pattern. This phase variation, while
restricted, is sufficient to enable directional beam steering us-
ing subwavelength resonators.

Since the magnetic polarizability follows a Lorentzian pro-
file, its magnitude decays sharply at frequencies away from res-
onance. As a result, the effective contribution of a CELC cell
to the radiation pattern is significantly reduced when it oper-
ates outside the near-resonant band. Consequently, phase con-
trol is only meaningful within a limited frequency range where
the polarizability amplitude remains sufficiently high, directly
constraining the achievable beam steering performance. This
behavior is consistent with the analysis presented in [12], where
it is emphasized that significant amplitude and effective phase
control in metasurface antennas based on resonant elements oc-
cur primarily around the resonance frequency.

4. SIMULATION RESULTS

The simulation results are validated using the 3D model shown
in Figure 4 and the conical exciter depicted in Figure 5(b). In
the full-wave simulations, the waveguide body and CELC ele-
ments were modeled as perfect electric conductors (PECs), ac-
curately approximating the behavior of aluminum at 2.45 GHz.
The excitation system, based on a Type-N female connector,
was modeled with realistic material properties: the inner con-
ductor and conical transition were assigned aluminum, and the
dielectric support was included to match the practical connec-
tor structure. This design reflects the fabricated antenna base,
where the connector is already installed and ready for experi-
mental validation. Additionally, the structure has been rotated
according to the weighting values obtained in Figure 7. It is
important to highlight that the weights were adjusted to comply
with the amplitude and phase limitations imposed by the CELC
cells along the waveguide. Moreover, the theoretical array fac-
tor model does not account for the secondary effects introduced
by the waveguide structure. To better reflect realistic operating
conditions, the simulation incorporates a discrete port, simulat-
ing a 50 2 impedance at the external connection point of the
coaxial cable. The resulting structural dimensions are shown in
Figure 9.

The simulations were carried out assuming perfect electric
conductors (PECs) for both the waveguide and CELC elements.
This is a valid assumption in the WR340 configuration, where
all components are metallic. In a practical prototype, the struc-
ture would be fabricated using aluminum, a highly conductive
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(b)

FIGURE 4. 3D model of the metasurface antenna base. (a) Full assembly including three sections: coaxial adapter, separation region, and short-
circuited termination. (b) Detail of the waveguide adapter section with dimensions (units in mm.)

FIGURE 5. Metasurface antenna prototype based on a WR340 waveguide. (a) Distribution of CELC cells with Ao /4 spacing along the waveguide.
(b) Sectional view showing the position of the conical exciter.
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FIGURE 6. Variation of CELC cell polarizability as a function of its geometric dimensions. (a) Magnitude of the magnetic polarizability o, versus
cell size, (b) Phase of the magnetic polarizability Za,,, versus cell size.

material. Although finite conductivity introduces small ohmic
losses, their effect on the amplitude of the magnetic polariz-
ability is minimal. Therefore, the performance obtained from
simulations is expected to closely approximate the experimen-

tal results.

The short-circuited termination establishes a standing wave
pattern inside the waveguide, characterized by sinusoidal vari-
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ations of the magnetic field along the propagation axis. This
standing wave is essential for the operation of the metasurface
antenna, as it provides the necessary local magnetic field exci-
tation for the CELC cells distributed along the waveguide. The
periodic arrangement of the CELC elements, following a sub-
wavelength distribution as proposed in [12], ensures efficient
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FIGURE 9. Metasurface antenna array designed to steer the main radia-
tion lobe at 30°. CELC cells are spaced by Ao/4.
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FIGURE 10. Full-wave simulation results for the 6-cell CELC array. (a) 3D radiation diagram showing directional behavior. (b) Elevation plane

radiation pattern highlighting beam steering from broadside.

excitation across the array while minimizing mutual coupling
effects.

The simulation results are presented in Figure 10, where it is
verified that the design and placement of the CELC cells effec-
tively steer the radiation pattern in the desired direction.
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Although a A\ /4 periodic spacing was employed to reduce
the likelihood of grating lobes, the presence of physical con-
straints on the CELC elements may still lead to secondary lobes,
as discussed in [21]. In this design, while no specific grating
lobe suppression techniques were implemented, the simulated
radiation patterns show relatively low secondary lobe levels.
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This behavior is likely attributed to the standing wave field in-
side the waveguide and the tailored amplitude and phase distri-
bution achieved via the Incremental Difference Method.

In addition to supporting field sampling and beam steering,
the \o/4 spacing helps minimize the mutual coupling between
adjacent CELC elements. The subwavelength resonant nature
of the CELC cells results in weak near-field interaction, ensur-
ing that each element’s polarizability remains largely indepen-
dent. This contributes to preserving the intended amplitude and
phase distribution across the metasurface.

5. CONCLUSIONS

This work presents the design and validation of a waveguide-
fed metasurface antenna using CELC metamaterial elements.
By employing Incremental Difference Method, we obtained a
localized estimation of the magnetic polarizability of each unit
cell, enabling effective amplitude and phase mapping along
the structure. Lorentzian Constrained Phase Hologram (LCPH)
model served as a theoretical basis for amplitude-phase weight-
ing, guiding the direction of the radiation pattern.

The simulation results confirm the ability of the CELC-based
metasurface to steer the main lobe toward a desired direction,
in this case —30°, with good agreement between the predicted
polarizabilities and resulting field distribution. Furthermore,
the full-wave model incorporating realistic waveguide effects
demonstrates the practical viability of this approach, despite
some limitations due to the inherent phase and amplitude con-
straints of the metamaterial elements.

Although the LCPH model assumes full control over ampli-
tude and phase for each element, in practice, resonant elements
such as CELC cells are constrained by their geometric tuning
range. As discussed in [12,21], analytical profiles can guide
the design, but not all cells can simultaneously reach the de-
sired values. Figure 7 shows that only some cells approach the
theoretical LCPH behavior. Therefore, the beam was formed
using the cells with the closest match to the target polarizability
values, while others contributed with limited weight. This de-
sign strategy enables beam steering within practical constraints
and avoids relying on idealized uniform control assumptions.

While the present work focuses on passive CELC cells
with fixed geometrical tuning, dynamic metasurface antennas
have been demonstrated using tunable components [22]. Fu-
ture work will explore the application of Incremental Differ-
ence Method to microstrip-based technologies, enabling real-
time reconfigurable metasurface designs through the integra-
tion of varactors, micro-electromechanical switches (MEMSs),
or other tunable devices.

The maximum steering angle achievable with the designed
metasurface antenna is constrained by the limited phase range
available due to the Lorentzian polarizability behavior, ampli-
tude decay away from resonance, and the standing wave dis-
tribution inside the waveguide. While the A\y/4 spacing helps
maintain control and suppress grating lobes, steering beyond
moderate angles would require broader phase control or dy-
namic tuning mechanisms.

Full-wave simulation results show that the metasurface an-
tenna achieves a main beam with a half-power beamwidth

119

(HPBW) of approximately 40.7°. The secondary lobes, as ob-
served in the radiation pattern, are considerably smaller than
the main lobe, demonstrating effective beam steering perfor-
mance with acceptable side lobe behavior, despite the intrinsic
limitations of the resonant CELC elements.

Compared to traditional phased arrays, the waveguide-fed
metasurface antenna presented here offers a simpler, lower-cost
solution for beam steering, relying on passive subwavelength
resonators instead of active phase shifters. While the achiev-
able steering range and dynamic reconfigurability are limited,
the approach provides an effective and compact alternative for
applications requiring directional radiation control without the
complexity of fully active systems.

e Advantages of the proposed design:

Simple single-port feeding system.

Passive
shifters.

implementation without active phase

Compact and low-profile structure.

Demonstrated beam steering using passive subwave-
length elements.

e Limitations:

- Fixed beam direction after fabrication.

- Limited phase control compared to fully active
phased arrays.

- Real-time reconfigurability not

(requires tunable components).

implemented

Building on the Lorentzian Constrained Phase Hologram
(LCPH) methodology, future work may explore the integration
of tunable elements, such as varactors or PIN diodes [23], to en-
able dynamic beam control. Additionally, the technique could
be extended to two-dimensional metasurfaces, where real-time
reconfigurability can be investigated by embedding tunable
components directly within the CELC structures.
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