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Abstract

This paper presents an evaluative summary of the opti-

mization algorithms based methods reported to improve the

efficiency of Near-Field Meta-Steering (NFMS) systems.

These methods are classified into two categories based on

their objective functions. The first category includes meth-

ods, which defined their objective function in terms of di-

rectivity pattern and desired radiation pattern mask, to ei-

ther optimize long 1D arrays of phase-shifting cells in the

metasurfaces or optimize the amplitude distribution of the

feeding base antenna. The second category includes those

methods, which used Floquet modes to only optimize the

periodically repeating group of cells in the metasurfaces.

Each of these is discussed briefly, followed by a detailed

discussion on their advantage and relevance. The periodic

nature of PGMs is used to create a computationally inex-

pensive equivalent model, which is then used for optimiza-

tion purposes. Both methods substantially improve the per-

formance of PGM-based beam-steering systems.

1 Introduction

Near-Field Meta-Steering (NFMS) has gained considerable

attention among researchers and industry due to its suit-

ability in existing and upcoming wireless applications. The

NFMS antenna systems are based on the concept of near-

field phase transformation [1, 2, 3]. They are designed us-

ing a pair of closely spaced, independently rotating, thin

PGMs placed in the near field of a medium-to-high gain

fixed base antenna as shown in Fig. 1 [4, 5]. Beam steer-

ing within a conical volume in the far field is achieved by

physically rotating the pair of metasurfaces. In a classical

NFMS system design, the two PGMs are identical and have

the same phase gradients. However, this is not mandatory,

and the two metasurfaces may have different phase gradi-

ents.

The PGMs are electrically large, planar structures com-

posed of periodically repeating supercells along x- and y-

direction to create a gradient phase in the electric field at the

output of the metasurfaces to tilt the antenna beam. The su-

percell comprises an array of phase-shifting cells, each cor-

responding to a unique transmission phase and high trans-

mission magnitude. These cells are carefully picked from

a database that stores transmission phases and magnitudes

of several such phase-shifting-cells simulated assuming in-

finite periodicity along x- and y-direction. This assumption

is practically infeasible since the neighboring cells in a su-

percell are non-identical [4]. The transmission phase and

amplitude of constituent cells vary when placed in a super-

cell due to variation in mutual coupling. The metasurface

near-field phase profile becomes non-linear, resulting in un-

desired sidelobes in the far field of a PGM-based beam-

steering system. The inherent challenge with the periodic

arrangement of cells in PGMs is that it generates grating

lobes, which violate regulation masks and reduce system

efficiency.

The PGMs are locally non-periodic with sub-wavelength

metallic features. Hence, they cannot be analyzed using the

typical approaches such as transmission-line modeling and

unit cell optimization method [6]. Also, accurate analytical

models for PGMs are not available. Thus, their optimiza-

tion needs to be performed using a full-wave EM simula-

tion model. The population-based global optimization algo-

rithms popularly known as evolutionary algorithms (EAs)

are known to handle complex problems elegantly [7, 8, 9].

Usually, PGMs for practical high-gain antennas have an

electrically large aperture and a large number of spatially

distributed small metallic features, which makes their de-

sign and optimization computationally prohibitive and in-

tricately challenging. Performing population-based global

optimization on such electrically large simulation models

is infeasible. Instead, researchers focused on using the pe-

riodicity of PGMs to obtain equivalent simulation model

that closely represent the actual metasurface model but are

computationally far less expensive to optimize. An efficient
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Figure 1. Configuration of an NFMS system.



beam-steering system must steer the desired/main beam

with minimum reduction in directivity and simultaneously

maintain low side-lobe levels (SLLs) at all times, to reduce

signal leakage and avoid interference. This paper presents a

critical overview on numerical optimization based research

reported on improving the efficiency and enhancing the far-

field performance of the PGMs for NFMS systems.

2 Radiation Pattern-based Optimization

Beam-steering systems must abide by/comply with regula-

tory standards such as FCC and ETSI, which require them

to maintain their directivity pattern below a specified radi-

ation pattern mask. The radiation pattern-based PGM opti-

mization aims to suppress the sidelobes and fit the radiation

pattern below a specified mask. The cost function (FF) is

defined as:

FF =
180

∑
θ=−180

(min(0,(Mask(θ)−Directivity(θ))))2. (1)

The value of FF is evaluated for all elevation angles θ from

−180◦ to 180◦ with a step of 1◦. The expression (1) ensures

that when the directivity pattern is above the mask, their

squared difference is contributed towards the FF , and when

it is below the mask, there is no contribution. The optimizer

aims to minimize the FF , which minimizes the difference

between the mask and directivity pattern when the pattern

violates the mask.

The optimization of full metasurface structure using sophis-

ticated EAs would be time and memory consuming (in fact,

it is computationally infeasible and would need supercom-

puters with high-end processors). To reduce the computa-

tion complexity, a simplified equivalent model, as shown

in Fig. 2 was proposed [10]. It is derived from original

metasurface and has same x-axis dimension (L = 345 mm).

The y-axis dimension (W = 7.5 mm) is kept as small as the

dimension of constituent unit cell. Appropriate boundary

conditions are provided to mimic the complete 2D meta-

surface. In CST MWS, the boundary was set to “E(t)

= 0” along y-axis to implement periodicity and to model

the truncation along x-axis the boundary was set to “open

add space". This model also accounts for the mutual cou-

pling between the metallic patches. Since this simplified
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Figure 2. Simplified equivalent model of a metasurface

with boundary conditions specified to mimic a full 2D

metasurface.

structure still falls under high-mesh geometry (≥ 800000

hexahedrons), the batch processing needs to be avoided.

Thus, a generalized version of cross-entropy (CE) algo-

rithm called as one-candidate-per-generation variant of CE

(OV-CE) method was implemented where each candidate is

evaluated one by one [7, 10]. Details of OV-CE method are

available in [7].

Two example implementation of radiation pattern-based

PGM optimization using OV-CE algorithm are discussed

in following subsections. The PGM-based beam-steering

systems considered in these examples must comply with

the Federal Communications Commission (FCC) mask

(25.209) for Ka-band applications. The Mask function is

expressed in equation (2) that specifies a maximum desired

gain (in dBi) for different values of elevation angle θ rang-

ing from −180◦ to 180◦, when the peak radiation is in the

broadside direction. There is a maximum permissible level

of gain corresponding to each angle θ . When the beam is

steered δ degrees, the mask is shifted such that the center is

in the beam’s peak radiation direction and the |θ | in (2) can

be replaced by (|θ | − δ ), to express the Mask function for

the tilted beam.

Mask =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

24.6 dBi, 1.5◦ < |θ | ≤ 7◦

7.8 dBi, 7◦ < |θ | ≤ 9.2◦

8 dBi, 9.2◦ < |θ | ≤ 19.1◦

0 dBi, 19.1◦ < |θ | ≤ 180◦

(2)

The OV-CE algorithm was implemented with a goal to min-

imize the cost function defined in (1).

2.1 Optimizing PGMs for Fixed Feed

The concept of radiation pattern-based PGM optimization

has been implemented in [10]. The metallic patch dimen-

sions and hole radius are used as optimization variables.

The radius of hole along with the side-lengths of patches in

one supercell constitute a design vector of length 11. The

fixed parameters in the metasurface design include the aper-

ture size (23λ0×23λ0), cell size (d = λ0/2) and permittivity

of the dielectric substrate (εr = 2.2). The equivalent model

(Fig. 2) is fed with a uniform plane wave illumination from

one wavelength below the metasurface. For the ease of fab-

rication and to circumvent physically impractical/abstract

designs, the minimum and maximum bounds for patch di-

mensions are kept as 0.5 mm and 7.5 mm (equal to the size

of a single cell), respectively, and the radius of the hole is

bounded between 0.5 mm and 3.5 mm.

Each evaluation in CST MWS time-domain solver took ap-

proximately 28 minutes on an Intel Core i7-6700 CPU@

3.4 GHz processor with a 64 GB RAM. The total time re-

quired for optimization with 959 function evaluations was

447 hours and 48 minutes. Adaptive meshing was imple-

mented to accommodate the patch geometry changes at ev-

ery function evaluation. A full PGM was designed using

optimized design variables. The directivity pattern of ini-

tial PGM violated the FCC mask at four different locations

(θ = −80◦,−20◦,0◦,40◦) in the visible range of θ . After

optimization, most of the sidelobes were suppressed, and

the directivity pattern violated the FCC mask only at two



locations, θ =−40◦ by 3.5 dB and θ = 40◦ by 0.5 dB. The

overall SLL has reduced to -17 dB, which shows a 4 dB

improvement compared to -13 dB SLL in the initial design.

2.2 Optimizing Amplitude Distribution of
the Feed for Fixed PGM

A beam-steering PGM illuminated using an array of small

dipoles located one wavelength below is optimized using a

radiation pattern-based optimization approach in [7]. The

simplified equivalent model shown in Fig. 2 is excited us-

ing an array of small dipoles with half-wavelength spac-

ing, backed by a metallic ground plane. The Chebyshev

or Taylor amplitude tapering commonly used for SLL sup-

pression in a phased array has asymmetric distribution with

a bell-shaped profile. To follow a similar pattern, we used

23 different amplitude excitations and repeated in a mirror

symmetry once to cover the entire aperture composed of 46

elements in the x-direction, as shown in Fig. 2.

The complete optimization with 23 design variables took

198 hours and 4 minutes. It performed a total of 566 func-

tion evaluations before the termination criterion was satis-

fied, and the algorithm stopped. The optimization process

suppressed all the undesired sidelobes below the FCC mask

except for the one sidelobe located at −20◦. The directivity

of the optimized PGM has reduced by 1.4 dB. This reduc-

tion can be attributed to the tapering introduced in the feed

array.

3 Floquet-Mode-based Optimization

The second optimization routine is a physics-based ap-

proach that derives its concept from Floquet mode analysis

of periodic structures [11, 12]. The supercells repeat peri-

odically in a 2D plane to form a PGM. They are analogous

to one period of a diffraction grating. Therefore, a PGM

essentially mimics the behavior of a blazed grating. The

number and location of transmitted diffraction modes are

governed by the diffraction grating equation expressed as:

L(sinθm − sinθi) = mλ , (3)

where θm is the angle of diffraction, θi is the angle of in-

cidence, m is the order of diffraction, λ is the wavelength,

and L is the length of the supercell (the period of the grat-

ing). This concept was further extended to improve the

performance of NFMS systems in [4, 13] by optimizing

a smaller periodic supercell, thus reducing computational

cost and saving time and resources. It was revealed that

steeper PGMs are better since they have fewer undesired

grating lobes, which is mathematically verified by diffrac-

tion grating equation (3).

To perform Floquet-mode analysis the supercell was simu-

lated in CST MWS under periodic boundary conditions and

excited with a broadside TE(00) mode propagating along

the z-axis. An excellent correlation between the magni-

tudes and directions of the Floquet modes and the dominant

lobes in the far-field pattern (main lobe and grating lobes)

of a PGM (obtained using array factor multiplication) was

observed. The knowledge of the positions and relative mag-

nitudes of the desired beam and the grating lobes in the far-

field was used in conjunction with a multi-objective particle

swarm optimization (PSO) to selectively target the strong

grating lobes that correspond to the modes with high mag-

nitude in a supercell Floquet mode analysis. The objective

function (FF) in equation (4) is defined as a weighted sum

of objectives mentioned above to selectively suppress the

unwanted grating lobes and enhance the desired mode:

FF = [wm{max(0,(−0.1−DM))}]2+ (4)

9

∑
i=1

[wi{max(0,(UDMi − (−35)))}]2,

where wm is the weight associated with the desired mode

(DM), and wi are the weights associated with the unde-

sired modes (UDM). The value of wm is fixed to 20, and

wi can vary between 1 to 19. The weights are higher for

the UDMs with higher magnitude and vice-versa. The al-

gorithm aims to minimize the FF thereby enhancing the de-

sired modes and reducing the undesired ones. The corre-

sponding changes in the supercell Floquet modes reflect in

the far-field performance of the PGMs.

The Floquet mode analysis based PGM optimization was

implemented in [4] to reduce all grating lobes in an NFMS

system to a level below −20 dB for all beam directions,

without applying any amplitude tapering to the aperture

field. Multi-objective PSO used to reduce these lobes while

simultaneously ensuring high transmission through every

cell in the metasurface.

4 Discussion

Controlling SLLs in a beam-steering PGM is a critical and

challenging task. Various intrinsic factors contribute to-

wards the grating lobes, and the complexity of metasurface

structures makes it practically impossible to have abrupt

control over them. The ultimate aim of optimizing a PGM-

based beam-steering systems is to achieve a clean far-field

radiation pattern free of undesired grating lobes and side-

lobes. Both optimization approaches discussed in the paper

benefit from the periodic nature of PGMs and use smaller

and simpler equivalent simulation models to reduce the

computation complexity multiple folds. This makes the

application of population based EAs feasible. These op-

timization methods also take into account the variations in

mutual coupling between dissimilar adjacent cells in a su-

percell.

The radiation pattern-based PGM optimization method

does not indulge into the physics of the simulation model

and considers the problem as a black box optimization.

The algorithm collects the output data from the simulation

model and performs post processing to calculate the value

of cost function and determines if a given set of input design



variables is optimum. Once the optimization converges, the

design variables corresponding to the minimum cost func-

tion value is used to construct a full PGM.

The Floquet mode-based PGM optimization method is

based on the principal of diffraction grating. The algo-

rithm aims to increase the energy transmitted to the desired

Floquet mode and meticulously targets to suppress the un-

desired modes by adding weights to each undesired dom-

inant grating mode based on their magnitudes (higher the

magnitude higher is the weight and vice-versa). Due to

the intrinsic correlation between the Floquet modes of peri-

odic supercells and the far-field pattern predicted for PGM

(using CST array calculator that implements array factor

multiplication), the changes in Floquet modes reflect in the

dominant lobes that appear in the far-field radiation pattern.

Thus, by controlling the Floquet mode magnitudes the ra-

diation performance of PGMs is optimized without having

to perform full-wave simulations on electrically large sur-

faces.

Both optimization routines work well for PGM-based

beam-steering systems. However, the radiation pattern-

based method requires more time, memory, and compu-

tational resources compared to Floquet mode-based opti-

mization routine. The results predicted by the radiation

pattern-based optimization method is much closer to reality

since the equivalent model applies periodicity assumption

only along the y-direction. The x-direction boundary con-

ditions are the same as the original metasurface. The Flo-

quet mode-based optimization routine assumes periodicity

in both x-and y-direction. Although, it dramatically reduces

the computation time while they do not predict the far-field

pattern of a finite-sized PGM with great accuracy. If the

PGM aperture is significantly large, then Floquet mode-

based optimization is an optimum choice. For smaller aper-

ture, radiation pattern-based optimization provides better-

predicted results.
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