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Abstract
In this paper, we propose a novelmethod for synthesizing amultibeammetasurface antenna (MSA)
for use in a space application - a payload component of a small satellite as part of a lowEarth orbit
(LEO) satellite communication constellation.MSA is synthesized using the holographic technique
with a divergent phase distribution. Using thismethod, a low-costmulti-beamKu-band antennawith
sevenflattened beams is developed. The results of the numerical simulation and experimental study of
the proposed seven-beamMSAwere presented. The gain of each beam is about 25 dBi, the aperture
efficiency of theMSA is∼40%. Each individual beamhad a separate feed point and its own inclination
angle (0°,±3.5°,±7°,±10.5°). This paper shows that the presentedMSA is not inferior in its
characteristics to similar solutions, but ismore compact and lighter, and also allows the formation of
complex radiation patterns.

1. Introduction

The development ofmultibeam and tunablemetasurface antennas is driven by the extensive growth and
development of wireless communication system technologies, the advent ofmillimeter waves in 5G terrestrial
networks, and research on 6G communication systems [1–4]. This is facilitated by the emergence and
unprecedented growth of low-Earth orbit (LEO) satellite constellations and high-altitude platform stations
(HAPS) [5, 6]. Currently, satellite communication systems are evolving from classical repeaters tomore complex
satellites with onboard processing. The constellation network infrastructure ismoving towards software-
defined LEO satellite networks [7]. Thismethod of networking unleashes the potential ofmultipath systems by
separating the network data from the control plane. A dedicated secure control channel protects against data
flow interruptionwhen aGSMgateway subscribermoves frombeam to beam. This architecture can be
implemented using theflattenedmultibeam antenna proposed in this study.

To create the required partial zones with a uniformpower flux density, it is necessary to form several beams
withflattened shapes, as shown infigure 1. The literature describes several commonmethods for forming
multibeam antennas. Traditionally, Butlermatrices or Luneberg lenses have been used to form several beams
[8–10]. Themain disadvantages of using thesemethods are the high insertion loss, large sidelobes, and great
difficulty in forming beamswith overlap. Antenna structures implemented by any of thesemethods are difficult
tomanufacture and have large geometric dimensions; with an increase in the number of beams, a significant
increase in cost occurs [11, 12]. Rothman lens [13] is anothermethod to form several beams. Thismethod has
the advantage of low-cost, wide band, simple fabrication, but at the same time it has limited gain—typically it
can’t bemore than 15–20 dB. Rothman lenses and antenna arrays based on this technique is used for radio
location application, but for the communication it’s not enough effective.

Metasurface antennas are an innovative alternative to existingmethods, and can also be effectively used for
beamforming [13–17]. Thismethod compensates for the shortcomings of themethodsmentioned earlier in the
article, which is why it is worthy of attention. Ametasurface is a two-dimensionalmetamaterial structure
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consisting of resonantly coupled subwave elements that exhibit unique electromagnetic properties. In recent
years, tensormetasurfaces have been significantly developed for awide range of applications in optoelectronics,
semiconductor devices, communications, wireless power transfer, etc [18–20].

Metasurface antennas aren’t currently common in space applications [21]. But the dramatically fast
development of LEO constellations drives the development of lightweight and effective antenna systemswhich
are able to formbeams of different shapes andmultibeam systems. The contribution of this study is the
proposing of a potentially effective solution for uplink and downlink for LEO satellites. In current publications
the possibility of forming a customized beam and beam steering systemswas discussed [22].

The concept of formingmetasurfaces with a tensor impedance distribution justified its validity and led to the
design of awide class of antenna structures in themillimeter and centimeter ranges [23]. In such structures, a
surface cylindrical TMwave interacts with a periodicallymodulated surface of spatially varying artificial
impedance from the subwavelength resonant elements. The physicalmechanism of radiation from an open
waveguide structure into free space is as follows:When a slow surfacewave (v< c) interacts with a periodically
changing impedance of the structure, it is transformed into a leakywave (LW)mode (v> c). Radiation occurs at
angle θ:

( )
ф

c

v
sin , 1q =

where c is the speed of light and vф is the phase velocity of the n=−1 Floquet harmonic (FH) of the surface wave.
The key feature of a tensorialmetasurface is the opportunity to obtain the desirable polarization, amplitude,

and shape of thewavefront radiation [24, 25].
Themain advantages ofMSA are its simplemanufacturing, low profile, and light weight comparedwith

other types of antennas.With one ormore feed points, it is possible to excite one to several beamswith smaller
geometric antenna dimensions. The aperture of a planarMSA is typically tens of wavelengths, and its thickness is
a fewmillimeters. In this paper, we propose implementations of themultisource feeding scheme ofmultibeam
MSAwith an originalflattened beam shape for use in satellite communication payloads [26]. The use of
anisotropic surface impedances enables themaintenance of a large aperture and themanipulation of the
radiation phase at the aperture. The synthesis technique proposed in this study differs from thesemethods.

2. Beam forming

In our opinion, themost optimal approach to design amultibeamMSA for satellite payloads is to superimpose
several distributions, each of which forms a separate beam,with all beams added to an array covering a large area
of the Earth’s surface. The arrangement of distributionsfits into a hexagonal grid for themost efficient filling of
the antenna area. It is known that the hexagonal grid has the highest fill factor, whichwill allow to achieve the
smallest sizes, as well as owing tomixingMSApatterns.

The direction, intensity, and polarization of the radiation of slow surfacewaves can be controlled by setting
the requiredmodulation of the tensor impedance. The surface impedance tensor Ẑs describes the

Figure 1.Concept of amultibeam antennawithflattened beams for low-orbit satellite constellation.
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electromagnetic properties of themetasurface, as follows:

⎡
⎣

⎤
⎦

ˆ ( )Z
Z Z
Z Z

, 2s
uu uv

vu vv
=

where u and v are the unit vectors of the coordinate system selected on the surface. The relationship between the
tangential component of electric Et andmagnetic Ht fields is given by the following expression:

[ ] ( )E Z n H , 3t s t= ´ ´

where n is a unit vector directed along the normal to the surface.
Thus, the tensorial character of impedancemakes it possible to relate the orthogonal components of the

fields on the surface. Sinusoidalmodulation of the impedance leads to the appearance of additional FH radiating
into open space. Previously, we developed an algorithm for the synthesis ofmetasurfaces, whichwas described in
detail in [27, 28]. The procedure for synthesizing ametasurface consisting of subwavelength, elements includes
the following steps: (1) calculation of the tensor cell impedance values, (2) calculation of the required
distribution of the tensor impedance components on the surface, and (3) building the antenna canvas.

In this study, a synthesismethod based on a holographic approach is used. It was previously shown thatMSA
with anisotropic tensor impedance has a significantly higher aperture efficiency than isotropic ones, owing to the
low level of cross-polarizedfields [29, 31]. Therefore, to set the anisotropy of the structure, various sizes, shapes,
and directions ofmetal patcheswere used. In this work, we have chosen patches in the formof ellipses
(figure 2(a)). The patches are arranged in square unit cells, with the cells having a size d of less than a quarter of a
wavelength in thewaveguide structure in order for the surface to be effectively continuous. In practice, the
dimension dmay be from1/10 to 1/5 of thewavelength in thewaveguide structure. In thework, the dimensions
of the unit cell of the synthesizedMSAwere chosen as 1/8 of thewavelength (0.12λ0× 0.12λ0). The components
of the impedance tensor weremodulated by their average values according to the following equation:

*⎛

⎝
⎜

⎞

⎠
⎟¯

∣ ∣
( )( ) ( )

Z Z
Z
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E E

E2
, 4ab ab
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ref
2
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D

⋅

where indices a and b are the coordinates of the point in cylindrical coordinates E E, , ,obj refr j are the electric
field strength of the object and reference waves, respectively; ¯ ¯ ¯ ¯ ¯Z Z Z Z Z, , ,ab = rr jj rj jr are the average values
of the impedance component implemented by cells; Z Z Z Z Z, , ,abD = D D D Drr jj rj jr are the ranges of values
of the corresponding impedance component. Because the impedance tensor described earlier is diagonal for
mutualmedia, only two components Zrr and Zrj determine the surface properties.

Using this synthesis algorithmwith numerical simulations, a wide range of radiation patterns can be
obtained. Specially designed radiation patterns are often required for satellite communication and distributed
Earth coverage. For instance, the formation of amultibeamMSAwith deflected flattened beams is topical. In the
general case, with a uniformphase distribution on the emitting aperture, the beamwidth depends on the
aperture size, which is expressed inwavelengthλ0. It is known that if the aperture in two dimensions is different,
the beamwill broaden in smaller dimensions. Slottedwaveguide antennaswith different aperture sizes in two
directions have already been used in practice for beam shape design in a number of practical applications [32].

Figure 2. Synthesis ofmultibeam antennas withflattened beams: (a)Geometry of anisotropic unit cell with dimensions
0.12λ0× 0.12λ0; (b) Impedance distribution of the Zrr- surface tensor component of seven-beamMSA.
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Wepropose a novelmethod for forming flattened beams based on the phase variation on the surface of the
MSA aperture. Themetasurface synthesismethod is based on setting the phase front of awave to diverge in one
plane. The object wave is given as:

⎛
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where ρ is the radius vector of a point on the surface, r is the radius of the antenna, and ξ is a coefficient that
specifies the convexity of the phase front.

Thefirst exponential term in equation (5)describes aflat phase frontwith a slope in the YZ plane
corresponding to angle θ0. The second exponential termdescribes the additive in the formof a phase-front
convex curve in the XZplane. By varying the parameter ξ, an extended beamwas formed in this plane. At ξ= 0,
the phase frontwas not convex (flat), and the beamdid not expand.When ξ= 1, it has a bulgewith a radius equal
to the electrical radius of the antenna, and the beamhasmaximum expansion in the XZplane. In this case, the
front in the other direction remained flat, and the aperture sizes were the same in both directions. The united
canvas is formed bymixing grains at the boundaries of the individual patterns.Multipath excitationwith sparse
feed points can be observed by combiningmultiple impedance distributions on a large canvas. In this case, each
radiatedwavewill have a radiation angle deviation and a beamwidth. It is possible to receive several beams
simultaneously fromone canvas with single feed point, but this leads to a corresponding decrease in the gain
[30]. The obtained surface distribution of the component of the impedance tensor for a seven-beamMSAwith
separate feed points is shown infigure 2(b). Negligible impedance perturbations are visible at the pattern
boundaries whenmixing individual distributions during synthesis. The degree of themultiplexingmethod can
be set during the synthesis of themultibeam antenna. The proposedmethodmakes it possible to significantly
reduce thefinal size of the aperture without reducing the efficiency owing to patternmixing. In the experiment,
to demonstrate the approach, we fabricate only a part of the canvaswith the largest inclination angle.

3.Numerical results

An illustration of the synthesized seven-beamMSAwith right circular polarization is shown infigure 3.
Numerical simulation of radiation patterns in the far zone and electrical parameters of the synthesized
multibeamMSAwere performed using thefinite elementmethod (FEM). Themodel includes the parameters of
thewidely used inexpensive dielectric FR4 ( tg4.5, 0.022re d= =e ). FR4might be exchangedwith another
dielectric substratematerial with the closest value of dielectric permittivity and lower loss tangent. In this
research FR4was usedmainly due to its chip price, but in commercial applicationsmore advancedmaterial
might be used (RelongRC450,Wangling F4BTM-1/2, Taconic RF-45, ArlonAD450). The proposed planar
antennas can be implemented using traditional printed circuit board (PCB) technology, which is compatible
with themass production of two-layer copper-plated PCBs. The aperture dimensions of the fullyflattened beam
antennawere 34λ×31λ at a central frequency of 12 GHz, and the thickness of the dielectric substrate is 2 mm.

Inclination angles have been selected and optimized tomaximize coverage and achieve signal uniformity. In
ideal case, it is planned to create a zone of equalflux power on Earth surface by overlapping the beams at the
same level. The level of overlap in the experiment will depend on the angles of inclination and thewidth of each
of the beams. The graph (figure 4) shows the directions of themain lobes of the designed seven-beamMSA. The
calculated gain (G) for the radiation angle of 0°,±3.5°,±7°,±10.5°was 24.3 dBi, 24.8 dBi, 24.7 dBi and 24.5
dBi, respectively. A small spread between the gain values on the canvas for different beams (ΔG< 3%) indicates
high reproducibility of the results of the synthesis of the impedance distribution over the surface. It can be seen
from the graph that all beams overlap at a level ofmore than−3 dBi.

4. Experimental results

For experimental verification of the proposedmethod, samples of one element of amultibeamMSAwere
fabricated using the PCBmethod from the FR4 dielectric. Figure 5(a) shows a photograph of the realized single-
beamMSAwith a flattened beam shape. Thefigure shows the feedingwaveguide and assembled antenna. A
feeder in the formof a pinwith a diskwas used to excite a TM-type surface wave, and an SMA connector was
used to connect it. The overall dimensionswere 380 mm× 380 mm.

Weperformedmeasurements of the radiation pattern of single-beam antennawith an oblique beam in an
anechoic chamber. The colormap shown in figure 5(b) is a three-dimensional (3D) image of the radiation
pattern of the fabricated single canvas. The antenna radiatedwith a circular polarization of 24.5 dBi at a
frequency of 12 GHz. Thus, the aperture efficiency of the proposed planar structure was 40%. It can be seen from
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thefigure that the beamhas an elongated shape in the XZplane, good symmetry, and is tilted in the required
direction by an angle of 10.5°.

Scattering parameter |S11|with respect to frequency is shown in figure 6. Return loss is less than−18 dB at
the center frequency and is suitable for typical space applications.

Figures 7(a) and (b)demonstrate a detailed sectional plane of the far-field radiation pattern in azimuth and
elevation, respectively. It can be seen that the radiation pattern has the shape of a beam elongated in the elevation
direction. Such a result was obtained due to the divergent phase distribution of the surface impedance created at
the synthesis stage in this direction. The results obtained from the finite element simulation for the fabricated
MSA are superimposed on the graphs and shownwith dotted lines for comparison. There is a close agreement
between themeasured and simulated results in themain beam region, and there is also a slight discrepancy due
to the limitation of the computer’s computing capabilities and the use of a simplified structuremesh in the
calculation process. From the graphs below, the angular widths (Δθ) of themain lobe at the level−3 dBwere
obtained, and theywere 4.5° and 16° in two directions, respectively.

The graphs infigures 7(c) and (d) show the dependences of the cross-polar component of the radiation
pattern in the azimuth and elevation, respectively.

Figure 3. Schematic view of designed seven-beamMSA. The inset shows themetal patches in detail.

Figure 4. Simulated far-field radiation patterns of seven-beamMSA at 12 GHz.
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It can be seen from the graphs that themeasured cross-polar discrimination is about−13 dB in both
directions. The cross-polarization value can be further reduced, and the gain can be increased by optimizing the
structural parameters and carefully shaping the sub-resonantmetal patches [31]. In addition, in the
manufacturing of the proposedMSA for LEO applications, it is necessary to use PCBon commercially available
microwave dielectrics with a small loss tangent that do not emit halogens under harsh conditions. Such
dielectrics are widely used in an avia satellite production due to its high resistance to any kind of disturbances
(power, temperature, humidity, pressure). The antenna itself ismade of the dielectric substrate andmetallic
patches, so it’s sustainable and applicable for space industry.

Furthermore, using the obtained values of angular widths, it is possible to calculate the geometric parameters
of the coverage area of the Earth’s surface, according to the following formula:

( ) ( )L tg h, 6q= D ⋅

where h is the orbit height.
With the satellite orbit height h= 500 km, the calculated length andwidth of the spot on Earth are

≈143× 39 km.

Figure 5.MSAwith a singleflattened beam at an angle of 10.5° (a)Photograph of the fabricated prototype; (b)Measured 3D far-field
radiation pattern at 12 GHz.

Figure 6.Measurement of the return losswith respect to the frequency
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In the article [32] the budgeting of the power of LEO satellites was investigated and described. The authors
are looking at the lowEarth orbit power budget to see if theMSAproduced could be suitable for the high power
in the LEOapplication constellation. The use of antennas based onmetasurfacesmanufactured using PCB
technologywillmake it possible to supply powerwithout damage from11W to 30W to solve these problems.

DesignedmultibeamMSA in the futuremay find application in the rapidly developing field of next-
generation 5/6Gnetworks [33], low-orbit communication spacecraft, pseudo-satellite platformsHAPS, and
unmanned aerial vehicles (UAVs) [34, 35]. Considering the requirements tominimize themass of spacecraft, the
presented approach tomultibeam antenna design is one of themost promising and interesting.

5. Conclusion andprospects for the future

This paper demonstrates an improved design of amultibeamMSAwith the possibility of forming aflattened
radiation pattern. Using numerical simulationmethods, the radiation patterns of tensorialmultibeamMSA
with inclination angles (0°,±3.5°,±7°,±10.5°)were obtained, and their characteristics were studied. A
prototype of theKu-band range of a canvas element with an expanded beam in one direction and a tilt angle of
10.5°was fabricated. An experimental study of its characteristics and radiation patterns was conducted, and it
was shown that the gain reached 24.5 dBi and aperture efficiency of the sheet was 40%. The experimental results
are in good agreementwith the results of the numerical simulation. The proposed technique is shown to be
promising for designing next-generation 5/6Gnetworks and LEO communication systems.
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