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ABSTRACT

Metamaterials and metasurfaces hold significant promise for space applications due to their compactness and
lightweight characteristics. These devices use nanostructures embedded in their flat surfaces to manipulate the
electromagnetic field for various purposes. Among their potential applications, metalenses stand out for their
prospective role in the next generation of optical instruments deployed in space. Specifically, they offer consider-
able advantages for free space optical and quantum communications terminals. In intersatellite free space optical
communication links, transmitter pointing errors degrade the performance of the link. Nevertheless, optimizing
the shape of the transmitted beam through a metalens can improve the communication link performance. In this
study, we delve into the application of metalenses for shaping laser beams in intersatellite optical communication
scenarios. We present the preliminary design of the metalens and analyze its performance through numerical
simulations, analyzing its feasibility and potential in space-based optical communications.

Keywords: metalens, metasurfaces, beamshaping, free space optical communications, laser communications,
satellite, phase screen, phase mask

1. INTRODUCTION

Free-space optical communication (FSOC) is essential for addressing the growing demand for high-speed and
secure data transmission. Unlike fiber optics, which require extensive infrastructure, FSOC offers a flexible and
rapidly deployable alternative that can bridge gaps where laying fiber is impractical or too costly. Compared
to radio communication, FSOC provides higher data rates, and more secure links due to its higher directivity.
Inter-satellite links play a key role in establishing global FSOC networks by enabling high-speed data transfer
between satellites and facilitating continuous coverage across the world. Furthermore, intersatellite links are also
pivotal in supporting the future of quantum communication networks.!

The advantages provided by intersatellite FSOC links are offset by the challenge of managing pointing jitter in
the space environment. The transmitter pointing jitter, caused by the small angular deviations of the transmitted
beam, can result in significant displacement of the beam’s center at the receiver’s aperture plane due to the long
distances involved. Traditionally, the effects of pointing jitter have been mitigated by adjusting the beam’s
divergence.? However, in a previous study,® the authors proposed altering not only the beam’s divergence
but also its far-field irradiance shape, which is typically assumed to be Gaussian. In this way, the effects of
the pointing jitter are further mitigated by using the same total power of the laser source on the transmitter.
Building on this concept, the current paper explores additional methods for shaping the far-field irradiance
pattern, utilizing both general phase screens and metasurfaces, to enhance the resilience of FSOC links against
transmitter pointing jitter and improve the overall system performance.

First in section 2, the details and models used to quantify the effect of the transmitter pointing jitter and the
far-field irradiance pattern on the communication performance are presented. Then in section 3, a phase screen
is proposed to shape the beam using axially symmetric Zernike polynomials. In this section, the optimization
algorithms to achieve the phase screen of interest are also presented. Finally, section 4 provides a preliminary
analysis of the design of a metalens for generating phase screens to shape the far-field irradiance of interest.

Further author information: (Send correspondence to M.B.A.)
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2. POINTING JITTER AND BEAMSHAPING

Free space optical communications use a modulated laser beam to transmit information. The transmitted beam
is usually considered to be Gaussian. The high directivity provided by laser beams is only exploitable to some
extent, due to the pointing jitter on the transmitter side. The pointing jitter® is a stochastic process, that is
mainly characterized by the pointing accuracy given by the attitude control and the coarse/fine pointing assembly
(although many other factors affect the pointing jitter?). This pointing jitter has an impact on the performance
of the system, as it deviates the peak irradiance of the transmitted Gaussian beam from the aperture of the
receiver telescope. The pointing jitter is usually characterized by a probability density function (PDF) given
by zero-centered Gaussian distributions in both azimuth and elevation angles.> Therefore, in the far-field and
under small-angle approximation, the pointing jitter PDF is given by

. 1 3 + v
Ixv (2o, yo) = 53 OXP (— 52 (1)

where (xq, yo) is the location of the center of the beam in the receiver aperture plane, and o = opz is the pointing
jitter standard deviation (where oy is the transmitter angular pointing jitter standard deviation in both elevation
and azimuth angles). The usual residual angular pointing jitter standard deviations can range from 0.47 urad
to 22 prad for different satellites.”® This pointing jitter will create a temporal variation of the power on the
receiver side, which will, in turn, affect the communication performance of the intersatellite link. The power
received when the center of the irradiance field is at (z¢, yo) can be computed by integrating the irradiance field
across the aperture

oo, y0) = / /A Iz — 20,y — o) dady 2)

where A is the aperture area of the receiver and I(z,y) is the centered far-field irradiance. Combining the
previous equations, the PDF of the received power can be computed as'®

Jp(P) = / / " e (@o,u0) 81y — 9(zo,yo)] deo dyo 3)

Finally, this received power will determine the average bit error probability (ABEP) of the intersatellite link.
For an on-off keying intensity modulation (OOK-IM), the ABEP can be computed as

ABEP = /O h BEP(P) fp(P) dP (4)

where BEP(P) is the bit error probability that is given by the Gaussian Q-function (see ref.!!). Hence, it can
be seen from the previous equations, that by changing the characteristics of the far-field irradiance pattern, the
PDF of the received power and the ABEP are changed. Intuitively, the coupling between the pointing jitter and
the divergence of the outgoing beam can be well understood by attending to Figure 1. In this figure, we can see
that on the one hand, by increasing the beam divergence of the transmitted beam, the power fluctuations due
to the transmitter pointing jitter will be lower. However, this will come at the cost of reducing the peak power
that can be obtained. On the other hand, by highly collimating the beam the achievable peak power is increased
but the power fluctuations increase. Previous authors tackled this issue by finding the optimum divergence of
the Gaussian beam so that the ABEP is minimum.'?'3 Others followed a similar approach but optimized the
outage probability instead.!* In a previous paper, the authors proposed to also change the far-field irradiance
distribution to further push the performance of the system.? In this paper, this beamshaping approach is further
investigated, and the generation of the optimal beamshape in the far-field is done through a metalens. By shaping
the wavefront of the beam, the far-field irradiance can be changed and the power can be optimally spread over
the receiver aperture plane. In this way, we no longer necessarily consider a Gaussian beam? in the receiver
aperture plane (as it is explained in the following sections). Table 1 shows the simulation parameters used for
the intersatellite LEO-to-GEO link. The receiver characteristics are necessary to compute the BEP appearing
in the equations above (the reader is referred to ref.!! for more details on this model).

*the authors refer to pointing jitter for the full dynamic phenomena, and pointing error for the pointing jitter at a
specific instant of time
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Figure 1: Effect of the transmitter pointing jitter on intersatellite free space optical communication

Description Parameter Value
Link distance z 42000 km
Aperture radius b 6.75 cm
Transmitted power P, 46 dBm
Receiver responsivity R 0.8153 A/W
Receiver noise standard deviation on 47x 1077 A
Modulation - OOK-IM
Angular pointing jitter op 10 prad
Pointing jitter o =09z 420 m

Table 1: Parameters used for the LEO-GEO link in the simulations

3. PHASE SCREEN

The first approach that we present in this paper is to use a phase screen to generate the far-field irradiance
patterns of interest. In this case, the transmitter optical system is shown in Figure 2. The Gaussian beam
exiting the optical fiber is first collimated by a collimating stage. Then, the collimated Gaussian beam is
transmitted through a phase screen. This phase screen will shape the beam in the desired manner to give the
optimum irradiance far-field of interest. To compute the desired phase screen, the following steps are followed

in the simulation

1. Fundamental Gaussian beam. A Gaussian beam with its beamwaist located in the plane of the phase screen
is created (this plane is considered z = 0). The field at this point is given by

2 2
U, ,0) = Uy exp (—”“’ at’ ) (5)
Wy

where wq is the beamwaist and the value of the electric field at the center of the beam Uy is given as a

Collimating Phase
lens screen

|

Optical fiber E
# E

e

So
a

[
z2=20 z

Figure 2: Simplified transmitter optical relay proposed for beamshaping in the phase screen case
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Figure 3: Optimization procedure followed for obtaining the {c1, ¢2}opt

function of the total power P; of the beam as

|20k
Uo = \/ Tw? (6)

where 17 = 377 Q is the wave impedance on which the beam propagates (free space in this case).

2. Generation of the phase screen. A phase screen is applied to the Gaussian beam at z = 0 to shape the
beam. As the incoming Gaussian beam is axially symmetric and the far-field pointing jitter PDF is also
axially symmetric, the far-field irradiance solution should maintain this symmetry. Therefore, an axially
symmetric phase screen is applied to the incoming Gaussian beam. Considering this, a superposition of
axially symmetric Zernike polynomials Z9; is used to generate the phase screen of interest

tmax

bes(r) = Y i Z8(r) ™)

where the ¢; terms are added up to a maximum ¢; . . This method of generating the phase screen
is equivalent to that used in the generation of phase screen profiles for the design of diffractive optical
elements.'®> The more axially symmetric coefficients ¢; considered, the more degrees of freedom we have
for designing the phase screen. The Zernike polynomials are defined in the unit circle, therefore the
phase screen above is computed by normalizing the radial coordinate by the transmitter aperture radius
b=6.75 cm.

3. Optimization of the phase screen. The far-field irradiance pattern will vary as a function of the axial Zernike
coefficients ¢;. One of the possibilities when optimizing the performance of an intersatellite communication
link is to minimize the ABEP. In this paper, the optimization is done with the ABEP as a function
of merit. However, the work presented here is extendable to other figures of merit such as outage and
fade probabilities. Furthermore, a multivariable optimization can also be performed considering several
figures of merit. From all the subgroups that can be generated from the optimization variable domain
{¢; E’;ﬁ" only some subsets are analyzed. To limit the design domain available the authors have chosen to
investigate the following phase screen profiles given by combinations of the sets {c1}, {c1, 2}, {c1,¢3} and
{e1, ¢a, e3}, corresponding to defocus aberration ¢;, primary spherical aberration ¢y and secondary spherical
aberration c3. Several stages have been used during the optimization. Firstly, a coarse grid search has
been performed to locate the surroundings of the minimum ABEP for each of the subsets above presented.
After a subsequent grid search that narrows down the optimization domain, a gradient algorithm follows
to locate accurately the minimum ABEP on the {¢;} variable space domain. This optimization procedure
is illustrated in Figure 3.

The previous steps have been followed to solve optimization problems given by phase screens created from
three different sets of variables, i.e. {¢1}, {c1,¢2}, {c1,c3} and {c1, o, c3}. The results obtained for the minimum
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Figure 4: Optimum phase screen irradiance for the {c1,ca}opt = {6.59, —0.48} case, using the channel parame-
ters presented in Table 1 (a) transmitted Gaussian irradiance field (b) imposed phase screen constructed with
{c1,¢e2}opt (c) far-field irradiance at the receiver and (d) probability density function of the BEP created (the
average ABEP is the red dashed line)

ABEP obtained through the optimization algorithm for the optimum phase screen {ci,ca}opt are plotted in
Figure 4. Previous works have proposed to optimize the performance of the system by varying the divergence
of the transmitted Gaussian beam.? !?:16 Changing the divergence of the Gaussian beam can be interpreted
physically in two different ways: changing the beamwaist wq of the beam (see Equation 5) or defocusing the
beam (c;Z term in Equation 7). There is a one-to-one correspondence of these two variables that will yield
the same far-field irradiance pattern. However, the previous is only true as long as there is no phase wrap
on the defocus phase screen affecting the beam. When the phase wraps on a phase screen with defocus the
previous one-to-one correspondence does no longer hold as the phase jumps will induce diffraction patterns!'®
that do not appear when only changing the beamwaist (or not wrapping the phase, as would be the case with
a conventional lens). To prove the previous, Figure 5 shows the far-field irradiance patterns obtained for the
beamwaist/divergence approach, and for the phase screen optimization approach. By comparing the two top left
patterns, we can see that the phase wrap appearing on the defocus phase screen {c; } induces a diffraction pattern
that is not present on the beam waist variation approach (were the field irradiance is still Gaussian). Physically
the phase wrap could be avoided by having a continuous phase screen that has no phase jumps. However, when
designing the metaunits constituting the metalens, this would require a continuous phase difference on a large
phase range (large number of metaunits to choose from). Furthermore, it can be seen in Table 2 that the power
spread due to the diffraction induced by these phase jumps is beneficial for communication performance.

In Figure 5, it can be seen that apart from defocus, a slight primary spherical aberration can further improve
communication performance. The optimum far-field irradiance patterns shown in this figure extend some power
beyond the z,y € (—2000 m, 2000 m) range plotted in the figures. For the sake of emphasizing the variations of
irradiance, the range is limited to the values shown in the figures. Similar results are obtained for the cases in
which other sets of radial Zernike polynomials are studied. The set of optimum coeflicients along with the results
for the beamwaist optimization are shown in Table 2. It is shown that sequentially adding a higher order of
Zernike polynomials yields a lower ABEP. The power spread induced by the proposed phase screens is therefore
beneficial in terms of ABEP.

Proc. of SPIE Vol. 13699 1369913-6
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Figure 5: Optimum far-field patterns on the receiver aperture plane obtained for the phase screens shown in
Table 2

Set of {¢;} | Optimum values | log,, (ABEP)
{e1} {6.73} —8.75
{c1,¢2} {6.59, —0.48} —9.88
{Cl, 63} {707, 029} —-9.71
{c1,¢9,c5} | {6.81,—0.33,0.18} -10.08
Beamwaist/divergence approach
| {wo} | {6.87 mm} | —8.56 |

Table 2: Results obtained for the optimization of the phase screens and the beamwaist/divergence approach
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4. METALENS DESIGN

In the previous section, the beamshaping was performed through a phase screen for which the characteristic
length of the phase variation could be done over orders of magnitude above the wavelength of the electromagnetic
field. These phase screens could be realized physically through diffractive optical elements or free-form optics.
Mathematically, the scale condition mentioned can be written as

max((r) — (r+ ) < O (8)

. By contrast, metasurfaces are based upon the construction of patterns of nanostructures that impinge phase,
polarization, and amplitude changes of the field at the subwavelength scale.!'” Metamaterials and metasurfaces
hold significant promise for space applications due to their compactness and lightweight characteristics. These
devices use nanostructures embedded in their flat surfaces to manipulate the electromagnetic field for various
purposes. Prior research has already highlighted the benefits of employing metalenses, including enhanced
detection efficiency amidst receiver angle of arrival jitter and improved coupling to fiber efficiency in duplex
free space optical communication terminals.'®'® By tuning the geometries and materials of the metaunits the
scattering properties of these can be changed, yielding a huge flexibility of the output electromagnetic field
properties. In this section, we present the preliminary design of a metalens built to shape the far-field irradiance
pattern on an intersatellite link. Firstly, we present the analysis of the metaunits forming the metalens.

4.1 Metaunit design

A metaunit is the fundamental building block of a metamaterial, engineered to manipulate electromagnetic
waves. It works by scattering incoming waves through its subwavelength structure, altering the properties of the
electromagnetic field. There are several techniques that can be used to simulate the metaunit: Finite Element
Method (FEM), Finite Difference Time Domain (FDTD) or Rigurous Wave Coupled Analysis (RCWA), being the
most used. In this paper, we present the result obtained through FEM in the frequency domain using COMSOL
Multiphysics.2’ The design and analysis of metasurfaces are usually performed following two simulation steps.2
First of all, the metaunit is simulated under local uniformity approximation. This last approximation involves
simulating the metaunit under periodic boundary conditions. Physically, these results are only valid on an
infinite array of equal geometry metaunits. However, this is a good first-order approximation to design the
metalens (although the coupling effects between non-equal metaunits have to be considered for a more accurate
computational result). The second step is designing the whole metasurface (based on the results obtained for
each metaunit) and simulating it. In this subsection, the first step is covered. Other design approaches involve
designing all the metunits at once, considering from the beginning the coupling between different geometry
shapes on the nanoantennas.??

Following previous works done in metalenses for the 1550 nm wavelength, widely used in optical communi-
cation applications, the following physical properties have been assigned to the metaunit.'®!? The substrate
of the metaunit is made of silica (SiO2). The cylindrical nanopillars are made of silicon (Si) and have a height
H = 1000 nm. The parameter varied to obtain the different phase shifts of interest is the diameter D of the
nanopillar which ranges from 100 to 350 nm. The period of the metunit is set to L = 400 nm. The results
obtained in the simulation are shown in Figure 6.

By using a cylindrical nanopillar of high refractive index and varying the diameter of this, a full 27 phase
range can be obtained for the outgoing electromagnetic wave as is shown in Figure 6(c). The transmission
efficiency of the nanopillars as a function of the diameter is also shown in the same figure, where it can be
seen that low efficiencies appear when the diameter approaches the size of the lattice period. The resonances
appearing on the nanopillars of the metaunit can be seen in the magnetic fields illustrated in Figure 6(b).

4.2 Metalens design considerations

From the response of the nanopillars obtained in Figure 6, a first iteration of the resulting metalens can be done.
Discretizing the diameters on the continuous shown in Figure 6 we can create a discrete set of available phase
delays. At this point, there are two approaches to designing the metalens

Proc. of SPIE Vol. 13699 1369913-8
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Figure 6: Design of the metaunit. (a) illustration of the cylindrical nanopillar and the dimensions involved, (b)
normalized magnetic field norm for different nanopillar diameter sizes, and (c¢) normalized phase and transmission
of the nanopillars for different diameter sizes

e The first approach consists of generating exactly the same phase screen as the one obtained in the previous
section. This would mean replacing the phase screen in Figure 2 by a metalens. Therefore, this would
imply building a large area metalens.?> The benefit of this approach is that, given the small size of the
nanopillars a very high resolution of the ideal phase screen could be achieved. However, the disadvantage

is that simulating a large area of metalens is computationally very expensive,?® and does not provide a
great space saving compared to more conventional bulk optical elements.

e The second approach would be to design a smaller phase screen where the beamwaist wg of the Gaussian
beam involved would be on the order of tens of microns. This would mean that we would use a total of

~ 10* — 10° nanopillars to design this phase screen. Although the resolution of the phase screen could be
smaller, it might still be sufficient for generating the far-field irradiance shapes of interest.

A detailed numerical analysis of the resulting metalens design would require simulating the whole metalens
with one of the electromagnetic computational methods above mentioned, i.e. FEM, RCWA, FDTD. This is
because the periodicity conditions that have been used to simulate the metaunits are no longer applicable as
the resulting metalens has its metaunits surrounded by different geometries in an asymmetric manner. However,
as a first-order approximation of the resulting field to assess the feasibility of building a phase screen with a
metalens built upon the metaunits presented in subsection 4.1, the whole metalens is simulated by simulating
not only a phase screen (as in section 3) but adding a transmission screen that is given by the respective S5
for each of the pixels of the phase screen. This gives the first approximation of how much the metalens can

approximate to the ideal phase screen, and how much these discrepancies affect the communication performance
of the system. The results of the simulation are shown in Figure 7 for the set of coefficients {¢1,co,c3}. The
resulting communication performance parameter is log;,(ABEP) = —7.72, which is orders of magnitude worse
than the achieved with the ideal phase screen, where log;,(ABEP) = —10.08 (see Table 2). It is the authors’
opinion that the low transmission efficiency of the nanopillars (especially in the large diameter range shown in
Figure 6(c)), is very detrimental and the improvement due to the redistribution of the power in the far-field
induced by the metalens is still not enough to compensate for the power losses due to the transmission efficiency

of the nanopillars. Therefore, further research is required to improve the design of the nanopillars by increasing
their transmission efficiency so that they can be used to shape the laser beams of interest.

Proc. of SPIE Vol. 13699 1369913-9
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Figure 7: Results of the field obtained for the simplified simulation of the metalens, (a) shows the the transmitted
irradiance field affected by the transmittance of the nanopillars (b) shows the phase screen fo the transmitted
beam (c) is the far-field irradiance pattern generated and (d) is the PDF of the BEP

5. CONCLUSIONS AND FUTURE WORK

In this paper, it has been demonstrated that by altering the far-field irradiance pattern, the performance of
intersatellite FSOC links can be significantly improved. To generate physically feasible far-field patterns, a
phase screen was proposed to reshape the original Gaussian beam. This phase screen was created using axially
symmetric Zernike polynomials, with an optimization algorithm employed to identify the locally optimal phase
screens for mitigating the effects of pointing jitter. Finally, a preliminary design of a metalens capable of acting
as a phase screen was presented, with simulations of metaunits that provide a full 27 phase shift, showcasing the
potential for practical implementation in enhancing FSOC systems.

Future work will focus on exploring the potential for increased performance by incorporating higher-order
axially symmetric Zernike polynomials in the design of the phase screens. This approach could offer further
improvements in mitigating pointing jitter in intersatellite FSOC links. However, to a first-order approximation,
creating the optimum phase screens through a metalens built upon the proposed nanopillars is not better than the
conventional approach of optimizing the divergence of a Gaussian beam. The benefits of shaping the transmitted
beam by using the proposed nanopillars do not compensate for the transmission losses when the light goes through
these devices. Therefore, higher efficiency nanopillars are needed in the whole phase range for a metalens to be
efficient enough for its use in beamshaping for intersatellite optical communications. This could be achieved by
considering other nanopillar shapes and/or varying both the height and diameter of the cylindrical nanopillars
presented in this work. Furthermore, asymmetrical nanopillar schemes providing bound states in continuous
could also improve the transmission efficiency at a specific wavelength.!” The design of the metalens using
the proposed metaunits is also under investigation by the authors, where its size is a decisive factor that can
affect both the design of the overall transmission optical relay and the computational analysis feasibility of the
metalens.
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