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In this paper, we propose a metalens integrated receiver for free space optical communication, which provides
robust performance in the presence of angle of arrival fluctuations jitter. As a proof of concept, we show that our
proposed receiver can tolerate up to a 2.5 mrad angle of arrival fluctuations with a detector radius of 20 µm before
reaching a 3 dB power penalty. We design a meta unit cell to realize the optimized phase profile and present a quasi-
3D full wave simulation of the proposed architecture. The system shows steady signal power and bit error rate in the
presence of angle of arrival fluctuation. ©2023Optica PublishingGroup

https://doi.org/10.1364/JOSAB.481362

1. INTRODUCTION

Free space optical (FSO) communication has recently regained
its momentum because of emerging applications, such as
satellite-to-satellite communications, rapid rural area deploy-
ment, and data centers. It inherently provides high bandwidth,
ease of deployment, license-free spectrum, low power consump-
tion, and better channel security [1]. However, as a line of sight
system, the FSO link requires precise alignment between trans-
mitter and receiver. Misalignments lead to pointing errors and
angle of arrival (AOA) fluctuations [2]; both cause performance
degradation of the communication link. Pointing error is caused
by transmitter vibration and turbulence in the propagating
medium. The effect of pointing errors on the performance of
the FSO system has been analyzed in numerous studies [3–5].
High-speed FSO links use broadband receivers with less than
50µm detector diameter, and, hence, they can accept light from
a limited field of view (FOV). As a result, fluctuation in the AOA
severely affects FSO link performance [6]. To date, several active
control systems have been proposed to mitigate fluctuations in
the AOA and minimize the performance degradations [7,8].
Such active control systems require additional processing power
and mechanical control that put stress on the size, weight, and
power constraints of FSO communication. Adaptive beam size
control by using an electrically focus-tunable lens is proposed
in Ref. [2]. Although the system eliminates the mechanical
components, the system still requires additional processing to
dynamically reduce the AOA fluctuation. In all these systems
due to slow response time and noise in the control systems, there
is always a fast residual jitter in AOA, which significantly affects
the bit error rate (BER) of the system [9].

In this paper, we propose a metalens integrated receiver
system that provides robust performance in the presence of a
jitter in the FSO link. The system performance degrades when
the AOA deviates from the perfect alignment position, and,
hence, the beam walks off on the detector plane. To maintain
the BER like normal incidence, the system must pay a power
penalty. For instance, a beam walk-off of 19.5µm leads to a 3 dB
power penalty in a typical conventional FSO system using an
f /10 aperture lens followed by a detector with 20 µm radius.
In other words, the system with 100 mm focal length tolerates
up to 195µrad AOA deviation with a 3 dB power penalty. Here,
we show that the FSO receiver with a metalens maintains the
same BER up to 2.5 mrad AOA deviation with less than 3 dB
power penalty. The proposed metalens is based on a meta unit
cell, which consists of amorphous silicon (a-Si) nanopillar on
a quartz substrate. A full 2π phase shift with more than 93%
transmission is achievable by varying the nanopillar diameter
at the desired target wavelength. Here, we show how the metal-
ens phase profile is optimized by using the receiver lens model
available in commercial ray-tracing software and according to
the location of the metalens in a conventional receiver system
at a wavelength of 1 µm. Considering the efficiency and ease of
fabrication, the proposed design can be tailored to other meta-
surfaces with optimized phase profiles. Since the system is static,
free of mechanical parts, and requires no active control mecha-
nisms, it provides a simple and easy-to-implement solution to
reduce the effect of jitter on the FSO system performance. Also,
further optimizations are possible for different aperture lenses to
accommodate higher AOA variations.

The use of metasurfaces in electromagnetics and photonics
was proposed five decades ago. In particular, metasurfaces have
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emerged as a promising technology for wavefront shaping in
optics due to their various useful properties, such as monolithic
integration, compact design, and subwavelength control [10].
Metasurfaces have found applications in diffraction-limited
focusing and imaging [11,12], polarization control [13], holog-
raphy [14], and in an augmented reality/virtual reality system
[15]. For imaging, a wide FOV metalens has been proposed in
Refs. [16,17]. In these systems, a beam with different incident
angles gets focused on different locations on the detector plane,
and, hence, a detector array captures light for all incident angles.
Mostly, such systems are designed for complementary metal-
oxide semiconductor image sensors [18]. Since a single point
detector is used in communication systems, the metalens design
criteria differ from imaging systems that have been studied
before. We previously presented a metalens receiver structure
for the FSO that can capture wide range of incident angles [19].
However, the system works for a large f -number system. So,
receiver systems with large apertures require long receivers,
which are not feasible in some applications. Large aperture
metalenses also pose fabrication challenges. In this paper, we
modified a conventional receiver system with a bulk lens by
incorporating a metalens. This paper provides design guidelines
for such hybrid systems and potential improvements in system
performance.

The paper is organized as follows. In Section 2, we describe
our proposed receiver architecture. In Section 3, the impact
of AOA variations in an ideal FSO receiver is analyzed. In
Section 4, we present the results obtained by implementing our
proposed architecture in an example system. In Section 5, we
provide a meta unit cell design that can be used to realize a metal-
ens with the desired phase profile. In Section 6, the effectiveness
of the proposed system is shown by the full wave simulation.
Finally, in Section 7, we discuss the maximum performance
improvement from our system for different detector sizes.

2. PROPOSED SYSTEM

A simplified conventional receiver system is shown in Fig. 1(a).
The system consists of an aperture lens with diameter a and
focal length f , which focuses the light on a free space detector.
A conventional system is designed in a way so that the detector
captures the whole normally incident beam at the focal plane
(AOA= 0◦). In a real system, there is always some AOA fluc-
tuation. AOA can deviate along both horizontal (x ) and vertical
(y ) directions leading to horizontal (δx ) and vertical (δy ) beam
walk-off on the detector plane. Let θx and θy be the deviations
of the AOA along the x and y directions, respectively, then
δx = f tan (θx ) and δy = f tan (θy ). The beam walk-off on
the detector leads to degradation of the received power on the
detector and, consequently, higher BER, which has been thor-
oughly investigated and modeled in the literature [20–22]. The
level of degradation depends on the focused beam size, detector
area, and focal length of the aperture lens. In all our following
analyses, we will focus on nonzero δy only (δx = 0). However,
our system and analysis can easily be extended to the case where
both δ’s are nonzero. Because of the circular symmetry of the
system, the performance will be similar.

The objective of the metalens is to correct the phase front of
the beam so that the focal point remains the same for different
AOA values. Since the phase front of the beam varies as the
beam propagates in the receiver system, the metalens must be
customized based on its specific location in the receiver. In our
proposed system, the metalens is added to the focal plane of the
aperture lens to alleviate the beam walk-off issue due to AOA
fluctuation as shown in Fig. 1(b). The metalens redirects and
focuses the incident beam with different AOAs to the center of
the detector. To do that, the phase profile of the metalens should
be φ(r )= br 2. Here, r represents the radial coordinate of the
points on the plane of the metalens. Parameter b is the phase
constant that needs to be optimized such that the beam with
θy = θopt will be focused on the center of the detector. We chose

Fig. 1. (a) Conventional receiver with normal and oblique incident beams (left). Beam walk-off on the detector plane in the conventional receiver
for normal (blue) and oblique (red) incident beams (right). (b) Proposed receiver with normal and oblique incident beams (left). Beam walk-off on the
detector plane in the proposed receiver for normal (blue) and oblique (red) incident beams (right).
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Fig. 2. (a) Detector and beam overlap area (gray shaded region) for calculation of power degradation factor K . (b) K versus beam walk-off (δ) for
an ideal system with a detector radius of 20µm. The insets show the beam profile in arbitrary units (a.u.) for f /10 and f /30 systems where the solid
black circle represents the detector boundary.

θopt to be the maximum expected AOA of the communication
link θopt = θm . In this way, beam walk-off for all the angles
−θm < θy < θm will be improved compared to the conven-
tional receiver system. The coefficient b can also be obtained
analytically by applying the generalized Snell law [23].

Our chosen phase profile is quadratic, which can lead to
spherical aberration for a large metalens. However, as we place
the metalens near the focus of the aperture lens, the required
metalens diameter is small (less than 100∼ µm). So, we expect
that the effect of spherical aberration from the metalens will be
negligible. However, aberration from the aperture lens needs
to be considered as it can change the shape of the focused beam
after the metalens.

3. EFFECT OF ANGLE OF ARRIVAL VARIATION

The beam walk-off can reduce the power captured by the
detector. The reduction can be quantified by the performance
degradation factor K . We define K = Pd/Pav, where Pd is the
power received by the (finite-sized) detector, and Pav is the total
power available at the (infinite) detector plane. If the focusing
optics is lossless, we get Pav = Prec where Prec is the total opti-
cal power received by the receiver aperture. The performance
degradation factor K can be obtained from the focused beam
intensity distribution on detector plane Id (x , y ) as shown
below:

K =

∫∫
A Id

(
x − δx , y − δy

)
dxdy∫∫

Id (x , y )dxdy
. (1)

Here, the integration in the numerator is carried out only
on detector area A, which is illuminated by the focused beam
[as shown in Fig. 2(a)], and the integration in the denomina-
tor is carried over the full beam area. With no beam walk-off
(δx = δy = 0), K attains its maximum value of K0. K0 depends
on detector size and K0 = 1, when the detector is large enough
to capture the full beam. Due to rotational symmetry, K is only

function of radial beam walk-off δ =
√
δ2

x + δ
2
y . In an ideal

system, we assume that the Gaussian beam with beam diam-
eter 2w0 is incident on a lossless aberration-free aperture lens
with focal length f . The focused beam is then also Gaussian
with the beam diameter, 2w= 4λ f

π(2w0)
=

4λ
π
× f − number

[24]. Here, λ is the wavelength of light. We chose Id (x , y )=
2

πw2 exp[−2(x 2
+ y 2)/w2

] so that the integration in the
denominator of Eq. (1) always remains 1, and we only need to
run numerical integration over the finite area of A. The varia-
tion of K with radial beam walk-off (δ) for a different f number
of the aperture lens is shown in Fig. 2(b) with detector radius
(rd ) of 20 µm. Note that for an f /30 aperture lens, the beam
size is larger than the detector area and, hence, K is less than 1
even for normal incidence.

The incident optical signal on the detector generates pho-
tocurrent that depends on detector responsivity, R and optical
power on the detector, and Pd = Prec K (assuming Prec = Pav).
The photocurrent also contains a noise component n, which
arises due to several factors, such as shot noise, dark current,
thermal noise, avalanche photodetector excess noise factor,
flicker noise, etc. The overall photocurrent can be modeled
as id = Prec KR+ n. Here, for proof of concept, we focus on
on–off keying (OOK) modulation where the received signal can
have two power levels 0 and Prec for bits 0 and 1, respectively.
The BER can be calculated using the following formula:

BER(K )=
1

2

[
Q
(

PTh

σn

)
+ Q

(
Prec K − PTh

σn

)]
. (2)

Here, Q(. . .) represents the Q function, andσn is the variance
of the detector noise n. Although only OOK is presented here,
the results can be extended to coherent communication systems
or systems using block codes. Since all modulation formats ben-
efit from increased power efficiency, we anticipate that reducing
the jitter will improve the BER and maximum reach of alterna-
tive modulation schemes.

In our calculation, we assume the responsivity of the photo-
diode is R = 1. [For the detector with different responsivities,
both systems will suffer from same power penalty. However, still
our system will show less power fluctuation from the angle of
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Fig. 3. (a) BER and (b) power penalty for an ideal conventional system with a detector radius of 20µm.

arrival variation due to reduced beam walk-off.] The decision
level threshold is assumed fixed as PTh =

Prec
2 , where Prec is

the received power for normally incident beam on aperture
lens in the receiver system. The fixed PTh approximation is
justified as it is not possible to dynamically adjust PTh with the
fast variation of AOA. The BER variation with K is shown in
Fig. 3(a). We assume that in system design Prec is selected so
that BER ≈ 10−12 at AOA= 0 assuming full beam power
is available on the detector Pd = Prec. Here, we present our
result considering the angle of arrival has a uniform varia-
tion. However, in a realistic system, the beam wandering, and
phase front distortions will cause stochastic variations in the
received power and angle of arrival. Neglecting the effect of
turbulence, we can calculate the statistical average of the BER as
E [BER] = ∫∞0 p(δ) BER(δ) dδ. Here, p(δ) is the probability
density function of the radial beam walk-off. The beam walk-off
along two orthogonal directions is assumed to be independent
random variables with the Gaussian distribution of variance σ
and mean zero. Then, p(δ) turns out to be Rayleigh distribution
p(δ)= δ

σ 2 exp− (δ2/2σ 2) [5]. By using a suitable PDF, we can
also include the effect of turbulence in the proposed system.

When the performance degradation factor is less than 1,
excess power is needed to maintain the same BER as K = 1.
Such a power penalty can be calculated from K as power penalty
(dB)= 10 log10(K ). The power penalty for a conventional
system with respect to the variation of the beam walk-off is also
shown in Fig. 3(b).

4. RESULTS

As a proof of concept, here, we designed and analyzed a system
consisting of an aperture lens with an aperture diameter of
a = 10 mm and a focal length of f = 100 mm ( f /10 system).
We used a commercially available lens model in OpticStudio
to perform ray-based and physical optics-based simulations.
(The simulation model also incorporates the effects of aber-
ration from the aperture lens). The operating wavelength is
1 µm. Initially, we design the system for θopt = 1 mrad. From
ray-based simulation, optimized phase constant b is found to
be −6188.907 rad/mm2. The “binary 2” surface feature in
OpticStudio is used to simulate the metalens. The ray diagrams

for the conventional receiver and our proposed receiver are
shown in Figs. 4(a) and 4(b), respectively. We calculated the
beam walk-off for the AOA ranging from 0 to 1 mrad. It is
observed that our designed system can significantly reduce the
beam walk-off for the large range of the AOA [Fig. 4(c)]. Due to
reduced beam walk-off, the captured optical power for the fixed
radius optical detector is improved. Physical optics propagation
(POP) simulation is carried out to calculate the power degrada-
tion factor, and the associated power penalty with the AOA for a
detector with radius 20 µm. The results are shown in Figs. 5(a)
and 5(b), respectively. For POP simulation, a Gaussian beam
with beam waist w0 = 5 mm (beam diameter 2w0 = 10 mm)
is used as the input beam. For the non-Gaussian beam shape,
we expect a slight variation in beam width due to the diffraction
effect. However, the beam walk-off will remain the same. Using
K for each AOA, we calculated the BER for both conventional
and proposed systems. As shown in Fig. 5(c), the BER for the
conventional system degrades for the larger AOA, but it remains
almost same for our proposed system. Here, the BER for our
system is worse than the conventional system at normal inci-
dence for the same Prec as the beam expands before reaching the
detector [Fig. 4(b)]. Bigger spot size on the focus of the aperture
lens will help reducing the spot size on detector and will, thus,
improve the BER. By simple calculation, we can show that when
our system’s f number is greater than 19.8, the detector with
radius 20 µm can capture the full beam, leading to K = 1 for
normal incidence and, thus, minimum BER. The average BER,
E [BER] for different jitter variance σ is presented in Fig. 5(d).
Relatively constant BER with the AOA leads to almost fixed
E [BER] for our proposed system, whereas, for the conventional
system, E [BER] significantly degrades for a variance greater
than 25 µrad. Conventional and proposed systems both per-
form better with larger detector area. Thus, our proposed system
shows robust performance in the presence of AOA fluctuation.
In our design, the phase constant b is optimized for a fixed
location along optical axis with the metalens surface perfectly
normal to the optical axis. After b is optimized, an offset in the
metalens position along optical axis z can change beam walk-off
and, hence, can change K . Due to angular invariance in the
phase profile, tilt around the optical axis cannot alter K , but tilt
along other axes will degrade K . In the next section, we present a
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Fig. 4. (a) Ray diagram for the conventional receiver. (b) Ray diagram for the proposed receiver. Blue rays indicate AOA= 0 rad, and the green rays
indicate AOA= 1 mrad. (c) Beam walk-off (δy ) for different AOA (θy )’s.
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Fig. 5. (a) Power degradation factor (K ), (b) power penalty, and (c) BER variation with AOA (θy ) for the conventional and proposed receivers with
the detector radii of 20µm. E [BER] for different jitter variances is shown in (d).
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meta unit-cell structure that can be used to realize the optimized
phase profile we obtained in this section.

5. META UNIT CELL

We propose a meta unit cell consisting of an a-Si nanopillar on
a 200 nm thick quartz substrate. We optimized the physical
dimension of the unit cell [separation between the unit cell
(U ) and height (H) of the nanopillar] so that we can obtain a
full 2π phase shift with high transmission by varying nanopil-
lar diameter D. The optimized values are H = 450 nm and
U = 350 nm. Full wave simulations based on the finite element
method (FEM) are carried out in COMSOL MULTIPHYSICS

100 150 200 250 300
D (nm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ph
as

e/
2

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

Tr
an

sm
is

si
on

Fig. 6. Transmission magnitude and phase variations of the nor-
mally incident beam on meta-unit-cell structure with respect to the
diameter D of the unit cell. The meta unit cell is shown in the inset.

for a unit cell with the periodic boundary condition in trans-
verse boundaries. The refractive indices of 3.80 and 1.45 are
assumed for a-Si and quartz, respectively [25]. The plane wave
is normally incident from the quartz side and transmission
S-parameter S21 is calculated. Multiple simulations are
performed for various nanopillar diameters. The relative trans-
mission phase for different nanopillar diameters is calculated
considering the phase at 310 nm diameter as a reference. Using
this platform, we obtained transmission greater than 93% and a
full 2π phase shift by varying the nanopillar diameter from 100
to 310 nm (Fig. 6). Due to circular symmetry, the proposed unit
cell is polarization insensitive. Such a metalens can be fabricated
by using electron-beam lithography [26] or by direct pattering
on a quartz substrate by using deep ultraviolet photolithography
[27,28].

6. FULL WAVE SIMULATION OF THE METALENS
INTEGRATED RECEIVER

Full wave simulation of the full receiver system requires high
computational resources. To make the simulation manage-
able, we divide our system in several subsystems as shown in
Fig. 7(a), and only the region near the metalens is simulated by
the full wave simulation (FEM). First, the POP based on the
diffraction theory is carried out in OpticStudio to find the beam
profile at the focal plane of the aperture lens. The physical optics
method provides a fast and low complexity estimation of the
scattered field with a good level of accuracy if the wavelength
of the incident wave is significantly smaller than the radius of
the curvature of the lens. Only E x polarization is considered for
simulation simplification. From the 2D beam profile, the beam
along the x = 0 cross section is selected as the input reference for

Fig. 7. (a) Simulation block diagram. Fourier propagation result for (a) θy = 0 mrad, (b) and (c) θy = 0.5 mrad, and (d) θy = 1 mrad. Field values
are in a.u.
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the full wave simulation. It is assumed that the beam is uniform
along the x direction (quasi-2D beam profile). In quasi-3D
simulation, we design only a single row of the metalens based on
the x = 0 cross-sectional phase pattern [φ(y )= by 2]. Along
the x direction, we used the periodic boundary condition so the
input beam and metalens rows are both invariant along the x
direction. The width along the x direction is set as a period of
metalens U . As U <λ, only 0th order (normal) propagation
exists along the x direction. The desired phase φ(y ) of the
metalens is sampled with separation U and nanopillars with
diameter giving the sampled phase are placed on appropriate
location. The input field profile is excited by defining mag-

netic surface current densities (
−→
M s =

−→n ×
−→
E ). Perfectly

matched layer is applied in all the other boundaries to eliminate
unwanted backscattering to the simulation domain. The beam
profile on a plane in front of a metalens is captured and used as
the input field for final Fourier optics-based calculation. Beam
evolution after the metalens for three different incident angles
(0, 0.5, and 1 mrad) are shown in Figs. 7(b)–7(d). In all cases,
the beams go through the detector sitting 500 µm away from

the metalens plane. We estimate K as 0.82, 0.79, and 0.80 for
0 mrad, 0.5 mrad, and 1 mrad, respectively. Physical Optics
simulation gives a K value around 0.74. The discrepancy arises
for several reasons. The POP simulation assumes the metalens
is 100% efficient. Quasi-3D full wave simulation includes
metalens-scattering losses for 1D aperiodic arrangement of
varying nanopillar diameter. In the real lens, nanopillar diam-
eter would be varied along the 2D plane, and the efficiency
will be lower than the one obtained in quasi-3D simulation.
With 80% efficiency for the 1D phase variation, we estimate
efficiency of 64% for the 2D phase profile variation. Although,
a conventional lens can be more efficient (>95%), we cannot
achieve similar functionality of the metalens. This degradation
in power by the metalens can be compensated by increasing the
system’s power budget. Here, we realized the desired quadratic
phase profile by placing the nanopillar with a corresponding
diameter in the appropriate location. Due to fabrication inac-
curacy, the nanopillar diameter may vary. This will change the
phase imparted by the metalens. By using the uniform diameter
inaccuracy distribution, we find out that the rms phase variation



898 Vol. 40, No. 4 / April 2023 / Journal of the Optical Society of America B Research Article

can be as much as 0.05 rad and 0.01 rad for max diameter devi-
ations of 1 nm and 5 nm, respectively. A further study should
be conducted based on real fabrication inaccuracies to evaluate
potential scattering losses and beam smearing.

7. REGION OF OPERATION

In our proposed system, phase coefficient b is calculated so that
the beam walk-off for θy = θopt will be zero. For other θy < θopt,
the beam walk-off (δy ) is not exactly zero. If the beam walk-off
is significantly large, the system will not have acceptable per-
formance. To have an idea about how large the AOA can be,
we designed the system for θopt up to 5 mrad. We calculated
the beam walk-off for θ < θopt in each design. The result is
presented in Fig. 8(a). The beam walk-off can be significantly
high especially when the system is designed for larger θopt. Large
beam walk-off will result in a lower K value and a wide variation
of K for different θ < θopt’s [Fig. 8(b)]. This behavior sets a limit
on the maximum allowable AOA in our proposed system. The
maximum allowable AOA can be defined based on the tolerance
level of K for a specific system. We can define the active region
of operation θac for our proposed system based on the tolerance
level of K (K tol) such that

θac =

{
θopt, when θk > θopt

θk, when θk < θopt
. (3)

Here, θk is the minimum angle at which K = K tol. When δx

and δy both are nonzero, our system works for all possible angles
(θx , θy ) inside a circle with radius θac on the θx−θy plane. If we
select K tol = 0.5, θac for different θopt’s is shown in Fig. 8(c).
For comparison, θac for the conventional system (angle at which
K = 0.5) is also shown. This analysis shows that we cannot
increase θac by optimizing b for larger θopt. However, still our
proposed system offers significant improvement over the con-
ventional system. For a 20 µm detector radius, our proposed
system can tolerate the AOA of up to 2.5 mrad, whereas, the
conventional system can only tolerate less than 200µrad. For a
larger detector radius, our proposed receiver can even tolerate
larger AOA variations.

8. CONCLUSION

In this paper, we proposed the use of the metalens in optical
receiver design for free space optical communication. Our
proposed receiver with an integrated metalens showed robust
performance in the presence of the AOA jitter. We obtained
significant performance improvement (power penalty and BER)
compared to the conventional receiver by incorporating the
metalens in the receiver system. Metalens/metasurface allowed
arbitrary wavefront control, which can be utilized in situations
where the bulk conventional lens was not applicable. We believe
that such wide functionality of the metalens is highly desirable
and useful to solve many different problems in the FSO system.
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