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Abstract

Free-space optical (FSO) communication provides high-capacity wireless transmission but
suffers from reduced optical coupling efficiency when compact Cassegrain telescopes are
employed because the secondary mirror blocks the central portion of the incident beam.
This paper proposes a vortex beam-assisted FSO communication system that combines
aperture-matched optical coupling with machine learning-based signal recovery. Unlike a
conventional Gaussian beam, the annular intensity distribution of a Laguerre–Gaussian
vortex beam is matched to the unobstructed annular aperture of a centrally obscured
Cassegrain telescope, thereby reducing obstruction-induced optical loss. The coupling
characteristics are analyzed using an annular aperture overlap model and experimentally
validated in a 100 m free-space optical link employing Cassegrain transmitter and receiver
front-ends. The mean measured telescope-output power is increased by more than 30%
over the Gaussian reference. To overcome the system-induced signal aliasing, Transformer
and long short-term memory (LSTM) equalizers are optimized and applied. Both models
substantially outperform optimized threshold detection, while the LSTM achieves the
lowest observed error rate with markedly fewer multiply–accumulate operations than the
Transformer. These results show that aperture-matched optical coupling and computa-
tionally efficient sequence equalization, such as LSTM is a crucial component of compact,
high-performance telescope-assisted FSO systems.

Keywords: free-space optical communication; FSO; optical wireless communication; OWC;
vortex beam; Cassegrain telescope; deep learning; LSTM; transformer

1. Introduction
Compact long-range free-space optical (FSO) terminals must satisfy two requirements

at the same time: they must deliver sufficient optical power through a small optical package
and recover data reliably despite the bandwidth and alignment limitations of practical
hardware. FSO offers high-capacity, license-free, and spatially confined links, making it
attractive for terrestrial and satellite communication [1–3]. Cassegrain telescopes are well
suited to compact terminals because their folded optical paths combine a large aperture
with a long effective focal length. Their secondary mirrors, however, create a central
obstruction that blocks the highest-intensity portion of a conventional Gaussian beam.
This mismatch reduces the useful power transmitted through the telescope precisely when
compact terminals have little link margin to spare.

Vortex beams and their generation have been widely studied in orbital-angular-
momentum optics [4–6], and this line of research extends to double vortex beams carrying
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two phase singularities. Guo et al. resolved the magnitudes, signs and spatial distribution
of the two topological charges by the tilted-lens method and showed that the average
orbital angular momentum decreases nonlinearly with the singularity separation although
the total topological charge is unchanged [7]. Chen et al. extended the treatment to partially
coherent sources in oceanic turbulence [8] and then to radially polarized fields [9]. These
works establish the singularity configuration, coherence and polarization as means of shap-
ing the transverse intensity distribution, which is the quantity governing the annular-pupil
overlap of Section 2, although the resulting fields are not circularly symmetric about the
beam axis and are not coupled through an obscured pupil. Data-driven receivers have also
been investigated for impaired OAM links [10]. In the present system, however, the vortex
beam is not used for spatial multiplexing or preservation of an ideal OAM eigenmode; it is
used as aperture-matched illumination. This distinction is important because increased
telescope-output power alone does not remove the temporal distortion and interference
introduced by the bandwidth-limited modulation and detection chain. A compact terminal
therefore also requires an efficient sequence equalizer.

Previously, pin-like structured beams reduce clipping at small, unobscured circular
receivers by reinforcing a narrow on-axis lobe [11,12], which is the opposite of the in-
tensity distribution required when the optical axis is blocked. Cassegrain studies have
analyzed obscuration, hollow-beam propagation, fiber coupling, coherent reception, and
transmission-efficiency improvement [13–17], but have not jointly demonstrated pupil-
matched annular illumination and low-complexity intensity-modulation/direct-detection
(IM/DD) equalization. Reference [18] proposed matching the dark core of a vortex source
to the secondary-mirror obscuration of a Cassegrain receiver by optimizing the topologi-
cal charge, and verified the gain in power efficiency on a 6 mm annular aperture over a
0.75 m path under closed-loop adaptive optics [18]. This approach was later extended to
a two-Cassegrain-telescope configuration and evaluated numerically under the H-V 5/7
turbulence model [19]. Both establish the optical principle used here but assess it through
power coupling efficiency alone; no modulated data are transmitted, so whether the gain
in collected power reduces the bit error rate of an intersymbol interference-limited link is
not addressed. Annular vortex distributions have also been exploited for mode separation
and direct detection at the detector or mode-analysis plane [20–22], rather than to reduce
loss at the telescope pupil.

Sequence models have also been applied to the temporal side of optical wireless links.
Reference [23] combined an LSTM with an attention decoder to detect hybrid modulated
faster-than-Nyquist signals over a turbulence channel, reporting a 1 dB gain over a back-
propagation network and 2.5 dB over maximum-likelihood sequence estimation. Recurrent
layers have also been used away from the detection path, for instance, to predict user
mobility and receiver orientation in order to optimize the beamforming and bias currents of
an SLIPT-enabled indoor visible-light system [24]. The present work differs in three respects.
The intersymbol interference addressed here is not introduced deliberately for spectral
efficiency but arises from the transmitter modulation bandwidth, and it is measured on a
physical 100 m link rather than generated from a channel model. The equalizer is compared
against a Transformer using multiply–accumulate counts derived from the architecture,
which are independent of the execution platform.

This work addresses the spatial and temporal impairments as complementary parts
of one compact FSO link. The annular-pupil overlap is modeled using established analy-
ses of obscured apertures and telescope coupling [25], and the beam profiles are related
to Gaussian and Laguerre–Gaussian descriptions [26–28]. A vortex phase plate is then
evaluated in a 100 m IM/DD link with Cassegrain transmitter and receiver front-ends.
The optical stage is assessed through beam profiles and measured telescope-output power,
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while the residual bandwidth-induced waveform distortion is recovered using optimized
long short-term memory (LSTM) and Transformer equalizers. Thus, the central question is
not whether structured light or machine learning is beneficial independently, but whether
an aperture-aware optical front end and a computationally efficient temporal equalizer can
jointly improve a compact telescope-assisted link.

The main contributions are threefold. First, the annular matching principle established
for Cassegrain receivers is recast as a design criterion specifying an admissible range of
ring radii, with an explicit margin for alignment error and beam wander, rather than a
single efficiency-maximizing optimum. Second, Gaussian and vortex illumination are
compared experimentally in an operating IM/DD link over a 100 m path with Cassegrain
transmitter and receiver front-ends so that the coupling gain is measured through its
effect on the received waveform rather than as optical power efficiency alone. Third,
LSTM and Transformer equalizers are optimized and compared in terms of bit error rate
and multiply–accumulate complexity, establishing that LSTM in this case outperforms
Transformer in both communication performance and complexity. Table 1 condenses the
closest research directions and highlights the unresolved gap addressed by the proposed
optical-digital design.

Table 1. Positioning of the proposed system relative to the closest optical and communication
approaches.

Research Direction Optical Target What Was Demonstrated Gap Addressed by This Work

Pin-like structured
beams [11,12]

Small, unobscured
circular aperture

Reduced clipping by
preserving a narrow on-axis
lobe.

Axial concentration conflicts
with a Cassegrain obstruction;
temporal equalization was not
considered.

Cassegrain obstruction
and coupling
studies [13–17]

Centrally obscured
telescope or
fiber-coupling plane

Analyzed or mitigated
obscuration through optical
design, hollow beams, fiber
coupling, or coherent
reception.

No joint evaluation of
pupil-matched annular
illumination, IM/DD BER, and
low-complexity sequence
recovery.

Annular vortex with
Cassegrain
receivers [18,19]

Cassegrain receiver
pupil

Optimized the topological
charge so that the vortex null
matches the secondary
obscuration; efficiency was
computed numerically and
verified on a scaled aperture.

Evaluated as optical power
efficiency without modulated
transmission, BER, or
receiver-side equalization.

Annular vortex
detection and mode
analysis [20,21]

Detector or
mode-analysis plane

Used ring intensity for direct
detection or spatial-mode
discrimination.

The annular field was exploited
after propagation rather than to
reduce telescope-pupil loss.

Proposed system Cassegrain Tx/Rx pupil
and IM/DD receiver

Matches a vortex ring to the
clear annular pupil and
equalizes residual ISI with
LSTM/Transformer models.

Demonstrates the coupling gain
in an operating IM/DD link
with actual modulated data
communication test augmented
by advanced machine learning
schemes.

The remainder of this paper is organized as follows: Section 2 develops the aperture-
overlap model and matching condition. Section 3 describes the 100 m experiment, dataset
construction, equalizers, and complexity metrics. Section 4 presents the optical-coupling
and signal-recovery results, and Section 5 concludes the paper.
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2. Aperture-Matched Vortex Beam Coupling
Cassegrain telescopes use a concave primary mirror and a convex secondary mirror to

obtain a long effective focal length in a compact folded optical path [13,17]. The large clear
aperture is useful for FSO transmission and collection, while the folded geometry reduces
terminal length. The same secondary mirror produces a central obscuration and converts
the pupil from a disk into an annulus. Light incident on the obstructed region is lost, and
the obscuration also modifies the diffraction pattern. The optical front end should therefore
be designed for the usable annular pupil rather than for an unobstructed circular aperture.
The transmitter (Celestron NexStar 8SE) and the receiver (Celestron 127EQ3M-MAK5) use
Cassegrain telescopes. Figure 1 summarizes their folded optical paths. In the Gaussian
reference, power is concentrated near the optical axis. The vortex phase plate instead
produces an annular beam with reduced on-axis intensity. The telescope aperture can be
approximated as an annular aperture [29,30]. The corresponding pupil function is as below:

P(r) =

{
1, robs < r < R
0, otherwise

(1)

where r denotes the radial coordinate on the entrance pupil, R is the radius of the clear
aperture of the primary mirror, and robs represents the radius of the central obstruction
introduced by the secondary mirror. When an incident optical beam with transverse
intensity distribution I(x, y) illuminates the telescope, only the optical power transmitted
through the annular pupil contributes to the received signal. Accordingly, the optical
coupling efficiency of the telescope is defined as [27]

ηtel =

s
A I(x, y) dxdy

s
R2 I(x, y) dxdy

(2)

=

∫ R
robs

I(r) 2πr dr∫ ∞
0 I(r) 2πr dr

. (3)

Figure 1. Folded optical configuration of the Cassegrain telescope and conceptual comparison of the
incident Gaussian and annular vortex fields at the telescope input. The Gaussian beam concentrates
power on the axis, where it overlaps the central obstruction, whereas the vortex beam redistributes
power toward the transmissive annular pupil.

Equation (3) shows that the central obstruction reduces the collected optical power
and the optical coupling efficiency for beams whose intensity is concentrated near the
optical axis. A fundamental Gaussian beam has the following radial intensity distribution:

IG(r) = I0exp
(
−2r2

w2

)
, (4)
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where w denotes the beam waist. Since the maximum intensity occurs at the beam center
(r = 0), the Gaussian beam overlaps significantly with the secondary-mirror obstruction,
resulting in reduced optical coupling efficiency.

In contrast, a Laguerre–Gaussian vortex beam with azimuthal index l exhibits a
doughnut-shaped intensity profile given by [5,27]

Il(r) = I0(
2r2

w2 )
|l|

exp
(
−2r2

w2

)
. (5)

The radius corresponding to the maximum intensity is obtained by solving dIl(r)
dr = 0,

which yields [28]

rpeak = w

√
|l|
2

. (6)

Equation (6) indicates that the ring radius increases with both the beam waist and the
magnitude of the vortex topological charge |l|.

To maximize the optical coupling efficiency of the Cassegrain telescope, the intensity
ring of the vortex beam should coincide with the transmissive annular pupil while avoiding
the central obstruction. The basic matching condition is, therefore,

robs < rpeak < R. (7)

Considering finite ring thickness, beam wander, and optical alignment tolerances, a
practical design criterion is [15]

robs + ∆r < rpeak < R − ∆r (8)

where ∆r denotes the design margin.
Since rpeak = w

√
|l|/2, the topological charge determines the radial position of the

intensity maximum and must be selected together with the transmitted beam size rather
than independently. A low charge places the ring within the obscured central region,
where it is blocked, whereas a high charge expands it beyond the clear aperture, where it
is truncated.

Substituting Equation (5) into Equation (3) and setting u = 2r2/w2 reduces the overlap
integral to a closed form,

ηtel(l, w) =
γ
(
|l|+ 1, 2R2

w2

)
− γ(|l|+ 1, 2r2

obs
w2 )

Γ(|l|+ 1)
(9)

where γ and Γ denote the lower incomplete and complete gamma functions. The coupling
efficiency is therefore not monotonic in l, and the design problem is the maximization of
ηtel over the beam size w at the pupil plane and the topological charge for a given aperture
geometry. Setting ∂ηtel

∂w = 0 gives the stationarity condition

(
2R2

w2 )
|l|+1

e−2R2/w2
=

(
2r2

obs
w2

)|l|+1

e−2r2
obs/w2

, (10)

which states that at the optimum the marginal power lost by truncation at the outer
aperture equals the marginal power lost to the central obscuration. Taking logarithms and
introducing the obscuration ratio ε = robs/R yields
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wopt = R

√√√√ 1 − ε2

(|l|+ 1)In
(

1
ε

) , ropt
peak = R

√√√√ |l|(1 − ε2)

(|l|+ 1)In
(

1
ε

) . (11)

The optimal ring radius is thus determined by the obscuration ratio and the topological
charge alone, and Equation (8) is recovered as the admissible region surrounding this
optimum, with the margin ∆r accommodating alignment error and beam wander. When
the beam size at the pupil is fixed by the collimation optics, as in the present system, the
remaining design variable is the topological charge. This is consistent with the charge
optimization reported for Cassegrain receivers in [18,19]. For the telescope geometry used
in this work (Section 3), l = 2 satisfies Equation (8) at both telescopes.

The matching condition of Equation (8) applies at the pupil plane of the receiving
telescope, so for a link of length L the ring radius must be evaluated after propagation. The
Gaussian envelope parameter of Equation (5) follows the standard propagation law

w(L) = w0

√√√√1 +

(
λL

πw2
0

)2

, rpeak(L) = w(L)

√
|l|
2

, (12)

so that the distance-dependent design criterion becomes

robs + ∆r < rpeak(L) < R − ∆r (13)

The ring radius therefore remains a fixed multiple of w(L) throughout propagation,

and aperture matching is preserved while L ≪ zR, with zR =
πw2

0
λ , degrading only once

the expanded ring overfills the clear aperture. A larger topological charge increases the
ring radius at every distance and consequently tightens the upper bound of the criterion,
so w0 and l must be chosen jointly with the intended link length. The margin ∆r must
additionally accommodate turbulence-induced beam wander, whose variance grows with
propagation distance.

This condition can be satisfied by appropriately adjusting the beam waist w, the vortex
topological charge l, and the telescope magnification.

Consequently, a properly designed vortex beam reduces the optical power blocked
by the secondary mirror and improves the optical coupling efficiency compared with a
conventional Gaussian beam. For quantitative comparison, the coupling improvement is
defined as

G = 10log10

(
ηtel(l)
ηtel(0)

)
dB. (14)

A positive value of G indicates that the vortex beam achieves higher coupling efficiency
than the Gaussian beam. The received optical power of the FSO link is modeled as [1,2]

Prx = P0ηtelηprop(L)ηrxηdet, (15)

where P0 denotes the transmitted optical power, ηprop(L) is the free-space propagation
efficiency over a transmission distance L, ηrx is the receiver optical efficiency, and ηdet

denotes the photodetector efficiency. The corresponding electrical SNR is expressed as [2]

SNR =
(RPDPrx)

2

2qeRPDPrxB + i2thB
, (16)

where RPD is the photodetector responsivity, qe is the electron charge, B is the receiver
bandwidth, and ith denotes the thermal noise current density. Equations (15) and (16)
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directly relate the optical coupling efficiency of the telescope to the received optical power
and the communication performance of the FSO link.

Based on the above analysis, we hypothesize that a vortex beam whose ring radius
satisfies the annular matching condition of Equation (8) achieves higher optical coupling
efficiency than a conventional Gaussian beam in a centrally obscured Cassegrain telescope.
The resulting increase in the received optical power is expected to improve the electrical
SNR and consequently reduce the bit error rate (BER) of the FSO communication link.
Furthermore, the proposed LSTM- and Transformer-based equalizers compensate for
propagation-induced waveform distortion, detector bandwidth limitations, and residual
pointing fluctuations after 100 m free-space transmission, thereby providing additional
BER improvement.

3. Experimental Setup and Data Acquisition
Figure 2 shows the experimental FSO communication testbed used to evaluate the

proposed system. As shown in Figure 2a, the transmitter (Tx) and receiver (Rx) are
positioned on the same side of the experimental setup, while a high-reflectivity planar
mirror is installed at the end of an indoor corridor. The optical beam emitted from the
transmitter propagates over a distance of 50 m toward the mirror, is reflected back along
the same optical path, and is finally collected by the receiver. Consequently, the total optical
propagation distance is 100 m, corresponding to a double-pass FSO transmission link.

Figure 2. Experimental free-space optical communication testbed. (a) Photograph showing the indoor
experimental setup. (b) Schematic of the optical transmission system, where the transmitted beam
propagates 50 m toward a planar mirror and returns along the same optical path, resulting in a total
optical propagation distance of 100 m. (c) Experimental measurement platform used for waveform
generation, data acquisition, and signal processing.

The optical configuration of the proposed system is illustrated in Figure 2b. A laser
source generates the optical carrier, which is first collimated using a collimation lens
(Thorlabs, Newton, NJ, USA). The collimated beam then passes through a vortex plate,
which converts the incident Gaussian beam into the desired orbital angular momentum
(OAM) mode. The generated OAM beam is subsequently expanded and collimated using a
Cassegrain telescope (Celestron, Torrance, CA, USA) to reduce beam divergence during free-
space propagation. After propagating over 50 m, the beam is reflected by a planar mirror
and returns along the same optical path. The reflected beam is collected by a Cassegrain
telescope and directed to the receiver for optical detection and performance evaluation.
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The optical parameters of both telescopes are summarized in Table 2. The clear
aperture and secondary obstruction diameters were measured directly on the instruments,
as the manufacturer specifications refer to the secondary mirror rather than to the full
opaque assembly that blocks the beam.

Table 2. Optical parameters of the transmitting and receiving Cassegrain telescopes.

Parameter Transmitter Receiver

Model Celestron NexStar 8SE Celestron 127EQ3M-MAK5
Optical design Schmidt-Cassegrain Maksutov-Cassegrain
Aperture diameter 203.2 mm 127 mm
Focal length 2032 mm 1900 mm
Focal ratio f/10 f/15
Secondary obstruction diameter 70 mm 35 mm
Obstruction ratio (by diameter) 0.34 0.28
Obstruction ratio (by area) 0.12 0.08
Magnification 339× 59×

The experimental measurement platform is shown in Figure 2c. An arbitrary wave-
form generator (AWG70002A, Tektronix, Beaverton, OR, USA) generates the electrical
modulation waveform for the optical transmitter, while a digital oscilloscope (DSO6054A,
Santa Rosa, Keysight, CA, USA) acquires the received waveform for offline digital signal
processing. A pulse arbitrary noise generator (81150A, Santa Rosa, Keysight, CA, USA)
provides controlled electrical noise when channel impairment emulation is required. All
instruments are synchronized and controlled by a laptop, which also performs waveform
generation, data acquisition, and BER analysis.

The folded optical configuration enables long-distance FSO transmission measure-
ments within a limited indoor environment while maintaining stable optical alignment. In
addition, the double-pass propagation scheme provides an effective optical propagation
distance of 100 m using a 50 m physical corridor, allowing the transmission performance
of the proposed OAM-based FSO communication system to be evaluated under practical
indoor conditions.

The optical coupling efficiency of the transmitted beam is evaluated by measuring the
optical power at the output of the receiving Cassegrain telescope. A conventional Gaussian
beam (l = 0) and a vortex beam with a topological charge of l = 2 are measured under
identical alignment and transmission conditions. The optical power is recorded using an
optical power meter positioned immediately after the telescope eyepiece.

The FSO communication experiment is conducted over a 100 m horizontal free-space
propagation path. The transmitted beam propagates through the optical channel and is
collected by the receiving Cassegrain telescope. The received optical signal is focused onto
an avalanche photodiode (APD), where the optical signal is converted into an electrical
waveform for subsequent acquisition and analysis.

For communication performance evaluation, an on–off keying (OOK) modulation
format is employed owing to its simple implementation and compatibility with intensity-
modulation/direct-detection (IM/DD) systems. The detected electrical waveform is ac-
quired using a high-speed digital oscilloscope (DSO6054A, Santa Rosa, Keysight, CA, USA)
and transferred to a computer for offline digital signal processing. The acquired waveform
is processed to obtain symbol-spaced sequences, which are subsequently used as input
data for the Transformer and LSTM equalizers.

OOK was selected as a representative low-complexity IM/DD modulation format so
that the effects of aperture matching and sequence equalization could be isolated without
introducing an additional modulation-format variable. The data rate was selected near
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the transition region of the experimental system’s bandwidth. A received-power variation
would change the SNR and absolute BER of all receivers but would not remove the tem-
poral channel memory that distinguishes memoryless threshold detection from sequence
equalization. The measurements were performed under the best achievable alignment to
isolate the aperture-matching effect. A comprehensive evaluation of power, SNR, data rate,
modulation format, and controlled misalignment is beyond the present scope and will be
addressed in future work.

The acquired electrical waveform is converted into supervised learning samples using
a causal sliding-window approach. Since the received waveform is sampled continuously
by the oscilloscope, each input sequence consists of the current sample together with the
preceding sixteen samples, resulting in a fixed sequence length of 17 samples. To preserve
the temporal correlation of the communication channel and prevent information leakage,
the received waveform is divided chronologically without random shuffling. The first 40%
of the acquired data is used for training, the subsequent 10% is used for validation during
hyperparameter optimization, and the remaining 50% is used for testing. The identical
chronological partitioning strategy is applied to both the Transformer and LSTM equalizers
to ensure a fair performance comparison.

The acquired sequence contains 4092 bits, corresponding to 1636 bits (40%) for train-
ing, 409 bits (10%) for validation, and the remaining 2047 (50%) bits for evaluation. The
computational complexity is evaluated using the number of multiply–accumulate (MAC)
operations, which provides a hardware-independent measure of neural network computa-
tion. The training complexity is expressed as the estimated number of GMACs required for
one training epoch, whereas the inference complexity is expressed as the number of KMACs
required to detect one transmitted bit. For the Transformer equalizer, the approximate
inference complexity is expressed as

CTr,in f = TFd + 4Td2 + 2T2d + 2TddFF + 2d, (17)

where T denotes the input sequence length, F denotes the number of input features,
d = dmodel is the Transformer model dimension, and dFF is the feed-forward network
dimension. The first term represents the input projection, the second term corresponds
to the query, key, value, and output projections of the self-attention module, the third
term is attention-score and weighted-value products, the fourth term accounts for the two
feed-forward layers, and the last term represents the binary classification layer. For the
LSTM equalizer, the inference complexity is expressed as

CLSTM,in f = 4T
(

HF + H2
)
+ 2H, (18)

where H denotes the number of hidden units. The factor of four accounts for the input,
forget, cell-update, and output gates of the LSTM architecture. The computational cost
required for network training is approximated as

Ctrain ≈ 3NtrCin f , (19)

where Ntr denotes the number of training windows. The factor of three approximates
the combined computational cost of forward propagation, back-propagation, and param-
eter updating. It is noted that the reported computational complexity is intended only
for architecture comparison and excludes hardware-dependent factors, such as memory
access, activation-function evaluation, software framework overhead, and device-specific
optimization. Therefore, the reported GMAC/epoch and KMAC/bit values represent
hardware-independent computational estimates rather than actual execution time. Al-
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though these estimates omit hardware-dependent factors, the difference between the two
architectures reported in Section 4.2 is large enough that the comparison is unlikely to be
reversed by them. The difference is structural rather than incidental, since the attention
operation scales as T2d with the sequence length T, whereas the recurrent update scales lin-
early in T; memory traffic and framework overhead would have to differ by a comparable
factor in the opposite direction to alter the ordering.

4. Results and Discussion
4.1. Experimental Verification of Aperture-Matched Coupling

To verify the proposed aperture-matching concept, the telescope-output beam profiles
and received optical powers are experimentally compared for conventional Gaussian cou-
pling and OAM-matched annular coupling. The beam patterns are recorded immediately
after the receiving Cassegrain telescope under identical alignment conditions, and the
corresponding optical powers are independently measured using an optical power meter
(PM400, Thorlabs, Newton, NJ, USA).

Figure 3 compares the horizontal beam profiles extracted from the measured annular
beam images together with the corresponding received optical powers. As shown in
Figure 3a, the Gaussian beam exhibits a weaker annular intensity after propagation through
the Cassegrain telescope because a significant fraction of the optical power is blocked
by the secondary mirror. In contrast, the OAM-matched beam redistributes its optical
energy toward an annular ring that more closely overlaps the unobstructed region of the
telescope pupil.

Figure 3. Comparison of Gaussian and OAM-matched annular coupling at the output of the
Cassegrain telescope. (a) Horizontal red-beam intensity profiles extracted across the central ob-
scuration along the horizontal direction, with inset images showing the measured telescope-output
beam patterns. The gray background and the central obscured region were assigned zero intensity,
and both profiles were normalized to the peak intensity of the OAM-matched case. (b) Measured
received optical power for Gaussian and OAM-matched coupling. The OAM-matched annular beam
increased the mean received power from 0.603 mW to 0.810 mW, corresponding to a 34.3% improve-
ment over Gaussian coupling. Error bars indicate ±1 standard deviation over three independent
measurement pairs.

For quantitative comparison, only the red annular beam region is regarded as the effec-
tive optical intensity during profile extraction, whereas the gray background and the central
obscured region are assigned zero intensity. Consequently, the plotted profiles represent
only the optical field contributing to effective coupling through the annular aperture.

Although the beam profiles are normalized to the peak intensity of the OAM-matched
beam to emphasize the spatial intensity distribution, the independently measured optical-
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power results shown in Figure 3b confirm the corresponding coupling improvement.
The average received optical power increases from 0.603 mW for Gaussian coupling to
0.810 mW for the OAM-matched beam, corresponding to a 34.3% enhancement. The
values are the means of three repetitions in which the spiral phase plate was alternately
inserted and removed under a fixed telescope alignment, with standard deviations of
0.095 mW and 0.085 mW, respectively. Since the two conditions form a pair at each
repetition, the variation introduced by exchanging the plate cancels in the comparison. The
improvement is consistent across all three pairs, with power differences of 0.22, 0.20 and
0.20 mW, and a paired t-test gives t = 31.0 with p = 0.001, whereas a Welch test ignoring the
pairing gives p = 0.049. The mean difference of 0.207 mW has a 95% confidence interval
of [0.178, 0.235] mW, so even the lower bound corresponds to a 29.5% improvement. Both
conditions were measured with the same power meter at the same wavelength, so the
instrument calibration uncertainty cancels in the ratio.

The measured improvement can be related to the overlap model of Section 2. From
the profiles of Figure 3a, recorded at the entrance aperture of the receiving telescope, the
annular intensity maximum of the OAM-matched beam lies at 38.4 mm from the axis,
within the unobstructed annulus extending from 17.5 mm to 63.5 mm, so the matching
criterion of Equation (8) is satisfied and the measured ring radius agrees with Equation (6)
at l = 2. Equation (9) evaluated for an ideal Laguerre–Gaussian field of this ring radius
gives a coupling efficiency exceeding the measured improvement, as expected, since the
transmitted field is a Gaussian beam modified by a spiral phase plate rather than a pure
Laguerre–Gaussian mode and the measured ring is not azimuthally uniform, with peak
radii of 42.0 mm and 34.8 mm on opposite sides. The model therefore serves as a design
criterion for placing the ring within the annulus rather than as a predictor of the absolute
coupling gain.

These results experimentally validate the aperture-matching principle introduced in
Section 2. By redistributing the optical energy away from the optical axis, the vortex beam
reduces obstruction-induced loss and increases the overlap between the transmitted optical
field and the unobstructed annular pupil of the Cassegrain telescope. The overlap model of
Section 2 assumes an ideal Laguerre–Gaussian field and perfect centering and therefore
represents an upper bound; the measured improvement is smaller because the spiral phase
plate does not produce a pure Laguerre–Gaussian mode and residual on-axis intensity and
alignment error remain.

Although the proposed aperture-matched vortex beam significantly improves the
received optical power, waveform distortion caused by the limited modulation bandwidth
and residual inter-symbol interference (ISI) still remains after optical transmission. There-
fore, deep learning-based sequence equalizers are introduced in the following subsection to
compensate for these impairments and further improve the communication performance.

4.2. Deep Learning-Based Signal Recovery

To determine suitable neural network architectures for waveform recovery, both the
Transformer and LSTM equalizers are optimized by jointly considering BER performance
and computational complexity. The computational cost is estimated using the MAC-based
complexity models presented in Section 3.

Figure 4a presents the optimization results of the Transformer equalizer. Increasing
the model dimension generally reduces the BER because the self-attention mechanism
captures longer temporal dependencies introduced by channel memory. However, the
corresponding computational complexity also increases rapidly, indicating a clear trade-off
between recovery performance and hardware cost. Although larger Transformer models
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achieve lower BER values, the performance improvement gradually saturates while the
required GMAC per training epoch continues to increase.

Figure 4. Machine learning-based equalizer architecture optimization and recovery performance for
the 100-kbit/s OAM-coupled free-space optical signal. (a) Test BER and estimated training complexity
for a proportionally scaled Transformer family, where the head dimension and the feed-forward
dimension are set optimally. (b) Test BER and estimated training complexity as functions of the LSTM
hidden-unit count after fixing the dropout probability and learning rate at their coarse-search optima.
(c) BER comparison among the optimized decision-threshold detector, Transformer, and LSTM
receivers. The LSTM produced no observed errors over the evaluated test sequence and is therefore
plotted at the display floor of 10−4. The annotated values represent architecture-based training
and inference operation counts. (d) Symbol-spaced eye diagrams for the threshold, Transformer,
and LSTM outputs. The bandwidth-limited threshold signal exhibits a nearly closed eye due to
severe intersymbol interference, whereas both sequence-learning receivers substantially reopen the
decision eye.

Figure 4b shows the optimization results of the LSTM equalizer. Increasing the number
of hidden units initially improves the BER because the recurrent hidden state effectively
preserves temporal information across consecutive received symbols. The minimum BER
is achieved with approximately 15 hidden units, whereas additional hidden units provide
only marginal performance improvement while increasing computational complexity.
Compared with the Transformer, the LSTM achieves comparable or superior recovery
performance with significantly lower computational cost.

The final communication performance is summarized in Figure 4c. The conventional
threshold detector produces a BER of 0.179, demonstrating that symbol-by-symbol detec-
tion cannot adequately compensate for the severe waveform distortion produced by the
bandwidth-limited transmitter. The optimized Transformer reduces the BER to 0.0133, corre-
sponding to an improvement of approximately ten-fold compared with threshold detection.
The optimized LSTM produces no bit errors over the 2047-bit evaluation sequence. With
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zero observed errors, the bit error rate is bounded above by 1.5 × 10−3 at 95% confidence,
and this bound, rather than an exact zero, is the quantity the measurement establishes.

For reference, conventional equalizers were applied to the same data under the identi-
cal partition and window length. A minimum mean square error linear equalizer reduces
the bit error rate to 0.0298 and a decision-feedback equalizer to 0.0195, so that a large
part of the loss incurred by threshold detection is recoverable at negligible computational
cost; nonetheless, the machine learning-based equalizers outperform these by recovering
residual distortion not captured by these linear or piecewise-linear models.

The corresponding eye diagrams are presented in Figure 4d. The threshold detector ex-
hibits an almost completely closed eye because of severe inter-symbol interference, whereas
both neural equalizers substantially reopen the eye. Among the evaluated methods, the
LSTM provides the widest eye opening and the clearest symbol separation, demonstrating
its superior capability to compensate for channel memory and residual ISI.

Overall, the proposed communication system benefits from two complementary mech-
anisms. The aperture-matched vortex beam first improves the optical coupling efficiency
by reducing the loss caused by the central obscuration of the Cassegrain telescope, thereby
increasing the received optical power. The neural equalizer subsequently compensates
for the remaining temporal distortion introduced by the bandwidth-limited transmitter
and receiver. While both deep learning models significantly improve the communica-
tion performance, the LSTM provides the most favorable balance between BER reduction
and computational complexity, making it the preferred equalizer for the proposed FSO
communication system.

4.3. Scalability to Longer Link Distances

The present experiment uses a folded 100 m path, for which L ≪ zR and the annular
geometry at the receiver is essentially identical to that at the transmitter. The expansion
remains moderate over several kilometers and can be compensated by co-designing w0 and
l with the intended link length or by increasing the transmitter aperture.

Turbulence is the more restrictive limitation. Since the Rytov variance scales as L11/6,
turbulence that is negligible over the present indoor path becomes significant at the kilome-
ter scale. Turbulence-induced degradation of OAM mode purity does not directly affect the
present scheme, because the vortex beam is used as aperture-matched illumination rather
than as a preserved eigenmode, and the receiver performs direct detection of the collected
power. Beam wander, in contrast, displaces the ring relative to the central obscuration
and acts directly on the coupling mechanism and must be absorbed by the margin ∆r or
mitigated by tracking.

The distortion compensated by the equalizers in Section 4.2 originates from the trans-
mitter modulation bandwidth and is independent of link length, so the equalization gain is
expected to transfer, although kilometer-scale operation would require online adaptation to
track turbulence-induced fading. The folded 100 m configuration was chosen deliberately
for this reason: it places the link in a regime where both diffractive spreading and turbu-
lence are negligible, so that the coupling improvement can be attributed to the annular
matching itself rather than to propagation conditions that vary between measurements.

5. Conclusions
This paper proposed a vortex beam-assisted FSO communication system that combines

aperture-matched optical coupling with deep learning-based signal recovery for centrally
obscured Cassegrain telescopes. An annular aperture coupling model was presented to
analyze the influence of the secondary-mirror obstruction on optical transmission, and the
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corresponding optical coupling characteristics were experimentally verified using a 100 m
FSO link consisting of Cassegrain transmitter and receiver front-ends.

The experimental results demonstrated that the annular intensity distribution of the
vortex beam more effectively matches the unobstructed aperture of the telescope than a
conventional Gaussian beam, thereby increasing the received optical power from 0.603 mW
to 0.810 mW, corresponding to a 34.3% improvement in optical coupling efficiency. To
compensate for waveform distortion caused by the limited modulation bandwidth and
residual inter-symbol interference, LSTM- and Transformer-based sequence equalizers
were investigated. Both neural network equalizers significantly improved the communica-
tion performance compared with conventional threshold detection, while the optimized
LSTM equalizer achieved the lowest BER with lower computational complexity than
the Transformer.

Overall, the proposed system demonstrates that combining aperture-matched vortex
beam transmission with deep learning-based equalization provides an effective solution
for improving both optical coupling efficiency and communication reliability in compact
telescope-assisted FSO systems. The aperture-matching mechanism demonstrated here
applies wherever a centrally obscured telescope is used as an optical front end, and the
equalization gain originates from the transmitter modulation bandwidth and is therefore
independent of link length. Extending the present results to ground-to-UAV or satellite links
would additionally require the effects of atmospheric turbulence, pointing and tracking
error, and the associated propagation loss to be established, none of which are evaluated in
this work. Future work will investigate longer transmission distances under atmospheric
turbulence and real-time implementation of neural network equalizers for practical FSO
communication systems. A further direction of interest is the extension of the aperture-
overlap analysis of Section 2 to structured fields carrying multiple phase singularities, which
offer additional control over the transverse intensity distribution but are not circularly
symmetric about the beam axis.
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