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Abstract: This paper proposes a novel approach to improve the performance of free-space
optical communication intersatellite links by combining fundamental Gaussian and higher-order
Laguerre-Gaussian beams. We present a comprehensive mathematical model to analyze the
system’s performance, including received power statistics, average bit error probability, and
outage probability. To generate the desired beam profiles, we propose an optical system capable
of creating a superposition of orthogonally polarized Laguerre-Gaussian beams that yield the
far-field irradiance distributions that optimize the communication performance. Our theoretical
analysis demonstrates that the combination of fundamental Gaussian and higher-order modes
can significantly enhance system performance compared to conventional fundamental Gaussian
beams. In some scenarios, the proposed approach offers savings on the order of 20% to 40% of
the required transmitted power.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Free Space Optical Communications (FSOC) have been proposed as a key technology for the
development of the future global communication networks. FSOC is based on sending laser
beams to communicate information between two terminals. This technology provides higher
data rates and more secure links than the current radiofrequency-based communications [1]. The
first is due to the higher bandwidth available when higher frequencies are used for the carrier
electromagnetic field. Furthermore, the higher security related to FSOC links is provided by the
narrower beam at lower wavelengths, and also due to this technology being closely related to
long-range free-space quantum communications [2–5].

Within the future global FSOC communication networks, intersatellite links play a key role.
These links will enable long-distance, high data rate, and highly reliable communications [6–8].
Ground-based optical communication networks are limited by several factors. On the one
hand, long-range fiber optics infrastructures are very costly and imply large power loss due to
propagation through fibers [1]. On the other hand, in long-range terrestrial FSOC networks,
light needs to travel large distances through atmospheric turbulence [9]. Considering the
previous issues, intersatellite FSOC links can provide an alternative to the ground-based and
radiofrequency-based communication technologies.

On an intersatellite link, the modulated laser is directed toward the receiver as accurately
as possible. However, several perturbations occurring in the space environment will induce
microvibrations of the satellite, e.g. reaction wheels, thermomechanical and gravitational effects
[10]. All these sources combine to give rise to a stochastic pointing jitter that will deviate the
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optical axis of the transmitter from the center of the receiver aperture (see Fig. 1). The effect
of this stochastic process is a fluctuation in the power collected by the receiver aperture that is
detrimental to the communication performance. The high directivity of narrow laser beams can
only be exploited if the transmitter pointing jitter is maintained within some operational range.
In fact, the divergence of the laser beams needs to be adjusted for the amount of pointing jitter
that is expected in the transmitter terminal.

Fig. 1. Transmitter pointing error given by an angle θT for an intersatellite link.

The effect of this power reduction on the communication performance of the link has
been thoroughly studied in the past. Most of the work available in the literature combines
the atmospheric and the pointing jitter effects [11–13], although some of them consider the
intersatellite link scenario in which only the pointing jitter plays a role [14–17]. Some of these
papers not only present models to compute the effect of the pointing jitter but also optimize
the link performance considering the detrimental effect of the pointing jitter. There are several
approaches to optimize the link performance by varying different parameters and maximizing (or
minimizing) different objective functions. Most of them consist of varying the beam divergence
of the transmitted beam to minimize Average Bit Error Probability (ABEP) [15,16,18] or the
outage probability [11]. Furthermore, research has also been done on the receiver architectures
and the modulation techniques used to communicate [17,19]. On the other hand, a huge effort is
being devoted to reducing the microvibrations on board satellites to reduce the pointing jitter of
FSOC terminals in space [20].

However, all the research done so far, to the best of the knowledge of the authors, has been
done considering a Gaussian beam as seen by the receiver aperture plane. However, under the
effect of the transmitter pointing jitter, the Gaussian irradiance distribution might not be the
optimum for the communication performance on an intersatellite link. In this paper, we propose
to use a superposition of linearly orthogonally polarized higher-order Laguerre-Gaussian beams
to improve the communication performance on intersatellite FSOC links. It is investigated if
these beams can improve the communication performance on intersatellite links and how they
can be generated onboard an FSOC terminal.

Firstly, the model to compute the statistics of the received power is presented for a given
irradiance distribution on the receiver aperture (Section 2.1). Secondly, the model to compute
several communication performance parameters from the received power statistics is presented
in Section 2.2. An optical system to generate these beams is also proposed explaining the
limitations of such a system and the design decisions made (Section 3). Finally, the numerical
results showing the optimum far-field distributions are presented, demonstrating an improvement
in performance due to the beams proposed by the authors.



Research Article Vol. 32, No. 18 / 26 Aug 2024 / Optics Express 31599

2. Received power statistics and communication performance

The high directionality of the laser beam in an FSOC link enables lower free space power losses,
meaning that compared to a less directional beam more power will reach the receiver’s aperture.
However, this directionality can only be exploited up to a certain point due to the transmitter
pointing jitter. For the satellite-based links studied in this work, this pointing jitter is due to
micro-vibrations of the platform that originate in the orbit environment. The magnitude of the
pointing jitter has been measured in several optical and quantum communication satellites and
ranges from sub-microradians to milliradians [10]. Although the deviation of the beam due to
the microvibrations can be reduced with coarse and fine pointing assembly mechanisms (e.g.,
gimbals and fast steering mirrors), the pointing jitter in the transmitter terminal onboard a satellite
will always occur to a higher or lower extent. The transmitter pointing error deviates the center
of the beam from the optical axis of the receiver. For a Gaussian beam, as the maximum power
is concentrated in the center of the beam, this mispointing diminishes the power collected by
the aperture of the receiver. Finally, these power fluctuations deteriorate the performance of the
optical communication link. Hence, it is very important to correctly model and understand the
magnitude of these power fluctuations and how they affect the communication performance of
the system. In this section, the model to compute the received power statistics is presented for a
given far-field distribution and different pointing jitter models. Furthermore, the equations to
evaluate the communication performance parameter for a Probability Density Function (PDF) of
the received power in different scenarios are presented.

2.1. Received power statistics

The power received will vary over time as the transmitter pointing error changes due to jitter (see
Fig. 2). Hence, the received power can be characterized statistically by a PDF [13,21]. In doing
so, the temporal information of the power fluctuations is lost. However, as the received power
variations due to the pointing jitter are orders of magnitude slower than the modulation period of
the communication signal (the power fluctuations due to the pointing jitter will be below kHz
while the modulation will be at least in the MHz domain), the slow-fading channel model can be
considered for the intersatellite link [11]. Therefore, as many bits of information are affected by
the power variation due to a certain pointing error, the power fluctuations can be characterized
by a PDF. More detail on the slow-fading channel is presented in Section 2.2. In this section,
the equations to compute the PDF of the received power are presented. Firstly, the most general
situation is explained in which no assumptions of the irradiance field (at the receiver aperture
plane) and statistics of the pointing jitter are made. Figure 3 illustrates the whole process for
obtaining the normalized received power PDF from a far-field irradiance and the pointing error
PDF, the received power P is normalized by the transmitter power Pt, resulting in the normalized
received optical power h = P/Pt.

The power captured by the receiver aperture for a given pointing error can be computed by
integrating the irradiance field across the aperture. Using a Cartesian coordinate system as shown
in Fig. 2, the power received as a function of the displacement of the center of the beam is

g′(x0, y0) =

∬
R2

I(x − x0, y − y0) A(x, y) dxdy (1)

where I(x, y) is the expression for the centered irradiance field (see Fig. 3(a)) and A(x, y) is the
pupil function of the receiver aperture given by

A(x, y) =

{︄
1 if a ≤

√︁
x2 + y2 ≤ b

0 else
(2)

where a is the radius of the obscuration due to the secondary mirror and b is the radius of the
primary mirror of the telescope (see Fig. 2). For the sake of completeness, the most general case
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Fig. 2. Generic far-field irradiance distribution in the receiver’s aperture plane for a
decentered beam. a and b are the inner and outer radius of the aperture and r0 is the
instantaneous pointing error in meters.

Fig. 3. Process followed to obtain the received power statistics and the communication
performance parameters for LG00 + LG10 with a0 = 0.345, a1 = 0.655, wz/σ = 4.903,
σ = 100 m, Pt = 25 dBm, and the rest of the parameters given in Table 1. a0 and a1 are
the contributions of the fundamental and the higher-order Laguerre-Gaussian modes to the
total power, see Eq. (15). (a) Far-field irradiance distribution at the receiver, (b) normalized
received power as a function of the pointing error, (c) PDF of the pointing error, and (d) PDF
of the normalized received power.
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Table 1. Parameters used for the numerical simulations.

Parameter Symbol Value Remarks

Noise standard deviation σ2
n = N0R0/Rload 4.7 × 10−9 A [11]

Noise power spectral density N0 −174 dBm/Hz [16]

Receiver load resistance Rload 179700 Ω [18]

Receiver aperture diameter 2b 20 cm

Pointing jitter standard deviation σ 10, 100, 1000 m

Carrier wavelength λ 1550 nm

Responsivity R = eη/hν 0.8153 A/W [16]

Data rate R0 1 Gbps

Rate D0 0.5 bits/channel use

Average Transmitter power Pt ∈ (0, 50) dBm

for a receiver aperture obscured by an on-axis secondary mirror is presented here. However, by
setting the inner radius a = 0, the case of the clear aperture would be obtained (i.e. off-axis
secondary mirror or refractive telescopes). According to Eq. (1), the power received is a
bi-dimensional convolution of the irradiance field I(x, y) and the pupil function A(x, y). Then,
the received power can be computed using the convolution theorem as

g′(x0, y0) = {I ∗ A}(x0, y0) = F −1{F (I) · F (A)} (3)

where F and F −1 are the bidimensional direct and inverse Fourier transforms, respectively. The
bidimensional Fourier transforms involved in this calculation, can be numerically evaluated
efficiently using the Fast Fourier Transform. Finally, the expression of the power as a function of
the displacement of the center of the beam w.r.t the optical axis of the receiver, g′(x0, y0), can
be combined with the PDF of the displacement of the beam center to obtain the PDF of the
received power. In general, the PDF of the pointing jitter, and therefore of the displacement of
the beam center from the receiver’s optical axis, will be axially symmetric with respect to the
optical axis of the receiver. Given that the PDF of the pointing jitter is axially symmetric and
that the aperture of the receiver is also considered axially symmetric w.r.t. the same axis, the
irradiance distributions that will be investigated throughout this paper will keep this symmetry.
Therefore, the irradiance distributions on the far-field will also be considered axially symmetric.
Under these considerations, the power collected as a function of the displacement of the center of
the beam will maintain this symmetry and can be expressed as (see Fig. 3(b))

P = g′(x0, y0) = g
(︃√︂

x2
0 + y2

0

)︃
= g(r0) (4)

where r0 is the radial displacement of the center of the beam due to the transmitter pointing jitter.
Finally, to obtain the PDF of the received power, given a PDF of the radial pointing jitter fR(r0)
(see Fig. 3(c)), in general, the expression for a non-monotonic function g(r0) will be considered.
In the Gaussian beam case, the function g(r0) will be monotonic and this conversion will be
more simple. However, for the far-field irradiance patterns given by the orthogonally polarized
superposition of Laguerre-Gaussian beams proposed in this work, the function g(r0) can be
non-monotonic. To obtain the PDF of a given scalar variable (the received power P) from the
PDF of another variable (the pointing error r0), given that these variables are interdependent, the
general expression for a non-monotonic g(r0) function is (see Ref. [22], Eq. 7.2-23)

fP(P) =
n(P)∑︂
k=1

|︁|︁|︁|︁ d
dP

g−1
k (P)

|︁|︁|︁|︁ · fR
(︁
g−1

k (P)
)︁

(5)
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where fP(P) is the PDF of the received power, and n(P) is the number of intervals between
successive maxima and minima values of the function g(r0). g−1

k (P) is the kth inverse function
of g(r0) in each of these intervals (see example in Figs. 3(b) and 3(c), where the index k takes
values 1, 2).

The general expressions for obtaining the PDF of the received power have been derived
(Eqs. (1)–(5)), under the only assumption that the problem is axially symmetric. In the following,
different assumptions and considerations are made and some analytical approximations are
obtained for each of these.

2.1.1. Gaussian beam

First of all, a Gaussian beam will be considered. Hence, the pattern in the far-field irradiance
will be Gaussian and can be written as

IG(r, z) = I0

(︃
w0

w(z)

)︃2
exp

(︃
−

2r2

w(z)2

)︃
w(z) = w0

√︄
1 +

(︃
z
zR

)︃2
(6)

where I0 is the irradiance at the center of the beam, w0 is the beamwaist, r is the radial coordinate,
z is the distance from the beamwaist location along the propagation axis of the beam and
zR = πw2

0n/λ is the Rayleigh range. The main body of research done in FSOC has focused on
these types of beams for several reasons. First of all, Gaussian beams can be generated by most
of the commercially available laser sources, as they are the fundamental mode of a laser cavity.
Furthermore, the Gaussian beam is the fundamental beam mode of the single-mode optical fibers
that are frequently used in free-space optical communication terminals, i.e. optical amplification
in the transmitter side [23]. Finally, the irradiance profile of the main lobe of the diffraction
pattern due to the clipping of the transmitter aperture can be fairly approximated to a Gaussian
irradiance profile [24].

Regarding the PDF of the angular pointing jitter, this is usually considered to be given by a
Rayleigh distribution. The Rayleigh distribution is the result of the combination of independent
centered normal PDFs in both elevation and azimuth angles with the same standard deviations
[15]. For the small angle approximation (up to ∼ 100 mrad), it can be proven that the angular
Rayleigh distribution is converted into a radial Rayleigh distribution of the displacement of the
center of the beam r0 in the receiver’s aperture plane (see Supplement 1). Due to the stochastic
nature of the pointing jitter and its multi-variable origin, the normal PDF in both elevation and
azimuth angles is justified by the central limit theorem. Furthermore, the in-orbit experimental
measurements of the micro-vibrations of different optical and quantum communication satellites
have shown to have this type of angular pointing jitter PDFs [25–27]. The Rayleigh PDF of the
displacement of the center of the beam, r0, is written as

fR(r0) =
r0

σ2 exp

(︄
−

r2
0

2σ2

)︄
(7)

where σ is the scale parameter and is the same as the standard deviation of the underlying normal
distributions in x and y axes. The scale parameter is related to the scale parameter of the angular
pointing jitter σθ by σ = σθz, being z the distance from the center of the transmitter to the center
of the receiver (small angle approximation).

Considering a Gausssian beam under a pointing jitter given by a Rayleigh distribution,
Eqs. (1)–(5) can be combined with Eqs. (6) and (7) to find the following approximation of the
received power [11]

fP(h) =
γ2

1

Bγ2
1

0

h γ2
1−1 0 ≤ h ≤ B0 (8)

https://doi.org/10.6084/m9.figshare.26527435
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B0 = [erf(v)]2 vb =

√
πb

√
2wz

γ1 =
weq,1

2σ
w2

eq,1 = w2
z

√
πerf(vb)

2vb exp
(︂
−v2

b

)︂
where h = P/Pt is the received power normalized by the transmitted power, b is the radius of the
receiver aperture, and wz = w(z) has been written to simplify the notation. This approximation is
obtained by approximating the circular aperture (without the secondary mirror obscuration) to a
squared aperture of the same area and expanding the integral of the received power Eq. (1) in
Taylor series. This approximation gives a normalized mean squared error smaller than 10−3 for
w(z)/b bigger than six [11]. However, when bigger apertures are needed in the receiver terminal,
on-axis secondary mirrors are usually used for reflective telescopes in satellite communication
terminals [28,29]. Although off-axis telescope configurations can also be considered, they have
several drawbacks such as more complex alignment or maximum field of view. Furthermore, due
to the higher angles of incidence of the light impinging the mirrors in off-axis configurations the
effects on the polarization have to be taken care of [30]. Therefore, an expression for the PDF of
the received power has to be considered when there is an obscuration due to a secondary mirror.
By approximating the secondary mirror obscuration area by an equivalent squared section with
the same area, a more general approximation can be obtained (see Supplement 1)

fP(h) =
γ2

2

Cγ2
2

h γ2
2−1 0 ≤ h ≤ C (9)

C = B0 − A0 A0 = [erf(va)]
2 va =

√
πa

√
2wz

γ2 =
weq,2

2σ
w2

eq,2 =

|︁|︁|︁|︁A0 − B0
B2 − A2

|︁|︁|︁|︁ w2
z

A2 = −
2
√
π

erf(va)
[︁
va erf(−v2

a)
]︁

B2 = −
2
√
π

erf(vb)
[︁
vb erf(−v2

b)
]︁

where B0 and vb are defined in Eq. (8). The Rayleigh distribution considered for characterizing
the pointing jitter, is a special case of the more general Rice distribution. The Rice distribution
has also been considered to model the pointing jitter when considering non-zero mean normal
distributions in both elevation and azimuth angles [13]. This non-zero mean is referred to as
boresight error in optical communications and can be due to several factors. For an intersatellite
link, it is usually considered that the pointing jitter has a negligible boresight error because optical
axis calibration of the transmitted beam is carried out periodically [15]. However, wavefront
aberrations could induce misalignment between the transmitted beam path and the received
beacon paths, which could cause a systematic bias in pointing jitter [31]. Therefore, for the sake
of completeness, the non-zero boresighted PDF of the pointing jitter, i.e., the Rice probability
distribution [32], is also considered in this work. The Rice distribution is given by

fR(r0) =
r0

σ2 exp

[︄
−(r2

0 + s2)

2σ2

]︄
J0

(︂ r0 s
σ2

)︂
(10)

where σ is the scale parameter, J0 is the zeroth order modified Bessel function of the first kind,
and s is the boresight error. For a Gaussian beam under a transmitter pointing jitter characterized
by a Rice PDF, the PDF of the power for a circular aperture can be approximated as [13]

fP(h) =
γ2

1 exp
(︃
−s2

2σ2

)︃
Bγ2

1
0

h γ2
1−1J0

⎛⎜⎜⎜⎜⎝
s2

σ2

⌜⃓⃓⎷
−weq,1 ln

h
B0

2

⎞⎟⎟⎟⎟⎠
0 ≤ h ≤ B0 (11)

where the terms are defined in Eq. (8). Following the same process as for the Rayleigh distribution,
this PDF can be generalized to the case in which there is an obscuration due to the secondary

https://doi.org/10.6084/m9.figshare.26527435
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mirror to

fP(h) =
γ2

2 exp
(︃
−s2

2σ2

)︃
Cγ2

2
h γ2

2−1J0

⎛⎜⎜⎜⎝
s2

σ2

⌜⃓⎷
−weq,2 ln

h
C

2

⎞⎟⎟⎟⎠ 0 ≤ h ≤ C (12)

where the terms are defined in Eqs. (8) and (9). When the aperture of the receiver is much smaller
than the beamwidth w(z)>>b, then it can be shown (see Supplement 1 for the proof) that under a
Rayleigh PDF of the transmitter pointing jitter the PDF of the received power can be modeled as
a beta distribution

fP(h′) =

(︄
πw2

z

2A2

)︄ β−1

β h′ β−1 0 ≤ h′ ≤
2A2

πw2
z Pt

(13)

where β = w2
z/(4σ2), A is the area of the receiver aperture, h′ = P/I0,zA and I0,z is the irradiance

at the center of the Gaussian beam in the receiver aperture plane. In this case, both expressions
for the clear aperture telescope and on-axis secondary mirror configurations will be the same, as
only the area of the aperture is involved and the variation of the irradiance across the aperture of
the receiver is completely neglected.

From the expressions above, it can be seen that the PDF of the received power can be varied
by changing the beamwidth of the Gaussian beam in the receiver aperture plane w(z). This
is equivalent to changing the divergence of the Gaussian beam, and the approach has been
thoroughly investigated in the literature [11,18,33]. The divergence of the Gaussian beam is
adjusted by properly designing the optical relay on the transmitter side to adjust its underlying
beamwaist w0 in Eq. (6). Furthermore, dynamic beam divergence adjustment methods have also
been proposed to adjust the divergence [34]. Indeed, an intuitive explanation can be found for
the existence of an optimum beamwidth in the far field to optimize the power received: when
the beamwidth is very small compared to the aperture of the receiver, it will be very sensitive
to the pointing error and the signal will be completely lost when the beam center is slightly
displaced. This effect can be compensated by increasing the beamwidth, however, maintaining the
transmitted power constant, for large beamwidths the power collected by the receiver aperture will
be very low. Hence, an optimum point will exist somewhere in between these two extremes given
a pointing jitter and a receiver aperture. The optimum received power PDF for communication
performance will be discussed in the next section.

2.1.2. Orthogonally polarized Laguerre-Gaussian beams

In this paper, the use of higher-order Laguerre-Gaussian beams is proposed to change the far-field
irradiance distribution. This new degree of freedom (added to the far field beamwidth) will
allow us to further change the received power PDF to increase the performance of intersatellite
communication links. The far-field irradiance distribution obtained when non-interfering higher-
order Laguerre-Gaussian modes are considered is (a way of achieving the non-interference
condition is presented in Section 3)

I(r, z) =
1

2η0

∑︂
l

(︂
al |Ulp(r, ϕ, z)|2

)︂
(14)

where η0 = 377 Ω is the wave impedance of free space, al are the weighting coefficients for
each azimuthal mode superposed, and Ulp is the complex electromagnetic field of the Laguerre-
Gaussian mode with radial index p ≥ 0 and azimuthal index l. When the radial index is set to

https://doi.org/10.6084/m9.figshare.26527435
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p = 0, and only the fundamental Gaussian mode and a higher-order Laguerre-Gaussian mode are
considered (as will be done in this work), the far-field irradiance expression above simplifies to

I(r, z) =
1

2η0

(︂
a0 |U00(r, ϕ, z)|2 + al |Ul0(r, ϕ, z)|2

)︂
(15)

where l is the azimuthal order of the higher-order Laguerre-Gaussian mode considered. Consid-
ering the a0 + al = 1, the final irradiance field is normalized to the power unit. The complex
electromagnetic field for each Laguerre-Gaussian mode is given by

Ulp(r, ϕ, z) = Clp
1

w(z)

(︂
r
√

2
w(z)

)︂|l |
exp

(︂
− r2

w2(z)

)︂
L |l |

p

(︂
2r2

w2(z)

)︂
×

exp
[︂
−i

(︂
k r2

2R(z) + lϕ − ψ(z)
)︂]︂ (16)

where

R(z) = z

[︄
1 +

(︃
zR
z

)︃2
]︄

(17)

ψ(z) = (|l| + 2p + 1) arctan
(︃

z
zR

)︃
(18)

Clp =

√︄
2p!

π(p + |l|)!
(19)

being ψ(z) the Gouy phase, Clp a normalization constant and L |l |
p the generalized Laguerre

polynomials. The Laguerre-Gaussian modes are the solution to the scalar paraxial Helmholtz
equation in polar coordinates [35]. The complex scalar field of these beams generates an
orthonormal basis. Furthermore, these beams have an orbital momentum of light associated with
the azimuthal order l. The orbital angular momentum of light has been widely investigated to
increase the capacity of free-space optical communication links by mode division multiplexing
[36–39]. The application of this division multiplexing technique is limited to short-range
free-space optical links because the beam has to be fully contained within the aperture of
the receiver to demultiplex the signal [40,41]. However, the scope of this paper is to use
higher-order Laguerre-Gaussian modes along with the fundamental Gaussian beam, to change
the irradiance distribution on the far field for intersatellite free-space optical communications.
Laguerre-Gaussian beams have been considered to solve the problem because of their symmetry
around the optical axis in their irradiance fields. As it has been mentioned before, the pointing
jitter in free-space optical communications is symmetric to the optical axis and hence the solution
to it will also keep this property. Furthermore, these beams have already been used for other
applications in free-space optical communications, such as multiplexing and noise mitigation
[42], and their behavior under atmospheric turbulence has also been investigated [43]. Hence, the
research presented in this paper can be expanded to FSOC links through atmospheric turbulence
(the irradiance fields on the receiver aperture would need to be computed to account for the
speckle patterns generated during the propagation through turbulence). As it will be explained
later, the generation of these beams can be accomplished with a simple optical setup and therefore
implemented on satellite optical communication terminals.

Other types of beams have also been proposed for their application in FSOC links, such as Airy
beams [44,45], Bessel beams [46–48], bottle vortex beams [49] and Hermite-Gaussian beams
[50,51]. However, the use of these types of beams has been limited to (1) increasing the capacity
of the channel through multiplexing, (2) avoiding obstructions in the link and (3) mitigating
the atmospheric turbulence effects. By contrast, in the present paper, the authors propose the
combination of higher-order Laguerre-Gaussian beams to mitigate the detrimental impact of the
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transmitter pointing error by tuning the far-field irradiance distribution in the receiver’s aperture
plane. However, although it is out of the scope of the present paper, the application of some of the
mentioned beams for creating optimum far-field irradiance fields should be investigated further.

Some Laguerre-Gaussian modes are presented in Fig. 4. In this figure, only the radial order
p = 0 is presented as is the one that will be proposed to obtain the far-field irradiance distributions
of interest. Other radial orders could be considered, however, given the nature of the PDF of the
pointing jitter, the various null rings in between bright irradiance rings of higher-order modes
will not in principle be that interesting. Furthermore, the higher the radial mode the higher the
beam divergence, and this could limit their application to the problem on hands [52,53].

Fig. 4. Laguerre-Gaussian modes of order l = 0,+1,+2,+3 and radial order p = 0. The
first row represents irradiance and phase, the second row represents the irradiance field and
the third row is the phase field.

As it has been explained above, under the stochastic behavior of the pointing jitter, the
power received in the optical communication terminal will be characterized by the PDF of the
power. The analytical approximation obtained for the Gaussian beam for different scenarios
(Eqs. (8),(9),(11),(12),(13)), can not be in general expanded to the combination of various
orthogonally polarized Laguerre-Gaussian modes. Hence, to obtain the PDF of the power
received when far-field irradiance fields described by Eq. (15) are used, the power as a function
of the radial displacement of the center can be obtained with Eq. (1). Then, using numerically
evaluating Eq. (5), the PDF of the power can be obtained for Rayleigh and Rice distributions
with Eqs. (7) and (10), respectively (see Supplement 1 for more details).

2.2. Communication performance

In the previous section, both analytical (only for Gaussian beams) and numerical models have
been presented to evaluate the PDF of the power received in an intersatellite link. In this section,
the validity of this PDF as a parameter in intersatellite links is justified, and the effect of this PDF
on several communication performance parameters is presented.

The transmitter pointing jitter will, at a given instant of time, reduce the power captured by
the receiver aperture. The time scale of this fluctuation of power is of uttermost importance
when the communication performance is to be evaluated. In a slow fading channel, the variation
of the power due to the fading is very slow (its characteristic time is high) compared to the
modulation frequency of the communication link. Indeed, this is the case for the intersatellite
scenario investigated where the pointing jitter power spectral densities fade away in the ∼kHz
domain compared to the MHz or GHz frequencies that are typically used to modulate the signal

https://doi.org/10.6084/m9.figshare.26527435
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in communication links [10]. This type of channel allows us to compute the effect of the power
fluctuations due to the transmitter pointing jitter with the slow fading channel model.

First of all, an important parameter in any communication link is the average bit error
probability (ABEP). In this paper, on-off keying intensity modulation direct detection (OOK
IM/DD) technique is considered. Direct detection systems are widely used because of their
much simpler implementation (as they do not need a local oscillator). Furthermore, the far-field
irradiance in the proposed optical system is generated by combining two orthogonally polarized
beams. Hence, in coherent detection systems in which the incoming beam and the local oscillator
have to be of the same polarization, the application of these beams would not be as direct. Finally,
from the modulation techniques available in direct detection systems, OOK is the one that can
be more efficient if an adaptive optimum threshold is applied [54]. The general expression for
ABEP is [16]

ABEP =
∫ ∞

0
BEP(h) fP(h) dh (20)

where the instantaneous conditioned bit error probability for OOK IM/DD is

BEP(h) = QG
(︂√

SNR
)︂

(21)

where QG(x) is the Gaussian Q-function and the signal-to-noise ratio (SNR) is given by

SNR =
2 (hPtR)2

σ2
n

(22)

In Eq. (22), h = P/Pt is the received power normalized by the average transmitted power, Pt is
the average transmitted optical power, R is the responsivity of the detector, and σ2

n is the signal
independent additive white-Gaussian thermal noise.

Furthermore, another important parameter to be evaluated in a communication link is the
outage probability. The outage probability is defined as the probability of the instantaneous
channel capacity being lower than the rate at which the link is trying to communicate. When this
event occurs, the transmitted codewords can no longer be reliably decoded at the receiver side.
The outage probability is an important parameter in slow fading channels as the one considered
here. This is because, in slow-fading channels, many bits are affected by the fluctuating power
losses, as the period of these power fluctuations is orders of magnitude higher than the bit duration.
The general expression for outage probability is given by

Pout(D0) = Prob [C(SNR(h)<D0] (23)

where D0 is the rate at which the link is designed to communicate in [bits/channel use] and C is
the capacity of the channel. For a slow-fading, OOK IM/DD modulation, and complete channel
state information on the receiver, the instantaneous capacity is written as [11]

C(SNR(h)) =
∫ ∑︂

x
fy |x(y|x)px(x) log2

fy |x(y|x)
fy(y)

dy (24)

where
x ∈ {0, 2Pt}

px(x = 0) = px(x = 2Pt) = 0.5

fy |x(y|x) = N(hRx,σ2
n )

fy(y) =
∑︁
x

px(x)fy |x(y|x)

where x is the transmitted power and y = hRx is the corresponding electrical signal at the receiver
for a detector responsivity given by R. px is the probability associated with each x, and fy |x(y|x) is
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the conditional probability characterized by a Gaussian noise N(µ,σ2
n ) with mean µ and variance

σ2
n . Finally, fy(y) is the marginal probability for the values of y. The condition given by Eq. (24)

can also be converted to

Pout(D0) = Prob [h<h0] with h0 =

√︄
C−1(D0)σ

2
n

2P2
t R2

(25)

where h0 is the normalized power threshold below which the outage event will occur (see
Fig. 3(d)). With Eqs. (20) and (25) the ABEP and the outage probability can be obtained for
an intersatellite OOK IM/DD link given the PDF of the power received. Hence, combining the
expressions from this subsection and subsection 2.1, the communication performance can be
obtained for any far-field irradiance distribution under transmitter pointing jitter perturbations.

3. Optical system design

In the previous section, the mathematical models to compute the ABEP and outage probability
for a given far-field irradiance distribution and a pointing jitter PDF have been presented. Our
goal is to find an optimum far-field irradiance distribution that maximizes the communication
performance of an intersatellite link by minimizing either of these communication performance
parameters. In this section, an optical setup that can generate these types of far-field distributions
using linearly orthogonally polarized Laguerre-Gaussian beams is presented.

However, when finding an optimum far-field irradiance distribution to minimize either the
ABEP or the outage probability in an intersatellite communication link, there are physical
limitations that must be taken into account. The problem of finding the far-field irradiance
distribution that gives the minimum ABEP or the minimum Pout is highly degenerate (meaning
that it has many solutions) if the limits imposed by physics are not considered. This means
that there can be many far-field irradiance distributions that yield the same ABEP or outage
probability. This can be understood directly in the Pout case: two far-field irradiance distributions
that yield the same cumulative density function of the power for the value h0 given by Eq. (25)
(see Fig. 3(d)), will give the same Pout. Therefore, the mathematical problem of finding the
optimum far-field without considering any more restrictions is out of the scope of this paper.
However, there are certain limits when we consider the physics of wave propagation and the
stable far-field electromagnetic fields allowed by this. Indeed, we are looking for a solution that
has the following main characteristics:

1. It has to be a stable far-field solution. Stable here means that the far-field irradiance has to
change smoothly with distance from the transmitter. For example, top-hat beams that have
been considered in other applications [55], i.e., laser welding, are not stable solutions as
they will rapidly decay in all kinds of patterns that are different from the top-hat out of the
focal region.

2. It has to be simple to generate. To assure a reasonable practical implementation of such a
far-field distribution, there should be a simple optical system that can be put onboard a
satellite terminal. Indeed, the simplicity will favor lower losses in the transmitter. If the
complexity of the system to generate such far-field irradiance distribution is too high, and
it involves many optical components, the losses incurred in this system would need to be
more than compensated by the resulting far-field distribution gains.

The use of pure or approximate Gaussian beams in free-space optical communications has
been thoroughly investigated in previous works [21,24,56,57]. So far, only the adjustment of
the divergence of the Gaussian beam has been proposed to mitigate the effects under a given
transmitter pointing jitter [11,15,16,18]. In this paper, the use of superposed orthogonally
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polarized higher-order Laguerre-Gaussian beams is investigated to generate a better far-field
distribution than in the fundamental Gaussian beam case. These beams will comply with the two
requirements imposed above as it will be explained in detail in this section.

To generate a far-field irradiance profile that is given by a superposition of the irradiance fields
of two Laguerre-Gaussian modes, the two modes involved should not interfere (see Eq. (15)). In
this paper, the latter is attained by using orthogonal polarization states for each of the beams.
Figure 5 shows an optical setup that combines two orthogonally polarized beams to generate
different far-field irradiance distributions. The linearly polarized Gaussian fundamental beam
from the laser source is collimated by the collimating lens. The Rotatable Half-Wave Plate
(RHWP) can be used to determine the direction of the linear polarization for the fundamental
Gaussian beam entering the polarization beam splitter. On the one hand, if the polarization state
after the RHWP is vertical then all the beam will be reflected in the Polarization Beam Splitter
(PBS) and will travel to the mirror M1. On the other hand, when the outcoming beam from the
RHWP is horizontally polarized the beam will go straight through the PBS and reach mirror M2.
For intermediate polarization states the beam will be split in the PBS. Therefore, by rotating the
fast axis of the RHWP we can adjust the amount of energy that travels through each of the paths.
The fundamental Gaussian beam traveling to mirror M1 will be transmitted by the Spiral Phase
Plate (SPP), transforming it into a higher-order Laguerre-Gaussian beam. A SPP is a plate with a
helical surface that creates a corresponding spatial phase delay on the beam [58–63] (see upper
left side in Fig. 5). The SPP is used to generate the higher-order Laguerre-Gaussian beam due to
its polarization-maintaining property (indeed, in this case, the polarization remains vertical) [64].
The helical surface of the SPP is built such that the total height jump sSPP of this is given by

sSPP =
λ l

nSPP − 1
(26)

where λ is the wavelength, l is the azimuthal order of the generated Laguerre-Gaussian mode and
nSPP is the refraction index of the SPP material. Later on in the optical relay, the horizontally
polarized fundamental Gaussian beam is reflected on mirror M2 and combined with the higher-
order vertically polarized Laguerre-Gaussian beam in the final polarization beam combiner. The
resulting beam is then directed to the telescope of the transmitter terminal and sent towards the
receiver. In this setup, the modulation of the laser beam has not been included. For this paper, it
is considered that the laser has already been modulated in intensity for communication purposes
before entering the optical setup proposed.

The proposed optical system and the resulting communication channel have several limitations
when it comes to the detection system, multiplexing techniques, and modulation techniques that
can be used. Due to the use of two orthogonally polarized states, the resulting far-field will
have a non-uniform linear polarization. Due to these spatial position-dependent polarization
states, the use of coherent detection is not trivial for the proposed system. Indeed, coherent
detection systems use the interference between the incoming light and a local oscillator onboard
the receiver. To create this interference, the polarization state of these two beams has to be the
same. As the polarization of the incoming beam to the receiver has both horizontally polarized
and vertically polarized components that are dependent on the position, with different pointing
errors of the transmitter we will obtain different incoming polarization states (see ellipses in
Figs. 5, 13 and 14). A way to partially compensate for these changes would be a polarization
state locker that changes to ensure that the polarization of the local oscillator and the incoming
beam remains the same [65]. However, this is out of the scope of the current paper and has to be
further investigated. On the other hand, a direct detection system will detect the incoming beam
power directly without caring for the polarization state of the beam, hence the proposed system is
fully compatible with this kind of detection system.

Concerning the multiplexing and modulation techniques, polarization multiplexing and
polarization modulation can not be used because this property of light is already being exploited
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Fig. 5. Optical setup to generate the far-field irradiance distributions of interest. Collimating
lens (CL), Rotatable Half-Wave Plate (RHWP), polarization beam splitter (PBS), mirror 1
(M1), mirror 2 (M2), Spiral Phase Plate (SPP), polarization beam combiner (PBC). In the
upper left corner, an SPP is illustrated out of scale. α = a0 and β = al in Eq. (15).

to combine without interference the fundamental Gaussian and the higher order Laguerre-Gaussian
beams. Furthermore, spatial division multiplexing or modulation using Laguerre-Gaussian modes
can not be used for the same reason. This limitation is not especially relevant for long-range
communication links, as spatial division multiplexing or modulation requires that the whole
beamwidth is captured by the receiver aperture. Even for small transmitter pointing jitters, the
displacement of the transmitted beam from the receiver optical axis in the far field will be too
high for capturing a significant section for the space division multiplexed beam.

In Fig. 6 a simulation using Jones calculus and Fourier propagation with gold-protected mirrors
in the 1550 nm wavelength is presented for the optical setup proposed in this paper. In this graph,
the variation of the power directed through each of the optical branches in the setup (each with
either s-polarization or p-polarization) is shown. The losses due to the imperfections of the
other elements have not been considered, e.g. the transmission losses and crosstalk in the PBS.
It can be seen, that the fraction of power directed through each of the branches, and therefore
contributing to either the fundamental Gaussian mode or the higher order Laguerre Gaussian
mode, is dependant on the direction of the RHWP’s fast axis ψ. The fraction of power P/Ptot
for LG00 |H⟩ and LGl0 |V⟩ plotted in Fig. 6, corresponds to the weights a0 and al in Eq. (15).
Therefore, the optical system proposed in Fig. 5 allows us to tune the far-field irradiance as aimed.

As explained above, this paper proposes two orthogonally polarized states to avoid a variation
of the irradiance due to interference between the fundamental and the higher-order Gaussian beam.
However, other properties of light can be exploited for the purpose of non-interference. Indeed,
two sufficiently separated wavelengths coming from different sources could be used. Analogous
to what is proposed with two orthogonally polarized states in Fig. 5, each of the different beams
with respective wavelengths would travel different paths giving rise to a multispectral far field.
However, there would be several drawbacks related to this kind of setup. Firstly, several laser
sources would need to be used and modulated simultaneously. Furthermore, different wavelengths
are used usually to separate the different lasers (receiving the beacon, calibration laser, and
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Fig. 6. Variation of the power going through the two branches of the optical setup shown
in Fig. 5, as a function of the RHWP fast axis angle w.r.t. the vertical axis, ψ. The light
incoming to the RHWP is considered to be vertically polarized (see Fig. 5). The complex
index of refraction of the gold-protected mirrors is n = 0.56 + 9.81i and the simulated
wavelength is λ = 1550 nm.

transmitted beacon) traveling through the terminal or to increase the capacity of the channel
through wavelength division multiplexing [36,66].

Furthermore, other devices aside from the SPP depicted in Fig. 5 can be used to generate a
higher-order Laguerre-Gaussian beam. Several ways have been proposed to generate these types
of beams, including the use of spatial light modulators, micromirror arrays, metalenses, and
vortex phase plates [67]. The main reasons to use a SPP have been its polarization-maintaining
properties and its simplicity and easier implementation for space terminals. Vortex phase plates,
generate spatially dependent polarization states of the output higher order beam, and hence this
beam would interfere with the fundamental Gaussian beam traveling through the other path. The
authors are currently considering metalenses as a potential device to compactly generate the
far-field irradiance patterns of interest.

4. Numerical results

The optical design presented in Section 3 can be used to generate the far-field irradiance pattern
given by a superposition of the fundamental and a higher-order Laguerre-Gaussian mode. Using
different SPPs, the azimuthal order l of the higher-order Laguerre-Gaussian mode can be adjusted.
In this paper the results for the combinations LG00 + LG10, LG00 + LG20, LG00 + LG30 and
LG00 + LG40 will be investigated and compared to the fundamental Gaussian beam LG00. With
the mathematical model presented in Section 2 the results obtained for the communication
performance parameters are presented in this section. To illustrate the intermediate results
obtained through the different steps of the model, the reader is referred back to Fig. 3 which
illustrates the power statistics and the communication performance obtained for a certain set of
parameters for the case LG00 + LG10. First of all, the far-field irradiance distribution is obtained
given the coefficients ai corresponding to each of the Laguerre-Gaussian modes (see Eq. (15))
and the beamwidth in the receiver aperture plane wz (Fig. 3(a)). Then, the normalized received
power, h, as a function of the pointing error can be computed using the convolution theorem in
Eq. (3) (Fig. 3(b)). This is done by computing a bidimensional Fast Fourier Transform. Finally,
combining the latter with the PDF of the pointing jitter (Fig. 3(c)), the PDF of the normalized
received power, h, is obtained (Fig. 3(d)) using Eq. (5). With this PDF, the ABEP and outage
probability can be computed to evaluate the communication performance (Eqs. (20) and (25)).
Depending on the receiver telescope design (with on-axis secondary mirror or clear aperture)
and the pointing jitter statistics (Rayleigh distribution for non-boresight pointing error and Rice
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distribution for boresighted pointing error), the respective analytical approximations presented in
Section 2.1.1 can be used to compute the PDF of the received power for the fundamental Gaussian
beam case. For the far-field irradiance pattern given by the superposition of the fundamental
and the higher-order Laguerre-Gaussian beam, numerical evaluation of Eqs. (3), (13) and (15) is
required as illustrated in Fig. 3.

In an intersatellite link, the distances can vary from the orders of hundreds of kilometers for
LEO to LEO optical links, to astronomical distances for deep space optical communications.
Furthermore, the transmitter angular pointing jitter, σθ can also vary from sub-microradian [27]
to tens of milliradians. In this paper, several resulting far-field pointing jitter values are analyzed
(see Table 1). The respective relations between the link distance z, and the angular pointing jitter
σθ can be seen in Fig. 7, for several values of the far-field pointing jitter σ considered in this
paper.

Fig. 7. Relation between the standard deviation of the angular pointing jitter σθ and the
link distance z for several far-field pointing jitter values σ.

The parameters used for the simulations have been obtained from the literature and are
presented in Table 1. In Fig. 8, the values of the ABEP and the outage probability obtained
for the optimum combination of LG00 and LG10 beams can be seen, along with the extreme
values obtained using pure LG00 (a0 = 1) and LG10 (a0 = 0) beams. In these figures, the
values for the optimum far-field distribution have been plotted for the respective communication
performance parameters. It can be seen that a combination of the fundamental and higher-order
Laguerre-Gaussian beams proposed by the authors, yields a better performance of the system
compared to the fundamental Gaussian beam, as both the ABEP and the outage probability can
be further minimized by using the proposed beams. Furthermore, it can also be seen that the
far-field irradiance distribution required to obtain an optimum performance in ABEP is different
from the one giving the optimal performance in outage probability. This behavior can also be
seen in Fig. 9, where the change as a function of both the beamwidth wz and the contribution of
the fundamental LG00 Gaussian beam a0 is presented, along with the locations of the minima.
The same results are plotted in Figs. 10, 11 and 12, when using a combination of the LG00+LG20,
LG00 + LG30 and LG00 + LG40 beams, respectively. From these figures, it can be seen that any
of the beams proposed present an improvement with respect to the performance obtained for the
fundamental Gaussian beam.

This performance improvement provided by the proposed beams is obtained through the
following mechanism: as the transmitter pointing changes, the section of the far-field irradiance
that is captured by the receiver aperture changes. The stochastic behavior of the value of h due to
these dynamics is captured in the PDF of the normalized received optical power h. Hence, the
PDF of h is determined by the far-field irradiance shape as well as the PDF of the pointing jitter
(see Fig. 3 and Eq. (5)). Therefore, by changing the far-field irradiance through a superposition
of orthogonally polarized Laguerre-Gaussian beams the PDF of h can be changed (Eq. (5)). This
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Fig. 8. ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for different
combinations of LG00 and LG10 modes as a function of wz. a0 = 0.241 and a0 = 0.379
give the minimum outage probability and ABEP, respectively.
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Fig. 9. ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for LG00
and LG10 modes as a function of a0 and wz.
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Fig. 10. ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for different
combinations of LG00 and LG20 modes as a function of wz.
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Fig. 11. ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for different
combinations of LG00 and LG30 modes as a function of wz.
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Fig. 12. ABEP and outage probability values for σ = 100 m and Pt = 29 dBm, for different
combinations of LG00 and LG40 modes as a function of wz.

changes the PDF of the SNR (Eq. (22)), which finally changes the values of ABEP and outage
probability (Eqs. (20) and (24)).

The optimum far-field irradiance patterns for obtaining the minimum ABEP are shown in
Fig. 13. Each of these far-field irradiance distributions is the one given by the white circle on the
left figures of Figs. 9–12. The resulting polarization ellipse of the field in each point is plotted
in these figures, as it would be created from the optical setup presented in Section 3. These
polarization ellipses are obtained by computing the contribution to the total irradiance by each of
the modes, at each point on the receiver aperture plane (see Eq. (15)). Analogously, the optimum
far-field irradiance patterns for obtaining the minimum outage probability are shown in Fig. 14
(which correspond to the white circles on the right figures of Figs. 9–12). Several features can be
extracted from these figures

1. The optimum far-field irradiance for minimizing ABEP concentrates the power more
towards the center receiver optical axis, than the optimum irradiance minimizing for
outage probability. This feature can be seen in Figs. 13 and 14. This is true even for the
fundamental Gaussian beam LG00 (see minima of the red curves in Fig. 8).

2. The higher the order of the Laguerre-Gaussian beam considered, the lower the beamwidth
wz that results in the optimum far-field irradiance for both ABEP and outage probability
(see Figs. 9–12).

3. In the analyzed figures, it can be seen that the minima given by the superposition of
orthogonally polarized Laguerre-Gaussian beams are more pronounced than the ones given
by the fundamental Gaussian beam (see Figs. 8–12). In practice, a system operating in one
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of these minima would have a more sensitive behavior under changes in the beamwidth wz,
compared to the fundamental Gaussian beam. This sensitivity is even more pronounced
for the outage probability, when operating in the optimum far-field outage probability (see
for example the minimum of the green curve in the right figure of Fig. 8).
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Fig. 13. Far-field irradiance distributions yielding the optimum ABEP. Each figure shows
the far-field distribution for the corresponding combination of Laguerre-Gaussian beams, for
σ = 100 m and Pt = 29 dBm. The dashed red line shows the magnitude of the pointing
jitter scale factor σ. The lines represent the resulting polarization ellipses of the electric
field, where the size of the ellipse is proportional to the irradiance at each point. x and y axis
are the same for all figures.

To evaluate how much the proposed beams can drive the design of future intersatellite optical
terminals, Figs. 15–17 show the minimum ABEP and outage probabilities achievable for different
transmitter power values using the beams proposed in this work. Each of the points plotted
in these figures refers to the minimum ABEP (or outage probability) that can be obtained by
combining orthogonally polarized higher-order Laguerre-Gaussian beams. It can be seen that
the power needed to obtain the same ABEP (or outage probability), is lower for orthogonally
polarized Laguerre-Gaussian beams than for fundamental Gaussian beams. Furthermore, this
trend is confirmed for different magnitudes of the pointing jitter. For σ = 100 m (see Fig. 16) it
can be seen also, that up to order l = 2, the higher the azimuthal order of the Laguerre-Gaussian
beam, the better the achievable ABEP. However, for l>2, the minimum achievable ABEP starts
to increase. Similar behavior can be seen for the outage probability when higher than l = 3
Laguerre-Gaussian beams are considered. It is the authors’ opinion that this turning point
in performance is due to the increased separation between the central irradiance lobe of the
Gaussian fundamental beam and the radial lobe of the higher-order Laguerre-Gaussian beam,
as the order of the latter is increased. The radial lobe of low irradiance as the order increases
(see bottom figures in Fig. 13 and 14) is frequently captured by the receiver aperture in this case
as the pointing jitter is a bivariate Gaussian distribution in the receiver aperture plane. The
trend of higher achievable performance with higher azimuthal order l is also limited in practice
by the transmitter aperture size. For a given communication distance z the achievable far-field
beamwidth wz is limited by the aperture size of the transmitter. Considering that the transmitted
beamwaist w0 of the beam is located in the aperture plane of the transmitter aperture, the size
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Fig. 14. Far-field irradiance distributions yielding the optimum Pout. Each figure shows the
far-field distribution for the corresponding combination of Laguerre-Gaussian beams, for
σ = 100 m and Pt = 29 dBm. The dashed red line shows the magnitude of the pointing
jitter scale factor σ. The lines represent the resulting polarization ellipses of the electric
field, where the size of the ellipse is proportional to the irradiance at each point

of the beamwidth in the receiver’s aperture plane wz, is limited by the clipping created in the
transmitter’s aperture (i.e., the transmitter’s aperture size).
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Fig. 15. Optimum ABEP and outage probability as a function of the transmitter power Pt,
for σ = 10 m.

In the analysis presented so far, a pointing jitter given by a Rayleigh distribution and a clear
receiver aperture has been considered. On one side, many FSOC intersatellite telescopes have
an on-axis secondary mirror [28,29]. The obscuration of the secondary mirror would change
the received power statistics and therefore a difference in the results would be expected (see
Eq. (2)). However, as the resulting optimum far-field irradiance patterns are in general orders of
magnitudes above the aperture size (see Figs. 13 and 14, where the aperture is too small to discern
it), the results would be mainly dependant on the total area of the receiver aperture. Hence the
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Fig. 16. Optimum ABEP and outage probability as a function of the transmitter power Pt,
for σ = 100 m.
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Fig. 17. Optimum ABEP and outage probability as a function of the transmitter power Pt,
for σ = 1000 m.

results shown are also representative of a secondary obscured mirror on the receiver side with
an equivalent total aperture area. On the other side, in some links, the pointing jitter will have
a static boresight error that will yield a pointing jitter given by a Rice PDF (see Eq. (10)). In
this case, if we were to compute the optimum far-field irradiance distributions, a widening of
the distribution would be expected. However, if the boresight error is known, the system will
usually be calibrated to account for it and the optimization problem will be again one given by
the Rayleigh PDF for the pointing jitter.

To quantify the improvement provided by the proposed beams in an intersatellite link scenario,
the reduction in the required transmitted power can be analyzed for a 1000km LEO-LEO link.
Considering an angular pointing error of σθ = 100 µrad, the resulting far-field pointing jitter is
σ = 100 m. From Fig. 16 it can be seen that the same ABEP ≈ 10−6 can be obtained by using
LG00 + LG20 with ∼ 20% less transmitted power, compared to the conventional fundamental
Gaussian beam. Similarly, it can be seen in the same figure that a reduction of ∼ 40% required
power can be achieved for LG00 + LG30 when a Pout ≈ 10−11 is required. For a LEO-GEO
link of 45000 km, with the same angular pointing jitter, a far-field pointing jitter of σ = 450
m would be obtained. As the link is operating somewhere between σ = 100 m and σ = 1000
m, and the power savings in both are comparable according to Figs. 16 and 17, power savings
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of the same magnitude would be expected. In summary, these results show that a considerable
improvement in intersatellite free space optical communication performance can be obtained by
using a superposition of orthogonally polarized fundamental and higher-order Laguerre-Gaussian
beams proposed by the authors.

5. Conclusions and future work

In this paper, a superposition of orthogonally polarized fundamental Gaussian and higher-order
Laguerre Gaussian beams is proposed to improve the performance of intersatellite free space
optical communication links. An optical system to generate the far-field irradiance distributions
of interest is presented showing the practical feasibility of generating such far-field irradiance
distributions. Finally, numerical results are presented showing transmitted power savings on
the order of 20% to 40% that yield the same communication performance as the conventional
fundamental Gaussian beams.

There are several topics related to the research presented that need to be further investigated.
According to the authors, the most relevant are: (1) the effect of the atmosphere and other
factors affecting the quality of the proposed beams, e.g., applicability of the proposed beams in
satellite-to-ground or terrestrial links, (2) the generation of the far-field irradiance distributions in
a compact way (i.e., metalenses), (3) use of combinations of other beams that are not Laguerre-
Gaussian modes, (4) the application to other direct detection modulation techniques such as pulse
position modulation and (5) applicability of this research to quantum communication links.
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