2% .
™ photonics

Article

Numerical MCRT Simulation and Inter-Symbol Interference
Analysis of Laser Multipath Transmission in Airborne
Air-to-Air Channels

Shiqi Wu "2, Yanan Li 3, Jun Wang 3, Haijun Zhou 2, Chengmao Tang 3, Yijie Guan 3, Fei Guo ® and Xiaofeng Li >*

check for
updates

Citation: Wu, S.; Li, Y.,; Wang, J.; Zhou,
H.; Tang, C.; Guan, Y.; Guo, F; Li, X.
Numerical MCRT Simulation and
Inter-Symbol Interference Analysis of
Laser Multipath Transmission in
Airborne Air-to-Air Channels.
Photonics 2024, 11, 280. https://
doi.org/10.3390/photonics11030280

Received: 17 January 2024
Revised: 12 March 2024
Accepted: 18 March 2024
Published: 21 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Information and Communication Engineering, University of Electronic Science and Technology of
China, Chengdu 611731, China; wushiqi927@std.uestc.edu.cn

China Electronics Technology Group Corporation 10th Research Institute, Chengdu 610036, China;
dxjs@china.com

School of Aeronautics and Astronautics, University of Electronic Science and Technology of China,
Chengdu 611731, China; yananli@alumni.upenn.edu (Y.L.); junwang@uestc.edu.cn (J.W.);
tangcm@std.uestc.edu.cn (C.T.); guanyi-jie@std.uestc.edu.cn (Y.G.); feiguo@std.uestc.edu.cn (EG.)

*  Correspondence: 1xf3203433@uestc.edu.cn; Tel.: +86-13708230351

Abstract: To address the issues of signal waveform distortion and inter-symbol interference, both
of which lead to performance degradation in airborne laser communication due to multipath trans-
mission in airborne air-to-air channels, theoretical analysis and Monte Carlo ray tracing (MCRT)
simulation methods were employed. Based on airborne application conditions, this research con-
ducted numerical simulations of the Gaussian beam multipath transmission in an air-to-air channel,
with a focus on analyzing the impact of meteorological conditions, communication distance, trans-
mitter power, and initial pulse width on the pulse time spreading characteristics of received optical
signals. In addition, an analysis of these parameters’ impact on the inter-symbol interference (ISI)
and bit error rate (BER) was conducted. The research findings can serve as a reference for the design

of anti-interference techniques in airborne laser communication links.

Keywords: airborne air-to-air channel; multipath transmission; inter-symbol interference; pulse time
spreading; MCRT numerical simulation

1. Introduction

Wireless laser communication has the advantages of high capacity, low latency, and
high-throughput transmission. Its use in interplanetary channel application scenarios has
been validated and has entered the engineering implementation stage [1]. However, the
use of airborne laser communication in airborne air-to-air channels involving turbulence
has yet to be successfully applied due to the existence of many technical and engineering
problems. Among these problems, the degradation of communication link quality or even
the link’s interruption due to inter-symbol interference caused by the multipath effect is one
of the most important problems affecting this technology’s reliability and availability [2,3];
it is also one of the key problems to be solved in airborne laser communication research.

Equalization is one of the techniques heavily used in the field of communication
and is proven to be effective in mitigating or suppressing the effects of inter-symbol
interference [4,5]. The goal of equalization is to make the communication system achieve
as close to interference-free transmission conditions as possible using an equalizer (e.g., by
restoring as much of the original transmitted signal waveform as possible after the detection
of reception /before sampling judgment). Equalization is realized by eliminating as much
inter-symbol interference as possible in the impulse response of the whole communication
system, including the equalizer.

Channel technology is one of the most fundamental and crucial aspects in the field
of wireless optical communication [6]. Due to the typical time-varying and stochastic
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characteristics of the free-space channel, adaptive adjustments to the parameters of the
airborne laser communication link equalizers are necessary to accommodate the dynamic
nature of the channel.

Conducting research on the multipath transmission characteristics of on-board free-
space laser channels is a prerequisite for studying equalization techniques in laser com-
munication links. It forms the foundation for addressing issues related to inter-symbol
interference, aiming to enhance communication quality and improve the reliability and
availability of communication links.

The pulse broadening of laser beams after transmission through turbulent channels has
been identified as the foremost factor contributing to inter-symbol interference in receiver
systems. This paper employs the Monte Carlo ray tracing (MCRT) method to model and
simulate the interactions of lasers with varying molecular and particle constituents within
the turbulent atmospheres of free-space channels. The results of these simulations will
yield the impulse response of the transmission channel, which is essential for supporting
the design of equalizers [7].

The objective of equalization is to realize interference-free transmission conditions
in communication systems equipped with equalizers to the greatest extent possible. This
involves restoring the original transmission signal waveform post-reception and pre-
sampling/decision. The equalizer’s function is to ensure that the entire communication
system, including the equalizer itself, satisfies the conditions for minimal inter-symbol
interference. The channel’s impulse response obtained from simulations will guide and
influence the overall design aspects of the equalizer, such as its structure, algorithm, con-
vergence performance, and steady-state residual indicators. Due to the extensive nature of
equalizer design considerations, these aspects will be discussed in a separate article.

In the present paper, a numerical MCRT simulation of airborne air-to-air channel
laser multipath transmission and an analysis of inter-symbol interference is performed.
The object of this analysis is to obtain the highest communication baud rate of a 2.5 Gbps
airborne laser communication transmission link based on OOK (on-and-off keying) modu-
lation, which is applied to an airborne air-to-air channel with an altitude of 10 km and a
communication distance of 200 km (the meteorological conditions include the presence of
high-altitude clouds and weak-to-moderate atmospheric turbulence intensity).

2. Airborne Air-to-Air Channel Laser Communication Link Analysis and Modeling

According to the information being transmitted from the source to the host of the
transmission process, the airborne air-to-air channel laser communication link analysis
model can be divided into four parts: laser emission, transmission, pupil reception, and
detection and information processing, the specific process is shown in the Figure 1.

Source

The function of signal waveform
l emission efficiency

M
Modulation

receiving efficiency v Field of View

receiving sensitivity

Airborne Air-to-Air Channel

<4—— Opto detector «—— |  antennan focus < e
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Figure 1. Analytical model of laser communication link for airborne air-to-air channels.

A description of the constructed model is presented below:
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1. At the transmitting end, the actual transmitting antenna aperture size is taken into
account not only to constrain the size of the dispersion angle of the outgoing pupil
beam but also to control the conditions of the outgoing beam ejection;

2. At the receiving end, taking into account the actual constraints on the field of view of
the receiving antenna, one constraint of the simulated pupil reception process is that
the transmission angle (stereo angle) of the photon transmitted to the receiving end’s
face cannot be greater than the actual reception requirements of the receiving antenna’s
field of view. A photon that fits within the constraints is considered a valid pupil
reception photon and enters the subsequent photon counting process. Otherwise, the
photon is invalid and does not enter the subsequent photon-counting process;

3. Considering the reception sensitivity power constraints of the actual system, a photon
that is recognized as an effective pupil-received photon needs to meet both the low-
limit power dimensions of the pupil and the constraints of the three-dimensional
transmission angle of the pupil-received photon;

4. The actual ATP (acquisition, tracking, and pointing) error constraints in the airborne
communication phase are considered.

The airborne ATP channel is a typical atmospheric turbulence channel and the refrac-
tive index structure constants of the turbulent channel under different altitude conditions
can be described by the Hufnagel-Valley (H-V) correction model as follows [3]:

h h i
201y — ~15 _ -15 - - ET-TT
Cy(h) =19 x10 xexp( 100)4—8.26><10 xhxexp( 1000)4—3.02><10 xexp( 1500) (1)

In the above equation, / is the altitude, whose unit is m, and C,% represents the
dimensions in m~2/3,

The variance in the refractive index fluctuations, denoted as ¢?, is a frequently em-
ployed physical parameter for characterizing atmospheric turbulence intensity. This dimen-
sionless quantity exhibits a numerical order of magnitude comparable to the atmospheric
refractive index structure constant C2. Importantly, it is not contingent upon the assump-
tion of turbulence isotropy, making it particularly well-suited for describing the intensity
of atmospheric turbulence under general conditions. Here, ¢? is the fluctuation in the
refractive index at a single point; Ly has the unit m; [y is the external scale of turbulence,
whose unit is m; and r is the internal scale of turbulence, whose unit is m, which represents
the distance between two points in space. According to Kolmogorov turbulence statistical
theory, the structure—function D, should be expressed as follows [8,9]:

2/3
Dﬂﬂzzﬁ(;) o< 1< Lo @)
lO 2/3 r 2
nn=2i(2) () r<n ©

3. Analytical Modeling of Pulse Time Broadening after Laser Transmission through
Airborne Air-to-Air Channels

The total attenuation and effect of scattering on laser transmission in air-to-air laser
communication links are affected by the working wavelength, transmission distance, and
altitude of the cloud layer. Around the altitude of 10 km above sea level, laser transmissions
in airborne air-to-air channel links will be affected by the scattering effects of various kinds
of clouds. Clouds consist of tiny water droplets or ice crystals suspended in the air and
their formation is mainly caused by the upward movement of moist air. The particle size,
droplet content, and distribution of water droplets in various kinds of clouds and in clouds
of varying thicknesses are not the same, which leads to differences in parameters such
as the optical thickness of their scattering. Clouds vary greatly in height and thickness,
with high-altitude clouds often being distributed in the 4.5 km—-10 km region. The time—
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response characteristics of the laser pulse airborne channel transmission, obtained from
the simulation of this transmission through clouds with different optical thicknesses, is an
important input condition for the ISI simulation of the detection and reception phase.

Under meteorological cloud conditions, the airspace channel has random change
characteristics and the clouds in the airborne air-to-air channel also present non-uniform
distribution characteristics. The analysis of different parts of the cloud object is also relevant
to determine the scattering and absorption characteristics of the different cloud types in
order to more accurately describe the pulse-broadening characteristics of the laser beam
transmitted through the channel and to provide a basis for the design of equalization
programs. In this paper, an atmospheric scattering model and an atmospheric turbulence
model are also established based on the airspace channel transmission time-response char-
acteristics. Then, based on the atmospheric scattering model and atmospheric turbulence
model, a Monte Carlo simulation model of the influence of the airborne air-to-air channel on
the time-domain broadening characteristics of a Gaussian laser pulse is established. Com-
bined with the design parameters of a typical airborne laser communication system, the
Monte Carlo ray tracing (MCRT) method is used to simulate and analyze the time-response
characteristics of the laser pulse through multiple cloud scattering channels.

The simulation modeling of laser multipath transmission through an airborne air-to-air
channel focuses on the following two aspects [10]: first, the Mie scattering effect generated
by the interaction between the laser beam and the molecules and particles dispersed in
the channel, and second, the change in the beam transmission direction due to the change
in the atmospheric refractive index affecting the pulse time-response characteristics. The
simulation model is shown in Figure 2.
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Figure 2. Simulation flow and model of laser transmission in the air-surface multipath channel.

Airborne air-to-air channel laser transmission simulation modeling can be divided
into the laser emission state setup, the laser cloud scattering transmission process (i.e.,
the generation of the free scattering range; the selection of scattering element parameters,
Mie scattering effect, and scattering angle transformation; and the iterative simulation of
continuous Mie scattering processes), the laser turbulence layer transmission process (i.e.,
laser and turbulence bulb interactions and iterative simulation of continuous turbulence
effect process), and the identification of the effective pupil of the laser, in addition to other
simulation and computation processes [11,12].

Taking the initial transmission coordinates as the origin, with the upward direction
as the positive x-axis and the leftward direction as the positive y-axis, the transmission
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direction corresponds to the positive z-axis. During laser transmission in the airborne air-
to-air channel, the interaction between photons and the molecules and particles dispersed
in the airborne transmission channel generates a number of consecutive Mie scattering
effects, so that the transmission direction vector before and after each Mie scattering is
(x_n,thy_n,tiz_pn) and (ty_p41, Uy _n41, Uz_n+1), respectively. The photon scattering angle is
Bscan in rad. The photon azimuth is ¢,.; in rad and is described by a uniform distribution of
random numbers in the range [0, 27t]. The iterative analytical model of the occurrence of
continuous Mie scattering is as follows (a photon exiting the pupil into the null channel
when the first Mie reflection occurs, n = 0) [13]:

__ _SinBscan 3
Uy n+1 = Vi, (”x nUz_n COS Pgci — Uy_n SIN (Paci> + Ux_n €OS Oscan
_ - _nlz_ _ _
sin Oscan
Myl = g (Uy_nUz_n COS Ppci + Ux_n SIN Pgci) + Uy _p COS Oscan (4)

Uy 1 = — SinBseqan cOS Paci/ 1- u%_n + Uz_y €08 Oscan

In this formula, the mean free path between scattering events is denoted as
As = —In(s/uy, Gs represents a uniformly distributed random number in the range [0, 1]
and ; signifies the atmospheric attenuation coefficient.

Let ¢ be a uniformly distributed random number in the range [0, 1]. The photon
scattering angle 6.4y, is then modeled as [12]:

C0S Oscan = i {1 +g2 - (1;‘2&)1 (8 #0) (5)
2:¢ (€=0)

The analytical formula for the asymmetric factor g is calculated as follows [14]:

2n+1

Re(anty, 1+ bubyy 1) + w1

Re(an b;;) (6)

. 4 oo{;1(114—2)

szsca =1L N +1

where x is the scattering element scale factor x = 27r/A; the asterisk (*) is the complex
conjugate; a, and b, are the Mie scattering coefficients; r is the scattering element particle
radius, whose unit is pm; and A represents the wavelength, measured in um.

The relationship between the particle size and concentration of the scattering element
can be characterized as obeying a lognormal distribution [15]:

3 ; Inr —1Inr, ;)
iN_& N [(n;‘g)] -
dr 5 V2nrinoy, 2In" oy ;

where N; is the concentration of the particle in mode i in cm~3; rg,i is the geometric mean
particle size of the scattering element in pm; and 0y ; is the geometric standard deviation of
the scattering element in um.

The scattering element scattering efficiency Qs is calculated as follows [15]:

2
x2

Qur = 5 3 0n 1) (ool + 1) ®

The Mie scattering coefficient was chosen from the Bohren computational model
below [15].
[An(mx)/m + n/x|Re[Gn(x)] — Re[Gy1(x)]

B |-

T A () S+ 1/ x] G (x) = Gaa (%)
[m A (mx) /m + n/x]Re[Zu(x)] — Re[Zy_1(x)]
(1A (m) /1 + 17X (%) — C1(x)
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where m is the complex refractive index of the scattering element; x is the scattering element
scale factor, x = 27r/A; r is the radius of the scattering element; and # is the order of
calculation of the Mie scattering coefficient, which is generally taken as

n:max(x+4x1/3+z,|mx\) 115 (11)

The scattering element absorption coefficient calculation model is given below as
follows [16]:

2 0
Qext = =2 Y (2n+1)Re(a, + by) (12)
n=1
The modeling analysis of the pulse-broadening phenomenon resulting from the in-

teraction between the photons transmitted via the airborne air-to-air channel and the
turbulence is shown in Figure 3.

Figure 3. Schematic diagram of photons’ interaction with turbulent bubbles.

In Figure 3, the mean free path between turbulent bubbles, denoted as I, follows
a Gaussian distribution with a mean of 1 m and a standard deviation of 0.9 m. Let € be
a uniformly distributed random number in the range [0, 1]. The angle of incidence of a
photon is #; in rad and the angle of refraction of the photon is 6, in rad. The direction vector
of the outgoing photon is Sy, the refractive index of the turbulent bulb is 15, the reflectivity
is Rt, and the refractive index is Tr (where 75 and r,, are the reflection coefficients of the s
component and the p component).

1.  When ¢ < Ry, reflection (including total reflection) occurs between the transmitted
photon and the turbulent bubble

From Fresnel’s equation, it follows that [17]
Tr =1—Rr, Ry = (r3+713)/2 (13)
Combined with Snell’s theorem, this gives [18]

_ sin(0; —62) S tan(61 — 6)

=__1 2 4/ = 14
sin(6; +62)" 7 tan(6; + 6) (14)

When 11 > np and sinf; > n,/n1, the transmitted photon undergoes total reflection
and the unit vector in the direction of the outgoing photon can be described by Equation
(15). In this expression, Sy represents the unit vector in the photon incidence direction and
Sn represents the unit vector in the direction normal to the photon incidence, satisfying
Srl : Sn S 0.

Si2 = S41 +2cos b - Sp (15)

2. When ¢ > Rr, refraction occurs between the transmitted photon and the turbulent
bubble.

Let Sy be the unit vector of the outgoing normal photon, Sy = (C — B)/R; let A be
the coordinates of the photon incident turbulence bubble point; let B be the coordinates
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of the outgoing photon’s turbulence bubble point; let Syt be the unit vector of the photon
refracting direction; and let R be the radius of the turbulence bubble.

Let 1
_ |cos6; -1 1 cos f
Meoe = { 1 —cos BJ LOS((% = 92)] e

The unit vector of the photon exit direction and the coordinates of the exit point under
refractive conditions are calculated as follows:

Sz = Mcoef(l) “Srt + Mcoef(z) - Sk (17)

B =S -2costh-R+A (18)

To establish a free-space optical channel simulation model, this paper conducted laser
transmission simulation research to achieve air-to-air airborne high-capacity communica-
tion. During the simulation process, typical parameters were employed for the developed
equipment, along with meteorological parameters from a specific season in the Chengdu
region, ensuring low optical beam pointing errors.

The specific parameters are as follows:

1.  The parameters of the laser communication device used during the simulation are
constrained to the following: Operating wavelength, A = 1.55 um; initial Gaussian
pulse half-width, Ty = 400 ps, with the transmitting and receiving antenna apertures
being the same and D; = D, = 100 mm; exiting pupil divergence angle, 6; = 20 prad;
entering pupil receiving field of view, 6, = 2 mrad; beam alignment error angle,
Oarp = 2 prad; transmit power, P; = 1000 mW; receiver sensitivity, P, = —35 dBm;
and transmission distance, L = 200 km, N, ,tics = 500, 000;

N

The impact of scattering effects was modeled using the Mie scattering model;

3. The input parameters during the laminar transport simulation based on the pho-
ton/turbulence bubble model are as follows: standard deviation of atmospheric
refractive index undulation, ;, = 1 x 10~8; turbulence outer scale, Ly = 10 m; and
turbulence inner scale, [ = 0.1 mm;

4. The atmospheric visibility of the airborne air-to-air channel was simulated by taking

a set value of V = 50 km for all simulations, except for the unidirectional item

simulation, which used different meteorological conditions.

4. Laser Pulse Time-Response Characteristics Are Simulated and Analyzed under
Different Influencing Factors and Change Conditions

The simulation will be divided into four parts, varying the turbulence intensity, atmo-
spheric visibility, initial pulse half-width, and transmission distance for the simulation. The
simulation flow is shown in Figure 4.

In Figure 4, n indicates that the current simulated photon is the nth photon and N s
is the total number of simulated photons.

The specific parameters of this simulation are shown in Table 1.

Table 1. Simulation parameter table.

Parameter Value
Operating wavelength (A) 1.55 um
Initial gaussian pulse half-width (Tp) 400 ps
Transmitting and Receiving antenna apertures (D;, D;) 100 mm
Exiting pupil divergence angle (6;) 20 prad
Entering pupil receiving field of view (6;) 2 mrad
Beam alignment error angle (0 o1p) 2 prad
Transmit power (P}) 1000 mW
Receiver sensitivity (P) —35 dBm

Transmission distance (L) 200 km
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Table 1. Cont.

Parameter Value

Standard deviation of atmospheric refractive index undulation (o3,) 1x 108
Turbulence outer scale (L) 10 m

Turbulence inner scale () 0.1 mm
Number of emulated photons (N ptics) 500, 000

Atmospheric visibility (V) 50 km

n=1
Initialization n=n+1
(SCH]}]]/__' pal:amclcrs:: ) < Emission photon update | <
transmit/receive power,
transmit/receive antenna .
aperture, number of emitted ﬂ
photons, etc)
A 4
Launch exit pupil/entry channel
N
Effective detection of reception,
Simulation data storage Photons emission complete
n> N ?
Y e
N Y

Mie scattering
judgment?

i

Mie scattering subroutine
(Transmission energy and
angular transformation)

\ 4
Turbulent transport subroutine
(Photon/turbulence bubble
modeling)

Dynamic target transformation
of receiving antenna coordinates
under alignment error conditions

Invalid
photon
discard

Photon end-state

exit position meets
receiving coordinate
requirements?

Photon end-state
exit angle is greater than
the received field of
view angle?

Pupillary judgment

Transmitted photon
power less than received
sensitivity?

Figure 4. Photonic simulation flowchart.

4.1. Simulation of Time—Response Characteristics of Laser Signals Transmitted through Airborne

Air-to-Air Channels with Different Atmospheric Turbulence Intensities

In this subsection, the MCRT simulation of laser emissions after transmission over a
multipath airspace channel with and without turbulence is carried out. The simulation
results of the time-domain waveforms of the laser pulses after they are effectively received
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by the communication system (over a transmission distance of 200 km) are shown in
Figure 5a,b shows the laser pulse spreading and the half-width ratios of the laser pulses
for the two transmission models considering different transmission distances. Mean and
variance in laser pulse time-domain broadening for different transmission distances are
shown in Table 2.

Laser Pulse Intensity
w

0 500

0.21 T
! —@— Scattering+Turbulence Bubble
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— = — Scattering+Turbulent Bubble % 018 °
© L
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Figure 5. Time-domain waveform and analysis of time-space channel of laser pulse with/without tur-
bulence under different transmission distances. (a) Simulation of laser pulse time-domain waveform
(200 km) and (b) ratio of pulse broadening to pulse half-width (different transmission distances).

Table 2. Mean and variance in laser pulse time-domain broadening for different transmission models
(different transmission distances).

Average (ps) Variance (ps?)

Transmission Model

150 km 200km 250km 150km 200km 250 km
Scattering 16 21 28 2.67 2 0.67
Scattering+Turbulence Bubble 61 72 86 4.67 2.67 2

Considering only the scattering effect without considering the effect of turbulence,
the time-domain pulse broadening (pulse half-width) in ps after laser transmission is 22
(422) and the ratio of the laser pulse time-domain broadening to the pulse half-width is
5.2%. When considering the effects of scattering and turbulence at the same time, the laser
time-domain pulse broadening (pulse half-width) is 74 (474) and the ratio of the laser pulse
time-domain broadening to the pulse half-width is 15.8%. The simulation results show that
the effect of the time-domain pulse broadening of the laser pulse due to turbulence effects
in the airborne air-to-air channel is much larger than that caused by scattering effects.

Studies conducted at home and abroad [19-22] have shown that turbulence intensity
generally decreases with height but that these changes are sporadic and the turbulence
increases slightly at the top of the troposphere from 15 km to 18 km. Turbulence has a more
obviously stratified structure with increasing height and because turbulence is intermittent
in time and space, it is irregularly stratified, with stronger and weaker levels of turbulence
throughout. The distribution of C2, a structural parameter of the atmospheric refractive
index, with altitude varies across different seasons in the same region as well as between
day and night. In general, the turbulence intensity at high altitudes will be 1-2 orders of
magnitude higher during the daytime than at night. In this paper, sounding test data on the
daytime and nighttime turbulence of the airborne air-to-air channel collected at an altitude
of 10 km over a region in the south of China in the summer [21] were taken as the basis
for analysis and inverse derivation was performed to obtain the standard deviation of the
fluctuation in the atmospheric refractive index in the analyzed region. The An change in
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25

the study region is as follows: C%l—day =10"1om~2/3, C%—night = 10"1"m~2/3, The analysis
in this paper is based on clear weather scattering channel conditions and also simulates the
time-response characteristics of laser signals transmitted via the airborne air-to-air channel
under different standard deviations of fluctuation in the atmospheric refractive index and
different turbulence channel conditions.

The standard deviations of the fluctuation in the atmospheric refractive index, oy,
are 97, 74, and 56 for the time-domain pulse spread and 497, 474, and 456 for the pulse
half-width (in ps) of the airborne multipath channel in the presence of turbulence for the
1x 10771 x 1078, and 1 x 10~ conditions, respectively. The simulation and analysis of
time-domain waveforms of laser pulses with different standard deviations of atmospheric
refractive index fluctuation are shown in Figure 6. The ratios of the time-domain spread of
the laser pulses to the pulse half-widths are 19.5%, 15.8%, and 12.3% for the three conditions,
respectively. Mean and variance of in laser pulse time-domain broadening under different
standard deviations of the fluctuation in atmospheric refractive index are shown in Table 3.

0.25

o
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0 500 1000 1500 2000 2500 3000 3500 4000 4500
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=
=
= 02f »
o
©
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Atmospheric Refractive Index Fluctuation Standard Deviation
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Figure 6. Simulation and analysis of time-domain waveforms of laser pulses with different standard
deviations of atmospheric refractive index fluctuation. (a) Simulation results of laser pulse time-
domain waveform and (b) ratio of pulse spread to pulse half-width.

Table 3. Mean and variance in laser pulse time-domain broadening under different standard devia-
tions of the fluctuation in atmospheric refractive index.

Standard Deviation of Atmospheric Refractive

. 2
Index Fluctuation Variance (ps®)

Average (ps)

1x1077 56 0.67
1x10°8 72 2.67
1x107? 96 4.67

The simulation results were analyzed and it was found that with the increase in the
standard deviation of the fluctuation in the atmospheric refractive index, the time-domain
spreading of the laser pulse caused by the airborne multipath channel is characterized by
an increasing trend.

4.2. Simulation of Laser Transmission Characteristics under Different Visibility Conditions

In this paper, the time-domain waveforms of the laser pulse after transmission through
multipath airborne channels with different visibility conditions are simulated using the
MCRT method. The simulation results are shown in Figure 7. As well as the mean and
variance in laser pulse time-domain broadening under different atmospheric visibility
conditions are shown in Table 4.
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Figure 7. Simulation and analysis of time-domain waveforms of effectively received laser pulses
under different visibility conditions. (a) Simulation results of laser pulse time-domain waveform and
(b) ratio of pulse spread to pulse half-width.

Table 4. Mean and variance in laser pulse time-domain broadening under different atmospheric
visibility conditions.

Atmospheric Visibility (km) Average (ps) Variance (ps?)
5 99 4.67
20 87 2
50 72 2.67

The laser pulse broadening of the pulse signal time-domain and the pulse half-width
(in ps) after transmission over 200 km is 98, 86, and 74 and 498, 486, and 474, respectively, for
the airborne air-to-air channel under visibility conditions (in km) of 5, 20, and 50. The laser
pulse time-domain spread to pulse half-width ratios are 20%, 18%, and 15.8%, respectively.

The analysis found that the laser beam is less influenced by the multipath effect when
it is transmitted in an empty channel with greater visibility (i.e., a smaller number of
molecules and particles dispersed in the channel) and that the time-domain spreading of
the laser pulse after effective reception at the receiving end is smaller.

4.3. Simulation of Time—Response Characteristics after Laser Signal Transmission with Different
Initial Pulse Widths

The time-response characteristics of laser signals after transmission with different
initial pulse widths are simulated in the paper. The time-response characteristics of the
laser pulse signal after transmission over a distance of 200 km corresponding to initial
Gaussian pulse half-widths, in ps, of 200, 400, and 800 are shown in Figure 8. The mean and
variance in time-domain broadening of laser pulses under different initial pulse half-widths
are shown in Table 5.

Table 5. Mean and variance in time-domain broadening of laser pulses under different initial pulse

half-widths.
Initial Pulse Half Width (ps) Average Percentage (%) Percentage Variance (%?2)
200 25 1
400 15.3 0.79
800 10 0.18

Under the conditions in which scattering and turbulence are also considered, the
corresponding pulse broadening (received pulse half-width) in ps of laser pulse signals
transmitted through the airborne multipath channel with different initial pulse widths of
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200, 400, and 800 ps are about 69 (269), 74 (474), and 89 (889). The ratios of the laser pulse
time-domain broadening to the pulse half-width are 26%, 15.8%, and 10%, respectively.
The simulation results of laser multipath transmission show that the percentage of laser
pulse time-domain broadening caused by the airborne multipath channel tends to decrease
with the increase in the initial pulse width of the transmitting laser.
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Figure 8. Simulation and analysis of time-response characteristics after transmission of laser pulse
signals with different initial widths. (a) Time-response characteristics and (b) pulse spread to pulse
half-width ratio.

4.4. Simulation of Laser Transmission Characteristics after Multipath Channel Transmission over
Different Distances

The channel used for the simulation process features clear weather conditions and the
laser time-domain pulse characteristics after air-to-air transmission over different distances
(i.e., 150 km /200 km/250 km) are shown in Figure 9. The mean value and variance in laser
pulse time-domain broadening over different transmission distances are shown in Table 6.

I B~
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Figure 9. Simulation results and analysis of time-domain waveform of laser pulses under different
transmission distances. (a) Simulation of laser pulse time-domain waveform and (b) ratio of pulse
spread to pulse half-width.

Table 6. Mean value and variance in laser pulse time-domain broadening over different transmission
distances.

Transmission Distance (km) Average (ps) Variance (ps?)
150 61 4.67
200 72 2.67

250 86 2
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The laser pulse time-domain spread (pulse half-width) (in ps) after airborne transmis-
sion over different distances of 150 km, 200 km, and 250 km are 63 (463), 74 (474), and 85
(485), respectively. The laser pulse time-domain spread to pulse half-width ratios are 14%,
15.8%, and 18%, respectively.

An analysis of these results is presented below:

1. With the increase in transmission distance, the laser pulse transmitted by the airborne
multipath channel will experience greater scattering and turbulence effects and within
a certain range of the transmission distance, the time-domain broadening of the laser
pulse effectively received by the antenna tends to increase;

2. With the increase in the transmission distance, the changing trend in the growth
of the time-domain spread to pulse half-width ratio of the received laser pulse
gradually stabilizes;

3.  Considering the variation in the laser beam’s power density with the transmission
distance, the number of pupil photons meeting the reception requirements will be
reduced under the long transmission distances and the pulse broadening of the
effectively received optical signal shows a gradual smoothing characteristic.

5. Detection of Received Signal Data Processing and ISI/BER Analysis

In this study, ISI simulation and BER statistical analysis of airborne laser communica-
tion links in the airborne air-to-air channel were conducted employing a 2.5 Gbps baud
rate (OOK modulation). This was achieved by utilizing the established ISI analysis model
and integrating the simulated channel impulse response derived from the air-to-air channel
transmission simulation. Furthermore, the MATLAB simulation tool was employed to
calculate and perform a comprehensive analysis of the bit error rate (BER).

Taking the results of the signal time-response curve obtained from the MCRT simula-
tion as input parameters, combined with the design and development of the communication
system, the simulation results show that the average single pulse spreading statistic is
AT = 74 ps when the standard deviation of the fluctuation in the atmospheric refractive in-
dexis o, = 1 x 1078, The total pulse width statistic after sending 10,101 fixed code elements
averages about 3000 ps and there is a certain ISI effect on the system (shown in Figure 10a).
This study modeled and simulated the changes in ISI in the front-end signal of the 2.5 Gbps
airborne communication system’s receiving system based on OOK modulation.
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Figure 10. ISI and BER simulation of laser transmission over airborne air-to-air channel under
50 km visibility condition. (a) Standard deviation of fluctuation in atmospheric refractive index
on =1 x 1078, threshold VT = 0.38; (b) eye diagram and BER, SNR = 0.009 dB; (c) standard deviation
of fluctuation in atmospheric refractive index o, = 1 x 1077, threshold VT = 0.39; and (d) eye diagram
and BER, SNR = 0.007dB.
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The ISI waveforms of the received pulse signals, eye diagrams, and BER performance
simulation results for the airborne channel with a visibility of V' = 50 km and different
standard deviations of atmospheric refractive index fluctuation (¢;,) are shown in Figure 10.
(Note: the transmitting codeword element is 10,101 and the number of BER statistical
samples is 10,000).

The simulation results show that the average single pulse spreading statistic is
AT = 74 ps when the standard deviation of the fluctuation in the atmospheric refrac-
tive index is 0, = 1 x 1078, The total pulse width statistic after sending 10,101 fixed code
elements averages about 3000 ps and there is a certain ISI effect on the system (shown in
Figure 10a). Moreover, the receiving eye diagram is slightly open, with a BER of 9 x 10~*
(shown in Figure 10b). After the system implements equalization, anti-jamming coding,
and other forms of technical processing to suppress inter-symbol interference, the quality
of the communication link can reach the goal of high-performance communication.

When the standard deviation of the fluctuation in the atmospheric refractive index
is 0, = 1 x 1077, the statistical average of a single pulse spread is AT = 97ps. The total
pulse width statistics after sending 10,101 fixed code elements averages about 3000 ps and
the system has a certain ISI influence (as shown in Figure 10c). Moreover, the receiving
eye diagram shows a microclosed state and the bit error rate is 1.5 x 10~2 (as shown in
Figure 10d). The system cannot establish a high-performance communication link under
these conditions without using technical processing means such as equalization to suppress
the inter-symbol interference.

The ISI waveforms of the received pulse signal and the simulation results of the eye
diagram and BER performance for the airborne channel after transmission with a visibility
of V =20 km and a standard deviation of the atmospheric refractive index fluctuation of
0n =1 x 1078 are shown in Figure 11.
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Figure 11. ISI waveforms, eye diagram, and BER simulation results at visibility V = 20 km and
0y =1 x 1078 (threshold VT = 0.46). (a) ISI waveform and (b) eye diagram and BER; SNR = 0.008 dB.

The simulation results show that the received pulse signal pulse spreading statistics
after transmission over the airborne channel with a visibility of V = 20 km and standard
deviation of atmospheric refractive index fluctuation averages AT = 86 ps. In addition, the
total pulse width statistics after transmitting 10,101 fixed code elements averages about
3000 ps, with some evidence of ISI influence on the system; the receiving eye diagram
shows a microclosed state and the bit error rate is BER = 2.9 x 1073.

Combined with the simulation results in Figure 10a,b, it can be seen that the laser
pulse broadening after transmission via the air-to-air channel shows an inverse relation-
ship with the channel’s visibility parameter: the higher the visibility, the smaller the
pulse broadening.

The comparison of the phase and amplitude distortion corresponding to the time-
domain pulse broadening extremes (maximum and minimum values) and the output
waveforms under ideal conditions (without considering the effects of turbulence and
absorption) under the typical operating conditions of airborne air-to-air channels is shown
in Figure 12.
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Figure 12. Phase distortion and amplitude distortion of received time-domain pulse waveforms after
transmission over the airborne air-to-air channel. (a) Phase distortion and (b) amplitude distortion.

An analysis of these results is presented below.

1.  Under the simulation conditions of the thesis, the received time-domain pulse wave-
forms are all subject to different degrees of phase distortion after transmission over
the airborne air-to-air channel. Among them, the received time-domain pulse sig-
nal with the most serious waveform distortion has a peak time shift of 1502.6 ns,
which corresponds to a pulse spread of 98 ps, while the received time-domain pulse
signal with a smaller waveform distortion has a peak time shift of 1502.0 ns, which
corresponds to a pulse spread of 56 ps;

2. Under the simulation conditions of the thesis, the received time-domain pulse wave-
forms after transmission through the airborne air-to-air channel are subject to different
degrees of amplitude distortion (manifested as a decrease in the peak amplitude).
Compared with the peak value of the ideal received waveform, the maximum decrease
in amplitude is (4.22 — 2.05)/4.22 = 51.42% and the minimum decrease in amplitude
is (4.22 — 3.28)/4.22 = 22.27%.

The time-domain pulse waveform signal obtained after laser transmission through
the airborne air-to-air channel reflects the channel’s characteristics. After the time-varying
airborne air-to-air channel transmission with waveform distortion characteristics of the
impulse response signal at the receiving end of the sampling process after the formation of
the received signal sequence, the paper that analyzed airborne channel conditions combined
with this paper on the airborne air-to-air channel laser transmission of the analysis of the
time-domain pulse spreading results of the dual-mode (variable-step CMA + DDLMS) blind
equalization scheme can be selected as one of the more reasonable equalization schemes.
As shown in Figure 13, the blind equalization scheme is one of the more reasonable
equalization schemes.

The received sequence is processed by the transversal filter to form an output signal
estimate d(n), based on which the receiver decides that the output is the symbol of the
transmitted message closest to d(1) as d(1) (defined as the desired response signal).

The error function is defined as e(1) = d(n) — d(n) and the size of the error func-
tion value can be used to guide the different equalization schemes actually adopted for
subsequent data processing. When the dual-mode (variable step constant modulus algo-
rithm (CMA) and direct decision least mean square (DDLMS)) blind equalization scheme
is selected, the size of the error function value can be used as the judgment criterion for
mode conversion and step transformation: when the error function value is large, it can
be converted into the CMA blind equalization scheme with fast convergence speed (or
increase the iteration step of the blind equalizer), and when the error function value is small,
it can be converted into the DDLMS blind equalization scheme (or decrease the iteration
step of the blind equalizer), which is characterized by a small steady-state error. When the
error function value is small, it can be converted to the DDLMS blind equalization scheme
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with a small steady-state error (or reduce the iteration step size of the blind equalizer). The
specific dual-mode blind equalization design scheme should also be based on the design
principles of the overall scheme of the communication system and the actual application of
the channel to determine the relevant content, described in another paper.
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Figure 13. The dual-mode blind equalization scheme block diagram.

6. Conclusions

Laser transmission through airborne turbulence channels will inevitably be affected
by the multipath transmission process, producing inter-symbol interference at the receiving
end and negatively affecting the communication performance. The formation and severity
of inter-symbol interferences are influenced by a variety of factors, such as the airborne
air-to-air channel turbulence intensity and meteorological conditions (visibility), as well as
the transmission baud rate, transmission distance, transmit power, receive sensitivity, and
other communication link parameters. Airborne air-to-air channel laser communication
needs to undergo equalization, interleaving, anti-jamming coding, and other technical
processes in order to mitigate or suppress the impact of inter-symbol interference on
communication performance.

Author Contributions: Conceptualization, S.W. and X.L.; methodology, Y.L. and J.W.; software, C.T.
and Y.G.; validation, H.Z.; investigation, X.L.; data curation, F.G.; writing—original draft preparation,
F.G. and X.L.; writing—review and editing, Y.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: Authors Shigi Wu and Haijun Zhou are employed by the China Electronics
Technology Group Corporation. Other authors declare no conflict of interest.

1. Al-Kinani, A.; Wang, C.-X.; Zhou, L.; Zhang, W. Optical wireless communication channel measurements and models. IEEE
Commun. Surv. Tutor. 2018, 20, 1939-1962. [CrossRef]

2. Lee, S.; Hamzeh, B.; Kavehrad, M. Airborne Laser Communications and Performance Enhancement by Equalization. In
Proceedings of the Free-Space Laser Communication Technologies X VIII, San Jose, CA, USA, 2 March 2006; SPIE: Bellingham,
WA, USA, 2006; Volume 6105, pp. 1-11.

3.  Arnon, S.; Sadot, D.; Kopeika, N.S. Analysis of Optical Pulse Distortion through Clouds for Satellite to Earth Adaptive Optical
Communication. J. Mod. Opt. 1994, 41, 1591-1605. [CrossRef]

4.  Paajarvi, P; LeBlanc, ].P. Blind linear equalization of PPM signals using third-order moments. IEEE Trans. Wirel. Commun. 2010, 9,

1298-1302. [CrossRef]


https://doi.org/10.1109/COMST.2018.2838096
https://doi.org/10.1080/09500349414552431
https://doi.org/10.1109/TWC.2010.04.091025

Photonics 2024, 11, 280 17 of 17

10.

11.

12.

13.

14.
15.

16.
17.
18.
19.

20.

21.

22.

Kim, M.; Willner, A.E.; Park, D. Turbulence Resilient Free-Space Optical Communication Using Iterative Blind Equalization.
In Proceedings of the 2022 37th International Technical Conference on Circuits/Systems, Computers and Communications
(ITC-CSCC), Phuket, Thailand, 5-8 July 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 1-3.

Yahia, S.; Meraihi, Y.; Ramdane-Cherif, A.; Gabis, A.B.; Acheli, D.; Guan, H. A survey of channel modeling techniques for visible
light communications. J. Netw. Comput. Appl. 2021, 194, 103206. [CrossRef]

Chowdhury, M.LS.; Zhang, W.; Kavehrad, M. Combined deterministic and modified Monte Carlo method for calculating impulse
responses of indoor optical wireless channels. J. Light. Technol. 2014, 32, 3132-3148. [CrossRef]

Rao, R.Z. Modern Atmospheric Optics; Science Press: Beijing, China, 2012.

Andrews, L.C.; Phillips, R.L. Laser Beam Propagation through Random Media, 2nd ed.; SPIE Optical Engineering Press: Bellingham,
WA, USA, 2005.

Chen, C.Y,; Yang, H.M,; Jiang, H.L.; Tong, S.F.; Han, C. Analysis of BER and Performance Improvement Paths for Cloud Channel
Optical Communication Links. J. Syst. Simul. 2009, 21, 1245-1248.

Yuksel, H.; Atia, W.; Davis, C.C. A geometrical optics approach for modeling atmospheric turbulence. In Atmospheric Optical
Modeling, Measurement, and Simulation; SPIE: Bellingham, WA, USA, 2005; Volume 5891, pp. 77-88.

Toublanc, D. Henyey-Greenstein and Mie phase functions in Monte Carlo radiative transfer computations. Appl. Opt. 1996, 35,
3270-3274. [CrossRef] [PubMed]

Sepehripour, E; van Beurden, M.C.; de Hon, B.P. Direct Computation of the PEC Body of Revolution Modal Green Function for
the Electric Field Integral Equation. IEEE |. Multiscale Multiphysics Comput. Tech. 2022, 7, 186-194. [CrossRef]

Van de Hulst, H.C. Light Scattering by Small Particles; Wiley Press: New York, NY, USA, 1957.

Nie, X.; Mao, Q. Study on inversion of atmospheric aerosol nonsphericity based on satellite and ground observations. Atmos. Res.
2023, 283, 106582. [CrossRef]

Borhen, C.F. Absorption and Scattering of Light by Small Particles; Wiley Press: New York, NY, USA, 1983.

Luhn, S.; Hentschel, M. Analytical Fresnel laws for curved dielectric interfaces. J. Opt. 2019, 22, 015605. [CrossRef]
Markvorsen, S.; Pendas-Recondo, E. Snell’s law revisited and generalized via Finsler geometry. Int. ]. Geom. Methods Mod. Phys.
2023, 20, 2350138. [CrossRef]

Gang, S.; Ning-Quan, W.; Li-Ming, X.; Yi, W. Profile and character of atmospheric structure constant of refractive index Cp2.
Atmos. Ocean. Sci. Lett. 2012, 5, 270-272. [CrossRef]

Zhao, J.; Qiang, X.; Feng, S.; Zhang, Z. Measurement of atmospheric refractive index structure constant near ground based on
CAN bus. In Proceedings of the IEEE 2011 10th International Conference on Electronic Measurement & Instruments, Chengdu,
China, 16-19 August 2011; IEEE: Piscataway, NJ, USA, 2011; Volume 2, pp. 270-273.

Hassan, R.N.; Ali, H.S. Performance Estimation and System Modeling for Refractive Index Structure Constant Cn2. Karbala Int. 1B
Mod. Sci. 2023, 9, 3. [CrossRef]

Yuksel, H.; Davis, C.C. A geometrical optics approach for modeling aperture averaging in free space optical communication
applications. Proc. SPIE 2006, 6303, 15-26.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jnca.2021.103206
https://doi.org/10.1109/JLT.2014.2339131
https://doi.org/10.1364/AO.35.003270
https://www.ncbi.nlm.nih.gov/pubmed/21102712
https://doi.org/10.1109/JMMCT.2022.3190789
https://doi.org/10.1016/j.atmosres.2022.106582
https://doi.org/10.1088/2040-8986/ab5c42
https://doi.org/10.1142/S0219887823501384
https://doi.org/10.1080/16742834.2012.11446990
https://doi.org/10.33640/2405-609X.3291

	Introduction 
	Airborne Air-to-Air Channel Laser Communication Link Analysis and Modeling 
	Analytical Modeling of Pulse Time Broadening after Laser Transmission through Airborne Air-to-Air Channels 
	Laser Pulse Time–Response Characteristics Are Simulated and Analyzed under Different Influencing Factors and Change Conditions 
	Simulation of Time–Response Characteristics of Laser Signals Transmitted through Airborne Air-to-Air Channels with Different Atmospheric Turbulence Intensities 
	Simulation of Laser Transmission Characteristics under Different Visibility Conditions 
	Simulation of Time–response Characteristics after Laser Signal Transmission with Different Initial Pulse Widths 
	Simulation of Laser Transmission Characteristics after Multipath Channel Transmission over Different Distances 

	Detection of Received Signal Data Processing and ISI/BER Analysis 
	Conclusions 
	References

