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Abstract—Scintillation due to atmospheric turbulence is one
of the effects challenging the reuse of extremely wideband and
high-rate optical satellite-to-satellite communication systems for
satellite-to-Earth and Earth-to-satellite transmissions. In this arti-
cle, we study the possibility of utilizing links in the terahertz (THz)
frequency bands for these uplink and downlink transmissions in-
stead. Built upon the physics-based model, originally developed for
optical wave propagation, we present a mathematical framework
for the THz signal scintillation to analyze atmospheric turbulence’s
impact on ground-satellite and airplane-satellite connections. Our
results indicate that, while the scintillation still significantly
impacts the power of the received THz signal (especially at
lower elevation angles and under specific weather conditions),
the effect is drastically less profound than the extreme losses the
optical link will experience in the same weather conditions. We
further explore a notable asymmetry of up to 10 dB between
uplink and downlink losses. Finally, we illustrate that, even at
relatively low airplane altitudes, the airplane-to-satellite link is
much less affected than the Earth-to-satellite link, making THz
communications a promising candidate technology for future high-
rate airplane connectivity systems as a part of 6G and beyond.

I. INTRODUCTION

Facilitating ultra-broadband communication between Earth
and space essential for integrating high-speed satellite com-
munications into the sixth-generation (6G) cellular network
landscape. Specifically, providing global high-rate connectivity
via massive constellations of Low-Earth Orbit (LEO) satellites
is a crucial facilitator for high-speed Internet access around
the world [1]. Despite the large data rates achievable in inter-
satellite communication links thanks to favorable propagation
conditions [2], [3], one of the bottlenecks is the links between
Terrestrial and Non-Terrestrial Network (NTN) segments [4].

Existing solutions by Apple-Globalstar, Qualcomm-Iridium,
and SpaceX, are still limited to relatively low data rates: SOS
messages and LTE-level Internet on the move [5], or a few
(hundreds of) Mbps data connectivity maximum if using a
large-scale antenna [6]. The latter is often sufficient for a single
household, but not enough to provide high-rate Internet access
to a 6G cell covering a remote area on the ground or to each
of the 300-plus airplane passengers during a long-haul flight.

In theory, the rate over ground-satellite and airplane-satellite
links can be notably boosted by exploiting already established
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broadband direct satellite-to-satellite cross-link Free-Space Op-
tics (FSO) communication solutions. However, in practice, FSO
ground-to-satellite links get severely degraded even in clear-
sky conditions. On top of the substantial spreading loss at
optical frequencies, scintillation — the random fluctuations of
a propagating Electromagnetic (EM) wave due to wavefront
deformation caused by inhomogeneities in the propagation
medium — is an issue when communicating with the satellites
through the atmosphere, as reported by Kaushal et al. [7].

Many studies exploring this effect further are based on
optical scintillation models developed from established air tur-
bulence theory [8], including Andrews et al. [9], which explored
the changes in the laser signal when affected by turbulence.
Furthermore, Rhui-Zong et al. [10] later simplified the results
from [8] for optical plane and spherical waves, while Ashraf et
al. [11] characterized the received power under scintillation for
different optical wavelengths. However, these comprehensive
FSO-related findings cannot be applied as is to THz due to the
non-linear dependency present between the signal frequency
and the additional turbulence-induced loss in the signal when
propagating through a non-homogeneous atmosphere [9].

On the other side, the overwhelming majority of modern
THz-specific models, including but not limited to [12]-[18]
(among many others) focus on other impairments at THz
frequencies, such as spreading loss, molecular absorption loss,
scattering loss, and scattering noise, while not considering the
turbulence-induced scintillation effects — the focus of this work.
Recently, one of the initial attempts to characterize turbulence-
induced losses at THz was made in [19] for THz drone-to-drone
links at a given fixed altitude. Hence, the model does not apply
to ground-satellite and airplane-satellite THz links over a range
of altitudes with notably different turbulence levels [9], thus
giving the motivation for the present study of this phenomenon.

The main contributions of this work are:

e We present a constructive approach to quantify the
scintillation-induced losses in THz links between a ground
station or an airplane and a THz satellite. Notably, the
developed model highlights a non-conventional asymmetry
between the losses in uplink and downlink THz links.
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o We then utilize this approach for a comprehensive numer-
ical study to assess the impact of scintillation losses on
ground-satellite and airplane-satellite THz links.

II. SYSTEM MODEL

The system model for this study comprises a satellite or-
biting at altitude H above sea level, a ground station (GS)
at altitude hg gs, and an airplane at altitude hg 4, as in Fig. 1.
Focusing on carefully modeling the scintillation-related effects,
we disregard molecular scattering and absorption. Scintillation,
the primary physical channel impairment, stems from turbulent
airflow in the atmospheric layers between the satellite, the GS,
and the airplane. This turbulence induces random temperature
fluctuations along the propagation path, resulting in a variable
refraction index. Consequently, the propagation space between
the satellite and the Earth becomes an inhomogeneous medium.

The next section summarizes a constructive approach to
model the turbulence-caused fading in THz ground-satellite
and airplane-satellite links, while additional clarifications on
the theory behind this presented approach are in Appendix A.

III. SCINTILLATION MODEL FOR THZ SATELLITE LINKS

A. Atmospheric turbulence and refractive index structure

The strength of atmospheric turbulence is typically char-
acterized by quantifying the strength of the fluctuations in
the refractive index, n(r,t), denoted as the refractive index
structure constant (RISC), C2(h), measured in m~—2/3, where
h denotes the altitude [20]. Even at sea level (h = 0), the exact
value of C2(0) may vary notably depending on the current
atmospheric conditions (primarily wind speed) and typically
lies within the range from 107 "m=2/3 and 10~ ¥m~2/3 [9].

Turbulent air

T(rll t)
H(Tl, t)

Fig. 1: Modeling ground-satellite and airplane-satellite
THz communications across atmospheric turbulence.

At ground level, the statistics of C2(h) can be measured
for a given area over long periods, providing reliable data.
In contrast, the setup complexity increases notably for slant
paths (ground- and airplane-satellite links). There, the turbulent
wind speed may vary considerably with altitude and, therefore,
the altitude dependency of the RISC needs to be captured. It
is theoretically possible to conduct an extensive measurement
campaign at all the altitudes of interest over a given location
(e.g., an airport or a candidate location for a ground satellite sta-
tion). However, from a practical point of view, such an approach

often faces severe engineering challenges and associated costs.
Therefore, built upon modern atmospheric studies, analytical
models to approximate C2(h) for a given altitude h and a
defined C2(0) at sea level are utilized.

A widely accepted RISC model, derived from measurements
at optical frequencies, is the Hufnagel-Valley (H-V) model:

C7 gso(h) = 0.00594(w/27)*(10~°h)'? exp(—h/1000)
42.7 x 107 % exp(—h/1500) + C2(0) exp(h/100), (1)

first introduced by R. E. Hufnagel [21], and later modified by
G. C. Valley [22]. In (1), w stands for the root mean square
(rms) windspeed along the propagation path.

The lack of experimental data in the THz band has prevented
the appearance of similar measurement-based RISC models at
such frequencies. However, as indicated in [19], a RISC model
at THz frequencies can be derived using the relation between
C’,QL and the temperature, T'(r,t), structure constant, C%, given
by C2 = C2(dn(T)/dT) >. Given that temperature is not
a frequency-dependent quantity, its structure parameter is also
frequency-invariant, and the RISC at the two different bands
can therefore be related as:

Gl = Chsolt) (2D (50

The expressions for the relation between the index of refraction
at THz and optical frequencies with temperature are [23]:

nri,(T) = 14 7.76 x 107° (P, /T + 4810P,/T?)  (3)
neso(T) =14 7.76 x 107°P, /T, 4)

where P, and P, are the atmospheric and water vapor pressures
in kilopascal, respectively. Replacing (3) and (4) in (2) results in:

C’rQL,THZ(h) = C?;,Fso(h) 1+ 9620Pv/(PaT))2 ~ T%,Fso(h)’ (5

where the fraction P, /P, represents the volumetric concentra-
tion of water vapor in the atmosphere, according to Dalton’s
Law of partial pressures in gaseous mixtures. Given the upper
value of 4% for this volumetric concentration [24], only reached
in tropical climates, the approximation in (5) holds, and thus
the H-V model is valid at THz frequencies as well.

B. Scintillation index and irradiance distribution

To characterize the scintillation on long-range THz links, we
first convert the obtained C. 1y, (h) into the scintillation index
0’% (normalized irradiance variance caused by scintillation) of a
plane wave propagating through a turbulent media with varying
RISC. We particularly reference a simpler model and analysis
in [9] for FSO and constant latitude of the propagation path.
Among other findings, the study in [9] specifically reveals that
the scintillation is a fast-fading channel impairment, affecting
the transmitted signal on small time and distance scales while
not affecting the mean received signal strength (large scale).

Extending the model for 0% [9] to the slant path case
(hstart 7 hgna), we derive the following two expressions for
the scintillation index of a wave traveling in uplink (UL, e.g.,
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ground-to-satellite) and downlink (DL, e.g., satellite-to-ground)
directions:

H
o2 oL (f,Coho  H) = M(£,C) | C2(h)(H — h)*/®dh (6)

ho
H
o7 oL (f, ¢ ho, H) = M(£,¢) ; C2(h)(h — ho)*/5dh (7)
7/6
M(f,¢) =225 <2Zf> sec'/%(¢), (8)

where o7 ) (ho, H) and o7 (ho, H) are the corresponding
UL and DL scintilation indexes, f stands for the frequency of
the transmitted signal, c is the speed of light in the atmosphere,
ho is the altitudes of the ground station (hg = hg,gs) or the
airplane (hg = ho,a), depending on the modeled link, and
H is the satellite altitude. In these equations, C2(h) is the
altitude-dependent RISC following (1), sec(¢) stands for the
secant of angle ¢, and ( corresponds to the zenith angle from
the ground station or the airplane to the satellite illustrated in
Fig. 1 (either ( = (gs or ( = (o depending on the modeled
link), complementary to the corresponding elevation angle (e.g.,
Cgs = /2 — egs for the ground-satellite link, see Fig. 1).
Expressions in (6) and (7) are similar except for the balancing
factors inside the integral giving a notably larger weight to the
turbulence closer to the transmitter. Hence, we conclude that
the scintillation introduces important asymmetry between the
uplink and downlink to the satellite, as detailed in Sec. IV.

C. Field irradiance and fading

There has been considerable effort in obtaining a general
probability density function (PDF) for the field irradiance at the
receiver from its derived statistical moments, including 0% [9].
Although a myriad of statistical models have been presented to
date, in this work, we adopt the model featuring a good fit with
experimental data under all turbulence conditions, following the
Gamma-Gamma distribution [25]:

a+f

_2(af) T aws
-1
o= {eXp [0.490%/ (1 + 1.110}2/5)7/6] - 1} . (10)

-1
B= {exp [0.51&/ (1 + 0.690}2/5)5/6] - 1} , (11)

where T'(-) stands for the Gamma function, K,(z) is the
modified Bessel function of the second kind, while o and 3 are
shape parameters that depend on the scintillation conditions,
ie., a?. Additionally, the field irradiance I in (9) has been
normalized such that (I} = 1, where the (-) operator denotes
the ensemble average or expected value.

We utilize (9) in our analysis by parameterizing « and /3 in
this PDF model with our derived expressions for UL and DL
THz links: o7 = 07y (f, ¢, ho, H) or o1 = 07 i (f, ¢, ho, H).

Finally, the fading statistics of the received signal can be
directly derived from the statistics of the received field irradi-
ance, given the scenario geometry. For propagating distances in
the scale of satellite communication scenarios (> 100 km), both

RV P
1007 r@--3-—<t--0--3 ~t-g.
~
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510
N q
= == C2(0)=10"" m?*? w=30m/s
J=p-18 =@ C%(0)=10"" m*? w=30m/s
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Fig. 2: Hufnagel-Valley model of atmospheric turbulence.

GS and satellite can be modeled as point receivers [26]. Hence,
the received signal power is proportional to the field irradiance
at the receiver, with the receiving effective antenna aperture
acting as the proportionality constant. With these assumptions,
the probability of fade can be directly computed from the
cumulative distribution function (CDF) of the irradiance as:

P(F = Fr) = P(I < Ir), 12)

where Fr = —10log,y(Ir) is the fading threshold given a
certain normalized irradiance threshold, .

IV. RESULTS

We numerically elaborate on the developed model for THz
ground-to-satellite and airplane-to-satellite links in this section.
Whenever applicable, we also contrast the results with those
achievable for FSO (optical) links.

We start with Fig. 2 presenting the C2(h) values from (1)
as a function of the altitude h for different combinations of
sea-level C2(0) and rms windspeed w values. Two important
observations are made from this figure: (i) turbulence conditions
in the atmosphere are only noticeable in the first ~ 20 km above
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0%y _ e 15 Far-infrared Infrared
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| o2 T
10 =T
r\lb\ - 6(;:;:350
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,?:"; === {3@52550
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)
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= -~ ~zzz2 Downlink:
= . Pt _
3 10*3::;,, eas=15°
N 22 =25
1071 — liGg:35O
— eqs=45°
10-° Sub-THz eas=55°

107! 10° 10! 102
Frequency, f [THz

Fig. 3: Scintillation index at different frequencies under
identical ground turbulence conditions.
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Fig. 4: Normalized irradiance PDF at
the ground station.

the ground, and (ii) the dependency on C2(0) largely dominates
the RISC values at low altitudes, whereas the dependency on
w dominates the RISC values at the highest altitudes. These
observations are useful for a better understanding of the results
and trends discussed below.

Studying how the main system variables impact the scintilla-
tion present in the received signal for a given set of turbulence
conditions, Fig. 3 depicts the scintillation index, oy, for UL
and DL links following (6) and (7), as a function of frequency,
f, and for different elevation angles egs. The satellite altitude
is set to H = 500 km and the ground turbulence conditions
are set to C2(0) = 4 x 107 m?/3, and w = 20 m/s. The
integrals in (6) and (7) are evaluated numerically.

Most notably, scintillation varies significantly across fre-
quency bands, with the index increasing log-linearly and show-
ing four orders of magnitude difference between millimeter-
wave and infrared bands, highlighting the impact of frequency
on satellite link scintillation. Additionally, there’s a notable
asymmetry between uplink (UL) and downlink (DL) transmis-
sions, with UL experiencing scintillation an order of magnitude
greater due to the larger impact of ground-level turbulence,
as explained by the H-V model’s findings on atmospheric
turbulence reduction with altitude. Furthermore, scintillation is
significantly affected by the elevation angle, with low angles
suffering more due to longer signal paths through varying
atmospheric conditions, intensifying the scintillation effect.

Fig. 4 introduces the PDF of normalized irradiance at an
egs = 45° elevation angle for a ground station, highlighting the
differences in field irradiance distributions between uplink and
downlink due to turbulence. In the downlink, the probability
density function narrows with decreasing frequency, approach-
ing a delta function, and indicating minimal fast fading and
a more stable received signal strength at frequencies below
100 GHz. It is crucial to acknowledge the variations in the
ground RISC across frequencies, with extreme C2(0) values
outside the optical range (e.g., 4 x 1071 at 100 GHz). Given
typical values range from 10~'7 m?/3 to 10~'3 m?/3, the
considered values are highly improbable and only conceivable
under catastrophic weather conditions.

Fig 5 illustrates fade probabilities across different frequen-
cies, further highlighting that in the downlink, fades vary signif-

Fade threshold, Fr [dB]

Fig. 5: Scintillation fade probability at
the ground station.

Time [min]

Fig. 6: Scintillation fading with a 1%
probability during a satellite contact.

icantly with frequency, showcasing up to 82% lower fade with
1% probability of occurrence at lower frequencies compared to
FSO technology. In the uplink, ground turbulence is substantial
enough to obscure any frequency-based differences in fade.
Despite the presence of scintillation fading, it is markedly
less impactful than spreading losses, included in the figure for
reference, and indicating that other channel impairments play
a more significant role in signal degradation.

Fig. 6, generated using our custom satellite communications
framework introduced in [3], showcases fade versus time during
a 6 min and 10 s satellite contact with a GS in Boston,
(42.35545, —71.06547), revealing the dynamics of scintilla-
tion on the satellite access link. The framework, developed
in Python 3.8, simulates the geometry, mobility, and orbital
dynamics of satellites, as well as the characteristics of LEO
mmWave and THz wireless directional links. The results indi-
cate that scintillation fading is minimal at the highest elevation
point of the satellite pass, while the start and end of the pass,
which require pointing at lower elevation angles, experience
the highest scintillation losses, up to 10 dB. Notably, the
scintillation loss difference between the highest elevation and
the pass’s extremities is less pronounced at lower frequencies,
with a mere 5 dB variation observed at 100 GHz.

Fig. 7 explores the effects of atmospheric turbulence on
scintillation fading for FSO and THz satellite links, com-
paring ground-based FSO links with those on airplanes at
various altitudes. The analysis, considering a 30° elevation
angle, a C2(0) 10~ of 107!, and rms windspeed
w = 20 m/s., shows a significant improvement in the perfor-
mance of airplane-satellite FSO links with increasing altitude.
Specifically, there is up to a 98% reduction in scintillation fade
at a 1 % probability for downlink scenarios at an altitude of
6 km, making the performance of airborne FSO links nearly
comparable to ground-based THz links. This improvement is
even more pronounced in the uplink scenario, with a 91%
reduction in scintillation fade at a 1% probability. These
findings suggest that airplane FSO links can be significantly
less affected compared to ground-to-satellite FSO links, and
indicate that the choice between THz and FSO technologies
for the satellite access link should be based on the specific
scenario and turbulence conditions, highlighting their potential
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Fig. 7: Comparison of scintillation fade probability at different
airplane altitudes with ground-satellite THz and FSO links.

complementary roles.

V. CONCLUSIONS

This article provides an important building block (scintil-
lation loss model over links through various altitudes) to be
integrated into next-generation THz channel models for satellite
communications that already account for spreading, absorption,
and scattering losses. Our numerical study illustrates that these
additional scintillation-related losses may vary between 2 dB
and 20 dB for THz, and hence should not be ignored. Further,
the presented comparison of the turbulence-induced losses in
THz and FSO ground-satellite communications demonstrates a
notable advantage of the former as a candidate choice for next-
generation high-rate ground-satellite communication systems.

Importantly, it is numerically illustrated that THz satellite
links are of particular interest for airplanes, as the airplane-
satellite links feature not only, as expected, lower spreading
and absorption losses [14], but also notably less profound
scintillation losses, as revealed in the present study. Last but
not least, an important novel asymmetry is revealed between
the losses over UL (e.g., ground-to-satellite and airplane-
to-satellite) and DL (e.g., satellite-to-ground and satellite-to-
airplane) that should be accounted for in the design and analysis
of future THz satellite communications for 6G and beyond.

APPENDIX A
TURBULENCE AND SCINTILLATION THEORY

A. Time-averaged Effect of Turbulence

In classic turbulence theory, the temperature, T'(x,y, 2, 1),
and index of refraction, n(x,y, z,t), in a turbulent medium are
modeled as random scalar fields. Taylor’s frozen turbulence
hypothesis [27] allows for the complete characterization of
these fields through spatial analysis alone, n(x,y,z,t) =
n(z,y,z) = n(R), given the characteristics of turbulent air-
flow motion in the atmosphere. A random field, n(R), can
be statistically characterized by the Fourier pair formed by its
three-dimensional autocovariance function, B, (R), and spatial
spectrum, ®,,(k), where K is the spatial frequency. The spatial
spectrum of homogeneous index of refraction fluctuations is

often modeled via the Kolmogorov power-law spectrum [8]:

®,, (k) = 0.0033C2E~11/3, (13)
B. Scintillation of the THz EM wave

Scintillation, the effect of atmospheric turbulence on EM
wave propagation, is modeled as random complex perturbations
of the transmitted field. If Uy(r, z) represents the unperturbed
field amplitude of a propagating wave in cylindrical coordi-
nates, u(r,z,t) = Up(r,z)e”“", the resulting field amplitude
through turbulence, U(r, 2), is:

U(I‘, Z) = Uo(l'7 Z) eXPW’l (l’, Z) + 7/’2(13 Z) + ]7 (14)
where 1;(r,z) are the complex perturbations, the z-axis is
defined by the direction of propagation, and r = (x,y). The
expression in (14) is known as the Rytov approximation to solve
the stochastic Helmholtz equation, which is derived from the
original wave equation when considering an inhomogeneous
medium, i.e., n = n(R):

V2U(R) + k*n*(R)U(R) = 0. (15)
Under these assumptions, the different statistical moments of
U(r, z) can be derived to develop a channel model of a wire-
less communications system operating under turbulence. The
second-order and fourth-order moments, also known as mutual
coherence function and cross-coherence function, provide the
essential information to characterize the received field irradi-
ance, defined as its squared amplitude, I(r,2) = |U(r,2)[%. In
particular, the average and variance of the field irradiance are
determined, respectively, by:
(I(r,z)) = (U(r, 2)U"(r, 2)) (16)

o2 (r,z) = M 1= (U )R),

where (-) denotes the ensemble average. The irradiance vari-
ance, o7, is known as the scintillation index.

Using (16) under the assumption that the index of refraction
follows Kolmogorov’s spectrum implies that, on average, the
turbulence doesn’t change the mean irradiance of the wave.

a7

C. Gamma-Gamma distribution

The Gamma-Gamma distribution in (9) is derived from
modeling the square of the first two perturbations in (14),
exp[y;(r, z)], Vie[1, 2], as Gamma-distributed modulating vari-
ables. In this way, large-scale perturbations (¢ = 1) and small-
scale perturbations (¢ = 2) are modeled as iid random variables,
given the dynamics of atmospheric turbulent air masses.
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