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Abstract—Wireless connectivity in airplanes is becoming more
important, demanded, and common. One of the largest bottlenecks
with the in-flight Internet is that the airplane is far away from
both the satellites and the ground base stations during most of the
flight time. Maintaining a reliable and high-rate wireless connec-
tion with the airplane over such a long-range link thus becomes
a challenge. Microwave frequencies allow for long link distances
but lack the data rate to serve up to several hundreds of potential
onboard customers. Higher bands in the millimeter-wave spectrum
(30 GHz-300 GHz) have, therefore, been utilized to overcome the
bandwidth limitations. Still, the per-user throughput with state-
of-the-art millimeter-wave systems is an order of magnitude lower
than the one available with terrestrial wireless networks. In this
paper, we take a step further and study the channel character-
istics for the terahertz band (THz, 0.3 THz-10 THz) in order to
map the feasibility of this band for aviation. We first propose a
detailed channel model for aerial THz communications taking into
account both the non-flat Earth geometry and the main features of
the frequency-selective THz channel. We then apply this model
to estimate the characteristics of aerial THz links in different
conditions. We finally determine the altitudes where the use of
airplane-to-satellite THz connection becomes preferable over the
airplane-to-ground THz link. Our results reveal that the capacity of
the airborne THz link may reach speeds ranging from 50-150 Gbps,
thus enabling cellular-equivalent data rates to the passengers and
staff during the entire flight.

Index Terms—Airplane communications, satellite
communications, THz channel modeling, THz communications.

1. INTRODUCTION

ODAY, terahertz (THz, 0.3 THz-3 THz) communication
I is widely considered to be one of the next frontiers for

Manuscript received September 13, 2020; revised January 2, 2021; accepted
January 28, 2021. Date of publication February 10, 2021; date of current version
April 2, 2021. This work was supported in part by the Horizon 2020, European
Union’s Framework Programme for Research and Innovation, under Grant
Agreement Nos. 761794 (TERRANOVA) and 871464 (ARIADNE), in part by
the Academy of Finland 6Genesis Flagship under Grant 318927, and in part by
the US Air Force Research Laboratory Grant FA8750-20-1-0200. The review of
this article was coordinated by Prof. J. Joung. (Corresponding author: Joonas
Kokkoniemi.)

Joonas Kokkoniemi and Markku Juntti are with the Centre for Wire-
less Communications, University of Oulu, Oulu 90014, Finland (e-mail:
joonas.kokkoniemi@oulu.fi; markku.juntti @oulu.fi).

Josep M. Jornet is with the Department of Electrical and Computer
Engineering, Northeastern University, Boston, MA 02115 USA (e-mail:
jmjornet@northeastern.edu).

Vitaly Petrov was with the Tampere University, Tampere 33720, Finland. He is
now with Nokia Bell Labs, Espoo 02610, Finland (e-mail: vitaly.petrov @tuni.fi).

Yevgeni Koucheryavy is with the Unit of Electrical Engineering, Tampere
University, Tampere 33720, Finland (e-mail: yk@cs.tut.fi).

Digital Object Identifier 10.1109/TVT.2021.3058581

, Senior Member, IEEE, Vitaly Petrov"”, Member, IEEE,
, Fellow, IEEE

future wireless systems. Data transmission over the THz band
offers at least an order of magnitude higher rates than emerging
millimeter-wave (mmWave, 30 GHz—300 GHz) communication
systems and two orders of magnitude when compared to state-
of-the-art microwave solutions [1], [2]. Hence, THz communi-
cation cannot only exceed the performance requirements for the
fifth-generation (5G) networks, but also enable many tempting
applications in the area of holographic communications, aug-
mented and virtual reality, and tactile internet [3]. While the
first prototypes of point-to-point connections over the low THz
frequencies are already appearing [4], the research community
is slowly switching its focus on studying the features of THz
links in prospective application-specific setups.

One of the attractive usage scenarios in the area is enabling
THz connectivity with flying airplanes. The aviation industry
has been growing by over 6% a year over the recent decades,
reaching an incredible figure of 4.3 billion passengers carried
in 2018 [5]. Although the current COVID-19 pandemic is mo-
mentarily slowing down the development, in the long run the
trend is expected to continue. While the average duration of
a flight is less than 3 hours, a substantial amount of flights
are longer than 7 hours. Some flights between the continents
take the even longer time up to enormous 18 hours 45 minutes
with arecently introduced route between Singapore and Newark,
USA, by Singapore Airlines. Despite the continuously increased
popularity of long haul flights, the airplane is one of the few
typical locations where the average person is used to not have
high-rate Internet connectivity.

Aiming to address this limitation, modern aircrafts are al-
ready equipped with satellite-based solutions operating in Ku
(12-18 GHz) and, recently, Ka (26.5-40 GHz) frequency bands.
Still, these systems can provide only limited service to restricted
numbers of passengers, as the aggregated traffic from over
400 users (e.g., in a Airbus A350-1000) cannot be efficiently
multiplexed into a single mmWave link. Here, the use broadband
THz spectrum provides decisive advantages, rapidly increasing
the data rate of the airplane connectivity and thus allowing all the
passengers and crew members to stay continuously connected to
their common applications and services. However, the high-rate
airborne connectivity in the THz band requires not only the
evolution in the transceiver and antenna design. Importantly,
it also demands a better understanding of the properties of
the THz signal when propagating through the atmosphere at
a high altitude. Potentially high losses at a multi-kilometer THz
link between the airplane and a satellite may even question the
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feasibility of the airborne THz communications. It will be shown
in the numerical results that the THz bands have very potential
for high altitude satellite communications. However, those re-
quire very large antenna gains and terrestrial communications
benefits from lower losses at mmWave bands. In the case of, e.g.,
handheld applications where antenna gain at the user end is very
low, the low frequency solutions are most likely the only feasible
solution. That is, the feasibility of the high frequency systems
depend on the application. High bandwidth applications will
always benefit from the higher bandwidths offered by mmWave
and THz communications with the latter having potential to
provide the extreme data rates, but only in low loss situations.

Related Work

A general model for free-space wireless communications in
the THz band was first presented in [6]. The model enables esti-
mating the path loss over a direct THz link, properly accounting
for the specific effects present in THz communications, such as
molecular absorption. The properties of the THz propagation
in complex environments have been extensively studied via
ray-based simulations [7]-[10]. For this purpose, deterministic
channel models are first built following the exact geometry of the
scenario. Then, the impact of multipath propagation is modeled
following either ray-tracing or ray-launching approach. The
approach is featured by high accuracy but limited scalability, as
even the minor modifications in the modeled scenario requires
arestart of the computationally complex ray-based simulations.
In response to this issue, mathematical approaches to model
multi-path THz communications have been proposed in [11]
and [12]. These stochastic models primarily target indoor THz
systems, where the signal can reflect from walls and other
obstacles multiple times before reaching the target receiver.

Despite the progress in understanding the key features of the
THz signal propagation, the airborne nature of the THz links
between an airplane and a satellite has its own specifics that
must be taken into account in channel modeling. The topic has
been partially covered in prior works. A simulation-based model
for THz band satellite links has been proposed in [13]. Later,
a review of weather impact on outdoor THz links has been
presented in [14]. The latter study has been complemented by
Y. Balal and Y. Pinhasi in [15], where effects of the atmosphere
non-homogeneous refractivity on mmWave and THz band satel-
lite links has been explored.

In parallel to academic research, some initial steps towards
characterizing the airborne THz links have been made by In-
ternational Telecommunication Union (ITU). Specifically, the
approach to estimate the signal attenuation by atmospheric gases
has been presented in ITU-R P.676-9 [16] while the noise levels
for different frequencies (including the THz band) have been
estimated in ITU-R P.372-13 [17].

Finally, one of the closest models to our approach — the
am atmospheric model — has been presented by S. Paine from
Smithsonian Astrophysical Observatory in [18]. The model first
characterizes the absorption losses at different altitudes and then
allows the estimation of the average effect when propagating
through several atmospheric layers by integrating the obtained
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data. There are also other models suitable for THz band line-
by-line absorption loss calculations, such as MODTRAN [19]
and ATM [20]. However, as these have not been designed for
wireless communications, they are not very agile for dynamic
loss calculations as a function of a position of a moving network
nodes. Still, these models are very accurate, but best suited
for static link calculations. For dynamic environments and user
nodes, it is more efficient to create a model that automatically
calculates the path losses and the link budget based on the
positions of the network elements.

Our Motivation and Contribution

Summarizing the related work survey, no model has been
proposed to date for airborne THz band communications that
takes into account: (i) the curvature of the atmosphere and,
consequently, (ii) the non-uniformity of atmospheric absorption
losses. Simultaneously, there has not yet been presented a de-
tailed numerical study investigating the feasibility of airborne
wireless communications via the THz band while accounting
for the above-mentioned specifics. We aim to partially fill the
gap in this article.

The main contributions of this article are thus:

1) The mathematical model to characterize the airborne THz
band communications is proposed, taking into account (i)
the features of the target use case and the deployment
geometry, (ii) the peculiarities of the signal propagation
through the atmosphere, as well as (iii) the prospective
characteristics of THz radio equipment to operate in the
airborne scenarios.

2) The illustrative numerical study is performed estimating
the performance of the data exchange between an airplane
and a satellite over the THz frequencies. Particularly, the
signal-to-noise ratio (SNR) and the mean capacity of the
airborne THz link are estimated. Our numerical study
allows to conclude that capacities of 50-150 Gbps in air-
borne THz links can be achieved using certain sub-bands
in the THz spectrum.

The remainder of this paper is organized as follows. In
Section II we detail the system model used in our study. The
specifics of the THz signal propagation are discussed in detail in
Section II-B. The channel model for airborne wireless commu-
nications in the THz band is introduced in Section III. We later
apply the contributed model in Section I'V for the received signal
quality and performance evaluation of prospective airborne THz
links. The obtained analytical results are numerically elaborated
in Section V. The concluding remarks are drawn in the last
section.

II. SYSTEM MODEL
A. Scenario Description

The general system concept is to provide high data rate
fronthaul connection to an airplane, which furthermore serves
the passengers on board and in general provides Internet con-
nection to the airplane. However, as a side product, the channel
models derived in this paper cover several use cases for aerial
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Fig. 1. An illustration of the system model considered in this paper and
the several wireless links in it. Picture of Earth by NASA/NOAA’s GOES
Project [21].

vehicle communications, as illustrated in Fig. 1. The consid-
ered application scenarios for the channel models in this paper
include: (i) airplane-to-satellite (A2S) or satellite-to-airplane
(S2A), (ii) Earth-to-airplane (E2A) or airplane-to-Earth (A2E),
and (iii) Earth-to-Satellite (E2S) or satellite-to-Earth (S2E). The
satellite-to-satellite (S2S) case is not considered in this paper due
to strong focus on modeling the molecular absorption and the
atmosphere in general. Even the low Earth orbit (LEO) satellites
lie in nearly empty space where any atmospheric effects will
be small. Therefore, the channel mainly comprises free space
loss and the antenna systems. Furthermore, although not deeply
analysed, the E2S/S2E use case is equivalent to models required
for possible THz band remote area communications.

The target scenario for the A2S and S2A channel modeling
is shown in Fig. 2. The target scenario for channel modeling
consists of an airplane at an altitude h, and a satellite at an
altitude hg from the Earth and distance 7,5 from the airplane.
The boundary of the atmosphere is 7, away from the airplane.
As the separation distance between the considered airplane
and satellite is significant, the relative speed of the airplane
is considered negligible for the channel modeling. The most
important parameters and variables are given in Table I.

B. Atmospheric Propagation in the Terahertz Band

The main phenomena affecting the propagation of THz signals
in the target scenarios are went through in the following. Those
include free space path loss and the molecular absorption loss.
Some additional loss mechanism include rain, cloud, fog, and
possible scattering losses that are briefly discussed below.

1) Spreading Loss: The spreading loss measures the fraction
of the power radiated by an isotropic transmitter at a frequency
f that an isotropic receiver at a distance r can detect. Under the
assumption of spherical propagation, the spreading loss is given
by

4 4
PLyye(f, 1) = 4 A ( CZT) : 1)

where c is the speed of light in the medium, f is the frequency,
and 7 is the distance from Tx to Rx. In our system, directional
antennas (e.g., horn lens antennas, Cassegrain parabolic anten-
nas or beamforming antenna arrays) will expectedly be utilized
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TABLE I
THE MOST IMPORTANT CONSTANTS, VARIABLES, AND PARAMETERS USED IN

THE PAPER

Constants
Constant Symbol Value
Radius of Earth R 6,371,000 m
Speed of light c 299,792,458 m/s
Standard pressure Po 101325 Pa
Standard temperature To 296 K

Variables
Variable Symbol Unit
Absorption coefficient Ka(f) 1/m
Center frequency fe GHz

Parameters
Parameter Symbol Unit
Altitude of airplane ha m
Altitude of satellite hs m
Angle to zenith 0 rad
Depth of the atmosphere Tatm m
Distance from plane to satellite Tas m
Elevation of airplane ba, rad
Elevation of satellite bs rad
Frequency f Hz
Pressure p Pa
Temperature T K

at the transmitter and the receiver to counter the high channel
losses. In that case, their directivity gain D (6, ) with respect to
an ideal isotropic emitter and detector (commonly given in dBi)
needs to be accounted for.

2) Molecular Absorption Loss: The molecular absorption
loss measures the fraction of electromagnetic energy that is
converted into kinetic energy internal to vibrating molecules [6],
[18], [22]. For an homogeneous medium with thickness r, this
is given by the Beer-Lambert law and can be written as:

PLays (f,7) = eia()r, )

where k! (f) is the absorption coefficient of ith absorbing
species (molecule or its isotopologue) at frequency f. We de-
note the total summed absorption coefficient with x,(f), i.e.,
kalf) = 4 wL():

In our system, the medium is not homogeneous, as the den-
sity of different absorbing molecules (particularly water vapor
molecules) changes drastically with altitude. In the case of
vertical paths, the absorption coefficient x, depends on distance
ko (f,r) and its variations need to be accurately computed along
the signal propagation path.

3) Scattering Loss on Aerosols: One possible loss mecha-
nism comes from the aerosol scattering. The aerosols are small
particles suspended by air, such as dust, ice particles, pollution,
etc. Those are modelled by the Beer-Lambert law and therefore
can theoretically cause significant losses over long distance
links [23]. However, as it was shown in [23], the THz frequencies
require rather large particles to cause significant losses. On Earth
this is possible, e.g., in very dusty conditions, but in general this
is not a problem at higher altitudes. The possible losses on clouds
can be handled as shown below. For the sake of tractability, we
ignore these losses in the further study.

4) Rain and Cloud Losses: Additional attenuation may be
caused by adverse weather conditions in A2A, A2S, and S2A
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scenarios. The ITU-R provides rain [24] and cloud/fog [25]
attenuation models. Those are detailed in Section III-C. It should
be noted that the cloud attenuation is formally valid only up to
200 GHz frequencies [25]. Furthermore, the cloud densities,
cloud thicknesses and rain rates vary greatly depending on the
type of the cloud, and the probability of different types of clouds
vary geographically. However, in any case the Earth to airplane
or satellite paths experience added path losses ranging from few
decibels up to tens of decibels in the presence of clouds and
depending on the weather in general. In the further, we note
the rain and cloud losses with the distance-dependant variables
ORain(77) and dcioua (7 ), respectively.

III. ATMOSPHERIC PATH LOSS MODELING

In this section, we derive the path loss for the above aerial
use cases. As highlighted in the previous section, the main
challenge arises from the non-uniform molecular absorption
coefficient through the atmosphere. The density, temperature,
and molecular composition of the atmosphere depend on the
altitude. This section gives the dynamic molecular absorption
loss coefficient valid at any altitude by taking into account
the impact of atmospheric parameters on the absorption line
calculations. After that, we go through the transmission path
geometry of slant paths through the atmosphere. Table I gives
the most important constants, variables, and parameters utilized
in this paper.

A. Non-Homogeneous Molecular Absorption Loss

Traditionally the channel modeling for the THz frequencies
has been considered for terrestrial communications. When mov-
ing to higher altitudes, the homogeneous assumption for the
line shape functions is no longer valid. We can also utilize
meteorological data to take into account the global variations

The system geometry for the angles and distances in the airplane to satellite system. Picture of Earth by NASA/NOAA’s GOES Project [21].

in water vapor content as a function of latitude, longitude, and
altitude. Those will be discussed briefly in conjunction with the
numerical results. Similarly, when moving to higher altitudes,
mixing ratios of the molecular species change and this has to be
taken into account for accurate molecular absorption modeling.

The line-by-line absorption model and the parameters re-
quired for different altitudes is presented in Appendix. Putting
the absorption loss model therein together, the altitude depen-
dent absorption coefficient becomes

K% (o p(hatm)s T (hatm))

_ p(halm)ﬂiNA

RJ%MSWWWWWM%QH%MJS

where p(hym ) is the pressure, N 4 is the Avogadro constant, R,
is the gas constant, S*(T(hym)) is the line intensity, 7 (ym)
is the temperature, F*(f, p(ham), T (ham)) is the absorption
line width. The altitude hyy, is directly having impact on
the pressure and temperature and it is indirectly affecting
on the line-by-line parameters presented in Appendix depending
on the altitude. The distance through the atmosphere is handled
by the integration over the total molecular loss in the atmosphere
and is given in the next section. The line width in the above
equation is

F'(f,p(hatm), T (Pam))
F\i/VH(f7p(hatm)7 T(hatm>)7 if~ai >> oﬂb’

= q Fp(f. T(ham)), ifal <<ab, @
FU(f.pham) T(haw), i, = ol
where  Fy 1 (£, p(ham), T(ham)),  FhH(f, T (ham)), and

Fi(f, p(ham), T (ham)) are the Van Vleck-Weisskopf, Doppler,
and Voigt line shape functions, respectively, and o and o,
are Lorentz and Doppler line half widths (half width at half
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Fig. 3. System geometry on the angles of the transmission path through the
atmosphere. Picture of Earth by NASA/NOAA’s GOES Project [21].

maximum). The Lorentz line shapes are utilized in high
pressure environment and the Doppler line shapes in low
pressure environment. These are explained more deeply in
the Appendix. Notice that the altitude defines the pressure,
temperature, and other parameters utilized in the calculation
of the absorption coefficient. As a consequence, the line shape
function requires a dynamic algorithm that defines the correct
line shape for every possible set of pressure, temperature, and
absorption line center frequency. This can easily be done in
the line-by-line algorithm by calculating and comparing the
Doppler and Lorentz absorption line half-widths.

B. Transmission Path Geometry

The general system geometry is shown in Fig. 2. The usual
way to model the atmosphere is to assume plane parallel atmo-
sphere. By assuming flat surface, the geometry of the system
is significantly simplified. However, when talking about appli-
cations where the entire atmosphere is penetrated, the plane
parallel assumption overestimates the thickness of the atmo-
sphere. The impact is the higher the lower is the angle to the
surface. In order to rectify the problems with the plane parallel
model, in this work we model realistic curving atmosphere. In
such setting, the problem becomes with ever-changing angle to
the zenith (and to the elevation angle 1)) as shown in Fig. 3.
This problem can be modeled geometrically by utilizing the
geometry shown in Fig. 2. In this figure, R is the Earth’s radius,
h, is the altitude of the airplane, b is the Earth’s radius plus
the total thickness of the atmosphere, hs is the altitude of the
satellite, ¢, is the elevation of the airplane, ¢ is the elevation of
the satellite, r,s is the distance from the airplane to satellite,
and 7, 1S the most interesting parameter, i.e., the distance
through the atmosphere from the airplane to the boundary of
the atmosphere. This latter distance is important because of
the molecular absorption that depends on the altitude and the
constantly evolving line parameters as the altitude changes. It
should be noted that the elevation herein means an arbitrary angle
that is used to define the geometry between the Earth, airplane,
and the satellite. Herein, it is bound to the latitude to illustrate
the angles easily. However, in the case of moving airplanes,
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the angular differences have to be bound to both latitude and
longitude based on the real locations of the network elements.

The main difference of the curving atmosphere to the plane
parallel atmosphere comes from the dynamically changing at-
mospheric parameters depending on the altitude. This is shown
in Fig. 3. Distance from the airplane to satellite is given by the
law of cosines

Tas = \/(R + hy)?

¥ (R+ )2 —2(R + ha)(R + hy) cos(p),

)

where R is the radius of Earth, h,, is the altitude of the airplane,
hs is the altitude of the satellite, and p is the angle between
the airplane and satellite looked from the center of the Earth.
This angle is obtained as subtraction of the elevation angles,
i.e., p = |pa — ¢s|, where ¢, is the elevation of the airplane and
¢ 1s the same for the satellite. See details on these variables in
Fig. 2. The distance from airplane to imaginary line from Earth’s
core to satellite is calculated as

= (R + hq)sin(p). (6)

Then the angle between the satellite and the airplane, looked
from the satellite, is obtained from the two as

a:sinl<a). %)
T(J/S

The angle between line from Earth to airplane and the line from
airplane to satellite is give simply by

e =180 — a — p,

®)

which is also equivalent to € = ¢ + 90° where ) is the elevation
angle of transmissions path from airplane to satellite. These
angles also directly give the transmission angle with respect
to zenth as § = 180° — ¢ = 90° — 7). Now we have everything
we need in order to calculate the distance from airplane through
the atmosphere 7,y,. This can be calculated from the triangle
suspended by R + h,, distance from the core of the Earth to
boundary of the atmosphere b, and r,y,. Let us first calculate the
corner angles of this triangle. We can obtain angle ¢ from law

of sines
5= sin! (U*+h)w“)).

5 (C))

Then we can obtain last angle as n = 180° — € — ¢. Finally we
can obtain the distance through the atmosphere 7, with the law
sines as

bsin(n)
sin(e)

(10)

Tatm =

On the other hand, we could also solve r,, with the law of
cosines and the quadratic formula as

Tam = (R + hy) cos(e)

+ 5 J

2(R+ hg)cos(e))?

—A((R + ha)2 — b2).
(11)

Both of these expressions for 7,y are equal, but the former gives
perhaps a bit more compact way to calculate the angles and the
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distances. Finally, in order to fit this new approximation for the
length of the atmosphere to the transmittance, we need to take
a derivative of it. The reason is that the absorption coefficient
changes as a function of the altitude, but does not depend on the
total distance. Therefore, we need to manipulate the space over
which the total absorption is calculated. That is, we multiply the
absorption coefficient by d/dr(r,m) instead of sec(#) as in the
case of plane parallel atmosphere. Then,

ry
- j Ka(.fw"‘z\tm)dralm
= "l

- ‘yfzna(f,'r‘) %rmmdr
T(fir)=en

The difference between the plane parallel assumption and
the proposed model is shown in Figs. 4 and 5. In computer
simulations/models, we are forced to discretize the parameters
due to utilization of the data bases to obtain the parameters
and since the computer inherently handles only discrete data.
Then we also have to discretize the atmosphere into equally
spaced layers. In the plane parallel atmosphere, the distance
through each layer is same at all altitudes due to the simple
geometry. In the geometry given above, the discretization leads
into non-equal propagation distance through the layer depending
on the altitude and the angle of penetration due to curvature of the

12)
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atmosphere. It can be seen in Figs. 4 and 5 that the vertical path
through the atmosphere is exactly the same for both model as
they should be. Notice that the atmosphere has been calculated
up to 500 km altitude where it is already very thin and does
not contribute much on the propagation anymore. Fig. 4 shows
the propagation distance through a single 500 m layer (500 m
resolution accuracy) at 38.2° angle from the ground. As stated
above, the layer altitude has impact on the dynamic distance
through the atmosphere. Thus, the plane parallel assumption
tends over estimate the layer thickness. The problem is the worse
the lower is the angle through the atmosphere. This is well visible
in Fig. 5, which shows the total distance through the atmosphere.
As the molecular absorption is dependent on the propagation
through molecular medium, the plane parallel assumption may
greatly overestimate the total absorption loss. The next section
looks into derivation of the absorption coefficient k,(f,r) as
the geometry of the propagation is one important issue, and the
second important aspect are the parameters fed into the model.

C. Total Path Loss

By combining (1) with (12), the total path loss can be written
as

_ (47TTas.f)26Rain(rT)5Cloud (T‘C) Ji2 Ea(foram)dram
PL(f,r) = c2Gx (01x) Gy (Orx) ’ ’
(13)

where G (01x) and Gy (0rx) are the Tx and Rx antenna gains
towards directions Orx and gy, respectively, and Opgn(7-) and
dcioud (7¢) are the channel gains due to rain and cloud losses,
where r,. is the distance through the rain and r, is the distance
through the cloud/fog.

The rain loss is given by [24]

5Rain,dB (TT) == kR? Teff, (14)
where k£ and « are parameters tabulated in [24], R, is rain rate
(mm/hr), and 7 is the effective distance that is a multiplication
between the actual distance r,- and a distance scaling factor. This
scaling factor is detailed in [26, Sec. 2.4.1]. The cloud loss is
given by [25]

Ocioudds(Te) = KiMr,, (15)
where K is the specific attenuation coefficient and M is the lig-
uid water density (g/m?) in cloud or fog. It should be noticed that
the above losses are specified in the ITU-R recommendations in
decibel scale (hence the dB-subscript in the above equations).

More details on the parameters for these models can be found
in [24] and [25].

IV. RECEIVED SIGNAL POWER

In order to calculate the SNR and subsequently the channel
capacity of the links under study, this section studies the prop-
erties of the received signal including the noise.
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A. Total Received Signal Power

The received signal power spectral density Y at the receiver
is given by

Y(f,r) = X(f)PL(f,7) + N(f,7),

where X (f) is the transmitted signal power spectral density with
total power Pry = [, X(f)df and W is the signal bandwidth,
PL(f,r) is the total path loss given by (13), and N (f, r) refers
to the total noise power spectral density. As we discuss next,
the calculation of the noise at THz frequencies is a non-trivial
process.

(16)

B. Noise

The last piece of the puzzle before calculating the SNR is
the noise. The noise is an interesting problem in THz band
since the molecular absorption process introduces additional
antenna noise due to atmosphere acting as black body radiator,
i.e., the atmosphere emits radiation according to the Planck’s
law. Atregular atmospheric temperatures, the atmospheric black
body radiation begins to contribute significantly around sub-THz
frequencies. This can be modelled via antenna brightness tem-
perature. There are two options: at lower frequencies, where
hf < kT, the Rayleigh-Jeans law can be utilized [27]. At
higher frequencies, this model suffers from so called ultraviolet
catastrophe, i.e., it gives infinite overall black body energy due
to ever-increasing energy as a function of frequency. The second
option is to use Planck’s law, which is accurate everywhere, and
is given as [27]

3
%- a7
A(eFT —1)

Bf(fvT) =

Then the brightness temperature becomes

hf
eFET@ — ]

~1
Tb = —fln 1 +

kp 1 —exp(— [ Ka(f, Tam; 2, T)dram) )

(18)

where T is the average temperature, or temperature profile

of the atmosphere and the last term comes from the derived

channel model and 1 — exp(— [1'* #a (f, Tam, P, T)dram) gives

the emissivity of the atmosphere. Though the Raleigh-Jeans law

can be used in the low THz band, our model used the more

accurate Planck’s law to determine the brightness temperature
of the atmosphere.

Besides the atmospheric noise, the thermal noise at the re-
ceiver needs to be taken into account. The thermal noise begins
to decrease at the THz frequencies due to quantum effects at
very low temperatures, or very high frequencies, i.e., when
hf > kpT. At this region, the probabilities of the higher en-
ergy states of the molecules/atoms become smaller and smaller,
making the thermal noise smaller and smaller with respect to
the one predicted by simple kg7 [28]. Taking into account the
total noise power degradation, the thermal noise power density
with receiver noise figure N (in dB) becomes

Nr(f,Ny) = kBT/r](f)loNf/lO
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= ky hf/ksT 10N /10
exp(hv/kpT) — 1
h
— f 10Nf/10’ (19)

~ exp(hv/kpT) — 1

where function 7(f) takes into account the noise power re-
duction. However, 7( f) does not play crucial role in the THz
communications, since the transition when quantum of energy
exceeds per Hertz thermal noise power occurs at 6.168 THz
at 296 K temperature, i.e., when kg1 = hv. Therefore, the
noise reduction is modest, up to few dBs at 10 THz frequency.
Considering the fact that the THz band systems are envisioned
to be extremely wide band systems, there is far more noise than
in the conventional systems, mainly contributed by the large
thermal energy of the wide band systems.

Finally, the total noise power spectral density at the receiver
becomes:

N(f) =B¢(f,T) + Nr(f, N¢)-

The total noise power can be then obtained by integrating N
over the receiver bandwidth, W in our model.

(20)

C. The System SNR and Capacity

Taking into account the noise and the path loss from above,
the SNR becomes

X(f)PL(f;7)

SNR(f,r) = , (21)
=N
and the corresponding Shannon capacity is
C(r) = / log, (1 + SNR(f, 1)) df. 22)
w

V. NUMERICAL RESULTS

In this section, we evaluate the expected path losses and link
performances based on the above channel models.

A. Parameters for the Channel Model

One important factor in modeling the atmosphere is to model
the altitude dependent parameters correctly. Those are mainly
the temperature and pressure, and volume mixing ratios of
different molecules. All these vary quite a bit as a function
of altitude. For this work, we utilized the 1976 US Standard
Atmosphere [29]. The corresponding temperature and pressure
as a function altitude is given in Fig. 6. The volume mixing
ratios of common molecules is given in Fig. 7. Interestingly, the
volume mixing ratios of the molecules remain roughly the same
to the sea level up until 86 km altitude, after which they start to
vary to each other. The pressure, temperature, volume mixing
ratios, and ground level humidities are shown in Figs. 6 to 8.

If one is interested modeling applications close to ground
level, the global average humidities and the ground height has an
impact on the molecular absorption loss. This mostly depends
on the elevation angle, but also in the exact location in some
cases. Fig. 8 shows the average humidity around the world (left)
and the ground height (right). The data for these were obtained
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Fig. 7. Volume mixing ratios of different molecules as a function of altitude.

from NASA/GMAO MERRA?2 reanalysis data [30]. From [30],
one can find large datasets of atmospheric data, including global
humidity data at different time scales and much more related to
global weather and climate.

The rain and fog attenuations were shortly discussed above.
In the real atmosphere, we do not always have clear weather and
additional losses by clouds and rain impair the link performance.
These are the mostly affecting low altitude communications,
below few kilometer heights. As such, they have small impact
on A2S and communications while at the typical flight heights.
However, some losses by clouds can also exist at very high
altitudes. For the take off and landing phases these may have
an impact, and also in the G2A use case.

In the below example shown in Fig. 9, we assume a typical
nimbostratus cloud, which is roughly one kilometer thick and
has a cloud bottom height of 0.7 km [31]. The cloud density
is assumed to be 0.5 g/m?, which is close to a typical density
of a nimbostratus cloud [31]. The rain rate is assumed to be
5 mm/hr, which corresponds to a moderate rain. Figure 9 shows
the impact of the clouds and rain with the above assumptions
for a slant path and path angled at 45 degrees. The angled path
therefore increases the path lengths inside the rain and clouds by
sec(d = 45°), or v/2. We can see that the losses vary from few
decibels to few tens of decibels. Depending on the frequency
and other losses, this may cause problems in signal reception
and should be taken into account in the link budget consider-
ations. However, as mentioned above, the rain and cloud/fog
attenuations are mostly affecting low altitude communications,
such as E2A communication scenario.
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TABLE I
THE SIMULATION PARAMETERS USED IN THE NUMERICAL RESULTS

Parameter Symbol Value
Transmit power Pry 1w
Transmission bandwidth w 5 GHz
Noise figure Ny 10 dB
Antenna diameter at airplane da 0.5 m
Antenna diameter at satellite da 1.0 m
Aperture efficiency Ae 70%
Elevation difference p 0-12.5°
GEO orbit hs 35,786 km
LEO orbit hs 500 km
Ground level temperature T 288.15 K
Ground level pressure p 101325 Pa

The simulation parameters for the rest of the numerical results
are given in Table II unless otherwise stated. The antenna gains
are calculated with a parabolic antenna equation

G(f) = A, (”d‘“)

where A, is the aperture efficiency, and d 4 is the diameter of the
antenna. We can see that the antenna gain increases to square
of frequency for fixed size dish when increasing the frequency.
Adding dishes at both ends of the link, the ideal gain of the
antenna gain can be very large and even overcome the electric
size of the antenna visible in free space path loss equation
(A% /4m). In the low absorption loss region, for fixed distance,
the SNR can therefore theoretically get better when increasing
the frequency. This is also shown later in the SNR calculations.

The parabolic antennas have advantage of providing a lot gain
in relatively compact package than can be mounted on fuselage
of the airplane. Such antennas require an aerodynamic cover
to protect the antenna and to interfere as little as possible with
the overall aerodynamics of the airplane. The downside is the
need for physical beaforming that limits visibility of all the paths
and restricts the maximum beamforming angles to at most the
horizon with respect to the antenna mount, but most likely less
to keep the antenna profile low. If there is a downward link, a
separate antenna is required at the bottom of the fuselage.

The transmission power was chosen to be modestly low to take
into account the fact that at the moment generating a lot of power
in the THz band is difficult. The bandwidth is chosen to be rather
low to decrease the noise bandwidth, which is very important de-
sign aspect for the prospective long range THz communications.
What is the large enough bandwidth that justifies the THz band,
but keeps the noise floor small enough. The antennas are typical
parabolic antennas with 70% aperture efficiency. To show the
impact of the angular differences between the satellite and the
airplane, we utilize 0°, 6.25°, and 12.5° elevation differences
between the two. At GEO orbit being at 35 786 km height and
LEO orbit at 500 km height, those correspond to 0—14.7° angle
(14.7° at 0-20 km altitude for 12.5° elevation difference) from
the zenith at airplane to GEO satellite and 0-78° degree angle
for the LEO orbits (58.5-77.2° zenith angle at ground level and
59.6-78.0° at 20 km altitude). These correspond to angles from
the horizon of the airplane to satellite varying from 12-90°. These
elevation differences correspond to link distances in S2A to vary

(23)
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from about 500 to 1526 km for the LEO orbit at 500 km altitude
depending on the airplane altitude (that is rather small compared
to the total link distance), and 35 786 — 35 964 km for the GEO
orbit.

B. Path Losses

Figure 10 shows the path loss from airplane to satellite for
an airplane at 11 km altitude as a function of frequency. The
path losses are shown for a geostationary Earth orbit (GEO,
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Fig. 11. Path loss from airplane to satellite for 500 km LEO satellite as a
function of frequency and airplane altitude.

~36 000 km) and for a low Earth orbit (LEO) at 500 km altitude.
The path losses have been calculated for zenith path and for
elevation differences 6.25—12.5° through the atmosphere for the
LEO orbit, and 12.5° elevation difference for the GEO due to
smaller differences between the path losses between different
angles. The LEO connection suffers more from the angled paths
due to the path loss by absorption has more relatively higher
impact on the shorter paths. The GEO path loss is dominated
by the FSPL and the absorption does not have a that large
impact on the total path loss. We can see that the path losses
are considerable. Those range from about 190 to 260 dBs
disregarding the absorption peaks that are much higher. This
means that the required antenna gains need to be very high,
but at the same time, the bandwidths need to be low enough
to keep the noise level down and to avoid the absorption peaks.
Considering fixed aperture antennas, the antenna diameters need
to be in the order of 0.5-1 meters to provide enough gain in
the ideal case. Furthermore, LEO path loss towards zenith as
a function of distance and frequency is given in Fig. 11. This
figure shows that the FSPL dominates vast majority of the high
altitude links with molecular absorption loss increasing towards
the high frequencies and the lower altitudes. This implies that
the A2S/S2A links provide the best performance at the higher
flight altitudes as it will be shown later.

The path losses from Earth to airplane as a function of airplane
altitude are shown in Figs. 12 and 13 for a frequency range from
100 GHz to 1000 GHz. The latter figure assumes LEO height
of 500 km. Any frequencies above 1000 GHz are effectively
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blocked due to high absorption loss close to Earth. We can
see that the below 380-450 GHz frequencies are utilizable
for airplane communications from the ground. However, the
losses remain high and partially so due to high FSPL at high
frequencies. This also means a certain type of a bottle neck
for feeding the satellites. The airplane to satellite links suffer
less from the atmospheric loss and could theoretically utilize
higher frequencies that than the Earth to airplane, or Earth
to satellite links. This potentially opens a door for frequency
division between ground to satellite and air to satellite links.
However, this is also dependent on the capacity requirements,
and hardware limitations. The latter is a major problem at the
THz frequencies and potentially considerable losses have to be
expected from inefficiency of them. In this paper we do not
consider those, as the development of the THz band hardware
is still a major research topic and relatively poorly understood
from the viewpoint of realistic system and link performance.
It should still be kept in mind that more losses are expected
compared to pure atmospheric losses due to rain, clouds/fog,
and other possible mechanism, such as the scattering loss.
Airplane to airplane path loss for a 100 m link is shown in
Fig. 14 as a function of altitude and frequency. As expected, the
path loss decreases with altitude and makes the communications
more simple. Above 10 km height, the loss is mostly comprised
of the FSPL disregarding some spikes in the spectrum. This is
also shown in Fig. 15, which shows the path losses per kilometer
link on ground level and at 11 km height. As a reference,
the antenna gains for 0.5 m diameter dish antenna (’airplane
antenna’) and 1 m diameter dish antenna (’satellite antenna’)

Path loss from Earth to airplane as a function of airplane altitude and
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are also shown. It should be noticed that the airplanes in general
fly far away from each other and 100 m distance would be
considered very dangerous. The airplane to airplane links do not
have many use cases in civil aircrafts, but would be potential for
military applications and in drone-to-drone applications. Also,
these figures are applicable to on Earth communications due to
varying land height. On a general note on the high frequency
links, the THz band offers a natural protection against third
parties to listen to the data traffic as the FSPL and atmospheric
losses kill the signals over long distances in the lower atmosphere
as seen in Fig. 12 and 14.

C. SNR and Capacity

Based on the path losses, we can estimate the performance
of the extremely long links. Figure 16 shows the path losses
from A2G and S2A (or G2A and A2S) as a function of the
airplane altitude for 660 GHz and 940 GHz center frequencies.
The satellite is on LEO orbit at 500 km height and we show
results also for 12.5° elevation difference. As it can be expected,
there is a crossover altitude for the lower loss connection di-
rection. This crossover point depends on the frequency and the
elevations of the airplane and the satellite, but suggests that the
best way to provide THz connectivity would be to have both
links available. During the mid-flight, the satellite link provides
better connectivity. Considering that the use of electronic devices
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is not allowed during the take off and landing, the satellite link
alone would be enough for the passenger use. These crossover
altitudes are approximately 1.85 km (at p =0°) and 3.3 km (at
p =12.5°) for 940 GHz frequency and 2.5 km (at p = 0°) and
4.15km (at p = 12.5°) for 660 GHz. It should also be noticed that
the calculation herein does not take into account the movement
of the airplane that would have more severe impact towards
ground since the link distance is much lower that towards the
satellites. The true path loss towards the ground would therefore
also depend on the available ground stations and their locations,
which would increase the distance and the path loss, most likely
very significantly rendering the low altitude communications
challenging. Especially with physical beam steering that is not
as agile for handovers as electronic beamsteering techniques.
Figure 17 provides the capacity figures for the calculated
minimum path losses in Fig. 16 assuming 1 W transmit power,
5GHz bandwidth, 10 dB noise figure, and 0.5 m dish antenna
at airplane and 1 m dish antenna at satellite and ground. With
these figures, The link budget is formed of the 30 dBm transmit
power, -67 dBm noise floor, uplink antenna gains of 69.2 dBi
72.3 dBi for 660 GHz and 940 GHz frequencies, respectively,
and downlink gains of 75.2 dBi and 78.3 dBi for 660 GHz
and 940 GHz frequencies, respectively. Combined with the path
losses in Fig. 16, the resultant SNR figures on some specific
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points are given in Fig. 17. The capacities can exceed 150 Gbps
at close proximity to Earth station. Mid-flight capacities ranging
from 55-70 Gbps can be achieved. Interestingly, whereas the
940 GHz band performs worse close to Earth, it gives increased
capacity at higher frequencies compared to 660 GHz band. This
is attributed to the higher antenna gains at higher frequencies.
This is an interesting results that shows good potential of very
high frequencies for A2S scenarios even if usability of close
to 1 THz frequencies and beyond are difficult on surface level
due to very high path loss. The capacity and SNR figures
herein are remarkably good considering the high path losses.
Theoretically, the calculated SNRs would be able to support very
high modulation orders. In the reality though, additional losses
should be expected and combined with possible adverse weather
conditions, the real average SNRs would be lower. However,
these are very promising figures for the future ultra-high distance
THz communications.

The expected SNR as a function of altitude and frequency for
A2S link to GEO orbitis givenin Fig. 18. As aconsequence of the
fixed apertures, the effective antenna gain increases to the square
of the frequency per antenna. This is seen as one of the potential
source to compensate the high losses in the channel; It will be
easier to make electrically large antennas at THz frequencies
that significantly increase the antenna gains [32]. As the antenna
gains at both ends of the link increase to square of the frequency
according to (23), this translates into increasing SNR as a
function frequency in Fig. 18 as the free space path loss increases
to the square of frequency. The SNR is further increased by the
altitude of the plane due to before mentioned lower absorption
loss at high altitudes. In the real world, the antenna losses
and power generation become more difficult when moving to
higher frequencies. This can be expected to decrease the overall
transmission performance at higher frequencies. However, the
ideal results herein have shown great potential with room to
move even with higher expected losses. Figure 18 also shows
the SNR limits of some modulation methods for 106 target BEP
values for 1 GHz bandwidth signal. Namely, for 16-QAM and
BPSK. As expected of the long distance links in the THz band,
the usable modulation orders remain modest to ensure good BEP
performance. It should be noted that the BER values are pure
physical layer BEPs and do not take into account coding. Thus,
the actual BERs would be better with lower overall throughput
due to coding overhead.

Whereas the overall picture favor the higher frequencies be-
cause of theoretically higher achievable antenna gains, the reality
is that the hardware imperfections would most likely decrease
the performances as the frequency is increased. However, the
results herein show great potential for the THz frequency band
for long distance communications. There are many obstacles
ahead to realize these types of systems. Most notably in the
hardware side, but with time and leaps the THz communications
has taken during the past few years, these frequencies will truly
be conquered in the near future. This also then opens doors
for wide range of multiple scales of communications on these
frequencies. As an example, to provide high speed satellite
communications for the airplanes.
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VI. CONCLUSION

We presented a channel model for airplane communications
in the THz band in this paper. The results show that the path
losses in airborne links are very high, as it can be expected
from an extremely high distance links operating at very lossy
THz frequencies. However, if the antenna apertures are high,
potentially very large antenna gains can be achieved. Regardless
of the very high path loss, airplane to satellite, and airplane
to airplane communications are perfectly possible on rather
wide spectrum. The Earth to satellite or airplane case is more
demanding due to high absorption loss close to Earth. This may
limit the Earth communications to below 380 GHz frequencies.
In practice, the 100-300 GHz frequency bands are in any case the
first frequencies to be commercially utilized in the near future.
Possible weather impacts will decrease the signal levels, and
increasingly so at higher end of the THz band. The frequency
regulation, on the other hand, will limit the full utilization of the
THz frequencies in the space applications due to protection of the
passive Earth observation services. Although it is often said that
the THz frequencies are only for short distance communications,
they also have great potential in long distance applications. This
is especially the case in space where the atmosphere causes
less channel losses. The numerical results herein showed that
the THz band is a very promising platform for high capacity
links, especially when the applied in high atmosphere. The main
outcome of this paper were the LOS channel model for high
distance THz communication links and a feasibility analysis of
the THz band for those. The future work will leverage the results
by studying real flight paths in simulation models with cloud
coverage and global weather. Based on the results in this paper,
the real flight paths will offer very good performance during the
mid-flight at high altitudes. The take-off and landing are the most
challenging parts of the flight to provide feasible capacity, but on
the other hand those are the times when electronic devices need
to be in offline mode. Therefore, the future of high frequency
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communications to bring maximum capacity for the airplanes
looks really bright.

APPENDIX

We give the derivation of the molecular absorption coefficient
in different atmospheric conditions below. The absorption loss
was described Section II-B and it depends on the link distance
and absorption coefficient. The latter depends on pressure, tem-
perature and molecular composition as

Ka(f) = Nioi(f), 24)
where N; is the number density and o; ( ) is the absorption cross
section of the ¢th absorbing species. The number density N, for

the absorbing species ¢ can be estimated by the ideal gas law [6],
(18]

_pT _pTo po
=L 0 e =2

z o . Na,
p T po T RyT,"

Na (25)

__r_ .
- R,
where po and T are the standard pressure and temperature
(101 325 Pa and 296 K, respectively), p is the pressure, 1" is
the temperature, p; is the volume mixing ratio of absorbing
species i, R, is gas constant (R, = kg N 1), kp is the Boltzmann
constant, N 4 is the Avogadro constant and ng = poNa/(R,Tp)
the number density of the molecules in standard pressure and
temperature.

Different molecules have specific abundances in atmosphere.
In addition, the different isotopologues of the molecules have
their natural abundances [6], [18]. We have included all the abun-
dances of molecules and their subspecies into the variable ;.
The abundances of atmospheric molecules and the other parame-
ters for line-by-line calculations can be found in high-resolution
transmission molecular absorption database (HITRAN) [33].
Other similar models to HITRAN, such as GEISA [34] and
JPL [35], also exist.
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The absorption cross section o;(f) is calculated as a prod-
uct of spectral line intensity S*(7T) and spectral line shape
Fi(p, f,T) (o;(f) = SYT)F(p, f,T)). The absorption cross
section gives the effective absorption area for a single particle.
The spectral line intensity gives the absorption strength of the
spectral lines and spectral line shape gives the shape of the
absorption lines. The line shape is normalized so that the inte-
gration over the line shape equals unity [36]. It should be noticed
that line intensity depends only on temperature and line shape
depends on frequency, pressure and temperature. For simplicity,
we will use notation F*(f) for line shape, as the line shape is
calculated for each line center f¢. In order to calculate the line
shape F*(f), the resonance frequencies f? of the line centers
f& must be calculated first. The resonance frequencies increase
from zero-pressure position f¢ according to [6], [22]

fi=fi+s; pﬂ (26)

0
where J; is the linear pressure shift.

Even though the absorption process is discrete in frequency
domain, the individual absorption lines are spread due to colli-
sions between the molecules (Lorentz broadening), as well as
because of the velocity of the molecules (Doppler broadening).
The pressure broadening can be expressed with Lorentz half-
width aiL (at pressures higher than 10 kPa [22]). This can be
obtained from foreign and self-broadened half-widths a{; and
a respectively by [18], [22]

4 , T\
al = [(1— po)a + piad)] (;) (;) ; (27)

where 7y is temperature broadening coefficient. Self-broadening
is caused by the collisions between molecules of the same
species, while foreign-broadening is due to the inter-molecular
collisions. The coefficients -, a(’; and af can be obtained from
the line catalogues.

At high air pressure, Lorentzian line shapes are utilized [37].
The most familiar of those is the Lorentz line shape [18], [38]

1 at
T (f £ [+ (e} )
This was enhanced by Van Vleck and Weisskopf in 1945 [38]

and the Van Vleck-Weisskopf asymmetric line shape is defined
as [38]-[40]

Fi(f£f)= (28)

i £\ i i i i
Fyyw(f) = <ﬁ [FL(f = O+ FL(f+[). 29
The Van Vleck-Weisskopf line shape with far end adjustments
can be obtained as in [22]

itanh( hy

2kpT

~ Fé tanh (o224

[FL(f = fo) + FL(f + f2)l,

(30)
where h is Planck constant. This line shape has also been referred
to as Van Vleck-Huber line shape due to derivation by Van Vleck
and Huber [39]. In reality, the differences between these line
shapes are rather small in the THz band and the choice of one
over another does not produce large error.
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At low pressures (below one kPa), i.e., in the higher altitudes,
the Doppler broadening becomes the most significant broaden-
ing mechanism and it causes a Gaussian line shape [22]. The
Doppler broadening half-width can be expressed as

; i [2log(2)kpT
o= e _— 31
ap c micz ) ( )
where m; is the molar mass of the absorbing species i. The

Doppler line shape can be obtained as

/10 — 12 (o)

The important thing here is which line shape to choose in
the case of paths that penetrate vast vertical distances in the
atmosphere. As we move from lower altitudes to higher alti-
tudes, we need to decide which line shape is the appropriate
one for calculating the line shape. In the transition zone, i.e.,
where Doppler and Lorentz half widths are comparable, one
should utilize Voigt line shape [37]. This can be obtained as a
convolution of the Lorentz and Doppler line shapes by

N exp(—t*)
Vrap map Jis [Lle — 42 4 (52)

ap

(32)

1 1at

Fi(f) dt. (33)
In our calculation, we utilize Voigt line shape for those lines that
have Doppler and Lorentz half widths within five times of each
other. Otherwise, the dominant line shape is utilized, i.e., the
one that produces larger line width.

The line intensity S can be obtained from HITRAN database
for reference temperature 7 = 296 K, but it has to be scaled for
the other temperatures with [41]

heBY hfi

i .Q(Ty) e FBT) [ 11— rET)
S (T) = S() Q(T) heRt ¥ (34)
6(7 kB%(;) 1 —6(7k3i‘0

where E? is the lower state energy of the transition of absorbing
species 7. Notice that we utilize HITRAN database where the
lower state energies have been given in the units 1/cm. Thus, the
multiplication of E with he. The partition function Q(T') and
its definitions can be found in [41, Appendix A].
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