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Abstract – Recently, Terahertz (THz) band communications at various atmospheric altitudes have been studied due to 
larger bandwidth availability and reduced water vapor concentrations at higher atmospheric altitudes as compared to sea 
level. In this paper, as special cases of 6G aerial communication networks, we consider: (1) Low Altitude Platform‑to‑High 
Altitude Platform (LAP‑to‑HAP), (2) HAP‑to‑HAP, and (3) HAP‑to‑Satellite (HAP‑to‑SAT) GHz‑to‑THz broadband communica‑ 
tions over (1‑1000) GHz by analyzing total path loss and total usable bandwidth. For obtaining realistic absorption loss at 
practical altitudes, we employ the International Telecommunications Union’s (ITU) model using the standard weather pro ile. 
We consider four practical carrier frequencies offering low absorption loss values i.e., 𝑓1 = 0.140 THz (D band: 110–170 GHz), 
𝑓2 = 0.300 THz (275–325 GHz), 𝑓3 = 0.750 THz, and 𝑓4 = 0.875 THz for analyzing total path loss. Numerical results show that 
due to improved atmospheric conditions particularly above 23 km altitudes, increasing the Rx‑HAP altitude in HAP‑to‑HAP 
communications promises a lower total path loss of up to 7.7 %, even at the cost of an increase in the Tx‑Rx‑HAP distance from 
1 km to 34 km, promising Tbps rates for 6G non‑terrestrial communications. Additionally, total usable bandwidth analysis 
demonstrates that with total antenna gains of 80 dBi, bandwidth in the order of 100s of GHz is usable for the LAP‑to‑HAP sce‑ 
nario, the entire considered broadband is usable for the HAP‑to‑HAP scenario between 16 km to 50 km, and the HAP‑to‑SAT 
scenario between a HAP at 19 km and SAT at 100 km, truly showcasing the potential of employing GHz‑to‑THz broadband 
communications cognitively over (1‑1000) GHz for various practical 6G non‑terrestrial networks.

Keywords – Absorption loss, broadband, cognitive radios, D Band, high altitude platforms, L band, low altitude platforms, 
millimeter wave communications, satellite communications, terahertz communications, total path loss, total usable band‐
width

1. INTRODUCTION

Wireless communications have been progressing towards 
6G to meet the demand for higher bandwidth and rates 
as compared to the existing sub‐6GHz bands, which are 
saturated [1]. To meet these demands, higher frequency 
bands have been considered, such as L Band (1‐2) GHz 
[2], millimeter wave band (28, 60, 73) GHz [3], and tera‐
hertz (THz) band (0.1‐10 THz) [4]. Among these bands, 
the THz band is a promising one, offering rates in the 
order of Tbps, with multiple bandwidths, each several 
GHz wide, which can be possibly employed for the de‐
sign and development of 6G and beyond wireless systems 
[5]. However, THz Electromagnetic (EM) wave is highly 
affected by absorption loss as it propagates through the 
atmosphere. This absorption loss is mainly due to water 
vapor molecules present in the atmosphere [6]. Naturally, 
the water vapor concentration is maximum at sea level. 
Therefore, THz communications at sea level are usually 
limited up to a few meters only [7]. At higher altitudes 
above the sea level, the water vapor concentration de‐
creases, enabling THz band communications at higher al‐
titudes more feasible [8].

Use cases of employing THz for aerial communications 
can be multifold. For instance, along with optical and 
microwave solutions, Inter‐Satellite Links (ISLs) over the 
THz band are presented in [9]. ISL connectivity and in-vivo

nanonetworks are proposed in [10], where THz 
communications are suggested to allow Vertical Hetero‐
geneous Network (V‐HetNet) elements to work in har‐
mony. To savor this harmony, channel models must be 
accurate. The channel characteristics of the THz band 
are investigated to map the band’s feasibility for aviation 
[11], where the authors offer a thorough channel model 
for aerial THz communications that accounts for both the 
non‐ lat Earth geometry and the major properties of the 
frequency‐selective THz channel, showing that the capa‐
bility of the airborne THz link might reach speeds of 50–
150 gigabit per second (Gbps). A recent study in [12] has 
considered THz band (0.1‐10) THz wireless communica‐
tions for new deep space explorations e.g., for Mars‐space 
THz links.
Spectrum management will place an important role in 
regard to the interference issue in the THz band [13]. A 
massive THz band can be suf iced for the challenge 
of spectrum scarcity by allocating sub‐bands to 
individual users, hence, mitigating the interference [14, 
15]. A similar approach for drones has been applied 
in our earlier work [4], where, for instance, a drone 
base station providing wireless services to other 
drones can use different sub‐bands, each several 
GHz wide. Subsequently, capacity in the order of 
several 100s of Gbps is achievable even under 
beam misalignment fading and multipath fading.
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at 100 km, truly showcasing the potential of 
employing the GHz-THz broadband communications 
cognitively over (1-1000) GHz for 6G non-terrestrial 
networks. The rest of the paper is organized as follows: 
Section 2 presents the system model describing the three 
aerial scenarios and the channel model. Section 3 
covers the numerical results, whereas the 
conclusions and future work is provided in Section 4.

2. SYSTEM MODEL
In this paper, we consider three aerial vehicle communi‐
cation scenarios as special instances of aerial communica‐
tions over the broadband (1‐1000) GHz: LAP‐to‐HAP sce‐
nario, HAP‐to‐HAP scenario, and HAP‐to‐SAT scenario as 
illustrated in Fig. 1. In the irst scenario, we consider LAP‐
to‐HAP communications, where a receiver (Rx) HAP is at 
a ixed altitude, ℎ𝑡 = 16 km, and a transmitter (Tx) LAP, 
which is initially hovering at ℎ𝑡 = 400 m, starts ascending 
to 4 km altitude. In the second scenario, we employ HAP‐
to‐HAP communications, where a Tx‐HAP is ixed at an 
altitude, ℎ𝑡 = 16 𝑘𝑚 and a Rx‐HAP, which is initially at ℎ𝑟 = 
17 km, starts ascending in altitude up to ℎ2 = 50 km. In 
the third scenario, we consider HAP‐to‐SAT communi‐
cations, where a Rx‐SAT is ixed at an altitude ℎ𝑟 = 100 
km, and a Tx‐HAP is initially set at ℎ𝑡 = 16 km, followed by 
a vertically‐upward movement up to ℎ𝑡 = 50 km. Having 
presented the system model, in the following, we provide 
the channel model, which is required to analyze the total 
path loss and total usable bandwidth of the three consi-
dered 6G non‐terrestrial communication scenarios.

2.1 Channel model

2.1.1 Total path loss
Over the considered broadband, i.e., (1‐1000) GHz, the 
THz band is highly frequency‐selective due to the 
molecular absorption loss contributions on top of the 
spreading loss. This absorption loss is caused by various 
gases present in the atmosphere, mainly water vapors. 
Absorption loss occurs when an EM wave interacts with 
gas molecules in the atmosphere and transfers a part of 
its energy to them. The absorption loss that an 
electromagnetic wave of frequency, 𝑓 experiences at 
distance, 𝑑, and between Tx and Rx altitudes ℎ𝑡 and ℎ𝑟 , 
respectively can be expressed as:

𝐴𝑎𝑏𝑠(𝑓, 𝑑, ℎ𝑡 , ℎ𝑟) = 𝑒𝑘(𝑓)𝑑 , (1)

where 𝑘(𝑓) is the absorption coef icient, which can be ob‐
tained using various tools including HITRAN on the web
[20], am atmospheric tool [21], LBLRTM [22], and ITU
model [23].
In dB,

𝐴𝑎𝑏𝑠(𝑓, 𝑑, ℎ𝑡 , ℎ𝑟)[𝑑𝐵] = 𝑘(𝑓)𝑑10𝑙𝑜𝑔10𝑒 . (2)

The term ‘spreading loss’ refers to the loss in free space
caused by the EM wave’s attenuation as it travels through
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A few recent studies have shown the massive potential 
of employing the THz band for aerial communications 
with a substantial performance improvement as com‐
pared to the THz communications at sea level. In [13], 
open research directions for drone networks over 
the THz band are presented, highlighting issues in 
channel estimation, physical layer, Ultra‐Massive 
Multiple Input Multiple Output (UM‐MIMO), and 
Mobile Edge Computing (MEC), to name a few. In [4], 
an extensive analysis of THz band communications of 
four practical aerial vehicle scenarios is provided 
for drones, jet planes, high altitude UAVs, and 
satellites at various practical altitudes, trans‐
mission distances, zenith angles, weather pro iles, 
and fading conditions of Multipath (MP) fading and 
Beam Misalignment (BM) fading. Moreover, common 
lat bands for frequency‐selective path gain and the 

colored noise spectrums, both of which are heavily 
impacted by atmospheric circumstances, are calculated 
using a channel model for aerial communications in the 
THz band. In [8], total path loss and total usable 
bandwidth analysis of four identical aerial 
vehicle scenarios as in [4] are presented over 
the THz band (0.75‐10 THz). The Line‐by‐Line 
Radiative Transfer Model (LBLRTM) is employed for 
obtaining THz absorption loss. In this work, 
as special instances of [8], the feasibility of GHz‐THz 
broadband communications over (1‐1000) GHz for High 
Altitude Platform (HAP)‐to‐HAP and HAP‐to‐Satellite 
(HAP‐to‐SAT) is evaluated. Moreover, unlike [8], we 
consider GHz‐THz broadband over (1‐1000) GHz to assess 
total path loss and total usable bandwidth of the aerial 
communication scenarios by employing the ITU model. 
Additionally, based on a recent study on net‐worked lying 
platforms studying tethered/non‐tethered Low Altitude 
Platforms (LAPs) [16], we analyze a special case of 6G non‐
terrestrial networks i.e., LAP‐HAP commu‐nications. We 
consider four speci ic THz center frequen‐cies for 
analyzing the total path loss at varying altitudes, i.e., 𝑓1 = 
0.140 THz (D band) and 𝑓2 = 0.300 THz as in [17], whereas 
𝑓3 = 0.750 THz and 𝑓4 = 0.875 THz are from [18, 19], all of 
which are not covered in [8]. Total path loss results over 
the four considered THz carrier frequencies depict that 
due to the improved atmospheric conditions particularly 
above 23 km altitude, HAP‐to‐HAP communications 
between 16 km to 17 km (𝑑 = 1 km) offer lower total path 
loss values as compared to the HAP‐to‐HAP com‐
munications between 16 km to 50 km (𝑑 = 34 km), while 
in all three scenarios, 𝑓4 = 0.875 THz offers a lower total 
path loss as compared to the 𝑓3 = 0.750 THz, which is due 
to the frequency selective of the THz band. Furthermore, 
total usable bandwidth analysis depicts that with a total 
antenna gain of 80 dBi, bandwidth in the order of 100s GHz 
becomes usable for the LAP‐to‐HAP scenario, whereas the 
entire considered broadband (1‐1000) GHz becomes usable 
for the HAP‐to‐HAP scenario between 16 km to 50 km, 
and the HAP‐SAT scenario between a HAP at 19 km   and   SAT  
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Fig. 1 – LAP‐to‐HAP, HAP‐to‐HAP and HAP‐to‐SAT scenarios considered in the paper.

the atmosphere via an isotropic antenna. Mathematically
[7], [8]:

𝐴𝑠𝑝𝑟𝑒𝑎𝑑(𝑓, 𝑑)[𝑑𝐵] = 20𝑙𝑜𝑔10(
4𝜋𝑓𝑑
𝑐 ), (3)

where 𝑐 is the speed of light, which is 299, 792, 458 m/s.

The total path loss can be mathematically determined as 
the addition (in dB) of the spreading loss and absorption 
loss [7], [8].

𝐴𝑡𝑜𝑡𝑎𝑙(𝑓, 𝑑, ℎ𝑡, ℎ𝑟) = 𝐴𝑠𝑝𝑟𝑒𝑎𝑑(𝑓, 𝑑) + 𝐴𝑎𝑏𝑠(𝑓, 𝑑, ℎ𝑡, ℎ𝑟), (4)

Having computed the total path loss, in the following, we 
present the total usable bandwidth formulations.

2.1.2 Total usable bandwidth
We compute the total usable bandwidth for each of the 
three scenarios i.e., LAP‐to‐HAP, HAP‐to‐HAP, and HAP‐
to‐SAT by evaluating the vertically‐up communications. 
Firstly, we obtain signal‐to‐noise ratio (𝛾) as:

𝛾(𝑓, 𝑑, ℎ𝑡 , ℎ𝑟) = 𝑃𝑡 + 𝐺𝑡 − 𝐴𝑡𝑜𝑡𝑎𝑙(𝑓, 𝑑, ℎ𝑡 , ℎ𝑟) − 𝑃𝑛 , (5)

where 𝑃𝑡 is the total transmit power level, 𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐺𝑡+𝐺𝑟 
is the total transmit and receiver antenna gains, 𝐴𝑇𝑜𝑡𝑎𝑙
is the total path loss via (4), and 𝑃𝑛 is the power level of 
noise. By referring to [24, 25], we calculate 𝑃𝑛 by 
considering the bandwidth, 𝐵 equal to the spectral 
resolution of the ITU model, which is 1 GHz. 
Mathematically:

𝑃𝑛 = 𝑘𝐵𝑇𝐵 . (6)

Here, 𝑘𝐵 is to the Boltzmann constant =
1.38𝐸 − 23 𝑚2𝑘𝑔𝑠−2𝐾−1 and 𝑇 is the thermal noise
temperature in Kelvin. For 𝑇 = 293 𝐾, (6) becomes,

𝑃𝑛[𝑑𝐵𝑚] = −174 + 10𝑙𝑜𝑔10𝐵 = −84 𝑑𝐵𝑚 . (7)

This assumption holds by taking the bandwidth equal
to the ITU model’s spectral resolution of 1 GHz. More
speci ically, regardless of the total available bandwidth
across the entire broadband (1‐1000) GHz, we analyze
multiple fractional channels, each having a bandwidth of
1 GHz [24].

For reliable communications, SNR, 𝛾 should be greater
than a certain threshold SNR, 𝛾𝑡ℎ . Numerically,

𝛾(𝑓, 𝑑, ℎ𝑡 , ℎ𝑟) ≥ 𝛾𝑡ℎ . (8)

Practically, various SNR thresholds are considered for 
a required wireless service. For instance, for UAV 
detection over the 2.4 GHz band (Wi‐Fi here), SNR 
thresholds of 10 dB and 3dB are considered in [26] for 
indoor and outdoor services, respectively. In [27], SNR 
thresholds ranging from 0 dB to 20 dB are employed to 
analyze the coverage area over a target outage 
probability for providing wireless services.
Consequently, the maximum tolerable total path loss, 
i.e., path loss threshold, 𝐴𝑡𝑡𝑜ℎ𝑡𝑎𝑙 can be found as [25, 28]:

𝐴𝑡ℎ𝑡𝑜𝑡𝑎𝑙[𝑑𝐵] = 𝑃𝑡𝑜𝑡𝑎𝑙 + 𝐺𝑡𝑜𝑡𝑎𝑙 − 𝛾𝑡ℎ − 𝑃𝑛 . (9)

Here, 𝑃𝑡 is the total transmit power level, and 𝐺𝑡𝑜𝑡𝑎𝑙 =
𝐺𝑡 + 𝐺𝑟 is the total antenna gains (Tx and Rx combined).

©International Telecommunication Union, 2023 243

Saeed et al.: GHz-to-THz broadband communications for 6G non-terrestrial networks



The path loss threshold for the HAP‐to‐HAP and the HAP‐
to‐SAT scenarios are computed using (9) by considering
the total transmit power, total antenna gains, and SNR
threshold level(s) as listed in Table 1 and noise power
level from (7).

Table 1 – Physical parameters considered in the paper for the HAP‐TO‐
HAP AND SAT‐TO‐SAT communication scenarios [29].

Symbol Parameter Value Unit
𝑃𝑡𝑜𝑡𝑎𝑙 Total transmit power 30 dBm
𝐺𝑡 Transmit Antenna Gain [0,20,40] dBi
𝐺𝑟 Receiver Antenna Gain [0,20,40] dBi
𝛾𝑡ℎ SNR Threshold 10 dB
𝑃𝑛 Noise Power ‐84 dBm

It can be noted here that small‐scale fading is not con‐
sidered in this work due to the scarcity of re lectors and
scatters at the altitudes considered for LAPs, HAPs, and
satellites. These re lectors and scatters, which are mainly
present at ground/sea level, cause the receiver to detect
multiple versions of the transmitted signal, causing dis‐
tortions in phase, angle of arrival, and amplitude [30].
However, as a future extension to this work, for instance,
for a LAP/HAP‐ground communication scenario, small‐
scale fading can be incorporated as considered in [31].
Furthermore, since the THz‐carrier frequencies require
razor‐sharp beams, hovering/cruising LAPs, HAPs, and
orbiting satellites need to be precisely aligned via beam‐
forming [32, 33], which is also left as future work.
Finally, the total usable bandwidth (𝐵𝑡𝑜𝑡𝑎𝑙) is obtained as
[25]:

𝐵𝑡𝑜𝑡𝑎𝑙 =
𝑗
𝐵𝑗 , ∀ 𝑗 𝑤ℎ𝑒𝑟𝑒 𝐴𝑡𝑜𝑡𝑎𝑙 < 𝐴𝑡ℎ𝑡𝑜𝑡𝑎𝑙 . (10)

Here, 𝐵𝑗 is the usable bandwidth across 𝑗𝑡ℎ band 
having the total path loss, 𝐴𝑡𝑜𝑡𝑎𝑙 less than the total path 
loss threshold, 𝐴𝑡𝑡𝑜ℎ𝑡𝑎𝑙 . A visual illustration of obtaining 
the total usable bandwidth is provided in Fig. 2. Using 
Table 1 with 40 dBi total antenna gains, the path loss 
threshold, 𝐴𝑡𝑡𝑜ℎ𝑡𝑎𝑙 corresponds to 144 dB. Therefore, the 
total usable bandwidth will be the sum of the bands that 
fall under this threshold, i.e., 𝐵1, 𝐵2, and 𝐵3 as illustrated 
in Fig. 2. It is to be noted here that the metric of the total 
usable bandwidth de ined in (10) has been employed in 
earlier works such as for THz communications at sea 
level [34], and in our earlier work for THz 
communications at various at‐mospheric altitudes [8].

3. NUMERICAL RESULTS
In this section, we present the total path loss and to‐
tal usable bandwidth results of the three aerial 
scenarios: (1) LAP‐to‐HAP communications, HAP‐to‐HAP 
communications, and HAP‐to‐SAT communications. We 
employ the International Telecommunication Union 
(ITU) standard atmospheric model using ituatmos 
function in MATLAB, which returns atmospheric 
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Fig. 2 – Visual illustration of total usable bandwidth over (1‐600) GHz: 
LAP‐LAP communication scenario with ℎ𝑡 = 400 m, ℎ𝑟 = 500 m, i.e., 𝑑 = 
100 m.

settings i.e., temperature, pressure, and water vapor 
density at a corresponding altitude [23]. Subsequently, 
the gaspl function in MATLAB is employed to compute 
the absorption loss for the obtained atmospheric 
settings [35].

3.1 LAP‐to‐HAP communication scenario

As our irst scenario, we consider a Rx‐HAP at a ixed al‐
titude, ℎ𝑡 = 16 km, and a Tx‐LAP, initially hovering at ℎ𝑟 = 
400 m, starts ascending to 4 km, as shown in Fig. 1.
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Fig. 3 – LAP‐to‐HAP communications: Total path loss as a function of
altitude.

For the LAP‐to‐HAP scenario, Fig. 3 depicts the total path
loss as a function of the Tx‐LAP altitude (ℎ𝑡 here) at the
four considered carrier frequencies i.e., 𝑓1 = 0.140 THz (D
band), 𝑓2 = 0.300 THz, 𝑓3 = 0.750 THz, and 𝑓4 = 0.875 THz.
At all four frequencies, the total path loss follows a linearly
decreasing trend with respect to the Tx‐LAP altitude from
400 m to 4 km, which is due to the improved atmospheric
conditions at higher altitudes i.e., lower absorption loss
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Fig. 4 – LAP‐to‐HAP communications: Total usable bandwidth as a function of altitude with total antenna gains: (a) 20 dBi and 40 dBi, (b) 60 dBi 
and 80 dBi.

(and spread loss) as compared to the lower altitudes. For 
instance, at ℎ𝑡 = 400 m, 𝑓1 offers a total path loss of 
162.5 dB, which decreases to 151 dB at ℎ𝑡 = 4 km altitude. 
Additionally, over the entire range of ℎ𝑡 from 400 m to 
4 km, 𝑓3 = 0.750 THz offers larger total path loss values as 
compared to a lower carrier frequency, 𝑓4 = 0.875 THz. 
This shows the altitude and distance‐based frequency‐
selective nature of the THz band [4]. All in all, the total 
path loss results in Fig. 3 showcase that the communica‐
tions at practically feasible carrier frequencies over the 
broadband (1‐1000) GHz can promise high‐speed LAP‐
to‐HAP communications as a back‐haul in, e.g., Space‐Air‐
Ground Integrated Networks (SAGINs) [36]. 
Fig. 4(a) shows the total usable bandwidth as a function of 
Tx‐LAP altitude corresponding to the total antenna gains 
of 20 dBi and 40 dBi for the LAP‐to‐HAP scenario. Con‐
versely to the trend of larger total path loss values at 
higher TX‐LAP altitudes as in Fig. 3, here, the total usable 
bandwidth follows an increasing trend with altitude. For 
instance, with 20 dBi total antenna gains, the usable band‐
width increases from 12 GHz to 16 GHz. A similar trend 
can be observed for the 40 dBi gains. Fig. 4(b) depicts the 
total usable bandwidth vs. Tx‐LAP altitude for 60 dBi and 
80 dBi total antenna gains. Higher gains promise larger 
usable bandwidths. For instance, with 80 dBi, the total 
usable bandwidth varies from 420 GHz to 700 GHz as the 
Tx‐LAP ascends from 400 m to 4 km. The results in Fig. 4 
highlight the potential of employing the LAP‐HAP commu‐
nication over broadband (1‐1000) GHz, promising LAP‐
HAP links in the order of 100s of Gbps.

3.2 HAP‐to‐HAP communication scenario
As our second scenario, we consider the Tx‐HAP at a 
ixed altitude, ℎ𝑡 = 16 km, whereas the Rx‐HAP, which is 

set to be at an initial altitude, ℎ𝑟 = 17 km, ascends 
vertically up to 50 km, as illustrated in Fig. 1.
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Fig. 5 – HAP‐to‐HAP communications: Total path loss as a function of 
altitude.
Fig. 5 shows the total path loss as a function of the Rx‐
HAP altitude (ℎ𝑟 here) at the four selected frequencies i.e., 
𝑓1 = 0.140 THz (D band), 𝑓2 = 0.300 THz, 𝑓3 = 0.750 THz, 
and 𝑓4 = 0.875 THz. At all four frequencies, the total path 
loss follows an increasing trend up to 22‐23 km, which 
drops exponentially afterward up to ℎ𝑟 = 50 km altitude. 
This can be explained by the fact that due to reduced 
water vapor concentrations above 23 km altitude, the 
absorption loss contributions to the total path loss 
decline, which decreases the total path loss substantially. 
Interestingly, the results in Fig. 5 show that due to 
improved atmospheric conditions particularly above 
23 km altitudes, HAP‐to‐HAP communications at the four 
considered practical carrier frequencies between 16 km 
to  17 km (𝑑 = 1 km)  exhibit  lower  total path loss  values 
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Fig. 6 – HAP‐to‐HAP communications: Total usable bandwidth as a function of altitude with total antenna gains: (a) 20 dBi and 40 dBi, (b) 60 dBi 
and 80 dBi.

as compared to the HAP-to-HAP communications 
between 16 km to 50 km (𝑑 = 34 km). More speci ically, at 
Rx‐HAP altitude of 17 km, 𝑓1, 𝑓2, 𝑓3, and 𝑓4 incur the total 
path loss values of 98.5 dB, 108 dB, 148 dB, and 
126 dB, respectively, whereas, at Rx‐HAP altitude of 
50 km, the respective the total path loss values are 97 dB, 
104 dB, 136.5 dB, and 120 dB. Conclusively, it can 
be inferred that by increasing the Rx‐HAP altitude 
i.e., increasing the altitude of the Tx‐Rx‐HAP
communication link, a lower total path loss, up to 
7.7 % is guaranteed even by increasing the Tx‐Rx‐
HAP distance from 1 km to 34 km, promising high rate 
HAP‐HAP communications for future 6G networks [37, 
38]. Fig. 6(a) shows the total usable bandwidth over the 
broadband (1‐1000) GHz at each Rx‐HAP altitude 
with the total antenna gains of 20 𝑑𝐵𝑖 and 40 𝑑𝐵𝑖. 
Using 40 dBi total antenna gains, the entire 
considered broadband (1‐1000) GHz is usable at the Rx 
altitude of 41 km and higher. For the larger total 
antenna gains as shown in Fig. 6(b), the entire broadband 
(1‐1000) GHz becomes usable starting the Rx‐
HAP altitudes of 27 km and 17 km with the total antenna 
gains of 60 dBi and 80 dBi, respectively. This 
showcases the true potential of employing 
broadband THz communications for HAP‐to‐HAP 
scenarios offering  large  bandwidths a nd Tbps links [4].

3.3 HAP‐to‐SAT communication scenario
As our third scenario, we consider the Rx satellite, Rx‐
SAT at ℎ𝑟 = 100 km, while the Tx‐HAP ascends from ℎ𝑡 = 
16 km up to 50 km shown in Fig. 1. 
Fig. 7 shows the total path loss as a function of the Tx‐
HAP altitude for the HAP‐to‐SAT scenario. Here, the to‐
tal path loss decays linearly as the Tx‐HAP’s altitude in‐
creases. This is because, at higher atmospheric altitudes 
and long communication ranges i.e., at HAP altitudes 
from 16 km to 50 km up to the orbital satellites at 100 km 
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Fig. 7 – HAP‐to‐SAT communications: Total path loss as a function of 
altitude.

altitude, the water vapor concentration becomes 
negligible [4]. Therefore, it is mainly the spread loss 
affecting the EM wave propagation across the 
atmosphere. Fig. 7 show that all of the four considered 
THz carrier frequencies become feasible as the Tx‐
HAP’s altitude increases, which can be employed for 
HAP‐SAT links in the order of several 10s or even 100s of 
Tbps.
Fig. 8(a) illustrates the total usable bandwidth 
trend as a function of the Tx‐HAP altitude for the 
HAP‐to‐SAT scenario. With both the 20 dBi and 
40 dBi gains, the total usable bandwidth starts 
broadening exponentially with an increase in Tx‐
HAP altitude. For instance, on reaching 45 km 
altitude, even 40 dBi total antenna gains 
offer a total usable bandwidth of the entire 
considered broadband i.e., (1‐1000) GHz. For 
the higher total antenna gains of 60 dBi and 
80 dBi as considered in Fig.8(b), the entire
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Fig. 8 – HAP‐to‐SAT communications: Total usable bandwidth as a function of altitude with total antenna gains: (a) 20 dBi and 40 dBi, (b) 60 dBi 
and 80 dBi.

broadband becomes usable even for Tx-HAP altitude = 
30 km and 19 km,  respectively, provisioning high rate 
broad‐band HAP‐to‐SAT links in the order of 100s of 
Tbps [4, 39].

4. CONCLUSIONS
In this paper, we have analyzed GHz‐THz broadband com‐
munications over (1‐1000 GHz) in terms of total path loss 
and total usable bandwidth for LAP‐to‐HAP, HAP‐to‐HAP, 
and HAP‐to‐SAT scenarios. The ITU model has been em‐
ployed for obtaining realistic absorption loss values at 
practical altitudes and ranges. The total path loss analysis 
exhibit that due to reduced water vapor concentrations 
particularly above 23 km altitudes, increasing the Rx‐HAP 
altitude in HAP‐to‐HAP communications promises a lower 
total path loss of up to 7.7 % even at the cost of an 
increase in the Tx‐Rx‐HAP distance from 1 km to 34 km, 
promising Tbps rates for 6G non‐terrestrial communica‐
tion networks. For all three aerial communication scena‐
rios, 𝑓4 = 0.875 THz offers a lower total path loss as com‐
pared to 𝑓3 = 0.750 THz due to the frequency‐selective na‐
ture of the THz band. Total usable bandwidth analysis shows 
that with the total antenna gains of 80 dBi, bandwidth in 
the order of 100s of GHz is usable for the LAP‐to‐HAP 
scenario, whereas the entire considered broadband 
(1-1000) GHz becomes usable for the HAP‐to‐HAP 
scenario between 16 km to 50 km, and the HAP‐to‐SAT 
scenario between a HAP at 19 km and SAT at 100 km, 
truly showcasing the potential of employing GHz‐to‐THz 
broadband communications cognitively over (1‐1000) 
GHz for various practical non‐terrestrial 
communications including LAP‐to‐HAP, HAP‐to‐HAP, 
and HAP‐to‐SAT links. Future work will include 
considering various other practical aerial vehicle 
communication scenarios under different weather 
pro iles of the ITU model and also considering slant

directions across the atmosphere between  
communicating LAPs, HAPs, and satellites.
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