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ABSTRACT Non-terrestrial networks, including Unmanned Aerial Vehicles (UAVs), High Altitude
Platform Station (HAPS) nodes and Low Earth Orbiting (LEO) satellites, are expected to have a pivotal
role in sixth-generation wireless networks. With inherent features such as flexible placement, wide foot-
prints, and preferred channel conditions, they can tackle several challenges faced by current terrestrial
networks. However, their successful and widespread adoption relies on energy-efficient on-board com-
munication systems. In this context, the integration of Reconfigurable Smart Surfaces (RSS) into aerial
platforms is envisioned as a key enabler of energy-efficient and cost-effective aerial platform deployments.
RSS consist of low-cost reflectors capable of smartly directing signals in a nearly passive way. In this
paper, we investigate the link budget of RSS-assisted communications for two RSS reflection paradigms
discussed in the literature, namely “specular” and “scattering” paradigms. Specifically, we analyze the
characteristics of RSS-equipped aerial platforms and compare their communication performance with that
of RSS-assisted terrestrial networks using standardized channel models. In addition, we derive the optimal
aerial platform placements for both reflection paradigms. Our results provide important insights for the
design of RSS-assisted communications. For instance, given that a HAPS has a large area for RSS, it
provides superior link budget performance in most studied scenarios. In contrast, the limited RSS area on
UAVs and the large propagation loss in LEO satellite communications make them unfavorable candidates
for supporting terrestrial users. Finally, the optimal location of an RSS-equipped platform may depend
on the platform’s altitude, coverage footprint, and type of environment.

INDEX TERMS Reconfigurable smart surfaces (RSS), reconfigurable intelligent surfaces (RIS), aerial
platform, unmanned aerial vehicle (UAV), high altitude platform station (HAPS), low earth orbit (LEO)
satellite.

. INTRODUCTION
S THE fifth generation (5G) of wireless systems are
being actively deployed, researchers in the wireless
community have started investigating new technologies and
innovative solutions to tackle the challenges and fulfill the

demands of of next-generation (6G) networks. One of the
main challenges involves supporting ubiquitous connectivity
with high data rates in an energy efficient way. With
the inherent limitations of terrestrial environments, non-
terrestrial networks are envisioned as an enabling technology
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for ubiquitous connectivity in future wireless communica-
tions. Non-terrestrial networks including such platforms as
Unmanned Aerial Vehicles (UAVs), High Altitude Platform
Stations (HAPS) nodes, and Low Earth Orbit (LEO) satellites
are capable of addressing such challenges as coverage holes,
blind spots, sudden increases in throughput demand, and ter-
restrial network failures. They can address these challenges
due to their wider coverage footprints, strong line-of-sight
(LoS) links, and flexibility of deployment compared to terres-
trial networks [1]-[5]. Moreover, the standardization efforts
of the Third Generation Partnership Project (3GPP) aiming
to utilize aerial platforms for 5G and beyond have made
significant progress, as demonstrated by the standardization
documents TR 38.811 [6], TR 22.829 [7], and TS 22.125 [8].
Furthermore, several commercial projects are either in their
initial phases of deployment or under development, which
aim to design different types of aerial platforms capable of
supporting wireless communications. Such projects include
the Starlink LEO constellation by SpaceX [9], the Stratobus
HAPS by Thales [10], and the Nokia Drone Networks [11].
Nevertheless, aerial platforms are not yet a cutting-edge tech-
nology, and their current size, weight, and power (SWAP)
limitations need to be further improved.

On the other hand, reconfigurable smart surfaces (RSS)
have recently been introduced as an energy-efficient enabling
technology for next-generation wireless networks [12]." An
RSS is a thin, lightweight metasurface integrated with pas-
sive electronic components or switches to provide unique and
controlled manipulation of the wireless signals. It can alter
the amplitude of the impinging signal, adjust its phase, and
direct it to a target in a nearly passive way [13], [14]. The
deployment and utilization of RSS in terrestrial networks has
been extensively studied, and several research works, proto-
types, and industrial experiments, summarized in [17], [18],
demonstrated the potential of this technology.

Given the potential spectral and energy efficiencies
of RSS-assisted communications and the stringent energy
requirements of communications through aerial platforms,
equipping the latter with RSS presents an attractive solu-
tion to the SWAP issue. Indeed, due to the low-cost and
negligible energy consumption of RSS reflectors, their use
in aerial platforms is expected to support low-cost wire-
less communications for an extended flight duration. In our
previous work [1], we discussed the feasibility of integrating
RSS in aerial platforms of different types. We proposed a
control architecture, detailed potential use cases, and exam-
ined associated challenges. In the context of UAVs only, the
authors of [19] showed that using RSS in UAVs enables
a panoramic view of the environment, which can provide
full-angle 360° signal reflections compared to 180° reflec-
tions in RSS-assisted terrestrial networks. In [20], the authors
presented potential use cases of RSS mounted on UAVs

1. RSS are referred to in the literature by other names, such as software-
controlled metasurfaces [13], reconfigurable intelligent surfaces (RIS) [14],
intelligent reflecting surfaces (IRS) [15] and smart reflect-arrays [16].
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and discussed related challenges and research opportunities.
Similarly, [21] investigated the potential of RSS-equipped
UAV swarms, where a use case was studied to demonstrate
the achievable data rate performance of such systems. The
authors of [22] studied the problem of wireless sensor data
collection, where sensors were assisted by an RSS mounted
on a UAV to reach the collecting sink. The objective was to
maintain data freshness through accurate optimization of the
UAV’s location and the RSS phase-shifting configuration.
Finally, in the context of LEO satellites, the authors of [23]
investigated the utilization of RSS to support inter-satellite
links in the terahertz (THz) band. The results demonstrated
a significant performance improvement in terms of bit error
rate compared to non-RSS-assisted communications.

Previous works have not thoroughly investigated RSS-
enabled communication links, and so a link budget analysis
for RSS-assisted non-terrestrial networks remains unex-
amined. In contrast, a number of works have studied
path-loss models for RSS-assisted terrestrial communica-
tions [14], [24]-[27]. While most of these models are based
on mathematical analysis using different approaches, some of
them have been experimentally validated [24]. These stud-
ies revealed the existence of two regimes that govern the
performance of RSS-assisted communication systems. The
first is the “specular” reflection paradigm, where the path-
loss model is analyzed using geometrical optics and imaging
theory. The second is the “scattering” reflection paradigm,
which obeys plate scattering theory and radar cross-section
analysis. The factors that determine the governing regime of
the RSS-assisted systems are the geometrical size of the RSS
units, the communication frequency, and the distances sep-
arating an RSS from the transmitter and receiver. Typically,
when an RSS is within a relatively short distance from a
transmitter and/or a receiver, or when the RSS units are
electrically large (e.g., their dimensions are ten times larger
than the wavelength denoted by A), the path loss is gov-
erned by the specular reflection paradigm [14], [24], [28].
Otherwise, the RSS-assisted communication follows the
plate scattering reflection paradigm (i.e., when the distances
between the RSS units and transmitter or receiver are large
or when the RSS unit dimensions are very small) [29], [30].
It should be noted that the scattering paradigm can be desig-
nated as “far-field” paradigm, whereas the specular reflection
can be referred to as “near-field” paradigm.

Due to the specific design and environmental character-
istics of aerial platforms compared to terrestrial systems,
the former, when equipped with an RSS, are expected to
have a different link budget analysis. Therefore, it is neces-
sary to investigate and assess the benefits of RSS-enabled
aerial platforms. Three major factors impact the feasibil-
ity of RSS-enabled aerial platforms, namely the operating
frequency or wavelength, the platform’s surface area reserved
for RSS units, and the operating altitude. While higher
frequency signals are preferable for larger capacity links
and enabling the deployment of more RSS reflector units,
higher frequency signals are more vulnerable to path-loss
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degradation from the communication distance and atmo-
spheric attenuation. Also, larger platform RSS sizes may
lead to a higher reflection gain, which may not be realiz-
able for practical platform sizes. Finally, although platforms
operating at higher altitudes might be preferable due to their
larger coverage footprint, they suffer from excessive prop-
agation losses that may not be compensated for even large
area of RSS.

In this paper, we aim to provide the link budget analysis
for RSS-enabled aerial platform communication systems for
specular and scattering reflection paradigms. The received
power of the system, for different RSS-enabled platforms,
is calculated while taking into account the signal strength
losses due to the specific characteristics of each platform.
To minimize signal loss, we derive the optimal platform
location and maximum feasible number of RSS reflectors
on-board each platform. Link budget expressions are then
derived for realistic communication conditions, as defined by
3GPP standards. Finally, numerical results are provided to
support the proposed link budget analysis. The contributions
of the paper are highlighted as follows.

1) To the best of our knowledge, the performance
parameters of RSS-enabled communications have been
derived only for terrestrial networks and not for non-
terrestrial systems, where different signal losses are
experienced due to specific characteristics of aerial
platforms and atmospheric phenomena. The impact of
these factors is taken into account in this work.

2) We investigate the link budget analysis for RSS-
enabled aerial platform communications for different
platform types, namely UAVs, HAPS nodes, and LEO
satellites. To improve performance, we optimize plat-
form locations and the maximum feasible number of
mounted RSS reflectors.

3) We extend the link budget analysis to more realistic
channel conditions, as defined in the 3GPP standards.
We also provide numerical results to support the related
parameters evaluation and the link budget analysis.

The rest of the paper is organized as follows. Section II
discusses the conditions of the reflection and scattering
paradigms, and then analyzes the link budget for RSS-
assisted terrestrial networks. Section III then exposes the
characteristics of aerial platforms and derives the optimal
platform placement for RSS-assisted aerial communications.
This section also investigates the related link budget for
both reflection paradigms. Numerical results for the terres-
trial and non-terrestrial RSS-assisted systems are presented
and elaborated in Section IV. Finally, Section V concludes
the paper.

Il. LINK BUDGET ANALYSIS FOR RSS-ASSISTED
TERRESTRIAL NETWORKS

Here, we present the link budget analysis for RSS-enabled
terrestrial communications (e.g., RSS units mounted on
a building). Given the identified specular and scattering
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FIGURE 1. System model of RSS in a terrestrial environment.

reflection paradigms, we derive the related received power
expressions.

Typically, terrestrial environments are characterized by
blockages that result in high path loss, especially in
dense-urban and urban environments. Accordingly, terrestrial
network planning depends on cellular densification, where
multiple base stations (BSs) are deployed in a relatively
small area to ensure coverage of all users within the area.
But this comes at the expense of additional costs and inter-
cell interference. To alleviate such inconveniences, the RSS
can be deployed on the facades of buildings and used to
either extend the cellular coverage or improve the signal
quality in poorly served areas. As shown in Fig. 1, the sig-
nal forwarded by the RSS from the BS to the user equipment
(UE) can either substitute the direct link when the latter is
absent, or it can be added constructively to the weak direct
link in order to strengthen the received signal.

A. THE SPECULAR REFLECTION PARADIGM
The relation that governs the paradigm of the RSS-assisted
communications has been defined in [24], [31] as follows:
J 2A; !
lim = P ( )
where dji, denotes the maximum distance between the RSS
and either the transmitter (Tx) or the receiver (Rx) in the
specular reflection paradigm,? and A, is the total RSS area.
When the length and width dimensions of the RSS units
are large enough (i.e., above 10A), and the distance separating
the RSS from the Tx/Rx is less than djiy,, then the RSS
can be considered in the near-field. In this paradigm, the
impinging spherical wave forms a circular and divergent
phase gradient on the RSS area. Accordingly, the RSS acts

2. An example of (Tx, Rx) in the terrestrial environment is (BS, UE).
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as an anomalous mirror and the two-hop link acts as a one-
hop path. Hence, the distance path loss is affected by the
summation of the traveled distances (i.e., Tx-RSS and RSS-
Rx distances), which is known as the specular reflection
paradigm [14], [24], [28].

For a Tx-RSS (resp. RSS-Rx) distance D < dji,, and a
large-sized RSS (LRSS), where the reflector unit sizes are
10A x 104 m2, the minimum required number of reflectors
for specular reflection, denoted Npin, can be calculated as

24; _ 2Nmin(104)>
A A

D= = 200ANmin € Nmin =

2002
2

The defined Ny, will be later used to assess the feasibility
of the RSS using the specular reflection paradigm.

In order to conduct the link budget analysis in this
paradigm, we assume the Tx-Rx communication assisted by
a building-mounted LRSS. Let x(¢) be the transmitted signal
by the Tx. Then, the received (noise-free) signal at the Rx,
denoted by y(7), can be written as [14]

y(t) = a x(), 3)

where a is the wireless channel coefficient, expressed for
the sake of simplicity with the log-distance path-loss model.
The latter is given by

) do\? N d! pie i)

Y P’G’G’<4ndo) ((dz> i ; (dii + dir)? ) @
where P;, G;, and G, are the transmit power and the trans-
mitter and receiver gains, respectively. Also, dy denotes the
reference distance, d; is the distance between Tx and Rx,>
2y = «a is the path-loss exponent, and N is the total num-
ber of RSS reflector units. Finally, p;, d;;, d;, represent the
reflection loss of the i RSS reflector, the distance between
Tx and RSS i reflector, and distance between the RSS i
reflector and Rx, respectively. Also, 6; and ¢; are the corre-
sponding incident and reflection angles. Now, the received
power at Rx, denoted by P,, can be written as

(r=1\ 2 N i@\
rd 1 pie 10t
P,=PGG|—2—) |+ &EZ—_). .G
g el r( 47 ) (d;/ Z(d,[—i—di,)y )

i=1
For the sake of simplicity, we assume here that the LRSS
can perfectly adjust the desired phase shifts, and that the
reflectors are ideal without any reflection loss, that is,*

G +¢;i=0andp; =1, Vi=1,...,N. (6)

3. We assume here that the direct link Tx-Rx is a weak link [32].

4. In practice, RSS reflection loss depends on the configuration technol-
ogy and building materials [17], [33]. Also, since continuous phase shift
implementation is difficult, only a finite discrete set of phase shifts is typi-
cally designed. It has been shown that near-optimal RSS performance can be
realized using a small number of phase-shift levels [34], [35]. In any case,
the loss of a few dB due to the material properties or due to sub-optimal RSS
configuration is insignificant compared to the signal propagation loss [32].
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Moreover, assuming that the variation
negligible across the RSS, we have

of dy; and d; is

di+diy ~2d, Vi=1,... N, 7
where d = d;/2. Hence, the received power can be
rewritten as

AN [d? )
P, = P,G,G,| — 1+ N)~. 8
; ,,r(4n) G | 1+N) 8)

According to (8), the location of the RSS has no impact
on the received power, while the path loss is the dominant
factor (e.g., « > 3 in urban environments [36]). Thus, in
typical terrestrial environments, although the received power
enhances quadratically with the number of RSS reflectors, it
degrades at a much higher rate with the propagation distance.

B. THE SCATTERING REFLECTION PARADIGM
Assuming that the Tx-RSS and RSS-Rx distances are large
(i.e., higher than djin,), and that tiny RSS reflector units are
used (i.e., with dimensions between 0.1A and 0.21), then
each reflector capturing the transmitted signal behaves as a
new signal source that re-scatters the signal towards the UE.
In this paradigm,—the scattering reflection paradigm—the
total effect on the transmitted signal is the resultant of the
cascaded individual channels Tx-RSS and RSS-Rx [29]-[31].

A scattering paradigm for RSS-assisted communication is
typically presented as an alternative to the degradation of
direct links caused by strong blockages [25]. Accordingly,
the effect of the direct link is ignored, and the effective
received signal is only the one scattered by the RSS. Since
in this paradigm, the use of tiny RSS reflector units is
advocated, we name these small-sized RSS (SRSS).

To accurately assess the SRSS-assisted terrestrial commu-
nications, we present next the link budget analysis for two
channel models, namely the log-distance and 3GPP based
models.’

1) LOG-DISTANCE CHANNEL MODEL

For the i reflector unit of the SRSS, the channel effect of the
received signal, denoted a;, is resulting from two cascaded
channels, i.e., Tx-i"* reflector and i reflector-Rx [29], [30].
The channel coefficient is given by

ai = /PiG/Ghigirpie 7, i=1,...

where ¢; is the adjusted phase shift of the reflector, while
h; and g;- are the complex-valued coefficients representing
the links between the i reflector and both Tx and Rx. The
latter are defined by

A do\” . A do\7 .
hi=\|—— ) 619,," and gj = | — 2 elei’,
4rdy ) \ dsi drdy ) \ dir

(10)

7N? (9)

5. Several researchers have recently raised practical concerns about the
specular reflection paradigm and the use of LRSS [17], [37]. Subsequently,
we adopt in this paper the practical 3GPP channel model under the scattering
reflection paradigm only.
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with 6; and 6; denoting the transmit and receive channel
phases, respectively. Following the generalization to the N
reflectors, the received power can be expressed by

2
A ! Qa) N pie_j(¢i_9fi_9ir)
r 1Gy r(47td0) 0 ; a7 an

We assume lossless reflectors, i.e.,

pi=1,Yi=1,...,N, (12)

and that

d; ~dyand d, ~ d;,Yi=1,...,N, 13)
where d; and d, are reference distances measured between
the center of the SRSS and the Tx and Rx, respectively.
Subsequently, the received power can be maximized by
coherently combining the received signals through the N
reflectors, i.e., ¢; = 05 + 6. Hence, the received power can
be written as

L\4 déza—4)
P, =PGG | — ) | 2= N~
r gt r(47_[) ((dzdr)a>
According to (14), P, degrades faster than in (8), due to the

distances multiplication. Also, P, is maximized when the
RSS is the closest to either Tx or Rx.

(14)

2) 3GPP CHANNEL MODEL

RSS in terrestrial environments can be placed on facades
of buildings to smartly reflect signals toward users. Since
such smart buildings are expected to be available in mod-
ern urbanized environments, we assume in the following
the urban scenario of the 3GPP standard model [38].° The
total path loss for the Tx-SRSS and SRSS-Rx links can be
written as

PL = fPLOSPLLOS + ?NLOSPLNLOS + PL,, (15)
where PM°S and PNLOS are the LoS and NLoS probabili-
ties, PL°S and PINMS are the associated losses in the LoS
and NLoS conditions, and PL, accounts for the extra loss
of indoor users. The latter vary greatly in terms of build-
ing type, location within the building, and movement in the
building. For an accurate calculation of PL., we refer the
reader to [39]. But since the focus in our system is on
outdoor users, PL, is ignored.

The LoS probability in a terrestrial environment between
the SRSS and Tx or Rx, assuming that the heights of the
RSS-equipped building and Rx are below 13 m, can be given

6. Practically speaking, we envision that RSS to be deployed on the
facades of high-rise buildings, which are available in urban environments.
Also, we expect RSS to be implemented where they would bring profit to
service providers. Due to the high density of customers in urban areas, it
is more likely that RSS will be deployed massively in urban environments
and perhaps rarely or never in rural environments.

1984

by [38, Table 7.4.2-1]

1 if dop < 18m

TLOS = 18 dop 18 i
—_— — 1 —-—— if d 18m,
&b + exp( 63 ) @D it drp > 18m
(16)

where dop is the 2D separating distance (projected on the
ground) between the SRSS and the Tx or Rx, whereas
the path loss for LoS and NLoS links is given as
follows [38, Table 7.4.1-1]:

PLLS — 28 + 22log(dsp) +20log(f) + X (17)
and
PINIOS — max (PLLOS, P'LNL"S) (18)
where
= NLoS
PLN™S — 13.54 1 39.08 log(dsp) + 20 log(f)

— 0.6 (Hy — 1.5) + X, x € {RSS, Rx}, (19)

d3p is the 3D Tx-SRSS or SRSS-Rx separation distance
in meters, f is the carrier frequency in GHz, X is a log-
normal random variable denoting the shadow fading, with
standard deviation 0 = 4 dB and o0 = 7.8 dB for LoS
and NLoS links, respectively, and H, denotes the SRSS/Rx
height. Specifically, for the Tx-SRSS link, Hy = Hggs, where
Hpgs is the height of the building coated with the RSS, while
for the SRSS-Rx link, Hy = Hg,, with Hg, is the Rx height.

Accordingly, the received power, in dBm, can be written as

P, = P; + Gt 4+ G, — PLyy_sgrss — PLsgss—grx + 201og (N),
(20)

where PLr1y_srss and PLggss—g. represent the path loss for
the Tx-SRSS and SRSS-Rx links respectively, calculated
using (15).

lll. LINK BUDGET ANALYSIS FOR RSS-ASSISTED
NON-TERRESTRIAL NETWORKS

In this section, we start by presenting the aerial platforms
characteristics. Then, we derive the link budget analysis of
RSS-enabled non-terrestrial communications (i.e., when an
RSS is mounted on an aerial platform, such as a UAV, HAPS,
or LEO satellite). Given the identified specular and scattering
reflection paradigms, we derive the related received power
expressions.

A. AERIAL PLATFORMS CHARACTERISTICS

Three types of aerial platforms can be used to host RSS
technology, namely UAVs, HAPS nodes, and LEO satellites.
These platforms are usually deployed at different altitudes
and target different coverage areas. Specifically, UAVs are
deployed around 100 m altitude (and can operate up to
300 m [40]), to serve an area below 5 km radius [41], [42].
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dy=2d

FIGURE 2. System model of an aerial platform equipped with RSS.

By contrast, HAPS nodes are quasi-stationary platforms posi-
tioned in the stratosphere at an altitude between 17 and
50 km. However, most HAPS projects target an altitude
of 20 km due to its preferred atmospheric characteristics
for the platform stability and communication quality [2].
Thus, HAPS systems have a much wider footprint than
UAVs that spans from 40 to 100 km for high through-
put [2], [43] and can go up to 500 km according to the
International Telecommunications Union (ITU) [44]. Finally,
LEO satellites orbit the earth at an altitude between 400
and 2,000 km, with an orbital period between 88 and 127
minutes [6]. Accordingly, LEO satellites have the largest
coverage footprint. Nevertheless, the coverage area signifi-
cantly depends on the satellite’s altitude, elevation angle, and
coverage scheme (i.e., whether it uses a spot or wide commu-
nication beam). Consequently, the LEO satellite’s footprint
has a radius between hundreds and thousands of kilome-
ters [45]-[47]. To communicate with UAVs and HAPS nodes,
UE can use the same device as it would to communicate with
a terrestrial BS. However, different equipment is needed to
communicate with LEO satellites, since they require LEO
tracking, either mechanically or electronically, in order to
compensate for the satellite motion and achieve a reliable
communication [6].

In addition to the aforementioned characteristics, the phys-
ical size of the aerial platform is crucial to enable hosting
the RSS. UAVs have the smallest size, and hence can
dedicate only a small area for RSS. On the other hand,
two types of HAPS are identified, namely the aerostatic
HAPS and the aerodynamic HAPS. Aerostatic HAPS nodes,
especially airships, are giant platforms whose lengths are
typically between 100 and 200 m, whereas aerodynamic
HAPS nodes have wingspans between 35 and 80 m [2].
Finally, the size of current LEO satellites is less than
10 m [48], [49]. Since HAPS nodes and LEO satel-
lites are typically equipped with solar panel arrays, a
part of the platform surface can be used to mount RSS
equipment.
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B. THE SPECULAR REFLECTION PARADIGM

When the Tx and Rx’ are separated by a relatively long
distance, an aerial platform equipped with an LRSS can
be used to assist the communication. Specifically, the Tx
transmits its signal to the LRSS-equipped aerial platform.
Then, the LRSS smartly reflects the incident signal towards
the Rx, as illustrated in Fig. 2. Hence, the received noise-free
signal in the specular paradigm is identical to the one in (3),
whereas the channel effect is expressed using the free-space
path-loss formula as

N i(0: b
A pie_./(01+¢l)

= P:GG,| — —_—
0= VPG (1) X

i=1

; ey

where the LoS wireless link component is predominant, i.e.,
the path-loss exponent « = 2y = 2. By following the
same assumptions as in (12)—(13) and adopting a similar
phase-shift configuration as in (6), the received power can
be given by

A\> N2
P, = P,G,G,[ = (22)

4n) (di+dp)?*

Unlike (8), the parameters A, N, and (d; + d,) have the
same scaling law for the received power improvement or
degradation.

One of the distinct features of aerial platforms compared
to terrestrial networks is their flexibility of placement, which
allows to further enhance the system performance.

Proposition 1: Given that Tx and Rx are collinearly
separated by distance d; = 2d, and that the aerial plat-
form is located at altitude Hggs and horizontally separated

from the Tx by a distance r, ie., d; = leess""’z and

dr =, /HI%SS + (2d — r)?, then the optimal placement of the
aerial platform under specular reflection is given by

rf=d. (23)
That is, the platform is placed over the perpendicular bisector
of the segment Tx-Rx at altitude Hpggs.

Proof: The specular equivalent path-loss distance, denoted
dyp, can be written as

dp =di +d, = \/ (Hzgs +12) + \/H,%SS +(2d — r)2. (24)

To maximize P,, we need to minimize dg, through nulling
its first derivative, i.e.,

odyy _ r B 2d —r _o.
ar

Rt Hs L\ J@d -+ g

(25)

7. Notice that Tx and Rx in the non-terrestrial communication context
can be different according to the aerial platform used. For instance, (TX,
Rx) can be (BS, UE) for a UAV, or it can be (Gateway, UE) for a HAPS
platform or a LEO satellite. A HAPS UE might be a mobile, vehicular,
or fixed cellular user device, whereas a LEO has a fixed UE such as a
household receiver [9].

1985



ALFATTANI et al.: LINK BUDGET ANALYSIS FOR RECONFIGURABLE SMART SURFACES IN AERIAL PLATFORMS

from which we obtain r* = d. When substituting this

. . 82d,
solution in the second derivative of dg,, ——"

52 We get

3 3
H12ess<(r2 + leess) f+ ((2r -+ H12ess)2)

3
(2d = r)* + Hygg)* (2 + Hpgs)
2Hj g

(d? + Hpgs)

3%dyp
ar?

[SI[%)

(r;d) (26)

LS

. 82d,, . .
Since ar;" > 0, then r* = d is the optimal value that
minimizes dgp. |

Accordingly, the maximal received power can be calcu-

lated using (22) for r* = d as follows:

P”‘—PGG<)L>2 Al
r — 4tMYtr 47 4(H12€S5+d2)‘

27)

C. THE SCATTERING REFLECTION PARADIGM

Similar to Section II, the scattering reflection paradigm is
investigated for two channel models, namely the log-distance
and the 3GPP models.

1) LOG-DISTANCE CHANNEL MODEL

Similarly to the SRSS-assisted terrestrial network, the
received power at the Rx in the scattering paradigm can
be expressed using (14) for o = 2, thus:

P—PGG}\4N2
r—ttr4jT dd, )

Unlike the specular paradigm, where the optimum aerial
platform location is over the perpendicular bisector of seg-
ment Tx-Rx, the best platform location under the scattering
paradigm is expected to be different due to the cascaded
channel effect.

Proposition 2: Given that Tx and Rx are collineraly sep-
arated by distance d; = 2d, and that the aerial platform is
located at altitude Hgrgs and horizontally separated from Tx
by a distance r, then the optimal placement of the aerial
platform under scattering reflection is given by

(28)

P +/d? — Hyg if d > Hgss (29)
d otherwise.
Proof: The scattering equivalent path-loss distance,

denoted d., can be expressed through

& = (didy)? = (Hiss + 1) (Hiss + d = r?). (30)
To maximize P,, we must minimize d2. by nulling its first
derivative as follows:

o, _

S = 4r’ — 1247 + (8d2 + 4H,%S3)r — 4dH3g = 0.

€29

1986

By solving (31), we obtain the following roots:

d+/d® — Hig

=1 d - Jd - Hig (32)
d.
The second derivative is given by
Pdy. 5 2 2
a2 = 12r° — 24dr + 8d” + 4Hfgg, (33)
r

in which we substitute the roots of (32). Consequently, we
find that (33) is positive only when {r = d and d < Hggs}
or {r=d=x,/d>— Hzg, and d > Hggs}. These (r,d) val-
ues dictate the best aerial platform locations where received
power is maximal. |

Physically speaking, Proposition 2 implies that under the
scattering reflection paradigm, when the height of a plat-
form is larger than its designed coverage radius, the platform
should be placed at the mid-point between the Tx and Rx.
However, when the targeted coverage radius is larger than
the platform’s height, two optimal locations can be used,
which are being close to either the Tx or the Rx.

By substituting the result of (32) in (30) and then (28),
the received power at Rx can be written as

P =664 )4 ik
r — 1UrUry — 7"
) (d)
where d, is the equivalent path-loss distance for the optimal
platform location, given by
7= Higo +d* if d < Hgss
s¢ 2Hpssd otherwise.

Unlike (22), the impact of H, d, and X, is more important
than N in (34) due to the scattering effect.

(34)

(35)

2) 3GPP CHANNEL MODEL

For a fair comparison with RSS-assisted terrestrial commu-
nications, we investigate here the link budget analysis for
RSS-enabled aerial platforms with realistic 3GPP channel
models. In what follows, given that platforms operate at
different altitudes and thus may experience different attenu-
ation phenomena, we study the link budget for RSS-assisted
UAVs separately from RSS-equipped HAPS nodes and LEO
satellites.

e The UAV-Based Model: RSS-enabled UAVs are envi-
sioned to cooperate with terrestrial BSs to support terrestrial
users. They can tackle coverage gaps or increase the capac-
ity of terrestrial users by reflecting the BSs’ signals towards
users [1]. In such context, it is acceptable to consider the
3GPP channel model between terrestrial BSs and UAVs [40].
Due to the relatively low altitude of UAVs, the latter are gen-
erally assumed to have full LoS conditions. Consequently,
the path loss in rural and urban environments® can be given

8. In contrast to RSS-assisted terrestrial communications, where RSS
deployment is expected to be concentrated in urban areas, RSS-equipped
aerial platforms have the flexibility needed for both urban and rural areas.
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TABLE 1. Parameters of HAPS/LEO LoS probability model (40).

Parameter | Dense Urban | Urban Rural
b 0.04235 9.668 -99.95
by 1.644 0.547 -0.5895
b3 27.32 -10.58 104.1

by [40, Table B-2]

pral — max[23.9 — 1.81og;¢(Hy), 20] log;0(d3p)
40 f
+ 20logjo( — - ) +X.x € (UAV, UE} (36)

and

prutan — 28 4 99 log;o(dap) +201og o (f) + X,
x € {UAV, Rx}, 37)

where H,, d3p, f, and X are defined as in (17)—(19), except
that X has a log-normal distribution with standard deviation
given by’

o= 4.2 ¢(—0.0046 Hy) in rural environment, (38)
T | 4.64 0006 H)ip yrban environment.
Subsequently, the received power in dBm can be

expressed by

P, = P;+ G; + G, — PLy_yav — PLyav—gx + 201log (N),
(39

where PL7_yay and PLyay—_gy are the path losses for the
Tx-UAV and UAV-Rx links, calculated using either (36)
or (37), depending on the considered environment.

e The HAPS/LEO based Model: The support of future
wireless networks through HAPS and LEO satellites is envi-
sioned for both rural and urban areas [2], [4]. To assess the
performance in these different environments, LoS probabili-
ties are required. Based on the elevation angle of the aerial
platform relative to the terrestrial Tx or Rx, denoted by ¥,
LoS probabilities can be estimated for different environments
using [6, Table 6.6.1-1]. For the sake of simplicity, we pro-
pose to substitute [6, Table 6.6.1-1] by a LoS probability
function, defined as

PLoS — p9b2 + b, (40)

where b;, i = {1, 2, 3} are the parameters that depend on the
environment, determined in Table 1. The accuracy of (40)
is validated in Fig. 3, where it is shown to agree with the
results of [6, Table 6.6.1-1]. Now, the path loss for LoS and
NLoS conditions, denoted by PL, can be written as

where P and PL”, y € {LoS, NLoS}, are defined as in (15).
The signal path between a HAPS/LEO and a terrestrial Tx

9. Note that variable X may be modified to include the effect of
atmospheric turbulence, and thus the value of o can be adjusted accordingly.

VOLUME 2, 2021

PP - |
/"’ ’
o ’/ v
0.9 pes R
o - L 7’
0.8, o -
,”" 9/ ‘
0.7+ P -
ey e .
Z s i
2 06 o P
F‘é /,/ p-g ’
04 o BT o Dense urban env. (3GPP)
A" - - =Dense urban env. (Eq.(40))
03¢ 7 o Urban env. (3GPP)
L e Urban env. (Eq.(40))
0.2 Rural env. (3GPP)
Rural env. (Eq.(40))
0.1 T T T :

10 20 30 40 50 60 70 80 90
Elevation angle 9° (degrees)

FIGURE 3. LoS probability of HAPS/LEO relative to elevation angle (different
environments).

or Rx undergoes several stages of propagation and attenua-
tion. Specifically, the path losses PL”, y € {LoS, NLoS} are
composed as follows [6]:

PL¥ = PL) + PLg + PL; + PL,, y € {LoS, NLoS}, (42)

where PLly7 is the basic path loss, PL, is the attenuation
due to atmospheric gasses, PL; is the attenuation due to
either ionospheric or tropospheric scintillation, and PL, is
the building entry loss, expressed in dB.

PLi accounts for the signal’s free-space propagation
(FSPL), clutter loss (CL”), and shadow fading (X?), i.e.,

PL, = FSPL+ CL’ + X*, y € {LoS,NLoS},  (43)
where
FSPL = 32.45 4 201og,o(f) + 201log,o(dsp),  (44)

with dip being the 3D distance between the HAPS/LEO
and the terrestrial Tx or Rx, expressed as a function of the
HAPS/LEO altitude H,, z € {HAPS, LEO} and the platform’s
elevation angle ¥ as follows:

dip = /R sin?(9) + H2 + 2H.Rp — Rsin(®),  (45)

where Rg denotes the earth’s radius. The clutter loss, CL”,
represents the attenuation caused by buildings and envi-
ronmental objects. Its value depends on ¢, f, and the
environment type. In LoS conditions, CL°S = 0, while for
NLoS, the CLNM°S values of [6, Tables 6.6.2-1-6.6.2-3] can
be used for the typical Ka spectrum band (i.e., between 26.5
and 40 GHz). Finally, X” is a zero-mean normal distribution
with standard deviation ¢, y € {LLoS, NLoS}, whose values
are determined in [6, Tables 6.6.2-1-6.6.2-3]. For the sake of
simplicity, we present the average values of the parameters
in Table 2.1°

10. To be noted that variable X can be modified to include the effect of

external factors, such as the atmospheric turbulence, and platform’s drift.
Hence, the value of ¥ can be modified accordingly.
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TABLE 2. Average clutter loss and shadow fading standard deviation in the Ka-band.

Dense Urban | Urban
38.6 38.6
oLoS 1.75 4
oNLoS 14.7 6

Parameter
CLNTIoS

Rural
23.15
1.15
10.75

dry air (20 km) -
- - -water vapor (20 km)
dry air (100 km) ’ A
water vapor (100 km)
dry air (1000 km) i 1! Rk
- - -water vapor (1000 km)| s "

108 g

10

Atmospheric gases attenuation PL, (dB)

0 100 200 300 400 500 600 700 800 900
Frequency (GHz)

1000

FIGURE 4. Attenuation due to atmospheric gases PLg vs. frequency (different path
lengths).

PL, is the attenuation caused by absorption due to atmo-
spheric gases. Its value depends mainly on f, ¥, and dap.
According to [6], the effect of atmospheric gases is negligible
for f < 10 GHz. However, for higher frequency bands suit-
able for RSS operations with a large number of reflectors, the
selection of frequency windows with minimum atmospheric
effect is important. In addition to the aforementioned factors,
PL, depends on the dry air pressure p, water-vapor density
&, and temperature T [50]. An illustrative example is shown
in Fig. 4 for different Tx-Rx link lengths, selected for typical
distances between a HAPS and Tx or Rx (20 and 100 km)
and between a LEO satellite and Tx or Rx (1,000 km).
The related parameters (p, £ and T) are selected on the
basis of the mean annual global reference atmosphere, i.e.,
p = 101300 Pa, £ = 7.5g/m>, and T = 15°C [51]. The PL,
calculation is carried out using the steps detailed in [50].

Finally, the scintillation loss PLs is caused by rapid
fluctuations of the received signal amplitude and phase.
There are two types of scintillation losses, namely the
ionospheric scintillation and the tropospheric scintillation.
The former only significantly disrupts signals at frequencies
below 6 GHz, whereas the latter affects only signals in
frequencies above 6 GHz. The impact of the ionospheric
scintillation is only significant for latitudes in the range
[—20°, 20°] [6]. The ionospheric scintillation loss can be
calculated as detailed in [52]. Specifically, it is derived from
the measured peak-to-peak fluctuation as follows:

PL, = (46)

53

1988

o 3GPP

Tropospheric scintillation loss (dB)
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FIGURE 5. Scintillation loss PLs vs. elevation angle.

where PF is the peak-to-peak fluctuation, equal to 1.1 dB
for f = 4 GHz, and calculated by the following equation for
f <6 GHz:
PF (¢<6 GHz) = PF(f=4 GHz) - (f/4)~'°. 47)

Since high frequency bands are advocated for the RSS-
enabled HAPS/LEO platforms, tropospheric scintillation is
taken into account in the path-loss model. Specifically, the
wireless signal fluctuations are due to sudden changes in
the refractive index caused by temperature, water vapor con-
tent, and barometric pressure variations. Also, low elevation
angles (especially below 5°) are significantly affected by the
scintillation loss, due to the longer path of the signal and the
wider beam width. The value of the tropospheric scintilla-
tion loss is season and region dependent. We refer the reader
to [53] for the detailed calculation steps. To give an idea of
the typical power attenuation level, the tropospheric attenu-
ation with 99% probability at 20 GHz in Toulouse, France
is tabulated in [6, Table 6.6.6.2.1-1] for different elevation
angles. For the sake of simplicity, we model the related
tropospheric scintillation loss by

PLy = 14.7 91139 9 € [0°,90°], (48)

which is a valid approximation of [6, Table 6.6.6.2.1-1] as
shown in Fig. 5.

Subsequently, the received power in dBm at Rx can be
expressed by

Pr:Pt+Gt+Gr_PLTx—HL_PLHL—Rx

+ 20log (N), Hy € {HAPS, LEO}, (49)

where PLt,_p, and PLy, _g, are calculated using (41).
The link budget analysis of Section III is summarized in

Table 3.
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TABLE 3. Link budget summary.

[ Scenario [ Size of RSS reflector | Channel Model [ Link Budget [ Dominant parameter(s) |
LRSS-assisted terrestrial communication . d, A and N (for @ =2)
(Specular paradigm) 104 x 104 Log-distance Eq. (8) d (for a > 2)
. . . Log-distance Eq. (14) A (for @ < 4)
SRSS'asSzszitt:rrifs“‘;]ag?“[‘n“)‘““‘Ca“°“ [0.12 x 0.14, 0.2 x 0.24] A, dy, and dy (for a = 4)
& paradig 3GPP Eq. (20) f
LRSS-assisted non-terrestrial communication .
(Specular paradigm) 104 x 104 Log-distance Eq. (27) A, N, Hrss and d
. . L Log-distance Eq. (34) A
SRSS'a“‘S‘fgcgt‘zgr'i‘s“es;ﬁi CI‘;[;‘m”mC*‘“O“ [0.14 % 0.12,0.24 % 0.24] 3GPP (UAV) Eq. (39) f
& paradig 3GPP (HAPS/LEO) Eq. (49) f
TABLE 4. Typical parameters of different types of platforms. 0 T
ATid c i RS - - -Terrestrial
Platform (H;;lsf overa(%:) radius (Aa)rea 90 arrerese U AV ]
L HAPS
Terrestrial Sm 0.5 km 5 x 10 m? 40 |=——=LEO i
UAV | 200m 2 km 025 x 0.25 m? ) u %max (gq-(go)) . J
N -60{ W i .
HAPS 20 km 50 km 40 x 20 m? =) win (Bq(2)) L m
LEO 500 km 500 km 5 x 10 m? g .80 ]
2
-§ -100 1
IV. RESULTS AND DISCUSSION g 190 Lo |
In this section, we evaluate the received power for different ~
RSS-mounted platforms, and the impact of several param- -140 1
eters is investigated. Based on the unique features of each
. . . . -1 il
platform, as discussed in Sections II and III, we assume typi- 60

cal values of altitude, coverage radius, and RSS area for each
platform, as shown in Table 4. Moreover, we consider the
height of the terrestrial Tx Htx = 25 m, while the receiver’s
height is Hrx = 1.5 m.

A. IMPACT OF THE NUMBER OF REFLECTORS AND
ENVIRONMENT TYPE

Given the selected platform, the type of mounted RSS
reflectors is of great concern, since different communication
paradigms can be followed and these have different costs.
According to [30], the cost is expected to be approximately
proportional to the RSS size and number of RSS reflector
units. Consequently, larger reflectors, with dimensions above
10A x 10X and operating in the specular reflection paradigm,
are more expensive than small reflectors (i.e., with dimen-
sions lower than 0.2 x 0.24), which operate in the scattering
reflection paradigm. Hence, the maximal number of reflec-
tors to install on a platform, denoted Npax, is limited by the
reserved area on the platform for the RSS A, and the reflec-
tor’s size A, = cjA X cA, where ciA > 0 and cpA > 0 are
the length and width of a reflector unit, respectively. Their
relation is defined by

A
A
In order to highlight the potential gains of using RSS-
equipped platforms, we consider that a communication
between a terrestrial Tx and a terrestrial Rx is assisted by an
RSS-equipped platform, namely a building facade, a UAV, a
HAPS, or a LEO satellite, characterized as in Table 4. For

A

Nmax = - .-
c1car?

(50)
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FIGURE 6. Received power vs. number of reflectors (different platforms; specular
reflection paradigm).

the sake of simplicity, we assume that Tx and Rx are located
at the edges of the platform’s coverage footprint (i.e., within
a distance 2d). Moreover, due to the flexibility of aerial
platforms, we assume that they are placed at the optimal
location according to the considered reflection paradigm,
while the terrestrial RSS is assumed to be midway between
Tx and Rx.!! The operating frequency f = A/c = 30 GHz
(Ka-band), where c is the light’s velocity in m/s, the receive
antenna gain G, = 1 (i.e., 0 dBi), and the path-loss o = 4 for
the terrestrial communication. Finally, the following trans-
mit/receive parameters are set as follows for the log-distance
channel model: transmit power P, = 40 dBm and transmit
antenna gain G; = 1 (i.e., 0 dBi). For the 3GPP model, P; and
G; are fixed according to the related standards. Specifically,
we consider a ground transmitter with the following param-
eters P, = 35 dBm and G, = 8 dBi [38] in the case of
terrestrial and UAV systems, and P, = 33 dBm and G; =
43.2 dBi [6] in the case of HAPS and LEO systems.
Given the specular reflection paradigm, Fig. 6 presents
the received power as a function of the number of reflec-
tors for different platforms. We notice that for UAVs and

11. This assumption for the terrestrial RSS is justified by the fact that
the latter cannot be moved later to another location given that Tx and Rx
locations may change.
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FIGURE 7. Received power vs. number of reflectors (different platforms and
environment types; scattering reflection paradigm).

LEO satellites, the minimum required number of reflec-
tors for specular reflection is greater than the maximum
number of reflectors that can be placed on the platform’s
surface. Therefore, specular reflection cannot be achieved
for RSS-equipped UAVs and LEO satellites for the speci-
fied coverage areas. This is due to the limited area available
for RSS on UAVs and to the relatively high operating alti-
tude of LEO satellites. However, specular reflection can be
realized using RSS-equipped HAPS systems or terrestrial
environments. This is because of the clear LoS links with
HAPS nodes and the relatively short communication dis-
tances in terrestrial environments. As we can also see in
Fig. 6, Nmin = 27,000 reflectors for HAPS provides cov-
erage in a 100 km circular area at P, = —64 dBm. For
a smaller coverage footprint, it is expected that a lower
number of reflectors would be used. Although a small num-
ber of reflectors is required in terrestrial environment for
specular reflection, the received power is worse than in the
HAPS scenario. This is due to degraded terrestrial commu-
nication channels, compared to LoS wireless links for the
RSS-equipped HAPS. Accordingly, a HAPS is the preferred
RSS mounting platform in the specular reflection paradigm.

For the scattering reflection paradigm, we present in Fig. 7
the received power as a function of the number of reflec-
tors for different platforms. For the sake of simplicity, we
show only the results corresponding to the 3GPP channel
models where different types of environments are studied,
namely dense urban, urban, and rural. Given the same num-
ber of reflectors, the RSS-equipped UAV system achieves
the best power performance due to short distances and clear
LoS wireless links. Moreover, the difference in performance
between the rural and urban environments is minimal, at
about 2 dB. For a number of reflectors close or equal to Npax,
the LEO system has the worst received power performance,
which degrades significantly in accordance with the density
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FIGURE 8. Received power vs. carrier frequency (different platforms).

of the urban environment. In contrast, the HAPS system
realizes the best P, values for a number of reflectors near
or equal to Npax. This remains the case even in dense urban
environments, where a HAPS system may compensate for
performance degradation by using a higher number of RSS
reflectors or by reducing its coverage footprint (i.e., where
the Tx and Rx are closer). Consequently, it is worth not-
ing that RSS-equipped LEO systems may require further
redesigning in order to be feasible, while the HAPS coverage
footprint needs to be adjusted according to the environment
type of the served area.

B. IMPACT OF THE CARRIER FREQUENCY
As shown in Table 3, the carrier frequency is a dominant
parameter in the link budget analysis. Although using higher
frequencies enables high capacity links and addresses the
spectrum scarcity issues, such frequencies as millimeter wave
and Terahertz may suffer from significant signal attenuation.
Nevertheless, high frequencies enable the use of small-sized
reflectors. And since a large number of these can be used in
small areas, this may counterbalance the signal attenuation.
In Fig. 8, we evaluate the received power as a func-
tion of the carrier frequency, for the same communication
model introduced previously. Here, we assume that each
platform hosts the maximal number of reflectors Npyax, and
that the link budget analysis for the scattering reflection
paradigm is realized for the log-distance channel model for
the sake of comparison. The results show that in both spec-
ular and scattering reflection paradigms, the HAPS system
provides the best performance due to its large surface
area that accommodates the highest number of RSS reflec-
tors. On the other hand, the RSS-equipped UAV performs
worse than the terrestrial RSS under the specular reflection
paradigm because of its small surface area, which accommo-
dates a very small number of reflectors. In particular, when
f < 12 GHz, a UAV with dimensions of 0.25 x 0.25 mz,
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FIGURE 9. Received power vs. carrier frequency (different platforms and
environment types).

cannot host a single reflector. Given the scattering reflection
paradigm, all platforms demonstrate stable performance for
any carrier frequency. Indeed, by combining (50) into (14)
and (34) respectively, we obtain the maximal received power,
expressed by

4 2
A A
P — P,G,Gr(—> ( :

4T ) (cre2n)’ (didy)”
P,G,G. [ A \* 1
= %(_’> — 51
@m)* \cic2) (didy)

for the terrestrial environment. However, for the non-
terrestrial one, (if d < Hgss) P is expressed as

max A ! At2
Pr = PthGr E (C1C2)LZ)2(H12?SS i d2)2

PGG: ( A\ 1
_ ,z4r< t> - (52)
a0t ) (gt )
otherwise (i.e., d > Hgss),
max_ PGGr (AN
max _ ) (53)
(4m)* \cic2/) (2Hgssd)

According to (51)—(53), the received power is no longer
dependent on the frequency (or the wavelength), but rather
on A;, ¢; and c3.

Fig. 9 shows the received power as a function of the car-
rier frequency, given different RSS-equipped platforms and
environment types. These results were obtained using the
3GPP channel models for the scattering reflection paradigm,
i.e., (20), (39) and (49). Also, we assume the use of the
maximal number of reflectors Npax, dry air atmospheric
attenuation, and an average tropospheric scintillation of
0.5 dB for the HAPS and LEO systems. We notice that
the received power of both terrestrial and UAV systems are
insensitive to frequency. Indeed, the frequency attenuation is
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successfully addressed through the deployment of a higher
number of reflectors, since Npyax increases with f. In con-
trast, HAPS and LEO systems performance is affected by
frequency, and deeply by the atmospheric attenuation at spe-
cific frequency ranges. Nevertheless, some spectrum regions
present a stable received power behavior, such as below
40 GHz, and in the 150-350 GHz and 500-700 GHz bands.
The latter can be fully exploited for high capacity communi-
cations. Finally, depending on the operating frequency band
and environment (dense urban, urban, or rural), one system
may be more suitable than another (e.g., the RSS-equipped
HAPS is the most interesting one in rural areas for most of
the frequency bands).

C. DATA RATE EVALUATION AND IMPACT OF PLATFORM
LOCATION

For the following simulations, we consider the same assump-
tions as in Fig. 7. Subsequently, (20), (39) and (49) can be
used to evaluate the received power. The related data rate is
calculated as

P
R =B, 10g2(1 + —r> (54
Py
where B,, denotes the bandwidth, F' stands for the noise
figure, and Py refers to the noise power, given by

Py = KTB,,F, (55)

where K = 1.38 x 1072J.°K~! is the Boltzmann constant
and T is the temperature in °K. According to [6], when
aerial networks operate in frequency bands f > 6 GHz, B,,
can be up to 800 MHz in both uplink and downlink, while
F =17 dB.

Assuming that each platform uses Npyax reflectors and that
B,, = 100 MHz, we depict in Fig. 10 the resulting data rates
as a function of the receiver gain G,. As typical UE has
G, < 5 dBi, both terrestrial and HAPS systems equipped
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lized Rx-RSS dist: v (different platforms and

with RSS can directly support the downlink communication
to users, and this is mainly due to their large RSS areas.
However, RSS-equipped UAVs and LEO satellites are unable
to match this due to the small RSS areas of UAVs and
the high propagation loss of LEO satellites. Alternatively,
mounting RSS over UAVs and LEO satellites may sup-
port inter-UAV and inter-satellite communications [23]. Also,
a swarm of RSS-equipped UAVs can be utilized to assist
communications cooperatively [1], [21].

The platform placement has an important impact on the
data rate performance. Unlike LEO satellites, UAVs and
HAPS nodes can be placed at fixed positions above an
intended coverage area. However, due to wind and turbu-
lence, these platforms may drift from their initial position,
thus degrading communication performance. To assess such
an effect, we present in Fig. 11 the data rate performance as
a function of v =2 — 5, the normalized horizontal Rx-RSS
distance. Moreover, we identify the optimal aerial platform
location as calculated by (32) and the one provided by the
simulations. Here, we assume that G, = 0 dBi, while the
remaining parameters are as for Fig. 10.

As discussed above, the optimal placement of an RSS-
equipped aerial platform depends on the latter’s altitude
Hpgss and coverage radius d. For the RSS-equiped UAV, the
obtained optimal UAV location r* that achieves the highest
data rate (red dot) agrees with that of (32) (blue circle),
for any environment type. For the RSS-equipped HAPS, we
distinguish between two cases, namely for d = 50 km and
d = 10 km. In both cases, the optimal simulated HAPS loca-
tions and those of (32) agree in the rural environment, but
the latter drift away as the environment becomes urbanized.
This is mainly due to the effect of the additional shadowing
and NLoS links in the 3GPP model of urban environments,
which were ignored in the calculation of (32). Moreover, this
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location gap is larger for d = 10 km due to a higher shad-
owing impact. For the terrestrial networks, the best location
is either being the closest to Tx or Rx, with a preference for
Tx. Indeed, since the BS (at altitude 25 m) has a strong LoS
link towards the RSS, the received signal is slightly better
than being the closest to Rx (at altitude 1.5 m).

When an RSS-equipped HAPS operates in a rural envi-
ronment, drifting from its initial location would have a small
impact on communication performance. However, the data
rate significantly degrades in an urban environment when the
HAPS moves towards the middle of the Tx-Rx segment. A
terrestrial RSS achieves the highest performance at optimal
locations. However, due to the inflexibility of its deployment
and varying Tx and Rx locations, it may not perform at its
best. In any case, when designed to assist cellular networks,
RSS deployed closest to the BSs would eventually guarantee
operating at near-optimal performance.

D. OUTAGE PROBABILITY ANALYSIS

Links between aerial platforms and terrestrial terminals may
be subject to random variations due to shadowing and
blockages. The instantaneous received power at a terrestrial

terminal can be generally written as
Py =P, +X, (56)

where P, is the average received power, defined as

Py = P+ G; + Gy — (PLrc—gss + PLrss—rx) + 20log(N),
(57)

where PLr,_gss and PLgss—g, denote the average path loss
of links between the RSS-equipped aerial platform and the
transmitter and the receiver, respectively. Also, X represents
the resulting shadow fading of both links, modeled as a zero-
mean normal distribution with a standard deviation o; =

\/ 02 rss + Ohss_gy- The probability density function (pdf)
of the received power can be written as

(=)
exp| — , Pr>0. (58)

2
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1
P, =
f(Pr) s

Accordingly, the outage probability can be obtained from
the cumulative distribution function (cdf) as

x 1 x—P,
UJ ZPPr = P}" dPrzl——rf R
out (Pr<x) /Of( ) 26 C(gsﬁ)

(59)

where x reflects the receiver sensitivity and erfc(x) =
% fx > exp(—1?) dt is the complementary error function.
Using the 3GPP models for the scattering reflection
paradigm (Table 3) with the characteristics of aerial plat-
forms (Table 4) and same assumptions as in Fig. 7, we depict
in Fig. 12 the cdf of the received power at user terminals with
0 dB gain, and assisted by RSS mounted on different aerial
platforms in various environments. For any aerial platform,
as the receiver’s sensitivity degrades (i.e., x becomes larger),
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FIGURE 13. Outage probability vs. coverage radius for RSS-assisted
communications (different environment types).

the outage probability increases. This performance degrada-
tion is more significant in denser urban environments due to
higher shadowing loss. Nevertheless, the outage performance
gap between rural and urban environments is more noticeable
for a HAPS-assisted communication than for a UAV-assisted
one.

The outage probability performance depends on the cover-
age area of the aerial platform. To analyze the impact of the
coverage area, we illustrate in Fig. 13 the outage performance
as a function of the coverage radius. For these simulations,
we assume a receiver power sensitivity of Ptrh = —115 dBm.
From Fig. 13, an outage probability lower than 10% requires
a coverage radius below 0.5 km for a terrestrial RSS and
below 1 km for a UAV-assisted communication, respec-
tively, whereas a HAPS-assisted communication can support
an area of between 40 km and 80 km in radius (=~ 80

VOLUME 2, 2021

times larger than for a terrestrial RSS). This demonstrates
the high potential of deploying RSS on HAPS compared to
the alternatives.

V. CONCLUSION

In this paper, we conducted a link budget analysis for the
envisioned RSS-equipped aerial platforms, namely UAVs,
HAPS nodes, and LEO satellites. In a review of the liter-
ature, we identified two reflection paradigms: specular and
scattering. For each reflection paradigm, we discussed its
realization conditions and then derived the associated optimal
RSS-equipped platform location that maximizes the received
power. Numerical results provided a number of insights into
the design conditions of RSS-assisted communications:

o The scattering paradigm has gained more interest in the
research community than the specular one due to the
practical accuracy of the former.

o RSS-equipped HAPS presents superior performance in
different types of environments, compared to RSS-based
terrestrial and other aerial platforms communications.

o The received power performance is limited by the sizes
of the RSS area and number of reflectors.

e« When using the maximal number of reflectors for

an RSS, the link budget of the scattering reflec-

tion paradigm becomes independent from the carrier
frequency.

Supporting ground users with RSS-equipped UAVs and

LEO satellites might not be feasible. Nevertheless, RSS

can be used to assist inter-UAV or inter-LEO commu-

nications. Also, a swarm of RSS-equipped UAVs can
support terrestrial users.

The best RSS-equipped platform location depends

greatly on the operating altitude, coverage footprint,

and environment type.

Finally, unlike other RSS-assisted communications, the

ones assisted by an RSS-equipped HAPS sustain the

best outage probability/coverage performance in any
type of environment.
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