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Urban air mobility (UAM) aims to establish a low-altitude trans-
portation system that operates safely and efficiently to mitigate the
increasing ground traffic congestion in densely populated areas. Vari-
ous aircraft types, including passenger aerial vehicles and unmanned
aerial vehicles, will be used to provide UAM services. In this context, a
large number of aircraft are expected to operate in close proximity to
each other, leading to challenges in terms of communication through-
put and interference. To address these challenges, this article examines
UAM communication requirements and the potential applications of
cellular networks in the relevant flight environments. UAM wireless
connectivity performance is analyzed focusing on cochannel interfer-
ence and the mathematical expressions for the probability of coverage
(PoC) are derived using stochastic geometry. Based on these premises,
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the improvements in PoC attainable using interference mitigation
techniques, such as frequency reuse (FR) and separation distance (SD),
are investigated. Then, a PoC enhancement algorithm is presented
using a combined FR-SD method. Numerical verification case studies
are performed in representative conditions, showing that the proposed
method is able to mitigate cochannel interference, significantly reduc-
ing computational time and increasing spectrum efficiency.

[. INTRODUCTION

The remarkable expansion of the unmanned aerial ve-
hicle (UAV) industry has given rise to a multitude of ap-
plications across diverse sectors [1], [2], [3]. In the realm
of surveillance, UAVs serve as pivotal instruments, facili-
tating extensive terrain monitoring and enhancing security
protocols. Agricultural practices benefit significantly from
UAV precision, encompassing precision farming, ongoing
crop monitoring, and systematic assessment of crop health.
Search and rescue operations strategically leverage the
nimble mobility of UAVs, proving instrumental in swift
coverage of challenging terrains. The crucial role of UAVs
extends to disaster management, contributing real-time im-
agery for nuanced damage assessments.

Furthermore, UAVs play a strategic role in communi-
cation networks, particularly in remote and emergency sce-
narios, thereby reinforcing connectivity. In logistics, UAV
deployment ensures the prompt and streamlined delivery
of medical supplies and goods. Notably, the application of
UAVs in urban air mobility (UAM) represents a transfor-
mative paradigm, fundamentally reshaping transportation
dynamics in urban area.

UAM is one of the advanced air mobility concepts that
provide a safe and efficient air transportation system for
goods and people in urban populated areas. The UAM
concept of operations envisions a future where aerial vehi-
cles play a pivotal role in alleviating traffic congestion and
providing efficient transportation solutions within densely
populated cities [4], [5], [6].

Developing a sustainable UAM sector requires an in-
tegrated approach based on the three main pillars: aircraft
and aerial systems, infrastructure, and airspace and traf-
fic management [7]. Concerning aircraft and aerial sys-
tems, the widespread adoption of electric vertical take-
off and landing (eVTOL) will be a distinctive character-
istic of the UAM industry compared with the conven-
tional aviation. In particular, innovative eVTOL configura-
tions will provide new opportunities for passenger trans-
port in cities, so different designs of eVTOL have been
proposed, including tilt thrust, tail sitters, cruise lift, and
cruise multirotor. Thus, NASA provides reference vehi-
cles that aim to represent the variety of vehicle configura-
tions presented across the UAM community [8], [9], [10],
[11]. Each design has different characteristics and benefits
depending on the targeted mission profile.

The infrastructure of UAM entails aerodromes and ver-
tiports, which are strategically located within metropolitan
areas, guided by factors, such as anticipated demand, zoning
ordinances, environmental constraints, and stakeholder in-
put. These ground facilities come in various types, including
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those with runways and those requiring VTOL, serving
different needs within urban centers. These aerodromes
provide essential utilities, adhere to regulatory codes, and
integrate with other transportation modes. Surveillance,
navigation, and communication infrastructure are tailored to
their unique environments, with provisions for emergency
landings and redundancy. UAM aerodromes play a pivotal
role in supporting passenger and cargo traffic by UAM ve-
hicles (UVs), offering fast-charging and fuel options, while
their physical and cybersecurity are managed by operators
in compliance with relevant regulations.

Ensuring suitable airspace and traffic management ser-
vices is essential for UAMs safe and efficient operation
[12]. Consequently, NASA provided a scheme for UAM
maturity levels (UML) [3] that classifies the UAM evolution
into six levels. Each UML is defined by operational den-
sity, complexity, and the extent of reliance on automation.
UAM is supposed to operate at UML-4 [3]. This level of
maturity is projected to make UAM feasible in numerous
metropolitan areas, and this feasibility is facilitated by the
implementation of advanced communications, navigation,
and surveillance and avionics (CNS+A) technologies and
services.

The urban environment imposes limitations on low-
altitude CNS systems, including challenges related to the
obstruction of communication and global navigation satel-
lite system signals caused by urban infrastructure [13], [14].
Additionally, very high frequency (VHF) voice commu-
nications and automatic dependent surveillance broadcast
(ADS-B) are currently at maximum capacity in high-traffic
airports. They would be insufficient to accommodate the
anticipated increase in air traffic [15], [16]. Therefore,
UAM requires new communication technologies to support
high-density operations in urban environments.

A. Related Work

Within the realm of UAM, a large number of aircraft
are expected to operate in proximity, posing challenges in
communication connectivity between UV and cellular base
station (CBS) and interference. In [17], the connectivity
analysis for UAM between UV and CBS was presented;
however, this analysis focuses on predicting turbulence
using a neural network. The interference management tech-
niques for UAVs were proposed in [18], [19], [20], [21],
[22], and [23]. The cooperative interference cancelation
(CIC) strategies were proposed in [18] and [19]. A decode
and forward (DF) method for multibeam UAV to avoid
cochannel interference was proposed in [18]. In [19], a
quantize and forward (QF) based CIC method for uplink
communication was presented. Lu et al. [20] proposed
a scheme using the cloud radio access networks, spatial
multiplexing, and beamforming to mitigate interference.
In [21], the cooperative non-orthogonal multiple access
(NOMA) was proposed to avoid uplink interference. The
NOMA algorithm to reduce cochannel interference for
cellular-connected UAV was presented in [22]. However,
these techniques require high processing power, which
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increases the power consumption of the UAVs battery.
Oubbati et al. [23] proposed a framework for minimizing
energy consumption and maximizing throughput using deep
reinforcement learning. However, the system’s complex-
ity poses a challenge. Therefore, we suggest a combined
method utilizing both frequency reuse (FR) and separation
distance (SD) to enhance probability of coverage (PoC)
while simultaneously reducing cochannel interference. This
integrated FR-SD method also demands lower complexity
and processing power compared with the previously men-
tioned methods. Nevertheless, the proposed method faces
limitations based on the available number of frequencies for
reuse. Table I provides a comparison between our proposed
method and the aforementioned approaches.

B. Contributions and Structure

This article presents a study of UAM communication
requirements, considering cellular networks as a key tech-
nology enabler in addressing communication performance
and challenges. Then, an analysis of UAM wireless con-
nectivity performance is conducted focusing on cochannel
interference between UVs and CBS. Using stochastic ge-
ometry, mathematical expressions for the PoC are derived
and the improvement in PoC attainable using interference
mitigation techniques, such as FRs and SD, is investigated.
Then, an enhanced PoC algorithm is presented using com-
bined FR-SD method.

The rest of this article is organized as follows. Section 11
presents UAM communication requirements. The system
model is presented in Section III. The proposed PoC en-
hancement algorithm is presented in Section I'V. Section V
presents the numerical simulation results and associated
discussion. Finally, Section VI concludes this article.

. COMMUNICATION REQUIREMENTS

In urban environments, communication systems face
significant challenges. VHF voice communications and
ADS-B are already reaching their capacity limits, and these
systems would struggle to accommodate the influx of new
vehicles. The presence of urban structures, such as build-
ings, bridges, and towers, acts as substantial barriers to
signal reception, ultimately compromising the reliability of
communication. Additionally, urban areas are characterized
by numerous reflective surfaces, which give rise to an in-
creased prevalence of multipath signals, resulting in errors
in received signals. Thus, UAM requires communication
technologies that can support high-density operations in
densely inhabited urban environments. Various UAM ap-
plications have different data rate prerequisites. Voice and
basic command and control communications are able to
operate at lower data rates. However, remote pilot operation
and autonomous technology require higher data rates (up to
100 Mbps) [24]. A reliability requirement of 99.999% is
necessary for navigation and surveillance [25]. In addition
to that, due to the fast pace of operations and shorter charac-
teristic distances compared with the conventional aviation,
UAM requires low-latency communication, as low as 10 ms
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TABLE I
Comparison of the Related Approaches and the FR-SD Method

and beamforming [20]

Method Technique Main Advantage Main Limitation
DF [18
[18] Multi-beam UAV CIC
QF [19] L
- : ; - Mitigating cochannel .
Spatial multiplexing  |Uses cloud radio access networks, interference Computational load

spatial multiplexing, and beamforming

NOMA [21],[22] Based on NOMA

TEAM framework Intelligent trajectories of multi-UAVs |Minimize energy consumption [Complexity of the
[23] using deep reinforcement learning and maximize throughput system
FR and separation distance f\r/lltlélrgfzgﬁg (e)lfllcliar?lr;ilimizin Limited by the

FR-SD method P . € |available number of

coverage with low .
. frequencies
computational load
[26]. Moreover, the dynamic nature of UAM and the abun- 6G #5G #4G

dance of obstacles in urban areas necessitate technologies
capable of achieving communication beyond line-of-sight
and effectively addressing specific line-of-sight issues in
urban environments.

A. Cellular Communications for UAM

Cellular communications are promising state-of-the-art
and rapidly evolving technologies that are adequate to fulfill
UAM requirements of low-latency and high-throughput
wireless connectivity [27]. For instance, 5G cellular com-
munications boast a peak data throughput of 10 gigabits/s,
which is ten times higher than 4G ones. When comparing
potential network speeds between 5G and 6G technology,
it is anticipated that 6G will be faster than 5G by 100 times,
with improved dependability and network coverage [28].
Furthermore, both 5G and 6G utilize midband and high-
band frequency spectrums for high-speed data transmission.
The sub-6 GHz and over 24.25 GHz [29] are reserved for 5G
and 6G, respectively. Additionally, 6G is expected to operate
in the frequency band from 95 GHz to 3 THz, enabling
the cellular network to provide “connectivity for the sky”
through integration with satellites and aerial vehicles.

In normal conditions, 5G network latency is 10 ms,
which is ten times lower than 4G. With 6G, latency is
projected to drop to 1 ms, ten times lower than that of a
5G network, making it more suitable for UAMs low-latency
communication requirements [30]. In terms of mobility, 5G
networks provide satisfactory service at speeds of up to
500 km/h, compared with 350 km/h for 4G. In 6G, it is
expected to support speeds of up to 1000 km/h [31]. Ul-
tradense heterogeneous networks are supported in 6G with
connection densities up to 107 devices/km? higher ten times
than 5G [32]. The network performance comparison among
4G, 5G, and 6G is summarized in Fig. 1. The 6G exhibits
promising network performance; however, it is still under
research. Thus, 5G demonstrates acceptable performance,
which can be a key enabler for UAM communications.
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Fig. 1. 4G, 5G, and 6G network performance aspects.

B. Cellular Communication Challenges

1) Network Infrastructure: One challenge that lim-
its the application of existing cellular networks to aerial
vehicles is the downward-oriented antenna coverage pat-
tern, as the cellular network is designed to cover ground
users. Consequently, addressing this limitation requires ei-
ther reconfiguring the existing CBS or establishing a dedi-
cated CBS tailored to the needs of UAM communications,
especially for UVs. The current CBS can be reconfigured by
adding up-tilting antennas to serve UVs while considering
the effect of antenna back lobes on the service provided
to ground users [33]. Moreover, constructing a dedicated
5G network to offer stable 5G connectivity for UAM can
significantly benefit from using 3-D network coverage op-
timization [34] and network slicing technology [35].

Tethered UAV (TUAV) and high-altitude platforms
(HAPs) can be utilized as relays to connect cellular networks
with UVs and to provide wide area coverage [36], [37].
TUAV is a low-altitude platform (LAP) supplied with power
and data by a cable from a ground station to achieve the en-
durance and backhaul link quality requirements. However,
the mobility and flexibility of TUAVSs are restricted by their
cable length. HAPs, on the other hand, offer greater flexibil-
ity and wider coverage due to operating above conventional
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air traffic, making them an appealing solution with reliable
communication technologies for UVs. Nonetheless, due to
their greater distance from the user terminals, the use of
HAPs would likely result in increased overall end-to-end
latency.

2) Network Air Interface: The high density of con-
nected devices to the 5G network will result in high interfer-
ence. Advanced media access techniques, such as NOMA,
have been introduced to mitigate this issue [38], which
allows multiple users to access the 5G network simultane-
ously utilizing the same frequency resource while mitigat-
ing interference through successive interference cancelation
(SIC). However, NOMA requires addressing several limi-
tations and implementation challenges, including the need
for users to decode all the users’ data in the same cell be-
fore decoding their own data, leading to increased receiver
complexity and higher energy consumption compared with
orthogonal media access (OMA).

As previously mentioned, 5G is expected to utilize the
mm-wave band due to the extended range of spectrum avail-
ability in this band. The wavelengths of mm-wave allow for
implementing compact massive multiple input and multiple
output (MIMO) antenna arrays suitable for CBS and UV.
Massive MIMO antenna arrays can be used to provide
substantial beamforming gains to counteract the high path
loss at mm-wave frequencies, and spatial reuse can help
reduce the interference [39], [40]. However, it is essential to
note that NOMA, massive MIMO arrays, and beamforming
techniques demand high computational and processing
complexity, which presents a challenge for the UVs’
batteries.

3) Network Security: 5G introduces a new trust model
with security features to ensure verifiable and authenticated
interactions between subscribers and the network. These
features include interoperator security and privacy, primary
and secondary authentication, key hierarchy, and radio
network protection. This new trust model, along with its
features, addresses the issues that plagued previous cellular
network generations, which were based on the signaling
system 7 [41] and diameter protocols [42]. However, the
5G network core will be built on software-defined net-
working (SDN) and network function virtualization (NFV)
functionalities [43]. SDN and NFV heavily rely on the
hypertext transfer protocol and representation state transfer
application programmable interface (API) protocols [44],
which are well known and widely used on the Internet. This
reliance increases the risk of vulnerabilities and potential
attacks on the 5G network.

With SDN and NFV being implemented for network
slicing in 5G, network administration will become even
more complex. The flexibility of 5G networks comes at
the cost of increased complexity and the number of settings
that require monitoring. This flexibility also means a higher
likelihood of security configuration mistakes. Despite the
presence of numerous security mechanisms in 5G networks,
ensuring lasting security will necessitate unwavering com-
mitment from telecom manufacturers and service providers
responsible for standards implementation, as well as from
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Fig. 2.

Outline of the considered system model.

the UAM operators themselves, who bear the responsibility
for proper configuration and adherence to recommended
practices.

[l.  SYSTEM MODEL

The research presented in this article models a downlink
network that focuses on the air-to-ground (A2G) commu-
nication between UVs and CBS considering the cochannel.
The same analysis can be used for the uplink; however, in
this article, we focused on the downlink channel. In UAM,
the UAVs periodically send their surveillance information,
such as their location and identification codes, to the ground
station, similar to ADS-B. This information is crucial for
separation assurance and collision avoidance (SA&CA)
between UAVs.

Fig. 2 shows that the proposed system, which consists
of UVs, deployed according to two scenarios: a random dis-
tribution following the homogeneous Poisson point process
(PPP) distribution and a deterministic distribution following
the grid model. The transmit power of all UVs is assumed
to be fixed with mean (1/x). The dense urban environment
is considered; therefore, the channel is affected by Rayleigh
fading due to the non-line-of-sight (NLOS) condition. The
received power of a CBS at a distance r from the nearest UV
is h - PL™!, where A is a random variable of an exponential
distribution with mean (1/x ) and PL is the path loss. The
interference power is assumed to follow an exponential
distribution g. The interference power at the CBS I, is
the received power summation of all other UVs except the
nearest to the CBS. The noise power is considered additive
and remains constant with a value of o2

A. Path Loss Model

A stretched exponential path loss (SEPL) is proposed
for the A2G channel because it accurately addresses the
propagation in the dense urban environment [45]. Also, it
helps to derive the network key metrics SINR and P, in
simple forms. The proposed SEPL is derived based on the
A2G path loss in [46], which is proposed for dense urban
environments and considers the line of sight (LOS) and the
NLOS conditions. The path loss is expressed by

PL4s>G, = FSPLg + Loy, + Lay, + [(1 — Pos)lgs. (1)
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FSPLgg is the free-space path loss. This can be ex-
pressed as a function of ground distance and elevation angle
as follows:

FSPL = 20 log (r) — 20 log (cos 6) + 20 log (f) — 147.55
(2

where r is the ground distance (m), fis the frequency (Hz),
0 is the elevation angle (°), and L, is the antenna loss. For
an omnidirectional antenna, L, is calculated as follows:

L,=-2G, (3)

where G, is the maximum gain (dBi) and L;4p is the excess
path loss, which is given by

Ly, = —68.8+ 101log (f) + 10 log (hg — hms)

r

V2
+ 20 log (cos @) — 10 log (1—}-? . 4

Here, hy is the building height (m), /s is the mobile sta-
tion height (m), and L, is the reflection coefficient (percent).
The probability of LOS [47], [48] is given by

r—2r,
(—2rbxb Jo P G(h)dx)

Pros (r, h) =e &)

where G(h) is the complementary cumulative distribution
of building height, r;, is the mean building radius in (m), and
Ay is the density of buildings in (buildings/m?).

(- hUAVZXZ)

20,2 2

Considering a Rayleigh distribution G(h) = ¢

with 0 = [p,/ Z/H, the probability of LOS can be modeled
as follows:

PLos (r, h) =P (6)
where
2rpAp ity |: < huav )]
= . @)
P huav ¢ 2/

The total path loss (TPL) in dB is given by
PLuxGy, =A +201og (r) + 10log[(1 — e P7)]  (8)
where the subfunction A is
A= —216.4+30log (f) + 10 log (hg — hms) — 2G,
V2
— 10 1log <1+F . )

The TPL can also be expressed in power ratio form as
follows:

PLAQG =C }"2 [1 - e(_ﬁ’)] (10)
where C = 107.

B. Probability of Coverage

The PoC (P,) is defined as the probability of a UV being
connected to the nearest CBS, which can be expressed by

P.(T, %) 2 P[SINR > T] an
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where 7 is the threshold SINR and p is the UVs density.
A UV is connected by the nearest CBS when the SINR is
larger than the threshold (7). The SINR can be expressed
by

PRx

SINR = ——
o2 +1,

(12)
where the received power is Pg, = hC~1r=2(1 — e #1) ™" ;
the interference power is I, = > gC~'r72(1 — e Py
and o is the thermal noise.

The PoC is derived for two scenarios: a UAM net-
work where UA is randomly placed according to a PPP
distribution, and a grid network whose UVs are uniformly
distributed, as shown in Fig. 3(a) and (b), respectively.

1) Probability of Coverage for PPP Distribution:
Fig. 3(a) shows a UAM network where UA is randomly
placed according to a PPP distribution. In the figure, Poc of

arandom UV in the network is
P.(T, .)=E, [P[SINR > T|r]]. (13)

Based on the previous discussion, we can also write

hC‘lr_z(l —e(_ﬂ’))fl
P.(T, A) = f P > T|r
r>0

o?+1,
fr(r)dr. (14)

From [49], the probability density function (PDF) as a
function of the distance between the CBS and the nearest
UV (r) is

df, ()
dr
Then, the P, can be expressed by

o % 3/2 2
P.T.3) = / e—my(r x(T)Jrl)e(,'ucﬁy/ To%) 5 dy
0

2
—ATrs

2w Are

fr ()= (15)

(16)
where
x(T) = % — % [—2111 (T%' n 1)
+—1n(T’T2—T’T'+1>]. (17)
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It should be noted that, in dense networks, o2 is very
small compared with the desired signal power [50]. There-
fore, PoC can be approximated by
1 37 (rAuCBTo?)

PA(T, ») =
z 4(AmZ)?

(18)

where Z = T3x(T) + 1
For no noise (6> = 0), PoC depends only on T. There-
fore

1

PAT, 3)=P(T) = ———.
T3x(T)+1

(19)

Appendix 1 presents the derivation of (16), (18), and
(19).

2) Probability of Coverage for the Grid Model: The
method described in [51] models the uniform grid net-
work. This method calculates cumulative interference by
substituting the actual network with an equivalent network
in which UVs, with density p, are uniformly distributed.
The served UV is assumed to be the origin of the polar
coordinate plane, and r represents the distance between the
aircraft and the CBS, as illustrated in Fig. 3(b). The distance
between the CBS and the first circle of the interfered aircraft
is (2R — r), where R is the coverage radius of the served
UV. The distance between CBS and the last circle of the
interfered UVs is given by (Rn — r).

Given that the coverage radius of a UV is R, the dis-
tance between two adjacent UVs is 2R, where R oc 1/,/p.
Therefore, cumulative interference can be approximated to
(51]

Ny 2 2R—r+¢;
I, = Z/ / hCB)Y ' r3pzdzds. (20)
=1 0 2R—r+¢g;—1
The average of I, is given by
2T p _ _
ElL] = [CR-1"' =R =n7']. @D
The PoC is defined as follows:
P.(T, p) = E, [Ej, [P{SINR > T}]] (22)
where
PRx
SINR = ———. (23)
o2+ E [£]

The received power (Pry) = hC~r~2(1 — ¢=#7) " and
the average cumulative interference can be approximated
by E[I,] = 2’é—l’\g"(ZR — r)~!, assuming that the network is
widely expanded R, — oo and the term (R, —r)~' — 0
(21). The PDF [51] of the distance r between the UV and
the nearest CBS is

2p
f(r):Tr, 0<r <R 24)

nm

where ¢, = ¢} is a normalized factor, ¢ = 0.5, ¢} =

1/2 V3 and c]% = 1/” for square, hexagonal, and circle grids.
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Fig. 4. (a) Initial interference. (b) Interference mitigation using SD.
(c) Interference mitigation using FR, § = 2. (d) Interference mitigation
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Then, the probability of coverage is expressed by

R? 3 o
P.(T, p) = % / e_””(cf’"’z*ﬁ) dr,
0

where p = C;/Rz. (25)

When the thermal noise is neglected o> = 0, the prob-
ability of coverage is reduced to

1 [F
PL‘(To p):ﬁ/() e

[V. PROBABILITY OF COVERAGE ENHANCEMENT

The PoC can be improved by mitigating the cochannel
interference. The interference management techniques were
proposed in [18], [19], [22], [52], [53], and [54]. The CIC
strategies were proposed in [18], [19], and [52]. A DF
method for multibeam UAV to avoid cochannel interference
was proposed in [40] and [52]. In [19], a QF-based CIC
method for uplink communication was presented. Liu et al.
[53] proposed the coordinate multipoint architecture for
multi-UAV to mitigate interference. In [54], the cooper-
ative NOMA was proposed to avoid uplink interference.
The NOMA algorithm to reduce cochannel interference for
cellular-connected UAV was presented in [22]. However,
these techniques require high processing power, which in-
creases the power consumption of the UAVs battery. There-
fore, we propose a combined method using both FR and
SD in order to improve PoC while also reducing cochannel
interference. This combined FR-SD method also requires
lower processing power compared with the other methods
mentioned above. In the SD method, the interference is
reduced by decreasing the UV coverage radius and setting
a separation distance (d) between the coverage area of UV,
as shown in Fig. 4(b). The increase in PoC is due to the
inverse proportional relation between PoC and the square
of coverage radius R from (26). In the FR method, PoC
increased by employing FR, where the network utilizes
different frequency bands. Here, §, with § > 1, determines

2 pu213/2

(=) gy (26)
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the number of frequencies being used. The density of in-
terfering UVs that transmit in the same frequency band is
reduced to p/§, as shown in Fig. 4(c). Subsequently, for the
PPP model, the PoC in (16) can be expressed by

o0 —Amy 7T§X(T)+l>
P.(T, % 8) = / e ( ! e(FHCBYTO?) 15y,
0
(27
Neglecting thermal noise (o = 0), the PoC is
1
P.(T, §)= 4—. (28)

T3x(T)
— Tl

For the grid model, the PoC in (25) can be expressed by

N 3
1 R —uTr2 (P*10~2+M)
P.(T, A) = [?/ e (=15 dr. (29)
0

Neglecting thermal (o0 = 0), the PoC is

1 [®
P.(T, Mzﬁ/o e

The combined FR-SD method increases the coverage
area by a factor § compared with the SD method and
saves frequency resources compared with the FR method, as
shown in Fig. 4(d). The increase in the coverage associated
with the new coverage radius (R ey ), Which can be obtained

as follows:
[ 2
Rnew = Cf/(ﬂ) =R\/(§
s

Therefore, the coverage area is increased by a factor
RZ

8 — Zlnew

R2
A. FR-SD Algorithm

The proposed algorithm uses the FR-SD method to
maximize the PoC of the deployed UV. First, the maximum
allowable path loss (PLy,) is calculated by

—27[puTr3/2

(r=rPp gy, (30)

(3D

PLw = Puv,, — FcBsg, - (32)

Then, the coverage radius of a single UV is calculated
from the path loss (10). The number of UV in the network
area is calculated by

CJ% - Total Network Area
= e
The density of the UV network is calculated by
. Nint
" Total Network Area’
Then, the PoC is calculated using the grid model, which
gives the optimistic P,. Then, the PPP model is used to
calculate the pessimistic P.. The actual P, is assumed to be
the average of the PPP model and the grid model results.
The algorithm increments § till its limit. If the P. does not

achieve the target value (P, ), then it will begin to increase
the separation distance until it reaches the target P,.

N

, Ning = round (N). (33)

(34)
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(FR-SD) Algorithm: FR-SD Method—Iterative Algo-
rithm.
Inputs: (hvis, Go, Ly, a3, hp, f, Puav;, » Pruavg, »
PMSRX , T, Pc_th )
Outputs: (5, R, N, P.)
1 Obtain R, for single UV
2 Obtain N number of UV
3 Obtain A
4Set§=1landd=0
5 Calculate P, for grid network @ T and X
while (P. < P. , AND 6 < § _th) do
8§ =46+1
Then, recalculate P,
while (P, < P ) do
R=Rint_ 1
d = 2x(d+1)
Then, recalculate P,

TABLE II
Network Parameters [57]

Parameter Value
Network Area 4 km?
Frequency (f) 2 GHz

PL, 120 dBm
SINR From —10 to 20 dB

B. Computational Complexity

The proposed FR-SD method is based on OMA tech-
nology, while the other methods are based on NOMA [18],
[19], [22], [52], [53], [54]. In NOMA, the implementation
of real-time power allocation and SIC algorithms demands
significant computational power [55]. For instance, with
M possible modulation orders and K subcarriers, the total
number of combinations required to determine the optimal
modulation orders for N OMA users is N - MX [56]. For
NOMA, it is necessary to load the subcarriers of all users
simultaneously, resulting in a total of MX" combinations
[56], which is substantially more significant than the OMA
case.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, MATLAB Monte Carlo simulation is em-
ployed to validate the theoretical analysis. Subsequently, the
impact of noise is investigated. Following that, acomparison
among SD, RF, and RF-SD methods is presented, followed
by a discussion of the results. The simulation parameters are
chosen to reflect the urban network parameters proposed in
[50], where the network area is 4 km?, and the operating
frequency is 2 GHz. The maximum allowable path loss
between UV and CBS is set at 120 dBm, with an SINR
threshold range from —10 to 20 dB. The network parameters
are listed in Table II.
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A. Theoretical Models Versus Simulation

The comparison between the theoretical models and
the Monte Carlo simulation is illustrated in Fig. 5. The
grid network exhibits a higher PoC compared with the
simulation, while the PoC of the PPP network is lower than
that in the simulation. This difference can be explained by
analyzing the specificities of the two models. In the grid
model, the distance between a certain UV and the other
interfering UV is not closer than 2R, where R is the coverage
radius of the aircraft. This condition is more idealized than
the real network. In the PPP model, the distance between
UVs is randomly distributed, allowing both serving and
interfering UVs to be close to the CBS, resulting in more
interference power than in the real network. Therefore, the
PPP model provides more pessimistic results due to the
strong interference generated by nearby UVs. On the other
hand, the grid model is more optimistic because actual UV
networks always exhibit a certain degree of irregularity. The
actual PoC is the average of the grid and PPP networks,
validated by the Monte Carlo simulation, which aligns with
the average PoC, as depicted in Fig. 5.

B. Effect of Thermal Noise on the Probability of Cover-
age
Fig. 6 shows the PoC versus SINR for 0> = 0.1 and
0% =0 (no-noise). A difference of less than 1 dB gap is
observed between the two cases. Therefore, the noise can be

neglected in dense networks as they are interference-limited
networks, as explained in [50].
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C. Comparing SD, FR, and FR-SD Methods

Using SD method, the PoC increases from 0.6 to 0.8
at T = 0 and d = 300 m, as shown in Fig. 7, while by
using FR method, the PoC increases from 0.6 to 0.92 at
T =0and § = 7, as shown in Fig. 8. Fig. 9 shows the
FR-SD method, SD method, and FR method versus § and
the normalized separation distance with respect to coverage
radius (dn) for different values of 7. For a PoC of 0.8 and
8 = 3, the proposed algorithm improves the coverage area
by a factor 3 compared with the SD method. Also, it saves
the frequency resources by a factor 3 compared with the FR
method [58], [59], [60].

D. Discussion of Results

The envisioned UAM operational context will be char-
acterized by a vast variety of missions and vehicles, ranging
from very light hovering inspection platforms to medium-
class point-to-point air taxis carrying multiple passengers.
In this context, ever-changing UV densities and the highly
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variable throughput requirements associated with their mis-
sions will require a flexible approach to assure a mini-
mum acceptable level of communication performance (and,
therefore, operational safety). The benefits of combining the
complementary advantages of FR and SD are compelling
in the given scenario and this was corroborated by our
simulation results, where the tradeoff between the two
baseline methods allows to achieve the best compromise
of threshold SINR, coverage factor, and normalized sepa-
ration distance. For instance, the already significant gains
in PoC achievable by increasing the coverage factor to just
3 can be compounded with the PoC gains achieved by a
reasonable increase in the minimum separation distance
between terminals, which can be stipulated as a part of the
UAM SA&CA requirements, as in the case of the unified
SA&CA methodology proposed in the previous research.
Doing so allows the FR-SD approach to easily achieve very
high PoC while also minimizing the energy consumption
of the cellular communication system onboard the UV by
not relying less heavily on NOMA, massive MIMO, and
beamforming functionalities.

VI. CONCLUSION

UAM aims to provide a safe and efficient air trans-
portation mode for people and goods in urban areas. UAM
encounters crucial challenges encompassing UV design,
aerodromes implementation, and manned/unmanned air
traffic management. The commercial viability of UAM
will require reliable broadband A2G communications be-
tween aircraft and ground terminals to optimally utilize
the airspace resources and to create a safe, efficient, and
sustainable transportation system. In this article, the poten-
tial of UAM communication systems using state-of-the-art
cellular network technology was discussed in detail and
a wireless connectivity performance analysis was carried
out, which specifically addressed cochannel interference
between UV and CBS, which is one of the most impor-
tant challenges arising in dense UAM operations. Using
stochastic geometry, mathematical expressions for the PoC
were derived and used to analyze the PoC enhancement
provided by interference mitigation techniques, such as FR
and SD. A PoC enhancement algorithm using the combined
FR-SD method was proposed. Simulation results corrobo-
rate the potential benefits of this combined approach by
achieving significant gains in PoC with limited increases in
coverage factor and minimum separation distance, which
can be stipulated as a part of the SA&CA requirements.
The FR-SD approach also allows minimizing the energy
consumption of the cellular communication system onboard
the UV by relying less heavily on power-intensive com-
putational functionalities as NOMA, massive MIMO, and
beamforming. The FR-SD method ideally fits the unified
SA&CA methodology that was proposed in the previous
research, as this unified mathematical approach allows for
a continuously evolving separation volume based on the
achievable CNS performance, which can be augmented
locally by infrastructure or temporary relays, such as HAP,
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TUAV, and other LAP, which were briefly discussed in this
article. Further research shall investigate the integration of
the unified SA&CA methodology with the FR-SD method
and the optimal local augmentation approach for communi-
cation performance in the densest UAM traffic conditions.
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APPENDIX

The P. of arandom UV in the network is

P.(T, \) =E, [P[SINR > T|r]] 35)
|:hC_1r_2(1 - e(_ﬁ’))_] :|
= / P 5 >Tlr
r>0 o +Ir
fr(r)dr (36)

where f,(r) is the PDF of the distance r between CBS and
the closet UV, which is expressed as follows:

df (r)

£ () = = 2hr e " 37
dr
hC‘lr_z(l - e_ﬂ’)_l
PL.(T,)L)=/ P >T|r
r>0 o? + Ir
dware M dr (38)
where
hC~'r 2 (1 — e’ﬂ’)71
P > >TIr
o+ 1,
=P[h>Cr’(1—e?) T (6> +1)r] (39)
= E, [ —uCr? (1 - e_ﬁ’) T (0‘2 +I,) |r] (40)
— e[—[,LCrz(l—e’ﬂ")T(ﬂ] L[r [,LLTCVZ (1 _ e—ﬁr)] (41)
P.(T, ) = / ef)\rrrze*IJ«Crz(lfe"“’)Ta2
r>0
[nrer (1 —e?7)] 27ardr. (42)
Applying the Laplace transform results in
LIr (S) = EIr [eislr] (4’3)
— E¢ o |:e—sZg,'C*lR,-_z(l—e’ﬁRi)il] (44)
= Epo[Me s R7 (1 — )T 43)
_ o2 [ f e sdg Judy (46)
where
ey =2(1—e—Br) !
e (47)
Then, (46) can be expressed by
L, (s) = e—2n)~ff’[l—ﬁ] wdv. 48)
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Replacing s with ;u C r2(1 — e~#") and substituting (47)
in (48)

L, (,uCr2 (1 — e_ﬁr))
=21 [ 1- 2 vdv

—e pAuT (V/U) (%)

(49)

For dense urban, = 1.4-107% at a UV height of
600 m. Therefore, 1 — e~ can be approximated to fBr.
Therefore, (49) is approximated to

L, (/LTCﬂrS) _ 6727& [ 41+T*11 T vdv' (50)
By changing the variables (Y.) - T~! = U3/,
L (uTCﬁrS) _ e—nATz/zrz S5 T dU (51)
2
L, (/LTCﬁTS) — efn)LTaer(T) (52)
where
b4 -1
x(M)=—=—|1/5-—2m(r B+1
A
-2 —1
+In <T B_T /3+1>>} (53)

0 —Aﬂrz(T%x(T)-H) _WCBPTo?
raa= [ e BT 0
0
(54)
By changing variable r* =y

o 2 3/2 2
P.(T, 1) = / eiAﬂy(Tu(T)H)e(_“Cﬂy/ To") 7 h dy.

0
(55)
For 02 = small value
e(fuCﬁyng?) ~l— ,uCﬂy3/2T02 (56)
P.(T,2) = / e_my(ﬁxm“) (1—MC,3y%To*2) A dy
0
(57)
PAT) = —————— — (xApCBTo?) /
T3x(T)+1 0
I TEOH) 3 g (58)
. 2 3 erf (VAnZy5) |
/ e*)dtzyyi dy — -
0 40 Z)?
Sye M E (2yrnZ + 3) * 59)
2(AZ)? .
1 3 ALCBT o2
P13 = & T (RCHT )
4 4(AmZ)?
where Z = (T»%x (T)+ 1) . (60)
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