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ABSTRACT The use of the unmanned aerial vehicle (UAV) as the aerial base stations can provide wireless
communication services in the form of UAV-based small cells (USCs). Thus, the major design challenge
that needs to be addressed is the coverage maximization of such USCs in the presence of co-channel
interference generated by multiple UAVs operating within a specific target area. Consequently, the efficient
deployment strategy is imperative for USCs while optimizing the coverage area performance to compensate
for the impact of interference. To this end, this paper presents a coordinated multi-UAV strategy in two
scenarios. In the first scenario, symmetric placement of UAVs is assumed at a common optimal altitude
and transmit power. In the second scenario, asymmetric deployment of UAVs with different altitudes
and transmit powers is assumed. Then, the coverage area performance is investigated as a function of
the separation distance between UAVs that are deployed in a certain geographical area to satisfy a target
signal-to-interference-plus-noise ratio (SINR) at the cell boundary. Finally, the system-level performance
of a boundary user is studied in terms of the coverage probability. The numerical results unveil that the
SINR threshold, the separation distance, and the number of UAVs and their formations should be carefully
selected to achieve the maximum coverage area inside and to reduce the unnecessary expansion outside the
target area. Thus, this paper provides important design guidelines for the deployment of multiple UAVs in
the presence of co-channel interference.

INDEX TERMS Coverage area performance, interference management, UAV-based small cells, UAV
communications, UAV separation distance.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) equipped with radio
transceivers can satisfy the requirements for an aerial
communication platform by serving either as a mobile
base station or as an airborne relay. Due to their flexible
deployment, UAVs can be used in multi-tier UAV-assisted
cellular networks to provide on-demand communication ser-
vices in disaster areas and to enhance coverage, capacity
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and reliability performances of existing terrestrial cellular
networks [1]. However, several challenges, such as optimal
3D placement, flight endurance time, energy constraints and
interference management, may impede the widespread appli-
cability of UAV communications [2].

In UAV communications, an aerial base station is mostly
a low altitude platform to provide ground coverage as
UAV-based small cells (USCs). The size of USCs varies
according to the altitude, position, transmit power, and type
of UAVs and characteristics of the environment. In this
regard, the optimum placement of UAVs to analyze the
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coverage performance of USCs has attracted great research
interest. For instance, in [3] and [4], the UAV deployment
issue has been considered for the coverage enhancement
of a single USC. In [5], the authors presented the UAV
placement method in a 3D space to enlarge the coverage
area. References [6] and [7] analyzed the optimal UAV alti-
tude to maximize the coverage area with minimum outage
probability for a given signal-to-noise ratio (SNR) threshold.
In [8], the authors analyzed the optimization problem for
UAV placement to increase the number of covered users
with various quality-of-service (QoS) demands. However,
these works were conducted for networks with a single UAV.
When multiple UAVs are available, references [9] and [10]
exploited the deployment of multiple UAVs to reduce the
number of aerial base stations and expand coverage for the
ground users. Furthermore, most of the works either opti-
mize the horizontal coordinates of UAVs for a constant UAV
altitude above the ground [11] or optimize the UAV alti-
tude while keeping a constant horizontal position [12], [13].
These studies analyzed the UAV placement problem using
optimization framework in an interference-free environment.
However, in the multi-UAV scenario, interference may be
inevitable, as spectrum scarcity may necessitate frequency
reuse over the spatial domain [14], causing interference in
UAV-assisted cellular networks. Therefore, effective interfer-
ence mitigation framework is required to maximize the cov-
erage performance and guarantee reliable communications.

A. RELATED WORK AND MOTIVATION

From the perspective of UAV communications, several works
have been carried out to characterize the interference gen-
erated by UAVs and the impact of interference from terres-
trial base stations on the UAV connectivity. For example,
the authors in [15] presented the interference-aware place-
ment strategy for UAV relays to overcome traffic conges-
tion and to compensate outage in LTE networks. In [16],
the authors analyzed the coverage performance of USCs
with and without interference for two UAVs. References [17]
and [18] used the empirical measurements to characterize the
impact of UAV altitude on interference incurred by the terres-
trial Long Term Evolution (LTE) networks. In [19], simula-
tion was carried out using commercial software to study the
effect of UAV altitude on coverage area and inter-cell inter-
ference. Reference [20] proposed the deployment method for
multiple UAVs using circle packing theory to maximize the
coverage performance and to compensate interference with
the adjustment in UAV’s altitude and the gain of directional
antenna. In [21], the interference alignment principle was
exploited to manage the interference in small-cell networks.
In [22], circle placement problem was formulated without
considering coverage overlapping to avoid interference and to
achieve maximum user coverage and power efficiency. Most
of these studies have relaxed the overlapping coverage con-
straints to avoid the co-channel interference. Also, the sepa-
ration distance between UAVs is an important parameter that
determines the trade-off between coverage and interference
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generated by UAVs but no comprehensive results are avail-
able in the literature to study this parameter in the multi-UAV
network.

In UAV communication, the co-channel interference pri-
marily occurs when multiple UAVs share the same fre-
quency resources at the same time in spatially separated
locations. Therefore, some research efforts have been devoted
to consider the effect of co-channel interference in the per-
formance analysis of UAV communication. For example,
reference [23] considered the impact of the co-channel inter-
ference in the problem formulation of the UAV trajectory
optimization. Reference [24] took into account the effect of
co-channel interference between different data user streams
in ground-to-UAV uplink transmission. In [25], the authors
derived the closed-form expression of the ground user cov-
erage probability to characterize the influence of co-channel
interference while capturing the effect of density of UAV
deployment, UAV antenna beam-width and the optimum alti-
tude. On the other hand, interference management techniques
have been proposed in the existing literature. For example,
in [26], the multi-antenna UAV scheme was proposed as the
co-channel interference cancellation technique. Furthermore,
references [27] and [28] demonstrated that caching can be
used for interference management in UAV communication.
In reference [29], the coordinate multipoint (CoMP) architec-
ture was exploited for multi-UAV system to mitigate interfer-
ence and offer high UAV mobility. In [30], the path-planning
algorithm was proposed to achieve a trade-off between
the maximization of energy efficiency and minimization
of both the interference and latency. In [31], the coopera-
tive non-orthogonal multiple access (NOMA) was proposed
to mitigate the uplink interference in cellular-connected
UAYV communication. However, these techniques may require
excessive power for signal processing which can increase the
power expenditure of the battery-operated UAVs.

Motivated by the above observations, this paper studies
the effect of co-channel interference generated by multiple
UAVs on the coverage area performance within a multi-UAV
network, where the coverage area performance is defined as
the ratio of the sum of effective coverage area of USCs to the
target area as a function of the separation distance between
UAVs. The multi-UAV network consists of a primary UAV
surrounded by secondary UAVs operating in a coordinated
framework in two scenarios. First, this work assumes the
symmetric deployment of UAVs that have the same opti-
mal altitude and transmit power. Second, in the asymmetric
deployment of UAVs, a primary UAV is placed at an optimal
altitude and secondary UAVs are located above and below
the optimal altitude with different transmit power. In both
cases, the worst-case scenario of the co-channel interference
generated by UAVs is considered. The optimal separation
distance for a given target area with predefined signal-to-
interference-plus-noise ratio (SINR) is studied. Numerical
results show that the coverage area performance depends on
the SINR threshold, the separation distance between UAVs,
and the number of UAVs and their formations.
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B. CONTRIBUTIONS AND ORGANIZATION
The main contributions of this paper are summarized as
follows:

1) Different from [9] and [10], which does not include
the effects of co-channel interference between mul-
tiple UAVs in the placement optimization problem,
this paper proposes a coordinated multi-UAV frame-
work to study the coverage area performance in pres-
ence of co-channel interference. Specifically, multiple
UAVs are deployed at the predefined coordinates in
a two-dimensional (2D) Cartesian plane by exploiting
hexagonal layout. These coordinates are specified for
a minimum UAYV separation distance to avoid collision
in a given target area and utilize SNR measures to find
the optimal altitude of UAVs.

2) After the initial deployment of UAVs at the specific
coordinates and the optimal altitude, this paper char-
acterizes the impact of the UAV separation distance
on the coverage area optimization in the presence of
co-channel interference with the help of SINR metrics
to meet the threshold requirement for the worst-case
scenario. Compared with [16], this work studies the
coverage area performance for multiple UAVs that can
be deployed in one-dimensional (1D) or 2D forma-
tions in a single snapshot, while [16] only considered
two UAVs deployed in 1D formations. Also, compared
with the circle packing approach in [20] and the circle
placement approach in [22], this work considers the
realistic overlapping scenario of USCs which results
in the reduction of the effective coverage area due to
the interference and consequently the shape of USCs
varies according to the separation distance between
UAVs. The results then provides the useful insights for
enabling an harmonious integration of multiple USCs
in UAV communications.

3) Using the proposed UAV deployment framework, this
paper analyzes the system-level performance in terms
of the coverage probability of the ground user located
at the boundary of the USC with the maximum cov-
erage distance. The results are then used to determine
the minimum number of UAVs needed to achieve a
target coverage probability at different UAV separation
distances.

The rest of this paper is organized as follows. The sys-
tem model is introduced in Section II, including the use of
the practical channel model. Section III presents the frame-
work for the deployment of multi-UAV network and assesses
the coverage area performance and the coverage probability
in presence of interference. Section IV presents numerical
results. Section V summarizes the main conclusions of this

paper.

Il. SYSTEM MODEL

Coordinated multi-UAV network can be used to alleviate
the co-channel interference in UAV communications. As a
general multiple UAV model for M aerial base stations, this
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FIGURE 1. Diagram of the multiple interfering UAVs scenario.

work assumes that the primary UAV is static and fixed on top
of the center of a specified target area to serve as a reference
node to adjust the separation distance, while secondary UAVs
are placed at the predefined deployment coordinates. The
secondary UAVs in this work are static after optimization so
that the coverage is also static on the ground. Fig. 1 depicts
a downlink UAV transmission system that consists of the
primary UAV and secondary UAVs positioned at an altitude
of h, and hy meters, respectively. Without loss of generality,
a two-dimensional (2D) Cartesian system is considered in
which seven UAVs are used in the Euclidean plane of the
square target area with a side length of / meters and assume
hexagonal layout for UAV deployment. It should be noted
that the use of seven UAVs in Fig. 1 is only for illustration
purpose. The model is applicable to any numbers of UAVs
but in practice, large numbers are highly unlikely due to the
exponentially increasing complexity for UAV control, such
as collision avoidance and ground coordination. In this case,
Py is the projection center of the primary UAV and Sy ... p—1
are the coordinates of secondary UAVs located at the vertices,
where M = 7 in Fig. 1. As aresult, spatial isolation between
interfering UAVs is possible with the same separation dis-
tance D. Moreover, coordinated multi-UAV networks can be
deployed based on the layout of regular convex polygons
to meet the coverage requirement inside the specific target
area with the required number of UAVs. The advantage of
such coordinated scheme is that it can react to failure of
any UAVs quickly by reformation of the deployment strat-
egy to the nearest regular polygon layout. The considered
multi-UAV network offers resiliency of wireless network in
case of malfunctioning base stations and providing coverage
in post-disaster areas.
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In the absence of interference, R, is the maximum coverage
distance at the boundary points A; and A in the primary and
secondary USC, respectively. In the presence of interference,
R, and Ry are coverage distances that attain a minimum
performance, respectively, for boundary points A3 and A4 in
the primary and secondary USC. Ri¢(1,... m—1) are distances
to represent the worst-case scenario of the co-channel inter-
ference generated at the boundary of the primary USC from
the projection of M — 1 secondary UAVs. Also, kie{l,... M—1)
denote the interference distances from the boundary point of
the serving secondary USC to the coordinates of all remaining
UAVs in the network. The coverage performances of both the
primary and secondary UAVs are dependent on R, and R;
as a function of D for a specific range of coverage angles,
respectively, ®, and ®;.

A. CHANNEL MODEL

In this paper, the realistic channel model is used in which
air-to-ground (AG) path-loss is modeled with both line-
of-sight (LOS) and non line-of-sight (NLOS) components.
To this end, one of the most suitable channel model
was proposed in [3], which is predominantly utilized in
the literature to facilitate the optimization of UAV place-
ment in [4], [5], [71, [8], [10], [16], [20], [22], and [32]. This
model considers the effect of the environment with param-
eters « and B to characterize the AG propagation with the
probability of LOS as

1

14+ a x e@B—B0x) ’ M
where x € {1,2,3,4,5} represents elevation angles
91, U2, U3, U4, and 95 at boundary points in five scenarios
shown in Fig. 1. In the case of non-interfering link, the ele-
vation angle for the primary UAV at point A; is ¥ =
180 arctan( R, ) and the mean path loss is given as [32]

P, =

Ly(dB) = A x Py + 10log,o(h} + R}) + B. )

The elevation angle for secondary UAV at point A; is ¥, =
180 arctan( gt hy ) and the mean path loss is given as

Ly(dB) = A x Py + 10log;o(h* + R2) + B. (3)

For the interference received in the primary USC at
the boundary point A3 from secondary UAVs, 3 =
180 arctan( o sy fori = {1,2,- — 1} and the mean path
loss is given as

Li(dB) = A x P3 + 101og,o(h2 + R?) + B. (4)

For the interference incurred in the serving secondary USC
at point A4 by the primary UAYV, the interference distance
between projection coordinate Py and boundary point Ay is

R;—;. Therefore, ¥4 = 180 arctan( fiy ) and the mean path

loss is given as
Lioi(dB) = A x P4+ 10logo(h2 + R )+ B. (5

For the interference received in the same secondary
USC at point A4 from the remaining secondary UAVs,
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V5 = 1 arctan( )forz = {2, — 1} and the mean
path loss is given as
Li(dB) = A x Ps + 10log,o(h> + R?) + B. (6)

where A = §10s —&nLos, B = 2010g( L)+ Envos, ELos and
&nLos denote the excessive path loss factors which rely on the
propagation environment as well as on the LOS and NLOS
conditions, respectively. Also, f is the carrier frequency and
c is the speed of light.

The above channel model is considered due to its common-
ality in the formulation of the optimization problem for UAV
placement. In addition, the system parameters and channel
characteristics are the same for all UAVs. Next Ly and L
will be used to present SNR measures. Also, L;, L, 1, and L
will be used for SINR metrics.

IIl. COVERAGE AREA PERFORMANCE OF

COORDINATED MULTI-UAV NETWORK

Interference control is one of the major challenges in radio
resource management of UAV communications. Intuitively,
it is evident from the considered system model that, in the
absence of coordination between UAVs, a large value of
D would deteriorate the coverage performance by moving
the coverage areas of multiple UAVs outside the bound-
ary of the target area but leave a big gap between them
for protection. Conversely, a small value of D leads to the
overlap of USC areas to provide more coverage but cause
strong co-channel interference when all participating UAVs
use the same frequency resources at the same time. Therefore,
the optimal separation distance between UAVs exists and
provides trade-off between interference avoidance and maxi-
mum coverage. This section defines the deployment strategy
for the considered multi-UAV system and then employs it
to present the coverage area performance and the coverage
probability as a function of the UAV separation distance.

A. UAV ALTITUDE

Fig. 2 illustrate the cases of symmetric and asymmetric
deployments based on UAV altitude. In the symmetric case,
the altitudes and transmit powers of all UAVs are identical.
However, for asymmetric case, the primary UAV is placed at
an optimal altitude and secondary UAVs can be located above
or below this altitude. Therefore, the first goal of this work is
to place the primary UAV at the optimal altitude /p to achieve
the maximum ground coverage in a specific target area for a
given R,. In this regard, the boundary point A| on the ground
is covered when its SNR is above a certain threshold W, for
a minimum transmit power, Py, i.e.

P
SNR(Rg, hp) = —= > Wy, @)
No
—L
where P, = Py x 10710 is the received power in the absence

of interference, L, is given in (2), and Ny is the noise power.
The SNR for the secondary UAV is given as

P,
SNR(R,, hy) = —
(ll A) NO -

(®)
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(@) hp = hs

(b) hy < hs

FIGURE 2. lllustration of symmetric and asymmetric UAV deployment scenarios.

“Ls . . .
where P, = P;; x 10710 is the received power in the absence
of interference, P is the corresponding transmit power of
secondary UAVs at altitude &g, and Ly is given in (3).

B. PROJECTION COORDINATES

This paper focuses on the use of quasi-stationary UAVs,
where their positions remain unchanged for a specific dura-
tion of time. For such setup, it is important to determine the
placement coordinates of UAVs to avoid collision between
them and to provide spatial isolation between UAV's to control
the interference. Therefore, the deployment strategy assumes
that the primary UAV is fixed at Pp = {0, 0}. When M =7,
the coordinates of secondary UAVs in the hexagonal layout
are given as

S (Dmin + D, 0)
$2 (Dmin + D), O)

v

835 (Dmin + D), — (Dmm + D))

(
(-
(
St M—1 = S — ‘/_
(
(

(Dmm + D) -

é_ (Dimin + D))

V3

) —— (Dmin + D)),

O+ D)
SS ( min + D)

S() - _(Dmm + D)

where D, = TS — R, is the minimum separation distance to
avoid collision between UAVs and to ensure minimum cover-
age performance for all participating UAVs in the presence of
interference. In this case, D is the only variable which controls
the coverage area performance within a target area.

C. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO (SINR)
SINR is a commonly used metric for wireless communica-
tion systems to characterize the impact of interference gen-
erated by adjacent base stations. This affects the received
signal strength at a ground user and consequently defines
the coverage area of the cell. This paper assumes that the
participating UAVs in the considered system interfere with
each other during the downlink transmission. In this case,
a boundary user at point A3 is served by the primary UAV
in the presence of interfering secondary UAVs when its SINR
satisfies the threshold requirement Wy;,. As a result, SINR can
be defined as

P
SINR(Ry(D), ®,) = +r§vo > Wy, (10)
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where R), is related to the interference distance R; as

R, = \/RZ + D? + 2R,D cos(t — @), (11)

and I = Py Z om0 10 is the co-channel interference
generated by secondary UAVs, and L; is given in (4).

For the boundary point A4 in the secondary USC, the SINR
is given as

P
SINR(Ry(D), ;) = 7+’;V > Wy, (12)
0

where R; is dependent on the interference distance R; as

R = \/RZ + D? 4+ 2R,D cos(w — ®y), (13)

andI = P x 10— T +P,s ZM om0 T Z, 1 is given in (5),
and L; is given in (6).

D. COVERAGE AREA PERFORMANCE AS A FUNCTION

OF OPTIMAL SEPARATION DISTANCE

The coverage area ratio determines the overall coverage area
performance of the considered multi-UAV system. Particu-
larly, itis defined as the ratio of the total effective area covered
by both the primary and secondary USCs to the target area as

Ry(D) ®,=n
AD) = = / RARAD + (M — 1)
0 ®,=0

Ry(D) 3= pqx
X / / RdARdA® |,
0 P,=0

Dy <7, (14)

where [? is the area of the square target area considered in
the system model. Note that this work considers SINR mea-
sure which is dependent on the position of the ground user.
Therefore, analytical expression for the coverage area ratio is
too complicated to be derived. Following (14), the minimum
coverage area ratio can be obtained at D = D,,;,,. Also, @4
limits the coverage of secondary UAVs that might project
outside the target area and is given as
Dmin +D }
Ry ’
Finally, the optimal separation distance can be computed
by searching (14) numerically as

Dyps = arg mDaxAC(D). (16)

Dy =T — arccos{ (15)
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Analytical expressions for Dy, is difficult to obtain, if not
impossible. Therefore, this work will use simulation to study
the effect of D on A.(D) and to determine D), for maximum
coverage area ratio.

E. COVERAGE PROBABILITY OF THE BOUNDARY USER
The coverage probability is defined as

P. = PISINR > W], a7

which can be written as P, = P[SINR(D) > W] as the SINR
depends on the separation distance between UAVs and the
threshold W, determined by the requirement of the ground
user. This performance metric quantifies the reliability of
the AG channel in presence of co-channel interference by
satisfying the threshold requirement. In addition, this metric
is useful to evaluate the performance of the AG channel
for command and control (CnC) in multi-UAV network [33].
A reliable CnC is crucial for safe UAV deployment and better
traffic management in UAV communications.

For the proposed coordinated multi-UAV network,
the shape of the coverage regions of the primary and sec-
ondary UAVs may not be completely circular in the presence
of the co-channel interference. As a result, the coverage
distances R, and R varies non-uniformly for the primary
and secondary USCs, respectively, as the value of D changes.
In this case, the severe interference can be observed at the
boundary points of USCs. The coverage probability for a
boundary user located at the maximum distance R, from the
projection of the primary UAV by considering the aggregate
interference from all secondary UAVs is given as

P. = 7)|: > \I’th:| = P|:Prp(dB) > Pmin]- (18)

p
I+ Ny

where P[.] denotes probability, P, is the received power in
the absence of interference, Py, = 101ogo(Wml +WmNo) is
the minimum received power (in dB) for successful detection
in presence of interference, and I can be extracted from (10).
Similarly, the coverage probability can be determined for
a ground user located at the maximum coverage distance
R from the projection of the serving secondary UAV by
considering aggregate interference from remaining UAVs by
using (12).

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical results are presented. Simulation
parameters for suburban and urban environments are listed
in Table 1.

Fig. 3 shows the optimal altitude for the primary UAV
using (7) to have the minimum transmit power in order
to attain the coverage at the maximum radial distance
of 350 meters and satisfy the threshold requirement of W, =
10 dB. Actually, the optimal altitude is the minimum possible
altitude which offers the lowest path-loss between the UAV
and the ground user with the minimum transmit power. This
leads to the best communication performance in the absence
of interference. Fig. 3 also shows that the optimal altitude
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TABLE 1. Simulation parameters.

Parameter Value
l 2000 meters
f 2 GHz
Ny -120 dBm
Un 10 dB
suburban (SLOS’ fNLOSa «, ﬁ) 0.1 dB, 21 dB, 4.88, 0.43
urban ({105, {ENLos, . B) 1 dB, 20dB, 9.6, 0.28

T T T T
\A — — Suburban
2 H o 1
1\ Urban

Transmit power [dBm)]
>
%
\
\

10 300 600 900 1200 1500
UAV altitude [m]

FIGURE 3. UAV altitude versus transmit power for urban [16] and
suburban environment with Rq = 350 meters.

and minimum transmit power depends on the propagation
environment. For instance, the optimal altitude is 131 meters
and 314 meters in suburban and urban scenarios, respectively.
This result is important for the power minimization in plan-
ning multi-UAV networks.

Fig. 4 and Fig. 5 show the ground coverage pattern in a
specific target area with different numbers of UAVs for the
minimum and the maximum coverage, respectively, in sub-
urban environment with the threshold of ¥,; = 10 dB
and the optimal altitude of 131 meters for all UAVs. The
projection coordinates of UAVs are marked by black “x’.
Particularly, Fig. 4(a) and Fig. 5(a) present the coverage of
three UAVs placed along a single axis in one-dimensional
(1D) formation with the separation distance of 247 meters
and 747 meters, respectively. Fig. 4(b) and Fig. 5(b) depicts
the coverage region of five UAVs deployed in 2D formation
with the separation distance of 247 meters and 847 meters,
respectively. Fig. 4(c) and Fig. 5(c) shows the coverage area
of seven UAVs deployed in 2D formation with the separa-
tion distance of 247 meters and 847 meters, respectively.
Expressions (10) and (12) are used to achieve the SINR
requirements at the ground points for the coverage of different
UAVs deployed at coordinates specified by (9). These results,
use 10° sample points for individual UAVs to test ground
coverage requirement and the green patches represent the
coverage area of USCs that achieve the threshold requirement
in the presence of interference. In this case, the separation
distance of 747 meters in 1D formation and 847 meters in 2D
formation compensates the strong co-channel interference
because the maximum coverage area of the primary UAV
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FIGURE 6. Coverage area ratio versus separation distance for different numbers of UAVs in suburban and urban environments.

is optimally confined within the target area, while a small
portion of the coverage region of secondary UAVs falls out-
side the target area. Furthermore, as the gap between USCs
increases beyond these separation distance, the coverage area
of secondary UAVs further moves outside the target area
which results in undesirable coverage leakage. On the other
hand, the separation distance of 247 meters in both 1D and 2D
formations can cause detrimental interference effect on the
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coverage performance as the effective coverage area shrinks
because of overlapping.

Fig. 6 shows the coverage performance as the ratio of the
effective coverage area of USCs to the target area. In the sim-
ulation, ‘fsolve’ in MATLAB was used to find coverage dis-
tances R, in (11) and Ry in (13) for the considered multi-UAV
network and then apply them in (14)-(16) to observe the
effect of the UAV separation distance on the coverage area
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performance in suburban and urban environments. Clearly,
to mitigate the interference and to improve the coverage per-
formance with higher number of UAVs, the coverage regions
of UAVs must be isolated with proper adjustment in the sep-
aration distance. One notices that the coverage ratio changes
with the number of UAVs and the environmental conditions.

In Fig. 6(a), when using the optimal altitude i.e. h, = hy,
better coverage performance is observed with three UAV's for
D < 350 meters in comparison with five and seven UAVs due
to lessen co-channel interference. In contrast, for the case of
h, < hg in Fig. 6(b), the coverage performance degrades as
the altitude of secondary UAVs increased from the optimal
value because of higher path-loss. For the case of h, > h;
in Fig. 6(c), best coverage area ratio is observed for D < 500
meters. However, as the separation distance increased from
500 meters the coverage performance becomes sub-optimal
in urban environment. In these results, the minimum coverage
area ratio is consistent with D = 1250 meters and D =
1500 meters for 1D and 2D formations, respectively, when
the maximum coverage of primary USC is attained and sec-
ondary UAVs moved out of the target area. Furthermore, it is
observed that to achieve the maximum coverage area ratio,
the optimal separation distance is dependent on the deploy-
ment formation of UAVs rather on the number of UAVs or
environment. For instance, with three UAVs deployed in the
1D formation, the optimal separation distance is 747 meters.
Whereas, for five and seven UAVs deployed in 2D formation,
the optimal separation distance is 847 meters.

0.6

—— ¥, =5dB

——- U, =10 dB
05 Uy, =15 dB| |
X Doyt

0.4

/
0.3 /

02f /

Coverage area ratio

0.1

400 600 800 1000 1200 1400 1600 1800 2000
UAV separation distance D [m)]

FIGURE 7. Coverage area ratio versus separation distance for seven UAVs
deployed in urban environment with different SINR threshold.

Fig.7 illustrate the impact of the SINR threshold on the
coverage ratio and the optimal UAV separation distance in the
urban environment for seven interfering UAVs. According to
Fig. 7, the optimal UAV separation distance increases with
the SINR threshold. For example D,,; = 780 meters for
¥ = 5dB, D, = 847 meters for ¥ = 10 dB, and D, =
897 meters for W = 15 dB. On the other hand, the maximum
coverage area ratio decreases as the SINR threshold increases.
For example, the maximum coverage area ratio is 0.54 for
W = 5dB, 0.49 for ¥ = 10 dB, and 0.45 for ¥ = 15 dB.
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FIGURE 8. Boundary user coverage probability in the primary USC for the
severe interference generated from secondary UAVs for different number
of UAVs in urban environment.

Fig. 8 shows that the coverage probability of the boundary
user in the primary UAV cell in (18) with the threshold of
Wy, = 10dB. Fig 8. depicts that the user coverage probability
improves as the separation distance increases. In this case,
the better user performance is possible in the worst-case
scenario of the co-channel interference with the minimum
required number of UAVs.

These results show that the aerial base stations can work
similarly as the ground base stations with defined coverage
patterns following principles of coordinated multi-point sys-
tems for interference management [?]. This is important for
the development of UAV base stations as a supplementary but
flexible infrastructure to be compatible with existing fixed
infrastructure.

V. CONCLUSION

The optimal separation distance between UAVs to mitigate
co-channel interference and maximize the overall coverage
performance has been studied in suburban and urban envi-
ronments. For this, the coordinated multi-UAV network was
designed that allowed us to provide the useful insights on
the integration of multiple USCs in UAV communications.
Results in this paper showed that the coverage area perfor-
mance is dependent on the number of UAVs, operational
environment, deployment coordinates or network formation,
and separation distance between UAVs. In fact, a proper
adjustment of the UAV separation distance can balance the
co-channel interference to avoid coverage leakage outside
the target area. This work could be extended for UAVs with
different mobility laws and a multiple-tier UAV deployment
to study the consequences of cross-tier interference in UAV
communications. In this case, coverage performance by mul-
tiple UAVs can be determined by multi-dimensional search
for the optimal UAV altitudes and the separation distances.
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