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ABSTRACT The exploitation of aerial base stations (A-BSs) in conjunction with terrestrial base stations
(T-BSs) is envisioned as a promising solution to provide connectivity to devices and user-equipment (UE)
in crowded situations (viz. in the sports event) and emergency situations (viz. in the disaster management).
However, the use of A-BSs with existing terrestrial networks intensifies the inter-cell interference (ICI) to the
devices and UEs, therefore leading to a degraded signal-to-interference-ratio (SIR). This paper addresses this
issue by exploiting different radio access technology (RAT) (mmWave/microwave) for aerial and terrestrial
networks. Indeed, the network connectivity is always a top priority for all applications. However, there
are also some applications such as remote patient monitoring, and remote working, which requires both
coverage and high data-rates. But, most of the existing research claims the trade-off between the coverage
and the data-rate performance. Whereas this paper aims to improve coverage and rate simultaneously in an
aerial-terrestrial networks by employing an optimal combination of mmWave and microwave RAT based
on the proposed association strategy. The essential analysis of such an integrated network involves the
evaluation of parameters based on the analytic model. Hence, this paper analytically obtains the coverage
probability (CP) and average rate expressions for the proposed integrated aerial-terrestrial networks. The
analysis is supported by probabilistic models-based simulations that agree closely with analytical results.
The results claim that the proposed model leads to improved performance in terms of both CP and average
rate. Also, the paper provides parametric analysis for CP and rate with A-BSs height and A-BSs density to
enable its practical implementation in 5G/6G technologies.

INDEX TERMS Aerial-terrestrial networks, millimeter-wave RAT, microwave RAT, coverage probability,
average rate, stochastic geometry.

I. INTRODUCTION

While the deployment of commercial 5th generation (5G)
cellular network is underway in most countries, the research
community is talking about the use-cases, requirements and
enabling technologies of 6th generation (6G) cellular net-
work [1], [2]. Among their challenges, current 5G cellular
networks fall short of handling the connectivity of terrestrial
cellular network in the crowded situations (viz. in the sports
event) and emergency situations (viz. in the disaster manage-
ment) due to prominent non-line-of-sight (non-LoS) path and
severe shadowing influence via existing terrestrial cellular
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network [2]. Whereas 6G cellular networks are expected to
provide services everywhere and in all situations (i.e., even
in crowded and emergency situations) [1], [2]. The research
community has recognized the use of aerial networks in con-
junction with terrestrial networks (i.e., the aerial-terrestrial
networks) as key components to enhance the connectivity in
the crowded situations and emergency situations [2]. UAVs
can usually be used as aerial networks. In recent years, UAVs
have attracted the attention of wireless communications to
support terrestrial cellular networks [3]-[5]. It is highly prob-
able that the communication link between aerial base stations
(A-BSs) and user equipment (UE) will experience the LoS
path. Moreover, the A-BSs could be helpful in load balancing
of existing terrestrial cellular network. Although the use of
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A-BSs in conjunction with terrestrial base stations (T-BSs)
reduces some load on terrestrial cellular networks [6], [7],
it intensifies the inter-cell interference (ICI) to the devices
and UEs [4]. A visual picture of connectivity and interference
impact on reference UE in a typical downlink aerial-terrestrial
cellular network is shown in Fig. 1, where we have considered
five A-BSs, four T-BSs, and a reference UE. In this figure,
both the T-BSs and A-BSs use microwave radio access tech-
nology (RAT). Further, Fig. 1 considers that the reference UE
(which is terrestrial-UE here) is served by one of the avail-
able A-BS, while it experiences interference from all T-BSs
and rest of the A-BSs. In other words, microwave-assisted
aerial-terrestrial networks lead to a significant reduction in
signal-to-interference-ratio (SIR) at the terrestrial UE. There-
fore, the challenge is to address the ICI issue, so that the use of
A-BS in already existing terrestrial cellular networks does not
increase the interference on the terrestrial devices and UEs.

Aerial Layer

errestrial Layer

‘R) 1-8ss [ ue F A-BSs
—— Serving Link — - Interferng Link

FIGURE 1. lllustration of connectivity and interference in a typical
microwave-assisted aerial-terrestrial network.

UAVs have been identified to serve a variety of use
cases [6]-[10]. For instance, UAVs as A-BSs could be
helpful in load balancing of the existing terrestrial cellu-
lar network [6]-[8], especially in crowded situations (e.g.,
sports event [7], disaster management [6]). They can also
be used to temporarily enhance the connectivity at some
hotspots [9]. Network connectivity is a key requirement for
all these use-cases. Besides, there are also some use cases,
including remote patient monitoring [11], [12] and remote
working [13], which are more prevalent after the recent
COVID-19 pandemic [14]. Even for these use cases, the use
of aerial-terrestrial networks is a potential solution to provide
connectivity [13]. But these use cases require both good cov-
erage and high data-rate performance in localized areas [13],
[15], which cannot be achieved by existing aerial-terrestrial
networks.
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From the above discussion, we have identified two impor-
tant challenges. The foremost challenge is that the exist-
ing infrastructure which refers to cellular data service via
microwave RAT faced strong ICI at microwave RAT. How-
ever, similar research has also been conducted at mmWave
RAT [8]. But, given the challenges of mmWave RAT in the
non-line-of-sight (NLoS) scenario (high path-loss and block-
age effects) [8], one cannot rely solely on mmWave RAT
for both T-BSs and A-BSs. This paper addresses this chal-
lenge of ICI by exploiting different RAT (millimeter-wave
(mmWave)/microwave) for aerial and terrestrial networks.
Since the mmWave RAT works well under LoS conditions.
Therefore, the utilization of mmWave RAT requires its instal-
lation at larger heights. So, this paper considers the mmWave
RAT for A-BSs and microwave RAT for T-BSs. Whereas,
a second challenge that has been identified is to provide good
coverage and high data-rate performance for some specified
use cases. These requirements of good coverage with high
data-rates cannot be achieved by existing aerial-terrestrial
networks. Whereas, our work claims the improvement in
coverage and the data-rate of the downlink aerial-terrestrial
network by employing an optimal combination of mmWave
and microwave RAT based on the proposed association strat-
egy. The proposed association strategy is presented in detail in
Section II. C. The key differences between the work presented
in this paper and the existing works are summarized below.

o The existing works on aerial-terrestrial networks con-
sider either the mmWave RAT or microwave RAT for
both the aerial and terrestrial layers. Whereas the work
presented in this paper considers an integrated mmWave
and microwave framework for aerial-terrestrial net-
works. This gap between the existing works and
presented work ensures that the use of A-BS in existing
terrestrial cellular networks does not increase interfer-
ence on terrestrial devices and UEs.

o The existing research on the aerial-terrestrial networks
is progressed in the direction of a trade-off between
coverage and data-rate. Whereas the work presented in
this paper claims the improvement in both coverage and
the data-rate of the downlink aerial-terrestrial networks.
This gap between the existing works and presented work
ensures the suitability of aerial-terrestrial networks even
for the use-cases, including remote patient monitoring
and remote working.

A. RELATED WORKS

The investigations of aerial networks have attracted a sig-
nificant attention by researchers from different perspectives.
The 3rd Generation Partnership Project (3GPP) has accepted
UAVs suitable for aerial networks [16], [17]. The UAVs
as A-BSs are widely discussed in the literature [18]-[20].
Specifically, the authors in [18] provide CP analysis of
downlink cellular networks. While the work in [19] con-
sidered the A-BSs placement problem to serve the maxi-
mum number of terrestrial UEs. An analytical framework
for evaluating the CP of cellular-connected aerial networks
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is provided in [20]. Note that, in the aforementioned work
[18]-[20], A-BSs are assigned microwave RAT. However,
the microwave RATSs in A-BSs suffer from the challenge
of elevated interference. The interference attributes to the
dominance of the LoS link between A-BSs and UE. However,
the interference mitigation strategies in uplink and downlink
scenarios are addressed in [21]. Specifically, the authors con-
sidered the power control strategy to reduce interference in
the uplink scenario (e.g., by assigning lower power values to
UAVs than to terrestrial UEs), while considered a coverage
extension strategy to mitigate interference in the downlink
scenario. Similarly, the work in [22] addressed the interfer-
ence mitigation methods in the uplink scenario by formu-
lating an optimization problem based on UAVs uplink cell
associations and power allocations. Hence, the microwave
RAT assisted A-BSs require the compromise of power level.
Besides the interference issues, these microwave-assisted net-
works may not even meet the high data rate required by some
applications.

A solution to the high data-rate demand can be found in
mmWave RAT. Recently, the work in [8] provides a compre-
hensive overview that investigates the feasibility of utilizing
mmWave RAT for the aerial networks. The performance of
the mmWave assisted aerial network is analyzed in the litera-
ture for the condition of heavy traffic in the hot-sport area [9].
It ensures that the mmWave supports a high data rate when
utilized at A-BSs. In addition to the performance in terms of
high data rate, the mmWave assisted aerial networks are ana-
lyzed for coverage performance [23]. Also, the coverage and
spectral efficiency analysis for the mmWave-assisted aerial
network are presented in [24]. In [6], the authors consider
an aerial network for the application to provide coverage to
cell-edge UEs in heterogeneous cellular networks. It can be
concluded from the discussion that the mmWave promises
unprecedented advantages over microwave RAT at A-BSs.

Note that, the more practical scenario is to use A-BSs
in conjunction with T-BSs to provide services to UEs.
Despite this fact, there is limited work that considers an
integrated aerial-terrestrial network [7], [25]-[30]. In partic-
ular, the integration of UAVs (aerial networks) with terres-
trial networks from the 5G perspective is presented in [25].
While the use of UAV as an A-BSs to help T-BSs by
offloading data traffic in crowded areas is presented in [7].
Specifically, the framework in [7] uses microwave RAT for
both T-BS and A-BS and aims to maximize the through-
put of the downlink single-cell network. However, in our
recent work [26], we focused on improving the CP of
aerial-terrestrial networks using microwave frequencies in
an orthogonal manner. Besides, the work in [27] considered
an integrated aerial-terrestrial network where both the T-BS
and A-BS share the same microwave spectrum, and analyses
downlink and uplink coverage performance. Similar to [27],
the authors in [28] investigated the coverage performance
of aerial-terrestrial network utilizing microwave RAT. More-
over, the work in [29] considers a downlink aerial-terrestrial
network comprising of T-BS and A-BS, where both stations
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operate at microwave frequency and investigate coverage
and rate performance. In [30], the authors analysed the CP
and rate of A-UE in an integrated aerial-terrestrial network.
These works conclude that the concurrent transmissions from
both stations cause interference to each other, consequently
degrade the performance of the aerial-terrestrial network.

A stochastic geometry has emerged as a tractable approach
to model and analyze the performance of wireless systems via
spatial processes, such as the Poisson Point Process (PPP)
[23], [31]. Along with ensuring the tractability of mathe-
matical analysis, the PPP assumption assures accuracy in
approximating the actual cellular network topology. Most
prior work on terrestrial and aerial networks also model
the location of T-BSs and A-BSs, respectively, based on
PPP [23], [26], [32]-[37]. A similar stochastic geometry
analysis via PPP may also be conducted to model the location
of T-BSs and A-BSs in aerial-terrestrial networks.

B. OUR CONTRIBUTION

It is evident from the literature that the focus of the existing
research on the aerial-terrestrial networks is progressed in
the direction of a trade-off between coverage and rate. How-
ever, we believe, it is possible to obtain good coverage and
rate, considering the optimal combination of mmWave and
microwave RAT. To the best of our knowledge, this study
have not yet been presented in the literature to date. This
paper exploits the merits of mmWave and microwave RAT
to improve the performance of downlink aerial-terrestrial
network. The aim is to achieve high rate, while maintaining
the reliability for the UE. The main contributions of the paper
are summarized as follows:

e We model an integrated mmWave and microwave-
assisted aerial-terrestrial network. The mmWave RAT is
considered for A-BSs, while microwave RAT is consid-
ered for T-BSs. In addition, we introduced a novel asso-
ciation strategy for the modeled network that ensures
a high data rate along with a good CP of UE. The
association strategy is presented in Section II.

o We used the air-to-ground channel model, which con-
siders both LoS and non-LoS (NLoS) transmissions.
Using the stochastic geometry framework, an analytical
model is developed to analyze the downlink CP and the
average rate performance of the modeled network. These
analytical results are validated by simulation results.

e We analysed the impact of various parameters
(viz. CP and rate) on the network performance, and
draw some useful insights into the network design for
its practical implementation in 5G/6G technologies. It is
shown that differences in CP and average rate between
integrated and mmWave networks are significant at a
lower density of A-BSs. It means the role of T-BSs is
very crucial at a lower density of A-BSs. However, at a
higher density of A-BSs, the microwave-assisted T-BSs
in the integrated network acts as a backup link to A-BSs.

The summary of main symbols used in the paper are listed
in Table 1.
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TABLE 1. Summary of main symbols.

Symbol Description

Tj,Yj, Zo Location of A-BSs, T-BSs, and the serving BS, respec-
tively

h Height of A-BSs from the terrestrial layer (ground
layer)

fe,ms feon Carrier frequency of mmWave RAT, microwave RAT,
respectively

Pr,Pa Transmit power of T-BS and A-BS, respectively

S State of link: LoS (L) or NLoS (N); S = {L, N}

DLJ]. s DN,T,j Distance between the typical UE and the LoS A-BS,

’ NLoS A-BS located at point x ;, respectively
Dyj Distance between the typical UE and the T-BS located
T at point y;

R,Sp, SN Distance between the typical UE and the nearest T-BS,
LoS A-BS, and NLoS A-BS, respectively

R, RN Distance between the typical UE and the serving BS
given that UE is associated to LoS A-BS, and NLoS
A-BS, respectively

o, &, &N Path-loss exponents of a link between typical UE and
T-BSs, LoS A-BSs, or NLoS A-BSs, respectively

mr, mn Nakagami-m fading shape parameter for LoS, NLoS
aerial link, respectively

o? Thermal noise power

T, Stn Target SIR, SNR threshold

AT, AA, AL, AN Density of T-BSs, and A-BSs, LoS A-BSs, NLoS A-
BSs, respectively

Yr,Ya,Ya,L,Pa, N | PPP of T-BSs, and A-BSs, LoS A-BSs, NLoS A-BSs,
respectively

9y Channel fading power from typical UE to T-BS located

: atpoint y; . )
_fyL,z?. , gN,mj Channel fading power from typical UE to LoS A-BS,
’ ’ NLoS A-BS located at point

pr(r), pn(T) Probability of LoS, NLoS link between typical UE and
A-BS

e SIR experienced by typical UE when it is served by T-
BS in proposed aerial-terrestrial network

ArL, AN SNR experienced by typical UE when it is served by
LoS A-BS, NLoS A-BS, respectively in the proposed
aerial-terrestrial network

Il. SYSTEM MODEL

A. NETWORK MODEL

We consider an aerial-terrestrial network consisting of A-BSs
and T-BSs, and focus on the downlink performance. The loca-
tion of T-BSs are modeled by homogeneous Poisson point

process (PPP) on R?, denoted by y7 2 {vi} where y; refers
to the location of i T-BS, with a density A7 [TBS/km?].
While the A-BSs are deployed at a height 4, and their location
distribution form a another independent homogeneous PPP

on R2, denoted by ¥4 2 {x;} where x; refers to the location
of i A-BS, with a density A4 [ABS/km?]. It is worth men-
tioning that if A-BS are at different heights (i.e., in 3D space),
our framework is still applicable, since the performance of a
network of A-BSs with different heights closely matches that
of A-BSs deployed at the same height equal to the average of
A-BSs heights [29]. Without loss of generality, we assume
that a typical UE is located at the origin O of a Cartesian
system. Note that all T-BSs and A-BSs transmit at a fixed
power of Pr and P4, respectively.

The A-BSs are assumed to be operated at mmWave RAT,
while the T-BSs are assumed to be operated at microwave
RAT. The reason for considering mmWave RAT for A-BS
is that A-BS often provides LoS channel links with ter-
restrial UEs, so mmWave RATSs can significantly captivate
the benefits of such conditions to provide higher data rate.
Moreover, the directional antenna array model is considered
for mmWave RAT to compensate for the high path-loss and
reduce the co-channel interference, which is detailed in the
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FIGURE 2. lllustration of the network model. The typical UE is located at
the origin of Cartesian system. Also, A-BSs and T-BSs are deployed in a
circular area according to PPP.

next subsection. While the omnidirectional antenna model is
considered for microwave RAT for tractability of analysis.
It is notable that our proposed work considers a static A-BS
scenario, however, the proposed work can also be extended
to a mobile A-BS scenario. In the mobile scenario, the beam
alignment between A-BS and UE is challenging, which needs
to be updated frequently [38]. Besides, in the literature, dif-
ferent algorithms are proposed to solve the beam alignment
issues [39]-[44]. In the mobile scenario, beam alignment
algorithms from the literature can be applied first, and then
on top of these algorithms, the scheme proposed in this paper
can be applied to improve network performance.

B. CHANNEL MODEL

The transmission of signal via wireless channel is modeled by
path-loss attenuation and small-scale fading. However, both
the aerial channel and the terrestrial channel have different
channel characteristics as follows.

1) AIR-TO-GROUND CHANNEL

According to [7], [9], air-to-ground links are either LoS or
NLoS. Their probability of occurrence depends on the build-
ings height and density, environment, and angle of elevation
in between the propagation path of typical UE and UAV.
In particular, UAV n is said to be in LoS, if a link connecting
typical UE and UAV 7 does not intersect any obstacles. Here,
the LoS probability is modeled as in [7],

1
1+ Cexp[ — D(Bsin=1(1) — 0)]
where C and D are constants that depend on the environment
whose value are detailed in Section V, and r is the distance
between typical UE and generic A-BS. Similarly, the NLoS
probability is given by complementary probability py(r) =
1 —pp (r). In the air-to-ground channel model, each UE linked

pL(r) = ey
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to A-BSs by either a LoS or NLoS transmission. Accordingly,
the set of A-BSs ¥4 can be decomposed into two independent
PPPs, i.e., Y4 = Va1 U s n. Where ¥4 1 and ¥4 y denote
the set of A-BSs that are in LoS or NLoS state with the
reference UE, respectively.

In literature, Rayleigh distribution is the widely used fad-
ing model to characterized the NLoS links. While Rician
distribution is the appropriate fading model to character-
ized the LoS links [8]. However, Nakagami-m distribu-
tion due to its mathematical tractability is generally used,
which can approximate Rician distribution [29]. In particular,
Rician fading with Rician factor (K) can be approximated to
Nakagami-m fading by setting shape parameter (m) according
to its relation with K, given by m = (glj Jl)l Therefore, this
paper assume that LoS aerial links experience Nakagami-m
fading with shape parameter m; and scale parameter 2 = mL
while NLoS aerial links experience Rayleigh fading. How-
ever, the Rayleigh fading is the special case of Nakagami-m
fading, i.e., Rayleigh fading can be readily obtained from
Nakagami-m fading by setting m = 1. Therefore, both the
LoS and NLoS fading power between typical UE and A-BSs
located at point x; (denoted by gs. xj» where § = {L,N})
can be modeled using a Gamma distribution, that is, g’s,x,- ~
G(mg, mis), where its probability density function (pdf) is
given by [29],

mg"Sy"s ~exp(—yms)

Jas., O) = Gms) ; (2)
where I'(mg) is the Gamma function given by I'(mg) =
f > ¢Mms~lexp(—z)dz. The path-loss for LoS (L) and NLoS
aerial links (V) between the typical UE and the A-BSs located
at point x; is given by: Lg(x/) = CSD 0‘5 . Here, Dy, X denote
the distances between typical UE and the A-BSs located at
point x; for § = {L,N} aerial link transmissions. Also,
Qg denote the path-loss exponents for the S = {L, N} aerial
link transmissions. Finally, Cs denote the path-loss gain at
unit distance for § = {L, N} aerial link transmissions.

Antenna Model: We assume that the A-BSs use directive
beamforming to minimize co-channel interference and coun-
terbalance the high path loss [23]. In this work, the antenna
array for A-BSs are modeled as a uniform planar array with
Ny elements to achieve directive beamforming. It is worth
mentioning that for the tractability of the analysis, these
antenna patterns can be well approximated by a sectored
antenna model [23], [45]. Accordingly, the effective antenna
gain of A-BS antenna (denoted by G4 ) is modeled as follows:

G — |G- if | < Y.
AT 8s, otherwise,

3

where Gy and gg denote the main-lobes and side-lobes
gains, respectively, ¥ denotes the sector angle, and ¥y €
[0, ] denotes the beamwidth in degrees. On the other hand,
the interfering links can be modeled as a uniform random
variable in [—7, ] [46]. Hence, the effective antenna gains of
the interfering links (denoted by Gy) is Gy with a probability
=¥ andi ith a probability p; = 1 — ¥4
Pm = 5= and is g; with a probability p; = S
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2) TERRESTRIAL CHANNEL

We considered a standard power law path-loss model for
terrestrial links. Therefore, the path-loss for terrestrial links
between the typical UE and the T-BSs located at point y; is
given by: L(yj)) = Co Dy*. Here, Dy, denotes the distance
between the typlcal UE and the T- BSs located at point y;.
Also, Co = (g7 T defines the path loss gain at unit distance,
where c is the velocity of light, and f,, denotes the operat-
ing frequency for microwave RAT. Moreover, o denotes the
path-loss exponents of terrestrial link. Besides, we assume
that the terrestrial links experience Rayleigh fading, and we
consider an omnidirectional antenna model at T-BSs.

C. SINR CALCULATION AND ASSOCIATION STRATEGY
With the use of directional antennas, mmWave networks tend
to be noise-limited, rather than the interference-limited, as the
beamforming gain obtained by the use of directional antennas
significantly minimizes the impact of the co-channel interfer-
ence [46], [47]. Therefore, without loss of generality, we have
considered a noise-limited scenario for the mmWave RAT
[46], [47]. Unlike mmWave networks, microwave networks
are interference-limited [31]. Therefore, we have considered
an interference-limited scenario for the microwave RAT.

The instantaneous SNR (denoted by As) of proposed inte-
grated aerial-terrestrial network at the typical UE when it
connects to either LoS or NLoS A-BS (i.e., S = {L,N})
located at point zg € ¥4 s is given by

A PAGMgs wLs(20)

Ag IF , ifzo € Yas, @

where P, denotes the transmit power of A-BS, gs ,, denotes
the LoS or NLoS (i.e., S = {L,N}) channel fading
power from typical UE to serving A-BS located at point
20, I:S is the effective path-loss for aerial links as defined
in Section II. B. 1, o2 is the thermal noise power modeled
as additive white Gaussian noise, and F denotes the noise
figure.

The instantaneous SIR (denoted by T') of proposed inte-
grated aerial-terrestrial network at the typical UE when it is
associated with T-BS located at point zg € Y7 is given by

PTgZoL(ZO)
Ly; /2

where Pr denotes the transmit power of T-BS, g, denotes
the channel fading power from typical UE to serving T-BS
located at point zg, L(zp) is the path-loss for terrestrial links
as defined in Section II.B.2, and Iy, ,,, is the aggregate
interference, which comes from set of all T-BSs except the
serving T-BS.

T = . ifzo € Yr, (&)

Ly =Y. PrgyL(). (©)
Vi€VT /70

Association Strategy: In the integrated mmWave and
microwave networks, each UE may connect to either A-BS
(i.e., with mmWave RAT) or T-BS (i.e., with microwave
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RAT) based on the association strategy. As discussed ear-
lier, mmWave and microwave RATSs have different channel
characteristics (i.e., they have different path loss, blockage
sensitivity, noise-power, channel bandwidth), which offers
a trade-off between the coverage and data-rate performance
of mmWave and microwave RATSs. For instance, microwave
RAT offers good coverage, but data-rate is limited. While
mmWave RAT offers good data-rate, but coverage is limited.
However, to benefit from both RATS, it is important to use
them appropriately. In other words, it is important to con-
sider an appropriate association strategy. The existing highest
SNR-based association strategy gives an association prefer-
ence to the RAT that provides the highest SNR. In the case
when the typical user meets the coverage requirements by
both mmWave and microwave RAT, the highest SNR-based
RAT selection approach does not always take advantage of
wideband mmWave RAT to provide enhanced rates. In other
words, the SNR-based RAT selection approach may limit
the average rate of the system in such a case despite hav-
ing the capability to increase the data rate. In this paper,
we have proposed a threshold based association strategy that
improves the average rate of an aerial-terrestrial networks
without compromising the coverage probability by employ-
ing an optimal combination of mmWave and microwave RAT.
As per the proposed association strategy, the association of a
typical UE to either T-BS or A-BS is determined based on a
predefined threshold (Sy,). In detail, the association strategy
first checks the SNR experienced by a typical UE from the
nearest A-BS. If the received SNR is greater than the prede-
fined Sy, the typical UE would associate to A-BS. Otherwise,
it would associate with T-BS. It means the proposed associ-
ation strategy gives the association preference to mmWave
RAT based on Sy,. Hence, with this association policy, we can
improve the rate of the aerial-terrestrial network. It is worth
mentioning that this association strategy also improves the
CP of the aerial-terrestrial network. However, to determine
the association of typical UE with either LOS A-BS or
NLOS A-BS, we considered a highest average received
power-based association strategy. In the calculation of high-
est averaged received power, we set the average small-scale
fading power to unity [29]. Based on the highest received
power association strategy and the assumption that E[gy, ;] =
E[(@N,xj] = 1, Vx; € g, the serving A-BS is defined as
follows:

Zo = argmax{C.S; “*, CySy™"}, @)
where S = min Dp y,and Sy = min Dy x..
VxXj€ya,L " Vxjeyan J

Ill. COVERAGE ANALYSIS
The CP of UE is generally defined as the probability that
SINR achieved by a randomly chosen UE is greater than a
target SINR (T'):
P, =P(SINR > T). ®)
However, the CP computation for the proposed frame-
work includes the following steps. As discussed earlier in

81860

(a) Typical UE is served by A-BS (b) Typical UE is served by T-BS

FIGURE 3. lllustration of connectivity and interference in the proposed
integrated mmWave and microwave aerial-terrestrial network. Here, solid
black arrows show the desired signal links, while the dotted red arrows
show the interfering links.

previous Section, the reference UE is served by a single BS
i.e., by either LoS A-BS, NLoS A-BS, or T-BS. Let Ejp,
Q = {L, N, T} denotes three disjoint events that the typical
UE is associated with a LoS A-BS, NLoS A-BS, or T-BS,
respectively. Also, we define the event for the typical UE
is in coverage, which is denoted by C. The CP of UE is
computed based on the relation: Pc = ZQ P[C|EQ]IP[Eg],
Q = {L,N,T}. The CP of UE is computed based on
the relation: Pc = ZQ P[S|EQIP[Eg], Q = {L,N,T}.
Therefore, before proceeding to compute the expressions for
the CP, we derive expressions for the probabilities of UEs
association with A-BS (using S = {L, N} aerial transmission
link (denoted by Ag, where S = {L, N}) or T-BS.

A. NEAREST INTERFERING BS

From the previous discussion, it can be noticed that inter-
fering T-BSs and A-BSs lie at a distance larger than 0 m,
h m, respectively, from the typical UE. However, the clear
insight on the distance of nearest interfering BS from the
typical UE can be given after knowing the association state
of typical UE (Q = {L, N, T'}). The following remark gives
clear information on the nearest interfering LoS A-BSs, given
that the typical UE is associated to NLoS A-BS. This result is
helpful for the computation of main results (i.e., calculation
of CP for the proposed network) of this paper.

Remark: Suppose that the typical UE is associated to
NLoS A-BS located at a distance r meters, then the nearest
interfering LoS A-BS is at least at distance dAL,(r), which is
given by

1
Cr\ o
df(r) = <_CL> raL ©9)

N

Proof: The average received power of typical UE from
the serving NLoS A-BS located at a distance » meters is given
by: P,y = PACNr_&N . The nearest interfering LoS A-BS
lies at a distance larger than dlf,(r), which can be computed

using the relation P4Cyr—% = P, CLdj{‘/ o (). O
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B. DISTANCE DISTRIBUTIONS AND ASSOCIATION
PROBABILITIES
To calculate the average association probabilities, CP, and the
rate of UE, it is important to obtain the pdf of the distance
between the UE and the nearest serving T-BS and A-BS.
Lemma 1: The pdf of the distances between the typical UE
and the nearest LoS A-BS, and NLoS A-BS, denoted by f§L (r),
and fSN (r), respectively, are given by

f5,(r) = 2maarpL(rexp( = 2 /0 xpr@dx). (10)

fo (1) = 2nxArﬁN(r)exp( — 27 /O xﬁN(x)dx). (11)

Proof: See Appendix A. g
Lemma 2: The pdf of distance between the typical UE and
nearest serving T-BS, denoted by fr(r), is expressed as

fr(r) = 2 rarexp(—mArr?), (12)

where, r > 0.
Proof: The proof for fg(r) is provided in [31], hence
omitted here. O

C. ASSOCIATION PROBABILITIES

As per the association strategy for the proposed integrated
network, the typical UE is served by either LoS A-BS, NLoS
A-BS, or T-BS. The association probabilities for these three
cases are obtained below:

(i) Association with NLoS A-BS: The typical UE is
associated with NLoS A-BS, if it satisfies the following two
conditions. (a) the received SNR at the typical UE from the
nearest NLoS A-BS is greater than Sy, i.e., [\N > Sy, and
(b) the power received from the nearest NLoS A-BS is higher
than the power received from the nearest LoS A-BS. Combin-
ing these two conditions, the probability that the typical UE
is served by A-BS via NLoS aerial transmission link is given
by

Ay = AKA, N, (13)

where A,, y and Ak are the mathematical notations, which
define the condition (a) and condition (), respectively in a
probabilistic form. In particular, A]Lv defines the probability
that the power received from the nearest NLoS A-BS is higher
than the power received from the nearest LoS A-BS. While
Ay, n defines the probability that the received SNR at the
typical UE from the nearest NLoS A-BS is greater than Sy,.
The expression for Ak and A, n are obtained as follows
(see lemma 3 and 4).

Lemma 3: The expression for AILv defined in (13) is given
by

. 00 G
AL = /h exp(_zﬂA /0 xﬁL(x)dx)ng(r)dr, (14)

where dﬁ,(r) is given in (9), whilefSN (r) is given in (11).
Proof: See Appendix B. 0
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Lemma 4: The expression for Ay, y defined in (13) is given
by

Amy =1 Fg [exp( Q) Z M} (1)

2
where ny = —me
PaGpLn(z0) .
Proof: See Appendix C. ]

(if) Association with LoS A-BS: The typical UE is associ-
ated with LoS A-BS, if it satisfies the following two condi-
tions. (a) the received SNR at the typical UE from the nearest
LoS A-BS is greater than Sy, i.e., f\L > S, and (b) the power
received from the nearest LoS A-BS is higher than the power
received from the nearest NLoS A-BS. Combining these two
conditions, the probability that the typical UE is served by
A-BS via LoS aerial transmission link is given by

AL =AY AL, (16)

where A,, 1 and Ag are the mathematical notations, which
define the condition (a) and condition (), respectively in a
probabilistic form. In particular, AjLV defines the probability
that the power received from the nearest LoS A-BS is higher
than the power received from the nearest NLoS A-BS. While
Ay, defines the probability that the received SNR at the
typical UE from the nearest LoS A-BS is greater than Sy,.
The expression for Ay and A, ; are obtained as follows
(see lemma 5).

Lemma 5: The expression for AZLV defined in (16) is given
by

AY =1-A§. (17)

Proof: The proof of (17) follows from law of total

probability, i.e. AN +AL =1. |

Lemma 6: The expression for Ay, 1. defined in (13) is given
by

Amp=1-TE [exp( Q) Z (QL"L) } (18)

k= =my,
2
where nj = —m2F
PaGm Ly (z0)
Proof: The proof follows the similar process as
Lemma 4, so omitted here. |

Remark: The probability that the typical UE is associated
with an A-BS is given by A,y = An + Ar. This probability
defines the average fraction of UEs served by A-BSs.

(iii) Association with T-BS: The typical UE is served by
T-BS, if the received SNR at the typical UE from the nearest
A-BS (LoS or NLoS) is less than Sy,.

Lemma 7: Given that typical UE is associated to a NLoS
A-BS, then pdf of distance between typical UE and serving
NLoS A-BS, denoted by ka (r), is expressed as follows.

fo (1) dg(r)
SXN exp(—anA/O x[JL(x)dx>

x (1 . exp( 24 fof(sm) xﬁN(x)dx)>. (19)
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Proof: See Appendix D. O

Lemma 8: Given that typical UE is associated to a LoS

A-BS, then pdf of distance between typical UE and serving
LoS A-BS, denoted by fRL (r), is expressed as follows.

£, #o
ka(r)z SZL exp(—erkA/(; ‘ xpN(x)dx)

x (1 - exp( — 2 /0 o xﬁL(x)dx)>. (20)

Proof: This proof for LoS scenario follows the similar
process as Lemma 5, so omitted here. O

D. COVERAGE PROBABILITY CALCULATIONS: MAIN

RESULTS

We are now ready to present our main results on CP.
Theorem 9: The average CP contributed by A-BSs in an

integrated aerial-terrestrial networks is defined as,

Pc.a =Pc,aLAL + PcaNAN, 21

where Pc 4.1, and Pc a n define the conditional CP i.e., CP
when the typical UE is associated to LoS A-BS and NLoS
A-BS, respectively. Also, these expressions for Pc a1 and
Pc AN are given by:

(Q xr)

Pear =1-E [exp( Quixr) Z ca } (22)

k= =myj,

(@)t

Pean = 1-E; [exp( Qnxy) Z —T| @

where xs = T— such that S = {L,N}.

PAGuR{™S
Proof: See Appendix E. O

The CP contributed by T-BSs in an integrated aerial-
terrestrial networks is defined as,

Per= Y PIYr > TIAs < SulP[As < Spl. (24)
SeL,N

Theorem 10: The expression for the average CP con-
tributed by T-BSs in an integrated aerial-terrestrial networks
is given by,

k
Per = Z Eg [exp( Qn)z (Qn) :|

SeL,N

x Eg |:exp{—2nATG(T, oz)}], (25)

where G(T, o) = [ (1 — H_T}}W>udu, Q = % n =

L(zg)

S[/,(TZF
PAGyLs(z0)"
Proof: See Appendix F. 0
Theorem 11: The effective CP of proposed integrated
mmWave and microwave framework for aerial-terrestrial net-
work is given by

Pc.ey =Pc,r +Pc,a. (26)
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Proof: The effective CP of proposed integrated
mmWave and microwave framework for aerial-terrestrial net-
work can be obtained by adding the resulting expressions
of Theorem 10 (which gives the expression for Pc 7) and
Theorem 9 (which gives the expression for Pc ). ]

It is worth mentioning that the closed form expression for
the final CP is not feasible, since we do not have a closed form
for the integration in (14) and (15) [29]. However, we can
still obtain insight of (26) making use of numerical evaluation
of the integrals, i.e., CP plot for the proposed network is
shown in Section V making use of numerical evaluation of
the integrals).

IV. AVERAGE RATE ANALYSIS
In this section, we derive the average rate expressions for the
proposed aerial-terrestrial network.

Theorem 12: The average rate of typical UE in the pro-
posed integrated aerial-terrestrial networks is given by,

R =Ry +RLAL + RnAN, 27

where Ry and Ry define the conditional average rate,
i.e., average rate of typical UE given that it is associated to
LoS A-BS and NLoS A-BS, respectively. While Rt defines the
average rate contributed by T-BS. The final expressions for
R, Rr, and Ry are given by:

k
Rr :[ 3 |:exp( Qn)z (&am) :|
>0 geL.N
x Eg [exp{—ZnAT G(T, oz)}]dt. (28)
R = I_EEL[/ exp(—xy) Z LXL) :|, (29)
>0

kmL

k
RN = I—EAN[/ exp( QNxN) Z Mdt],
t>0

k= =my
(30)
where G(I,Ol) = froo (1 — 1+(exp(t)+)i’7-l‘(u))udu’ Q = nl,l,
LGy
2 2
Q; = L’ Qy = 1, n= S[hO’AF L and x5 = exp(t)—l)({ F
L= G 2N = my PAGuLs(z0) 5 PAGM RS
forS ={L,N}.
Proof: See Appendix G. ]

V. RESULTS AND DISCUSSION

We assume that a typical UE is located at the origin O
of a Cartesian system. Also, it is assumed that T-BSs are
distributed according to PPP in a 2-D terrestrial layer,
while A-BSs are distributed according to another indepen-
dent PPP in a 2-D aerial layer located at a height of &
metres from terrestrial layer. Let the locations of T-BSs and
A-BSs are given by T'(x7, yr) and A(xa, ya, h), respectively.
Therefore, the distances between typical UE and T-BSs are

given by x% + y%. While the distances between typical

UE and A-BSs are given by \/x2 + y2 + h2. The simulation
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TABLE 2. Simulation parameters [23], [29].

Parameter Values
mmWave RAT Microwave RAT
Fading type Nakagami-m Rayleigh
Path gain intercept Crp=10"%1 Cny=10"72 Co = (WCC”)Z, where ¢ = 3 x 10% m/s
Path gain exponent ap =2.09,any = 3.75 a=3
Transmit power 20 dBm 40 dBm
Operating frequency fe,m = 28 GHz fe,u =2 GHz
Bandwidth By, = 1GHz B, = 10 MHz
BS deployment density 4 A-BSs/km? 2 T-BSs/km?
Noise Power 02 = —174dBm/Hz + 10logyy Bm + F', where F = 10 dB -
Nakagami-m shape parameter myp =2;ny =1 1
UAV height [50 — 1000] m
Target SIR/SNR [-10:10] dB
SNR threshold Stn, = [—5,0] dB

parameters with their values used to plot the results are listed
in Table 2.

For typical UE, we generate an exponential fading power
for the nearest serving T-BS and a gamma fading power for
the nearest serving A-BS. Moreover, we generate an exponen-
tial fading power corresponding to its terrestrial interferers
and a gamma fading power corresponding to its aerial inter-
ferers. Then, we compute the SIR of the terrestrial layer and
SNR of the aerial layer. The CP contributed by A-BSs and
T-BSs for the proposed network is then evaluated, which are
averaged over 10° iterations. The CP contributed by A-BSs
is calculated based on the following two conditions: (i) the
received SNR at UEs from the nearest A-BS must be greater
than Sy, that is, Ag > Sy; and (i) the received SNR of
mmWave UEs must be greater than 7, that is, Ay > T.
While the CP contributed by T-BSs is calculated based on the
following two conditions: (i) the received SNR at UEs from
the nearest A-BS must be less than Syy; and (if) the received
SIR from associated microwave T-BS is greater than T, that
is, Yr > T. The average rate (R) of the proposed network
is evaluated according to the Shannon formula, that is, using
the relation, R = E[In(1 + SINR)], which are averaged over
10° iterations.

A. COVERAGE ANALYSIS

Fig. 4 compares the CP of proposed networks with con-
ventional mmWave networks' and conventional microwave
networks.” It can be observed from Fig. 4 that the proposed
networks has higher CP than conventional mmWave net-
works and microwave networks. The reason for the higher
CP compared to the conventional mmWave network is that
the use of microwave RAT in the proposed network can com-
pensate for the effects of high path loss and blockage effect
at the mmWave frequency. Whereas the reason for the higher
CP than the microwave network is that the proposed network
uses the mmWave RAT for A-BSs and microwave RAT for

I conventional mmWave network is the one that considers mmWave RAT
for both T-BSs and A-BSs.

2conventional microwave network is the one that considers microwave
RAT for both T-BSs and A-BSs [29].
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FIGURE 4. CP comparison of proposed network with conventional
mmWave and microwave network. Here, Sg, = 0 dB, and h = 100 m.

T-BSs, hence eliminates the dominant LoS interference from
A-BSs to UEs. Moreover, it can be seen that the analytical
results closely match with the simulation results.

The individual CP contributed by T-BSs and A-BSs in the
proposed network is shown in Fig. 5. Note that, S;, = 0 dB
is taken to compute the CP. As discussed earlier, the CP
contributed by A-BSs is calculated as P[A4 > max(T, S;)].
Therefore, for the considered scenario with S;;, = 0 dB and
T < 0 dB, the CP contributed by A-BSs can be simplified as
P[A4 > Sul, which is independent of T. Therefore, the CP
contributed by A-BSs is constant till 7 = 0 dB. While for
T > 0 dB, the CP contributed by A-BSs can be simplified
as P[A4 > T]. Therefore, the CP decreases with the increase
in T after T > 0. On the other hand, the CP contributed by
T-BSs decreases with an increase in 7.

B. RATE ANALYSIS
Fig. 6 shows the average rate variation of the typical UE
with the density of A-BSs (ABS/km?) for mmWave network,
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FIGURE 5. CP contributed by mmWave-assisted A-BSs and
microwave-assisted T-BSs in the proposed network. Here, Sy, = 0 dB,
Gm =20dB,and h =100 m.
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FIGURE 7. CP versus height of A-BS for mmWave network, microwave

network, and proposed network. Here, Sy, = 0 dB, G,y = 20 dB,
h=100m.

TABLE 3. LoS probability parameters [29].

w

H mmWave Network
>¢&Microwave Network

n
o

Environment Parameters
C Y
Suburban 4.88 0.43
Urban 9.6117 | 0.1581
Dense Urban 11.95 0.136
High-rise Urban 27.23 0.08

N
T

ix

Average Rate (nats/Hz)

10° 10° 102
Density of A-BSs (ABS/km?)
FIGURE 6. Average rate variation of the typical UE with density of A-BSs

(ABS/km2) for mmWave network, microwave network, and proposed
network. Here, S, = 0 dB, G = 20 dB, and h = 100 m.

microwave network, and proposed network. The following
observations can be made from the plots:

o The proposed network has a higher average rate than
the both microwave-assisted aerial-terrestrial network
and the mmWave-assisted aerial-terrestrial network. The
reason is that the association strategy for the proposed
network gives the association preference to A-BSs (that
are assigned a mmWave RAT) based on the value of Sy,
which ensures higher data rates without compromising
CP. However, at higher A-BS densities, the average rate
for the proposed network approaches the average rate for
the mmWave network.
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« The average rate for the proposed network and mmWave
network increase with A-BS density. This is because
as the density of A-BS increases, the probability that a
typical UE is associated with an LoS A-BS increases.
Thus, the probability that a typical UE is associated with
an interference dominated T-BS decreases. This combi-
nation of association probability with T-BS and A-BS
effectively improves the signal power while reduces
the interference power, and therefore the average rate
increases with A-BS density.

C. IMPACT OF A-BS HEIGHT

Fig. 7 shows the variation of CP with the height of A-BS
for mmWave network, microwave network, and proposed
network. It can be observed from Fig. 7, the plots of CP
for all networks exhibit the similar trend, i.e., the CP ini-
tially increases with the height of A-BS and then decreases.
Note that, for each network, there is a height at which the
CP is maximum. For the proposed network and mmWave
assisted aerial-terrestrial network, the probability that the
UEs experience LoS condition with A-BSs initially increases
with the increase in A-BS height while the path-loss due
to mmWave RAT is less dominating than the gain provided
by LoS links. Hence, in this region, the CP increases with
the height of A-BS. However, with a further increase in
A-BS height, the CP decreases, even though UE may be
served by LoS A-BS. This is due to the fact that as the
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FIGURE 8. Average rate variation with respect to height of A-BS for
mmWave, microwave, and proposed network. Here, Sg, = 0 dB, and
Gm =20 dB.

height of A-BS increases beyond a certain value, signal power
decreases owing to increase in path-loss with A-BS height.
Likewise, for microwave-assisted aerial-terrestrial network,
the probability for a UE to experience LoS condition with
A-BSs initially increases with the increase in A-BS height.
As a result, both signal power and interference power from
A-BSs decreases. However, the signal power dominates the
interference power up to a certain A-BS height, beyond this
value the interference power begins to dominate the signal
power. Hence, the CP initially increases with the height of
A-BS and then decreases.

Fig. 8 shows the variation of average rate with respect
to the height of A-BS for mmWave network, microwave
network, and proposed network. As can be seen from Fig. 8§,
the different curves for all the networks exhibit the same
trend, i.e., the CP initially increases with the height of A-BS
and then decreases. The reason for this is similar to the CP
plots in Fig. 7.

D. IMPACT OF BS DENSITY

Fig. 9 plots the CP with respect to A-BS density for the
mmWave network, microwave network, and proposed net-
work. It can be observed that CP for the proposed network
increases with A-BS density. This is because as the density of
A-BS increases, the probability that a typical UE is associated
with an LoS A-BS increases. As a result, the probability of
typical UE associating with an interference dominated T-BS
decreases. This combination of association probability with
T-BS and A-BS effectively improves the signal power while
reduces the interference power, and therefore the CP of pro-
posed network increases with A-BS density. The individual
CP contributed by T-BSs and A-BSs in the proposed network
is shown in Fig. 10. As expected, the CP contribution by
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FIGURE 9. CP versus A-BSs density for mmWave network, microwave
network, and proposed network. Here, Sg;, = 0 dB, G = 20 dB, and
h =100 m.
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FIGURE 10. Plot shows the CP contributed by A-BSs, T-BSs, and A-BSs +

T-BSs in the proposed network with the A-BSs density (ABS/km?2). Here,
S¢h =0 dB, Gy =20 dB, and h = 100 m.

A-BSs increase with the increase of A-BSs density. Thus,
the load on T-BSs decreases.

E. IMPACT OF ENVIRONMENT

To analyze the impact of environment on the performance of
proposed system, the values for LoS probability parameters
under different environment are listed in Table 3. In Fig. 11,
we compare the CP of proposed network for different envi-
ronments. As expected, the CP decreases as the surroundings
becomes denser (i.e., as the height and density of building
increases). The reason is that for dense scenario, the proba-
bility for typical user to experience a NLoS conditions with
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FIGURE 11. CP versus T for different aerial channel environments. Here,
St = 0dB, Gm =20 dB, and h = 100 m.
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FIGURE 12. Average rate versus density of A-BSs (ABS/km?2) for different

aerial channel environments. Here, Sy, = 0 dB, G = 20 dB, and
h=100m.

A-BSs decreases. Hence the received power from serving
A-BSs decreases. Consequently, the role of interference dom-
inated T-BSs becomes more prominent. Hence, the effective
CP decreases as the surroundings becomes denser. Fig. 12
compare the average rate of proposed network for different
environments. The comparison presents the same observa-
tions, as presented by CP comparisons for different envi-
ronments, i.e., average rate decreases as the surroundings
becomes denser.

VI. CONCLUSION
In this work, we consider the downlink aerial-terrestrial net-
work, where both the mmWave and microwave interfaces
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are used together. The performance of such a network is
analyzed in terms of CP, and average rate. Further, the perfor-
mance of the proposed network is compared with mmWave
network. The results claim that the proposed model leads
to improved performance in terms of both CP and average
rate. Also, the paper provides parametric analysis for CP
and rate with A-BSs height and A-BSs density to enable its
practical implementation in 5G/6G technologies. It is shown
that differences in CP and average rate between integrated
and mmWave networks are significant at a lower density
of A-BSs. It means that the role of T-BSs is very crucial
at a lower density of A-BSs. However, at a higher density
of A-BSs, the microwave-assisted T-BSs in the integrated
network acts as a backup link to A-BSs.

It is noteworthy that our proposed work provides analysis
for static A-BS scenarios. However, the work proposed under
the static A-BS scenario can be extended to the mobile A-BS
scenario. In addition, beam alignment between BS and UE
is a challenging problem in mobile networks, allowing the
present work to be extended to include beam alignment issue
in the future work.

APPENDIX A

PROOF OF LEMMA 1

Consider a LoS scenario, where the typical UE communicates
with the nearest LoS A-BS separated by a distance r. Since all
UEs communicate with the nearest LoS A-BSs, no other LoS
A-BSs lie nearer than the distance r. The cdf of the distance
between the typical UE and the nearest LoS A-BS is given by

FSL (r) = 1 —P[No LoS A-BS nearer than r]
= 1—-P[SL > r]

-
@ 1- exp( — 27{/ xAL(x)dx)
0

®) "
Dy exp( —27aa f xpL(x)dx). 31)
0

Here (a) follows from the void probability of PPP, while (b)
follows from the fact that Az (x) = Agpr(x). Finally, the pdf
of S’L(r) is computed using the relation:fSL = g—ngL(r). The
resulting expression proves the lemma for LoS scenario. With
the same steps as for calculating fSL’ one can also prove the
lemma for ng (i.e., for NLoS scenario).

APPENDIX B

PROOF OF LEMMA 3

Let Ak denotes the probability that the power received from
the nearest NLoS A-BS is higher than the power received
from the nearest LoS A-BS. Hence, the probability that the
typical UE is associated to A-BS via NLoS aerial transmis-
sion link is given by

A5 = P[PaCNSy™ > PACLS, ]
_pls CL\ag o
- ]P’[SL > (E) Sy }

@ P8 > dfi(Sn)]
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& / = P[SL > df (], (rdr. (32)
h

Here the step (@) in (32) follows from (9). While the step (b)
is to conditioned the resultant expression over the nearest
NLoS A-BS (i.e., average over pdf fSN)' Finally, use the void

probability of PPP to complete the proof of AIL\,.

APPENDIX C

PROOF OF LEMMA 4

Ay, n defines the probability that the received SNR at the
typical UE from the nearest NLoS A-BS is greater than Syy.

PaGuEN 2oLy (20) }
> Sl‘h

Amy =PlAy > Syl = P[

o2F
Simo’F
— B, [IP(@N,ZO > L)] (33)
PsGpLy(zo)
Since gyz, ~ Gimn,Qy = #), we can further

solve Eq. (33) by deriving the cumulative distribution func-
tion (CDF) of the random variable Xy = gy ,, as below:

Fxy vy my, Qn) = Plgn, 7 < xn]
Q
o M; XNZO, mNZ()’
I(my)
(34)

where y(my, Qyxy) is the lower incomplete gamma func-
tion, given by, y(my, Qyxy) = fOQNxN "™ ~lexp(—1)dr,
and I'(my) is the gamma function, given by I'(my) =
fooo tmN’lexp(—t)dt = (my — 1)!. Therefore, (33) becomes

Y i exp(—t)d } (35)

=1-E; [0
(my — 1)

SN
For m > 0, (35) can also be expressed by the series expan-
sion as given in (33). This completes the proof of lemma.

APPENDIX D

PROOF OF LEMMA 7

The pdf of RN(V) is computed from the pdf of S‘N(r), i.e., the
pdf of Ry(r) is the pdf of Sy given that the typical UE is
associated with a NLoS A-BS (i.e., given that event Ey has
occurred). It can be written as

d_ d__ .
fiy (1) = PRy () < 1) = —PGN() < r|EN)
_ d PGy() <1, Ey)
~dr P(Ey) '

Using (32), the numerator in (36) can be expressed as
follows:

P8y (r) < r,Ey)
@ P8y ) < 1) N 8L > d5) 0 S () < F(Sm)))
= P({Sv(r) < r N8.(r) > di (1)} N
x {Sn(r) < r NSy (r) < f(Sm)})
(b)

= fh PSL(r) > dy (PGS (r) < fSm)fz,,ydr- (37)

(36)
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Here the step (a) in (37) is follows from (32), where
fSm = (Fk

P ) % Note that the lower limit of inte-
AUMCN

gration in step (b) is h, because the nearest NLoS A-BS from
the typical UE is at atleast a distance h. Now using the void
probability of PPP, we get

PSy(r) < r, Ey)

r dk@r)
= / exp( — 271)\A/ xﬁL(x)dx)
h 0

X (1 — exp( — 27 AA /Of(S[h)xf?N(x)dx))fSN(r)dr.
(38)

Finally, substituting (38) into (36), and then differentiating
the resulting expression gives (19), which completes the proof
of lemma.

APPENDIX E

PROOF OF THEOREM 9

Given that the typical UE is associated with a LoS A-BS,
the conditional CP Pc 4,1 is given by

Pear =PlAL > T]
To2F

= E; I:IP((@L' > —AA)] (39)
R ° PAGMCLRZO[L

Since 2r. -, Gmp,Q = m—lL), we can further
solve Eq. (39) by deriving the cumulative distribution func-
tion (CDF) of the random variable X = g; ,, as below:

Fx(x;m, Q) = Plgr 7 < x]
, Q2
Z YU R 0 =0, (40)
[(my)

where y(mp, Qrxp) is the lower incomplete gamma func-
tion, given by, y(mp, Qrxy) = fOQLxL "~ lexp(—t)dt,
and ['(my) is the gamma function, given by I'(mp) =
Jo~ "~ texp(—t)dt = (my — D). Therefore, Pc 4,1 in (39)

becomes

Qrxr mp—1
"L texp(—t)dt
Pear=1-E; |2

. RL[ (mg — D)!

] 41)

Here, x;, = LF_& For m > 0, (41) can be expressed
PAGyR,“F
by the following series expansion,
o0 k
Z (S21x1)
PC,A,L =1- ]ERL |:6Xp(—QLXL) X! . (42)

k=my,

This completes the proof of Theorem 1. The proof of the
conditional CP Pc 4 y follows a similar method as that of
Pc 4.1, therefore omitted here.

APPENDIX F

PROOF OF THEOREM 10

The CP contributed by T-BSs in an integrated aerial-terrestrial
network is defined as

Pe.r =P[T > T|As < Su]P[As < Sul. (43)
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Upon applying Bayes’ rule, (43) can be rewritten as
Per =PIT > T, As < Syl

Prg. L PAGr s o L
_ IP[ 7820 L(20) Jp. Fa Mgsz,z() s(20) - Sm].
Lyryz o°F

(44)

Since both g, and gg ,, are assumed to be independent,
P..r can be simplified as

P L
Pcr = P[—ngo (z0) > T]
Tyr/z
. p| FAGMEs.20Ls@0)
o?F
Here, the second term in (45) can be solved as follows:

PAGuy s o L
IP[ AGMEs.z0Ls(20) <Sthi|

o2F
S0 2F

—1-E; [P(gs@ _ome = )} (46)
PaGuyLs(z0)

Here S5 = {S’L, S’N} define the distances from typical UE
to nearest LoS A-BS (S‘ 1) and NLoS A-BS (S'N). Eq. (46) can
be further solved by following the same steps as in (39)-(42).
Therefore, the final simplified expression is given as

PAGup s - L
]P’[ AGM &5,z Ls(20) <Sthi|

< Sthi|. (45)

o2F

Q
=E: |:exp( Qgng) Z ( SnS) ], a7

k=mg

Sipo2F
PaGyuLs(z0)"

solved as follows:
Ty /2 )}
T|=Er|lP > . (48
} R[ (gz() PrL(z0) )

P[PTgZUL(ZO) -
Lyr /2
Here Eg(.) denotes the expectation over the distance form
the typical UE to nearest T-BS. Since g,, ~ exp(1), (48) can

be expressed as
TI TI
o ][ 23]
PrL(z0) PrL(zo)

T
= Ep |:E1W/20 <PTL—(Z0)>:| ’ )

where Elw /0 (s) denotes the Laplace transform of random
variable Iy, /;,(s) evaluated at s. According to the Laplace
transform definition

‘CIV/T/ZO (S) = IEI?//T/Z() [CXp( - SI‘//T/ZO)]

= EI/’T/ZOng,yj |:exp< - Z PTgy_,-L()’j)>i|

YVi€VT /20

= EWT/zo[ l_[ B, [CXP< - SPTngL(yj))]]~

Yi€VT /70

where ng = While the first term in (45) can be

(50)
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Using the fact that random variable gy, follows an exponen-
tial distribution with unit mean, i.e. S 8y ™~ exp(1), (50) can be
written as

Ele/zO(s) = ]EWT/ZO[

M e
YVi€EYT /20 L+ sPrLQy)

© 1
= exp —271)»7[ 1l — ——— |uduy.
. 1 + sPrL(u)

D

Note that the lower limit of the integral in (51) is r due to
the fact that all the interfering T- BSs are at least a distance
greater than r. Substituting s = in (51), we get

PrL(zo) L(Zo)
T
L [
rin (PTL(Z(»)
o 1
= exp{ — 27‘[)»7‘/ <1 — TL())MdM}
4 1+ L?Zo)u
= exp{—27nA7rG(T, a)}, 52)

where G(T', o) = [ (1 — W) udu. Substitute the final
L(z
expression of (52) in (49), we get the resultant expression for

the first term of (45). Then, multiply the obtained expression
with (47) to obtain the resultant expression for P, r, given
by (25). This completes the proof of Theorem 8.

APPENDIX G

PROOF OF THEOREM 12

The average rate is generally defined as R = E[In(1 4+ Y)]
(nats/Hz). For any positive random variable X, E[X] =
fl>0 P(X > t)dt. Therefore, the average rate contributed by
T-BSs in proposed aerial-terrestrial network can be expressed
as

Ry = / Plin(1 + Y) > ¢]dt
t>0

= / P[Y > exp(t) — 1]dt. (53)
t>0

Using (53) and definition of CP, Ry can be obtained
from (25) by substituting 7 = exp(¢)— 1, and then integrating
the resultant expression over 7. This completes the proof of
Theorem 10 for T-BSs. The prrof for £, A follows the same
steps as that of R, so omitted here.
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