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ABSTRACT To address the spectrum shortage issue, the technology of sharing the unlicensed spectrum
resource has been developed for terrestrial wireless networks, e.g., the New Radio Unlicensed technology.
Recently, due to the limitation of terrestrial wireless networks, unmanned aerial vehicles (UAVs) have
been proposed to improve the coverage for users. Hence, the combination of the unlicensed spectrum
band technology and the UAV communication can fulfill the requirements of offering 3-D coverage while
improving the spectrum efficiency. In this paper, we investigate the terrestrial and UAV heterogeneous
network (HetNet), where both the terrestrial base stations and aerial base stations implement the random
mode selection procedure to use either the licensed or unlicensed spectrum band. Based on stochastic
geometry, we develop a tractable mathematical framework to characterize the medium access probability
and the overall coverage probability. The accuracy of the analytical evaluations is validated by simulations.
Our results show that the incorporation of the licensed and unlicensed spectrum band by using the mode
selection scheme can improve the overall network performance, compared with the performance of the 3-D
HetNet operating in the licensed spectrum band only. Furthermore, mode selection of the aerial network
plays the dominant role in improving the overall coverage probability, and the mode selection probability
(i.e., the probability of switching to use the unlicensed spectrum band) has to be selected carefully to
maximize the overall coverage probability.

INDEX TERMS Unlicensed spectrum, unmanned aerial vehicle, HetNet, poisson point process, coverage

performance.

I. INTRODUCTION

With the rapid growth of applications and mobile devices
in future communications, the scarcity of licensed spectrum
bands has become one of the major problems for the next
generation of cellular networks. To confront this issue, the
5G New Radio Unlicensed (5G NR-U) has been proposed to
provide the NR-based access to the unlicensed spectrum band
such that the spectrum efficiency is improved. SG NR-U has
been specified and evaluated in Release 16 by the
3rd generation partnership project [1], [2]. The coexistence of

The associate editor coordinating the review of this manuscript and

approving it for publication was Yeon-Ho Chung

124100

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

different types of devices in the unlicensed spectrum band has
been widely studied [3]-[7] and most of the existing research
focused on the terrestrial cellular network.

Note that the excessively large-scale deployment of con-
ventional terrestrial networks faces many constraints. For
example, for the temporary events (e.g., concerts and sports
events) or the RAN congestion scenario (e.g., hotspot region
in urban area during rush hours), deploying the terrestrial
infrastructure can be very costly or even impractical.
Under such cases, due to the advantages of versatil-
ity and high mobility, the aerial base stations (ABSs)
acted by the unmanned aerial vehicle (UAV) is a suitable
candidate [8]-[10]. In recent years, the heterogeneous
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architecture by incorporating UAV communications has been
considered a novel paradigm in future wireless networks.
UAV communication has been widely investigated nowadays
and most of the studies considered the communication in
licensed spectrum bands. Due to the benefits brought by unli-
censed spectrum bands, operating the UAV communications
in unlicensed spectrum bands is regarded as a promising way
to provide a broader coverage while enhancing the spectrum
usage efficiency for future wireless communication networks.

Some works have investigated the UAV communica-
tions operating in the unlicensed spectrum band [11]-[15]
recently. More specifically, the authors in [11] comprehen-
sively reviewed the state-of-the-art resource management
scenarios in LTE-Unlicensed (LTE-U) systems including the
UAV systems. A game-theoretic framework for load balanc-
ing between LTE-U UAVs and the ground access points was
developed in [12], where a regret-based learning dynamic
duty cycle selection method for configuring the transmission
gaps in LTE-U UAVs to ensure users’ throughput was further
proposed. In [13], licensed-assisted access technology was
cooperated into the UAV communication to expand the avail-
able transmission band, where a joint trajectory design and
resource allocation strategy was developed to maximize the
energy efficiency. The authors in [14] proposed to introduce
a cognitive UAV operating as an aerial secondary transmitter
to satisfy the needs of URLLC latency and mMTC through-
put by sharing the unlicensed spectrum band. The trajectory
design of UAVs in a cellular network was considered in [15]
to guarantee the quality of service, where the sensory data can
be transmitted to the mobile devices in the unlicensed spec-
trum band. The aforementioned research only focused on the
design in the unlicensed spectrum band. There are some other
works that have also considered the design in the licensed
spectrum band. Specifically, the authors in [16] studied a
UAV-enabled LTE-U network for virtual reality transmission
in both the licensed and unlicensed spectrum bands, and
solved the resource allocation game based on the echo state
networks. By utilizing the liquid state machine, this work
was further extended to [17] to investigate the joint caching
and resource allocation problem for a cache-enabled UAV
network. In [18], the authors studied a UAV-assisted cellular
network and proposed a cooperative decode-forward protocol
by solving a joint resource allocation and placement problem,
which aims to minimize the aggregate gap between the target
rates and the throughputs of terminals. There are several
other works focused on optical networks and millimeter-wave
communications in the unlicensed spectrum band [19], [20].

Note that, except [16], [17], the above works considered
the scenario where only the UAVs can operate in either
the licensed or unlicensed spectrum band, and ignored that
ground base stations (BSs) can also act as a channel com-
petitor by implementing 5G NR-U protocol. When both
UAVs and the ground BSs coexist in the licensed/unlicensed
spectrum, the spectrum sharing will cause interference to
each other. Consequently, the characterization of the interfer-
ence and the corresponding coverage performance becomes
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very important, which has been ignored by the previous
works.

In this work, we focus on evaluating the overall coverage
performance for a 3-D HetNet constituting of terrestrial base
stations (TBSs) and ABSs in the licensed and unlicensed
spectrum band. This considered network can be deployed to
improve the coverage for RAN congestion scenario, where
the communication demand from users is massive and the
spectrum resources are limited. Compared to the conven-
tional terrestrial HetNets, the performance analysis of this
complicated scenario is more challenging, since our sys-
tem model involves different types of transmission links
(i.e., the probabilistic channel model) and the NR-U based
medium access mechanism required for the unlicensed spec-
trum band which will be detailed in Section II. To balance the
interference in the licensed and unlicensed spectrum band,
the mode selection scheme for both the TBSs and ABSs is
adopted [21], i.e., both TBSs and ABSs randomly switch to
use the unlicensed spectrum band with certain mode selection
probability p7 and p,, respectively.! By this means, the num-
ber of BSs transmitting in the licensed/unlicensed spectrum
band can be adjusted. The main contributions of this work are
summarized as follows:

« By using stochastic geometry, we develop a tractable
mathematical framework to evaluate the medium access
probability (MAP) and the coverage probability for the
heterogeneous network with the random mode selection
scheme. Our results show that, compared with the per-
formance of a TBSs and ABSs HetNet where only the
licensed spectrum band is used, the overall network per-
formance can be improved by introducing the unlicensed
spectrum band with appropriate mode selection.

« We come up with an approximate yet accurate analyti-
cal expression to capture the intensity of the processes
of interfering TBSs and ABSs, which is an important
component in determining the coverage probability in
the unlicensed spectrum band. This approximation leads
to the tractability of deriving the coverage probability
and the accuracy of the resulted coverage performance
is validated through numerical results.

o We study the impact of the mode selection probability,
the intensity and the clear channel assessment (CCA)
threshold of both TBSs and ABSs on the overall cover-
age performance. We find that the aerial network plays
the dominant role in the overall coverage performance
of the HetNet, while the influence from the terrestrial
network is relatively slight.

The rest of this paper is organized as follows. Section II
presents the system model and the considered medium access
scheme. Section III describes the general formulation of the
overall coverage probability, i.e., the key performance metric.
The analysis for the two important factors in determining the

IThe purpose of this work is the performance analysis for a
terrestrial-UAV HetNet incorporating both the licensed and the unlicensed
spectrum band. The inclusion of more sophisticated mode selection schemes
(e.g., [22], [23] ) is left for our future work.
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overall coverage probability, i.e., the medium access proba-
bility and the conditional coverage probability, is presented in
Section IV and Section V, respectively. Section VI presents
the numerical and simulation results of the overall network
performance. Finally, Section VII concludes the paper.

Il. SYSTEM MODEL

A. SPATIAL MODEL AND MODE SELECTION SCHEME

A downlink 3-D HetNet is considered, which is constituted
of TBSs, ABSs, and user equipments (UEs). The locations
of TBSs and ABSs are modeled as two independent homoge-
neous Poisson point processes (HPPPs) on R2, denoted as @7
with intensity A7 and ®4 with intensity A4, respectively [24].
Let x; and y; represent the i-th TBS and i-th ABS, respectively.
TBSs and UEs are located on the ground while ABSs are
located in a plane with fixed height H.

The mode selection scheme [21] is adopted in this
3-D HetNet. That is to say, each TBS or ABS independently
chooses to utilize either the licensed or the unlicensed spec-
trum band, where the microwave wireless communication is
considered [1]. Let pr and ps denote the probability to
use the unlicensed spectrum band for each TBS and ABS,
respectively. The strongest average received power associa-
tion strategy is considered. Depending on the type of associ-
ated BSs [25], the UE will switch to be in the licensed or the
unlicensed mode. Besides, we assume that the density of UEs
is far greater than the density of BSs such that each BS has at
least one associated UE. Without loss of generality, we con-
sider a typical UE located at the origin as depicted in Figure 1
and the index 0 is used to denote the typical UE as well as its
serving BS.

unlicensed terrestrial interference
unlicensed aerial interference

desired link
u-ABS 1
] u-ABS 0
A 150 e - IBS 0
L-TBS 1 Typical UE u-TBS 1
(origin)

FIGURE 1. lllustration of the system model.

B. CHANNEL MODEL
In the considered network, there exist three types of links:

o air-to-air (A2A) link, i.e., the aerial link between ABSs.
When using the unlicensed spectrum band, ABSs need
to sense whether there is any signal exceeding the energy
detection threshold on the channel or not.
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o ground-to-ground (G2G) link, i.e., the terrestrial
link between TBSs and UEs, and the link between
unlicensed TBSs.

o air-to-ground (A2G) link, i.e., the link between ABSs
and UEs, and the link between the unlicensed TBSs and
unlicensed ABSs.

For the first two types of links (i.e., A2A and G2G links),
we adopt the path-loss plus block fading channel model. The
received power between the i-th node and the j-th node with
distance dj; is

PRy (dy) = Keyniy 8y iy 0

where d;; denotes the distance between the i-th node and
the j-th node, and the symbol ¢ is used to represent the
type of occupied channel. & = [ (& = u) means that
the licensed (unlicensed) spectrum is used. In this work,
we assume that G2G link experiences the none-line-of-sight
(NLoS) environment while A2A link experiences the line-
of-sight (LOS) environment [26]. The symbol ¢4 = L
(tz. = N) indicates that the channel is in LoS (NLoS)
conditions. The subscript k is used to mark the type of BSs
which will be specified in Section IIl. Ky, = (4nfy, /)2
represents the free space path loss at a reference distance of
1 meter, where f;, is the carrier frequency and c is the speed
of light. n, denotes the additional attenuation factor [27].
8u.ij denotes the block fading on the channel between the
i-th node and the j-th node, which are assumed to be the
same for both the licensed and the unlicensed spectrum
bands [17], [28]-[30]. Specifically, gy ;; is assumed to be
i.i.d. Nakagami-m fading with shape parameter my and scale

parameter ., and gy ;; is assumed to be i.i.d. Nakagami-m

1
fading Wlth shape parameter my and scale parameter e

oy, denotes the path-loss exponent of the channel.

As for the A2G link, we adopt the elevation angle-dependent
probabilistic LoS model [27], [31], i.e., the occurrence of a
LoS or NLoS channel depends on the environment parame-
ters and the relative location between the transmitter and the
receiver. The probability of being LoS transmission link is

1
pL (z5) = :
—b (arctan ( E ) —a)
14 ae v

where z;; = dl.Jz.
the projection of the i-th node and the j-th node on the
horizontal plane. @ and b are the environment parameters.
Correspondingly, the probability of being NLoS transmission
link is given by py (z,j) =1-pL (Zij).

Based on the LoS and NLoS probability, the received

power on an A2G link is given by
ey -m)
oy ((Jd2 - H?).
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TABLE 1. Summary of main symbols used in the paper.

Symbol | Definition
AT Density of TBSs
AA Density of ABSs
pT Mode selection probability for a TBS to use the unlicensed spectrum band
PA Mode selection probability for an ABS to use the unlicensed spectrum band
&k Symbol to indicate whether a type k& BS is a TBS or an ABS (§x = T or A)
Ck Type of the spectrum band used by a type k BS ((x = [ or u)
Lk LoS/NLoS conditions of a channel occupied by a type k BS (1 = L or N)
K; Free space path loss at a reference distance of 1 meter in the licensed spectrum band
Ky Free space path loss at a reference distance of 1 meter in the unlicensed spectrum band
nr Additional attenuation factor of a link in LoS conditions
nN Additional attenuation factor of a link in NLoS conditions
ar, Path-loss exponent of a link in LoS conditions
an Path-loss exponent of a link in NLoS conditions
H Height of ABSs
mr, Nakagami-m fading parameter for a link in LoS conditions
my Nakagami-m fading parameter for a link in NLoS conditions
a,b S-curve parameters of the probability of being LoS transmission link
Pe, Transmit power of a type £ BS
te, i Random back-off period for the i-th type k£ BS
bri Medium access indicator assigned to the ¢-th type k BS
T SIR threshold

C. MEDIUM ACCESS SCHEME

Since the licensed and unlicensed spectrum band are involved
in this work, the medium access mechanism needs to be
specified for different kinds of BSs. For the case when the
ground UE is associated with a BS (TBS or ABS) operating
in the licensed spectrum band, the associated BS can access
the channel successfully [32]. However, for the case when the
ground UE is associated with a BS operating in the unlicensed
spectrum band, the medium access mechanism needs to be
implemented.

We consider a NR-U based medium access mechanism
that generally contains two main procedures, namely the
clear channel assessment procedure and the random back-off
procedure [33].

o Clear channel assessment: All the transmitters operat-
ing in the unlicensed spectrum band have to sense the
channel before transmitting to the UE. This procedure
is conducted by sensing whether there exists any valid
received signal on the channel. If a BS detects a signal
whose power is higher than an energy detection thresh-
old, the BS will take the channel as busy and continue to
listen to the channel until the detected signal power on
the channel is lower than the energy detection threshold.
Once the BS cannot detect any valid signal exceeding
the energy detection threshold, it will take the channel
as idle and start the next procedure, i.e., the random
back-off period. We assume that the TBS and ABS oper-
ating in the unlicensed spectrum band can perform this
procedure with different energy detection thresholds.
Specifically, let A7 and A4 denote this threshold for a
TBS to detect the TBS’s signals and the ABS’s signals on
the unlicensed channel, respectively. Correspondingly,
the energy detection thresholds for an ABS to detect the
TBS’s signals and the ABS’s signals on the unlicensed
channel are denoted by A’ and A/, respectively.

VOLUME 9, 2021

« Random back-off: If an idle channel is detected, the BS
will wait for a random period to compete for the chance
of transmitting signals on the channel. That is to say,
a BS backing off for a shorter period can transmit its
signal on the channel. This period is randomly gener-
ated from a contention window specifying the minimum
and maximum waiting period for the BS. The size of
the contention window determines the priority for a
BS accessing the channel [34]. We denote the random
back-off period for the i-th TBS and ABS by 7 ; and
ta.i, respectively. Both t7; and t4; are set to be uni-
form random variables in the contention window [0, 1]
(equivalently, the same priority for all BSs is assumed).

Ill. COVERAGE PROBABILITY METRIC

In this work, the overall coverage probability is adopted as
the performance metric for evaluating this 3-D HetNet. This
metric is defined as the average probability that the signal-
to-interference (SIR) at the typical ground UE is higher than
a certain threshold 7.

According to Section II, the typical UE can be either
associated with an ABS or a TBS and the transmission model
is different for different links. Additionally, both the TBS and
ABS perform the mode selection, i.e., switch to operate in the
unlicensed spectrum band with a certain probability. For such
acomplicated scenario, to ease the analysis, we hence classify
the overall network into different types as follows.

Based on the thinning theorem in stochastic geometry [35],
this HetNet is regarded as containing six types of BSs and
they are

« type 1: [-TBSs. This kind of TBSs operate in the licensed
spectrum band, and the links between these /-TBSs
and the typical ground UE are all G2G links. Their
locations follow a HPPP ®; = {x;;} with intensity
A =0 —=ppar.
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o type 2: u-TBSs. This kind of TBSs operate in the unli-
censed spectrum band, and the links between these TBSs
and the typical ground UE are all G2G links. Their
locations follow a HPPP &, = {x,;} with intensity
A2 = prAT.

o type 3: [-L-ABSs. This kind of ABSs operate in the
licensed spectrum band, and the links between these
ABSs and the typical ground UE are all LoS A2G
links. Their locations follow an inhomogeneous Poisson
point process (inHPPP) ®3 = {y;;} with intensity

23 (viei) = (1= papeL (\/ lye,L,ill> — Hz) Aa. Note

that the resulted point process is an inHPPP due to the
independent thinning for the original HPPP and the fact
that the intensity is not a constant but depends on the
distance ||y; 1 il

o type 4: [-N-ABSs. This kind of ABSs operate in
the licensed spectrum band, and the links between
these ABSs and the typical ground UE are all
NLoS A2G links. Their locations follow an inHPPP
®y = {yn,} with intensity Ag () = (1 —
PAIPN ( lyin.ill> —H?) Aa.

o type 5: u-L-ABSs. This kind of ABSs operate in the
unlicensed spectrum band, and the links between these
ABSs and the typical ground UE are all LoS A2G links.
Their locations follow an inHPPP &5 = {y, 1 ;} with

intensity As (Yu,L.i) = papL (\/ llyu,L,ill> — H2> Aa.

o type 6: u-N-ABSs. This kind of ABSs operate in
the unlicensed spectrum band, and the links between
these ABSs and the typical ground UE are all
NLoS A2G links. Their locations follow an inH-
PPP & = {y,n,} with intensity A¢ (yu,N’,-) =

DAPN (\/ lyu,n,ill> — H2> A

In the above setup, we use the symbol k (k = 1,2,...,6)
to represent the BS’s type index. The symbol & = T or
A is used to denote whether the BS is a TBS or an ABS, and
¢k = [ or u is used to represent the type of spectrum band.
In addition, t; = L or N is used to denote the transmission
environment (LoS or NLoS).

Following the above classifications, we can mathemati-
cally express the overall coverage probability as

6

Peov = Y Pua (k)P (SIRx > Tlk), )
k=1

where P4 (k) is the MAP for the type k BS. It is the
average probability that the typical UE is successfully asso-
ciated with a type k BS and the type k BS can access the
channel. PP (SIR; > t|k) is the conditional coverage proba-
bility, which is conditioned on that the typical UE is asso-
ciated with a type k BS and the type k BS can access the
channel.

From (4), the MAP and the conditional coverage probabil-
ity determine the overall coverage probability. Their analysis
is presented in the following sections.
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IV. MEDIUM ACCESS ANALYSIS

Before deriving the expression of the MAP, we firstly assign
a medium access indicator by ; to the i-th type k BS. The
indicator equals to 1 if the medium access is successful, and
0 otherwise. According to Section II-C, the medium access
indicator of the type 1, 3, 4 BS is always equal to 1. Hence,
the MAP for the type 1, 3, 4 BS equals to the probability that
the typical ground UE is associated with a type 1, 3, 4 BS.

As for other types of BSs, since they operate in the unli-
censed spectrum band, the medium access mechanism is
required. The MAP for these types of BSs is the probability
that the typical ground UE is associated with a type 2, 5, 6 BS
and the indicator is equal to 1. The expression of this binary
indicator for the i-th type k BS is given by (5), as shown at the
bottom of the next page, where 1(-) is the indicator function.
The point processes appeared in (5) are explained below.

To specify the component of the medium access indicator,
we redivide all the other BSs operating in the unlicensed
spectrum band into the following point processes from the
view of the i-th type 2 BS:

o 532 = ®;\{x, ;} with intensity A, containing the type 2

BSs other than x,, ;;

o ®s5,; with intensity As(y)pr ( y — xu.ill? — H2)
containing the type 5 BSs whose links between them-
selves and the i-th type 2 BS are in LoS conditions;

Iy = xudll? = H?)
containing the type 5 BSs whose links between them-
selves and the i-th type 2 BS are in NLoS conditions;
Iy = xual” = H?)
containing the type 6 BSs whose links between them-
selves and the i-th type 2 BS are in LoS conditions;

Iy = %l = H?)
containing the type 6 BSs whose links between them-
selves and the i-th type 2 BS are in NLoS conditions.

o &>5,2,N with intensity As (y)pN<
. &>6,2,L with intensity Ag (y)pL(
. &>6,2)N with intensity Xg (y)pN(

Correspondingly, from the perspective of the i-th type
k =5, 6 BS, the redivided point processes are

o &5 = D5\ {yu.i} fork = 5and &5 = ®s fork = 6;

o ®g = Pgfork =5and Pg = Pg\{yu,g,i} fork = 6;

e Bosu with intensity Aapr (y/llx — vl — H?)

containing the type 2 BSs whose links between them-
selves and the i-th type 5 BS are in LoS conditions;

o ®r5y with intensity Axpy <\/||x — Yugill® — Hz)
containing the type 2 BSs whose links between them-
selves and the i-th type 5 BS are in NLoS conditions;

e Bogr with intensity Aopr (y/llx — vzl — H2)
containing the type 2 BSs whose links between them-
selves and the i-th type 6 BS are in LoS conditions;

o ®rgn with intensity Axpy <\/||x — Yugill® — H2)
containing the type 2 BSs whose links between them-
selves and the i-th type 6 BS are in NLoS conditions;

Next, we present the probability density function (PDF)
and the cumulative distribution function (CDF) of the
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distance from the typical ground UE to the associated BS in
Lemma 1, which are important in determining the MAP and
the conditional coverage probability.

Lemma 1: Conditioned on that the typical ground UE is
associated with the type k BS, the PDF and CDF of the
distance between the typical ground UE and the closest
type k BS are

2n)»krke_”)‘krk2, k=1,2
27 (1 — pa) rarkpy, <\/r,3 - H2>

fre () =1{ xe™ /o 27 (1—-pa)Aazpy, (z)dz’ k=34

27 pALATID Y, (,/rg — H2>
2
k

“n2
2 parazpy (2)dz
9

xXe f() k= 5, 6,
(6)
and
1 — e HIE k=1,2
2_12
Fro () = {1—eJo" * 2m0—piamy@dz - j 3 4
/212
1—e b e 27 pALAZDYy, (z)dz, k=35,6,
(N

respectively, where the function p,, (z) denotes the probability
of being LoS transmission link according to (2), and the
subscript ¢ € {L, N} denotes the LoS/NLoS conditions of
a channel occupied by a type k BS.

Based on Lemma 1 and the definition of MAP, the MAPs
for different types of BSs are presented in Lemmas 2-5.

Lemma 2: The medium access probability for the [-TBS
(i.e., k = 1) is given by

5 Cl,t+1
Pya (1) =) / ¢1 (r1)dry, ®)
1=1"¢

t
-2/ Ahyey Ay
@1 (r1) 2 e_ml;zzle =2 B(dh1<01,q>~'(”)) e

Xfry (r1) ©)

where the symbols in (8) and (9) are defined below. Note
that, for k = 1, 2, .., 6, the notations for these symbols share
the same general formulas; hence, for notation simplicity,
we present the general expressions which will be appeared in
other equations, rather than defining the particular expression
under k = 2.

Fork =1,2,...,6, ¢, is the ¢-th element of the integral
limit sequence Ci, where Cy = {0, ar[l], ax[2], ax[3],
ail4], o0} for k = 1,2 and Cy {ar[1], ar[2], ar[3],
ail4], oo} for k = 3,4, 5, 6. The element in Cy, ai[v],v =
1, 2, 3,4, is the v-th element of a sequence Ay sorted in the
ascending order. The general expression of Ay is

1y, 1
. { (PskK;kmk>mk i <P§kK;k mk) Hmk
Pgy Ky, Pg,Keynyy

1 o 1 @
(P%“kKé“kmk)mk Hﬁ <P5kK§k7hk>mk H“t:}
Pgs Kesnis P Kegnig sorted

(10)

Yu,Lj€P52.L

Yu.N jE€P6,2,L

<1

Yu.Lj€Pso N

PAKynLEL.ij )
Ap
”))ML] — Xy, il %
PAK,
X l_[ (l — I(IA,j < tT,,')l ( AZuNLEL Y
- ”yuN]
PaKynngn ij

1-— I(IA,' < tT,')l (
/ l 1Y, L.j — Xu,i | *NV

1_[ (1 —1(tr; < tr )1 (M > AT))

”xu,j — Xy, i [|*V

< ] <1 —1(ta, < tr )1 <

IV

I V

Xu, il oL

| \/

AV

)
2)
)

PAKunNgN ij
bi,i = x H Py <ol (”)’u Nj — Xuill*N = A k=2 ©)
YuNj€Ps 2N Pk
1_[ (1 — I(IA’]‘ < l‘Ayl‘)l < AZulLEL. > A ))
- ”yu,L,j - yu,{k,i”aL
Yu.Lj€Ps PK
< T1 <1 —1(tay < tA,,-)l( AZWNLELY o A ))
- ”yu,N,j - YM,{k,i”aL
Yu.N jEP6 Pk
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hy : Ay — {3, 4,5, 6} denotes a mapping between the sorted
integral limits and the type of ABSs. For example, if ¢ 4 =

1
Ay
Pey Ky iy, ali o _
(ng/l({k/ My H then hk(Ck q) k’. Here Z ( ) 0

ift <gq.
di k(r) =/ (P, k)2 — H2, where the general expression
of ;'k’,k is
P: K ook
ek = <—§k/ W ml‘/) ¥ I’kalk/ . (11)
Pg Kgny,

Proof: For the case of [-TBSs occupying the licensed
spectrum band, since no medium access is required, its
MAP is equivalent to the probability that the typical UE
receives the maximum of the average received power from
the closest /-TBS among all the types of BSs. Hence, we have

the MAP given by
Ppa (1)
Pék’ng/ ntk/ )]
Yy
R,

@ g [1—[ p (Psllicli My
1y
®) Pe Ke ny, \ @ @,
_ER1 HFRk’ I i Y 7 S S le
Pg Kemy,

6

© [Tz =
= / Fg, (72,1) 1_[ Fry, (Fir1) fry (r1) dry
0 k’ 3
(i) / _mhlrzl 1_[ e dk’ 1(’1) Ak,(y)dy
XfR, (rl)drl, (12)

where step (a) is due to the fact that the MAP can be inter-
preted as the probability that the average received power from
the closest [-TBS is stronger than the average received power
from the closest BS of other types, step (b) follows from the
fact that the probability inside the brackets is equivalent to
the complementary cumulative distribution function (CCDF)
of Ry denoted by F Rk/(’)’ where the formulation of CCDF
is directly related to the CDF of Ry’ and this CDF is given
in Lemma 1, step (c) follows from the property that Ry is
independent of each other, and step (d) is the substitution of
CCDF’s formulation. B () denotes a disk region with radius r
centered at the origin.

Note that the interval of the integral of r; is [0, oo]. As for
ABSs, due to the flying height, the interval of the integral
of ryr is [H, oo]. That is to say, the argument in the CCDF
FRk/(') should be greater than H, ie., 7y > H. This
implies that Pyz4 (1) needs to be calculated piecewise. With
proper rearrangements, we reach the general result presented
in (8). ]

Lemma 3: The medium access probability for the [-L-
ABS and /-N-ABS (i.e. k = 3 or 4) are given by

Pua (k) = Z /

t=D+1" kst

Ck,t+1

@i (ri) dry, (13)
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A _ ~2 _ ~2
d)k (rk) 2. ”Alrl,ke n)hzrzvk

-5 Ay (e ()Y
=18 (g ) R
X e »q

t

>/ My (e ) Pdy
xe q=D+2 B(dhk(ckvq).k(’k)) kikoq

Xfre (1) 5 (14)

where the definitions of ¢k ¢, hx, and dj  (rr) are specified
inLemma 2. D = argmax ¢y p < H.

Proof: The deriv;li)tion is similar to the proof of Lemma 2.

Hence, we do not show the derivation for brevity. [ ]

Lemma 4: The medium access probability for the u-TBS
is given by

5 C2,1+1
Pya(2) =) / ¢2 (r2) dra, (15)
1=1"¢
- Ztl J Ay(cy ) Ay
B2 () & M2 17 it ) "2

X®§2 (rZ)fRz (r2) s (16)

where the definitions of ¢3;, 2, and dy’ ; (r2) are specified
in Lemma 2. The expressions of the function Og, (-) and
Qg (+) are given in (17) and (18), respectively, as shown at
the bottom of the next page, where ¢, h2, and dy 5 (1) are
defined in Lemma 2. || - || denotes the 3-D distance from the
point x to the typical ground UE and ||x, 0| = r2. y (-) is the
lower incomplete gamma function and I" () is the Gamma
function.
Proof: See Appendix A. [ ]
Lemma 5: The medium access probability for the
u-L-ABS and u-N-ABS (i.e., k = 5 or 6) are given by

Ck,1+1
Paa () = Z / o (0 dry, 19)

_ _ ~2
¢k (i’k) : e ”}‘lrl,kg n)‘er,k

- My (ep ) Oy
J k(Ck,q)
g=1 B(dhk(fk ),k(’k)> R
xXe 4

t

)‘hk(sz,q)(y)dy

xe =Pt B(dhk(ck,q),k(’k))

X O, (1) fre (1) (20)

where the definitions of c¢x s, hx, and dj’  (rx) are specified
in Lemma 2, and the definition of D is specified in Lemma 3.
The definition of the function ®g, (-) is given by

®§k (r)

6
—(st (5.5 Iy cp.0)+ X Qg (k’,z,llygk,;k,on))
1—e ¥=s
= c . (2D
Q%5 (5,5, Iyer.z,0) + 2 Qe (K 2, l1yee,ce0ll)
K'=5

where ||yg, ¢.0ll = 7%.
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Proof: The derivation of Py4 (5) and Py (6) is sim-
ilar to Py4 (2); hence, we do not show its derivation for
brevity. [ |

V. CONDITIONAL COVERAGE PROBABILITY ANALYSIS
When the ground UE is associated with different BSs,
the components of the interfering BSs are different. The
formulation of SIR at a typical UE is

P Ky 8u 007 "

L+ hBi+ L’

bk,OPEkKikglk,OOrk_atk
D+ Is i + 1o k

k=1,34
SIR;, = (22)

, k=256,

where Ijs ;. denotes the aggregate interference from type k’
BS and it has the form of

—0y,,
Ik’,k = Z bk’,OPSk/ng/ mk,ng,,,‘oriO K . (23)

ieq)k’\sk’,k

where ry o denotes the distance from the i-th interfer-
ing BS to the typical ground UE. Sy represents the set

given by
{xg0h  k=k k=12
Sk/,k = {y{k,lk,0}7 k = k/5 k = 37 45 57 6 (24)
@, k#K.

A. CONDITIONAL COVERAGE PROBABILITY FOR THE
LICENSED SPECTRUM SCENARIO

For the case that the typical UE is associated with a BS operat-
ing in the licensed spectrum band, the interfering BSs consists
of [-TBSs, [-L-ABSs, and [-N-ABSs with the medium access
indicator always being one. Their exact point processes are
PPPs, as specified in Section III.

By using stochastic geometry, we can have the conditional
coverage probability for the BSs operating in the licensed
spectrum band given in Lemma 6.

Lemma 6: The conditional coverage probability for the /-
TBS, I-L-ABS, I-N-ABS (i.e., k = 1, 3, 4) is given by

oom‘k_1 m
S
P (SIRx > tlk) = Z — (="
N R L
am
X 1_[ asm le/,k (S) my '[RZ”(
k'=1,3,4 SZPEkI(;kn,k

of the points needed to be removed from ®; and it is fry (r) dry, (25)
| — o= (05,22 lu0l) 1 1
ry <minfh; " (5),hy" (6)}
0%, (2,2, xuoll) 2 2
6
~(2e 2o+ ng(w,s,nxu,on)>
1— W=
‘ - . min(hy'(9),h; ' ©)) <r<max(h; ' (5), hy ' (6))
Og, () =1 0O, (2,2, Ixuoll)+ X Os, (W. 5, llxuoll) (17)
w=5
6 6
—<Q52 C2lol)+ Y Y O (w,k’,uxu,ou))
1 —e k' =5w=5 | 1
— . 2z max(h; ! (5),h;! ©).
0z, (2,2, Ixuol)+ X X Ox, (W K, lIxuoll)
k'=5 w=5
y (mom et )
/ 1— Arrydy, &e=6=T
R2\B(|x1l) T (m,)
A ly—x || %w
y (o S )
/ - A ) ydy, b= E = A
R2\B(dy , (1)) T (m,)
ng(w, k', ||x||) =
Aplly—x]@ov
y mlw’ mtw PEk/ K[k/ Ny
/ 1 A (V) pu, (\/ ||y—x||2—H2> ydy, & =T, =A
R2\B(dy (1)) r(m,)
AL ly—x ||%w
y (. S
f I - Ak'Du, <\/ ly —x|? — H2> ydy, & =A& =T.
R2\B(dy (1)) T (m,)
(18)
VOLUME 9, 2021 124107



IEEE Access

Y. Jiang et al.: Coverage Performance of Terrestrial-UAV HetNet Utilizing Licensed and Unlicensed Spectrum Bands

where ka (re) = ¢ (rr) /Pya (k) is the conditional PDF of
the distance from the serving BS to the typical user, given
that the typical user is associated with a type k BS. ¢ (r¢) is
defined in Lemmas 2-5 for different £ values.

Proof: See Appendix B. ]

B. CONDITIONAL COVERAGE PROBABILITY FOR THE
UNLICENSED SPECTRUM SCENARIO

For the case that the typical ground UE is associated with a BS
operating in the unlicensed spectrum band, the interference
comes from those unlicensed TBSs/ABSs whose medium
access is also successful (i.e., the medium access indicator
is equal to one). Thus the interfering processes are no longer
Dy, k = 2,5, 6, as presented in Section III. In fact, the loca-
tions of the interfering unlicensed TBSs/ABSs follow the
modified Matérn hard core process, which can be taken as
a thinning process of the original PPP. But the derivation
of the interference generated from such a complicated point
process is highly challenging. In [33], an inHPPP with a
certain intensity function is proposed to approximate this
Matérn hard core process in a 2-D case. Note that such
an approximation contains too many folds of integral. This
can result in a complicated calculation, especially for our
considered 3-D HetNet model, where the UAV is located at
a certain height and the transmission scenario is much more
complicated than the counterpart considered in [33]. Hence,
we propose a simplified approximation of the intensity for
the interfering processes in the unlicensed spectrum band.
The proposed approximation results in the simpler calcula-
tion, while maintains the acceptable accuracy for the final
results which will be shown in Section VI. The approximated
point processes for the interfering BSs are presented in the
following Proposition 1 and Corollary 1.

Proposition 1: Conditioned on that the typical UE is asso-
ciated with a u-TBS x, 0 and b2 9 = 1, the interfering BSs
in the unlicensed spectrum band can be approximated by the
following five inHPPPs

o Wy x with intensity S22 n(x) containing all the inter-
fering u-TBSs;

o W5, 1 withintensity 85 2 1 (y) containing the interfering
type 5 ABSs whose links between themselves and the
serving u-TBS are in LoS conditions;

o W5, y withintensity 85 2 v (y) containing the interfering
type 5 ABSs whose links between themselves and the
serving u-TBS are in NLoS conditions;

e Wg o with intensity B 2,1 (y) containing the interfering
type 6 ABSs whose links between themselves and the
serving u-TBS are in LoS conditions;

o Wg o n withintensity S 2 v (y) containing the interfering
type 6 ABSs whose links between themselves and the
serving u-TBS are in NLoS conditions.

The expressions of these intensity functions are given by

_ ATHX*X,,_()HO[N
Braonx)=MNr [1—e  Priuw ,
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B 2,0(y) = A () Nap, <\/ llx — xu0ll> — H2>

A7 lly=xu0l1*
T u,
m,, m
)/( L L Pik/ ka""

X ),k’=5,6,L€{L,N},
I (m,)
(26)

where Ny = 1_§;TT and Ny = 1‘;;“ represent the average
fraction of the interfering TBSs among all of the u-TBSs
and the average fraction of the interfering unlicensed ABSs
among all of the ABSs operating in the unlicensed spectrum
band, respectively. The symbols Y7 and Y4 are defined as

2
sz ng My 815,i0 | “2
AT

Tr = Eg@.io 27 Apzidz;
i Zs; (gls,i()v An ]
+ EgLs,iO /0 2 paraps (zi) zidz;
[ Zs,2 (gzﬁ,io, Aa |
+Egg.0 / 27 parapig (zi) zidzi |, (27)
0
Zss (gts,iOvA;4>
Ya = Eg,_ / 27 parazidz
0
[ 25 (gts.iOvA,T) ]
+Eg 0 /0 27 Aopus (zi) 2idz;
[ 26 (gt(,.io, AT i
+ Egi0 / 2 hopig (zi) zidzi |, (28)
0

where the function Zy/ i (-, -) is

2
Pe K 1,8\ @
Zix (g, A) = (T —H2.  (29)

Proof: The resulted point processes come from three
procedures. Firstly, the interfering u-TBS, u-L-ABS, and u-
N-ABS processes are approximated as independent thinning
processes of their original point processes i,k = 2,5, 6.
These three thinned point processes are denoted by W,
Vs, and Vg with intensities ApN7, As (¥) N4, and Ag (y) N4,
respectively, where Ny and Ny are the average fraction of the
interfering u-TBSs among all of the u-TBSs and the average
fraction of the interfering ABSs among all of the unlicensed
ABSs, respectively. The expressions of Ny and N4 can be
obtained following the similar derivation presented in [36].

Then, by noticing that the link between a u-TBS and x,, ¢ is
always in NLoS conditions and the link between a u-L-ABS
or u-N-ABS and x, o can be in either LoS conditions or NLoS
conditions, the three interfering processes Wy, W5, and W¢ can
be further divided into five thinned PPPs, denoted by

o U, with intensity AoN7;

VOLUME 9, 2021



Y. Jiang et al.: Coverage Performance of Terrestrial-UAV HetNet Utilizing Licensed and Unlicensed Spectrum Bands

IEEE Access

o Ws; with intensity )LS(y)NApL(\/Hy—xu’on—H2)

containing ABSs in W5 whose links between themselves
and the serving u-TBS are in LoS conditions;

e Wsy with intensity ,\s(y)NApN(,/ Iy — xuol® — H2)

containing ABSs in W5 whose links between themselves
and the serving u-TBS are in NLoS conditions;

. W, with intensity x(,(y)NApL(J Iy — xuol® — H2)

containing ABSs in W¢ whose links between themselves
and the serving u-TBS are in LoS conditions;

« Wey with intensity ,\6(y)NApN(,/ Iy — xuol? — H2)

containing ABSs in W¢ whose links between themselves
and the serving u-TBS are in NLoS conditions.

At last, since the intensity is conditioned on by o =
1, the received power at x, o from the interfering u-TBSs
and unlicensed ABSs should not exceed A7 and Ay,
respectively. Therefore, the five approximated intensities

. Pe, Kz, 80, 1071
are further multiplied by the term P (L’Zfﬂzz < AT>,

llx—x,0ll

P Keo 8ic jom Pe  Kes 81 jom
IP)(55545<A ]P)556'6<A

Iy—x0l™5 A) =06 A)

Pe K 815 jom Pe, Kep 81 j0M
IP’(—6 62555 < Ay ), and P Se—eZer e — Ay ), res-

Iy—xu0l®5 A) Iy—xu0l%%6 A)

pectively. These above five terms can be obtained from
the probability distribution of g,, jo, &s.jo, and g jo. Hence,
we arrive at the approximated interfering point processes
presented in Proposition 1. ]

Corollary 1: Conditioned on that the typical UE is asso-

ciated with a type k = 5,6 BS y; 4.0 and byo = 1,
the interfering BSs in the unlicensed spectrum band can be
approximated by the following four inHPPPs

o Wy .1 withintensity B> x r(x) containing the interfering
type 2 BSs whose links between themselves and the
serving type k BS are in LoS conditions;

o Wy i~ with intensity B2 i n(x) containing the interfer-
ing type 2 BSs whose links between themselves and the
serving type k BS are in NLoS conditions;

o Ws .1 withintensity S5 x 1 (y) containing the interfering
type 5 BSs;

e Wg 1 with intensity Bg x 1 (y) containing the interfering
type 6 BSs.

The specific expressions of these intensity functions are given
by

Brkux) = MaNrp, (\/ I = Y. 0ll? = HZ)

Afllx—y I

T sty 0

y (ml ’ mt Péz KI§\2 )I;l )

X ) (30)
" (m,)

Aé:k, ”y_ka.Lk,()”aL
myp, mjp——p %
Y L L P$k/ K{k/ nL

" (mg)

B k1Y) = A (¥) Na , (D

where kK’ =5,6and € {L, N}.
Proof: The derivation is similar to the proof of Proposi-
tion 1. Hence, we do not show the derivation for brevity. W
Based on the approximated interfering processes,
the expressions of SIR for type k = 2,5,6 BSs are
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rewritten as

Ca
Pg, K gu.00m, ¢

, k=2
SIR, ~ 12,2,N+15,k,L+15,k,N_‘Oil‘”{6,k,L+I6,k,N
Pg Ky 84,007y , k=S5.6.
by +DhinN+ sk +IsinN
(32)
where
; Ty,
Ioke= Y. PeKengghrg ©. (33

ieq/k’.k,L\Sk’.k

Based on the above proposition and corollary, we can
derive the conditional coverage probability for the u-TBS and
ABS operating in the unlicensed spectrum band, which is
presented in the following corollary.

Corollary 2: The conditional SIR coverage probability of
the typical ground UE when it is associated with a type 2, 5
or 6 BS is given by

P (SIR; > t|2)

l![2 m
m,Tr,
mo U bk
/OO 6Ky
C

( 1)m £12 2.N (S)

21 m=0
X 1_[ l_[ Elk/ 2, (S) iy ”2‘12
=5,6 (=L, N PEZKQ e,
XfR2 (r2) dry, (34)

P (SIR; > k)

iy m
m _1 mlkrrk
ook Pey Koy ny
R e T e
C

m!

k1 m=0 =L.,N
<[] amﬁzk,ms)
k'=5,6 PSkK{k'“k
xfr, () dre, k =5,6, (35)

where ka (r) = ¢k (rr) /Pua (k). The expression of ¢y (7x)
and IPyz4 (k) are presented in Lemmas 4 and 5, respectively.
Proof: The point processes of the interfering ABSs
or TBSs operating in the unlicensed spectrum band are
approximated as the inHPPPs with intensities specified in
Proposition 1 and Corollary 1. The rest of the proof follows
the same steps as given in Lemma 6. [ ]

C. SUMMARY

Summarily, the conditional coverage probability for differ-
ent types of BSs are derived in Lemma 6 and Corollary 2,
while the MAPs for different types of BSs presented in
Lemmas 2-5. By substituting the conditional coverage proba-
bility and the MAP into (4), we can compute the final overall
coverage probability. Note that the final overall coverage
probability is composed of numerical integration and partial
derivations. This is due to the complex formula of the mod-
ified sigmoid function in (2), where closed-form results are
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difficult to obtain, and the Nakagami-m fading model. The
evaluation of the analytical results can be implemented using
mathematical packages such as Mathematica.

VI. NUMERICAL EVALUATION

In this section, we first validate the analytical results of the
overall coverage performance and then discuss the influences
of some key system parameters on the considered HetNet.
The simulation results are generated using the Monte Carlo
simulations in Matlab. Unless stated otherwise, the values of
the parameters are set as shown in Table 2 [37]-[39].

TABLE 2. Summary of parameter values.

Parameter Value Parameter Value

Pr 40 dBm Pa 32 dBm
f1 4 GHz fu 2.4 GHz

ar, 4 an 2.5

nL 1 N 0.2

my, 3 AT, A4 1075m~2
a 9.6117 b 0.1581
T 0dB | Ap, A4, AL, A, | -62dBm

A. ANALYSIS VALIDATION

Figure 2 plots the overall coverage probability versus the
SIR threshold with different mode selection probability.
To validate the accuracy of the proposed inHPPP assumptions
for the interfering BSs, we also plot the simulation results.
As shown in Figure 2, the analytical results are close to
the simulation results, which demonstrates the accuracy of
our proposed approximations. The small gaps come from
our approximated inHPPP for interfering BSs operating in
the unlicensed spectrum band. Then we compare the overall
coverage probabilities for the pr = ps = 0 scenario
(equivalently, no TBS and ABS operate in the unlicensed
spectrum band) and other scenarios. It can be observed that
the overall coverage probability for the pr = 0.7, p4 = 0.3
scenario is always better than that for the scenario where
all BSs use the licensed spectrum band (p7 = pa = 0).
However, for the pr = 0.3, p4 = 0.7 scenario, the overall
coverage probability becomes worse when the SIR thresh-
old 7 is low, but stays better than the situation with pr =
pa = 0 when the SIR threshold is high. This implies that
whether the mode selection improves the overall coverage
performance is related to the values of the mode selection
probabilities pr, p4, and the SIR threshold t. Generally, when
the values of the mode selection probabilities are properly
set, the incorporation of both the licensed and unlicensed
spectrum band can improve the overall network coverage
performance, compared with the situation where all BSs
transmit in the licensed spectrum band only. The impact of
the mode selection probability is investigated in the following
subsections.
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FIGURE 2. Overall coverage probability versus SIR threshold 7 before and
after the mode selection.
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FIGURE 3. Overall coverage probability versus mode selection
probability p4 with py = 0.5.

B. EFFECT OF MODE SELECTION PROBABILITY

Figure 3 plots the overall coverage probability versus the
mode selection probability for ABSs ps with a fixed pr =
0.5. As illustrated in Figure 3, the overall coverage probabil-
ity generally increases first but then decreases as the value of
pa increases. This phenomenon can be explained as follows.
When p4 is around 0, almost all of the ABSs operate in
the licensed spectrum band. Therefore the interference from
these ABSs is severe, which results in the comparatively low
coverage probability. While py is close to 1, almost all ABSs
compete with each other and also with TBSs operating in
the unlicensed spectrum band for the channel, which will
decrease the MAP thereby deteriorating the overall coverage
performance. In addition, the drop from the maximum overall
coverage probability to the minimum is relatively large espe-
cially compared with that in Figure 5, which demonstrates
that the aerial network is the major factor for the overall
coverage performance due to the possible LoS transmissions.
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FIGURE 4. Overall coverage probability versus p, with different
BS densities A7 and 1, with py = 0.5.

Figure 4 plots the overall coverage probability versus pa
with different BS densities A7 and A4, under pr = 0.5. It can
be observed from the figure that the optimal p4 varies with
BS densities. As the intensity of ABSs increases, the optimal
pa decreases, indicating that fewer ABSs using the unlicensed
spectrum band are better for the overall coverage performance
when ABSs are densely deployed. In contrast, as the intensity
of TBSs increases, the optimal p4 increases. When TBSs
become denser, the interference to the typical UE becomes
severer. Since the link between the typical UE and a serving
ABS is more likely to be in LoS conditions and the typical
UE is likely to be covered, properly introducing more ABSs
to the unlicensed spectrum band can improve the overall
coverage probability. Moreover, it can be observed that as
Ar increases, the overall coverage probability improves but
with a relatively small level. Comparatively, as 14 increases,
the improvement of the overall coverage probability is larger
if p4 is properly set. Besides, the drop of the overall coverage
probability becomes larger with the increasing of A4, which
further indicates that the overall coverage performance is
more sensitive to the change of the configuration of ABSs
in the considered scenario.

Figure 5 plots the overall coverage probability versus
the mode selection probability for TBSs pr with a fixed
pa = 0.5. The overall coverage probability increases as
pr increases when p4 is small. However, when py4 is large,
the overall coverage probability decreases with the increasing
of pr. Such kind of trends comes from the interplay of the
intensity of interfering BSs, the MAP and the interference
of BSs in both the licensed and unlicensed band. All in
all, varying pr influences the overall coverage probability
slightly, which implies that the terrestrial network is a minor
factor affecting the overall coverage performance.

C. EFFECT OF CCA THRESHOLD
Figure 6 plots the overall coverage probability versus
the CCA threshold for different types of BSs when
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FIGURE 6. Overall coverage probability versus CCA threshold for different
types of BSs with p; = p4 = 0.5.

pr = pa = 0.5. Note that when one CCA value is vary-
ing, other CCA values keep fixed. According to Figure 6,
the overall coverage probability increases as the CCA thresh-
old increases. With the increasing of the CCA threshold,
it is easier for BSs to detect the channel as idle and access
the channel. Although more BSs accessing the channel in
the unlicensed spectrum band cause the interference to some
extent, whether BSs can access the channel successfully gov-
erns the overall coverage probability. Furthermore, we find
that the change of the overall coverage probability when At
or Ay increases from —82 dBm to —62 dBm is very little,
while the change of the overall coverage probability when
A’ or A; increases from —82 dBm to —62 dBm is much
larger. This further demonstrates that ABSs play the relatively
dominant role when coexisted with TBSs in the unlicensed
spectrum band.

VIi. CONCLUSION
In this paper, we have studied the performance of the TBSs
and ABSs HetNet with a mode selection scheme that allows
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both TBSs and ABSs to switch to use either the licensed
or unlicensed spectrum band. By using stochastic geometry,
a mathematical framework to characterize the overall cov-
erage probability for this 3-D HetNet has been proposed,
based on which we have examined the impact of key system
parameters. Our results suggest that ABSs play the dominant
role and majorly influence the overall coverage performance
of the HetNet, while TBSs influence the overall coverage
performance relatively slightly. Future work can consider the
more complicated coexisted architectures or mode selection
scheme for the terrestrial and UAV HetNet in the unlicensed
spectrum band, or investigate the coverage performance when
more sophisticated mode selection schemes are implemented.

APPENDIX A

PROOF OF LEMMA 4

Pa4 (2) can be interpreted as the probability that the average
received power from the closest u-TBS is the maximum and
ba,0 = 1. It can be mathematically expressed as
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P (b2,0 = 1|r2) is the conditional probability that by, is
equal to one given that the distance between UE and the
serving TBS is r;.

Based on the formulation of b, o shown in (5), we have
this conditional probablhty glven by (37) as shown at the
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independent of each other and the probability generating
functional (PGFL) of PPPs [40], [41].

Moreover, Note that P (bz,() = 1|r2) is conditioned on r,
thus P (bg,o = 1|r2) is also a piece-wise function of rp.
By substituting P (by0 = 1|r2) in (37) and the CCDF
F &, (F,2) which can be obtained from Lemma 1 into (36),
the result shown in Lemma 4 can be reached.

APPENDIX B

PROOF OF LEMMA 6

Conditioned on that the typical ground UE is associated with
the closest type k BS, k =1, 3,4, P(SIRy > t|k) is
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where the step (a) comes from the definition of the CCDF of
the Gamma distribution. The step (b) comes from the defi-
nition 1 — y (my, g) /T (m) = e Z::Lko g"/m! and the
linearity of the mathematical expectation [42]. The step (c)
comes from the independency of the interference from each

type of BSs. Based on the fact that Ej, ~3 ,z’,’k] =

(=™ 2 357 Clk, (s), the result in Lemma 6 can be reached,
where ’Clk’. , () represents the Laplace transform of /3 ;. The
expression of Elk,_k () can be derived from the PGFL of
PPP [26], [43], and gT’ZlEIk/,k (s) can be efficiently obtained
by Faa di Bruno’s rule and Bell polynomials [44].

For the conditional PDF ka (r¢) of ry, we first derive the
conditional CDF of r¢, which is

~ 1
OO B
6
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k'=1,k'#k Ry ¥

The rest part of the derivation is similar to the deriva-
tion presented in the proof of Lemma 2, and then
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the expression of the conditional CDF can be reached.
Finally fg, (rx) can be derived via taking the first order deriva-
tive of the conditional CDF.
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