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Abstract—Unmanned aerial vehicle (UAV)-assisted millimeter-
wave (mmWave) communication presents a promising solution
for high data-rate wireless applications in urban environments.
However, due to limited energy supply and communication capa-
bility, UAVs can only provide temporary communication services.
This challenge motivates the exploration of three-dimensional (3D)
integrated aerial and ground mmWave communications utilizing
the multi-connectivity (MC) technique. By leveraging both ground
and aerial mmWave links over licensed and unlicensed mmWave
spectrums, respectively, the MC technique can effectively exploit
spatial and frequency diversity to enhance the connectivity and
reliability of UAV-assisted mmWave communications. We develop
a unified framework based on stochastic geometry and Markov
chain to analyze the coverage and outage probabilities of the
3D integrated aerial/ground mmWave networks. Furthermore, we
show that an optimal UAV flight altitude for maximizing the
coverage probability of UAV communication exists and derive
it in a closed-form expression. Simulation results demonstrate
that UAVs can maintain reliable mmWave connections even when
connections from terrestrial mmWave base stations (BSs) are
obstructed by buildings, underscoring the benefits of MC in
enhancing the robustness of 3D integrated aerial and ground
mmWave networks.

I. INTRODUCTION

Millimeter-wave (mmWave) communication is an advanced
physical-layer technology designed to enable ultra high-
capacity low-latency wireless access in the sixth-generation
(6G) wireless networks. By utilizing the extensive licensed and
unlicensed mmWave spectrum, this technology is expected to
satisfy the stringent latency and throughput requirements of
bandwidth-intensive 6G applications such as virtual/augmented
reality (VR/AR) and holographic telepresence [1], [2]. How-
ever, the deployment of mmWave communications in complex
environments, e.g., in urban areas, presents unique challenges.
Particularly, high-frequency mmWave signals experience sig-
nificant path losses and are susceptible to obstructions from
urban infrastructure. Such obstructions can drastically impair
the reliability of urban mmWave communication systems and
disrupt mmWave-based services.

Recently, aerial base stations (BSs) enabled by unmanned
aerial vehicles (UAVs) have emerged as a promising solution
to enhance the reliability of mmWave signal transmission [3]. In
practice, elevated UAVs can establish strong line-of-sight (LoS)
connections with ground user equipments (UEs) with a high
likelihood, and flexibly reposition themselves to maintain this
LoS communication, even in urban areas. As such, it provides
a favorable solution for mitigating the non-line-of-sight (NLoS)
scenarios typical in terrestrial mmWave networks [4]. The
spectrum efficiency of mmWave aerial BSs was evaluated
in [4]. Additionally, terrestrial mmWave BS deployed atop
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buildings can also enhance the likelihood of LoS connections.
The blockage effect of buildings was modeled in [S] using
cylinders to evaluate the impact of BS height on the downlink
coverage probability of mmWave BSs. Compared with those
placed on the ground at fixed heights, mmWave BSs deployed
on buildings can better mitigate the obstruction of buildings on
signal transmission [5].

Despite the advances in [3]-[5], comprehensive performance
analysis of UAV-assisted 3D mmWave wireless networks that
accounts for the spatial characteristics of urban environments
and incorporates the height of UAV within a unified three-
dimensional (3D) spatial model, is still lacking in the existing
literature. Furthermore, although high altitudes of the UAV and
mmWave BSs can increase the likelihood of LoS connections,
essential for mmWave communication, they also cause high
propagation path loss, potentially reducing the resulting achiev-
able data rates. Additionally, UAVs are usually constrained in
size, weight, and power (SWAP), which severely restricts their
operation time. In contrast, mmWave BSs mounted on buildings
can provide sustainable long-term service. Given these factors,
the joint impact of UAV flight altitude and mmWave BS heights
on the overall system performance presents a critical area for
further research but has not been investigated in the exiting
literature yet.

To address the identified research gaps, this paper intro-
duces a unified modeling framework that leverages stochas-
tic geometry to accurately capture the spatial locations of
ground BSs, UAV, and urban buildings in UAV-assisted 3D
mmWave networks. Unlike existing research on UAV-assisted
mmWave communications, our study focuses on enabling effec-
tive mmWave communications within urban environments. This
primarily involves communication within the 3D region defined
by the LoS clearance zones between the UEs and their serving
BSs. Additionally, we incorporate the multi-connectivity (MC)
technique to enhance the synergy between ground-based and
UAV-aided mmWave communications [6]. Leveraging the ana-
Iytical tractability of the proposed framework, we characterize
the coverage probabilities of both the ground BSs and the UAV,
which follows a predetermined flight path. Based on these
results, we further evaluate the outage probabilities for UEs
utilizing the MC technique. Our contributions are as follows:

o« We propose a unified framework for modeling the 3D
spatial and temporal characteristics of UAV-assisted urban
mmWave communications within LoS clearance zones of
UEs and BSs. We employ this framework to evaluate the
connectivity and reliability of mmWave links via analyzing
the coverage and outage probabilities, respectively.

o We derive a closed-form expression for the optimal UAV
flight altitude, which maximizes the coverage probability,
while taking into consideration the UAV’s communication
range and the 3D spatial distribution of urban buildings.

« By employing the Markov chain, we demonstrate that UEs
equipped with large size of buffers can significantly benefit



from the MC technique. Particularly, they can exploit both
UAV-aided and ground-based mmWave communications
to significantly improve the connectivity and reliability of
the integrated system.

In the remainder of this paper, the system model is presented
in Section II. The optimal flight altitude for the UAV to
maximize its coverage probability is derived in Section III.
In Section IV, the outage probability of MC UAV-assisted
mmWave communication is analyzed utilizing a 2D Markov
chain. In Section V, we evaluate the performance of the UAV-
assisted mmWave communication system and conclude the
paper in Section VI.

II. SYSTEM MODEL
A. Network Model

As shown in Fig. 1, we consider downlink communication
in a UAV-assisted mmWave network in an urban area. The
mmWave BSs consist of both the movable BS enabled by a
rotary-wing UAV and the ground BSs. The UEs are randomly
distributed on the ground and their 2D locations, denoted as
®y, follow a homogeneous Poisson Point Process (PPP) with
density A\yg. The ground mmWave BSs are distributed over
the area to provide long-term access services for the UEs. For
mathematical tractability, we assume that the 2D locations of
the BSs, denoted by ®pg with density Apg, independent of
®dyg. The altitudes of the UEs are fixed as Hyg.

Due to weak diffraction and penetration capabilities of
mmWave signals, buildings situated between the UEs and
the ground BSs can significantly attenuate mmWave signal
propagation and disrupt the downlink communication. The
buildings are centered at 2D locations, denoted by ®yy, and we
assume that ®gy follows a PPP with density Ay, independent
of &pg and Pyg. Meanwhile, we assume that the heights,
lengths, and widths of the buildings follow independent uni-
form distributions in the ranges of (E[H] — ho,E[H] + ho),
(E[L] —lo,E[L] 4+ lp), and (E [W] — wo, E[W] 4 wy), where
E[H], E[L], and E [W] are the expected height, length, and
width of the buildings, respectively [7]. In this paper, we as-
sume that E [H], E [L], E [W], ho, lo, and wy are given a priori.
Moreover, the mmWave BSs are deployed atop part of the
buildings, whereby the height of the mmWave BSs Hgg follows
a uniform distribution in the range of (E [H] — ho, E [H] + ho).

To mitigate the blockage effect caused by the buildings, the
UAV serves as a temporary mobile BS by flying over a circular
trajectory Q with a radius Ry and a constant height Hy. We
assume that the UAV and ground BSs implement mmWave
communications exploiting the MC technique. Thereby, the
UAV and the ground BSs simultaneously serve the UEs over
an unlicensed and a licensed mmWave spectrum, respectively.
Specially, the licensed spectrum is shared by the ground BSs.
As a result, the communications between the UEs and their
serving ground BSs can be interfered by other ground BSs.
However, the communications between the UEs and the UAV
are not interfered by the ground BSs.

B. Channel Model for LoS mmWave Transmission

We assume that the UEs can establish a connection with the
UAV or a mmWave BS, provided no blockage/building exists in
the LoS clearance zone [8]. In this case, the mmWave signal
can propagate over a LoS link, without being obstructed by
any blockage. This assumption is made due to the fact that
mmWave signals are highly sensitive to blockages in the urban
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Fig. 1. System model.

environment. That is, mmWave signals would be significantly
attenuated over a NLoS link, for which the NLoS propagation
of mmWave signals is not considered in this paper. This implies
that only the mmWave BSs distributed in the LoS clearance
region of a user can send signals to the user. Thus, the locations
of unblocked mmWave BSs follow a PPP distribution refined
by the LoS clearance zone.

Without loss of generality, we take the UE located at x( as
the typical UE and its serving BSs include a ground BS located
at yg, and the UAV located at yy. In the following, we only
illustrate the LoS clearance zones for the serving ground BS.
The case of the UAV can be just modeled in the same manner.
In particular, to characterize the LoS clearance zones between
the typical UE and its serving ground BS, we set a 3D Cartesian
coordinate system with the origin O located in the middle of
the typical UE and the serving BS. Meanwhile, the Oy plane
is placed on the horizontal plane such that the z-axis is pointed
towards the sky while being perpendicular to the Oy plane.
The Euclidean distance between the UE and the serving BS
can be calculated as r = ||zg — yB,||. The horizontal distance
between the UE and the serving BS in the Oy plane is given
by d = \/r? — hiq, where hgs = Hps — Hyg is the height
difference between the UE and the serving BS. The elevation
angle of the serving BS for 2Oy plane, denoted by ¢, can be
calculated as ¢ = cos™! (d/r ). Then, the LoS clearance zone
can be captured by [9]

22 (ycosp — zsing)®  (ysing + zcos p)?
<1 1
o 2 + = <1, (1)

A A Y- . .
where a9 = 5 + 55, b = /5t + TE. Ay is the carrier

wavelength and 7 is the minimum ratio of the clearance for
the first Fresnel zone.

The mmWave wireless channels are impaired by both large-
scale and small-scale fading. Assume that the ground BSs have
the transmit power P, ;. The received power at the typical UE
can be modeled as

P = Pt,wau-,yBoL_l (mOv yBo) ) 2

where L (20,YyB,) = Saqys, |20 — ys,[|” is the large-scale
attenuation introduced by path loss. In particular, Sy, yp
denotes the shadowing effect, « is the path loss exponent, and



llzo — yB, || is the Euclidean distance between the UE and the
serving ground BS. We model the small-scale fading H, , over
the mmWave link as a Nakagami random variable [10], i.e.,
Hy oy, ~ Gamma (m, 1), where m is the Nakagami fading
parameter. On the other hand, let P, ,, and hy = Hy — Hyug
be the transmit power of the UAV and the height difference
between the UE and the UAV, respectively. The channel model

for the UAV can be similarly obtained as in (2).
C. Queue Model

At the UE receiver, the signal-to-interference-plus-noise ratio
(SINR) of the desired signal received from the serving ground
BS located at yg, is given as

Heg sy L1 (20, 98,)

Ijj’\tfob + Z Hx(],yBiL_l (LE(), sz) ’
" Bie®ss\{Bo}

SINRps = 3)

where Ny is the thermal noise power at the UE. Note that
the desired signal received at the typical UE from its serving
ground BS in the LoS clearance zone may suffer from severe
interference from other ground BSs. Meanwhile, since the
mmWave signals from the UAV is not interfered by the ground
BSs, the signal-to-noise ratio (SNR) at the typical UE when it
is served by the UAV is given as

Pt,ung,yUL_l (IO:yU) (4)
Ny ’

Note that although the ground BSs and the UAV can connect
and transmit mmWave signals to the UE when they are located
within the LoS clearance zone characterized by (1), the data
packets are successfully decoded at the UE only if the receiving
S()NR exceeds an predefined SINR threshold, denoted by 7.
The coverage probabilities of the serving ground BS and the
UAV, denoted by P, ps(T) and P.uyav(T), respectively, are
defined as the probabilities that the serving BS is located within
the LoS clearance zone for the typical UE and that the UE’s
S(I)NR exceeds 7.

On the other hand, each UE is equipped with a buffer of
finite size C' to temporarily cache the successfully decoded
packets received from the ground BSs or the UAV, before they
are further fetched and processed by the application layer. We
assume that both the ground BSs and the UAV transmit the
packets at the same rate \. The corresponding packet arrival
rates at the typical UE is given by A\, = AP, ps(7T') and A\, =
AP uav(T), respectively. For the packets cached in the buffer,
the UE fetches the decoded packets with a fixed packet service
rate . Note that once the UE’s buffer becomes full, the newly
arrived data packets, transmitted from the ground BSs or the
UAV, will be discarded, even if the LoS connectivity is available
and the SINR exceeds the threshold.

D. System Performance Metrics

SNRyav =

By employing the MC technique for mmWave signal trans-
mission, the UE can exploit the connectivity provided by both
the UAV and the ground BSs to enhance the reception of data
packets. For a comprehensive performance evaluation, we will
analyze the connectivity and the reliability of mmWave links
via the UE coverage probability of the MC mmWave system
and the outage probability of data communication, respectively.

1) Coverage Probability P,.: The total coverage probability

of UEs employing the MC technique is given as P. =
1= (1= Peps(T)) (1= Puav (T)).

2) Outage Probability P,,;: Let Il be the probability that
the UE buffer becomes full. When the buffer is full,
the newly arrived packets are dropped and the UE is
in outage. The outage probability is defined as P,,; =
1— P.(1-1l¢), where P.(1—1IlI¢) is the probability
that the UE can connect to the ground BSs or UAV and
that the UE’s buffer is not full.

IIT. ANALYSIS OF COVERAGE PROBABILITIES

In this section, we first analyze in Section III-A the probabil-
ities of establishing a LoS mmWave link from the typical UE
to its serving BSs at a distance of r away, taking into account
the 3D spatial distributions of the UEs, BSs, and buildings.
We further derive the distance distribution of the LoS links
from the ground BSs and the flying UAV to the typical UE .
Based on these derived results, we then evaluate the coverage
probabilities of both ground BSs and the UAV in Section III-B.

A. Distance Distribution of LoS mmWave Links

The following lemma characterizes the probability of having
a LoS mmWave link within given distance z.

Lemma 1. In the considered 3D urban environment, the LoS
probability of the serving UAV or ground BS, namely the
probability that no building exists in the LoS clearance zone
of the typical UE, is given as [9]

2 2

PSLOS (z)=exp (—)\BU (TE[SW] +E[S’ta]>> , (5)

where s € {UAV,BS}, hy is the height difference between
the UE and the ground BS or the UAV defined in Section II-
B, Ay is the density of building distribution, and E[S,] =
2E[H] (E[W] + E[L]) and E[S,,] = E[W]E[L] are the average
side area and bottom area of the buildings, respectively.

Proof: The proof follows from [9] and is ignored herein
due to page limitation. [ ]
Let fLoS(z),s € {BS,UAV} be the probability den-
sity function (PDF) of distance from the UE to its serving
ground/aerial BS when both are in the LoS clearance zone,
where x denotes the distance of the LoS link between the UE
and its serving BS. In the following lemma, we derive the PDF
of the distance from the UE to the serving ground BS.

Lemma 2. The probability that the typical UE has at least
one BS for LoS communication is given by By, = 1 —
exp (—2mAps fooo rPLeS (r)dr). Moreover, given that the typ-
ical UE observes at least one ground BS for establishing LoS
links, the conditional PDF of the distance between the typical
UE and the nearest of these BSs is given by

f585(x) = 2mps /a2 — hps®PESS (x)
X exp (QW)\BS/ rPLSS (r) dr> /B, x>0. (6)
0

Proof: The proof follows [7] and is omitted here due to

the limited page space. [ |
In this paper, we assume that the UAV flies with random
speeds [3]. Hence, despite the fixed flight trajectory, the po-
sitions of the UAV are not predictable at the typical UE.
Moreover, the service time of the UAV is also random. Due
to the random flying speeds and service time of the UAV,
we assume that the locations of the UAV when serving the



Fig. 2. UAV Distance Analysis.

UE are uniformly distributed on its trajectory. Let L;; be the
horizontal distance between the typical UE and the center of the
flight trajectory/circle, cf. Fig. 2. Then, the PDF of the distance
between the UAV and the typical UE is given in the following
proposition.

Proposition 1. The PDF of the distance between the UE and
the UAV located in the LoS clearance zone of the UE is

27 exp (7_’\‘3:}]?[5“] \/th%f )\BUIE[SM])
B e = 7@ = Ba)
Proof: The cumulative distribution function of the distance
between the UE and the UAV can be derived as
W RE+LE +hE

Foxy (1) = 1 L
) = — COS
UAV - SRoLu )

vav (@) =

(7

where S [ZU,mirU lU,maxL lU,min = \/(LU - RU)2 + h% and

IUmax = \/ (Lu + RU)2 + h are the minimal and maximal
distances between the UAV and the UE, respectively.

Hence, the PDF of the distance between the UAV and the
UE is given by

f ( ) dFUAV ( ) 1 2x
UAV L _ )
W TS =)@ 1 )

)

where © € (lU,min, lU,max)~
Combining (5) and (9), we can derive the PDF of the distance
between the UE and the UAV located in the LoS clearance zone
of the UE as shown in (7). [ |

B. Coverage Probabilities of Ground BSs and UAV

Based on the results in Sec. III-A, we further derive here
the coverage probabilities of the ground BSs and the UAV, as
well as the total coverage probability of the UE. We start with
deriving the coverage probability of ground BSs conditioned
on that the link distance is r. The result is given as

P (SINRps > T'| [[z0 — ys,[l = 7)
=P (H$*yBo > L (550:3/]30) (TNO/Ptvb + UI))

m k
=E, (]EI <Z %erxp (501)>>
k=0

(10)

(i (- s) d* [&(s)})

k=

e ( (ot & pro(c2mhns 1 - <W)Mduﬂ>
k

k! ds*
=0
where o7 = TZBiE%\{BO} Hqc,yB,;L71 (wo,yBi)s s
L (20,ypo), and L;(-) is the Laplace transform of oy [11].

ased on (10), the coverage probability of the serving ground
BS can be calculated as

P.ps (T) = / P (SINRgs > T | ||zo, yso|| = =) f5&° (z) dz
/ 2mAps /22 — h3g PESS (z) e 2™ Bs Jo 7-P1]3“§S(7-)d7-.
0

Br
m (_S)k dk

0o m "
2 [exp(*QW)‘BS/Tz 1-— (m) du)} dx.
(11

As both the UAV’s location and the time of user access are
random, we analyze the coverage probability of the UAV by
averaging along its entire trajectory. The coverage probability
between the UAV and the UE, namely P vay (T'), is derived
as

Pc,UAV (T) / (SNRUAV > T) LOS ( )d$

[ (Rmﬂ,yufz—1 (z0,90) _ T)
No

(a) U, max

= / H:D(Hl‘o,yu > C)

: 22 (1 — (1 — exp(—a())™)

(b /lU max
U, min W\/(l%,max - $2)(I2 - l% mln)

- E sa
X exp (WW? — h? - )\BUIE[SM]) dz, (12)

where (a) is obtained by substituting { = T'NoSy 4, 2%/ Pru
and (b) follows from [12] with @ = m(m!) /™.

Based on (12), as the UAV’s flight height increases, the
probability that the UAV is located in the LoS clearance zone
increases, whereas the probability of having an SNR exceeding
the threshold decreases. Therefore, an optimal UAV flight
height for maximizing the coverage probability of the UAV
exists, which is further obtained in the following lemma.

k=0

Uav (z)de

vav (2)de

Lemma 3. When the SNR is high enough, the maximal
coverage probability is achieved at the optimal UAV’s flight
height given by

*2)\BUE[Ssa]RU/7T
In((7—2€)(Lu—Ru)) —In((7+2£)(Lu+Ry))’
where ¢ is expressed as (14).

Proof: As the UAV-to-UE link is not interfered by the
ground BSs, we assume that the UE’s receiving SaNR is high
enough such that a¢ = m(m!)~"/™ . TNOS+’UT ~ 0 and
1—(1—exp(—al)" ~1.

Lett = /a2 — h%. Then (12) can be rewritten as

P.uav (T)

hi = (13)



Lu+Ry ~1 R4 L2 —t2 (_)\ t )
t U BULTE — ApuE dt
g - <\/(<Lu+RU>2—t2)<t2—(LU—RU>2> B (14)
B Ly+R -2
futlv exp( AUt R[S, ] /\BUIEI[SmD dt
Ho o 26 0xD (2PELE[Sy0] — ABUELSta]) T -
- v , 2 ovio 1 B d osh 2N . e
U,min W\/(ZU,max =t )(t - lU,min ) J / A\P,pfv%*>**>*‘>ﬂ>*bk4>’*>‘i>‘>\>
08l [ Tl
_eXp(—)\BUE[Sta]) _)\BUE[SSG]Z{J,max /“‘VD — &P g T=-2008
— 5 exp 7ThU o7l % — % P g T=-15d8
, ‘// ‘q‘ P, uay T=-20dB
_ABUE[SSGNU,min _)\BUE[SSQ} 2ol > =B —Pouay T=-1508
+exp — 3 3 06 ‘/ ! P, T=20d8
7ThU m hU g | ‘\‘3 P, T=-15d8
y S 05 71} “‘ — == Optimal height calculated by (13)
U, max R2 + L2 —¢2 g | A A,
% t an—l ;J U - § o 7; ;t ¥ A A———A——ﬁn,,&q’Aqr
b i Vs = (2 = 1 ) S
0.3 rl ) N
—Aput | .
X exp E[Ssa] — ABUE[Sta] ) dt, (15) ozll | L
7ThU } $f *”7*"*"*—*77 .
where lj; ., = Ly — Ry and lj; . = Ly + Ry are the of | -
minimal and maximal value of variable ¢, respectively. J/

U,maxﬂ)(t?lamm))' Note

that f(¢) is bounded and continuous in the region t €
[Ly — Ry, Ly + Ry]. According to the mean value theo-
rem for integrals, we have & f(a) for some a €
[LU — Ry, Ly + RU} Then

- Ry +LE—t°
Denote f(t) = tan 1(\/(12 GREIs

P.uav (T)
= (% - %) exp( _ABUE[S;(;]LEJLU +Ru) _ ABUE[S¢a])
+(%+§)exp(7)\BUE[€:Z}U(LU7RU) ABUE[Sta]).  (16)

Finally, the optimal UAV flight height is obtained by setting
the derivative of (16) to zero. This completes the proof.

Note that as the UAV-to-UE link is not interfered by the
ground BSs and we ignore the situation that the link was
blocked by buildings, the assumption that the SNR is suffi-
ciently high is reasonable. |

Fig. 3 evaluates the coverage probabilities of the serving
ground BSs, UAV and the total coverage probability. The
system parameters are set according to Table I in Sec. V.
Meanwhile, the average height of the ground BSs is set to
be a tenth of the UAV’s flight height. From Fig. 3, it can be
observed that as the average height of the ground BSs increases,
the coverage probability of ground BSs first increases to a
maximal value and then decreases rapidly. This is because,
when the average height of BSs exceeds that of the surrounding
buildings, more BSs are located in the LoS clearance zone
of the UEs, leading to increased interference among BSs,
thus degrading the coverage probability of BSs. On the other
hand, the coverage probability of the UAV remains close to its
maximal value for a large range of flight heights, and it varies
at a much slower rate than that of the coverage probability of
the ground BSs. In fact, with no interference from the ground
BSs, the coverage probability of the UAV degrades only due

, , , , , , )
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Fig. 3. The impact of UAV flight height on coverage
probability.

to the increased path loss for LoS signal propagation. From
Fig. 3, we also observe that, by exploiting the MC technique,
the total coverage probability not only surpasses the coverage
probabilities of individual BSs and UAV, but remains close to
the maximum for a large range of UAV flight heights.

IV. ANALYSIS OF UE OUTAGE PROBABILITY

In this section, we utilize a 2D Markov process to model the
dynamic evolution of buffer status at the UE, and derive the
UE outage probability by jointly considering the buffer state
and the coverage probability derived in Sec. III. At the UE,
the processes of data packets arriving into and departing from
the buffer can be modeled as state transitions in a 2D Markov
chain. Let (m,n) be the system state, where m and n are the
number of packets received from the ground BSs and the UAV,
respectively. As the UE has a finite buffer size C, we require
m+n < C. Fig. 4 illustrates the transition diagram of the 2D
Markov Chain for C' = 5.

Fig. 4 shows two types of state transitions, which are
discussed below:

1) (myn) = (m+1,n) or (m,n + 1): When the serving

ground BS or the UAV sends a packet to the UE, with
the UE’s receiving SINR exceeding the given threshold,
the UE can successfully receive this packet, increasing
the number of packets received from the serving ground
BS or the UAV in the UE buffer by one.
(m,n) — (m —1,n) or (m,n—1): When a packet from
the ground BS or the UAV completes its service process,
it is deleted from the UE buffer, decreasing the number
of packets from the ground BS or the UAV in the UE
buffer by one.

2)
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Fig. 4. Markov chain transition diagram with C' = 5.

The 2D Markov chain as shown in Fig. 4 is reversible. Based
on the Kolmogorov criteria [13], the associated stationary
state distribution exists. Define w(m,n) as the steady-state
probability of the queue state (m,n). We can derive the global
equilibrium equations as (17). By solving (17) at the top of the
next page, the stationary state probabilities can be derived as

)" () 1
o ml\ u n!
> (&)m;(&gni'
! !
0<m+n<C " m " "
m,n>0

According to (18), the probability that the UE buffer is full
can be derived as IIg = Ziﬂzcw(i,j). Based on (11), (12)
and (18), the UE outage probability is given as

-Pout =1- (1 - (1 - Pc,BS)(l - P(;UAV)) :

m(m,n) =

(18)

c C i Cc—i
A (Pe,Bs)" (Pe,uav)
(2) X o ey

Z A mtn (Pe,Bs)™ (Pe,uav)™
o m! n!
0<m+n<C

m,n>0

Note that, if the S(I)NR at the UE becomes large, or the
receiving threshold 7" becomes small, the coverage probabilities
of ground BSs and UAV will approach their maximal values,
P35 and PiFiy,. Substituting them into (19), we obtain the
expression of the UE outage probability when both the ground
BSs and the UAV achieve their optimal coverage probabilities,

(19)

1—

Poutzl_ (1_(1_ cr:j]gg (1_ CH,II(JD;%V))
(A)C $ (Pein)’ (P )
m ~ 4! (C—a)! (20)
1— =0
(é)m“ (Prgg)™ (Pogv)”
]
o<min<c V' m "
m,n>0

On the other hand, when the UE S(I)NR becomes small, or the
receiving threshold becomes large, the coverage probability will
approach zero and the resulting UE outage probability is one.

V. SIMULATION RESULTS

In this section, based on the derived analytical results, the
impact of several parameters on the system performance is

TABLE I: Simulation parameter settings.

Carrier frequency f 32 GHz
Density of BSs Aps 1x 10_5/m2
Path loss exponent o 2
Fading parameter m, shadowing S 3,1
Building parameters E[W], E[L], E[H] 120, 50,25 m
UE height Hug 1.5 m
Transmit power of BS P;;, and UAV F; , 33,20 dBm
Noise power spectral density —174 dBm/Hz
SINR threshold 7' —10 dB
Density of buildings Agu 1.7 x 10*5/m2
UAV flight height Hy and radius Ry 100,100 m
Distance between UE and UAV flight center Ly 300 m
Packet sent rate \, service rate p 0.15,0.01
UE buffer size C' 32

evaluated. Unless otherwise specified, the parameters are set
according to Table I.

Fig. 5 evaluates the coverage probabilities of the UAV, the
ground BSs, and the overall system as functions of the average
height of buildings for different receiving S(I)NR thresholds.
From Fig. 5 we observe that, as the average height of buildings
increases, the coverage probability of the UAV monotonically
decreases, whereas the coverage probability of ground BSs ini-
tially increases before decreasing. This is because, as the height
of the buildings increases on average, the UAV encounters more
frequent blockages from taller buildings, significantly impairing
its receiving SNR. By contrast, the ground BSs may experience
reduced interference from the neighboring BSs, leading to an
initial increase in their coverage probability. However, as the
average height of buildings further increases, the ground BSs
also become obstructed by the buildings, which eventually
degrades the coverage probability of the ground BSs. From
Fig. 5 we also observe that, by employing the MC technique
in UAV-assisted mmWave wireless networks, the total coverage
probability of the system exceeds that of both the ground BSs
and the UAV and, at the same time, it remains at a relatively
large value unless the average height of buildings becomes
significantly large.

Fig. 6 shows the total outage probability of the system as
a function of the receiving S(I)NR threshold, 7', for different
buffer sizes at the UE. From Fig. 6 we observe that when the
buffer is small, the minimum outage probability is achieved
when a medium S(I)NR threshold is adopted. This is because
the data packets from both terrestrial BSs and UAV arriving
with high rate in the small S(I)NR threshold will be blocked
due to the limitation of buffer size. However, the data packet
rate of terrestrial BSs fails in a medium S(I)NR threshold and
the data packets from UAV can be stored and dealt with. Then,
when the buffer size is large, the minimum outage probability
is achieved with a relatively small S(I)NR threshold. This is
because the data packets from both terrestrial BSs and UAV
with high arrival rate can be stored in the buffer and timely
dealt with. When the receiving threshold becomes large, e.g. as
T exceeds 40 dB, the outage probability increases, irrespective
of the buffer size.

VI. CONCLUSION

In this paper, we analyzed the connectivity and outage
probabilities of MC in UAV-assisted mmWave communication
utilizing stochastic geometry theory and a Markov chain model.
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Fig. 6. UE outage probability vs. receiving S(I)NR threshold.

We derived a closed-form expression for determining the opti-
mal flight altitude of the UAV to maximize its coverage proba-
bility. Furthermore, we demonstrate that MC enables UAVs to
maintain data packet transmission even when mmWave links
from terrestrial BSs fail due to medium received thresholds at
UEs. Moreover, employing MC in UAV-assisted mmWave com-

munication system can significantly improve the connectivity
and communication reliability for integrated ground and aerial
mmWave networks.
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