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Abstract—In this paper, we investigate the successful content
delivery (SCD) performance in the unmanned aerial vehicle (UAV)
integrated terrestrial cellular networks, where the caching-enabled
UAVs are dispatched to offload the burst traffic from the cellular
networks. Specifically, the UAV and terrestrial cellular network
share the same spectrum resources for user downlink communi-
cations and each UAV uses millimeter wave (mmWave) commu-
nications for self-backhaul. We derive a closed-form expression
of the achievable rate of the mmWave wireless backhaul link
and then analyze the minimum cache hit probability to achieve a
certain backhaul rate requirement. By approximating the general
probabilistic line-of-sight (LoS) propagation model as a LoS ball
model, we analyze the conditional SCD probabilities by leveraging
stochastic geometry tools. Simulation results demonstrate that the
UAV integrated cellular network can not only provide more access
opportunities but also achieve higher SCD performance than the
conventional terrestrial network for ground users. Moreover, there
exists an optimal UAV density and height to maximize the SCD
performance. Our results provide useful guidelines for the design
and deployment of future UAV-assisted networks.

Index Terms—Unmanned aerial vehicle (UAV) communications,
caching, mmWave backhaul, stochastic geometry.

1. INTRODUCTION

UE to the high mobility and flexible deployment ca-
pability, unmanned aerial vehicles (UAVs) have plenty
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of potential applications for various industrial and emergency
services [1]. By mounting communication devices on the UAV,
communication services can be achieved in a more economical
and flexible manner in some special scenarios with temporal
burst traffic demands, such as sport events, assembly, etc. [2]—
[5], or communications rehabilitation in disaster areas [6]. To
support the UAV-assisted communications, a high throughput
wireless backhaul link must be built through which UAV can
access the core network, which is very challenging due to the
long range propagation loss and scarce spectrum resources.
Fortunately, millimeter wave (mmWave) technologies shaped in
the fifth-generation (5 G) communications greatly expand radio
resources, and the line-of-sight (LoS) propagation between UAV
and the terrestrial base stations (TBSs) makes mmWave commu-
nications particularly suitable for UAV-TBS backhaul [7]-[9].
With antenna arrays at TBSs, high antenna gain beams can be
created to compensate the severe propagation loss. Therefore,
mmWave communications provide a rich of opportunities for
UAV-assisted communications. Moreover, by caching the most
popular contents at each UAV according to the users’ interests,
the caching-enabled UAVs can facilitate traffic offloading and
content delivery in congestion areas' without frequent back-
haul requests, which significantly reduces the backhaul load
and promotes the UAV-assisted communications in practical
scenarios [10].

In this paper, we investigate the UAV-assisted content delivery
by considering the effect of both the mmWave backhaul and
edge caching. We analyze the successful content delivery (SCD)
performance defined as the successful probability of delivering
a certain amount of data within a given time period, and evaluate
the impact of key parameters, such as the altitude and density of
UAV and the cache size, on the SCD performance. Particularly,
we aim to explore the following two problems:

® How much performance gain can be achieved by integrat-

ing UAVs into cellular networks in terms of SCD?

¢ How will the mmWave backhaul and finite cache affect the

SCD performance?

A. Prior Work and Motivation

The coverage and rate performance of UAV-assisted com-
munications have been investigated in existing works in [2], [7],

IThe service demand of the cellular network may suffer an abrupt increase
due to the temporal events, and UAVs can be sent to such areas to offload the
traffic from the cellular network.
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[11]-[18]. In [2], the authors analyzed the coverage performance
in the aerial underlay terrestrial cellular system, where the
UAV is employed to provide coverage for temporary events.
Based on the probabilistic LoS channel model, the coverage and
rate performance of UAV-based communications with underlaid
device-to-device (D2D) users was analyzed in [13]. It is shown
that the optimal altitude of UAV decreases with the density of
D2D users. The coverage performance in UAV-assisted networks
was also derived in [15] using a general probabilistic LoS
and non-line-of-sight (NLoS) propagation channel model. The
coverage performance of energy harvesting-powered caching
UAVs assisted terrestrial cellular networks was analyzed by
deriving the successful transmission probabilities in [16], and
the optimal average altitude was analyzed to maximize the
coverage performance. The impact of the height and density
of UAV on the spatial throughput of a downlink UAV integrated
terrestrial cellular network was also analyzed in [17], which
shows that there exists a critical UAV density to maximize the
spatial throughput.

To support the UAV-assisted communications, a dedicated
wireless backhaul link must be built in a reliable and efficient
manner to connect the UAVs into the core network. The feasibil-
ity of using long-term evolution (LTE) networks for UAV back-
haul was discussed in [19], and the impact of UAV altitude on the
backhaul throughput was also evaluated. Since the BS antennas
are down tilted to support ground users in cellular networks,
UAV can only be served through the side lode, causing high
antenna gain loss. In addition, the UAV may receive more inter-
ference from nearby BSs due to the LoS propagation environ-
ment, resulting in severe capacity degradation. To improve the
throughput of backhaul links, mmWave communications [20]
has been used for UAV backhaul by exploiting the vast available
spectrum. While the A2G LoS channel property promotes the
application of mmWave technology for the UAV-BS backhaul,
the interference between the backhaul and access links can be
avoided as well. Moreover, by adopting mmWave antenna arrays
at TBS, 3D beams can be created up towards the UAV, which
significantly improves the UAV-BS antenna gain. A prototype
and field test of UAV mmWave communications have been
demonstrated in a more recent result [21].

Considering the hardware cost and complexity in mmWave
communications, the number of simultaneously served backhaul
requests is usually limited due to the limited radio-frequency
(RF) chain. To mitigate the backhaul load, edge caching has been
proposed for small-cell networks in the latest third Generation
Partnership Project (3GPP) standards [22]. When the requested
content from users is stored at the local cache, it can be directly
transmitted to such users without fetching from the core network
through the backhaul. In this way, both the backhaul load and
delay can be significantly reduced [23]—-[25]. Thus, edge caching
has been regarded as a promising solution to mitigate the back-
haul requirement in the UAV-assisted communications [16].

The limited caching and mmWave backhaul unavoidably
incur extra transmission delay, which has not been characterized
in previous coverage performance evaluations in [2], [15], [17].
To capture the effect of transmission delay in the UAV integrated
cellular network, we evaluate the SCD performance considering
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the unique A2G channel model and the interference between the
aerial links (UAV to ground users (UEs)) and terrestrial links
(TBS to UEs). Nevertheless, it is a challenging task to derive the
SCD probability expression. Moreover, the impact of mmWave
backhaul and limited caching on the SCD performance remains
unclear, which motivates this work.

B. Contributions and Organization

In this paper, we consider a general framework of a caching-
enabled UAV integrated cellualar network with mmWave back-
haul, where the positions of the terrestrial BSs and UAVs are
modeled as independent Homogeneous Poisson Point Process
(HPPP) and Poisson Hardcore Process, respectively. In partic-
ular, the aerial and terrestrial downlink communication links
share the same spectrum resources and the UAVs connect to the
TBS with mmWave backhaul. The contributions of this paper
are summarized as follows.
® We derive a closed-form expression of the average achiev-
able rate of the mmWave backhaul under both general case
and noise-limited case, and derive the minimum backhaul
delivery time that determines the conditional SCD prob-
ability under cache miss case. In addition, the minimum
cache hit probability for a given backhaul rate requirement
is also analyzed.
® We derive closed-form expressions of the approximated
conditional SCD probabilities, by approximating the prob-
abilistic LoS propagation A2G channel model as the LoS
ball model. The impact of the height and density of the
UAV on the conditional SCD probability is also analyzed.

® We evaluate the impact of different parameters on the
SCD performance. It shows that there exists an opti-
mal height and density of UAV that maximizes the SCD
probability. For a small value of UAV density, the SCD
performance of the caching-enabled UAV integrated net-
work is comparable with that of the infinite backhaul
case.

The remainder of this paper is organized as follows. We
describe the system model in Section II. The average achiev-
able rate of the mmWave wireless backhaul is analyzed in
Sections III, followed by the conditional SCD probabilities
under TBS or UAV association in Sections IV. We present
the simulation results in Section V and conclude this paper in
Section VI.

Notation: Bold symbols in capital and lower-case letter
denote matrices and vectors, respectively. [-]7, [-]f, and []#
denote the transpose, conjugate, and conjugate transpose
operations, respectively. ||, ||-], and () represent
absolute value, Euclidean norm, and probability, respectively.
CN(u,0%) denotes complex Gaussian distribution with
mean y and variance o?. ||-||; is the I; induced matrix
norm, ie., ||All; =maxi<j<, Y ., |a;;].  Specifically,
oo, z) = 2 Fj(,a+6; a+ 1 +6; —at), vila, ) =
2Fi(a+i,i—9;4i— 0+ 1; —x) are used in this paper, with
2Fi () being the Gauss hypergeometric function, 65 = 2/a,
s€{B,L,N,m}, and V,, £T'(n+ §)I'(1—6)/I'(n) with
I'() being the gamma function.
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Fig. 1. The caching enabled UAV integrated terrestrial networks with
mmWave backhaul.

II. SYSTEM MODEL

We consider UAV-assisted downlink communications, where
the terrestrial network encounters an abrupt increase of cellular
service demands that appear in a specific region due to temporary
events, such as traffic jamms or emergency conditions. As shown
in Fig. 1, the congestion area is denoted by the heavy-shaded
circular area with radius R,. The caching-enabled UAVs are
dispatched to such area® to provide enhanced network service
performance for UEs within this area. For system level per-
formance evaluation, as assumed in the literature, we assume
that the positions of the TBSs is distributed according to a
HPPP ¢ with intensity Ap, and the positions of UAVs are
modeled as a Matérn Hardcore Process ¢ with intensity Ap
since UAVs are prohibited to be closer than a fixed safe distance
Rygape for flight safety. Each user can connect either to the TBS
or the UAV opportunistically with the nearest association rule.
Particularly, the UAV and TBS share the same spectrum band
operating at sub-6 GHz band for UE downlink content delivery,’
and each TBS is equipped with [V antennas and each UAV is
equipped with a single antenna due to its size limitation. For
the UAVs, we consider that each UAV connects to the nearest
TBS for wireless backhaul through mmWave communications.
Moreover, to alleviate the backhaul requirement of UAVs, each
UAV has a finite cache that can store popular contents. When
the requested contents from UE is stored at the UAV’s cache, it
can directly transmit to the UE, otherwise such content will be
delivered from the TBS through the mmWave communications.
Note that, to facilitatethe analysis, we assume that all the UAVs
are flying at the same altitude Hp, and all the TBSs have the
same height Hp.

A. Channel Model

In the UAV integrated terrestrial cellular network, two types
of communication links are considered, i.e., the terrestrial link
and aerial link.

1) TBS-to-UE Channel Model: We assume that all terrestrial
links undergo independent and identically distributed (i.i.d.)
Rayleigh fading together with a large-scale path loss with a path
loss exponent aup > 2. The channel from the ith TBS to the kth

2The GPS location information of the burst traffic areas can be collected and
sent to the assigned UAVs in advance.

3This assumption allows users to access the TBS or UAV without any
modification of their devices. In addition, the quality of service for the UAV
to user link can be guaranteed with the shared licensed spectrum.
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user in the jth cell is expressed as h;jr = /L(|Xsjk|)wijk,
where L(|X;;x|) and i, € C™*YN denote the correspond-
ing path loss and small-scale Rayleigh fading with u;; ~
CN(0,1). Note that L(|X;;|) = cp|Xijk|*?, where cp is a
constant path loss, with | X ;5| being the corresponding distance.
2) Drone-to-UE Channel Model: For the Drone-to-UE aerial
channel, both the LoS and NLoS links are considered and the
Signomial model is usually adopted to characterize the propa-
gation condition [16]. The LoS probability is given by [7]

1

Pro(r) = , 1

L) = S Coxp(— Ba(0a — Ca) W

where B, and C, are constant values depending on the envi-
ronment, 6, is the elevation angle with 6, = arcsin(lf,{—’?kl), and

|Y7;1| is the distance from the [th UAV to the kth user in the jth
cell. Due to the lower probability of multipath fading in aerial
channel, the small scale fading is ignored as has been assumed
in [13], [14]. Then, the Drone-to-UE channel from the [th UAV
to the kth user in the jth cell is given by

cr |Yije| ™",  for LoS link,

en |Yii| ™Y, otherwise,

La([Yi5r]) = { @)

wherecy,, ay, cn,and oy are the path loss atareference distance
and the path loss exponent for the LoS link and NLoS link,
respectively.

3) TBS-to-Drone Mmwave Backhaul Channel Model: For

the mmWave backhaul link, a similar blockage channel model
is adopted with the LoS link probability given by

1

Pro(1Zul) = 1 + Cpexp(=By(0y — Cp))’

(€)

where Bj, Cp, and 6, are defined similarly with that in (1),
0, = arcsin( Igﬁl) with | Z;;| being the distance between the Ith
UAV and the jth TBS. Since the UAV is hovering at a relatively
high altitude and the TBS to UAV link will be in LoS with high
probability due to the less scatering, meanwhile the effect of LoS
link is dominant over NLoS link as indicated in [26], only the
LoS path is considered in this case. Then, the path loss between

the jth TBS and the /th UAV is given by

Ly(1Z)) = ear |Zu] "™, 4

where cj; and oy are the path loss at a reference distance and
the path loss exponent, respectively. Note that the small-scale
fading is ignored in this case, as it has been proven that the
small-scale fading will induce minor impact in mmWave cellular
systems [27], [28].

To support reliable and high data rate backhaul, both the TBS
and UAV are equipped with antenna array and form directional
beams. Specifically, similar to the assumptions in [29], we
assume that each UAV has a directional antenna, which has
horizontal and vertical beamwidth 65 and rectangular radiation
pattern, with main lobe antenna gain GG p and side lobe gain gp.
Then the beam of each UAV will illuminate an ring sector area
with arc angle 0p in the ground, only within which the UAV can
be served or interfered.
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For the mmWave antenna at the TBS, similar to [29], we
assume that each TBS uses uniform planar square array (UPA)
forming a directional beam with beamwidth 65 in both azimuth
and elevation, and gain of G inside the main lobe and gp
otherwise. For the intended communication link, we assume
that the angle-of-arrival can be obtained accurately, and thus
the intended UAV receiver can steer the antenna to maximize
the antenna gain. Hence, the antenna gain for the intended
link is always GG p, but that of the interfering link varies
independently and randomly. With the antenna pattern above, the
antenna gain of an interfering links for the mmWave backhaul
communication is given by

GpGp, withProb. p;, = B, Dy,
G — Gpgp, withProb. p;, = B,,,(1 — D,,),
g5Gp, with Prob. p;, = (1 — B,,) Dy,
gBgp, with Prob.p;, = (1 — B,,)(1 — Dyy,),
) , 5
where B, = 4% = %5 p, - %000 _ n

B. Content Placement

The content is cached based on the popularity. We assume
that the total content is equally divided into 1" files, denoted
as F:={fi,..., fi,-.., fr}, where f; is the ith most popular
content. The request probability of the ith most popular content
is modelled by the well-known Zipf distribution, given by

y— K

i
ZZT:1 1
where « is the Zipf exponent standing for the popularity skew-
ness. We adopt the most popular contents (MPC) caching strat-
egy, and then the cache hit probability that UE’s requested
content is stored at the UAV is denoted as gy = Zf: 1 pi [25],
where L < T is the cache size. Then, the set of UAVs can be
divided into two independent processes based on the thinning
theroem, i.e., the UAVs without backhaul links ¢, with intensity
Apgnic and the UAVs with backhaul links (I)’jj with intensity

Ap (1 — ghit)-

P = (6)

C. Data Transmission Model

We assume that the TBSs and UAV's share the whole spectrum
for user downlink communications with a total bandwidth of
W, and the bandwidth of the mmWave backhaul link is W,.
With multiple antennas at the TBSs, each TBS can serve K UEs
simultaneously using space-division multiplex access (SDMA)
techniques. To mitigate the intra-cell interference, each TBS
adopts zero-forcing beamforming (ZFBF) scheme with beam-
forming vector given by

w, = B (H,H)!

(N
where H; = [hf,,... [l )] Note that the kth column of
‘W, corresponds to the beamforming vector of the :th TBS to
the kth user. For the single antenna UAVs, we consider each
UAV can serve K ; users through time-division multiplex access

(TDMA). Due to the caching capability, only those UAVs with
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uncached contents request will use the mmWave backhaul link,
and thus those TBSs without any backhaul requests will keep
inactive. The probability that a TBS being active for backhaul
transmission is denoted by p,, which can be given by (8) under
the nearest BS association scheme [30], [31].

Ap(1 — Gnir) 9
a = 1 — 1 _— .
b ( T T35,

Denote the number of UAVSs that request backhaul transmission
from the jth TBS as N;, and the TBS will serve the IV; requests
through frequency-division multiplex access (FDMA). Then, the
achievable rate of the typical mmWave link is given by

®)

Ry = (1 + SINRb), )

Wy
N,
where

P.GsLiy(|Zo|)
> jeasjoy PmG5Lo(1Zjol) + on’
where NV, is the backhaul load of the typical TBS, ®% denotes

the set of active TBSs with backhaul requests, and o2, is the
noise power of the mmWave receiver.

SINR;, = (10)

D. Performance Metrics

To characterize the effect of wireless backhaul on the coverage
performance, the SCD probability is adopted as the perfor-
mance metric in this work, which characterizes the probability
of successfully delivering () bits within a time period 7, i.e.,
Pscp =P(R > g) Based on different user association cases,
the SCD probability can be expressed as

,PSCD:ABPECD +AD7)SDCD7 (11)

where Ap and Ap are the association probabilities to the
terrestrial BS and UAV, respectively, with P5.,, and PZ.,
being the corresponding conditional SCD probability. Note

that P&, = thtPSPCtht +(1— tht)Ps[,)anSb’ where 7)SDChfg and

PLAS denote the conditional SCD probability under cache hit
and cache miss cases, respectively, when the UE is associated

with UAVs.

III. AVERAGE RATE OF THE MMWAVE BACKHAUL

We first evaluate the achievable backhaul rate in this section.
Consider a typical UAV that requires mmWave backhaul, the
probability density function (PDF) of the nearest distance of a
typical backhaul link 7, is given by

fr (1) = ZﬂABre_”’\B(TZ_HZA),r > Ha, (12)

where HA = Hp — Hp. Then, based on the lemma in [32],
[33], we can derive the average backhaul rate, which is given as
follows.
Theorem 1: The average rate of the typical mmWave back-
haul is given by
2PmGgen

X1 —e T M migpa©r?
Ry = e 2
ln 2 N O zeoh

fr, (r)drdz,
(13)

Authorized licensed use limited to: University of Waterloo. Downloaded on July 05,2021 at 18:11:46 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: CONTENT DELIVERY ANALYSIS IN CELLULAR NETWORKS WITH AERIAL CACHING AND MMWAVE BACKHAUL

where © is given by the following two cases:
when a; > 2, we have

0 —F (—%Nv; 1= 6 —ZP’"G’CM) S a4

NvTG‘M
when oy = 2, we have

(Lﬁ
2PnGrem

)NUZFI (N117N1) + 1;Nv + 27 7NU7J’2)
N, +1

9:

(15)

In addition, N, is a constant used for approximation and G is
the average value of GGy, which can be calculated by (5).

Proof: See Appendix A. |

For mmWave communications, it has been shown through
various simulations and measurements that mmWave networks
tends to be noise-limited, which is different with conventional
cellular networks, see [28], [34] and references therein. Then,
for the noise limited case, we have the following corollary.

Corollary 1: The average rate of the typical mmWave back-
haul under the noise limited case is given by

Ry

Specifically, when ap; = 2, we can derive a closed-form upper
bound given by

R WM W)nBP GscM
T A o2

m

—2PnGsem

R, = ewz 7 fr, (r)drdz.  (16)

ln2N

2 Y.
(17)
where Ei(z) = ffoc eTtdt, x < 0, is the exponential integration
defined in [35].
Proof: Following the proof in Appendix A, the average
mmWave backhaul rate under noise limited case can be derived.
When ay; = 2, (16) can be further simplified as

(—Ei(~7mApHR))

— W ] — g #PmGsenm TAB
Rb = TS dz
In2 N, Jo 220 HA TAp + 202, as)
(2) War © mAgP,Gscar —za HAdZ
~— In2N, TAp + 202,
where step (a) follows from that f(z) = =¢"" is a mono-

tonically decreasing function for any positive value of a, and
lim, .oe ™ =1—z. |

We can observe from (16) that, for the noise limited case, the
average rate is a decreasing function of the path loss exponent of
the mmWave link. Thus, the transmission rate of the mmWave
backhaul is upper bounded by (17), and the minimum time
required for delivering @ bits from the serving TBS to the typical
UAV can be derived

In2 N,Qo2,
W)»BPmGscMW]y[ (7Ei(*7l’)»BHi)) '

T, > (19)
We can see from (19) that the delivering time can be reduced
by decreasing the altitude of the UAV. Moreover, from (17),
we can observe that for fixed density of TBS, to guarantee
the minimum backhaul rate, R}, min, the number of UAVs being
simultaneously served by a TBS for wireless backhaul should not

ZPmG[C]\/[ _ 1
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exceed a maximum number, which further incurs the minimum
requirement for the cache as follows.

Corollary 2: Tomeet a given minimum backhaul rate require-
ment, the cache hit probability should satisfy

WA%WAIPmGSC]M
In ZADO'%ALRanin

hit > 1 — (—Ei(—mApHZ)). (20)
Proof: Based on (17), we can obtain the maximum mmWave
backhaul load for a TBS, since the mean load of mmWave

backhaul is given by (1 — gni)Ap/Ap, we can obtain (20). W

IV. SUCCESSFUL CONTENT DELIVERY PROBABILITY ANALYSIS

In the following, we will analyze the conditional SCD perfor-
mance of a typical user located at the origin of the coordinate
system, which presents the general results for other users ac-
cording to Slivnyak’s theorem [36]. Each user is associated to
the nearest TBS.

For ease of expression, let 7, and r4 denote the nearest
distance between the typical user to the serving TBS and UAV,
respecrively, i.e., 7, = | Xo00| and 74 = |Yjoo|. By using the void
probability of PPP, the cumulative distribution function (CDF)
of s can be given by

F. (r) =1 —exp(—mhs(r? — H?)),r > H,,s € {b,d}.
(2D
Then the association probability can be derived as follows.
Lemma 1: The probability that a typical user is associated

with the TBS is given by

AD

767WAB(H2D
AB +Ap

~t}),

Ag=1-— (22)

and the probability that a typical user is associated with the UAV
is .AD =1- .AB.

Proof: Under the nearest BS association rule, we have

Ap = P(Tb < Td)

= [ (1= ) gy

N ] _/OO WADG_TF)LD(T H?2 ) —71')»3(?" HB)dT

(23)

Then (22) can be obtained. |
Then, the conditional distribution of the nearest serving dis-
tance can be derived as follows.
Lemma 2: The CDF of the nearest distance between the
typical user and TBS, under the condition that the typical user
is associated to TBS, is given by

_ 2_ 172
ﬁ(l_em\B(r H5))  Hp <r < Hp,

Fr |B(’I“) =
b 9o + U (efonH%, _ e—w)\orz) .r> Hp,
(24)
—7h (H —HZ) o H2 +Ap H2Z)
where ¥, = 1=¢ BA L0 =2 ]il DD,)\Of

A + Ap. Moreover, the CDF of the nearest dlstance from the
typical user to the UAV conditioning that the typical user is
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associated with UAV is given by

Frd\D(T) = 751 (eiﬂkoH% — e*WAOTZ) r>Hp, (25)
with 9, = ﬁeﬂ(kBHzB+ADH2D).
Proof: See Appendix B. -

A. UE Associated With the TBS

When the typical user is connected to TBS, the received
signal-to-interference-plus-noise ratio (SINR) at the typical user
is given by
P73 ‘hOO()W()0|2 L(ry)

Ig+1Ip+0?
where wyy is the beamforming vector of the tagged TBS for the

typical user, o is the received noise power, and the interference
term is given by

YB,o = ; (26)

= > Z lhiowikl” L(|Xio]),  (27)
ic®5\{0} k=0
and
Ip =Y PpLa([Yinol). (28)

icdp
Denote I = Ip + Ip, Then, the conditional SCD can be calcu-
lated by

@,

p
=P(yo =>7)
(b)

PSop =P(R >

29

Q

P (|1f1000W00|2 > SI)

M-1
smIm
EjET,,El[ , ﬂ,
m:

m=0

()

wherey = 29/7 — 1,5 = ;B—IC(BrZVB.In step (b), the noise effect
is ignored as compared with the interference, (¢) holds due to
the fact that [hogowoo|> ~ Gamma(M, 1). Due to the high order
term in (29) and the probabilistic propagation model in (1), it is
cumbersome to derive the closed-form expression of the Laplace
transform of the interference. To facilitate the analysis, we adopt
the LoS ball model with radius Rz, where the LoS probability of
a certain link is one when the distance is less than Rz, and zero
otherwise [37]. From (1), we can find that the radius is dependent
on the height of the UAV, but the exact value of Rp can only be
obtained through one-dimensional searching at the moment.*
As shown in Fig. 2, we evaluate the average received aggregate
interference power using the probability model in (1) and the
LoS ball model, where the radius is obtained through numerical
searching under the given system settings in Section V. We can
observe that the average received aggregate interference power
with the two models match well, which validates the accuracy

“#Note that Ry is usually much smaller than the size of the burst traffic area
R,, thus the upper bound of the LoS link is denoted as Rp in the subsequent
analysis.
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o
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o
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o
~

0.2

Average received signal power from drone (w)

Density of UAV

Fig.2. The average received aggregate interference power with the probabilis-
tic LoS propagation model and the LoS ball models, where Hp = 150 m and
Rp =340 m.

of the LoS ball model. In addition, to facilitate the analysis, the
Poisson hard core process is approximated by a PPP with the
same density [38].

Then, we have

M—1 m
m\ (=1)Psme o )
73SBC'D ~ Z E"'b ( ) p—m Ip (8) ’
= o\P mlIy B

(30)

Where E[I7e=1] = (—1)PL{(s) is used in (30), and £;(s)
is the Laplace transform of /. Then, we derive an approximated
closed-form results for the conditional SCD probability that is
efficient to compute.

Theorem 2: The conditional successful content delivery prob-
ability when the typical user associates with TBS is approxi-
mated by

M—-1 m TI')L
B 7'r 2
Phop~ 3. Y. Sl Cemath QgL @)
m=0 p= 0
where
/ Frojp ()PP Pemmhekr gy (32)
and
W’?)\.DKPD—‘ ap
_ mpKPp . 33
L (33)
2¢;, (In R —In /7 + &%)
sy J TR (R SR, ifar=2,
2(r) = a
st (2 + A3~ — Ry)
+5NcN (R2 ay R(ZJ—GN)’ if ay, > 2.
(34)

Note that f,, () is the PDF of the nearest distance derived
from (24), =(r) is given in (34), with A%, = H? — H#%, and the
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Toeplitz matrix is given by

0
ki 0
Qu=1| k k1 0 (35)
kver ky—2 ... kO
Note that ky and k; are given by
_ dBpo(K,7)
ko = Vi3 + e 36
0= Vk?7 (K + op)7K (36)
and
K — 1414\ d57'¢i(K,7)
ki = , 37
( K-1 > i—0p 7)
respectively.
Proof: See Appendix C. |

The analytical result in Theorem 2 is rather cumbersome
for analysis, thus we conduct asymptotic analysis to obtain
some insights. We take oy > 2 as an example, and define
Ep = mhpPp ki, Eg = SRy “*, B = mApPplEsE, then
we can obtain the following corollary.

Corollary 3: The asymptotic conditional successful content

delivery probability is approximated by

nggm ~ ’l'b\B(TO)v (38)
where
MP, A A2 A
ry = 7BCB B ﬁ b21 B bl 7 (39)
KYAp A 445, 2A4Ap

with Ay = Ay —2HpAp, and Ay = Ay — HpAp +
HéAbz, and Apg, Ap1, Apy are given by (40), (41), and (42),
respectively.

Ay =S HE + ELHEP H *F + EgHp?, (40)
Ay =25, Hp + ap= Ha? " Hy, *F
+ (2 —ap)ZLHYP T H Y +agEgHEP T, (41)

AbZ = ELHEBHBQL (aB(aB — I)HézHZD + aB(Z — aL)

+ap+1)(2—-ar) —ar2—ar)HyHL')

+ 25, +ap(ap — 1)EgHEP 2. (42)
. QG Lo _
Proof: Since ]\/lllinocﬁ Ihooowoo|> = 1, we have
Psep™ =B (M = s(Ip +Ip))
M
=PlIp < — -1
( P=" D) (43)
M .
%P(IBSID>,
s

where, in the last step, the interference power from TBS and
UAV are replaced by its corresponding average value. Similar
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to (68), by using the Campbell’s Theorem, the average received
aggregate interference power of /g can be calculated by

IB _ WA,BPBCBéB T‘IZ:QB
1—-6p

Since the LoS interference is much stronger than that of the
NLoS link, the interference from the UAV will be dominated by
the LoS interference. For the case of oy, > 2, we have

MPBCB
K7 ’

_ = ,.2—aB
= Ty, .

(44)

Pfggm ~P (Elez, + W)»DPDR?BE(Tb) <
(45)

To facilitate the analysis, we expand the polynomial of 7} in the
left hand side of the inequality at the vicinity of H g through the
Taylor series expansion as

—_ —_ _oL —_
SRy + E Ry (Ry + A)' 2 — EgRy®

= Ayo + Ay (ry — Hp) + A (ry — H)* +o(r})  (46)
~ ARy + Ay + Ago.
Then, we have
Pscp" ~ P (ry < Ro) = Fryp(Ro).  (47)

This completes the proof. |

Remark I1: The asymptotic results for the case oy, = 2 can be
obtained in a similar way.

Note that when M = 1, the laplace transform of the inter-
ference L, (s) can be further simplified, then we have the
following corollary.

Corollary 4: When the TBS is fully loaded, i.e., N = K, (31)
can be further simplified as

o0
2 _ 2_
,PSBCD %W)\BGW}LBHB/H frb|B(r)e TAgkor @d . (48)
B

Based on (45) or (48), we can analyze the impact of the height
and density of UAV on the SCD performance.

Property 1: The conditional successful content delivery prob-
ability is a decreasing function of A p, and an increasing function
of H D-

B. UE Associated With Cached UAV

When the typical user is associated with the UAV, and the
requested content is stored at its cache, the UAV can directly
send the content to the user. Then, the received SINR can be
expressed as

PDLa(Td)

Th 4o )

YD,0

where o2 is the received noise power, and the interference term
is given by

K—-1
Pp
Ip= 3 Y 7 lsiwal’ L( Xiool), (50)
i€Pp k=0

and

In= > PpLa(|Yiool)- (51)

ie®p\{0}
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Due to the probabilistic propagation model, we need to consider

two cases whether the A2G link is in LoS or NLoS. Since the

received SINR from the NLoS link is much weaker than that

from the LoS link, the conditional SCD is dominant by the LoS

case, and the NLoS case is ignored. Similar to the case with TBS
P, DCL, T;O‘L

association, we have
>a)
! 1A —
Ip+1p

Dhit
PEt~p(
d g ! !
(%) P (u > FUp + ID))

~ Ppepry©* (52)

_ Erd]EI’B+I’D |:67t(133+1b):|
= E,, [T Lr, ()]

where 4 = 2% 1. In step (d), we use a “dummy” expo-
nential variable u with unit mean to approximate the constant
number one. In addition, ¢t = P;CL ro". Then, following the
procedures in Appendix C, we can derive Theorem 3, which
is given as follows.

Theorem 3: The SCD probability, conditioning that the typi-
cal user is associated with the UAV and the requested content is

cached in the UAV, is approximated by

pDhit

Rp
—mApY _ 2+ar-ap
RS frap(r)e ™o Tr(r)emmLr dr, (53)
D

where f,,p(r) is the PDF of the nearest distance derived from
(25), w1, = 521,
we have

To(r)=1*(F (=6, 1; 1 = dp; =) — 1)

2% (54)
—RZB <2F] (—5L,1; 1 —dr; L 3) - 1) )
RB

when o7, = 2, we have

and Y7, () is given as follows. When oy, > 2,

2~
Y. (r) =52 In <R}g(1 + %g)) —Inr2(1+7). (55

Based on (53), we can obtain the following property.

Property 2: The conditional SCD probability first increases
and then decreases with Ap and Hp.

Proof: The strict mathematical proof is nontrivial due to the
integration of high order terms in (53). From (25), we can find
that f,, p is a decreasing function of Hp and an increasing
function of A p, and the LoS ball radius is an increasing function
of Hp, thus the above property can be proved. |

C. UE Associated With the Uncached UAV

When the requested content is not stored in the cache, the
UAV will first request it from the nearest TBS through the
mmWave wireless backhaul, which will take 73 time period.
Hence, the conditional SCD probability under the uncached
UAV association is given by

QKq

P%#z?(RziT) (56)

T—1p
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TABLE I
UPA ANTENNA PATTERN [39]

Number of antennas M
Half-power beamwidth (8p,0p) /3/vVM
Main-lobe gain (Gg,Gp) M
. . VM —+/3M sin(3n/(2V/M)) /27
Side-lobe gam (gB ’ gD) \/M—\/ESHI(STF (QW)) 27

which can be derived from Theorem 3 by replacing v with
QK
277, — 1. We can find that the effect of backhaul transmission

time maybe negligible when the size of the content is very small
and the considered delivery time 7 is very long.

V. NUMERICAL RESULTS

In this section, we present the SCD performance through
simulations to validate the theoretical analysis. We consider
that the positions of the TBSs follow a HPPP process with
density’ Ap = 2/km?, and the height of each TBS is fixed as
10 m. The UAVs are dispatched to offload the traffic from the
TBSs, and the positions of the UAVs follow a Position hard
core process with the safe distance Rg, being 10 m. The user
downlink communication is operated at a frequency of 2.4 GHz
with a bandwidth of 10 MHz and the mmWave backhaul link
operates in 73 GHz with a bandwidth of 1 GHz. The path loss
exponents are settobe ap = 3.25, ay, = 2.25, any = 4, respec-
tively, and the A2G channel parameters are B, = B, = 0.136,
C, = Cy = 11.95 [13]. Besides, the path loss constant is set
as cg = —18.4 dB and ¢y = —25.6 dB, respectively. Each
TBS is considered to have N = 6 antennas, and serve K users
simultaneously in the same frequency band with SDMA, while
for the UAVs, K, users are served through TDMA. For the
mmWave backhaul, we assume that both the TBS and the UAV
are equipped with uniform planar square array with N,,,p = 16
antenna elements and V,,,p = 8 antenna elements, respectively.
The main-lobe, side-lobe, and beamwidth of the sectorized
antenna pattern are set as Table I, which is the same as [39].
The path loss constant of the mmWave link is ¢y = —69.8
dB, with the transmission power of the mmWave TBS being
P,, = 25 dBm and path loss exponent «rj; = 2, unless specified
otherwise. In addition, the noise power of the mmWave link is
setas 02, = —174 + 10log,o(BW) + N with the noise figure
Ny =10dB.

The transmitting power levels of the TBS and UAVs are Pp =
45 dBm, and Pp = 38 dBm, respectively, and the noise power
for the user communication link is ignored. The total content is
dividedinto T' = 10’ files, with the content popularity parameter
being k = 1, and the cache size at each UAV is L = 10°.

We first show the conditional SCD probability in Fig. 3. We
can observe from Fig. 3 that the approximated theoretical condi-
tional SCD probability is very close to the simulation results, and
the asymptotic results follow similar trend with the simulations,
which validate the theoretical analysis in Section III. Moreover,

SThe unit of the density of both TBS and UAVs is number per square meters,
and the typical UAV density used in this simulation is around 10/km?, i.e., Ap
is around 1073,
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Fig. 3. The conditional SCD probability versus the transmission time thresh-
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Fig.4. The average rate of mmWave backhaul link, where P,,, = 25 dBm and
Hp =150 m.

we can observe that the conditional probability of SCD when
the user is connected to the UAV is larger than that of the
case associated with the cached TBS under the given system
configurations, due to the LoS transmission. This also indicates
that it is possible to enhance the probability of SCD by adding
UAVs.

To investigate the feasibility of the mmWave wirelss backhaul,
we then evaluate the average achievable rate of the mmWave
wireless backhaul in Fig. 4. We can see that the approximated
theoretical results are very close to the simulation results, and
the closed-form expression for ap; = 2 is very accurate. From
Fig. 4, we can observe that high data rate backhaul up to hundreds
of Mbps can be realized through the wireless mmWave link
under the given system settings, which shows the feasibility of
self-backhauling for UAVs. Notice that the backhaul rate de-
creases with the density of UAVs, i.e., the backhaul load, and the
achievable rate decreases with the mmWave link path loss. Based
on Corollary 2, we show the minimum cache hit probability
requirement for given backhaul rate requirements in Fig. 5. We
can observe from Fig. 5 that the minimum cache hit probability
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Fig. 6. The total SCD probability with different settings, where QQ = 20 Mb,
Py, =25dBm, Hp = 100m, ap; =2.25, L =103, K = 6,and Ky = 2.

requirement increases as the backhaul rate requirements and the
density of UAVs.

We then evaluate the total SCD probability, which is shown
in Fig. 6. We can observe that the SCD probability increases as
the required transmission time, and the caching-enabled UAV
integrated network may outperform the conventional terrestrial
network when the backhaul rate is high enough and the required
transmission time is larger than a threshold. Specifically, the
SCD probability can be improved up to 53%, when the required
transmission time 7 = 7s, with the caching-enabled UAV in-
tegrated network as compared with the conventional terrestrial
network. This answers our first question on the feasibility to
deploy UAV networks to enhance the coverage. We can observe
that when the density of UAV is very high and the required con-
tent delivery time is very short, adding UAVs into the terrestrial
network may grant users more access opportunity at the cost of
degrading the SCD performance.

The effect of the density of UAV on the SCD performance is
also evaluated in Fig. 7. Clearly, the SCD performance first im-
proves and then degrades as the increase of the density of UAVs,
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indicating that there exists an optimal UAV density maximizing
the SCD performance. This is because, for the given system
setting, the conditional probability of SCD for the UAV access
link is better than that of the conventional terrestrial network,
as shown in Fig. 3, by increasing the density of UAVs, the
association probability to a UAV will be increased, which further
improves the SCD performance. However, with the increase of
the UAV density, the LoS interference increases much faster,
resulting in a decrease in the conditional SCD.

The effect of path loss exponent and the height of UAVs on
the SCD performance is also evaluated in Fig. 8 and Fig. 9,
respectively. We can observe from Fig. 8 that the SCD proba-
bility is a concave function of the path loss exponent. This is
because, on one hand, increasing oz, decreases the interference
power, which improves the conditional SCD performance of
the terrestrial network; on the other hand, the conditional SCD
probability of the UAV network will be decreased by increasing
o, dueto larger path loss. Moreover, from Fig. 9, we can observe
that there exists an optimal height for the UAVs to maximize
the SCD performance and the optimal height decreases as the
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Ky =2.

increase of the density of UAVs. Therefore, UAV deployment
and scheduling must be carefully designed to achieve the optimal
performance.

Finally, we evaluate the impact of finite cache on the SCD
performance in Fig. 10. We can see that the SCD performance
can be improved by increasing the cache size for a given UAV
density, due to the reduced backhaul requirement. However, for
a given cache size, the SCD performance first increases and then
decreases by increasing the UAV density. This is because, on one
hand, the conditional SCD probability of the UAV network is
a concave function of the UAV density, as shown in Fig. 7; on
the other hand, the backhaul load increases as the UAV density
and longer time is required for backhaul transmission when the
UAV density is very high, which limits the SCD performance.
Moreover, we find that there exists a large gap in the SCD
performance with limited cache and that of the unlimited cache
case (L = 10’ corresponding to the infinite cache case since the
total file size is 10°), when the density of UAVs is very high.
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VI. CONCLUSION

In this paper, we have evaluated the SCD performance in the
UAV integrated terrestrial cellular network, where the caching-
enabled UAVs are dispatched to offload the temporal traffic in
congestion areas. We have derived the closed-form expression
of the achievable rate of the mmWave wireless backhaul, and
obtained the minimum cache hit probability to achieve arequired
backhaul rate. The closed-form expressions of the approximated
conditional SCD probability have been derived by adopting a
LoS ball model. It has been shown that up to 53% improvement
in the SCD performance can be achieved with the integrated
network as compared with the conventional terrestrial network.
Moreover, there exists an optimal height and density of UAVs to
maximize the SCD performance, and increasing the cache size
is an effective way to improve the SCD performance when the
density of UAVs is very high. The theoretical analysis in this
paper provides some useful guidelines for the UAV deployment
in the future UAV-assisted networks. In the future, we will
consider the optimal deployment and resource scheduling to
further improve the SCD performance.

APPENDIX A
PROOF OF THEOREM 1

Denote I,,, = Zje@B\{o} P,,G;Ly(Zj,), based on the lemma
in [32], for a given ,,, the average rate of the mmWave backhaul
link can be calculated as

E [efz(l”ﬁazn)] dz.

R P,,GsLy(Z,
Ry(ry) = Ed)% [log (1 + GSb(OO))

I, + 02,

(57

01— E[eszmGscMR;aM]
) zIn2

The interference term can be characterized by

E [67ZI"’]

=E

e_z <Eie<1>%\4o> PG Lb(Zj0)> ]

(@ Ele” (Zig@%\(o) ’UPmGJLb(Zjo)>1

H 1

= N.
. zP,,Grc
i<\ (0) (1 + 4NUR(£A/IM)

c o0 1
© exp —WABpa/ 1— ~ | AR |,
%1 (1 + ZPmG({]%}”)

wR™2

where in step (a), we use a dummy variable v to represent the
constant one, (b) holds due to the Gamma distribution of v, and
(c) follows from the probability generating functional (PGFL)
of PPP. With the results in [40], we can obtain © in (14) and
(19).
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Then by averaging Rb(rv) over r,,, we can obtain the average
backhaul rate.

APPENDIX B
PROOF OF LEMMA 2

As per the nearest BS association rule, we have

P(r, < <
P(rbﬁr\rbgrd): (Tb—rvrbde)

P(ry, <r
(ry < 7q) (59)
P(ry <r,rp <74q)
= Ty .
The joint probability can be calculated by
P(ry <rrp <rq) = / P(rq>r)fr,(r)dr (60)
0
When r < Hp, we have
P(ry <r,rmpy <rq)=F,(r)=1- e’“B(TZ’HZB), (61)

and when » > Hp, we have

P(ry <7y < 1q)

Hp T
= i Sy (r)dr + /HD P(rq > r)fr, (r)dr (62)

=1 - ™sHbHp) | / E, (1) fr, (r)dr.
Hp
Using the CDF in Lemma 1, Lemma 2 can be obtained.

APPENDIX C
PROOF OF THEOREM 2
Ppcp

Define g; = Zf;ol |h¢00w§k)|2, w = ~EZE s, then we can
find that g; follows a Gamma distribution with shape parameter
K, then the Laplace transform of /5 can be expressed as

Lry(s) =Ep, |exp | — Z wg; | Xioo| **
i€®p\{0}

II Eg [exp(—wgi|Xiool )]
iedp\ {0}

@ <_ /Rz (1 - M) A(dR)>
exp (mB /: <1 - m> dR) ,

(63)

= Ea5\(0)

where (d) comes from the PGFL of PPP. By using eq. (8) in [41]
and [35, eq. (3.194.2)], we have

L, (8) = VK(wPB)éB —1

2F1(K7K+6B§ K-§+ I; —ﬁ)
+6 R
B (K + 65)(wR, “7)K

(64)
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From (63), the p-th derivative of L, (s) can be expressed in a
recursive form given by [33]

g ()
X/R?

VPsP/ p'ﬁ(p )(s) and use the variable transforma-

K—1+p—i)!

(p)
Ly (K —1)!

L£5)(s)

(1)~ (cpPpR=F)r

_ — dR.
Kp=i(1 + wR™"F)K+p—i

(65)

Let z, = (—

tion R~"% — v we have

Tp = W)\B(SBZP

=0

RI)QB
X
la

+ wo)P—i K

1(K—14p—1i)!
(K —1)!

Up—i—é—]

dvx;. (66)

With some mathematical manipulations, we can obtain

p—1
2 p—1
xp = TApRy g —k,
i—0 P

where k; is given by (37).
For the interference from other UAVs, by using the Camp-
bell’s theorem [36] and the LoS ball model, we have

Z PDY(O)

Jj€Pp

(67)

il

Ip =E[Ip] =

_ /R Pp (PL(R)er R % + Py (R)ew R ) A(dR)

Rp
= / . . ZW)»DPDCLRliaLdR
V Ry +AY

Ro
o,
Rp
By replacing the interference from UAV by its average value,
the SCD probability can be calculated by

27ipPpen RITONAR.
(68)

5 N M—-1 m o (SID) n—p
PSCD ~ Z ZETb (m p) SRR
m=0 p=0
M-1 m 7517,3 Sj m
D
= Y S | e
m=0 p=0 p p

(69)

where ¢ = exp(—mApkoR?}), and a = TApR7. The detailed
derivation may refer to Appendix-A of [31].
Combining the above results, we can obtain Theorem 2.
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