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Abstract—The support for aerial users has become the focus of
recent Third-Generation Partnership Project standardizations of
5G, due to their high maneuverability and flexibility for on-demand
deployment. In this paper, probabilistic caching is studied for ultra-
dense small-cell networks with terrestrial and aerial users, where a
dynamic on—off architecture is adopted under a sophisticated path
loss model incorporating both line-of-sight and non-line-of-sight
transmissions. Generally, this paper focuses on the successful down-
load probability (SDP) of user equipments (UEs) from small-cell
base stations (SBSs) that cache the requested files under various
caching strategies. To be more specific, the SDP is first analyzed
using stochastic geometry theory, by considering the distribution
of such two-tier UEs and SBSs as homogeneous poisson point
processes. Second, an optimized caching strategy (OCS) is proposed
to maximize the average SDP. Third, the performance limits of the
average SDP are developed for the popular caching strategy (PCS)
and the uniform caching strategy (UCS). Finally, the impacts of
the key parameters, such as the SBS density, the cache size, the
exponent of Zipf distribution, and the height of aerial user, are
investigated on the average SDP. The analytical results indicate
that the UCS outperforms the PCS if the SBSs are sufficiently
dense, while the PCS is better than the UCS if the exponent of
Zipf distribution is large enough. Furthermore, the proposed OCS
is superior to both the UCS and PCS.

Index Terms—Small-cell caching, successful download probabil-
ity, UAV, optimization, stochastic geometry.
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I. INTRODUCTION

ITH the dramatic proliferation of smart mobile devices
W and various mobile applications, the global mobile data
traffic has been increasing rapidly in recent years. Cisco fore-
casts that the traffic will increase sevenfold from 2016 to 2021,
of which about 78 percent will be video streams by 2021 [1].
This deluge of data has driven vendors and operators to seek
every possible tool at hand to improve network capacity [2]. Very
recently, providing wireless connectivity for unmanned aerial
vehicles (UAVs) has become an emerging research area [3]. The
UAV becomes increasingly popular for various commercial, in-
dustrial, and public-safety applications [4]. Due to their high ma-
neuverability and flexibility for on-demand deployment, UAVs
equipped with advanced transceivers and batteries are gaining
increasing popularity in information technology applications
[5], and have been widely used in delivery, communications
and surveillance. As the UAV applications proliferate, security
issues in the UAV deployment have captured much attention in
recent years. Hence, the academia and industry have expanded
public safety communications from the ground [6] to the air [7],
[8]. Driven by the rising interest in aerial communications, the
Third Generation Partnership Project (3GPP) has taken UAVs
supported by Long Term Evolution (LTE) as a primary research
focus [9].

A. Background of Wireless Caching

Recent research has unveiled that some popular files are
repeatedly requested by the user equipments (UEs), which takes
ahuge portion of the data traffic [10]. To reduce duplicated trans-
missions, wireless caching has been proposed to pre-download
the popular files in cache devices at the wireless edges [11], [12].
Unlike the traditional communication resources, the storage
resources are abundant, economical, and sustainable, making the
caching technology even more promising in the modern com-
munications [13]. For example, a scalable platform for imple-
menting the caching technology is well-known as the small-cell
caching in the ultra-dense (UD) small-cell networks (SCNs),
which has attracted significant attention as one of the enticing
approaches to meet the ever-increasing data traffic demands for
the fifth generation (5G) communication systems [2], [14]. In the
small-cell caching, popular files are pre-downloaded into local
caches of small-cell base stations (SBSs) in the off-peak hours,
and ready to be fetched by the UEs in the peak hours, alleviating
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the backhaul congestion in wireless networks. In addition, small-
cell caching makes the data traffic much closer to the mobile
users. Thus, the transmission latency can be reduced, and the
quality of experience for users will be enhanced. However, each
device has a finite amount of storage, popular content should be
seeded into the network in a way that maximizes the successful
download probability (SDP).

B. Related Work

Existing works have shown that the file placement of small-
cell caching largely follows two approaches: deterministic place-
ment and probabilistic placement. For deterministic placement,
files are placed and optimized for specific networks by a de-
terministic pattern [15]-[17]. In practice, the wireless channels
and the geographic distribution of UEs are time-variant. This
triggers the optimal file placement strategy to be frequently
updated, which makes the file placement highly complicated. To
cope with this problem, probabilistic file placement considers
that each SBS randomly caches a subset of popular files with
a certain caching probability in the stochastic networks. As a
seminal work, [18] modelled the node locations as Homoge-
neous Poisson Point Processes (HPPPs) and analyzed the general
performance of the small-cell caching. Compared with caching
the same copy of certain files in all SBSs, probabilistic file
placement in the small-cell caching is more flexible and robust.

However, the cache-aided ground SBSs may not be able to
support the users in high rise building scenarios [19] and in
emergency situations where the ground infrastructures fail or
there is a sudden and temporary surge of traffic demand [20].
The UAVs with high maneuverability and flexibility can be used
as flying relays [21] to dynamically cache the popular content
files from the cache-aided ground BSs and then effectively
disseminate them to the users [22]. Zhao et al. [23] studied
the cache-enabled UAVs that serve as flying BSs and refresh
the cached content files from macro BSs (MBSs). However, it
is time and energy consuming for UAVs with limited battery
capacity to fly back to MBSs to update the cached content files.
In view of this problem, the UD SCNs point out a promising
UAV-aided wireless caching scenario where UAV's are connected
to the nearby SBSs that are much denser than MBSs. In this
scenario, the role of UAV can be either terminal UE served by
static BSs or flying relays that forward files to other UEs, aiming
at alleviating the peak backhaul traffic and assisting the SBSs.
Recent works [20], [21] and [24] have extended conventional
terrestrial cellular services to aerial users in the 5G networks.
In addition, the 3GPP launched an investigation on enhanced
LTE support and proposed a channel model for aerial UEs [25].
Therefore, in this paper, we focus on the small-cell cellular
networks with terrestrial users (TUs) and aerial users (AUs),
i.e., UAVs.

From the stochastic cellular network model, the BS locations
are supposed to follow an HPPP distribution [26], [27]. Ref. [28]
proposed an optimal geographic placement in wireless cellular
networks modelled by HPPP. Furthermore, a trade-off between
the SBS density and the storage size was presented in [ 18], where
each SBS caches the most popular files. In [29], the library
was divided into NN file groups and the probabilistic caching
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probability of each file group was optimized to maximize the
SDP in SCNs. Utilizing stochastic geometry, [30] optimized
probabilistic caching at helper stations in a two-tier heteroge-
neous network, where one tier of multi-antenna MBSs coexists
with the other tier of helpers with caches. However, to our best
knowledge, most existing works on small-cell caching consid-
ered the path loss models without differentiating line-of-sight
(LoS) from non-line-of-sight (NLoS) transmissions. It is well
known that LoS transmission may occur when the distance
between a transmitter and a receiver is small and no shelter,
and NLoS transmission is common in indoor environments and
in central business districts. In our previous works [31], [32], we
considered both multi-slope piece-wise path loss function and
probabilistic LoS or NLoS transmission in cellular networks.
Furthermore, for ease of exposition, we ignored the antenna
height difference between SBSs and UEs in the performance
analysis due to the dominance of the horizontal distance. How-
ever, the antenna height difference becomes non-negligible as
the distance between an UE and its serving SBS decreases. To
verify this, [33] clarified that the height difference between UEs
and BSs imposes a significant impact on coverage probability
and area spectral efficiency.

Regarding the SBS activity, there are two network archi-
tectures in the SCNs, namely, the always-on architecture and
the dynamic on-off architecture. The always-on architecture
is commonly used in the current cellular networks, where all
the SBSs are always active. By contrast, in the dynamic on-off
architecture, the SBSs are only active when they are required to
provide services to UEs [34]. To mitigate inter-cell interference,
the dynamic on-off architecture will thrive as an important 5G
technology in the UD SCNs, which is also investigated in 3GPP
[2]. Therefore, in this paper, we focus on the dynamic on-off
architecture.

C. Contributions

In this work, we analyze the average SDP that UEs can suc-
cessfully download files from the storage of SBSs and optimize
the caching probability of each file. We consider an UD SCN
with UEs including TUs and AUs under a general path loss
model that incorporates both LoS and NLoS paths. Furthermore,
we consider the dynamic on-off architecture. Our goal is to
maximize the average SDP. To be concise, the contributions of
this article are summarized as follows:

® We investigate the average SDP by considering the 3GPP
path loss models for TUs and UAVs respectively (see
Section IV).

® We propose the optimized caching strategy (OCS) to max-
imize the average SDP of UD SCNs by optimizing caching
probability of each content (see Section V).

e We analyze the performance limits of the SDP with the
uniform caching strategy (UCS) and the popular caching
strategy (PCS) under a single-slope path loss model, re-
spectively (see Section VI). First, we show that the OCS
is superior to both the UCS and PCS. Second, we reveal
that the UCS outperforms the PCS if the SBS density is
large enough, while the PCS is better than the UCS if the
exponent of Zipf distribution grows sufficiently large.
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TABLE I
MAIN NOTATIONS AND THEIR DEFINITIONS
Notations Definitions
hgs, htu, hau Height of SBSs, TUs, and AUs
Ass Auys ATU, AAU Density of SBSs, UEs, TUs, and AUs
P Transmit power of each SBS
horl Absolute antenna height difference, horizontal
» distance, and distance between SBS and UE
! ) Distance between TU and SBS,
TU, tAU distance between AU and SBS
On, S Request probability of the n-th file,
e caching probability of the n-th file
D Event that the typical UE can successfully
n receive its requested n-th file
An Event that the SBS in the n-th tier is active
Pr(Dn) Successful download probability
Pr Average successful download probability
Number of files, cache size,
M, N, and exponent of Zipf distribution
Prl () k-th piece LoS probability function
Cr(+) k-th piece path loss function
fECLAED PDFs for LoS path and NLoS path

hay

Fig. 1. System model of a small-cell network consisting of the SBS and
two-tier UEs.

The rest of the paper is organized as follows. We describe
the system model in Section II and study the probabilistic
caching strategy in Section III. Section IV presents our analytical
results of SDP. Section V proposes the OCS. Section VI shows
the impacts of network parameters under the UCS and PCS.
Section VII provides simulations and numerical results. Finally,
Section VIII concludes this paper. Table I lists main notations
and symbols used in this paper.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a small-cell cellular
network where the SBSs serve two-tier UEs including TUs
as ground users and UAVs as AUs over the same frequency
spectrum. We assume that the SBSs, the TUs and the UAVs
are deployed according to three independent HPPPs with the
height of hps, hru and hay, respectively. With reference to [5]
and [24], consider that all the UAVs are positioned at the same
height.1 Let A4 be the density of SBSs, A1y be the density of

I'This paper considers that the locations of UAVs follow a 2-D HPPP with
the same height. As Fig. 7 will show, the change of the UAV height affects its
average SDP but imposes no performance impact on TUs. We remark that the
optimization of the caching probabilities (to be discussed in Section V) when
the UAVs are deployed as a 3-D HPPP is quite challenging and will be left as
our future work.
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TUs, and Aay be the density of UAVs. Second, each UE? is
associated with an SBS with the smallest path loss. The transmit
power of each SBS is denoted by P.

The horizontal distance between an SBS and an UE is denoted
by r. Moreover, the absolute antenna height difference between
an UE and an SBS is denoted by £, and the distance between an
UE and an SBS is denoted by /. Let [Ty be the distance between
aTU and an SBS, and [ oy be the distance between an AU and an
SBS. As such, the height differences are h; = hgg — hry for
TUs and hy, = hay — hps for UAVs respectively. Hence, the
distance [ can be expressed as

l=/r2+h2. (1)

Regarding the UAV acting as the aerial UE, recent works such
as [3], [20], [21] and [24] have studied a variety of communi-
cation scenarios where conventional terrestrial cellular services
are extended to aerial UEs.

Considering the downlink transmission, the small-scale effect
in the network is assumed to be Rayleigh fading, and the path
loss model embraces both LoS and NLoS paths as large-scale
fading. The link from any UE to the typical SBS has a LoS
path with probability Pr"(r, i) or a NLoS path with probability
1-— PrL(r, h), respectively. According to [25] and [35], the
piece-wise LoS probability function is given by

Pri(r,h), 0<r <d(h)

PI‘%(T, h), d] (h) <r< dz(h)
Pr(r, h) = _ ) 2

Prie(r,h), r>dg_1(h)

where P} (r,h), k € {1,2,..., K} is the k-th piece probability
function that an UE and an SBS separated by a horizontal dis-
tance dj_;(h) < r < di(h) has a LoS path. In addition, d(h)
varies as the height difference h changes. The details of dj(h)
for TUs and UAVs are provided in Sections IV-C and IV-D,
respectively.

Furthermore, with reference to [25] and [35], we adopt a
general and practical path loss model in [31], where the path
loss with respect to the distance ! is modeled as (3), as shown at
the bottom of the next page. In (3), A and AN denote the path
losses of the LoS path and NLoS path at a reference distance
of [ = 1 respectively. Moreover, aI,; and al,;IL denote the path
loss exponents of the LoS path and NLoS path respectively. It
is worthwhile noting that the values of A}, AN, o} and a}'™
for the TUs are different from those for the UAVs. For TUs,
AL, ANE oL and o't are constants from field tests in [35]. For
UAVs, AI,; and A}:IL are constants, while ozI,; and aEL vary with
different height ranges [25].

In the dynamic on-off architecture, an SBS is only active when
it is required to serve the associated UEs. At any time, a typical
UE only associates with an intended SBS, while other active
SBSs are regarded as interferers. Since both TU and UAV can
be regarded as the typical UE in this model, the two-tier UEs need
to be projected onto the same plane for this architecture. As such,

2By the UE, we mean either the TU or the UAV.
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we can get the total density of two-tier UEs A, = Aty + Aau.
Hence, the probability that an SBS is active is given by [36]

Pro 1 — (1425 ", @)

where ¢ = 3.5 is a tight lower bound of ¢, especially for dense
SCNE.

III. PROBABILISTIC UD SCNS CACHING STRATEGY

Suppose that a library consists of N popular files each with
equal length. Note that N represents the number of popular
files that the UEs tend to access rather than the number of files
available on the Internet. Furthermore, each file is requested
according to its popularity, known as a priori information.

Let @,, represents the probability that the n-th file is requested
by the UEs. Q = [Q1,Q2, - . ., @ n] collects the request proba-
bility mass functions (PMFs) of all [V files. Similar to existing
works [13], [29] and [37], we model the PMF of each file request
as Zipf distribution, and the request probability is given by

1

n = n? ) 5

MRS o

where [ is the exponent of the Zipf distribution. A larger 3
implies a more uneven popularity among those files.

Due to the limited storage, each SBS cannot cache the entire
file library. In this context, we consider that the files are indepen-
dently placed in different SBSs. Suppose that a cache memory
of size M is available on each SBS. In the file placement phase,
each SBS store the n-th file in its local cache with a caching
probability .S,,, yielding

N

> S, <M, 6)

n=1

0<S,<1, Vn. (7

We emphasize that the n-th tier of SBS is formed by a group of
SBSs that cache the n-th file. Given that each SBS independently
caches the files, the distribution of SBSs that cache the n-th file
is viewed as a thinned HPPP with density of S}, As. In addition,
given that each UE only requests a single content at each time
slot, the distribution of UEs who request the n-th file can also
be modeled as a thinned HPPP with density of Q,,Ay. In the
following, we consider three types of caching strategies:

1) UCS: Each SBS caches each file randomly with equal
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2) PCS: Each SBS only caches the most popular files [13].
3) OCS: Each SBS caches each file with optimized probabil-
ity for SDP maximization (see Section V).

IV. PERFORMANCE ANALYSIS OF SMALL-CELL CACHING

In this section, we derive the SDP for the dynamic on-off ar-
chitecture. Some cases adopted by the 3GPP are also considered.

A. Received SINR

The received signal power of a typical UE from its associated
SBS can be written as

Prs = PC(’F; h>g7 (8)

where the channel gain of the Rayleigh fading ¢ follows an
independent and identically distributed (7.7.d.) exponential dis-
tribution with unit mean.

Consequently, the signal-to-interference-and-noise-ratio
(SINR) at the typical UE can be expressed as

PI‘S

SINR =
0'2—|—IZ7

&)

where o2 is noise power, and Z is the set of interfering SBSs
with the total interference being

Iz =Y PC¢(rz,h)g,

zeZ

(10)

where g, denotes the channel gain between the typical user and
the z-th interfering SBS, also following an ¢.i.d. exponential
distribution with unit mean.

B. Successful Download Probability

Let D,, be the event that the typical UE can successfully
receive the requested n-th file from the associated n-th tier of
SBS. In this paper, we consider that D,, occurs if the SINR of
the UE is no less than a targeted value §. As such, the SDP of
D,, can be formulated as

Pr(D,) = Pr (SINR > §). (11)

Recall that the SBSs in the n-th tier and the UEs that request
the n-th file form two independent thinned HPPPs with densities
Snis and QA respectively. Let A,, be the event that the SBS
in the n-th tier is active, we rewrite the probability that an SBS
in the n-th tier is active as

.y 7q
probability [13]. Pr(A,) ~1— (1 n ﬁ;—ﬁ) , (12)
ALIY | LoS with Pri(r, h)
T, = s 0 <r< d h
Gl h) {A?Lz—aﬁ“& NLoS with (1 — Pr}(r, h)) ()
AL1=23 | LoS with Prk(r, h
Gy =] O << )
C(r,h) = ANEI=e2" NLoS with (1 — Pry(r,h)) (3)

CK(n h) = {

AL j~o% | LoS with Pr¥(r,h)
ANEIK" ) NLoS with (1 — Prl(r, b))

, > dKfl(h)
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where we replace As and A, in (4) with S,As and Q. A,
respectively.

Theorem 1: Given a particular value of S, Ag, the SDP of D,,
is given by

Mw

(T + 1)), (13)
k=1
where
) PG (r h)g
- :/ Pr [’f > 5} fE(r, h)dr (14)
k dkil(h) 0,2 +IZ k}( )
di (h) NL
T :/ Pr {Pé’; r-1)g 5] Ne(r,h)dr,  (15)
di—1(h) 0%+ 1z

and fF (r,h)and fNV (r, h) are the probability density functions
(PDFs) of LoS path and NLoS path, respectively. Let dy = 0 and
di = oo. Moreover, we have

fHr,h) = exp (_/Om 27 Sy ks (1 =Py (u, h))udu)

X exp (—/ 27TSnXSPrk(u,h)udu>
0

x Py (r, h)21rSphs, dii(h) <r <dj(h),
(16)

™
N, h) = exp (—/ ZWSnASPr%(u,h)udu)
0

X exp (—/ 27Snhs (1 — Py (u, b)) udu)
0

x (1=Pri(r,h)) 277 S,hs, it (h) <r <dy(h),

17
where 7y = arg, {("(r, h) =(}(r,h)} and r, = arg,,
{CL(Tth) = Ilc\IL(ra h)}

Proof: See Appendix A. |
To specify (14) and (15), we further have
PCE(r,h) g do? ]
Pr|l———=>0| = ——— | L ==
{ 2+1; P\ TREGn ) TP )
(18)
PCNE@r, h)g §o? 5
Pr|—f—"=>§| = 7
[ oty ) PR en) TP e n)
(19)

where Z7, (+) is the Laplace transform of ;. We note that [z
at the typical UE that requests the n-th file comes from two
independently portions: 1) Iz, caused by the SBSs in other tiers
which locate in the entire area of the network, and 2) >, caused
by the SBSs in the n-th tier whose distances with the typical UE
are larger than [. Based on the observation, Iz = Iz + Iz;.

Going forward, Lemma 1 below computes .47, ( in

(18) and .71, (%) in (19).

wgim)
PC}%(r,h)
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Lemma 1:
5 B 0l
i (Pcm h)) e [ex" (‘ PG(r, h)ﬂ
5[21 6122
=1 |o0 (g g )| B o () |
(20)
For LoS,
N
Er,, [exp (—%)} = exp _271-,_12,# Pr(4;)S;x
o0 L
" / Pr-(u, h)u _du
0 1+ ¢p(r h) (¢t (u, h))
*© [1—Pr"(u,h)]u
+/o T3 o et ) T [ @D

01z,
e o (- PCE(r. 1) )
Pr¥(u, h)u

=exp {—27r Pr(A,) Snis l/r =" C,I;(r, Ot o h))_l du

© [1—Pr(u, h)] u
+/ ety 22
For NLoS,
01z al
E;,, {exp <_PC}€\IL(T7h)>] =exp —27ri_lz;#nPr (4;) Siks
" /°° Pr(u, h) _
o 1+ h)(6¢E(u, b))
oo [1- Prl(u, h)]u
+/o L+ G (r, mEcwm | [ 2

ol
Er,, [exp (_pC]lC\ILii’h)>:|
) ) 00 Pr"(u, h)u
_exp{ 27 Pr(A,)SnAs [/n 1+ O (r, h) (8¢ (u, b))~

o0 [1- Prl(u, h)]u Y
+/r L+ G (r, h)(5CNL(u,h))_ld '

Proof: See Appendix B. ]

LetPr (A,,) S, As be the density of active SBSs in the n-th tier.
Eqn. (12) implies that the density of the active SBSs increases
as the UE density goes up. From Theorem 1 and Lemma 1,
the increase of the UE density degrades its SDP.

Finally, considering the request probabilities of all \V files, we
obtain the average SDP that the UEs can successfully download

(24)
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all possible files as

N
Pr= ZQ,, Pr(D,).

n=1

(25)

C. A 3GPP Path Loss Model for TUs

For the TUs, we show a path loss function adopted by 3GPP
[35],i.e.,

ALl
Ct (Tv hl) = {

with Prl (r, h
L t ( 1) . (26)
AtNLlfozt

, with (1 —Pr{ (r,hy))

together with a linear LoS probability function also adopted by
3GPP, i.e.,

-4, 0<r<dr

Pr%(r,hl){o rsdn @7

where [, is the cut-off distance of the LoS link, and dp £

dy(hy) = /12 — k3.

We remark that the path loss model in (26) and (27) is a
special case of the general path loss model in (3) with the follow-
ing substitutions: N = 2, ¢ (r,hi) = ¢y (r, ) = Ao,
G (rohn) = G (r ) = XM, Pryy (rh) = 1 —
and Pr{jz (r,h1) =0.

For the 3GPP path loss model, by T'heorem 1, the probability
that the typical TU successfully receives the requested n-th file
from the associated n-th tier SBS becomes

2

Z (Th + 1T,

k=1
dr So2lev siew

= —— | Z — | fE hy)dr+0

/0 exp < PA% Iz PA%‘ ft,l (Tv 1) T+
dy 502la{\”“ 51 alNb

+/O exp <_F)14tNL g ANL (T h])d
0 6[&{\”‘

—|—/dTexp<— )iﬂ (PANL>f (ryhy)dr

=TH + T+ T, (28)

Prt

So2es”
PANE

where T}, = 0, because Pr{“ (r,h1) = Owhenr > dp.ForLoS,
JE (rhy) and 27, ( PAL) are calculated by (16), (21) and (22).

For NLoS, fiF(r, hn), f5°(r, h1) and L1, (8

lated by (17), (23) and (24).

5 ANL) are calcu-

D. A 3GPP Path Loss Model for UAVs

For the UAVs, we consider a path loss function adopted by
3GPP [25], i.e.,
ALj-ax

with Prl (7, hy)
ANLj—aX G

, with (1 —Pry (1, ha))

L

Ca (ra h2) = {
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together with a LoS probability function also adopted by 3GPP
[25],i.e

Prt ()= 1, 0<r<da o)
Y dTA—FeXp(;—T)(l—dTAL r>dy
where
p1 = 233.98log, (hau) — 0.95, (31)
da 2di(hy) = max (294.05l0g,, (hau)—432.94,18). (32)

From this 3GPP channel model, the applicability range
in terms of UAV height is 22.5m < hay <300 m [25].
Note that the path loss model in (29) and (30) is also
a special case of (3) with the following substitutions:
N=2,¢(rh) = aZ(T hy) = Ablov, QO (r,hy) =
Y (r, hy) = ANVI-3", Prl (r,hy) = land Prl,(r, hy) =
da 4+ exp (pT) (1— 4y,

From Theorem 1, the probability that the typical UAV suc-
cessfully receives the requested n-th file can be given by

So2low sles

PAL )gfz <PAL>faI;l (T,hz)d’f’
o0 5laL

+ " exp | — Zr, PAL (7’ hy)dr+0

o0 So2je” slea”
+/ exp | ———— | Lo, | 5 | o5 (r, ho) dr
s < PANL | “1z | pANL | /a2 (r,ha)

:Tf},l + Tr},z + T'j\,]2Lv

mﬂaozéﬁwm—

So2los
PAL

(33)
where TNI" = 0, because Pr)" (r,hy) = 0 when 0 < r < d.
ForLoS, f¥, (r, h2), fi; (r, hy) and .,%Z (ffﬁ) are calculated

by (16), (21) and (22). For NLoS, fNF (r, hy) and %7, (&—Nj)
are calculated by (17), (23) and (24).

V. OPTIMIZED CACHING PROBABILITIES

In dynamic on-off architecture, (12) shows that Pr(A,,) is a
function of the ratio @, Ay /Sy As. Since the SBS density is much
higher than the UE density in this architecture, i.e., As >> Ay,
Pr(A,,) can be approximated as [29]

Q@niu
Snhs

Since both TU and UAV can be regarded as the typical user,
the average SDP is given by

Pr—ZQn(’\TU (D )+X;UPra(Dn)). (35)

u

Pr(4,) ~ (34)

Consider that the SBS density approaches infinity. In this
scenario, the downlink transmission from the typical SBS to
the typical UE is dominantly characterized by the LoS path loss.
In this context, we derive the asymptotic performance of Pr as
follows.
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Theorem 2: In a noise-free case where the SBS density goes
to infinity, i.e., Ay — +0o and o2 =0, the average SDP is
given by

N dr
Pr=73 Q.5 { G exp (—mSyisr?)dr
n=1 0
da
—+ Hn exp (—WSWL)\STZ)dT:| ) (36)
0
where
U2 Aer ol
Gu="—""exp| Y QB h)+QuC (r )|, (37)
u i=1,i#n
Aau2mAgr al
I, = MAUZTAST > QiE@,h)+QnF (r,h) |. (38)

Au =
=l,i#n
In (37) and (38), B (r, h), C (r,hy), E (r,hy) and F (r, hy)
are given by (61), (62), (64) and (65) respectively in Appendix C.
Proof: See Appendix C. |
From T heorem 1, Lemma 1 and T heorem 2, we show that
the SDPs of TUs and UAVs are correlated, i.e., the increase of
the TU (or UAV) density degrades the SDP performance of all
UEs, including TUs and UAVs. As a result, we cannot separately
maximize the average SDP for each type of UEs. Instead, we
jointly maximize the average SDP of TUs and UAVs.
According to T'heorem 2, we can formulate the optimization
problem of maximizing Pr as

Pl: max Pr

Su |
N dr ,
= nSn Gn - Sn)\s d
Srﬁ;:N):, ;Q {0 exp( T r) r
da
+ H, exp (—WSnksrz)dr]
0
N
st Y Sp<M
n=1

0<S,<1l,n=1,...,N. (39)

Note that P1 is a non-convex optimization problem. To cope
with this problem, we transform P1 into /N sub-problems and
solve it in parallel. Adopting the partial Lagrangian, we have

L(S],S2,--~75Na7)

N dr
= Z QnSn |:/ Gy exp (*WS,,}\STZ)dr
n=1 0

da N

+ H, exp (—ﬂSnAsrz)dr} + (Z Sn_M> , (40)

0 n=1

where yM is constant and 0 < S, <1, n=1,..., N. In the
following, we opt to optimize each individual sub-problem.
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Algorithm 1: Optimized Caching Probabilities in the
Dynamic On-Off Architecture.

1: Initial v, ¢, M and N

2: repeat

3 forn=1:1:Ndo

4 Compute .S,, from % = 01in (42)
5: if0<S, <1then

6: Set S,, = [Sn,0, 1]

7. else

8 Set S,, = [0, 1]

9 end if

10 Plug S/, € S,, into (41)

11

Choose S,, = arg ng%xL (S1,7)
12: end for

13: Get S = szj S;, then update

14: until S = JZ\/?1

First, the partial Lagrangian of the n-th sub-problem with
respect to S, is given by

dr
L(S,,y)= QnSnGp exp (—anASrz)d7'
0
da
+ QnSpH, exp (—ﬂSn)»srz)dr—l—vSn.
0
41)
Second, by some mathematical manipulation, we have
OL (Sn,7)
0S5,
dr

= QnGpexp ((-WS,)-WQ,S,Gy exp (W S,)dr
0

da
+ QaneXp(_WSn)_WQnSan eXp(_WSn)dT"'_’%
0

(42)

where W = mAr?.

Here, we discuss the key steps of optimizing the caching
probabilities in Algorithm 1. With 9LS.Y) — 0, we can get the
extreme point S,,.LetS,, = [S,, 0, 1] if0 < S, < 1.Otherwise,
let S,, = [0, 1]. Then, we identify the element in S,, that maxi-
mizes the L (S,,, ) in (41) as the optimized caching probability
Sp. After N iterations, we get ZfV:] S;. If Zi\;l S; =M,
we obtain the optimized caching probability {S,.5,,...,Sn}.
Otherwise, the dual variable ~ in (42) is updated by
Yie1 =i + (S1+ S2+ -+ Sy — M) p, where ¢ is the step
size.

The analytical results in Section V build upon an assumption
that both UAVs and TUs have the same content request prob-
ability. The following remark briefly discusses the case where
the two tiers of UEs have different request probabilities.

Remark 1: Let QF and Q# be the request probabilities of the
n-th file for TUs and UAVs respectively. From (34), the weighted

sum request probability becomes @, = )\/\T—UQE + AAAU QA,
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andPr=Y"" (Q'TL/\ﬂPrt(Dn) + %Pra(Dn)).Itcanbe
seen that the optimiz‘éltion of SDP in this case largely follows
(36)—(42) in this Section. In addition, the SBSs are more likely to
cache the file requested by the UEs with better channel quality,
when the TUs and UAVs have the same request probability for

different files.

VI. ANALYSIS ON NETWORK PARAMETERS
UNDER UCS AND PCS

In this section, we analyze the performance limits of the
average SDP for the UCS and PCS under a single-slope path
loss model [29], respectively, where the path loss of the channel
from an SBS to an UE is modeled as [~ with « denoting the
path loss exponent. In a noise-free case, the average SDP is given
by (43), as shown at the bottom of this page.

Theorem 3: Consider a single-slope path loss model. When
the SBS density A is large enough, the average SDP is given by

N
= QnSn exp(—mh?r, F(5,0))

P n - 2 u 57
For the PCS, Pr = Ei\il “ foi%;:;(z 5)( =

== exp(-mh?h,F(5,0))
For the UCS, Pr = Tt mFGa)

Proof: See Appendix D. |

From T heorem 3, Corollary 1 and Corollary 2 below show
the performance limits of the average SDPs under the PCS and
UCS respectively.

Corollary 1: For Ay — 400, the performance limits of the
average SDPs under the PCS and UCS are given by respectively,

M
Pr=> " Quexp (-wh’A,F(6,0)), forthe PCS,  (45)

n=1
Pr = exp (—mh*A,F(6,c)) , for the UCS. (46)

Corollary 2: As the exponent 3 — +o0, the performances
limits of the average SDPs for the PCS and UCS are given by
respectively,
exp (—mh*A,F (6, a))

1+ 22F(5, )

7
I

, for the PCS @7

exp (—mh*A,F (6, a))
1+ 252 F(68,a)

&
I

, forthe UCS.  (48)

Based on Theorem 3, Corollary 1 and Corollary 2, we
have the following remarks.

Remark 2: From T heorem 3, the average SDPs of both PCS
and UCS increase as the SBS density Ag increases. When Ag —

9169

TABLE II
THE NETWORK PARAMETERS FOR TUS AND UAVS

TUs UAVs
A{“ 10—4.11 AI; 10—3.692
A{\IL 1073.29 AQTL 1073.842
al 2.09 al | 2.225 — 0.05log;, (hav)
alNE 3.75 o | 4.32 - 0.76log (hay)
Aty | 150 TUs/km? | Aau 150 AUs/km?
hTU 1.5m hAU 30m

400, Corollary 1 shows that the UCS achieves a better average
SDP than the PCS. In particular, the SDP of the PCS is affected
by 8 and M, while it is not the case for the UCS.

Remark 3: From T heorem 3, as the cache size M increases,
the average SDPs of both PCS and UCS increase, and the per-
formance gap for the two strategies narrows down. In particular,
both strategies achieve the same SDP when M = N.

Remark 4: From Theorem 3, the average SDPs of both PCS
and UCS increase as 3 gradually increases. In particular, the SDP
of the PCS grows more rapidly. Based on C'orollary 2, the PCS
outperforms the UCS when 8 — +o0.

Remark 5: From Theorem 3, the average SDPs of both PCS
and UCS become smaller as the height difference h increases.

VII. NUMERICAL AND SIMULATION RESULTS

In this section, we use both numerical results and Monte
Carlo simulation results to validate our analytical results. In
the simulations, the performance is averaged over 10° network
deployments, where in each deployment SBSs and UEs are ran-
domly distributed according to HPPPs with different densities.
According to the 3GPP recommendations [25], [31] and [35], we
use hps = 10 m, P =24 dBm, § = —6 dB. Other parameters
for TUs and UAVs are listed in Table II. According to the
applicability range of UAV height in [25], the UAV height is set
to 30m. More specifically, we first focus on the average SDPs of
different caching strategies in the UD SCNs. Second, we further
investigate the impacts of the key network parameters, i.e., the
SBS density, the cache size of cache memory, the exponent
of Zipf distribution and the height of UAVs on the average
SDP.

A. Impact of SBS Density

Fig. 2 compares the average SDPs Pr versus the SBS density
As among the OCS, PCS and UCS for TUs and UAVs respec-
tively. First, it can be seen that the numerical results match well
with the simulation results in all scenarios. In the following, we
focus on the analytical results only. Second, Fig. 2 shows that the
OCS always outperforms the other two caching strategies. Third,

N

_ o0 5l >
Pr = ;Qn/o Z, <P>f(r)dT=ZQn/0 exp [ —2m ) Pr(Ai)Si’\s/ 3

n=1

u

N 00

~du
i=1,i%n 0

| 4 (-as-! (m)

x exp | =27 Pr (4,) Snis /

| 4151 (m)

=du | 218, AsT exp (wan)»Srz) dr 43)
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Fig. 2. The impacts of the SBS density As on the Pr of TUs and the Pr of

UAVs with hay =30m, N = 100, M = 10 and 5 = 1.0.

in contrary to [32, Fig. 3] that uses the always-on architecture, we
use a dynamic on-off architecture where an SBS is only active
when it is required to serve the UEs. We show that the SDP
increases with the increase of SBS density, while [32] showed
that the SDP first increases and then drops down with the increase
of SBS density. Fourth, we observe that the UCS can achieve
a good performance as long as A is large enough, in spite of
a small caching probability. In this sense, it advocates caching
some other files to further improve the saturated performance.
These observations in Fig. 2 are in line with Remark 2. The
reasons are as follows:

1) when the SBS density is small, it is advisable to use the
PCS because it smartly uses the limited number of SBSs
to cache more popular files;

2) when the SBS density is large, the coverage probabil-
ity becomes saturated [38]. To be specific, the coverage
probabilities are the same when A; = 10° SBSs/km? or
As = 100 SBSs/km?. Hence, it is better to place the files
randomly by the UCS than discarding less popular files by
the PCS.

Fig. 2(a) shows the Pr of TUs versus As. As for the PCS, Pr

increases slowly with A4 and becomes saturated when A4 > 10*
SBSs/km?. As for the UCS, Pr increases more rapidly than the
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Fig. 3. The impacts of the cache size M on the average SDP with 4 = 10*
SBSs/km?, hay = 30m, N = 100 and 3 = 1.0.

PCS as A4 goes up and becomes saturated when A > 8 x 10*
SBSs/km?. In addition, the PCS outperforms the UCS when
Ls < 3 x 10 SBSs/km?, and the USC takes the lead when A >
3 x 103 SBSs/km?. The performance of the PCS is comparable
to that of the OCS only when A, < 10° SBSs/km?. The same
observation applies to the UCS when As > 6 x 10* SBSs/km?.

Fig. 2(b) shows the Pr of UAVs versus A. This figure exhibits
the similar observations to Fig. 2(a). As shown in Fig. 2(b), the
PCS outperforms the UCS when s < 1.4 X 10* SBSs/km?, and
the USC takes the lead when As > 1.4 x 10* SBSs/km?. The
performance of the PCS is comparable to that of the OCS only
when As < 2 x 10> SBSs/km?. The same observation applies
to the UCS when A, > 6 x 10* SBSs/km”. As compared to
Fig. 2(a), it is observed that the average SDP of UAVs is shown
to be worse than that of TUs. This is because the path loss of
UAVs is severer than that of TUs according to (26), (29) and
Table II.

B. Impact of Cache Size

Fig. 3 compares the average SDPs Pr among the three strate-
gies with the cache size M for TUs and UAVs respectively. Let
*s = 10* SBSs/km?. First, we can see that the OCS exhibits a
better average SDP for TUs and UAVs than both the UCS and
PCS. Second, it is observed that Pr increases monotonically with
the cache size. When M = 100, the three strategies reach the
same performance. These results are consistent with Remark 3.

Fig. 4 shows the average SDPs Pr versus the SBS density
As with various cache sizes for TUs and UAVs, respectively.
First, it can be seen that the OCS always outperforms both the
UCS and PCS. Second, Pr of the PCS reaches the limit when
As > 10* SBSs/km?, and the performance limit becomes larger
with the increase of M. For TUs, the performance limit starts
with 0.42 at M = 5 and goes up to 0.61 at M = 15. For UAVs,
the performance limit increases from 0.37 at M =5 to 0.50 at
M = 15. Third, the Pr of the UCS reaches the limit when A, >
5 x 10° SBSs/km?, the Pr of the UCS for TUs and UAVs keeps
invariant as M increases when A5 > 5 x 10° SBSs/km?”. These
observations are line with Remark 2 and Remark 3. For TUs and
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Fig.5. The impacts of the exponent of Zipf distribution (3 on the average SDP
with Ag = 10* SBSs/km?, hay = 30m, N = 100 and M = 10.

UAVs, the crossover point with the PCS and UCS achieving the
same Pr shifts to the left as M increases. This is because an
increase in the M will boost the average SDP given a fixed As.

C. Impact of File Popularity Distribution

Fig. 5 compares the average SDPs versus the exponent of
Zipf distribution S among the three strategies for TUs and UAV's
respectively. We set A, = 10* SBSs/km?. First, it can be seen

As(SBSs/km?)
(b) Pr of UAVs.

Fig. 6. The impacts of the SBS density on the Pr of TUs and the Pr of UAVs
with different 5 and Ag with Aoy =30 m, N = 100 and M = 10.

that Pr increases as 3 increases. Second, the average SDP of
the UCS is independent of (3, since it caches each file with
equal probability in the always-on architecture [13]. However,
in the dynamic on-off architecture, the performance of the UCS
is slowly growing with /3. According to (5) and (36), the change
of 8 leads to the change of (),, and eventually causes the change
of the average SDP. When the A is large enough, the changes
of 3 will not affect Pr of the UCS. Third, it can be seen that the
PCS is worse than the UCS when 5 < 1.4 for TUsand 8 < 0.95
for UAVs. As 3 gradually grows, the PCS becomes better. The
reason is that a few files dominate the requests and caching such
popular files gives a large Pr as 3 becomes larger, since the
request probabilities of files are more unevenly distributed. The
average SDP of the PCS grows more rapidly with increasing
B, and the average SDP of the PCS is better than that of the
UCS when /3 is large enough. These observations agree with
Remark 4.

Fig. 6 shows the average SDPs versus A4 and /3 for TUs and
UAVs, respectively. First, the results with a fixed 3 or a fixed Ag
are consistent with that in Fig. 2 and Fig. 5 respectively. Second,
as Ag increases, we need to increase value of /3 to meet the same
performance of both the PCS and UCS. For example, in Fig. 6(a),
the value of 3 is 1.5 when As = 10* and it becomes 2.2 when
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= 10°. In Fig. 6(b), the value of 3 is 0.9 when A, = 10* and
it becomes 1.5 when Ay = 10°.

D. Impact of UAV Height

Fig. 7 depicts the impacts of the UAV height on the Pr of
TUs and the Pr of UAVs among the three strategies. Consider
that A, = 10* SBSs/km? and A, = 10° SBSs/km? respectively.
First, we observe that the change of the UAV height affects the
Pr of UAVs but has no performance impact on TUs. Second,
we can see that Pr of UAVs decreases monotonically as the
height of UAVs increases, which is consistent with Remark 5.
Third, similar to Fig. 2, the average SDP of the PCS almost
remains the same when A varies from 10* SBSs/km? to 10°
SBSs/km?, while the average SDP of the UCS increases over
the same range of A,. When A, = 10* SBSs/km?, the PCS is
better than the UCS. When hay < 50m, the UCS is better than
the PCS when A, = 10° SBSs/km?. However, the PCS is better
than the UCS when hay > 50 m. This is because the path loss
of UAV is generally large such that A4 is not dense enough to
support the average SDP of the UCS.

VIII. CONCLUSION

In this paper, we have developed an optimized probabilistic
small-cell caching strategy for small-cell networks with TUs and
UAVs to maximize the average SDP. Our analytical results have
shown that the OCS can achieve a better average SDP than the
PCS and UCS. Moreover, we have further analyzed the impacts
of key parameters on the average SDP of TUs and UAVs and
obtained the following valuable insights verified by the extensive
simulation results:

1) Theaverage SDP increases as either of the SBS density, the

cache size, or the exponent of Zipf distribution increases.
With the increase of the UAV height, the average SDP of
UAVs decreases.

2) When the SBS density Ag is relatively small, the PCS
achieves abetter average SDP than the UCS. As the density
increases, the performance of the UCS gradually improves
and outperforms that of the PCS.

3) When the exponent of Zipf distribution (3 is relatively
small, the UCS outperforms the PCS. As 3 increases, the
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performance of the PCS gradually improves and surpasses
that of UCS.

4) When the cache size M is equal to the popular files IV, the

average SDP of the PCS, UCS, and OCS converges, since
each SBS caches all N files with probability of 1.

Going forward, several directions deserve further investiga-
tion. First, the uplink performance of the UAVs in the proposed
caching network is yet to be analyzed. As shown in this paper,
establishing the analytical results of SBSs as interferers is al-
ready non-trivial for performance analysis, the introduction of
terrestrial users and UAVs as interferers in the uplink will make
the analysis even more challenging. Second, it is of interest to
consider that each SBS uses the coded caching strategy to further
enhance the performance of the OCS by exploring the advan-
tages of prefetching coded files over the uncoded placement in
this paper.

APPENDIX A
PROOF OF THEOREM 1

In order to evaluate Pr (D,,) in Theorem 1, the first key step
is to calculate the PDFs for the events that the typical UE is
associated with an SBS under an LoS path or a NLoS path, and
the second key step is to calculate Pr (SINR > ) for the LoS
and NLoS cases conditioned on distance r. Given the piece-wise
path loss model presented in (3), we have

Pr(D,) :/OOO Pr (SINR > §) f(r, h)dr
[ b [ SR
_/0 P [02+IZ

[ e [P
o 0 0'2+IZ

> 5} F(r, h)dr

> 5] fL(r, h)dr

W [PET(r h)g
P 1 ) NL
+/0 r [ e > (5] Lo (ry h)dr
> PCK(T h)g } L
+ >4 L h)d
Lxl(ll) |: 0-2_|_I fK(T ) r
> PCEL(T h)g ] NL
+ ———"= > r, h)dr
i1 (h) |: 0—2 +IZ K ( )

> 5} fE(r, h)dr

i /dk(h) |:P<]I;(Tv h)g
= \Jdii(h) o2+ 1z
PG (r,h)g

di(h)
—|—/ Pr[
dy_1 (h)

>5} N h) dr),

o2+ 1y
(49)
where fr (r,h) and fNV(r,h) are the PDFs of LoS
path and NLoS path respectively. Moreover, let TL
PC (r.h)g d h)
fk P St > 0l f (roh) droand TR = Jaln

Pr[L; 19 5] 1N

have Pr(D,,) =

L(r,h)dr respectively. Therefore, we
PO (Ty +T3).
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In the following, we discuss how to obtain fi (r,h) and
NL
o ().

Define B} as the event that the signal comes from
the k-th piece LoS path. By definition, fF (r,h) = fk‘ BY
(r,h|BE) Pr [BE], where Pr [BE] = Pry; (r, h) according to
(3) and fk| B (r,h|BY) jointly characterize the following in-
dependent sub-events:

1) For the typical UE, its serving SBS b, exists with the
horizontal distance r from the UE, and the corresponding
unconditional PDF of r is 27wrA [26].

2) The probability that the LoS SBS b, in event B} has a
better link to the typical UE than any other LoS SBSs
is [31]

pr(r,h) = exp (— /T Pr¥(r, h) 27r)»udu> . (50)
0

3) The probability that the LoS SBS b, in event By has a
better link to the typical UE than any other NLoS SBSs
is [31]

pi (. h) =exp (—/ (l—PrL(r, h)) ZﬂAudu),
0

(51)
where 7y = arg { (N (ry, k) = (p(r, h)}.
With reference tol[3 1], we obtain
Fejpe (R BE) =pi=(r Wp(r h)2mra. (52)

Thus, f& (r, h) for n-th tier can be written as
|
flg(n h) = eXp (/ 27TSn)\s (1 *Pr% (U, h)) udu>
0

X exp (—/ 278, AsPTE (u, h)udu)
0
x Pry(r, h)2mrSyhs, dia(h) <r<dy(h). (53)

In a similar way, ,16\I L (r, h) for n-th tier can be written as
[2)
N, h) = exp (— / 278, AsPry (u, h)udu)
0

X exp </ 2mSphs (1 — Pr¥ (u, h)) udu)

0
x (1 —Pry(r, b)) 27 Sy ks, dir (h) <7 < dy(h),
(54)

where r, = arg {(%(r2, h) = (N (r,h) }.

T2

APPENDIX B
PROOF OF LEMMA 1

Given Iz = I, + 14>, we have

<1, <P§k((3nh)> =FEy, {exp <_13<(Z7Z,’h))]
o o)

01z,
X Brz {exp (‘ Pe(r, h))] -
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Since the distribution of the SBSs in the ¢-th tier is viewed
as a thinned HPPP ¢; with density of S; A, for the interference
from the i-th tier, we have

a0 (75w

Gu,u H

N
UED il imn Pi

—FE exp (*Ck (r, h)7159u<(uv h))

N
=exp | — Z 2w Pr (A;) Siks
i=1,i%n

></OC 1-— 171 udu | . (56)
0 14+ Ci(r,h)6¢ (u, h)
For LoS or NLoS signal,
/OO 1-— ! udu
0 1+ ¢ 5N B¢ (u, )
00 L
:/ - NLP;r (u, h)u 71du
o 14+¢ 7 (r,h)(0¢H(u, b))
_ p.L
[1—Pr(u,h)]u 57)

i / 1+ N () (SO (u, 2)) ™

Likewise, for the interference from the n-th tier, we have

oo (~mcom)|

=exp (—27Pr (A,) Snhs

> 1
x[ (1— 1+(k(r,h)15((u,h)>Udu . (59)

For LoS or NLoS signal,

o 1
1 — d
/7- ( 1+ BN )Tl (u, h))u B

_ /OC Prl(u, h)u
rea) LGN (1) (8¢ (u, 1))
o [1—Pr*(u,h)] u
i /{rw} 1 N (1) (GO (u, b))

du. (59)

APPENDIX C
PROOF OF THEOREM 2

Consider that »—0 and neglecting noise. When Ag— 400,
the average SDP of TUs over all possible V files is given by

N
Pri(D) =Y QuPr;(Dy)

N dr siex
:ZQnA "%IZ (M)ft(r,hl)dr
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N dr
= Z Qn {/ 27 Sy AsT €Xp (—anksrz)
0

N
> QiB(r,h)+QnC(r,h) | drp, (60)

i=1,i#n
where

B (7‘, h]) =

dr u
— 2Ty / -
g ) (AN (Ve )
2 2
y (1 Ve TR ) W

lo
dr "
+/ oNL
Dk ) 0AN) T (Ve £ )
2 2
(YO,

lo

+/ “ —dul , (61)
ot (o) 04N (ViR

C(r ) =

dr U
27y / Py
T cE ) 0An (Ve R
2 2
y (1 VAR )du
lo

dr "
+ / NL
I8} :

Ll () 0AX) (Ve + 1)
oy 2
> Lh'du

lo

dul| . (62)

o U
+/ aNL
ek () 0N (Vi R)

Consider that »— 0 and neglecting noise. When A5 — +o0,
the average SDP of UAVs over all possible IV files is given by

N
Pr,(D) =Y QnPr, (Dy)
n=I1
N da
= Z Qn / 27 Sy AsT €XP (—’R’Sn)\.ST’z)
0

N
> QE(rhy)+QuF (rhy) | dry, (63)

i=1,i#n
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where
E (r, hz) =
da {
=27y / — udu
© o) Al (Ve 3)
> 1
+/ ak
B\ 1+ ¢ (k) (041 (Ve 13)
(e () (-2
u D1 u
/. 1
+ -
B\ 1 (o) (5N (VR 73)
x (1 Sda exp <u> <1 - dA)> udu] ; (64)
u D u
F(?”, h2) -
da ]
7271—)\411 / — Udu
o\ ) (Al (Ver T )
> 1
.
T\ 1 G o) 040 (Ve £ 13)
u D1 U
> 1
+/ oNL
B\ L (o) (GAY) ! (Vo £ 73
x (1 S exp (—u) (1 - dA)) udu] ) (65)
u D1 u
Overall, the average SDP of TUs and UAVs is
P a }"TU )\.AU
Pr = ZQ” A Pry (Dn)+ 3 Pr, (Dn)
n=1 u u
N dr
= Z QnSn |: G, exp (—T&'Sn)\.s’rz)dr
n=1 0
da
+ H,, exp (—WSn)»S’f'z)dT:| , (66)
0
where
ATU2TAgT al
= e | QuB(r )+ QuC (r ) |

A
u i=1,i#n

(67)
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AAUTAST N
H,— % exp Z QiE (r,hy) + QuF (1, hy)
u i=1,i#n
(68)
APPENDIX D

PROOF OF THEOREM 3

According to (43), when the interference come from the n-th
tier 14>, we have

u

exp —ZﬁPr(An)Snks/ —du
ro 14 eg-l «/u2+h2)

%71

=exp [ —7Pr(4,)S, ,\5“[22/ dz
é

1 14z

:exp(—TrPr( )S)le 20

X (1,12;22;5>),
a o

(e}
where z = §~17® (\/ u? + h2> and , Fi (-) denotes the hyper-
geometric function.
When the interference come from other tiers Iz, we have

N
exp | —27 Z Pr(A

2 F
—52h

(69)

AS/OO Y ~du
0 146 (VaZH )

i=1,i#n
N
26
=exp | —7 Z T (AZ) Si)\.slz — 22
i=1,i#n @
2 2 6™
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a o’ he

Overall, we have

N 00
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5 2 2 4l
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2 2
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Sklz

—WZPI‘

i=1,i#n

—7Pr (Ay) Snhs zz

When the SBS density is large enough, we rewrite (71) as

N 00
Pr = Z Qn / TSphsexp | —mAgr?Sy,
n=1 0

—WZPI‘

i=1

S,\l 20 2F1<11 2 2—2;4) dr?
«
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N QnSn exp( k2 SN Pr(Ay) S, F (O, a))
Z Sn+ SN Pr(A4;) SiF(5, ) ’
(72)
where 7 (6,0) = 25, Fy (1,1 — 252 — 2;-5).
Substituting (34) into (72), we have
N QnS, exp (—Mshz YN Qg F (S, a))
n=1 S+ 30, %i“SF(J @)
B i QnSn eXp (—mh? A F (6, ) 73
ot “]:(6 @)
For the PCS, we have
M 2
— n —mh= Ao F (9,
Pr:ZQ eXp( )\W ( O‘)) (74)
ot i]—‘(é, @)
For the UCS, we have
Pr_ Z Q4L N exp (;th)\u]:((s,oz))
n=1 W T:]:(d a)
_oxXp (— R ) F (6, ) 75)
+ 252 F (6, 0)
REFERENCES

[1] Cisco, “Cisco visual networking index: Global mobile data traffic forecast
update 2016-2021,” White Paper, Feb. 2017.

[2] D. Lopez-Pérez, M. Ding, H. Claussen, and A. H. Jafari, “Towards 1
Gbps/UE in cellular systems: Understanding ultra-dense small cell de-
ployments,” IEEE Commun. Surv. Tut., vol. 17, no. 4, pp. 2078-2101,
Fourthquarter 2015.

[3] X.Lin et al., “The sky is not the limit: LTE for unmanned aerial vehicles,”
IEEE Commun. Mag., vol. 56, no. 4, pp. 204-210, Apr. 2018.

[4] Z. Kaleem and M. H. Rehmani, “Amateur drone monitoring: State-
of-the-art architectures, key enabling technologies, and future research
directions,” IEEE Wireless Commun., vol. 25, no. 2, pp. 150-159,
Apr. 2018.

[5] Q. Wu, Y. Zeng, and R. Zhang, “Joint trajectory and communication
design for multi-UAV enabled wireless networks,” IEEE Trans. Wireless
Commun., vol. 17, no. 3, pp. 2109-2121, Mar. 2018.

[6] Z.Kaleem, N. N. Qadri, T. Q. Duong, and G. K. Karagiannidis, “Energy-
efficient device discovery in D2D cellular networks for public safety
scenario,” I[EEE Syst. J., vol. 13, no. 3, pp. 2716-2719, Sep. 2019.

[7]1 Z. Kaleem et al., “UAV-empowered disaster-resilient edge architecture
for delay-sensitive communication,” IEEE Netw., to be published, doi:
10.1109/MNET.2019.1800431.

[8] M. Z. Anwar, Z. Kaleem, and A. Jamalipour, “Machine learning inspired
sound-based amateur drone detection for public safety applications,” IEEE
Trans. Veh. Technol., vol. 68, no. 3, pp. 2526-2534, Mar. 2019.

[9]1 “RP-170779: Study on enhanced support for aerial vehicles,” 3GPP, Sophia
Antipolis Cedex, France, Mar. 2017.

[10] J. Erman, A. Gerber, M. Hajiaghayi, D. Pei, S. Sen, and O. Spatscheck,
“To cache or not to cache: The 3G case,” IEEE Internet Comput., vol. 15,
no. 2, pp. 27-34, Mar. 2011.

[11] Q.Li, Y. Zhang, A. Pandharipande, X. Ge, and J. Zhang, “D2D-assisted
caching on truncated Zipf distribution,” IEEE Access, vol. 7, pp. 13 411—
13 421, 2019.

[12] D. Malak, M. Al-Shalash, and J. G. Andrews, “Spatially correlated con-
tent caching for device-to-device communications,” IEEE Trans. Wireless
Commun., vol. 17, no. 1, pp. 56-70, Jan. 2018.

[13] K. Li, C. Yang, Z. Chen, and M. Tao, “Optimization and analysis of
probabilistic caching in /N-tier heterogeneous networks,” IEEE Trans.
Wireless Commun., vol. 17, no. 2, pp. 1283-1297, Feb. 2018.

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 12,2021 at 01:49:47 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/MNET.2019.1800431

9176

[14] J.Li, S. Chu, F. Shu, J. Wu, and D. N. K. Jayakody, “Contract-based small-
cell caching for data disseminations in ultra-dense cellular networks,”
IEEE Trans. Mobile Comput., vol. 18, no. 5, pp. 1042-1053, May 2019.

[15] J. Li, Y. Chen, Z. Lin, W. Chen, B. Vucetic, and L. Hanzo, “Distributed

caching for data dissemination in the downlink of heterogeneous net-

works,” IEEE Trans. Commun., vol. 63, no. 10, pp. 3553-3568, Oct. 2015.

K. Poularakis, G. Iosifidis, and L. Tassiulas, “Approximation algorithms

for mobile data caching in small cell networks,” IEEE Trans. Commun.,

vol. 62, no. 10, pp. 3665-3677, Oct. 2014.

[17] J. Li, H. Chen, Y. Chen, Z. Lin, B. Vucetic, and L. Hanzo, “Pricing and
resource allocation via game theory for a small-cell video caching system,”
IEEE J. Sel. Areas Commun., vol. 34, no. 8, pp. 2115-2129, Aug. 2016.

[18] E. Bastug, M. Bennis, and M. Debbah, “Cache-enabled small cell net-
works: Modeling and tradeoffs,” EURASIP J. Wireless Commun. Netw.,
vol. 2015, no. 1, Aug. 2015, Art. no. 41.

[19] M. Chen, M. Mozaffari, W. Saad, C. Yin, M. Debbah, and C. S. Hong,
“Caching in the sky: Proactive deployment of cache-enabled unmanned
aerial vehicles for optimized quality-of-experience,” IEEE J. Sel. Areas
Commun., vol. 35, no. 5, pp. 1046-1061, May 2017.

[20] B. V. D. Bergh, A. Chiumento, and S. Pollin, “LTE in the sky: Trading
off propagation benefits with interference costs for aerial nodes,” IEEE
Commun. Mag., vol. 54, no. 5, pp. 44-50, May 2016.

[21] A. Al-Hourani and K. Gomez, “Modeling cellular-to-UAV path-loss for
suburban environments,” IEEE Wireless Commun. Lett., vol. 7, no. 1,
pp. 82-85, Feb. 2018.

[22] Z. Chang, L. Lei, Z. Zhou, S. Mao, and T. Ristaniemi, “Learn to cache:
Machine learning for network edge caching in the big data era,” IEEE
Wireless Commun., vol. 25, no. 3, pp. 28-35, Jun. 2018.

[23] N.Zhao et al., “Caching UAV assisted secure transmission in hyper-dense

networks based on interference alignment,” IEEE Trans. Commun., vol. 66,

no. 5, pp. 2281-2294, May 2018.

G. Geraci, A. G. Rodriguez, L. G. Giordano, D. Lépez-Pérez, and E.

Bjornson, “Understanding UAV cellular communications: From existing

networks to massive MIMO,” IEEE Access, vol. 6, pp. 67853-67865,

Nov. 2018.

“TR 36.777: Enhanced LTE support for aerial vehicles,” 3GPP, Sophia

Antipolis Cedex, France, Dec. 2017.

[26] J. G. Andrews, F. Baccelli, and R. K. Ganti, “A tractable approach to
coverage and rate in cellular networks,” IEEE Trans. Commun., vol. 59,
no. 11, pp. 3122-3134, Nov. 2011.

[27] H. S. Dhillon, R. K. Ganti, F. Baccelli, and J. G. Andrews, “Modeling and
analysis of K-tier downlink heterogeneous cellular networks,” IEEE J. Sel.
Areas Commun., vol. 30, no. 3, pp. 550-560, Apr. 2012.

[28] B. Blaszczyszyn and A. Giovanidis, “Optimal geographic caching in
cellular networks,” in Proc. IEEE Int. Conf. Commun.,Jun. 2015, pp. 3358—
3363.

[29] Y. Chen, M. Ding, J. Li, Z. Lin, G. Mao, and L. Hanzo, “Probabilistic
small-cell caching: Performance analysis and optimization,” IEEE Trans.
Veh. Technol., vol. 66, no. 5, pp. 4341-4354, May 2017.

[30] Y. Cui and D. Jiang, “Analysis and optimization of caching and multicast-
ing in large-scale cache-enabled heterogeneous wireless networks,” IEEE
Trans. Wireless Commun., vol. 16, no. 1, pp. 250-264, Jan. 2017.

[31] M. Ding, P. Wang, D. Lépez-Pérez, G. Mao, and Z. Lin, “Performance
impact of LoS and NLoS transmissions in dense cellular networks,” IEEE
Trans. Wireless Commun., vol. 15, no. 3, pp. 2365-2380, Mar. 2016.

[32] J. Li, Y. Chen, M. Ding, F. Shu, B. Vucetic, and X. You, “A small-cell
caching system in mobile cellular networks with LoS and NLoS channels,”
IEEE Access, vol. 5, pp. 12961305, 2017.

[33] M. Ding and D. L6épez-Pérez, “Performance impact of base station antenna
heights in dense cellular networks,” IEEE Trans. Wireless Commun.,
vol. 16, no. 12, pp. 8147-8161, Dec. 2017.

[34] I. Ashraf, L. T. W. Ho, and H. Claussen, “Improving energy efficiency of

femtocell base stations via user activity detection,” in Proc. IEEE Wireless

Commun. Netw. Conf., Apr. 2010, pp. 1-5.

“TR 36.828: Further enhancements to LTE time division duplex (TDD)

for downlink-uplink (DL-UL) interference management and traffic adap-

tation,” 3GPP, Sophia Antipolis Cedex, France, Jun. 2012.

[36] M. Ding, D. Lépez-Pérez, G. Mao, and Z. Lin, “Performance impact of idle

mode capability on dense small cell networks,” IEEE Trans. Veh. Technol.,

vol. 66, no. 11, pp. 10 446-10 460, Nov. 2017.

Q. Li, W. Shi, X. Ge, and Z. Niu, “Cooperative edge caching in software-

defined hyper-cellular networks,” IEEE J. Sel. Areas Commun., vol. 35,

no. 11, pp. 2596-2605, Nov. 2017.

[38] M. Ding, D. Lépez-Pérez, G. Mao, and Z. Lin, “Ultra-dense networks: Is
there a limit to spatial spectrum reuse?” in Proc. IEEE Int. Conf. Commun.,
May 2018, pp. 1-6.

[16]

[24]

[25]

[35]

[37]

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 9, SEPTEMBER 2019

Fei Song received the M.S. degree from Xi’an Poly-
technic University, Xi’an, China, in 2017. From
September 2017 to now, she is working toward the
Ph.D. degree with the School of Electronic and Op-
tical Engineering, Nanjing University of Science and
Technology, Nanjing, China. Her research interests
include small-cell caching and network slicing.

Jun Li (M’09-SM’16) received the Ph.D. degree
in electronic engineering from Shanghai Jiao Tong
University, Shanghai, China, in 2009. From January
2009 to June 2009, he worked with the Department
of Research and Innovation, Alcatel Lucent Shanghai
Bell as a Research Scientist. From June 2009 to April
2012, he was a Postdoctoral Fellow with the School
of Electrical Engineering and Telecommunications,
the University of New South Wales, Australia. From
April 2012 to June 2015, he was a Research Fellow
with the School of Electrical Engineering, the Uni-

versity of Sydney, Australia. From June 2015 till now, he is a Professor with the
School of Electronic and Optical Engineering, Nanjing University of Science and
Technology, Nanjing, China. His research interests include network information
theory, channel coding theory, wireless network coding, resource allocations in
cellular networks.

Ming Ding (M’12-SM’17) received the B.S. and
M.S. degrees (with first class Hons.) in electron-
ics engineering from Shanghai Jiao Tong University
(SJTU), Shanghai, China, and the Ph.D. degree in sig-
nal and information processing from SJTU, in 2004,
2007, and 2011, respectively. From April 2007 to
September 2014, he worked with Sharp Laboratories
of China in Shanghai, China as a Researcher/Senior
Researcher/Principal Researcher. He also served as
\ the Algorithm Design Director and Programming Di-

T rector for a system-level simulator of future telecom-
munication networks in Sharp Laboratories of China for more than seven years.
He is currently a Senior Research Scientist with Data61, CSIRO, Sydney, NSW,
Australia. He has authored more than 90 papers in the IEEE journals and
conferences, all in recognized venues, and about 20 3GPP standardization con-
tributions, as well as a Springer book Multi-point Cooperative Communication
Systems: Theory and Applications. Also, he holds 16 US patents and co-invented
another 100+ patents on 4G/5G technologies in CN, JP, EU, etc. He is currently
an Editor for the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS. Be-
sides, he is or has been Guest Editor/Co-Chair/Co-Tutor/TPC member of several
IEEE top-tier journals/conferences, e.g., the IEEE JOURNAL ON SELECTED
AREAS IN COMMUNICATIONS, the [IEEE COMMUNICATIONS MAGAZINE, and the
IEEE Globecom Workshops, etc. He was the Lead Speaker of the industrial
presentation on unmanned aerial vehicles in IEEE Globecom 2017, which was
awarded as the Most Attended Industry Program in the conference. Also, he was
awarded in 2017 as the Exemplary Reviewer for the IEEE TRANSACTIONS ON
WIRELESS COMMUNICATIONS.

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 12,2021 at 01:49:47 UTC from IEEE Xplore. Restrictions apply.



SONG et al.: PROBABILISTIC CACHING FOR SMALL-CELL NETWORKS WITH TERRESTRIAL AND AERIAL USERS

Long Shi (S’ 10-M’13) received the Ph.D. degree in
electrical engineering from the University of New
South Wales, Sydney, NSW, Australia, in 2012. He
was a Visiting Student with the Chinese University
of Hong Kong and University of Delaware in 2010
and 2011, respectively. From 2013 to 2016, he was
a Postdoctoral Fellow with the Institute of Network
Coding, Chinese University of Hong Kong. From
2014 to 2017, he was a Lecturer with the College
of Electronic and Information Engineering, Nanjing
University of Aeronautics and Astronautics. He is
a currently a Postdoctoral Research Fellow with the Singapore University of
Technology and Design. His research interests include wireless caching, wireless
network coding, and channel coding.

Feng Shu (M’09) received the B.S., M.S., and Ph.D.
degrees from Fuyang teaching College, Fuyang,
China, XiDian University, Xian, China, and Southeast
University, Nanjing, China, in 1994, 1997, 2002, re-
spectively. From September 2009 to September 2010,
he was a Visiting Post-doctor with the University of
Texas at Dallas. In October 2005, he joined the School
of Electronic and Optical Engineering, Nanjing Uni-
versity of Science and Technology, Nanjing, China,
where he is currently a Professor and Supervisor of
Ph.D and graduate students. He is also with Fujian
Agriculture and Forestry University and awarded with Mingjian Scholar Chair
Professor and Fujian hundred-talent plan in Fujian Province. His research inter-
ests include wireless networks, wireless location, and array signal processing.
He is currently an Editor for the journal IEEE ACCESS. He has published more
than 200 in archival journals with more than 50 papers on the IEEE Journals and
80 SClI-indexed papers. He holds six Chinese patents.

Meixia Tao (S’00-M’04-SM’10-F’19) received the
B.S. degree in electronic engineering from Fudan
University, Shanghai, China, in 1999, and the Ph.D.
degree in electrical and electronic engineering from
the Hong Kong University of Science and Technol-
ogy, Hong Kong, in 2003. She is currently a Pro-
fessor with the Department of Electronic Engineer-
ing, Shanghai Jiao Tong University, Shanghai, China.
Prior to that, she was a Member of Professional Staff
with the Hong Kong Applied Science and Technology
Research Institute during 2003-2004, and a Teaching
Fellow then an Assistant Professor with the Department of Electrical and
Computer Engineering, National University of Singapore from 2004 to 2007.
Her research interests include wireless caching, edge computing, physical layer
multicasting, and resource allocation.

Dr. Tao was a Member of the Executive Editorial Committee of the IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS. She was on the editorial board
of the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS (2007-2011),
and the IEEE TRANSACTIONS ON COMMUNICATIONS (2012-2018), the IEEE
COMMUNICATIONS LETTERS (2009-2012), and the IEEE WIRELESS COMMU-
NICATIONS LETTERS (2011-2015). She was as Symposium Oversight Chair of
the IEEE ICC 2019, Symposium Co-Chair of the IEEE GLOBECOM 2018,
the TPC Chair of the IEEE/CIC International Conference on Communications
in China (ICCC) 2014, and Symposium Co-Chair of the IEEE ICC 2015. She
is the recipient of the IEEE Marconi Prize Paper Award in 2019, the IEEE
Heinrich Hertz Award for Best Communications Letters in 2013, the IEEE/CIC
ICCC Best Paper Award in 2015, and the International Conference on Wireless
Communications and Signal Processing Best Paper Award in 2012. She was also
the recipient of the IEEE ComSoc Asia-Pacific Outstanding Young Researcher
award in 2009.

9177

Wen Chen (M’03-SM’11) is a tenured Profes-
sor with the Department of Electronic Engineering,
Shanghai Jiao Tong University, Shanghai, China,
where he is also the Director with the Institute for
Signal Processing and Systems. He has authored 97
papers in the IEEE journals and more than 120 papers
in IEEE conferences. His research interests include
multiple access, coded cooperation, green heteroge-
neous networks, and vehicular communications. He
was the recipient of the Ariyama Memorial Research
Award in 1997; and the JSPS Fellowship and PIMS
Fellowship, in 1999 and 2001, respectively. He was the recipient of the Honors
of New Century Excellent Scholar in China in 2006 and the Pujiang Excellent
Scholar in Shanghai in 2007. He was also the recipient of the Best Service
Award of the China Institute of Electronics, Shanghai Master Thesis Supervision
Award, and the Best Paper Award of the Chinese Information Theory Society
in 2013, the best presentation paper awards of the Chinese Information Theory
Society in 2014, the Innovate 5G Competition Award and the IEEE WCSP
Best Paper Award in 2015, the IEEE APCC Keynote Speaker Appreciation
in 2016, the Excellent Ph.D. Thesis Supervision Award of Chinese Institute
of Communications in 2017, the IEEE VTS Chapter-of-the-Year Award and
the IEEE ComSoc Distinguished Lecturer in 2018, the Excellent Researcher
Award of Chinese Institute of Electronics in 2019. He is the Chair of the IEEE
VTS Shanghai Chapter, the Editor for the IEEE TRANSACTIONS ON WIRELESS
COMMUNICATIONS, the IEEE TRANSACTIONS ON COMMUNICATIONS, and the
IEEE ACCESS.

H. Vincent Poor (S’72-M’77-SM’82-F’87) re-
ceived the Ph.D. degree from Princeton University,
Princeton, NJ, USA, in 1977. From 1977 until 1990,
he was on the faculty of the University of Illinois at
Urbana-Champaign. Since 1990, he has been on the
faculty at Princeton, where he is currently the Michael
Henry Strater University Professor of Electrical En-
gineering. During 2006 to 2016, he was as Dean
of Princetons School of Engineering and Applied
Science. He has also held visiting appointments at
several other universities, including most recently at
Berkeley and Cambridge. His research interests include information theory and
signal processing, and their applications in wireless networks, energy systems
and related fields. Among his publications in these areas is the recent book
Multiple Access Techniques for 5G Wireless Networks and Beyond. (Springer,
2019).

Dr. Poor is a Member of the National Academy of Engineering and the
National Academy of Sciences, and is a Foreign Member of the Chinese
Academy of Sciences, the Royal Society, and other national and international
academies. Recent recognition of his work includes the 2017 IEEE Alexander
Graham Bell Medal, the 2019 ASEE Benjamin Garver Lamme Award, a D.Sc.
honoris causa from Syracuse University awarded in 2017, and a D.Eng. honoris
causa from the University of Waterloo awarded in 2019. He is currently serving
as a Distinguished Lecturer for the IEEE Vehicular Technology Society.

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 12,2021 at 01:49:47 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


