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Abstract: Unmanned aerial vehicles (UAVs), featured by the high-mobility and high-quality prop-
agation environment, have shown great potential in wireless communication applications. In this
paper, a novel UAV-aided small-cell content caching network is proposed and analyzed, where joint
transmission (JT) is considered in the dense small-cell networks and mobile UAVs are employed to
shorten the serving distance. The system performance is evaluated in terms of the average cache
hit probability and the ergodic transmission rate. From the analytical results, we find that (i) the
proposed UAV-aided small-cell network shows superior caching performance and, even with a small
density of UAVs the system’s cache hit probability, can be improved significantly; (ii) the content’s
optimal caching probability to maximize the cache hit probability is proportional to the (K + 1)-th
root of its request probability, where K is the number of small-cell base stations that serve each user
by JT; (iii) caching the most popular content in UAVs may lead to a low transmission rate due to the
limited resource offered by the low-density UAVs. Simulation results are presented to validate the
theoretical results and the performance gain achieved by the optimal caching strategy.

Keywords: wireless caching; UAV-aided small-cell networks; joint transmission

1. Introduction

Caching popular content in dense-deployed small-cell base stations (SBSs) was pro-
posed as a promising technology to reduce the transmission latency and relieve the back-
haul congestion in 5G networks. The random caching strategy, which caches one file
with a specific probability, was investigated in dense small-cell networks due to its low
complexity [1]. Meanwhile, coordinated multi-point (CoMP) technologies enable the joint
transmission (JT) of geographically separated BSs to serve a single user cooperatively, which
shows a great potential of mitigating inter-cell interference and increasing the cell-edge
users’ performance, especially in dense small-cell networks [2].

To further improve caching performance and boost the caching utility, some works
explored CoMP-]T to improve the caching performance. The CoMP among nearby SBSs
was adopted in the small-cell caching network [3], and the diversity and multiplexing
gains of caching were investigated. In [4], a combined caching scheme was proposed
in a cluster-centric small-cell network. That is, the most popular content was cached in
every SBS and delivered to users by joint transmission, while the less popular content
was divided into different partitions, cached in multiple SBSs, and delivered by parallel
transmission. Based on this combined caching model, the caching performance in terms of
requesting successful probability and average transmission outage were investigated in [5].

Some works enabled both single transmission (ST) and JT in small-cell caching net-
works. In [6], the long-term-averaged SINR is introduced to identify the cell-core and
cell-edge area. The users located in the cell-core area were served with ST, while the users
in the cell-edge area could be served by JT to improve throughput. Compared with the
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deterministic network model adopted in [6], stochastic geometry was introduced into
the caching analysis of large-scale networks. The homogeneous Poisson point process
was used to model the distribution of SBSs in [7], and a dual-mode caching scheme was
proposed and investigated. That is, the most popular files were stored at each SBS and
served by JT, named cooperative plane, while less popular files were served by ST, named
non-cooperative plane, to achieve spatial caching diversity.

Meanwhile, the advent and development of unmanned aerial vehicles (UAVs) have
attracted plenty of attention in wireless applications, thanks to their mobility and flexible
deployment, low deployment cost, line-of-sight (LoS) propagation of air-to-ground (A2G)
links, etc. [8,9]. UAVs with caching functionality can efficiently ease the front-haul conges-
tions, which was proposed and investigated recently in academia [10]. In [11], UAVs were
utilized as content storage units that could transmit required files to users. Based on the
prediction of user requests and mobility, a multi-objective optimization problem on user
quality of experience and UAVs’ transmission power was analyzed. In [12], multiple-input
multiple-output (MIMO) technology was introduced into UAV networks to enhance the per-
formance of random caching. In [13], the distributed beamforming in CoMP technologies
was considered in UAV-enabled fog-RAN networks, where the average system capacity
and energy efficiency were analyzed. Furthermore, the joint optimization of the UAVs’
distributed beamforming and locations was investigated to maximize the number of users
who experienced a target QoS [14]. In [15], a hybrid caching strategy was investigated in
UAV networks, where the contents in the popular set were multi-casted by geographically
close UAVs and those in the unpopular set were transmitted from a single UAV. Moreover,
a heterogeneous UAV network was considered in [16], where users could download files
from the nearest UAV macro BSs or the UAV SBSs within a given radius.

Furthermore, UAV-mounted base stations were introduced to assist the terrestrial
base stations. In [17], the UAVs were designed to fly at a fixed altitude following a circular
trajectory with a certain radius centered at the ground SBSs to serve cell-edge users, while
the SBSs focused on the cell-center users. The UAVs’ trajectory and user partitioning were
optimized to maximize the minimum throughput of all users. The UAVs were deployed to
offer mmWave access for users who could not be served by macro cells due to blocking
or interfering, where different backhauling modes were investigated [18]. In [19], the
offloading from ground base stations to UAVs was analyzed, where UAVs hover at the
typical location of the cell center in a quasi-static manner as a second layer to serve a
portion of the users. The UAV altitude and its transmission power were optimized due to
the co-channel interference.

Recently, the caching performance of heterogeneous networks consisting of UAV-
mounted base stations and ground base stations was also analyzed. In [20], cache-enabled
UAVs were considered to assist a macro base station with limited backhaul capacity, where
the mobility of UAVs was utilized to enhance the system performance. In [21], UAVs
served the users within a predetermined distance and the user associated with ground
base stations if the requested file could be achieved from UAVs. In [22], UAVs equipped
with storage capacity act complementary to the base stations for offloading traffic from the
cellular network. Under the constraint of the UAV’s limited battery, the UAV placement,
caching, and user association were jointly optimized to maximize the cache hit ratio.
Furthermore, in [23], the cooperation among the UAVs within a cylinder was considered
in such heterogeneous network. In [24], a co-channel deployment of UAVs and SBSs was
considered, and the user was served by a UAV or an SBS based on its maximum received
power. Then, the successful content delivery probability and energy efficiency were derived
based on the association probabilities with UAVs and SBSs.

Considering the ultra-dense small-cell network deployed in 5G and the limited UAV
density due to power limitation and strong LoS interference, in this paper, we aim to
explore an efficient way to utilize the UAVs to enhance the caching performance in small
cells. Hence, a novel UAV-aided small-cell caching network is proposed and analyzed,
where the dense SBSs work as the majority of wireless caching while the UAVs play an
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auxiliary role. Moreover, the JT among SBSs is considered to fully explore the potential
of the ultra-dense small-cell network, and the mobility of UAVs is utilized to improve the
signal transmission. The contributions of this paper are summarized as follows.

®  The cache hit probability is derived, from which a significant enhancement can be
observed compared with the tranditional small-cell networks with ST, contributed
by the good SINR from the JT among SBSs and the good propagation environment
of UAVs. It is notable that a very low density of UAVs could bring a significant
improvement, which makes this scheme more practical.

e The content transmission rate is also derived, where the different resource allocated
to users served by JT and single transmission (ST) is considered. An adjustable
parameter based on SNR is introduced to control the radius of ST, which shows a
tradeoff between cache hit probability and content transmission rate. Moreover, the
optimal caching strategy is investigated in the scenario where each user is served by K
SBSs. The content’s optimal caching probability is obtained through an approximated
closed-form of the cache hit probability, which is proportional to the (K + 1)-th root
of the request probability.

e A high density of UAVs will in fact degrade the cache hit probability, due to the
severe interference caused by UAVs’ good transmission conditions. On the other
hand, considering the limited radio resource used by low-density UAVs, caching the
top popular files may lead to an over-loaded situation.

2. System Model
2.1. Network Model

In the considered heterogeneous wireless caching network consisting of SBSs and
UAVs, as illustrated in Figure 1, the distributions of SBSs, UAVs and users are modeled
as independent homogeneous Poisson Point Processes (HPPPs) in a plane, denoted by ®,
Y and &, respectively. (Aiming at more tractable results and hence valuable insights, the
PPP model is adopted in this work. More delicate stochastic geometry models or realistic
models driven by real-life experiments will be considered as our future work.) Considering
the height disparity between UAVs and terrestrial SBSs or users, we assume that the UAVs
are deployed in a vertical height H, while the vertical height of the SBSs and users are
assumed to be 0.

""" # SBSJT Link

——> SBSST Link

UAV Link

~.
s
S
~

Figure 1. Illustration of UAV-aided small-cell network.

Ap, Ay and Ay denote the densities for the SBSs, UAVs and users, respectively. Due to
the implementation of dense SBSs and the energy constraint of UAVs, UAVs are relatively
sparsely deployed compared with ground SBSs, i.e., Ay < Ap,. Moreover, the transmission
power of SBSs and UAVs are denoted by P, and Py, respectively.

Importantly, it is assumed that SBSs and UAVs are operated on different frequency
spectra avoid the severe interference at SBSs caused by UAVs due to their good propagation
condition [23]. Furthermore, as shown in [24], the co-channel deployment of UAVs and
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SBSs makes almost 90% of users associate with UAVs even if the UAV density is only % of
the SBS density. The allocation of different spectra for UAVs and SBSs can prevent this kind
of load unbalance and fully utilize the resources of high-density ground SBSs. Since the
interference co-ordination schemes such as power control may be a useful tool to mitigate
these problem, it shall be considered in our future work.

The list of system notations and their descriptions have been summarized in Table 1.

Table 1. Summary of notations.

Notation Description

Y, = set of SBSs, UAVs and users

Aps Av, Ay density of SBSs, UAVs and users

H UAV height

Py, P, transmission power of SBSs and UAVs

Xy, Ay path loss exponent of SBSs and UAVs

qf request probability of the f-th file

C?, c}i caching probability of the f-th file in SBSs and UAVs

Dp, ¥y set of SBSs and UAVs caching the f-th file

¢ set of users requesting the f-th file

0 the parameter for adjusting the range of JT

D the UAV flight horizontal distance for hovering

T user’s maximum waiting time

Vv the flying speed of UAVs

K the users within this distance will be served by ST

o the minimum SINR requirement for data decoding

FZ, l"jé received SINR from SBSs and UAVs in Slice- f

24, g; cache hit probability achieved from SBSs and UAVs in Slice- f
N fb, NJZ,’ the number of users in an SBS cell and a UAV cell in Slice- f
By, By available bandwidth in an SBS and a UAV

R?, R;’( the average transmission rate achieved from SBSs and UAVs in Slice- f
14 the average cache hit probability in this network

R the average transmission rate in this network

2.2. Channel Model

The path loss between an SBS and a user with a horizontal distance 7, i.e., an SBS-user
link, is modeled as
L(r) = Apr™™, 1

where Aj;, denotes the path loss at a reference distance and a;, denotes the path loss expo-
nent.

In contrast, considering the vertical height of UAVs, the distance between a UAV and
a user with a horizontal distance r is given as v/r> + H?. Hence, the pass loss function for a
UAV-user link is formulated as

() = Ay (Vi2+ HZ)_%, 2)

where A, and &, represent the corresponding path loss parameters for UAVs. Due to the
high probability of line-of-sight transmission path for UAV-user links, usually, we have
ay <y [25].

The multi-path fading between SBSs or UAVs and users is assumed to be indepen-
dently and identically Rayleigh-distributed. Hence, the fading power is a unit-mean
exponential random variable /#, where we have I ~ exp(1).

2.3. Caching Model

Let us consider a file library consisting of F different files, where the request probability
for the f-th file is denoted by gy, satisfying 0 < q; < 1,Vf € [1,---,F| and 255:1 qr = 1.
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Without loss of generality, we assume that g1 > g» > ... > g and that, at a particular time
instant, a user can only request one file. According to the independent thinning theory,
the distribution of users who request the f-th file in one time instant can be viewed as an
HPPP with the density of g¢A,.

On the other hand, following the probabilistic caching strategy, each file is cached
with a specific caching probability. That is, the f-th file is randomly cached in SBSs and
UAVs with the probability cﬁ} and Cj)[, respectively. Moreover, the maximum number of files
cached in SBSs and UAVs are denoted by N and M, respectively. Similarly, the SBSs and
UAUVs caching the f-th file can be viewed as two independent thinned HPPPs with the
densities c?)tb and cjﬂ/\v, respectively.

Aiming to conveniently analyze the network performance related to the f-th file, we
have the following definition.

Definition of Slice-f: The sets of SBSs and UAVs caching the f-th file, and the users
requesting the f-th file in the network, are defined as Slice-f, which includes the HPPPs
P fr Y ¥ and & s with the densities C?/\b, cjﬁ)&v and g f)tu, respectively.

3. The Proposed Service Scheme

As mentioned before, a UAV-aided small-cell caching scheme is adopted in this work.
Firstly, in this network, the SBSs act as the major caching servers for content delivery due to
their dense deployment, sufficient power supply, stable backhaul capacity and convenient
cache update. Secondly, BS-enabled UAVs work as assistants of SBSs in content caching
and serving. The main reason for this design is that a dense deployment of BS-enabled
UAVs leads to a poor downlink performance due to the severe interference caused by
UAVs’ good propagation environment [26]. Considering the limited resource provided by
such low-density UAVs, UAVs play an auxiliary role in content serving. Only when a user
cannot obtain its requested file from SBSs do they turn to UAVs for help.

3.1. SBS Joint Transmission Scheme

We consider the JT among SBSs aiming at fully exploring the potential of dense-
deployed SBSs. The JT scheme leads to a larger received signal but is quit demanding in
implementation. For the JT strategy, both channel state information and user data should
be shared by all cooperating BSs, and thus each user receives data from multiple BSs, which
requires a tight synchronization among the involved BSs. In practice, cooperating SBSs are
connected through imperfect backhaul links with finite capacity, unpredictable latency, and
limited connectivity. These limitations mean that if a cooperating SBS fails to achieve tight
synchronization with the other cooperative BSs or fails to obtain both the transmission data
and the CSI in time, then it has to quit the JT operations. Thus, an adjustable parameter p
is introduced to determine whether a user is served by JT. That is, only when the user’s
received SNR from its nearest SBS caching the requested file is less than a predetermined
threshold, p will the user will be served in the JT way. That is,

K =1, ifSNR(r1) > p,
K>1, otherwise,

user associates K SBS(s) : { 3)

where rq is the distance between the user and its nearest SBS caching that requested file.

3.2. UAV Serving Scheme

The mobility of UAVs is utilized to improve the caching performance. That is, the
UAYV will fly towards the user to shorten the serving distance and hence improve the
wireless signal [20,27]. It is assumed that UAVs are flying at the same height to follow
the government guide and to avoid a potential collision. Furthermore, hence, the drone
collision issue can be addressed within the cellular infrastructure, which does not require
coordination among UAVs from different business sectors, such as BS-enabled UAVs,
delivery UAVs, traffic surveillance UAVs, etc. A horizontal distance D is chosen to decide
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whether the UAV needs to fly. In more detail, if the horizontal distance between the UAV
and its serving user is larger than D, then UAV would fly towards the user. Otherwise, it
will hover at its current position.

Moreover, a maximum time for user waiting, T, is set to restrict the maximum flying
time of UAVs. To save users’ waiting time, it is assumed that UAVs will fly with a high
speed; hence, the power consumption in the flying model will be larger than that in the
hovering model. Hence, to save energy and waiting time, when the transmission distance
is reduced to D, the UAV will stop moving and switch to hovering. Note that the trade-off
between the UAV energy consumption and the achieved average transmission rate can be
adjusted by the value of D. The optimal value of D is also an important performance factor
of UAV caching networks, which is one of our future research directions. Note that, we
assume that the UAV will not transmit files during flying to avoid instability.

r denotes the horizontal distance between the serving UAV and the user, and V the
UAV flying speed. Based on the above flying scheme, there are three outcomes of the
horizontal serving distance, ’, as illustrated in Figure 2:

e r > VT + D: After the flying with the maximum time T, the horizontal distance
between the UAV and the user is 7’ = r — VT, which is still larger than D.

e D <r < VT + D: Within the time T, the UAV reaches the predetermined distance D.
Hence, ¥’ = D.

e 1 < D: Since the horizontal distance is less than D, the UAV directly transmits data to
the user without extra flying. Hence, v’ = r.

(1) V4D (2) D<r<VT+D (3) r<D

Figure 2. Three cases of UAV’s flight chart.

In Sections 4 and 5, we analyze the caching performance from SBSs and UAVs. Without
loss of generality, the caching performance in Slice-f is derived with the assumption that a
typical user in Slice-f is located at the origin.

4. Analysis on Cached Small-Cells with Joint Transmissions
4.1. SINR from K SBSs with JT Scheme

According to the user association criterion in Equation (3) and the path loss in
Pb Ab 7’; b
o2
c? denotes the Gaussian noise power. (According to [28], the average received signal is
used to determine the association between users and SBSs. Hence, the small-scale fading is
averaged in the SNR for association.) Hence, given p, this association criterion implies that

Equation (2), the SNR from the nearest SBS in slice-f can be formulated as where

1
users within the disk of « are served by ST, i.e., r; < x, where x = (%ﬁb) o
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When the typical user is locates outside this disk, it is served by the JT of K nearest
SBSs, and its received SINR can be formulated as follows.

Sy Yhey PyApry “thy

T (y) = -
s Iy + 0? Ipy + Ipp + 0
. ZkK 1 PbAbT]:“bhk (4)
L PyApllyil| ™ hy, + Z PbAh| il hy, +o?’
y,e(bf\x y,e

where the received signal power Sy, is the sum of the received signal power coming from
the K serving SBSs, x. The aggregated interference comes from two parts: (i) the SBSs in the
same slice but not the serving ones, & f\x, i.e., the SBSs caching the target file but further
than the K-th nearest SBS, and (ii) the SBSs belonging to other slices, ®\®. r denotes the
distance from the K serving SBSs; thatis, r = {r,..., 7, ..., 7k}, where 1 <k < K, denotes
the vector of serving distance. Due to the HPPP of @, the joint probability density function
(PDF) of r can be formulated as

K
f}’(r)éf(rl, . rK)zexp(— ncil)\hr%)(Zrchb;Ab) KH k- (5)
k=1

4.2. Cache Hit Probability Achieved from Cached SBSs

Cache hit probability is a commonly used performance metric in caching networks,
which measures the probability that the users can successfully download their requested
content from pre-cached BSs. In wireless works, the event of cache hit can be evaluated
by the event that the received SINR from the cached SBS is larger than a decoding thresh-
old [29]. Hence, the cache hit probability that the typical user in Slice-f achieves from SBSs
can be formulated as

b2 Pr [rj’c > 5}

@ /OK Pr [ch(1’1) > (5} f}’(m)dn—}— ©
/xoo ~/72<~~<7K Pr [F?(r) > 5} f?(r)]ﬁdrk’

where § denotes the minimum SINR requirement for data decoding and (a) considers the
JT scheme mentioned in Section 3.1.

In the above equation, given the serving-distance vector, r, the probability Pr {F? (r) > 5}
can be derived as:

Pr[r?(r) > 5} - Pr[lb ih(ﬂ > 5]

Sb 172 .
(@) [ PA, 1 +joo
i/o by 1 , EIM (z) L1, (z) exp(—zx)dzdx %

_/+]001 exp —*Sb)eXP<PbA;,)

2z Ly, (z)L1,(z)dz,
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where (a) uses the characteristic function [30] and £;(-) denotes the Laplace transform of
I. Moreover, the three components are given by

exp(—=Sp) = HEhk {exp( = “b)}
k=1
© ®)
_glJr%r;“b
— —&p
‘clbl(z)_Ehy’-,yi eXp(_Z Z hy,”%“ )‘|
yi€®s\x
Zflxb
oo [ 7met 1 ZK 25,2z 9
exp< 27c Ay o 21%(1,1 “b,z T )) )
Zexp (—27'ccjbf/\bri -A <ib, (xb> > ,
Tk
L = h 7%
12 (2) =By fexp (=2 5y llyl| ™)
yje<1>\<1>f
2
e[ am o Fp(2 2 (10)
_exp< 27(1 cf))tb och<ocb'1 “b))

£ exp(—27f(1 - ci’;))LbC(z, txb)).
Here, ,F; () denotes the hypergeometric function, B(-) represents the beta function [31],
2

and A(x,y) £ 2501 (1,1 - 2,2 - 2, —x),Cx,y) £ 5 B(2,1 - 2).

4.3. Transmission Rate Achieved from Cached SBSs

Apparently, the achievable transmission rate highly depends on the allocated time-
frequency resource. Due to the JT scheme introduced before, users in the network can be
divided into two groups: the users served by JT and the users served by ST. Compared
with the users served by ST, who only occupy the time-frequency resource on one SBS, the
users served by JT occupy the resource on all the K serving SBSs.

Assuming that an SBS equally allocates its resources to the associated users , JT and
ST ones, the resource allocated for one JT user from the K SBSs could serve K ST users.
Hence, an equivalent user density is introduced to approximately calculate the density of
resource-sharing “users” in the network, that is,

Pr[AJAy, + KPr[A]A,, (11)
where event A denotes a user is served by ST, while A denotes a user is served by JT.

4.3.1. Average Number of Users Associated with an SBS

For the typical user in Slice-f, the probability that it is served by ST, event A £, can be
calculated by the probability that its SNR is larger than p, which means r; < «. That is,

PyAp

Pr{Af} = /0< ’Wz) b f}’(rl)drl

2
=1—exp (—ncﬁ’f)\b (lzi(ib) %).

(12)
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Hence, the equivalent user density in Slice-f is given by:
Pr[.Af]qu)\u + KPr[Tf]quu. (13)

N }’ denotes the number of users associated with an SBS in Slice-f, according to [32],

we have that NJZZ approximately follows a Negative Binomial distribution, that is,

oy (Pr[Af] + KPr[,an]) ) "

Nfb ~NB| Q, —
9 (Pr[Af] + KPr[Af]) +cha,

4.3.2. Transmission Rate from SBSs

By, denotes the available spectrum resource in an SBS, and the bandwidth allocated
for a user served by ST in Slice-f equals to 2% For JT, which requires the same spectrum
f

allocated to the user in all the K SBSs, the bandwidth allocated to a JT user depends on the
user number in the cooperative K SBSs. For tractable results, we use the average number
of users to approximate the user number in each SBS, and hence, the bandwidth allocated

. KB
to a user served by JT is 5.

Considering the JT scheme with the adjustable parameter p, two cases need to be
investigated: (i) the typical user in Slice-f is served by ST, i.e., located inside the disk of x,
and (i) the typical user is served by JT of K SBSs. Hence, we can formulate the average
transmission rate of the typical user in Slice-f as

By,
INT]
Ng

+E[Ij\b’b} [, Efloga (1 hm) | par

b _
R; =E

/OK E[log, (1 -+ T4(r)) | f2(r1)dn
(15)

where E [log2 (1 + ij()} can be derived as:

Elog, (1 + r?)} = [Tlogy(1+ ) (1)t
oo Pr
_/ 1+’y YIn2

(16)
dv +log, (1 + ) Pr [T > 6],

where ¢ is the minimum SINR requirement for data decoding, and Pr[FJb( > ] is computed
by (7).

5. Analysis on Cached UAVs
5.1. SINR from UAV

Given the horizontal serving distance, 1/, the received SINR of the typical user in
Slice- f served by a UAV can be formulated as

So  PyAy(r?+H?) Th

I‘U
F o L4+02 Iyt In+0?
PoAy (r’2 +H?)"%h (17)
EPvAz(HyzHZJer) y+ZPvAz(Hy] 2+H2) T, +¢72
%G‘Yf\x ]/] \‘Ff

where the received signal power S; comes from the nearest UAV in Slice-f. The aggregate
interference consists of two parts similar to [ in Equation (4). In the above derivation, it is
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assumed that the distribution of UAVs’ locations with movement can be approximated as a
PPP according to Monte-Carlo simulations.

5.2. Cache Hit Probability Achieved Using Cached UAV's
Lemma 1. Given the horizontal distance between the serving UAV and the user, v, and its

corresponding horizontal serving distance, v', the probability Pr {Fji (r',r) > 5] can be calculated as

o B (" + HY) P 60?
Pr[l"f(r,r) > (5} —exp< AP
) ) WZ*_kﬂ E%

- exp (27TC7:)L(; (T + H )A (5(1’2~|»I—12) , Xy (18)

” 2. 4
- exp (—271(1 — c}))thz-A <(5(r;;2H) 2,047)) >

Then, considering the three cases of horizontal serving distance mentioned in Section 3.2,
we can formulate the cache hit probability achieved using a cached UAV in Slice-f as

g3 2 Pr[r9>0] = / %I{Fj’[(r, r) > 51f}’(r)dr

VT+D
+/ Pr rf (D,r) > 5% (19)
+) P [r3(r = v, > 5] F(r)dr

where the PDF f7(r) = exp (— ncj’()\vrz) 27 Aot

5.3. Transmission Rate Achieved Using Cached UAV

According to the designed file-download scheme, only when a user fails to get the
requested file from SBSs will they turn to UAVs for file download. Hence, in Slice-f, the
density of UAVs is Cji)\z,, and the density of users served by UAVs is given by (1 — ¢ ?)q A
The number of users associated with one UAV in Slice-f, NY, is given as

(1—¢H)aru
(1= CH)apru+chro )

Nf ~ NB <Q, (20)

Under the assumption of equal resource allocation among users, considering the three
cases of UAV transmission in Figure 2, the average transmission rate of the typical user in
Slice-f achieved from the UAV can be formulated as

By

RY=F =2
f
Nf

/OD E {log2 (1 + Fjﬁ(r,r))}f}’(r)dr

/[;D+‘]/P:T[1°g2 (1 +T7(D,r ))}f}’(f)dr 1)

By
0
N¢
By
(Y
N¢

+E

+E

| Ellog, (1+ T3 = vT,0) | 7(r)dr

where B, denotes the avallable spectrum resource in one UAV, and the bandwidth allocated
for each user is given as 1% f . Furthermore, N}’ distribution is given in Equation (20). The

following calculating steps are similar to SBSs referred to Equation (16), which are omitted
here for brevity.
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6. Performance of UAV-Aided Small-Cell Caching Networks and Optimization

In the above sections, we derive the cache hit probability and the transmission rate
achieved from cache-enabled SBSs and UAVs separately. In this section, we formulate the
overall performance of this UAV-aided small-cell caching network. Moreover, the optimal
caching schemes in SBSs and UAVs are discussed. Due to the complexity of the formulation,
two special cases are studied.

6.1. Caching Performance Achieved
6.1.1. Average Cache Hit Probability

As mentioned in Section 3, the SBSs act as the major caching servers for content
delivery, where a user will turn to UAVs for requested content only when it cannot obtain
the content from SBSs.

Based on the results of the cache hit probability achieved by SBSs and UAVs in Slice-f,
ie., gj; in Equation (6) and Q}ZZ in Equation (19), and the content download scheme, the
average cache hit probability of the proposed UAV-aided small-cell caching system, , is
given by:

¢ —fiqu- ¢+ (1-¢)ey]. (22)

6.1.2. Ergodic Transmission Rate

Moreover, the ergodic transmission rate that a user can achieve when downloading
the requested content is written as

R= Z qs - [nger (1 —Cf)Rf} (23)

where Ri’[ and R; have been derived in Equations (15) and (21).

6.2. Discussion on Optimal Caching Strategy

To maximize the utility of content caching, in the following, we investigate the optimal
caching probability of each file to maximize the cache hit probability [33]. Furthermore,
considering the requirement of content delivery, such as video streaming, the transmission
rate needs to satisfy a minimum requirement. Hence, we have the following optimization
problem.

maximize { (24a)
(cheh)
st 0<cp <1, 0<cp <1 (24b)
F b F
Y ¢;=N, Y =M (24¢)
f=1 f=1
R? > Ruin, Rj)f > Ruin; (24d)

where Constraint (24b) guarantees that the caching probability for each file is in the feasible
region of [0, 1]; Constraint (24c) considers the maximum storage of SBSs and UAVs, i.e.,
SBSs can cache at most N files and UAVs can cache at most M files; and Constraint (24d)
represents the minimum requirement of transmission rate, denoted by Ryin.

The optimal caching strategy consists of the file caching PMF in SBSs and in UAVSs,

b(opt)

Le., cy and C?(OP Y. Since a user will try to get their request file from SBSs first and turn

to UAVs only when such action fails, we discuss this optimal caching strategy separately
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b(opt)

in two parts: (i) Cr

C;(Op " to maximize the average cache hit probability of UAVs, 7.

to maximize the average cache hit probability of SBSs, ¢, and (ii)

6.2.1. Optimal Caching Strategy in SBSs

Firstly, we focus on the objective of maximizing the cache hit probability from SBSs,
ie, ¢t = 2)1’;:1 qu? Due to the complexity of the formulation th} in Equation (6), the
optimization problem is extremely challenging.

To obtain the close-form expression {?, we consider a special case, where each user in
the network is served by JT of K SBSs, i.e., p = o0, and the interference-limited network
with the noise 02 = 0. Moreover, the K times of the signal from the K-th nearest SBS is
adopted to approximate the lower bound of the signal strength.

Lemma 2. Given p = oo and ¢ = 0, the lower bound of the cache hit probability, évb, can be
approximated as

K

~
f

where C(£6,a3) = %(%5) % B(£,1- %),

Proof of Lemma 2. Consider the interference-limited network, i.e., 0> = 0, the SIR is
approximated by the K times of the signal from the K-th nearest SBS, which can be formu-
lated as

It o KPy Apry "t hy

U

_ KPbAbTIzlxth (26)
T PoApllyill izt . PyAy|lyjl |~ hy,

yzeq)f\{x} Yi ‘b\q:'f

Hence, we have

H di"k
k=1

KP,Apryh K
| e T
<. <r Iy1 + Iy -

I 1 4 27
:/()/y2<_“<rflb] |:—K7Kb5:|£1b2 l:—Ker(5:| (27)

exp (—ncjb()\hr%() (27‘[C]b()tb> Krl...rKdrK...rl,

where L, [f %r? 5} and Ly, [f %r? 5} have been derived in Equations (9) and (10) with

_ _1.%
z=—grgd. O

Then we can have the following optimization problem:

maxibmize évb, (28a)
i

st. 0< cf[ <1, (28b)
Y. =N (28¢)
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Due to the high density of SBSs in current and future cellular networks and the
sufficient spectrum resource provided, we assume that once the received SINR is larger than
the threshold J, the transmission rate can meet the requirement. Hence, the constraint about
transmission rate is neglected in the above optimization problem. For this optimization
problem, we have the following theorem.

Theorem 1. The optimal caching strategy, cf[(op t), to maximize b can be solved by convex opti-
mization theory, which is given as

K+1/9f _ 1
Cb(OPt) — min |' ¢ 2C(K5' (Xb) ‘|+ 1 (29)
f 2A(%6,a3) —2C(%6,0) +1 " [

where i
Zf::l K+1 qf
(F* — N)C(%6,ap) +2NA(%0,a) + N’

- =3 (30)

and F*,1 < F* < F satisfies the constraint that ci’( >0, Vf.

From the above optimal result, we can see that in the scenario of JT with K SBSs, a file’s
optimal caching probability is proportional to the (K + 1)-th root of its request probability.
Hence, a more popular file will have a larger caching probability; however, this disparity
in caching probabilities is mitigated by the increasing number of SBSs cooperated in a JT
scheme. This is because of the fact that the increase of signal power in JT enhances the
received SINR and hence the cache hit probability—in such cases, the profit of caching the
most popular files to enhance the average cache hit probability—will be less.

6.2.2. Optimal Caching Strategy in UAVs

Different from the dense SBSs, UAVs have a much smaller deployment density. Con-
sidering their large coverage and limited spectrum resource, the file transmission rate in
Constraint (24d) cannot be neglected in the UAV caching scheme. In other words, the
caching scheme should ensure the UAVs are not overloaded with the wireless traffic.

For tractable results, we consider a special case where T = 0 and H = 0. (The
performance impact of the UAVs height is very limited in the scenarios with the typical
flight height H € [30 m, 60 m] and the typical UAV density A, € [1/km?,10/km?]. Figure 3
illustrates UAV average cache hit probability {” versus flight height H in different A,, which
confirms (? is not sensitive to H.) Similar to the derivation steps in Proof of Lemma 2, we
have the following optimization problem:

> LA @1a)
max . 3la
¢ 3 ZC?A(é, ap) +2(1— C?)C((S, ay) + cji
st. 0< c;’c <1, (31b)
F
Y =M, (31c)
f=1

RY > Ripin. (31d)
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Theorem 2. The optimal caching strategy in UAVs, C;(OP t), to maximize the UAV’s cache hit

probability, is given as

opt) \/?f— 2C(6, ap)
v(opt i 1+
Ly mi [ZA(é,“U)—ZC(é,DCy)+1I , 15 f€[G...F], (32)
where .
V= ~r-c VIf 3)
2(FF—=M—-G+1)C(6,a) + 2MA(S,ap) + M’

By logz(l+6)c}’/\v} G<F <F
) o T

and G = min{f : g5 < "R (-0

0.5 -
—— H=30m, /\V:I/km
0.45 f\ H=60m, A =1/km’
\ W

~ AN - - H= — 2
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Figure 3. UAV average cache hit probability with different flight height H.

Compared with the optimal caching probability in SBSs, we can see that the most
popular files may be excluded in UAVs, because a large number of requesting users may
lead to very limited resources for each user, and hence a small transmission rate, which is a
requirement that is hard to meet.

7. Simulation Results

In this section, we present the numerical results obtained by the analysis and the
corresponding Monte-Carlo simulation results for various scenarios. In the Monte-Carlo
simulation, the performance is averaged over 2000 network deployments in an area of
3.5 x 3.5 km?. Moreover, the densities of users, deployed SBSs and UAVs, are 500/ kmz,
80/km? and 4/km?, respectively. The pass loss exponents for non-line-of-sight transmis-
sion dominated SBSs and line-of-sight transmission dominated UAVs are set to a;, = 4
and a, = 2.9, respectively. The SINR threshold is set to 0 dB. The adjustable parameter for
JT scheme p based on SNR is chosen as 24 dB [34]. The predetermined serving distance
threshold of UAV D and the UAV flying speed V are set to 250 m and 30 m/s, respectively,
considering the maximum waiting time of user T as 2 s. Hence, the maximum flight
distance can be computed as V - T = 60 m. For simplicity, we consider the scenario of JT
with K = 2 SBSs, and we focus on the spectrum efficiency of SBSs and UAVs, neglecting
their bandwidth.
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We consider the caching probability of the {-th file equals to its request probability, i.e.,
1

cf = gy, where q¢ follows the Zipf distribution, i.e, g5 = ):Ef%, where B is the skewing

i=1 B
factor and set to 1 in the simulations. We consider a file library consisting of 100 different
files, and the maximum storage in SBSs and UAVs is N = 20 and M = 10, respectively.

7.1. Performance Improvement of UAV-aided

In Figure 4, we plot the caching performance, in terms of the average cache hit
probability, with different caching schemes: (1) small-cell caching with ST scheme, (2)
small-cell caching with JT scheme, (3) UAV-aided small-cell caching with ST scheme and
(4) UAV-aided small-cell caching with JT scheme. Firstly, it can be seen that the numerical
results closely match the simulation results for all schemes, which validates the accuracy
of our theoretical result. Secondly, the JT scheme among SBSs outperforms the ST one,
which is not surprising. When p = 24 dB, the performance gain of the average cache hit
probability of SBS, ¥, reaches 30%-50% with different SINR thresholds. More importantly,
the assisted UAVs with an extremely low density, less than one-tenth of SBS density, bring a
notable performance improvement. Based on the ST scheme, UAVs bring almost more than
40% gain in terms of cache hit probability and based on the JT scheme, the performance
gain still approaches 20%.

1

Sim. SBS JT w.UAV

09 Num. SBS JT w.UAV

: X Sim. SBS ST w.UAV

- - Num. SBS ST w.UAV
208 O Sim. SBS JT
=R - - Num. SBSJT
07T~ A Sim.SBS ST
-g g \x = = Num. SBS ST
E06F T 3. 1
= R 3N
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:05[§ . R p
2 T kbl Fpgug
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o ~AL %18
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203 ¢ TA LA 1
S TTA--A-lp
g --A
< 02 ]
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Figure 4. Comparison of cache hit probability of SBS ST scheme, SBS JT scheme and UAV assisted
SBS JT scheme.

7.2. Performance of SBS Caching with T Scheme

Figure 5 plots the average cache hit probability of SBSs, (¥, versus different adjustable
parameters of the JT strategy, p. Meanwhile, different SBS densities A, and Zipf exponents
B for file request distribution are also investigated. From the figure, we can see that:

e The average cache hit probability {¥ increases with the growth of p in all the scenarios.
As p increases, more users will be served by JT, which results in a stronger received
signal power and hence an enhancement of caching performance, ¢’.

¢ Interestingly, from the figure, increasing the density of SBSs does not bring any perfor-
mance improvement but degrades the cache hit probability in many scenarios, which
is counterintuitive. The reason behind this phenomenon lies in the ST range deter-
mined by the adjustable parameter p. As the SBS density A;, grows, the probability
of users located inside the range x and using ST increase, as shown in Equation (12).
Hence, from the perspective of the cache hit probability, the lower averaged SINR
performance due to fewer users served by JT leads to the degradation of .
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SBS Average Cache Hit Probability (b

Moreover, we can see that the impacts of the adjustable parameter p and the SBS
density A, are more obvious with a larger Zipf exponent. As we have known, a
larger exponent means a more unevenly distributed file request probability. With the
default caching strategy, ¢y = q¢, the more uneven one yields a more skewed cache hit
probability due to the larger weight of several popular files. On the other hand, this
disparity of weights will enlarge the performance impact brought by other factors.
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0 ‘ ‘ ‘ ‘
10 15 20 25 30 35 40

Adjustable Parameter p (dB)

Figure 5. Cache hit probability of SBSs vs. the adjustable parameter for JT.

As mentioned in previous paragraphs, the increase in SBS density does not lead to

improvement of the cache hit probability, due to the fewer JT operations controlled by the
adjustable parameter p. In Figure 6, we tend to show the caching benefits obtained by the
network densification; specifically, there is a trade-off in the JT scheme.

Firstly, from the figure, we can see that although the average cache hit probability
decreases as the SBS density A, grows, the average transmission rate increases with
the increase in A;. The main reason lies in the more spectrum resources per area,
although the SINR performance of users not served by JT degrades due to the growth
of aggregate interference. The fewer users served by one SBS, the more bandwidth
offered for each user.

Secondly, both the cache hit probability and the transmission rate with the adjustable
parameter p = 30 dB are better than that with p = 24 dB. With a smaller ST range set
by 30 dB, more users can enjoy the JT operation, which results in the improvement of
SINR. Note that the more users served by JT, the more cost in backhaul and signaling
due to the operation complexity of JT.

Thirdly, to balance the performance of the user’s cache hit probability and transmission
rate achieved, the density of SBSs has to be carefully chosen. If the SBS density is
extremely high, a careful adjustment of p is another way to avoid the decline of the
cache hit probability.
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Figure 6. Averaged cache hit probability and transmission rate of SBSs.

Figure 7 aims to show the performance impact of the adjustable parameter p on the

average transmission rate of SBSs, RY, in different scenarios with different user densities.
From Figure 6, one might think that a larger p always leads to a larger probability of JT
and hence a larger transmission rate. From Figure 7, we will find that such a conclusion is
conditional. In more detail,

Generally speaking, all the curves share a similar trend: the increase in R” comes after
a slight decrease regime. As p grows, the ST range x declines. In this process, the users
located at the cell edge are served by JT at the beginning, then the users at a medium
distance, and last, the users near the cell center join in as well. Note that the users
served by JT will receive more spectrum resources than ST users. Compared with cell-
center users, the cell-edge users have worse SINR performance due to long-serving
distance. Therefore, the more spectrum resource of the network allocated to these
poor-SINR users, the worse overall rate of the network, although the performance
of these users is enhanced and the fairness is improved. This is the reason for the
decreasing regime of average transmission rate.

More importantly, we can see from the figure that the enhancement of the average
transmission rate brought by the growth of adjustable parameter p is not notable,
especially in the scenarios with low user density or SBS density. However, it should
be noted that the growth of p leads to more users served by a JT scheme with a higher
operational expense.

A larger user density leads to a smaller piece of resource allocated to each user, and
results in a lower average transmission rate for the typical user. Meanwhile, a larger
SBS density means more spectrum resources per area A,B can be used, and hence a
better performance of the network.
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Figure 7. Average transmission rate of SBSs with different user densities vs. the adjustable parameter p.

7.3. Performance Analysis of UAV Caching

Figure 8 plots the average cache hit probability of UAVs, ¢, versus different UAVs

densities Ay, and also shows the performance impact of UAVs’ the predetermined serving
distance threshold D and the maximum flight distance V.

Firstly, with the increase in the UAVs’ density, the average cache hit probability {°
generally decreases. The reason is the good propagation environment of UAVs. That
is, when the UAVs become denser, the aggregated interference grows even faster
than the signal power due to the slowly decaying interference caused by the good
propagation environment. Similar results have also been reported in [26].

Secondly, from the figure, it can be observed that the smaller value of D, the better
cache hit probability. Apparently, it contributes to a shorter average transmission
distance, which enhances the received signal power and hence the caching hit proba-
bility.

Thirdly, a larger maximum flight distance of UAVs, VT, yields a better caching
performance of UAVs. However, it is notable that the increase of this value means a
longer waiting time for users.

Figure 9 plots the average transmission rate when downloading files from UAVs, R?,

versus UAVs densities with different caching schemes: (1) the baseline caching PMF i.e.,
cf = qy; all caching (2) the most popular file; (3) the second popular one and (4) the third
popular one. From the figure, we can see that

In contrast to the average cache hit probability, the average transmission rate benefits
from the increasing UAV density. The denser the UAVs deployed, the more radio
resources offered. Furthermore, a higher transmission rate can hence be achieved,
similar to the conclusions for small-cells.

The baseline caching PMF has the worst rate performance compared with the strategies
choosing popular files. Obviously, this tells us that the caching strategy should be
optimized in order to achieve a good performance.

Most importantly, from the figure, comparing the transmission rate achieved by
caching the most popular file, the second popular file and the third popular file, we
found that caching the most popular file performs worst, whose average transmission
rate is much smaller than the other two. The reason behind this is that the low-density
UAVs offer very limited radio resources, and hence it is hard to support many users.
Note that a more popular file attracts more users.

According to the previous analysis, UAVs caching the most popular files will greatly
improve the cache hit probability, but from this figure, the transmission rate will
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degrade severely. Therefore, the cache scheme of UAVs should be carefully chosen in
order to provide a sufficient transmission rate to users. Caching the most popular one

might not be a good choice, especially for the low-density UAVs.
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Figure 8. Average cache hit probability vs. UAV density for UAV with different the predetermined
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Figure 9. Average transmission rate vs. UAV density for UAV with different the predetermined

serving distance threshold or the maximum flight distance.

7.4. Caching Performance with Optimized Caching Strategies

In Figure 10, we compare the average cache hit probability, {, achieved by our pro-
posed strategy with other two different strategies: (1) the linear caching probability ¢y = gy
and (2) the hybrid caching strategies proposed in [24]. From the figure, we can observe that:

*  Compared with the other two caching strategies, our proposed optimal caching strate-
gies for SBSs and UAVs can improve the average cache hit probability. Furthermore,
this improvement is more obvious in the scenarios where a larger SINR threshold is

required.

e In the medium-SINR region, the performance gains in SBSs, ¥, achieved by the
proposed optimal caching PMF, i.e., Equation (29), is near 20% and 10% compared to
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References

the linear caching strategy and the strategy in [24], respectively. The gains on the UAV
part, (%, achieved by Equation (32), is around 30% and 20% compared to the linear
caching strategy and the strategy in [24], respectively. As a result, the overall gain
in terms of { approaches 25% and 8%, compared with the two benchmark caching
strategies.

e In the high-SINR region, the performance gains of {¥ achieved by the proposed
optimal caching PMF, i.e., Equation (29), is near 25% and 11% compared to the linear
caching strategy and the strategy in [24], respectively. The gains of {°, achieved by
Equation (32), is approximately equal to the medium SNR region. As a result, the
overall gain in terms of { approaches 30% and 10%, compared with the two benchmark
caching strategies.
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Figure 10. Comparison of average cache hit probability of two caching strategies.

8. Conclusions

In this paper, the caching performance in a UAV-aided small-cell network is analyzed
in terms of the cache hit probability and transmission rate. The JT scheme is considered
for the high-dense small-cell networks, and the mobility of UAVs is exploited too. A
great improvement of caching performance can be observed compared to the traditional
terrestrial small-cell networks with ST. The optimal caching scheme works very well in the
JT scenarios with the aim of maximizing the cache hit probability. While considering the
requirement of transmission rate and low density of UAVs, caching sub-popular files is a
better choice.
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