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Outage Performance of 3D Mobile UAV Caching

for Hybrid Satellite-Terrestrial Networks
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Abstract

In this paper, we consider a hybrid satellite-terrestrial network (HSTN) where a multiantenna satellite
communicates with a ground user equipment (UE) with the help of multiple cache-enabled amplify-
and-forward (AF) three-dimensional (3D) mobile unmanned aerial vehicle (UAV) relays. Herein, we
employ the two fundamental most popular content (MPC) and uniform content (UC) caching schemes
for two types of mobile UAV relays, namely fully 3D and fixed height. Taking into account the
multiantenna satellite links and the random 3D distances between UAV relays and UE, we analyze
the outage probability (OP) of considered system with MPC and UC caching schemes. We further carry
out the corresponding asymptotic OP analysis to present the insights on achievable performance gains of
two schemes for both types of 3D mobile UAV relaying. Specifically, we show the following: (a) MPC
caching dominates the UC and no caching schemes; (b) fully 3D mobile UAV relaying outperforms its

fixed height counterpart. We finally corroborate the theoretic analysis by simulations.

Index Terms

satellite communications, unmanned aerial vehicle (UAV), mobile relaying, wireless caching, outage

probability.

I. INTRODUCTION

Hybrid satellite-terrestrial networks (HSTNs) with integrated terrestrial cooperative commu-
nications can effectively mitigate the impact of deleterious masking effect in satellite links and

thus, are among the promising candidates for next-generation wireless systems [1]], [2]. As a
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result, a handful of works have investigated the performance of general HSTNs by incorporating
the fundamental amplify-and-forward (AF)/decode-and-forward (DF) relaying techniques [J3]]-[6]].
Also, some works have recently investigated the performance of cognitive HSTNs [[7], [8]]. In
majority of these HSTNs, the satellite and terrestrial link channels are modeled as Shadowed-
Rician (SR) and Nakagami-m distributed. Despite of substantial efforts made towards improving
the performance of HSTNss, these are inevitably affected by the intrinsic issues, namely bandwidth
scarcity and latency [3]], [7].

Recently, wireless caching [9] has been emerged as an effective paradigm where some popular
contents are prefetched locally by the network nodes (e.g., relay, etc.) in their installed storage
during off-peak hours. Such contents can be directly fetched at destination through the caching
relay node in one hop which alleviates the need of its transmission from source in two hops. It
reduces the overall transmission time from source-to-destination by half to tackle the intrinsic
spectral efficiency and latency issues. There are two fundamental caching schemes proposed in
literature [9]], namely most popular content (MPC) caching and uniform content (UC) caching.
While the MPC caching achieves the largest cooperative diversity gain, the UC caching achieves
the largest content diversity gain. Specifically, in the MPC caching scheme, the frequently-
demanded (i.e., most popular) content by the user is cached at each network node. Therefore, a
cached content can be provided by one of the opportunistically selected network nodes to the user
resulting in a cooperative diversity gain without any content diversity. Unlike the MPC caching,
in the UC caching, each network node caches different contents uniformly from the available
catalogue of data. As a result, the largest content diversity is achievable in the UC caching
without cooperative diversity since a unique content can be provided by at most one network
node to the user. Although neither of MPC and UC are optimal, these remain fundamental caching
schemes for relay networks. A few works [10], [11]] have recently applied wireless caching for
relay networks. In [10], the fundamental MPC and UC caching schemes were studied for AF
relay networks. Different from these schemes, a hybrid caching with optimization was studied
in [11]]. Counting on numerous advantages, the wireless caching has also been introduced to
satellite communications [12]-[14]. In [14]], the MPC and UC caching schemes for HSTNs but
for terrestrial Rayleigh fading.

Furthermore, the unmanned aerial vehicles (UAVs) have recently been considered as promis-
ing candidates for future wireless networks. Backed by the low cost, portability, and three-

dimensional (3D) mobility features, a rotary-wing type UAV is of particular choice for 3D



mobile relaying. A plethora of recent works [13]]-[18] have attempted to present stochastic UAV
mobility models for the performance analysis of UAV-based wireless networks. For instance,
in [[13], the authors have proposed various UAV mobility models including the random walk
(RW) and random waypoint (RWP). In [16], a generalized Gauss-Markov process-based UAV
mobility model has been proposed for the airborne networks. Further, in [17]], [18], a mixed-
mobility (MM) model was proposed for 3D UAV movement process. Eventually, based on the
MM model, in [19], [20] and [21]], the performance of DF and AF 3D mobile relaying have
been investigated for HSTNs, respectively. Note that despite of its importance, the performance
of wireless caching for HSTNs with 3D mobile UAV relaying is entirely unknown even for
fundamental MPC and UC schemes.

Motivated by the above, in this paper, we investigate first time the outage probability (OP) of
an HSTN that comprises of a multiantenna satellite communicating with a ground user equipment
(UE) via multiple cache-enabled AF 3D mobile UAV relays. We take into account two generic
deployment configurations of UAV relays, namely fully 3D mobile UAV relays and fixed height
3D mobile UAV relays. Furthermore, as followed in [10], [14], we consider the popular MPC
and UC schemes for the OP as well as corresponding asymptotic OP analyses to assess their
cooperative diversity gains.

Notations: E[-] represents the statistical expectation. || - || denotes the Euclidean norm. The
acronyms pdf and cdf stand for probability density function fx(-) and cumulative distribution

function Fx(-) of random variable X, respectively.

II. SYSTEM DESCRIPTION
A. System Model

As shown in Fig. Il we consider an HSTN where a satellite S equipped with N antennas
communicates with a single-antenna ground UE D via M cache-enabled single-antenna 3D
UAV relays U;, i € {1, ..., M}. Here, at any time ¢, we assume that the UAVs make 3D spatial
transitions based on M model [17], [18]. The instantaneous altitude of a UAV U; at time ¢ is
denoted by h;(t) whereas the spatial location is represented as z;(t). While the UAVs operate

'The stochastic MM model may be applied to characterize the random 3D locations of UAV relays under some control
mechanisms, e.g., altitude control, trajectory control, etc., when the information about their instantaneous locations is unavailable
centrally. Note that the stochastic 3D mobility-based approach is helpful when 3D spatial point processes lead to a tedious

analysis.
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Fig. 1: HSTN system model with fully 3D mobile UAV relays.

in a 3D cylindrical space of radius R and height H (H < R) above the ground plane, the UE
D is located at the centre of the base of this cylindrical region. Moreover, we consider that
the aforementioned cylindrical region lies beneath the circular spot beam of satellite S centered
around the UE D. All UAVs can update their 3D locations in discrete time slots. The channel
vector from S to U; is denoted as g, € C"™N and the channel between U; and D is denoted as
g,.4- All receiving nodes are inflicted by the additive white Gaussian noise (AWGN) with zero

mean and variance 0'2.

B. Mixed Mobility Model for 3D UAV Movement Process

We consider the multi-parameter MM model [[17], [18]] which describes the 3D mobility of
UAVs in a cylinder of height 4 and radius R. The MM model is capable of generating wide
range of mobility patterns for UAV relays based on specific setting of underlying parameters.
In this model, the UAV makes vertical transitions based on RWP mobility model with random
dwell time at each waypoint. at time ¢, the pdf of instantaneous altitude of UAV h;(t) is given by
the weighted sum of a static pdf f;*(x|t) and a mobility pdf f;"°(x|t) as fy, ([t) = psfi(z|t) +
(1 — py) fie(x|t), where fi'(z|t) = L and f"(x[t) = —5% + 92 for 0 < 2 < H, with weight

_ E[T]
Ds = BT BT

Meanwhile, in the dwell time, the UAV makes RW in horizontal plane by following z;(t+1) =

as stay probability at waypoints.

z;i(t) +u;(t) with probability ps, where z;(t) denotes the projection of UAV’s location on ground



plane and u;(¢) is the uniform distribution in ball B(z;(t), R') with R’ as the maximum spatial
mobility range. Whereas, it follows z;(t + 1) = z;(¢) with probability 1 — p;. Consequently,

the pdf of distance Z;(t) = ||z;(¢)| is given by fz,(z|t) = 5,0 < z < R. Various parameters

R2 9
associated with the MM model are described below: vy ;(t) ~ [Upnin, Umaz|: Uniformly random
velocity of vertical transition at waypoints; Ty ~ [Tin, Tmaz| @and E[Ty]: Uniformly random and
mean dwell time; 7}, and E[T},| = W %: Random and mean vertical movement time;

and v ;(t) = ||zi(t) — zi(t — 1)|| and E[vg,(t)] = %: Random and mean velocity of horizontal

transition at waypoints.

C. Channel Models

1) Satellite Channel: For channel vector g,,, whose entries subject to uncorrelated indepen-

dent and identically distributed (i.i.d.) SR fading, the pdf of ||gs.,||* is given by [3]

Mgy —1 Mgy —1

flgap(@) = D oo > E(N)atem Gumdu, (1)

i1=0 iN=0
where o, = (205,Mgu /(20 5uMisy + QLsu)) ™" /2050, Bu = 1/2bgy, and 8, = Qg /(2050) (20 5umg, +
Q) C(K) = (—=1)"(1 — M) 0"/ (k)% (+). is the Pochhammer symbol p. xliii], Z(N) =
aN I, ¢(in) HN B i+ g+ 1),y =N i + N, and B(.,.) denotes the Beta
function [22, eq. 8.384.1]. Further, a free space loss scale factor for satellite links is given as

8] /Lou,(0)9:9(0,,) = 1/ eides) (M < (t)), where Kz = 1.38 x 107%J/K is the Boltzman

constant, 7 is the receiver noise temperature, VV is the carrier bandwidth, c is the speed of
light, f. is the carrier frequency, and d,, () is the distance between S and U;. Here, s denotes

the antenna gain at satellite, ¥(f,,) gives the beam gain of satellite towards U; which can be

expressed as U(0,,,) = v, (‘71 (pu;) + 36 ‘73(’) = )>, where 6, is the angular separation of U; from

“z

the satellite beam center, v, is the antenna gain at U;, J,(-), o € {1,3} is the Bessel function,
and p,, = 2.07123~ snfui_ with 0u.348 as 3dB beamwidth.

sin Buz

2) UAV Relay-to-Ground Channel: The terrestrial links between UAV relays U; and destina-

tion D are assumed to follow Nakagami-m fading. Thus, the pdf of the channel gains

belongs to gamma distribution

2)

mud) T e

= 0y
o ) <Qud Doma)

where m,4 and (2,4 represent an integer-valued fading severity parameter and average channel

power, respectively. The instantaneous free-space path loss from UAV U; to destination D can



be given as W;*(t) = (h2(t) + Z2(t))” ?, where w;y is the distance from U; to D and « is the

path loss exponent.

D. Propagation Model

The satellite S communicates with destination D in two consecutive time phases via variable-
gain AF relaying.
In the first phase, at time ¢, S beamforms its signal z,(t) (satisfying E[|x,(#)|?] = 1) to UAV

relay U;. Thus, the received signal at U; can be given by

Yu, (t) = \/Psﬁsuz'(t)ﬂsﬁ(em)gsui (t)WSUi (t)l’s (t> + Vs (3)

_ Bsuy (t)
T lgsu @]

where wy,, (t) is the beamforming weight vector, v, represents AWGN at D with
variance 0.

In the second phase, at time ¢+ 1, the UAV relay U; amplifies and forwards the received signal

. . . . o 1 .
Yu,(t) to destination D with a gain factor G = \/ Lo 0090 gom OP 07 Thus, the received

signal at D can be given as

Yia(t + 1) = / PW, > (t4+1)Gy, (1)8y,4 + Va, 4)

where v, is the AWGN at D with variance 2. From @), the SNR at D via U; in the second

phase can be calculated as
Asu, () At + 1)

alt+1) Agur (1) + Ayt + 1) + 1 ©)
Y )
where Ay, (t) = Belou; (t)mﬂ((fzui)”g“i(t)w and A q(t+1) = PuWig (tJr(1I)2|guid(t+l)| . Note that since

the distance d,,(t) is very large (e.g., 35,786 Km, for geostationary (GEO) satellite), it is
reasonable to assume d,, (t) =~ d,(t), Le,(t) = Ls(t), Ou, = Ou, pu, = pu, and 9, = 0,

for all 7, in this work for subsequent performance analysis.

E. Caching Model and Placement Schemes

Let us consider a catalogue of K content files of equal size C' (in the units of number of
files) at UAV relays from which the kth ﬁl? can be requested with popularity defined by the
Zipf distribution as f; = (l{;AZkKlzl kl_’\> , where \ denotes the popularity factor. Here, the
larger value of A reflects high popularity files. With limited storage capacity at relays C' < K,
a fraction of judiciously chosen files can only be stored, i.e., MC' < K. As described in [10],

[14]], we consider the two fundamental yet very popular caching schemes for our HSTN model:



1) MPC: If the same content files C' are stored at all UAV relays, an arbitrary file with index
k can be collaboratively transmitted by a best selected UAV relay according to the criterion
i*(t) = argmax A, q(t),t > 1.

2) UC: If Zdifferent files are stored at each UAV relay, i.e., the file with index k£ is stored at
U, (i —1)C +1 <k <iC. It maximizes the hit probability of finding the required file.

If the requested file is not cached by the UAV relays, then the conventional opportunistic
dual-hop relaying is invoked according to i*(t) = argmax A;4(t),t > 1. Note that, it may be
possible to develop more sophisticated hybrid caching slchemes based on a trade-off between
MPC and UC schemes which we defer for our future works due to limited space.

For the OP analysis in one snapshot under a causal transmission (i.e., ¢ > 1), the time notation

is further relaxed.

III. FUuLLY 3D MOBILE UAV RELAYING

In this section, we conduct OP analysis for fully 3D mobile UAV Relaying with no, MPC,

and UC caching schemes.

A. OP with No Caching

With no caching, under i.i.d. SNRs A4, Vi, the OP of HSTN for a rate R is given by
P (R) = [Pr[0.51og, (1 + Ajg) < RJJM (6)
= [‘I’(%hl)]Ma
where the term W(vy,) is evaluated as

U (ym1) = Pr[Aia < Y 7

:1_/00 {1_FAW <%h1($+%h1 +1))}
0 ‘ T

X fAuZ—d(x + ’Vthl)dxa

with vy = 227 — 1. In (@), pre-log factor of 0.5 reflects two-slot transmissions. In (7)), the cdf

2 as

F},,. () can be evaluated using the pdf in () for Ay, = 7|8,

My —1 msu—1 — 7—1 .
Pro,@=1=2% > “(N)Z” ol ®)

(ns)7 2= p!




PsLsu9s9(0u)

o2

where 6, = 5“ “ and 7, =
Since the moblle UAV relays U; occupy random locations in 3D space, the distance W,

between U; and D is random. Its pdf for MM model can be expressed using p, as [[18]]

fw.a(w) = psfiv, (w) + (1 = ps) figd, (w), ©)

where fii. (w) is the pdf of W;, if U; makes the horizontal transition and f3° (w) is the pdf of

W,q if U; makes the vertical transition which are expressed, respectively, as

(

R2H, for 0 <w < H,
s =5, for H < w < R,
i, (w) = fw 2T (10)
R~ R?H
\ for R<w < VR?+ H?,
and
.
RﬁQLI;Q—RQHS, for 0 < w < H,
o RQ,forH<w<R
Wid(w) - 2w 6w(w?—R2) 4w (w? —R2) (1)
Rz R2H2 R2H3 ’
for R <w < +/R?+4 H2.
\
Further, we derive the pdf fy, ,(7) = %FA%‘ ,(z), where
Fy, () = Pr [0W; %[ gual* < z] (12)
VRZ+HE Y (mucb g 7‘0‘)
= - (r)dr,
/(; F(mud) szd( )
with 7, = %. After taking a derivative, we can get the pdf
1 mud MMud d_l
_ My 13
fAuid(‘(L’) F(mud) (Qudnu) x ( )

X

VR%2+H?
/ e win iy () dr.

0



Next, we invoke (8) and (I3) in (7) and evaluate the result using eq. 3.471.9] to get

maul  mantlo 371 gy
Vo) —1- 5 3 ()3 (vp' ) (14)
<)

i1=0 iNZO (ns p=
p p Myd—1 Mud — 1
—Ouni U
() (™)
q:O n=0
. 9 ( Mg )mud—ng‘ﬂ @n75+1_(7_p)
F(mud) Qudnu “
My _ n+g+1 ntq+1
X Yih1 o ? (’Ythl + 1) =R J1,
where the function 7; is given by
i R 2r
jl = / Jl(’l“)JQ(’l“)d’l“ +/ Jl(’f’)ﬁd’f’ (15)
0 H
VRZ+H?
+/ Jl(’f’)Jg(’r’)d’r’,
R
with Jy(r), Jo(r), and J3(r) as
Jy(r) = plmua= "5 e~ 0 (16)
My, re
X Kp—gt1 (2\/@u%h1(%h1 + 1)%) ;
udu
2r? 613 4t
Ja(r) :pSRZ—H_'_(l_pS) <R2H2 - R2H3> ; (17)
and
or  2rV/r2— R2
J5(r) = ps (ﬁ - WT) (18)
2 6r(r2 — R%)  4r(r® — R%)2
+-p) (ﬁ T T RHE T mEHS )

along with /C,(-) as the vth order Bessel function of second kind [22]]. Note that the derived
expression can be readily computed numerically by mathematical softwares.

Asymptotic OP: To gain insights on the achievable diversity order of system, we need to
simplify the previous OP expression at high SNR (F;, P, — o0). At high SNR, we invoke
Aig < min(Agy,,, Ay,q) in @) and neglect the resulting higher-order product of cdfs term to

achieve

PA(R) = [Fr,., () + Fa,,, ()™ (19)
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As followed in [5], we can have the simplified cdf F},, (v) under small x as

N N
Pkm”(x)fi N

(20)
InlV-

Further, by applying the approximation Y (v,z) ~ % for small z, the cdf in (I2) can be

simplified as

1 Mg \
F ~ 21
Auﬂ(x) 7nuﬂ ((Lmnu) JE7 ( )
where 75 is
H R 2Tmuda+l
Jo :/ ’f’m“dajg(’f’)d’r’ —I—/ 7R2 dr (22)
0 H
VRZ+H?
+/ e Jo(r)dr.
R

Finally, on substituting the cdf given by @2I)) into (I9)), the asymptotic OP can be given by

N_N Mayd M
e aNy i 1 MydYthl
R)~ ' -
Pout( ) |:N'77év +mud!< Quanu ) j% -

B. OP with MPC Caching

The OP of considered HSTN with MPC can be given as

K
PoscC(R) = Pout“(R ka +Pac(R) > i, (24)

k=C+1

where PMPC(R) is defined as (for i.i.d. A, q)

out

PMPC(R) = Pr [logQ(l + max Ay,q) < 72] (25)

out

= [FAu,L-d(%hz)]M

with g, = 2% — 1. In (23), the pre-log factor of one reflects single-hop transmission. Note that
in 24), the first term corresponds to the case when D successfully fetches the desired locally
cached file at UAV relays. This probability of finding the requested file in local cache at a relay
is termed as the hit probability [9]. Whereas, the second term corresponds to the case the desired
file is not successfully cached by any relay. This probability of not finding the desired file in

local cache is known as the miss probability [9].



11

Asymptotic OP: Here, at high SNR (P,, P, — o0), we first simplify the term PMPC(R) using
Q1) in @5 as

~MPC 1 MaydVth2 M M
7Dout (R) = j2 . (26)

mud! Qudnu

Then, making use of (19), 26) in 24)), the asymptotic OP of MPC can be obtained as

MPC 1 MydVth2 hud ME
Pou (R) = VAR 27)
k=1

mud! Qudnu

aiv %]t\ﬁ 1 MyadYm | MK
+ [N!né\f +mud!< Quanu ) jQ} Z e

k=C+1

C. OP with UC Caching

The OP of considered HSTN with UC can be given as

M
Pac(R) = Z?%L%(R) Z fi (28)
=1 (i—1)C+1

+PYC(R) Z fr

k=MC+1

where P&?,(R) is calculated as

Pouci(R) = Pr [logy(1 + Aya) < R] = Fa, (), (29)

with 7y, = 2% — 1. Likewise, in (28)), the first and second terms represent the hit and miss
probabilities, respectively.

Asymptotic OP: The asymptotic OP of UC can be calculated by evaluating (29) using 1)
and substituting the result in 28) as

M
1 MydVin2
PYCR) ~ 30
Out( ) ; mud! ( Qudnu ) k (ZZIC+1 fk ( )
OfN N 1 mu Maud
+ [ u'%]t\lf1+ '< d%m) \72} Z fi.
NIn mya! \ Quan, o

IV. FIXED HEIGHT 3D MOBILE UAV RELAYING

In this section, we perform the OP analysis of MPC and UC schemes for another variant of
3D mobile UAV relaying where UAV relays are deployed at a fixed altitude H of the cylindrical

region of radius R as shown in Fig. [l Here, we assume that the UAVs can make transitions in
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the circular top of the cylindrical region based on the RW mobility model similar to that
described in Section The resulting steady state distribution of UAV relays remains uniform
in the circular disk. For this case, the instantaneous path loss between U; and D becomes
W, %(t) = (H?* + Zf(t))_%, where H is the same for all U;. Consequent upon the distribution
of Z;(t) as defined in Section the pdf of WW;, in one snapshot can be calculated as

2w for H <w < VR2+ H2,
fwa(w) =4 % o (1)

0, else.

A. OP with No Caching

The OP for this case can be computed similar to (@), i.e., PYXS(R) = [¥(v)]M. Further, to

compute W (1) in (@), we first need to find the pdf fy, ,(x) based on the pdf fy,,(w) as given
by (BI) in place of (9). Then, utilizing the result in (7)), one can obtain

Mgy —1 Mgy —1 E(N)
Vo) =1 30 e 3 2 o)
i1=0 in=0 (715)
v—1 p Myqg—1
(,y _ 1)' p —Ouni Mud — 1
DI Sl (A i ()
p=0 q=0 n=0
2 Mud . @Lﬁl—(v—p)
X “ u 2
F(mud) <Qud77u>
VR
My _ntqtl n4q+1 or
Vih1 T (Y1 + 1) : / Jl(r)ﬁdr
H

Asymptotic OP: The asymptotic OP can be calculated based on (I9) using the pdf in GI).
First, the required asymptotic cdf Fy, ,(z) can be derived based on (3I) as
1 " Mud \/W 2 myda+1
Fy, (z) ~ Mud? / i (33)
i mud! Qudnu H R2

Then, substituting the aforementioned cdf along with the cdf F_, (x) given by (20) into (19),

the asymptotic OP for this case can be determined as

M
NN Mud  VEEEH? o myga+1
) Y 1 <mud7th1 ) / 2y Mud 0

(34)

NC R ~ |
Pou (R) NN mgg! \C Quanu " R?
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B. OP with MPC Caching

The OP of MPC can be similarly evaluated as (24). Here, the term PYS(R) is the same as

out

evaluated previously in Section [V=Al Further, we calculate PMPC(R) = [F Ay, (Yin2)]M, where

out

Fy,..(ym2) is obtained by invoking the pdf fi,,(w) given by (1) into (I2) as

i ) ﬁdr. (35)

Asymptotic OP: Also, the asymptotic OP for this case can be determined by substituting the

VR T (i, 2507 9,
Proule) = [

asymptotic expressions of PNC(R) and PMPC(R) in [@4). Note that the asymptotic expression

out out

of PNXC(R) is already derived as (34). Further, similar to 26), we can derive the asymptotic

out

expression of PMPC(R) based on the pdf fyy,(w) given by () as

out

M
» 1 . Mud vV R?2+H? Qpmuda+l
PMPC(R) ~ [ (m ”thz) / U ) (36)

t
o Mud ! Qud T, H R2

C. OP with UC Caching

The OP of UC can be similarly evaluated as @8) where PUS.(R) = Fp, ,(7in2) can be

out,z

computed using (33). Here, the term PNS(R) is the same as derived in Section [V=Al

out

Asymptotic OP: Also, the asymptotic OP for this case can be determined by substituting

the asymptotic expressions of PN¢(R) and PUC

out out,z

(R) in 28)). Note that asymptotic expression of

PNC(R) is already derived as (34). Further, we can derive the asymptotic expression of PYC (R)

out out,s

as

PUC(R) ~

out,s

dr. 37
mud! Qudnu H R2 " ( )

Remark: We first compare the asymptotic OP expressions (23) and (27) corresponding to no

2 2
1 (mud%hz)mud/‘RJrH 2pmudatl

caching and MPC caching schemes, respectively, for 1, = 1, = 7, to reveal their achievable
diversity order. The diversity order of the system can be inferred as the minimum exponent

of 7 in the denominator of these asymptotic OP expressions. We found that both PNX¢(R) and

out

PMPC(R) varies proportional to m at high SNR. This shows that MPC caching scheme

can achieve the full diversity order of that of no caching scheme, i.e., M min (N, m,q). However,
the MPC caching scheme is expected to offer a relatively higher coding gain over the no caching
scheme due to direct single-hop transmission of cached contents. In contrast, the asymptotic OP
of UC caching scheme PUYC(R) varies proportional to m at high SNR. Hence its

achievable diversity order is only min (M N,m,q). Note that if m,s > MN (e.g., better quality
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terrestrial links), both MPC and UC schemes have identical diversity order which depends only
on the first-hop satellite links. This reveals that under such conditions UC scheme may achieve
both the maximum content diversity and cooperative diversity gains. Intuitively, the content

diversity gain of UC scheme is M C' which is only C' in case of MPC scheme.

V. NUMERICAL RESULTS

For numerical results, based on [8]], we set the parameters for satellite as 7 = 300 K, W = 15
MHz, ¢ = 3 x 10® m/s, d, = 35, 786 Km, f. = 2 GHz, 9,, = 4.8 dB, ¥, = 53.45 dB, 6, = 0.8°,
Ousap = 0.3°, and (Mmy, sy, s) = (2,0.063,0.0005) for heavy shadowing. Based on [[17]]-[20],
we set the parameters for UAVs as vy ; ~ [0.1,30] m/s, vg; ~ [0,40] m/s, H = 80 m, R = 100 m,
Quq =1, and o = 2. Here, p; = 0.5 is set by adjusting the distribution of 7;. We set n, =1, =1
as SNR and R = 1. Further, we perform the simulations on Matlab platform for 10° independent
trials. Before every trial, we initially run all UAV relays independently for 10000 steps based
on MM (or RW) model to randomize their locations for fully (or fixed height) 3D mobile UAV
relaying.

Figs. 2] and [3] plot the OP curves versus SNR for fully and fixed height 3D mobile UAV
relaying, respectively, with no, MPC and UC caching schemes. Apparently, the theoretical,
asymptotic, and simulation results are in well agreement with each other. From various curves,
we can observe that the MPC caching scheme outperforms significantly the UC and no caching
schemes. However, the performance of UC scheme is inferior to the no caching scheme. Firstly,
comparing the slopes of curves for {M, N, m,q} = {2,2,1}, we observe that the MPC and no
caching schemes have a diversity order of 2 while UC caching scheme has a diversity order
of 1 (same as no caching with {1,2,1}). This justifies the fact that the UC caching scheme
does not achieve the maximum cooperative diversity gain. Similar observations can be made
for {M, N,myq} = {2,2,2} where MPC and UC schemes achieve, respectively, the diversity
orders of 4 and 2. Next, we compare the curves for Zipf parameter A = 0.7 and 2 in the
set {M, N, m,q.} = {2,2,2}. Herein, we find that as A increases from 0.7 to 2, the relative
performance gain of MPC caching scheme is quite larger as compared to that of the UC caching
scheme. However, the UC scheme offers the largest content diversity benefits over its MPC
counterpart. Finally, on comparing the set of OP curves of Figs. P and 3] we conclude that the
performance of cache-enabled fully 3D mobile UAV relaying is remarkably better than that of

fixed height one due to lower mean distance between UAV and UE.
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Fig. 3: OP of fixed height 3D mobile UAV relaying versus SNR.

VI. CONCLUSION

We have evaluated the OP of an HSTN which comprises of a multiantenna satellite, a ground
UE and multiple cache-enabled AF 3D mobile UAV relays. We considered the fundamental MPC
and UC caching schemes at UAV relays. In addition, we considered the fully and fixed altitude
3D mobile UAV relaying for outage performance analysis. We have the following observations:
(a) MPC dominates both UC and no caching schemes; (b) fully 3D mobile UAV relaying achieves

better performance gains over the fixed height one.
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