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Abstract—In this paper, we propose a wireless localization sys- outdoor localization. However, GPS does not work reliably i
tem based on energy-harvesting aided unmanned aerial vel&s indoor environments or under harsh conditions (e.g., fores
(UAV). Our proposed system consists of a ground station (GS) gnyironments) since satellite signals are severely atedu

a UAV, and multiple users located on the ground, in which both Furth GPS si | b iy i d due to it
the ground station and all the ground users (GUs) want to know urthermore, signals can be easlly Jammed due 1o 1ts

the locations of the ground users. To this end, the UAV first 0w signal intensity. Consequently, alternative locdiza
harvests energy from the GS, and then broadcasts signals thé techniques have been extensively studied in the literg#jre
GUs for localization. Each GU will estimate its location, aml then Non-GPS localization schemes can be categorized into
transmits data, including its location information, to the GS with _ _ _
the help of the UAV. The links between nodes experience both ran?(e freett %n(: r?ﬁgte based_ sc:]etrrr]]esd_ tRange free thetEods
large-scale lognormal shadowing and small-scale Nakagami work on atlributes that approximate the dis an.ces, suchops
fading. We first derive the Cramer-Rao lower bound (CRLB) Count, whereas range-based approaches estimate thetabsolu
under spatially correlated shadowing for localization pefor-  distances [4]. At the expense of requiring a dedicated $afra
mance evaluation. Next, we analyze the system throughput der  tructure, range-based methods can achieve higher accuracy
delay-limited and delay-tolerant transmission modes. To érive  yhan theijr counterparts. Diverse techniques are suitaile f
exact closed-form expressions as well as high signal-toise ratio timati Vi Ti f Arrival (TOA). Ti
(SNR) approximations of the performance metrics, we consier rqnge estima 'Onj relying on fime o rrl_va ( ), Time
a mixture gamma distribution approximation for the probabi lity ~ Difference of Arrival (TDOA), Angle of Arrival (AOA), and
density functions (PDF) of the composite fading channels. & Received Signal Strength (RSS). Among these techniques, th
evaluate the impact of several key system parameters such asRSS is particularly attractive due to its intrinsic simiic
tsmgvmer:ﬁf:ﬁgf'migﬁgéﬂﬁ alttilrthjgebgihth:nutﬁ\e/' I‘ggﬁ;ﬁg requiring no extra antennas or time synchronization [5], [6

9 9y g In the RSS method, the relationship between the received

performance and on the achievable throughput. Simulationsare . ~H i
provided to validate the theoretical analysis. signal strength indicator and the distance between an ancho

. . . and a target object is obtained based on the path-loss [6].
Index Terms—Energy harvesting, unmanned aerial vehicle -
(UAV), localization, Cramer-Rao lower bound, throughput, The RSS-based estimator may rely on full-search based max-
lognormal-Nakagami-m fading. imum likelihood (ML) [7] or suboptimal least square (LS)
techniques [8]. The RSS-based localization using tefastr
anchors has also been widely investigated in the literdfjre
|. INTRODUCTION [6]. Furthermore, several research contributions stuti&®-

Localization has become an important research area dud@sed localization using mobile anchors [3], [9]. The intpac
the popularity of wireless sensor networks and locatiosetia ©f spatial correlation between anchors on the localization
services. Location-aware communications, disaster nenaferformance was examined in [10]. _
ments, search and rescue missions, and military operatiens [N recent years, unmanned aerial vehicles (UAVs), also
among critical localization applications [1]. In 5G and bey known as drones, have attracted substantial attention @ue t
5G networks, it is envisioned that wireless localizatioaysl their potential for future wireless communications [11]2].
an essential role for both human-centric communicatioms al) general, UAV-based wireless networks may be promptly
machine-type communications [2], [3]. It is well-known tharolled out and can enjoy excellent channel conditions due
the global positioning system (GPS) is an efficient solufam {0 the presence of line-of-sight (LoS) links. Typical appli

cation scenarios of UAV-aided wireless communications in-

Copyright (©2015 IEEE. Personal use of this material is permitted. Howelude UAV-aided ubiquitous coverage, UAV-assisted relgyi
ever, permission to use this material for any other purpasest be obtained gnd UAV-aided information dissemination as well as data

from the IEEE by sending a request to pubs-permissions@iege . .
T Institute of Research and Development, Duy Tan Univerdiignang collection [12]' However, one of the main concerns for

550000, Vietnam. the deployment of UAVs is the limited energy available to
# School of Electrical, Computer and Telecommunicationgigering, gystain their operations. Concurrently energy-hamgsltias

University of Wollongong, Australia. .. . e .
* School of Electrical and Data Engineering, University oéchinology been shown as a promising solution to prolong the lifetime

Sydney (UTS), Australia. of energy-constrained wireless networks [13], [14]. Intfac
& Divi;ion (_)f Information _and Cqmputir_lg T(_echnology, Colegf Science energy-harvesting has been studied for many types of wire-
and Engineering, Hamad Bin Khalifa University, Doha, Qatar | t h ltinle-i ¢ ltipl tout (1Dl
t School of Electronics and Computer Science (ECS), Uniweref €Ss systems, such as multiple-input multiple-outpu ( M
Southampton, United Kingdom. schemes [15], multiuser systems [16], relay systems [1d] an



cognitive relay networks [18]. Motivated by this, reseanch a particular UAV due to the inherent characteristics of Ua\V’
have considered wireless power transfer to sustain the UAMlying environments. Therefore, it is necessary to condider
recharge period [19]-[23]. These research activitiesudel impact of shadowing correlation on UAV-based localization
their performance analysis [20], [21] as well as the joirdystems. These concerns will be addressed in this work.
optimization of time and power allocation in energy-haties

UAV: communications [22], [23]. As a compelling designg paper Contributions and Structure

alternative, laser guns placed on rooftops could be used forI

replenishing the batteries [24]. n this paper, we consider energy-harvesting UAV based

wireless localization systems, where each ground user (GU)
wants to locate its position. The ground base station (Gs) al
A. Related Contributions on UAV-based RSS Localization aneints to know the locations and data of several ground users.

Open Problems

Recently, some authors have considered aerial anch
such as UAVs, for terrestrial object localization [25]-]3t
particular, Gonget al. [25] proposed a localization framewor
which employs a mobile node to serve as a virtual anch

We consider scenarios where the GS is located far from the
éJs or blocked by man-made or natural structures. Thergfore
there is no direct signal transmission from the GUs to the GS.
kTo accomplish its mission, the UAV is responsible both for
(B(P'Calization and information transfer. We assume that tA¥¢ U

They implemented it on a UAV to verify the reliability of is an energy-limited device and thus it has to harvest energy

the proposed system. Salloubtal. [26] considered multiple
UAVs for outdoor localization in urban environments. The
investigated the optimal altitude for localization acayra

from the GS for its communication tasks. The GUs estimate
their location using the RSS based on signals broadcasteby th
AV from different waypoints. Our contributions are:

under a LoS and non-LoS (NLoS) mixed channel model. 1) We propose and analyse a new energy-harvesting UAV-

They also derived the Cramer Rao lower bound (CRLB) for
quantifying the impact of the UAV altitude on the localizati
error. However, it is worth noting that the CRLB derivation
in their study is limited to a performance metric relying on
individual range estimators. Localization algorithmshwiin-
proved precision were developed by Sorbetlial. [27] using
both directional and omnidirectional antennas. The ground
nodes calculated their own positions through trilateratiased

on the measurements received from the UAV.

With respect to the UAV trajectory design of localization
systems, Perazzet al. [28] considered path planning based
on the traveling salesman problem for a UAV to localize the
objects’ positions using round trip time for distance estm
tion which requires reliable timing. In [29], Shahidia al.
proposed two trajectory control approaches by applying the
extended Kalman filter to increase the localization acgurac
Trajectory planning was designed byeti al. [30] for multi-
target positioning using multiple UAVs who minimized the-en
ergy dissipation of UAVs performing cooperative positiogi
via trilateration. Demianet al.[31] designed an efficient UAV
trajectory that takes into account important levels of otge
in disaster scenarios. Furthermore, a reinforcement ilggrn
technique has been adopted by Ebrahétnal. [32] for UAV
trajectory design to localize ground objects, which wasagho
to be superior to the existing methods regarding locabirati

based system for joint wireless localization and com-
munications, rather than considering the mature con-
ceived problem of a stand-alone localization scheme.
Specifically, we investigate both the performance of the
localization operations performed at the GUs and the in-
formation transmission of the GUs’ locations forwarded
to the GS via the UAV. To this end, we analyze the
localization performance at the GUs under shadowing-
induced correlation as well as the outage probability
and the achievable throughput at the GS. A summary
of system characteristics considered in this paper versus
the related contributions is provided in Table I.

) We propose an analytical approach for UAV-based sys-

tems by using a mixture gamma distribution approxima-
tion. This novel method allowed us to derive insightful
new closed-form expressions of the key system metrics,
including the outage probability (OP) and throughput
(TP), when composite fading channels (i.e., lognormal-
Nakagamimfading) are used to model the GU-UAV and
UAV-GS links. Both delay-limited and delay-tolerant
transmission modes are investigated. Consequently, the
results obtained can be applied to a wide range of
channel models, including lognormal-Nakagamj+ ¢,

n— u, Nakagamig (Hoyt), x — i, Nakagamir (Rician),
Nakagamimn, and Rayleigh channels.

errors under a fixed amount of UAV energy consumption, path The main results of this paper are summarized below.

length and flying time. .
However, the aforementioned contributions only consider
localization performed either at ground users or at UAVS,
which is hence only known by either the ground users or
UAVSs, even though in many practical scenarios, it is reglire
by both as well as by the central station. To fill this knowledg
gap, a joint localization and communications study is et&gen
Also, as discussed earlier, the limited energy supplied by a
onboard battery may be replenished by energy harvesting.
Additionally, it is highly likely that there exists spatial
correlated shadowing between UAVSs or among waypoints of

The Cramer-Rao lower bound (CRLB) of location esti-
mation is derived under spatially correlated shadowing
environments. The expression derived reveals the effects
of several key parameters on the bound, thus facilitating
the system design and the evaluation of localization
performance.

The throughput attained by the ground station is ana-
lyzed. In particular, we calculate the OP and TP for a
delay-limited mode. We also derive the exact closed-
form expressions for the ergodic capacity and throughput
in a delay-tolerant transmission. In addition, we derive



TABLE I: Related contributions versus this paper on UAV4dxhdocalization.

[25] [26] [27] [28] [29] [30] [31] [32] This
2017 2018 2018 2017 2017 2020 2020 2020 work

Localization technique RSS RSS RSS RSS RSS RSS RSS RSS RS$

Localization algorithm Newton | Maximum | Tri- Tri- Extended | Tri- Tri- Reinforce-| Maximum
iteration likeli- lateration | lateration | Kalman lateration | lateration | ment likeli-
method hood filter learning hood

Channel model log- Probabi- | LPL LPL LPL LPL LPL Probabi- | LPL
distance | listic listic and log-
path loss| LoS/N- LoS/N- normal
model LoSs LoS Nakagami
(LPL) m fading

channel

Correlated shadowing v

Energy-harvesting v

CRLB Derivation v v (only v v

for in-
dividual
distance)

UAV trajectory uniformly | 3 UAVs | predefined design design design design design regular-
dis- forming path trajectory | trajectory | trajectory | trajectory | trajectory | polygon
tributed a triangle

Impact of UAV waypoints| v v v v v v v v

Impact of UAV altitude v v v v v v

Joint communication and v

localization

approximate expressions for both the OP and the TP @k interested in the deployment of only a single UAV, indtea

high SNRs. of multiple UAVs for having a cost-effective implementatio
« The optimal energy-harvesting time achieved the maxdditionally, the system complexity is low since no informa
mum throughput in the system is obtained. tion coordination is required among multiple UAVs. However

o The effects of the number of waypoints, of the UAMtis worth noting that the results in this work are applicatd
altitude, of the spatially correlated shadowing and of the scenarios of multiple UAVs as well. In this contributiave
energy-harvesting time both on the localization perfoconsider situations that a UAV scavenges energy from eatern
mance and on the system throughput are evaluated. sources for extending its continuous operation withoudilag

The rest of the paper is organized as follows. Section t® recharge or replace its battery. To this end, we consider
describes the proposed UAV-based localization system modiireless power transfer (WPT) for a UAV. The current status
whereas Section Il analyzes the ML estimator and the CRLBNd potential of WPT for powering UAVs was discussed in
In Section 1V, we derive the system throughput in both delaj19], and our work is in line with advanced research papers,
limited and delay-tolerant transmission modes. Our sitiaia Where a charging station is used for wirelessly powering BAV
results and discussions are provided in Section V. Finall9]-[23]. The position of the GS is defined &sy,ys,0),
Section VI concludes the paper. while the Iocations(a:l-,yi,o),i = 1,2,...,1, of the GUs

Notation Throughout this paper, a bold letter denotes @e denoted as; = (z;,y:)". The UAV flies along its
vector or matrix, whereas an italic letter denotes a vaftredefined trajectory at the heightlofthrough X waypoints.
able; ()7, andE{-} indicate transpose and expectation, rdis position is denoted agxy,yx,h),k = 1,2,..,K. The
spectively; I'(xz) and v(x,\) are the gamma function andProposed system protocol is depicted in Figure 2. The etail
lower incomplete gamma function, respectively [33, Egystem operations are described in the next subsections.
(8.310.1),(8.350.1)]K,(x) is ther-th order modified Bessel
function of the second kind [33, Eq. (8.407.1)}(-) is the A. Air-to-Ground Channel Model
Euler Psi function [33, Eq. (8.360.1)]; and}’;"(-) is the

N X We adopt a channel model in which the channel gains
Meijer G-function [33, Eq. (9.301)].

are dominated by light-of-sight (LoS) links and the Doppler
effect is accurately compensated. Note that this channdeimo
Il. ENERGY-HARVESTING UAV L OCALIZATION SYSTEM  matches well with practical measurements [34]. To gereeali
MODEL our analysis, we consider Nakagami-fading for small-
We consider an energy-harvesting UAV localization systestale fading effects, and lognormal shadowing for largdesc
that consists of a ground station (GS), a UAV, ahdround effects. In particular, for the UAV-GS link, the multipath
users (GUs), as shown in Figure 1. All nodes are equippedannel coefficient is denoted b.,;, with its envelope
with a single antenna. All GUs are distributed randomly with || following an independent and identically distributed
a particular area. We assume that the direct links betweg@mnd) Nakagamim distribution having the parameter,,;, and
the GS and the GUs are weak due to obstacles and/or psquared mean of),, = E{|h,|?} = 1. Similarly, small-
channel conditions. Consequently, information is tramsfé scale fading channel coefficients for the GU-UAV links are
from the GUs to the GS with the help of the UAV. Here, wé* .. (i = 1,2,...,I;k = 1,2,..., K). Thus, the small-scale

ou,i?



TABLE II: Notations for channel links.

Channel links LabéP | Distance-based path gaih  Large-scale fading Small-sediad
GS - UAV bu Gpy = go,b/df;, Shu ~ Iognorma(uub,aﬁb) Hy,, ~ Nakagamim
UAV — GS ub Gup = gg,u/dfb Sub ~ lognormal sy, aﬁb) H,, ~ Nakagamim
GU(ith) - UAV(kt?) | ou Gouw = 90,o/d§3,k Sk, ; ~ lognormalyou,a3,) | HY, ; ~ Nakagamim
UAV (kth) — GU(it") | uo Guo = go,u/dgk Sk, ; ~ lognormalyou,a3,) | HY, ; ~ Nakagamim

(Note: b: kase station; u: av; o: dject)

ou,t ou,t

For large-scale fadingy,,, denotes the lognormal variable that
accounts for shadowing variation of the UAV-GS links, where

channel power gains atl,,;, = |h|?> and HE, . = |hE, % P

the mean and variance of the associated Gaussian process of *??f(k)

the shadowing expressed in dB arg, ando?,, respectively.

Similarly, S%, ; represents the GU-UAV links between tté

ground user with theé:'* waypoint with the meany; , and Ground

varianceo?,. For simplicity, we assume that all GU-UAV Station = x

links have the same mean and variance, gy, = (o, and ’User,

o2, = o2,,Vi, k. Additionally, the path loss exponent of the

links is denoted as. Therefore, a distance-based path gain o Signal broadeasting

between the UAV and the GS when the UAV hovers at the’¥  user2 hor locallsation  ssion

first waypoint can be expressed-as Fig. 1: An energy-harvesting UAV based localization systedel.
Gup = 2 = o 1 . —_—

B e N e T TV A N - S IO
where go, is the reference gain of the UAV at Eneroy transtr | oL o from K waypaints | tranemission | tranamission
the reference distance of 1 meter, and,, = (UAV- GUS link) (GUs- UAV link) | (UAV-GS link)
VhZ + [(zp, — x1)2 + (y» — y1)?] is the distance between the T

GS and the first waypoint. Similarly, the distance-baseth patrig. 2: A proposed protocol for localization and informatiransmission.
gain between thé'® GU and thek!" waypoint is

Gr.. = 900 _ 90,0 . (2) hovers at the first waypoint. The averaged harvested energy
’ df,k (0% + [(2; = xx)? + (4 — y&)?])?/? can be expressed by [15]-[18]
Here, go., is the reference gain of thé" GU, which is E, =nPy(1 — &)T Gy Spu, 3

assumed to be the same for all ground users, énd = . . .
\/hg (@ — %02 + (4 — yr)?] is the distance between theWhere 77_,0 <n < 1_, is the energy conversion efflc_lency,
i GU and thekt" Waypoint. A summary of notations forand P, is the transmit power of the GS. The UAV will use

channel modeling is given in Table Il. Note that the Iarg%:'S amount of energy for its communications tasks, incigdi

scale and small-scale fadings of the forward and revergs li roadcasting signals to all the GUs frofi waypoints and

between the GS and the UAV have the same mean and varia é’g/ardlng S'gnals from the GUs to t_he _éSNe assume equal
energy allocation for each transmission session. Thus, the

ergy allocated for each transmission sessidf,is(K + 1).
onsequently, the transmit power for each operation is ex-

values, i.e.,tpy = fup, 05, = 02, and mp, = My
Meanwhile, the difference in terms of a distance-based
gain (i.e., Gy, and G;) is due to the difference in the

reference gains betweeg,;, and go., €.9., their transmit pressed as
antenna gains are different. A similar observation apgies EJ(K+1) (K +2)(1 - a)nPyGyuSpu @)
the link between the GU and the UAV. Additionally, the ovéral Y al/(K+2) (K +1)a :

instantaneous channel gain is a superposition of the thpest
of gains mentioned above. As an example, the instantane@s| ocalization Phase

channel gain for a transmission session from itfeGU to ; -
. ) After harvesting sufficient energy from the GS, the UAV
the k" waypoint of the UAV isGF .Sk HF vesting sutiel 9y

ou, i ou, i  ou, i starts to broadcast signals to the GUs. The UAV will fly along
its trajectory and hover at each waypoint to broadcast &gna

B. Energy-Harvesting Phase
9y 9 2The power required for propulsion depends on the specifie 4yl the size

As shown in Figure 2, the UAV harvests energy from thef the UAV [35]. A helium-filled tethered UAV does not need apiopulsion

; ; ; . ;v power at all, but naturally quadcopters need power for psipu. Indeed,
GU durmg the time perIOd 0(1 a)T, 0 <a <1, whenit for the latter case, a large amount of harvested-energygisiresl, which can

be delivered by adopting energy beamforming from a highgyoeharging
INote that since we assume that the UAV only communicates thig#hGS  station, using a high tower for low-altitude UAVs. Finallgser beams relying
when it hovers at the first waypoint, the indéxs dropped for simplicity. on laser-guns at roof-tops may be employed [24], [36].



The time-average signal power received at t#feGU when The OP of the whole system is

the UAV transmits at thé&!" waypoint,k = 1,2,..., K, is I
(K +2)1—a)nPyGpGE, SpuSE Pour,s>(yen) = 1= [ [ 11 = Pout.i(yen)]. 9)
P =P.G},Sh0i= w2 (5) i=1
7 uyo,7 10,1 (K+ 1)(1 .

After obtaining K measurement®” k = 1,2, ..., K, thei*" 1. MAXIMUM LIKELIHOOD ESTIMATION AND

GU will estimate its location by using range-based methbds. CRAMER-RAOC LOWERBOUND (CRLE) ANALYSIS

this study, the maximum likelihood (ML) estimation is adegt A. Maximum Likelihood Estimation

for attaining the best possible result and for validating th The received power at th&* GU corresponding to thg!”
CRLB expression derived in Section Ill. Note that to estinaivaypoint obtained in (5) can expressed in dB as [37]
the position of an object in the three-dimensional space, at K[dB] L k(dB)

least four reference signals are required. When a targetbbj P = —10Blogy(dik) + Vi + S, (10)
is located on the ground, as in the case of our system model, o
at least three waypoints are needed for localization, rawgi wherexlffélologlo((l(“)(l (lgilizibugowbgo’u)_loﬁ 10g10(dup)
K > 3. Here, the positions of th& waypoints of the UAV and Sﬁ([jlf] is a normal distribution with variance ef?, (in
and the UAV transmit power value df, may be predefined dB). The ML estimator will estimate the position of th&
or signalled to the GUs by the UAV's broadcast signals.  GU via [38]

21‘ = arg nzin(Pi — @i)TAi_l(Pz‘ - 0;), (11)

D. Information Transmission Phase

A o A AT . . A
Each GU, after finishing its localization calculations, IWiIWhereQEi = K(Z;“yz) _is the estimated positionP; .
transmit its information to the GS on its channel via the UAME: P - P]", ©; is the mean vector, whose the

i A _ k i i-
which includes the estimated location of the GU, togethein wi€/ementig®;], = —1051og(d;,x)+ V7, andA, is the covari
other information that the user wants to report to the GS. ance matrix of correlated shadowing variables associatdd w
. th _di
We assume that the UAV returns to the first waypoint aftépe:] GU. T_he off d|ag_onallelt(ajmf(.ar(trg,n), é < m,mn, Sh K
it has traveled along its entire path and it remains hoverir?é the covarlancr? matrwlxi 1s de 'rf]_? _ asagupmvn’ tht;e
at this waypoint during the information transmission phasém» € [0,1] is the correlation coefficient between t

th i i
Thus, the instantaneous received SNR at the UAV for the dzﬁﬁd” RSS measur_eme_n_ts. In line W'th [10], we assume _that
transmitted by the®” GU can be expressed as Pm.n = p, Ym, n for simplicity. Thus, the inverse of the matrix
A, is obtained as

P,,GL, .SL, H! 1

i = ou,i™~ ou,t ou,i7 6 A,il _
o No © CT (K - 2)p— (K - )z,
whereP, ; is the transmit power of thé" GU and N, is the (K=2)p+1 —p TP
variance of the additive white Gaussian noise (AWGN). Given -p (K=2)p+1 -+ —p (12)
that a decode-and-forward (DF) relaying protocol is adopte : : U ‘
the UAV will decode the received signal and then transmi it t —p —p o (K=2)p+1
the GS3. In case ofyo.,; being smaller than a thresholg},,
an outage will occur at the UAV. Note that the transmit powefherefore, the problem in (11) is rewritten as
allocated for forwarding information for each GU 3, /1. At «
the GS, the received SNR for the signal transmitted from the  ; . & 9
UAV associated with the data of thé&* GU is (cf.(3)) Li = arg e {1; <[(K_2)p+1](Pi — [®i]k)
o (Pu/I)GubSubHub K
T No xS (PE-[elrr-ed)) . (3)
(K +2)(1 = a)nPyGouGupShuSuv Hup % n=1,n#k
(K + 1)alNo This problem can be solved by the quasi-Newton method [38].

Consequently, the OP associated with the data transmission
from the** GU is formulated as B. Analysis of Cramer-Rao Lower Bound

To calculate the lower limit for the variance of any unbiased
Poui =P ou,i < P wbi < 5 ouiz . . .
£ (Yin) r(Ooui < en) + Pr(tus < i You, V(tg)) estimator, the Crame-Rao Lower Bound (CRLB) is usually
considered [38]. Let; = (z;,%;)” be the real position of

th ili i i
3In our system model, both DF and amplity-and-forward (AFyeng the i** GU. We can express the probability density function

protocols can be adopted at the UAV. However, we are intedeist scenarios (PDF) of Pik[dB] defined in (10) conditioned og; as
that both the GS and the UAV want to know the positions of thesGU
Unfortunately, AF relaying is less suitable for this apation because an k 5

AF relay node simply amplifies and retransmits the signaheuit decoding. JCP;c (pi |EZ) = 726 Tuo ) (14)
Thus, DF is adopted at the UAV. V210,

1 o -1e15)?



In case of no shadowing correlation among the waypoints while the increase ofs will lead to the reduction of the
the UAV, the joint PDF of K independent measurements a€CRLB bound. Theoretical evaluations of the impactpodind

thei’® GU can be expressed as K on CRB; is challenge due to the complex of the CRLB
K Ko W (o) expr_essilor:_. We pre;en:.furtr\}er/f(;zgtgssio"ns ?; thisﬁim[;ms?dtbh
— kipy T ez, on simulations in Section V. itiona e effect of the
(Pl L) = Kpi |L)=] | —F—=¢ % , (15 . Y, :
fepilL) kl;[lfpf( 159 kl;[lm 15) number of waypointsk’ on the CRLB under no shadowing

N correlation is characterized by the following corollary.
wherep; £ [p} p? ... p{*]”. o y .

In many practica| scenarios, the shadowing-induced Con@orollary 1. The inclusion of an additional waypoint reduces
lation coefficients are as high as 0.2 for indoor and 0.8 féhe CRLB.

outdoor [10]. The PDF for a multivariate Gaussian random Proof: See Appendix B.

variable is given by [38] Remark: Note that (21) is for the scenario that the UAV's
fou(pil L) = 1 o~ (Pi—®)TA (pi—©) (16) transmit power valué®, is updateq at the GUs after the period
‘ (2m)K/2|A;|1/2 ’ of T (second) (denoted &cenario ). In cases that the GUs
where|A,| is the determinant oA.. know the GS'’s transmit power valug, but notP, (denoted as

The covariance matrix associated with the location estimﬁ-cenarlo 2, the noise term in (10) is @ sum of two normally

tion can be formulated as distributed variables, i.eEﬁEj?J 2 5P MBI n our
5 system, we assume that the shadowing variables of the GS-
~ ~ o o O%. 4, . . . =
Cr,(L)=E{(Li — L)L — L)} = [ C,gfl} 072’ }, UAV link and the UAV-GU link are independent. ThuSﬁEjf]
Yilsq M

vi (17) is a normal variable with variance at, £ 02, +02, (in dB).
Additionally, it can be shown that the correlation coeffitie
whereE,, {.} is the expectation conditioned af}. Note that petween the RSS measurements becomesZe:2%u (see
the diagonal elements in (17) are the mean squared erragendix C). As a result, the CRLB expression in this case
between the estimated and real positions. The CRLB is thgn gptained by replacingr,, and p in (21) by 7., and
given by [38] 7, respectively. Performance comparison between these two
Ce, (ﬁi) > [F(L)] 7Y, (18) scenarios are provided in Section V.

whereF(L;) is the Fisher information matrix defined as
IV. ANALYSIS OF OUTAGE PROBABILITY AND SYSTEM

F(L:) = Fyiai (L) Fry (L) | (19) THROUGHPUT

) ) ] ~We now consider the information transmission phase from
The calculations of the elements of this matrix are providgfle Gus to the GS. We analyze the OP and the TP both in
in Appendix A. ] . _ delay-limited and delay-tolerant transmission modes. din o
'thLet us denote the variance of the location estimate for_ t@?stem, the DF relaying protocol is adopted at the UAV. Both
it GU by W”Li_(fzj)- It is seen from (18) that the matrixthe GU-UAV and UAV-GS links experience composite fading
Ce,(Li)—[F(L:)]™" is positive semidefinite. For any unbiased ongitions of large-scale lognormal shadowing and snealles

estimation, we arrive at Nakagamim fading. Since the Nakagami-lognormal PDF has
varg, (L) = Ggi + Ugi > [F(/Ji)]ﬂ + [F(ﬁi)]z_,é ?more compl_exmtegral form,_ it is impossible to_obtam ek_tbs
orm expressions for the various system metrics. To circum-

, (20) ventthis issue, we approximate the composite fading cHanne
[F(L3)] considered by using the mixture gamma (MG) distribution
where |F(L;)| = Fy0,(L£i)Fyiy, (Li) — Fupy, (L) Fy,2; (L£;).  approach proposed in [39]. It is well established that a MG
After some further manipulations, we obtain the expressi@pproximation can offer high accuracy for different kinds o
for the CRLB. fading channels. Thus, the results obtained in this work can
be applied not only to other composite fading channels but
also to small-scale fading channels, includipg p channels
; ~ andx — u channels, and Nakagami{ Hoyt) channels. Since
(on the top of this page)where X = (zi —xi)/d7:  gata transmission from the GUs to( the ()BS is assumed to be

N . . ;
Yir = (i — yr)/d,, K is the number of waypointg, is performed on orthogonal subchannels, the inflédropped
the correlation coefficientj is the path-loss exponent a”d’throughout this section for simplicity.

o2, is the lognormal shadowing variance.

Theorem 1. The CRLB for the estimated location of té
GU under spatially correlated shadowing is given B31)

Proof: See Appendix A.
The CRLB expression (21) explicitly reveals the impact & thA'
lognormal shadowing varianee,, of the UAV-GU link, of the We first describe some PDF approximations that will be
path-loss exponent, of the spatial correlation coefficient utilized to facilitate derivations of closed-form expriess for
and of the number of waypoint& on the lower bound. In both the OP and TP. For the lognormal shadowing, it is shown
particular, an increase in2, will result in a higher bound, in [40] that the gamma PDF is capable of characterizing the

Approximation of Fading Channel Distribution
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loghormal shadowing affects. In particular, the lognorPBF  whereg, = (my/0y)"™¢ wye™ ™ (V2oL 0xnt1L.0) /[ /7T (myg)),

that admits the form while x,, andw,, are the abscissas and weight factors for the
1 OnG)—pp )2 Gaussian-Hermite integration. Note that the accuracy ef th

fro(@) = ———e Lo | (22) MG approximation depends on the number of components

\/2707 4T Ny, which is selected for ensuring that the mean-square error

(MSE) between the lognormal-Nakagamidistribution and

where i s and oy, represent the mean and the standagle \\G gistribution is below a threshold. As shown in [39],
deviation, which can be approximated by the gamma PDF ihe MSE accuracy requirement b3 is guaranteed for

fe.o(@) 2Pole=/% (23) N, = 8. To achieve a better accuracy, a larger value\gf

B 05T (pg) is needed.

whereT'(.) is the gamma function and = {ou,ub} where From (27), the cumulative distribution function (CDF) of
ou stands for the channel between the GUs and the UAfle MG distribution is

while ub is for the channel between the UAV and the GS.
The relationship between the parameters of the gamma PDF
and lognormal PDF is given by [40]

or.e =\ (ps) (24)
pr,e =n(0s) + ¥(ps), (25)

where(.) and/'(.) are the digamma (or Psi) and trigammavhere(.,.) is the lower incomplete gamma function. Given

functions. The use of the gamma PDF is preferred to the Io§ie mathematically tractable form of the MG distributiore w

normal PDF from an analytic computation perspective [40].can efficiently evaluate the system performance metricsfof O
For the composite Nakagami-lognormal fading channel &d TP in the next sections.

either the GU-UAV or the UAV-GS link, the PDF can be

expressed as

Ny
—b n
Frcoo(@) =Y agncy " V(bsm cont),  (29)
n=1

_ n)—pp )?

( ) ooxm¢—le—m¢z/g¢y <m¢) ¢ e 20% 4 p
Ineg(e —/O T(mg) @ m Y, B. Outgge_ Probability and Throughput in Delay-Limited
(26) Transmission

wheremy is the fading parameter of Nakagamifading and

04 is the unfaded SNR. By using a mixture gamma distribution 1) Outage probability:In our system model, outages are

approximation, we can approximate the above PDF by tHeposed by the composite fading in the GU-UAV and UAV-

following one [39] GS links. The OP is defined as the probability that the receive
SNR at the GS is below a given threshold. When DF-relaying

Ny . .
Frias(@) = Za(z,,nxbw_le_%"w,x >0, 27) is used by the UAV, it can be calculated as
n=1

where Ny is the number of terms, whiley ,,, bs », andce.n
are the parameters associated withiifeGamma component.
These parameters are formulated as

Pout (’Yth) = Pr(70u < /Yth) +PT(7ub <Yths You Z 'Yth)a (30)

Apn = — &n —, wherev,;, is the SNR to be exceeded at the GS for correct data
> gjl“(bd,,j)c;_’f’j detection. The closed-form expression @&f,; is formulated
b = Mg, (28) in the following theorem.

_ M (V2oL exntur,s) ) . o
Con = Q_¢e TR, Theorem 2. The OP of information transmission from a



particular GU to the GS is given by where C' is the ergodic capacity in a DF-relaying protocol,
p B i.e.,C =min{C,,, Cy} whereC,, andC,,; are the ergodic
out (Ven) = capacities of the GU-UAV link and the UAV-GS link, respec-

bou,n—1 . o )
Coun T o ~ ym\ tively. These capacities are given by
Zaou o N | B T —(C"“=”7’5h‘/ You)
m=0 me Cou = E{logz(l + 'You)}a (35)
Now _ Cou,n7Vth and
+|1- Z Qou ”Cou% nl—‘(bou,n) (1 — € Tou X
Cup = E{10g2(1 + 'Yub)}- (36)
bou,n—1
M « Z A bu T (byp.n)| 1— By performing some further mathematical manipulations, we
"m0 ’ obtain the closed-form expressions 6f, and C,; in the

following theorem.

bub,n—1 £ub

) 2 Cub,n 2 Cu sn f s

=T <9b’7%h) K%b m (2 eb ;th j}, Theorem 3. The ergodic capacities of the GU-UAV and UAV-
¢ ML (Qup) \ OubVos ubTub 1) GS links are given by

bou n
s PG, = b (K+2)(1=0)nPyGpuGup — Z oun Coun
wherey,,, = =52, Yy = (KFDalNo ,and K, (.) Cou = 22 Gou ncoun T(bou,n) | = X

is thev- th orderomodn‘led Bessel fur%cnon of the second kind.

3
]

ou

bou,n

Proof: See Appendix D.1. o Z T'(—bou,n + v, Coun/Tou) 37)
Note that the above expression consists of only elementary ot (Coun/Vou)® ’

functions and thds(.) function, hence it can be easily evalu-

ated numerically. At high SNRs, we can derive an approximeﬁ’@

OP expression provided by the following corollary. bub,n—1
Corollary 2. The approximate OP in the high SNR regime |s " In2 Z hub. C“b" b ) mz::o m!T(pus) -

Now ou,n Now bow,n 1.4 9ub7 b —Pub + 1,-m+1,1,1

Aou,n Aou,n — ’ _CTub ’ ’

POU«t (lyth)z b—7 (;Lh) + 1- b—7 (;Lh) ] |: mG4’2 ( Cub,n 17 O +

n—1 ou,n ou n=1 ou,n ou —

bup,n—1 1"( ) G}L,Q (91“771“) o +117()_m’ b ):| ) (38)
X Z Aub ncub 1;117 nr bub,n) (1 — Z 787’?)( Tr)L X Cub,n ’
m=o T \Pub whereI'(.,.) and G}';"(.) are the upper incomplete gamma
(cuba”%h)m (1 CubmVih ) (32) function and the Meijer G-function, respectively.
Oub Vb (Pub —m — 1)0utVup Proof: See Appendix E.1.

Proof: See Appendix D.2. It is worth mentioning that the Meijer G-function is a stardia

2) Throughput in delay-limited transmissionn delay- built-in function in several software packages, such asldat
limited (DL) scenarios, GUs transmit their data at a cortstafl Mathematica. Hence, the system throughput can be evalu-
rate of R,. For the whole block duration of, the effec- ated efficiently based on the expressions derived. Additign
tive transmission time from a particular GU to the GS |E' the high SNR regime, a simpler approximate expression

oT/(K +2). The TP at the GS can be expressed as can be obtained for the ergodic capacities by utilizing the
' approximation oflog(1 + x) =~ log(x), whenz — oo.
aT/(K+2)

TDL = #(1 —Pou) Re= K+2 ———(1—PouRc, (33) Corollary 3. The approximate ergodic capacities under delay-

_ ) tolerant scenarios in the high SNR regime are given by
where P,,; is the OP obtained in (31), anB,. = log,(1 +

). Note that at high SNRs, we can obtain an approximate Nou o
expression of the TP by substituting the result in (32) into ~ QZ“O“ nCousi T bOU=n)[¢(b0“v") 1“( Ou>](39)
(33). The total throughput of the whole system is the sum of
the throughput of each user obtained in (33). and
Nup
1 'u, s
C. Throughput in Delay-Tolerant Transmission ~ 1o Z Qub,nCypy, " T (bubn) X
For delay-tolerant (DT) scenarios, a source can transrtat da n=t b —1
at any rate upper-bounded by the ergodic capacity. Thergefor _ Cub,n e 1
the TP can be obtained by evaluating the ergodic capacity. In Y(ow +1) +4(1) —In OubVup - - m 40)
particular, we have [17] "
TIK +9 where)(.) is the Psi function [33, Eq. (8.360.1)].
g = TR O (Con Cur) (34)

T K +2 Proof: See Appendix E.2.



D. Optimal Energy-Harvesting Time for Maximal Throughput

18 r 10.45

In the previous sections, the expressions of the achiev-
able throughput of both the delay-tolerant and delay-&ohit
transmission modes have been derived. We now examine thi
optimal energy-harvesting time fraction°?® designed for
maximal throughput. The high SNR region is considered for
the analytical results. In a delay-limited transmissiondeat
is an open challenge to derive a closed-form expression for
a°Pt. For a delay-tolerant mode, the result is given by the
following theorem.

- 6 = Localization error (ML estimator)
Localization error (CRLB bound) | 1 0.4
Throughput (Analysis)
O  Throughput (Simulation) Jo.35

16

5N
I
T

103

10.25

10.2

Localization error (m)
IS
roughput (bps/Hz)

10 |Delay-tolerant 10.15 =

T

10.1
Theorem 4. The optimal energy-harvesting time fraction for i
the maximal throughput under delay-tolerant transmission belay-fimited
the high SNR regime is ) 5 10 15 20 2 % 3 20
1 Number of waypoints K

= 1+ eW (/T DH1-a/T° (41) Fig. 3: Localization error and throughput versus the nuntfevaypoints K.

10.05

opt

whereW (.) is the Lambert W function [41],
| N A. Impact of the Number of Waypoints and the UAV Altitude
g 3 Z aub_’nC;bZt:Lb'nF(bub_’n) lw(eﬁub +1)+¥(1)+ We first investigate the impact of the number of waypoints
hena as well as of the UAV altitude on both the localization error

bub,n—1 and the throughput. In Figure 3, we plot the localizatioroerr

In (G“bC(K JEIQ()TD;)C;%GM) + Z E ; (42) in terms of the root mean-square error (RMSE) together with
ubim 0 m=1 the throughput versus the number of waypoihts It can be
and readily seen that the error is reduced wherincreases, which
Nub indicates the significant impact of adding more waypoints on
T2 1 Z Qb ncfbb“*""l“(bub ). (43) the localization accuracy. This also agrees our analysisitre
In2 &= e ’ in Corollary 1. As expected, the localization error attgine

Proof: See Appendix F. in Scengrio 1 where the UA_V’s tran_smit power valuB, is
Simulations matching these results are provided in Se(ktjon!(nown’ is smaller than that iBcenario "Whe'fe the_ vaIue_Pu
is unknown by the GUs. From a mathematical viewpoint, the

performance degradation Bcenario 2is mainly because the
equivalent noise variancg’, is higher thano2, in Scenario

In this section, we provide simulation results for validati 1 (cf.(21)). Note that the advantage #Bcenario 1comes
the analysis of the previous sections. We assumeltkati00 at the cost of the inclusion of the valuB, in the UAV
GUs are uniformly distributed in an area o#0m x 100m, broadcast signals. Additionally, the average running tishe
centered at (0,0), while the GS is located at a position tiie ML estimator on CPU AMD Athlon Silver 3050U 2.3 GHz
(150m,0). The UAV flies at the height ofi(m) through K with the numbers of waypoints set f§ = 4,12, 20,28, and
waypoints that is specified by a circle with a radiusitffin). 36 are 5.7(ms), 6.2(ms), 7.7(ms),9.7(ms), and 12.3(ms),
Specifically, the position of thé‘" waypoint is (xx,yx,h), respectively. Regarding the throughput, Figure 3 illussa
where x;, = Rcosw%

V. SIMULATION RESULTS ANDDISCUSSIONS

) and vir = Rsin w,k = that the achievable throughput is reduced, wiélincreases.
1,2,..., K. The simulation results are evaluated by usinghis is because the time period allocated for information
the actual lognormal-Nakagamifading channel coefficients, transmission will be reduced whefi increases. Thus there
while the analysis results are obtained based on the M®ists a compromise between the localization error at the GU
distribution approximation described in Section IV. To gerand the throughput at the GS. Note that the analytical result
erate correlated shadowing coefficients, we use the Chpleskatch well with the simulation, which confirms the tightness
decomposition for decomposing the covariance matkix of the derived bound as well as the accuracy of the expression
In particular, we haveA; = AA”, where A is a lower derived in Section IV.

triangular matrix. Thus, the vector of shadowing composent Figure 4 shows both the localization error and throughput
S; associated with the covariance matrix Af is generated versus the UAV altitude. It can be seen that the UAV’s
asS; = A;n, wheren is a vector of zero-mean, unit-varianceltitude has a significant influence on the localization rerro
i.i.d. Gaussian random variables [10]. Unless otherwisssp Specifically, the localization error increases upon insirga
ified, the other parameters are used in our simulations atlee altitudeh. Whenh becomes large, the distance between
h = 50(m),R = 30(m),8 = 2,90 = —30 (dB), n» = 0.8, the UAV and the GUs is very large. Therefore, the localizatio
a = 0.7 my = 2,Ny, = 8,p = 04,0,, = ouwp = 1 error becomes larger (cf. (21)). With respect to the system
(dB), P, = 10 W, P,; = 100 mW, R, = 1(bps/Hz) and throughput, the result shows that its value decreases Wwhen
Ny = 10715 W. The results are averaged ovE)l® channel increases. This is due to the fact that the longer transomissi
realizations. distance results in reduced capacities and increased OP.
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Fig. 7: Localization error and throughput versus the shadgwstandard
deviation (K = 16).

based trajectory, as illustrated in Fig. 6. For the celldolas
trajectory, the whole area is divided into equal cells, amal t
waypoints are at the centre of the cells. It can be seen frgm Fi
5 that the UAV associated with the cell-based trajectoryidou
achieve a higher localization accuracy than its countérpar
Note that this comparison does not take into consideratlomns
length of the trajectory, which is constrained by many fegto
including the time required to accomplish the localizatiask,
the energy budget of the UAV, or geographical conditions.
Additionally, the optimality of UAV trajectory might be af-
fected by the distribution of the GUs. Having said that the
optimal trajectory design is beyond the scope of this tseati
the readers are referred to [28], [30]-[32], and [42] forides
approaches.

B. Impact of Fading Parameters

We next evaluate the impact of the fading environment,
including the shadowing variances, the spatial correfatid
shadowing and the small-scale Nakagamifading parame-
ter. In particular, Figure 7 shows the localization errod an
throughput versus the standard deviation of the lognormal
shadowing. It can be seen that the localization error irsgea
upon increasing the shadowing. As for the system throughput
it is interesting to note that whem is larger, the throughput
achieved in the delay-limited mode becomes lower, whereas
in the delay-tolerant mode it is higher. This behavior of the
ergodic capacity (and thus the throughput) under composite
fading channels was reported in the literature [43].

In Figure 8a, we plot the localization error versus the
shadowing correlation coefficiept which shows that the error
is reduced wherp increases. The impact of the shadowing
correlation is similar that in [10], where four anchor nodes
were deployed. Additionally, Figure 8b demonstrates that t
system throughput is enhanced whenncreases, representing
better small-scale fading conditions.

h, the localization performance also depends on the position ) .
of the waypoints themselves. To demonstrate this, we pfet Impact of Energy-Harvesting Time on Throughput

in Fig. 5 the localization errors for two different trajedts,

Finally, we examine the optimal energy-harvesting time in

namely the circular trajectory as mentioned earlier andlla cehe system. Figure 9a shows the achievable throughputversu
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been analyzed in terms of its OP, egordic capacity and
Analysis achievable throughput. The results unveil the significaamtact
O Smuson of the number of waypoints and the UAV altitude, of the
spatial correlation level and fading parameters, as well as
of the energy-harvesting time fraction on both localizatio
and communications. These results facilitate an explomati
of different trade-offs and provide useful insights intceth
system design. Our future research would include invetitiga
optimal UAV trajectory designs using a machine learning
approach, taking into account the practical requiremeintseo
ey imbed UAV's propulsion mechanisms, and combining the RSS-based
015 method with other localization methods, such as TOA and
g—o—o—e—e——o AOA, for attaining a further improved system performance.
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Throughput versus Nakagami- parameter K = 4). APPENDIX A
CALCULATION OF THE ELEMENTS OFFISHER
@ ©) INFORMATION MATRIX (FIM)

0.84; 71.35
=== Optimal a°""

=@ Maximal throughput

Analysis
Simulation
7

o

0.4r

0835 113 The entries of the FIM defined in (19) is calculated as [38]
1.25
o3r 0831 z 6@1 1 _ 6AZ 6A
025 Delay-tolerant 1.2 uv(ﬁ) A ! 8V +§tT{AZ ! 811 1- } (44)

0.825
0.2

Throughput (bps/Hz)
=
3

whereu, v € {z;,y;}, tr{.} denotes the trace of a matri®;
is the mean vector and

0.82

Maximal throughput (bps/Hz)

111

Optimal energy-harvesting time fraction %P

0.815

Delay-limited

(45)

00] [0 9O, 010;]k
B Oou ' Ou 7 Ou ’

. 0.81 . . . . 1
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Energy-harvesting time « (Pb =10 dB) Transmit power Py (dB)

Fig. 9: (a) Throughput versus energy-harvesting time; (pjir@al energy- In our system modelA; is independent of;. Thus, (44) can
harvesting time and maximal throughput versus transmitepd® (i = 4). pe simplified to

the energy-harvesting time fractian Firstly, it can be seen Fuu(Ls) = ﬁA_—l 391" (46)
that the throughput first increases then decreases when ou " Ov

increases for both the delay-limited and delay-toleranti@so

This behavior is characterized by the trade-offs between th From (45), (46), and (12), we have

time period used for harvesting energy and the OP (for delay-

limited) or ergodic capacity (for delay-tolerant). Thigde- 1

off is also observed in other energy-harvesting based ingayFuv(ﬁi) = 1+ (K —2)p— (K —1)po2 x

systems [17], [18]. Secondly, there exists an optimal energ P P1%u
harvesting time fraction attaining the maximal throughpite Z

optimal valuea®?! versus the valué’, is shown in Figure 9b. 2)p+1] au v P ou v

It can be seen that°P! is increased, wher®, increases. This * n=ln7k

behavior can be evaluated from the analytical result of.(41) (47)
Figure 9b also shows that the maximal throughputis imprpved

when the GS’s transmit power is increased. Note thata[@ e 125(””11*’53 and 21 Jk — 135@11‘;{8),

By substltutmg these results into (47) we have
VI. CONCLUSIONS

We have harnessed energy-harvesting aided UAVs for terres—F (L)) = 1 (106 )2
trial localization systems subjected to lognormal-Nakaiga: TP (K —2)p— (K —1)p%o2,  \In10

fading channels. The performance of RSS-based localizatio j ) K

at the GUs in spatially correlated shadowing environmentsg: (K —2)p+1] (@i —xp) Y (xi_ik)(gi_xn) , (48)

has been examined via the CRLB derived. The system hag—; , n=tnzk Cik%in
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Fyoy. (L) = 1 % (1%)2 % When K = 2, (55) is reduced to

1+ (K —=2)p—[(K —1)p?|o2 In10 .
K K 2 2
(yi—yr)? (yi —y1) (Yi—yn) WE)= > Y (X2 = X, Xi, Vi, Vi)
(K =2)p+1]—————p | (49) ~“ = "
; d?,k n-%;ﬁk dz2,kd12,n ki=1ka=1 9
Fyoy (L) =F, 0, (L) = = (X1Ya — XoY1)" > 0. (57)
TilYi 1) T YTy 1)

1 108 2 Now, assuming that (55) holds fdx, i.e., W(K) > 0, we
1+(K—2)p—[(K —1)p%o2, x <ln 10) will show thatW(K + 1) > 0. Indeed, we can write that
K K K+1 K+1

(@i —xx) (yi —y#) (zi —x1) (¥i—¥n)
D NE=2pt1]=—F=—"—py = WK 1) = > > (X YR - Xk, Xi, Vi Vi)
k=1 i,k n=1,n#k i,ki,n ki=1 ka—1
(50) K K
Ko K e K K e =WE) + Xiey Y. V2 = XY Y Xi Yot
Note that (@) (yiryn) _ Wiy (@ixn) o] o1
k§::1 n:%;l;ék i 1;::1 n:%;l;ék i K ’ K ’
thus we haver,,,, (£;) =Fy,.,(L;) . Finally, (21) is obtained y2 X2 _x Y, XV,
oy AR - +
by substituting the above results into (20). K+t klzz:l Fa AR klzz:l itk
APPENDIX B X1 Yieyr — X Y1 Xk Ve s
PROOF OFCOROLLARY 1 W)+ ZK:(X Yi - Xa¥iear)? (58)
When p = 0, the CRLB in (21) is simplified tCRB; = L S EALTR T AR
ey 810 /4(K), where
X , , It is plausible thatW(K + 1) > 0 given thatW(K) > 0.
g(K)2 Zk:l(Xi,k + Yi,k) (51) Therefore, we hav&’(K) > 0,VK > 1.
- A

Next, we show that the numerat@(K)>0,VK >1. By us-

S et ket X2 Y, = X, X kYo Yi k)
o e T ing the result in (58) and noting that .~ _ >°F (X2 v2 —
To show thatCRB; is a decreasing function, we prove that g (58) 9tk 12 ko= ( ki, ke

g(K) decreases, whef increases. In other words, we Will Xy, X, Vi, Vi) =3 o X2 S0 V2 — (Zszl XkYk) , we
show thatg(K) — g(K + 1) > 0. From (51), we can expresscan rewrite (53) as
UK)

9(K) —g(K +1) = === (52)

K K
V(K)’ UK) = (Z(Xg"'yzf)) X (Z(XK-HYk _XkYK+1)2>

where k=1

UK) 2

K K+1 K+1 k=1 k=1
D_(XE+Y) | D D0 (Y — X X Vi Vi) | = Kok
2

k=1 k1=1ko=1

K41 K K = R =1 =1 =1 =1 k=1
(Seon)( © Sott-naosn). e, i
k=1 Fa=1h=1 (Z Xkyk> +Y12<+1 <Z X7 +2Yk2> ZX/?—
and k=1 k=1 k=1 k=1
N K K ) ) K K K 2
VIE) £ | D0 D (R Y — X X, Yi, Vi) | SR (Y v ) | -
k1=1ks=1 k=1 k=1 k=1
<K+1 K+1 K K e
(X2 Y2 — X3, X0, Vi, Vi) | - (54) 9 2
klzzl kgzzl s e 2Xg 1Yk ; Xi + ; Yy ; XY (59)

In what follows, we will prove that both the denominator and ) ) )
numerator of (52) are non-negative. Let us first consider tfdter some further manipulations, we obtain
denominator. To show that(K) > 0, we have to show that

K K 2
KK UK)= | Xgs1 Y Y2 — Y XkYk> +
W(K) £ Z Z(Xlzlyki _Xlekzyklykz) >0VK > 1(55) < ]; ;
k1=1ko=1 K K 2
We use the mathematical induction proof. To start with, when <YK+1 Z X2~ Xg Z XkYk> > 0. (60)
K =1, (55) is reduced to k=1 k=1

W) = X7Y? - X1 X1Y1Y1 =0. (56) The proof is thus completed.
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APPENDIXC where the parameterS,,,, Gou,n, bou,n, 8Ny, , are defined
CALCULATION OF CORRELATION COEFFICIENTS as in (28). In this work, we consider integer values of the

In Scenario 2 the shadowing associated with the locatioflakagami fading paramten. Thus,b,.,» is a positive integer

estimation of thei®* GU is characterized byS‘ 451 _  number (cf. (28)). By using the resdlt in [33, Eq. (8.352.1)]

uo,i e can rewrite (66) as
SUBL 4 gMABl b — 1.2, K, where S/?Pl e cN(0,02,) " write (66)

uo,r  ?

and Sﬁdf € CN(0,02,). Thus, the eovarlance matrix of the Pr(You < 7en) Zaou ncou% 2T (boun) ¥
RSS measurements at tif¢ GU is given by
olaB] dB] dB] bou,nfl — \m
cov (Suo,i) = cov (S[ + SLO 7,) ) (61) 1—67% Z (Cou,n’Yth'/Vou) ’ (67)
. . — m!
where Sfﬁ] L [Siff],sz[ff e, Sfo[_fB]], m=0
sp7 2 sferl gl s and SUPTT 2 heres,, & P
[Suodf]753£df .., SE4Bl  The (m,n) entry of this  The second ferm in (30), which accounts for the outage
covariance matrix can be formulated as [44] probability at the GS given that no outage occurs at the UAYV,
can be formulated as
cov (Suo[(iB] SuodZB]) = cov (S[dB + Suoth] Spar [4B] + SZ([)U_I;B]) P P P
i (" s You Z - u ou Z

= cov (S[dB] Sn[dB ) + cov (S dB] S"[dB]) O <om, Y in) rOu <) Pry, un)
- 0,1 = P’I’(’}/ub <'Yth) [1—PT(’}/OU <’7th)] . (68)
+eov (Suo‘fB] S dB]) + cov (Suoch] S;’([)df ) , (62) Note that the above result is obtained, singg and~,, are

independent. The probabilit#r(v.» < ) can be expressed
Since the shadowing vanable%EdB and S, dB] are inde- as (cf. (7))

pendent, we haveov S[dB , S [d.B]) = O,Vn. Recall that  Pr(vy,, < v)

cov (suo[‘jBl sggdf]) = 02,pmn- Thus, (62) is simplified to  _ p,. (K +2)(1 = )n P GG SoSutuy
(K + 1)alN,
cov (gm[d-B],gn[dB}) = cov (SIE?LB], S;lu[dB]) + 0 Pmn

0,1 0,1

K + 1)alN
=Pr (SbusubHub < ( + )a 07th )

(K +2)(1 = a)nPyGruGup

:Ui +Uzupmn- (63)
b K = Pr (Spu X Mup < Yen/Fup) 5 (69)

Finally, the correlation coefficient associated with the, n)

: “e ; N a (K+2)(1 )Py Gpu G
entry of the covariance matrix is obtained as [44] where My, = Sy Hu and 7, = VY S
—m(dB] —nldB] Recall thatS,, and M, are the Iognormal and Nakagam|-
~ cov (Suo,i s Suo.i ) Uib + 02 pmm lognormal random variables, respectively. By using the ap-
Pmn = = — »  proximation results in Section IV.A, we have
o G GET)
uo,t 0,1 Yth
PT7b<%h ZPT(Mb< )
(64) O ) T N ubSu
—+o0
wheres2, £ o2, + o2,. This completes the proof. - /O Fu,, (7%;) fs,. (x)dx
u
APPENDIXD 1 N ) +o0 ) )
DERIVATION OF OUTAGE PROBABILITY = T o) Z aub,ncubtI "F(bub,n)/ gPub—Le=o/0ub
ub F(@ub) =1 0

1) Exact expression of outage probabilitfthe first term A
in (30), which is the outage probability at the UAV, can be ) — Cubn e ’“”z": 1 (cubnyen \ " d
calculated as (cf. (6)) e ml \ 7,z o

- (70)
m=0 :

1 1 1
Pr(vou < ven) = Pr LoGouSoullon < Vth The integral in (70) is computed by using the integral result
N
0 of [/t le~Mdt = T(v)/A\ [33, Eq. (3.381.4)] and
= Pr (Sl H,, < WJYO) = Fu, (%’LJYO) , (65) [t te Bl MG = 2(B/N)Y2 K, (2v/BX), where K, ()
PG PoGoy is thev-th order modified Bessel function of the second kind
where M}, £ S! H!, and Fuq (z) is the CDF of M},. [33, Eq. (3.478.4)]. After some manipulations, we have

We note that the composite fadmgfl of the GU-UAV Nup bupn—1
link follows the lognormal-Nakagami d|str|but|on Thus, its Pr (v, <~u) = Zaub ncub’;f"l“(bub Dl 1- Z _ 2
CDF can be expressed by using the mixture gamma approach, 1 0 m!T(¢us)
as shown in Section IV.A. Specifically, (65) can be expressed (Puptm)/2
as (cf. (29)) « <L=n_%h> Koy <2 L-ﬂ_%h) @
Nou QUb/yub H’U«b/}/ub
YtnNo

Pr(You <vin) = Zaou ncmf(;; 7y (bow,ns Wc""’")’ (66) By substituting the results in (67), (68) and (71) into (30%
n=1 o ou obtain the result in (31).
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2) High SNR approximation:In the high SNR regime where Pr(y., < z) is given in (71). By taking the first-order
(i.e., ¥, — 40,7, — —+00), by using the approxi- derivative in (78) and using the result 6fzV K, (z))/0z =

mation of the lower incomplete gamma function, we have:z"K, _ (z) [33, Eq. (8.486.14)], we obtain
Y(bou,ns CounVeh/Tou) = (Cou,n%h/ﬁou)bw’"/bou,n [33, Eq. bub,n—1 9
(8.354.1)]. After some manipulations, we arrive at (cf.)}66 N -
Zaubncubn ubin) mZ::O mi (o)
N aou " ’Yth ou,n kpub+
P /You < 'Yth Z ( ) . (72) < Cub,n > 2 [—meK . (2 Cub,nx>
n=1 Tou OubVup Pub OubVup

Additionally, we can approximate the function + /;‘#x%[(%b,m,l (2 ;”bfx)], (79)
Kpoym 21/%) when 7,, — +oo. In particular, ubVub ubVub
]

we have [4 WhereKl,_(.) is theujth _order m(_)dified Bessel function of the
second kind. Substituting (79) into (77), we have
Nub bub,nflr(go bub,n*l 2
P u ~ ub,n ubnl—‘ bu n, 1- b ub,n Pub.n ub,n
(s <en) ngla bnCupn T (bubn) mzzo m!F(sOub Za pnCu” T (Oubin) ’m,Z:O m!l"(cpub)ln2x
m <Pub+
Cub,nVth Cub,nVth c +m—2 Cub
x | —2n R 1-— — . (73) [ Cubn_ Y T —m.2. | Submn_
( 0ubV up ) ( (Pup —m — 1)9ub7ub)> <9uzﬁub " 2 Pub = 0ubVup
ub,n U -1 ub,n
Substituting the results in (68), (72) and (73) into (30), we+ ec b JCD b+2m  Pup—m—1,2 96 b )] , (80)
arrive at the result in (32). ubVub ubub
where J(p, q,u) £ 0+°O 2P Kq(uy/z) In(1 + 2)dz. The in-
tegral J is computed by first expressing the logarithmic
APPENDIXE function in terms of the Meijer-G function, i.elpg(l +
DERIVATION OF ERGODIC CAPACITIES 2) = G%jg p 1, (1) [47, Chapter 2], and then using the

1) Exact expression of ergodic capacitiedle first calcu- equations in [3é, Eq. (7.821.3)] and [33, Eq. (9.31.5)].eAft
late the ergodic capacit§,,. From (35), we arrive at some manipulations, we obtain the expressio@'pf in (38).
2) High SNR approximationin the high SNR regime, we

+oo can apply the approximation dbg(1 + =) ~ log(z) when
Cou = /O logy (1 + 2) fr,. (2)dx, (74) 4 s +oo. In particular, (76) can be rewritten as
Now too Cou,n®
where f,  (z) is the PDF of the SNRy,, at the UAV COUNZ M/ aboun=le™ Fou In(z)dz. (81)

(cf. (6)). Recall that the composite fading,H}, follows 1H2%u
the lognormal-Nakagamt distribution. Thus, by using the \yi the help of the integral result qgfoo =L n(t)e Mdt =
mixture gamma approximation in Section IV.A, we have 1 LT (n)[(n) — In(N)] [33, Eq. (4.352.1)], the closed-form

expression ofC,,, is obtained in (39). With respect to the

Nou
Qoun b, —1 —Souwnt approximation ofC,;, we have
Fro(@) = Y ptgbonnle™ 0. (75) PP ub
n=1 You bub,n—1 9

uN ub,n pubi un_1' — =X
b Zab Cubn b, ) mXZ:O m'r(@ub)1n2

Now a +o00 coun® ( Cub,n ) |:_mu<(pub+m_2 Cup—m 2 Cub,n )
Cou = Z 1&/ xbou,n_l e Now 1n(1 +.T)dl' (76) oubiub 2 s Pub 9 oubiub
n 270?; n N 1
+ oculln u((pub‘;m b — T — 1 9 ecubn ):|’ (82)
The integral in (76) is solved by using the results in [46, Eq. V 7ub7ub ubub

(32), Eq. (78)]. After some manipulations, we obtain (37). where (p, ¢,u) = 0+°° 2P K, (uy/z) In(z)dz. To calculate
Regarding the capacitg',;, from (36) we have this integral we first change varlabgbe: vz and then use the
result in [48, Eq. (2.16.20.1)]. By substituting the obtain

+00 ; ; ; ;

_ expression ofil into (82) and using the results in [33, Eq.
Cup = /0 logy (1 + 2) fy,,, (¥)d, (77) " (8.365.4)] and [48, Eq. (2.16.20.1)], we have

Upon substituting (75) into (74), we have

Pyubtm

where f, () is the PDF of the SNRy,, at the GS (cf. (7)), C»:(m=0) ~
which is expressed as Zb
In 2 Qyb,nC

ub;b "I‘ ub,n) ’L/J((pub—l—l)'i‘w(l)_ln( Culin ):|7

OubYy,
OFyy(2) _ 0 b
fru (@) = e = %PT(%b < z), (78) (83)



and

Nus (1]

1 u n
CVub,(7n>0) ~ In2 E aub,ncub nb F(bub,n)
n=1

bub,nfl 1
—. (84)
m=1 m

(2]

Finally, the capacityC',; is obtained aslyy = Cyp,(m=0) +
Cub,(m>0),» Which is given in (40). This completes the proof.

APPENDIXF [4]
DERIVATION OF OPTIMAL ENERGY-HARVESTING TIME
(5]
For delay-tolerant transmission, the optimal valu? is
obtained by solving the following optimization problem

(6]
(7]

opt

o min{Coy, Cup }, (85)

(6%
= ar,
g0< <1 K 2
where the capacitie€’,, and C,; are given in Corollary 3.
It is worth noting thatC,,, is independent ofv. Meanwhile,
Cup is a function ofa. Specifically, we can express

l—«
a )
[10]

where ® and T are defined as in (41). From (86), it is
readily seen thatC,, < C,, whena < @ wherea@ £
1/(1 4 e(Cou=®)/T) " and otherwise. Thus, in case af< @,
(85) can be rewritten as

(8]

El

Cup(a) =P+ TIn ( (86)

(11]

o [12]

5 Cou (87)

opt _
a’?" = arg ma
g0<a<a K+2

13
Since(C,,, is independent o, the objective function in (87) 13

is an increasing function w.r.e. As a result, the maximal
throughput is achieved at = @ for o < @. This implies that

the optimal valuea®?® for the problem (85) always occurs
in the rangea < o < 1. Note that whemx > @, we have [15]

Cou > Cyup. Therefore, the problem in (85) is equivalent to
[16]

[<I>+T1n( aa)} (88) .

This problem is solved by using similar calculation steps as
in [49]. The result in (41) is thus obtained.

14]

aot

= arg max
go¢<o¢<1 K 2

(18]

ACKNOWLEDGMENT [19]

We thank the New South Wales (NSW) Defence Innovati Do)
Network (DIN) and the NSW State Government, Australia,
for the financial support of this project through the DIN Pilo
Project Grant (Project ID: 888-006-985, Funding Years: 201
2021).

L. Hanzo would like to acknowledge the financial suppo[;éz]
of the Engineering and Physical Sciences Research Cotih:
cil projects EP/N004558/1, EP/P034284/1, EP/P034284/1,
EP/P003990/1 (COALESCE), of the Royal Society’s Globa#3l

Challenges Research Fund Grant as well as of the European yay gperatin

Research Council’s Advanced Fellow Grant QuantCom.

1] S. Yin, Y. Zhao, L. Li and F. R. Yu,

15

REFERENCES

F. Khelifi, A. Bradai, A. Benslimane, P. Rawat and M. AttA survey
of localization systems in Internet of Thingdylobile Net. App. vol.
24, pp. 761-785, June 2019.

Y. Zhou, L. Liu, L. Wang, N. Hui, X. Cui, J. Wu, Y. Peng, Y. @ind
C. Xing, “Service-aware 6G: An intelligent and open netwdr&sed
on the convergence of communication, computing and ca¢hidigital
Commun. Net.vol. 6, no. 3, pp. 253-260, Aug. 2020.

Y. Zhou, L. Tian, L. Liu and Y. Qi, “Fog computing enableditéire
mobile communication networks: A convergence of commuitoaand
computing,”IEEE Commun. Magyvol. 57, no. 5, pp. 20-27, May 2019.
Z. B. Tariq, D. M. Cheema, M. Z. Kamran and I. H. Naqvi, “N@PS
positioning systems: A surveyRCM Comp. Surveysol. 50, no. 4, pp.
1-34, Nov. 2017.

G. Han, J. Jiang, C. Zhang, T. Q. Duong, M. Guizani and G. K.
Karagiannidis,, “A survey on mobile anchor node assistezlization
in wireless sensor networksEEE Commun. Surveys Tuytsol. 18, no.
3, pp. 2220-2243, 2016.

A. Zanella, “Best practice in RSS measurements and rajgiEEE
Commun. Surveys Tutsol. 18, no. 4, pp. 2662-2686, 2016.

N. Patwari, A. O. Hero, M. Perkins, N. S. Correal and R. JD€a,
“Relative location estimation in wireless sensor netwgrkSEE Trans.
Signal Process.vol. 51, no. 8, pp. 2137-2148, Aug. 2003.

H. C. So and L. Lin, “Linear least squares approach fousate received
signal strength based source localizatidEE Trans. Signal Process.
vol. 59, no. 8, pp. 4035-4040, Aug. 2011.

J. Rezazadeh, M. Moradi, A. S. Ismail and E. Dutkiewicguperior path
planning mechanism for mobile beacon-assisted locabzati wireless
sensor networks,JEEE Sensors Journalol. 14, no. 9, pp. 3052-3064,
Sept. 2014.

R. M. Vaghefi and R. M. Buehrer, “Received signal stréAgased
sensor localization in spatially correlated shadowing,"Prroceedings
of IEEE Int. Conf. on Acoustics, Speech and Signal Proc. 88R)
Vancouver, BC, May 2013, pp. 4076-4080.

M. Mozaffari, W. Saad, M. Bennis, Y.-H. Nam, and M. DebbdA
tutorial on UAVs for wireless networks: applications, deages, and
open problems,IEEE Commun. Surveys Tytsol. 21, no. 3, 2019.

Y. Zeng, R. Zhang and T. J. Lim, “Wireless communicasionith un-
manned aerial vehicles: Opportunities and challeng&EE Commun.
Mag. vol. 54, no. 5, pp. 36-42, May 2016.

L. R. Varshney, “Transporting information and energmitaneously,”
in Proceedings of IEEE Int. Symp. on Infor. Theory (ISIT) 20@8onto,
Canada, July 2008, pp. 1612-1616.

X. Lu, P. Wang, D. Niyato, D. I. Kim and Z. Han, “Wirelesetworks
with RF energy harvesting: A contemporary survef¢EE Commun.
Surveys Tutsvol. 17, no. 2, pp. 757-789, 2015.

R. Zhang and C. K. Ho, “MIMO broadcasting for simultansovireless
information and power transferfEEE Trans. Wireless Communol.
12, no. 5, pp. 1989-2001, May 2013.

N. P. Le, “Throughput analysis of power-beacon asdistgergy harvest-
ing wireless systems over non-identical Nakagami-m fadingnnels,”
IEEE Commun. Lettsvol. 22, no. 4, pp. 840-843, Apr. 2018.

A. A. Nasir, X. Zhou, S. Durrani and R. A. Kennedy, “Thghput
and ergodic capacity of wireless energy harvesting basedeldying
network,” in Proceedings of IEEE Int. Conf. Commun. (ICC) 2014
Sydney, Australia, June 2014, pp. 4077-4082.

N. P. Le, “Outage probability analysis in power-bea@ssisted energy
harvesting cognitive relay wireless network§Vireless Commun. and
Mob. Comp. vol. 2017, pp. 1-15, Sept. 2017.

J. Huang, Y. Zhou, Z. Ning and H. Gharavi, “Wireless potansfer and
energy harvesting: Current status and future prospHeEE Wireless
Commun. vol. 26, no. 4, pp. 163-169, Aug. 2019.

B. Ji, Y. Li, B. Zhou, C. Li, K. Song and H. Wen, “Performem analysis
of UAV relay assisted 10T communication network enhanceith wehergy
harvesting,”IEEE Accessvol. 7, pp. 38738-38747, Mar. 2019.
“UAV-assisted coopétva
communications with power-splitting information and peweansfer,”
IEEE Trans. Green Commun. and Netwol. 3, no. 4, pp. 1044-1057,
Dec. 2019

Y. Liu, M. Qiu, J. Hu and H. Yu, “Incentive UAV-enabled rhite edge
computing based on microwave power transmissitliEE Accessvol.
8, pp. 28584-28593, Feb. 2020.

Q. Liu, M. Li, J. Yang, J. Lv, K. Hwang, M. S. Hossain and G.
Muhammad, “Joint power and time allocation in energy hamgsof
g system,Comp. Communvol. 150, pp. 811-817, Jan.
2020.



16

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]
(38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

(48]

Q. Liu, J. Wu, P. Xia, S. Zhao, W. Chen, Y. Yang and L. Hanzo[49] C. Zhong, X. Chen, Z. Zhang and K. Karagiannidis, “Was$ powered

“Charging unplugged: Will distributed laser charging foolbile wireless
power transfer work? TEEE Veh. Tech. Magvol. 11, no. 4, pp. 36-45,
Dec. 2016.

Z. Gong, C. Li, F. Jiang, R. Su, R. Venkatesan, C. MengH8n,
Y. Zhang, S. Liu and K. Ha, “Design, analysis, and field tegstof an
innovative drone-assisted zero-configuration localiraframework for
wireless sensor networkslEEE Trans. Veh. Techvol. 66, no. 11, pp.
10322-10335, July 2017.

H. Sallouha, M. M. Azari, A. Chiumento, and S. Pollin, éAal
anchors positioning for reliable rss-based outdoor laagibn in urban
environments,"IEEE Wireless Commun. Lettsiol. 7, no. 3, pp. 376-
379, June 2018.

F. B. Sorbelli, S. K. Das, C. M. Pinotti and S. SilvestiRange based
algorithms for precise localization of terrestrial obgcising a drone,”
Pervasive and Mob. Compvol. 48, pp. 20-42, Aug. 2018.

P. Perazzo, F. B. Sorbelli, M. Conti, G. Dini and C. M. &t “Drone
path planning for secure positioning and secure positiaification,”
IEEE Trans. Mob. Compuvol. 16, no. 9, pp. 2478-2493, Sept. 2017.
S. A. A. Shahidian and H. Soltanizadeh, “Single-and tiFluRV trajec-
tory control in RF source localization Arabian J. for Sci. and Eng.
vol. 42, no. 2, pp. 459-466, Feb. 2017.

Y. Ji, C. Dong, X. Zhu and Q. Wu, “Fair-energy trajectgulanning for
multi-target positioning based on cooperative unmannedlaehicles,”
IEEE Accessvol. 8, pp. 9782-9795, 2020.

F. Demiane, S. Sharafeddine and Omar Farhat, “An opécthiUAV
trajectory planning for localization in disaster scenstidComp. Net.
vol. 179, June 2020.

D. Ebrahimi, S. Sharafeddine, P. Ho and C. Assi, “Autmioos UAV
trajectory for localizing ground objects: A reinforcemdagrning ap-
proach,”|IEEE Trans. Mob. CompEarly Access.

I. S. Gradshteyn and I. M. RyzhikTable of Integrals, Series and
Products Academic Press, 2007.

R. Sun and D. W. Matolak, “Air—-ground channel charaetion for
unmanned aircraft systems part Il: Hilly and mountainouttirgss,”
IEEE Trans. Veh. Techvol. 66, no. 3, pp. 1913-1925, Mar. 2017.

C. F. Liew, D. DelLatte, N. Takeishi, and T. Yairi, “Red¢atevelopments
in aerial robotics: An survey and prototypes overview,” iarreprint
arXiv:1711.10085.

M. Lahmeri, M. A. Kishk, and M. Alouini, “Stochastic getetry-based
analysis of airborne base stations with laser-powered JAVSEE
Commun. Lett.vol. 24, no. 1, pp. 173-177, Jan. 2020.

T. S. RappaportWireless Communications, Principles and Practjices
Prentice Hall, 2002.

S. M. Kay, Fundamentals of Statistical Signal Processing: Estinratio
Theory Prentice-Hall, 1993.

S. Atapattu, C. Tellambura and H. Jiang, “A mixture Gaanistribution
to model the SNR of wireless channeldEEE Trans. on Wireless
Commun,. vol. 10, no. 12, pp. 4193-4203, Dec. 2011.

P. M. Shankar, “Outage analysis in wireless channelth wiultiple
interferers subject to shadowing and fading using a comgdebF
model, AEU Int. Journal of Elec. and Commurvol. 61, no. 4, pp.
255-261, Apr. 2007.

R. Corless, G. H. Gonnet, D. E. G. Hare, D. J. Jeffrey andDKnuth

, “On the LamberV function,” Advances in Comp. Mathpp. 329-359,
1996.

N. Senadhira, S. Durrani, X. Zhou, N. Yang and M. Ding, pilok
NOMA for cellular-connected UAV: Impact of UAV trajectoseand
altitude,” IEEE Trans. Commun.yol. 68, no. 8, pp. 5242-5258, Aug.
2020.

S. Lee, S. Moon, J. Kim and |. Lee, “Capacity analysis sftributed
antenna systems in a composite fading chandEEE Trans. Wireless
Commun.vol. 11, no. 3, pp. 1076-1086, Mar. 2012.

M. R. Spiegel, Theory and Problems of Probability and Statistics
McGraw-Hill, 1992.
https://functions.wolfram.com/Bessel-TypeFunns/BesselK (accessed
May 02, 2020).

M. S. Alouini and A. J. Goldsmith, “Capacity of Rayleigfading
channels under different adaptive transmission and diyezembining
techniques,TEEE Trans. Veh. Techvol. 48, no. 4, pp. 1165-1181, July
1999.

A. M. Mathai and R. K. Saxen&eneralized Hypergeometric Functions
with Applications in Statistics and Physical Scienc8pringer, 1973.
A. P. Prudnikov, I. A. Brychkov and A. P. Marichetegrals and Series:
Special Functionvol.2), CRC Press, 1986.

communications: performance analysis and optimizatitBEE Trans.
Commun. vol. 63, no. 12, pp. 5178-5190, Dec. 2015.



