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ABSTRACT In this paper, we investigate the performance of multiple-input and multiple-output (MIMO)
unmanned air vehicle (UAV) based multi-user communication systems over generalized Nakagami-m fading
channels subject to channel feedback delays. The impact of decode-and-forward (DF) based relaying and
outdated channel state information is assessed at the receiver nodes. To reduce the complexity and retain
the MIMO gains, the transmit antenna selection (TAS) strategy is used to select the best antenna at the
source and UAV nodes. A generic framework in the form of closed-form analytical expressions for outage
probability (OP), asymptotic OP, and the average symbol error rate of higher-order quadrature amplitude
modulation (QAM) schemes such as hexagonal QAM, rectangular QAM, and cross QAM are derived. In
addition, energy efficiency analysis is also performed for the considered system model. In this framework,
altitude and location-dependent path loss modeling are considered for the air-to-ground links. Optimization
of UAV location and altitude is performed through a limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) algorithm to attain minimum OP (MOP). Results illustrate optimal performance dependent on
the channel correlation parameters, antenna elements, and fading conditions. Monte-Carlo simulations are
performed to validate the derived analytical results and compared with the existing works.

INDEX TERMS UAV, MIMO, TAS, DF, LBFGS optimization, HQAM, RQAM, XQAM, Nakagami-m,

outdated CSI.

. INTRODUCTION

NMANNED aerial vehicles (UAVs) are anticipated

to play a significant role in future wireless commu-
nications in catering highly reliable services to civilian,
commercial, military, and critical emergency applications
where the terrestrial communications cease to operate [1].
UAVs have revolutionized wireless communications with
salient features such as flexible rapid networking and
deployment abilities, controlled mobility with design degrees
of freedom, robust connectivity with LOS with enhanced
coverage area, and spectrum efficiency [2]. ITU has
authorized the use of a portion of the L-band for UAV
applications. Large-scale UAV long-term evolution eNodeBs

were proposed as potential replacements for terrestrial
eNodeBs [3], [4]. Industry and academia have advanced to
the next level of research and development to assess the
potential of UAVs as flying BSs and flying relays via field-
trialed prototypes [5], [6]. With the evident benefits and
multitude of opportunities, UAV-aided wireless communica-
tions are expected to be an integral part of the future 6G
telecommunications systems.

A. RELATED WORKS

UAVs are classified as LAPs and HAPs based on the altitude
and range of operation. LAPs are used to assist cellular
communications and provide short-range LOS links with

(© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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significant coverage area [7]. UAVs in cellular communica-
tions are employed in a cooperative fashion to regulate the
diversity in a virtual MIMO scenario by sharing the resources
between the source and the destination nodes to enhance
the area of coverage and establish a reliable communication
link [8]. Zhan et al. [9] studied UAV relaying-based
terrestrial communications over Rayleigh fading channels
and optimized the performance of ground-to-relay links
by controlling UAV heading angle. The optimization of
the altitude of a UAV to maximize the area of coverage
for the radio signals was conducted in [10]. In [11],
mobile UAVs were explored to maximize the throughput by
optimizing the source/relay transmit power along with the
trajectory. An air-to-ground UAV-based cooperative system
was investigated in [12] and analytical expressions for
the optimal height to achieve MOP were also presented.
Chen et al. [13] reported minimum OP by optimal place-
ment of UAV and analyzed the BER of BPSK modulated
signal over Nakagami-m fading channels. However, these
works are confined to SISO systems and perfect CSI
conditions.

From the perspective of cognitive networks, [14] analyzed
the achievable rates of an uplink cognitive radio for a UAV
relay-assisted MIMO system over Rician fading channels
for an uplink scenario with respect to interference and
power constraints. In addition, it derived the optimal power
allocation to maximize the achievable rates and examined
the impact of UAV altitude over achievable rates for the
primary and secondary users. A comparative study of multi-
hop and multiple dual-hop UAV relays is presented in [15].
This study assesses the BER of BPSK along with the
optimum location and altitude of the UAV. The study [16]
investigated the AF based MIMO UAV relaying swarm
system and derived the upper bound of capacity for the
optimal position of UAVs within the swarm specifically
for LoS channels. Hosseinalipour et al. [17] examined the
impact of RF interference on the performance of UAV
relays, and presented the optimal position of UAV to
maximize the signal-to-interference-ratio (SIR) of the system
by considering dual-hop and multi-hop communication
schemes.

On the other hand, in cellular communications, digi-
tal modulation schemes especially energy-efficient QAM
schemes play a significant role in spectral and power-
efficient transmissions. The family of QAM schemes
includes square QAM, rectangular QAM, cross QAM, and
hexagonal QAM [18]. Significant studies were carried out
recently over the ASER of higher-order QAM schemes
in RF communications, OWC (especially UVC and FSO),
and in mixed RF/OWC [19], [20], [21], [22], [23], [24],
[25]. Studies [13], [15] confined the BER analysis of the
SISO UAV relaying system for the BPSK modulation.
Reference [26] considered a satellite-based system with SISO
source and UAV relay with multi-users and investigated
ASER of HQAM, RQAM, and XQAM.
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B. MOTIVATION

The majority of the works presented have provided deep
insights into designing and modeling UAV relay-based
communications. However, their analysis is confined to SISO
and multi-UAV relay-based systems and very few limited
MIMO-based system models with perfect CSI conditions for
simpler channels. To handle emergencies (such as natural
disasters) integrated non-terrestrial-terrestrial networks are
widely employed to enable the deployment of terrestrial
infrastructures, which in general are economically infeasible
and challenging. Thus, UAVs are employed to set up reli-
able links with guaranteed QoS indicators. MIMO antenna
systems not only improve the spectral efficiency but also
reliability and coverage area [27]. To leverage the agility of
UAVs along with the MIMO antennas, it is very timely and
interesting to investigate the performance of MIMO systems.
However, considering perfect channel conditions under such
scenarios is practically infeasible. Due to the dynamic nature
of the time-varying wireless channels (induced by the motion
of the transmitter, receiver, or both), perfect CSI at the
transmitter is unavailable. Moreover, antenna selection in
MIMO systems gets affected by the outdated CSI which
degrades the system performance. Thus, feedback delays
and their impact on the system performance are considered.
To the best of the authors’ knowledge, analysis of MIMO
UAV decode-and-forward (DF) relaying-based multi-user
systems with outdated CSI over-generalized Nakagami-m
fading channels is not available.

C. CONTRIBUTIONS

Hence, in this work, we consider UAV-assisted cooperative
communication with multiple antennas at the transmitter,
UAV relay, and multiple UEs with a single antenna. It
is highly deterrent to use MIMO antenna systems due to
the requirement of individual RF chains for each active
antenna. Hence, to leverage MIMO antenna gains and to
reduce hardware complexity, TAS is used. In addition, it is
considered that the system operates at very high frequencies
and the spacing between the antennas is sufficiently large to
make them uncorrelated [28], [29]. Furthermore, the location
and altitude of the UAV are optimized under detrimental
channel conditions. The major contributions of this work are
next listed.

o Performance of UAV-assisted cooperative communi-
cation with multiple antennas at the transmitter and
DF-based UAV relay with single antenna multi-users is
investigated by considering the feedback delays over the
entire communication link. The CDF for the e2e SNR
for the OP is derived by considering the TAS strategy.

o Asymptotic analysis is performed to determine the
diversity order of the system. The obtained curves
demonstrate the effect of outdated CSI on the diversity
order of the system.
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FIGURE 1. UAV based multi-user system model.

o Location of the UAV is optimized through the LBFGS
algorithm to improve the system performance, capacity,
and MOP.

o The UAV’s altitude is also optimized to achieve the
optimum performance of the system with MOP. The
obtained results illustrate the dominance of UAV oper-
ational altitude over the MOP.

o ASER analysis of higher-order QAM modulation
schemes is performed for HQAM, RQAM, and XQAM
through closed-form expressions, and valuable insights
are drawn.

o Energy efficiency analysis is carried to quantify the
energy consumed in delivering data. Results illustrate
the HQAM provides higher efficiency over other QAM
schemes.

« System performance is analyzed for different numbers
of antenna elements, channel fading conditions, and
various channel correlation coefficients to draw deeper
design insights. In addition, Monte-Carlo simulations
are carried out to validate the correctness of the derived
analytical expressions and to compare them with the
existing works.

The rest of the paper is organized as follows. Section II
presents the system model. Section III conducts the outage
and asymptotic outage probability study. Optimization of
the relay location and altitude are presented in Section IV.
ASER analysis of higher-order QAM schemes is discussed in
Section V. Section VI analyzes the numerical and simulation
results. Section VII concludes the paper.

Notations: Matrices (column vectors) are denoted by
bold uppercase (lowercase) letters; (-)* and ()" stand for
conjugate and complex conjugate transposition, respectively;
| - | and || - ||[F represent the magnitude and squared
Frobenius norm, respectively. Nakagami-m distribution with
fading severity My = mN and variance 2 is denoted
by Nak(M, ©2). The fading parameter is represented by
m and number of receiver antennas by N; CN (0,0’211\/)
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represents the complex Gaussian distribution with mean zero
and covariance o2Iy. Iy denotes the identity matrix of size
N x N. U(0,1) stands for the uniform distribution with
lower and upper bound 0 and 1, respectively. 7, () identifies
the zero-order Bessel function of first kind. {Fi(a, b, c)
and >Fi(a, b, c, d) represent the confluent Hypergeometric
function (HF) of first kind and Gauss HF, respectively. Q(-)
stands for the Gaussian Q-function. [E{-} denotes the expected
value.

Il. SYSTEM MODEL

In this work, a dual-hop DF UAV-based system model with
a MIMO BS with Ng antennas acting as a source (S)
of information, MIMO DF-based UAV with Ny, antennas
acting as a relaying device (Ur), and the K mobile users
acting as destination node Dj, i — {1, ..., L} is considered
as shown in FIGURE 1. Each UE is equipped with a single
antenna due to size limitations. All UEs are assumed to be
in close proximity and follow i.i.d. condition. We employ
TAS to select a single transmit antenna that maximizes the
received SNR at Ug. Let [hff];]NBxl be the channel vector
corresponding to the p" transmit antenna of the channel
matrix [Haglnvgxn,, where A e {S,Ur}, B € {Ugr,L},
and A # B. The UEs are scheduled opportunistically for
multiuser diversity depending on the strongest link between
the /th UAV antenna and the ith UE.

To characterize the best fading conditions, all the channel
links are considered to be complex Nakagami-m frequency
flat fading, Nak(M, fzh) [30], [31]. Nakagami-m distribu-
tion provides greater flexibility in matching some empirical
data than the Rayleigh, Lognormal, or Ricean distribution.
It is a versatile statistical distribution that can accurately
model Rayleigh and the one-sided Gaussian distribution.
In addition, Ricean and Hoyt’s distributions can be closely
approximated. Moreover, for integer fading parameter values,
Nakagami-m envelope is defined by the square root of
the sum of squares of independent Rayleigh variates [32].
Further, it is assumed that all the links are affected by the
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TABLE 1. List of acronyms and their descriptions.

2D 2 dimensional

6G Sixth-generation

AWGN Additive white Gaussian noise
AF Amplify-and-forward

AG Air-to-ground

ASER Average symbol-error-rate
AWGN Additive white Gaussian noise
BS Base station

BER Bit-error-rate

BPSK Binary phase shift keying

CDF Cumulative distribution function
CSI channel state information

DF Decode-and-forward

ee End-to-end

FSO Free space optics

HQAM Hexagonal QAM

HAPs High-altitude platforms

iid. Independent and identically distributed
ITU International Telecommunication Union
LAPs Low-altitude platforms

LBFGS Limited-memory Broyden-Fletcher-Goldfarb-Shanno
LOS Line-of-sight

MIMO Multiple-input and multiple-output
MMSE Minimum mean square error
MOP Minimum outage probability
OWC Optical wireless communication
PDF Probability density function
QAM Quadrature amplitude modulation
QoS Quality-of-service

RF Radio frequency

RQAM Rectangular QAM

SQAM Square QAM

SER Symbol-error-rate

SEP Symbol-error-probability

SIR Signal-to-interference-ratio

SNR Signal-to-noise ratio

TAS Transmit antenna selection

UAVs Unmanned aerial vehicles

uvcC Ultraviolet communication

UEs User Equipments

XQAM Cross QAM

complex additive white Gaussian noise (AWGN), and the
AWGN vectors are modeled as CN (0, 2Ly,), where 6% =
kg TBNo, and kg, T, and By, denote the Boltzmann constant,
temperature in Kelvin, and receiver bandwidth, respectively.

A. PATHLOSS MODELING

In this subsection, the path loss modeling considered in
analyzing the AG channels and vice-versa is presented. The
path loss is expressed as [10]

{aGgs = @aB10log o RaB + naB, 1)

where aap, Ras, and nap stand for the path loss exponent,
distance and path loss at the reference point of the AG
channel corresponding to the AB link with respect to (w.r.t.)
UR, respectively. The absolute value of this path loss model
is given by [15]

¢

iaG = 10710
0

P
fr—L—rs
— 10" 104100 exp= Cete =) Ri?gB

= BasRYY, (2
where P = nios — nnLos. Q@ = 101og 10(2Z)2 + nLos,
and f and c denote the carrier frequency and speed of
light, respectively. The elevation angle is given by (Gele) =
171@ arctan(%), where hyay represents the altitude of UAV
from the ground, dap denotes the distance between the nodes
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A and B, and Rag = ‘/h%AV + diB. The values of nos,

nNLos, P, and ¢’ depend on the propagation environment
and are given in TABLE 3. There is a trade-off between
the LOS propagation and path losses with the increase in

huav [15].

B. OUTDATED CSI MODEL

In practice, perfect CSI is not available at the transmitter.
Due to the time-varying nature of the channel and also due
to the mobility of the users, the Doppler frequency of the
user is greater than the receiver processing time, resulting in
the CSI being outdated [33]. Thus, the CSI received at the
transmitter is considered to be delayed when fed back from
the receiver due to non-zero feedback link delay. Consider
hiB and hiB represent the estimated and the actual channel
vectors that are used for antenna selection and decoding,
respectively. Since lAIIRB is the outdated version of th, ﬁl/(\B
when conditioned over h];‘B follows a Gaussian distribution
and is modeled as follows [33]:

55 = paBn*AB + V1= pige, 3)

where PAB € (0, 1) represents the correlation coefficient
between hlf“B and th, and the error is modeled as e ~
N(,I) [33], [34]. In the presence of Clarke’s fading
spectrum (band-limited), pap = J,(27f4T4), where f; is the
Doppler frequency and T represents the delay spread of the
feedback channels (i.e., the delay between relay selection
and information retransmission instants). For Clarke’s fading
spectrum, |pap| does not decrease monotonically to zero as
T, increases but it fluctuates around zero as T; — oo [35].
Hence, in the analysis, we consider the impact of outdated
CSI at all the nodes. Thl}\S, via TAS, the antenna at the
transmitter is selected as ||hBx1|| = max<j<n,{||ABxjlI}. In
the analysis, it is considered that the S — Dj link is not
available due to heavy shadowing.

The entire communication between S and D; takes place
in two-time slots. In the first slot, S broadcasts to Ugr node.
In the second time slot, Ur forwards the decoded and re-
encoded information to the opportunistically scheduled UE
Dj. The signal received at Ur from the kth transmit antenna
in the first time slot is expressed as

Ysugr = v/ Ps CSURhEURX + nsug 4)

where Ps is the transmit power, and path loss ¢sug is
modeled as in (2). Notation ngyp denotes the AWGN
vector of S — Ug link. At Ug, the received signal ysyy is
processed using the maximum ratio combiner. As the users
are opportunistically scheduled, the received information at
the ith UE (D;) after the transmit beam forming through the
Ith transmit antenna is expressed as

H
YUrD; = v/ PrCURD; (h{jRDi) WiXene -+ DURD; , (5)

where Pg is the transmitting power at the Ur, path loss
{urD; 1s modeled as given in (2), xenc denotes the re-encoded
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signal, and ny,p, stands for the AWGN vector of Ugr — D;

hl
. . URrD;
link. The beam forming vector w; = R is chosen

Iy, Il
. . . R .
according to the maximal ratio transmission principle. In

practice, the time-varying channel changes dynamically, and
thus it is expected to exhibit feedback delays in CSI between
the transmitter and receiver. Delay is considered in antenna
and user selection. Thus, the e2e SNR is given by

37;;;) );S(ll(Jllq)D = mln{Vs(E)R )QI(JI;D } (6)
)
where yS(U) = :zzi S(lfJ)R = )’SUR||hSUR||2, XSUR =
—o2 )
RN T, = G Yo, = Pund W I,
and xugp, = (szﬂ. Variables VS({(J)R and )/S;Di denote

URD;
the instantaneous SNRs, while 7(513R and VSLDi model the
average SNRs corresponding to the S — Ugr and Ur — Dj
links, respectively. In (6), for a fixed ﬁs(l{J)R, 7® is maximum
when )9[81;1)1 is maximized. Thus, antenna selection at Uy is
independent of the antenna selection at S. Hence, the antenna
index 1 at U is replaced with lop.

lll. OUTAGE PROBABILITY

OP is defined as the probability that the e2e SNR of
the system falls below a predefined threshold where the
transmission rate defines the threshold limit. The closed-form
expression of OP is defined as

Poutyi) = P( max {75} <)
~ (K, 1o
P( max [VS(UR];:)} < J/th)
= P( max (min{)?(k) )9(10"‘)}) < )’th)
1<k<Nsg SURr’ YURrD;j

1<k<Ns
=F 5 opt) (Vi) = (k topt) (Vi)

Ye2e SURD

(k lopt) (Vi) =1 = <1 - A(k) (Vth))(

YSURD;

FA<lop[>()/zh))-
YURD;
@)

Proposition 1: The closed-form expression of the OP for
a UAV-assisted multi-user system is given by

Py;'zh) =1- (1 - FA(k> (Vth)) (1

—F_top ()/zh)), (®)

UrD;
= 1= CiCoy, e, 9
where C; and C, are given in TABLE 2, A} =
m+1 p+1 _
T m(1=pso0]” 22 = Ty Tp0—pugopl” 23 = A1 A2
and A = VAB
Proof: leen in Appendix A. |

A. ASYMPTOTIC ANALYSIS
At high SNR, system design parameters such as
diversity order and coding gain are useful to model
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the system. Asymptotic OP expression is
at y — oo as

expressed

d
h
FSUR<4) , msug Ns < mugp;Np
dp
Fugp, (’;ﬁh> , msug Ns > mugp,Np

d3
(Fsug + FU;@)(%) , msug Ns = mugp,Np
Ng—1m(Msug —

ST S Sl () BT
SUr = m Msuyg 'I'Msug
(—1) d)n,m,MsUR (1 _'OSUR)" MmsuUg Mt
Msug +n kSUR ’

[1 + m(l - ,oSUR)]

Po(ym) =

(10)
=0 =0 P ) Myugp,!I'Mugp,
(=DP Dy p My, (1= purny)? MURD; Murp;
" [1+p(1 = pugp, )] orPi 4 <kURDi ) ’
(11)
where d| = msugNR, do = mugp,Np, and d3 = d| = d; are

YAB

the diversity orders of the system. Further, kqp = =

IV. OPTIMIZATION OF SYSTEM PARAMETERS
A. OPTIMIZATION OF UAV LOCATION
In this section, we optimize the UAV location to attain MOP.
At high SNR, the expression of OP of the S — Ur — Dj
link is approximated as
(msuR )MSURNS 4 Cs (mURDi )MURDiNR
ksug kugp;

)

PSS () = Ca

12)

m — m —
where Cy = Fsuy (75,%) 75U, Cs = Fugn, (7,57 Mugp;
R

The S — Dy dlstance is maintained to be diy, S — Ur
distance as dsur = di and Ur — Dj distance as dyzp, =
(1 — dsug) = (diot — d1) = dp. After some manipula-
tions, when msugNs = mugp,Np = MN, PJ. (vm) is
expressed as

1 >MSURNS

Msyg N,
P}O,?RD (vin) = Cy (mSUR Vth) SR S<%
R

M N 1 MURDiNR
+ Cs (mURDi Vth) URDiTR <7—>
UrDj

2\ MsugNs
MSUR YthO )

P;?RD (Ym) = Cq ( Py

x (Bsux (@) Rsuy (@)* )

m yino2 Muygp; Nk
URrD; /th
+ CS ( RUi N)

) 13)

Msug Ns

Pr

URD; VR

[ Mugp;
x (Buwp(dior — )Ry (dios —d)®) ", (14)
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TABLE 2. Functional representations in arithmetic expressions.

Function Representation
_ Mgy, —1 Mgy +7—1
NSZI m( % )i SURX:'7 (NS — 1) (n) (_1)m+1NSF(MSUR + n)(bnvvaSUR
c m=0 n=0  j=0  t=0 m J I Mgy, (m + 1)Msug+i—t
1 .
ngR(l - pSUR)n7J
A [+ m(L = psug )"
— (My,p, —1) My,p, +r—1
NRZ1 m § i URD,ZT (NR — 1) <q> (—1)PH L NRI'(Muygp, + Q)‘I’qyquURDi
C p=0 q=0 —0 —0 14 T sIT Mygp, (p + 1)MURDH”*S
2

prRDi (1= pugp)?™"

)‘IGRDi [1 + p(l - pURDi)]q+S '

Cs; k; k1; P(x); Fi(a1,b1);

1 3
C1Cq; t+s+5; t+s+1; z+ Ag; 2F1<1,m7* 2);

27 by

TABLE 3. Simulation parameter values for the considered system [15], [42], [45].

Suburban areas parameters

Parameter Value
{nNnLos;nLos} {21;0.1} dB
QAB 2

{r';d'} {5.0188;0.3511}
h 120 m

dtot 5 Km

f 5 GHz

c 3 x 108m/s

k 1.38 x 10723J/K
T 300K

Bro 20MHz

PAB [0,1]

{Pr; Lp} {80; 68} bit

Ry 4 x 10%bps

{Pet; Per} {1074;5 x 10~5}W

where Rgug (di) = /d} + h2, PLsuy = Bsug (d1)Rsug (d1)*,
RSUR (d2) =4/ d% + h2’ and PLSUR = ﬁURDi (dZ)RURDi (dZ)a~

Consider d; = d. Equation (14) can be re-written as

Msug Ns
P ;?RDI =G (,BSUR(d)RSUR(d)“) R

o \MUrRD; VR
+ C1(Buep (duor — Ry, (ot = D)
15)
2
where Cg = C4(%)MSURNS and C7; =

Cs (PO Moo Me,
CASE 1

In this case, OP is minimized w.r.t. UAV location. The objec-

tive function for the optimum relay location is formulated as
ko : 00

d* = arg ma}n P)/SRD1

subject to 0 < d| < diot- (16)
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CASE 2

In this case, OP is minimized w.r.t. to both the UAV relay
location parameter d; and the UAV’s height. The objective
function for maximizing throughput is formulated as:

Msug Ns
P, = Co(Bsun(d. RSy, )
Mugp; Nr
+ Cr (Buwp, (s — d. DR, ) (A7)
d*, h* = argrgihn P}O,E’RDz
subject to 0 < {d} < dior, (18)
0 < {h} < hmax- (19)
where
10 ¢/ (180 arctan(y—p
Bugp; (d, h) = 10 10410 exp o (150 aretan( ') ’ (20)
TQO+ 7q’(i({)arctan( _h )*p’)
Bsur (oot — d, 1) =10 0t LT AT o

R¢y = (d*+ h?)%, and RE b, = (diot —d)* + h2)5. The
exact closed-form expression of the above objective function
is mathematically intractable. Further, the objective function
is non-linear, twice continuously differentiable, and involves
a large number of variables. Hence, we employ a quasi-
Newton method based LBFGS algorithm [36] to obtain the
optimum values for d and A that minimize the OP. L-BFGS
algorithm is very stable due to the line search procedure
and converges faster than the stochastic gradient descent
algorithm with automatic step size detection [37]. L-BFGS
uses the approximated second-order gradient information to
provide a faster convergence toward the minimum and thus
shows effectiveness over other optimization algorithms [37].
In LBFGS algorithm, objective functions (15) and (17) with
the constraints given (16), (18), and (19), respectively, are
optimized. For the objective function f(x), x; and oy are
the input and step size at the kth step, respectively, and
Xk41 = Xk + agpr, where oy is chosen to satisfy Wolfe
conditions [36], [38] and p; = —BI:IVf(x) = HyVf(x) is
the minimizer (step search direction for each k). By is the
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Algorithm 1: LBFGS Algorithm for OP Minimization
w.r.t. d and h

Input: x = [d, 17T; Lower bound [by, by] = 0, Upper bound
[uy, uz] = [d1ot, hmax],
Output: f(x*) (OptVal) and x* (OptPosition)
Data: Initialization ¢ < Vf(x) (gradient)
for i=k—1,k—2,....,k—mdo
a; < pis q;
q < q — Qi
end .
Sk = Xk+1 — Xk = XkPks
Yk = Vi1 — Vi
HO _ Sp—1Yk—1 I:
k )’/Z‘,l}'k—l
7= H,?q
for i=k—mk—m+1,...,k—1do
Bi < pivlz;
z < 2+ si(e — B

end
if k> m then
compute s; and y; until convergence
‘ terminate z = H; Vf(X),
end

approximation for the Hessian matrix (H). LBFGS is based
on the BFGS recursion for the inverse Hessian as

Hiy1 = (1 — PkSKVL )Hk (1 - pms,{) + prsksy. (22)

The pseudo LBFGS is

Algorithm 1.

algorithm  for given in

V. ASER ANALYSIS

In this section, we obtain the ASER expressions for the
higher-order QAM schemes using the CDF approach. For
a digital modulation scheme, the CDF based generalized
ASER is expressed as [39]

P == [ PDF 0l 03

Ye2e
where Pj(ely) is the first order derivative of the
conditional symbol error probability (SEP) of a
modulation scheme over the AWGN channel w.r.t..
instantaneous SNR (y) and F,,, (y) is the CDF of the
e2e SNR.

A. HEXAGONAL QAM SCHEME
The conditional SEP expression for M-ary HQAM scheme
over AWGN channel takes the form [20]:

2 2
Pl (ely) = BO(Jany) + 5BCQ2< /%)
_ ZBCQ(‘/_ahy)Q< /%)

where the parameters B, B, and «j of the considered
HQAM are defined in [18] for different constellation
points.

(24)
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Proposition 2: The  generalized ASER
of HQAM for UAV assisted multi-user
expressed as

B B 2 -1 31
PSH:()—*C—Hdﬂ oF1[ 1,1, 2, =

+H2°”’_1+ A2 3 com (1122
63 2177274 215’2’4

+ c3[(,< — D+ {Hﬁ(%)* = Hblp(%)*“

expression
systems is

+HCP(%)*”} +T (k)

r(3) " (.5(2))
(n(3A(5) e ()N

(25)
where H, = (B"Z_B) T Hp = % = H = % A Hy=
2 and H, = 22, and Ag = 24/As.

Proof: The proof is given in Appendix B. |

B. RECTANGULAR QAM SCHEME
The conditional SEP of RQAM over AWGN channels takes
the form [39, eq. (18)]

PROM ely) = 2 RiQ(b1V7) + R20(b2/7)
—2RiR0(b1y/7)Q(b2v7) | 26)

6

M =1)+Mg—1)dio*’
and by = djgb;. Further, M; and My indicate the in-
phase and quadrature—fhase constellation points, respectively.
Additionally, djg = d—?, where d; and dg are the in-phase
and quadrature decision distances, respectively.

Proposition 3: The generalized ASER expression of
RQAM for UAV assisted multi-user systems is expressed as

where R} = 1—%,132 = 1—MLQ,b1 =

R1R2b1b21”71
PR~ —Ri(Ry—1) —Ry(Ri — ) + ————

3 n 3 mn
x {zFl(l, L3 E) iy (1, L3 r3>} G
x [(t +s5— %) !{—Ra]P’(rl)f'( - Rb]P’(rz)fK} +T'(k1)
x P(r3) 'R, (Fl (r1, P(r3)) + Fi(r2, P(w)))]- 27)

Hez:re, Ry = M=l Ry = —bZZR%L;[—“, Re = 1Rk ) —
l%, r = l%, and r3 = %. SQAM is a special case of
RQAM and it is obtained by considering M; = Mgy = VM
and djgp = 1.

Proof: Given in Appendix C. |
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C. CROSS QAM SCHEME
The conditional SEP for the 32-XQAM scheme is expressed
as [40, eq. 2D)]:

PX(ely) = X@(W ) + —XQ<2W>
—X2Q2<m),

(28)

%, and M, = 32. The generalized ASER for XQAM
is obtained by taking the FOD of (28) and substituting the
resultant expression along with (9) in (23). By using the
identities [41, eq. (3.371), (7.522.9)], the generalized ASER
for XQAM is expressed as

PX X3+Mi+§—2F1(11; ;)

+ c3[<x - D! {\/gxﬂpocx)—S

where X = 4 —

4
5 ok, ¢
— o P }
Xou, T
_ Xl by ¢ (ks P(zm)] 29)
where X3 = 2% o, = Atn+ Ll u, =A+n+j+

17 ,Bxl = ZWSURV AZ’ Oy, = ‘(//SURAI + P(Kx)’ and Uy, =
VUsug A1 + P(2«y).

ENERGY EFFICIENCY ANALYSIS

Energy efficiency (EE) quantifies the energy consumed in
delivering data. EE is the ratio of total amount of data
delivered to the total amount of energy consumed and is
given by [42]

_ Prp; _ PL(I —Ps)

- E, E;
where P is the length of the packet, p; represents the
probability of the successful received data at the receiver and
E; is the total energy consumption for transmitting the data,
P; is the symbol error rate of the considered modulation
scheme, and

, (30)

_LP

Ry’
where L, P and R, stand for the payload packet size, total
power, and rate of transmission, respectively. For a MIMO

cooperative relaying-based network, the total power is given
by [43]:

E; €29

Ny
P=P(1+0|Pa+ Y Po|+P(1+0)
ni=1
Ng+1
Z Poa+ Y Pe |, (32)
np=1 n3=1
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where N;, N, N; are the number of antennas at the source,
relay, and destination nodes. Further, £ = (£ —1) defines the
loss factor of the power amplifier. Parameter ¢ represents
the drain efficiency of the amplifier [44] and & denotes the
peak-to-average power ratio corresponding to the modulation
associated with the respective constellation size [18]. Upon
substituting the derived SER expressions of the considered
modulation schemes, the EE of the respective modulation
schemes is obtained.

VI. NUMERICAL AND SIMULATION RESULTS

In this section, the numerical results are illustrated by
comparing the accuracy of the analytical expressions with
the Monte-Carlo simulations. The optimum location and
height of the UAV are validated through simulations. Unless
otherwise stated, the following parameters are considered:
antenna elements (AEs) as {Ns, Nr, Np,}, where Np, denotes
the number of ground users. Fading parameters (FPs)
of the Nakagami-m channels are {msyy,mugp;}, and the
outdated CSI correlation coefficients are {psug, pugp;}. In
the analysis, the system performance is investigated for the
cases when the correlation between the actual and estimated
CSI is near to perfect (pap = 0.9999), moderate pap = 0.95,

and extremely low psp = 0.9. Abbreviations ‘Ana.’, ‘Asym.’,
and ‘Sim. stand for the ‘analytical results’, ‘asymptotic
results,” and ‘simulation results’, respectively.

A. IMPACT OF OUTDATED CSI

The severity of the feedback errors over the OP w.r.t. transmit
power (dBm) performance is shown in FIGURE 2 for two
different AEs cases. Arbitrary correlation coefficients are
considered for the OP results presented in FIGURE 2(a) for
{Ns, Nr, Np,} = {2,1,2} with FPs {msy, = 1, myzp, =
2}. Results illustrate that system performance degrades with
the increase in outdated CSI. Under perfect CSI conditions
{osug = 1, purp; = 1}, for an OP of 1073, system
has a power gain of ~ 11 dBm and ~ 14 dBm w.r.t.
{pSUR = 07’ PURD; = 02} and {IOSUR = 01’ PURD; =
0.2}, respectively. The derived analytical results match
tightly with the asymptotic results and are verified through
simulation results. Results in FIGURE 2(b) illustrate the
impact of symmetric and asymmetric CSI conditions over
OP performance for {Ns,Nr,Np;} = {2,2,2} with FPs
{msug = 1,mygp, = 1}. It is observed that S — Ug
link CSI conditions affect the overall system performance.
The system with {psyy = 0.5, pugp, = 0.9} presents
similar performance to that one associated with {psuzy =
0.5, PURD; = 0.5}. The system with {,OSUR = 0.9, PURD; =
0.9} exhibits the performance gains of ~ 1.5 dBm and ~ 4.5
dBm for an OP of 107> w.r.t. to other cases associated with
{pSUR =0.9, PURD; = 0.5}, {pSUR =0.5, PURD; = 0.9}, and
{psug = 0.5, pugp; = 0.5}, respectively.

Impact of AEs over OP are investigated w.r.t. transmit
power for {psugx = 0.9, pugp; = 0.9} in FIGURE 3. It is
observed that with the increase in the UgR AEs and D; users,
OP decreases. Results are presented for {Ns, Nr, Np,} =
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FIGURE 2. Outage probability vs transmit power (dBm) for different pag values.
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FIGURE 3. Outage probability vs transmit power (dBm) for various ACs with
{psug = 0.9, pugp, = 0.9} values.

{1,2,2},{2, 1,2}, {2,2, 1}, {2, 2, 2}. For an OP of 1073, the
system with {2, 2,2} AEs has a transmit power gain of ~ 2
dBm, ~ 10 dBm, and ~ 14 dBm w.r.t. to {1, 2, 2}, {2, 1,2}
and {2, 2, 1}. It is also observed that the reduction in Ugr
AEs degrades the system OP performance.

B. OPTIMIZATION OF UAV LOCATION

Optimization of Ugr location to attain MOP under perfect
and imperfect channel conditions is presented for a transmit
SNR of 10 dBm in FIGURE 4. Under perfect CSI conditions,
the optimization results are illustrated in FIGURE 4(a) for
different antenna configurations. It is observed that the MOP
of 3.58 x 10712 for {Ns, Nr,Np,} = {2,2,2} system is
attained when UAV is located exactly in middle between
S and Ugr. For {Ns, Ng,Np,} = {l1,2,2} system, MOP
of 4.34 x 1078 is attained when Ug is located closer to
S whereas for {Ns, Nr, Np,} = {2,2,1} system, MOP of
5.2 x 1072 is attained when Uy is located close to D;. In
FIGURE 4(b), impact of feedback errors is demonstrated
for the {Ns, Nr, Np;} = {2, 2,2} system. Results illustrate
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that the MOP is attained when Uy is located closer to the
node whose link is severely affected by outdated CSI. For
symmetric outdated CSI conditions, the system with {osug
0.9, pugp, = 0.9} attains MOP of 2.8 x 10=2 which is an
increase in OP to 10710 w.r.t. perfect CSI conditions which
shows the severity of outdated CSI over system performance.

In FIGURE 5, the optimization of UAV altitude and
location to attain MOP is illustrated for the {Ns, Nr, Np,} =
{1,2,2} system with and without feedback errors at a
transmit SNR of 5 dBm. In FIGURE 5(a), MOP results are
plotted for perfect CSI conditions. It is observed that the
optimum OP of 5.21 x 1073 is obtained when Uy is located
close to Dj at a distance of 4900 m and at a height of 118 m
which increases LOS propagation, whereas in FIGURE 5(b),
MOP results are plotted for {psux = 0.2, pugp, = 0.9}
Results illustrate that in the presence of severe outdated CSI
impairment of the S — Up link, the system attains the
MOP of 7.68 x 1072 at a distance of 2900 m and at height
of 118 m. When there is a pronounced decline in channel
correlation, the system reaches the MOP characteristic of the
scenario where U is located closer proximity to S compared
to the ideal situation.

For various QAM schemes in FIGURE 6, ASER analysis
for even and odd constellations points are presented for the
{Ng, NR, NDi} = {2, 2,2} system with {PSUR =0.9, PURD; =
0.9}. The results plotted in FIGURE 6(a) illustrate the ASER
analysis for even constellation points of HQAM and SQAM
whereas in FIGURE 6(b), ASER analysis of odd bits of
HQAM, RQAM, and XQAM are presented. For an ASER
of 1073, 4-SQAM has a transmit power gain of ~ 0.1 dBm
w.r.t. 4-HQAM, whereas for 16 and 64 constellation points,
HQAM has a transmit power gain of &~ 0.45 dBm w.r.t.
SQAM. For an ASER of 107>, 8-HQAM has a transmit
power gain of &~ 1 dBm w.r.t. 4 x 2-RQAM. For ASER of
1074, 32-HQAM has a transmit power gain of ~ 0.7 dBm
and ~ 1.2 dBm w.r.t. 32-XQAM and 8 x 4-RQAM. This is
due to the optimum 2D constellation of HQAM with low
peak and average powers even for odd bits transmission.
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FIGURE 6. ASER analysis of even and odd bit constellation points.

In FIGURE 7, the impact of feedback errors over ASER
analysis of various QAM schemes is illustrated for various
constellation points for the {Ns, Nr, Np,} = {1, 4, 4} system.
Results illustrate an increase in the data rates with the
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(b) Odd constellation points.

error probability. In FIGURE 7(a) and FIGURE 7(b), results
are presented with perfect and outdated CSI ({psuy =
0.2, pugp, = 0.2}), respectively. The plotted results illustrate
the performance degradation with the outdated CSI. 4-SQAM
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FIGURE 7. ASER analysis of various constellation points with and without outdated CSI.
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FIGURE 8. ASER analysis of 16 HQAM for {psy, = 0.9, pugp, = 0.2}.

provides a transmit power gain of & 0.1 dBm over 4-HQAM.
This is due to the presence of a large number of nearest
neighborhoods for 4-HQAM as compared with the 4-SQAM.
With the increase in constellation order from 8 to 1024,
HQAM performs better w.r.t. other modulation schemes due
to the optimum 2D hexagonal lattice with low peak and
average energies for the same distance of separation between
two constellation points.

In FIGURE 8, curves demonstrate the impact of Ug AEs
and D; users over ASER analysis of 16-HQAM scheme
for {psur = 0.9, pugxp, = 0.2}. Results are presented for
the severely affected Ur — Dj link. It is observed that
for an ASER of 1074, the increase of ground users from
2 to 4 is accompanied by a transmit power gain of 3
dBm. The curves demonstrate that the system performance
improves with the increase in both Ur antennas and the
ground users. For an ASER of 1077, {Ns,Ng,Np,} =
{2,4,4} has a transmit power gain of ~ 0.55 dBm
over {Ns, Nr,Np,} = {1,3,4}, whereas {Ns, Nr,Np,} =
{2,4,4} exhibits similar performance to that of
{Ns, Nr, Np;} = {1, 4, 4}.
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FIGURE 9. BER comparative results for BPSK.

In FIGURE 9, BER of BPSK is presented as per
the parameters presented in [13], [15] w.rt. to presented
work. For comparative analysis, {Ns, N, Np,} = (2,2, 2}
is considered. As in [13], the results for BPSK are shown
for fading parameters m = 1 and m = 2. Even for highly
uncorrelated channel links, our system performs better.
Even though dual-hop multiple links for 3-UAV relay are
considered, similar results are observed when the system is
modeled as per [15]. The curves illustrate the degradation of
the system performance with feedback errors. It is observed
that for a BER of 1072, there is a degradation of system
performance of about 2 and 2.5 dB with respect to [13]
and [15], respectively.

ASER analysis of various HQAM constellation points
is presented for the {Ns, Nr, Np;} = {2, 2,2} system with
{osug = 0.9, pugp; = 0.9} in FIGURE 10. There is a
trade-off between transmit power gain and the increase in
constellation points. With the increase in constellation points
from 4 to 64, the data rate increases, however, at the cost
of increased error rate. The derived analytical results are
corroborated by the Monte-Carlo simulations.
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FIGURE 11. Energy efficiency of the system.

FIGURE 11 depicts the energy efficiency of the considered
system model for HQAM, RQAM, and XQAM. All the
results are reported at 30 dB transmit SNR. Results are
obtained assuming the perfect channel state information
scenario as well as under the influence of feedback errors
({psug = 0.9, pugp; = 0.2}). The value of & for various
modulation schemes is provided in [18]. It is observed
that HQAM attains better energy efficiency for even and
odd constellation points over SQAM, RQAM, and XQAM.
The curves illustrate that the overall energy efficiency of
the system degrades with the outdated CSI. It is also
observed that for odd constellation points, XQAM performs
equivalently to HQAM. However, HQAM provides better
efficiency due to low peak-to-average power.

VIl. CONCLUSION

In this work, the performance of a dual-hop decode-and-
forward UAV relaying system with multi-users is analyzed
assuming MIMO antennas at the base station and UAV.
The system is analyzed considering the detrimental effects
of channel estimation errors over generalized Nakagami-m
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fading channels. The CDF of end-to-end SNR and closed-
form expressions for OP, asymptotic OP, and ASER analysis
of higher-order QAM schemes are derived and verified
using Monte-Carlo simulations. Because of the optimal 2D
hexagonal lattice, which exhibits low peak and average
energies at identical separation distances between two
constellation points, HQAM constellations outperform other
modulation schemes. This superiority is confirmed through
energy efficiency analysis. In addition, system performance
is optimized by taking into account the dependence of
MOP on the UAV location and height. Results illustrate
the dominance of the S — Uy link CSI conditions over
the entire system performance. Optimum performance in OP
is dependent on the CEEs, antenna elements, and ground
users. Analytical and simulation results clarify the impact
of correlation parameters, multiple antennas, and fading
parameters on the system performance.

APPENDIX A

PROOF OF PROPOSITION 1

Proof: Let 775(& represent the delayed version of 773(& by
time t, where 7 is related to p through Clarke’s fading

model. The probability density function (PDF) of y. A(k) is
expressed as
o
foo = / L0, 0 0RO 0 (dx, (33)
SUR 0 ~7sug!Ysug Ysug
where
Tigsrse O+
f ® |0 lx) = R R , (34a)
Vsug 1 Vstg fy(k) (x)
SUR

Ng—1
fe () = NR[Fy(k) (X)} [0 (). (34b)
SUR SUR SUR

Also, [F (k) (x) Vs~ I is derived as in [39]. For a correlation

coefflclent ,o, the PDF of the actual SNR (y4p) conditioned
over its estimate (ysp) follows the non-central chi-square
distribution with two degrees of freedom and is given by [34]

1 \Map+1/ xy MA’2371
fnaiy = ) )
yam AR (1 = pap)TMag

X exp (—

where MAB = mABNB, ,BAB = Z%. The PDF of );S(E)R is
obtained by substituting (34), (35) in (33) and expressing
the identity using [41, eq.(6.643.2)] as

(x+y) ) ! ( 2. /XypAB )
<5 MMup—1\ 7/ |
(1 — paB)Bas (1 — paB)Bas

(35)
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A
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Notation d>a b, c denotes the coefficient in the multinomial
gWN—-1)

expansion (Z "d = > Dp4rx*[39]. Ay, = Msug +
d=0 p=0
Msuy, +2 Msuy, —1
L A = B o= TE 6= S
13m(1—
a; = X1 iR and ay = Hm pSUR) . The above

[(1—-psug)Bsu Bsug (1=psug)
expression is further simplified by using the identities

[41, eq.(9.220.2), eq.(9.210.1)] and [46] as
Ng—1 mMsyg —1) Ns—1
o R (=D"Ns(,7)()

IIEDIEDD

n=0 j= =0

fom () =
Y. M +j
SUR r MSUR Vs US;R
F(MSUR + n) q)n,m,MSUR P/SUR(l - :OSUR)"_]
F(MSUR +.]) [1 —+ m(l — pSUR)]MSUR+n+j

x xMsugH—la=82vi (36)

The PDF of yugp, is obtained by following the above
procedure and CDF is derived by evaluating f(')x f(w)du. The
closed-form expression for OP as given in (9) is obtained

by substituting the resultant expressions of F};(k) (ym) and
SUR

F};(]opt) (Vth) in (7) u

URrD;

APPENDIX B

PROOF OF PROPOSITION 2

Proof: To derive the generalized closed-form ASER expres-
sion for HQAM, the CDF approach is followed. The
first-order derivative (FOD) of Pf’ QAM(e|y) is obtained

by taking the derivative of (24) wrt. y and is
expressed as
P (ely) = Hoy 2™ T—Hby 56 %+ B
apy —2mhy
xe o + Hjope 3 1F1< )
3
(1L 2 e (L3 2 e

Substituting (37) and (9) into (23) leads to:

P =~ /0 Pi(ely)Fy,, (v)dy,

o0
- / Pi(ely)(1 = Cay' e )ay,
0

o0 o0
- / Plely)dy — / C3P(ely)y" e dy
0 0
(38)

In addition, /; and I are expressed as
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The integrals in I} and I, are evaluated using the identi-
ties [41, eq. (3.351), (7.522.9)]:

I—B Bce BcF 131 N B,
T2 T3 T 22" T 3o

(o )2

_ c1[<t+s— %)!{HQ]P’(%)_ —KHh]P’<O;h>_K
e e (5) a5 ()
S (5 (5)) +m(55(5))) | e

Upon substituting (40) and (41) in (38), the generalized
ASER expression for HQAM takes the value (25). [ |

(40)

APPENDIX C
PROOF OF PROPOSITION 3
Proof: The FOD of (26) is obtained similarly to the FOD of
HQAM conditional SEP as in (37). To derive the generalized
ASER expression of RQAM, we substitute the FOD of (26)
and (9) into (23) to obtain

pRoAM _

o
- /0 P;(eW)FVm(V)d%

== [ Petn (1= et
0

= Ip, + Ig,.

—Azy ) dy,
(42)

Further, Ig, and I, are expressed as:

= -3 ,-ny —3 -1y
Ig, = — (Ray 2e + Rpy  2e
0

3 3
17 <1, > Vl)/) + 1F1(1, > Vz)/) })d%

(43)
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: 3
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3
x 1F1 1,5,72)/ dy

The integrals in Ig, and Ig, are resolved by using the
identities [41, eq. (3.371), (7.522.9)] and substituting them
into (42) to get the closed-form expression (27). |

(r+s-1) {Rae—]P(rl)y + Rye By }dy

(44)

ACKNOWLEDGMENT
The statements made herein are solely the responsibility of
the authors.

VOLUME 5, 2024



‘IEEES IEEE Open Journal of the
Com3oc  communications Society

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Y. Zeng, Q. Wu, and R. Zhang, “Accessing from the sky: A tutorial
on UAV communications for 5G and beyond,” Proc. IEEE, vol. 107,
no. 12, pp. 2327-2375, Dec. 2019.

B. Li, Z. Fei, and Y. Zhang, “UAV communications for 5G and beyond:
Recent advances and future trends,” IEEE Internet Things J., vol. 6,
no. 2, pp. 2241-2263, Apr. 2018.

C. Yan, L. Fu, J. Zhang, and J. Wang, “A comprehensive survey
on UAV communication channel modeling,” IEEE Access, vol. 7,
pp- 107769-107792, 2019.

“Technical specification group radio access network; study on
enhanced LTE support for aerial vehicles (release 15), Version 15.0.0,”
3GPP, Sophia, Antipolis, France, Rep. 36.777, Dec. 2017.

M.-A. Russon, Nokia and EE trial mobile base stations floating on
drones to revolutionise rural 4G coverage, Int. Bus. Times, New York,
NY, USA, 2016.

A. Fotouhi et al., “Survey on UAV cellular communications: Practical
aspects, standardization advancements, regulation, and security chal-
lenges,” IEEE Commun.Surv. Tut., vol. 21, no. 4, pp. 3417-3442,
Mar. 2019.

M. Ding, P. Wang, D. Lépez-Pérez, G. Mao, and Z. Lin, “Performance
impact of LoS and NLoS transmissions in dense cellular networks,”
IEEE Trans. Wireless Commun., vol. 15, no. 3, pp. 2365-2380,
Mar. 2015.

M. Hainzl, “Integrating UAVs into public safety LTE networks,” Tech.
Rep., 2014.

P. Zhan, K. Yu, and A. L. Swindlehurst, “Wireless relay communica-
tions with unmanned aerial vehicles: Performance and optimization,”
IEEE Trans. Aerosp. Electron. Sys., vol. 47, no. 3, pp. 2068-2085,
Jul. 2011.

A. Al-Hourani, S. Kandeepan, and S. Lardner, “Optimal LAP altitude
for maximum coverage,” IEEE Wireless Commun. Lett., vol. 3, no. 6,
pp. 569-572, Dec. 2014.

Y. Zeng, R. Zhang, and T. J. Lim, “Throughput maximization for
UAV-enabled mobile relaying systems,” IEEE Trans. commun., vol. 64,
no. 12, pp. 4983-4996, Dec. 2016.

M. M. Azari, F. Rosas, K.-C. Chen, and S. Pollin, “Ultra reliable
UAV communication using altitude and cooperation diversity,” IEEE
Trans. Commun., vol. 66, no. 1, pp. 330-344, Jun. 2018.

Y. Chen, W. Feng, and G. Zheng, “Optimum placement of UAV as
relays,” IEEE Commun. Lett., vol. 22, no. 2, pp. 248-251, Feb. 2018.
L. Sboui, H. Ghazzai, Z. Rezki, and M.-S. Alouini, “Achievable rates
of UAV-relayed cooperative cognitive radio MIMO systems,” IEEE
Access, vol. 5, pp. 5190-5204, 2017.

Y. Chen, N. Zhao, Z. Ding, and M.-S. Alouini, “Multiple UAVs as
relays: Multi-hop single link versus multiple dual-hop links,” IEEE
Trans. Wireless Commun., vol. 17, no. 9, pp. 6348-6359, Sep. 2018.
S. Hanna, E. Kirijestorac, H. Yan, and D. Cabric, “UAV swarms as
amplify-and-forward MIMO relays,” in Proc. Int. Workshop Signal
Process. Adv. Wireless Commun. (SPAWC), 2019, pp. 1-5.

S. Hosseinalipour, A. Rahmati, and H. Dai, “Interference avoidance
position planning in dual-hop and multi-hop UAV relay networks,”
IEEE Trans. Wireless Commun., vol. 19, no. 11, pp. 7033-7048,
Nov. 2020.

P. K. Singya, P. Shaik, N. Kumar, V. Bhatia, and M.-S. Alouini,
“A survey on higher-order QAM constellations: Technical challenges,
recent advances, and future trends,” IEEE Open J. Commun. Soc.,
vol. 2, pp. 617-655, 2021.

S. Parvez, P. K. Singya, and V. Bhatia, “On impact of imperfect
CSI over hexagonal QAM for TAS/MRC-MIMO cooperative relay
network,” IEEE Commun. Lett., vol. 23, no. 10, pp. 1721-1724,
Oct. 2019.

S. Parvez, P. K. Singya, and V. Bhatia, “On ASER analysis of energy
efficient modulation schemes for a device-to-device MIMO relay
network,” IEEE Access, vol. 8, pp. 2499-2512, 2020.

K. K. Garg, P. Singya, and V. Bhatia, “Performance analysis of NLOS
ultraviolet communications with correlated branches over turbulent
channels,” J. Opt. Commun. Netw., vol. 11, no. 11, pp. 525-535,
Nov. 2019.

P. Shaik, K. K. Garg, and V. Bhatia, “On impact of imperfect
channel state information on dual-hop nonline-of-sight ultraviolet
communication over turbulent channel,” Opt. Eng., vol. 59, no. 1,
pp. 1-14, Jan. 2020.

VOLUME 5, 2024

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

(351

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

K. K. Garg, P. Shaik, and V. Bhatia, “Performance analysis of coop-
erative relaying technique for non-line-of-sight UV communication
system in the presence of turbulence,” Opt. Eng., vol. 59, no. 5,
May 2020, Art. no. 055101.

P. K. Singya, N. Kumar, V. Bhatia, and M.-S. Alouini, “On the
performance analysis of higher order QAM schemes over mixed
RF/FSO systems,” [EEE Trans. Veh. Technol., vol. 69, no. 7,
pp. 73667378, Jul. 2020.

K. K. Garg, P. Shaik, V. Bhatia, and O. Krejcar, “On the performance
of a relay assisted hybrid RF-NLOS UVC system with imperfect chan-
nel estimation,” J. Opt. Commun. Netw., vol. 14, no. 4, pp. 177-189,
Apr. 2022.

P. K. Singya and M.-S. Alouini, “Performance of UAV-assisted
multiuser terrestrial-satellite communication system over mixed
FSO/RF channels,” IEEE Trans. Aerosp. Electron. Sys., vol. 58, no. 2,
pp. 781-796, Apr. 2021.

A. Kumar, S. Majhi, and H.-C. Wu, “Physical-layer security of
underlay MIMO-D2D communications by null steering method over
Nakagami-m and norton fading channels,” IEEE Trans. Wireless
Commun., vol. 21, no. 11, pp. 9700-9711, Nov. 2022.

J. N. Laneman, D. N. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

M. K. Simon and M.-S. Alouini, Digital Communication over Fading
Channels, vol. 95. Hoboken, NJ, USA: Wiley, Inc., 2005,

W. Khawaja, I. Guvenc, and D. Matolak, “UWB channel sounding
and modeling for UAV air-to-ground propagation channels,” in Proc.
IEEE Global Commun. Conf. (GLOBECOM), 2016, pp. 1-7.

E. Yanmaz, R. Kuschnig, and C. Bettstetter, “Achieving air-ground
communications in 802.11 networks with three-dimensional aerial
mobility,” in Proc. IEEE INFOCOM, Apr. 2013, pp. 120-124.

M. Nakagami, “The m-distribution—A general formula of intensity
distribution of rapid fading,” in Proc. Statist. Method. Radio Wave
Propagat., 1960, pp. 3-36.

P. Shaik, P. K. Singya, K. K. Garg, and V. Bhatia, “Outage probability
analysis of SWIPT device-to-device MIMO relay systems with
outdated CSI,” in Proc. IEEE Wireless Commun. Netw. Conf. (WCNC),
2021, pp. 1-6.

N. Yang, M. Elkashlan, P. L. Yeoh, and J. Yuan, “Multiuser
MIMO relay networks in Nakagami-m fading channels,” IEEE Trans.
Commun., vol. 60, no. 11, pp. 3298-3310, Nov. 2012.

Y. Ma, D. Zhang, A. Leith, and Z. Wang, “Error performance of
transmit beamforming with delayed and limited feedback,” IEEE
Trans. Wireless Commun., vol. 8, no. 3, pp. 1164-1170, Mar. 2009.

J. Nocedal and S. J. Wright, Numerical Optimization. New York, NY,
USA: Springer, Aug. 1999.

Q. V. Le, J. Ngiam, A. Coates, A. Lahiri, B. Prochnow, and A. Y. Ng,
“On optimization methods for deep learning,” in Proc. Int. Conf. Mach.
Learn., 2011, pp. 265-272.

M. J. Kochenderfer and T. A. Wheeler, Algorithms for Optimization.
Cambridge, MA, USA: MIT Press, Mar. 2019.

P. Shaik, P. K. Singya, and V. Bhatia, “Performance analysis of
QAM schemes for non-regenerative cooperative MIMO network with
transmit antenna selection,” AEU-Int. J. Electron. Commun., vol. 107,
pp. 298-306, Jul. 2019.

X.-C. Zhang, H. Yu, and G. Wei, “Exact symbol error probability of
cross-QAM in AWGN and fading channels,” EURASIP J. Wireless
Commun. Netw., vol. 2010, pp. 917-954, Nov. 2010.

I. S. Gradshteyn and 1. M. Ryzhik, Table of Integrals, Series, and
Products. Waltham MA, USA: Academic Press, 2014.

M. Al-Kali, L. Yu, D. Samb, C. Liu, and D. Wang, “Performance
analysis for energy efficiency in wireless cooperative relay networks,”
in Proc. Int. Conf. Commun. Technol, 2012, pp. 423-427.

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-efficiency of
MIMO and cooperative MIMO techniques in sensor networks,”
IEEE J. Sel. Areas Commun., vol. 22, no. 6, pp. 1089-1098,
Aug. 2004.

T. H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits.
Cambridge, U.K.: Cambridge Univ. Press, Dec. 2003.

Crossbow  Corporation.  “Mica2  datasheet [eb/ol].”  2008.
[Online]. Available: http://www.eol.ucar.edu/rtf/facilities/isa/internal/
CrossBow/DataSheets/mica2.pdf

1. Wolfram Research. “Wolfram research-functions.” 2010. [Online].
Available: http://functions.wolfram.com/07.20.03.0025.01




SHAIK et al.: ANALYSIS OF MULTI-USER-BASED UAV SYSTEM WITH OUTDATED CSI

PARVEZ SHAIK (Member, IEEE) received the
Ph.D. degree in electrical engineering from the
Indian Institute of Technology (IIT) Indore,
India. Following his doctorate, he served as a
Research Associate with IIT Indore and a Visiting
Postdoctoral Fellow with IISc Bangalore. He is
currently a Postdoctoral Research Associate with
Texas A&M University at Qatar. His research
focuses on various aspects of communication
networks, such as MIMO cooperative networks,
terrestrial and non-terrestrial communications, RF
and optical communications (including NOn-LOS UVC and VLC), IRS,
and deep learning. He acted as the Co-Chair for IEEE ANTS 2022.
He is a Peer Reviewer for several top-tier journals, including IEEE
TRANSACTIONS ON VEHICULAR TECHNOLOGY, IEEE TRANSACTIONS
ON COMMUNICATIONS, IEEE COMMUNICATIONS LETTERS, and System.

CIHAT KECECI received the B.S. (Hons.) and M.S.
degrees in electrical and electronics engineering
from Bogazici University, Istanbul, Turkey, in
2017 and 2020, respectively. He is currently
pursuing the Ph.D. degree in electrical and com-
puter engineering with Texas A&M University,
College Station, TX, USA. He was with the
Scientific and Technological Research Council
of Turkey, Informatics and Information Security
Research Center, Izmit, Kocaeli, Turkey. His
research interests include machine learning, smart
grids, and wireless communications.

KAMAL K. GARG received the M.Tech. degree
in signal processing from the Netaji Subhash
Institute of Technology, New Delhi, India, in
2002, and the Ph.D. degree from the Indian
Institute of Technology Indore, India, in 2022.
He currently serves as a Faculty Member with
Pandit Deendayal Energy University, Gandhinagar,
India. With over 15 years of experience in the
field of satellite mobile communications, he has
contributed significantly to this industry. He also
held the position of Faculty Member with the
Jaypee Institute of Technology, Noida, India, from 2002 to 2007. His
research interests encompass signal processing, as well as the design and
performance analysis of RF and optical wireless communication systems. He
is an Esteemed Reviewer for prominent academic journals and conferences,
including IEEE, OSA, and Optica.

456

MUHAMMAD ISMAIL (Senior Member, IEEE)
received the B.Sc. (Hons.) and M.Sc. degrees in
electrical engineering (electronics and communica-
tions) from Ain Shams University, Cairo, Egypt, in
2007 and 2009, respectively, and the Ph.D. degree
in electrical and computer engineering from the
University of Waterloo, Waterloo, ON, Canada, in
2013. He is currently an Assistant Professor with
the Department of Computer Science, Tennessee
Tech University, Cookeville, TN, USA. He was
a co-recipient of the Best Paper Awards in the
IEEE ICC 2014, the IEEE Globecom 2014, the SGRE 2015, the Green
2016, IEEE IS 2020, and the Best Conference Paper Award from the IEEE
Communications Society Technical Committee on Green Communications
and Networking at the IEEE ICC 2019. He was the Workshop Co-
Chair of the IEEE Greencom 2018, the TPC Co-Chair of the IEEE
VTC 2017 and 2016, the Publicity and Publication Co-Chair of the
CROWNCOM 2015, and the Web-Chair of the IEEE INFOCOM 2014. He
is an Associate Editor for the IEEE INTERNET OF THINGS JOURNAL and the
IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING.
He was an Associate Editor for the IET Communications and Physical
Communication. He was an Editorial Assistant of the IEEE TRANSACTIONS
ON VEHICULAR TECHNOLOGY from 2011 to 2013. He has been a technical
reviewer of several IEEE conferences and journals.

ERCHIN SERPEDIN (Fellow, IEEE) is a Full
Professor with the Electrical and Computer
Engineering Department, Texas A&M University
at College Station, College Station, TX, USA.
His current research interests include sig-
nal processing, machine learning, artificial
intelligence, cyber security, smart grids, and
wireless communications. He served as an
Associate Editor for more than 12 jour-
nals, including journals, such as the IEEE
TRANSACTIONS ON INFORMATION THEORY,
IEEE TRANSACTIONS ON SIGNAL PROCESSING, IEEE TRANSACTIONS
ON COMMUNICATIONS, IEEE SIGNAL PROCESSING LETTERS, IEEE
COMMUNICATIONS LETTERS, IEEE TRANSACTIONS ON WIRELESS
COMMUNICATIONS, [EEE Signal Processing Magazine, Signal Processing
(Elsevier), Physical Communication (Elsevier), and EURASIP Journal on
Advances in Signal Processing.

VOLUME 5, 2024




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


