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Abstract—Ambient backscatter communication (AmBC) tech-
nology can potentially offer spectral- and energy-efficient solu-
tions for future wireless systems. This paper proposes a novel
design to facilitate the spectrum sharing between a secondary
system and a primary system based on the AmBC technique
in intelligent reflective surface (IRS)-assisted unmanned aerial
vehicle (UAV) networks. In particular, an IRS-aided UAV co-
operatively relays the transmission from a terrestrial primary
source node to a user equipment on the ground. On the other
hand, leveraging on the AmBC technology, a terrestrial secondary
node transmits its information to a terrestrial secondary receiver
by modulating and backscattering the ambient relayed radio
frequency (RF) signals from the UAV-IRS. The performance of
such a system setup is analyzed by deriving the expressions of
outage probability and ergodic spectral efficiency. Finally, we
present the numerical results to provide useful insights into the
system design and also validate the derived theoretical results
using Monte Carlo simulations.

I. INTRODUCTION

NTELLIGENT reflective surfaces (IRSs) are envisaged to

have a great potential for their applications in the next
generation of wireless networks, including the internet-of-
things (IoT) networks. The IRSs are comprised of a synthetic
array having sub-wavelength passive reflector elements that
can adjust the phase shifts of the impinging waves, in or-
der to efficiently steer them towards the destination. In the
context of the future 6G wireless networks, the IRSs can
offer higher energy- and spectral- efficiency with reduced
hardware complexity and cost compared to the traditional
cooperative relaying schemes [1]. On another front, unmanned
aerial vehicles (UAVs) are believed to play a crucial role in
providing wireless connectivity and coverage to the ground
users, especially for emergency service or hot-spot. Due to
their mobility and high altitude, UAVs can establish their
individual direct line-of-sight (LoS) links with the ground
users to counteract blockages and shadowing in the complex
urban environment [2], [3].

Ambient backscatter communication (AmBC) is another
technology that can utilize the radio-frequency (RF) signals
from the ambient base stations, TV towers, or access points,
for the transmission without requiring active RF components
[4], [5]. Communication using AmBC does not require a
dedicated spectrum and thus, offers spectral efficient means for
wireless information transmission. Leveraging on the potential
of AmBC, authors in [6] introduced a spectrum sharing
paradigm for IoT devices. Authors in [7] studied a cognitive
backscatter network based spectrum sharing for passive IoT.
Moreover, a symbiotic radio cooperative AmBC has been
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analyzed in [8] to facilitate the spectrum sharing. Recently,
authors in [9] examined the outage performance in three
different paradigms of cooperative AmBC systems.

Motivated by the above-mentioned discussion and poten-
tial of IRS, UAV, and AmBC technologies, we propose a
novel system design in this paper wherein an IRS-capable
UAV helps a transmit node to relay its information to the
destination. Meanwhile, a secondary system co-exists on the
same spectrum relying on the AmBC assistance. The UAV-
IRS methodology can provide a wide coverage in ultra-dense
environments, whereas, the employment of AmBC augments
in the effective usage of spectral resources.

In contrast to cognitive radio based spectrum sharing [10],
the co-existence using AmBC primarily differs in two aspects.
First, the secondary transmitter (Tag) does not generate its own
RF signal but exploits the RF signal of primary transmitter for
its information transmission. Second, due to interference from
the primary system, the secondary receiver (Reader) relies
upon the successive interference cancellation (SIC) to decode
its information. This spectrum sharing concept has also been
referred to as a symbiotic radio or cognitive backscattering
[11]. For such a system configuration, we comprehensively
investigate its performance by deriving theoretical expressions
for the outage probability (OP) and ergodic spectral efficiency
(ESE). Based on our investigations, we provide various in-
sights into the system design.

Notations: We use E[-] to represent the expectation and
CN(0,0?%) to represent complex normal distribution having
mean zero and variance o2. Iy denotes the identity matrix
of size N x N, K,(-) represents v-th order modified Bessel
function of second kind [12, eq. (8.432.1)], whereas W, ,,(-)
denotes Whittaker function [12, eq. (9.222)]. fx(-) and Fx ()
denote the probability density function (PDF) and the cumula-
tive distribution function (CDF) of a random variable (RV) X,
respectively, and Pr[-] represents the probability. Y[-, -] and I'[-]
denote, respectively, the lower incomplete and the complete
gamma functions [12, eq. (8.350)].

II. SYSTEM MODEL

We consider a wireless network comprising a primary
system including a transmit node S, a UAV-IRS [13], and a UE
on the ground. The secondary system includes a backscatter
capable transmitter T and a receiver R. The system operates
in sub-6GHz band [14]. Hereby, we assume the cooperation
between primary and secondary systems to facilitate the joint
decoding at R, which, in turn, can achieve a reliable backscat-
ter communication [8], [9]. Due to the absence of an LoS
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link, S relays its information via assistance from an UAV-IRS
with IV passive reflective elements that can be reconfigured
using a controller. Such a network configuration may be useful
to offload the cell traffic using the aerial nodes to serve the
cell-edge users which are beyond the strong coverage of base
station in a macrocell. Location of S, UAV, and ground users
are denoted by {q,q,,q} € R**! with k € {e, t,r}, re-
spectively, in a three-dimensional plane. The UAV is assumed
to be a fixed-wing type which follows a circular trajectory
of radius r at a fixed altitude H € [Humin, Hmax] With a
constant velocity, where H i, and Hy,,x being the minimum
and maximum possible altitudes. Let us consider # as an
angle of the UAV location with reference to x-axis at any
given instant. Thus, UAV’s location can be represented as
q, = [rcosf rsing H|T.

As such, the elevation angle between S and UAV, denoted
as ¢p,u, and between ground users and UAV, denoted as ¢y,
can be expressed as

H H
¢b,u=arctan<>, @k, u=arctan () . (D
gy —qy| 9, — 9|

The LoS probability between UAV and ground nodes i.e., S
and UEs, is given by [15]

pL(¢€,u) L

1 + Cexp (—B(¢en — C))’

where B and C are environment dependent constants. The
path-loss exponent is given by a(¢ru) = pX(deu)ce + fo
where ¢, and f, are constants which depend on the uplink
and downlink environment. The channels from S to n-th IRS
element at UAV and from n-th IRS element to UE and R, are
denoted, respectively, as hy, Ry and Ay, .. The composite
channels from n-th IRS element to R and UE via T are repre-
sented by h,, ;. and h,, ., respectively [7]-[9]. All the channels
are assumed to follow uncorrelated quasi-static Rayleigh fad-
ing such that h, ., ~CN(0,Q,,.In) with & € {e,r te,t,}.

vl e {b,k} (2)

Further, we can represent hy , = [hp 1, - ,hb,N}H, h,. =
[h‘l,ea e 7hN,e]HI’_I hu,r = [h177‘7 e 7hN,T‘]Ha l}_},t,te -
[hae, s hve ] and hyy, = (R, b, ]". © =
diag(e?#1 ... je¥n ... eJ¥N) is a phase shift matrix, where

©n € 10,27),Vn, is the phase shift by the n-th element.

III. MODELING OF IRS-AIDED UAV NETWORKS

A. SNR Formulation

First, S transmits its symbol x with E[z?] = 1 to UE
via assistance from the UAV-IRS. Meanwhile, the secondary
node T modulates its own information ¢ with E[¢?] = 1,
on the received RF signal from UAV-IRS, to transmit for its
destination R. As a result, the signal received at UE can be
given as

ye = \/ Pydih{!, ©h, .z + 1/ Pyndoh{l, ©hy ¢ xc + ve, (3)

where P, is the transmit power at the S, d =
d;ua(qSh,u)d;:‘(qbu,e)’dQ — d;ua((i)h,u)d;ta(ff)n,t)d;ao’ Wlth dbu —
V |qb _qu|2+H2’ dye = |qe_qu|2 +H29 dye =
V09— 49, + H?, and d;. = |q; — q.|, being the distances

between S to UAV-IRS, UAV-IRS to UE, and T to UE,
respectively. «, is the path-loss exponent for the terrestrial

links, n € [0,1] is the backscatter efficiency of T, and v, ~
CN(0,02) is the additive white Gaussian noise (AWGN). On
the other hand, the signal received at R is given by

Y = A/ andghfu@hu,trmc + Pbcf4h,fu®hu’rx + vy, (4)

where Jd _ d;ua(%’u)d;ta(%’t)d;a”7CZ4 _ db_ua(gbh'“)d;ﬁ(%‘r),
with dyr = v/|q, — q,,|? + H?, and d; = |q, — q,| being the
distances between UAV-IRS to R, and T to R, respectively,
and v, ~ CN(0,02) is the AWGN. As highlighted earlier,
due to cooperation between primary and secondary systems,
node R can decode its information ¢ using SIC [7]-[9].
Specifically, it first decodes the signal of UE while treating
c as an interference and subsequently obtains its information
by eliminating the decoded signal. As such, the signal-to-
interference-plus-noise ratio (SINR) at R to decode the = can
be given by

Pyds|h{!, ©h, ,
R = ~
Pynds |hl€{u@hu,tr

| 2

(&)

5 .
2
+ o7

After eliminating the decoded signal = from its observation,
R retrieves its information using the SNR

2

P -
Ay = —5nds [y, Ohy |7, (6)

whereas, the UE decodes its information using the SINR as
v P |, en,. |’

= _ .

Pynds[h, ©h,; |° + o2

Hereby, we consider a coherent phase shift design [16]
to maximize the performance of primary user UE. In other
words, we assume that the phase shifts from the IRS elements
are adjusted in such a way that the reflected signals are co-
phased, i.e., ¢, = arg hy nhy, . It is assumed that the channel
state information (CSI) of the pertinent channels are available
at the S which can be feedback to IRS controller from a
dedicated control channel. Various methods of the channel
estimation have been reported in existing works, for instance,
see [17]. Note that as IRS configures itself to optimize the
phase shifts for UE, nodes T and R will experience the
arbitrary phase shifts. For notational simplicity, let us represent
X = hlfu@hu,e = Zfz\le |honlhnel, W= |hb}{u®hu,tc %
Y = |hf!,©h,,|% and Z = |h}’ ©h,, |*.

(7

B. Probability of Successful SIC

Recalling that node R first needs to decode the information
of UE to extract its own information. We define this require-
ment for node R as the condition of successful SIC and obtain
its probability as

Py (1) = Pr[A% > 7]
P,y |0, ©h,, |’
= ’ 5 <t
Pynds|hy, ®hy, |” + o2

=1- /ZZO FY (P:J4 (and32+0£)> fZ(Z)dZ7 (8)

where 7 is the minimum required threshold to decode the
information.

=1-—"Pr
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Theorem 1. The probability of successful SIC at R is given
by
IR A )0(k.) A3,
szc — Z 1 + =
d4ﬁy

~0
—1 ~
T02 —70?
Pydy By 2Pydyf3, Tnd3 3.

2
X Weoa, 1c | [ 1+ dif, ), )
2 2 Tndgﬂz 2Pbd4ﬂy

Where ky = kz = N/(N + 2)?5@} = QbuQuT(N + 2)7ﬁz =
QbuQutr(N + 2),< = ky + kz +m+ 1.

Proof. Please refer to Appendix A. |

_<
2

m\m 3

The result of Theorem 1 will be utilized to analyze the
performance of secondary system in the subsequent section.

IV. PERFORMANCE ANALYSIS OF THE PROPOSED AMBC
ASSISTED CO-EXISTENCE

This section analyzes the performance of the considered
framework by evaluating two key metrics e.g., OP and ESE.

A. Outage Probability

1) Primary System: The primary system is said to be in
outage [18] if the received SINR at UE, i.e., A%, falls below
a certain threshold. For a given target rate R,, OP can be
expressed as
2

N .
3 hon€#

n=1

andg‘hgu(')hu,te |2 + 0'3

Pydy

D
Srth »

PIM(R,) = Pr (10)

out

where rf, = 2%» — 1. In the following theorem, we provide
the closed-form expression for the OP.

Theorem 2. The OP of primary system is given by

7 02 _% p 2 £-2

i d 1
PE(Ry) =B m)T (k) | 2 De (m)

T2 Bw Pyd, 52

g o2
21d2Buw Py T \ndafu Py
where £ = ky, + 2k, + 1+ n.
Proof. Please refer to Appendix B. ]

2) Backscattering Secondary System: In the backscattering
secondary system, an outage occurs if either R is unable to
successfully perform SIC or SNR at R i.e., A%, falls below a
specific threshold. Based on the SIC probability, the OP can
be formulated as

Pt (Rs) = Psic(T) + Pic(T)Prllogy (1 + AR) < Ry

= Puic(7) + Paio(T)Pr <], 12

P, -~
;%nd?)’hb,u@h ytr

where R, is a target rate and rj,

= 2R — 1 and Py.(7)
is as given in Theorem 1, with Py;.(7

) 1 — Pg(7).

Following corollary provides the closed-form solution for the
above equation.

Corollary 1. The OP of the backscattering secondary system
can be expressed as

PEC(R) = Pose(7) & Pose(7) ———T [ i or (13)
out sic sic F(kz) 2 and?) ] s

Proof. Using the statistical properties of Z = |h .Oh, ;. |2
in Appendlx A, RV Z follows Gamma distribution with CDF
Fz(2) = F(k 3 Y (k., z/5.). Based on this CDF, we can obtain
the desired expression in Corollary 1. |

B. Ergodic Spectral Efficiency

1) Primary System: For the primary system, the ESE can
be expressed as
2

- | N .
Pbdl Z hb,nejw7lhn,e
n=1

log, | 1+ =
? ( Pynds|hf ©h,, | + ag>

=E[log, (Pydi1 X? + PyndoW + 0?)]
— E[10g2 (anJQW + O‘S)}.

It appears that obtaining the closed-form solution of the
above expression is rather intricate due to underlying statistical
dependence between the two terms. Therefore, we seek for its
approximation by using the Jensen’s inequality, as follows

Cpri =~ log, (Pb(ilE[X2] + PyndoE[W] + 03)
— 10g2 (Pb’r]CZQE[W] + O'g),
following the statistical characterization in Appendix B, one
can obtain E[W] = k,B, and E[X?] = k,B82(1 + k.).
Finally, using these values in (15), we can obtain a simplified
approximation for the ESE of primary system.

2) Backscattering Secondary System: For the secondary
system, the ESE can be expressed as

P
Ugndgz) fz(z)dz, (16)

Cp'ri =E

(14)

5)

Csec = Psic(T)E

P
log, <1+ —3nds[n}f,Oh,,

— Psic(r)/ log, <1 +
0

after some manipulations followed by invoking Meijer G-

function representation I'(g,t) = G%:g (t’ 11q), (16) can be
expressed as
Psi(/( ) 3,1 U2 0 1
Coee = =) g3l (__Tr 17
T(k.)In2 >% \ pyndss. 10,0, k. 1n

Using Jensen’s inequality, Cs.. can be simply bounded as
Csec S 10g2 (1 + %ndi’:kzﬂz)'

V. NUMERICAL RESULTS AND DISCUSSION

This section presents the numerical results based on the the-
oretical analysis. Monte Carlo simulations validate the derived
results. We set the several system parameters as 5, = e =
Qur =2, Quu, = Dy, = 0.5, C =20, B=0.5, ¢, = —1.5,
fe = 3.5 [15]. For demonstration, without losing generality,
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Fig. 1: OP in terms of the transmit power P,.

we consider H = 1.5 km,r = 0.5 km, R, = 3,R, = 0.1,
q,=[-2 —20]T km,q, = [3 0 0] km,q, = [3 —1 0] m,
q. =05 -10Tm, a, =25 17=0.1, 0. =0, = 10 dBm,
unless stated otherwise.

In Fig. 1, we plot the outage performance of primary and
secondary systems in terms of the transmit power. Apparently,
the analytical results are well-matched with the simulation
results, which corroborate the theoretical analysis. It can be
observed from the curves that as N increases, the perfor-
mance improves. Nevertheless, the performance of primary
is observed to be saturated at high power regime which
can be attributed to the interference from the backscattering
transmission. Further, as backscattering efficiency 7 increases,
the performance of primary deteriorates while performance
of secondary improves. This is associated with the fact that
a higher 7 causes high interference to primary, whereas, it
provides additional power for the backscattered transmission.
Interestingly, the secondary performance also degrades at high
1 due to an increased likelihood of SIC failure, as observed
in the curves corresponding to n = 0.8 at 30 dB.

Fig. 2 illustrates the ESE performance. Firstly, it can be
noted that the approximation for the primary is fairly close
to the simulation results. Further, we note from the pertinent
curves that the ESE of both primary and secondary networks
can be improved by increasing N. Such performance enhance-
ment with respect to N becomes predominantly significant at
higher P,. However, due to the interference from the backscat-
tered transmission, the ESE of primary tends to saturate in the
high transmit power regime.

VI. CONCLUSION

We investigated a symbiotic radio based spectrum shar-
ing network that enabled AmBC assisted co-existence of a
secondary system in UAV-IRS networks. The performance is
characterized by analyzing the OP and ESE. Evidently, the
deployment of an UAV-IRS leads to enhanced performance
for both primary and backscattering secondary systems with
respect to reflective elements N. It has been witnessed that
backscatter efficiency is a crucial design parameter which
can significantly affect the performance of both the systems.
Moreover, it is also noted that ESE can be improved by
increasing the reflective elements of IRS. In essence, the study

Solid line, N = 5
—-—-=-- Dash-dot line, N =8
©  Jenson bound
o Simulation
v Approximation

Ergodic Spectral Efficiency of Primary (bits/s/Hz)

0 10 20
Py (dBm)

@
S

Py (dBm)

Fig. 2: ESE in terms of the transmit power Pj.

demonstrated the viability of co-existence of secondary system
in the primary’s spectrum using AmBC technology, that can
offer both spectral- and energy-efficient solutions for the future
wireless networks.

APPENDIX A
PROOF OF THEOREM 1

To evaluate the integral in (8), we first obtain the CDF of
RV Y by following a moment matching method. To proceed,
we first write the mean of Y as

E[Y] =E [h,0h,,[*] = N, Q. (A1)
Further, we obtain
E[Y?] =E [h},©h, ,[*]
=E |||©h,,|* i Ol B, Oy 2] ., (A2)
e o,
by defining w = 77%311;‘"(, we can write z ~ CN(0, Q)

such that [19] E[Y? = 2N(N + 1)Q2 Q2 . Using the
above derived statistics, we can obtain variance of Y as
Var[Y] = E[Y?] — (E[Y])? = N(N + 2)Q2,9Q2,. Finally
we can match the distribution of ¥ to a Gamma distri-
bution with shape k, and scale 3, parameters as k, =
(E[Y])?/Var[Y], B, = Var[Y]/E[Y]. Based on these parame-
ters, we have CDF Fy (y) = 75T (ky, y/B,). In a similar
way, we can obtain CDF of Z and subsequently its PDF

as fz(z) = mzkz_l exp(—z/p.). Utilizing Fy (y) and

fz(2) in (8), we can write P,;.(7) = 1 — Py.(7) as
Pyic(7) ! /OOT(k T(PJ+2)>
Sic T)= —————— 7%~ y ¥ bn SZ JT
T (k)T (k)35 Jo Y Pydy
k.—1 —z
Xz exp | — | dz
p(m)

- k-
(@) 1 dafy ( 0'3 )/OC
= % = exp | ———= )
F(ky)r(kZ)ﬁzz Tnds B.Pynds/) Ji=_"°x

Py, d4ﬂy
tdsf,

k.,—1
7'0'2
X V(ky,t) | t— —=— exp | — = dt, (A.3)
! ( zmum) ( Bm%@)
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where (a) is obtained using appropriate substitution. For
simplification, let us denote the terms before the integral in
(A.3) by A(7). Using the series representation of the lower
incomplete gamma function, (A.3) can be re-expressed as

kr—1
P ()F(ky) / ky+m t— T?T
F k +m+1) Pbd45y Pbd46y
td
X exp g tdiBy dt, (A4)
Tnd?)ﬂz

on evaluating the above integral using [12, 3.383.4], one can
arrive at the expression in Theorem 2. In (A.4), L equals
infinity provides exact values of PSiC(T), however, even for
a smaller number L = 10, the series converges to sufficient
level of accuracy.

APPENDIX B
PROOF OF THEOREM 2

From (10), we have

Pyd, X2

Pp”(Rp) =Pr| —————
PyndaW + o2

out

w=0

We first characterize the distribution of RV X using moment
matching. As hy , and h,, . follow Rayleigh distribution, the
CDF of their product (2, = \hanhn ¢|) can be obtained

as Fg, (z) =1 - =% K1<

=T

Tfh(anJQjU +02)
Pydy

fw(w)dw. (B.1)

ST 7. Q . Subsequently, its
PDF can be obtained by differentiating the CDF as f=, () =
dF=, (z)/dx using [12, 8.486.11]. As a result, the statistics of
=, based on its PDF can be given by E[Z,,] = 7v/Qpy Qe /4
and Var[=Z,,] = (1—72/16)Q4, Q.. Finally, we can match the
distribution of X to a Gamma distribution with shape k, and

scale 3, parameters as k, = (]55[()]2] = Nn?/(16 —7?%), B, =
\I’E*‘[‘%] = N (16—7%) v/ Qe Based on these parameters, the

CDF of X is given as Fx(x) = F(k ) Y (k;,x/B,). Further,
following the approach in Appendix A, we obtain PDF of
W as fiy(w) = kaw_lexp (—%), where k,, =
N/(N+2), Bu = Qb;hutc (N +2). On substituting these CDF
and PDF in (B.1) and thereby utilizing the series expansions
of lower incomplete gamma function and exponential term,
we have

1 dip?\ " ;
ol exp | —%—
F(kw)ﬁw Tth'r]dZ PyBywnda

XZZHT o —|—l—|—1) /: Ey UlvzinJrn

Pyd182
p 2 \ kw—l 2
e O vd
X <v — ”ie> exp fp%ﬁx dv.
Pydq 52 N2 Bw
For simplification, we denote the terms before the integral in

(B.2) by B(l,n). After evaluating the integral in (B.2), the
expression in Theorem 2 is obtained.

Pli(Ry) =

out

(B.2)
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