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ABSTRACT

This paper analyzes the performance of a UAV-enabled backscatter communication system for low power
IoT networks. The system consists of a power beacon that wirelessly energizes an energy constrained source
node, which then transmits data to a UAV-mounted backscatter relay; the UAV reflects the signal to a des-
tination. A realistic composite fading model is adopted: Rician fading for UAV-involved links (source-to-
UAV and UAV-to-destination) to account for dominant line of sight (LoS) components, and Rayleigh fading
for the ground based power beacon to source link due to shadowing. The main contribution is the derivation
of an exact closed form expression for the system’s outage probability using the Meijer G-function, enabling
efficient performance evaluation without extensive simulations. The analysis incorporates a time switching
protocol where the source alternates between energy harvesting and data transmission. Numerical results
validate the analytical model and reveal critical insights: outage performance improves significantly with
higher Rician K-factors (indicating stronger LoS), and an optimal time switching ratio exists that minimizes
outage by balancing energy harvesting and data transmission durations. Additionally, hardware parameters
such as backscatter coefficient and energy conversion efficiency strongly influence system reliability. The st-
udy also highlights the trade off between target data rate and outage probability, showing that higher
beacon transmit power supports higher data rates at fixed reliability levels. These findings provide practical
guidance for designing efficient UAV-assisted backscatter IoT systems.
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1. Introduction

The progression toward sixth generation (6G) wireless networks is motivated by the aspiration for a globally
interconnected community, where the Internet of Things (IoT) framework is pivotal. This framework envisions
a future filled with extensive connectivity, involving billions of low power, energy limited devices seamlessly
integrated to facilitate a wide range of applications, including smart farming, environmental monitoring,
industrial automation, and intelligent transportation systems [1]. However, achieving this ambitious vision
on a large scale poses two fundamental and interconnected challenges: maintaining the sustainable operation
of these devices and ensuring reliable communication links, especially for nodes situated in remote, hard to
reach, or complex radio environments. The constraints of battery operated devices, which include limited
operational lifetimes, high replacement costs, and environmental concerns, necessitate a transition to more
sustainable energy solutions like RF energy harvesting. At the same time, the reliability and security of data
transmission are often jeopardised by adverse propagation effects, such as path loss, shadowing, and multipath
fading, which are particularly pronounced in terrestrial networks. Thus, the challenge lies not only in powering
these networks but also in securing them, a topic that has been examined in recent research regarding secrecy
performance in beacon powered IoT networks [14]. To tackle these challenges, innovative technologies that
facilitate both energy efficient operation and adaptable on demand network deployment have become essential.

In this regard, two pivotal technologies have emerged as up and coming solutions: Unmanned Aerial Vehicles
(UAVs) and backscatter communications. UAVs, utilized as airborne communication platforms, provide
unmatched flexibility and mobility for deployment. Their ability to establish robust line of sight (LoS) comm-
unication links by operating at elevated altitudes enables them to circumvent terrestrial obstacles, thereby
alleviating issues related to shadowing and severe fading that affect ground-based systems [2], [3]. The increasing
sophistication of UAV technology, evidenced by applications ranging from autonomous positioning for power
line inspections [12], to advanced optical stabilisation utilising fuzzy-based environmental detection [13],
highlights their reliability and readiness for complex communication tasks. This positions UAVs as ideal can
didates for serving as mobile base stations, on demand relays, or aerial data collectors, creating a dynamic an-
d resilient layer within future heterogeneous wireless networks. In addition, backscatter communication
offers an ultra low power approach for wireless data transmission. Rather than generating their own carrier
waves, which is an energy consuming process, backscatter devices convey information by modulating and re-
flecting existing ambient Radio Frequency (RF) signals. This passive or semi passive transmission method sig-
nificantly lowers the energy consumption and hardware complexity of IoT nodes, enabling near perpetual,
“near zero power” communication [11].

The synergistic combination of UAVs and backscatter communications has recently garnered substantial
research interest, promising to leverage the advantages of both technologies. The existing body of literature
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has examined this synergy from various angles. A considerable amount of research has focused on using UAVs
as dedicated mobile RF sources, powering and interrogating terrestrial backscatter devices [5], [6]. These studies
often consider optimising the UAV’s position or power beamforming to maximise the power delivered to the
ground nodes. Another important research direction is using UAVs as mobile collectors/relays in a back
scatter network of sensors [7], [8], whose common goal is to improve the UAV’s trajectory, reduce the time
required for data gathering, or maximise information dissemination.

In addition, research scientists have developed ways to incorporate. Alto online homework help, other
advanced communication methods to improve these ideas, and other advanced techniques of communication.
For instance, Non-NOMA Schemes in UAV-relay [9], and backscatter systems [10]. This trend also transfers to
other new technologies like Machine to Open System Architecture (ROSA).

2. System Model

2.1 System Model Description

We consider a Unmanned Aerial Vehicle (UAV) enabled backscatter communication system [16], as illustrated
in fig.1. The system comprises four main components: a dedicated Power Beacon (i.e., P), a Source (i.e., S), a
backscatter device (i.e., B) mounted on the UAV, and a Destination (i.e., D). The energy constrained Lam Dong
Huynh et al. source node S performs radio frequency (RF) energy harvesting from the signal transmitted by
the Power Beacon P. After accumulating sufficient energy, Suses this harvested energy to transmit its info-
rmation signal s (t) to UAV. Instead of decoding this signal, B exploits it as a carrier to convey its own symbol
¢ (t) by changing its impedance and reflecting its modulation information back to D. Destination node D is the
final information recipient.

UAV

—— e
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Figure 1. The system model of the UAV-assisted backscatter communication network

The wireless links in the network are modeled as follows:

« S-B and B-D Channels: Due to the high altitude of the UAYV, it is likely that the links from source S to backscatter
B (with channel gain h,) and from backscatter B to destination D (with channel gain hBD) have a Line of Sight
(LoS) component. Therefore, we model these channels using Rician fading. The square of the channel gain am-
plitude, |h|* = Y, and |hBD|* = v, are Rician distributed random variables. The probability density function
(PDF) of 3i can be given by [15]:

B (K,'—I-l)eﬁK" _(K,-;l)x Ki(Ki+1)x
f%‘(x)—Te i Ip|2 T B )
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where i € {SB,BD}, K is the Rician factor (the ratio of the power of the LoS component to the non-LoS
components), Xi is the mean value of y,, and I (.) is the zeroth order modified Bessel function of the first kind.

=)

2k
Using the series expansion of %0 (-) fo(x) = kgom the PDF can be rewritten as:

Ki+1
ﬁ/z oK Z Cl l )J( ix Wlthcl '|' (2)

The corresponding cumulative distribution function (CDF) of the RV v, can be derived as in [15] :

:/Oxﬁ’i(t)dt e ki Z Z l i ym,~ix (3)

Il
OmOlm

e P-S Channel: The link from the power beacon P to the source S (with channel gain hPS) is assumed to be hea-
vily shadowed by ground obstacles. Consequently, this channel is modeled by Rayleigh fading. The square of
the channel gain amplitude |h,|* = v, follows an exponential distribution with the PDF:

!
e *ps

ﬁ/PS() APS

>0 (4)

where v, is the average value of v,

2.2 Energy Harvesting and Information Transfer Protocols

For energy harvesting and information processing, the time switching protocol is presented in fig.2. In this
scheme, T is the block time in which the source fully transmits the information data to the destination. In ad-
dition, o T,a € [0,1] is the time in which the source harvests energy from the power beacon, and (1—a)T is used
to transmit information to the destination. The communication protocol is divided into two phases:

T

A
\ 4

EH S->B->D

al (I-a)T

Figure 2. The energy harvesting and information processing in the system model

Energy Harvesting Phase:

During the first interval aT, the source node S switches to energy harvesting mode, accumulating energy from
the RF signal transmitted by P. The energy harvested by the source S from P during the first phase is calculated
as follows:

Es =na Typshp (5)

where P, is the transmit power of P and 1 € (0, 1) is the energy conversion efficiency.

The transmit power of S during the information transmission phase is:
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Lk anTPyps
B= 2T ™ (i) e ©

. o
with ¥ = L

Information Transmission Phase:

In the remaining interval (1—a)T, S utilizes the harvested energy to transmit its signal to the backscatter
device B. Concurrently, B reflects this signal to D with it own message c (t) satisfying E {|c (t)|2}= 1. After being
backscattered by B, the received signal at D [17], is derived by:

0 =hsphpp B Pss(t)c (1) +1p = hsghppy B Prpss () (r) +my 7

where s (t) is the transmitted signal from S, in which E{|s (t)|2}= 1 and E{s} is the expectation operator; 0 < <1
1 is the backscatter coefficient of B, and n is the additive white Gaussian noise (AWGN) at D with variance No.
Based on (7), the instantaneous signal to noise ratio (SNR) at D to detect the backscatter signal can be thus exp-
ressed as:

_ VsBYBOBK Pyps
No

YD =YspYBB KV ps 8

with ¥ = %

3. System Performance

In this section, we derive a closed-form analytical expression for the outage probability (OP) of the proposed
UAV-assisted backscatter communication system. The OP is a key performance metric, defined as the probability
that the instantaneous signal to noise ratio (SNR) at the destination D, vy, , falls below a predefined threshold,

’Yth'

The OP can be expressed as:

OP =Pr(yp <yu) (9)
By substituting the expression for (8) from the system model, we get:
Vi
OP =Pr (‘Pﬁ Y SEY BOY ps <7’zh> =Pr <¢YPS < 'Pﬁtéx ) (10)

where @ = y5E yBD . For notational simplicity, we define .The OP can then be written as:

OP=Pr <q>< 5—) (11)
¥rs

To find the outage probability, we condition on the random variable y,; and integrate over its distribution.
Since the P-S link follows Rayleigh fading, the channel power gain 7y, is exponentially distributed with PDF as

(4). The OP can be thus expressed as:
Y g
o) /0 Fo (T £,¢ (Ddt (12)
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where Fp (¢ ) is the cumulative distribution function (CDF) of the random variable = ¢ =ysgysp. Since Y, and
Y, are independent, the CDF of & can be derived as:

B (%) - («15 £ %) —Pr (ySByBD < %) Pr (ySB < ,fBD) (13)
=0 B (%)ﬁ’m} (v)dy

Based on (2), (3) the CDF of y,, Fy,, (x), and the PDF of v, , fy, (y), are given by

r Kp+1
E’SB(X):/O Frss (1)dr= - Z Z SB§SB me_CSBxa with( sp = ZBS;_ (14)
1=0m=0 !

ko CBDKBD)" & £py Kpp +1
Fran () =Cppe ™ Y 2= m it =
oo (V) =€ k:zb ) 4 Ao

(15)

Substituting these into the expression for £ (‘%) yields

B ()= ( ol g B )'"e*“%)fm Ol
- b fo°°< P R TRUT

w o K K" Cinls) o o
— KsB KBDé’BD ZOkZO Z $B BD§SB BD( ) fO y(k—m) e‘CSB ,y_CBD) dy

m! k!

The integral in the above expression can be solved using a standard identity from integral tables (e.g., Eq.

3.471.9 in [18]), which states
v/2
/Xv = <ﬁ > (2x/__> (17)

where K (.) is the modified Bessel function of the second kind of order v. Setting v=k-m+1 = Z;SBJ; v =Cgp, we
obtain the closed form expression for Fs (%)

Fy (g?) = 1= 2e Ry,

m+k+l

k k—m
XZ Z éKSBKBDCS::i!]ZES() (gsi) K (A/@SBCBD%) (18)

[=0k=0m=0

Now, we substitute (4) and (18) into the main outage probability formula.
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0

By using the following formula as in [17], we have:

Aps Q,

Where

2
X T T (21)
— e < —
4), 2<argx_2

1 _
ko= 5685 (o

v
2

By substituting (21) into (20), @ can be reformulated as:

ik _ 1 —
Q= / e 'rs - Goz(CSBCBDé 1 kemil )df (22)
2 y

2
~m [ 1=bg
Z) = Car < I-ap

g

1-k 34k—
2+m’¥ )dl‘ (23)

Next, by applying the conversion formula: Gy ( Zp
Then, @ can be re expressed by: 1

it 1o f !
0= / +k+1 G <
20\ il ik

With the help of equation 7.813.1 in [18], (23) can be found as

mtk—1

1 1 2 03 APS m+§+1 1—I§+m 3+I§—m (24)
Q=—| — Gy 5 P
2 <7L PS > 30 <C sBS BDS - >
Finally, by alternating (24) into (19), the OP of the proposed system is derived as follows
= Ksg—Kap K Kind 56 1 {sp | 2 g mikil
OP=1-2¢" (ep L L Z - £
Coicommo Imlk)” \Ce (25)

2 0 2 12

B (m+k+1)
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This analytical result allows an efficient evaluation of the system outage performance under various channel
conditions and system parameters. The accuracy of this derivation is validated against simulation results, as

shown in the performance evaluation section.
4. Numerical Results and Discussion

AThis section presents a comprehensive numerical analysis to validate the derived analytical expressions and
to offer deep insights into the performance of the proposed UAV-assisted backscatter communication system.
We evaluate the outage probability (OP) under various system and channel conditions. Unless specified oth-
erwise, the default simulation parameters are listed in Table 1. The infinite series in the analytical expressions
are truncated at L, = K = 20, which was confirmed to be sufficient for convergence.

Parameter | Description Value

n Energy conversion efficiency 0.8
B Backscatter coefficient 0.5
a Time-switching ratio 0.5
R Target rate (bps/Hz) 0.5
v Path-loss exponent 2

dpe Dy, Dy | Distances (P-S, S-B, B-D) 15

KSB, KBD Rician K-factors 5

A s Average channel power of P-S link d,
Ay Mgy Average channel power of S-B, B-Dlinks| d ¥, d, "

Table 1. System Parameters and Their Values

4.1 Validation of Analytical Expressions

We begin by validating the accuracy of our derived closed form expression for the outage probability. Fig.3
plots the OP as a function of the normalized transmit power of the power beacon, ¥ = 1’\’,—‘[’). The analytical results
(solid line) are juxtaposed with Monte Carlo simulations (circular markers). An excellent agreement between
the two is observed across the entire range of transmit powers, which validates our analytical framework. The
OP decreases monotonically with increasing, since a higher beacon power allows the source node S to harvest
more energy, thereby increasing its transmit power and improving the end to end signal to noise ratio (SNR)
at the destination D.

Outage Probability vs. Transmit Power

Outage Probability
o

1 Ov2 1 1 L B I L L I
-5 o 5 10 15 20 25 30 35 40
W (dB)

Figure 3. Outage Probability vs. Transmit Power of the Power Beacon, ¥ (dB).
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4.2 Impact of Fading Channel Parameters

Next, we analyze the influence of the characteristics of the wireless channel on system performance. Fig.4
illustrates the effect of the Rician K-factor, which quantifies the strength of the Line of Sight (LoS) component.
We assume symmetric UAV links (K = K, = K, ). The results demonstrate that the system’s performance is
highly sensitive to the K-factor. A larger K-factor, signifying a more dominant LoS path, leads to a substantial
improvement in outage performance. This is because a strong LoS component mitigates the severity of fading,
resulting in a more reliable communication link. This finding underscores a principal advantage of deploying
UAVs, which can often establish high quality LoS links by operating at altitudes that avoid terrestrial

obstructions.
Im f Rician K-F r
1096 mpact o ! cia act'o . '
Monte-Carlo Simulation
N o OP-Ana with K = 1
& OP-Ana with K =5
OP-Ana with K = 10
=
=
©
o
=
a 10" [
<)
>
©
=
(@)
10.2 L L L L 1 L L |
-5 0 5 10 15 20 25 30 35 40

W (dB)
Figure 4. Outage Probability vs.y(dB) for different Rician K-factors

4.3 Impact of Time Switching Protocol

The system performance is governed by key design parameters, which introduce fundamental trade offs. Fig.5
investigates the impact of the time switching ratio, o.. This parameter partitions each time block T between
energy harvesting ( 7) and information transmission (1 —a)7. The convex shape of the curves indicates the ex-
istence of an optimal o that minimizes the outage probability. This trade off is fundamental: a small o allocates
insufficient time for energy harvesting, leading to low transmit power PS, whereas a largealeaves inadequate
time for information transmission to meet the target rate R. It is also observed that the optimal value of o
decreases as the available power from the beacon ¥ increases. When the beacon is powerful, the source can
harvest sufficient energy in a shorter time interval, allowing more time to be allocated for data transmission.

4.4 Impact of Hardware Efficiency

Next, we explore the effect of hardware related parameters in Fig 6. The backscatter coefficient 3 determines
the power reflection efficiency at the UAV, while the energy conversion efficiency 1 dictates how effectively
the source converts received RF signals into usable DC power. The results show that the outage probability
improves significantly with higher values of both § and m. While these are often fixed physical characteristics,
this analysis quantifies their direct impact on system level performance. For instance, an improvement in bac-
k scatter efficiency from B= 0.6 to B = 0.8 can yield an order of magnitude reduction in outage probability in
the high SNR regime, highlighting the critical importance of efficient component design for backscatter
communication networks.
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Figure 5. Outage Probability vs. Time Switching Ratio, for different values of ¥

Impact of Time-Switching Ratio
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Figure 6. Outage Probability vs¥ (dB) for different values of backscatter coefficient (b) and energy

4.5 Impact of Target Data Rate

conversion efficiency (h)

Finally, we investigate the impact of the target data rate, R, on the system’s outage probability. The target rate
is a fundamental quality of service (QoS) requirement, as it dictates the minimum spectral efficiency the
system must achieve for successful communication. A higher target rate necessitates a higher SNR threshold,

3th, as defined by y,, = & — 1. Consequently, for a fixed channel condition and transmit power, demanding a
higher data rate makes the system more susceptible to outage events.

Fig.7 illustrates this trade-off by plotting the outage probability as a function of R for two fixed transmit power
levels of the power beacon,¥ = 154B,¥ =20dB and ¥ =254B. As expected, the outage probability increases
monotonically with the target data rate for both power levels. This is because a higher R raises the required
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SNR threshold, making it statistically less likely for the instantaneous end to end to exceed this threshold.

Furthermore, the figure quantifies the crucial role of the available power budget. By increasing the transmit
power from ¥ = 154B to¥W = 204B and then to ¥ = 254B, the system can support a significantly higher data rate
for the same outage probability. For instance, to maintain an outage probability of 107, the system can support
a rate of approximately 0.6 bit/s/Hz at ¢ = 15dB, whereas this rate increases to over 1.1 bit/s/Hz at ¢ = 25dB.
This analysis highlights the inherent trade off between system reliability (outage probability) and spectral
efficiency (data rate), and demonstrates how increased power can be leveraged to enhance the system’s QoS
capabilities.

Impact of Target Data Rate

Monte-Carlo Simulation
(o] OP-Ana with ¥ =15 B
+  OP-Ana with & =20
OP-Ana with ¥ = 25

Outage Probability
o

1072 . :
0 0.5 1 15

R

Figure 7. Outage Probability vs. Target Data Rate, R(bit/s/Hz), for different values of Psi
5. Conclusion

In this paper, we investigated the performance of a UAV-assisted backscatter communication system where
an energy constrained source node is powered by a dedicated power beacon. We considered a comprehensive
system model incorporating Rician fading for the UAV-to-ground and ground to UAV links, reflecting the
likely presence of a Line of Sight component, and Rayleigh fading for the ground to ground link.

The primary contribution of this work is the derivation of a novel, exact closedform analytical expression for
the system’s outage probability. This expression, formulated using the Meijer G-function, provides an efficient
tool for evaluating system performance without resorting to time consuming Monte Carlo simulations. Our
numerical results have validated the accuracy of this analytical framework and offered several key insights.
Specifically, we demonstrated that the system performance is highly dependent on the quality of the UAV
links, with higher Rician K-factors leading to substantial improvements in outage probability. Furthermore,
we analyzed the critical trade off in time allocation for energy harvesting versus information transmission,
showing the existence of an optimal time switching ratio that minimizes the outage probability. The analysis
also quantified the significant impact of hardware parameters, such as the backscatter coefficient and energy
conversion efficiency, on the overall system performance.

For future work, this study can be extended in several promising directions. One interesting avenue is the
optimization of the UAV’s trajectory to further enhance system performance. Investigating resource allocation
in a multi user scenario, where the UAV serves multiple backscatter devices, presents another challenging yet
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practical problem. Finally, considering the impact of imperfect channel state information (CSI) or hardware
impairments would provide a more complete understanding of the system’s performance in practical
deployment scenarios.
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