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Abstract

Unmanned aerial vehicles (UAVs) offer a new approach to wireless commmunication,
leveraging their high mobility, flexibility, and visual communication capabilities. Ambi-
ent backscatter communication enables Internet of Things devices to transmit data

by reflecting and modulating ambient radio waves, eliminating the need for additional
wireless channels, and reducing energy consumption and cost for sensors. However,
passive ambient backscatter communication has limitations such as limited range

and poor communication quality. By utilizing UAVs as communication nodes, these
limitations can be overcome, expanding the communication range and improving

the quality of communication. Although some research has been conducted on com-
bining UAVs and ambient backscatter, several challenges remain. One key challenge

is the strong direct link interference in ambient backscatter under UAV conditions,
which significantly affects communication quality. In this paper, we propose an intel-
ligent backward and forward straight link interference cancellation algorithm based
on NOMA decoding technigue to enhance ambient backscatter communication qual-
ity under UAV conditions and extract more ambient energy for UAV energy supply. The
paper includes theoretical derivation, algorithm description, and simulation analysis
to validate the error bit rate of labeled information bits. The results demonstrate

that the forward algorithm reduces the error bit rate by approximately 20% under low
signal-to-noise ratio (SNR) conditions, while the backward algorithm reduces the error
bit rate under high SNR conditions. The combination of the forward and backward
algorithms reduces the error bit rate under both high and low SNR conditions. The
proposed method contributes to improving the quality of ambient backscatter com-
munication in UAV settings.

Keywords: Unmanned aerial vehicle, Ambient backscatter, Iterative algorithm, Energy
harvesting

1 Introduction

In recent years, there has been a growing interest among researchers in unmanned aerial
vehicles (UAVs) due to their exceptional characteristics, such as rapid deployment, ter-
rain independence, high flexibility, and mobility. By utilizing UAVs as communication
nodes, it is possible to extend the communication range and establish visual channels
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to improve communication quality. A multi-UAV enabled mobile Internet of Vehicles
(IoV) model is proposed in [1] which achieve the excellent performance of the multi-
UAV enabled mobile IoV. A method was proposed to improve communications secu-
rity via optimizing power allocation, RIS passive beamforming, and UAV trajectory [2].
Additionally, UAV communication holds great potential in challenging environments
such as mountainous regions, disaster areas, and deserts. This form of communication
presents both opportunities and challenges in wireless communication and the Inter-
net of Things (IoT). The Internet of Everything (IoE) typically employs 5G technologies,
enabling the seamless transmission of information and interaction among multiple low-
power devices within a specific area [3, 4].

Ambient backscatter communication (AmBC), among various 5G technologies, ena-
bles low-power Internet of Everything by allowing multiple tags of an access device to
transmit data through reflection or modulation of ambient radio waves without occu-
pying additional wireless channels. This technology significantly reduces sensor energy
consumption and costs. Ambient backscattering also encompasses the feature of energy
harvesting, wherein passive tags gather surrounding ambient RF signals (e.g., WiFi and
TV broadcast signals) to obtain energy without requiring oscillating circuits for sig-
nal generation. The communication system in ambient backscatter typically comprises
a transceiver (RF source and reader) and a tag (backscatter node). Unlike conventional
wireless communication systems, the tag does not actively transmit signals, instead,
it receives a backscatter coefficient carrier signal modulated from the RF source and
reflects it. In this way, the signal from a passive tag in an ambient backscatter system is
an RF signal modulated by altering the tag’s antenna impedance. When the tag is in a
backscattered state, it sends a “1,” and when it is in a non-backscattered state, it sends a
“0” [5, 6].

However, due to the passive nature of ambient backscatter, the reflected signal from
the tag introduces an additional fading effect on the channel during transmission, result-
ing in a weaker received signal strength. Consequently, the communication range and
network size of ambient backscatter systems are comparatively smaller than those of
conventional active communication systems. The characteristics of UAV-assisted com-
munication can effectively compensate for these limitations of ambient backscatter
communication. Furthermore, traditional IoT devices often require periodic charging
or battery replacement, creating inconvenience for wireless devices, especially those
deployed in harsh environments. With the rapid expansion of the IoT and the prolif-
eration of access devices across diverse environments, maintaining battery-dependent
devices becomes resource-intensive and challenging. Ambient backscatter commu-
nication techniques present effective solutions for overcoming these limitations, and
research has been conducted on harnessing ambient radio frequency (RF) signals for
energy supply [7]. In an ambient backscatter system, RF signals from the environment
serve as an energy source to sustain the operation of low-power devices. This system
not only facilitates wireless information transmission but also enables simultaneous
transmission of wireless information and electrical energy [8]. Additionally, since tags
in ambient backscatter do not require oscillating circuits to generate carrier signals, the
circuits can be simplified, and the energy required for circuit maintenance is signifi-
cantly reduced, making zero-power communication feasible for the tags.
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UAVs are energy-constrained devices, and therefore, they require efficient commu-
nication technologies to maximize communication efficiency during their operational
hours. A fair energy-efficient resource optimization scheme for the IoT in [9] is studied
to ensure fair energy consumption of multiple UAVs. NOMA (non-orthogonal multi-
ple access), a key technology for 5G [10], plays a crucial role in achieving the Internet
of Everything. In contrast with orthogonal frequency-division multiplexing (OFDM),
where each orthogonal subcarrier conveys the information of a single user, NOMA opti-
mally utilizes spectrum resources by transmitting multiple users’ information in a sin-
gle subcarrier through power differences. This necessitates more sophisticated resource
allocation strategies, and multi-access interference is an inherent challenge in NOMA
technology. To address excessive interference, users assigned to the same resource need
to be multiplexed appropriately, and techniques like successive interference cancella-
tion (SIC) are required to ensure reliable communication [11]. Integrating AmBC and
NOMA schemes under UAV conditions offers a promising solution to meet commu-
nication requirements in specific IoT scenarios. Existing literature primarily focuses on
backscatter-assisted NOMA systems for various system scenarios [12—14]. For example,
[15] presents a criterion for selecting a reflection coefficient in SIC-based NOMA back-
scatter systems and emphasizes the significance of applying NOMA to AmBC systems.
The proposed solution in [16] combines random channel access and SIC, offering an
efficient NOMA scheme for single-site backscatter systems. Moreover, [17, 18] propose
the use of backscatter for collaborative NOMA downlinks, demonstrating significant
improvements in energy efficiency and transmission reliability [17, 18].

Due to payload limitations, UAVs cannot carry bulky and complex signal processing
equipment. As a result, mitigating the adverse effects of direct link interference (DLI) in
UAV-conditioned ambient backscatter communications poses a challenge, and existing
interference elimination techniques are mostly unsuitable for UAV-conditioned ambient
backscatter systems. Current studies primarily examine ground-based ambient backscatter
communication systems and treat DLI as background noise when decoding the backscatter
signal (BS). For instance, maximum-likelihood (ML) detection for AmBC communication
systems is investigated in [19]. However, strong DLI results in low signal-to-interference-
plus-noise ratio (SINR) of the received output signal, limiting the transmission rate. Vari-
ous techniques, such as frequency shifting, have been suggested in [20-22] to allocate
non-overlapping sub-channels to the BS for interference-free transmission. Nevertheless,
dedicating frequency bands for BS transmission consumes additional spectral resources,
thereby reducing spectral efficiency. Joint detection approaches, where the BS is jointly
decoded with DLI, have been proposed in [23-25], necessitating joint design and pre-
cise time synchronization between the BS and DLI. Additionally, [26] investigates multi-
antenna cancellation of DLI by introducing diversity gain; however, it is not applicable to
single-antenna ambient backscatter communication systems. Furthermore, ML detector-
based DLI cancellation techniques for OFDM-based ambient RF sources require special
waveform designs [27, 28], and self-interference cancellation techniques which incorpo-
rate an ambient backscatter receiver into the ambient RF source require special transceiver
designs [29-31]. Similarly, continuous interference cancellation-based detection has been
proposed in [32] to separate the BS from DLI by decoding the DLI first and then subtract-
ing it from the mixed reception at the AmBC receiver. However, all these methods treat
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DLI as interference and have certain limitations. Moreover, the complexity of receiver and
waveform designs limits their applicability to UAV conditions.

In this paper, based on AmBC under UAV conditions, and considering inherent chal-
lenges such as NOMA’s inability to completely eliminate strong direct link interference, we
propose an intelligent backward and forward algorithm that exploits the inherent backward
and iterative characteristics of the signal. The proposed algorithm treats DLI as a signal
throughout the entire process. It first performs initial signal separation through NOMA
decoding and then utilizes historical signals for iterative separation of the received signal.
The labeling information is verified using the forward and backward algorithms, reducing
the false bit rate. Furthermore, the separated interference signal can be fed into an energy
extractor for energy harvesting, thus achieving the integration of passive communication,
interference elimination, and ambient energy extraction.

2 System model and interference analysis
2.1 System model
An ambient backscatter system under UAV conditions (AUAV) comprises an RF source, a
stationary reflective tag, and a reader (UAV) as the receiver. The RF source broadcasts RF
signals that can be received both by the tag and the reader. The direct signal from the RF
source to the reader is reflected by the tag, resulting in strong direct link interference. The
RF source signal also reaches the tag, which modulates its own information onto the inci-
dent RF signal for transmission. Consequently, the received signal at the reader is a combi-
nation of the direct signal and the reflected signal (Fig. 1).

The direct signal component arriving at the UAV from the RF source is given by

Xsr(£) = \/Prhas(t — 12). (1)
The signal component arriving at the tag from the RF source is expressed as
X5t (t) = /Pehis(t — 11) + g (2). (2)

Due to the tag’s primary backscatter operation and minimal signal processing, the
noise at the tag can be neglected. Therefore, the signal component reflected by the tag
and reaching the UAV is

h  channel fading coefficient

T time delay
d distance
RF Source
@ :
dy/
h T/
h3///
,/ ——— direct signal

Tag

Fig. 1 Ambient backscatter system under UAV's condition
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X (2) = Janhzc(t — t3)xst(t — 13), 3)

where P; denotes the transmit power of the RF signal, and s(¢) represents the normalized
signal with [|s(£)[|> = 1, & represents the tag antenna’s reflection coefficient, n signifies
the reflection efficiency of the tag circuit, and c(¢) € {—1, 1} denotes the backscatter data
or tag bit transmitted by the tag. Likewise, /11, d1, 1, da, h3, and d3 refer to the channel
fading coefficients and the distances between the RF source and the tag, the RF source
and the UAYV, and the tag and the UAV, respectively. Furthermore, 71, 72, and 73 repre-
sent the delay of the transmitted signal through the channels /1, /43, and /3 respectively.
Each distance is proportional to its respective time delay. n,(¢) and n(£) denote additive
Gaussian white noise with a dual-power spectral density of o2. As a result, the received
signal at the UAV is given by

Vr(£) = % (£) + x5 (£) + n(2). (4)

2.2 Signal-to-interference-plus-noise ratio and inter-symbol interference analysis
The received signal at the UAV can be expressed as

Yr(t) = s1(8) + $2(2) + N (2), (5)

where s1(t) = /Prhas(t — 12), s2(t) = Janhzc(t — 13)/Pehis(t — 11 — 13), N(¢) = n(t)
+.Janhsc(t — t3)ng(t) represents the noise. When decoding c() from y, (), the received
signal-to-interference-and-noise ratio (SINR) is given by

_ P[]’
Pt|h2}2+(l+(xn‘h3‘2)02

(6)

Analysis of the above equation reveals that increasing the transmit power leads to an
increase in the power of the reflected signal, which represents the useful signal. However,
it also amplifies the power of the strong direct link interference, thereby reducing the sig-
nal-to-noise ratio at the receiver. This, in turn, increases the bit error rate (BER) under low
signal-to-noise ratio conditions, resulting in a decline in communication quality. Hence,
simply increasing the transmit power is insufficient to solve the problem. As the reflected
signal and the direct signal take different paths and experience different delays, the problem
can be effectively transformed into an inter-symbol interference (ISI) problem by separately
analyzing the signal and the direct link interference at the receiver.

Assuming that channel conditions remain constant over a short period, the channel
fading coefficient can be considered as a constant. & and 7 are constants, and the binary
symbol ¢(£), which can be treated as a special amplitude gain, is also constant. Thus, Eq.
(3) can be reduced to

x4 (£) = \/Prhss(t — 1), (7)

where /13 = Janhze(t — 13)hiand T = 11 + 3.

Compared to Eq. (1), the reflected signal can be considered as inter-symbol interfer-
ence caused by the direct link interference. Therefore, the received signal at the UAV can
be written as
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Vr(t) = s1(2) + x4 (£) +N(0).
ISI

(8)

The reflected signals serve as both useful signals and inter-code interference. By elimi-
nating the strong direct link interference from the received signal at the reader, the prob-
lem of decoding the tag information in the reflected signals can be solved.

3 Methods to eliminate strong DLI

3.1 Discussion of special cases

First, let’s consider some special cases involving s(¢) as the focus of our study. If 79 = 71 + 73,
which means dy = d; + ds, then Eq. (8) can be simplified as

yr(t) = /Pylhy+h3)s(t — 7) + N(2). ©)
In such a case, there is no interference. If c(¢ — t3) = 0, then the received signal can be
written as

Yr(t) = /Prhas(t — 12) + N(2). (10)

In this case, there is only DLI, and decoding the reflected signal and the backscatter data
becomes straightforward.

Next, we consider c(t — t3) as the focus of our study. If s(¢ — 73) = 0, then Eq. (8) reduces
to

yr(t) = /Pehas(t — 7) + N (), 11)

which means that there is no DLI, and the label bit can be decoded directly. If
s(t — ) = 0, the equation can be expressed as

yr(t) = /Prhas(t — 1) + N(2), (12)

this is the same as the case in Eq. (11). In the case of the special scenario described
above, we can easily get the label information, we need from the received signal without
complex decoding.

3.2 Forward and backward decoding

The final received signal at the UAV is given by Eq. (8). Considering the substantial power
difference between the direct link signal and the tag reflection signal due to the tag reflec-
tion efficiency and the reflection coefficient, we can use the successive interference can-
cellation (SIC) technique to decode s1(¢) first and then obtain x4 (¢) to decode the tag bit
¢(t — t3). The received signal y, (¢), the RF source signal s(¢), and the tag bit c(¢) are stored in
memory at each time point. However, SIC decoding, based on power, may introduce errors
in the backscatter data. Therefore, a backward decoding process is performed to verify the
tag bit.

First, we construct an inter-symbol interference (ISI) in Eq. (8) using the known signals

X (t) = %[yr(t—l-fg —7) — s}‘(t) —N({t+1 — 1)) (13)
2
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where s}‘(t) = JanPihshic(t — 13+13 — T)s(t+12 — 27), assuming that the symbol
period during tag modulation is longer than the RF source signal period, we can assume
that the time interval between c(t — t3) and ¢(¢ — 73 + 73 — 7) is very small, and they
represent the same symbol. By substituting Eq. (13) into Eq. (8), we have

yr(t) — 5. (t) = s1(t) — sj.(¢) + N*(¢), (14)

where  y¥ (1) = [Jamhsc(t — )y (t—10)1/ha S5 (L) = [VPranhs®hi%s(t — o — ©)1/ha,
N{(t) = N*(t — 2kto), k € {1,2,3...}, N*(t) = [N(¢) — Janhsc(t — 13)h N (¢t — 10)]/h2,
790 = T — Tg, and t > 19 + 7. After backward iteration, Eq. (14) can be reduced to

yr(®) — yE(E) = s1(8) — s5,.(8) + N (), (15)

where ¢ = ¢t — 2ktgand 0 < [t — (2k + 1)79 — 7] < 27¢. Therefore, using the stored sig-
nals and Eq. (1), we obtain s(t — 2kt9 — 12) and then obtain s[t — (2k — 1)79 — 12], and
so on, until we obtain c(¢ — t3).

Algorithm 1 Backward algorithm

Require: Signal received at UAV y,.(¢). Label bit
¢(t) and RF signal s(t) decoded by using SIC.
Calculate s(t — 2k7y — 72) through Eq.(15);

1: for int i=-2k to 0 do

2: Bring s(t —itg —72) into y, (t+i79) in Eq.(15),
then calculate s[t — (i — 1)79 — 72J;

3: end for

4: Use the known signal and the s(t — 79 — 7)
obtained by iteration to get label bit ¢(t — 73);

The DLI can be constructed using the known signals
ha N
s1(8) = hf*[yr(t — T+ 1) —s,(6) —N@®)], (16)
3

where i} = Janhsc(t — v + T — 13)h and s5(¢) = /Phas(t — 212 + 7).
Thus, Eq. (8) can be expressed as
yr(t) =y (&) + x4 (t) + N'(2), (17)

where y; () = [h2y, (¢t + 7o) — v/Pr(h2)*s(t + T — 212)1/h, N'(t) = [1 — hal5IN ().
The signal received by the UAV at time t contains both the direct link signal and the
tag reflection signal:

¥r (1) = y5(1) + %4 (1) + N' (7). (18)
After forward iteration, we have

() = yp(E0) + % ) + N' (1), (19)
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Fig. 2 System algorithm flow of AUAV

where t,fo = 7 + k7p. Eventually, we obtain ¢(tr — 13 + k79). Once the decoding and ver-

ification of the tag signals are complete, the received signals and RF signals stored in
memory can be used for energy extraction. The tag information memory can be used for
other signal processing tasks (Fig. 2).

Algorithm 2 Forward algorithm

Require: Signal received at UAV y,.(¢). Label bit

¢(t) and RF signal s(t) decoded by using SIC;

1: for int n=0 to k,n € {1,3,5...} do

2: Use the known signal and y,(7 + n7) in
Eq.(19) to get s((n + 2)70);

3: end for

4: Finally use the s((k + 2)7p) obtained by iter-
ation to get ¢(7 — 73 + k79);

5. for int n=0 to k,n € {0,2,4...} do

6: Use the known signal and y,.(7 + n7p) in
Eq.(19) to get s((n+2)70);

7. end for

8: Finally use the s((k + 2)7p) obtained by iter-
ation to get ¢(r — 73 + k79);

4 Numerical results
Figure 3 presents a comparison of the bit error rate (BER) of the ambient backscatter
communication system decoded solely by SIC, the backward algorithm under, and the
forward algorithm UAV conditions. It is apparent that the BER of the two algorithms
is roughly the same at low signal-to-noise ratio (SNR), and the BER of the backward
algorithm starts to decrease significantly when the BER exceeds 6. This effect can be
attributed to the backward algorithm iteratively obtaining information from the previ-
ous moment to improve the accuracy of the current moment’s labeling information. It
is important to note that the SNR at this point is the ratio of the RF source signal to
the noise, not the ratio of the tag reflection signal to the strong direct link interference
signal, as the SIC decoding is performed first. This demonstrates that the backward algo-
rithm has a positive impact on restoring tag information under high SNR conditions.
The forward algorithm outperforms SIC decoding in terms of lower bit error rate at
low SNR conditions, while the difference between the two algorithms is not significant at
high SNR conditions due to the recursive nature of the forward algorithm.
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As shown in 4, FBW was compared with digital video broadcasting (DVB) sig-
nals cancellation in [33], FBW partial upgrade compared to DVB signals cancel-
lation. Finally, it is worth mentioning that the backward—forward algorithm first
performs backward decoding followed by forward decoding using the obtained label

information.
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5 Conclusion

This paper has proposed a intelligent backward and forward algorithm for ambient back-
scatter communication under UAV conditions. The algorithm leverages the retrospec-
tive iterative characteristics of the signal and effectively reduces the error bit rate. The
separated forced link interference signal can be utilized for energy extraction, achieving
the integration of passive communication, interference elimination, and environmen-
tal energy harvesting. The results presented in this paper provide valuable insights and
methods for the design and optimization of AUAV systems, with significant practical
applications in improving system performance.
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