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Abstract. Backscatter communication (BackCom) is
an emerging technology that enables ultra-low-power
wireless transmission by reflecting ambient signals. To
enhance spectral efficiency and improve communication
performance, we integrate BackCom with partial non-
orthogonal multiple access (NOMA). In this paper, we
propose a partial NOMA-assisted backscatter commu-
nication system for device-to-device (D2D) networks,
where a backscatter device (BD) reflects signals from
a source to two users via distinct channels. We de-
rive closed-form expressions for the outage probability
(OP) of both users under Rayleigh fading and various
decoding conditions. The analytical results provide in-
sights into the impact of key system parameters, such
as the reflection coefficient, power allocation factors,
and channel conditions, on the system’s reliability. In
particular, by adjusting the bandwidth allocation coeffi-
cient, we are able to compare the system performance
between partial NOMA and full NOMA schemes. The
findings of this study offer valuable guidance for the de-

sign of energy-efficient and spectrally efficient wireless
networks utilizing BackCom and NOMA.

Keywords

Backscatter Communication, Partial NOMA,
Outage Probability, Device-to-Device, Power
Allocation.

1. Introduction

As wireless communication evolves towards 5G, 6G,
and beyond, the demand for high spectral efficiency,
low-latency, and massive connectivity continues to
rise. In this context, Non-Orthogonal Multiple Access
(NOMA) has emerged as a key multiple access tech-
nique capable of significantly enhancing network ca-
pacity by enabling multiple users to share the same
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frequency and time resources. Compared to tradi-
tional Orthogonal Multiple Access (OMA) schemes,
NOMA improves spectral efficiency, supports mas-
sive connectivity, and enhances fairness by employing
power-domain or code-domain multiplexing. Given its
potential, NOMA has been extensively studied in vari-
ous wireless network architectures, including Reconfig-
urable Intelligent Surfaces (RIS), BackCom, and cog-
nitive radio networks [1, 2]. However, challenges such
as interference management, energy efficiency, secu-
rity, and optimal resource allocation remain key con-
cerns, requiring innovative solutions to unlock the full
potential of NOMA in future wireless networks. In
hybrid satellite-terrestrial relay systems, NOMA has
demonstrated its potential to improve communication
efficiency, particularly when combined with mmWave
technology, leading to enhanced spectral utilization
and improved system capacity [3]. Additionally, full-
duplex multi-hop NOMA systems have been analyzed
under practical impairments such as imperfect inter-
ference cancellation and near-field path loss, provid-
ing insights into their performance limits and relia-
bility [4]. In the realm of 5G and 6G, efficient spec-
trum sharing and resource allocation are critical for
managing the increasing network load. Several studies
have investigated spectrum-sharing models and their
impact on NOMA-based systems. Papers [1, 2] pro-
vide a comprehensive survey of advanced techniques
for spectrum sharing in 5G, analyzing challenges such
as interference, power allocation, and user fairness.
Moreover, paper [5] discusses AI-driven spectrum man-
agement, where machine learning models can optimize
resource allocation in NOMA-enabled networks. Pa-
pers [6, 7] delve into the integration of cognitive ra-
dio (CR) with NOMA, presenting dynamic spectrum
access techniques that enhance spectral efficiency in
highly congested environments. Furthermore, resource
allocation strategies for uplink NOMA in hybrid spec-
trum access for 6G-enabled cognitive IoT have been
proposed, ensuring optimal spectrum utilization and
minimizing interference in dense network scenarios [8].
Paper [9] examines uplink resource allocation in 5G
systems, while papers [10, 11] investigate the ergodic
capacity and MIMO techniques in NOMA networks,
demonstrating how multiple antennas can enhance sys-
tem performance. These studies highlight the impor-
tance of intelligent spectrum utilization in ensuring
seamless 5G and 6G network operations. Recent stud-
ies have proposed various approaches to enhance the
performance of NOMA in different scenarios. For in-
stance, employing multiple Aerial Intelligent Reflect-
ing Surfaces (Aerial IRSs) has been shown to improve
system capacity by optimizing their positions and re-
flection angles, thereby enhancing signal quality and
reducing interference in NOMA networks [12]. Ad-
ditionally, a comparison between MIMO-NOMA and
MIMO-OMA in clustered multi-user scenarios indi-

cates that MIMO-NOMA can achieve higher capacity,
particularly when effective power allocation strategies
and beamforming techniques are applied [13].

Beyond spectrum allocation, performance optimiza-
tion in NOMA is a major research area that addresses
issues such as OP, power efficiency, and transmission
reliability. Paper [14] introduces a power beacon-
assisted symbiotic radio network, analyzing its out-
age performance and energy harvesting efficiency. Pa-
per [15] explores the integration of active reconfigurable
repeaters in NOMA-based IoT networks, improving
signal strength, security, and covertness. Similarly, pa-
per [16] proposes a hybrid active-passive STAR-RIS-
based NOMA system, investigating energy-rate trade-
offs and rate adaptation techniques to maximize spec-
tral efficiency. Meanwhile, paper [17] studies a dual-
hop mixed RF-FSO system combined with NOMA, as-
sessing the impact of atmospheric turbulence and fad-
ing conditions on transmission performance. Extend-
ing this work, paper [18] evaluates the ergodic rate and
effective capacity of RIS-assisted NOMA networks un-
der Nakagami-m fading environments. Additionally,
large-scale heterogeneous networks employing NOMA
have been studied, revealing significant improvements
in spectrum efficiency and network capacity compared
to conventional access techniques [19]. Likewise, power
allocation strategies for cognitive radio networks using
NOMA have been explored, demonstrating their effec-
tiveness in optimizing spectral efficiency while ensuring
fair resource distribution [20].

A key technological enabler for NOMA enhancement
is RIS, which can dynamically manipulate the wire-
less environment to improve signal propagation. Pa-
per [21] investigates how RIS can enhance data rates
and energy efficiency in millimeter-wave (mmWave)
NOMA systems, addressing high-frequency signal at-
tenuation. Paper [22] examines holographic RIS for
downlink NOMA in IoT networks, focusing on short-
packet communication and latency reduction. Addi-
tionally, paper [23] analyzes physical layer security
in RIS-aided NOMA networks, evaluating secrecy OP
in the presence of non-colluding eavesdroppers. Pa-
per [24] explores the potential of RIS-assisted ambient
BackCom, highlighting its capability to improve en-
ergy efficiency while maintaining robust data transmis-
sion. Further, paper [25] employs deep learning tech-
niques to optimize RIS-assisted cooperative NOMA-
IoT networks, demonstrating how AI-driven methods
can enhance power control and interference mitiga-
tion. Security and reliability are paramount concerns
in NOMA-based networks, given their susceptibility to
eavesdropping, jamming, and interference. Paper [26]
examines the security-reliability trade-off in SWIPT-
enabled full-duplex relaying for NOMA, revealing crit-
ical insights into interference and power transfer ef-
fects. Paper [27] studies the impact of I/Q imbalance
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on security and reliability in CR-NOMA IoT networks,
proposing countermeasures for mitigating transceiver
imperfections. Papers [28,29] focus on securing massive
MIMO-NOMA networks using ZF beamforming and
artificial noise, demonstrating how these techniques
can enhance secrecy capacity. Meanwhile, paper [30]
investigates artificial noise-based security mechanisms
for downlink massive MIMO-NOMA systems, provid-
ing strategies to mitigate potential attacks. Papers
[31, 32] explore cooperative relay selection strategies
for secure NOMA, proposing optimized relay deploy-
ment techniques to balance security and system re-
liability. Moreover, a general MIMO framework for
both uplink and downlink NOMA transmission has
been proposed using signal alignment, which helps mit-
igate interference and improve overall system robust-
ness [33]. The advent of Artificial Intelligence (AI)
and Machine Learning (ML) in NOMA has further ac-
celerated advancements in power allocation, interfer-
ence management, and dynamic spectrum access. Pa-
per [34] presents a dynamic LSTM-based spectrum-
sharing model, demonstrating how deep learning can
improve adaptive resource allocation in NOMA-based
CP-OFDMA networks. Similarly, paper [35] investi-
gates ML-based power allocation strategies that max-
imize sum-rate and fairness, proving that AI-driven
algorithms can outperform traditional heuristic-based
approaches. Papers [5, 25] highlight AI’s role in op-
timizing NOMA-IoT networks, showcasing how rein-
forcement learning and deep learning models can adap-
tively enhance system performance. These studies un-
derscore the potential of AI-driven resource manage-
ment in next-generation NOMA networks. Addition-
ally, cooperative NOMA has been examined in the con-
text of 5G systems, where cooperative relaying strate-
gies can enhance communication reliability and system
efficiency [36]. Cooperative NOMA has also been stud-
ied alongside simultaneous wireless information and
power transfer (SWIPT), demonstrating its potential
to support energy-constrained networks while improv-
ing transmission performance [37].

In addition to RIS and AI-driven optimizations, am-
bient BackCom has emerged as a promising solution
for energy-efficient NOMA systems, particularly in low-
power IoT applications. Paper [38] introduces wireless-
powered NOMA communication leveraging ambient
backscatter, demonstrating significant energy savings.
Paper [39] extends this approach by incorporating re-
lay cooperation, enhancing backscatter transmission
efficiency. Paper [40] investigates wireless-powered re-
laying with ambient backscatter, proving its feasibility
for ultra-low-energy communication networks. Several
studies analyze the performance of ambient backscat-
ter systems under different channel conditions. Pa-
pers [41, 42] model the performance of wireless net-
works incorporating backscatter devices, evaluating
their impact on OP and reliability. Papers [43–47]

explore real-world applications of backscatter-assisted
NOMA in IoT, agriculture, and large-scale multi-tag
systems, proving its adaptability to diverse environ-
ments. Furthermore, cooperative full-duplex relaying
has been studied for downlink NOMA systems, offer-
ing significant improvements in performance through
optimized power allocation and interference manage-
ment [48]. In the context of low-cost BackCom applica-
tions, studies have demonstrated its feasibility for agri-
cultural use, showcasing an energy-efficient communi-
cation model tailored for smart farming [46]. From
a security perspective, BackCom also faces challenges
related to eavesdropping and interference. Paper [49]
proposes randomized continuous wave techniques for
enhancing the security of backscatter-based transmis-
sions, while paper [50] studies multi-tag backscatter
security strategies for mitigating interception threats.
Lastly, paper [51] compares jamming and cooperative
methods for securing multi-tag ambient BackComs,
presenting innovative strategies to enhance system ro-
bustness against malicious attacks.

In recent years, the integration of BackCom with
NOMA has gained significant attention due to its po-
tential to enhance spectral and energy efficiency in
wireless communication systems. Various studies have
explored different approaches to optimizing such sys-
tems, particularly in terms of OP and energy effi-
ciency. Among them, several works have investigated
RIS to enhance BackCom-based NOMA networks, such
as the study on RIS-assisted ambient BackCom sys-
tems, which analyzes OP and key performance trade-
offs [24]. However, unlike this work, our model does
not rely on RIS but instead focuses on partial NOMA,
where resource allocation and user pairing strategies
play a crucial role in performance enhancement. Sim-
ilarly, uplink and downlink energy harvesting NOMA
systems have been studied, where performance analy-
sis has been conducted to assess OP and energy effi-
ciency in such networks [52]. While these models pro-
vide useful insights into energy harvesting mechanisms,
our study differentiates itself by incorporating BD that
passively harvest energy from existing signals, reducing
infrastructure complexity and enhancing system sus-
tainability. Another significant research direction has
been cooperative ambient backscatter systems, which
focus on leveraging symbiotic radio to improve pas-
sive IoT communications through cooperation between
devices [44]. However, these studies mainly empha-
size cooperative transmission techniques rather than
NOMA-based user access strategies, which are cen-
tral to our model. Furthermore, works such as out-
age analysis for ambient BackCom systems provide
detailed insights into fading channels and energy re-
flection mechanisms, which align with our OP analy-
sis [45]. Nevertheless, our study extends beyond these
contributions by integrating partial NOMA, which im-
proves the transmission efficiency among multiple users
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with minimal power consumption. Additionally, other
works have explored wireless-powered D2D communi-
cations with ambient backscatter, where devices com-
municate without requiring a dedicated power source,
optimizing performance in energy-constrained environ-
ments [49]. While this approach is beneficial for low-
power applications, it does not incorporate NOMA-
based user scheduling, which our model explicitly ad-
dresses. Several recent studies have investigated the
integration of full NOMA with backscatter communi-
cation to improve spectrum and energy efficiency. For
instance, in [43], a full NOMA-enhanced backscatter
system is proposed, where the backscatter device re-
flects superimposed signals to multiple users across the
entire spectrum. While this approach maximizes spec-
tral efficiency, it leads to significant inter-user inter-
ference and increased SIC complexity, especially for
the weak user. Similarly, the study in [59] applies full
NOMA with optimized resource allocation, but it re-
lies heavily on accurate CSI, which may not be practi-
cal in low-power IoT scenarios. Another work, [60],
proposes a hybrid cellular-IoT framework using full
NOMA, achieving high throughput but suffering from
degraded performance at cell-edge users under imper-
fect decoding. By contrast, in this paper, our pri-
mary motivation is to address the challenges of spectral
and energy efficiency in D2D communications, partic-
ularly for low-power IoT applications. BackCom is a
promising solution for enabling ultra-low-power trans-
missions, but it typically suffers from low data rates
and limited coverage due to its passive nature. On
the other hand, NOMA techniques can significantly
improve spectral efficiency and support massive con-
nectivity. However, conventional full NOMA schemes
introduce strong inter-user interference and decoding
complexity, which are not ideal for energy-constrained
or passive systems. Unlike the aforementioned full
NOMA schemes, our approach is especially suitable for
energy-constrained, low-complexity IoT applications.
To overcome these limitations, we propose a partial
NOMA-assisted backscatter system, which flexibly di-
vides the transmission resources between dedicated and
shared regions. This design allows us to reduce de-
coding complexity, enhance the reliability of the weak
user, and balance spectral efficiency with energy con-
straints. By integrating partial NOMA with BackCom,
our study provides a novel resource allocation frame-
work that enhances spectral efficiency while maintain-
ing low power consumption. The main contributions
and novelties are listed as follows:

• We propose a novel system that combines
backscatter communication (BackCom) with par-
tial non-orthogonal multiple access (NOMA) to
enhance spectral and energy efficiency. The
backscatter device (BD) passively reflects sig-
nals from the source to multiple users, enabling

ultra-low-power communication while leveraging
NOMA to improve user fairness and resource uti-
lization.

• We derive analytical closed-form expressions
for the OP of the proposed partial NOMA
backscatter-assisted system under different decod-
ing conditions. These expressions provide valu-
able insights into how key system parameters
such as power allocation factors, reflection coef-
ficients, and channel conditions affect overall sys-
tem performance. In particular, by adjusting the
bandwidth allocation coefficient, we are able to
compare the system performance between partial
NOMA and full NOMA schemes.

• We conduct Monte Carlo simulations to validate
the theoretical OP analysis and assess system
performance under various parameter settings.
The results demonstrate that our proposed sys-
tem outperforms conventional NOMA and Back-
Com schemes, offering improved reliability and ef-
ficiency.

2. System model

The figure 1 illustrates a Backscatter Device (BD)-
assisted communication model, where a source (S)
transmits signals to a Backscatter Device (BD), which
then forwards the signals to two users, a near device
(U1) and a distant device (U2). Acting as an intermedi-
ary node, the BD utilizes ambient backscatter commu-
nication to relay information while consuming minimal
energy. The transmission process follows a two-step ap-
proach: the source first sends signals to the BD, which
then reflects and transmits them to the users. This
model is particularly beneficial for energy-efficient IoT
networks and other low-power wireless communication
applications.The second part of the figure presents the
Partial NOMA transmission scheme, demonstrating
how bandwidth is allocated among users. The trans-
mission process is divided into two regions: Region-1
(ηB), where a fraction η (bandwidth allocation coeffi-
cient) of the total bandwidth (B) is allocated for di-
rect transmission to user U1, represented by signal s1;
and Region-2 ((1− η)B), where the remaining band-
width is shared between U1 and U2, with signals s1
and s2 superimposed using NOMA, given by the equa-

tion s =
2∑

i=1

√
αisi. The power allocation factors α1

and α2 determine how power is distributed between
the users, ensuring efficient resource utilization, satis-
fying the conditions α1 + α2 = 1 and α2 > α1. This
partial NOMA approach enhances spectral efficiency
and user fairness by dynamically adjusting bandwidth
and power allocation, making it a promising technique
for BD-assisted NOMA-based wireless networks.
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Fig. 1: System model

The BD reflects the S’s signal to both users (U1,U2)
with its own message c(t) satisfying E

{∣∣∣c (t)2∣∣∣} = 1.
The received signal at both users in region-1 and
region-2 can be expressed as, respectively.

yQ =

{ √
η
(√
βPSg0gQs1(t)c(t) + nQ

)
, region− 1,√

1− η
(√
βPSg0gQs̄(t)c(t) + nQ

)
, region− 2,

(1)
where Q ∈ (U1,U2), β is reflection coefficient of BD,
PS is the transmit power of the S, nQ is the indepen-
dent additive white Gaussian noise (AWGN) with zero
mean and variance of σ2, and g0, g1, g2 are the chan-
nel coefficients of the links S → BD, BD → U1, and
BD → U2, respectively, under a Rayleigh fading distri-
bution.

Unlike conventional NOMA frameworks, it is as-
sumed that U1 can aggregate all received signals to
enhance decoding performance [53]. Based on (1) and
the combination of both transmission regions, the in-
stantaneous SINR at U1 for decoding its own message,
s1, is expressed as follows.

γU1 =
[η + (1− η)α1]βPS |g0|2 |g1|2

(1− η)α2βPS |g0|2 |g1|2 + σ2

=
[η + (1− η)α1]βψ |g0|2 |g1|2

(1− η)α2βψ |g0|2 |g1|2 + 1
,

(2)

where ψ = PS
σ2 is the average transmit signal-to-noise

ratio (SNR). Further, conditioned on perfectly decod-
ing s1(t), U1 can then decode the backscatter signal
c(t), and the corresponding signal-to-noise ratio (SNR)
to decode c(t) can be expressed as:

γU1,c = (1− η)α2βψ |g0|2 |g1|2 . (3)

Similarly, the SINR at U2 for decoding message s2(t)
from Region-2 is given by

γU2 =
(1− η)α2βPS |g0|2 |g2|2

(1− η)α1βPS |g0|2 |g2|2 + (1− η)σ2

=
α2βψ |g0|2 |g2|2

α1βψ |g0|2 |g2|2 + 1
.

(4)

U2 can then decode the backscatter signal c(t), and
the corresponding SNR to decode c(t) can be expressed
as:

γU2,c = α1βψ |g0|2 |g2|2 . (5)

Finally, the BD signals can be successfully decoded
when si(t) and c(t) are perfectly decoded at U1 and
U2. Thus, the end-to-end received SNR and SINR at
U1 and U2 can be claimed by

γe2e
U1

= min
(
γU1 , γU1,c

)
. (6)

γe2e
U2

= min
(
γU2 , γU2,c

)
. (7)

3. Performance Analysis

In this section, the performances of the proposed sys-
tem were analyzed. In particular, the closed-form of
OP was derived.

3.1. Channel model

In our analysis, we consider the channels between the
source (S) and the backscatter device (BD), and be-
tween the BD and the users (U1, U2), to be subject to
Rayleigh fading. Specifically, the channel coefficients
g0, g1, g2, representing the links S → BD, BD → U1,
and BD → U2, respectively, are modeled as indepen-
dent Rayleigh fading random variables. The distinc-
tion in distributions arises from the differing path-loss
effects, which are distance-dependent.

The probability density function (PDF) and
the cumulative distribution function (CDF) of

|gi|2 ,

i =
 0, SB

1, BU1

2, BU2

 can be expressed as

f|gi|2(x) = λ i exp (−λ ix)

F|gi|2(x) = 1− exp (−λ ix) ,
(8)

where λ iis the mean of |gi|2.

To take into account the simple path-loss model,
λ ican be modeled by λi = (di)

δ , where di is the dis-
tance between two correspondence nodes, and δ is the
path-loss exponent.
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The PDF and CDF of the product of two squared
Rayleigh random variables, θi = |g0|2 |gi|2 can be ob-
tained as [54]

Fθi (x) = 1− 2
√
λSBλix×K1

(
2
√
λSBλix

)
, (9)

where K1 (.) is the modified Bessel function of the
second kind with 1th order. By using the formula
d
dx (xvKv(x)) = −xvKv−1(x), we have:

fθi (x) = 2λSBλi ×K0

(
2
√
λSBλix

)
. (10)

3.2. Outage Analysis at U1

The OP of U1 can be thus defined by:

OP1 = Pr
(
γe2e
U1

⩽ γth
)
= Pr

(
min

(
γU1 , γU1,c

)
⩽ γth

)
= 1− Pr

(
γU1 ⩾ γth, γU1,c ⩾ γth

)
,

(11)

where γth is threshold of the system. From (2) and
(3), the OP at U1 can be reformulated as

OP1 = 1− Pr

 [η + (1− η)α1]βψθ1
(1− η)α2βψθ1 + 1

⩾ γth,

(1− η)α2βψθ1 ⩾ γth



= 1− Pr


θ1 ⩾

γth

βψ [η + (1− η) (α1 − α2)]︸ ︷︷ ︸
Ξ1

,

θ1 ⩾
γth

(1− η)α2βψ︸ ︷︷ ︸
Ξ2

 .

(12)

To ensure a comprehensive analysis, it is essential to
consider both possible cases where one side of the in-
equality is greater or smaller than the other. Since
the expressions are constrained by multiple parame-
ters, examining both scenarios allows for a thorough
evaluation of the constraint conditions that θ1 must
satisfy.

1) Case 1: Ξ1 ⩾ Ξ2

If Ξ1 ⩾ Ξ2, the OP1 can be expressed as

OP1 = 1− Pr

θ1 ⩾
γth

βψ [η + (1− η) (α1 − α2γth)]︸ ︷︷ ︸
Ξ1


= 1− Pr

[
1− Fθ1

(
γth

βψ [η + (1− η) (α1 − α2γth)]

)]
.

(13)

By substituting (9) into (13), we obtain:

OP1 = 1−


2

√
γthλSBλBU1

βψ [η + (1− η) (α1 − α2γth)]

×K1

(
2

√
γthλSBλBU1

βψ [η + (1− η) (α1 − α2γth)]

)
 .

(14)

2) Case 2: Ξ1 < Ξ2

If Ξ2 ⩾ Ξ1, the OP1 can be expressed as

OP1 = 1− Pr

θ1 ⩾
γth

(1− η)α2βψ︸ ︷︷ ︸
Ξ2


= 1− Pr

[
1− Fθ1

(
γth

(1− η)α2βψ

)]
.

(15)

By substituting (9) into (15), we obtain:

OP1 = 1−


2

√
γthλSBλBU1

(1− η)α2βψ

×K1

(
2

√
γthλSBλBU1

(1− η)α2βψ

)
 . (16)

3.3. Outage Analysis at U2

The OP of U2 can be thus defined by:

OP2 = Pr
(
γe2e
U2

⩽ γth
)

= Pr
(
min

(
γU2 , γU2,c

)
⩽ γth

)
= 1− Pr

(
γU2 ⩾ γth, γU2,c ⩾ γth

)
.

(17)

From (4) and (5), the OP at U2 can be reformulated
as

OP2 = 1− Pr

 α2βψθ2
α1βψθ2 + 1

⩾ γth,

α1βψθ2 ⩾ γth



= 1− Pr


θ2 ⩾

γth

βψ (α2 − α1γth)︸ ︷︷ ︸
Ω1

,

θ2 ⩾
γth

α1βψ︸ ︷︷ ︸
Ω2

 .

(18)
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1) Case 1: Ω1 ⩾ Ω2

If Ω1 ⩾ Ω2, the OP2 can be expressed as

OP2 = 1− Pr

θ2 ⩾
γth

βψ (α2 − α1γth)︸ ︷︷ ︸
Ω1


= 1−

[
1− Fθ2

(
γth

βψ (α2 − α1γth)

)]
.

(19)

By substituting (9) into (19), we obtain:

OP2 = 1−


2

√
γthλSBλBU2

βψ (α2 − α1γth)

×K1

(
2

√
γthλSBλBU2

βψ (α2 − α1γth)

)
 . (20)

2) Case 2: Ω2 ⩾ Ω1

If Ω2 ⩾ Ω1, the OP2 can be expressed as

OP2 = 1− Pr

θ2 ⩾
γth

α1βψ︸ ︷︷ ︸
Ω2


= 1−

[
1− Fθ2

(
γth

α1βψ

)]
.

(21)

By substituting (9) into (21), we obtain:

OP2 = 1−

[
2

√
γthλSBλBU2

α1βψ
×K1

(
2

√
γthλSBλBU2

α1βψ

)]
.

(22)

3.4. Overall Outage Analysis

The OP of the entire system is given by the product of
the OP at user U1 and the OP at user U2, expressed
as [61]:

OP = 1− (1− OP1)× (1− OP2). (23)

The OP of the system also varies according to the
constraint conditions, as observed in section 3.2. and
3.3. . Therefore, the OP is specifically expressed as

follows:


Ξ1 ⩾ Ξ2

{
Ω1 ⩾ Ω2 → OP = OPcase_1
Ω1 ⩽ Ω2 → OP = OPcase_2

Ξ1 ⩽ Ξ2

{
Ω1 ⩾ Ω2 → OP = OPcase_3
Ω1 ⩽ Ω2 → OP = OPcase_4

, (24)

with OP for all cases expressed sequentially as follows:

OPcase_1 = 1− 4γthλSB

βψ

×

√
λBU1

λBU2

[η + (1− η) (α1 − α2γth)] (α2 − α1γth)

×K1

(
2

√
γthλSBλBU1

βψ [η + (1− η) (α1 − α2γth)]

)

×K1

(
2

√
γthλSBλBU2

βψ (α2 − α1γth)

)
.

(25)

OPcase_2 = 1− 4γthλSB

βψ

×

√
λBU1

λBU2

α1 [η + (1− η) (α1 − α2γth)]

×K1

(
2

√
λBU1

βψ [η + (1− η) (α1 − α2γth)]

)

×K1

(
2

√
γthλSBλBU2

α1βψ

)
.

(26)

OPcase_3 = 1− 4γthλSB

βψ

√
λBU1

λBU2

(α2 − α1γth) (1− η)α2

×K1

(
2

√
γthλSBλBU1

(1− η)α2βψ

)
K1

(
2

√
γthλSBλBU2

βψ (α2 − α1γth)

)
.

(27)

OPcase_4 = 1− 4γthλSB

βψ

√
λBU1

λBU2

(1− η)α1α2

×K1

(
2

√
γthλSBλBU1

(1− η)α2βψ

)
×K1

(
2

√
γthλSBλBU2

α1βψ

)
.

(28)

4. Numerical results

This section presents numerical results to validate the
accuracy of the proposed mathematical models and an-
alyze the system’s behavior under different key param-
eters using the Monte Carlo approach [55–58]. The
simulation parameters are detailed in Table 1.

The figure 2 illustrates the relationship between the
OP and the average signal power ψ(dB), while also
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Tab. 1: Simulation parameters.

Symbol Parameter name Value
γth Threshold of the system 0.1:1.25
α1 Power allocation ratio at U1 0.05:0.5
α2 Power allocation ratio at U2 1− α1

η Bandwidth allocation coefficient 0; 0.5; 0.75
β The backscatter efficiency 0.5

dSB Distance between S and BD 1; 2; 3m
dBU1

Distance between BD and U1 2m
dBU2 Distance between BD and U2 1m
δ Path-loss exponent 2

ψ
Average transmit power to

noise ratio at source -10 to 50 (dB)
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case-1

OP-Ana with 
th

 = 1.25 -> OP = OP
case-3

Fig. 2: The OP versus ψ(dB) with varying the threshold of the
system γth.

considering the impact of the system threshold γth.
The plot includes a dashed line representing Monte
Carlo simulation results that confirm the accuracy of
the analytical expressions and markers corresponding
to different values of γth. The results indicate that as
ψdB increases, OP significantly decreases. This is be-
cause higher signal power improves the received signal
quality, enhances the decoding capability, and reduces
the likelihood of communication failure.However, when
γth increases from 0.1 to 1.25, OP also increases. A
higher system threshold imposes stricter signal qual-
ity requirements for successful decoding, making it
more difficult for the system to maintain a stable con-
nection. As a result, the probability of outage in-
creases. Different γth values correspond to different
OP curves, labeled as OPcase_1, OPcase_2, OPcase_3,
and OPcase_4. Among these, OPcase_4 (correspond-
ing to γth = 0.1) achieves the lowest OP, meaning
it provides better system performance. In contrast,
OPcase_3(corresponding to γth = 1.25) exhibits the

highest OP, indicating degraded performance.These
findings highlight the trade-off between system thresh-
old selection and communication reliability. While
increasing ψ(dB) generally improves system perfor-

mance, choosing an appropriate γth is crucial to avoid
excessive OP.
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case-2
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OP-Ana with partial NOMA -> OP = OP
case-4

 = 0.75

 = 0.5

Fig. 3: The OP versus ψ(dB) with varying the threshold of the
system γth and bandwidth allocation coefficient η.

The figure 3 illustrates the relationship between the
OP and the average signal power ψ(dB), while also
considering the impact of the bandwidth allocation
coefficient η. Monte Carlo simulations are employed
to verify the accuracy of the analytical expressions.
The results indicate that as ψ(dB) increases, OP de-
creases significantly due to higher signal power, which
enhances channel quality, improves signal decoding ca-
pability, and reduces the risk of outage, similar to the
observations in Fig.2. Additionally, the bandwidth al-
location coefficient η significantly impacts system per-
formance. When η increases from 0 to 0.75, OP tends
to increase, indicating that proper bandwidth alloca-
tion enhances signal quality and optimizes transmis-
sion efficiency. When η = 0, the entire bandwidth is
allocated for non-orthogonal access, and the system op-
erates under a full NOMA scheme. In this case, both
users are served simultaneously over the same spec-
trum, and the near user applies successive interference
cancellation (SIC) to decode its message. By utilizing
the entire spectrum, full NOMA allows boosting over-
all system throughput and performance. However, as
η increases, the system transitions to a partial NOMA
configuration, and now the OP increases significantly.
This result can be explained by the fact that although
partial NOMA does not utilize the entire spectrum
simultaneously like full NOMA, it achieves more ef-
ficient spectrum usage by enabling flexible resource
allocation, mitigating inter-user interference, and re-
ducing power consumption and processing complex-
ity. This makes partial NOMA especially suitable for
energy-constrained devices such as backscatter devices.
Nonetheless, this does not diminish the value of full
NOMA, particularly in scenarios where maximizing
spectrum utilization is a priority. Since spectrum is
a highly limited and valuable resource in wireless com-
munication systems, the choice between full NOMA
and partial NOMA should be made carefully, based
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on the trade-offs between spectrum efficiency, receiver
complexity, and application-specific requirements.
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SB

 = 2

OP-Ana with d
SB

 = 3

Fig. 4: The OP versus the system γth with varying the distance
S to BD dSB.

The figure 4 presents the impact of the system
threshold γth and the distance from the source SS
to the backscatter device BD(dSB) on the OP. The
dashed lines represent the Monte Carlo simulation re-
sults, while the markers correspond to the analytical
results. The results indicate that as γth increases, OP
also rises significantly. This is because a higher system
threshold requires a stronger received signal to main-
tain communication, leading to a higher risk of out-
age if the signal quality is insufficient, as previously
discussed in Figures 2 and 3. Moreover, the distance
dSB plays a crucial role in OP performance. As dSB
increases from 1 to 3m, OP also rises considerably.
This is due to the fact that a greater distance between
the source and BD results in higher path loss, which
weakens the backscattered signal. Consequently, the
received signal quality at both BD and the destina-
tion degrades, reducing the ability to decode the infor-
mation and thereby increasing OP. In summary, these
findings emphasize the importance of selecting an ap-
propriate system threshold γth to prevent excessive OP
growth. Additionally, optimizing the source-to-BD dis-
tance is essential for maintaining an efficient system
performance.

Figure 5 illustrates the relationship between the OP
and the power allocation coefficient α1 at user U1,
considering different values of ψdB. Similar to Figure
2, OP decreases as ψ(dB) increases, indicating that
stronger signal power enhances system reliability and
reduces the risk of communication failure. Regarding
the impact of power allocation α1, OP exhibits a non-
monotonic trend. Specifically, as α1 increases from 0.05
to approximately 0.25 - 0.35, OP decreases, suggesting
that allocating more power to user U1 within this range
improves system performance. However, when α1 fur-
ther increases toward 0.5, OP starts rising again. This
suggests that an optimal value of α1 exists to minimize
OP. The reason behind this behavior lies in the balance

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Fig. 5: The OP versus power allocation ratios α1 with varying
ψ(dB).

between power allocation for user U1 and the remaining
users in the system. If α1 is too small, U1 receives in-
sufficient power, degrading signal quality and increas-
ing OP. Conversely, if α1 is too large, the remaining
users receive less power, negatively impacting overall
system performance and raising OP. In summary, OP
decreases as ψ(dB) increases, consistent with Figure 2.
Additionally, OP depends on α1, where an optimal al-
location minimizes OP. Thus, selecting an appropriate
α1 value is crucial to optimizing system performance
and reducing outage risk.

5. Conclusion

In this study, we analyzed the OP of a backscatter-
assisted partial NOMA system, where a BD reflects sig-
nals to multiple users. We derived closed-form expres-
sions for the OP under different decoding conditions
and evaluated the impact of system parameters on per-
formance. The results demonstrate that integrating
BackCom with partial NOMA enhances system relia-
bility and spectral efficiency compared to conventional
approaches. Notably, the power allocation factor α1

plays a crucial role in balancing performance between
users. We observed that OP does not decrease uni-
formly with α1 but has an optimal value that minimizes
OP most effectively. This highlights the importance of
selecting an appropriate α1 to ensure signal quality for
both users, avoiding scenarios where one user experi-
ences significant performance degradation due to im-
proper power allocation. For future research, several
directions can be explored. First, extending the cur-
rent model to account for imperfect channel state in-
formation (CSI) could provide more practical insights.
Additionally, investigating the impact of multiple BD
devices and cooperative backscattering relaying strate-
gies may further enhance system performance. Finally,
optimizing power allocation and resource management
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through machine learning-based approaches could pave
the way for intelligent and adaptive BackCom-NOMA
systems in next-generation wireless networks.
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