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Abstract

Future intelligent wireless networks require reliable and spectrum-efficient communication while
simultaneously supporting environmental sensing. Integrated Sensing and Communication (ISAC)
enables this integration through shared wireless resources; however, multiuser communication in
dense and blockage-prone environments remains challenging. This paper proposes a full-duplex Intel-
ligent Reflecting Surface (IRS)-assisted Non-Orthogonal Multiple Access (NOMA)-ISAC framework
for simultaneous uplink/downlink communication and target sensing. Considering co-channel, self-
loop, and target-induced interference, outage probability (OP) and probability of detection (PoD) are
derived over Nakagami-m fading channels. The analysis shows that increasing transmit power and
IRS elements improves far-user reliability and sensing performance, whereas IRS-enhanced multiuser
interference can degrade uplink near-user performance, revealing a fundamental reliability tradeoff.
Simulations validate the analysis and demonstrate superior communication and sensing performance
over conventional NOMA-ISAC systems. The proposed framework offers a promising solution for
reliable and energy-efficient intelligent wireless networks.

Keywords: Integrated sensing and communication (ISAC), non-orthogonal multiple access (NOMA),
intelligent reflecting surface (IRS), base station (BS), outage probability (OP), probability of detection
(PoD), Internet of Things (IoT).

1 Introduction

Next-generation wireless communication systems
demand reliable, spectrum-efficient, and energy-
efficient architectures capable of simultaneously
supporting wireless communication and environ-
mental sensing for applications such as IoT con-
nectivity, wireless sensor networks, smart-city
monitoring, and intelligent infrastructure. This
requirement has led to the emergence of Integrated
Sensing and Communication (ISAC), in which

sensing and communication operations share spec-
tral and hardware resources [1]. The similari-
ties between radar sensing and communication in
terms of signal processing techniques, hardware
architectures, and channel models provide a fun-
damental basis for their integration. By jointly
utilizing these resources, ISAC can improve spec-
trum efficiency, reduce deployment costs, and
achieve integration gains [2–4]. Accordingly, sens-
ing and communication (S&C) performance analy-
sis and waveform design for ISAC systems employ-
ing orthogonal multiple access (OMA) techniques
have been widely investigated in [5], [6], and [7].
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However, the joint utilization of spectral and
hardware resources introduces significant interfer-
ence between sensing and communication oper-
ations, which can degrade both communication
reliability and sensing accuracy, particularly in
dense intelligent environments [8]. This challenge
becomes more pronounced when a large number of
IoT devices simultaneously exchange monitoring
and safety-critical information. Non-Orthogonal
Multiple Access (NOMA) provides an effective
approach for addressing this challenge by allowing
multiple users to share the same time-frequency
resources while improving spectral efficiency [9–
14]. Through superposition coding and successive
interference cancellation (SIC), NOMA enables
flexible resource allocation and efficient multiuser
interference management while improving connec-
tivity for weak or distant users [15], [16]. These
characteristics make NOMA particularly attrac-
tive for massive IoT connectivity and resource-
efficient ISAC systems [8].

A NOMA-aided downlink ISAC framework
was proposed in [17], demonstrating improved
communication–sensing performance compared
with conventional OMA schemes. Subsequently,
several studies investigated the performance of
uplink (UL) and downlink (DL) NOMA-ISAC sys-
tems, primarily by considering UL and DL trans-
mission separately [7], [18], [17]. However, prac-
tical intelligent wireless networks often require
the simultaneous operation of UL and DL IoT
devices, resulting in additional mutual interfer-
ence that can substantially affect both commu-
nication reliability and sensing performance. To
address this scenario, [19] jointly considered UL
and DL users for outage and sensing performance
analysis, while [20] investigated full-duplex multi-
antenna NOMA systems under finite blocklength
transmission.

Despite these advances, the existing NOMA-
ISAC studies do not adequately address prop-
agation limitations encountered in dense and
blockage-prone environments, such as under-
ground metro stations, tunnels, smart parking
areas, and airport terminals. In these environ-
ments, the direct communication links can expe-
rience severe attenuation or blockage, particularly
at high carrier frequencies. Intelligent Reflecting
Surfaces (IRSs) provide a promising solution by

intelligently reconfiguring the propagation envi-
ronment through passive beamforming. By creat-
ing favorable reflected links, IRS can improve cov-
erage and communication reliability while reduc-
ing the required transmit power [21–23]. There-
fore, the integration of IRS with NOMA-ISAC
offers the potential to jointly address multiuser
connectivity, propagation blockage, and energy
efficiency.

Several recent studies have investigated IRS-
assisted ISAC systems. For example, [24] proposed
an IRS-assisted ISAC framework for maximizing
the achievable sum rate while satisfying radar
sensing requirements. The work in [25] inves-
tigated IRS-enabled ISAC-assisted mobile edge
computing with the objective of minimizing total
energy consumption under sensing and latency
constraints. Similarly, [26] studied millimeter-
wave IRS-assisted ISAC through the joint opti-
mization of radar waveforms, beamforming, and
IRS phase shifts. While these studies demonstrate
the potential of IRS for enhancing ISAC per-
formance, they primarily focus on resource opti-
mization, beamforming design, achievable rate, or
energy minimization. They do not provide a com-
prehensive reliability and sensing analysis for an
IRS-assisted NOMA-ISAC system in which UL
and DL users operate concurrently in the presence
of sensing targets and the associated interference.

Accordingly, the novelty of the proposed
framework lies in jointly integrating three key
functionalities that have largely been investigated
separately in the existing literature: (i) IRS-
assisted propagation enhancement for overcoming
blockage and coverage limitations, (ii) NOMA-
based simultaneous multiuser transmission for
improved spectral efficiency, and (iii) full-duplex
concurrent UL/DL communication integrated
with target sensing. Unlike existing IRS-assisted
ISAC studies that mainly focus on optimization-
based designs, and conventional NOMA-ISAC
studies that generally consider either separate
UL/DL operation or do not account for IRS-
assisted propagation, this work provides a unified
reliability and sensing analysis of their combined
operation. In particular, the proposed framework
explicitly accounts for the interference arising
from concurrent communication and sensing oper-
ations, including target-induced interference and
self-loop interference. Furthermore, the analysis
is developed over Nakagami-m fading channels,
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thereby enabling the characterization of a broad
range of practical propagation conditions.

To the best of the authors’ knowledge, the reli-
ability and sensing performance of an IRS-assisted
full-duplex NOMA-ISAC system with concurrent
UL/DL users and sensing targets over Nakagami-
m fading channels have not been comprehensively
investigated, as summarized in Table 1. Moreover,
unlike conventional central limit theorem (CLT)-
based approximations that may become inaccu-
rate when the number of IRS elements is small,
this work employs a Laplace transform-based sta-
tistical framework to characterize the IRS-assisted
channel. This enables the proposed analysis to
provide a more appropriate performance charac-
terization across different IRS configurations.

Motivated by these research gaps, this work
investigates the communication reliability and
sensing performance of an IRS-assisted full-duplex
NOMA-ISAC system for intelligent and energy-
efficient wireless networks. The major contribu-
tions of this work are summarized as follows:

• A full-duplex IRS-assisted NOMA-ISAC frame-
work is proposed to enable simultaneous
UL/DL communication and target sensing
in blockage-prone intelligent wireless environ-
ments.

• Closed-form and approximate expressions for
the DL outage probability (OP) are derived
under Nakagami-m fading, considering co-
channel and target-induced interference for
large and small numbers of IRS elements,
respectively.

• Approximate expressions for the UL OP are
derived using numerical integration by account-
ing for self-loop, target-induced, and multiuser
interference under the NOMA framework.

• The probability of detection (PoD) at the BS is
derived by jointly considering the IRS-assisted
and direct target echo paths in the presence of
UL interference.

• The derived expressions provide insights into
the effects of transmit power, the number of IRS
elements, interference, and NOMA power allo-
cation on communication reliability and sensing
performance, revealing important performance
tradeoffs among UL and DL users.

• Analytical results are validated through simu-
lations and demonstrate improved communica-
tion reliability and sensing performance com-
pared with conventional NOMA-ISAC systems.

2 System Model

The proposed system model shown in Fig. 1 con-
ciders an ISAC enabled wireless network compris-
ing a full-duplex base station (BS) equipped with a
single transmit and receive antenna, which simul-
taneously performs communication and sensing.
The fixed near and far UL/DL users correspond
to the respective IoT devices in the considered
system. The fixed near and far UL/DL users rep-
resent transportation-oriented IoT devices such
as roadside sensors, smart parking units, traf-
fic monitoring terminals. The BS operates as a
radar transceiver for target detection, while simul-
taneously receiving UL signals from the UL IoT
devices U1 and U2, and also simultaneously trans-
mitting the information to DL IoT devices D1

and D2. IRS panels are deployed to assist the
far UL and DL IoT devices by providing addi-
tional reflective paths and intelligently controlling
the phase of the reflected signals toward the
receiver by using perfect channel state information
(CSI) [33]. Hence, improving coverage and reliabil-
ity in blockage-prone transportation environments
such as intersections, tunnels, and urban roads.
We consider the IoT device D1 as a typical cell-
centered device, classified as a near user (N),
which communicates directly with the BS with-
out relying on the IRS. On the other hand, the
IoT device D2 is located near the cell edge. It
is classified as the far user (F ) and relies on the
IRS-assisted link to communicate with the BS.
The DL channel h1 ∈ C represents the link from
the BS to D1. The channels g1 and g2 denote
the links from the BS to the IRS and from the
IRS to D2, respectively. The UL channels h2 ∈
C, g3 and g4 represent the links from U1 (near
user) to the BS, from U2 (far user) to the IRS
and from IRS to BS, respectively. hLI models
the loop self interference (LSI) channel gener-
ated due to the BS operating in full-duplex mode
and distributed as CN (0, σ2

LI). hBS→T (hTBS)
and hT→BS (hBST ) denote the sensing channels
between the BS and the target. Furthermore,

3



Table 1: Comparison with Existing Literature

[27][28][29][30][31][19][32]Proposed Scheme

Reliability Analysis ✓ ✓ ✓ ✓ ✓

Sensing Analysis ✓ ✓ ✓ ✓ ✓ ✓ ✓

IRS aided networks ✓ ✓ ✓ ✓ ✓

NOMA aided scheme ✓ ✓ ✓ ✓ ✓ ✓ ✓

UL& DL analysis ✓ ✓ ✓ ✓

Nakagami-m fading channel ✓

Fig. 1: Proposed System Model.

hUiDj
∼ CN (0, σ2

UiDj
) denotes the UL-to-DL co-

channel interference channel between Ui and Dj ,
where i, j ∈ {1, 2}. The system operates in a
simultaneous transmission and reception mode,
these links generate co-channel interference in the
DL. All the IoT devices share their power accord-
ing to the power domain NOMA strategy [34].
It is assumed that the direct transmission path
between the BS to D2 is blocked, as depicted

in Fig. 1, due to their large separation distance
[35],[36]. Additionally, the transceiver is assumed
to possess perfect knowledge of CSI.

2.1 Downlink Transmission

For the DL transmission, the signal x =
√
Pa1s1+√

Pa2s2 comprises both communication and sens-
ing components, enabling the BS to transmit the
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data to the paired DL NOMA users while simul-
taneously detecting the radar target. Where, s1
and s2 denote the transmitted symbols.

√
a1 and√

a2 represent the power allocation factor for N
and F , respectively. It follows NOMA protocol i.e.,
(a1 + a2 = 1) [34]. The direct link between BS
and N experiences severe fading due to significant
blockage and modeled as a Rayleigh fading chan-
nel, which is denoted by h1 [35]. The channels g1

and g2 between BS-IRS and IRS-D2 are modeled
by a realistic Nakagami-m fading model with fad-
ing parameters,mg1 andmg2 , respectively [37]. All
communication links are assumed to experience
small-scale fading. The received signal at D1 and
D2 are given by Eqn.1 and Eqn.2, respectively.
where, g1 = [g11e

−iα1 , g12e
−iα2 , . . . , g1Ke

−iαK ]
and g2 = [g21e

−iβ1 , g22e
−iβ2 , . . . , g2Ke

−iβK ]
denote the channel vectors. The IRS reflection
matrix is given by Φ = (Γ1,Γ2, . . . ,ΓK), where
Γk = |Γk|eiϕK denotes the reflection coefficient
of the k-th element. The parameters |Γk| and
ϕk represent its reflection amplitude and phase
shift of the k-th reflecting element, respectively.
The total number of reflecting elements present
in the IRS panel is denoted by K (1 ≤ k ≤ K).
ϵD1 ∼ CN (0, σ2

ϵD1
) and ϵD2 ∼ CN (0, σ2

ϵD2
) are the

sensing to communication interference for D1 and
D2. U1 and U2 are the UL transmitter, they are
transmitting their information yU1 and yU2 with
the power P1 and P2 to the BS, respectively.
The received instantaneous signal to noise ratio
(SNR) at D1 and signal to interference-noise ratio

(SINR) at D2 are γN and γD2 as presented in
Eqn.3 and Eqn.4.
It is assumed that all the phases are available at
all IRS controller and applying the optimal co-
phasing (ϕk = αk + βk). n represent additive
white Gaussian noise (AWGN). The instantaneous
SINR received at D2 after applying co-phasing is
denoted by γ

F
and expressed in Eqn.5.

2.2 Uplink Transmission

For the UL transmission, the BS receives
the signals transmitted by U1 and U2, along
with the echo signal reflected from the tar-
get. Thus, the received signal at the BS is
expressed by yr as represented in Eqn.6. where,
g3 = [g31e

−iα1 , g32e
−iα2 , . . . , g3Ke

−iαK ] and
g4 = [g41e

−iβ1 , g42e
−iβ2 , . . . , g4Ke

−iβK ]. More-
over, ϵU1

∼ CN (0, σ2
ϵU1

), ϵU2
∼ CN (0, σ2

ϵU2
) and

δ are the sensing to communication interference
for U1, U2 and scattering coefficient of the target,
respectively. By invoking monostatic reciprocity,
the effective sensing channel between the BS and
target, accounting for the BS-to-target and target-
to-BS propagation paths, is expressed by hSS
(hSS = hTBS hBST ). The probability density
function (PDF) of |hSS |2 is derived in [38] and
expressed as f|hSS |2(q), as given in Eqn.7. For the
UL NOMA analysis, after applying optimal co-
phasing, the received SINR of U1 and the SNR
of U2 at the BS are denoted by γU1

, γU2
, and

presented in Eqn.8 and Eqn.9, respectively.

yD1
= (h1 + ϵD1

)x⏞ ⏟⏟ ⏞
DL Signal for D1

+P1hU1D1
yU1

+ P2hU2D1
yU2⏞ ⏟⏟ ⏞

UL to D1 interference

+n, (1)

yD2
= (g1Φg2

T + ϵD2
)x⏞ ⏟⏟ ⏞

DL Signal for D2

+P1hU1D2
yU1

+ P2hU2D2
yU2⏞ ⏟⏟ ⏞

UL to D2 interference

+n, (2)

γ
N
=

a1P |h1|2
Pσ2

ϵD1
+ P1|hU1D1 |2 + P2|hU2D1 |2 + σ2

, (3)

γD2
=

a2P
⃓⃓
g1Φg2

T
⃓⃓2

a1P |g1Φg2
T |2 + Pσ2

ϵD2
+ P1|hU1D2 |2 + P2|hU2D2 |2 + σ2

, (4)

γ
F
=

a2P
(∑K

k=1 |g1k||g2k|
)2

a1P
(∑K

k=1 |g1k||g2k|
)2

+ Pσ2
ϵD2

+ P1|hU1D2 |2 + P2|hU2D2 |2 + σ2

, (5)
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yr =
(
g3Φg4

T + ϵU2

)
yU2

+ (h2 + ϵU1
)yU1⏞ ⏟⏟ ⏞

UL Signal

+(hLI + δ hSS)ys⏞ ⏟⏟ ⏞
Echo and LSI

+n, (6)

3 Performance Analysis

In this section, we analyze the reliability and sens-
ing performance of IRS assisted NOMA ISAC
system. Specifically, we examine the OP for DL in
subsection 3.1, OP for UL in 3.2 and target sensing
in 3.3, respectively.

3.1 Downlink OP Analysis

OP indicates the probability that the received
signal falls below a specified threshold value
and mathematically it is given by Poutl as

presented in Eqn.10 where, l ∈ [N,F ]. Accord-
ingly, the OP for N denoted by Pout

N
, is given

in Eqn.11. Substituting Eqn.3 into Eqn.11,
we obtain Eqn.12, which is further simplified
in Eqn.13-14, where ρ = P

σ2 , ρ1 = P1

σ2 , and

ρ2 = P2

σ2 . Here, Z ∈ {h1, hU1D1
, hU2D1

}, where,
h1, hU1D1

, and hU2D1
are denoted by u, w, and

v, respectively. The PDF of |Z|2 follows a cen-
tral chi-square distribution with two degrees of
freedom is given by Eqn.15. By substituting the
PDF from Eqn.15 into Eqn.14 and solving it, the
OP for N is obtained and presented in Eqn.16.

f|hSS |2(q) =
1

2
√
qσ2

e
−

√
q

σ2 , (7)

γU1
=

|h2|2P1

P2

(∑K
k=1 |g3k||g4k|

)2
+ P2σ2

ϵU2
+ P1σ2

ϵU1
+ P (|hLI |2 + δ2|hSS |2) + σ2

, (8)

γU2
=

P2

(∑K
k=1 |g3k||g4k|

)2

P1σ2
ϵU1

+ P2σ2
ϵU2

+ P (|hLI |2 + δ2|hSS |2) + σ2
, (9)

Poutl = Pr (log2(1 + γl) ≤ Rl) , (10)

PoutN = Pr (log2(1 + γN ) ≤ RN ) , (11)

PoutN = Pr

(
a1P |h1|2

Pσ2
ϵD1

+ P1|hU1D1
|2 + P2|hU2D1

|2 + σ2
≤ 2RN − 1

)
, (12)

PoutN = Pr

(
|h1|2 ≤

(2RN − 1)(ρσ2
ϵD1

+ ρ1|hU1,D1
|2 + ρ2|hU2,D1

|2 + 1)

a1ρ

)
, (13)

PoutN =

∫ ∞

0

f|w|2(w)

∫ ∞

0

f|v|2(v)

∫ B1

0

f|h1|2(u) du dv dw, (14)

f|Z|2(z) =
1

Var(Z)
exp

(
− z

Var(Z)

)
(15)

where, B1 =
(2RN −1)(ρσ2

ϵD1
+ρ1w+ρ2v+1)

a1ρ
and Var(.) denotes the variance operator.
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PoutN = 1− (a1ρσ
2
D1

)2e
−

(2RN −1)(ρσ2
ϵD1

+1)

a1ρσ2
D1

(a1ρσ2
D1

+ (2RN − 1)ρ1σ2
U1D1

)(a1ρσ2
D1

+ (2RN − 1)ρ2σ2
U2D1

)
(16)

The OP for the far user D2, PoutF is derived
by substituting Eqn.5 into Eqn.17 and sim-
plifying the resulting resulting expression, as
given in Eqn.19. Following the approach in [39],
both sides of Eqn.19 are normalized by divid-
ing them by K(1 − ϵ). This normalization facil-
itates the approximation of resulting random
variable using a standard probability distribu-
tion. For a sufficiently large number of reflect-

ing elements K, T =

(
∑K

k=1 |g1k ||g2k |
)2

K(1−ϵ) can be

approximated using CLT based approach as pre-
sented in Eqn.22. CLT-based approach is valid

only for large value of K. In order to deal with
small number of IRS elements Laplace trans-
form based approach is used and the pdf of
cascaded channel

∑K
k=1 |g1k ||g2k | is approximated

as expressed in Eqn.24. Where, λ = Kϵ
1−ϵ and

ϵ = 1
mg1

mg2

(
Γ(mg1

+0.5)

Γmg1

)2(
Γ(mg2

+0.5)

Γmg2

)2

.The

power allocation coefficients must satisfy (a2 −
a1(2

RF −1)) > 0 for the feasible NOMA operation.
Substituting the PDF into Eqn.21, the OP for the
large number of IRS elements P loutF is derived and
presented in Eqn.23.

PoutF = Pr
(
γF ≤ 2RF − 1

)
, (17)

PoutF = Pr

⎛
⎜⎝

a2P
(∑K

k=1 |g1k||g2k|
)2

a1P
(∑K

k=1 |g1k||g2k|
)2

+ Pσ2
ϵD2

+ P1|hU1D2
|2 + P2|hU2D2

|2 + σ2

≤ 2RF − 1

⎞
⎟⎠ , (18)

PoutF = Pr

⎛
⎝
(

K∑

k=1

|g1k||g2k|
)2

≤
(2RF − 1)(Pσ2

ϵD2
+ P1|hU1D2

|2 + P2|hU2D2
|2 + σ2)

P (a2 − a1(2RF − 1))

⎞
⎠ , (19)

PoutF = Pr

⎛
⎜⎝

(∑K
k=1 |g1k||g2k|

)2

K(1− ϵ)
≤

(2RF − 1)(ρσ2
ϵD2

+ ρ1|hU1D2 |2 + ρ2|hU2D2 |2 + 1)

ρ(a2 − a1(2RF − 1))K(1− ϵ)

⎞
⎟⎠ , (20)

PoutF =

∫ ∞

0

f(w)

∫ ∞

0

f(v)

∫ B2

0

f(t) dt dv dw, (21)

f(t) =
λ

1
4

2
e−

t+λ
2 t−

1
4 I− 1

2

(√
λt
)
, (22)

P loutF = C1

[
γ(i+ 0.5, C2) +

1

C3 − 1
e

C2(C3+C4−C3C4)
C3C4

(
C3C4

C3 + C4

)i+0.5

× Γ

(
i+ 0.5,

C2(C3 + C4)

C3C4

)
− e

C2
C4

(C3 − 1)

(
C4

C4 + 1

)i+0.5

Γ

(
i+ 0.5,

C2(C4 + 1)

C4

)]
(23)
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where,

B2 =
(2RF − 1)(ρσ2

ϵD2
+ ρ1w + ρ2v + 1)

ρ(a2 − a1(2RF − 1))K(1− ϵ)
.

C1 = e−λ/2
∞∑

i=0

(
λ

2

)i
1

i!Γ(i+ 0.5)
,

C2 =
(2RF − 1)(ρσ2

ϵD2
+ 1)

2K(1− ϵ)ρ (a2 − a1(2RF − 1))
,

C3 =
(2RF − 1)ρ1σ

2
U1D2

2K(1− ϵ)ρ (a2 − a1(2RF − 1))
,

C4 =
(2RF − 1)ρ2σ

2
U2D2

2K(1− ϵ)ρ (a2 − a1(2RF − 1))
.

f(ψ) =
m̃K

Γ(2msK)
ψ2msK−1e−2

√
msmlψ, (24)

where, m̃ =
√
π4ml−ms+1(msml)

msΓ(2ms)Γ(2ml−2ms)

Γ(ms)Γ(ml)Γ(ml−ms+
1
2 )

,

ms = min(mg1 ,mg2) and ml = max(mg1 ,mg2).
Furthermore, to analyze the OP of the far user
for a small number of IRS elements P soutF ,
Eqn.19 is simplified by performing mathematical
operations, resulting in Eqn.25.

P soutF =

∫ ∞

0

f(w)

∫ ∞

0

f(v)

∫ B3

0

f(ψ) dψ dv dw,

(25)
where,

B3 =

√
(2RF − 1)(ρσ2

ϵD2
+ ρ1w + ρ2v + 1)

ρ(a2 − a1(2RF − 1))
.

On substituting the corresponding PDF’s in
Eqn.25, we numerically evaluate the OP for small
number of IRS elements and the results are shown
and discussed in 4.2.

3.2 Uplink OP Analysis

We assume that the transmitting and receiving
antennas at the BS are spatially separated. In the
presence of the target, the OP of the uplink users
U1 and U2 are expressed in Eqn.26. To analyze OP
for U1 (PU1

out), Eqn.8 is substituted into Eqn.26,
yielding Eqn.27. Subsequently, by applying co-
phasing and simplifying, we obtain the expression
given in Eqn.28. Further, simplifying Eqn.28, we
obtain Eqn.29 where, h2, hLI , and hss are denoted
by x, y and q, respectively. The expression in
Eqn.29 is numerically evaluated, the resulting OP
of the near user at the BS is presented in Sec 4.2
and verified through simulation. Furthermore, to
analyze the OP for U2 (PU2

out), by substituting
Eqn.9 into Eqn.26, Eqn.30 is obtained. Further
simplifying Eqn.30, Eqn.31 is obtained and it is
numerically evaluated, verified and presented in
Sec 4.2.

PULoutl = Pr(log2(1 + γ
l
) ≤ Rl), (26)

where, l ∈ [U1, U2].

PU1
out = Pr

⎛
⎜⎝

|h2|2P1

P2

(∑K
k=1 |g3k||g4k|

)2
+ P2σ2

ϵU2
+ P1σ2

ϵU1
+ P (|hLI |2 + δ2|hSS |2) + σ2

≤ 2RU1 − 1

⎞
⎟⎠ , (27)

PU1
out = Pr

⎛
⎝|h2|2 ≤ 2RU1 − 1

P1

⎡
⎣P1σ

2
ϵU1

+ P2

(
K∑

k=1

|g3k||g4k|
)2

+ P2σ
2
ϵU2

+ P
(
δ2|hSS |2 + |hLI |2

)
+ σ2

⎤
⎦
⎞
⎠ ,

(28)

PU1
out =

∫ ∞

0

f(q)

∫ ∞

0

f(y)

∫ ∞

0

f(t)

∫ B4

0

f(x) dx dt dy dq, (29)
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where,B4 =
(2

R
U1 −1)[(t+σ2

ϵU2
)ρ2+ρ1σ

2
ϵU1

+(δ2q+y)ρ+1]

ρ1
.

PU2
out = Pr

⎛
⎝
⃓⃓
⃓⃓
⃓

K∑

k=1

|g3k||g4k|
⃓⃓
⃓⃓
⃓

2

≤
(2RU2 − 1)

(
σ2
ϵU1
P1 + σ2

ϵU2
P2 + (δ2|hSS |2 + |hLI |2)P + σ2

)

P2

⎞
⎠ , (30)

PU2
out =

∫ ∞

0

f|q|2(q)

∫ ∞

0

f|y|2(y)

∫ B5

0

fT (t) dt dy dq, (31)

yBS =

(
K∑

k=1

|g3k| |g4k|+ ϵU2

)
yU2

+ (h2 + ϵU1
) yU1

⏞ ⏟⏟ ⏞
UL Signal

+hLI ys + n

+
(
ϵ1(g1Φg5)(g1Φg5) + δ hSS + ϵ3

(
hBST (g1Φg5) + (g1Φg5)hTBS

))
ys

⏞ ⏟⏟ ⏞
Echo Signal

.

(32)

∆(yBS) =
f(yBS | H1)

f(yBS | H0)

H1

≷
H0

γth, (33)

σ2
0 = P2

(
K(1− ϵ) +K2ϵ+ σ2

ϵU2

)
+ P1

(
1 + σ2

ϵU1

)
+ Pσ2

LI + σ2, (34)

σ2
1 = σ2

0 + 2Pσ2
ϵ1

(
K(1− ϵ) +K2ϵ+ σ2

ϵU2

)2
+ 2δ2Pσ2

ϵ2

+ 8σ2
ϵ3Pδ

2
(
K(1− ϵ) +K2ϵ+ σ2

ϵU2

)
,

(35)

where, B5 =
(2

RU2 −1)
[

σ2
ϵU1

ρ1+σ
2
ϵU2

ρ2+(δ2q+y)ρ+1
]

ρ2
.

3.3 Sensing Analysis of the target

In this section, we have derived the target detec-
tion probability for the proposed system model
in the presence of UL interference. We have con-
sidered a more practical and realistic propagation
environment, wherein the combined effect of both
direct and IRS-assisted echoes is considered. The
received signal at the BS considering UL inter-
ference and sensing signal direct from the target
along with the reflected path from the IRS is given
by yBS and presented in Eqn.32. Where, g5 rep-
resent the link between the IRS and target.
Based on Eqn.32, we formulate a binary hypoth-
esis testing framework for target detection under

the null hypothesis H0 (absence of the target)
and the alternative hypothesis H1 (presence of
the target). By invoking the Neyman–Pearson
(NP) lemma, we derive the optimal decision rule
that minimizes the probability of detection and
probability of false alarm . According to the NP
criterion [40], the likelihood ratio test (LRT) is for-
mulated as given in Eqn.33 where, ∆(yBS) denotes
the likelihood ratio and γth represents the corre-
sponding threshold value. The terms f(yBS | H1)
and f(yBS | H0) denote the conditional PDFs of
the received signal under the hypothesis that the
target is present and absent, respectively.
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|(yBS)|2
H1

≷
H0

σ2
0σ

2
1

σ2
1 − σ2

0

ln

(
σ2
1γth

σ2
0

)
. (36)

PoD = Pr

(
|(yBS)|2 >

σ2
0σ

2
1

σ2
1 − σ2

0

ln

(
σ2
1γth

σ2
0

)⃓⃓
⃓⃓H1

)
, (37)

PoD =

∫ ∞

σ2
0σ2

1
σ2
1−σ2

0
ln

(

σ2
1γth

σ2
0

) f|(yBS)|2(x) dx, (38)

PoD = e
− σ2

0
σ2
1−σ2

0
ln

(

σ2
1γth

σ2
0

)

, (39)

PoF = Pr

(
|(yBS)|2 >

σ2
0σ

2
1

σ2
0 − σ2

0

ln

(
σ2
1γth

σ2
0

)⃓⃓
⃓⃓H0

)
, (40)

PoF = e
− σ2

1
σ2
1−σ2

0
ln

(

σ2
1γth

σ2
0

)

. (41)

Further, when H0 is given, yBS ∼ CN
(
0, σ2

0

)

and when H1 is given, yBS ∼ CN
(
0, σ2

1

)
. By

applying the CLT and performing some mathe-
matical computation, the variances σ2

0 and σ2
1 are

obtained as given in Eqn.34. By substituting the
conditional PDFs f(yBS | H1) and f(yBS | H0)
into Eqn.33, Eqn.36 is obtained. where, ln(.) rep-
resents natural logarithm and the received power
|(yBS)|2 follows the central chi square distribution
with two degree of freedom. The probability of
detection PoD according to the NP is formulated
as in Eqn.37. Applying the mathematical opera-
tions along with the corresponding PDF PoD is
derived and presented in Eqn.39. Furthermore, the
probability of false alarm PoF is derived using the
NP criterion and expressed in Eqn.41.

4 Performance Evaluation

4.1 Simulation Parameters

The derived OP expressions are validated through
simulations. The simulation parameters used for
validation are presented in Table 2.

4.2 Results and Discussion

Fig.2 illustrates the OP of the DL near user
as a function of transmit power for different
power allocation coefficients, as derived in Eqn.16.

Table 2: Simulation Parameters for Proposed
System

Parameters Values

Threshold RN = RF = 100Kbps

Power coefficients a1 = 0.1, a2 = 0.9

Bandwidth (BW ) BW = 20MHz

Noise figure (NF ) 5 dB

Noise floor (in dB) −174 + 10 log10(BW ) +NF

BS to IRS mg1 = 3

IRS to D2 mg2 = 1

Coordinate of BS (0, 0)

Coordinate of D1 (40, 0)

Coordinate of D2 (200, 0)

Coordinate of U1 (−40, 0)

Coordinate of U2 (−200, 0)

Coordinate of IRS (40, 10) and (−40, 10)

Penetration loss (p) p = 20dB

The OP decreases with transmit power due to
the enhanced received SNR. Additionally, higher
power allocation to the near user further improves
outage performance, validating the effectiveness of
power-domain NOMA in the IRS-assisted ISAC-
NOMA system. Fig.3 illustrates the OP perfor-
mance of D2 versus transmit power. The results
show that the proposed system model significantly
outperforms over the conventional NOMA-ISAC
system due to the additional path gain provided
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Fig. 2: OP for DL near user (D1) versus transmit
power.
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Fig. 3: OP for DL far user D2 versus transmit
power.

by passive IRS reflections. In contrast, the conven-
tional NOMA-ISAC system exhibits performance
saturation at high transmit power because of the
severe interference introduced by the UL IoT
devices.

Fig.4 illustrates the OP of D2 under the UL
interference, as given in Eqn.23. The OP decreases
with increasing P and the figure also clearly
demonstrates the benefits of the IRS elements,
as the number of reflecting elements increases,
the OP improves significantly. This is because the
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Fig. 4: OP for DL far user D2 versus transmit
power.
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Fig. 5: OP for UL near user U1 versus transmit
power.

large number of IRS elements provides construc-
tive interference at the receiver D2 so, SNR at D2

get improved.
Fig.5 illustrates the OP for UL near user ver-

sus transmit power for different numbers of IRS
elements. From the figure, it is observed that the
large K assumption based on the central limit
theorem (CLT) is accurate in the low-SNR regime.
However, this approximation becomes inaccurate
at high SNR. To achieve accurate performance
analysis in the high-SNR region, a Laplace trans-
form (LT)–based approach is adopted, as given in
(25) and also presented. The outage performance
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improves as the number of IRS elements decreases
because the IRS primarily introduced to enhances
the UL far-user signal, which acts as interfer-
ence during near-user decoding in UL NOMA.
Consequently, increasing the number of IRS ele-
ments enhances the interference from the far
user, thereby degrading the near-user SINR and
increasing the OP. Fig.6 illustrates the OP perfor-
mance of the UL far user for small number of IRS
elements (for K=3, 4) and compares the results
with the conventional NOMA ISAC system. The
analytical OP is numerically evaluated using
Eqn.31 and the analytical and simulation results
validate the accuracy of the derived expression.

The OP decreases with increasing transmit power
due to the improved received SNR at the BS.
Moreover, the proposed system model achieves
superior performance due to the passive beam-
forming gain provided by the IRS elements. Fig.7
illustrates the PoD versus transmit power and
compares the performance with the conventional
NOMA-ISAC system. The PoD is analyzed by
considering the echo signal reflected through the
IRS along with the UL interference. It is observed
that the PoD of the conventional NOMA-ISAC
system remains nearly zero for transmit power
below 15 dB due to the severe interference caused
by UL IoT communication signals at the BS. The
proposed system model significantly improves the
PoD performance by enhancing the reflected echo
signal more effectively than the UL interference
through IRS.

5 Conclusion

In this paper, we analyzed the reliability and
sensing performance of a full duplex IRS-assisted
NOMA ISAC system over Nakagami-m fading
channels for future intelligent communication sys-
tem. The proposed framework achieves significant
improvements in terms of OP and PoD for both
UL and DL transmission, thereby demonstrating
its suitability for reliable wireless communica-
tion systems. By enabling intelligent propaga-
tion control through passive beamforming, IRS
enhances coverage and communication reliabil-
ity while reducing transmission power consump-
tion, thereby supporting green and energy-efficient
wireless transportation networks. Furthermore,
the proposed framework can be further extended
to unmanned aerial vehicle-assisted IRS-NOMA-
ISAC architectures for dynamic and flexible cov-
erage enhancement.
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