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ABSTRACT ARTICLE HISTORY

This article explores the integration of a relay station with two Received 24 October 2025
intelligent reflecting surfaces (IRSs) to enhance energy efficiency (EE) Accepted 3 January 2026
and system throughput (ST) in low-power wide-area networks

(LPWAN) modelled for Internet of Things (loT) applications. By Intelli .

. ; S ntelligent reflecting
leveraging IRS technology, the system improves communication surfaces; internet of things;
between loT sensors, the relay station, and the loT gateway, relay; energy efficiency;
mitigating signal degradation and optimizing energy consumption. throughput
To demonstrate these improvements, we derive theoretical
expressions for ST and EE in an LPWAN environment, considering IRS-
assisted relay transmission over Nakagami-m fading channels. Our
analysis demonstrates that incorporating IRSs leads to significant
performance enhancements compared to conventional non-IRS
systems. More specifically, the proposed network achieves a power
reduction of 10 dBm while achieving the same ST and EE targets,
highlighting its energy efficiency advantages. Furthermore, our
results show that an LPWAN employing a relay station and IRSs is
capable of maintaining reliable operation in high-frequency regimes,
such as 5GHz, while maintaining stable communication over
distances of up to 200 meters. We conduct an in-depth investigation
into the impact of various factors, including the number of reflecting
elements, IRS placement, data transmission rate, available bandwidth,
and operating frequency, on overall system performance. These
insights provide valuable guidelines for the future design and
deployment of IRS-assisted loT frameworks, ensuring efficient, high-
performance communication in LPWAN environments.

KEYWORDS

1. Introduction

Recently, intelligent reflecting surfaces (IRS) and relay stations have recently attracted sig-
nificant attention as promising technologies to enhance the performance of Internet of
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Things (loT) networks (V. D. Le et al., 2025; Mahbub & Shubair, 2024; S. Q. Nguyen, Le,
Thien, et al,, 2024; Quang et al., 2024). An IRS is a planar metasurface composed of a
large number of passive or semi-passive reflecting elements (REs) that can intelligently
adjust the phase, amplitude, or polarization of incident electromagnetic waves to reconfi-
gure the wireless propagation environment. By appropriately tuning the reflection coeffi-
cients, IRS can establish favourable channel conditions, improve signal strength, and
reduce interference, thereby enhancing coverage and energy efficiency (Ding et al.,
2024; A.-T. Le et al, 2024; S. Q. Nguyen, Le, Phan, et al., 2024; X. N. Pham et al., 2024).
In parallel, relay stations serve as active intermediaries that receive, process, and
forward signals between loT devices and access points, effectively extending communi-
cation range and reliability, especially in challenging environments with obstacles or
deep fading. The integration of IRS and relaying techniques into loT networks enables
efficient connectivity for massive low-power devices, supporting diverse applications
such as smart cities, industrial automation, environmental sensing, and intelligent trans-
portation systems (Quang et al., 2024; Zhang et al., 2024).

In loT-oriented wireless networks, IRSs offer several key advantages that directly
address the limitations of low-power and wide-coverage communication. By intelligently
adjusting the phase shifts of a large number of passive REs, IRSs can reconfigure the wire-
less propagation environment to enhance signal strength, suppress interference, and
overcome blockages (V. D. Le et al., 2025). These capabilities enable reliable connectivity
even in challenging propagation conditions. Moreover, since IRSs operate without active
radio-frequency chains, they introduce negligible power consumption, making them par-
ticularly suitable for energy-constrained loT devices. As a result, IRS-assisted communi-
cation can significantly improve link reliability, extend coverage, and reduce the
required transmit power in large-scale loT deployments (S. Q. Nguyen, Le, Phan, et al,,
2024; X. N. Pham et al., 2024; Vu et al., 2025).

In addition, low-power wide-area networks (LPWANs) are recognized as a fundamental
enabler of large-scale loT deployments that require long-range communication, low
power consumption, and cost-effective connectivity (Hu et al,, 2024, 2025; N. Nguyen
et al., 2025). Unlike traditional wireless systems such as Wi-Fi or cellular networks,
LPWANs are specifically designed to support massive numbers of low-data-rate devices
that operate over extended periods on small batteries. By offering wide coverage,
often up to several kilometers, LPWAN technologies such as Long-Range (LoRa), Sigfox
(a proprietary LPWAN protocol), and narrow-band IoT (NB-loT) enable reliable communi-
cation for various loT applications, including smart metering, precision agriculture,
environmental monitoring, smart city infrastructures, and industrial automation. These
networks facilitate efficient data collection from distributed sensors and devices,
making them ideal for scenarios where energy efficiency, scalability, and low maintenance
costs are essential for sustainable loT system deployment (Alqurashi et al., 2023; Sahoo &
Rai, 2025).

In recent years, considerable research efforts have focussed on analyzing wireless com-
munication systems that integrate IRS with relay nodes to enhance network performance
(Ding et al., 2024; Hedhly et al., 2024; Zhang et al., 2024). In such hybrid architectures, the
IRS is generally positioned to manipulate the propagation environment and improve the
quality of the source-relay transmission. However, the relay-destination link is usually
established without the aid of an IRS, resulting in an asymmetric system configuration.
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To evaluate the effectiveness of these designs, performance metrics in terms of outage
and error probabilities are commonly derived through both analytical modelling and
Monte Carlo simulations (Ding et al., 2024; Zhang et al., 2024). The obtained results con-
sistently demonstrate that increasing the IRS's reflecting-element array size leads to
noticeable improvements in signal quality and overall system reliability. Nevertheless,
these gains tend to saturate when the IRS becomes sufficiently large. This performance
saturation is mainly attributed to the fact that the relay-destination channel does not
benefit from IRS assistance, thereby becoming the dominant limiting factor in the end-
to-end transmission. Consequently, further increasing the number of REs beyond a
certain point provides diminishing returns in system throughput and reliability (Hedhly
et al.,, 2024; B. C. Nguyen et al., 2023).

As discussed earlier, although the integration of relays and IRSs has been explored to
harness the benefits of both technologies, most existing works have focussed on configur-
ations employing only a single IRS. Such setups often experience performance saturation as
the number of REs increases. Specifically, such architectures inherently suffer from perform-
ance saturation because only one communication link benefits from IRS-induced passive
beamforming. Recent works have attempted to mitigate this limitation by optimizing IRS
placement or combining IRSs with relay nodes (Albanese et al., 2024; Chhea et al., 2025;
S.Leetal, 2025); however, these approaches remain limited in fully exploiting spatial diver-
sity and achieving robust coverage under LPWAN constraints. In contrast, our work adopts
a dual-IRS configuration that simultaneously enhances both the source-relay and relay-
gateway links, thereby overcoming the saturation problem commonly observed in
single-IRS deployments. Moreover, we extend the analysis to LPWAN scenarios, which
have been largely overlooked in the IRS literature, and we investigate key system par-
ameters such as IRS placement, number of reflecting elements, bandwidth, and carrier fre-
quency. These contributions collectively highlight the novelty and broaden the
applicability of the proposed dual-IRS-assisted LPWAN framework.

To overcome this limitation, deploying two IRSs, one assisting the source-relay link and
the other enhancing the relay-destination link, can further improve communication
quality and mitigate the saturation effect. Moreover, the combination of IRSs and relays
in LPWANSs remains largely unexplored, despite their potential to significantly extend cov-
erage and reduce energy consumption in large-scale loT deployments. While several prior
studies have analyzed single IRS-assisted systems (Chhea et al., 2025; Huang et al., 2025; S.
Le et al,, 2025; T. T. H. Le et al., 2025), they provide limited capability in exploiting spatial
diversity and enhancing coverage adaptability. In contrast, our work investigates a more
general dual-IRS-assisted architecture that achieves improved performance and broader
applicability. Furthermore, the proposed analysis incorporates key system parameters,
including number of REs, IRS placement, data transmission rate, bandwidth, and carrier
frequency, that have not been comprehensively addressed in previous single IRS
studies. Based on this model, we derive analytical expressions for energy efficiency (EE)
and system throughput (ST). The main contributions of this paper are summarized as
follows.

¢ A new model employing one relay station and two IRSs is proposed to enhance the ST
and EE of the considered LPWAN. Closed-form analytical expressions for the ST and EE
are derived under Nakagami-m fading conditions, and the proposed framework is
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applicable to 5G and B5G systems. The accuracy of the analytical results is verified
through extensive Monte-Carlo simulations conducted in MATLAB.

¢ Numerical and simulation results demonstrate substantial enhancements in both ST
and EE compared to the traditional network without IRSs. The proposed configuration
consistently achieves superior performance, highlighting the benefits of incorporating
two IRSs and a relay. Moreover, the effects of key system parameters, including number
of REs, IRS placement, data transmission rate, bandwidth, and carrier frequency, are
thoroughly analyzed. Building on these findings, practical design recommendations
are introduced to achieve higher system throughput.

The remainder of this work is structured as follows. Section 2 describes the system and
signal models. Section 3 provides the analytical derivations of ST and EE. Section 4 con-
tains the numerical and simulation results. Section 5 concludes the paper.

2. System model

Figure 1 depicts the considered LPWAN architecture that integrates IRSs and a relay to
support loT applications. In this system, an loT sensor (S) transmits signal to an loT
gateway (G) via a wireless link, and the gateway subsequently forwards the received infor-
mation to a central server (C). Owing to the large coverage area of the network, a relay (R)
is employed to ensure reliable data transmission between S and G. To further enhance
communication performance, two surfaces, denoted as N; and N, are strategically
deployed within the LPWAN. Particularly, N; assists S—R channel, while N, aids R—G
channel. The IRSs N; and N, consist of £; and £; REs, respectively.

Notably, IRS technology has been extensively studied in recent literature, with various
works examining its design, configuration, and deployment strategies in modern wireless
networks. Typical IRS architectures consist of large arrays of passive or semi-passive
reflecting elements whose phase shifts can be intelligently controlled to reshape the wire-
less environment (Yu et al., 2024; Zhou et al., 2024). Furthermore, practical deployment
considerations such as element grouping, phase quantization, placement optimization,
and channel estimation procedures have been addressed to ensure efficient IRS operation
in real-world systems (Albanese et al., 2024; Singh, 2025; Yoneda et al., 2025). These
studies provide foundational insights into IRS behaviour and motivate the system
configuration shown in Figure 1.

&n
ﬁ ((e)) =
Ve é
S

Figure 1. Block diagram of the considered LPWAN employing IRSs and a relay for loT applications.
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It is important to note that in practice, channel state information (CSI) can be obtained
using pilot-based training and estimation procedures as follows. First, standard pilot
sequences are transmitted to estimate the direct channels (e.g. asg and bgg) using conven-
tional pilot-assisted estimators at the receiving nodes (Lakshmi & Lakshmi, 2025; Ramesh
et al., 2025). For the IRS-assisted links, the cascaded channels (e.g. S— N; — R and
R — N, — G) can be estimated by sequentially configuring the IRS phase patterns
during dedicated training slots and measuring the resulting end-to-end responses at
the receiver (Han et al., 2025; Ramesh et al., 2025). To reduce the large training overhead
associated with configuring each reflecting element individually, practical schemes can be
employed such as element grouping (controlling groups of elements with the same
phase), sparse/compressed-sensing-based estimation (exploiting channel sparsity at
high frequencies), and two-stage estimation procedures that first estimate aggregated
(effective) channels and then refine individual components as needed. When time-div-
ision duplexing is available, channel reciprocity can further reduce training overhead
by enabling uplink-based estimation of downlink channels. Alternatively, hybrid IRS archi-
tectures that incorporate a small number of sensing or active elements (semi-passive IRS)
can facilitate direct channel measurements and ease estimation complexity.

The received signal at the relay can be expressed as

Ly
Yr = (asR +) exp (j‘Pn)gnhn>XS + zg, (1)
n=1

where xs is the transmitted symbol from the source S with [E{|xs|?} = Ps, and Ps rep-
resents the average transmit power of S. The term zz denotes the additive white Gaus-
sian noise (AWGN) at R, modelled as zz ~ CN(0, oﬁ). The direct channel coefficient
between S and R is denoted by asg, which can be written as asz = e /¥s#|agz|, where
lasg] and ¢eg represent its amplitude and phase, respectively. For the IRS-assisted
link, g, and h, denote the complex channel coefficients from S to the nth RE of N,
and from the nth RE of N; to R, respectively, while ¢, represents the phase shift
applied by the nth RE. Similar to asg, these coefficients can be expressed as
g, = eI%|g,| and h, = e /¥ |h,|, where |g,| and |h,| denote the corresponding magni-
tudes, and 6, and i, denote their associated phases.

By expressing the channel coefficients in their magnitude-and-phase forms, the
received signal at the relay can be rewritten as

Ly
Y= ('asﬂe”’” +2_ 10| |hn|ef¢"19"f%)xS + 25
n=1

L4
= 70 <|a5R| +> |gn||hn|ef“>x5 + 2,

n=1

where A, = @, + sz — O — .

According to previous studies, when perfect channel state information (CSI) is available
and the IRS is equipped with intelligent control processors, each reflecting element can
dynamically adjust its phase to maximize the received signal power.' Under this ideal con-
dition, the optimal IRS phase shifts are chosen such that A, = 0, leading to the following
expression for the optimal phase of the nth RE of Ni: ¢, = —¢sz + On + ,,.
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Then, the received signal at the relay can be further simplified as

Ly
yr = e %% <|05R| + Z |gn||hn|)XS + Zg. (3)
n=1

Based on (3), the instantaneous signal-to-noise ratio (SNR) at the relay node R can be for-
mulated as

2
(1asnl + 2252+ 19nl hal )" Psl exp (~jebsp)?

Br = o2 : 4)

Since the exponential term exp (—jdsg) represents a pure phase rotation, its magnitude is
unity, i.e. | exp (—jds)|> = 1. Therefore, the SNR expression in (4) can be simplified to

r 2
(1asnl + a1 lgallhal) Ps
Br = 0_[2? . (5)

After successfully decoding the received signal, node R re-encodes and forwards it toward
the destination node G. Consequently, the signal received at G is formulated by

Ly
= (bRG + Z /iki€/0’>XR + zg, (6)

i=1

where xz denotes the information transmitted by R satisfying E{|xz|?} = Pg; z; denotes the
AWGN at G, expressed as z; ~ CN (0, 026); brg denotes the direct channel between R and
G; I; and k; respectively represent the channel coefficients of the R — i" RE and i"" RE—G
links associated with the second IRS (N,); and ¥; indicates the phase shift applied by the it"
reflecting element of N,.

Analogous to the received signal at the relay node R, the signal received at the desti-
nation node G can be expressed as

i=1

Ly
Y6 = exp (—j¢Rg)<|bRG| + Z |Ii||ki|>XR + Zg, (7)

where ¢pc denotes the phase of the R—G channel coefficient bpgg.
From (7), the instantaneous SNR at G is given by

2
(166l + 3222 1h11ki ) “Pal exp (~jebgo)l?
TG
2
(166l + 2 Ihllkil) s
()‘é !

where the equality follows from the fact that | exp (—jege)|> = 1.
Since the system employs a decode-and-forward (DF) relaying scheme, the overall end-
to-end SNR of the proposed framework can be represented by

Beze = min{:BR' BG} 9)
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It is important to note that all wireless links in the considered LPWAN are assumed to
experience independent Nakagami-m fading. More specifically, the Nakagami-m fading
model is adopted in this work due to its versatility in accurately representing a broad
spectrum of wireless channel conditions encountered in practical loT and LPWAN deploy-
ments. By adjusting the fading parameter m, the model can reflect environments ranging
from severe multipath scattering to moderate or near line-of-sight conditions. This
tunable characteristic makes Nakagami-m more general than Rayleigh or Rician fading
and enables a unified analytical framework suitable for various operating scenarios,
including dense urban areas, suburban regions, and indoor industrial loT applications.
Hence, Nakagami-m fading provides a realistic and mathematically tractable foundation
for the system performance analysis carried out in this paper. Accordingly, the probability
density function (PDF) and cumulative distribution function (CDF) of the channel ampli-
tude, for instance |asg|, are respectively formulated as

msgp

2m msgy?
f — SR 2msp—1 _ TSR ) 10
lasgl (y) I‘(mSR)Qg’;SR y exp O (10)

and

(1

where mgy is the fading parameter (shape factor) and Q¢ is the average power gain (Tran
et al., 2023).

In the following, mg, mp, mgg, m;, and my denote the fading parameters corresponding
to the S— N;, Ny — R, R—G, R — N;, and N, — G channels, respectively. Their associated
average power gains are represented as (), O, Opg, ), and (. To accurately character-
ize large-scale fading, the standard 5G path-loss model is adopted as in Do et al. (2021),
Yildirim et al. (2021), and B. C. Nguyen et al. (2023), given by

O =-22.7-26log(f,) —36.7log (d) + G: + G, (12)

where f, represents the carrier frequency (in GHz); d is the link distance between the trans-
ceiver pair (in meter); G; is the antenna gain at the transmitter and G, is the antenna gain
at the receiver (in dB).

The corresponding noise power is expressed as

o = 10log (By) + No + Nr, (13)

where By, No, and Nr represent the system bandwidth, thermal noise power density, and
receiver noise figure, respectively (Tran et al., 2023).

3. System performance analysis

In evaluating the performance of LPWAN-based loT systems, two metrics are particularly
important: ST and EE. System throughput reflects the effective data transmission capa-
bility of the network and indicates how reliably loT devices can deliver information
under varying channel conditions. Meanwhile, energy efficiency measures the ratio
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between successfully transmitted data and total power consumption, directly reflecting
the sustainability of long-term loT operations. Since loT devices are typically battery-
powered and required to operate for extended periods, achieving high ST while
maintaining high EE is essential for practical deployment. These metrics therefore serve
as key performance indicators in assessing the advantages of IRS-assisted LPWAN
architectures.

3.1. System throughput analysis

System throughput quantifies the effective data transmission capability of a network,
expressed in bit/s/Hz. It is a critical metric for assessing network performance and
efficiency under practical operating conditions. The ST of the proposed LPWAN can be
defined as

ST = R(1 - OP): (14)

where R is the target transmission rate and Op denotes the outage probability of the
LPWAN.

The outage probability represents the likelihood that the instantaneous achievable
rate falls below the target rate and can be written as

Op = Pr{%log2 (1 + Baze) < R}, (15)

where B, is the end-to-end SNR defined in (9). The factor 1/2 accounts for the two time
slots required by the DF relaying protocol to complete one end-to-end transmission
between S and G.

By rearranging (15), the outage probability can be equivalently expressed as

Op = Pr{Beye < 2°% — 1} = Pr{Bege < B} (16)

where By, = 22% — 1 represents the SNR threshold required to achieve the target rate.
Substituting (9) into (16), we obtain

Op = Pr{min (B, Bs) < Brn}- (17)
Since By and B are statistically independent, the expression in (17) can be expanded as
Op = Pr{By < Bun} + PriBs < Bun} — PriBy < BnlPriBs < Bunl. (18)

From (18), the ST expression of the proposed LPWAN architecture can be derived as
follows.

Theorem 3.1 Considering the LPWAN under Nakagami-m fading conditions, the ST is
mathematically derived as
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where
Az (NP
o, - [Az,00 ) 20
Az, (2) — [Az,(1)]
N 1 ) 1)
2T Az () — [Az, (M2
Az (1
¥, = z) (22)
Az,(2) — [Az, (1)]
W, B2,(1) (23)

T A Q) —[As

Here, Bz = Ps/0% and B = Pr/o% denote the average SNRs at nodes R and G, respect-
ively. A is used to denote the moment functions. The remaining parameters are
specified below.

Proof. By substituting the instantaneous SNR expressions of 8; and B¢ given in (5)
and (8), respectively, the cumulative probabilities Pr{; < B} and Pr{Bs; < By} can
be formulated as

2
(1asal + 52 lgnllhal ) Ps
Pr{Br < By} = Pr 2 < B ¢ (24)
R

2
(166l + 22 Whllki ) Pa

Pr{BG < Bth} = Pr O'é < Bth

Let  Xp=Ignllhnl, Vsp =20 Xn  Zsp = ldsl + S0\ Gnllhal, X = hlIKil,
Vre = 221 Xi, and Zgs = |bps| + Zf:ﬂ |l;|| ki|]. Then, (24) and (25) can be rewritten as

PriBgr < B} = Pr{ZgRBR < Bth} = Pr{zﬁR < %}
R

(26)
(Bm) _r [ [Bn
=— | =Fzgl .= |,
R\ Br Br

Pr{Bs < B} = Pr{Z3cBs < B} = pr{zéG < B_th}
G

(27)
(B _ g [ B
T\ Bg) e\ Bs )
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Applying (Do et al., 2021), we obtain

1

F( [Az, () )
2
Az, (2) — [Azg,(1)]

PriBr < B} =

[Az, (1] Az, (1)
Xy
Az (

Bin
2) — [Az, (M1 Az, (2) — [Az,(D*V Bg

1 /Bth)
= 0, v, /=],
F(®1)7< 1 1 Ba

1

P < =
r{BG Bth} F( [AZRG(1)]2 )
Az, (2) — [Az, (M

[Az,, () Az, (1)
X ’y 2 I
Az (2) = [Az, (N7 Az (2) — [Az,

Bin
= ’ \I, -1,
r(O,) ’Y( 2, ¥2 Be

where

Az, (1) = Ajgg (1) + Ay, (1),
Az, (2) = Ajgy | (2) + Ay (2) 4+ 24,6, (1 Ay (1),

Az (1) = Ajpgi (1) + Ay, (1),

AZRG(z) = A\bRG\(z) + AyRG(z) + ZA\bRG|(1)A3}RG(1 ),

Q I'(msg +1/2
Ay (1) = IR M,
msg I'(msg)

Qg T'lmsg + 1)
A2 =—= x —>——=Qg,
jase Mmsg I'(msg) A

Qs _ T(mpc +1/2)
Bl (1) = Mgg x I'(mge)

Ajpee(2) = Qpe.

L4
Ay (1) =) Ay, (1),
n=1

ﬁ
M1V Bs

(28)

(29)
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L4 L4
Ay, (2) Z Ax,2)+2 2 ;1 [Ax, (1, (39)
AyRG Z AX«“ (40)

L, L
Ay(2) ZAX )42 Y [Ax P, (41)

i=1 i'=i+1

It is because y(n, a) + I'(n, a)+ = I'(n), we can derive

o L Bin
PI’{BR < Bth} =1 F(@]) (@1, \1’1 BR (42)
Pr{B. < }—1—L 0, ¥ '8— (43)
HBs < B} = ;) 2P B )’
Now, using I'(g, x) e Y07y 1x', (42) and (43) become
PrBr < Bt =1— exp( A “‘ J( _”‘) , (44)
01 v
PriBs < B} =1-— exp( & Z < '[—gth . (45)
Bs) = V! Bs
Consequently, we obtain
Op ~ 1 —exp( v, /'Bth v, /g—’
(46)

@1— 02—1
Bth Bth
X
ch; X:: ( Bs
By inserting (46) into (14), we derive the result presented in (19), thereby completing the
proof.

3.2. Energy efficiency analysis
The EE of the LPWAN can be expressed as T. H. T. Pham et al. (2025)

By ST
Pa

& = (47)
where By denotes the system bandwidth, S represents the system throughput, and Py,
corresponds to the total power consumption of the LPWAN.

Based on (47), the analytical expression for the EE of the proposed LPWAN is derived as
follows.
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Theorem 3.2 Considering the LPWAN under Nakagami-m fading conditions, the EE is
expressed by

Pai Br G
u v (48)
0;—-10,-1 1 B B
<2 2 o\ YE ) (YY)
u=0 v=0 uv IBR BG
where
Pa||=P5+PR+P5+2PR+P5+ZP,7+ZP,‘, (49)
n=1 i=1

where .‘35, IBR, ﬁg, .5,,, and l:’,- denote the circuit dissipation power at S, R, G nth RE, and ith
RE, respectively.

Proof. Following the approach in Do et al. (2021), the total consumed power P, of the
LPWAN is given in (49). By substituting (19) into (47), the EE expression of the proposed
framework is derived as shown in (48). Hence, the proof is complete.

4, Results and discussions

This section investigates the EE and ST of the proposed system under various operating
conditions. Both theoretical analyses and Monte-Carlo simulations are conducted to verify
the accuracy of the derived formulas. In the following figures, the term ‘Wi-IRS' refers to
the performance of the proposed LPWAN incorporating IRSs and a relay, whereas ‘Wo-IRS’
denotes the conventional LPWAN employing only a relay, without IRS assistance. Since
the proposed architecture differs fundamentally from existing system models, the per-
formance comparison is limited to the cases with and without IRS deployment to
clearly emphasize the benefits of integrating IRS technology. The main simulation par-
ameters are configured as follows: dsg=drg=100[m], Nf=10[dB] and
No = —174 [dBm/Hz] (for the computation of ¢2 in (13)); G; = G, = 5 [dB] (for calculating
the average channel gain in (12)); my=my=mg=m, =ms = mps =2; and
Py = Ps = Pg. Other system parameters are adjusted as needed to illustrate the perform-
ance characteristics of the LPWAN under different scenarios. For improved readability, all
simulation parameters are summarized in Table 1.

Figure 2 illustrates the ST of the proposed framework versus transmit power Py with
target rate R = 2 bit/s/Hz, £, = £, = 40 REs, bandwidth By, = 10 MHz, carrier frequency
fo.=3GHz, and different positions of N; and N,. More specifically, we set
dsy, = dgy, = 10, 20, 30, 40, and 50 m. In other words, N; moves from a position close
to S to a position between S and R. Meanwhile, N, moves from a position close to R to
a position between R and G. The other parameters are presented as above. In Figure 2,
the theoretical ST of the proposed framework is obtained by using (19), and the ST of
the other one without IRS is shown for comparison. The analytical and Monte-Carlo
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results closely coincide, validating the derived expression. On the other hand, the ST of
the LPWAN with IRSs is considerably higher than the ST of the LPWAN without IRS. This
feature shows the gains achieved by using IRSs in the LPWAN. In addition, when N; is
close to S and N is close to R (dsy, = dgy, = 10 m), the ST of the proposed LPWAN is
the best. Conversely, the ST of the proposed LPWAN is the worst when N is between S
and R, and N; is between R and G (dsy, = dgy, = 50 m). This characteristic of the IRS is
different from traditional relays because traditional relays often provide the best
quality when they are located between the transmitter and receiver. Note that in addition
to placing the IRS near the transmitter (N, close to S and N; close to R), we can place the
IRS near the receiver (N; close to R and N, close to G) to achieve similar performance.

Figure 3 presents the performance comparison of the LPWAN with and without IRSs
under different carrier frequencies, namely f. = 2.4, 3.4, and 5 GHz. It can be seen that
higher operating frequencies lead to a noticeable degradation in throughput, which
aligns well with the analytical relationship in (12). For instance, when P, = 10 dBm, the
proposed LPWAN achieves approximately 2 bits/s/Hz at 2.4 GHz, but the throughput
drops to nearly 0 bits/s/Hz at 5 GHz. This indicates that, at a fixed transmission power
of 10 dBm, an increase in f,, i.e. from 2.4 GHz to 5 GHz results in a throughput reduction
from 2 bits/s/Hz to 0 bits/s/Hz. In terms of power efficiency, the proposed framework
operating at 5 GHz requires roughly 15 dBm higher transmit power to attain the same
throughput achieved at 2.4 GHz. A similar trend is observed for the traditional LPWAN
without IRSs. Specifically, at 5GHz, its throughput only achieves 1.1 bits/s/Hz even
when Py, = 30 dBm. Therefore, when employing high-frequency bands such as 5 GHz,
the conventional LPWAN struggles to achieve the desired throughput, regardless of
increased power. These findings emphasize the importance of selecting an appropriate
carrier frequency to ensure high throughput with minimal transmission power in both
proposed and conventional LPWAN configurations.

Figure 4 analyzes the influence of By, on the throughput performance of both the pro-
posed and conventional LPWANs, where By is varied (1 MHz — 10 MHz). We investigate
three transmit power levels, namely Py, = 10, 15, and 20 dBm, while other parameters
remain consistent with those used in Figure 3. As By increases, the corresponding
noise power also rises, as indicated by (13), resulting in a notable degradation in through-
put. For instance, when Py, = 10 dBm, the throughput of the proposed and traditional

Table 1. Simulation parameters for the proposed LPWAN framework.

Parameter Value/Description
Carrier frequency (f;) 2.4-5 GHz (varied)
Bandwidth (BW) 1-10 MHz (varied)
Transmit power (P) 10-30 dBm (varied)
Thermal noise density (No) —174 dBm/Hz

Noise figure (N) 10dB

Antenna gains (G, G;) 5dB each

Path-loss model 3GPP Urban Macro
Distances dsg = dpg = 100 m

IRS positions ds,, dgy, varied from 10-50 m
Number of REs (L4, £5) 20, 40, 60, 80, 100 (varied)
Fading parameters (m) mp=mg =mg =My = Msg = Mpg = 2
Noise variances (03, 0%) Computed via (13)
Circuit powers (Ps, Pg, Pg) Included as in (49)

Monte-Carlo runs 10 samples per point
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Figure 2. The ST of the proposed framework versus transmit power Py, with target rate R = 2 bit/s/
Hz, £, = £, = 40 REs, bandwidth By, = 10 MHz, carrier frequency f. = 3 GHz, and various positions
of IRSs N; and N;.

LPWANSs decreases from approximately 1.9 to 1.0 and 0.6 to 0.05 bits/s/Hz, respectively, as
By increases from 1 MHz to 2 MHz. This clearly demonstrates that, under fixed conditions,
a larger bandwidth leads to reduced throughput because of increased noise power.
Similar tendencies are observed at P, = 15 and 20 dBm. Hence, to maximize throughput
performance, it is essential to appropriately balance key design factors such as number of
REs, transmission rate, IRS placement, bandwidth, and carrier frequency.

0 Wi-IRS (Sim)
H—— Wi-IRS (Ana)
- 9~ -Wo-IRS (Sim)

System Throughput [bit/s/Hz]

o s 10 15 20 25 30
P, [dBui]

Figure 3. The ST of the LPWAN versus transmit power Py with R = 2 bit/s/Hz, By = 10 MHz,
[,1 = £2 = 40 REs, and 0’5[\]1 = dRNz =50m.
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Figure 4. The ST of the LPWAN versus bandwidth By, with R = 2 bit/s/Hz, P, = 10, 15, and 20 dBm,
E] = £2 = 40 REs, and d_g/\/W = d,LW2 =50m.
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Figure 5. The EE of the LPWAN versus transmit power Py with R = 3, 4 bit/s/Hz, By = 10 MHz,
fc = 3 GHz, [:1 = ﬁz = 40 REs, and d_gN] = dRNz =50m.

Figure 5 presents the energy efficiency of the proposed framework as a function of Py.
The analytical results for the system employing IRSs are obtained from (48). As observed,
the maximum energy efficiency achieved with IRSs is significantly higher than that of the
configuration without IRSs. Specifically, the peak values reach approximately 11.8 and 5.1
bits/s/Hz for R = 3 and 4 bits/s/Hz, respectively, whereas the corresponding values for
the system without IRSs are only 7 and 2.3 bits/s/Hz. Furthermore, the proposed system
achieves its optimal energy efficiency at a lower transmit power compared to the
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Figure 6. The EE of the LPWAN is evaluated for various values of £, and £, considering R = 2 bits/s/
Hz, f. = 3 GHz, and dsy, = dgy, = 50 m.

conventional setup. These results clearly indicate that incorporating two IRSs into the
LPWAN architecture can substantially enhance energy efficiency while simultaneously
reducing power consumption.

Figure 6 depicts the energy efficiency performance of the LPWAN for various values of
L1 and L,, where £ = £, = 20, 40, 60, 80, and 100 reflecting elements. It is evident that
increasing the number of reflecting elements significantly reduces the transmit power
necessary to achieve the optimal energy efficiency. This behaviour highlights that enlar-
ging the size of the intelligent reflecting surfaces enables the network to operate with
greater efficiency and decreased transmit power. In other words, employing larger IRSs
enhances the signal reflection and propagation quality, thereby improving energy
efficiency and reducing overall power consumption.

5. Conclusion

This work presented an loT-oriented LPWAN architecture integrating IRSs and a relay to
enhance communication performance. By employing rigorous analytical derivations,
closed-form expressions for the system throughput and energy efficiency were
obtained under realistic 5G and beyond channel models. Numerical evaluations
confirmed that the proposed LPWAN, equipped with dual IRSs, achieves remarkable
improvements in both throughput and energy efficiency compared to conventional
relay-based LPWANs without IRSs. The performance gains become more pronounced
as the number of reflecting elements increases. Moreover, extensive analyses were con-
ducted to examine the influence of key system parameters, including the number and
placement of reflecting elements, transmission rate, carrier frequency, and bandwidth.
The insights derived from these analyses provide practical guidelines for optimizing
LPWAN design and deployment to maximize throughput and energy efficiency in
future loT networks.?
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Notes

1. The analysis in this paper assumes perfect CSI and ideal hardware to provide a theoretical
performance benchmark. In practice, imperfections such as CSI estimation errors, synchroni-
zation mismatches, and hardware impairments (e.g. non-ideal IRS phase responses or
amplifier nonlinearities) may degrade performance. Future research may extend this work
by incorporating robustness analysis frameworks to quantify such effects and propose corre-
sponding mitigation strategies (T. P. Nguyen et al., 2025).

2. In real-world deployments, several factors may impact the performance of the proposed
system. For instance, user or object mobility can lead to rapid variations in channel con-
ditions, which may challenge the system'’s ability to maintain optimal IRS configurations.
Environmental obstructions, such as buildings or foliage, may block or degrade reflected
signals, reducing the effectiveness of IRS-assisted communication. Furthermore, hardware
impairments such as phase noise, quantization errors in IRS elements, and limited-resolution
phase shifters, can introduce performance degradation compared to the idealized assump-
tions in our analysis. These practical limitations highlight the importance of developing
robust channel estimation and IRS control strategies, which are promising directions for
future research.
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Appendices

Appendix 1. Pseudo-code for IRS-assisted LPWAN system model
Table A1. IRS-Assisted LPWAN System Model

1: Input: Distances dsg, drg, dsw,, drn,; number of REs £q, £,; transmit powers Ps, Pg; fading parameters.
2: Compute large-scale fading using path-loss model (Equation (12)).
3: for each realization k=1 to N Monte-Carlo runs

4: Generate small-scale fading coefficients:

5. dsg, brg ~ Nakagami—m

6: gn hpforn=1.Lq; [, kfori=1.L,.

7: Compute cascaded channel gains:

8 Xy =|gnllhnl, Ysp = Xy

Xi = llillkil, Yee = X X

10: Configure IRS phases for coherent signal combining:

M or = —dg+ 0+ U,

122 W ==+ &+

13: Compute instantaneous SNRs using Equations (5) and (8):

14: By = (lass| + Ysp)*Ps/ 0%

150 B = (Ibrs| + Yre)*Pr/ 0%

16: Compute end-to-end SNR:

170 Beye(k) = min (Bg, Bg)

18: end for

19: Output: SNR samples S,,.(1..N)

0 x
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Appendix 2. Pseudo-code for system throughput analysis
Table A2. Analytical System Throughput Computation

1: Input: Target rate R, average SNRs B;, B;, Nakagami moments from Equations (20)-(23).
2: Compute SNR threshold: By, = 228 — 1.

3: Compute shape parameters:

4: 0, O, using Equations (20)-(21)

5: Compute scaling factors:

6: Wy, ¥, using Equations (22)-(23)

7: Evaluate outage probability using Equation (46):

8: 073 =1— e—(‘l’v\/ Buin/BrtV2/ Bun/ Bs)
% Zu@:lO—T 2:20_1 10: (‘yT\/uﬁ!lh/BR) 11: (‘l’z«/ﬁm/ﬁc)

o

12: Compute system throughput:
13: Sr=R0O—-0p)
14: Output: Analytical throughput St
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