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Abstract — This paper investigates the performance of reconfig-
urable intelligent surface (RIS)-assisted LoRa networks. Specifi-
cally, we consider a LoRa system enhanced by RIS under the
influence of hardware impairments and asymmetric channel con-
ditions. A closed-form expression for the outage probability at
end devices is derived using the method of moments. The accura-
cy of the proposed analytical framework is extensively validated
through Monte Carlo simulations. Several important insights
are drawn from both the theoretical analysis and simulation re-
sults. In particular, the system’s performance is significantly
enhanced by an increase in the number of RIS elements and the
transmission power of the gateway. Furthermore, comparisons
with related works described in the literature are made to show
that the proposed system outperforms these existing approaches
simply by increasing the number of RIS elements. Additionally,
we reveal that a higher spreading factor (SF) does not necessari-
ly lead to worse performance than a lower SF, and the impact
of hardware impairments is found to be minor under typical
operating conditions.

Keywords — asymmetric channels, hardware impairments, long
range, outage probability, reconfigurable intelligent surfaces

1. Introduction

LoRa networks have significantly improved the Internet of
Things (IoT) by allowing long-range communication between
devices while maintaining low energy consumption [1]. Us-
ing a distinctive modulation technique, LoRa ensures robust
signal quality and reduced interference, supporting communi-
cation distances of up to 15 km in rural areas and 2 to 5 km in
urban environments. Its low data rate makes it ideal for appli-
cations such as smart agriculture, environmental monitoring,
and asset tracking.

One of LoRa’s key advantages is its high energy efficiency
(EE), allowing devices to operate for up to ten years on a single
battery, making it suitable for large-scale IoT deployments.
The architecture of LoRa networks is simple and scalable,
with end devices transmitting data to gateways which then
forward the information to a centralized server. This design
eases the coordination of numerous devices, while the LoRa
WAN protocol ensures secure and reliable communication
through mechanisms such as adaptive data rate control and
data encryption.
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In comparison, other low-power wide area network (LPWAN)
technologies such as NB-IoT [2] and Sigfox also aim to deliver
energy-efficient wide area coverage, but LoRa distinguish-
es itself through its license-free spectrum use and flexible
network deployment. As the IoT landscape continues to ex-
pand, LoRa remains a critical enabler of smart city initiatives
and industrial automation, by offering a compelling blend of
long-range connectivity and ultra-low power operation.

Reconfigurable intelligent surfaces (RIS) represent an emerg-
ing innovation in wireless communication, capable of actively
shaping electromagnetic waves to improve signal transmis-
sion [3]. Composed of inexpensive components, RIS can
manipulate signal properties such as phase, amplitude, and
polarization to address issues such as signal degradation and
interference. This leads to stronger and more widespread cov-
erage without the need for additional transmitters. RIS has
great potential for future networks, IoT systems, and smart
city infrastructure, where connectivity is paramount.

By integrating RIS with LoRa networks, the performance of
low-power IoT systems can be improved. RIS can help guide
LoRa signals around physical barriers, enhancing signal in-
tegrity, and reducing data loss. This results in more reliable
communication over extended distances. Since RIS operates
passively, it complements LoRa’s low-energy design, increas-
ing network capacity without increasing power demands.
The combination of LoRa and RIS supports more densely
populated IoT environments and strengthens connectivity
for applications such as precision agriculture, environmental
sensing, and industrial automation.

Although LoRa networks operate at sub-GHz frequencies that
inherently exhibit favorable propagation and penetration char-
acteristics, their performance can still degrade in practical
scenarios involving dense urban environments, shadowing,
or deep fading. Furthermore, the low transmit power and
the simple modulation scheme limit LoRa’s ability to main-
tain reliable communication with distant or indoor-installed
end devices. To overcome these limitations, integrating RIS
into LoRa networks offers an efficient and cost-effective en-
hancement. Owing to their ability to reconfigure the wireless
propagation environment by intelligently adjusting the phase
of the reflected signals, RIS is capable of strengthening the
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received power and mitigating the effects of non-linear sight
(NLOS) conditions without introducing additional active
components or power consumption [3]. Consequently, the
joint use of LoRa and RIS combines the long-range, low-
power benefits of LoRa with the passive beamforming and
coverage-improving capabilities of RIS, resulting in more
reliable connectivity, improved outage performance, and ex-
tended communication range for large-scale IoT deployments.

2. Related Work

Several problems involving LoRa networks were studied in
[4]-[14]. More precisely, the work presented in [4] proposed
a novel modulation scheme based on a single bit space-time
block code. Based on the proposed modulation scheme, the
bit error rate (BER) is significantly reduced. On the other
hand, the authors of [5] minimized power consumption while
satisfying the quality of service by considering hybrid systems
that include both grid-based and renewable energy sources.
The problem is solved by deploying the reinforcement learning
approach.

The work described in [6] also relied upon deep learning to
address coverage probability (Pcov) performance in a scenario
in which many power beacons are used to wirelessly charge
the battery of end devices (EDs), while the double training
approach was proposed in [7] to estimate the energy efficiency
(EE) of LoRa networks. The authors of [8] proposed an
approach to allow EDs to estimate and compensate for the
Doppler shift before transmitting information to low-Earth
orbit (LEO) satellites.

On the other hand, the EE of LoRa networks that took into ac-
count all states and their associated power consumption levels
of the EDs were investigated in [10]. The slotted ALOHA
access protocol and carrier-sense multiple access protocol
(CSMA) were proposed and studied in [11]. The authors
showed that the slotted ALOHA protocol outperformed its
pure ALOHA and CSMA counterparts.

The Pcov of the LoRa networks enabled by energy harvesting
(EH) was derived in [12] based on nonlinear EH modelling.
The authors in [13] derived the Pcov of LoRa networks em-
ploying either antenna diversity (using multiple antennas at
the gateway) or time diversity. They demonstrated that utiliz-
ing diversity techniques is beneficial for system performance.
However, their analysis focused solely on uplink LoRa net-
works and assumed the absence of hardware impairments at
both the transmitter and receiver. In practice, this assump-
tion is difficult to satisfy, especially when many antennas are
deployed.

On the other hand, the authors in [14] investigated the per-
formance of LoRa dual hop uplink relay networks. Their
results showed that shortening the transmission distance can
improve Pcov. However, this work did not address how syn-
chronization is achieved among the gateway, EDs, and relays.
Furthermore, the impact of asymmetric channels was not
considered.

Regarding RIS-assisted wireless systems, the authors of [15]
simultaneously optimized the non-orthogonal multiple access
(NOMA) transmit power of a LEO satellite and the passive
beamforming of RIS, assuming imperfect successive interfer-
ence cancelation for the NOMA-satellite communications.
The work presented in [16] derived the outage probability
(OP) of NOMA systems with asymmetric channels compris-
ing n — p and Rayleigh fading channels. In [17] the latency
to perform RIS communications systems aided by tasks of
all users in the mobile edge computing (UAV). A combina-
tion of localization and communications in integrated sensing
and communication (ISAC) systems assisted by RIS was pro-
posed in [18]. The authors minimized the squared position
error bound taking into consideration the transmit beamform-
ing vector, phase shift of the RIS elements, and subcarrier
assignments.

The trade-off between the security and reliability of RIS-
assisted multi-hop cooperative communications with fountain
codes was investigated in [19]. The derivations of OP, ergodic
capacity, and EE of the cognitive radio NOMA network were
provided in [20]. On the other hand, the performance of the
two-way RIS-aided systems was studied in [21], under both
optimal and random phase shift designs.

In [22], the authors investigated the impact of hardware im-
pairment (HI) on the spectral efficiency (SE) of massive
multiple-input multiple-output (MIMO) over Rician fading
distributions. Meanwhile, paper [23] examined the perfor-
mance of cognitive NOMA systems under hardware impair-
ments and two user selection strategies, namely path-loss-
based and channel gain-based selection. Their findings show
that neither scheme consistently outperforms the other in all
operating conditions. This suggests that an adaptive user se-
lection mechanism, capable of switching between strategies
based on network state, would be more effective in optimizing
overall system performance.

The work described in [24] studied the location of RIS-aided
systems under the influence of HI, while the performance
analysis of rateless codes-based communication with transmit
antenna selection, the harvest-to-jam technique, and hard-
ware impairments was investigated in [25]. A similar work is
presented in [26], where the authors analyze a LoRa system
employing a single RIS to enhance the gateway-to-end-device
link under favorable line of sight conditions. Their findings
show that properly configured RIS phase shifts can substan-
tially extend LoRa coverage.

This work advances the analysis in several important aspects:
we explicitly incorporate transmitter and receiver hardware
impairments, account for phase noise at the RIS, consider
asymmetric fading conditions (Rician for the gateway-RIS
link and Rayleigh for both the RIS-ED and direct links),
and derive closed-form OP expressions under these practical
impairments. While [26] assumes ideal RIS control and
perfect hardware, our model includes both finite phase-shift
resolution and RIS hardware imperfections. Consequently,
the proposed framework significantly broadens the scope
of [26] and offers a performance analysis that better reflects
real-world IocT/LPWAN deployments.
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The main contributions and novelties of the present work are

primarily summarized as follows:

o Asymmetric systems in RIS-aided LoRa networks are con-
sidered, where the fading subject to the first-hop gateway to
RIS is different from the second hop. Furthermore, we also
consider the direct link from the gateway to the emergency
department and study the impact of hardware impairments
at both the transmitter and the receiver.

o A closed-form expression for OP is derived using the
moment method (MM), which remains accurate for an
arbitrary number of RIS elements, unlike approaches based
on the central limit theorem (CLT) which typically require
many RIS elements to be valid.

e We highlight several key insights from the simulation
results. Specifically, we observe that an increase in the
number of RIS elements and the transmit power of the
gateway significantly improves OP. Additionally, we find
that a larger SF does not necessarily lead to worse OP
performance and that this relationship is more nuanced.
Finally, the impact of hardware impairments on the overall
performance of the system in LoRa networks that are
considered RIS-assisted is shown to be minor.

The structure of the paper is organized as follows: Section 3

describes the system model, while its performance is analyzed

in Section 4. Section 5 presents numerical calculations and

discussions. Finally, Section 6 concludes the article. Table 1

summarizes the abbreviations used.

3. System Model

Let us consider a downlink of single gateway LoRa networks
as shown in Fig. 1. The gateway is located at the center of
the disk with radius P, while EDs are randomly distributed
around the gateway. The considered networks also comprise
a RIS with K elements, in order to help the gateway send
downlink information to the EDs. We assume that all nodes in
the networks are equipped with a single antenna. The entire
transmission takes place in one time slot.

3.1. Channel Modeling

All transmission links in the systems are subjected to both
small-scale fading and large-scale path loss and are modeled
in the sequel.

Small-scale fading is modeled by Rician and Rayleigh distri-
butions. In particular, the channel coefficient from the gateway
to the RIS will be modeled as a Rician distribution, and the
link from the RIS to the EDs will follow a Rayleigh distribu-
tion. On the other hand, the direct link from the gateway to
the ED always follows the Rayleigh distribution.

Path-loss is modeled based on the popular unbounded path-
loss model and is formulated as [27]:

OTy_OOdacyv (1)

where d ,, denotes the transmission distance from the trans-
mitter to the receiver and x, with a € {L, N} represents the
path-loss exponent.
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Tab. 1. List of acronyms used throughout the paper.

Acronym Definition
AN Artificial noise
AWGN Additive white Gaussian noise
CLT Central limit theorem
CSI Channel state information
EE Energy efficiency
ED End device
HI Hardware impairment
IoT Internet of Things
LPWAN Low power wide area network
LoRa Long range
LOS /NLOS Line-of-sight / non-line-of-sight
MM Moment method
NOMA Non-orthogonal multiple access
OP Outage probability
RIS Reconfigurable intelligent surface
SF Spreading factor
SNR Signal-to-noise ratio
STAR-RIS Slmultar;z(ﬁleli ttif;;%ttmg and
Tx / Rx Transmitter / receiver
UAV Unmanned aerial vehicle
@ (V)
@ A Gateway
((
\.--l @ User
--l
@ @ RIS

Fig. 1. RIS-aided downlink LoRa networks under consideration.

In this work, we consider different path loss exponents for
different links. Specifically, the links from the gateway to
the ED and from the RIS to the EDs are subject to Rayleigh
fading and therefore experience a higher path loss exponent,
denoted by x . On the contrary, the link from the gateway
to the RIS follows a Rician distribution and enjoys a lower
path loss exponent x .. The term Oy is the path loss constant
measured at a reference distance of 1 m and depends on the
carrier frequency given by:

0y = (4"

C

where f. is the carrier frequency and c is the speed of light.
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3.2. Characteristics of Rayleigh and Rician Distributions

Since Rayleigh fading is a special case of the Rician distribu-
tion, we focus on the Rician case and highlight the Rayleigh
case as a specific instance. Let C' denote the ratio of the power
in the LOS component to the power in all NLOS components,
and let L represent the total power, including both LOS and
NLOS paths. The mean and variance of a random variable
(RV) X following the Rician distribution are calculated as
follows [28]:
wL C C

=<
me 2 |:(1+C)]O§+CII§

Var{X} =L — p%

B = @

where I,,(-) denotes the modified Bessel function of the first
kind of order n. It is obvious that when C' = 0, the distri-
bution reduces to the Rayleigh distribution. The operators
E{-} and Var{-} represent the expectation and the variance,
respectively.

3.3. Spreading Factor Allocation

In this paper, the conventional distance-based SF assignment
scheme is adopted to assign SFs to EDs. Specifically, an ED
is assigned the o-th SF, 0 € {7,...,12}, if its transmission
distance to the gateway falls within the following range:

(o—=7)P (0o—6)P
6 ’ 6 ’

3.4. Asymmetric Channels

In many wireless communication systems, especially in multi-
hop scenarios, assuming a uniform fading distribution across
all hops often oversimplifies the complex nature of real-world
propagation environments. A more realistic and insightful
approach is to consider scenarios where each hop experiences
a distinct fading distribution.

This is motivated by the fact that the physical path and sur-
rounding environment of each link can vary significantly. For
example, the first hop may benefit from a clear LOS path
in an open suburban area, resulting in Rician fading, while
a subsequent hop might traverse a densely cluttered urban
environment, leading to severe Rayleigh fading.
Accordingly, this paper adopts an asymmetric fading mod-
el. Wireless links in the LoRa network are modeled using
a combination of Rician and Rayleigh fading. Specifically,
the gateway-to-RIS link follows a Rician distribution to rep-
resent a scenario with a strong LOS component, as the RIS is
typically placed at elevated or strategically selected positions
with clear visibility of the gateway.

On the contrary, both the RIS-to-ED and the direct gateway-
to-ED links experience Rayleigh fading, representing NLOS
conditions caused by scattering and shadowing in practical IoT
deployments [29]. It is worth emphasizing that the proposed
analytical framework is general and can be directly applied
to the reverse scenario (i.e., Rician fading for the RIS-to-ED
link and Rayleigh fading for the gateway-to-RIS link) without
modification.

3.5. Hardware Impairments

Although much of the existing research assumes ideal condi-
tions for transmitter and receiver hardware, this study adopts
a more practical perspective by considering the inevitable
effects of hardware imperfections at both ends of the commu-
nication system. This consideration is especially important
for setups involving affordable technologies such as LoRa,
where flawless hardware is an unrealistic assumption.

More precisely, both the gateway and EDs are assumed to
employ low-cost transceiver hardware, consistent with LoRa
technology. The residual distortions introduced by non-ideal
mixers, amplifiers, and oscillators are modeled as additive
Gaussian hardware impairment noise [30], denoted as =x
and Zy , parameterized by zero mean as well as variances
62, and 6% . This modeling approach is widely used and
accurately reflects low-cost IoT transceivers [31].

3.6. RIS Phase Modeling

The proposed model also accounts for non-idealities intro-
duced by the RIS itself. Unlike many existing studies that
assume perfectly tunable, continuous phase adjustments, we
adopt a more practical representation in which each RIS ele-
ment operates with quantized phase control.

Let Q be the number of quantization bits assigned to each
element. Under this assumption, the resulting phase perturba-
tion # is modeled as a uniformly distributed random variable
throughout the interval:

[—Q_Qﬂ, Q_Qﬂ'] ,

reflecting the inherent discretization error.

It is worth noting that the adopted phase-shift model is well
supported by recent studies on programmable metasurfaces,
showing that even low-cost RIS implementations with on-
ly a few quantization bits can achieve near-continuous phase
control at sub-GHz and microwave frequencies [32], [33].
Furthermore, as illustrated in Tab. 2, RIS configurations em-
ploying only 2-3 bits of phase resolution can maintain more
than 90% of the performance of an ideal continuous phase
RIS, particularly in the low-frequency bands characteristic of
LoRa systems.

These observations indicate that the aggregate reflection gain
of the RIS effectively compensates for quantization-induced
errors, thereby confirming that the adopted phase-shift mod-
el is both practically realistic and analytically tractable for
modern metasurface hardware.

3.7. Signal-to-Noise Ratios at EDs

The received signal of a typical ED utilizing o-th SF is
formulated as [34]:

K
OC_v'}thvo + \/mz hG,k(I)khk,o‘|
k=1

X(tG+EG)+Eo+n07

Yo =+ Bg

3
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where BG denotes the transmit power of the gateway, O¢ ,,
ORg,c, and Og , represent the large-scale path-loss from the
gateway to the ED using the o-th SF, from the gateway to the
RIS, and from the RIS to the ED with o-th SF, respectively.

The t is the transmit signal of the gateway, while =5 and
=, denote the HI at the gateway and the ED, respectively. n,,
is the additive white Gaussian noise (AWGN) at the receiver.
The channel coefficients are represented by h¢,, (gateway to
the ED using SF 0), hg, 1 (gateway to the k-th element of the

K
‘\/BG { Oglhhao+1/0g 0L 3 hG,k(I’khk,o:|
k=1

RIS), and Ay, , (from the k-th RIS element to the ED using
SF o).

The phase-shift matrix of the RIS is given by & =
diag (€71, ..., €%, where v, € [—m, ] is the phase shift
of the k-th RIS element, and diag(-) denotes a diagonal ma-
trix.

From Eq. (3), the SINR of the ED using the
o-th SF, denoted by w,, is given by Eq. (4):

2

BaZ?

Wo =
K
‘\/BG [ OgLohc.o+1/0c R0k, 2 hg,k%hk,o}
k=1

The composite signal term Z is defined as:

K
Oglh.o +1/0G 08, Y hax®ihi,o
k=1

7 =

K
Z =[0G Ihc.ol +1/ 06205 > ha il el €
k=1

where €% is the phase error of the k-th element, 03 is the
variance of the AWGN in the ED using o-th SF.

3.8. Performance Metrics

In this paper, OP is considered the main metric to measure
the performance of the considered networks. OP of the o-th
SF is defined as:

OP, = Pr{w, < B} (5)

where Pr{-} is the probability operator, 3, denotes the target
SINR threshold for the o-th SF and is treated as a constant. The
values are given by 5 = {—6,—9,—12,—-15,—-17,—20}
dBm, corresponding to SF7 through SF12, respectively. For
example, 57 = —6 dBm for SF7, and 312 = —20 dBm for
SF12.

4. Performance Analysis

The OP of ED used o-th SF is computed as follows:

Bo
U (1 — (3,62)

+U (807 - 1),

OP, =Fy U (1 - B.67)

(6)

where U(-) denotes the unit step function, 6 = 62 + 62
represents the total HI variance from both the gateway and
the ED, ¥ = % denotes the average transmit power-to-
noise ratio. Additioonally, Fx (z) is the cumulative distribution
function (CDF) of the random variable X .
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Proof. Let us begin the proof by rewriting the definition of
the OP in Eq. (5) as follows:

BgZ?
ObP, =P o = < Bo

{ Be (B, +02) 22+ od }
Wpdzre P \y_pe)+u(@e-1).

V(1= B6°) ’ ’
@)
Here (a) is held by applying the definition of the CDF of a
RV and we close the proof. O

By directly inspecting Eq. (6), we observe that if 3,62 > 1,
the system will always experience an outage. Further analysis
reveals that if the negative impact of HI, whether at the
transmitter or receiver, is too severe (i.e., when 62 is large),
the system remains in outage regardless of other system
parameters. This leads to the first and most important insight —
hardware impairments must be minimized as much as possible
to ensure system performance.

Equation (6) also reveals that increasing W is always beneficial
for reducing OP, provided that HI remain within acceptable
limits-specifically, the condition 3,62 < 1 must be satisfied.
This indicates that enhanced system performance can be
achieved by increasing the transmit power of the gateway or
by reducing the noise power, for example, through bandwidth
reduction.

Equation (6) also indicates that the closed-form expression of
the OP in both considered cases reduces to the CDF of the
RV Z.

In the following, we derive the CDF of:

K
Z =[0G, 1hG.ol + /05 x0R% > ha il ol €
k=1

by applying the method of moments. It should be empha-
sized that a closed-form expression for the distribution of Z
is not available, even under simple fading conditions, such
as Rayleigh fading, due to the complexity introduced by the
sum of products of multiple random variables. Consequently,
prior work in the literature often resorted to using the central
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limit theorem to approximate Z as a Gaussian random vari-
able. However, this approach requires a large number of RIS
elements to achieve an accurate approximation.

In contrast, the method of moments offers a more accurate
and flexible alternative, as it does not rely on the assumption
of a large number of RIS elements. Therefore, in this work,
we adopt the MM approach and the resulting expression is
provided in Theorem 1.

Theorem 1. Let us denote Z is the equivalent RV of Z which
follows a gamma distribution with shape and scale parameters
denoted as A and ¢ as given below:

(E{z})*

A= 3

_ Var{Z}
- Var{z}’ ~

E{Z} "

()
The mean and variance of Z are computed as follows:

E{Z} =/ Og L E{lhc.l}

+ K[OG ROR E{lhc g}
x E{|hnol} E{e/*}
Var{Z} = Og,Var {|hg.o|}
+ KO&}RO;{}OVar {Aejek }
Var{A = |hg r||hr,o|} = (E{|hc,r|})*Var{|hg o|}

+ (E{|hr.o|})” Var {|ha, |}
+ Var {|hg r|} Var {|hro|}

Var {Ae?%} = (E{A})*Var {e/}
+E ({e/%))" Var {A}
+ Var {A} Var {7} . )

Proof. The proof of (9) is given as follows:

E{Z} = \/OgLE{|hc.ol} + 1/ Og'rOR,
K
xE{Zhg,RHhR,OmM}

k=1

@ /=
=/ 0GE{lhc.ol}

+ K/Og RO E {|hc,r| |hp,ole?® }
®) _ — —
=/ OGLE{|hg.ol} + K\/OG ROR L E{|he g}

X E{|hrol}E{e%},
Var {Z} = Oa}oVar {lhG,ol} + O&,IRO;{,IO

K
x Var {Z \he k| ko] eje"}

k=1

© O&}OVar {lhG,ol} + KO&}RO; Var {Ae/%} . (10)

where (a), (b) and (c) are attained owing to the independence

between direct link and indirect links. Between the first and
second hops of the indirect link, we finish the proof.

Tab. 2. Simulation parameters used in the performance evaluation.

Parameter ‘ Symbol/value Description
Carrier f. = 433 MHz LoRa operating
frequency frequency
. _ Transmission
Bandwidth BW = 125 kHz bandwidth
Transmit power Bg =4dBm Gateway transmit
power
Network radius P=2—-6km LoRa coverage
area
RIS elements K =24-280 Nun.lber Of.
reflecting units
- - Gateway to RIS
Rician factor Cor=0-10 channel condition
Path-loss XLos = 2.2, Large-scale
exponent XNLOs = 3.8 fading
) 0z, =0z, € Hardware
HI variance [0,0.5] impairment level
Noise variance o2 AWGN at ED
Quant}zatlon O = 6 bits RIS ph.ase
bits resolution

The mean and variance of the phase error can be found
in [35], where the [-th moment is given by E{ejwk} =
sinc(279H 1) | k. O

Finally from Theorem 1 and Eq. (2), we obtain the closed-
form expression of the OP:

'Y(%é W
I'(A)
+U (Bo67—1) .

OP, =

) U (1-B.6°) an

Here I'() and 7(-) represent Gamma and lower incomplete
Gamma function.

5. Numerical Results

In this section, simulation results based on the Monte Carlo
method are presented to validate the accuracy of the derived
mathematical framework. Without loss of generality, set of
simulation parameters are provided in Tab. 2. Here, the system
parameters, i.e. carrier frequency f. = 433 MHz, bandwidth
BW = 125 kHz, and network radius P = 2 — 6 km, follow
the standard LoRa physical layer settings recommended by
the LoRa Alliance. The Rician factor Cg g is varied from 0
to 10 to capture both weak and strong LOS conditions, while
the HI variance d= € [0,0.5] is chosen to cover practical
non-idealities observed in commercial IoT devices.

Figure 2 illustrates the OP performance versus the number of
quantization bits Q per RIS element. The results confirm an
excellent agreement between the derived analytical framework
and the Monte Carlo simulations, validating the accuracy of

112026

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



Outage Probability in RIS-assisted LoRa Networks with Hardware Impairments and Asymmetric Channels

0.9

Theoretical
O  Simulation

SF=10,9,8,7

0.8

0.7

o O O D
= o

0.6 |

0.5

Outage probability

0.4d

0.3

0.2

[bits]

1 fH T
— SF7
09t — — SFK8
""" SF9
0.8} + == SF10
— — SFl1
0.7r SF12
g Simulation
Z 0.6}
<
£
g 05t
)
s 041
=
o
0.3F
0.2}
0.1}
0 L
-10
Bs [dBm]

Fig. 2. OP vs. the number of quantization bits Q. Lines are plotted
based on Eq. (11), while markers originate from the Monte Carlo
simulation.

the proposed model. It can be observed that increasing the
phase resolution improves the OP performance. In particular,
the OP decreases significantly when Q increases from 1 to
2 bits, and then gradually approaches a saturation point for
Q > 4. This indicates that further increasing the RIS phase
resolution beyond four bits yields negligible performance im-
provement. Therefore, without loss of generality, a resolution
of Q = 6 bits is adopted in the subsequent analysis.

Figure 3 illustrates the outage performance as a function of the
gateway transmit power B¢. It can be observed that the OP
decreases monotonically with increasing B¢ . Furthermore,
smaller SFs generally result in better outage performance,
except for SF12, which outperforms SF11. This is because,
although SF12 suffers from longer transmission durations, it
requires a lower target data rate, leading to a reduced outage
probability. Nonetheless, the performance gap among the
higher SFs (e.g., SF11 and SF12) is relatively small compared
to the gap between these and SF7. The figure also validates the
accuracy of the proposed MM-based analytical framework,
as the curves generated from the analysis closely match those
obtained from Monte Carlo simulations.

The impact of the HI level at both the gateway and EDs on
the OP is illustrated in Fig. 4. It is observed that an increase
in the HI level é= leads to a degradation in OP performance.
However, this adverse effect is relatively minor. For instance,
with SF8, increasing d= from 0 to 0.5 results in a rise in OP
from 0.1 to 0.16, which is the largest increase observed among
all SFs. Once again, we observe a strong agreement between
the simulation results and the proposed analytical framework.

Figure 5 illustrates the OP performance with respect to the
number of RIS elements N. It is evident that increasing
N significantly enhances the OP performance. Specifically,
under the current setup, when N = 60, the OP for all SFs
approaches 1075 level, and for SF7, this level is achieved
even with N < 30.
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Fig. 3. OP vs. transmit power of gateway Bg. Lines are plotted
based on Eq. (11), while markers originate from the Monte Carlo
simulation.

This figure also compares the performance of the proposed
network with existing works in the literature. In particular,
we compare it with the dual-hop relay-assisted LoRa network
in [14] (represented by red curves) and the multiple-antenna
gateway scheme in [13] (represented by green — 2 antennas
and black curves — 10 antennas). The results show that the
proposed framework outperforms these existing approach-
es by simply increasing the number of RIS elements. It is
emphasized that these comparisons are conducted under fair
settings. All schemes operate with the same transmit power,
experience the same hardware impairments, and are subject
to asymmetric channels with identical channel coefficients.

For example, with SF7, the dual hop scheme achieves an
OP of 4.2 x 1078, while the OPs for the multiple antenna
gateway scheme are 0.05 for two antennas and 8 x 10~7 for
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Fig. 4. OP vs. HI level at both the transmitter and receiver 0=, =
0=, = 0=. Lines are plotted according to Eq. (11) while markers
originate from the Monte Carlo simulation.
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on Eq. (11), red curves originate from [14], while green and black
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ten antennas. To match the performance of the 10-antenna
configuration, the proposed scheme requires only 31 RIS
elements. For SF12, an interesting observation arises: OP
performance of both the 2- and 10-antenna configurations in
the multiple-antenna gateway scheme is approximately 0.998,
indicating poor reliability.

In contrast, the dual-hop scheme achieves an OP of 7.18 x
1075, while the proposed RIS-assisted scheme requires 50
elements to achieve comparable performance. In general,
these comparisons demonstrate that the proposed scheme
not only outperforms existing works described in the liter-
ature, but also effectively mitigates the adverse impact of
hardware impairments by simply increasing the number of
RIS elements.

Figure 6 presents the impact of the Rician factor of the
link from the gateway to the RIS, denoted as C¢ p, on the
OP. It is observed that increasing Cg,p improves the OP
performance. However, this improvement saturates across all
SFs. Specifically, the OP decreases rapidly as C¢, p increases
from O to 5, but beyond this point, the rate of improvement
diminishes and the OP becomes nearly constant.

The impact of the Rician factor on all links is investigated
in Fig. 7, where Cq,r = Cg,p = Cgr,p = C, indicating
a symmetric system setup. Overall, the OP decreases as C
increases, which aligns with practical expectations-systems
perform better under more favorable channel conditions (i.e.,
stronger LOS components). The most significant improve-
ment is observed for SF9, where the OP drops from 0.7 to
approximately 0.15. Interestingly, the OP for SF12 increases
slightly with higher C', which suggests that in this scenario,
the lower target rate of SF12 may be offset by other limiting
factors as the channel improves.

The OP performance with respect to the network radius P is
investigated in Fig. 8. As expected, increasing the network
radius degrades system performance. Under the current setup,

Fig. 6. OP vs. Rician factor of the link from the gateway to the
RIS, Cg,r- Lines are plotted according to Eq. (11), while markers
originate from the Monte Carlo simulation.

the OP approaches one for all SFs when P > 5 km. To
mitigate this performance degradation, one could consider
increasing the number of RIS elements and/or the transmit
power of the gateway.

It is worth noting that the present work focuses on theoretical
modeling and analytical performance evaluation of RIS-
assisted LoRa networks under hardware impairments and
asymmetric fading conditions.

The objective is to establish a fundamental understanding of
the outage behavior and to provide closed-form expressions
that can serve as benchmarks for future experimental verifi-
cation. Although hardware validation and field trials are not
included in this study, the analytical and simulation results
have been carefully cross-verified and are consistent with re-
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Fig. 7. OP vs. Rician factor of all links, Cq¢,r = Ca,p = CRr,pD.
Lines are plotted according to Eq. (11), while markers originate
from the Monte Carlo simulation.
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Fig. 8. OP vs. network radius, P. Lines are plotted according to Eq.
(11), while markers originate from the Monte Carlo simulation.

cent measurement-based studies of LoRa and RIS systems
reported in the literature [32], [33].

Furthermore, parameter values (e.g., carrier frequency, band-
width, and Rician factors) were selected according to the
practical LoRa system specifications and verified through
Monte Carlo simulations for accuracy. In future work, we
plan to implement a small-scale RIS-aided LoRa prototype
using a programmable metasurface and commercial LoRa
transceivers (e.g., SX1276) to experimentally validate the an-
alytical framework and further quantify the impact of practical
hardware imperfections.

6. Conclusions

This paper investigates the performance of LoRa networks
under the impact of hardware impairments. A closed-form
expression for the OP is derived using the method of moments.
Numerical results reveal several key insights: the OP decreases
monotonically with an increase in gateway transmit power,
the number of RIS elements, and the Rician factor of the
gateway-to-RIS link, among others.

It was emphasized that the analytical framework developed in
this paper provides important insights into the performance
of RIS-assisted LoRa networks under hardware impairments,
phase noise, and asymmetric fading conditions, and several
limitations should be acknowledged. The current system mod-
el considers a single RIS and a single gateway operating in the
downlink direction, assuming quasi-static channels and per-
fect synchronization. In practical deployments, time-varying
channels, interference from multiple gateways, and imper-
fect synchronization may introduce additional performance
degradation. The RIS is modeled as a planar reflective surface
with ideal or quantized phase control. Extensions to other
reconfigurable architectures such as STAR-RIS or hybrid
active-passive RIS could capture more realistic propagation
scenarios. The proposed framework focuses on the probability

112026

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

of an outage as the primary metric. Incorporating additional
metrics such as energy efficiency, latency, or spectral effi-
ciency would provide a more comprehensive evaluation of
the performance of the system.

Furthermore, the adopted mathematical framework is general
enough to be extended beyond LoRa networks. By adapting
the physical-layer parameters and channel characteristics, the
same analytical methodology can be applied to other LPWAN
technologies such as NB-IoT and Sigfox, or to short-range
IoT protocols such as IEEE 802.15.4. This model can also be
integrated with stochastic geometry to evaluate large-scale
random deployments or with rate-adaptive mechanisms to
capture dynamic data-rate selection in heterogeneous IoT
environments. These extensions would further enhance the
applicability of the proposed framework and bridge the gap
between theoretical modeling and practical IoT network de-
sign.
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