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Abstract—Recently, Long-Range (LoRa)-based direct-to-
satellite Internet-of-Things (DtS-IoT) has garnered widespread
attention from both academia and industry due to its capability
to provide pervasive connectivity in an energy-efficient and
cost-effective manner. A rigorous error performance analysis of
such a new paradigm is quite essential for future green IoT
communications. In this paper, we provide a novel analytical
framework to characterize the error performance of LoRa-based
DtS-IoT systems by leveraging an empirically-verified satellite-
to-ground channel model. To enable a practical performance
analysis, non-coherent detection is considered in the presence of
interference along with the relative time and frequency offsets,
where the corresponding decision metrics are theoretically
derived. Based on this, closed-form symbol and bit error rate
expressions are obtained by approximating the impact of the
overall interference distributed within the decision metrics by
that of the peak interference. Moreover, the impact of some
key system parameters, such as the spreading factor (SF),
bandwidth, and the end-device’s (ED’s) location, on the error
performance is thoroughly investigated. The validity of our
theoretical analysis is substantiated by extensive numerical
simulations, where further insights are obtained into the error
performance improvements of LoRa-based DtS-IoT systems.

Index Terms—Direct-to-satellite IoT (DtS-IoT), error perfor-
mance, green IoT, LoRa.

I. INTRODUCTION

WITH the rapid growth of Internet-of-Things (IoT)
services, pervasive connectivity and green communi-
cations are becoming more and more important towards the
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realization of fully intelligent societies [2]. In this context,
Long-Range (LoRa) based direct-to-satellite [oT (DtS-IoT) has
been regarded as a promising approach to provide ubiquitous
coverage in an energy-efficient and cost-effective manner,
which has attracted a lot of research interest as well as
commercial traction [3], [4]. For example, the authors in
[5], [6] verified the feasibility of LoRa-based radio links
in low Earth orbit (LEO) satellite communications under
the impact of Doppler effect. The authors in [7] assessed
LoRa for satellite-to-Earth communications considering the
impact of ionospheric scintillation. Moreover, some interna-
tional organizations and satellite companies have participated
in LoRa-based DtS-IoT industrial initiatives, like Inmarsat
and Lacuna Space [2], [8]. In addition, various methods have
been proposed to improve the link-level and/or system-level
performance of LoRa-based DtS-IoT systems, either from the
physical (PHY) layer perspective like chirp spread spectrum
(CSS) based waveform design [9], [10], [11], [12] and signal
detection [13], [14], [15], [16], or from the medium access
control (MAC) layer perspective, like random access (RA)-
based protocol design [17], [18], [19]. However, although
LoRa-based DtS-IoT systems have been widely investigated,
there are few studies focusing on a rigorous error performance
analysis of such a new paradigm.

A. State-of-the-Art

In recent years, several studies have presented a detailed
mathematical description of LoRa modulation, facilitated by
reverse engineering. Specifically, Vangelista [20] first gave a
digital signal processing description of LoRa modulation and
provided a theoretical derivation of the optimum receiver based
on discrete Fourier transform (DFT). Furthermore, the authors
in [21] provided a more accurate characterization of the LoRa
signal model, including its continuous and discrete analytical
expressions in both time and frequency domains. Moreover,
Pasolini [22] further analyzed the signal properties of LoRa
modulation and their impact on transmitter and receiver archi-
tectures. To quantitatively describe the bit error rate (BER)
performance of LoRa modulation under different conditions,
researchers have conducted various studies considering the
impact of noise, interference, channel fading, and synchroniza-
tion offset. The initial study began with a curve fitting method
used in [23] to estimate the BER of CSS modulation under
the impact of additive white Gaussian noise (AWGN). Using
a moment matching method, Elshabrawy and Robert [24]
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derived closed-form approximations for the BER performance
of LoRa modulation considering non-coherent detection over
both AWGN and Rayleigh fading channels. Then, by deriv-
ing an upper bound on the cross-correlation between two
LoRa signals with the same spreading factor (co-SF), the
approximate BER performance of LoRa modulation consid-
ering non-coherent detection under both AWGN and co-SF
interference was derived in [25]. Furthermore, by extending
the interference model in [25] to the more general case
where the interfering signal is neither chip- nor phase-aligned
with the desired signal, the authors in [26] derived both
exact and approximate analytical expressions for the symbol
error rate (SER) and BER of LoRa modulation considering
non-coherent detection in the presence of AWGN and co-SF
interference.

Additionally, the BER performance of LoRa modulation
over typical fading channels has also been widely investi-
gated. Exact BER expressions for non-coherent detection of
LoRa modulation over Nakagami, Rayleigh, and Ricean fading
channels were derived in [27]. Theoretical BER expressions
based on Marcum function were proposed in [28] considering
non-coherent detection over Nakagami and Ricean fading
channels. Besides, both exact single integral expressions as
well as approximate closed-form expressions for the BER
performance of LoRa modulation considering non-coherent
detection over generalized fading channels were derived in
[29]. The theoretical BER performance of LoRa modula-
tion in multi-path frequency selective fading channels was
investigated in [30], where the error performance for both
coherent and non-coherent detection was analyzed with Gauss-
Hermite quadrature methods. Furthermore, the approximate
BER performance of LoRa modulation over heavy multi-path
channels was evaluated in [31] for both coherent and non-
coherent detection with Gaussian Q-functions. By adopting a
similar method as in [31], the approximate BER performance
of LoRa modulation under the impact of carrier frequency
offset (CFO) was analyzed in [32].

Moreover, the BER performance analysis of LoRa-based
systems has been extended to more specific application sce-
narios [33], [34], [35], [36], [37], [38], [39]. In [33], a
new space-time block coding multiple-input multiple-output
(STBC-MIMO) LoRa system was proposed and its theoret-
ical BER performance was analyzed over Rayleigh fading
channels. In [34], the authors considered a two-hop amplify-
and-forward (AF) relaying LoRa system and derived the
analytical BER expressions over Nakagami-m fading chan-
nels. Additionally, the authors in [35] derived the SER of
LoRa backscatter communication systems over both AWGN
and double Nakagami-m fading channels. A reconfigurable
intelligent surface (RIS)-assisted LoRa system was proposed in
[36] and closed-form expressions for its BER and throughput
were derived over Rayleigh fading channels. Furthermore, a
RIS-enabled anti-interference LoRa system was considered
in [37], where closed-form BER expressions were derived
over Nakagami-m fading channels in the presence of co-SF
interference. More recently, a multi-RIS-aided LoRa system
was considered in [38], where closed-form BER expressions
were derived over Nakagami-m fading channels under the
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impact of outdated and imperfect channel state information
(CSI) for both coherent and non-coherent detection. Besides,
LoRa-enabled aerial communications have also come into the
eyesight of researchers, where the BER performance of a
LoRa-enabled AF aerial relay system was investigated in [39]
over shadowed Rician (SR) fading channels for non-coherent
detection.

B. Motivation and Contributions

Herein, all the existing works related to the error perfor-
mance analysis of LoRa-based systems are summarized in
Table I for the readers’ convenience. Similarly, to prove the
potential of LoRa-based DtS-IoT systems, analytical expres-
sions for the error performance characterization of such a new
paradigm are indispensable to facilitate the system engineering
design for various DtS-IoT applications, such as smart agri-
culture, environmental monitoring, asset tracking and so on.
To the best of our knowledge, no prior work has pursued a
rigorous error performance analysis of LoRa-based DtS-IoT
systems, which is the main focus of this work. The main
contributions of this paper are summarized as follows:

1) A novel analytical framework for characterizing the
error performance (i.e., SER and BER) of LoRa-based
DtS-IoT systems is developed. First, by leveraging an
empirically-verified satellite-to-ground channel model,
both the free-space path loss and the excess path-loss
are taken into account. Additionally, the decision metrics
are derived for non-coherent detection in the presence of
noise, interference, and synchronization offsets, which
increases the analytical complexity and applicability of
the proposed framework in practical scenarios.

2) By exploiting the frequency domain peak index decision
properties of non-coherent detection for LoRa modula-
tion, the impact of the overall interference distributed
within the decision metrics is approximated by that
of the peak interference, which significantly simplifies
the subsequent error performance analysis. Based on
this, closed-form SER and BER expressions are derived
using a moment matching method, where the first and
second moments of the fitting random variable are also
theoretically derived.

3) The impact of some key system parameters, such as
the SF, the bandwidth, and the end-device’s (ED’s)
location, on the error performance of our considered
LoRa-based DtS-IoT system is thoroughly investigated.
Extensive numerical simulations are conducted, which
not only validate the accuracy our theoretical analysis
but also provide further insights into the error perfor-
mance improvements of such a new paradigm.

C. Paper Organization and Notations

The rest of this paper is organized as follows: The LoRa
modulation is briefly introduced in Section II. Section III
presents the system model and Section IV conducts the
error performance analysis. Numerical results are presented
in Section V, while Section VI concludes the whole paper.

Notation: Throughout this paper, we denote Fyx (x) and
fx (x) as the cumulative distribution function (CDF) and the
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TABLE I
RELATED WORKS ON ERROR PERFORMANCE ANALYSIS OF LORA-BASED SYSTEMS

Reference Main work Detection
[23] Estimated the BER of CSS modulation using a curve fitting method —
Derived closed-from BER approximations over AWGN and Rayleigh
[24] ) ) ) Non-coherent
fading channels using a moment matching method
Derived approximate BER expression under AWGN and co-SF
[25] . ) Non-coherent
interference based on a cross-correlation upper bound
[26] Derived both e'xact and approximate BER expr‘essions under AWGN Non-coherent
and co-SF interference based on a general interference model
Derived exact BER expressions over Nakagami, Rayleigh, and
[27] ) ) Non-coherent
Ricean fading channels
Estimated the theoretical BER Nak i and Ri fadi h 1
28] stimated the theoretica over Nakagami én icean fading channels Non-coherent
based on Marcum function
Derived exact single integral expressions and approximate closed-form
[29] ] ) ] Non-coherent
expressions for BER performance over generalized fading channels
[30] Analyzed the theoretical BER performance over two-tap and exponential Coherent
decay channel models using Gauss-Hermite quadrature methods Non-coherent
31] Derived approximate BER performance over heavy multi-path channels Coherent
with Gaussian Q-function Non-coherent
(32] Analyzed the approximate BER performance under the impact of CFO Coherent
with Gaussian Q-function Non-coherent
Proposed a STBC-MIMO LoRa system and analyzed its theoretical
[33] P y . . yzedl ! Non-coherent
BER performance over Rayleigh fading channels
[34] Considejred a two-hop AF relaying LoRa sys.tem anq analyzed its Non-coherent
theoretical BER performance over Nakagami-m fading channels
Considered a LoRa backscatter system and derived its closed-form SER
[35] . ] ) Non-coherent
expressions over AWGN and double Nakagami-m fading channels
[36] Proposed a RIS assist.ed LoRa system. and dérived its closed-form BER Non-coherent
expressions over Rayleigh fading channels
(37] Proposed a RIS assisted LoRa system and derived its closed-form BER Coherent
expressions over Nakagami-m fading channels with co-SF interference Non-coherent
[38] Considered a multi-RIS-aided LoRa system and derived its closed-form BER Coherent
expressions with the impact of outdated and imperfect CSI Non-coherent
(39] Proposed a LoRa enabled AF aerial relay S}.fstem and derived its exact SER Non-coherent
expressions over SR fading channels
Our work Considered a L(.)Ra-based DtS-IOT.system and aI.lalyzed its aPpr(.)ximate error Non-coherent
performance in the presence of interference with synchronization offsets
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probability density function (PDF) of a random variable X;
P{-} and E[-] represent the probability measure and mathe-
matical expectation, respectively; max {-}, exp (), In (), (), and
R {-} are the maximum, natural exponential, natural logarithm,
binomial coefficient, and real part operations; |-| denotes the
modulus of a complex number and the cardinality of a set;
CN(,-) and N(.,-) represent the complex and real Gaus-
sian distributions, respectively. Finally, Q () is the Gaussian
Q-function.

II. PRELIMINARIES

LoRa adopts CSS modulation with the following two impor-
tant parameters:

e B s the bandwidth of the LoRa modulation signal, which
is typically set to be 125 kHz, 250 kHz, or 500 kHz.

e k is the SF of LoRa modulation ranging from 7 to 12,
which determines the processing gain and the number
of information bits within each modulation symbol (i.e.,
each chirp).

Under Nyquist sampling, each chirp can be defined by M =
2% samples in the complex base-band equivalent form, and the
basic upchirp can be expressed as [21]

2
uln] = exp {1’%} exp {—jmn}, (1)

where n =0,1,...,M — 1 is the sample index.

Authorized licensed use limited to: Heilongjiang University. Downloaded on February 03,2026 at 07:15:32 UTC from IEEE Xplore. Restrictions apply.



1882

Given a SF k, LoRa is an M-ary orthogonal modulation
scheme, where M orthogonal upchirps are used to represent
the modulation symbols. Without loss of generality, every k
information bits by, by, ...,bx_; are mapped to a data symbol
as m = Zf:_o] b2l € £L =1{0,1,...,M — 1}, and thereby the
modulation signal is given by [21]

Smln] = u[n]exp %jZi;}:[m}
_ 7T_712 2mmn . 5
= OXp S SXP Y s exp{—jmn}. (2

After passing through a AWGN channel, the received signal
can be expressed as

rmln] = sm[n] + winl, 3)

where w[n] is the complex circularly symmetric additive white
Gaussian noise with zero mean and variance 0'2.

Then, the signal detection for each modulation symbol
can be divided into three steps, i.e., dechirp, DFT, and fre-
quency domain (FD) peak index decision [40]. Specifically, the
received signal is first multiplied by the complex conjugate of
the basic upchirp, i.e., dechirp operation, and then an M-point

DFT operation is performed on the dechirped signal, yielding

g 2nin
Rm[l] = Z rm[n]u* [I’l] eXp {_17§
n=0
_ M+ Wim], [=m, @)
-~ lwi, 1#m,

where W(I] = Y_u00! winlu*[n] exp {—jZ2} ~ CN(0,02) with
o’ = MO'?].
Finally, the data symbol can be estimated as [40]

m = argmax R {R,,[1]}, (5)
lel

for coherent detection and

m = arg max |R,[1]], (6)
leL

for non-coherent detection, respectively. Since coherent detec-
tion requires accurate phase synchronization, which could
considerably increase the receiver’s complexity and thus may
not be feasible for many low-cost IoT EDs in energy-efficient
communications [40]. Hence, we only consider the practical
non-coherent detection in this paper, which is more attrac-
tive for green communications in our considered LoRa-based
DtS-IoT systems.

III. SYSTEM MODEL

In this section, we present the system model of LoRa-based
DtS-IoT, including the network model, channel model and
signal model.
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A. Network Model

An illustration of the network model for our considered
LoRa-based DtS-IoT system is shown in Fig. 1, where an
onboard gateway communicates with the desired ED on the
ground directly. Without loss of generality, we denote H as the
orbit altitude of the serving satellite and the satellite footprint
is determined by the effective beamwidth of serving satellite,
which corresponds to the maximum satellite-centric angle .
Moreover, there are other interfering LoRa EDs distributed
within the satellite footprint, which may cause interference to
the desired LoRa ED. However, it has been shown in [41] that
different SFs have an average rejection signal-to-interference
ratio (SIR) threshold of —16 dB. Therefore, different SFs can
be considered to be quasi-orthogonal in LoRa systems and
they are often used as orthogonal logical channels for different
EDs [37]. Hence, we can only consider the impact of dominant
co-SF interference on the system error performance. Further-
more, as stated in [37] and [42], the impact of accumulative
interference caused by multiple co-SF EDs can be effectively
approximated by that of one dominant co-SF interfering ED
in a relatively sparse deployment scenario. Accordingly, we
only consider the impact of one co-SF interfering ED in this
paper.

Moreover, we use the contact angle ¢ to denote the rel-
ative location between an ED and the serving satellite, i.e.,
the Earth-centered zenith angle. According to the basic sine
theorem, the maximum contact angle ¢,, can be derived as

[43]
R+H
sin”! (% sin (%)) - %, if ¥ < o,

cos™! _R_ if ¥ >
R+H 5 = Y0,
where R is the radius of Earth and o = 2 sin™! (HLH) denotes
the effective beamwidth that corresponds to just covering the
horizon. Given the contact angle ¢, the distance between an

ED and the serving satellite can be obtained using the basic
cosine theorem as

om W) = )

d(p) = \/(R+H)2+R2—2R(R+H)cos<p. (8)

B. Channel Model

For the satellite-to-ground channel model within the under-
lying LoRa-based DtS-IoT system, we follow an empirically-
verified model adopted in [43] annd [44], which leverages the
recent developments in satellite-to-ground path-loss modeling
and line-of-sight (LoS) probability formulation. As stated in
[44], the radio signal travels mostly in free-space until it
encounters the near-ground clutter layer where it interacts with
both natural and artificial obstacles. These interactions include
absorption, scattering, diffraction, and reflection, which leads
to the excess path-loss. Therefore, both the free-space path
loss and the excess path-loss are taken into account in our
considered LoRa-based DtS-IoT system, which increases the
applicability of the channel model in realistic scenarios.

'The impact of varying number of interfering EDs on the system error
performance is shown via numerical simulations.
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Earth center

(V)
‘ Desired ED
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H  Orbit altitude

R Earth radius

¥ Satellite effective beamwidth

@, Contact angle of the desired ED
Satellite orbit ¥ Contact angle of the interfering ED

®,, Maximum contact angle

Earth surface

@
A Interfering ED

Fig. 1. An illustration of the network model of LoRa-based DtS-IoT, where the yellow dashed line represents the satellite footprint determined by the satellite
effective beamwidth ¢, while the black dashed line denotes the maximum satellite footprint corresponding to just covering the horizon.

Specifically, given the transmission distance d (¢) and the
carrier frequency f,, the free-space path loss is given as

2
c
w0~ (s7a) - v

where ¢ refers to the speed of light.
Moreover, let us denote n as the excess path-loss, which
follows a mixed Gaussian distribution given as [44]

ndB] ~ pros @ N (—Hios, 0L,s)
+ (1= Pros @) N (—HNLoss ThLos ) » (10)

where the parameters py,s, 0105 UNLoS s ONLos depend on the

propagation environment and py,s (¢) is the probability of LoS

transmission, which can be calculated as [44]
Bsing )

cosp —a

Pros (¢) = exp (— (11)
where a =
ment.

Notably, given the contact angle ¢, the variations of the
excess path-loss are considered to be negligible when com-
pared to its mean value [45]. Accordingly, we use the average
excess path-loss 7 (¢) for the sake of simplicity, which can be
expressed as [44]

7oz and B depends on the propagation environ-

2 2
71(9) = Pros (¥)exp (MTL”S - {mos)
20_2
+ (1 = pros () exp (%S - gmos) . (12)

4 In(10)

where { TRk

C. Signal Model

As depicted in Fig. 1, ¢, and ¢; are the contact angles of
the desired ED and interfering ED, respectively. Moreover, let

P,,G, and P;,G; denote the transmit power and antenna gain
of the desired ED and interfering ED, respectively. Then, the
received signal at the satellite gateway can be expressed as

rulnl =V PoGoGyL(9,) 71 (¢0)smln] + winl
N——

noise

desired signal

+ VPGG,Lg) 7 @dsilnlexp { 2an-— L, (13)

interfering signal

where G, represents the satellite antenna gain, s,[n] and
sy[n] are the transmitted LoRa signals of the desired ED and
interfering ED, respectively, and e denotes the normalized
relative FO between them.

Notably, the normalization is carried out with respect to
Af = % = %, where T is the symbol duration. Herein, we
point out that both laboratory and flight testings have verified
the strong immunity of LoRa-based LEO satellite communi-
cations to the Doppler effect [5], [6]. Namely, by availing of
the effective synchronization algorithms employed in LoRa
PHY layer [46], [47], the Doppler effect can be properly
handled in LoRa-based DtS-IoT communications. Therefore,
the onboard gateway can be assumed to be synchronized
with the desired signal, which is a common assumption in
many research works concerning interference-limited LoRa
systems [25], [26], [37]. However, the relative frequency
offset could appear between the desired and interfering signals
due to the different frequency shifts experienced by them
during the transmission. Also, the uncoordinated asynchronous
transmission will inevitably lead to relative time offset between
the desired and interfering signals.

More specifically, the relative FO can be decomposed into
integer and fractional parts. Since the onboard gateway is
assumed to be synchronized with the desired signal as stated
before, the desired peak is fixed in the DFT output given a
transmitted data symbol m. Thus, the relative FO will only
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Desired signal

Wbl |

Interfering signal

Fig. 2. An illustration of the time domain signal collision model.

impact the index and magnitude of the interference peak.
As pointed out in [32], the integer FO simply leads to a
cyclic shift of the peak index in the DFT output without
energy spread. Therefore, only the fractional FO will impact
the magnitude of the interference peak and thus the error
performance. Consequently, we can only consider the impact
of fractional FO, i.e., € € [0,0.5], which causes the energy
spread due to the limited DFT resolution. In particular, the
time domain signal collision model is illustrated in Fig. 2,
where the interfering signal is composed of two different LoRa
symbols during each symbol period of the desired signal due
to the asynchronous transmission. Without loss of generality,
we assume that the relative time offset (TO) 7 is an integer
between 0 and M — 1, and thereby we have

O<n<rm,
T<n<M-1,

s, [n],

si,[n], (9

si[n] =
where iy,i, € £ are the data symbols of the interfering signal.

IV. PROPOSED PERFORMANCE ANALYSIS

In this section, the theoretical error performance of LoRa-
based DtS-IoT system is investigated. To this end, the decision
metrics are first derived within the underlying system model.

A. Decision Metrics

As mentioned above, the detection for each LoRa sym-
bol can be divided into dechirp, DFT, and FD peak index
decision. Let J, = +P,G,G,L(p,)7i(p, )M and J; =
VP:G:G,L(¢;) 77 (¢;), the DFT output of the dechirped signal
for a given m can be obtained as

Rulll = Jooll —m] + JIZ[I] + W], 15)

with
T = sifl [ﬂ(iT—l + e)T/M](DI
sin [ (i1—1 + €) /M]
sin [ (i,—l+e)(M —71) /M]
sin [7r (i,—1 + €) / M]

where @; = exp{jm(ii—-l+e)(r-1)/M}, @y =
exp{jr(ir—l+€) (M + 17— 1)/M}, and J[-] is the Kronecker
delta function. A detailed derivation of (15) and (16) can be
found in Appendix A.

Dy, (16)
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Therefore, the received data symbol can be determined as

m = argmax |J,0[l — m] + J,Z[]]+ W[]|,
leL

a7

for non-coherent detection.

B. Analytical Error Rate Expressions

According to (15), the decision metric |R, [[]| follows a

2 2 2

Ricean distribution with the Ricean factor «, = Hzﬂ
2|71

for I = m and k; = J’la—g]l for I # m. For | = m, |R,, [I]| can

be approximated by a Gaussian random variable with mean
J, + Ji|Z[m]| and variance % For I # m, the frequency
bins of the DFT output can be divided into two sets, namely,
interference-driven set S; = {k; > E,[ # m} and noise-driven
set Sy = {k; < E,l # m}, based on the value of «;, where = is
an empirical predefined threshold [32]. More specifically, for
I € Sy, IRy [/]] can be approximated by a Gaussian random
variable with mean J;|Z [/]| and variance %2, while for [ € Sy,
IR, [1]| can be approximated by a Rayleigh random variable.

Let us denote p = rlnSaXIRm [/]| and to obtain the statistical
€

N
properties of p, we first introduce the following proposition.

Proposition 1: We define Hy = Zf\i ) % as the N-th harmonic
number and Hﬁ) = Zf\;] 112 Thus, we have

N
1[N
-1 k=1 = H 1
DD ( k) N (18)
k=1
A 1 (N
2) (=1 S = H3 +HY, 19
20 ( k) A+ (19)
where H,(g) will converge to %2 for a sufficiently large N.
Proof: See Appendix B. [

Based on this, we have the following proposition.

Proposition 2: Using a moment matching method, p can be
approximated by a Gaussian random variable with mean

1
@ \ 4
_ ,  Hg,
Hp= o\ Hg, — > , (20)
and variance
s

or= o | Hsy— \HE, - TN (1)
Proof: See Appendix C. [

In addition, we approximate the impact of the overall
interference distributed within the decision metrics by that
of the peak interference appearing at a certain frequency
bin to simplify the analysis. Specifically, we assume that the
interfering term Z [/] exhibits a peak magnitude at a certain
frequency bin m # m for each realization of iy, i, m, and
7, while its magnitudes over the remaining frequency bins
can be negligible. Given that k > 7 and thus M > 128,
the peak interference is most likely to appear on a different
frequency bin from that of the desired signal. Accordingly,
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we can only consider the case of m # m to analyze the error
performance of LoRa-based DtS-IoT system. The accuracy
of this approximation will be shown in Section V through
numerical simulations. Regarding the peak magnitude of the
interfering term, we have the following proposition.

Proposition 3: The upper bound for the magnitude of the
interfering term Z [I] can be obtained as
sin (my7/M)
sin (my /M)
where y is uniformly distributed in £ and 7 is an integer
uniformly distributed within [0, ).

ZU<Ar = +M -, (22)

Proof: See Appendix D. [ |
Hence, the DFT output of (15) becomes

J, + Wim], l=m
Rm,ﬁ[l] = JiA)(,‘r + W[’I’)\’i], l=m (23)
wili], [ # m,m.

Therefore, the approximate SER can be divided into noise-
driven SER, PV, and interference-driven SER, P!, respectively.
On one hand, the noise-driven SER, P?’ , can be obtained as

PY = P{Imayww > |, + W[mu}
+m,m

1

2 2\ 4
@ Jo—o (HMf2 - ’{—)

\/%2 + 02 (HM_2 - JH}, - %)

where step (a) follows that |Sy| =M -2 > 1.
On the other hand, the conditional interference-driven SER
iy,

can be obtained as
]\}
Jo = JiNy+
~ 0 (_J ) .

Pt = P{
Given that y and 7 are uniformly distributed between 0 and
M — 1 as well as 0 and M — 1, the approximate interference-
driven SER, P!, can be computed as

(24)

(25)

Pl =

2 Jo = JiNy £
<y Yot

Since the noise-driven SER, PN , and interference-driven
SER, Pé, are independent, the closed-form BER can be
obtained by combining (24) and (26) as

~ R/ ~ ~
P 1-(1-P))(1-P))].
From (27), one can observe that both the noise-driven SER,

PN and interference-driven SER, P’ play a dominant role in
determining the overall error performance of our considered

.
PixT

(26)
x=0 =0

27

TABLE I
SIMULATION PARAMETERS
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Notation Values
Earth radius R 6371 km
Orbit altitude H 500 km
Satellite effective beamwidth 50°
Carrier frequency fe 868 MHz
Bandwidth B 125 kHz
Spreading factor k 7,8,9
Fractional FO ¢ 0.1
Transmit power of interfering ED P; 14 dBm
Noise figure Np 6 dB
Satellite antenna gain G 10 dBi
ED’s antenna gain G,, G, 2.15 dBi
Contact angle of interfering ED ¢; 0°
LoS probability parameter 5 2.3
LoS mean EPL pr0s 0 dB
LoS EPL standard deviation o105 2.8 dB
NLoS mean EPL pnros 12 dB
NLoS EPL standard deviation onros 9 dB

LoRa-based DtS-IoT system. This indicates that the error
performance can be improved by increasing the received
signal-to-noise ratio (SNR) of the desired ED via proper link
budget and/or increasing the received SIR of the desired ED
through controlling the satellite effective beamwdidth, i.e.,
reducing the aggregated interference. Moreover, when the
interfering ED is outside the satellite effective beamwidth,
no interference-driven error occurs, which represents an ideal
interference-free scenario, and thus the approximate BER
becomes?
~, M

*

P R —
b amM-1)

1

Jo—o (HIZW—I - 711_2)1

\/%2+0'2 (HM_, - JH ”2)

which will go to zero with the increase of P,
VP,G,G,L (o) 1 (wo)M.

x Q ,  (28)

since J, =

V. NUMERICAL PERFORMANCE EVALUATION

In this section, we validate our theoretical performance anal-
ysis through Monte-Carlo simulations under practical system
parameters, which also provides valuable insights into the error
performance improvements of our considered LoRa-based
DtS-IoT system. Unless otherwise specified, the parameter
values used in our simulations are summarized in Table II,
where the majority of these parameters are in accordance with
[25], [32], [37], [43], and [44].

First, Figs. 3(a) and 3(b) show that the impact of the overall
interference distributed within the decision metrics can be

2Note that |Sy| = M — 1 in the absence of interference.
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Fig. 3. DFT output for P, = 14 dBm, ¢, = 0°, SF =7, and m = 78 with
the number of interfering EDs: (a) N; = 1 and (b) N; = 4.

approximated by that of the peak interference appearing at
a certain frequency bin, where N; denotes the number of
interfering EDs. For N; = 1 (i.e., relatively sparse deployment),
a specific example for 7 = 105, iy = 34, and i, = 62
is shown in Fig. 3(a). It can be observed that the overall
interference distributed within the decision metrics, i.e., |Z [/]],
exhibits a peak magnitude at a certain frequency bin m # m,
while its magnitudes over the remaining frequency bins can
be approximately negligible. Since the onboard gateway is
assumed to be synchronized with the desired signal, the
position of the desired peak is fixed in the DFT output given a
transmitted data symbol m, as illustrated in Fig. 3(a). However,
due to the uncoordinated asynchronous transmission, relative
time and frequency offset appear in the interfering signal,
which could change the position of the interference peaks
and thus no direct relationship between the position of the
interference peaks and the given values of the interfering
symbols exists. Nevertheless, we have proved that |Z[[]| < A, ;
in Proposition 3, which validates the effectiveness of our sub-
sequent error performance analysis. Furthermore, for N; = 4
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Fig. 4. BER performance versus P, for (a) B = 125 kHz and (b) B = 250 kHz.

(i.e., relatively dense deployment), more interference peaks
appear in the DFT output as illustrated in Fig. 3(b), while
the error margin of the approximation can be amplified,
which may lead to an error performance degradation in such
scenarios.

Herein, Figs. 4(a) and 4(b) demonstrate the BER perfor-
mance versus P, for B = 125 kHz and B = 250 kHz,
respectively. It can be observed that the numerical results
match well with the analytical results, which substantiate our
theoretical analysis. From the figures, it can be seen that
the BER performance of the underlying LoRa-based DtS-IoT
system improves with the increase of SF due to the larger
spreading gain of CSS modulation. It can be further noticed
that the contact angle of the desired ED, i.e., ED’s location,
has remarkable impact on the system error performance. This
is due to the fact that as ¢, increases, the desired signal quality
decreases due to the amplified satellite-to-ground path-loss
while the impact of interfering signal becomes more dominant,
and thus leading to a serious performance deterioration. More-
over, by comparing Figs. 4(a) and 4(b), one can observe that a
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Fig. 5. Effective throughput versus P, for (a) B = 125 kHz and

(b) B =250 kHz.

narrower bandwidth leads to a better BER performance of the
underlying system since the noise power is determined by the
signal bandwidth, quantified as 0'3 = —-174 + Nr + 10log,, B
with Ny representing the receiver’s noise figure.

Furthermore, to illustrate the link-level performance of
the underlying LoRa-based DtS-IoT system more intuitively,
Figs. 5(a) and 5(b) depict the effective throughput versus P,
for B = 125 kHz and B = 250 kHz, respectively. In particular,
the effective throughput Tr (bps) can be defined as [40]

Tg =nB(1 = Py), (29)

where P, denotes the BER and 1 = % represents the spectral
efficiency of LoRa modulation. By inspecting Fig. 4 and
Fig. 5, it can be observed that increasing the SF and/or
decreasing the bandwidth will significantly reduce the effective
throughput while improving the BER performance, which
presents a compelling trade-off between the error perfor-
mance and the achievable data rate within our considered
LoRa-based DtS-IoT system. This indicates that the under-
lying LoRa-based DtS-IoT system supports flexible adaptive
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Fig. 6. Numerical BER versus P, with different orbit altitudes for (a) ¢, = 0°
and (b) ¢, = 2° with B = 125 kHz.

transmission by adjusting the configurable SF and bandwidth
parameters according to the practical application scenarios and
different quality of service (QoS) requirements.

Figures 6(a) and 6(b) present the numerical BER of our
considered LoRa-based DtS-IoT system with different orbit
altitudes for ¢, = 0° and ¢, = 2°, respectively. The obtained
results further demonstrate the advantage of LoRa-based DtS-
IoT communications. In particular, although the system perfor-
mance is severely affected by the satellite orbit altitude, it can
be noticed that the underlying system experiences acceptable
BER performance for all SFs even at H = 1000 km, which
characterizes highly reliable energy-efficient communication
links. This further motivates us to exploit LoRa-based DtS-IoT
systems as a green and cost-effective approach for ubiquitous
IoT connectivity.

Figures 7(a) and 7(b) compare the BER performance of
LoRa-based DtS-IoT system with and without interference
for B = 125 kHz and B = 250 kHz, respectively, with
H = 500 km and ¢, = 2°. In particular, since the orbit
altitude is H = 500 km and the satellite effective beamwidth is
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(a) B =125 kHz and (b) B = 250 kHz with H = 500 km and ¢, = 2°.

Y = 50° = ligﬂ' ~ 0.8727, we have ¢ = 2sin™! (,H_LH) ~
2.3739 > y in this case. Accordingly, the maximum con-
tact angle can be determined according to (7) as ¢, =
sin”! (MTH sin (%)) - "5’ ~ 0.0369 = 2.1155°. Therefore,
we set the contact angle of the desired ED as ¢, = 2°,
which is within the satellite footprint while approaching the
coverage border. The simulation results in the interference-
free scenarios also agree well with the theoretical results,
which verifies the correctness of our analysis once again
and provides an upper bound for the practical BER perfor-
mance in interference-limited scenarios. Moreover, the BER
performance gap between two adjacent SFs in interference-
free scenarios is larger than that of the interference-limited
scenarios. It can also be observed that the underlying system is
very sensitive to the interference, where a severe performance
degradation appears in interference-limited scenarios when
compared to interference-free scenarios. For example, when
B = 125 kHz, the performance loss is around 7 dB and
9 dB for SF = 7 and SF = 8 at the BER level of 107%,
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respectively, which leads to an increased energy consumption
for resource-limited LoRa EDs. Moreover, it can be expected
that a more detrimental impact on the system error perfor-
mance will appear when the effect of the interfering signal
becomes more dominant. Herein, Fig. 8 demonstrates the BER
performance of our considered LoRa-based DtS-IoT system
with varying number of interfering EDs for SF = 7 and
S F = 8. It can be observed that the system error performance
degrades with the increase of N;, which could lead to a
serious energy efficiency loss for low-power and long-range
communications through such a new paradigm. Consequently,
it is of great significance to conceive interference sup-
pression techniques for our considered LoRa-based DtS-IoT
system.

As such, based on our analysis and the above numerical
results, we outline the following future research directions
for improving the error performance of LoRa-based DtS-IoT
system from the PHY layer perspective:

e On one hand, the error performance of LoRa-based
DtS-IoT system can be improved by developing advanced
forward error correction (FEC) strategies. In particular,
although Hamming code is currently adopted in LoRa
PHY layer, more advanced channel coding schemes can
be utilized to further enhance the error performance of
LoRa-based communication system. For example, Turbo
codes [48] and low-density parity-check (LDPC) codes
[49] have been investigated as potential approaches for
further improving the BER performance of LoRa mod-
ulation. It has been shown that a proper channel coding
scheme could lead to a more extensive trade-off between
energy and spectral efficiency. This motivates a more in-
depth study into the appropriate channel coding schemes
for LoRa-based DtS-IoT systems.

e On the other hand, the error performance of
LoRa-based DtS-IoT system can be further enhanced
by leveraging more advanced signal detection methods.
Specifically, deep learning (DL) based techniques, like
deep neural networks (DNNs) and convolutional neural
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networks (CNNs), have been proven to be a more
effective approach for signal detection of LoRa-based
communication system in interference-limited scenarios
compared to the conventional coherent and non-coherent
detection [50], [51], which remains an interesting topic
for future research.

VI. CONCLUSION

In this paper, a novel analytical framework for characteriz-
ing the error performance of LoRa-based DtS-IoT system has
been developed by leveraging an empirically-verified satellite-
to-ground channel model. To enable a realistic performance
analysis, non-coherent detection is considered in the presence
of interference along with the relative time and frequency
offsets, where the corresponding decision metrics are ana-
Iytically derived. Based on this, closed-form symbol and
bit error rate expressions are derived by using a moment
matching method and approximating the impact of the overall
interference distributed within the decision metrics by that
of the peak interference. Moreover, the impact of some key
system parameters, such as the SF, the bandwidth, the ED’s
location, and the varying number of interfering EDs, on
the error performance of our considered LoRa-based DtS-
IoT system is thoroughly investigated. Numerical simulations
not only validate the accuracy of our theoretical analysis
but also provide further insights into the error performance
improvements of such a new paradigm. Overall, we believe
that our work will set a solid foundation for LoRa-based
DtS-IoT system which serves as a promising solution for low-
power, long-range, and ubiquitous IoT applications.

APPENDIX A
DERIVATION OF (15) AND (16)

According to (4), (13), and (14), we have

i 2nln
Ryl =) rulnlu’[n] exp {‘fv}
n=0

! ZJ smlnlu’[n] exp{ 27rln§

M-
+ Z]-s [n]u*[n] exp '—2n€n exp —2ﬂln
n=0 - ’ M K M
M-
. 2rln
+ ;w[n]u [n] exp {—]7§
= J,0[l-m] + J;Z[I] + W, (30)
with
M-1
2ren 2rin
T =) sinlun]exp {J—} exp {—j—}
= M M
= is [n]u”[n] ex 2men ex —'@
- pars 1 PyJ M p J M
M-1
N 2nen 2nin
—|—Z i, [n]u”[n] exp %]7} exp %—17}
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! {,27rn(i1—l+s)}

= Zexp I/
n=0

M-

% 2rn (ip— l—&—e)}

@ 1 exp{ 2rr(i — l+6)}
- 1- exp{ (i — l+€)}
2nt (iy—l+e€)
+ exp{ M }
1- exp{ i 2n(M— T)(tz H-f)}
1- exp{ 271(12 1+e)}
a(r-1)>G-l+e)
B L v
y exp{ (i) — Hf)} —exp{ 7T — l+€)}
exp{ (i) — Hf)} exp{ (i) l-I-f)}
e 7r(M+T— 1) (i—1l+¢€)
P M
exp{ (M- T)(zz l+e)} exp{ (M- T)(lz H€)}
exp{ ﬂ(lz I-I-é)} exp{ - 71(ip— H-e)}
_ sin[n(ij—l+e)T/M]
sin [ (i —l+e) /M] '
sin [ (i,—l+€) (M — 1) /M] oy 31

sin [z (i,—I+€) /| M]

where step (a) follows from the geometric series sum-

mation, ®; = exp{jm((1—-l+e)(r—-1)/M}, and O; =
exp{jr(i,—I+e)(M+71—-1)/M}.
APPENDIX B
PROOF OF PROPOSITION 1
Let Oy = Y, (=D L("), we have
1 N
(@) -1 [N ko
Oy = /O > D (k)xk dx
k=1
1 N
1-(1-
® / (1-x) dr
0 X
1
© [ (14N ) de
0
—1+1+ +1—H (32)
= 3 . N = My,
where step (a) follows the simple integral identity
fol ldx = %, step (b) follows the Newton’s binomial

theorem [52], and step (c) follows ¢ =1 — x.
Moreover, let u(x) = Zk (= 1)k ! lz( )xk. Then, we have

o du (x) o -
u' (x) ; Z( ) kL (33)
Let w(x) = —xu’ (x), we have
L dw) (N e =V -1
W (x) = ——;(k><—x> = (4
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As such, w(x) can be expressed as

X WV _
W) = / a=»"-1,
0 y
1—x
(é)/ (4r4.. +)dr
1
2
® 1 k<2> k
= —x+ = - X+
2; k
1 J k N k
+N;("1) (k)x

where step (a) follows # = 1 —y and step (b) leverages the
Newton’s binomial theorem [52].
As a result, we have

(35)

w(x)

u (x) = -
1< 2
_ L 1)k
= 1+2k2=1:( D (k>
1 u -1 [N) k-1
+N;(‘” (k)xk :

1
/u’(x)dx
0
I~ 12
1+§k221:(—1) %(k)+
1S 1IN
PR z(k)-

Recalling that u(x) = S DL and @y =
S (=1 (%) = Hy, we have

1 (N
( ):H,%+H§V2), (38)

Ty

(36)
and thereby

u(l)

(37

2u(l) = 22(—1)k—1 2l

k=1

where Hﬁ) = Z, | 7- The proof is completed.

APPENDIX C
PROOF OF PROPOSITION 2

Herein, we use a moment-matching method to fit the
random variable p = Ilnale []| to the Gaussian distribution,

ie., p ~ ./\/(,up, ) As such, the n-th moment of p can be
derlved from the n-th differential of the moment generating
function (MGF) M,, [] = exp (upt + 30°21*) evaluated at t = 0.
In particular, the second and fourth moments of p can be
obtained as

d’M,, [1]
27 _ 2 2
E [p ] = a7 o= Hy + 0, (39)
d*M, [1]
E[p*] = L = 4
('] B 4+ 60 + 3%, (40)

To obtain u, and 0' let us denote p; =
which follows a Raylelgh distribution and y; = P12

R[] € Sn,
which
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follows Chi-square distribution with one degree of freedom
(i.e., exponential distribution). The CDF of y; is given by

F,,(x)= 1-exp (—a%) , 401

where o> = Mo} with o, denoting the variance of the received
AWGN sample as expressed in (13). Let us define y = max y;
€

N
which corresponds to the maximum of |S 5| independent and
identically distributed (i.i.d) exponential random variables, and
its CDF and PDF can be calculated as

F,(x) = ]P’{rlr;?})v(yl<x} - [1-exp (—%)]'SN', (42)
b= 1o ()]
- e () [1-ew ()]
o 'Si'lsm(wm )(;12% xp (_(k;l)x)’
(43)

where step (a) leverages the Newton’s binomial theorem [52].

Let us denote u, and o-% as the mean and variance of v,

respectively, and using the moment matching method, we have

Ely] = m=E[p’] =p; + frp, (44)
E[y’]= uy+oy =E[p*] =4 + 6upop + 30, (45)
Consequently, u, and 0'2 can be obtained as
1
AN
Hp = (ui -5 (46)
o2
oh =y =S @7

with

oo ISAl k-1
_ <a>/ Z('SN|)( D ke Xp(_g)dx
1Swl
— ZZ( l)k 1 <|SN|

where step (a) follows that |S Nl(ls M=)

(48)

= (k+ 1 () and

Ll 1S ol
0'§= [ 20'42( nEl = ( N) yi.

Leveraging (18) and (19) in Proposition 1, u, and o‘i can
be further simplified as

(49)

py = 0*Hisys (50)
ol = o*HY,. (51)

By substituting (50) and (51) into (46) and (47), u, and a'g
can be obtained as

1
H(2) 4
2 5,1
Hp = "(Hsm‘ R

(52)
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(53)

The proof is completed.

APPENDIX D
PROOF OF PROPOSITION 3

An upper bound of |Z [/]| can be obtained by applying the
absolute value inequality to (16) as

sin[m (i;—l+ €)t/M]
= i+ o /w1
sin [ (il +€) (M —71) /M]
sin [ (i,—1 + €) /M]
sin [ (i;— 4 €) 7/ M]
sin [ (i1—=1 + €) /M]
sin [ (-l +€) (M —71) /M]
sin [ (i,—1 + €) /M] ‘
Let A[/] denote the DFT output of the interfering signal
without the impact of fractional FO. According to [25] and
[37], we have

Dy

IA

(54)

NI si.n [n(i!—l) T/M]  sin [7r.(i2—l).(M— T) /M]

sin [ (i;=1) /M] sin [ (io—1) /M|

sin[7 (i;—-0) T/ M]

sin [ (i;=1) /M]

A
sin [ (i,—1) (M — 1) /| M]
sin [ (i,—1) /M| (55
Ar

Since the function sin(Ax)/sin(x) reaches its maximum

value A when x — 0, A; and A, have maximum values T
and M — 7 at [ = iy and [ = i,, respectively. Without loss of
generality, we assume 0 < 7 < % and hence, the maximum
value for (55) is more likely to occur at [ = i, expressed as
sin [z (iy — i) T/ M]

sin [JT(i1 - iz) /M]

Moreover, as pointed out in [32], the fractional FO € leads
to energy spread in the DFT output, where the energy of the
interference peak diffuses into other frequency bins due to the
lack of DFT resolution. Namely, we have

max {|A [[]l} ~ A [i2]] = +M -7 (56)

max {|Z [7]|} £ max {|A[/]]}. 57)
lel lel
Therefore, let y = |iy — i»| and thus we have
IZ [1]] < max {|Z [/]I} < max{|A [/]I}
lel leL

sin (my7/M)
sin (my /M)

~ +M-1=A, .

(58)

The proof is completed.
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