
Received 11 January 2022; revised 11 March 2022; accepted 4 April 2022. Date of publication 12 April 2022; date of current version 21 April 2022.

Digital Object Identifier 10.1109/OJCOMS.2022.3166596

A Novel Approach for Cancelation of Nonaligned
Inter Spreading Factor Interference in LoRa Systems

QIAOHAN ZHANG 1, IVO BIZON 1, ATUL KUMAR2, ANA BELEN MARTINEZ1,
MARWA CHAFII 3,4 (Member, IEEE), AND GERHARD FETTWEIS 1(Fellow, IEEE)

1Vodafone Chair Mobile Communications Systems, Technische Universität Dresden, 01187 Dresden, Germany

2Department of Electronics Engineering, Indian Institute of Technology (BHU), Varanasi 221005, India

3Engineering Division, New York University Abu Dhabi, Abu Dhabi, UAE

4NYU Wireless Department, NYU Tandon School of Engineering, New York, NY 11201, USA

CORRESPONDING AUTHOR: I. BIZON (e-mail: ivo.bizon@ifn.et.tu-dresden.de)

This work was supported in part by the European Union’s Horizon 2020 Research and Innovation Programme through the Project iNGENIOUS under Grant
957216; in part by the German Research Foundation (DFG, Deutsche Forschungsgemeinschaft) as part of Germany’s Excellence Strategy—EXC 2050/1—Cluster

of Excellence “Centre for Tactile Internet with Human-in-the-Loop” (CeTI) under Project 390696704; and in part by the
German Federal Ministry of Education and Research (BMBF, 6G-Life), under Project 16KISK001K.

ABSTRACT Long Range (LoRa) has become a key enabler technology for low power wide area networks.
However, due to its ALOHA-based medium access scheme, LoRa has to cope with collisions that limit
the capacity and network scalability. Collisions between randomly overlapped signals modulated with
different spreading factors (SFs) result in inter-SF interference, which increases the packet loss likelihood
when signal-to-interference ratio (SIR) is low. This issue cannot be resolved by channel coding since
the probability of error distance is not concentrated around the adjacent symbol. In this paper, we
analytically model this interference, and propose an interference cancellation method based on the idea of
segmentation of the received signal. This scheme has three steps. First, the SF of the interference signal
is identified, then the equivalent data symbol and complex amplitude of the interference are estimated.
Finally, the estimated interference signal is subtracted from the received signal before demodulation.
Unlike conventional serial interference cancellation (SIC), this scheme can directly estimate and reconstruct
the non-aligned inter-SF interference without synchronization. Simulation results show that the proposed
method can significantly reduce the symbol error rate (SER) under low SIR compared with the conventional
demodulation. Moreover, it also shows high robustness to fractional sample timing offset (STO) and carrier
frequency offset (CFO) of interference. The presented results clearly show the effectiveness of the proposed
method in terms of the SER performance.

INDEX TERMS IoT, interference cancellation, LoRa, LPWAN, signal reconstruction.

I. INTRODUCTION

THE INTERNET of Things (IoT) enables physical
objects to interconnect and exchange data. Long dis-

tance and limited power consumption are important require-
ments for efficient data transmission in IoT. Low power wide
area networks (LPWAN) provide a solution to help operators
meet the specific coverage and power consumption require-
ment of IoT. Long-Range (LoRa) is a popular LPWAN
physical layer technology which enables data communication
over a long range while maintaining limited power usage [1].

LoRa employs chirp spread spectrum (CSS) which is a
variant of frequency shift keying (FSK) modulation to encode
data [2], [3]. LoRa’s physical layer standard defines the
spreading factor (SF) as the number of bits that one data
symbol represents, which ranges from 7 to 12 bits. Signals
modulated with different SFs are assumed to have a very low
correlation, i.e., quasi-orthogonality, due to the chirp signal
properties [4].
When two users with different SFs transmit simultaneously

at the same time and frequency, and the source of the desired
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signal is farther away from the gateway while the source of
the undesired signal is closer, the power of the desired sig-
nal will be much lower than the undesired signal at the
receiving gateway. This problem is known as the near-far
problem. In this case, the correlation between the desired
and undesired signal is no longer negligible. The unde-
sired signal can interfere with the demodulation, limiting the
scalability of LoRa networks [5]. In other words, the orthog-
onality between signals from different SFs is imperfect.
The undesired signal can be regarded as non-aligned inter-
SF interference, since the signals modulated with different
SFs are randomly overlapped. Although the most signifi-
cant collision occurs when the SF of signal and interference
are identical [6], the inter-SF collision cannot be ignored,
especially in near-far conditions.

A. LITERATURE ON LORA PERFORMANCE ANALYSIS
In the current literature, a few works have investigated the
issue of collision in same-SF scenario. The investigation
in [7] derives an approximation for the bit error rate (BER)
of the LoRa modulation under additive white Gaussian noise
(AWGN) and considering interference from another transmit-
ter with the same SF, whereas the work in [8] provides an
approximation for the symbol error rate (SER) under a more
general non-aligned model. In addition to the mathemati-
cal analysis, the authors in [9] propose a receiver structure
using serial interference cancellation (SIC) technique, which
is able to demodulate multiple users simultaneously trans-
mitted over the same frequency channel with the same
SF. The work in [10] proposes LoRaSyNc (LoRa receiver
with synchronization and cancellation), which can demodu-
late the strongest signal in case of same-SF collisions, and
thus enables signal cancellation and iterative decoding. The
authors in [11] propose an enhanced receiver able to syn-
chronize and decode simultaneously received LoRa signals
modulated with the same SF, where commercialized LoRa
chips are employed. In [12], mLoRa is proposed for decod-
ing of collided frames modulated with the same SF. It first
detects and partly decodes the collision-free samples of the
collided frames. The collided samples are then reconstructed
and used for SIC.
Although these publications present appealing

results, they do not consider the inter-SF scenario.
Furthermore, [9], [10], [11] and [12] use SIC technique to
design LoRa receivers and the performance relies heavily
on the synchronization of overlapped signals. The study
presented in [5] investigates the influence of the imperfect
orthogonality between different SFs and shows that inter-SF
collision can degrade LoRa BER performance under low
signal-to-interference ratio (SIR). Compared to same-SF
interference under which LoRa presents a very high capture
probability, inter-SF interference has a different impact on
LoRa performance, which can be approximately treated as
white noise [13].
Furthermore, LoRa PHY coding mechanisms can reduce

synchronization error, but cannot mitigate the influence of

inter-SF collisions [6]. LoRa employs a discrete Fourier
transform (DFT) based mechanism for time and frequency
synchronization [14], [15], which can also be affected by
inter-SF collision. In [16] it is shown that high SFs are
severely affected by inter-SF collision, and using power con-
trol and packet fragmentation produces very little effect on
this problem. The authors in [17] further extend the study of
inter-SF interference to investigate the influence of the chirp
rate, which is dependent on both SF and bandwidth. Their
results show agreement with the values of SIR threshold to
those reported in [5].
Nevertheless, the issue of inter-SF collision has been sel-

dom mathematically analyzed in the literature. Compared
to same-SF interference, inter-SF collision is more difficult
to model and estimate. First, the SF of the interference is
unknown at the LoRa gateway and thus needs to be identi-
fied. Furthermore, the detection and synchronization of the
interference signal can be prevented if the received signal
does not contain the preamble, or the preamble structure is
unknown.

B. CONTRIBUTIONS
In this work, we model the inter-SF interference in LoRa,
and propose a method that enables the receiver to esti-
mate and reconstruct the non-aligned inter-SF interference
from another unknown user. Therefore, allowing interference
cancellation at the gateway. Our main contributions are:

• An algorithm to estimate the equivalent non-aligned
inter-SF interference signal, including the SF identifi-
cation, equivalent data symbol, and complex amplitude
estimation, which therefore enables the cancellation of
interference.

• We evaluate the SER, BER of perfectly synchronized
signals in the presence of interference under AWGN
channels, and show that this method can significantly
improve the demodulation performance.

C. ORGANIZATION
This paper is organized as follows. Section II provides an
overview of the system model of LoRa, where the mecha-
nism of CSS modulation is also introduced. In Section III, the
modeling of inter-SF interference is presented. The proposed
interference cancellation scheme is illustrated step by step.
Section IV shows the simulation results of the proposed
algorithm. In the end, conclusions are drawn in Section V.
The notations and symbols used in this work are defined in
Table 1.

II. SYSTEM MODEL
The CSS modulation employed in LoRa is implemented
by using linear frequency modulated chirp pulses to
encode information, which enables the energy to spread in
frequency [18]. We consider a LoRa receiver sampling sig-
nals at the Nyquist frequency. Then, the equivalent equation
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TABLE 1. Notations and symbols definition.

of a discrete LoRa signal in the physical layer (PHY) is
given by [19]:

xk[n] = Au exp

(
j
2π

Nu
kn

)
c[n], (1)

where Nu = 2SFu is the total number of samples within one
LoRa signal, SFu ranges from 7 to 12 and represents number
of bits contained in one data symbol, Au = √Es/Nu repre-
sents the signal amplitude, where Es is the symbol energy,
and n is the sample index. The complex exponential contains
the data symbol k and its energy is spread by the discrete-
time raw up-chirp c[n] = exp(jπn2/Nu). The data symbols
are integer values from the set K = {0, . . . , 2SFu − 1}. The
bit-words containing SF bits are mapped onto one symbol
k, which feeds the CSS modulator.
We specify the case in which only one interferer using

a different SF exists. In addition, we also consider that
the user and the interferer operate using the same band-
width. Assuming a receiver perfectly synchronized in time
and frequency, a data symbol interfered with data symbols

from another user modulated with a different SF at the gate-
way can be described by (2), shown at the bottom of the
page, where il[n+τ ] represent interference signals. Ai is the
amplitude and l ∈ L = {0, . . . , 2SFi−1} are the interference
data symbols. Ni = 2SFi represents the total number of sam-
ples within one interference data symbol, where SFi is the SF
of the interferer, n+τ is the sample index of the interference
and τ is the sample timing offset (STO) between the desired
signal and interference, ej2πχn/Ni is the phase shift induced
by χ which is the carrier frequency offset (CFO) of the
interference signal, hu and hi are the complex-valued channel
gains experienced by the desired user and interferer, respec-
tively. w[n] ∼ CN (0, σ 2) is AWGN. To be more precise,
since Nu �= Ni, one desired data symbol can overlap multiple
interference data symbols in serial, or vice versa. The com-
plete expression of il[n + τ ] is shown in (3), as shown at
the bottom of the next page, where lq, q ∈ Z, is the q-th
interference symbol collided with the desired symbol.
In the conventional LoRa demodulation scheme, the

received signal yk[n] is first multiplied by the down chirp
c∗[n] to obtain

r[n] = yk[n]exp
(
−jπn2/Nu

)
. (4)

Then, the non-coherent detection in LoRa is performed by
selecting the frequency index with the maximum magnitude,
which enables the demodulation without compensation of
channel phase rotation. This operation can be described as

k̂ = arg max
f∈K

∣∣R[f ]
∣∣, (5)

where R[f ] = F{r[n]}, and F{·} represents the DFT operator,
which can be easily performed via the fast Fourier transform
(FFT) algorithm.

III. INTERFERENCE MODELING
This section presents a method to estimate and cancel the
interference signal modulated with a different SF without
any prior knowledge of the interference. We consider an
interference signal from a single interferer modulated with
another unknown SF, which overlaps the desired signal ran-
domly. Let îl[n] be the reconstructed interference signal,
where N̂i = 2ŜFi is the estimated Ni of the interference, l̂ and
Âi are the estimated equivalent interference data symbol and
amplitude, respectively. Note that Âi = |̂Ai|ejφ̂ is the estima-
tion of Ai|hi|ejφ = hiAi which is a phasor. Therefore, both the
magnitude Ai|hi| and the phase φ of it should be estimated.
The signal after interference cancellation is given by

ỹk[n] = yk[n]− îl[n]

= yk[n]− |̂Ai| exp

(
j
π

N̂i

(
n2 + 2̂ln

)
+ jφ̂

)
. (6)

In this section, the algorithm for estimating SFi is firstly
presented. Then, the estimators of l and hiAi are respectively
introduced. The interference cancellation is presented in the
end. The entire block diagram of the interference cancellation
scheme is shown in Figure 1.
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A. INTERFERENCE SIGNAL SF IDENTIFICATION
The LoRa signals modulated with different SFs have the
quasi-orthogonality property. Suppose a LoRa signal modu-
lated with SF1. If this signal is despread and demodulated
using SF2, where SF1 �= SF2, there will not be a prominent
peak of the DFT output. In other words, the magnitude of an
N-point DFT of a despread signal modulated with SFi will
show a single prominent peak only when N = 2SFi . Although
the non-alignment of the interference signals results in
two attenuated peaks within the frequency spectrum, as
shown in Figure 2(b), the signal energy is not spread.
Therefore, this characteristic can be employed for SFi identi-
fication. However, under a noisy environment, the DFT with
unmatched SFs can show multiple peaks and the highest one
can be higher than that with the matched SF. Hence, instead
of using the peak of DFT output, we employ the peak-to-
average ratio (PAR) of the DFT magnitude as a metric to
estimate SFi. The PAR is given by

C[N] =
∣∣RN[f ]

∣∣
max

1
N

∑N−1
f=0

∣∣RN[f ]
∣∣ , (7)

where RN[f ] is the N-point DFT of rN[n] which is the
despread signal using a down-chirp c∗N[n] = exp(−jπn2/N)

and N ∈ T = {27, . . . , 212} \ {2SFu} representing the set
of all possible Ni. Then, ŜFi can be obtained via C[N]max,
which is the maximum value of C[N]. It is clear that the
required number of samples from the received signal for an
N-point DFT block must equal to N. When the number of
the provided samples Ns for interference SF identification
differs from N, two possibilities arise. In other words, when
an N-point DFT block is present, there are Ns−N extra sam-
ples if N < Ns, whereas in the other case the DFT cannot be
performed, since N > Ns and N − Ns samples are missing.

In order to solve these problems, the proposed algorithm is
subdivided into two cases.

1) N ≤ NS

The signal length is equal or larger than the DFT block, and
the DFT can be performed multiple times in series. Thus, let
PDFT = �Ns/N� be the total amount of N-point DFT blocks
within Ns samples. The N-point DFT is performed for PDFT
times in sequence on the signal. Each DFT block presents
a PAR and only the largest of all PARs is chosen as C[N].

2) N > NS

The DFT block size exceeds the number of the provided sam-
ples, and the DFT cannot be performed. The zero-padding
method can be applied to solve this, where we pad N − Ns
zeros at the end of the signal. Then, a single-block N-point
DFT can be performed. The PAR can be calculated using (7).
C[N] is then calculated for the range of possible N. ŜFi

is obtained from N̂i, which can be expressed as

N̂i = arg max
N∈T

C[N]. (8)

Algorithm 1 illustrates the proposed interference signal SF
estimation. It is noted that using an Ns as large as possi-
ble reduces the estimation error by evaluating the results of
several blocks of DFT.

B. ESTIMATION OF THE DATA SYMBOL FROM THE
INTERFERENCE SIGNAL
As the interference signal is not synchronized, direct esti-
mation of the data symbol is not possible due to symbol
shift. However, it is sufficient to estimate the equivalent
interference signal under unsynchronized condition for per-
forming interference cancellation. In this case, an Ni-point

yk[n] = huxk[n]+ hiil[n+ τ ]ej2πχn/Ni + w[n]

= huAu exp

(
j
π

Nu

(
n2 + 2kn

))
+ hiAi exp

(
j
π

Ni

(
n2 + 2n(l+ τ + χ)

))
exp

(
j
π

Ni

(
τ 2 + 2lτ

))
+ w[n] (2)

if Ni < Nu :

il[n+ τ ] =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

exp
(
j 2π l0(n+τ)

Ni

)
exp

(
jπ(n+τ)2

Ni

)
, for n = 0, . . . , Ni − 1− τ

exp
(
j 2π l1(n−Ni+τ)

Ni

)
exp

(
jπ(n−Ni+τ)2

Ni

)
, for n = Ni − τ, . . . , 2Ni − 1− τ

. . .

exp
(
j

2π lNu/Ni (n−Nu+τ)

Ni

)
exp

(
jπ(n−Nu+τ)2

Ni

)
, for n = Nu − τ, . . . , Nu − 1

(3a)

if Ni > Nu and τ ≤ Ni − Nu :

il[n+ τ ] = exp

(
j
2π l0(n+ τ)

Ni

)
exp

(
j
π(n+ τ)2

Ni

)
, for n = 0, . . . , Nu − 1 (3b)

if Ni > Nu and τ > Ni − Nu :

il[n+ τ ] =
⎧⎨
⎩

exp
(
j 2π l0(n+τ)

Ni

)
exp

(
jπ(n+τ)2

Ni

)
, for n = 0, . . . , Ni − 1− τ

exp
(
j 2π l1(n−Ni+τ)

Ni

)
exp

(
jπ(n−Ni+τ)2

Ni

)
, for n = Ni − τ, . . . , Nu − 1

(3c)
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FIGURE 1. Block diagram of the proposed interference cancellation scheme. The desired signal is added to a signal with a different SF. At the receiver side, the interference
cancellation is performed on the signal. The conventional demodulation is employed after interference cancellation.

Algorithm 1 Algorithm for SFi identification.
Input: Received signal yk[n] with Ns samples
Output: ŜFi
1: Ni =

[
27; 28; 29; 210; 211; 212

] \ 2SFu

2: for z = 1 : 5 do
3: N = Ni[z]
4: if (N ≤ Ns) then
5: PDFT← floor(Ns/N)

6: for a = 1 : PDFT do
7: rN[n]← yk[(a− 1) ∗ N + 1:a ∗ N] despreading
8: |RN[f ]

∣∣← |FFT(rN[n])|
9: PAR(a)← max(|RN[f ]

∣∣)/mean
(|RN[f ]

∣∣)
10: end for
11: C[N]← max(PAR)

12: else
13: yk[n]← (N − Ns) zero-padding
14: rN[n]← yk[n] despreading
15: |RN[f ]

∣∣← |FFT(rN[n])|
16: C[N]← max(|RN[f ]

∣∣)/mean
(|RN[f ]

∣∣)
17: end if
18: end for
19: ŜFi← N̂i← z← max(C[N])

FIGURE 2. Non-aligned demodulation of interference signal, where Ni = 512.

DFT block likely contains samples from two consecutive
interference symbols. An intractable problem appears when
the boundary between two LoRa signals is at the middle
of the DFT block, as shown in Figure 2, where the DFT
result shows two comparable peaks, but only the index of
the largest will be selected. This results in the loss of the
data symbol represented by the smaller peak. Segmentation
of the received signal can mitigate the data loss caused by
non-alignment, since the information is spread into each
sample of the LoRa signal due to the energy spreading.
Any segment of the LoRa signal contains the information

FIGURE 3. Segmentation of interference signal with d = 4. The signal with the
length Ni is divided into d parts and padded with zeros.

to identify the data symbol. In other words, non-aligned
interference signals can be equivalently estimated via its
segments at the expense of reduced processing gain, but
with robustness against non-alignment. Each interval of the
received signal with the length Ni can be divided into
d ∈ D = {1, 2, 4, 8, . . . ,Ni} segments. In order to perform
DFT on the segments extracted from the signal with the
length Ni/d, zero-padding is employed to fill the vacant sam-
ple positions to obtain again a signal with Ni samples, as
shown in Figure 3. It is worth noting that after segmentation
and zero-padding only one segment of the signal involves
the information of different data symbols, while the rest of
the segments only contain the information of a single data
symbol that can be accurately estimated. The latter scenario
is chosen for the following analysis. We denote θ = τ + χ .
The m-th segment of an interference signal padded with
zeros can be expressed as

iml [n] =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0, for n = 0, . . . ,Nim/d − 1,

Ai|hi|exp
(
j π

N i

(
n2 + 2n(l+ θ)+ τ 2 + 2lτ

)+ jφ),
for n = Nim/d, . . . ,Ni(m+ 1)/d − 1,

0, for n = Ni(m+ 1)/d, . . . ,Ni − 1,

(9)

where m ∈ [0, d − 1]. Multiplying (9) by the down chirp

c∗Ni [n] = e
−jπ n2

Ni yields

sml [n] =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0, for n = 0, . . . ,Nim/d − 1,

Ai|hi| exp
(
j 2nπ
Ni (l+ θ)+ j�

)
,

for n = Nim/d, . . . , Ni(m+ 1)/d − 1,

0, for n = Ni(m+ 1)/d, . . . ,Ni − 1.

(10)
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FIGURE 4. DFT spectrum of a synchronized LoRa signal modulated with SF=9 with
segmentation.

This expression indicates that each despread segment con-
tains the equivalent data symbol value �l+θ� mod Ni and a
phase offset ej�, where � = π(τ 2+ 2lτ)/Ni+φ. An exam-
ple is shown in Figure 4. As one can see, the peak of DFT
magnitude is inversely proportional to d. But the frequency
bin of DFT using segmentation remains the same. Although
the segmented demodulation induces symbol shift due to θ ,
the correct data symbol of the interference is not of interest.
After zero padding, each segment contains the information
for extracting the equivalent data symbol of interference,
which can be expressed as

l̂m = arg max
f∈L

∣∣Qml [f ]
∣∣, for m = 0, . . . , d − 1, (11)

where Qml [f ] = F{sml [n]} and l̂m is the estimation of
�l+ θ� mod Ni. Then, the interference signal can be recon-
structed by extracting the desired data from d estimated
segment signals, which can be expressed as

ĩl[n] =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

exp
(
j π

Ni

(
n2 + 2n̂l0

))
,

for n = 0, . . . ,Ni/d − 1,

exp
(
j π

Ni

(
n2 + 2n̂l1

))
,

for n = Ni/d, . . . , 2Ni/d − 1,

. . .

exp
(
j π

Ni

(
n2 + 2n̂ld−1

))
,

for n = Ni(d − 1)/d, . . . ,Ni − 1.

(12)

Comparing (2) with (12) yields to

ĩl[n] ≈ il,τ,χ [n]

Ai|hi|ej� , (13)

where il,τ,χ [n] = hiil[n + τ ]ej2πχn/Ni is the received
interference signal. It can be recognized that it is necessary
to still estimate Ai|hi| and � to reconstruct the interference
signal.

C. ESTIMATION OF THE COMPLEX AMPLITUDE OF THE
INTERFERENCE SIGNAL
The goal is to estimate the complex amplitude of the
interference signal without knowledge of SIR. For a perfectly
synchronized receiver under noise-free condition, assuming
a desired LoRa signal modulated with SFu carries a data

symbol k. Its DFT magnitude yields a peak when f = k,
which can be described as

max
f∈K

∣∣R[f ]∣∣ = ∣∣R[k]
∣∣

=
∣∣∣∣∣
Nu−1∑
n=0

exp

(
−j2π

kn

Nu

)
· huAu exp

(
j2π

kn

Nu

)∣∣∣∣∣
= NuAu|hu|. (14)

Thus,

Au|hu| = max
f∈K

∣∣R[f ]∣∣/Nu. (15)

Similarly, from (10) and (11) we can obtain

max
f∈L

∣∣Qml [f ]∣∣ = ∣∣Qml [̂lm]
∣∣ =

∣∣∣∣Nid Ai|hi|ej�
∣∣∣∣, (16)

where Ni/d is the segment length of the interference signal.
Note that the exponential term is the phase of the interfering
signal. Therefore, the complex value of (16) is chosen for
estimation of the complex amplitude of the interference
signal. Thus,

Âmi =
d

Ni
Qml
[̂
lm
]
, (17)

which is the estimation of Ai|hi|ej� for the m-th segment.
Similarly to (12), Âi can be expressed as a piecewise function
of n

Âi[n] =

⎧⎪⎪⎨
⎪⎪⎩

Â0
i , for n = 0, . . . ,Ni/d − 1,

Â1
i , for n = Ni/d, . . . , 2Ni/d − 1,

. . .

Âd−1
i , for n = Ni(d − 1)/d, . . . ,Ni − 1.

(18)

Then, we have the interference signal reconstructed as

îl[n] = Âi[n]ĩl[n]. (19)

We note that this estimation is valid only for the segment
that contains the information of one LoRa data symbol, i.e.,
same-symbol segments. The inaccurate interference estima-
tion will happen when the segment contain the boundary of
two consecutive signals, i.e., inter-symbol segment. However,
this issue can be mitigated using smaller segments.

D. INTERFERENCE CANCELLATION
After reconstructing the interference using l̂m and Âmi , the
interference cancellation is performed using subtraction.
Finally, the conventional demodulation method can be used
for recovering the transmitted symbol from the desired user.
A comparison between the proposed method and the con-
ventional demodulation in terms of the DFT spectrum of
the desired signal is presented. First, Figure 5(a) shows the
DFT spectrum of a LoRa signal with inter-SF interference,
where the interference includes only integer CFO and STO.
It can be recognized that without interference cancella-
tion the peak from the desired symbol cannot be observed
due to the interference, whereas after interference cancel-
lation the desired peak becomes prominent. Furthermore,
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FIGURE 5. Comparison of different demodulation methods in terms of DFT
spectrum under noise-free condition. A synchronized LoRa signal with SFu = 9
interfered with non-aligned interference with SFi = 7 under SIR = −20 dB is
demodulated using conventional demodulation method (blue curve). The same signal
is demodulated after interference cancellation with d = 8 (red curve).

Figure 5(b), 5(c) and 5(d) illustrate the DFT spectrum for
the same signal, but also with fractional CFO and STO in the
interference. It can be noticed that the interference can still
be accurately suppressed in spite of the fractional frequency
component and the sub-sample offset.

IV. SIMULATION RESULTS
In order to evaluate the validity of the proposed approach,
we resort to numerical simulations. The LoRa performance
is evaluated under two different channel conditions, namely
noiseless and AWGN. A LoRa transceiver chain is simu-
lated following the system model presented in Section II.
For each simulation run, we create an overlapped signal by
adding the desired signal modulated with SFu to a num-
ber of random interfering symbols with SFi. Firstly, the

TABLE 2. Simulation parameters.

performance of ŜFi identification is evaluated. Then, the
selection of the number of segments d is also investigated
to obtain the best performance of interference estima-
tion. Afterwards, the LoRa performance using the proposed
scheme is shown. Similarly to [5], we assume that the desired
signal is perfectly synchronized, while the interference is ran-
domly shifted in time. The LoRa demodulation performance
in terms of both SER and BER is presented. In the end, the
proposed demodulation under interference-free condition is
also investigated. Simulation results show that the influence
caused by interference can be neglected under SIR > −10
dB, which is in accordance with [5] and [17]. Therefore, we
only consider SIR≤ −10dB. Unless specified otherwise, the
settings for the simulations are listed in Table 3.

A. PERFORMANCE OF INTERFERENCE SF
IDENTIFICATION
It can be concluded from Section III-A that the accu-
racy of interference SF identification depends on the noise
and interference level. Since the proposed SF identification
scheme is based on the demodulation of the interference, a
low SIR increases the accuracy of estimation. Therefore, the
interference SF estimation is performed under harsh con-
ditions with high SIR and low SNR. Table 3 shows the
confusion matrices of interference SF identification with
SFu = 9 under SIR = −10 dB and SNR = −20 dB. The
transmitter is assumed to be synchronized with the receiver,
while the interference signals are randomly shifted in time
for non-alignment. Moreover, for each simulation run the
interference signal includes random τ and χ with the range
in Table 3. Each confusion matrix includes the results of all
possible interference SFs with a fixed Ns. It can be easily
recognized that the larger the Ns, the higher the identification
accuracy since more signal data are processed. Furthermore,
a smaller interference SF is more difficult to identify, since
it is more sensitive to noise due to the associated smaller
processing gain. As shown in Table 3a, the identification
accuracy of SFi ≥ 11 is 1 while the accuracy is only 0.684
of SFi = 7. As Ns goes from 512 to 8192, the identifica-
tion accuracy of SFi = 7 increases to 0.962. As Ns further
increases, the accuracy will be closer to 1.

B. INVESTIGATION ON THE REQUIRED NUMBER OF
SEGMENTS
From Section III-B, we know that as the number of segments
increases, the accuracy of the estimation of the interference
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TABLE 3. Confusion matrix of interference SF identification accuracy with SFu = 9 under SIR = −10 dB and SNR = −20 dB.

signal improves. However, the DFT magnitude is inversely
proportional to d, and a low peak will be more likely dis-
turbed by noise, thus degrading the estimation performance.
For investigating the influence of d on the estimation of
the interference signal, the mean square error (MSE) Md

of |̂Ami |d is calculated, where |̂Ami |d is the magnitude of
Âmi using d segments. The minimum of Md can only
approximately achieve the best estimation performance [20],
since the proposed estimation is valid for same-symbol seg-
ments but inter-symbol segments are present. Nevertheless,
this inter-symbol segments have negligible influence on the
interference signal reconstruction. Figure 6 presents Md ver-
sus d under both noise-free and AWGN, where fractional τ

and χ are not included. It can be seen that for both cases Md

first reaches its lowest point as d increases to a certain value
dbest, which represents the best performance of interference
signal estimation, and then rebounds. Since segments with
shorter length result in lower processing gain, we observe
the performance degradation of interference estimation. It
can be also recognized that, dbest under AWGN is smaller
than the one obtained under noise-free condition, which ver-
ifies the previous consideration that smaller segments are
more sensitive to noise. Analysis on all SF combinations
also shows that the d values minimizing Md are identical
for the same SFi. In other words, the SF of the desired sig-
nal has little impact on the estimation of the interference.
Although Md can indicate dbest, it cannot be calculated in
real wireless condition. Therefore, Vd = Var(|̂Ami |d) is also
illustrated in Figure 6, which is the variance of |̂Ami |d. It
is clear that Vd and Md are very close and coincide after
d = 4, which indicates a small bias of the proposed estima-
tion for d < 4. Moreover, from both curves the same dbest
is obtained. Thus, the required number of segments can be
determined from Vd before interference cancellation. First,
we loop through all possible d based on SFi to calculate
Vd for each d. Then, dbest is selected from the smallest Vd
which can be expressed as

dbest = arg min
d∈D Vd. (20)

C. DEMODULATION PERFORMANCE
Figure 7 shows the SER versus SIR under noise-free con-
dition for the perfectly synchronized desired signal, with a
smaller and a larger SFi compared to SFu, respectively. Ns is
set to 8192 for SFi estimation. It can be recognized that the
proposed method significantly reduces the SER compared

FIGURE 6. Influence of d on the variance and MSE of the estimated amplitude of
interference signal for different combinations of SFu and SFi with SIR = −20 dB
under noise-free condition and AWGN, respectively.

FIGURE 7. SER results of the proposed demodulation and the conventional
demodulation for different combinations of SFu and SFi in function of SIR under
noise-free condition. Different d are chosen for the proposed demodulation. The
desired signal is perfectly synchronized.

with the conventional demodulation. Above all, we can see
that the results with d = 1, which is interference cancellation
without segmentation, already improve SER performance.
Then, the SER further decreases as d increases. When d is
close to dbest, the SER is already close to zero.
Figure 8 shows the SER of the synchronized frame under

AWGN with SFu = 9, SFi = 7, where the curves of
the proposed method are obtained with dbest. Ns is set to
8192 for SFi identification. The red solid line describes
the SER result under interference-free condition using con-
ventional demodulation. We can also recognize from other
unmarked curves that the interference degrades the SER
performance of the conventional demodulation significantly.
When SIR= −20dB, the SER is above 0.5 for each SNR. It
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FIGURE 8. SER results of the proposed demodulation and the conventional
demodulation in function of SNR under AWGN with SFu = 9 and SFi = 7. The desired
signal is perfectly synchronized.

FIGURE 9. Undecoded and coded BER results in function of SNR under AWGN with
SFu = 9, SFi = 7 and SIR = −20dB. Both proposed demodulation and conventional
demodulation are performed. The desired signal is perfectly synchronized.

can be observed from the marked curves that the proposed
method still works in AWGN and outperforms the conven-
tional method. Furthermore, the demodulation performance
of the proposed method only shows negligible degradation
when the interference includes random fractional CFO and
STO with the range in Table 3. Most importantly, it is
able to avoid decoding failure under low SIR condition.
In addition, we notice that dbest becomes smaller as the
SIR increases, since a large d will degrade the interference
estimation performance when the noise is more dominant
than the interference, leading to inaccurate interference
cancellation.
Furthermore, Figure 9 shows the BER of the synchro-

nized frame under AWGN with SFu = 9, SFi = 7 and
SIR = −20 dB. The LoRa PHY coding is performed
following the steps in [21]. First, the payload bits are

FIGURE 10. SER of interference-free scenario with SFu = 9 under AWGN, where the
interference cancellation is wrongly performed. The desired signal is perfectly
synchronized.

encoded by (7, 4) Hamming code that can correct single-bit
errors. Second, the codewords are interleaved using diagonal
interleaver for more robustness to burst errors. Then, Gray
indexing is employed for mitigating bit errors induced by
off-by-one data symbol errors. In order to show the impact
of coding on the BER, both coded and undecoded BER are
presented. It can be first noticed from the two solid lines
that the coding cannot reduce the BER using conventional
LoRa demodulation under low SIR. While after interference
cancellation, both undecoded and coded BER are reduced.
Notably, combining interference cancellation and LoRa PHY
coding can further improve the demodulation performance.

D. INTERFERENCE-FREE CONDITION
It can be seen from Algorithm that the scheme will always
generate an identified SFi whether interference exists or
not. When no interference exists, the proposed scheme will
cause false alarms and still perform interference cancella-
tion using the wrongly identified SFi. Figure 10 illustrates
the SER of the interference-free scenario using SFu = 9
under AWGN. The interference cancellation is performed
for all possible SFi with d = 2. It can be seen that the
false interference cancellation slightly degrades the LoRa
demodulation performance and the smaller the wrongly iden-
tified SFi, the higher the SER. Moreover, this impact can
be ignored at high SNR since the SER of all the wrongly
identified SFi is closer to zero under SNR > −12dB.
Therefore, even under interference-free condition, where the
interference cancellation is wrongly performed, the proposed
scheme still can be applied at the gateway, with a little loss
of demodulation accuracy.

V. CONCLUSION
In this work, the non-aligned inter-SF interference from one
interferer is modeled and analyzed. A receiver is structured
to reconstruct the interference signal and cancel it from
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the received signal. The demodulation of the desired signal
after interference cancellation is performed under noiseless
condition and AWGN, respectively. Simulation results show
that the demodulation performance is significantly improved
compared to the commonly used method for both conditions.
Furthermore, the proposed scheme is also robust against
STO and CFO in the interference signal. With the proposed
method, the near-far problem caused by inter-SF interference
is mitigated, which can offer more options for SF allocation
in LoRa networks. Consequently, the scalability of LoRa can
be enhanced.
As LoRa synchronization relies on DFT-based demodu-

lation of the preambles, the detection and synchronization
of the desired signal can be also influenced by the inter-SF
interference. The probability of detection can be efficiently
improved by using raw up-chirps as many as possible to
equivalently increase the SIR. While the synchronization
symbols and the down-chirps are more sensitive to low
SIR due to their small number, degrading the synchro-
nization performance. Performing interference cancellation
before synchronization can be a choice to solve this problem.
Indeed, this scheme is also applicable to the case in

which interference does not exist, at the expense of more
computation consumption at the gateway. Future works
should explore the false alarms caused by the algorithm of
interference SF identification, where a threshold is required
to indicate the existence of the interferer, and even the coexis-
tence of multiple interferers to perform iterative interference
cancellation.
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