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ABSTRACT LoRaWAN is a low-power wireless technology that provides long-range connectivity to
battery-powered Internet of Things (IoT) devices. To minimize the energy consumption of the IoT nodes,
LoRaWAN networks use for the uplink a pure non-slotted ALOHA multiple access scheme. Since the
devices are not synchronized in time, collisions between uplink packets are the main source of errors
when the number of nodes becomes important. To improve the reliability of dense LoRaWAN networks,
we propose in this paper a successive interference cancellation LoRa receiver capable of decoding frames
from two colliding users. The proposed two-user detector leverages the bit-interleaved coded modulation
scheme of LoRa to improve the detection and cancellation of the strongest interfering user. We show that
in the presence of two interfering users, the usage of a low coding-rate and iterative soft-detection are
essential to attain error rates sufficiently close to the single-user scenario. Using network-level simulations,
we subsequently evaluate the gains of our proposed two-user receiver in a realistic LoRaWAN network.
To this end, we build advanced models of the studied receivers using Monte-Carlo simulations at the
physical layer. For an overall packet error rate of 1%, simulation results indicate that a LoRaWAN network
employing our two-user detector may serve 4.7 times more devices than a network with only a single-user
receiver at the gateway.

INDEX TERMS ALOHA, bit-interleaved coded modulation (BICM), Internet of Things (IoT),
iterative soft-demodulation, LoRa, multi-user receiver, network simulation, successive interference
cancellation (SIC).

I. INTRODUCTION

IN THE past decade, LoRaWAN has emerged as the most
popular wireless technology for ultra low-power Internet

of Things (IoT) devices. To achieve long range commu-
nications in a stringent energy budget, its physical (PHY)
layer, simply named LoRa, uses a chirp spread spectrum
(CSS) modulation combined with Hamming codes in a bit-
interleaved coded modulation (BICM) scheme [1], [2]. The
spreading gain of the CSS modulation is determined by the
spreading factor (SF), which allows to trade off data rate
and energy for coverage [3].
Despite its wide adoption, it is well-known that LoRaWAN

suffers from scalability limitations [4], [5]. To avoid an
energy-intensive synchronization mechanism between IoT

devices, LoRaWAN uses a pure (non-slotted) ALOHA
multiple access scheme. Since devices sharing the same SF
employ the same waveforms, collisions between users may
occur and even cause the network throughput to rapidly
decrease for an increasing number of users [6], [7]. On
the other hand, the demodulation of LoRa symbols is
inherently resistant against interference from packets using
different spreading factors. A LoRa receiver benefits on aver-
age from a co-channel rejection of −16 dB for inter-SF
interference [8].
Experimental studies have shown that for concurrent same-

SF transmissions of two users, the strongest user is usually
correctly decoded provided a sufficiently large signal-to-
interference ratio (SIR), between 1 dB and 3 dB depending
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FIGURE 1. Throughput of pure ALOHA (P-ALOHA) and slotted ALOHA (S-ALOHA)
networks. In this work, we design a two-user LoRa receiver and evaluate its
performance in a pure ALOHA network.

on the signal-to-noise ratio (SNR) [8]–[10]. This behavior,
usually referred to as the capture effect, has been confirmed
through analytical results on the PHY layer, but only for the
case of uncoded transmissions [11]. The potential benefits
of leveraging the coding in the BICM scheme against same-
SF interference, and the corresponding improvements of the
network throughput, have not been investigated so far.
As of today, two main approaches have been followed in

the literature to overcome same-SF collisions, which are the
dominating error events in interference-limited LoRaWAN
networks. Below, we briefly summarize these attempts, and
we further explain why multi-user LoRa receivers are a
promising, but also challenging, solution to improve the
reliability and scalability of LoRaWAN networks.

A. APPROACHES TO IMPROVE LORAWAN AT THE MAC
LAYER
Several improvements at the MAC layer have been proposed
over the last years to overcome the same-SF interference
issue. These solutions either extend the underlying ALOHA
multiple access of LoRaWAN [12]–[16] or design new MAC
layer synchronization mechanisms [17]–[19].
In the first category, carrier sense multiple access (CSMA)

has been investigated in [12]–[14], with LoRa devices imple-
menting a listening before talk (LBT) mechanism. Although
CSMA helps to prevent collisions for users close to the
gateway, it offers little gain over pure ALOHA in realis-
tic networks because of the hidden terminal problem [13].
In [15], [16], a time synchronization algorithm is designed
and implemented on top of the traditional LoRaWAN speci-
fications. For each SF, the channel is divided into time slots
and the transmissions of the devices are regulated to fit into
these slots, which allows the network to benefit from the
throughput increase of slotted ALOHA, as shown in Fig. 1.
To completely avoid the issue of collisions, other works

in the literature seek to implement time-division multiple
access (TDMA). In such schemes, the gateways periodically
send beacons that enable the devices to obtain an accurate

time reference for their transmissions. In [17], a static distri-
bution of the time slots based on the addresses of the devices
is performed when they connect to the network. In [18],
the gateway performs a fine-grained scheduling of the time
slots and regularly broadcasts the time-resource repartition
to all devices. These TDMA schemes however oblige the
end nodes to listen to beacons from the gateway to maintain
their synchronization in time, which greatly increases their
power consumption.

B. MULTI-USER RECEIVERS FOR DENSE LORAWAN
NETWORKS
In this paper, we aim to improve the reliability and scala-
bility of LoRaWAN networks without negatively impacting
the energy consumption of the nodes, i.e., by keeping pure
ALOHA as multiple access scheme. Instead of modifying the
MAC layer, we propose a two-user LoRa receiver capable
of demodulating two colliding users with the same SF. This
receiver is located at the mains-powered gateway, which does
not suffer from energy constraints. To anticipate the possible
gains of such a receiver, the theoretical throughput of a pure
ALOHA network with an ideal two-user receiver is shown
in Fig. 1 [20], [21]. At the optimal offered load, the deploy-
ment of a two-user receiver can triple the network throughput
compared to a conventional single-user receiver, and can
even surpass the performance of slotted ALOHA without
requiring any time synchronization between the devices. In
a similar spirit, but by means of stochastic geometry, the
authors of [22] evaluate that the usage of a two-user SIC
receiver allows to increase the number of nodes in a network
by 2.59, without deteriorating its reliability.
Yet, the design of an efficient two-user receiver has only

recently received the appropriate attention. Several initialLoRa
multi-user receivers have so far been proposed [23]–[29]. The
receivers presented in [23]–[26] demodulate all the symbols
received during a single symbol period, and subsequently try to
attribute the demodulated signals to their corresponding user.
In [23], the different frequency offsets between the users are
used to distinguish their symbols. In [24], the received power
of each user is also leveraged for the decision, whereas in [25],
both the time and frequency offsets between users are used.
The authors of [26] propose a scaled despreading operation
that allows a more robust estimation of the time offset between
the colliding users and hence of their corresponding symbols.
These receivers, however, all rely on a joint demodulationof the
colliding symbols, which is difficult to perform at the low SNR
levels (−25 dB to −5 dB) atwhichLoRa commonly operates.
On the contrary, the receivers of [27]–[29] implement

interference cancellation mechanisms that enable separate
detections of the colliding symbols. A parallel interference
cancellation LoRa receiver relying on the differences in
carrier frequencies and received powers between users is
introduced in [27]. Similarly, two successive interference
cancellation (SIC) receivers are presented in [28] and [29].
Most notably, the authors of [28] show that their SIC receiver
is capable of efficiently demodulating the user with the
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strongest received power, but the bit error rates of the
weaker users all floor between 10−4 and 10−3. None of these
receivers explicitly takes advantage of the BICM scheme in
conjunction with soft decoding and all fail to exhibit useful
error rates at realistic SNRs. As a consequence, the evalu-
ation of the performance of a practical LoRaWAN network
with an efficient, but realistic, model of a two-user gateway
is also missing in the literature.
Contributions: In this work, we improve our successive

interference cancellation (SIC) LoRa two-user detector capa-
ble of demodulating two colliding users with the same SF,
which has initially been introduced in [30]. This detector
explicitly leverages the BICM scheme of the LoRa PHY
by performing both a soft-demodulation and soft-decoding
of the colliding users. We show that leveraging the cod-
ing is essential to attain useful error rates in the target
SNR regime. Further, we evaluate the benefits of deploy-
ing our proposed two-user detector in a LoRaWAN network.
The network simulation results, obtained by extending the
LoRaWAN module [7] of the ns-3 simulator, indicate that
for a target packet error rate of 1%, our proposed detector
is capable of serving 4.7 times more LoRa end nodes than
a conventional single-user gateway.
Outline: The remainder of this paper is organized as fol-

lows. In Section II, we provide a brief description of the
LoRa physical layer. We also explain the implementation of
a single-user LoRa soft-receiver, and eventually describe the
signal model of two interfering LoRa users sharing the same
SF. In Section III, we design an iterative two-user SIC soft-
detector and evaluate its performance for different parameters
(coding rate, spreading factor, . . .). Finally, we evaluate and
discuss in Section IV the impact of our proposed receiver
on the scalability and reliability of a LoRaWAN network.

II. THE LORA PHYSICAL LAYER
In this section, we provide a brief explanation of the LoRa
physical layer. We first introduce how LoRa implements
BICM with its particular chirp spread spectrum modulation
and we subsequently explain how a conventional single-user
LoRa receiver performs soft-demodulation and soft-decoding
of the received symbols. In preparation for the next section,
we then extend the single-user signal model to include two
interfering LoRa users employing the same spreading factor.

A. THE LORA TX CHAIN
To enable energy-efficient long range communications, LoRa
uses a spread spectrum modulation with N = 2SF orthogonal
waveforms [31], where SF ∈ {7, . . . , 12} is called the spread-
ing factor. The waveforms are chirps, i.e., complex phasors
whose instantaneous frequency increases linearly over time
and spans a bandwidth B ∈ {125, 250, 500} kHz. Each wave-
form consists of N samples when sampled at the frequency
fS = B and encodes SF bits of information. Increasing the
spreading factor SF increases the spreading gain of the mod-
ulation, and thus the communication range, but at the expense
of decreasing the data rate. A symbol s ∈ {0, . . . ,N − 1}

FIGURE 2. Illustration of the LoRa PHY Tx chain, which implements Bit-Interleaved
Coded Modulation.

FIGURE 3. LoRa interleaving for SF = 8 and a (4, 7) Hamming code.

is modulated to the discrete-time baseband-equivalent signal
xs[n] by selecting the initial frequency of the chirp [31], [32]
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where nf = N − s is the sample index at which a frequency
step of −B occurs such that the modulated signal remains
in the allocated bandwidth.
To improve its robustness against noise, interference, and

residual time and frequency offsets, LoRa combines its
chirp spread spectrum modulation with an error correcting
code using BICM [33]. A LoRa transmitter, illustrated in
Fig. 2, consists of the serial concatenation of a Hamming
encoder with the N-dimensional memoryless chirp modula-
tion through a bit interleaver and a one-to-one binary Gray
labeling [2], [32]. Conventional (kc, nc) Hamming codes with
kc = 4 and nc ∈ {5, 6, 7, 8} are used, where kc denotes the
data word length and nc denotes the codeword length. The
interleaving stage is a simple block diagonal interleaver with
the arrangement shown in Fig. 3. The Gray labeling then
maps groups of SF bits into symbols s ∈ {0, . . . ,N − 1}.

Beside the previously mentioned blocks, the Tx chain also
includes a whitening block, the addition of a header and a
cyclic redundancy check (CRC) to the whitened payload
bits, and the concatenation of a preamble before the mod-
ulated symbols. The whitening is a simple XOR operation
with a known pseudo-random sequence and has no effect
on the performance. We hence ignore the whitening in the
remainder of this paper. The header indicates to the receiver
the length of the packet, the code rate CR = kc/nc and the
presence of a CRC [34].

B. DETECTION AND DECODING FOR LORA
Iterating between a soft-input soft-output (SISO) demodula-
tor and a SISO decoder is an efficient approach to improve
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FIGURE 4. Illustration of an iterative BICM LoRa soft-receiver.

the error rate performance over non-iterative receivers [35].
The architecture of such an iterative single-user LoRa
receiver [1] is shown in Fig. 4. To describe its function-
ing, we now consider only one user transmitting a sequence
of kcSF payload bits over an AWGN channel. As annotated
in Fig. 3, we denote the transmitted payload bits as b(m,p)

with m ∈ {0, . . . ,SF − 1} and p ∈ {0, . . . , kc − 1} denoting
the row and column, respectively, of the bit matrix before
encoding and interleaving. Further, let b̄(m,k) and b̄′(k,m) with
k ∈ {0, . . . , nc − 1} be the corresponding coded bits before
and after interleaving, respectively. The nc rows of bits b̄′(k,m)

are mapped to the symbols x(k)[n] using (1).
The corresponding nc received LoRa symbols are

represented by y(k)[n] = h(k)x(k)[n] + w(k)[n], where n ∈
{0, . . . ,N − 1}, w(k)[n] ∼ CN (0, σ 2) is complex AWGN
with variance σ 2 and h(k) ∈ C is the complex-valued chan-
nel gain during the transmission of the k-th symbol. In this
paper, we assume that the magnitudes of the gains h(k) are
constant and equal to

√
P during the whole packet recep-

tion, whereas the phase of h(k) may change over time due to
limited accuracy of the low-cost crystals embedded in IoT
devices [36]. Hence, we define for each symbol a different
starting phase θ(k) = ∠h(k).
LoRa receivers typically perform a non-coherent detection

of the received symbols to avoid the tracking of the phase
θ(k) [32], [34]. For this kind of detection, the likelihood that
the transmitter sent the candidate symbol s̄ during the k-th
window is given by [37], [38]
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(√

P

σ 2

∣
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where I0(x) is the first order modified Bessel function of the
first kind and C is a constant common to all symbols. To
allow a more intuitive understanding of (2), an intermediate
dechirping stage is often introduced in the receiver. This
stage performs a pointwise multiplication of the received
signal with x∗0[n], the complex conjugate of an unmodulated

symbol: ỹ(k)[n] = y(k)[n] · x∗0[n] = h(k) s(k)n
N + w̃(k)[n], where

w̃(k)[n] = w(k)[n] ·x∗0[n]. The summation in (2) then becomes
a discrete Fourier transform (DFT) of the dechirped signal
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∣
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)

, (3)

where Y(k)[s̄] is the N-point DFT of ỹ(k)[n].

FIGURE 5. Illustration of the asynchronicity in time between the users A and B, with
the sampling time offset τ .

To compute soft information at the output of the demodu-
lator, the likelihoods �(s̄|y(k)) are mapped to log-likelihood
ratios (LLRs) [35]

z′(k,m) = log

∑
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(
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i=0,i �=m egi(s̄)v
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where gi(s̄) returns the i-th bit of the symbol s̄ in the Gray
labeling, and v′(k,m) are the apriori LLRs computed by the
soft Hamming decoder after re-interleaving. During the first
iteration, we have v′(k,m) = 0. In practical receivers, the
complexity of computing the LLRs z′(k,m) is reduced by
using the max-log approximation [39], which here yields
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(5)

The LLRs z′(k,m) are subsequently de-interleaved and fed
to a Hamming soft-decoder (e.g., [40]). This soft-decoder
outputs new LLR values v(m,k), from which an estimation
b̂(m,p) of the transmitted bits is obtained. To further improve
the receiver performance, several iterations between the soft-
demodulator and the soft-detector may occur. To this end, the
LLRs v(m,k) are re-interleaved and fed as apriori information
v′(k,m) to the soft-demodulator.

C. SIGNAL MODEL FOR TWO INTERFERING USERS
We now extend the model to two superimposed users with
the same SF, namely user A and user B. This model has
previously been derived in [41] and is the basis for the
construction of the iterative two-user detector in Section III.
Let us define s(k)A and s(k)B as the k-th colliding symbols sent
by users A and B, respectively. The symbols s(1)

A and s(1)
B

are hence the two first information symbols of both users
that collide with each other. Due to the non-slotted ALOHA
multiple access scheme, the users are not synchronized to
each other in time. We define τ ∈ [0,N) as the relative
sample-level time offset between the first sample of the first
colliding symbol transmitted by user A and the first sample
of the first colliding symbol of user B, as illustrated in Fig. 5.

2728 VOLUME 2, 2021



This offset can be split into an integer part LSTO = 	τ
 and
a non-integer part λSTO = τ −	τ
 [11]. In order to simplify
the notation of the model, we also assume that the gateway
is synchronized in both frequency and time to user A.
Since the transmission of user B experiences an STO

τ ≥ 0 with respect to user A, the first 	τ
 samples of symbol
s(k)A overlap with symbol s(k−1)

B and the last N−	τ
 samples
of symbol s(k)A overlap with symbol s(k)B . The contribution
of user B to the k-th window of N samples y(k)[n] can
therefore be split into two parts, namely y(k)B,1[n] for n ∈ N1 =
{0, . . . , 	τ
−1} and y(k)B,2[n] for n ∈ N2 = {	τ
, . . . ,N−1},
with

y(k)B,1[n] = e
j2π

(

(n+N−τ)2

2N +(n+N−τ)

(
s(k−1)
B
N − 1

2 −u
[
n−n(k)

f ,1

]
))

,

y(k)B,2[n] = e
j2π
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(n−τ)2

2N +(n−τ)

(
s(k)B
N − 1

2 −u
[
n−n(k)
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]
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,

and n(k)
f ,1 = 	τ
 − s(k−1)

B , n(k)
f ,2 = N + 	τ
 − s(k)B [41], [42].

Prior to synchronization, both users are affected by dis-
tinct carrier frequency offsets relative to the receiver, namely
�fc,A and �fc,B. However, since we assume that the receiver
is synchronized to user A, there is a single residual CFO
�fc = �fc,B−�fc,A that only affects the signal from user B.
Also, let PA and PB be the received powers of users A and
B, respectively. As previously explained, we do not make
any assumption on the phase coherence of successive sym-
bols, and thus define θ

(k)
A and θ

(k)
B as the initial independent

phases of the corresponding symbols of user A and B, respec-
tively. The baseband-equivalent model of the sampled signal
contained in the k-th window of N samples is therefore

y(k)[n] = √
PAe

jθ(k)
A x

s(k)A
[n] + w(k)[n]

+
{√

PBejθ
(k−1)
B c[n]y(k)B,1[n], n ∈ N1,√

PBejθ
(k)
B c[n]y(k)B,2[n], n ∈ N2,

(6)

where c[n] = ej2πn�fc
fs is the residual CFO affecting user B.

III. A TWO-USER SUCCESSIVE INTERFERENCE
CANCELLATION LORA SOFT-DETECTOR
Motivated by the resilience of the BICM scheme against
time-varying channels, we present in this section a two-
user SIC soft-detector derived from the previously described
iterative single-user detector. This detector demodulates
simultaneously two interfering users that overlap in time with
the same SF. The strongest user is first decoded and its con-
tribution to the received signal is removed from the received
signal before the weakest user is decoded. Since LoRa uses
an orthogonal symbol alphabet, the usage of conventional
soft-interference cancellation schemes is not straightforward.
Our proposed two-user detector performs instead a hard
interference cancellation of the strongest user, while still
leveraging the soft-output of the Hamming decoding.
In a practical gateway, an instance of this detector should

be deployed for each SF, since users with different SFs can

FIGURE 6. Illustration of the proposed two-user SIC soft-receiver.

be demodulated in parallel without interfering significantly
with each other. Since we have already demonstrated in a
previous paper that two-user synchronization can easily be
achieved [41], we assume for the remainder of this paper
that the proposed two-user detector is always synchronized
to the strongest user and that it has perfect knowledge of
the users received powers PA and PB, and of the STO τ and
the residual CFO �fc between them.
The architecture of the proposed detector is described first.

We then explain in detail its interference-cancellation algo-
rithm and the asynchronous soft-demodulator used to detect
the symbols of the non-synchronized weak user. An analysis
of the performance of the two-user detector concludes this
section.

A. ARCHITECTURE OF THE PROPOSED DETECTOR
Fig. 6 shows the architecture of the proposed successive
interference cancellation two-user soft-detector. The base-
band signal y(k)[n] is recovered with a single receiving
antenna and radio-frequency front-end. The detector contains
two branches, each detecting a different user. The upper
branch performs first the soft-demodulation and detection
of the user with the strongest received power. In the lower
branch, the presumed signal contribution of the strongest user
is subtracted from the received signal and the message of the
weakest user is decoded. If only one user alone is detected
by the synchronization stage, only the upper branch can be
used, and the proposed detector falls back to the single-user
soft-detector presented in Section II.
In the following derivations, we assume without loss of

generality that PA > PB. The gateway is hence synchro-
nized to user A. The received samples after synchronization
are split into windows y(k)[n] of N samples, following the
signal model from (6). The detector first dechirps each win-
dow of N samples, yielding the dechirped signal ỹ(k)[n]
whose expression is provided in (7). The operations used
to detect the strongest user are strictly identical to those of
the single-user detector presented in Section II. The soft-
demodulator of (5) processes the dechirped signal ỹ(k)[n]
with

√
P = √

PA and by considering the contribution of
user B only as additional white noise. The LLRs z′(k,m)

A
from the demodulator are then de-interleaved and fed to the
SISO Hamming decoder from [40]. The output LLRs v(m,k)

A
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of the soft-decoder are subsequently re-interleaved and sent
back to the soft-demodulator as apriori information. This
iterative decoding of user A leverages the channel code to
further overcome the interference of user B. Let NI be the
number of iterations carried out by the detector in the branch
of the strongest user. We later show that two iterations are
sufficient in practice and that selecting NI > 2 does not
significantly improve the decoding performance.
Upon execution of the NI iterations in the upper branch,

the interleaved LLRs v′(k,m)
A after decoding are used by

an interference-cancellation algorithm to estimate and sub-
tract the contribution of user A from the dechirped signal
ỹ(k)[n]. Let ỹ(k)IC [n] be the interference-cancelled signal. Due
to the STO τ , each window ỹ(k)IC [n] contains two symbols
of user B. The demodulation of the k-th symbol of user B
hence requires specific matched filters that account for the
STO τ on the windows ỹ(k)IC [n] and ỹ(k+1)

IC [n] [41]. This asyn-
chronous soft-demodulator outputs LLR values z′(k,m)

B which
are finally interleaved and used in a SISO Hamming decoder
to produce estimates b̂(p,k)

B of the payload bits of user B. The
decoding of user B is always done in a single iteration since
it is not impaired by the interference of user A.

B. CANCELLATION OF THE STRONGEST USER
The proposed detector performs hard cancellation of the sym-
bols of user A. To this end, the interleaved LLRs v′(k,m)

A are
mapped back to probabilities. The probability that user A
transmitted the candidate symbol s̄ in the k-th window is

p

(

s(k)A = s̄

∣
∣
∣
∣v

′(k,m)
A

)

=
SF−1∏

i=0

egi(s̄)v
′(k,i)
A

1 + ev
′(k,i)
A

. (8)

The detector then selects the symbol ŝ(k)A , which is the symbol
that was the most likely to have been sent by user A

ŝ(k)A = arg max
s̄

p

(

s(k)A = s̄

∣
∣
∣
∣v

′(k,m)
A

)

. (9)

To subtract the estimated symbol ŝ(k)A from ỹ(k)[n], the
detector requires an estimate of its initial phase θ

(k)
A . We

here re-use the estimator from [41], where θ
(k)
A is estimated

by retrieving the phase of the bin ŝ(k)A in the DFT Y(k),
i.e., θ̂

(k)
A = arctan(Y(k)[ŝ(k)A ]). The presumed contribution of

user A is then cancelled from the dechirped signal ỹ(k)[n]

ỹ(k)IC [n] = ỹ(k)[n] −√
PAe

jθ̂ (k)
A ej2π ŝ(k)A

n
N . (10)

C. DEMODULATION OF THE WEAKEST USER
Since the gateway is not synchronized to user B, the demod-
ulation of this user must take into account both the STO τ

and the residual CFO �fc. Following the dechirped signal
model of (7), as shown at the bottom of the page the symbol
s̄(k−1)
B of user B is split over the two windows ỹ(k−1)[n] and
ỹ(k)[n]. Therefore, to detect s̄(k−1)

B , the asynchronous soft-
demodulator computes two partial DFTs M(k−1)

1 and M(k−1)
2

over the last N − 	τ
 samples of ỹ(k−1)
IC [n] and the first 	τ


samples of ỹ(k)IC [n], respectively

M(k−1)
1

[
s̄(k−1)
B

]
=

N−1∑

n=	τ

ỹ(k−1)
IC [n]

· e−j2π
(n−	τ
)

N

(
s̄(k−1)
B −τ+N �fc

fs

)

e
−j2πτu

[
n−n(k−1)

f ,2

]

, (11)

M(k−1)
2

[
s̄(k−1)
B

]
=

	τ
−1∑

n=0

ỹ(k)IC [n]

· e−j2π
(n+N−	τ
)

N

(
s̄(k−1)
B −τ+N �fc

fs

)

e
−j2πτu

[
n−n(k)

f ,1

]

. (12)

Both partial DFTs M(k−1)
1 and M(k−1)

2 correct the effects of
the STO and the residual CFO on the dechirped signal.
If the symbols s(k)A have correctly been cancelled in ỹ(k)IC [n],

it can be shown that the likelihood that user B sent the
candidate symbol s̄(k−1)

B is given by

�
(
s̄(k−1)
B

∣
∣
∣ỹ

(k)
IC [n]

)
= C′I0

(√
PB

σ 2

∣
∣
∣Y

(k−1)
B

[
s̄(k−1)
B

]∣
∣
∣

)

, (13)

where Y(k−1)
B [s̄] = M(k−1)

1 [s̄] + M(k−1)
2 [s̄] is the summation

of the two partial DFTs, and C′ is a constant common to all
symbols of user B [41]. Since the proposed detector does
not iterate for the weakest user, the LLRs at the output of
the soft-demodulator are evaluated as

z′(k−1,m)
B = max

s̄:gm(s̄)=1

[

log I0

(√
PB

σ 2

∣
∣
∣Y

(k−1)
B [s̄]

∣
∣
∣

)]

− max
s̄:gm(s̄)=0

[

log I0

(√
PB

σ 2

∣
∣
∣Y

(k−1)
B [s̄]

∣
∣
∣

)]

. (14)

D. PERFORMANCE ANALYSIS
The performance of our two-user SIC detector is now ana-
lyzed for different parameters. In the following results, we
always simulate a scenario with two interfering users using
the same SF. The users have a received power difference
�P = PA − PB of 1.5 dB. This choice of �P is motivated
by the fact the spreading gain of the modulation increases
by approximately 3 dB when the SF is incremented [43].
Therefore, in a network where the SFs of all users are opti-
mally allocated, all nodes using the same SF should have at
the gateway a difference of received powers �P of at most
3 dB.

ỹ(k)[n] =
⎧
⎨

⎩

√
PAejθ

(k)
A ej2π n

N s
(k)
A + √

PBe
jθ(k−1)
B +2πτu

[
n−n(k)

f ,1

]

e
j2π

(n+N−τ)
N

(
s(k−1)
B −τ+N �fc

fs

)

+ w̃(k)[n], n ∈ N1
√
PAejθ

(k)
A ej2π n

N s
(k)
A + √

PBe
jθ(k)
B +2πτu

[
n−n(k)

f ,2

]

e
j2π

(n−τ )
N

(
s(k)B −τ+N �fc

fs

)

+ w̃(k)[n], n ∈ N2

(7)
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FIGURE 7. BERs of both users for different coding rates CR, with SF = 7, τ = 16.0,
�fc = 0 and �P = 1.5 dB. For CR = 4/5 and 4/7, the strongest user is decoded with
NI = 2 iterations.

1) CODING RATE

We first study the impact of the coding rate on the decoding
performance in a typical scenario with SF = 7. Fig. 7 shows
the bit error rate (BER) of the strongest and weakest user,
which are separated in time by a small STO τ = N

8 = 16.0.
There is no residual CFO, i.e., �fc = 0. The strongest user
is demodulated using NI = 2 iterations.
In the absence of coding (CR = 4/4) and for a target BER

of 10−4, we observe that the strong and weak user need
an SNR of 3.5 dB and 2 dB to be correctly demodulated,
respectively. In a single-user scenario, this BER is attained
for a much lower SNR of −7 dB [1]. When enabling the
coding with CR = 4/5, the required SNRs to achieve the
same BER are −1.5 dB and −3 dB for the strongest and
weakest user, respectively, whereas in a single-user scenario,
the corresponding SNR is at −8.5 dB. With CR = 4/7, the
required SNRs even further decrease to −8 dB for both
users. The required single-user SNR at this coding rate is
−10 dB [1]. When comparing the required SNRs for the
strongest user in the presence and the absence of a second
user, we see that the gap reduces from 10.5 dB for CR = 4/4

to 2 dB for CR = 4/7. This important reduction indicates that
the combination of the interleaving and the Hamming coding
in the BICM scheme strongly helps a SIC soft-detector to
demodulate the strongest user in the presence of same-SF
interference.

2) NUMBER OF ITERATIONS

We now analyze the benefits of performing several iterations
when demodulating the strongest user. For single-user BICM
communications, it is well-known that Gray labeling offers
the best first-pass performance, but yields no significant extra
gain with iterative decoding [44]. These results have been
confirmed in [1] for an iterative BICM LoRa single-user

FIGURE 8. BERs of both users for different numbers of iterations in the decoding of
the strongest user, with SF = 7, CR = 4/7, τ = 16.0, �fc = 0 and �P = 1.5 dB.

receiver. The authors show that for SF = 7, CR = 4/7 and a
10−4 BER, increasing the number of iterations from one to
four only brings an SNR gain of 0.5 dB. We here show that
in the case of our two-user SIC receiver, more significant
SNR gains can be obtained.
Fig. 8 presents the BERs of both users for one, two and

four iterations, with the same parameters as before and a
coding rate of 4/7. In the present example, increasing NI to
two decreases the required SNR for the strongest user by
2 dB, and by 1.25 dB for the weakest user. Improving the
demodulation of the strongest user also benefits the BER
of the weakest user, as the contribution of the former is
better cancelled before demodulating the latter. However, no
further significant gains are observed for NI = 4. We hence
suggest limiting the number of iterations to two, in order to
keep the complexity of the receiver as low as possible.

3) AVERAGING OVER STO AND CFO

The previous results have been obtained for specific values
of STO τ and CFO �fc. However, it is important to note
that the performance of a multi-user LoRa receiver strongly
depends on the synchronization in time and frequency of the
colliding users [11], [41], [45]. While the contribution of the
strongest and synchronized user to the signal after dechirping
ỹ(k)[n] is always a Kronecker delta in the frequency domain,
the spectral representation of the asynchronous user symbols
is, depending on the STO and CFO, modified to a bell-shaped
function that spreads across several DFT bins [11]. The more
the signal of the asynchronous user is spread out, the higher
is the probability of correctly decoding the synchronized
user.
To better assess the performance of our proposed two-user

detector in practical scenarios, Fig. 9 shows the averaged
probability of correctly receiving the overlapping frames of
two users for random values of τ and �fc, with �P = 1.5 dB
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FIGURE 9. Averaged FERs of both users over random values of τ and �fc for
different spreading factors, with �P = 1.5 dB, CR = 4/7 and NI = 2 iterations. For all
spreading factors, the colliding frames have a length of 10 information bytes. The thick
gray lines show the FER of the proposed receiver in the absence of a second user.

and CR = 4/7. The values of the STO τ and CFO �fc are
uniformly distributed in the intervals [0,N) and [− fs

2N ,
fs

2N ],
respectively. The frame error rates (FERs) of the same detec-
tor in the presence of a single user at the same SNR levels
(shown in gray) are also presented as baseline performance.
For SF = 7 and a target FER of 10−2, we observe that our
SIC soft-receiver requires only 2 dB and 0.5 dB higher SNRs
to demodulate the strongest and weakest user, respectively,
compared to the corresponding single-user scenarios. At
higher spreading factors, we also observe that our proposed
detector fully benefits from the spreading gain of the modula-
tion. These averaged FERs show that our proposed two-user
receiver is capable of satisfactorily decoding the interfering
users for all SFs, with only a small SNR penalty compared
to the corresponding single-user scenarios.

IV. PERFORMANCE EVALUATION OF THE TWO-USER
DETECTOR AT THE NETWORK-LEVEL
To better assess the benefits of the two-user soft-detector
presented in Section III, this section presents a network-level
performance evaluation using the discrete-event network sim-
ulator ns-3 [46]. To this end, we significantly extend the
ns-3 LoRaWAN module from [7] to include models of (i) a
single-user gateway with capture effect as modeled in [7]
(ii) a more realistic parametric single-user soft-receiver PHY
model and (iii) a detailed PHY model of our proposed two-
user soft-detector. We first briefly explain how the network
simulations are conducted within ns-3. We then describe the
three studied LoRa gateway models, and we also explain
the simulation parameters. On this basis, we finally analyze

FIGURE 10. Illustration of subframe division for a frame of user u0, colliding with
the frames of two other same-SF interferers u1 and u2.

the performance of a LoRaWAN network using the differ-
ent implemented gateway models to compare the single-user
with the proposed two-user detector.

A. SIMULATION METHODOLOGY
We simulate a single LoRa cell, composed of one central
gateway surrounded by end nodes. Both the gateway and
the end nodes have models specifying their behaviour at the
physical and MAC layers. We reuse all the models from [7],
except the physical layer models that we substitute with more
detailed and more accurate stochastic models. To evaluate
the performance of the single- and two-user receivers, we
perform Monte-Carlo (MC) simulations by computing for
each packet the probability perr,frame that it is lost (i.e., the
decoding led to one or more bit errors). The outcome of
each frame (received or lost) is then decided accordingly
at random using perr,frame. To compute this probability, the
frame under consideration is divided into NS subframes S(n),
with n ∈ {0,NS − 1}. Let I(n) be the set of same-SF users
that transmit a packet during the transmission of S(n). The
division of the current frame into subframes is done such
that each subframe has a set of interferers I(n) that is distinct
from its neighbours I(n−1) and I(n+1), as illustrated in Fig. 10.
The error probability p(n)

err of each subframe S(n) is evaluated
using the PHY model of the gateway. Since the NS error
events of the subframes are independent, we can multiply
them to obtain the overall frame error probability

perr,frame = 1 −
NS−1∏

n=0

(
1 − p(n)

err

)
. (15)

In our PHY models, we use look-up tables of FERs to rapidly
access the probabilities p(n)

err which are obtained offline in
PHY layer MATLAB Monte-Carlo simulations. To ensure
the independence of the subframes, despite the coding and
interleaver, these FERs can only be obtained for subframe
lengths that are multiples of nc symbols, i.e., the size of an
interleaved block. We hence approximate the discretization
of a frame into subframes S(n) to the closest interleaver
boundaries.
Furthermore, due to the difference in nature between same-

SF and inter-SF interference, these two kinds of collisions
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need to be modeled differently. Same-SF interference is
directly taken into account in all three considered PHY gate-
way models when we obtain the probabilities p(n)

err offline. To
reduce the number of offline Monte-Carlo simulations, the
inter-SF interference is modeled online within the network
simulator by its impact on the signal-to-interference-plus-
noise ratio (SINR). Since the dechirping sequence x∗0[n] used
in the receivers is specific to each SF, the dechirped symbols
of an interfering user using a different SF remain spread over
the signal bandwidth. We therefore suggest to evaluate the
SINR of each packet received at the gateway, and to use this
ratio as SINR parameter in the error probabilities p(n)

err . Let u
be the user of interest, and I

(n)
be the set of inter-SF inter-

ferers active during the transmission of the subframe S(n).
We denote the received power of a user i at the gateway
as Pi. To keep tractable models, we compute a single SINR
value for each frame by selecting the highest interference
level that is observed during its reception

SINR = min
n

Pu
∑

i∈I(n)
Pi + σ 2

. (16)

The SINRs hence account for the inter-SF interference and
the noise, but not the same-SF interference.

B. DESCRIPTION OF THE GATEWAY MODELS
We now describe the PHY layer models of the three
evaluated receivers in more detail.

1) THRESHOLD-BASED SINGLE-USER RECEIVER

This model implements the behavior of a single-user LoRa
gateway similarly to [7]. Two conditions on the SINR and
on the level of same-SF interference need to be met for a
subframe to be lost. The subframe is considered lost if the
observed SINR is below a threshold SSF, which is defined
as the required SINR to attain an uncoded FER of 0.1% for
the SF used in the absence of both same-SF and inter-SF
interference. In addition, a same-SF interferer is considered
sufficiently strong to prevent the correct decoding of the user
of interest if the received power of the interferer is less than
3 dB below that of the considered user [9]

p(n)
err =

⎧
⎪⎪⎨

⎪⎪⎩

1 if

⎧
⎨

⎩

10 log Pu
Pi

< 3 dB for any i ∈ I(n)

or
SINR < SSF,

0 else.

(17)

2) SINGLE-USER RECEIVER WITH SOFT-DECODING

Assuming a hard threshold for the capture effect as described
above or in other publications [7], [9] is however pessimistic.
In fact, in some cases, a packet can still be demodulated for
lower differences in received power �P between two same-
SF colliding nodes (same-SF SIR) [8]. To allow for a fair
comparison between conventional single-user LoRa receivers
and our proposed two-user receiver, we here seek to better
model the performance of a single-user soft-detector in the

presence of a single same-SF interferer. To this end, we eval-
uate in MATLAB the FERs of the single-user soft-detector
presented in Section II, but with the two-user signal model
of (6). Similarly to our proposed receiver, we assume that
this single-user receiver is always capable of synchronizing
itself to the strongest user, and that it performs two itera-
tions of soft-demodulation and soft-decoding, but only for
the strongest user. We compute, using MC simulations, a
look-up table L1U(SF,CR,�P,SINR,L) of the FERs for
given values of the SF, coding rate CR, same-SF SIR �P,
SINR level and subframe length L in symbols. To reduce
the dimensionality of this table, these FERs are computed by
averaging over all possible values of the STO τ and residual
CFO �fc, as explained in Section III.
Let L(n) be the length of the subframe under evaluation.

We consider this subframe to be lost if any same-SF colliding
frame has a greater received power, or if at least two other
weaker same-SF colliding frames are present with same-SF
SIRs that are lower than 3 dB. Otherwise, the probability
of loss p(n)

err for this subframe is retrieved from the look-up
table

p(n)
err =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1 if

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

10 log Pu
Pi

< 0 dB for any i ∈ I(n)

or
10 log Pu

Pi1
< 3 dB and 10 log Pu

Pi2
< 3 dB,

for any i1 ∈ I(n), i2 ∈ I(n) s.t. i1 �= i2,

L1U

(
SF,CR, PuPi

,SINR,L(n)
)
else.

(18)

3) TWO-USER SIC RECEIVER WITH SOFT-DECODING

Similarly to the previous model, we also compute a look-up
table L2U of the FERs of our proposed two-user receiver
using MATLAB MC simulations. Contrary to the single-
user receiver, the table L2U also contains FERs for values
10 log Pu

Pi
< 0 dB, since the two-user receiver also allows the

demodulation of a weaker user. Nevertheless, in the presence
of more than two concurrent same-SF users with sufficiently
strong received powers, we assume that the subframe is lost.
The corresponding subframe error rate lookup table for ns-3
corresponds to

p(n)
err =

⎧
⎪⎪⎨

⎪⎪⎩

1 if

{
10 log Pu

Pi1
< 3 dB and 10 log Pu

Pi2
< 3 dB,

for any i1 ∈ I(n), i2 ∈ I(n) s.t. i1 �= i2,

L2U

(
SF,CR, PuPi

,SINR,L(n)
)
else.

(19)

C. SIMULATION PARAMETERS
We now discuss the system parameters used in our network-
level simulations.

1) SPATIAL DISTRIBUTION OF THE NODES

The simulated network consists in a circular cell with a cen-
tral gateway. The end nodes surround the gateway following
a random uniform distribution. This distribution leads to a
homogeneous node density in the cell.
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TABLE 1. Outcome of the spreading factor allocation across the cell.

2) FRAME LENGTH

All frames are 25-bytes long, with 13 bytes corresponding to
the LoRaWAN MAC header and 12 bytes for the application
payload. This payload length respects the fair access policy
of The Things Network [47].

3) FREQUENCY BANDS

To keep our simulations as focused as possible, we simulate
in ns-3 only one frequency band. The throughput results
obtained below can simply be multiplied by the number
of frequency bands used in practice to obtain the overall
network throughput.

4) CHANNEL PROPAGATION

A log-distance path loss model is used to evaluate the
received power of each node at the gateway. According
to [48], we fix the path loss exponent to 3.76 and the
reference loss as 7.7dB at one meter. Those value are rep-
resentative of an urban area, with a gateway located at a
height of 15 meters. On top of the path loss model, we also
add an SNR penalty of 3 dB to account for the RF noise
figure and synchronization non-idealities.

5) SPREADING FACTOR ALLOCATION

We assume that all nodes follow a greedy behavior and select
the lowest possible spreading factor to decrease their trans-
mission time, and hence their energy consumption. The range
of each SF is calculated based on the previously explained
channel propagation model such that all nodes using this SF
have an uncoded FER of at most 0.1% in the absence of any
interference. This policy results in a central disc containing
all nodes with SF 7, and non-overlapping annuli whose dis-
tances increase with the SFs. The range of each SF and the
repartition of nodes per SF are listed in Table 1.

6) POWER ALLOCATION

Since the spreading gain of LoRa increases by 3 dB for
each increment of the SF, the nodes inside the annuli have a
received power difference among them of at most 3 dB. On
the contrary, the nodes with SF 7, all located in the central
disc, may have more significant received power differences
between them depending on their location in the disk. To
reduce the level of inter-SF interference and maintain decent
SINRs for the most distant nodes in the cell, we reduce the
power of SF 7 nodes in steps of 3 dB as they approach
closer to the gateway while keeping the 0.1% FER constraint.
Since LoRaWAN nodes can only vary their output power
programmatically in the range 0 to 14 dBm, the nodes with
the SFs from 8 to 12 always use the highest output power
of 14 dBm, and the lowest transmit power for SF 7 nodes

FIGURE 11. Power and spreading factor allocation within the cell.

is 0 dBm. Fig. 11 summarizes the outcome of both the SF
and power allocation in the simulated cell.

D. RESULTS
We now evaluate and compare the system performance
parameters with the three previously introduced models. We
first study independently for each SF the gain in channel
throughput of our proposed two-user detector compared to
the two models of single-user receivers. We then perform an
evaluation of the overall FER within the cell for an increasing
node density, by taking into account all spreading factors.

1) THROUGHPUTS FOR A SINGLE SPREADING FACTOR

Fig. 12 presents the throughput attained for our proposed
two-user detector and the two single-user models as a func-
tion of the offered load for the SFs 7 and 8, alongside
the performance of single-user pure and slotted ALOHA,
and two-user pure ALOHA schemes. To enable a better
interpretation, and comparison of the results to the well stud-
ied baseline ALOHA performance, these first simulations use
a single SF and ignore inter-SF interference.
We first study the throughput of the nodes with SF 8.

We observe that the performance of the threshold-based
single-user receiver model closely matches the through-
put expectation of a pure ALOHA network. This result is
expected as the only cause of packet losses are same-SF
collisions, which are always destructive in the SF 8 annulus
because all nodes have received powers in the same 3 dB
range. On the contrary, thanks to the more precise modeling
using look-up tables, we see that the real throughput of a
single-user soft detector is significantly better compared to
the pessimistic pure ALOHA model. Indeed, the single-user
receiver is capable of sometimes recovering from same-
SF collisions and successfully decode the frames of the
strongest user, even when the power difference to the inter-
ferer is smaller than 3 dB. Its network performance, however,
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remains below that of a pessimistic slotted ALOHA network.
Regarding our proposed two-user soft-detector, we observe
that its network throughput is only slightly below that of
a the two-users pure ALOHA model. Since the two-user
ALOHA model assumes an ideal detection of two colliding
users, this result confirms that our detector is capable of
decoding two colliding frames with a high reliability and
that collisions between more than two users are rare.
The results observed in Fig. 12 hold for all the other

SFs greater than 8. However, the throughput of SF 7 is
a special case since the nodes using this SF are located
in a disc, and not an annulus. Despite the power reduc-
tion scheme previously explained, these nodes benefit from
a greater diversity of received powers. This wider power
range increases the probability to benefit from the capture
effect, therefore resolving some collisions without requiring
any special treatment from the receiver. In our topology, this
improved throughput concerns 16% of all nodes. The per-
centage of SF 7 nodes however increases when the cell size
becomes smaller.

2) OVERALL THROUGHPUTS WITH ALL SPREADING
FACTORS

We now analyze the overall frame error rate performance
of a LoRaWAN network by also fully accounting for the
inter-SF interference. Fig. 13 presents the global FER of
a LoRaWAN network in which all nodes have a fixed duty
cycle of 0.1% for an increasing density of users. We however
note that modifying the transmission duty cycle parameter
only result in a horizontal translation of the curves in Fig. 13.
Furthermore, including for all users variable payload lengths
between 1 and 25 bytes, instead of fixed payload lengths,
leads to very similar results. The following analysis hence
holds for all duty cycles and payload lengths.
In the following, we always target a FER of 1%. We first

compare the two single-user models. We observe that the
threshold-based model with capture is severely pessimistic,
as the single-user soft-detector is actually capable of serving
two times (2×) more users thanks to its ability to sometimes
recover the strongest one of two colliding users, even without
coding. Also, the impact of the coding rate is not visible at
all in the threshold-based model, as it solely uses the SINR
of a frame to determine if it is correctly received. Conversely,
the single-user soft-detector benefits from a decrease of the
coding rate. However, at the network-level, the dominating
error events remain the losses of the weakest users packets,
and the benefits of the soft-decoding of the strongest user
are hence marginal.
We finally evaluate the benefits of our proposed two-

user SIC soft-detector at the network-level, compared to the
single-user soft-detector. For a coding rate of 4/5, we observe
an increase of the node density for the 1% target FER by
a factor 3.3. This gain even increases to a factor 4.7 when
switching to a coding rate 4/7. Contrary to the single-user
detector, the coding rate plays a more important role for
the two user detector as the dominating error events are

FIGURE 12. Throughput vs offered traffic for different receiver models and SFs with
CR = 4/7, alongside the theoretical performance of pure ALOHA (P-ALOHA), slotted
ALOHA (S-ALOHA), and pure two-user ALOHA networks.

FIGURE 13. Frame error rate of a LoRaWAN network for different coding rates, with
an uplink duty cycle of 0.1%.

not collisions among three users, which are very rare, but
rather the incapacity of recovering the weakest user, which
has a lower SINR. Specifically, in the simulated network,
for a duty cycle of 0.1%, a target FER of 1% and CR =
4/7, our two-user receiver enables a LoRaWAN gateway to
serve 310 nodes, whereas a realistic model of a conventional
single-user LoRaWAN gateway is only capable of serving
65 nodes.

V. CONCLUSION
Collisions between packets using the same spreading factor
are the most important source of errors in dense LoRaWAN
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networks. In this paper, we address this scalability limi-
tation by designing a successive interference cancellation
LoRa receiver capable of decoding two concurrent users with
the same spreading factor. Our proposed two-user detector
is the first to explicitly leverage the bit-interleaved coded
modulation scheme of the LoRa physical layer with both
a soft-demodulator and a soft-decoder to reach useful error
rates in the low SNR regime that is characteristic for LoRa
communications. Using Monte-Carlo simulations at the phys-
ical layer, we built accurate models of the frame error rates
under same-SF interference of both a single-user LoRa soft-
receiver and of our two-user soft-receiver for the network
simulator ns-3. Network-level simulations indicate that our
proposed two-user detector is capable of serving 4.7 times
more nodes than a conventional single-user LoRa gateway,
without requiring any modifications to the protocol.

SUPPLEMENTARY MATERIAL
The MATLAB implementation of the two-user soft-receiver,
used to generate the results in Section III and the look-up
tables of the PHY models in Section IV, is available on IEEE
Xplore and on the Telecommunication Circuits Laboratory
website [49].
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