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Abstract—Long Range (LoRa) is an emerging low-power wide-
area network technology offering long-range wireless connectivity
to Internet of Things (IoT) devices. For energy efficiency reasons,
LoRa end nodes implement a nonslotted ALOHA multiple access
scheme to transmit packets to the gateway. Due to the lack of
synchronization between end nodes, collisions between uplink
packets have been identified as the main obstacle to the scal-
ing of dense LoRa networks. To tackle this issue, we present in
this article a LoRa receiver that is capable of decoding colliding
packets from two interfering end nodes. The proposed two-user
detector is derived from the maximum-likelihood principle using
a detailed model of two colliding LoRa packets. As the complex-
ity of the maximum-likelihood sequence estimation is prohibitive,
complexity-reduction techniques are introduced to enable prac-
tical implementations of the receiver. An in-depth performance
analysis highlights that the proposed two-user detector inher-
ently leverages the differences in received power, time offsets,
and frequency offsets between the users to separate and demod-
ulate their respective signals. To demonstrate the practicality
of the proposed detector, an interference-robust synchroniza-
tion algorithm is then designed and evaluated. Simulation results
indicate that a LoRa receiver combining the proposed synchro-
nization algorithm and two-user detector is capable of detecting
and demodulating two interfering users with satisfactorily error
rates.

Index Terms—Internet of Things (IoT) standards, long range
(LoRa), low-power wide-area networks (LPWANs), multiuser
receivers, synchronization.

I. INTRODUCTION

IN THE last years, the emergence of energy-constrained
Internet of Things (IoT) devices called for the development

of new low-power wide-area network (LPWAN) standards [1].
LPWANs aim to connect IoT devices to gateways over large
distances while minimizing the energy overhead of the trans-
missions for the end nodes. Unlike the energy-intensive 3GPP
cellular standards, such as NB-IoT and LTE-M, LPWAN stan-
dards rely on low-complexity physical (PHY) and medium

Manuscript received 13 April 2022; accepted 16 June 2022. Date of publica-
tion 28 June 2022; date of current version 7 November 2022. (Corresponding
author: Mathieu Xhonneux.)

Mathieu Xhonneux is with ICTEAM, Université catholique de Louvain,
1348 Louvain-la-Neuve, Belgium (e-mail: mathieu.xhonneux@uclouvain.be).

Joachim Tapparel, Andreas Burg, and Orion Afisiadis are with the
Telecommunications Circuits Laboratory, École Polytechnique Fédérale de
Lausanne, 1015 Lausanne, Switzerland.

Alexios Balatsoukas-Stimming is with the Department of Electrical
Engineering, Eindhoven University of Technology, 5612 AZ Eindhoven,
The Netherlands.

Digital Object Identifier 10.1109/JIOT.2022.3186732

access control (MAC) layers. Among the new LPWAN tech-
nologies, LoRa has become one of the most popular and
widely deployed protocols [2], [3]. The LoRa physical layer
is proprietary, but its chirp spread-spectrum modulation has
recently been studied extensively in [4]–[9], even for local-
ization [10]. The MAC layer, named LoRaWAN, is an open
standard defined by the LoRa Alliance [11].

At the PHY layer, LoRa uses a chirp spread-spectrum mod-
ulation allowing receivers to demodulate signals with received
powers even below the noise floor [12]. The spreading gain
of the LoRa modulation is determined by the spreading factor
(SF), which allows to tradeoff transmission time and data rate
for coverage. The highest SFs enable end nodes to communi-
cate with a gateway over distances up to 15–30 km [13], [14].
At the MAC layer, to avoid an energy-intensive synchro-
nization mechanism between users, LoRaWAN implements a
nonslotted ALOHA multiple access scheme [15]. As the end
nodes are not synchronized and share nonorthogonal wave-
forms, collisions between users may arise and frequently
pose a threat to the scalability of future massive LoRa IoT
systems [16].

In particular, scalability studies have shown that the
throughput of a LoRa network decreases rapidly for an increas-
ing number of users, as a result of the collisions [17]–[19].
To prevent the end nodes from colliding, several papers
suggested to transform LoRaWAN into a slotted ALOHA
scheme [20], or to deploy scheduling algorithms at the gate-
way for distributing time slots among the users [21]–[24].
Such solutions however complexify the MAC layer and imply
significant energy overhead for the end nodes. In this work,
we seek instead to improve the scalability of LoRaWAN
networks by resorting to multiuser receivers at the gateways,
which have almost no power constraints. Multiuser receivers
allow to increase the throughput of ALOHA networks with-
out requiring any modifications to the MAC layer by decoding
concurrent transmissions [25]. Fig. 1 shows that in a nonslotted
ALOHA network, a two-user receiver may theoretically reach
a maximum throughput that is three times higher than a con-
ventional single-user receiver, thanks to its ability to recover
two colliding packets.

Considering more specifically LoRa communications, we
first notice that interference between colliding LoRa users can
be one of two very different types: 1) inter-SF interference and
2) same-SF interference. Due to the spreading, the impact of
inter-SF interference is different than the impact of same-SF
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Fig. 1. Theoretical throughputs of nonslotted ALOHA and slotted ALOHA
networks. Two-user receivers strongly improve the throughput of nonslotted
ALOHA networks as they are capable of decoding two colliding packets.

interference. Notably, LoRa transmissions using different SFs
only suffer from inter-SF interference at very low signal-to-
interference ratios (SIR) (starting from around −16 dB on
average) thanks to near-orthogonal signaling [26]. Since con-
current transmissions on different SFs can be demodulated
independently in parallel, commercial LoRa gateways embed
several demodulators that can be dynamically assigned to dif-
ferent SFs. On the other hand, simultaneous transmissions with
the same SF are far from orthogonal [27], [28]. For existing
single-user LoRa receivers, colliding packets with the same
SF exhibit a capture effect, such that the strongest signal can
often be demodulated if the SIR and the signal-to-noise ratio
(SNR) are sufficient, but at the expense of the weaker sig-
nal [28]. Experimental measurements have shown that for a
3-dB difference in power between two users, there is a 97%
chance of demodulating the packet of the strongest user [29],
but the packet of the weaker user is generally lost.

Several LoRa multiuser receivers have recently been sug-
gested [30]–[35]. In [30], a successive interference cancelation
(SIC) receiver that relies on the conventional single-user
detector is proposed. A multiuser receiver based on nonsta-
tionary signal scaling to separate superimposed transmissions
is presented in [31], whereas Tong et al. [34] leveraged
the time offsets between colliding packets to separate and
demodulate their symbols. Hu et al. [32] and Xia et al. [33]
suggested to first demodulate all symbols and then to assign
them to their respective transmitters based on the differ-
ences of time and power between users. Similarly, a parallel
interference cancelation receiver that relies on the differences
in carrier frequencies and received powers between users is
derived in [35]. The aforementioned works designed multiuser
receivers that heuristically leverage one or two transmitter-
specific features (e.g., carrier offset, time offset, and received
powers) to distinguish the contributions of the respective users.
These receivers however fail to attain useful error rates at the
low SNRs that are characteristic for LoRa communications. A
practical multiuser receiver derived from the maximum like-
lihood (ML) principle that optimally uses all properties of a

signal with two colliding LoRa users to operate even at low
SNR is hence still missing in the literature.

Contributions: In this work, we provide a detailed descrip-
tion of the two-user LoRa receiver initially introduced in [36].
This two-user receiver features a detector that is derived from
the ML sequence estimator (MLSE) and performs individual
decisions on the interfering symbols instead of a joint detection
over the entire colliding frames. Whereas Xhonneux et al. [36]
only provided limited experimental results from a proof-of-
concept testbed, we conduct in this article a full derivation
and performance analysis of the proposed receiver. We show
that the described detector inherently leverages the difference
of time, carrier frequency, and received power between users
to demodulate the colliding symbols. We highlight that the
carrier frequency offset (CFO) and the sampling time off-
set (STO) of a user modify the spectral representation of its
symbols. Simulation results notably show that desynchronized
users are easier to jointly demodulate than the closely syn-
chronized users, as their symbols are less correlated. Since the
derived detector requires estimates of the CFO, the STO, and
the power of each colliding user, we also present in this article
an improved version of the multiuser synchronization algo-
rithm from [36]. The overall two-user LoRa receiver, which
combines interference-resilient synchronization and two-user
detection, shows satisfactorily performance with low error
rates even at low SNRs.

Outline: The remainder of this article is organized as fol-
lows. In Section II, we provide a summary of the LoRa
modulation, single-user demodulation process, and preamble
of a LoRa packet. We then describe in detail the signal
model of two interfering LoRa users sharing the same SF.
In Section III, we derive a practical two-user detector from
the MLSE using different complexity reduction techniques.
In Section IV, we evaluate the performance of the proposed
detector with simulation results. Different parameters influenc-
ing the error rates of the receiver are discussed. In Section V,
we present a multiuser synchronization algorithm that is
robust to same-SF interference, and we jointly evaluate its
performance together with the proposed two-user detector.

II. PRINCIPLES OF THE LORA PHY

In this section, we provide a brief summary of the LoRa
modulation, the single-user demodulation stage, and the struc-
ture of the preamble. We then explain the baseband-equivalent
model of two superimposed LoRa signals.

A. Modulation and Demodulation

LoRa is a chirp spread-spectrum modulation operating in
the industrial, scientific, and medical (ISM) bands, with typ-
ical passband bandwidth values of B ∈ {125, 250, 500} kHz.
LoRa symbols are chirps, i.e., signals whose instantaneous
frequency increases linearly and spans the entire bandwidth.
Every symbol has a duration T = (2SF/B) and carries SF bits
of information, where SF ∈ {7, . . . , 12} is called the SF. For
a symbol s ∈ {0, . . . , 2SF − 1}, the signal starts at an initial
frequency of B([s/2SF] − [1/2]). The instantaneous frequency
of the modulated signal increases linearly over time, until



XHONNEUX et al.: MAXIMUM-LIKELIHOOD-BASED TWO-USER RECEIVER 22995

the moment tfold = [(2SF − s)/B], when the instantaneous
frequency is decreased by B (i.e., folded) to keep the signal
in the allocated bandwidth [7]

xs(t) =
⎧
⎨

⎩

e
j2π

(
B

2Ts
t2+B

(
s

2SF − 1
2

)
t
)

for 0 ≤ t < tfold

e
j2π

(
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(
s
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2

)
t
)

for tfold ≤ t < Ts.

(1)

When sampled at the Nyquist frequency fs = B, the discrete-
time signal of a symbol consists of N = 2SF samples. The
corresponding discrete-time baseband-equivalent model of a
LoRa symbol s can be expressed as [6], [7]
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where nf = N − s is the sample index at which the frequency
folding occurs.

In this work, we assume that the transmission takes place
over an additive white noise Gaussian (AWGN) channel with
a complex-valued channel gain h ∈ C. The received LoRa
symbol is represented by

y[n] = hxs[n] + z[n] (3)

where z[n] ∼ CN (0, σ 2) is complex AWGN with variance
σ 2 = (N0/2) and N0 is the single-sided noise power spectral
density.

The ML detection of a LoRa symbol can be efficiently
implemented at the Nyquist rate fs = B with a discrete Fourier
transform (DFT). To this end, the sampled signal y[n] is first
multiplied pointwise with x∗

0[n], the complex conjugate of an
unmodulated symbol s = 0, which yields the dechirped signal

ỹ[n] = y[n]x∗
0[n] = √

Pej2πn s
N +θ + z̃[n] (4)

where P = |h|2 is the power of the signal at the receiver,
θ = ∠h represents the phase introduced by the channel,
and z̃[n] = z[n]x∗

0[n]. For a perfectly synchronized receiver,
ỹ[n] contains a single complex tone of frequency (s/N) and
AWGN. Let Y[i] = ∑N−1

n=0 ỹ[n]e−j2π(ni/N) be the ith bin from
the N-point DFT of the dechirped signal. In the frequency
domain, the single complex tone of frequency (s/N) trans-
lates into a Kronecker delta at position i = s. LoRa receivers
typically perform noncoherent ML detection by selecting the
DFT bin with the largest magnitude [5]

ŝ = arg max
s̄

|Y[s̄]|. (5)

B. LoRa Preamble Structure

Every LoRa packet starts with a specific preamble for
synchronization purposes. The preamble consists of Npr repeti-
tions of an unmodulated upchirp (i.e., x0[n]), succeeded by two
symbols acting as network identifiers, and 2.25 downchirps
x∗

0[n]. The structure of the preamble is illustrated in Fig. 2.
It is well known that the combination of upchirps and

downchirps can be exploited by a receiver to estimate the CFO
and STO of a user [37], [38]. As explained in Section V-B,
our two-user receiver also leverages this preamble in its
synchronization stage.

Fig. 2. Structure of a LoRa preamble.

C. Signal Model for Two Interfering Users

In this section, we describe the Nyquist-rate (fs = B) model
of superimposed signals from two users with the same SF,
namely, user A and user B. Since LoRa uses a nonslotted
ALOHA multiple access scheme, the users are neither syn-
chronized among themselves nor to the gateway. Let us define
s(k)

A and s(k)
B as the kth 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.
To simplify the explanation and the mathematical formulation
of the multiuser detector, we assume that the gateway is ini-
tially synchronized in frequency and time to user A, whose
packet arrives first. This can be achieved with a standard syn-
chronization procedure [37]–[39]. We define τ ∈ [0, N) as the
relative sample-level time offset between the first sample of
the kth symbol transmitted by user A and the first sample of
the kth symbol of user B, as illustrated in Fig. 3. This sam-
ple offset can be split into an integer part LSTO = �τ� and a
noninteger part λSTO = τ − �τ� [28].

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 kth 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} [40], with

y(k)
B,1[n] = e

j2π

(
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2N +(n+N−τ)

(
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B
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(6)

y(k)
B,2[n] = e
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(

(n−τ )2
2N +(n−τ)

(
s(k)B
N − 1

2 −u
[
n−n(k)

f ,2

]
))

. (7)

Prior to synchronization, both users are affected by dis-
tinct CFOs relative to the receiver, namely, �fc,A and �fc,B.
However, since we assume the receiver to be synchronized to
user A, there is only a single effective CFO �fc = �fc,B −
�fc,A that only affects the signal from user B. Similarly to the
STO, the CFO can also be split into integer and fractional parts
LCFO = �N(�fc/fs)� and λCFO = N(�fc/fs) − LCFO, where
�·� is the rounding operator [37]. Due to the low-cost crystal
oscillators in LoRa transceivers, it is common to observe CFO
values LSTO + λCFO in the range [−N/4, N/4] [38].

Finally, the users have different transmit powers and expe-
rience independent single-tap channels hA and hB. Let PA =
|hA|2 and PB = |hB|2 be the received powers of users A and B,
respectively, which we assume to be constant. However, since
LoRa is intentionally designed for noncoherent detection [41],
we do not make any assumption on the phase coherence of
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Fig. 3. Illustration of the matched filters outputs used by the detection of
the overlapping symbols s(k)A , s(k−1)

B , and s(k)B .

successive symbols. We thus define θ
(k)
A and θ

(k)
B as the ini-

tial phases of the kth symbol of user A and B, respectively.
The discrete-time baseband-equivalent model of the received
signal sampled at fs = B that represents the kth window of N
samples is therefore

y(k)[n] = √
PAejθ(k)

A x
s(k)A

[n] + z[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

(8)

where c[n] = ej2πn(�fc/fs) is the effective CFO affecting user B.

III. PRACTICAL ML-DERIVED TWO-USER DETECTOR

In this section, we design a detector that is capable of jointly
demodulating the symbols from two superimposed LoRa users.
This detector is derived from the two-user MLSE, whose
general structure is explained in [42]. We first derive the
expression of the MLSE for the signal model defined in (8)
and argue that its complexity is prohibitive in practice. To
enable a practical implementation of the multiuser detector,
we subsequently propose three simplifications to the two-user
MLSE that notably reduce its complexity.

A. Two-User LoRa Maximum Likelihood Sequence Estimator

As previously explained, the two-user detector is only
needed when the frames of two LoRa users overlap in time.
The noncolliding parts of the frames can be demodulated with
the single-user detector of (5), while only the colliding parts
need to be processed with the two-user detector derived in
this section. We note here that in the case of an overlap, the
colliding part generally dominates the overall error rate. The
proposed two-user detector uses as input the baseband signal
y(k)[n] from (8), which is recovered with a single receiving
antenna and sampled at the Nyquist frequency fs = B. Let M

be the number of symbols of user A colliding with symbols
from user B. Following (8), the colliding parts of the frame
can be decomposed into M successive windows of N sam-
ples. Similar to the single-user detector in (5), we propose to
dechirp every window y(k)[n] with a reference downchirp x∗

0[n]
since the dechirped windows ỹ(k)[n] possess a simpler analyt-
ical representation than y(k)[n] which facilitates the derivation
of the ML detector.

In an AWGN channel, the MLSE seeks the sequence of
symbols that minimizes the sum of the distances between
the dechirped samples and the presumed contributions of
each user [42]. Given the baseband model defined in (8),
followed by the dechirping operation, the two-user MLSE
seeks the set of candidate symbols s̄(k) = {s̄(k)

A , s̄(k−1)
B , s̄(k)

B } ∈
{0, . . . , N − 1}3 for k ∈ {0, . . . , M − 1} maximizing the
probability

p = C exp

(

− 1

2σ 2

(
M−1∑

i=0

N−1∑

n=0

∥
∥
∥ỹ(i)[n] − x̃(i)

[
n
∣
∣s̄(i)

]∥
∥
∥

2
))

(10)

where x̃(k)[n|s(k)] represents the dechirped contributions of
both users in the kth window and C = (1/[

√
2πσ 2])MN . The

expression of x̃(k)[n|s̄(k)] is provided in (9), shown at the bot-
tom of the page, and depends on the offsets �fc and τ , the
phases {θ(k)

A , θ
(k−1)
B , θ

(k)
B }, and the received powers PA and PB

of each user.
The ML sequence can be computed with reduced complex-

ity using the Viterbi algorithm [42]. However, since there are
N2 possible states per window and N3 possible state transitions
between two windows, the complexity of this ML sequence
detector is prohibitive, especially for large SFs (i.e., large N).
In the remainder of this section, we propose three modifica-
tions that simplify the ML sequence detector of (10) to a more
practical detector.

B. From Joint to Individual Maximum Likelihood Decisions

To avoid such a complex receiver, we suggest to move from
a joint demodulation of all colliding symbols to individual
decisions that are tied to windows of N samples. For each
window k and the corresponding dechirped signal ỹ(k), an indi-
vidual decision amounts to detecting the overlapping symbols
s(k) = {s(k)

A , s(k−1)
B , s(k)

B } as shown in Fig. 3. Let L(s̄(k)) denote
the likelihood that the symbols s̄(k) = {s̄(k)

A , s̄(k−1)
B , s̄(k)

B } have
been transmitted in the kth window

L
(

s̄(k)
)

= C exp

(

− 1
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∥
∥
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∥
∥

2
)

. (11)

An individual ML decision for the kth window is obtained by
selecting the symbols s̄(k) that maximize the likelihood L(s̄(k)).
This likelihood can be expressed more intuitively after some
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]
=
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with n(k)
f ,1 = 
τ� − s(k−1)

B and n(k)
f ,2 = N + 
τ� − s(k)

B
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simple algebraic transformations and after the removal of all
constant factors. It is shown in the Appendix that maximizing
the likelihood L(s̄(k)) amounts to maximizing the following
metric:

�ML

(
s̄(k)

)
= exp

[√
PA�

(
e−jθ(k)

A Y(k)
[
s̄(k)

A

])

+ √
PB�

(
e−jθ(k−1)

B M(k)
1

[
s̄(k)

A , s̄(k−1)
B

])
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PB�

(
e−jθ(k)

B M(k)
2

[
s̄(k)

A , s̄(k)
B

])]
(12)

where Y(k), M(k)
1 , and M(k)

2 correspond to three matched fil-
ters that are connected to the symbols s(k)

A , s(k−1)
B , and s(k)

B ,
respectively. Each term of �ML(s̄(k)) can be interpreted as a
(partial) DFT matched to each one of the symbols contained
in the window y(k)[n].

Since the receiver is synchronized to user A, the symbol
s(k)

A translates to a Kronecker delta in the frequency domain.
The matched filter Y(k) hence simply corresponds to the DFT
of the entire dechirped signal ỹ(k)[n]

Y(k)
[
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]
=
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The two remaining terms in (12) evaluate the contribution from
user B, which is not synchronized. As the waveforms carrying
the symbols s̄(k−1)

B and s̄(k)
B are modified from their original

shape (i.e., a Kronecker delta) by the CFO and STO of user B,
the individual ML detector uses two specific matched filters
M(k)

1 and M(k)
2 which depend on the offsets �fc and τ . To

detect both symbols, the individual ML detector eliminates the
presumed contribution

√
PAejθ(k)

A ej2π(n/N)s̄(k)A of user A, corrects
the CFO �fc and phase jump 2πλSTO, and then computes a
partial DFT over the first 
τ� and the remaining N − 
τ�
samples in the window, respectively
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Yet, the matched filters M(k)
1 and M(k)

2 provide only par-
tial information on the symbols s(k−1)

B and s(k)
B . As illustrated

in Fig. 3, the symbol s(k−1)
B , in red, is connected to the

matched filters M(k−1)
2 and M(k)

1 , whereas the symbol s(k)
B , in

purple, is connected to the matched filters M(k)
2 and M(k+1)

1 .
Detecting these symbols using only the information from the
kth window is clearly suboptimal. To efficiently demodulate
the symbols s(k−1)

B and s(k)
B , the detector must also use the par-

tial information provided by the matched filters M(k−1)
2 and

M(k+1)
1 of the preceding and the following windows, respec-

tively. We hence suggest to first estimate s(k)
A by considering

for every candidate symbol s̄(k)
A the most likely symbols s̄(k−1)

B

and s̄(k)
B independently of the previous and next windows as

ŝ(k)
A = arg max

s̄(k)A

max
s̄(k−1)
B ,s̄(k)B

�ML

(
s̄(k)

A , s̄(k−1)
B , s̄(k)

B

)
. (16)

We then decide on s(k−1)
B based on the prior decisions on s(k−1)

A
and on the latest decision on s(k)

A as follows:

ŝ(k−1)
B = arg max

s̄(k−1)
B

∣
∣
∣M

(k−1)
2

[
ŝ(k−1)

A , s̄(k−1)
B

]
+ M(k)

1

[
ŝ(k)

A , s̄(k−1)
B

]∣
∣
∣.

(17)

The decision on s(k)
B is deferred to the next time step. This

rule requires that the receiver keeps in memory the vector
containing the N matched filter outputs M(k−1)

2 [ŝ(k−1)
A , s̄(k−1)

B ]
of the previous window.

C. Removing the Dependency on the Phases θ
(k)
A and θ

(k)
B

The individual ML detection rules given in (16) and (17)
require the knowledge of the phases θ

(k)
A , θ

(k−1)
B , and θ

(k)
B .

As previously mentioned, we do not assume that consec-
utive symbols of a user have identical phase offsets, i.e.,
we allow θ

(k−1)
A = θ

(k)
A . Although the phase of each user

can theoretically be tracked over successive symbols, such
a phase-tracking scheme notably increases the complexity of
the receiver and its sensitivity to distortions. In this work,
we propose instead to avoid this tracking and to remove the
dependency on the phases by marginalizing over them in
�ML(s̄(k)).

First, the phases θ
(k−1)
B and θ

(k)
B can be easily marginal-

ized over [−π, π ] [43], leading to a metric that relies on the
magnitudes of M(k)

1 and M(k)
2

�′
ML(s̄(k)) =

∫∫ π

−π

�ML(s̄(k)) dθ
(k−1)
B dθ

(k)
B

= exp
(√

PA�
(

e−jθ(k)
A Y(k)

[
s̄(k)

A

])

· I0

(√
PB

∣
∣
∣M

(k)
1

[
s̄(k)

A , s̄(k−1)
B

]∣
∣
∣

)

· I0

(√
PB

∣
∣
∣M

(k)
2

[
s̄(k)

A , s̄(k)
B

]∣
∣
∣

)
(18)

where I0(x) is the first-order-modified Bessel function of the
first kind. This function is akin to ex and has a practical closed-
form expression. The only phase term remaining is θ

(k)
A . Proper

consideration of this phase is however more challenging, as it
is used in all three terms of �′

ML(s̄(k)).
To lower the complexity of the integral over θ

(k)
A , we pro-

pose to use an estimate of this phase in the matched filters M(k)
1

and M(k)
2 . In a single-user scenario, the phase θ of a demodu-

lated symbol ŝ can be estimated by using the phase of the DFT
bin ŝ, i.e., θ̂ = arctan(Y[ŝ]) [28]. We propose to use the same
estimator with the DFT Y(k) to obtain an estimate θ̂

(k)
A of the

phase of the candidate symbol s̄(k)
A . Let M̃(k)

1 and M̃(k)
2 be mod-

ified versions of the filters M(k)
1 and M(k)

2 where the variable
θ

(k)
A is replaced by the estimate θ̂

(k)
A in the expression of the
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matched filters M(k)
1 and M(k)

2 . Also, let �̃(s̄(k)) be a modified
version of the function �′

ML(s̄(k)), where the filters M̃(k)
1 and

M̃(k)
2 are used instead of M(k)

1 and M(k)
2 , respectively. A single

occurrence of θ
(k)
A remains in �̃(s̄(k)), which is marginalized

similarly to θ
(k−1)
B and θ

(k)
B to yield the final detection metric

�(s̄(k)) =
∫ π

−π

�̃(s̄(k)) dθ
(k)
A

= I0

(√
PA

∣
∣
∣Y(k)

(
s̄(k)

A

)∣
∣
∣

)

· I0

(√
PB

∣
∣
∣M̃

(k)
1

(
s̄(k)

A , s̄(k−1)
B

)∣
∣
∣

)

· I0

(√
PB

∣
∣
∣M̃

(k)
2

(
s̄(k)

A , s̄(k)
B

)∣
∣
∣

)
. (19)

Due to the use of the nonideal estimate θ̂
(k)
A , the detector

of (19) no longer follows the ML criterion. The accuracy of
θ̂

(k)
A depends not only on the noise level σ 2 but also on the con-

tribution of user B that might overlap in the frequency domain
with the symbol of user A. The accuracy of this approximation
is therefore better when PA > PB, i.e., when the synchronized
user is the strongest user. To maintain a decent interference
cancelation in the matched filters M̃(k)

1 and M̃(k)
2 , whose effec-

tiveness strongly depends on the quality of the estimate θ̂
(k)
A ,

we assume in the remainder of this article that the receiver is
always synchronized to the strongest user. In Section V, we
show that the synchronization stage of a practical receiver can
always take care of this requirement by allowing the receiver
to resynchronize to an incoming user if that user has a higher
received power than an active first user.

D. Pruning the Set of Candidate Symbols s̄(k)
A

Computing ŝ(k)
A with (16) requires to evaluate a significant

number of metrics �(s̄(k)). Per candidate symbol s̄(k)
A , N out-

puts for each of the matched filters M(k)
1 and M(k)

2 need to be
evaluated. Since there are also N candidates for s̄(k)

A , the com-
plexity for demodulating a window thus grows quadratically
with N and becomes quickly prohibitive for large SFs. We
previously explained that synchronizing to the strongest user
improves the estimate θ̂

(k)
A . We now show that the synchro-

nization to the strongest user can also be used to drastically
reduce the complexity of the two-user detector.

According to (9), the contribution of user A to the dechirped
signal ỹ(k)[n] is a single complex tone of frequency (s(k)

A /N).
On the contrary, the contribution of user B is no longer a single
complex tone due to the effective CFO �fc and the STO τ .
For the nonsynchronized user, the offset components LSTO,
λSTO, and λCFO scatter the energy of the symbols s(k−1)

B and
s(k)

B over several frequency bins [40]. As illustrated in Fig. 4,
the DFT of ỹ(k)[n] contains a Kronecker delta corresponding to
the symbol s(k)

A , along with two bell-shaped functions centered
around the frequencies

s(k−1)
B − τ + N �fc

fs

N
and

s(k)
B − τ + N �fc

fs

N
.

Both time and frequency offsets thus modify the spectral rep-
resentation of the symbols from user B. We show in Section IV

Fig. 4. Magnitude of the DFT Y(k) for s(k)A = 100, s(k−1)
B = 85, s(k)B = 59,

SF = 7, τ = 32.5, �fc = 0, and PA = PB. Due to the STO τ , the symbols
of user B are shifted in frequency and scattered on several DFT bins.

that the presence of an STO and a CFO between the users is
actually beneficial to the performance of the two-user detector.

Since our receiver synchronizes to the strongest user, it is
very likely at reasonable SNR levels that the DFT bin con-
taining the symbol s(k)

A belongs to the limited set of bins with
significant magnitudes. We therefore propose to reduce the
complexity of (16) by selecting as candidates s̄(k)

A only the K
bins with the largest magnitudes |Y(k)(s̄(k)

A )| among the N bins
of the DFT Y(k). This rule reduces the total amount of matched
filters M(k)

1 and M(k)
2 to evaluate per window from N2 to KN.

The pruning of the set of candidate symbols s̄(k)
A signifi-

cantly reduces the complexity of the receiver. Per candidate
symbol s̄(k)

A , N matched filter outputs M(k)
1 [s̄(k)

A , s̄(k−1)
B ] and

M(k)
2 [s̄(k)

A , s̄(k)
B ] are evaluated, each requiring O(N) complex

operations. Since the N outputs of the matched filter Y(k) can
be computed in O(N log N) operations using a fast Fourier
transform, the computational complexity of the receiver is
dominated by the evaluation of the matched filters M(k)

1 and
M(k)

2 . The demodulation of a window of N samples hence
implies only O(KN2) complex operations, compared to a
complexity of O(N3) without the pruning. We observed, in
simulation trials, significant performance gains for K = 2
compared to K = 1, independently of the SF. Selecting
K > 5 however does not further improve the performance
for either user. In practical receivers, values of K between
2 and 5 should hence be used, depending on the available
computational resources.

IV. PERFORMANCE EVALUATION OF THE

TWO-USER DETECTOR

In this section, we provide simulation results for the symbol
error rate (SER) of both the stronger and the weaker collid-
ing users using the detector derived in the previous section.
The principal parameters that impact the SER are the STO
τ between the users, the fractional part λCFO of the effective
CFO, the difference �P = PA−PB of the received powers, and
the SF. We analyze and discuss the impact of these parameters
through Monte-Carlo simulations.
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Fig. 5. SERs of both users for different values of τ with SF = 7, �fc = 0,
and �P = 3 dB. The thick gray lines show the SER for the noncoherent
single-user receiver (5) in the absence of interference (PB = −∞ dB) [12].

The simulations are conducted in MATLAB as follows.
For every trial, 10 000 collisions with overlapping payloads
of NP = 32 random LoRa symbols each are transmitted fol-
lowing the baseband model defined in (8). Since the length of
LoRa payloads dominates over the preamble length, we only
consider in this section collisions between two payloads. As
Nyquist-frequency sampling is simulated, the signal bandwidth
has no influence on the SERs. The transmitted symbols are
demodulated using the detection rules (16) and (17) with the
metric �(s̄(k)) from (19). The simulations in this section also
assume perfect synchronization, i.e., the received power, CFO,
and STO of each user are known. Results obtained without
these idealized conditions and using a practical synchroniza-
tion algorithm are presented in Section V. Furthermore, we use
the simplification described in Section III and we choose the
symbol candidates s̄(k)

A for user A only from a limited set of
the K = 5 most significant DFT bins. Unless specified other-
wise, the following results are obtained for SF = 7. However,
we show in Section IV-D that our detector benefits from the
spreading gain of the LoRa modulation (about 2.5 dB per SF)
in the same way as a single-user receiver. The results obtained
for SF = 7 can hence serve as approximations for other SFs
by appropriately subtracting the corresponding SNR offsets.

A. Impact of Sampling Time Offset

In Fig. 5, we compare four different scenarios for the STO
for SF = 7, i.e., N = 128. In particular, we compare the worst
case scenario with τ = 0.0 (i.e., two users fully synchronized),
the best case scenario with τ = 64.5 (i.e., τ = N/2 + 0.5), and
two intermediate cases with τ = 16.0 (i.e., τ = N/8) and
τ = 16.25. The power difference between the two users is
�P = 3 dB. The SERs in the different scenarios are shown for
both the strong and the weak user. The thick gray lines show
the SER for the typical noncoherent single-user receiver (5) in
the absence of interference. As expected, the performance with
interference, both for the two-user and the multiuser receivers,
is always worse than the no-interference case depicted by the

gray lines. We note here that the two-user receiver demodu-
lates the strongest user (solid curves) with error rates that are
similar to the single-user detector in (5), but in the presence
of interference. More interestingly, we observe that our two-
user receiver allows even the weaker user (dashed curves) to be
demodulated with useful SER values, while the typical single-
user receiver would not be able to demodulate the weaker user
at all.

We now discuss in detail the influence of the STO τ =
LSTO + λSTO on the demodulation. Considering first the
impact of the integer offset LSTO, we clearly observe in Fig. 5
that a larger integer STO (up to N/2) reduces the SERs of both
users. For the strongest user, the required SNR to attain a 10−3

SER, is 2.5 dB lower for τ = 16.0 (solid orange curve) com-
pared to τ = 0.0 (solid purple curve). A similar behavior can
be observed for the fractional part of the STO. We observe
that a fractional STO (up to 0.5) can improve the error rate
at ranges that are comparable to large integer values of STO
and very close to the no-interference case. For example, the
weakest user for τ = 16.25 (i.e., λSTO = 0.25, dashed red
curve) reaches a SER of 10−3 at −6-dB SNR, whereas for
τ = 16.0 (λSTO = 0, dashed orange curve), the required SNR
is −4 dB.

The aforementioned observations indicate that the more the
interfering users are desynchronized in time, the easier it is for
the two-user receiver to separate and demodulate them. This
effect can be explained by the contribution of each user to the
DFT of the dechirped signal. While the contribution of the
strongest and synchronized user is always a Kronecker delta,
the spectral representation of the contribution of the weakest
user depends on the STO τ . For τ = 0, the symbols of both
users are Kronecker deltas in the frequency domain and the
matched filter M(k)

1 is identical to the DFT Y(k). In such a
time-aligned case, it is difficult to distinguish the symbols of
the two users as they are entirely correlated to each other.
In the presence of an STO τ = 0, the contribution of the
weakest user is no longer a single peak, but two bell-shaped
functions scattered across several DFT bins, as introduced in
Section III and observed in Fig. 4. Since the symbols of both
users become less correlated in the presence of an STO, it
is easier for the ML detector to separate the contribution of
each user. Therefore, integer or fractional STOs close to N/2

or 0.5, respectively, significantly improve the performance of
the proposed two-user detector. The extent of this behavior is
also shown in Fig. 5, where, to demodulate the weakest user
at a 10−3 SER, the best case scenario with τ = 64.5 (dashed
blue curve) requires a 7-dB lower SNR than the worst case
scenario with τ = 0.0 (dashed purple curve).

B. Impact of Carrier Frequency Offset

Similar to the STO, the effective CFO �fc between the users
also modifies the spectral representation of the symbols sent
by user B [28]. Yet, contrary to the STO, only the fractional
part λCFO modifies the spectral representation of the symbols
of user B. An integer CFO LSTO only shifts the symbols of
user B by an integer number of DFT bins and, therefore, does
not improve the detection performance.
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Fig. 6. SERs of both users for different values of τ and λCFO with SF = 7
and �P = 3 dB.

The SERs for scenarios with SF = 7 and with different val-
ues of λCFO and λSTO are presented in Fig. 6. Compared to the
baseline λCFO = 0.0 with τ = 16.0, an offset λCFO = −0.5
decreases the required SNR to attain a 10−3 SER by 3.5 dB for
the strongest user. For the weakest user, the required SNR for
the same SER is reduced by 3 dB. We note that previous works
in the literature suggested that the fractional offsets λSTO and
λCFO modify the spectral representation of LoRa symbols in
an identical way [37]. Yet, more recent analyses have shown
that the contributions of the fractional STO and CFO, although
similar, are not entirely equivalent [38], [40]. Compared to the
CFO, the fractional STO additionally induces a phase jump of
2πλSTO when the LoRa symbol folds in frequency, as mod-
eled in (9). As a consequence, the performance of the detector
depends on both values of λSTO and λCFO, and is not only
defined by the difference of the two −λSTO + λCFO. This
behavior is illustrated in Fig. 6 with the scenario λCFO = 0.5
and λSTO = 0.5. Although the fractional offsets cancel each
other in the term s(k)

B − τ + N(fc/fs) of (9), the phase jump
of 2πλSTO still enables important performance gains for the
two-user detector compared to the worst case fully time and
frequency-aligned scenario.

C. Impact of the Received Powers Difference

We subsequently analyze the impact of the difference
�P = PA − PB in the received powers of the colliding users.
Fig. 7 shows the SERs of both the strong and the weak
user for �P = 6, 3, 1.5, and 0 dB, with SF = 7. We
first discuss the effect of �P on the demodulation of the
strongest user, and use the noncoherent single-user receiver
in the absence of interference (5) as a reference. The results
are presented for a fixed PB, i.e., increasing �P amounts to
increasing PA. Hence, for the four values of �P studied, the

Fig. 7. SERs of both users for different values �P = PA −PB with SF = 7,
τ = 16.25, and �fc = 0. The thick gray lines show the SER of the single-user
receiver (5) in the absence of interference (PB = −∞ dB) for the SNRs of
the strong user.

baseline SER is inherently shifted horizontally by the corre-
sponding increase of power PA. For identical received powers
(�P = 0 dB), the SERs of both users become equivalent and
level off near a SER of 10−3. With �P = 1.5 dB, the two-
user detector reaches a SER value of 10−3 with an SNR of
−6.5 dB, whereas the detector of (5) in a single-user sce-
nario requires a 3-dB lower SNR for the same target. For
�P = 3 dB and �P = 6 dB, the SNR difference between
the two scenarios reduces to 2.5 and 1 dB, respectively. These
results illustrate that, for an increasing �P, the SER of the
strongest user converges to the SER of the no-interference
case.

Interestingly, provided a small difference of received powers
between the users, the value of �P itself does not signifi-
cantly affect the error rates for the weakest user. We observe,
for example, that the performance of the weak user for
�P = 3 dB and �P = 6 dB is almost identical and simi-
lar to the case with �P = 1.5 dB. The error rates however
increase for �P = 0 dB. The two-user detection rule (19)
notably relies on the energy of the symbols to identify their
corresponding user. When both users exhibit close received
powers, the two-user detector is more likely to confuse their
respective demodulated symbols. In this situation, the uncoded
receiver is unable to correctly assign some demodulated sym-
bol sequences to their respective users, even in high SNR
regions.

Overall, the proposed two-user receiver yields useful SER
values for the weak user when at least a small difference of
received power �P exists. This observed behavior is a very
positive result, since in typical single-user LoRa receivers, the
weak user is always lost.
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Fig. 8. SERs of both users for different SFs with �P = 3 dB , LSTO = N/8,
λSTO = 0.25, and �fc = 0.

D. Impact of Different Spreading Factors

We finally discuss the impact of the SF on the performance
of the two-user detector. Fig. 8 shows the SER of both the
strong and weak users for three SFs SF = 7, 9, and 11. For the
noncoherent single-user receiver (5), every increment of the
SF by one enhances the spreading gain of the modulation by
approximately 2.5 dB [28]. A similar behavior can be observed
for the detection of the strongest user, as increasing the SF by
two reduces the SNR requirements by approximately 5 dB
for all SERs. Regarding the weakest user, the required SNR
to attain a 10−3 SER when increasing the SF from 7 to 9
decreases by 7 dB. This 7-dB improvement not only stems
from the increased spreading gain but also from more accurate
estimates θ̂

(k)
A .

Since the number of different LoRa symbols N = 2SF

increases with the SF, the probability that, during window
k, symbol s(k)

A of the strong user overlaps in frequency with
symbols s(k−1)

B or s(k)
B of the weak user also decreases. As

a consequence, the phase estimator for θ̂
(k)
A is less prone to

suffer from interference coming from the weakest user. For
SF = 7, an inflexion point in the error rate can be observed
at a SER of 0.3 · 10−2, i.e., for a −7-dB SNR. At lower SNR
levels, the SER is dominated by errors due to noise, whereas
for SNRs greater than −7 dB, the inaccuracies of the estimates
θ̂

(k)
A prevent the receiver from correctly removing the contri-

bution of user A before detecting the symbols of user B. By
increasing the SF to 9 and 11, this inflexion point drops to a
SER of 0.9 · 10−3 and 0.4 · 10−3, respectively, and inaccurate
estimates of θ̂

(k)
A become less relevant.

V. MULTIUSER SYNCHRONIZATION ALGORITHM

ROBUST TO INTERFERENCE

The two-user detector derived in Section III requires esti-
mates of the received power, STO, and CFO of each user. To
demonstrate the practicality of the proposed two-user detector

Fig. 9. FSM representation of the receiver. The receiver always synchronizes
to the strongest user.

in a full receiver chain, we present in this section an adap-
tive multiuser synchronization algorithm that is robust to the
same-SF interference. Conventional single-user synchroniza-
tion algorithms, e.g., [38], [39], and [44], are not capable
of accurately estimating these parameters in the presence of
interference from another user. Hence, a specific algorithm
is needed. Compared to the synchronization procedures of
the multiuser receivers from [30]–[35], our algorithm origi-
nally exploits the quasi-orthogonality between upchirps and
downchirps in the LoRa preamble to estimate the parame-
ters of an arriving user in spite of another ongoing, colliding
transmission.

Both the two-user detector and the synchronization algo-
rithm have been implemented in the GNU Radio software-
defined radio environment. This C++ implementation is
opensource and available at [45]. In the following, we first
give an overview of the overall receiver architecture, and
then explain the synchronization algorithm in detail. We
then perform Monte-Carlo simulations with the GNU Radio
implementation to evaluate the impact of the synchronization
algorithm on the performance of the two-user detector. Finally,
we briefly discuss the complexity of the proposed receiver.

A. Overview of the Synchronization Procedure

As previously explained, a LoRa user can start or stop trans-
mitting at any time during the transmission of another user.
Due to the nature of our two-user detector which demodulates
simultaneously the symbols of two users, a gateway embed-
ding this detector must be capable of tracking in real time
the arrival of a second user during an ongoing transmission.
To this end, the proposed multiuser synchronization algorithm
implements a three-state finite-state machine (FSM) which is
illustrated in Fig. 9. Each state corresponds to the current
number of colliding users, up to two.

The input of the synchronization algorithm is an over-
sampled version ȳ[n] of the received signal, sampled at the
frequency f ′

s = RB, where R is the oversampling factor. In
the no-user or single-user states, the algorithm is constantly
running to detect the preamble of a potential arriving user.
When a new user is detected, the receiver estimates its power,
CFO and STO using the oversampled received signal. In the
presence of a single first user, the receiver synchronizes in
time and frequency to this user. The synchronization comprises
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finding the first sample of the payload in the oversampled sig-
nal ȳ[n], decimating this signal by a factor R to the Nyquist
frequency fs = B, and correcting the estimated CFO, which
finally yields the received signal y[n]. The typical noncoherent
detector of (5) is then used to demodulate the payload symbols
in y[n].

Upon the arrival of a second user, the receiver switches
to the two-user detection rules (16) and (17) that maximize
the metric �(s̄(k)) from (19) with K = 5. If the new user
has a higher received power than the active first user, the
receiver resynchronizes in time and frequency to this new user.
Maintaining the synchronization to the strongest user is an
important condition to achieve decent interference cancelation
in the two-user detector, as explained in Section III. The syn-
chronized signal is split into windows of N samples, and each
window is sent to the demodulation stage. Since the matched
filters M(k)

1 and M(k)
2 require the knowledge of the effective

CFO �fc and the STO τ , the synchronization algorithm is
always ahead of the demodulation by Npr + 4.25 symbols,
i.e., the length of the preamble. This buffering enables the
receiver to detect the new user and estimate its parameters
before demodulating the interfering symbols of the already
present user.

B. Estimation of the Parameters and Preamble Detection

Contrary to the algorithms of [38], [39], and [46], the syn-
chronization algorithm of our two-user receiver has to detect
and estimate the parameters of a new user even in the presence
of a colliding user. For a single-user receiver, demodulating the
upchirps and downchirps in the preamble (see Fig. 2) allows
an unsynchronized receiver to estimate the integer parts of the
CFO and STO [37]. In a noiseless environment, the symbols
sup and sdown of an upchirp and a downchirp demodulated with
the single-user detector from (5) yield

sup = (LCFO − LSTO) mod N

sdown = (LCFO + LSTO) mod N. (20)

The integer offsets LCFO and LSTO are estimated by summing
and subtracting sup and sdown, respectively, and dividing the
result by two. However, the conventional single-user detector
is typically not able to correctly demodulate these symbols
in the presence of strong interference. Hence, to perform a
robust estimation of the CFO and STO, we propose instead to
leverage the repetition of the upchirps as well as the almost
orthogonal relationship between the 2.25 downchirps in the
preamble of the second user and the modulated symbols of
the first user [47].

The multiuser synchronization algorithm is divided into
three stages. The first stage processes the upchirps of the
preamble, the second processes the downchirps, and a final
stage performs the preamble detection and the parameter
estimation.

1) Estimation of sup and λCFO Using the Upchirps: Due
to the potential presence of interferers, it is not reliable to
demodulate sup with the single-user detector of (5). To estimate
sup, the proposed algorithm downsamples ȳ[n] by a factor R,
and distributes the decimated preamble signal into successive

windows of N samples. Each window is then dechirped with
the downchirp x∗

0[n]. Let Ȳ(k) be the DFT of the dechirped
signal in the kth window. In the absence of interference, Ȳ(k)

for an upchirp contains a single bell-shaped function centered
around sup = (LCFO − LSTO) mod N [38]. While a new user
sends a preamble containing Npr identical upchirps x0[n], it is
highly likely that the payload symbols sent by the colliding
same-SF user change over consecutive windows. We suggest to
use the temporal repetition of the same upchirp in the preamble
to filter out the time-varying symbols from an interfering user.
In particular, we multiply the magnitudes of Ȳ(k) over Npr − 1
consecutive windows and we perform the symbol decision on
this product

ŝ(k)
up = arg max

s

k+Npr−1
∏

i=k

∣
∣
∣Ȳ(i)[s]

∣
∣
∣. (21)

The multiplication increases the magnitude of the frequency
bins containing the identical symbols sup, but it attenuates
the energy of the payload symbols from the interfering users,
which are located in different bins.

The preamble upchirps are then also used to estimate the
fractional CFO λCFO. This offset can be estimated by multi-
plying the DFT bin Ȳ(k)[ŝ(k)

up ] with the complex conjugate of
the same bin from the previous upchirp, and looking at the
phase of the product [37]. In a two-user scenario, however,
there is a nonnegligible probability that a symbol from the
interferer overlaps in frequency with an upchirp of the new
user, hence corrupting the estimate. We here reuse the esti-
mator from [37]. However, to minimize the estimation errors
due to noise or interference, we compute the estimate λ̂

(k)
CFO

over the same Npr − 1 upchirps used to evaluate ŝ(k)
up with the

preamble upchirps

λ̂
(k)
CFO = 1

2π
arg

⎛

⎝

k+Npr−2
∑

i=k+1

Ȳ(i)
[
ŝ(k)

up

]
Ȳ∗(i−1)

[
ŝ(k)

up

]
⎞

⎠. (22)

2) Estimation of sdown and λSTO Using the Downchirps: To
estimate sdown = (LCFO + LSTO) mod N using the preamble
downchirps, we suggest to perform a matched filter on the
whole received preamble. When demodulating a LoRa symbol,
a matched filter with N modulated downchirps is equivalent to
the combination of the dechirping stage and the DFT stage. An
oversampled matched filter however allows to simultaneously
estimate the fractional time offset λSTO.

The proposed filter H(k) looks for two consecutive unmod-
ulated downchirps in the time windows k − 1 and kth of RN
samples each from the oversampled signal ȳ[n]. This filter also
corrects for the fractional CFO, using the estimate λ̂

(k−Npr−2)

CFO
obtained Npr − 2 windows before

H(k)[n, p] = 1

N

2N−1∑

m=0

ȳ
[
R(Nk + m − n) − p

]

× exp

(

j2π

(
m2

2N
− m

2
− m

N
λ̂

(k−Npr−2)

CFO

))

(23)

where p ∈ {0, . . . , R − 1}.
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Fig. 10. Output of the matched filter H(k) on a received signal containing
an entire preamble from a new user and random payload symbols from a
3-dB stronger interfering user with the same SF. The matched filter yields
three distinct peaks of heights

√
P, 2

√
P, and

√
P spaced by RN samples

when the downchirps of the preamble are processed. Conversely, the energy
of the preamble upchirps and interfering payload symbols is spread through
the whole filter output.

Let P be the received power of the arriving user. In the
absence of interferers and noise, the filter reaches a max-
imum output magnitude of 2

√
P when it is aligned to the

two downchirps. In this case, the peak at 2
√

P is attained for
n(k)

max = sdown and p(k)
max = �RλSTO�. Similarly, when only one

downchirp is aligned, i.e., one window before or after the max-
imum at 2

√
P, the magnitude of the output attains

√
P, for the

same values of n and p. As the filter H(k)[n, p] is matched to
downchirps, symbols from interferers, which are modulated
with upchirps, are almost orthogonal and can hence be seen
as AWGN [47]. This property is illustrated in Fig. 10.

3) Preamble Detection: The preamble detection is per-
formed using the outputs H(k)[n, p] of the matched filter. The
indices n(k)

max and p(k)
max of the largest absolute value of the

matched filter output |H(k)[n, p]| are identified for each win-
dow. The algorithm detects a preamble when a succession of
peaks of height

√
P, 2

√
P, and

√
P spaced by RN samples is

observed, such that the following conditions are met:

∣
∣
∣H(k−1)

[
n(k)

max, p(k)
max

]
−
√

P̂(k)
∣
∣
∣ < T(k) (24)

∣
∣
∣H(k+1)

[
n(k)

max, p(k)
max

]
−
√

P̂(k)
∣
∣
∣ < T(k) (25)

where T(k) = √
P̂(k) + (σ 2/N) + (2/π) is a threshold that

depends on the noise level and the SF, and P̂(k) =
(0.5H(k)[n(k)

max, p(k)
max])2 is the estimated received power.

Upon detection of a preamble, the symbols ŝ
(k−Npr−2)
up and

ŝ(k)
down = n(k)

max are used to estimate LCFO and LSTO follow-

ing (20). The values λ̂
(k)
STO = �(p(k)

max/R)� and λ̂
(k−Npr−2)

CFO are
selected as estimates of the fractional STO and CFO, respec-
tively. It is worth noting that the proposed preamble detection
rule is not guaranteed to work when the downchirps of two
preambles collide, i.e., when the absolute time offset between
the starts of the packets is smaller than 2.25 symbols. The
probability that this scenario arises when two users collide is
however negligible in practice, since the preamble is 12.25
symbols long and LoRaWAN frames carry at least 33 payload
symbols for SF = 7 and 23 symbols for SF = 12 [2], [11].

C. Performance Evaluation

In the following, we evaluate in simulation the performance
of our two-user detector when the parameters of the colliding
users are estimated using the proposed multiuser synchroniza-
tion algorithm. To analyze the performance of the two-user
detector under nonideal, but realistic synchronization condi-
tions, we first focus on the per-user SER when the receiver
jointly demodulates two superimposed users after synchroniz-
ing with the proposed algorithm. The impact of the synchro-
nization on the SERs is then further analyzed by studying the
root mean square errors (RMSE) of the STO, the CFO, and
the received power estimates.

The following results are obtained by simulating collisions
in an AWGN channel between two LoRa transmitters using
the GNU Radio software-defined-radio environment. In each
Monte-Carlo trial, both transmitters send a LoRa packet with
a preamble of 12.25 symbols and 32 random data symbols
to the receiver. Seventy thousand trials are carried out per
SNR level. To clearly illustrate the impact of the synchroniza-
tion stage on the two-user detector, STO and CFO values that
maximize the detection performance for both users have been
chosen. The starting time of the transmission of the second
user is delayed by 15 symbols and τ = 64.5 samples with
respect to the first user. The CFO between the two users is
set such that LCFO + λCFO = 20.5 and the transmit power of
the second user is chosen 3 dB stronger than the power of the
first user. AWGN is simulated at the receiver, and different
SNR levels are obtained by sweeping the transmit powers of
both users together. The receiver samples the received signal
with an oversampling factor of R = 8. For the first user, only
its payload symbols are subject to interference, whereas the
colliding symbols of the second user comprise both preamble
and payload symbols. Only the 15 overlapping payload sym-
bols are used for the computation of the SERs. Trials in which
the packet of the weakest user is not detected are not taken
into account, as the two-user detector is not enabled in this
scenario. For all simulated SNR levels and for both users, the
probability of preamble misdetection is on average at least one
order of magnitude smaller than the frame error rate.

Fig. 11 shows the SERs of both users with ideal synchro-
nization and when the user parameters are estimated with the
proposed multiuser synchronization algorithm. These SERs do
not include the demodulation of the symbols that do not col-
lide with another frame (i.e., the single-user state in the FSM
of Fig. 9), since the proposed two-user detector is not used
for these symbols that have an overall much lower SER. For a
target SER of 10−3, we observe for both users a loss of about
2 dB between the simulations with perfect synchronization
and with our practical multiuser synchronization algorithm. To
understand why this loss applies to both users, we show the
RMSEs of the estimates of the fractional STO λSTO, fractional
CFO λCFO, and received power P of each user in Fig. 12. For
all three parameters, the RMSEs of the first and second users
are very similar, i.e., the estimates of the second user are not
impaired by the presence of the other colliding user. In our
simulations, the integer STO and CFO are always correctly
estimated when the preamble is detected. Our synchronization
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Fig. 11. SERs of both users for the proposed two-user detector with perfect
synchronization and our multiuser synchronization algorithm for τ = 64.5,
LCFO = 20, λCFO = 0.5, SF = 7, and �P = 3 dB.

Fig. 12. RMSEs of the fractional STO, fractional CFO, and received power
of each user for R = 8.

algorithm is hence robust to same-SF interferers, but induces
a performance loss for the two-user detector.

The 2-dB loss is mainly due to the fractional STO, whose
estimates are one order of magnitude less accurate than those
of λCFO. The inaccuracy on λSTO stems from the fact that
our estimator relies on a matched filter with an oversampling
factor R followed by a decision for the best match. As such,
the resolution of the estimates λ̂

(k)
STO is limited by R, even in

the absence of noise. The estimation of the fractional CFO
does not suffer from this limitation. We finally note that the
estimator of the received power is biased as its RMSE floors
at high SNR. This bias however does not strongly impact the

two-user detector, since the SERs of both users decrease well
below 10−4.

D. Receiver Complexity Evaluation

We finally evaluate the complexity of the proposed two-user
receiver, including the synchronization stage. Conventional
single-user LoRa gateways use a single N-point FFT per sym-
bol of N samples to carry out both the synchronization and
the demodulation [48]. Assuming a Radix-2 FFT implementa-
tion, the processing of each input sample implies (N/2) log N
complex multiplications. Our two-user detection rule requires,
in addition to the FFT, the computation of KN outputs of the
matched filters M1 and M2 per symbol, which amounts to
KN complex multiply-and-accumulate (MAC) operations per
sample. For SF = 7 and SF = 12, this overhead corresponds
to 640 and 20 480 MACs per sample (K = 5), respectively,
whereas the FFT requires 3.5 and 6 complex multiplications
per sample. Similarly, the synchronization stage uses R parallel
matched filters of length 2N on top of the FFT, which necessi-
tate 2N additional MAC operations per sample (256 and 8192
MACs for SF = 7 and SF = 12, respectively). For the typ-
ical bandwidth and sampling frequency B = fs = 125 kHz,
the computational overhead of our receiver varies between
112 · 106 (SF = 7) and 3.5 · 106 (SF = 12) MACs per second.
As a comparison, 5G NR mobile terminals carry out 4096-
point FFTs with sampling rates up to fs = 122 MHz [49],
requiring 732 · 106 complex multiplications per second for a
Radix-2 FFT.

VI. CONCLUSION

Multiuser receivers are required to overcome the scalability
limitations of LoRa networks. In this article, we derived from
the ML criterion a multiuser detector capable of demodulat-
ing symbols from two interfering LoRa users. The proposed
detector inherently leverages the omnipresent differences in
received power, time offsets, and frequency offsets to separate
and demodulate the contribution of each user. For at least a
1.5-dB difference of the received power between the users,
the detector is able to demodulate both users with useful error
rates. To illustrate how this two-user detector may function
in a practical receiver, we designed a synchronization algo-
rithm that is robust to same-SF interference and implemented
both blocks in the GNU Radio. In simulation, our GNU Radio
implementation demodulates two colliding users with SERs
below 10−3, hence demonstrating the practicality of such a
receiver.

Whereas conventional single-user LoRa receivers mainly
rely on FFTs, our proposed two-user receiver uses matched
filters with quadratic complexity for both the synchronization
and detection stages and, therefore, requires more comput-
ing resources. However, thanks to the small bandwidths of
LoRa signals, the overall complexity of the proposed gateway
receiver remains similar to those of modern cellular terminals.
In future works, we plan to conduct experiments with com-
mercial LoRa devices to evaluate experimentally the potential
benefits of the proposed solution at the network-level.
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APPENDIX

DERIVATION OF THE JOINT MAXIMUM

LIKELIHOOD DETECTOR

In this section, we show how the metric �ML(s̄(k)) from (12)
is derived from the likelihood expression given in (11).
To simplify the derivations, we seek to maximize the log
likelihood

L′(s̄(k)
)

= logL(s̄(k)) = A −
N−1∑

n=0

∥
∥
∥ỹ(k)[n] − x̃(k)

[
n
∣
∣s̄(k)

]∥
∥
∥

2

=
N−1∑

n=0

[

−
∥
∥
∥ỹ(k)[n]

∥
∥
∥

2 + 2�
{

ỹ(k)[n]x̃(k)
[
n
∣
∣s̄(k)

]∗}

−
∥
∥
∥x̃(k)

[
n
∣
∣s̄(k)

]∥
∥
∥

2
]

+ A (26)

where A is a constant independent of s̄(k). We ignore, in the
following developments, all terms that are independent of the
candidate symbols s̄(k).

By developing x̃(k)[n|s̄(k)] following (9), distributing all
terms and using the relation z1 + z∗

1 = 2�{z1}, we obtain:

L′(s̄(k)
)

=
N−1∑

n=0

2�
(

ỹ(k)[n] · √PAe−jθ(k)
A e−j2π n

N s̄(k)A

)

+

τ�−1∑

n=0

2�
(

ỹ(k)[n] · √PBe−jθ(k−1)
B ỹ∗(k)

B,1 [n]
)

+
N−1∑

n=
τ�
2�

(
ỹ(k)[n] · √PBe−jθ(k)

B ỹ∗(k)
B,2 [n]

)

−

τ�−1∑

n=0

2�
(
√

PAPBe
j
(
θ

(k)
A −θ

(k−1)
B

)

ej2π n
N s̄(k)A ỹ∗(k)

B,1 [n]

)

−
N−1∑

n=
τ�
2�

(
√

PAPBe
j
(
θ

(k)
A −θ

(k)
B

)

ej2π n
N s̄(k)A ỹ∗(k)

B,2 [n]

)

− N(PA + PB) (27)

where ỹ(k)
B,1[n] and ỹ(k)

B,2[n] represent the dechirped signals of
the candidate symbols of user B in the kth window

ỹ(k)
B,1[n] = e

j2π
(n+N−τ)

N

(
s̄(k−1)
B −τ+N �fc

fs

)

e
j2πλSTOu

[
n−n(k)

f ,1

]

(28)

ỹ(k)
B,2[n] = e

j2π
(n−τ)

N

(
s̄(k)B −τ+N �fc

fs

)

e
j2πλSTOu

[
n−n(k)

f ,2

]

. (29)

After dividing L′(s̄(k)) by two, removing the constant term
N(PA + PB) and by grouping the terms containing ỹ(k)

B,1[n] or

ỹ(k)
B,2[n] together, the log likelihood becomes

L′(s̄(k)
)

=
N−1∑

n=0

�
(√

PAe−jθ(k)
A ỹ(k)[n]e−j2π n

N s̄(k)A

)

+
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�
[
ỹ(k)

IC [n]
√

PBe−jθ(k−1)
B ỹ∗(k)

B,1 [n]
]

+
N−1∑

n=
τ�
�
[
ỹ(k)

IC [n]
√

PBe−jθ(k)
B ỹ∗(k)

B,2 [n]
]

(30)

where ỹ(k)
IC [n] = ỹ(k)[n] − √

PAejθ(k)
A ej2π(n/N)s̄(k)A is the

interference-canceled version of ỹ(k)[n], i.e., the dechirped
received signal with the presumed contribution of user A
removed.

Each term of (30) corresponds to a matched filtering of one
of the symbols s̄(k)

A , s̄(k−1)
B , and s̄(k)

B in the window. To ease the
writing of L′(s̄(k)), we substitute in (30) the expressions of the
matched filters Y(k), M(k)

1 , and M(k)
2 defined in Section III

L′(s̄(k)
)
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PA�

(
e−jθ(k)

A Y(k)
[
s̄(k)

A
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+ √
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1
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B

])

+ √
PB�

(
e−jθ(k)

B M(k)
2

[
s̄(k)

A , s̄(k)
B

])
. (31)

The metric �ML(s̄(k)) subject to maximization is finally
obtained from (31) by adding back the exponential function.
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