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ABSTRACT In this paper we propose LoRaSyNc (LoRa receiver with SyNchronization and Cancellation),
a second generation LoRa receiver that implements Successive Interference Cancellation (SIC) and time
synchronization to improve the performance of LoRa gateways. Indeed, the chirp spread spectrum modula-
tion employed in LoRa experiences very high capture probability, and cancelling the strongest signal in case
of collisions can significantly improve the cell capacity. An important feature of LoRaSyNc is the ability
to track the frequency and clock drifts between the transmitter and receiver, during the whole demodulation
of the interfered frame. Due to the use of low-cost oscillators on end-devices, a signal cancellation scheme
cannot result accurate without such a tracking, especially at the lower data rates. We validate the performance
of LoRaSyNc in presence of collisions by implementing a receiver prototype on software-defined-radios, and
perform several experiments in different realistic scenarios, by also comparing our receiver with commercial
gateways. Finally, we simulate a cell deployment with one or more gateways, showing that the proposed
scheme improves performance by almost 50% compared to a traditional receiver.

INDEX TERMS Capture effect, interference, interference cancellation, LoRa, LoRaWAN, LPWAN,

scalability, spreading factor, synchronized signals.

I. INTRODUCTION

In the last years, we have assisted to a steep increase of Inter-
net of Things (IoT) applications and devices. According to the
IoT Analytics forecast,! the IoT market has seen an accel-
eration since 2018: the number of IoT devices is expected
to be higher than 22 billion by 2025. In many application
scenarios, the smart objects require low-rate and low-power
wireless technologies to be connected to the Internet. There-
fore, the design of efficient solutions for Low-Power Wide
Area Networks (LPWANS) is an important challenge. Cur-
rently, common LPWAN technologies include Long Range
Wide Area Network (LoRaWAN), Sigfox, and NB-IoT [1],
which are widely used in smart agriculture, smart industry
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and smart city environments, just to name a few application
areas.

In this work, we consider the LoRaWAN technology and
associated LoRa modulation, a typical example of wireless
IoT technology designed for connecting simple devices in
unlicensed bands. LoRa modulation has been demonstrated
to be very robust to interference, while the LoORaWAN MAC
protocol is simple and energy efficient. Indeed, LORaWAN is
based on a simple star topology and on the Aloha MAC proto-
col, where a central gateway (GW) collects frames randomly
transmitted by smart devices in its coverage area, and devices
can sleep for long intervals.

Because of the simple MAC protocol employed, when the
number of devices active in a particular region grows signif-
icantly, the capacity of the network will quickly deteriorate.
This phenomenon is critical despite the availability of multi-
ple non-interfering channels, which can be implemented by
allocating different carrier frequencies or modulation param-
eters (called spreading factors) to devices [2]. Indeed, optimal
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network planning is difficult in unlicensed bands and node
density can be so high to saturate all the available channels.

In this paper, we consider the problem of optimizing the
LoRaWAN network capacity by improving the receiver archi-
tecture of the GWs, in order to enable the parallel reception
of multiple colliding signals. Indeed, experimental studies
of receiver performance have demonstrated that different
Spreading Factors (SFs) are not perfectly orthogonal [3].
On the other side, collisions between signals modulated at
the same SF often result in the correct demodulation of the
strongest signal: the demodulation of one colliding signal
can be successful even when the signal strength differences
are as little as 1 dB [4], provided that the strongest signal is
transmitted first or within a limited interval from the start of
the weakest signal. This phenomenon, called channel capture,
can significantly improve the network capacity [5].

Starting from these considerations, we present a new LoRa
receiver architecture, named LoRaSyNc (LoRa receiver with
SyNchronization and Cancellation), that extends the demod-
ulation procedure in case of collisions. By adding a syn-
chronization and clock tracking scheme during the whole
reception of the frame, LoRaSyNc is able to perform signal
cancellation in case the strongest frame is correctly received,
and can also recover the weakest frame. A few other stud-
ies have considered the possibility of implementing signal
cancellation mechanisms in LoRa (e.g., [6], [7]). Different
from these studies, we consider the impact of deploying
multiple SIC-enabled (Successive Interference Cancellation)
GWs on the performance of a LoORaWAN network. Moreover,
the proposed LoRaSyNc receiver is accompanied by a clock
drift tracking scheme which, as we will show, is fundamental
to keep the residual cancellation noise at a minimum and thus
improve performance when working with low-cost oscilla-
tors (typical of LoRaWAN devices). Additionally, the pro-
posed SIC strategy can be used in combination with other
Non Orthogonal Multiple Access (NOMA) strategies, such
as [8], [9]. The design, implementation and validation of
LoRaSyNc is performed both in simulation and in real exper-
iments, using USRP Software Defined Radios (SDRs) [10]
to generate repeatable and controlled frame collisions and
to run the LoRaSyNc receiver. After a thorough analysis of
LoRaSyNc’s characteristics, we simulate a LoRa network in
presence of one or more LoRaSyNc GWs and show that,
compared to traditional receivers, the proposed scheme can
increase the system capacity by almost 50%. The contribu-
tions presented in this paper are summarized as follows:

« we present LoRaSyNc, an accurate SIC scheme with
precise time synchronization and clock tracking mecha-
nisms;

« we perform a thorough evaluation of the proposed sys-
tem exploiting both simulations and experiments using
a USRP testbed;

« we analyze the capacity gains achievable in a LoRa cell,
considering also the case of multiple GWs covering the
same area.
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The rest of this paper is organized as follows. Section II
briefly reviews some related work and Section III introduces
the LoRaWAN architecture and the relevant features of the
Chirped Spread Spectrum (CSS) modulation used in LoRa.
In Section IV, we present the LoRaSyNc demodulator, com-
prised of the clock tracking module and the SIC algorithm.
In Section V we analyze the performance of our receiver in
controlled colliding events, by also comparing results with
a commercial GW (able to demodulate at most one frame
in case of collisions). Simulation-based results on system
capacity are presented in Section VI. Finally, conclusions are
drawn in Section VII.

Il. RELATED WORK

A. PERFORMANCE OF LoRa

in the last years several studies have been published on the
evaluation of LoRa link-level or cell-level performance [5].
A general description of LoRaWAN applications and impli-
cations for IoT scenarios can be found in [11]. In [12] the per-
formance of LoRa links is compared with ultra-narrowband
(Sigfox-like) networks, concluding that ultra-narrowband has
a larger coverage but LoRa modulation are less sensitive
to interference. The LoRa modulation is presented in [13],
where the authors also describe an implementation of a
LoRa transceiver, called gr-lora, based on GNU Radio. Also,
the description of an improved LoRa receiver is provided
in [14].

Link-level studies of the LoRa PHY are mostly based on
the experimental characterization of coverage and interfer-
ence rejection capabilities [15]. The power reception thresh-
olds for different SFs and the Signal to Interference Ratio
(SIR) required for rejecting interfering LoRa signals are
quantified in [3]. In [4] it is also shown that, because of
the imperfect orthogonality between different SFs, a LoRa
network cannot be studied as a simple super-position of inde-
pendent networks working on independent SFs or channels.
Indeed, [5] shows that non-orthogonality of the SFs can
deteriorate significantly the performance, especially of higher
SFs, and show that capture effects can significantly improve
the performance of LoRa networks. In this paper, we focus
on capture effects of frames having the same SF, confirming
channel rejection thresholds presented in previous works,
and exploiting captures to develop an accurate cancellation
procedure in order to recover overlapped frames.

B. INTERFERENCE CANCELLATION

One of the pioneering works on interference cancellation
is [16], which proposes the concept of cancellation to support
concurrent transmissions and improve MAC capabilities.
A proof-of-concept experiment using USRP showed that
interference cancellation is feasible in practice, but signal
processing algorithms need to be adjusted to this new model.
Regarding the LoRa technology, a mathematical model that
takes into account the capture effect is presented in [17].
The preliminary work in [18] provides two algorithms for
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decoding overlapped LoRa signals that are slightly
desynchronized and completely synchronized respectively.
Through numerical results, the authors prove that throughput
improves significantly for the first case, while the second
algorithm is able to decode only the strongest signal. More
specifically, concerning the slightly desynchronized case,
the proposed algorithm solves the decoding issue of two
overlapped frames in the following way: first, for preamble
detection, when an overlap occurs the receiver recognizes
that two signals are being received and is able to deduce
the symbol frontiers for both signals; then, for the data
decoding, at each frontier the receiver updates the previous
frequencies and compares these new frequencies with the
previous. Based on this comparison, the receiver knows if
a new symbol has started and which of the transmitters it
belongs to. Our approach is different because in LoRaSyNc
we rebuild the frame with the strongest power and subtract
it from the whole received trace. Moreover, [18] shows only
numerical results, while we validate the proposed technique
also through experimental results using USRPs. In [19]
and [20] the scalability of a LoRa network is studied con-
sidering the impact of the capture effects. These results could
significantly be improved considering also the interference
cancellation scheme proposed in this paper. A preliminary
study in this direction is presented in [21] where some simu-
lations on the effectiveness of SIC are reported. In this paper,
we extend this study with a thorough analysis of capture
effects and the impact of SIC on the capacity of a LoRa
cell deployment with one or more GWs. A few other SIC
algorithms have also been presented in the literature, such
as [6], [7]. In [6], the mLoRa protocol is presented to decode
multiple collided frames, and experiments on a USRP testbed
have demonstrated that up to three concurrent transmissions
can be simultaneously received. Similarly, the work in [7]
proposes a receiver capable of processing LoRa collisions
using commercialized LoRa chips. Although these studies
present good results in realistic settings, none of them draw
conclusions on the performance that such schemes could
achieve in a scenario with thousands of active end-devices
and many GWs covering the same area. In this paper, instead,
we study the impact of deploying multiple SIC GWs on
the performance of a LoRa cell. Moreover, the proposed
LoRaSyNc receiver is accompanied with a precise clock drift
tracking scheme which, as we will show, is fundamental to
keep the residual cancellation noise at a minimum and thus
improve performance. Indeed, clock drifts are significant
in low-cost commercial devices, especially with high SF
values, and this problem is not analyzed in [6] and [7].
Finally, [9] and [8] leverage power, frequency and/or time
differences to develop NOMA schemes without the need of a
SIC receiver. In particular, FTrack [9] is a scheme to resolve
LoRa collisions in both time and frequency domains. FTrack
is implemented in SDRs and the performance improves of
LoRaWAN is shown in real testbeds. Similarly, in [8] time
and power differences are exploited to distinguish between
LoRa transmissions belonging to different EDs. Although
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FIGURE 1. LoRaWAN architecture.

promising, these techniques are orthogonal to the LoRaSyNc
approach presented in this paper and could be included in
future works to further improve the performances of an
enhanced LoRa GW.

Ill. BACKGROUND

A. LoRaWAN NETWORK ARCHITECTURE

LoRaWAN is a standard for IoT applications based on the
LoRa modulation and promoted by the LoRa Alliance [22].
Fig. 1 shows the main system components:

1) the End Devices (ED), which are the low-power smart
objects, such as sensors and actuators, employing the
LoRa modulation for communicating towards a GW;

2) the Gateway (GW), which forwards frames received
on the wireless channel from EDs to a Network Server
through an IP backhaul network (and vice-versa). Mul-
tiple GWs can be placed in the same geographical area
to improve coverage and cell capacity.

3) the Network Server (NS), which is responsible for
decoding and de-duplicating the frames received by the
GWs and delivering them to the relevant Application
Servers. Application Servers can belong to external
service operators and can offer heterogeneous services
on the same network infrastructure. The NS can also
send frames back to the EDs in case of downlink traffic
or for enforcing some specific device configurations.

Different from traditional cellular networks, EDs are not
associated with a particular GW. Instead, GWs serve simply
as link layer relayers and forward all the packets received
from EDs to the NS, adding information regarding the recep-
tion quality. Thus, the same packet can be received and
forwarded by multiple GWs and the NS is responsible for
detecting duplicate packets and choosing the appropriate GW
for transmitting downlink packets (if any). GWs are usually
equipped with multiple transceivers for receiving simultane-
ously on multiple (configurable) frequency channels, while
EDs can dynamically select a transmission channel, from
among those available, at each transmission attempt. Some
channels are reserved for data transmission, one channel is
reserved for GW’s responses, while some other channels are
usually reserved for control information and in particular for
transmitting network join requests from EDs.

For accessing the wireless channel, LoORaWAN defines a
MAC layer based on a simple Aloha protocol. This choice is
devised to minimize the protocol complexity and the energy
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FIGURE 2. Example chirps with SF = 9. Instantaneous frequency for one
basic upchirp and three symbols: 128, 256 and 384.

consumption of EDs. Moreover, EDs listen to the medium for
receiving frames only in special time windows after uplink
transmissions (class A devices), or at regular time intervals
(class B devices). Only class C devices have continuously
active receivers. LoORaWAN operates in the unlicensed ISM
(Industrial, Scientific and Medical) radio bands that are avail-
able worldwide and a limited duty cycle is allowed to EDs:
depending on the channel, EDs are granted a duty cycle
of 0.1%, 1.0% and 10% per day.

B. LoRa MODULATION AND FRAMING

LoRa implements a Chirp Spread Spectrum (CSS) modu-
lation. CSS modulation has been demonstrated to be very
robust against in-band or out-band interference, which can
be very critical when operating in ISM bands. In partic-
ular, LoRa employs an M-ary modulation scheme based
on chirps [23]. Basic chirps are constant envelope signals
whose frequency is linearly modulated sweeping from f,,
t0 finax (up-chirp) or from fy,ax tO finin (down-chirp). Chirps
are cyclically-shifted to produce different symbols, and this
cyclical shift carries the information. A symbol, whose length
is divided in K equal time intervals called chips, can be cycli-
cally shifted from 0 to K — 1 positions. The reference position
is given by the un-shifted (base) symbol at the beginning of
the LoRa frame, which is also used for building the frame
preamble.

For a given bandwidth B = f,,,4x — finin, the symbol time
is given by a SF parameter. The SF defines two modulation
features: 1) the time duration of each chirp (or, equivalently,
the slope of the linear frequency sweep), which is given by
25F chip intervals; and ii) the number of raw bits encoded by
that symbol, equal to SF. The Data Rate (DR) thus depends
on the bandwidth B in Hz, the SF and the Coding Rate (CR)
as:

B
DR:SF~2@'CR (1)
where 1/B is the chip interval, the factor B/25F provides the
symbol rate and the coding rate CR = 4 /(4 + RDD) depends
on the number of redundancy bits (RDD, from 1 to 4) used
for Hamming code forward error correction. The bandwidth
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can be configured as 125kHz, 250kHz and 500kHz (typically
125kHz is used in the 868MHz ISM band). Fig. 2 shows the
modulating signal used for a basic upchirp and three examples
of circular shifts obtained for SF = 9: the symbol time is
T = 512 T,, while the three exemplary shifts encode the
symbols 128, 256 and 384 respectively. Formally, the instan-
taneous frequency of an unmodulated (base) LoRa chirp can
be written as:

©,,_ _ B B
[0 = =7 + nt @

where u = +1 gives an upchirp and u = —1 a downchirp,
T = 25T, is the symbol time and 7, = 1/B the chip
duration, 0 < ¢ < T. There are K = 25F possible symbols,
each representing a cyclic shifted version of the base upchirp.
The instantaneous frequency of symbol k is thus given
by:

B B
+us +p= @ —kTe)

. > T 0<t <kT,
Moo=y 5 3 3)
—ME + MT(I —kT,) kT, <t<T.
The LoRa preamble starts with several repetitions of a base
upchirp:
Sty =2 +B (=~ | 1 @
) T |LT])°

After several consecutive base upchirps, the preamble
features two modulated symbols, called sync words, for net-
work identification, and 2.25 downchirps which are use-
ful for accurate synchronization. Following the preamble,
the payload header, the payload and an optional frame
check sequence are transmitted by using the cyclically-shifted
M-ary modulation.

C. LoRa DEMODULATION AND CO-CHANNEL REJECTION
LoRa demodulation can be implemented with a very sim-
ple receiver architecture: the received symbol is multiplied
with the synchronized base down-chirp for obtaining a signal
comprising only two frequencies: —k/T and —B — k/T.
Both frequencies can be aliased to the same frequency by
down-sampling at the rate B. Finally, the symbol index k can
be estimated by considering the position of the peak at the
output of an FFT, as described in [14].

An interesting feature of LoRa is the quasi-orthogonality
of signals modulated under different SFs. Indeed, two concur-
rent transmissions, modulated using different SFs, can be eas-
ily separated thanks to the fact that the cross-energy between
the signals, say s1(¢) and s»(¢), is almost zero regardless of
the overlapping time offset, i.e.:

T
&mgw=/"nayma—rWh:0
0

where T is the symbol period of the signal with the highest
SF. This phenomenon is depicted in Fig. 3, where we show the
receiver operation when a reference signal modulated with SF
8 is subject to interference from another signal, modulated
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FIGURE 3. Interference of signals modulated with different SF (SF = 9
and SF = 8), and FFT output after multiplication with the base downchirp
and downsampling at two SIR values (0dB and —20dB).
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FIGURE 4. Interference of signals modulated with same SF. A LoRa
reference symbol (solid line) and 3 partially de-synchronized interfering
signals received at same power (SIR = 0dB), and FFT output after
multiplication with the base downchirp and downsampling (only one
interferer before and all interferers contributes before).

with SF 9. If the reference symbol is correctly synchronized,
after multiplying with the down-chirp and performing the
FFT, we can easily recognize the peak corresponding to the
reference symbol. Only when the interfering signal is 20dB
stronger than the reference signal, a simple peak detector can
fail. The interference rejection thresholds have been numeri-
cally and experimentally derived in [3], [5].

In case the SF of the interfering signal is the same as the one
the receiver is listening for, the above receiver will observe
multiple peaks at the output of the FFT: a maximum peak
corresponding to the reference symbol, and two smaller peaks
corresponding to two partially overlapping interference sym-
bols, as shown in the middle diagram of Fig. 4 for two signals
received at the same power. In the example, the two inter-
fering peaks are smaller than the reference symbol, thanks
to the fact that the receiver is synchronized to the reference
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symbol. In other words, even a SIR = 0dB can be sufficient
for avoiding ambiguities in the identification of the maxi-
mum peak of the reference signal. Obviously, the capability
to correctly demodulate the reference signal is much better
when SIR > 0. This capability of correctly demodulating the
reference signal when interfered by another signal modulated
with the same SF is called channel capture. Note that, in case
of collisions with multiple interfering signals, the receiver
operation leads to the identification of multiple peaks: one
peak for the reference (synchronized) symbol and two peaks
for each other interfering symbol. Since it is very unlikely
that the peaks due to the interfering signals are received in
the same position, and therefore increase their amplitude,
the LoRa receiver appears to work as each interfering sig-
nal is contributing separately (i.e., the interfering power of
overlapping signals does not sum).

An example of this phenomena is shown in bottom Fig. 4,
where four LoRa signals collide, yet the reference signal
remains clearly visible compared to the interfering peaks.
Obviously, the probability of correctly demodulating the
strongest signal is critically affected by the synchronization
mechanism implemented in the receiver: for example, if the
LoRa receiver is locked to the colliding signal which is
received first, the demodulation works only when the first
signal is the strongest from among these that are colliding.

IV. THE LoRaSyNc RECEIVER

In this section, we present the design and implementation
of the synchronization and cancellation mechanism that we
called LoRaSyNc. An important feature of our receiver is the
ability to track the frequency and clock drifts between the
transmitter and receiver, during demodulation of the entire
interfered frame. Indeed, keeping a dynamic synchroniza-
tion to the strongest signal is essential for improving the
probability to correctly demodulate at least one frame in
case of collisions. Such a demodulation can be exploited for
interference cancellation and iterative demodulation of other
colliding frames, as detailed in the next section.

A. CARRIER AND TIME SYNCHRONIZATION

A first, and important, component of our synchronization
mechanism is identifying the exact beginning of a pream-
ble in time (the instant it starts) and in frequency (from
which value it starts). Indeed, the receiver has to identify the
unknown timing of a new frame transmission, as well as the
shifts from the nominal carrier values experienced by each
transmitter/receiver pair. Fig.5 shows the carrier and timing
offsets of the initial part of a LoRa preamble in terms of the
instantaneous frequency (continuous blue curve), as observed
by an unsynchronized receiver. Assuming a carrier frequency
offset equal to Cfo, and a time offset equal to T (with || <
T /2), the instantaneous frequency of the received signal can
be written as:

B t—1 t—1
frx(t)=Cf0—§+B< T —L T J) ©)
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FIGURE 6. Instantaneous frequency (red) of the output of a mixer driven
by the unsynchronized preamble (blue continuous) and the conjugate of
the reference signal (blue dashed).

Our synchronization mechanism is built by exploiting
the preamble structure, which includes both upchirp and
downchirp transmissions. The idea is mixing (i.e., multiply-
ing) the received signal f,..(#) with the complex conjugate of
a reference preamble upchirp f,,(¢), as shown in blue dashed
line in Fig. 6, obtaining:

fmix,l(f)ZCfO—Bz_B(\‘I_TJ_\\LJ) ©
T T T

Since the downchirp has the same absolute slope as the
unsynchronized upchirp of the preamble, the frequency of the
mixed signal fiix, 1(2) = fix(t) — fpr(t) changes over time as
[(t — t)/T] — |t/T], which is a square wave with values 0
and %1 and duty cycle |t|/T (red line in Fig. 6). It follows
that the output of the mixer signal features tones at only two
frequencies vi = Cfo — Bt/T (whent > t)and vi £ B
(when ¢t < 7). The same mixing mechanism can be applied
to the last part of the preamble (constituted by downchirps),
by multiplying the signal with base upchirps. The resulting
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signal is:

fmix,Z(t) = CfO—}—B% + B (\‘t ;IJ . \‘%J) @

which has the same structure as (6), with frequencies v, =
Cfo+Bt/T and v+ B. Assuming that v; and v, are available,
the estimated carrier and timing offsets Cfo,; and .5 can be
computed as:

V] + V2
Cfoey = — 3
T vy — vy
Test = g~ )

We designed the LoRaSyNc synchronization mechanism
on the basis of this estimation approach. For identifying the
start of a new preamble, LoRaSyNc acts as follows:

1) it samples the received signal r(¢) with a sampling fre-
quency f; = B- OSF, i.e., Over Sampling Factor (OSF)
times the nominal bandwidth of the signal, obtaining
ry = r(n/fs)

2) itmultiplies (mixes) a window of N = K - OSF samples
with a base downchirp, obtaining:

2n = raexp(y(n/OSF — n? /(N - OSF)))  (10)

3) it computes the absolute value of the FFT of the mixed
signal z,:

N-1

T =Y zuexp(—j2mnk/N) (11)
n=0

4) it searches for the maximum in [y and saves its
position k

5) if this estimated position k is detected continuously
for a number of times (e.g., 3 consecutive windows),
the receiver understands that an incoming preamble is
received.
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FIGURE 8. Standard deviation of the Cfo error estimate, using the
following parameters: SF = 7, B = 125kHz, Py, ;espolg = —121dBm.

This procedure is executed continuously, for each possible
SF, even when the demodulation of a frame is already in
progress. This algorithm succeeds in detecting a preamble
even several dBs below the sensitivity threshold: indeed,
the probability of failing the detection of a preamble is shown
in Fig. 7, when the power margin is computed as the dif-
ference between the received signal power and the receiver
sensitivity declared in the Semtech 1272/73 datasheet [24],
in Fig 7, the dot lines limit the confidence interval. From
the figure, it is evident that the receiver is able to detect a
preamble even when the received power is below that sensi-
tivity threshold. Only when the margin is smaller than 7dB,
is the failure probability higher than 1%. Once the preamble
is detected, fine estimates of v; and vy can be obtained as
follows:

s_ B (,2 41 e Ty ) (12)
K 2 FIQ—] — 21—‘]2 + FIQ—H

where the values of k and I’y are obtained from the multiplica-
tion with the base downchirp in the first part of the preamble,
and with its conjugate for the last 2.25 preamble symbols
(for the last portion of the preamble, made of downchirps).
Equation (12) is based on a parabolic interpolation around
the maximum, and yields excellent results even for very low
SNR values. We quantified the effectiveness of the proposed
estimation scheme by simulating the receiver operation in
MATLAB. Fig. 8 shows the standard deviation of the Cfo
estimation error as a function of the power margin defined
above, for the exemplary case SF = 7 and B = 125kHz.

B. DRIFTS TRACKER FOR SIGNAL CANCELLATION

A second important component of LoRaSyNc is the continu-
ous tracking of the time and frequency drifts between a given
transmitter and the receiver, during the whole reception of an
incoming frame. Since LoRa devices employ low-cost crystal
oscillators, the duration of symbols and the chirp frequency
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sweeps have an inherent mismatch with their nominal values,
which need to be tracked for enabling signal cancellation.
In other words, even once a preamble has been detected,
and initial estimates of Cfo and r have been performed,
the LoRaSyNc receiver needs to update these estimates dur-
ing the reception of the frame, in order to accurately regener-
ate the received signal corresponding to the detected frame.
This tracking is important especially for frames with long
transmission times, for which the initial Cfo and t estimates
can become inaccurate along frame reception. We consider
signal cancellation only for frames that are received suc-
cessfully, i.e., which do not fail the header checksum and
payload CRC.? For these frames, LoRaSyNc regenerates the
entire modulated signal by using its local oscillator. However,
before performing signal cancellation, it tries to compute an
average temporal and frequency drift of the received signal
in consecutive temporal windows. In particular, we chose
a time window of four symbols as a compromise between
accuracy and complexity. For each time window, the signal
regenerated at the receiver is correlated with three different
versions of the originally received signal: the one obtained
considering a time offset equal to the initial estimate 7,5, and
two other versions in which the offsets are equal to 7.5 =1 /f;,
i.e., shifted by plus or minus one sample. The three correla-
tion operations will result in three different maximum values,
which will be interpolated using a quadratic function. Finally,
the maximum of this parabolic interpolation will provide the
time offset used in the current window for signal cancella-
tion. Before performing cancellation, LoRaSyNc also tries
to correct possible errors on the frequency estimation. The
Cfo tracking mechanism is similar to the clock drift tracking
described above: it works by considering both the amplitude
and the phase of the signal for interpolation. Once the tracking
is completed, the current signal window can be rebuilt and the
cancellation can start with a reduced residual error.

Note that, from a complexity point of view, the imple-
mentation of LoRaSyNc is mostly based on the computation
of FFTs or time correlations (also implemented using the
FFT algorithm) and few other vector multiplications (e.g., for
linear interpolation), which have negligible complexity. The
computational cost of the proposed receiver is therefore in
the order of O(Nlog(N)), being N the number of samples in a
window.

For assessing the performance of our tracking scheme,
we analyzed the received signal after cancellation, by con-
sidering a simple case of two colliding frames. We measured
the residual signal (i.e., the difference between the received
signal and the regenerated reference frame) in three different
type of experiments: i) in simulation, where there is obviously
no clock drifting; ii) in real experiments using two USRPs,
one for sending frames in a controlled collision scenario and
the other running the cancellation scheme without clock drift
tracking; iii) in the same USRP testbed, applying the drift

2We omit a detailed description of the receiver procedure and refer the
interested reader to [14]
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FIGURE 9. Residue in simulation 9(a) and in experimental testbed
without clock tracking 9(b) and with clock tracking algorithm 9(c).

tracker algorithms at the receiver in order to solve the drift
issues. Fig. 9 compares the results obtained on a sample col-
lision in the above three types of experiments. In particular,
Fig. 9(a) shows the result of a collision of two frames modu-
lated at SF 12 and demodulated with the LoRaSyNc scheme
simulated in MATLAB, before (received signal, in red) and
after cancellation of the first received frame (residual signal,
in blue). In ideal conditions, the cancellation residual noise
is due solely to numerical approximations, constituting a
noise floor of approximately —70dB. Instead, Fig. 9(b) and
Fig. 9(c) show the residual signal in real experiments, where
both channel noise and clock drift affect the reception. In par-
ticular, Fig. 9(b) shows the results of the SIC without applying
the tracking algorithm (as done in previous solutions [8], [9]),
while Fig. 9(c) shows the same when applying also the clock
tracking scheme. From the two figures, it is evident that the
residual noise is more pronounced in the former case than
in the latter and this phenomenon is more and more relevant
as the frame duration grows. More quantitatively, it turns out
that the variance of the squared absolute value of the residual
signal without clock tracking is about 0.0109, while using
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the tracking algorithm the variance drops to 8.5267 - 1075,
Note also that USRP clocks are more precise than commercial
Semtech chips (datasheets report +2.0ppm for USRP versus
+10ppm of 1301 chipsets, almost an order of magnitude
higher), so the impact of clock drifting is more relevant when
implementing a SIC algorithm with commercial end devices,
reinforcing the need of the proposed tracking mechanisms.
Thus, it is possible to assert that SIC performance is definitely
improved using the proposed tracking algorithm.

V. DATA EXTRACTION RATE IN CASE OF COLLISIONS

As discussed in the background section, LoRa modulation
is very robust against interfering signals, and it therefore is
very likely that the frames colliding at a given GW result in
the correct reception of the strongest. However, it has been
demonstrated that this event also depends on the temporal
sequence in which the colliding signals are originated [25]:
when the strongest signal does not start first, it may happen
that the LoRa receiver is locked for the demodulation of a pre-
vious frame and no colliding signal can be received correctly.
To study the performance improvements of LoRaSyNc with
respect to a commercial GW, we quantified the capture prob-
ability in case of collisions, as well as the signal cancellation
performance, through both simulation and experimental cam-
paigns. To this end, we artificially generated collision events
by using the LoRa cell traffic emulator described in [26],
and by considering different collision scenarios (varying the
SFs, the SNR/SIR levels, and the time offset between the
colliding frames). Although our results can be easily gener-
alized, we specifically studied the case in which collisions
are limited to two frames only. Indeed, we assume that in
most practical cases, a target station can be interfered by a
single colliding signal at time: as discussed in sec. III-C and
demonstrated in [5], this assumption is reasonable when the
cell works in stable conditions, i.e., when collisions involv-
ing multiple overlapping frames have a very low occurrence
probability.

A. PERFORMANCE OF COMMERCIAL GATEWAYS

In this section we analyze the performance of a commercial
LoRa GW, based on the Semtech 1301 chipset. Since com-
mercial chipsets do not currently implement signal cancella-
tion, we expect that collisions can result at most in the correct
reception of one frame. The LoRa traffic generator [26] is
used for creating the signal samples corresponding to the
overlapping of two frames, with different power levels and
temporal shifts. The samples are then transmitted using a
USRP B210 SDR platform. The traffic generator has been
configured to support a coding rate of 4/5. We created differ-
ent collision scenarios by varying: i) the overlapping time of
the two colliding frames and ii) the SIR value experienced
by the first transmitted frame. Unless otherwise specified,
the bandwidth is set to 125kHz, the center frequency to
868MHz and the packet length to 20 bytes. Two different
experiment campaigns were performed, one involving differ-
ent SFs and one focusing on collisions between frames with
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TABLE 1. Experiment results using Semtech 1301 receiver, for different time offsets and SIR values.

| Configuration | Reference Frame | Interferer Frame |
Exp. Offset SIR[dB] CRC_OK CRC_BAD LOST CRC_OK CRC_BAD LOST
no. [%] [7] [%] [7] [%] [%] [%]

1 no 0 100.0 0. 0.0 99.0 0.0 1.0

2 no 3 100.0 0.0 0.0 100.0 0.0 0.0

3 85 3 100.0 0.0 0.0 10.0 0.0 90.0

4 15 3 100.0 0.0 0.0 0.0 0.0 100.0

5 85 1 72.0 28.0 0.0 36.0 0.0 64.0

6 15 1 66.0 29.0 5.0 0.0 0.0 100.0

7 85 0.5 53.0 47.0 0.0 59.0 0.0 41.0

8 15 0.5 63.1 23.8 13.1 0.0 0.0 100.0

9 85 3 0.0 100.0 0.0 100.0 0.0 0.0

10 15 3 0.0 3.0 97.0 0.0 0.0 100.0

11 85 -1 9.0 91.0 0.0 81.0 1.0 18.0

12 15 -1 4.0 36.0 60.0 0.0 0.0 100.0

13 85 -0.5 18.3 81.7 0.0 75.6 0.0 24.4

14 15 -0.5 7.0 51.0 42.0 0.0 0.0 100.0

TABLE 2. Experiment results using Semtech 1301 receiver, where the second frame (the interferer) is 3 dB stronger.
| Configuration | Reference Frame | Interferer Frame |
Exp. Offset SIR[dB] CRC_OK CRC_BAD LOST CRC_OK CRC_BAD LOST
no. [%] [%] [%] [%] [%] [%] [%]

1 10 3 0 0 100 1 0 99

2 20 -3 0 11 89 46 0 54

3 30 3 0 3 97 11 0 89

4 40 3 0 4 96 0 0 100

5 50 -3 0 34 66 0 0 100

6 60 3 0 32 68 0 0 100

7 70 3 1 18 81 0 0 100

8 80 -3 0 20 80 1 0 99

9 90 3 8 92 0 99 1 0

10 100 -3 100 0 0 99 0 1

the same SF. In the first set of experiments, we generalize the
SIR-based capture model provided in [3], for a different CR,
namely 4/5 rather than 4/7. We fixed the SF and power level of
the reference frame and varied both SF and power level of the
interfering frame, in order to identify the interfering power
limit corresponding to a Data Extraction Rate (DER, also
known as packet delivery ratio — PDR) higher than 90%. The
overlapping time was generated uniformly between 0 and the
Time on Air (ToA) of the reference frame. Results, not shown
here for the sake of space, differ from the case CR = 4/7
of at most 1.5dB, substantially confirming the previously
published results in [5]. In the second experiment campaign,
we analyze collisions originated by frames transmitted with
the same SF. We consider the most critical case SF = 7,
which corresponds to the highest modulation rate. We col-
lected results for different offsets between the starting of the
two transmissions (85% and 15% of the ToA) and set the SIR
to the following values: 0dB, £0.5dB, +1dB, and +3dB. The
distance between the nodes is 30 meters and each experiment
is repeated over the air 1000 times using the same configura-
tion. Finally, we measured the fraction of packets correctly
demodulated at the GW. In particular, we identify three types
of results: 1) packets received correctly (CRC_OK), ii) pack-
ets received but with a failed checksum (CRC_BAD), and
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iii) packets lost (LOST). Table 1 reports the results of 14 dif-
ferent experiment settings. In the table, the first column
shows an experiment identifier, and summarizes the colli-
sion configuration. Moreover, in the first two experiments
(number 1 and 2), no collision has been considered to
ensure that the channel is clear from external interference
and that the setup works correctly. We first analyze the
case of positive SIR values (experiments from 3 to 8).
In this scenario, corresponding to the case in which the
first reference frame is the strongest one, when the SIR
is > 3dB, all the reference frames are correctly received.
For lower SIR values, it may happen that the receiver cor-
rectly demodulates the interfering frame rather than the
reference one, when the overlapping frame starts with an
offset of 85% (experiments 5 and 7). Conversely, when
negative SIR values are considered (experiments from 9 to
14), the interfering frame captures the channel when the
offset is 85% (CRC_OK > 75%), but the receiver is not
able to demodulate the strongest interfering frame when the
offset between the colliding signals is 15% (in these condi-
tions, both reference and interfering frames are lost). This
is likely due to the synchronization mechanism implemented
by the GW, as also observed in [25] for frames modulated
with different SFs. Indeed, if the receiver is locked after
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FIGURE 10. Number of demodulated packets varying SIR and SNR for (a) SF = 7 and SIR < 0, (b) SF = 7 and SIR > 0, (c) SF = 12 and SIR < 0 and

(d) SF =12 and SIR > 0.

the first detected preamble, the beginning of the following
strongest interfering signal might be missed. Therefore,
in Table 2 we focus on the case where the second frame
(the interferer) is 3dB stronger. In the table, the offset varies
uniformly between 10% and 100% of the ToA, i.e., with
collisions involving the preamble (experiment 1), the header
(experiment 2 and 3), the rest of the reference frame (exper-
iments 4-9), or do not overlap at all (experiment 10). From
the table, it is clear that in this scenario the strongest frame
is usually unable to capture the channel and both frames
are lost. The only exception are experiments 2-3, where the
interferer collides on the header of the reference frame and in
experiments 9-10, where the overlap between frames is very
little or absent. From the presented results, it is clear that in
commercial GWs capture effects are highly dependent on the
SIR value of the first received frame, as well as on the time
offset between the frames.

B. LoRaSyNc PERFORMANCE

In order to optimize the performance of LoRaSyNc,
we implemented a preamble detection function which is exe-
cuted continuously, even when another frame demodulation
is in progress. In other words, with LoRaSyNc, receiver is
never locked: in case a stronger preamble is detected by the
synchronization module during the demodulation of a frame,
the receiver is able to switch to the demodulation of the
new detected signal. Indeed, the correct demodulation of the
strongest signal is fundamental for increasing the probability
to also recover the weakest colliding signal, by means of
signal cancellation. We first analyzed the performance of
LoRaSyNc in MATLAB, by working on signal traces gen-
erated under ideal conditions (i.e., without frequency and
time drifts). For evaluating the impact of the data rate on
the receiver performance, we considered the limit cases of
signals modulated using SF = 7 (high-rate modulation sce-
nario) and SF = 12 (robust modulation scenario). Taking the
station transmitting first as reference, we varied the power
of the interfering station by considering SIR values in the
range within +9dB (with steps of 3dB). The time offset
of the interfering signal has been set to 50% of the frame
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duration (recall that LoRaSyNc always tries to synchronize
with new frames, so time offset is not a critical parameter).
Fig. 10 shows the success rate, obtained by comparing the
number of demodulated packets with the number of trans-
mitted ones, as a function of the SNR value of the reference
station. We consider different scenarios, in which frames
are modulated at SF 7 (sub-figures (a) and (b)) and SF 12
(sub-figures (c) and (d)), and the reference packet is weaker
(sub-figures (a) and (c)) or stronger (sub-figures (b) and (d))
than the interfering packet (i.e., the SIR is lower or greater
than zero). Since all the received traces include collisions
between two frames, it is clear that in most cases LoRaSyNc
either recovers both packets (success rate equal to 1) or
recovers none of them. In other words, if one of the sig-
nals is correctly demodulated (thanks to the capture effect),
then the receiver is able to apply the SIC algorithm and
successfully recover also the second packet. Note also that,
as expected, the minimum SNR for which the receiver is able
to properly receive a packet for SF = 7 is different from
SF = 12, due to the different robustness of each modulation
format. We repeated the same evaluation experimentally in
our campus testbed. In each experiment, the combined signal
resulting from the overlapping of two LoRa transmissions
is synthesized by using the SDR platform USRP B210 with
central frequency f = 868.0MHz. A second USRP B210 is
configured to receive and collect I/Q samples of 400 con-
secutive collision events. The main purpose of the over-the-
air transmission is to introduce time de-synchronization due
to the internal clock drift of transmitter and receiver nodes,
which employ non-stabilized oscillators. The acquired traces
have been then processed by our MATLAB implementation
of LoRaSyNc. Fig. 11 shows the success rate when varying
SNR and SIR levels, in both the collision scenarios in which
the colliding frames are modulated with SF = 7 and SF = 12.
As already observed in simulation, the minimum SNR level
for correct reception of a frame using SF = 7 is different
from SF = 12. Moreover, results show that the success rate
is similar to the one obtained in simulation, especially for
SIR = 49dB (blue line). Note that similar success rates have
been obtained by previous solutions only for short frames,
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TABLE 3. Simulation parameters. normalized offered load (i.e., average number of packets
generated during Tf4me). We used our LoRa traffic generator

Parameter Value for synthesizing the traffic traces corresponding to different

Carrier Frequency 868.0 MHz load scenarios, and then the traces are processed by our
Transmission Power 14 dBm MATLAB LoRaSyNc implementation. The figure shows the

gzg?él(li;l;te 411,255 KHz performance of LoRaSyNc at different stages of the SIC

Message size 20 Bytes process, after several rounds of cancellation (from 1 to 4 only,

Message Period 336000 ms since improvements become negligible afterwards). For com-

Number of EDs [100-2000] parison, the figure also reports the performance that would

Path loss attenuation exponent 4 . . o
Simulation time 604800 s achieve a commercial GW (exploiting channel captures only)

and the theoretical Aloha system. While in the latter case the
obtained throughput tends to zero as expected, both the for-
while clock tracking allows our scheme to outperform the mer (traditional GWs) and LoRaSyNc are capable of receiv-
other ones for long-lasting frames (e.g., when using SF=12 or ing packets, even under heavily loaded conditions. Indeed,

transmitting long payloads). in such scenarios, there is always a chance for nodes closer to

the GW to capture the channel and, for LoRaSyNc, to recover
VI. IMPACT OF SIGNAL CANCELLATION ON LoRa CELL more packets after cancellation. Particularly, in extremely
DEPLOYMENTS congested conditions (offered load higher than 3), LoRaSyNc
We now evaluate the performance achieved by LoRaSyNc in outperforms traditional GWs almost doubling the obtained
terms of capacity improvements, which can be achieved in a throughput. Fig. 13 shows the performance of LoRaSyNc in
cell, where all devices are configured on the same SF. This a cell with only one GW when the attenuation exponent 7 is
is the worst case scenario, since collisions involving frames equal to 4, 2 and 0, corresponding respectively to strong atten-
modulated with different SF are much easier to be recovered uation (urban scenarios), low attenuation (typical of rural
thanks to the pseudo-orthogonality of the SFs. We measure scenarios), and no attenuation (i.e., all signals are received
the improvement margin after several SIC iterations, and ana- with the same power). From the figure, it is possible to note
lyze the impact of pathloss attenuation. We also compare the that LoRaSyNc obtains a normalized throughput of almost
results with a commercial GW, able to correctly demodulate 0.7, even when packets are all received with the same power
at most one single frame in case of collisions (captures only), (n = 0), while in more realistic settings (n = {2, 4}) the
and with an ideal Aloha system. Finally, we analyze the maximum throughput is about 1.2, which is possible thanks
case of multiple LoRaSyNc GWs covering the same area, to the SIC algorithm. Moreover, in scenarios with attenuation
varying the SF and the number of nodes in the cell. For n = 4, the throughput stays above 1 even when faced with
this last scenario, we extended the LoRaSim [27] simulator, offered loads over 10 times the network capacity. In other
by implementing a realistic capture model derived by our words, LoRaSyNc preserves the ability of the GW to receive
experiments presented in section V-A. Unless specified other- packets in highly saturated conditions and reduces the risk of
wise, the parameters used for the simulations are summarized cell collapse in case of simultaneous awake of devices (which
in Table 3. We assume that all the nodes generate packets of is a very important property e.g., for emergency applications).
the same size and transmit at the same SF, i.e., all frames In the next set of experiments, we measure the performance
have a constant transmission time Tfame. Fig. 12 shows the of LoRaSyNc by varying the number of nodes and the SF,
performance of a LoRaSyNc gateway in terms of normal- and analyzing the impact of having one or multiple SIC
ized throughput (i.e., average number of packets successfully gateways in the same cell. To this end, we extended the
demodulated in a frame transmission time 7Tfqme) Versus LoRaSim [27] simulator including the capture probabilities
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TABLE 4. Capture probability used in simulations.

SIR[dB] Capture probability
[SIR] > 3 100%

[SIR| € [1, 3] 55%
ISIR| < 1 0%

observed at different SIR values and for different temporal
offsets (presented in section V-A). In particular, we derived a
simplified capture probability model, summarized in Table 4,
where collisions between two frames lead to the correct
reception of both frames provided that the absolute power
difference is at least |SIR| > 3dB, while is probabilistic
in the range [1, 3]dB (regardless of the order in which the
strongest frame is received). We will thus use this receiver
model to analyze the performance of a LoRa cell in presence
of one or multiple GWs. For the case of a single GW, Fig. 14
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shows the DER results as a function of the number n of EDs
configured on a specific SF (we show only a subset of SFs,
for the sake of clarity. Each curve refers to an independent
cell sub-system with the same number of EDs but differ-
ent load conditions. The dashed curve depicts the DER as
achieved by a standard LoRa GW (captures only, no SIC),
which represents a lower performance bound. The results
demonstrate that the DER can increase significantly thanks to
LoRaSyNc, especially in intermediate scenarios. For exam-
ple, with n = 2000 EDs and SF = 9, the DER increases
from about 0.3 to almost 0.45 in presence of LoRaSyNc, thus
almost a 50% increase. Obviously, when close to saturation
(e.g., 2000 EDs and SF = 12), the probability to receive
interference by a node with a similar received power is higher,
resulting in a proportionally lower DER increase. Finally,
we repeated the experiments using 4 GWs in the same cell
and up to n = 4000 EDs. Fig. 15 shows the DER obtained
when nodes are all using the same SF (again we show only
SF =7, 9 or 12). From the figure, it is clear that LoRaSyNc
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outperforms traditional LoRa GWs (dashed lines), e.g.,
with almost 50% capacity increase with 4000 EDs and
SF =09.

VIi. CONCLUSION

LoRa modulation has been demonstrated to be very robust to
different interference sources, including co-channel interfer-
ence generated by collisions between multiple overlapping
frames. This is relevant for systems working in ISM unli-
censed bands, based on a simple random access protocol.
In this paper, we discuss the possibility of demodulating
the strongest signal in case of collisions, for enabling sig-
nal cancellation and iterative decoding. Indeed, this capa-
bility can lead to significant improvements of system-level
capacity, thus making LoRaWAN technology more scalable.
Due to the long intervals required for frame transmissions
(especially at high SF) and to the low quality of device
oscillators, we discuss the importance of tracking clock and
frequency drifts between transmitters and receivers in order
to enable signal cancellation. We quantify the capability of
demodulating two colliding signals in controlled experiments
and compare these results with the performance of commer-
cial GWs. We observe that commercial GWs perform worse
than expected, because their capability of demodulating the
strongest colliding signal depends on the order and time off-
sets between the colliding signals. Conversely, our proposed
LoRaSyNc receiver is able to demodulate both colliding
signals in most of the analyzed scenarios. Finally, we ana-
lyze the improvements on the system-level capacity, which
can be achieved when deploying one or more LoRaSyNc
gateway. We show that the proposed receiver improves
performance by almost 50% compared to a traditional
receiver.
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