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Abstract—LoRaWAN is nowadays one of the most popular
protocols for low-power Internet-of-Things communications. Al-
though its physical layer, namely LoRa, has been thoroughly
studied in the literature, aspects related to the synchronization
of LoRa receivers have received little attention so far. The
estimation and correction of carrier frequency and sampling
time offsets is however crucial to attain the low sensitivity
levels offered by the LoRa spread-spectrum modulation. The
goal of this paper is to build a low-complexity, yet efficient
synchronization algorithm capable of correcting both offsets. To
this end, a complete analytical model of a LoRa signal corrupted
by these offsets is first derived. Using this model, we propose
a new estimator for the sampling time offset. We also show
that the estimations of the carrier frequency and the sampling
time offsets cannot be performed independently. Therefore, to
avoid a complex joint estimation of both offsets, an iterative low-
complexity synchronization algorithm is proposed. To reach a
packet error rate of 103, performance evaluations show that
the proposed receiver requires only 1 or 2 dB higher SNR than
a theoretical perfectly synchronized receiver, while incurring a
very low computational overhead.

Index Terms—LoRa receivers, Synchronization, IoT standards,
Sensor Networks, Low-Power Wide-Area Networks (LPWAN).

I. INTRODUCTION

In the last years, the rise of the Internet of Things (IoT)
led to the emergence of new low-power wide-area network
technologies. The design of these new protocols was motivated
by the proportionally high energy cost of wireless communica-
tions on low-power end nodes [1]-[3], and the high complexity
of the 3GPP cellular standards. Among the new IoT low-power
standards, LoORaWAN has become one of the most popular
and widely deployed solutions [4]. LoORaWAN consists of a
protocol stack including a physical layer (PHY), usually called
LoRa, and a MAC layer. The LoRa PHY layer is a proprietary
standard patented by Semtech [5], [6], whereas the MAC layer
is an open standard defined by the LoRa Alliance [7]. Due to
its proprietary nature, the only transceivers compatible with
LoRa are commercialized in agreement with Semtech, and no
precise specifications of the PHY layer are publicly available.

Although the literature on LoRa has grown rapidly over the
years [8], major aspects of its physical layer have not yet been
studied. The principles of the modulation and demodulation
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stages are well-known [9], [10], but little research has been
conducted on the synchronization stage.

The principal offsets to mitigate in the synchronization
stage of a LoRa receiver are the carrier frequency offset
(CFO) and the sampling time offset (STO) [11], [12]. Efficient
estimation of these offsets is crucial, as the presence of residual
offsets would prevent a receiver to reach the low sensitivity
levels offered by the LoRa modulation [13]. The only studies
proposing LoRa receivers robust to CFO are [11] and [12],
but they do not entirely address the mitigation of the STO.
In [11], the STOs are not modeled. A first low-complexity
synchronization algorithm capable of estimating both the STO
and the CFO is presented in [12]. The authors notably show
that an STO can be decomposed into integer and fractional
parts. Yet, they do not fully examine the impact of the residual
fractional time offset on the demodulation stage and the overall
packet error rate (PER). In their proposed synchronization
algorithm, the authors of [12] estimate the fractional STO with
a high-variance estimator and correct it only in the payload
of the packets, which strongly degrades the PER. However,
we show in this work that it is possible to obtain significant
performance improvements by deriving a new synchronization
algorithm based on a more accurate model of the integer and
fractional STOs.

The final objective of this paper is to design an efficient
synchronization scheme enabling receivers to fully benefit
from the advantages of the LoRa modulation. This requires to
design a new estimator for the fractional part of the STO and a
new synchronization algorithm that can leverage this estimator.
Specific attention must also be paid to the complexity of the
synchronization stage. Since a LoRa end node may spend more
time waiting on a downlink packet than actually demodulating
it [14], it is important that the overall complexity of the
synchronization does not dominate the complexity of the
demodulation stage.

Related work: The first reverse engineering attempt of the
LoRa PHY and a first rough preamble synchronization for
LoRa packets is described in [15], but no frequency offset
estimation and correction is included. The authors in [16]
present a preamble synchronization algorithm for LoRa, based
on the Schmidl-Cox algorithm, that however works only
for very high signal-to-noise ratio (SNR) values. The work
in [11] presents a discussion on the impact of carrier and
sampling frequency offsets on LoRa demodulation, but no
discussion is included for the fractional time offset. The
work in [12] presents the first low-complexity synchronization
algorithm for LoRa, including estimators for all integer and
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fractional time and frequency offsets. The authors evaluate
through simulations the performance of their algorithm using
the preamble misdetection rate, but only in the absence of
fractional time offsets. Moreover, no overall packet error rate
is evaluated for the proposed algorithm. The work in [17]
presents a high-complexity SDR implementation of the LoRa
PHY in GNU Radio. The bit error rate of the payload is
evaluated using a USRP testbed and shown to be good, but
no evaluation of a preamble misdetection rate or an overall
packet error rate is presented. Recently, the authors in [18]
present a joint estimator of time and frequency offsets based
on the maximum-likelihood principle, but its very stringent
computational complexity do not make it a suitable candidate
for low-power IoT end nodes. Despite the increasing efforts
during the last years on the topic of LoRa synchronization
and offsets correction, a low-complexity, yet efficient and
complete, LoRa synchronization algorithm that results in low
packet error rates for the relative SNRs is still missing in the
literature.

Contributions: In this work, we build an efficient and low-
complexity synchronization algorithm for Nyquist-rate LoRa
receivers. To this end, we derive a complete analytical model
of the effects induced by both carrier frequency offsets and
sampling time offsets in the demodulation stage. We notably
demonstrate for the first time in the literature that the CFO
and STO have distinct effects on the demodulation of LoRa
and are not entirely equivalent. Leveraging this model, we
design a new accurate estimator for the fractional STO and
show that the estimations of the STO and CFO are actually
intertwined. Since a joint estimation of the CFO and STO
would be too complex for low-power end nodes, we design
a novel low-complexity synchronization algorithm capable of
precisely estimating and correcting both offsets. A perfor-
mance evaluation of the proposed algorithm versus the only
other low-complexity algorithm in the literature, namely [12],
underlines the importance of correcting the fractional parts of
the CFO and STO before estimating their integer components.
Finally, we show that our low-complexity algorithm leads to
significantly improved overall packet error rate values that are
not more than 1 or 2 dB away from the packet error rate of a
perfectly synchronized receiver without any offset, depending
on the coding rate.

Outline: The remainder of this paper is organized as
follows. The working principles of the LoRa PHY are first
introduced in Section II. The analytical model of a LoRa
receiver contaminated by a CFO and STO is obtained in
Section III. An efficient estimator for the fractional STO
is subsequently derived in Section IV. We then design in
Section V a low-complexity synchronization scheme leverag-
ing the previously obtained results. Its performance is finally
evaluated in Section VI.

II. PRINCIPLES OF THE LORA PHY

The LoRa PHY operates within the unlicensed industrial,
scientific and medical (ISM) radio bands, mainly around
868 MHz in Europe and 915 MHz in North America [19].
The protocol uses a chirp spread spectrum modulation, which
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brings several benefits for IoT communications. Notably, the
employed waveform can easily be adapted to trade data
throughput for lower energy consumption and for longer
communication range [8], [20]. This low power consumption
enables the deployment of IoT applications where the end
nodes are powered only through energy harvesting [21], [22].
LoRa is also more robust to frequency selective channels
than conventional modulation schemes [9]. Depending on the
scenarios, practical communication ranges vary from 200 m
to 30 km [23], [24].

In this section, we present the modulation used in LoRa
and the related demodulation methods. The structure of the
LoRa preamble is then detailed since it plays an important role
in the synchronization procedure of LoRa receivers. Finally,
the interleaving and coding schemes of the physical layer are
introduced.

A. Modulation

The LoRa modulation relies on chirps, i.e., complex phasors
whose instantaneous frequency increases linearly with time
over a given bandwidth B € {125,250,500} kHz. Chirps
whose frequency increases in time are called upchirps, while
downchirps have an instantaneous frequency that decreases
over time. The duration Ts of a chirp is defined by Ts = %,
where SF is called the spreading factor. When a receiver
samples chirps at the Nyquist frequency fs = B, each
chirp contains N = 25 samples. Valid spreading factors as
defined by the LoRa Alliance range from 7 to 12 included [7].
The MAC layer selects the most appropriate spreading factor
for each transmission based on the observed wireless condi-
tions [25].

The symbols are modulated by selecting the initial instanta-
neous frequency of the chirp, with N possible different initial
frequencies. The complex baseband-equivalent representation
of an upchirp z(t) modulated with a symbol s between 0 and
N —1 is given by [11]:

for 0 <t < to1q
for tgoq <t < Ts.

#-3
o) =4 e B(5-1)1) M
As shown in (1), the waveforms are built piecewise around
a folding time tyqq = %, at which time the instantaneous
frequency is decreased by B to keep the signal in the allocated
bandwidth [5]. Since NN different initial frequencies may be
selected by the transmitter, this modulation scheme can encode

up to SF information bits per chirp.

B. Demodulation

A receiver perfectly synchronized in time, frequency and
phase implements the following steps to demodulate a LoRa
symbol. Let ys[n] be the sampled signal by the receiver at the
Nyquist rate f¢ = B, where n € {0,..., N —1} is the sample
index. The signal y;[n] is modeled as y;[n] = zs[n] + wn],
where

xs[n] = ej%[%"’(%_%)"} )

and w[n] is additive white gaussian noise (AWGN) [10]. Due

. . . B
to the perfect synchronization, the frequency folding from 3

2327-4662 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution re%jrcef_IEgE peimissio&l. Seeohttp:l/)/wwafgiezeéﬁ){g/plib:‘lsic]f\éioznssﬂt_la_réizflrds/plué)llzicEat;?nls/right%inde)‘Lhjcml for mlore information.
. Downloaded on October , at Azl rom plore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2021.3101002, IEEE Internet of

Things Journal

8 Upchirps 2 Network IDs ~ 2.25 Downchirps

Fig. 1: Structure of a LoRa preamble.

to — &

5 only incurs a phase change of 27 and can thus be
neglected, simplifying the notation of x4[n].

The receiver processes windows of N samples, each one
containing a single symbol. For every window, the sampled
signal ys[n] is first multiplied point-wise with an unmodu-
lated downchirp Zy[n], i.e., the complex conjugate of x[n].
Multiplying the received chirp by To[n] is called dechirping,
as it removes the squared phase component from y,[n], but
leaves the frequency term that depends on s which carries
the modulated information. We denote the dechirped signal as
Js[n]. By dechirping the signal, we obtain

L ow 3)

with w[n] = To[n] - w[n]. Common demodulation strategies
rely on computing the N-point discrete Fourier transform
(DFT) of the dechirped signal. We define Y;, and W}, as the
result of the DFTs of ¢s[n] and w[n], respectively. Applying
the DFT on the dechirped signal yields

Y, =N -II(k — 5,0) + W 4

1 — e—J2m(§—k)

wherein II(k, &) = Ty
function centered around the fractional frequency & for an
N-point DFT. For a perfectly synchronized receiver we have
& =0, and the sinc function becomes a Kronecker delta.

The maximum likelihood detector for LoRa symbols in the
presence of AWGN consists in computing Y3 and selecting
the index of the frequency bin with the greatest real part:
§ = arg max;, Re{Y}}. However, this receiver is very sensitive
to impairments that induce phase shifts [26]. A non-coherent
detection allows to resolve this issue by using the magnitudes
of Y}, instead of their real parts:

is the discrete sinc

§ = argmax |Yg/|. 5)
k

In the presence of AWGN, the non-coherent detection incurs
a 0.7 dB loss compared to the coherent detection [26], [27].
The non-coherent detector of (5) is the most commonly found
throughout the literature [15], [16], [28]-[30].

C. Preamble Structure

Every LoRa frame starts with a preamble containing eight
repetitions of an unmodulated upchirp zg[n] (s = 0), followed
by two network identifier symbols and two-and-a-quarter
repetitions of a downchirp Ty[n]. An illustration of the LoRa
preamble is provided in Fig. 1.

The structure of the preamble has been designed in order
to facilitate the synchronization of the receiver with the
transmitter [5]. It is explained in [6] and [12] that the joint
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Lcro = 30, Acpo = 0.3, 7=0
® Lcpo = 50, )\CFO =05,7=0
® Lcro = 30, )\CFO = 0.3, Lsto = 70, )\STO =0.2

Fig. 2: Amplitudes |Yj| obtained when demodulating a re-
peating symbol s = 64 (SF = 8) without AWGN for different
CFO and STO values. Integer offsets displace the Kronecker
delta originally located at k = 64, whereas fractional offsets
scatter the delta on several frequency bins.

usage of upchirps and downchirps in the preamble enables a
separate estimation of the CFO and STO. A downchirp can be
demodulated similarly to an upchirp by dechirping the sampled
signal with its complex conjugate, i.e., with an unmodulated
upchirp zg[n].

D. Interleaving and Coding

Beside the modulation and demodulation stages, the phys-
ical layer of a LoRa transceiver also includes a whitening
scheme, Hamming coding, an interleaving scheme and Gray
mapping [16], [31]. LoRa uses (4,n.) Hamming codes with
codeword lengths n. € {6,7,8}. The conventional (4,7) and
extended (4, 8) Hamming codes are capable of correcting one
bit-error per codeword, whereas the punctured (4, 6) Hamming
code only allows the detection of two bit errors. For n. = 7
and n. = 8, it has been shown that the combination of Gray
mapping, interleaving, and coding improves the error rates of
LoRa receivers subject to residual CFO values [31].

III. ANALYTICAL MODEL OF SAMPLING TIME AND
CARRIER FREQUENCY OFFSETS

In this section, we consider a receiver contaminated by both

a CFO Af. and an STO 7, operating in a noiseless envi-

ronment. The continuous-time baseband-equivalent received
signal is

y(t) = P2 8 ey (t + 7). (6)

When demodulating a LoRa symbol s, a CFO (resp. STO),
displaces the sinc function II(k—s, 0) in the frequency domain
from position s to s+ NAf./B (resp. s+ B7) [6], [11], [12],
as illustrated in Fig. 2. Both offsets may be decomposed into
integer and fractional components such as

Lcro + Acro Lsto + Asto

Af.=B- ,T = 7

i e ™

with Lcro, Lsto integer, and A\cro, Asto €] — 0.5, 0.5]. Since
Lcro and Lgyo are integer, they shift the Kronecker delta
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Fig. 3: SER of a receiver with a fractional CFO Acgo (Lcpo =
0 and SF = 8) when 7 = 0. Identical results apply for a
receiver with a fractional STO Asto (Lsto = 0) and Af. = 0.

initially at £k = s of an integer number of DFT bins. On
the contrary, the fractional offsets Acpo and Agro scatter the
energy of the symbol previously contained in a single bin over
several frequency bins.

In the presence of AWGN, a symbol error occurs if and only
if any of the |Yy| values for k£ € {0,...,N — 1}\s exceeds
the value of |Y;|. We denote the probability of incorrectly
demodulating a symbol s under a fractional CFO Acpo as
P(5 # s|s, Acro). The scattering induced by the fractional
offset increases P(§ # s|s, Acro), due to the increase of
energy in the bins adjacent to k = s. It is therefore necessary
to accurately estimate and correct both integer and fractional
offsets to avoid severe degradations of the symbol error rate.

An accurate analytical approximation for P(§ # s|s, Acro)
has been derived in [31]. This approximation is used to
illustrate in Fig. 3 the impact of different fractional CFOs Acro
on the symbol error rate (SER) for uncoded LoRa. Obviously,
values of A\cpo near —0.5 or 0.5 are much more detrimental
to the SER than smaller ones, e.g., Acpo = 0.1 has almost no
impact on the receiver.

Previous works that study synchronization algorithms for
Nyquist-rate LoRa receivers do not fully model the impact of
the STO on sampled signals. In [11], the integer offsets Lcro
and Lgro are not separated and the fractional time offset Agro
is not included at all in the model. The authors in [12] include
the fractional timing offset Agro in their discussion and suggest
a method to estimate it, but an exhaustive analytical model
of this offset is not examined since they evaluate their pro-
posed synchronization algorithm only under the non-realistic
assumption of Agto = 0. In the next subsections, we derive an
analytical model for upchirps and downchirps received prior to
synchronization, which includes all the aforementioned offsets.
This model then allows us in Section IV to design a new
estimator capable of efficiently estimating the fractional com-
ponent of the STO, already during the preamble. Furthermore,
in Section V we propose a complete synchronization algorithm
for LoRa packets, which we evaluate in Section VI in the
more realistic scenario of both integer and fractional time and
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frequency offsets.

A. Continuous-time Model

We first analytically model the impact of an STO on the
receiver, in the concurrent presence of CFO. This requires
going back to a continuous-time representation since the
discrete-time representation in (2) is only valid for a perfectly
synchronized receiver. Let u(t) be the continuous-time step
function and c(t) = e727*Afe be the added frequency term due
to the CFO. The continuous-time signal z,(t) (¢ € [0,2Ts[)
represents two consecutive upchirps in the preamble:

. 2
£y(t) = 2B (I =5t u-T9),

Let y(t) be the non-synchronized version of x(t), i.e., after
transmission through the channel defined in (6), where ¢t €
[0, Ts[. Because y(t) is defined over only one symbol period,
its expression can be written as the product of an upchirp
xo(t), the effect ¢(t) of the CFO and a frequency term induced
by the STO:

y(t) = c(t)ao(t +7)

— C(t)ej?TrB ( % — % (t+7)— (t+7—).u(t+7—,TS))

— (t)c(t)ej (2wB(;—:—(t+T)~u(t+r—Ts))+9) ,

where 6 is a phase offset representing the constant phase con-
tributions of the STO. This offset does not influence the non-
coherent demodulator (5), as it only uses the magnitudes |Y|.
We hence ignore all constant phase offsets in the following
development.

B. Discrete-time Model

The continuous-time signal y(t) is sampled at the frequency
fs = B. Since a LoRa symbol spans over N samples, a
receiver that is not synchronized in time processes windows of
samples belonging to two consecutive symbols. For an STO
T = (LSTO + )\STo)/B, the first M = N — LLSTO + >\STOJ
samples in the window belong to the first symbol and the
remaining | Lsto + Asto] samples originate from the second
symbol, with |-| being the floor operation. This behaviour is
illustrated in Fig. 4.

Since the transmitted signal Z(¢) consists of two repetitions
of the same symbol z(t), it is possible to model analytically
the impact of the CFO and STO in the demodulation stage.
Following the definition of Af. from (7), the discrete-time
counterpart of c(t) is

o L
_ 2 CFO;*CFon

c[n]

Let y[n] be the discrete-time signal sampled from y(t).

This signal is first dechirped by the receiver, i.e., multiplied

point-by-point with the sequence Tp[n]. The expression of the
dechirped signal g[n] is:

[ ] [ ] j27r(LWTL—(n+L5To+>\5TO)u[n—]M])
y[n] = c[nle

i
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Fig. 4: Structure of a preamble for SF' = 8. The dotted lines
delimitate the consecutive windows of N samples received
under an integer STO Lgpo = 64. Only 4 upchirps are shown
for the sake of clarity.

where wu[n] is the discrete-time step function. Since (n +
Lsro)u[n — M] is necessarily integer, this term only induces
phases shifts of 27, and the equation can be simplified to
g][n] _ C[n}ejQTr(wn—)\smu[n—M]). (8)
In (8), we observe that a window of N points sampled
with an STO 7 such as Lgyo # 0 and Asto # 0 presents
an instantaneous phase jump of —27Asto at the sample index
M, i.e., at the boundary of the two unmodulated upchirps. By
separating the fractional offset Agto from the integer offset
Lgto, the impact of Agto on the dechirped signal can be
seen as a single frequency component circularly shifted by
M samples:

. Lg . AsTo™
gln] = efnle TR (TR
where (z[n])x corresponds to a circular shift of K samples
on the signal z[n].

Finally, by expanding the term c[n], we obtain an expression

for the dechirped signal depending on all offsets components:

Asto™

Lcro+Lsto+AcFo .
-~ . <632”T>M' 9)

gln) = "
Equation (9) reveals that the fractional offsets Acro and Asto
cannot be considered equivalent. Notably, the CFO adds to the
dechirped signal §[n] a residual frequency term continuous
across the upchirps boundaries, whereas the fractional STO
induces a frequency term whose phase is reset to —27Asto
after crossing an upchirp boundary. This difference is reflected
in Fig. 5, where Asto = Acro such that both phase terms
increase at the same speed. The phase induced by the STO is
cyclic between the boundaries of symbols, whereas the phase
due to the CFO is continuous across symbols and wraps around
—m and 7. This difference of behavior is not modeled in [12],
as they consider both fractional offsets to be equivalent.

This absence of equivalence for the fractional offsets leads
to a DFT output Y}, that is no longer similar to a sinc function
in the concurrent presence of both time and frequency offsets.
Let a[n]®b[n] be the convolution between the signals a[n] and
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Fig. 5: Phases of two consecutive upchirps from the preamble
(a) at the transmitter (b) after dechirping, at a receiver con-
taminated with a CFO Lcgo = 10, Acpo = 0.3 and an STO
Lsto = 64, Asto = 0.3. The dotted lines indicate the windows
of N samples processed by the receiver.

b[n]. Computing the N-point DFT of (9) yields the following
signal:

Yy, = N -TI(k — Lcgo — Lsto, Acro)

o kM 10)
® |:€_‘727TT . H(ka)\STO) . (

Due to the term eiﬂﬂkfl]\y from (10), |Y| retains a peak
around k = (Lcro + Lsto) mod N, but its tails do not match
the tails of a sinc function, as shown in Fig. 2. The expression
of Y}, complexifies the estimation of both STO and CFO, as
explained in Section IV.

C. Differences Between Upchirps and Downchirps

The same development is now used to derive the analytical
representation of an unmodulated downchirp contaminated by
both offsets. It can be shown that the expression of a sampled
downchirp yg[n] contaminated by an STO 7 and CFO Af,
corresponds to

. n2 Lston _ n . n
yd[n] _ C[n]e—32ﬂ<ﬁ+%_§) . <e—J27r7AS}\? >
After dechirping with an upchirp and expanding c[n], we
obtain

- +o . Lcro =~ Lsto +AcFO _ ;9 ASTO
yd[n] — ei27 Eo =Ly F n-<€ j2m =S5T n>M (1)
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We finally denote the DFT of §q[n] as Y;4, whose expression
is given by
Vi = N -TI(k — Lero + Lsto, Acro)
kM 12)
® |e *TN - TI(k, _/\STO)]

By comparing (10) and (12), we observe that positive
STOs and CFOs shift the spectral line in the same direction
for upchirps, but in opposite directions for downchirps. This
property is needed to separately estimate the integer offsets
Lcro and Lgto, as first discussed in [6], [12] and explained
in the following section under our detailed model.

IV. DERIVING AN ACCURATE ESTIMATOR FOR THE
FRACTIONAL STO

Due to the complexity of the DFT output Yj given
in (10), deriving estimators of the STO and CFO when
Lcro, Lsto, Acro, Asto # 0 is challenging. The difficulty of
the problem can however be reduced by correcting partially
some offsets. In this section, we show that estimating Acpo
can be achieved independently of the presence of the other
offsets, but that the estimations of Asto, Lsto and Lcgo are
all intertwined.

After correction of the fractional CFO Acpo, the sinc
function II(k — Lcro — Lsto, Acro) from (10) becomes a
Kronecker delta §[n— Lsto — Lcro]. Consequently, the DFT of
the partially corrected signal has a simpler expression without
any convolution:

kM
Yy =N-e?*" N -M(k — Lero — Lsto, Asto) + Wi.

13)

The energy of the signal in (13) is now spread in multiple
DFT bins only due to the impact of Agrg. Using (13), in this
section we derive a new efficient estimator for Asto. Moreover,
we show that the correction of Agto before the estimation
of Lcpo and Lgyo is crucial for the correct estimation of
these integer offsets, a fact that has been neglected in the
literature [11], [12], [17]. To simplify the upcoming equations,
we discuss in Section IV-A the estimation and correction of
the fractional CFO as a first step performed by the receiver.
All subsequent steps are discussed after this partial correction,
thus with Acpo = 0.

A. Estimating \cro is Independent of the Other Offsets

We showed in Section III that the fractional CFO and STO
have distinct effects on the DFT output Yj. The former induces
a linear phase term that is continuous across symbols, whereas
the phase due to the latter is cyclic with period N. This cyclical
property allows a receiver to estimate Acpo independently of
Asto- Let 3![n] be the I-th window of N samples dechirped
by the receiver, and Y} its N-point DFT. Starting from the
time-domain representation of unmodulated upchirps from (9),
and ignoring the AWGN for now, the received symbols are
identical up to a phase difference of 27 A\cpo:

. L, + X . L +X
~1 _ ]27‘{' CFON CFO (7L+ZN) . ]27‘( STON STO n
] = P IERIIN) (et

— €j2ﬂ-)\CFOgl71 [n].
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By linearity of the DFT, the same result holds in the frequency
domain: Y} = e/2™roy/=1 1t has been shown that this
property can be leveraged to estimate Acpp, by multiplying
a DFT bin Ykl with 72_1, the conjugate of the same bin from
the previous upchirp, and taking the phase of the product [12]:

N¢e 2
> 1 1 -1
Acro = o angle <Z Z Yiip Y1+p> ;o (14

=2 p=—2

with i = argmax, |Y}!|. To improve the accuracy of the
estimate, the five Y} values of each symbol centered around
the bin of maximum height are used. In practice, these DFT
bins near ¥k = (Lcpo + Lsto) mod N benefit from the
processing gain of the modulation, and thus exhibit a higher
SNR. This operation is repeated over N pairs of successive
upchirps, and all products Yilﬂ, -Yi;p are summed up before
computing the final estimate.

B. Estimating Lcpo and Lgro Depends on Asro

In Section III, we showed that an STO has an opposite
effect on upchirps and downchirps. Following (10) and (12),
in the absence of AWGN and after correction of Acpo, the
demodulation decision (5) for both an upchirp and a downchirp
yields

Syp = arginax |Yk| = (LCFO + LSTO) mod N, (15)
k

Sdown = arg max \Yk‘i| = (Lcro — Lsto) mod N. (16)
k

By respectively adding and subtracting sy, and Sgown, Lcro

and Lgyo can be estimated separately to some extent. The

estimation of Lcro is first obtained by adding sy, and Sgown,

and correcting for the modulo effect from the DFT [6], [12]:

~ 1
Lcro = §FN |:(5up + Sdown) mod N |, (17)
|k for 0 <k < %,
where Tiv[] _{ k=N for & <k<N.
Once Lcro is known, Lgto can be estimated using
ESTO = (Sup — ECFO) mod N (18)

As a consequence of the wrappings induced by the DFT, it
is impossible to recover both integer components in the range
[0, N —1] without ambiguity. Owing to the fact that the receiver
may start acquiring a symbol at any time of its transmission,
i.e., 0 < Lgto < N, and that A f. may be positive or negative,
the estimation of Lcgo is thus bounded to [—%, % —1] [12].

Since the estimators (17) and (18) rely on the demodulation
stage provided by (5), the presence of a potential fractional
STO increases the probability of incorrectly demodulating
Syp and Sgown. To the contrary of the fractional CFO which
can be estimated and corrected independently of the other
offsets, the estimation of the integer STO and CFO is sensitive
to the presence of Agro. To decrease the probability of a
synchronization failure, it is thus crucial to estimate and
correct the fractional STO, even partially, before estimating
the integer offsets. We note that in the literature [11], [12],
[17], the fractional STO Agto is never corrected before the
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integer offsets, which strongly increases the probability of
wrongly estimating the integer offsets and thus of experiencing
a synchronization failure. None of the aforementioned works
shows the importance of correcting Asyo before the integer
offsets, since none of them presents results for the overall
packet error rate in the presence of all integer and fractional
offsets. In particular, [17] shows good conditional bit error
rates (i.e., only for the packets that managed to synchronize
correctly), but the authors do not indicate how many of the
overall transmitted packets actually managed to synchronize.
Moreover, the works in [11], [12] simulate results only under
the assumption of Agto = 0.

C. Estimating the Fractional STO Asto

Many estimators in the literature have been designed to
estimate a fractional frequency £ of a sinc signal TI(k, £) with
AWGN (e.g., [32]-[34]). However, due to the additional phase

kM

term ¢ 7*™ N in (13), the expression of the signal Y}, after
correction of Acgo is not a strict sinc function. Estimating Asto
from usual estimators therefore requires a priori knowledge of
M = N—| Lsto+Asto |, which is unknown until the reception
of a downchirp.

Yet, as previously discussed, the fractional STO should
preferably be corrected before estimating Lsto. To avoid
the complex joint estimation of Lsro and Asto over several
symbols, we suggest instead to_design an estimator Asto
that relies on a prior estimate M. This estimator Agpo will
then be used iteratively in the synchronization algorithm, with
increasingly accurate estimates of M.

Regarding first the specific case when M = 0 (i.e., when
Y} is a sinc function with AWGN), the following estimator
from [33] is valid:

Yig1 —Yia
2, =Y — YV
with ¢ = argmax,, |Yy|. We now extend (19) for the general
case when the receiver is affected by an STO so that M # 0.
This rz%}lires correcting the phases of Y to remove the term

Ao = —Re | (19)

e ITN Assuming the knowle\dge of an estimation of Lgto,
and using the approximation M ~ N — Lgro to correct the
phases of Y, we obtain an estimator relying on the complex
values Y, of a demodulated upchirp:

7j27rﬂ j27rﬂ
Rer — — Re e NYi1—e"NY;
STO = — =

—j2m 55 27 X7
2Y; —eVTTNY; 1 —TTNY

(20)

The precision of this estimator depends on the accuracy of M
itself. The accuracy of the estimation can also be improved
by averaging the complex values {Y;_1,Y;, Y;11} over several
upchirps.

__To start estimating the fractional STO without an estimate
M and thus without having to wait on a downchirp, another
estimator Agrg that relies only on the magnitudes |Yj| is
proposed in [6] and used in [12]. This estimator leverages
the intermediate function

_ (1, Asto)| — [TI(—1, Asto)|

T(\
(Asto) IT1(0, Asto)|

Authorized licensed use limited to: Univ Catholique de Louvain.

100

10~2 J
| | q
-8 -6

TTTTT

I

—12

|
—10
SNR (dB)

L
-16 -—14

—*— Ag7g> | upchirp =% - Aggs, 3 upchirps
—©— Ast0, | upchirp —©'- Agto, 3 upchirps

Acko, 2 upchirps Acro, 3 upchirps

Fig. 6: RMSE of the fractional offsets estimators, with SF = 8
and one or several upchirps.

After demodulating an upchirp, the receiver estimates Agyo by
inverting T'(Asto) as follows:

Y1 — |Yiz
I l+1| | ? 1|>’ (21)

X:'r—1<
STO |Yz|

with ¢ = argmaxy |Yy|. Averaging the magnitudes |Y| of
consecutive upchirps enhances the accuracy of (21), a fact
that is however not evaluated though in the aforementioned
works. Although Agrg is independent of Lsro, this estimator
presents a very high variance due to the derivative of 71(x)
being close to 0 for small values of Asyo [6]. We show in
Section VI that the high variance of this estimator degrades
the receiver performance when used naively in a symbol-by-
symbol tracking loop as proposed in [12].

The Root Mean Square Errors (RMSE) of all three estima-
tors (14), (21) and (20) have been obtained through simulation
for SF = 8 and are presented in Fig. 6. The estimators
Asto and Agpg are evaluated using upchirps contaminated
by an STO 7 uniformly distributed in the range [0, % [. For
XSTO, it is assumed that the receiver has ideal knowlgdge
of the integer offset Lgro. To evaluate the RMSE of Acro
from (14), a fractional CFO Acpo uniformly distributed in the
range |—0.5,0.5] is added. The estimators are subsequently
evaluated with two or three upchirps. The averaging of these
upchirps is performed differently depending on the estimator,
as previously described for each estimator.

Using a single upchirp and for an SNR of —9 dB, cor-
responding to a SER of 10~* for a perfectly synchronized
receiver, our eitimator Asto is one order of magnitude more
accurate than Agpg from [6]. Moreover, using three upchirps
instead of one improves the precision of the estimates by a
factor 1.9 for Agro, but only by a factor 1.3 for Agpg.
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Fig. 7: Flowgraph of the synchronization algorithm. For each step, the related parts of the preamble are indicated in red. Un
refers to the n-th full upchirp in the preamble, and D1 to the single full downchirp. Dashed arrows indicate the CFO and STO

components estimated or corrected by each stage.

V. DESIGN OF AN EFFICIENT LOW-COMPLEXITY
SYNCHRONIZATION ALGORITHM

We showed in the previous section that the estimation of
the offsets components Lsto, Lcro and Agto are intertwined.
Only the estimation of the fractional CFO Acgp can be
performed independently of the other offsets. Moreover, since
the estimation of the integer offsets requires the demodulation
of a downchirp, which is only available at the end of the
preamble, the interdependencies between offsets complexify
the design of a synchronization scheme. To solve this issue
while keeping the implementation of the receiver as simple
as possible, we present in this section a low-complexity
synchronization algorithm capable of accurately estimating all
offsets components. The proposed synchronization algorithm
is then compared to the synchronization algorithm from [12].
Both algorithms work on a non-synchronized signal sampled
at the Nyquist-rate fg = B that follows the model described
in Section IIL

A. Proposed Synchronization Algorithm

The proposed algorithm, whose pseudocode is given in
Algorithm 1, leverages sequentially the different parts of the
preamble, by processing a single symbol at a time. It uses
the estimators introduced in Section IV, and estimates the
fractional STO Agyo iteratively in two steps. The algorithm,
is split in three stages, as shown in Fig. 7: first the estimation
of Acro, then a preliminary estimation of the fractional STO,
and finally the definitive estimation of Lcpo, Lsto and Asto.

1) Preamble Detection and Estimation of the Fractional
CFO: Before going into the synchronization algorithm, the
receiver first implements a preamble detection scheme. It is
well-known that the presence of several consecutive upchirps
can be used to detect the start of a frame [11], [16]. A
preamble is detected by a receiver when the same symbol s,
or its neighbors s 4= 1, are consecutively demodulated [17].
Let y'[n] be the I-th window of N samples processed by
the receiver. Upon a preamble detection on three consecutive
upchirps 4'[n], y'~*[n] and y'~?[n], these symbols are also
used to compute the estimate Acpo. This estimate is used to
correct the fractional CFO when demodulating the remaining
symbols of the preamble.

2) First Correction of the Fractional STO: The next three
upchirps of the preamble are dedicated to the estimation of

Authorized licensed use limited to: Univ Catholique de Louvain.

the fractional STO. The demodulated value 3., of the fourth
upchirp of the preamble is used as an initial estimation of sp.
A temporary estimate AsTO _of the fractional STO is then com-
puted using the estimator Agto from (20) with the averaged
DFTs of the three upchirps and 5., as an approximation of
Lsto, i.e., M=N— Sup- The receiver subsequently realigns
itself in time to correct the fractional STO using ;\STo. This
first correction of the fractional STO increases the probability
of correctly demodulating the symbols sy, and Sgown in the
final stage of the algorithm.

Since the estimate M used in the computation of ;\STO is
likely to be close to N — Lcpo — Lsto instead of N — Lgto,
the accuracy of the estimate S\STO depends on Lcpp. We
notably show in Section VI that large offset values Lcro
decrease the precision of Asto, and hence also the probability
of correctly estimating the integer offsets. Finally, as the
definitive estimation of Agpo using (20) can only take place
once Lgto is estimated, the averaged DFT bins are stored in
memory until the reception of a downchirp.

3) Final Synchronization Stage: The final entire upchirp
and the single entire downchirp are used to estimate 3,
and Sgown. With these values, the receiver then uses (17)
and (18) to estimate Lcro and Lgro, respectively. A definitive
estimation of Asto is afterwards computed using (20), with
M = N — Lgro and the DFT bins stored in memory. The
receiver performs the final correction of the CFO and STO
using the above estimates and proceeds to the demodulation
of the payload.

4) Processing of the Payload: After the final synchroniza-
tion stage, the receiver proceeds to the demodulation of the
Np payload symbols as explained in Section II.

B. Synchronization Algorithm from [12]

We now briefly introduce the synchronization algorithm
presented in [12], whose pseudocode is given in Algorithm 2
to ease the comparison. In [12], the preamble detection and the
estimation of the fractional CFO are performed using all the
upchirps of the preamble, except the last one. The fractional
CFO is then corrected for the remainder of the preamble.
The final upchirp and one single entire downchirp are used
to obtain the symbols 3y, and 34own, respectively. The receiver
subsequently estimates Lcro and Lsto using 3y, and 84own, and
performs a coarse synchronization which corrects the carrier
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Algorithm 1 Proposed synchronization algorithm

Algorithm 2 Synchronization algorithm from [12]

: =0
Preamble Detection and Fract. CFO Estimation:

end while
ACFO = % angle (Z%:o zl_i)

2: while preamble not detected do

3: l=1+1

4 V! =DFT (y'[n] © Zo[n]), §' = argmax,, |V}|
5: 2l = ZZ:_z }/;}l+p . Y§l+p

6:  PreambleDetection (5, 81, §:=2)

7:

8:

:1=0
Preamble Detection and Fract. CFO Estimation:

. end while
: ACro = % angle (Z?:o zl_i)

2: while preamble not detected do

3: l=1+1

4 V! =DFT (y'[n] ® Zo[n]), §' = argmax,, |V}
I _ 2 v

5: z = Zp:—Q }/él+p . Y§L+p

6:  PreambleDetection (5, 8", ..., 5'79)

7

8

First Correction of the Fractional STO:
9: for m =1to 3 do ~
0 Y= DFT (44 [n] © Toln] @ e 2mao 5 )
11: end for .
12: 3y = arg maxy |Ykl+1|, M =N -3
13y =Y Y
14: Compute Asto with {Y:'® Yé“zg,Ygng

Suyp—17 7 3y Sup+1

I3 M using (20)

15: Realign receiver by Agpo samples

Final Synchronization Stage: ~
16 Y+ = DFT (4 +4[n] © Toln] © e-327ero
17: Yé"rs — DFT yl+8[n] 0) J)o[’n] ® e—jQﬂXCFo%
18: 8y = argmax, ‘Y,j+4
19: Compute Lcro, Lsto With 3yp, S4own using (17) and (18)
20: C/Smpute A>\STO with {K;‘;g_p Y@ivpga Y;ﬁ-ﬁ and
M =N — LSTO using (20)
21: Correct carrier frequency by B/N (cho + /\CFO) Hz

. 1+8
, Sdown = argmax, ’Yk+ |

22: Realign receiver by ESTO + XSTO — ;\sm + N/4 samples

Processing of the Payload:
23: form=10+5tol+ Np+4do
24: Y™ =DFT (y"[n] ©® To[n]), §m = argmax,, |¥"|
25: end for

frequency with ECFO + XCFO and the integer STO using ESTO,
but not the fractional STO.

The fractional STO is estimated using a tracking loop that
relies on the estimator Agrg of (21). This tracking loop is
enabled after the demodulation of the downchirp, i.e., during
the payload, and performs a symbol-by-symbol estimation of
Asto. Since the STO is considered constant, its correction
for the m-th symbol can be improved by averaging all the
previous estimates of the fractional STO. This averaging is
not discussed in [12], however we include it in the algorithm
for a fair comparison, since it improves the performance of
their receiver.

Unlike the proposed algorithm, the algorithm from [12] does
not leverage the upchirps of the preamble to estimate and
correct the fractional STO before the estimation of the integer
offsets. As a consequence, the presence of the uncorrected
Asto increases the probability of a wrong demodulation of
the symbols 3,, and S4own. Since these symbols are used to
compute Lgyo and Lcgo, erroneous estimations of the integer
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Coarse Synchronization Stage: R
9: Ykl+1 — DFT yH'l[n] O T [n] ® e~ I2mAcro Fr

10: Ykl+5 = DFT (4+3[n] ® 2o[n] ® o—i2mAcro %

A 1+5
, Sdown = argmax, fYkJr |

11: §,p = argmax;, |Ykl"’1
12: Compute Lcro, Lsto with §up’ Sdown llSng (17) and (18)
13: Correct carrier frequency by B/N (ZCFO + XCFO) Hz

14: Realign receiver by Lsto + N /4 samples
15: Compute \-E5 with {V/*°  Y[/*5 y[*5 1 ysing (21)

STO Sdown+17 = Sdown’ ~ Sdown

Processing of the Payload:

16: form=14+6tol+ Np+5do
m—1 N

17 A§to = 75 heits Ao + )‘];TT
18:  Realign receiver by Ag}, — Ag%l samples
190 Y =DFT (y™[n] © To[n]), $m = argmax;,, |Y;"|
20:  Compute Ag with {Y;" Y™ V", } using (21)
21: end for

offsets frequently arise and strongly deteriorate the perfor-
mance of the receiver, as shown in Section VI. We also show
next that the usage of the high-variance estimator from (21)
in a symbol-by-symbol tracking loop further degrades the
performance of the receiver.

VI. PERFORMANCE EVALUATION

In this section, we assess the performance of our proposed
synchronization algorithm and we compare it to the perfor-
mance of the only other low-complexity algorithm in the
literature, i.e., the algorithm from [12]. We first compare the
two algorithms under the simulation parameters used in [12]
and we show that they have similar performance. We then
compare the two algorithms under more realistic simulation
parameters and show that our algorithm results in a significant
improvement of the packet error rate compared to [12]. In
addition, we analyze the impact of large CFO values on the
proposed algorithm. Finally, the error rates of both receivers
for coded LoRa packets are presented and compared to the
performance of a theoretical perfectly synchronized receiver.

A. Simulation Parameters

For both our synchronization algorithm and the algorithm
in [12], the receiver samples a signal of bandwidth B = 125
kHz with AWGN at a carrier frequency of f. = 868 MHz. The
bandwidth of the signal does not impact the performance of the
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¥ B ‘ 125kHz 250kHz 500kHz
c

433 MHz | £0.07N  +0.03N  £0.02N
868 MHz | £0.14N  +0.07N  +£0.03N

TABLE I: Maximum Lcgg offset observed by a LoRa receiver
with a crystal precision of 20 ppm for the different standard-
ized bandwidths and ISM carrier frequencies.

receiver, except for the range of the CFO, as explained below.
All error rates are evaluated through Monte-Carlo simulations
with 10° trials per SNR level. Each packet starts with a
preamble, as described in Section II. The payload consists of
Np = 28 modulated LoRa symbols, either coded or uncoded.
The packets reach the receiver through the channel defined
in (6). The preamble detection schemes are considered ideal
for both algorithms, i.e., the preamble of a packet is always
detected, and do not impact the simulation results.

To compare the two algorithms in a realistic simulation
setup, we allow the sampling time offset to take values
uniformly in the range 7 € [0, % [, except for Fig. 8, where
we follow the simulation setup used in [12]. In particular,
for Fig. 8, we allow the STO 7 to take only integer values,
uniformly chosen from the set Lsro € {0,...,N — 1}, and
we set the fractional time offset Agto = 0, exactly as in [12].
The receivers sample the signal at an oversampled frequency
ffs = RB, with R = 10, to allow a correction of the
fractional time offset. For both algorithms, the oversampled
signal is decimated by R before the dechirping stage, i.e.,
synchronization and demodulation are done at the Nyquist rate.
When a receiver realigns itself in time, it selects the decimation
index among the R available that is the closest to the fractional
STO estimated by the synchronization algorithm.

As explained in Section IV and similarly to [12], the
LoRa receiver studied in this work can only estimate a CFO
Af. € [-£, 28], Considering a typical carrier frequency of
fe = 868 MHz and the smallest bandwidth B = 125 kHz,
only CFOs Af. up to 36 ppm can be estimated. Low-
power IoT end nodes are usually designed with a low-cost
bill of materials, and the crystal oscillators used for the
carrier frequency synthesis often have limited accuracy. For
instance, the Semtech SX1276 receiver embeds a crystal
with a 20 ppm precision [35], whereas gateways use more
accurate temperature-controlled oscillators. Table I presents
the maximum Lcgro observable among all possible carrier
frequencies and bandwidths for a crystal precision of 20
ppm. The chosen simulation parameters B = 125 kHz and
fe = 868 MHz are hence the ones inducing the largest CFOs.
In our simulations, the CFO is always uniformly distributed
in the range Af. € [—20,20] ppm [35], unless if specified
otherwise. The estimated CFO is corrected by shifting in
frequency the sampled signal, as explained for each algorithm
in Section V.

B. Performance under the Simulation Parameters used in [12]

We first show in Fig. 8 the packet synchronization failure
probability, as defined in [12], of both receivers for a spreading
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Fig. 8: Packet synchronization failure probability following the
definition of [12] with Asto = 0 and SF = 8.

factor SF = 8. In [12], the authors do not simulate a fractional
STO, i.e., Asto = 0, and a packet synchronization failure is
defined as the event that the algorithm was unable to identify
the first data sample, hence leading to a complete packet
loss. We note here that this definition of a synchronization
failure from [12] essentially corresponds to the presence of
a residual integer time offset after the synchronization stage,
i.e., Lsto # Lsto. Exactly as in Fig. 11 of [12], the results
presented in Fig. 8 are obtained by setting the fractional STO
to zero and allowing the integer STO to be uniformly chosen
from the set Lsto € {0, ..., N—1}. We observe that under the
chosen simulation parameters (Asto = 0), both our proposed
algorithm and the algorithm from [12] exhibit almost identical
synchronization failure probabilities.

C. Performance under More Realistic Simulation Parameters

The setup used in Fig. 11 of [12] is however not realistic
since, in practice, the value of the fractional STO is uniformly
distributed in the range ]—0.5,0.5]. We now evaluate the
performance by including a fractional STO in the simulations.
Fig. 9 shows the overall packet error rate (PER) for our
synchronization scheme and the algorithm from [12]. The
transmitted packets again use SF = 8 and are uncoded.
The overall PER (solid lines) is obtained by applying the
synchronization algorithm (either the proposed or the one
in [12]) to the received packets, estimating and correcting all
the time and frequency offsets as each algorithm determines,
and finally deciding on the survival of the packet by checking
if the symbols of the payload were demodulated correctly.
We observe that the algorithm of [12], which has not been
evaluated before in the presence of a fractional STO, results
in a degraded overall PER performance (solid orange curve)
under this more realistic simulation setup. On the contrary, we
observe that the PER performance of the proposed algorithm
(solid blue line) is very good and close to the performance
of a perfectly synchronized receiver (thick gray line). For
example, to attain an overall PER of 10~2, we observe that our
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Fig. 9: PERs of the proposed algorithm and the algorithm
from [12] for uncoded LoRa with SF = 8 and Np = 28
payload symbols. The thick gray line shows the PER for a
perfectly synchronized receiver.

receiver requires at most 0.5 dB higher SNR than a perfectly
synchronized receiver.

To provide an in-depth understanding of the performance of
both algorithms, we deconstruct the overall packet error rate
into two error events. The first error event corresponds to a
synchronization failure which results in a complete packet loss.
This happens when, after estimation and correction, the resid-
ual offsets prevent the receiver from correctly demodulating
any symbol in the payload, even in the absence of noise [11].
The second error event, i.e., a payload error, arises when the
receiver manages to correctly synchronize to the packet, but
experiences demodulation errors in the payload due to small
residual offsets and AWGN. We note that the overall PER
shown in Fig. 9 for both algorithms is agnostic to the definition
of these two error events.

Regarding the first error event, we consider that the algo-
rithm is effectively unable to synchronize to a packet if, after
the estimation and correction of all four integer and fractional
offsets, the demodulated symbols obtained using (5) are all
wrong even in the absence of AWGN. This happens when
|ECFO + :\\CFO — N%‘f” + ESTO + XSTO — Br| > 0.5, since
a residual total offset greater than 0.5, i.e., the middle point
between two samples, shifts the position of a symbol s in
frequency to a DFT bin index other than s. A shift greater than
0.5 thus prevents the receiver from correctly demodulating any
symbol in the payload, even in very high SNR regions or in the
total absence of noise [11]. We note that the above definition,
which treats time and frequency offsets in a unified manner,
inherently takes into account the case where a residual integer
CFO compensates for a residual integer STO. Such a case
results, in the absence of AWGN, in a correct demodulation of
the payload and is hence not considered as a synchronization
failure. It however introduces a small inter-symbol interference
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(ISI) which degrades the performance during the demodulation
of the payload [11].

The second error event concerns demodulation errors in the
payload that are caused by AWGN. As explained in Section III,
residual fractional offsets left after the synchronization stage
increase the probability of demodulation errors. Let Ay =
Zcpo +/):CFO _N %f <+ ESTO —i—XSTO — BT be the total residual
fractional offset that remains after the synchronization stage,
where \s < 0.5. When both integer offsets are successfully
corrected, and following (10), the DFT of a modulated symbol
s becomes Yy, = N - II(k — s, Awes) + Wy, i.e., the impact on
the demodulation of both residual fractional offsets becomes
indeed equivalent and equal to A.s. At a given SNR and
spreading factor, the payload error probability is strongly
influenced by the distribution of the residual values Ay left
by the synchronization stage.

In Fig. 9, we observe that the synchronization failure prob-
ability is limiting the performance of the algorithm of [12],
especially in high SNR regions. This is because [12] does not
correct the fractional STO during the preamble, but only dur-
ing the payload. The uncorrected fractional STO increases the
probability of wrongly demodulating the preamble symbols,
and thus of incorrectly estimating the integer offsets. On the
contrary, our proposed algorithm, which estimates and corrects
the fractional STO during the preamble, accurately estimates
both integer offsets, even for low SNR values, resulting in
a synchronization failure probability that does not limit the
overall performance.

Moreover, the receiver from [12] also exhibits higher pay-
load error probabilities than our receiver. This stems from the
fact that the function used by the estimator of the fractional
STO has a horizontal inflection point at the origin [6]. As such,
the inverse function has a vertical tangent at the origin (see also
Fig. 9 of [12]) that increases the variance when estimating very
small offsets, leading therefore to instabilities in the estimation
of the fractional STO in the tracking loop [6]. On the other
hand, thanks to the low-variance estimator A\sto of (20) that is
using three upchirps in the preamble, our receiver is capable
of accurately correcting the fractional STO, a fact that results
in much improved payload error probability.

To better assess the impact of the residual fractional offsets
on the payload error probability, in Fig. 10 we plot the
cumulative distribution function (CDF) of the worst-case A
value for both algorithms. We note that the estimator used
in the proposed algorithm results in the same value (which
can also be considered worst) for all 28 symbols, since the
estimation is performed during the preamble. For the algorithm
of [12], we do not consider the values M\, after the first
demodulation error, to avoid affecting the CDF by the error
propagation in the tracking loop (the estimation in the tracking
loop may become completely unstable when the DFT bin of
a symbol is not correctly identified). Since both algorithms
use the same estimator for the fractional CFO, the differences
between the CDFs mainly illustrate the differences of residual
errors on the fractional STO. For the receiver of [12] and
an SNR of —9 dB, 60% of the packets contain at least one
payload symbol that experiences a residual offset A greater
than 0.2. Such high values of A significantly increase the
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Fig. 10: Cumulative Distribution Function of the residual frac-
tional error A for the proposed algorithm and the algorithm
from [12], with SF = 8 and Np = 28. Only correctly
synchronized frames are included in the metric.

probability of a wrong demodulation of a symbol. Regarding
our proposed receiver, we observe that for the same SNR
more than 95% of the synchronized packets experience a very
low residual fractional error A, that is below 0.1 during the
demodulation of the payload. As illustrated in Fig. 3, such very
low fractional offsets have small impact on the demodulation
performance.

All the above results strongly illustrate the need for the
receiver to correct the fractional offsets before estimating
the integer offsets, as well as the need to use an estimator
for the fractional STO with a small variance. Overall, the
performance evaluation indicates that both the early correction
of the fractional CFO and STO and the use of the more
accurate estimator Agto instead of Agyg enable our proposed
receiver to attain PERs of 10~2 in low SNR regions that are
relevant for LoRa. On the contrary, the receiver from [12]
levels off at an error floor for the overall PER that is between
10! and 1072,

D. Impact of the CFO Range on the Performance

As explained in Section V, the proposed algorithm itera-
tively estimates the fractional STO in two steps. The first esti-
mate Agro is computed with the approximation M = N — 5,
instead of M = N — ESTO. In practical SNR regions, we have
Sup = Lcro + Lsto and the accuracy of the approximation
M thus depends on the value of Lcpo. Large values of Lcro
decrease the precision of S\STO, which in turn increases the
probability of wrongly estimating the integer offsets Lcgo
and Lgto and of experiencing synchronization failures. Unlike
our receiver, the receiver from [12] does not use a similar
approximation, its synchronization failure probabilities hence
do not depend on the value of Lcgg when Af,. € [fg, %].

In Fig. 11 we show the overall PER of the proposed
synchronization algorithm for SF = 8 and different ranges of
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Fig. 11: PER of the proposed synchronization algorithm for
uncoded LoRa with different CFO ranges, B = 125 kHz,
fe = 868 MHz, SF = 8 and Np = 28. The PER of the
receiver from [12] does not depend on the CFO range.

CFO. We observe that CFO values below 24 ppm only induce
a negligible deterioration of the PER. However, obtaining a
PER of 10~2 with CFO in the range [24,35] ppm requires
1 dB stronger SNR than for Af. = 0. This loss increases
to 2.5 dB for a PER target of 10~3. Nevertheless, such large
CFO values are unlikely to arise in practice as 20 ppm is
the expected maximum offset for oscillators in commercial
receivers [6].

E. Packet Error Rates for Coded LoRa

Fig. 12 presents the overall PER of the proposed syn-
chronization algorithm and the algorithm from [12] for three
different spreading factors when a Hamming code with coding
rate 4/7 is used. Regarding first the receiver of [12], due
to the predominance of synchronization failures as described
previously, its error rates level off for all spreading factors at
error floors between 10~% and 10~2. We do not observe any
gain due to coding gain for the overall PER of [12], since
the performance in that case is limited by the synchronization
failures in the preamble, which is uncoded.

On the contrary, our proposed receiver does benefit from the
Hamming code, especially in low SNR regions. The decoding
stage indeed decreases the probability of experiencing payload
errors [30], which are the dominating error events for our
receiver at low SNR. For a target PER of 10! and SF = 8,
we observe a 1 dB gain between the coded scenario from
Fig. 12 and the uncoded scenario showed in Fig. 9. This
gain however decreases at higher SNRs as synchronization
failures tend to become the dominating error events. Whereas
our receiver requires only 1 dB higher SNR than a theoretical
perfectly synchronized receiver to reach a 10~3 PER in the
absence of coding, this difference increases to 2 dB with
coding. In the latter scenario, only synchronization failures
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Fig. 12: PER of the proposed algorithm and the algorithm
from [12] for coded LoRa with different spreading factors,
Np = 28 and a Hamming code (4,7). The thick gray lines
show the PER for a perfectly synchronized receiver.

significantly cause packet errors, whereas in the uncoded case,
the probabilities of experiencing a synchronization failure or
a payload error are almost identical, as shown in Fig. 9.

VII. COMPLEXITY ANALYSIS

We finally discuss the complexity of our proposed syn-
chronization algorithm and the algorithm of [12]. Both algo-
rithms rely on the conventional demodulation stage of a LoRa
receiver, with some additional computations and memory
requirements. All synchronization computations are performed
at the Nyquist-rate fs = B, as explained in Section VI
We show that the overhead of the synchronization is minor
compared to the complexity of the demodulation stage itself.

The proposed algorithm and the algorithm from [12] use
similar estimators for the fractional CFO and for the integer
offsets. Estimating the integer offsets Lcro and Lsto involves
only three simple arithmetic operations. The estimator Acro
requires a single angle computation and a constant, but small,
number of complex Multiply and Accumulate (MAC) opera-
tions, as listedAin Table II. Regarding the fractioAnal STO, both
our estimator Asto from (20) and the estimator Agry from (21)
carry out a fixed number of arithmetic operations on three
DFT outputs Y;, including one complex division. It is worth
underlining that the latter estimator requires an inversion of
the non-linear function 7'(x), whereas the former does not.

The algorithmic complexity of the demodulation stage given
in (5) is O(Nlog N) when the DFT is implemented using
a Fast Fourier Transform (FFT), and hence depends on the
spreading factor. This stage also requires the storage of N
samples in memory, since the dechirping operation and FFT
can be performed in place. As the studied synchronization
algorithms involve only a constant and limited number of
operations, their computational cost is negligible compared

13

Offset Operations
Lcro, Lsto | Two integer additions, one integer division
ACFO 11 complex MACs, 1 angle
N 6 complex additions, 10 complex MACs
STO 2 complex divisions

TABLE II: Operations carried out by the proposed algorithm
per packet to estimate the integer and fractional parts of the
STO and CFO.

to the complexity of the demodulation stage, especially for
large spreading factors. Our proposed algorithm exhibits a very
low computational overhead, similar to [12], but much better
performance results, making it a suitable candidate for low-
power IoT end nodes.

VIII. CONCLUSION

In this work, we design and evaluate a LoRa synchroniza-
tion algorithm robust to carrier frequency and sampling time
offsets. We derive a new accurate estimator for the fractional
STO, as a precise correction of this offset is crucial to reach
the low sensitivity levels provided by the LoRa modulation.
We also show that the estimation of this fractional component
is intertwined with the estimation of the integer parts of the
STO and CFO. To avoid a complex joint estimation of these
offsets, we propose instead a low-complexity synchronization
algorithm that iteratively estimates the fractional STO using
the new estimator. For a target packet error rate of 103, per-
formance evaluations show that a receiver using the proposed
synchronization algorithm requires only 1 or 2 dB higher SNR
compared to a perfectly synchronized receiver, while requiring
only negligible computational complexity.

ACKNOWLEDGMENTS

The authors would like to thank Prof. A. Burg, Prof.
A. Balatsoukas-Stimming, and Dr. R. Ghanaatian for useful
discussions on the LoRa PHY.

REFERENCES

[1] D. Bol, “Ultra-low-power wireless communications for IoT smart sen-
sors,” Sensors and Energy Harvesting, 2018, tutorial of IEEE European
Solid-State Circuits Conf.

[2] D. Bol, “Ultra-low-power SoCs for local sensor data processing,’
Intelligent Energy-Efficient Systems at the Edge of IoT, 2018, forum
of IEEE Int. Solid-State Circuits Conf.

[3] D. Bol and G. de Streel, “An 802.15.4 IR-UWB transmitter SoC with
adaptive-FBB-based channel selection and programmable pulse shape,”
in The Fourth Terminal. Springer, 2020, ch. II-9, pp. 223-242.

[4] K. Mekki, E. Bajic, F. Chaxel, and F. Meyer, “A comparative study
of LPWAN technologies for large-scale IoT deployment,” ICT express,
vol. 5, no. 1, pp. 1-7, Mar. 2019.

[5] O. Seller and N. Sornin, “Low power long range transmitter,” Feb. 2
2016, US Patent 9,252,834.

[6] O. Seller and N. Sornin, “Low complexity, low power and long range
radio receiver,” Jan. 4 2018, US Patent Appl. 15/620,364.

[7]1 LoRa Alliance, “LoRaWAN specification vI.1,”
alliance.org/resource-hub/lorawanr-specification-v11.

[8] J. Haxhibeqiri, E. De Poorter, I. Moerman, and J. Hoebeke, “A survey of
LoRaWAN for IoT: From technology to application,” Sensors, vol. 18,
no. 11, p. 3995, Nov. 2018.

[9] L. Vangelista, “Frequency shift chirp modulation: The LoRa modula-
tion,” IEEE Signal Processing Letters, vol. 24, no. 12, pp. 1818-1821,
Dec. 2017.

https://lora-

2327-4662 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on October 06,2021 at 13:12:23 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2021.3101002, IEEE Internet of

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

2327-4662 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Things Journal

M. Chiani and A. Elzanaty, “On the LoRa modulation for IoT: Waveform
properties and spectral analysis,” IEEE Internet of Things Journal, vol. 6,
no. 5, pp. 8463-8470, May 2019.

R. Ghanaatian, O. Afisiadis, M. Cotting, and A. Burg, “LoRa digital
receiver analysis and implementation,” in ICASSP 2019-2019 IEEE
International Conference on Acoustics, Speech and Signal Processing
(ICASSP), 2019, pp. 1498-1502.

C. Bernier, F. Dehmas, and N. Deparis, “Low complexity LoRa frame
synchronization for ultra-low power software-defined radios,” IEEE
Transactions on Communications, vol. 68, no. 5, pp. 3140-3152, May
2020.

M. C. Bor, U. Roedig, T. Voigt, and J. M. Alonso, “Do LoRa low-
power wide-area networks scale?” in Proceedings of the 19th ACM
International Conference on Modeling, Analysis and Simulation of
Wireless and Mobile Systems, 2016, pp. 59-67.

A.-I. Pop, U. Raza, P. Kulkarni, and M. Sooriyabandara, “Does bidi-
rectional traffic do more harm than good in LoRaWAN based LPWA
networks?” in GLOBECOM 2017-2017 IEEE Global Communications
Conference, 2017, pp. 1-6.

M. Knight and B. Seeber, “Decoding LoRa: Realizing a modern LPWAN
with SDR,” in Proceedings of the GNU Radio Conference, 2016.

P. Robyns, P. Quax, W. Lamotte, and W. Thenaers, “A multi-channel
software decoder for the LoRa modulation scheme.” in IoTBDS, 2018,
pp. 41-51.

J. Tapparel, O. Afisiadis, P. Mayoraz, A. Balatsoukas-Stimming, and
A. Burg, “An open-source LoRa physical layer prototype on GNU
radio,” in 2020 IEEE 21st International Workshop on Signal Processing
Advances in Wireless Communications (SPAWC), 2020, pp. 1-5.

V. Savaux, C. Delacourt, and P. Savelli, “On time-frequency synchro-
nization in LoRa system: From analysis to near-optimal algorithm,”
TechRxiv, Jan 2021, 10.36227/techrxiv.13560158.v1.

F. Adelantado, X. Vilajosana, P. Tuset-Peiro, B. Martinez, J. Melia-
Segui, and T. Watteyne, “Understanding the limits of LoORaWAN,” I[EEE
Communications magazine, vol. 55, no. 9, pp. 3440, Sep. 2017.

W. Xu, J. Y. Kim, W. Huang, S. S. Kanhere, S. K. Jha, and W. Hu,
“Measurement, characterization, and modeling of LoRa technology in
multifloor buildings,” IEEE Internet of Things Journal, vol. 7, no. 1, pp.
298-310, Jan. 2020.

H. H. R. Sherazi, M. A. Imran, G. Boggia, and L. A. Grieco, “Energy
harvesting in LoRaWAN: A cost analysis for the industry 4.0,” IEEE
Communications Letters, vol. 22, no. 11, pp. 2358-2361, Nov. 2018.
H. H. R. Sherazi, L. A. Grieco, M. A. Imran, and G. Boggia, “Energy-
efficient LoRaWAN for industry 4.0 applications,” IEEE Transactions
on Industrial Informatics, vol. 17, no. 2, pp. 891-902, Apr. 2020.

G. Callebaut and L. Van der Perre, “Characterization of LoRa Point-
to-Point path loss: Measurement campaigns and modeling considering
censored data,” IEEE Internet of Things Journal, vol. 7, no. 3, pp. 1910-
1918, Mar. 2019.

J. Petajajarvi, K. Mikhaylov, A. Roivainen, T. Hanninen, and M. Pet-
tissalo, “On the coverage of LPWANSs: range evaluation and channel
attenuation model for LoRa technology,” in 2015 [4th International
Conference on ITS Telecommunications (ITST), 2015, pp. 55-59.

J. Finnegan, R. Farrell, and S. Brown, “Analysis and enhancement of
the LoORaWAN Adaptive Data Rate Scheme,” IEEE Internet of Things
Journal, vol. 7, no. 8, pp. 7171-7180, Aug. 2020.

A. Marquet, N. Montavont, and G. Z. Papadopoulos, “Investigating
theoretical performance and demodulation techniques for LoRa,” in /st
International Workshop on Data Distribution in Industrial and Pervasive
Internet (DIPI 2019), Jun. 2019.

O. Afisiadis, S. Li, J. Tapparel, A. Burg, and A. Balatsoukas-Stimming,
“On the advantage of coherent LoRa detection in the presence of
interference,” IEEE Internet of Things Journal, vol. 8, no. 14, pp.
11581-11593, Jul. 2021.

A. Marquet, N. Montavont, and G. Z. Papadopoulos, “Towards an SDR
implementation of LoRa: Reverse-engineering, demodulation strategies
and assessment over Rayleigh channel,” Computer Communications, vol.
153, pp. 595-605, 2020.

M. A. B. Temim, G. Ferré, B. Laporte-Fauret, D. Dallet, B. Minger,
and L. Fuché, “An enhanced receiver to decode superposed LoRa-like
signals,” IEEE Internet of Things Journal, vol. 7, no. 8, pp. 7419-7431,
Aug. 2020.

O. Afisiadis, M. Cotting, A. Burg, and A. Balatsoukas-Stimming,
“On the error rate of the LoRa modulation with interference,” IEEE
Transactions on Wireless Communications, vol. 19, no. 2, pp. 1292—
1304, Feb. 2019.

(31]

[32]

[33]

[34]

[35]

14

O. Afisiadis, A. Burg, and A. Balatsoukas-Stimming, “Coded LoRa
frame error rate analysis,” in ICC 2020-2020 IEEE International Con-
ference on Communications (ICC), 2020, pp. 1-6.

B. G. Quinn, “Estimation of frequency, amplitude, and phase from the
DFT of a time series,” IEEE Transactions on Signal Processing, vol. 45,
no. 3, pp. 814-817, Mar. 1997.

E. Jacobsen and P. Kootsookos, “Fast, accurate frequency estimators
[DSP Tips & Tricks],” IEEE Signal Processing Magazine, vol. 24, no. 3,
pp. 123-125, May 2007.

C. Yang and G. Wei, “A noniterative frequency estimator with rational
combination of three spectrum lines,” IEEE Transactions on Signal
Processing, vol. 59, no. 10, pp. 5065-5070, Jun. 2011.
SX1276/77/78/79: 137 MHz to 1020 MHz Low Power Long Range
Transceiver, Semtech, 8 2016, rev. 5.

Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on October 06,2021 at 13:12:23 UTC from IEEE Xplore. Restrictions apply.



