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Abstract

LoRaWAN has emerged as an appealing technology to con-
nect IoT devices but it functions without explicit coordination
among transmitters, which can lead to many packet collisions
as the network scales. State-of-the-art work proposes various
approaches to deal with these collisions, but most functions
only in high signal-to-interference ratio (SIR) conditions and
thus does not scale to real scenarios where weak receptions
are easily buried by stronger receptions from nearby transmit-
ters. In this paper, we take a fresh look at LoRa’s physical
layer, revealing that its underlying linear chirp modulation fun-
damentally limits the capacity and scalability of concurrent
LoRa transmissions. We show that by replacing linear chirps
with their non-linear counterparts, we can boost the through-
put of concurrent LoRa transmissions and empower the LoRa
receiver to successfully receive weak transmissions in the
presence of strong colliding signals. Such a non-linear chirp
design further enables the receiver to demodulate fully aligned
collision symbols — a case where none of the existing ap-
proaches can deal with. We implement these ideas in a holistic
LoRaWAN stack based on the USRP N210 software-defined
radio platform. Our head-to-head comparison with two state-
of-the-art research systems and a standard LoRaWAN base-
line demonstrates that CurvingLoRa' improves the network
throughput by 1.6-7.6 x while simultaneously sacrificing nei-
ther power efficiency nor noise resilience.

1 Introduction

As we gradually reach a cyber-physical world where every-
thing near and far is connected wirelessly, a fundamental
question worth discussing is which wireless technologies are
best suited for achieving this goal. While Wi-Fi and cellu-
lar networks have proved their success in provisioning high-
throughput wireless connectivity in small geographic areas,
a remaining challenge is connecting those low-power IoT
devices deployed in wide areas. Most of these devices are
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powered by batteries and thus require minimal communica-
tion overhead.

Long Range (LoRa) [2], SIGFOX [7], and NB-IoT [38] are
the three commercialized wireless technologies facilitating
low-power wide-area [oT deployments. LoRa is an open-
source technique operating at the unlicensed ISM Sub-GHz
bands, without subscription fees [26]. Central to LoRa is
a dedicated PHY-layer design that leverages Chirp Spread
Spectrum (CSS) modulation to facilitate packet decoding
in extremely harsh signal-to-noise ratio (SNR) conditions
(which can be as low as —20 dB [58]). Coupling with a long-
term duty cycling mechanism, a deployed LoRa node can last
for a few years with a single dry-cell battery. These dual merits
of low-power and long-range make LoRaWAN an attractive
solution for IoT connectivity outdoors.

Unlike Wi-Fi, which uses carrier sensing [6] to avoid
packet collisions, LoRa’s communication protocol LoRaWAN
functions without explicit coordination due to its stringent
power budget. It instead adopts the least restrictive MAC
protocol—ALOHA [1]—that allows participating nodes to
transmit immediately once they wake up.” Such laissez-faire
transmission inevitably causes packet collision when multiple
LoRa nodes transmit simultaneously, resulting in retransmis-
sions that can drain the battery of collision nodes and crowd
the precious wireless spectrum on the unlicensed band [13].
Packet collisions are exacerbated with increased network
size, thus reducing throughput and fundamentally challeng-
ing LoRa networks’ scalability in real deployment [15]. For
example, the probability of packet collisions grows from 1%
to 10% when the LoRaWAN network size scales from 100
to 1000 nodes [40], thus restricting many large-scale applica-
tions such as factory automation [17,34], smart city [7, 30],
data-driven agriculture [37,43], and smart metering [9, 50].

In this paper, we take a fresh look at the physical layer de-
sign of LoORaWAN and reveal that the underlying linear chirp

2LoRaWAN recently released a new feature called Channel Activity De-
tection (CAD) that allows the receiver to scan the channel before transmitting.
However, CAD incurs extra power consumption and thus may not apply to
rural deployments where battery replacement is usually infeasible.



based modulatiofundamentally limits the capacity and scal-
ability of concurrent LoRa transmissions. We preseumntvin-
gLoRa, a simple but effective PHY-layer design to boost the
LoRa network throughput by simply replacing the standard
linear chirp with its nonlinear chirp counterpart.

CurvingLoRa is based on a unique property of non-linear
chirps, which we term thenergy scattering and converging
effect When a non-linear up-chirp symbol misaligns with the
non-linear down-chirp during demodulation, their multiplica-
tion will spreadthe power of the non-linear up-chirp symbol
into multiple FFT bins where the associated energy peaks are
inherently weak. Such energy scattering effect will show up
as long as the non-linear up-chirp is not well aligned with the
down-chirp (The theoretical analysis is in Appendix A). In
contrast, when this non-linear up-chirp is well aligned with
the down-chirp, its signal power witlonvergeto a speci ¢
frequency point, leading to a strong energy peak after FFT, as
shown in Figure 1.

This property allows the receiver to manipulate the signal- « \we design a holistic PHY-layer and implement it on a
to-interference ratio (S of each collision symbol for re-  software-de ned radios platform to evaluatervingLoRa
liable demodulation. In contrast, the power of linear chirps iy various real-world scenarios. The results con rm that the

will always beconvergingto a single frequency pointregard-  cyrvingLoRa can greatly improve the network throughput.
less of its alignment with the down-chirp in the demodulation

process. This energy converging effect fundamentally limits
the decodability of linear chirps in the presence of collisions. 2 Related Work
We analyze the performance of non-linear chirp and com-

pare it with its linear chirp counterpart in various SNRs, SIRS, Resolve collisions at PHY layerPrior works on resolving

and symbol overlapping ratio conditions. We show that such | ora collisions have followed a common theme: exploring

a non-linear chirp remarkably improves the transmission con-he unique features of collided LoRa symbols in the time
currency while retaining high power ef ciency and strong qomain [22,53,55,59], frequency domain [13,42,47,56], or
noise resilience as linear chirp does (84). We then designpotn [20, 41]. For instance, mLoRa [53] observes that col-
a holistic PHY layer to realize non-linear chirp modulation jisions usually start with a stretch of interference-free bits
and demodulation (§5) and implement it on software-de ned on the packet header. The receiver can thus decode these
radios for evaluation. The experimental results show that com-,ncontaminated bits rst and then leverage successive in-

Figure 1: An illustration ofCurvingLoRa's energy converging
and scattering effect. (a): The energy of a non-linear chirp
symbol will converge to a speci ¢ frequency point when it
aligns with the down-chirp. (b): The energy will spread into
multiple FFT bins when this non-linear chirp mismatches
with the down-chirp.

pared to two state-of-the-art systems [47, &3kvingLoRa  terference cancellation [16, 33] to decode the collided bits
can effectively improve network throughput 6 6:6 iteratively. Choir [13] uses the frequency variation caused
and2:8 7:6 inanindoor and outdoor deployment. In ad- py oscillator imperfection to map bits to each LoRa trans-
dition, we make the following contributions: mitter. FTrack [55] jointly exploits the distinct tracks on the

. ] frequency domain and misaligned symbol edges in the time

* We reveal that LoORaWAN's PHY-layer design fundamen- qomain to separate collisions. By combining spectra obtained
tally limits the transmission concurrency and propose a from different parts within each symbol, CIC [41] exploits the
simple but effective solutiorCurvingLoRa takes advantage  syp-symbols that provide both time and frequency resolution
of the power scattering effect of non-linear chirps to enable 5 cancel out the interference under low SNR conditions.
LoRa concurrent transmissions in extreme SNR, SIR, and  \y/hile the above ideas have demonstrated their ef cacy,
symbol overlapping ratio conditions. they still face two scalability issues that fundamentally chal-

. . . . ... lenge their applicability in practice: First, the vast majority

» Through theoretical analysis and experimental validation, of these approaches do not scale to many concurrent trans-
Werrd(ra];‘nornsiirate ::jatlrl: rV'Tgth?d?_UtgeU\zmivgﬁ th tthe . missions. For instance, mLoRa [53] and FTrack [55] barely
CL:nethp acher af i ne S?] ia ; Oili an rd ?urs?c " support up to three concurrent transmissions to maintain a
cing the power €1 ciency, noise restlience, or data rates. symbol error rate less than 0.1. While Choir [13] improved
These desired propertles m_ake non-linear chirp a pOtem'alover the above methods, it does not scale to more than ten
complement to its linear chirp counterpart. devices. Although NScale [47] can support tens of concurrent
3De ned as the ratio between the power of the targeting LoRa chirp and Fansmissions, it requires th? (_)verlap ratio bet_We?n d'ﬁerent

the power of interfering concurrent LoRa chirps. symbols to be lower than a rigid threshold, which is unlikely




to be held in practice given laissez-faire LoRa transmissions.
Second, none of the foregoing approaches scale well to near-
far deployment scenarios. Since after dechirping, the weak
reception from a remote transmitter produces a tiny FFT peak
that is likely to be buried by strong FFT peaks from LoRa
nodes that are closer to the receiver.

Although successive interference cancellation (SIC) can be
leveraged to deal with this near-far issue, it functions only in
high SNR conditions due to the following reasons. First, due
to Carrier Frequency Offset (CFO) and Sampling Frequency
Offset (SFO), the phase of received chirp symboals is likely
to distort by a certain degree. This phase distortion is critical (a) Baseline up-chirfb) Shifted up-chirgc) Symbol collision

to the signal recovery in SIC but is dif cult to estimate in Figure 2: LoRa PHY-layer design. (a): the multiplication of
low SNR conditions [42]. Second, SIC suffers from hardware an up-chirp and a down-chirp leads to an energy peak on a

imperfections [47], which is common on low-end loT devices. speci ¢ FFT. (b)This energy peak's position varies with the
As aresult, the symbol recovering error accumulates graduynitial frequency offset of the incoming up-chirp. (c): Two

ally and is likely to fail the SIC in the end. In addition, the  iided symbols have separate energy peaks on FFT bins.
impact of ambient RF noise on SIC, particularly the parameter

estimation for signal reconstruction, gets exacerbated at lowbinary orthogonal keying mode. In contraStyrvingLoRa ex-
SNR conditions. Instead of leveraging new features on time plores a new possibility of using non-linear chirps to improve
or frequency domain to combat LoRa collisiogsyvingLoRa the reception of concurrent LoRa-like signals.

addresses this issue from a fresh new angle and designs new

types of chirp symbols to facilitate concurrent transmissions. L
yp hed 3 Motivation

Resolve collisions at other layersSigni cant research ef-

forts have been made to address signal collisions from theThis section brie y introduces the LoRa physical layer and
perspective of MAC-layer. For instance, by leveraging Chan- then analyzes the pros and cons of linear chirps (83.1). A
nel Activity Detection (CAD) [15, 51] or deep neural net- discussion on the limitations of resolving linear-chirp LoRa
works [8], a plenty of works [8,15,51] propose carrier-sense collisions follows (83.2).

multiple access (CSMA)-based MAC protocol to avoid LoRa

collisions. There are also some works explore special codinglLoRa Physical Layer. LoRa modulates data with chirp
mechanism and MAC-layer co-design [11,18,31,40,60]to spread spectrum (CSS) [5, 13]. The transmitter encodes bits
alleviate or even avoid LoRa packet collisions. For example, by varying the initial frequency offset of a standard up-cHirp.
NetScatter [18] presents a distributed CSS coding mechanismFor instance, bits “00' are encoded by an up-chirp with zero
by assigning each IoT device a different chirp symbol. Mul- initial frequency offset, while bits *01' are encoded by shifting
tiple LoRa devices can then transmit concurrently through the initial frequency byfo. The frequency component beyond
ON-OFF Keying modulation. Another way to alleviate the BW=2 will be wrapped to BW=2, ensuring full bandwidth
impact of collisions is adding data redundancy (e.g., convolu- occupancy. The receiver (e.g., a LoRa gateway) rst detects
tional codes, Viterbi decoder) to correct bit errors in corrupted the incident LoRa packet through correlation (85.2). To de-
frames at MAC layer. For example, DaRe [31] combines the modulate the packet, the receiver multiples each chirp symbol
convolutional and fountain codes for data recovery in the with a standard base down-chirp. The multiplication leads
presence of a frame lossurvingLoRa can leverage such  to an FFT peak in the frequency domain, which allows the
MAC-layer optimization and data recovery algorithms to fur- receiver to demodulate LoRa chirp symbols by detecting the
ther improve the system performance. position of FFT peaks. Figure 2(a)-(b) shows an example.

Non-linear Chirp for Communication and Radar. Non- . )
linear frequency modulation has been widely used in radar3-1  The Pros and Cons of Linear Chirp
systems. Lesnikt al.[25] demonstrate that using nonlinear
frequency modulation can enhance signal sensitivity. Doerry
et al.[12] and Bensoret al. [4] detail the way to build non-
linear chirp receivers. Kahet al.[23] and Hosseinet al.[19]

use nonlinear chirps in a Multi-user orthogonal chirp spread
spectrum (MU-OCSS) communication system to mitigate the
multiple access interference problem. Waat@l. [52] pro-
pose to use non-linear chirps for communication systems of  #A chirp signal whose frequency grows linearly fronBW=2 to BW=2.

In essence, the aforementiondechirpconverges the power
of each LoRa symbol to a speci c frequency poimne(
an energy peak on an FFT bin), which allows the LoRa
chirp to be decodable in extremely low SNR conditiois.,(

20 dB [58]). As more LoRa nodes get involved, we are
expected to see packet collisions at the receiver since LoRa




(&) SER uctuates with SNR in théh) SER uctuates with SNR in théc) SER uctuates with SIR in théd) SER uctuates with symbol offset
absence of collisions. presence of collisionsS{R  0dB). presence of collisionsSNR> 30dB). in the presence of collisions.

Figure 3: Evaluation of the successive interference cancellation-based collision resolving method [53] in various settings.

nodes abide by the least-restrictive MAC protocol ALOHA. of this collision symbol should b&dB — 25dB higher than

To solve packet collisions, LORaWAN [2] stipulates a set of that of a collision-free LoRa symbol, as shown in Figure 3(b).

spreading factors (SF).€., 7-12) and different bandwidths  Such a high SNR requirement sets a strong barrier for the

(BW) (i.e., 125/250/500 KHz). Therefore, LoRa packets with practical adoption of mLoRa since LoRa transmissions tend

different SFs or BWs can transmit concurrently on the same to be very weak after attenuation over a long distance. We also

frequency band. The receiver uses down-chirps with different observe that the SER grows dramatically with the decreasing

SFs to disambiguate these concurrent transmissions. HoweveSIR (Figure 3(c)), indicating that mLoRa [53] cannot reliably

the throughput of this regulation is limited: it supports only demodulate the weak targeting LoRa symbols (B¢R<

18 pairs of SF&BW combinations [8, 18]. 0dB) in the presence of strong concurrent LoRa transmissions.
Collision happens when two concurrent transmissions useFurthermore, we observe that the SER grows with decreasing

the same SF and BW. In this case, we are expected to sesymbol offset (Figure 3(d)), which con rms our analysis.

two energy peaks in two separate FFT bins, as shown in Fig-Remarks. The above analysis reveals that the linear chirp

ure 2(c). In practice, due to the near-far issue, one transmissionj, | oRaWAN does not scale to concurrent LoRa transmis-

(e.9., packeA in red) may experience a stronger attenuation sjons, Although the state-of-the-arts have proposed various

than the other (e.g., packBtin blue). Hence the energy peak  approaches to resolve LoRa collisions, most of them function

of Atends to be weaker than that®in FFT bins. Accord-  only in good SNR or SIR conditions and thus sacri ce the

ingly, the receiver will only také\ as noise and demodulae precious processing gain brought by the chirp modulation.

WhenA andB experience similar attenuation, the receiver can

reliably demodulate neither of them because their individual ) . . )

energy peak may bury each other across different symbols. In4 Analysis: Non-linear vs. Linear Chirps

a nutshell, when two LoRa packets collide, only the strongest

transmission can be correctly demodulated by LoRawAN, Ve now show that by replacing the linear chirp with its non-
linear counterpart, we can boost the capacity of concurrent

transmissions (84.1) while allowing the receiver to demod-
ulate collision signals in severe SIR conditions (84.2). In
Section 2 overviews the current practice on resolving LoRa addition, we show by both theoretical analysis and empiri-
collisions and explains their pros and cons. This section im-cal validation that such a non-linear chirp design sacri ces
plements a state-of-the-art SIC-based system, mLoRa [53]neither noise resilience (§4.3) nor power ef ciency (§4.4).
and examines its performance in various SNR and SIR con-
ditions. We also compare it with other SOTA systemsinthe 4.1 Non-linear Chirps Meet Collisions
evaluation part. Speci cally, we rst measure the noise re- ) _ )
silience of a standard LoRa packet in the absence of collisionsVVe de ne a non-linear up-chirp as a signal whose frequency
(Figure 3(a)). We then synthesize symbol collisions and mea-grows non-linearly from BW=2 to BW=2. The non-linear
sure their symbol error rate (SER) in different SIR and SNR function can be polynomial, logarithmic, exponential, or
settings. To achieve this goal, we collect multiple pairs of trigonometric. The receiver operates dechirp to demodulate
LoRa packets and superimpose them together with a symbolnon-linear chirp symbols.
offset varying from 0 to 50% of the symbol time. We then Considering two collision symbols andB, as shown in Fig-
emulate different SIR and SNR conditions by adding Gaus-ure 5(a). The receiver takes a sliding window approach to
sian white noises and varying the amplitude of superposeddemodulate incoming signals. As aforementioned, when sym-
packets, respectively. We nally measure the SER in different bol A aligns with the down-chirp in the current observing
SNR and SIR conditions. window, we are expected to see a strong energy peak (termed
From Figure 3(a), we observe that the LoRa receiver can as peakd) on the associated FFT bin. At the same time, the
reliably decode a collision-free LoRa packet (i.e., SER<1%) energy of symboB will be spread over multiple, clustered
even the SNR of this packet drops to -20dB [27,58]. However, FFT bins due to its misalignment with the down-chirp. Com-
to maintain the same SER for a collision symbol, the SNR pared to peald, the amplitude of these clustered energy peaks

3.2 Resolving Linear-Chirp LoRa Collisions
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