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ABSTRACT

LoRa is a low-power long-range radio technology for wide-area
IoT connectivity with exceptional receiver sensitivity thanks to
its chirp spread spectrum (CSS) modulation. However, insufficient
data rate has always been an Achilles’ heel of LoRa. This paper pro-
poses a novel PHY-layer design, BIC-LoRa, that leverages non-linear
chirp shapes as pictograph to enhance LoRa’s data rate. It employs
multiple non-linear chirps for modulation whose shapes encode
additional bits to boost data rate while maintaining resilience to low
SINR scenarios. To the best of our knowledge, this is the first attempt
to enhance the data rate of LoRa by embedding bits in the chirp
shapes. Furthermore, BIC-LoRa fully leverages the characteristics of
non-linear chirps, allowing it to deal with packet collisions and in-
crease network throughput. We implement BIC-LoRa in GNURadio
and MATLAB, and compare its performance against CurveALOHA
and standard LoRaWAN through real experiments on USRP B210
software-defined radios. Evaluation results demonstrate that BIC-
LoRa achieves up to 29.4% improvement in data rate for a single
link and 32% improvement in overall network throughput while
retaining the low SNR robustness of LoRa in real-world scenarios.
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1 INTRODUCTION

LoRa! is an open-source low-power long-range radio technology
operating at unlicensed ISM sub-GHz bands for wide-area Internet
of Things (IoT) connectivity [21]. The primary attribute of LoRa is
the exceptional receiver sensitivity which allows extensive com-
munication range (2-5 km in urban areas and 15 km in suburban
areas) [2] with low power. This enables large-scale IoT applications
such as smart agriculture [31], smart city [5, 26], smart industrial
control [14, 28], or advanced metering infrastructure [7, 38] which
rely on long-distance connectivity for periodic sensor data collec-
tion. With ongoing technological advancements, the adoption of
LoRa communication for IoT applications is on the rise.

However, LoRa achieves its ultra-low receiver sensitivity us-
ing the chirp spread spectrum (CSS) modulation which inherently
sacrifices data rate [24] for long range. Furthermore, since LoRa
functions without explicit coordination due to its stringent power
budget, its bandwidth and frame size are typically restricted by re-
gional regulations. For example, Table 1 lists the PHY bit rates and
the maximum payload sizes according to the LoRa configurations
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Mode Config. PHY rate | Max. payload
0 SF12/125kHz | 250 bps 51 byte
1 SF11/125kHz | 440 bps 51 byte
2 SF10/ 125 kHz 980 bps 51 byte
3 SF9 /125 kHz | 1760 bps 115 byte
4 SF8/125kHz | 3125 bps 222 byte
5 SF7 /125 kHz 5470 bps 222 byte
6 SF7 /250 kHz | 11000 bps 222 byte

Table 1: LoRa configurations in EU868 regional specification [3].

in EU868 regional specifications [3]. These bit rates are significantly
lower than other popular wireless technologies such as Wi-Fi, Blue-
tooth, Zigbee, or even NB-IoT. For these reasons, insufficient data
rate has always been an Achilles’ heel of LoRa.

Numerous prior work have contributed to enhancing the us-
ability of LoRa. However, most studies have mainly focused on
improving the ‘overall network throughput’ via collision resolu-
tion [6, 23, 29, 34, 42], channel activity detection (CAD) [12, 19]
or MAC layer design [8, 15, 27, 33], but not the ‘individual link
data rate’. In other words, although these proposals provide better
channel utilization by resolving collisions, maximum payload size
and the throughput of a single link is still limited. There have been
attempts to increase individual link throughput through PHY-layer
modifications [4, 11, 25, 41], but these approaches either have only
marginal gains or require a sacrifice in communication range. In
this work, we aim to boost the individual link data rate of LoRa
while retaining the communication range as well as leveraging the
collision resolution capability of prior work.

To this end, we propose a novel PHY-layer design, BIC-LoRa, that
uses non-linear chirp shapes as pictographs to enhance LoRa’s data
rate. Instead of the standard linear chirps, BIC-LoRa employs multi-
ple types of non-linear chirps for modulation whose shapes encode
additional bits to boost data rate while maintaining resilience to low
SINR scenarios. Specifically, N-kinds of chirps can represent log, N
additional bits per chirp based on its shape. Since the standard CSS
can embed as many data bits as the spreading factor (SF) per chirp,

BIC-LoRa can improve throughput by IOE}N %. At a high-level, the

modulation and demodulation process of BIC-LoRa is as follows;

(1) Transmitter divides and groups the data to be sent by ‘SF +
log, N’ bits per group.

(2) Each group is modulated to a chirp with its offset given by SF
data bits (same as the standard LoRa) and a specific non-linear
shape determined by the last log, N bits of the data.

(3) Receiver multiplies the received signal with an appropriate
counterpart down-chirp per symbol via demodulation process.

(4) The matched chirp shape is translated to log, N data bits, and
are added to the demodulated SF data bits to deliver ‘SF+log, N’
bits per chirp, log, N more bits per chirp than standard LoRa.
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Figure 1: Modulated packets for standard LoRa and BIC-LoRa.

To the best of our knowledge, this is the first attempt to enhance
the data rate of LoRa by embedding bits in the chirp shapes.

BIC-LoRa can express log, N more bits for each chirp, result-
ing in several advantages. Energy consumption and channel
occupancy. BIC-LoRa requires less number of symbols with the
same modulation process (en-chirp) to transmit an identical frame
as shown in Fig. 1. Robustness to interference. Recent stud-
ies have shown that de-chirped signals spread out between un-
matched chirps by quasi-orthogonality called energy scattering ef-
fect [22, 24, 43]. By using various kinds of chirp shapes to embed
additional data, BIC-LoRa naturally leverages these characteristics
and resolves collision (and interference) without extra MAC design.
Throughput and capacity. Since BIC-LoRa can embed more data
bits with an identical number of symbols, it not only improves the
data rate but also increases the number of data bytes in a frame (for
a given dwell time limit regulation).

We implement BIC-LoRa in GNURadio and MATLAB for mod-
ulation and demodulation respectively. The prototype is installed
on USRP B210 software-defined radio (SDR) devices, and compared
against CurveALOHA [22] and standard LoRaWAN through real ex-
periments. Evaluation results demonstrate that BIC-LoRa increases
the overall network throughput by up to 32% while boosting the
throughput of individual node by 29.4%. The contributions of BIC-
LoRa can be summarized as follows:

e We propose BIC-LoRa, an innovative approach leveraging the
concept of non-linear chirps as pictographs to expand the data-
carrying capacity of chirps with minimal overhead.

e We carefully design BIC-LoRa to enhance the link data rate of
LoRa without sacrificing the robustness against noise and inter-
ference as well as collisions.

e We implement BIC-LoRa on a SDR platform, and conduct real
experiments to demonstrate that BIC-LoRa improves both the
single link and overall network throughput significantly.

The remainder of this paper is organized as follows. We provide
background on CSS and non-linear chirps in Section 2, and Section 3
discusses previous studies inspiring BIC-LoRa. The design of BIC-
LoRa is presented in Section 4, and Section 5 describes how we
implement and deploy BIC-LoRa for proof-of-concept. Evaluation
results are presented in Section 6, and we discuss challenges and
limitations in Section 7 before we conclude in Section 8.

2 BACKGROUND

This section provides a primer of chirp spread spectrum (CSS), a
modulation technique of LoRa that this work mainly targets. Then,
we introduce the non-linear chirps that inspire BIC-LoRa to achieve
data rate enhancement and collision resolution while retaining the
robustness to low SNR scenarios.
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Figure 2: Basics of chirp spread spectrum (CSS).
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2.1 Chirp Spread Spectrum

Overview. Fig. 2 illustrates an example modulation and demodula-
tion processes of standard LoRa. A LoRa transmitter encodes data
into an up-chirp (solid red line) by shifting the initial frequency of
a base up-chirp. A receiver applies a de-chirp that multiplies the
received signal with a base down-chirp (dotted green line). Then, the
receiver extracts the data symbol from the index of the frequency
in the de-chirped signal using the Fast Fourier Transform (FFT).

Modulation. CSS modulates data using an up-chirp which in-
creases frequency linearly. There are four main parameters for
CSS modulation: spreading factor (SF), bandwidth (BW), center
frequency (f;), and a data value to be modulated (M). The modu-
lation starts from the base up-chirp that changes frequency from
fe— % to fo+ % over time t, based on a linear function f(t) = kt,
where k is a coeflicient to fit into the range of symbol time and BW.
Together with its counterpart demodulation scheme, this allows
the impact of noise to be scattered across frequency and time do-
mains, resulting in strong noise resilience. The base up-chirp u(t)
corresponding to f(¢) can be expressed as follows;

u(t) = /2 ferf()E 4 ¢ [0, %],f(t) c [_%} %]

¢Y)
CSS embeds data by shifting this base up-chirp along the fre-
quency axis, consistent with the value of the data. The amount
of expressible data bits in a chirp is same as SF value, thus the
value M ranges from 0 to 25F-1. Given a frequency resource of BW,
expressing data M consequently necessitates a shift of zsﬂF X BW.
Therefore, an up-chirp including data M is derived as follows;

ejz;r(ﬁ+f(t)+2s%x3w)t

m(t) = ,M e [0,25F)

)

During this process, to stay within the given bandwidth, a ‘fold’
occurs if the frequency value exceeds f; + %, returning to ascend
from fo— % as shown in Fig. 2. With this modulation strategy, LoRa
can place SF bits in a chirp. In addition, CSS applies Hamming code
for error correction. Therefore the proportion of bits transmitted
by given coding rate (CR) is given as %. As a result, physical bit
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rate is calculated as follows;

Data rate = SF x BW x _CR_

25F X T4CR (bps) (3)

Demodulation. Similar to the modulation process, CSS employs
base down-chirp to demodulate received signal. The base down-
chirp can be obtained by conjugating the base up-chirp as follows;

(4)

The complex conjugate eliminates the increasing frequency com-
ponent and retains only the shifted frequency component of the
input symbol by multiplying it with the received input chirp as
follows;

d(t) = Conj(eﬂﬂf(t)t) — ei2nf ()t = p—J2nf(t)t

. M

+2er XB
m(t) X d(t) = e’“(f+zSF xBW )t )
Since the SF, BW, and f; are deterministic, the LoRa receiver can
readily extract data M from the extent of the frequency shift using
FFT even with SNR below 0 dB. [44]

Limitations. Besides low data rate, one of the critical challenges in
LoRa from a network perspective is the capture effect when multiple
transmissions occur at the same time [30]. The capture effect refers
to a phenomenon where a receiver decodes only the stronger signal
from collided packets. It sometimes helps a receiver to successfully
decode data from a collision, but sometimes the stronger may not
be the intended target signal. Fig. 3 displays an example scenario
where capture effect occurs. If an interfering chirp has higher power
than the target chirp, the receiver may incorrectly receive wrong
data, resulting in significant loss of performance.

2.2 Non-linear Chirp

To address the collision problem, Li et al. have proposed Curvin-
gLoRa which utilizes non-linear chirps [24]. With non-linear chirps,
the linear function f(¢) is replaced with a curved function f (t) as
follows;

f=kittelo gyl f(®el-BLE ()
where, i is a factor that decides the shape of the chirp, and k; is a
coeflicient for the determined chirp. Fig. 4 is an example of non-
linear chirp based modulation and demodulation with i=3. Even
with the curved up- and down-chirps, the de-chirped results can
be decoded in the same way as the conventional linear CSS due to
the characteristics of complex conjugate. With this simple idea, a
lot of advantages are brought while maintaining noise resilience of
conventional CSS.

Energy scattering effect. It is a phenomenon where, during the
demodulation FFT process for non-linear chirp, interference chirps
that are not perfectly aligned with the receiving window do not
concentrate their spectral energy into an FFT bin. For example, with
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Figure 6: Quasi-orthogonality between different chirp shapes.

i=2 in Eq. (6), the de-chirped signal can be expressed as follows if
there is a time offset At between the base up-chirp and down-chirp.

ej2n(ﬂ+f2’(t+At))t x e~ J2nf (Ot _ LjenFy(t)t @)
From the given Eq. (6), F2(t) is formulated as;
Fo(t) = fo+ ff (t + Ab) = £ (t) = fo + 2kt At + k2 AL (8)

F,(t) retains a time-dependent component if At#0 therefore the
result of FFT will lead to energy scatter across multiple frequency
bins rather than concentrating at a single point. Since the like-
lihood of At being 0 is negligible, the use of a non-linear chirp
proves effective for handling interference. Fig. 5 displays an exam-
ple scenario where the energy scattering effect occurs. The impact
of collisions between chirps of the same shape diminishes unless
they are perfectly aligned, thanks to the non-linear shape of chirps.

Quasi-orthogonality. Non-linear chirps can have an infinite num-
ber of shapes as long as they sweep through the given frequency
range. If a receiver de-chirps a certain non-linear up-chirp of shape
f/ (t) with a differently shaped down-chirp of fj’ (), this also results
in the energy scattering effect across multiple FFT bins as follows;

el (fetfi (D)t o =J27f] () _ j2nGij ()t (9)

Gij = fe+ () = £ (1) = fo + kit' —k;t/ (10)

The time components remain as long as i # j, which means quasi-
orthogonality exists between chirps of different shapes. Fig. 6 illus-
trates the quasi-orthogonality in a collision scenario. Even in the
event of a perfectly aligned collision, the differences in shape can
reduce the impact of the collision, providing effects similar to using
distinct channels.

Previous studies [22, 24] have shown that non-linear chirps can
be used to resolve collisions. However, we believe that there are
still unexplored possibilities for the utilization of non-linear chirps
beyond what has been explored so far. Based on this vision, we
further exploit non-linear chirps for not only collision resolution
but also to achieve throughput enhancement on both a single link
and also the overall network, which are the main capabilities of
BIC-LoRa.
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3 RELATED WORK

BIC-LoRa is inspired by the latest advances in LoRa communication,
the non-linear chirps. Traditional collision resolution techniques
have addressed collision scenarios through signal processing in
the time domain [17, 39, 40, 42], frequency domain [10, 36, 37] or
both [34]. CurvingLoRa [24] was a pioneer for applying the concept
of non-linear chirp in CSS [16, 18, 20] to LoRa. It implemented
a PHY Layer that utilizes a specific non-linear chirp instead of
a linear chirp, aiming to resolve collisions between concurrent
transmissions simply by altering the shape of the chirp. While
it significantly improves the concurrency of LoRa networks, it
constructs the network with only one shape of non-linear chirp
among the infinite possibilities. CurveALOHA [22] have designed a
MAC Layer capitalizing on this remaining potential for improving
on CurvingLoRa. To enhance network throughput, CurveALOHA
allows packets with diverse chirp shapes to coexist within the
network by leveraging quasi-orthogonality among these shapes.
As a result, the network contains packets composed of various
shapes, and the gateway conducts demodulation corresponding
to the shape of each packet, enabling successful decoding even in
the presence of collisions. CurveALOHA, through such operations,
demonstrated higher network throughput performance compared
to other MAC Layer designs such as [12]. Prism [32] enabled high-
throughput LoRa backscatter by utilizing non-linear chirps in the
process. However, these approaches still falls short of increasing the
data rate of a single link, or binds themselves to a specific system
which limits the usability of LoRa networks.

Various approaches have been proposed to enhance the through-
put of a single link in LoRa communication. ICS-LoRa [11], SSK-
LoRa [13], and PSK-LoRa [4] aims to increase single link throughput
through their respective methods, but their extents of improvement
are marginal. FBI-LoRa [25] increases throughput by encoding ad-
ditional bits into the frequency bin index, but it comes at the cost of
BER loss. Hylink [41] increases the throughput of a single link by
transmitting multiple packets overlapped in strong link conditions
(i.e., under good SNR). However, this method only gains benefits in
strong links, which nullifies the advantage of LoRa’s long commu-
nication range. Furthermore, because the approach primarily aims
to improve the throughput of a single link, it does not well handle
collisions. Unlike the approaches described above, BIC-LoRa utilizes
concepts presented in CurvingLoRa and CurveALOHA to enhance
the throughput of a single link while maintaining communication
range and effectively handling collisions, ultimately leading to an
increase in overall network throughput.
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4 BIC-LORA DESIGN

This section presents the design of BIC-LoRa, a novel enhancement
to LoRa that aims to boost link data rate and network throughput.

4.1 System Overview

The primary goal of this research is to increase the data rate of
LoRa. So, how can we boost the data rate, i.e., the amount of data
transmitted per unit of time? We can either 1) reduce the time
it takes to transmit the same amount of data, or 2) increase the
amount of data sent in the same time frame. Although these two
approaches exhibit slight variations, they yield the same outcome
and share a common challenge.

Intuitively, these approaches undermine the fundamental design
principles of LoRa modulation. LoRa’s noise resilience is derived
from the utilization of a broad frequency range and a long time
duration within a single chirp, scattering the influence of noise
across both temporal and spectral domains. However, the shortened
chirp duration in the first approach, or the cramming of more
information into the same bandwidth in the second approach, may
lead to decreased time allotted to each frequency component, which
could readily undermine these advantages. Moreover, achieving
a significant increment in information content may necessitate
sacrificing resilience to noise and interference.

Fig. 7 summarizes the overall workflow of BIC-LoRa. First, the
transmitter exploits a modulation method utilizing a variety of non-
linear chirps, resulting in the ability to encode a greater number of
bits within a single symbol than conventional CSS. This allows for
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the quantity of data embedded in the initial frequency components
of the chirp to be maintained at SF bits, while also enabling the
encoding of extra bits in the chirp’s shape. Then, the demodulation
stage of BIC-LoRa leverages the properties of non-linear chirps to
their fullest extent, preventing the reduction in robustness rela-
tive to conventional CSS demodulation. BIC-LoRa achieves robust
reception in collision scenarios by calculating a correlation score
based on cross-correlation operation in addition to the standard
demodulation. This enables the receiver to decode additional data
embedded in the chirp’s shape. The following sections comprehen-
sively describes this modulation and demodulation processes.

4.2 BIC-LoRa Modulation

In conventional LoRa modulation, a single chirp (or symbol) can
hold data ranging from 0 to 25F —1, equivalent to SF bits. As a result,
the modulation process involves partitioning the entire payload bit
sequence into sets of SF bits, with each set forming a distinct chirp.
We introduce an approach where a single chirp holds more bits
than SF. This approach is made possible by embedding information
within the non-linear shape of the chirp itself.

Let’s assume we have a set of N different non-linear shapes.
If one shape corresponds to one data item, then employing these
shapes enables us to represent N information (e.g. 0~N-1), which
is equivalent to loga N bits. BIC-LoRa builds upon this intuition, al-
lowing a single chirp to carry not just SF bits, but also an additional
loga N bits encoded in the shape of the chirp itself. Consequently,
the modulation technique of BIC-LoRa divides the entire bitstream
sequence into units of SF+loga N bits. Then, the initial SF bits in the
resulting unit serve as modulation data, while the following loga N
bits indicate the non-linear chirp shape to be used for modulation.

Fig. 8 illustrates a modulation example. With SF=7, a single
chirp initially carries 7 bits. When employing a non-linear chirp
set with N=16, an extra 4 bits of information can be encoded. The
shape of the chirp is defined according to this extra 4 bits of data,
creating a non-linear chirp that contains a total of 11 data bits
per chirp. Then, a BIC-LoRa packet consists of a preamble and a
Start-of-Frame Delimiter (SFD) utilizing linear chirps, along with
a payload composed of non-linear chirps generated through the
aforementioned modulation process.

The advantages of this approach can be explained in two ways.
First, it results in a relatively shorter packet length for a given
payload length. Since one symbol can carry more data, this gain can
lead to a reduction in the duty cycle (power consumption) of nodes
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and possibly improved packet delivery ratio for a given bit error
rate. Secondly, it becomes possible to accommodate more payload
for the identical frame length. This allows the LoRa network to
boost maximum throughput for a given channel utilization or duty
cycle limit.

Non-linear chirp set. BIC-LoRa transmits extra bits using the
chirp shapes. Then, how many bits can we add? How much is the
gain in data rate using BIC-LoRa? For example, if 210 distinct non-
linear chirps are used, we would be able to add 10 bits to a chirp. In
this case, if SF7 is used, a single chirp could hold 17 bits instead of
7, resulting in a remarkable 143% increase in data rate. However,
achieving this in practice poses significant challenges, primarily
due to the issue of quasi-orthogonality between non-linear chirps.
Even though there is an infinite number of possible shapes for non-
linear chirps, there is a limit to the number of shapes that can be
selected while preserving quasi-orthogonality between them.

In this work, we constrained the non-linear chirps as a simple
polynomial as a proof-of-concept. The advantage of this approach
lies in the ease and intuitiveness of expanding the chirp set. The
form f(t) = x! sweeps the given frequency range with a convex
shape, and we can obtain a concave form of f(t) by applying a
rotation transformation. Fig. 8 illustrates an example modulation
process with 16 different shapes of f(¢) and its counterpart at differ-
ent polynomial degrees. In this context, it is intuitively evident that
the advantage of quasi-orthogonality among chirp shapes decreases
as the polynomial’s degree increases. Therefore, there will be a limit
to the number of additional bits that can be accommodated while
maintaining adequate performance, and we will address this in
Section 6.

4.3 BIC-LoRa Demodulation

The demodulation must include the process to receive the addi-
tional bits embedded in the chirp’s shape. Due to the nature of the
demodulation process for non-linear chirps, getting the data in the
chirp requires knowledge of the target chirp’s shape. Unfortunately,
the receiver lacks information about the target chirp’s shape (since
the shape also contains information). Thus, BIC-LoRa’s demodula-
tion process involves extracting the carrying data dgrger and the
shape syarger of the target chirp Ciarger. We will first explain the
demodulation method of BIC-LoRa-Base, which is used when there
are no packet collisions, and then explain the whole demodulation
process of BIC-LoRa.
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BIC-LoRa-Base. Fig. 9 displays the overall process of the BIC-
LoRa-Base. BIC-LoRa-Base’s demodulation process aim at obtaining
both the target chirp’s shape and the data it carries. It begins by
attempting standard demodulation (obtaining encoded chirp’s data)
on input chirp C;, with every possible N shapes so, . .., sy—1. Then,
we obtain corresponding N data values do, . . ., dy—_1. The receiver’s
challenge is in distinguishing which value corresponds to the cor-
rect data encoded with the target shape.

This determination process starts with a straightforward in-
tuition about non-linear chirps. Standard demodulation with an
incorrect shape raises the probability of producing incorrect out-
comes unrelated to the correct data. This is due to the dispersion of
signal energy across multiple frequency bins, a consequence of the
quasi-orthogonality of non-linear chirps. Furthermore, attempting
to modulate the incorrectly obtained data with the corresponding
non-linear shape results in a chirp that significantly deviates in
shape from the original Cjp,.

This is a key point of BIC-LoRa-Base’s demodulation process. The
correct shape generates the correct data, forming a chirp similar
to the input one, whereas an incorrect shape yields incorrect data,
forming an incorrect chirp. Consequently, it’s evident that the key
difference between the correct and incorrect chirp lies in their
correlation with the Cj,. The cross-correlation value is a direct
method to measure the degree of correlation between the input and
the chirp formed through the aforementioned process. Therefore,
BIC-LoRa-Base generates C; (dj, s;), (i € [0, N — 1]) through the
standard modulation process and calculates the cross-correlation
value between this and C;,. Based on this intuition, the chirp Ceorr
with the highest cross-correlation value becomes the correct Crqrger,
and we can obtain the data by processing the (dcorr, ccorr) that make
up this chirp. In detail, BIC-LoRa-Base divides C; (d;,s;) and Cip
into n equal parts, multiplies all the cross-correlation values of each,
and selects the chirp showing the largest value (n=8 by default).

Collision resolution with BIC-LoRa. However, BIC-LoRa-Base is
insufficient for practical use in real network scenarios since it does
not handle packet collisions; i.e. interference chirps can disrupt the
demodulation of the target chirp. In cases where the interference
chirp’s signal strength exceeds that of the target chirp, the chirp
with the highest cross-correlation value may not be the target chirp.
This will lead to a failure to obtain correct data during demodulation.
We tackle this issue by shifting the perspective from dealing with
chirps to dealing with packets. Fig. 10 displays the operational
concept of BIC-LoRa. BIC-LoRa addresses collisions by utilizing
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the time difference between the interfering packet and the target
packet. Details are explained below.

Thanks to LoRa’s orthogonality among SFs, we only need to
consider interfering chirps that use the same SF, which naturally re-
sults in identical symbol time duration. Moreover, interference does
not exist in the form of a single chirp; instead, it exists in the form
of a packet. Consequently, if a collision occurs between packets, the
time difference between the start times of the chirps constituting
these packets remain consistent across the entire packet.

With collision, the input chirp C;, includes not only the target
chirp Cigrger but also the interfering chirps. The receiver can keep
track of the arrival time of the preamble for each packet, enabling
it to calculate the time offset At between the target chirp Carget
and the interfering chirps. In reality, when a collision occurs be-
tween preambles that use linear chirps, packet recognition becomes
challenging due to the capture effect. Therefore, At is calculated by
performing a modulo operation with the length of the chirp on the
time difference between the preambles. Using the obtained At, we
can introduce another insight. Considering the moment of At, there
exists a significant difference between the interfering chirps and
the target chirp. While the target chirp has the same information
and shape both before and after At, the interference chirps show
no relationship between their information and shape.

In this situation, if we attempt demodulation with every shape,
as was done in the BIC-LoRa-Base, we can generate a total of N
chirps Cy ~ Cn—1. Then we can divide the input and N chirps into
front and back based on At, forming pairs such as (Cprev, in, Cnext,in)s
(Cprev, 0, Cnext,0)s - - - » (Cprev, N-1- Cnext,N-1)- Furthermore, the demod-
ulation of BIC-LoRa uses the cross-correlation score S¢o as a met-
ric to find the shape of the target chirp, representing the shape of
the target chirp with ¢, and the shapes of the interfering chirps
with i (the earlier one) and j (the latter one). We denote the cross-
correlation operation as ®.

Scorr = (Cprev,k ® Cprev,in) X (Cnext,k ® Cnext,in) (11)
For each Cy. where k ranges from 0 to N-1, we can summarize how
the Scorr values behave and how they can be utilized to determine
the shape of the target chirp for different values of k:

e ‘k =1t In the case of k = ¢, both Cpye,, k and Cpey, ¢ exhibit a
strong connection to Cprey, in and Chpext, in- This is because the
target chirp forms a complete chirp within the time window, sug-
gesting that the value of S¢yr will be the product of meaningful
correlation values.

e ‘k =i’ In this case, Cpyey, k is related to Cprey, in. By calculating
Scorr» the front term will yield a specific correlation value due
to the existence of a correlation between the two, but the latter
term will approach zero, reflecting the lack of correlation. As a
result, S¢orr is likely to be negligible due to the latter term.

e ‘k = j’: In this case, a similar phenomenon as in the previous
case with k = i occurs, and the value of S¢y becomes negligible.

e ‘k # i, j, ¢’ In this case, Cpye,, k and Cpeyxy are each unrelated to
(Cprev, in> Cnext,in)- As a result, they have a low degree of correla-
tion with each other. Therefore, the impact of Cy. in the demodu-
lation process can be considered negligible.
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As Scorr exhibits the properties mentioned above depending on
the value of k, we select the chirp with the highest S¢,, value as the
target chirp. Additionally, in cases where multiple packets collide,
the aforementioned process is repeated, and the final S ;o,is calcu-
lated by multiplying the scores for each packet. Subsequently, the
demodulation process concludes by processing the data and shape
associated with that chirp. BIC-LoRa operates based on correlation
similar to BIC-LoRa-Base, but it effectively responds to collisions
by utilizing timing information from colliding packets.

Frequency offset calibration. In LoRa modulation, carrier fre-
quency offset (CFO) and symbol time offset (STO) may greatly
influence transmission reliability. Therefore, to accurately decode
signals affected by such offsets, calibration from the receiver’s per-
spective is necessary. We calibrate offset using linear pilot chirps
drawing insights from methods such as NScale [36] and Curvin-
gLoRa [24], enabling reliable demodulation.

System overhead. For BIC-LoRa to be practically deployed, consid-
erations must be given to overhead factors such as power consump-
tion and computation. Firstly, although the modulation scheme of
BIC-LoRa differs slightly from the conventional LoRa, it’s power
consumption remains the same [24], allowing it to be adequately
employed in commodity LoRa devices. Second, it is evident that
BIC-LoRa requires more computational overhead during Tx/Rx com-
pared to conventional LoRa. To investigate this matter, we have
measured the system overhead incurred during the Tx/Rx process.
For Tx, we measured the time required to generate a single chirp.
Across all spreading factors (SF) and sizes of chirp sets, Tx had an
average computational load of 1.01x compared to classical LoRa.
This indicates a manageable level of overhead increase, suggesting
it does not pose a significant burden. For Rx, we obtained the time
required to decode a single symbol for all SFs and sizes of the chirp
set. In the case where SF is 12 and the size of the chirp set is 8, the
maximum computational load reached up to 11.04x compared to
classical LoRa. However in LoRa communication, gateways are typ-
ically higher-power platforms providing sufficient computational
resources [23]. Therefore, BIC-LoRa can be adequately utilized in
LoRa networks.

To summarize, BIC-LoRa can handle collisions when detected,
and opt for BIC-LoRa-Base when no collision is perceived. (No At
to use!). BIC-LoRa operates effectively even in the presence of low
SNR and relatively strong interfering chirps, providing a means
to acquire additional data embedded in the form of chirp shapes,
which is unattainable through conventional methods.

5 IMPLEMENTATION

Hardware and software. We implement BIC-LoRa on a software-
defined radio platform USRP B210 as a proof-of-concept to evaluate
performance. The modulation process is implemented in GNURa-
dio based on an open-source LoRa implementation [35], and the
demodulation process is done in MATLAB.

For the indoor testbed, we installed a gateway and a transmitter
device in an office building where the locations of the transmit-
ter is illustrated in Fig. 11a. We have an area with dimensions of
34.8x89 m, and placed the gateway inside a room to avoid line-of-
sight (LOS) paths to devices outside the room. Creating a controlled
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Figure 11: Testbeds used for real-world evaluations.

BICN
51 + 5loga N

CurveALOHA
51

ALOHA
51

System
Payload length

Table 2: Payload length for evaluation.

amount of traffic load that results in sufficient number of collisions
with a limited number of devices, without completely jamming the
network, is challenging. Instead, we emulate collision scenarios
by transmitting signals from various locations, saving the the raw
signals, and combining them at the gateway. We collected data from
a total of 10 locations, with each node transmitting a total of 100
packets with various packet intervals.

For the outdoor testbed, we installed a gateway and a transmitter
on our university campus as shown in Fig. 11b. We collected data
from a total of 4 locations, with each node transmitting a total of
50 packets with various packet intervals.

Evaluation Metrics. The main metrics to evaluate BIC-LoRa are
symbol error rate (SER), packet delivery rate (PDR), and network
throughput. SER indicates the robustness directly at the symbol
level. PDR represents the ratio of packets that are successfully
delivered, which shows the robustness at the packet level. Network
throughput measures the overall throughput of unique data bytes
that can be successfully received at the gateway from nodes in the
network.

Comparison schemes. We compare BIC-LoRa against Curve-
ALOHA [22], a state-of-the-art LoRa system, and also with basic
ALOHA [1] with linear chirp used for LoRaWAN [3]. Within the
original CurveALOHA scheme, when a node generates a packet, it
selects either a random shape or the shape with the best PDR after
obtaining an ACK from the gateway. However, to showcase the
best performance of CurveALOHA in this comparison study, we
ensured that all nodes use different shapes, eliminating collisions
between nodes with the same shape.

Other settings. For LoRa configurations, we used 923 MHz ISM
band, SF=10, Coding rate CR=3, BW=125 kHz, and 1 MHz sampling
rate. For a fair comparison, it is essential to use an appropriate
payload size according to the scheme and configurations. The max-
imum MAC payload for SF10 used in the experiments is set at 51
bytes, as indicated in Table 2. This is determined by the maximum
time occupancy of the packet containing the payload. We experi-
ment with the longest MAC payload, maximizing the number of
symbols within a single packet aiming to deal with saturated traffic
conditions. The length of a packet containing a specific payload
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Figure 12: SNR vs. SER comparison for ALOHA, CurveALOHA, and
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Figure 13: SIR vs. SER comparison for CurveALOHA and BIC-LoRa.

Note that ALOHA is subject to capture effect when SIR is below

0dB, and thus has SER ~ 1.

0.0

size (excluding the PHY header) is determined as follows;

2% lpayload = (SF = 2) + lpgr +lere
SF

Loke =8+T 1x(4+CR) (12)

In the case of CurveALOHA and ALOHA, they contain SF bits per
symbol as calculated in Eq. (12). However for BIC-LoRa, since one
symbol carries more bits, the term ‘SF’ increases to ‘SF + number
of additional bit’. As a result, it becomes possible to accommodate
a longer max payload while maintaining the same packet length,
and we determine the payload length as Table 2 where we denote
the BIC-LoRa with a chirp set size of N as BICV.

This implies an increase in the throughput of a single link. As a

result of PHY encoding, the gain is SlosglzN %X100(%) in our configura-

tion. This can vary slightly depending on the system configuration,

logoN
22 X 100(%).

but it will be near

6 PERFORMANCE EVALUATION

Our evaluation aims to address the following key questions:

e Q1. Despite an increase in throughput, can BIC-LoRa maintain
noise resilience not to sacrifice communication range?

e Q2. Can BIC-LoRa handle packet collisions?

e Q3. The number of additional bits varies depending on the size
of the non-linear chirp set used; how does this affect the perfor-
mance of BIC-LoRa?

e Q4. How much throughput gain does BIC-LoRa achieve in real
experiments on real devices?
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Figure 15: SNR vs. SER performance with various sizes of chirp set.

6.1 BIC-LoRa Performance analysis

In contrast to the ALOHA and CurveALOHA, BIC-LoRa involves
extra processing steps in demodulation. Demodulation focuses on
identifying the shape of the target chirp, which may have errors. To
investigate the impact of errors caused by the incorrect identifica-
tion of chirp shapes during the demodulation process, we conducted
the following experiment. We compared BIC-LoRa with ALOHA
and CurveALOHA by measuring the symbol error rate (SER) under
various conditions using Monte Carlo simulations. The settings are
as follows. Both CurveALOHA and BIC-LoRa utilize a non-linear
chirp set with a size of 8, incorporating polynomial shapes ranging
from the 2" to the 5!/ degree for convex and concave (i.e., upper
8 chirps in Fig. 8. Then, we use MATLAB to create 100,000 symbols
each using a linear chirp and a non-linear chirp with random shape
in the non-linear chirp set.

Impact of Noise. We investigate whether BIC-LoRa could preserve
the advantages of LoRa, specifically its noise resilience (or commu-
nication range). We introduce additive white Gaussian noise to the
generated symbols, varying the SNR from -40 dB to 0 dB. Fig. 12
plots the SER with varying SF7, SF9, and SF11 respectively. The
SER-SNR trend is observed to be similar across various SFs and
systems. This demonstrates that BIC-LoRa can accurately obtain
the shape and data carried in the chirp through correlation-based
demodulation even in noisy conditions, confirming its noise re-
silience.

Impact of Collision. We next investigates how BIC-LoRa’s de-
modulation can respond to the presence of interference packets.
Since collisions occur on a per-packet basis, we place interference
chirps before and after the generated target chirp at random time
points. The data and shape of the interference chirps are selected
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randomly, and the SIR varied from -20 dB to 0 dB by adjusting the
interference chirp’s strength. In the case of ALOHA based on linear
chirps, it cannot handle collisions due to the capture effect. There-
fore, we compare the performance of BIC-LoRa and CurveALOHA
only. Fig. 13 plots the SER-SIR trend for SF7, 9, and 11. First ob-
servation is that the performance gap between CurveALOHA and
BIC-LoRa is relatively small. In the case of CurveALOHA, decod-
ing is performed with the target chirp’s shape already determined,
while in the case of BIC-LoRa, an additional demodulation process is
required to ascertain the shape of the target chirp. When the inter-
ference chirp’s strength is high, it affects the process of determining
the chirp’s shape, leading to a decrease in performance. However,
BIC-LoRa minimizes the performance degradation by considering
delay. In the case of SF11, the difference in the SIR threshold value
where the SER reaches 1% is less than 1 dB. Furthermore, the SIR
thresholds for all SFs are as shown in Fig. 14. It can be observed that
as SF increases, the performance of BIC-LoRa improves, and this is
related to the characteristics of LoRa. When SF increases, the time
span of the chirp also lengthens, allowing for better distinction
of the chirp’s shape. In conclusion, BIC-LoRa has SIR threshold
values lower than 0dB, enabling it to cope with strong collision
occurrences.

Impact of the size of the chirp set. As discussed in Section 4.2,
the size of the chirp set can significantly affect the performance of
BIC-LoRa. To investigate this effect, we compared the performances
of BIC-LoRa with the size of the chirp set N set to 2, 4, 8, 16, 32 to
add 1 to 5 bits data in shape. Chirp sets are created by expanding
the chirp shape with the polynomial degree from 2 to 17, depending
on N.

Firstly, Fig. 15 illustrates the SER-SNR trend according to N.
This shows that noise resilience is well maintained regardless of
the chirp set’s size. However, Fig. 16 illustrates the SIR threshold
for all SFs according to N. We can observe that as N increases,
the SIR threshold rises significantly, indicating that it becomes
increasingly challenging to cope with collisions. This is mainly due
to the similarity in shape of high-order polynomials, and also due
to precision of floating point numbers. As the distinction between
the shapes decrease, it becomes harder to distinguish between them.
It can also be observed that when extending the non-linear chirp
set, the SIR threshold approaches zero and become susceptible to
collisions. Thus, we conclude that the limit of embeddable bits to
fully exploit the orthogonality of polynomial non-linear chirps is
limited to 5 bits. Of course, the performance can vary significantly
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Network traffic load (pkt/s) 2 4 6 8
Packet interval (ms) 4200 | 1700 | 867 | 450

10
200

Table 3: Packet interval for various traffic loads.

depending on how the non-linear chirp set is constructed, This will
be discussed in Section 7. Additionally, Section 6.2 demonstrates
the impact of chirp set size in real-world experiments.

6.2 Performance in real-world experiments

So far we have evaluated how BIC-LoRa successfully handles col-
lisions and noise under controlled settings. Here we conduct ex-
periments to evaluate how BIC-LoRa performs in actual network
scenarios. We begin with the indoor scenario in Fig. 11a where we
deploy 10 nodes indoors, each situated at varying distances from
the gateway. We control the overall network traffic load to vary the
collision frequency between packets, enabling us to evaluate the
collision-handling capabilities in network scenarios.

The traffic load is controlled by adjusting the packet interval
for each node. Since the length (in time) of the packets used in
the experiments is 796.67 ms (~800 ms), we configured the average
packet interval as Table 3 to generate the desired traffic load. In
addition, we configure the packet interval as an exponential random
variable with the given average to create a more realistic scenario.
As discussed in Section 5, the packets used in the experiments
contain a payload of maximum length, generating the maximum
throughput for each scheme.

Overall comparisons. Fig. 17 plots the results for 3 metrics: SER,
PDR, and total network throughput. Thanks to the characteristics
of non-linear chirps, CurveALOHA and BIC-LoRa exhibit signifi-
cant advantages in SER and PDR relative to ALOHA, illustrated
in Fig. 17a and Fig. 17b. This is because ALOHA is incapable of
receiving packets that has collided, and the decoding capability of
LoRa that uses linear chirp is inferior to non-linear chirps. In BIC-
LoRa, every chirp is non-linear except for the preamble. Therefore
in collision scenarios, demodulation is possible at SIR levels higher
than the SIR thresholds shown earlier. Moreover, the SER and PDR
performances of BIC-LoRa is similar to that of CurveALOHA, in-
dicating that BIC-LoRa is proficient at distinguishing chirp shapes
during demodulation discussed in Section 3. Fig. 17¢ provides a
clear evidence of how BIC-LoRa significantly enhances overall net-
work throughput with enhanced single-link throughput. In the case
of ALOHA, as the network traffic load increases, there is a corre-
sponding increase in collisions resulting in a decrease in the actual
amount of throughput achieved. On the other hand, CurveALOHA
and BIC-LoRa handle collisions well, ensuring that total through-
put rises in line with demand until saturation. When comparing
CurveALOHA with BIC-LoRa, if packets of the same length are
transmitted, then BIC-LoRa contains more data since it embeds
data within the chirps. Thanks to this reason, BIC-LoRa was able to
increase the throughput of a single link by 29.4% by adding 3 bits
in 1 symbol, boosting the overall network throughput by up to 32%
when compared to CurveALOHA. (6 pkt/s, BIC®)

Impact of the chirp set size. To examine how the overall net-
work’s performance is affected by the size of the chirp set N, ex-
periments are carried out with N € {2,4, 8,16}. The other settings
are unchanged from the previous experiment. Fig. 18a shows that
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Figure 19: SER, PDR, and Throughput results from outdoor testbed experiment.

in all traffic load scenarios, the SER performance degrades signif-
icantly when the highest N=16 is used. This is closely related to
the SIR threshold for the corresponding N already shown in Fig. 16.
When N=16, the ability to cope with collisions decreases sharply,
leading to symbol errors. Fig. 18b and Fig. 18c display correspond-
ing changes in PDR and throughput. When N is small, link error
rates are lower; however, the throughput gain is small because
only a small number of additional bits (1 for N=2) can be added.
With N=16 or higher, the system exhibits performance similar to
ALOHA, struggling to manage collisions and failing to accommo-
date the growing network traffic load. Hence, it is necessary to use
an appropriate value of N when constructing the network, and this
choice can be made based on the network’s congestion level.

Outdoor experiment. Finally, we experiment on an outdoor testbed
(Fig. 11b) with lower SNR links compared to the indoor testbed. The
results in Fig. 19 indicate that, despite the fluctuations observed

in Fig. 19a and Fig. 19b due to the dynamic nature of the outdoor
environment, BIC-LoRa consistently outperformed the compared
schemes in terms of throughput (Fig. 19¢) in all setups. BIC-LoRa
increased the max throughput of a single link by 29.4%, boosting
the overall network throughput by up to 24.7% (0.8 pkt/s, BIC?).

7 DISCUSSION

Non-linear chirp set. The non-linear chirps used in BIC-LoRa
are constructed in a simple pattern by expanding the polynomial
degree. This approach allows for an intuitive expansion of the
chirp set. However, increasing the polynomial degree resulted in
an unexpected performance loss. This turned out to be due to the
precision limitations in computation (i.e. float vs. double). Therefore,
constructing a non-linear chirp set with more precise or different
and distinct shapes can improve performance further. For example,
when N=16, substituting sin(x), tan(x), 2* — 1, and log2x + 1 for
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Figure 21: SIR threshold heatmap for SF=9.

the four convex and concave chirp forms of x® and x° results in an
enhancement to the SIR threshold in each SF as shown in Fig. 20.

Additionally, Fig. 21 plots the heatmap of the SIR threshold
for collisions between non-linear chirp shapes when SF=9. Note
that the bottom-right portion is symmetric to the top-left portion,
thus omitted. Intuitively, as the difference in shapes of each chirp
increases, lower SIR thresholds are obtained, indicating a larger
quasi-orthogonality between the two. Additionally, as the differ-
ence in shape from linear chirp increases, the diagonal components
representing energy scattering effects become more significant,
leading to lower SIR thresholds. Therefore, when extending the
selection of non-linear chirps, it is important to consider both quasi-
orthogonality and energy scattering effect. The meticulous selection
of such non-linear chirps may require a mathematical analysis, po-
tentially paving the way for new research directions to delve deeper
into the properties of the non-linear chirp itself.

Co-existence with classical LoRa. To investigate potential co-
existence between BIC-LoRa and classical LoRa, we conducted ex-
periments with one device using BIC? and another using classical
LoRa at the same position while transmitting to a common gate-
way under contention at various TX rates. Fig. 22 plots the result.
BIC-LoRa consistently outperforms classical LoRa, and it is intuitive
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Figure 22: Coexistence with classical LoRa.

QO

Q
Q

2pkt/s 4pkt/s 8pkt/s 10pkt/s

Interference SF 7 8 9 10 | 11
SIR Threshold (Non-linear, dB) | -24 | -24 | -25 | -25 | -25
SIR Threshold (Linear, dB) -24 | -24 | -24 | -24 | -17

Table 4: SIR threshold for linear and non-linear chirps, SF12

that PDR decreases for both schemes as the traffic load increases.
However, there is no notable loss in PDR compared to running only
one scheme at a time (Fig. 17b, Fig. 19b), indicating that there is no
coexistence issue between BIC-LoRa and classical LoRa.

Imperfect orthogonality between different SFs. LoRa enables
collision resolution through the orthogonality between SFs. That is,
collisions between symbols using different SFs typically have mini-
mal impact on each other’s reception [9]. However, the introduction
of non-linear chirps may alter this characteristic. To investigate
this issue, we generate a target chirp with an arbitrary non-linear
shape and SF12, and subjected it to collisions with interference
chirps with arbitrary non-linear shapes and SFs ranging from SF7
to SF11, measuring the SIR threshold after 100,000 collisions. We
then compared these thresholds to those obtained when using linear
chirps. The results (Table 4) show that when the SF difference was
2 or more, the SIR threshold remained consistent, indicating pre-
served orthogonality. However, with a difference of 1 SF, there was
a significant 8 dB difference in the SIR threshold. Nonetheless, the
SIR threshold of -17 dB suggests substantial orthogonality, which
could potentially be overcome through a more precise design of
non-linear shapes.

Future work. We have investigated the impact of various chirp
sets and sizes on BIC-LoRa for a single link. However, determining
the optimal size of the chirp set from a network perspective is
challenging. Therefore, methods such as observing the traffic load
at the gateway, deriving the optimal chirp set, and dynamically
re-configuring them on the nodes over the air can be considered
to optimize performance in various scenarios. We leave this as our
future work.

8 CONCLUSIONS

We presented BIC-LoRa, a new PHY-Layer design that embeds ad-
ditional bits in the chirp shapes to enhance the data rate of LoRa
with same number of symbols. BIC-LoRa fully leverages the charac-
teristics of non-linear chirps, not only increasing the data rate of a
single link but also retaining the resilience to packet collisions. We
implemented BIC-LoRa on real software-defined radio platforms,
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and demonstrated its superior performance compared to state-of-
the-art schemes in terms of both single link by 29.4% and overall
network throughput by 32% in real-world scenarios. To the best of
our knowledge, this is the first work that enhances the link data
rate of LoRa by embedding bits in the chirp shapes. We believe in-
creasing the throughput can expand the usability of LoRa to cover
more diverse and emerging IoT applications.
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