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Abstract—LoRa backscatter enables long-distance communi-
cation with ultra-low energy consumption. Enabling concurrent
transmissions among many LoRa backscatter tags is desirable
for large-scale backscatter networks. However, LoRa backscatter
signals sitting on linear chirps easily interfere with each other
degrading the throughput of concurrent transmissions. In this
paper, we propose Prism that utilizes different types of non-
linear chirps to modulate backscatter data allowing multiple
backscatter tags to transmit concurrently in the same channel. By
taking linear chirps from commercial-off-the-shelf (COTS) LoRa
nodes as excitation sources, how to convert the linear chirps to
their non-linear counterparts is not trivial on resource-limited
backscatter tags. To solve this challenge, we design a lightweight
and low-power method, including a frequency-shift function
and hardware framework, to shift the frequency of the linear
chirps to the non-linear chirps accurately. Moreover, we develop
effective methods to calibrate various offsets and concentrate
chirp energy to achieve reliable decoding. We implement Prism
with customized low-cost hardware, process backscatter signals
with USRP, and evaluate its performance in both indoor and
outdoor environments. The results show that seven tags can
transmit concurrently with less than 1% bit error rate by using
seven different types of non-linear chirps in the same channel,
resulting in a 6× higher transmission concurrency than state-of-
the-art.

I. INTRODUCTION

LoRa [1], [2] is known for its low-power and long-range

communication enabling low-power wide-area network (LP-

WAN) for massive IoT, which has been seen as an important

part of the next-generation networks [3]. LoRa uses Chirp

Spread Spectrum (CSS) modulation, in which a LoRa symbol

is represented by a linear chirp. During the demodulation

(called “dechirp”), the energy of the whole chirp will be accu-

mulated at a signal frequency in the spectrum to enable reliable

decoding even when the single strength is below the noise

floor. By leveraging the advantage of LoRa’s noise tolerance,

some works [4]–[7] show the designs which adopt LoRa’s

chirps in backscatter systems to achieve long communication

distance (e.g., 1.1 km to 2.8 km) benefiting the deployment

of the backscatter systems in practice [8]. On the other hand,

backscatter tags usually transmit data without a time backoff.

Concurrent LoRa backscatter transmissions in a large-scale

system increase the collision probability. As a result, the

system reliability might be significantly degraded [7]. How

to resolve the signal collision is a critical issue in applying

LoRa backscatter in general.

Existing works [6], [7] addressed this problem by creating

more orthogonal logical channels in the frequency domain,
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Fig. 1. The illustration of Prism. The tags take linear chirps as excitation
sources and backscatter different types of non-linear chirps for concurrent
transmission.

allowing multiple backscatter tags to transmit concurrently

by selecting different logical channels. For example, NetScat-

ter [7] can decode parallel packets with distributed chirp spread

spectrum coding and a specially designed excitation signal.

P2LoRa [6] achieves parallel decoding by shifting the am-

bient LoRa chirps with different frequencies. The evaluation

results show that 256 and 101 concurrent transmissions can

be realized by NetScatter and P2LoRa, respectively. However,

these methods cannot step further to support over 500 or more

concurrent transmissions efficiently due to the LoRa’s narrow-

band nature.

Recently, CurvingLoRa [9] has shown the possibility of

exploiting non-linear chirps to enable high-throughput LoRa

concurrent transmission. First, different types of non-linear

chirps can be used to transmit data concurrently [10]. Second,

the transmissions with the same type of non-linear chirp can be

concurrently decoded when the timing of these transmissions

is not exactly aligned [9]. This motivates us to rethink the

design of the LoRa backscatter system with non-linear chirps.

In this paper, we propose Prism, a high-throughput LoRa

backscatter method by embracing the non-linear chirps to

enable concurrent transmissions. As shown in Figure 1, a

commercial-off-the-shelf (COTS) LoRa node generates linear

chirps (e.g., the dashed brown chirp) as excitation signals.

When multiple (e.g., three) Prism tags detect the excitation

signals, they transform the linear chirps to different non-

linear chirps (e.g., the solid blue, green, and red chirps) to

modulate their information. When a gateway receives these

signals with the different chirp types, we can easily distinguish

INFOCOM 2023 1570830396

1



the excitation and backscatter chirps to decode the information

of different tags [9].
However, converting a linear chirp to its non-linear counter-

part with limited resources on a backscatter tag is not trivial.

To enable an efficient chirp-type transform, we must address

the following challenges:
First, frequency shifts between an excitation linear chirp

and a backscatter non-linear chirp change over time. It is

challenging to generate the time-variant frequency shifts to

transform the chirp types in a lightweight manner. In Prism,

we use a timer to trigger different frequency shifts at different

times. When the timer interrupt is triggered, a Micro Con-

troller Unit (MCU) generates an integer input indicating the

targeted frequency shift at the current time to a Digital Analog

Converter (DAC). Then the DAC outputs a specific voltage,

which is the input of a Voltage Controlled Oscillator (VCO).

At last, the VCO outputs a square wave signal with the targeted

frequency, which controls a radio frequency switch to change

the antenna impedance/density to add the specific frequency

shift. In this way, we keep the energy consumption of the

chirp-type transform low.
Second, it is not trivial to calculate the frequency shifts

accurately. In Prism, we use a frequency-shift function to

calculate the frequency shifts over time. Specifically, all chirps

have their math functions, which can be linear, quadratic,

cubic, or higher-order, to shape different chirp types. We can

accurately calculate the frequency shifts between two different

types of chirps by using their math function in the time-

frequency domain. Hence, we use the same way to generate

the frequency-shift function between the linear function and

the corresponding non-linear function.
Third, due to various noises, how to reliably demodulate

backscatter non-linear chirp symbols is the last challenge. In

Prism, we observe that for a backscatter non-linear chirp sym-

bol, the whole chirp energy will be accumulated at two peaks

on the spectrum after a non-linear dechirp process. We develop

a phase search method to combine the two peaks coherently to

enhance the received signal strength. Moreover, a misaligned

non-linear chirp suffers from severe frequency leakage. We

utilize pilot linear chirps in an excitation LoRa packet to

generate pilot non-linear chirps to calibrate such frequency

offsets. In these ways, we can demodulate backscatter chirp

symbols reliably.
We implement Prism with a COTS LoRa device, a cus-

tomized PCB circuit, and a USRP. We evaluate its performance

in outdoor and indoor scenarios. The results show that Prism
achieves the highest throughput of 68.36 Kbps when 700 tags

concurrently transmit, indicating a 6× higher transmission

concurrency than state-of-the-art. In addition, in the same

channel, the bit error rate of the seven concurrent transmissions

is less than 1% by using seven different types of non-linear

chirps. The contributions of this paper are summarized as

follows:

• We first introduce non-linear chirps to LoRa backscatter

systems. The system scalability is significantly improved

with our enhanced network throughput.

FFT.Abs FFT.Abs

Fig. 2. The illustration of LoRa CSS modulation and demodulation with the
initial frequency shifted up-chirp and the base down-chirp.

• On resource-limited backscatter tags, we propose a

lightweight and low-power method to convert a linear

excitation chirp to non-linear ones, which can be reliably

decoded at a gateway.

• We prototype Prism and evaluate its performance in real

environments. The results show the highest throughput of

68.36 Kbps with 700 tags. It is 6× higher than state-of-

the-art in terms of transmission concurrency.

II. LORA PRELIMINARY

In this section, we briefly introduce LoRa CSS modulation

and explain the background knowledge of the LoRa concurrent

transmission enabled by non-linear chirps.

A. LoRa CSS Modulation

A kind of CSS mechanism is adopted by LoRa. Given a

bandwidth BW , as shown in Figure 2, the basic communica-

tion unit of LoRa CSS modulation is a linear base up-chirp

(e.g., the solid blue line in the left sub-figure) whose frequency

increases linearly from −BW
2 to BW

2 over time, which can

be donated as C(t) = ej2π(−
BW
2 + kt

2 )t. The key character of

the CSS modulation is that a time delay in a chirp can be

transformed into a frequency shift. Therefore, encoded data

bits can be modulated by the initial frequency offset or the

cyclic time shift in the base up-chirp (e.g., the solid blue line in

the right sub-figure). A chirp symbol can carry multiple bits of

information, which is determined by the spreading factor (SF).

By combining symbols with CSS modulation, a LoRa packet

consists of many chirp symbols, encoding multiple pieces of

information.

The process of demodulation is called “dechirp”. During

the dechirp, it will multiply a received chirp symbol with a

base down-chirp, which is the conjugate of the base up-chirp

(e.g., the dashed orange line in Figure 2). After FFT (Fast

Fourier Transform), a peak will appear at an FFT frequency

bin, showing the initial frequency of the received chirp symbol.

Therefore, if a LoRa configuration defines N different initial

frequency offsets, its SF equals to log2N .

B. Concurrent Transmission in LoRa Backscatter

Collision happens when multiple concurrent LoRa backscat-

ter packets arrive at a gateway in a close time. The time

difference comes from the different propagation delays of the

multiple tags. Usually, after detecting the identical excitation

2
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Fig. 3. The illustration of the decoding failure due
to the collision between the linear chirp symbols
from different backscatter tags.

Correct Demodulation:

Fig. 4. The illustration of the collision resolving
between different types of linear and non-linear
chirps from different backscatter tags.
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Fig. 5. The overview of Prism system.

LoRa signals, the arrival time difference of the concurrent

backscatter chirp symbols at a gateway is less than a microsec-

ond [6]. As shown in Figure 3, assume three tags use linear

chirps to modulate data in the same channel. When we apply

the dechirp on the overlapped linear chirp symbols, we will

observe three energy peaks at close FFT bins on the spectrum.

For a tag (e.g., blue linear chirp), we cannot reliably detect its

energy peak if it is overwhelmed by the interference energy

peaks on the spectrum. This situation will happen when the

linear chirp symbol may experience a larger attenuation than

the interference chirp symbols due to the near-far issue [9].

As a result, we inevitably have decoding ambiguity with two

overlapped packets in concurrent LoRa transmissions. Only

the stronger packets are possibly decoded, but they will suffer

more from the decoding ambiguity with massive concurrency.

To resolve the LoRa collision problem, CurvingLoRa [9]

defines a non-linear base up-chirp whose frequency increases

non-linearly from −BW
2 to BW

2 over time. There are multiple

types of non-linear chirps, like quadratic, quartic, or trigono-

metric. As shown in Figure 4, we have three backscatter tags

that use linear (red), quadratic (blue), and quartic (brown)

chirps to modulate data, respectively. Their backscatter chirps

overlap with each other. For demodulation, if the initial

frequency offset of the interference chirp symbol is f0, ap-

plying the dechirp on the corresponding chirp symbol can be

described as follows:

ej2π(f0+f(t))t × e−j2πf(t)t = ej2πF (t)t (1)

where f(t) is a time-frequency function to depict the shape

of a base up-chirp, and −f(t) indicates the conjugate base

down-chirp. F (t) is a dechirp frequency function to depict

the resulting signals. In Figure 4, the f0 is 0, and the time-

frequency functions of linear, quadratic, and quartic chirps

can be expressed as flinear(t) = a1t, fquadratic(t) = b1t
2,

fquartic(t) = c1t
4, respectively.

Taking the demodulation of the quadratic non-linear chirps

as an example. The quadratic base down-chirp is the green

curve in Figure 4. When we apply the quadratic dechirp on

the quadratic chirp, we obtain Fquadratic(t) as follows:

Fquadratic(t) = 0 (2)

which will be an energy peak at FFT bin 0, as we expected.

However, when we apply the quadratic dechirp on the linear

and quartic chirps, we obtain Flinear(t) and Fquartic(t) as

follows:

Flinear(t) = a1t
2 − b1t

3 (3)

Fquartic(t) = c1t
5 − b1t

3 (4)

We can see that instead of the constant frequency in

Fquadratic(t), the frequencies of Flinear(t) and Fquartic(t)
are time-variant with a non-zero t, leading to the frequency

changes over time. Therefore, the energy of the linear and non-

linear interference chirp symbols is no longer accumulated to

high energy peaks on the spectrum. As shown in Figure 4, the

energy of linear and quartic interference chirps (e.g., the small

red and brown dashed energy noises) spreads over multiple,

clustered FFT bins on the spectrum. This scattering effect

makes the blue symbol can be demodulated successfully with

an accumulated energy peak (e.g., the blue solid energy peak

in Figure 4) on the spectrum. Then, we can utilize specific

types of dechirp windows to demodulate LoRa backscatter

packets with specific chirp types in concurrent transmissions

of the multiple tags. Thus, the energy scattering effect among

different types of non-linear chirps enables multiple quasi-

orthogonal logical channels. The collision tolerance ability of

non-linear chirps motivates us to develop a LoRa backscatter

involving non-linear chirps with higher network throughput.

III. SYSTEM DESIGN

A. System Overview

The system overview is shown in Figure 5. We adopt the

same tag hardware framework with P2LoRa [6]. A Prism tag

includes a preamble detection circuit, MCU, DAC, and VCO.

The ultimate goal of our design is to enable N resource-limited

backscatter tags in the same channel to capture an excitation

linear chirp and transform it into N orthogonal non-linear

chirps, respectively, which can be concurrently decoded at a

gateway. To achieve the goal, the end-to-end system consists

of three parts: backscatter modulation, non-linear signal de-

modulation, and non-linear chirp decoding. First, for a Prism
tag, the preamble detection circuit wakes up its MCU once

a linear LoRa excitation packet is detected. Then the MCU

will control the DAC and VCO to shift the frequency of the

excitation linear chirps to generate its non-linear chirps with a

frequency-shift function. Second, at the gateway, we calibrate

various frequency offsets in the received non-linear chirps and

concurrently demodulate them with the dechirp by utilizing the

energy scattering effect. Finally, after demodulating the chirp
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symbols from different tags with different types of non-linear

chirps, we decode the bits embedded in these backscatter non-

linear chirps from each tag.

B. Preamble Detection

Prism adopts a low-power preamble detection circuit [6],

[11] to identify the arrival of linear LoRa excitation packets.

The circuit includes three parts: impedance matching, envelop

shaping, and preamble detecting. The first two parts can

capture the repetitive pattern of the continuous base up-chirps

in the preamble of a LoRa packet. The last part compares the

captured pattern with a template to determine whether linear

LoRa excitation chirps are coming.

C. Non-linear Backscatter Chirp Generation

The first task of generating a non-linear backscatter chirp is

to add frequency shifts on a linear excitation chirp. As shown

in Figure 6, after the linear excitation chirps are detected, we

use the MCU to control the output voltage of the DAC, which

determines the frequency of square wave signals generated

by the VCO. The square wave signals are added on linear

excitation chirps to generate the non-linear backscatter chirps.

Specifically, the MCU uses 16-bit serial data to control the

DAC. The upper 4 bits are control bits, and the lower 12 bits

give the input data. The output voltage VOUT of the DAC is

given with the following equation:

VOUT =
VREF ×N

4096
× gain (5)

where N is the numeric value of the DAC’s binary input code,

VREF is a constant value as the reference voltage, and the

value of gain is 2, decided by the peripheral circuit. The

output voltage VOUT of the DAC is the input of the VCO,

generating a square wave signal, whose frequency fOUT can

be calculated with the following equation:

fOUT =
1MHz × 50k

NDIV ×RV CO
× (1 +

RV CO

RSET
− VOUT

VSET
) (6)

where NDIV is 2, VSET is the voltage on the SET pin,

nominally set as 1.0V, and the RV CO and RSET are two 100k

resistors. With Equation 5 and 6, we can set a 16-bit integer

value ranging from 0 – 65535 to N to generate a square wave

signal with the specific frequency fOUT . The square wave

signal further controls a radio frequency switch to add fOUT

frequency shift on the linear excitation chirps.

Fig. 7. The time-frequency transform from a linear excitation to a non-linear
chirp.

When a tag can shift the frequency over linear excitation

chirps, the next step is to determine the frequency shift needed

at a specific time. In Figure 7, the left sub-figure illustrates the

frequency difference between a red linear base up-chirp and

an orange non-linear base up-chirp (e.g., a quadratic shape),

which are time aligned. We subtract the frequency of the

linear base up-chirp from that of the non-linear base up-chirp,

defining the phase shifts needed over time, as shown in the

right sub-figure. For different linear excitation chirps, we use

the same sequence of frequency shifts to generate their non-

linear counterparts for simplicity. In addition, the MCU uses

a timer to trigger different frequency shifts over time.

Intuitively, we can use a look-up table to store the frequency

shifts at different time points. However, in order to achieve

an accurate non-linear chirp generation, we must store fine-

grained frequency shifts, which are hard to be supported with

the limited storage space on the low-power MCU. Instead of

the look-up table, we compute the frequency shifts with an

accurate time-frequency function. We adopt the way proposed

by CurvingLoRa [9] to define a non-linear base up-chirp as a

monotonic curve growing from (0,−BW
2 ) to ( 2

SF

BW ,−BW
2 ). The

coordinates x and y indicate time and frequency, respectively.

The monotonic curve function fc(t) of a linear or non-linear

chirp can be represented by the sum of a series of polynomial

functions in the time-frequency domain as follows:

fc(t) =
n∑

i=0

kit
i, t ∈ [0,

2SF

BW
], fc(t) ∈ [−BW

2
,
BW

2
] (7)

Hence, for a linear base up-chirp, k0 = −BW
2 and k1 = BW 2

2SF .

Its curve function is the following:

flinear(t) = −BW

2
+

BW 2

2SF
t (8)

In addition, to depict a quadratic non-linear base up-chirp,

k0 = −BW
2 and k2 = BW 3

22SF . Its curve function is the

following:

fquadratic(t) = −BW

2
+

BW 3

22SF
t2 (9)

By subtracting Equation 8 from Equation 9, we can obtain a

frequency-shift function fΔ(t) as follows:

fΔ(t) =
BW 2

2SF
t− BW 3

22SF
t2 (10)
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Fig. 8. The illustration of the backscatter non-linear chirp demodulation with
a linear base up-chirp as excitation.

Given the values of SF and BW, the MCU can accurately

compute the frequency shift at any time. For different non-

linear types at different tags, we change the coefficients ki
in Equation 7 to calculate the corresponding frequency-shift

function fΔ(t).

D. Non-linear Chirp Energy Concentration

As we use square wave signals to add frequency shift on a

linear excitation chirp, the backscatter signals will contain two

non-linear chirps that are symmetric about the linear excitation

chirp. Take a linear excitation base up-chirp as an example.

As shown in Figure 8, a gateway will receive three signals,

including a red linear excitation chirp, an orange targetted non-

linear chirp and a blue mirror non-linear chirp. In addition,

a green chirp is the base non-linear down-chirp used for

demodulating the targetted non-linear chirp. With a non-linear

dechirp, as shown in the right sub-figure, the energy of the

mirror non-linear and linear excitation chirps will be spread

over multiple FFT bins due to the energy scattering effect of

non-linear chirps. Thus, the targetted non-linear chirp can be

demodulated successfully even when the interference of the

linear excitation chirp is stronger.

However, when the linear excitation chirp is no longer a

base up-chirp, the energy of the targeted non-linear chirp

will spread to two peaks on the spectrum after the non-linear

dechirp, as shown in Figure 9. The reason is the frequency off-

set between the non-linear base down-chirp and the targetted

non-linear chirp, degrading the interference tolerance ability.

To achieve the same interference tolerance ability by taking

a linear base up-chirp as the excitation signal, we manually

combine the two energy peaks on the spectrum to ensure that

the energy of the whole targetted non-linear chirp is concen-

trated. To ensure the two peaks can be superposed coherently,

we search for all possible phase differences between the two

peaks and select the phase difference that can maximize the

energy of the superposed peaks.

E. Chirp Offset Removal

In practice, compared to the linear excitation chirps, non-

linear backscatter chirps from a Prism tag experience a

propagation delay as its ToF (time of flight), leading to an

unexpected time offset (TO) between the non-linear chirps

Fig. 9. The illustration of the two energy peaks on the spectrum after a non-
linear dechirp with a normal linear excitation chirp.

and their base down-chirps during demodulating. In addition,

another misalignment may also be caused by carrier frequency

offset (CFO). In the non-linear dechirp, the CFO and TO

will spread the spectrum power of non-linear chirps into

multiple frequency bins. Thus the backscatter symbols cannot

be demodulated successfully.

The Start-Frame-Delimeter (SFD) of a linear excitation

LoRa packet contains two linear base down-chirps. After a

Prism tag detects the preamble of the linear excitation LoRa

packet, based on the linear base down-chirps in the SFD,

it will generate two non-linear base down-chirps, which are

to calibrate the TO and CFO. Similar to multiplying a base

down-chirp to up-chirps and conducting FFT in the dechirp,

we define a reverse-dechirp as multiplying a base up-chirp to

down-chirps and conducting FFT. The basic observation is that

when we apply the reverse-dechirp to the two non-linear base

down-chirps, the CFO makes the energy peaks far away from

FFT bin 0 and the TO makes the energy of the base down-

chirps scatter in multiple FFT bins after the reverse-dechirp.

First, we search the TO to achieve the two maximum repetitive

energy peaks with the reverse-dechirp. Then, according to the

FFT bins where the energy peaks appear, we calculate and

calibrate the CFO. By doing so, we successfully remove the

chirp offsets, including the TO and CFO, and the non-linear

reverse-dechirp ensures the process is inter-tag interference

resilient.

F. Backscatter Data Recovery

After the chirp offsets are calibrated, we use the non-

linear dechirp to demodulate the backscatter non-linear chirps

with a sliding window. A Prism tag uses On-Off-Keying

(OOK) modulation to embed ‘0’ or ‘1’ into a non-linear chirp

symbol. Specifically, if we detect an energy peak using the

non-linear dechirp in a time window, it represents bit ‘1’.

Otherwise, the bit is ‘0’. Beyond OOK, we can be easily

extended to n-Frequency Shift Keying (FSK) by adding a

n-level frequency shift on the backscatter non-linear chirps

to represent different bits. The different frequency offsets

are equivalent to different time offsets during the dechirp.

Considering the energy scattering effect of non-linear chirps

with different shapes or time offsets, the inter-tag interference

of n-FSK is neglectable.
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Fig. 10. The implementation of an excitation LoRa
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Fig. 12. The deployment of our indoor experi-
ments.

IV. IMPLEMENTATION

We implement Prism tags using the same hard-

ware framework with P2LoRa [6]. The preamble detec-

tion module includes a three-stage voltage-doubling am-

plifier HSMS-285C [12] and a low-power voltage com-

parator LPV7215MG [13]. The backscatter module con-

sists of an MCU STM32L011D3P6 [14], a low-power DAC

MAX5530 [15], a low-power VCO LTC6990IS6 [16], and a

reflective radio frequency switch ADG902 [17]. The excitation

source is a COTS LoRa node with Semtech SX1276 [18]

radio chip. For a gateway, we use the UHD+GNU-radio

to control a USRP N210 [19] with an SBX 400-4400 RF

daughterboard [20] to record raw signals in the air, which

are further processed in MATLAB. We use a 3 dBi gain

omnidirectional antenna for Prism tags and the USRP. The

total power consumption of a Prism tag is 695μW during

working. Figure 10 shows the implementation of the Prism
tag, the LoRa node, and the USRP.

V. EVALUATION

In this section, we evaluate the performance of Prism to

answer the following questions:

• Q1 (§V-A): In outdoor environments, does Prism perform

as reliably as existing LoRa backscatter with linear chirps for

long-distance backscatter communication?

• Q2 (§V-B): In indoor environments, does Prism perform as

reliably as existing LoRa backscatter does with linear chirps

for long excitation distance?

• Q3 (§V-C): In general, can Prism reliably scale to the

scenario of massive concurrent transmissions?

Basic Experimental Settings: The default SF, BW, coding

rate (CR), and transmission power of the excitation LoRa node

are set as 10, 125 kHz, 4
5 , and 20 dBm. The SF setting is

consistent among the excitation LoRa node, backscatter tags,

and gateway. For the indoor and outdoor deployments, we

define the distance between the excitation Lora node and a

tag as source-to-tag distance (dST ). Similarly, the distance

between a tag and the gateway is defined as tag-to-receiver

(dTR). At each location/configuration, the excitation LoRa

node transmits 300 LoRa packets, and a Prism tag modulates

28 bits of data based on an excitation LoRa packet to calculate

the bit error rate.

Performance Metrics: We use two performance metrics as

follows to indicate the reliability and scalability of a LoRa

backscatter system.

• Bit Error Rate (BER) is a metric to evaluate the perfor-

mance of communication reliability over a channel that

has been altered due to noise, interference, distortion, or

bit synchronization errors. BER is widely used to demon-

strate the channel noise resilience of a communication

system. The lower the BER is, the higher the reliability

of the system is. Similar to P2LoRa, we set BER as 10−4

if all data bits are successfully decoded.

• Network Throughput refers to the total data delivered

through a network system in a unit of time. Network

throughput is critical to show the scalability of a network

system. The higher the throughput is, the better the scala-

bility is. In our experiments, we use bits per second (bps)

or Kbps as the unit to quantify the network throughput.

Baseline Method: We compare Prism with state-of-the-art

concurrent LoRa backscatter P2LoRa [6].

A. Outdoor Experiments

Experiment Setup: Figure 11 shows the deployment of our

outdoor experiments. We deploy a Prism tag at different

locations (e.g., blue locations) on our campus. It uses a

quadratic type of non-linear chirps defined as f(t) = t2.

The excitation LoRa node is put at the locations (e.g., green

locations) close to the tag, and dST is 5 m. We put the

USRP gateway (e.g., orange location) at a fixed location. Then,

we move the pair of the excitation LoRa node and the tag.

Thus, dTR varies from 50 m to 600 m. We repeat the same

experiments by setting SF as 9.

Results: As shown in Figure 13, we can see that the BER is

almost the same between P2LoRa and Prism at all locations.

If dTR is not greater than 400 m, both Prism and P2LoRa can

decode all data bits successfully. When dTR comes to 500 m

or larger, the BER gets larger. For example, the BER is 1.5%

when dTR is 500 m. When dTR increases to 600 m, the BER

of Prism is 14.9%, which is 1.5% higher than P2LoRa. Such a

difference can be mitigated by upper-layer bit error correction

methods [21].

In Figure 14, a similar trend can be observed when we set

SF as 9. Since SF-9 chirps are less noise resilient than SF-

10 chirps, when dTR is equal to or less than 300 m, both

6



Fig. 13. Outdoor BER comparison when SF=10.

Fig. 14. Outdoor BER comparison when SF=9.

systems are able to decode all the transmitted bits reliably. As

the distance increases to 400m, the BER of both P2LoRa and

Prism increases to 2.5%. In addition, as the distance increases

to 600m, the BER level increases to 50%.

Remark: Prism realizes a similar backscatter distance to

P2LoRa. Therefore, non-linear chirps can be adopted to enable

long-range LoRa backscatter.

B. Indoor Experiments

Experiment Setup: Figure 12 illustrates the deployment of

our indoor experiments. We deploy Prism in our office build-

ing. The gateway is put in our office, and the excitation LoRa

node and tag are deployed in a corridor. A wall separates the

line of sight path between the gateway and the backscatter tag.

We use the same quadratic non-linear chirp as we do in the

outdoor experiments. The dTR is fixed to 15 m, and the dST

varies from 1 m to 30 m. We repeat the same experiments by

setting SF as 9.

Results: As shown in Figure 16, as P2LoRa does, Prism can

reliably decode the data bits when the dST is not greater than

20 m. When the dST is larger than 20 m, the BER of Prism
and P2LoRa increases since the excitation linear chirps be-

come weaker with the large dST . In addition, Prism achieves

a bit lower BER than P2LoRa. However, the achieved BER is

less than 1%, indicating similar communication reliability.

Fig. 15. Indoor BER comparison when SF=10.

Fig. 16. Indoor BER comparison when SF=9.

When the SF is set to 9, we observe a similar trend in

Figure 15. We can see that the dST is reduced to 15 m for

reliable communication since SF-9 chirps are more vulnerable

to noises. The communication reliability decreases quickly as

the dST is larger than 20 m. The BER of Prism can reach

60.3% when the dST is 30 m which is much higher than that

using SF-10 chirps.

Remark: Prism experiences a similar influence brought by

enlarging the distance between the tag and the excitation

LoRa node to P2LoRa. Thus, non-linear chirps are a perfect

alternative for linear chirps in LoRa backscatter systems.

C. Overall Throughput under Collision

Experiment Setup: We conduct a trace-driven emulation to

evaluate the network throughput of Prism in various backscat-

ter collisions. We collect different types of backscatter non-

linear and linear chirps in our indoor deployment. Then, we

superpose these collected backscatter chirp symbols to create

different backscatter collisions. A total of seven different types

of linear or non-linear chirps are used in this experiment. These

chirp types and the corresponding time-frequency functions are

listed as follows:

• linear : f(t) = t
• quadratic1 : f(t) = t2

• quadratic2 : f(t) = −t2 + 2t
• quartic1 : f(t) = t4
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Fig. 17. Prism uses seven types of non-linear chirps.
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Fig. 18. Throughput comparison between P2LoRa and Prism with the
concurrentin same channel.

• quartic2 : f(t) = −t4 + 4t3 − 6t2 + 4t
• sine1 : f(t) = sin(t), t ∈ [−π/2, π/2)
• sine2 : f(t) = sin(t), t ∈ [−3π/8, 3π/8)

The shapes of the base linear and non-linear up-chirp are

shown in Figure 17.

First, we compare Prism with P2LoRa when the collisions

happen in the same channel. Specifically, Prism uses the seven

different types of chirps to modulate data bits for 7 concurrent

tags, but the 7 tags only use linear chirp to modulate data

in P2LoRa. We randomly select n (n ≤ 7) tags to transmit

data concurrently. Second, we emulate the collision scenarios

across multiple channels. We adopt the method of P2LoRa to

assign different tags to 100 different channels. The number of

concurrent tags increases from 1 to 700. When the number of

concurrent tags is less than 100, we assign each tag with a

different channel using linear chirps as P2LoRa does. When

the number continuously increases, we uniformly assign a

newly coming tag to a random channel, then select a type

of non-linear chirp that is not used by other tags in the

channel. In comparison, P2LoRa assigns channels uniformly

and randomly to new tags which use linear chirps only. In

addition, to mimic the near-far effect in the collisions, we

randomly select a Signal-Interference-Ratio (SIR) between any

two collided non-linear chirp symbols in the range between -

10 dB and 0 dB [9], [10]. Given the number of collisions,

we generate 40 collision scenarios with diverse types of non-
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Fig. 19. Throughput comparison between P2LoRa and Prism across multiple
frequency bands.

linear chirps, channel assignments, and SIR to calculate the

average throughput as our results. If the data bits of a tag

are successfully decoded, the throughput of the tag equals
BW
2SF × CR = 97.7 bps. Then, the throughput of a collision

scenario is calculated as the number of successfully decoded

tags multiplies the throughput of a single tag.

Results: With only one channel, as shown in Figure 18,

the throughput of Prism linearly increases as the number of

backscatter tags increases. However, as the number of tags

increases, the throughput of P2LoRa decreases and approaches

zero eventually. The results verify that the seven types of linear

and non-linear chirps are orthogonal enough to enable success-

ful concurrent transmissions among seven tags. Compared to

P2LoRa, the backscatter concurrency is improved by 6×.

When we use 100 channels and 700 tags, as shown in

Figure 19, the throughput of Prism increases linearly as

the number of concurrent tags increases. This verifies that

Prism successfully supports 700 tags to transmit concurrently.

Prism achieves the maximum throughput 68.36 Kbps with

700 tags. When the number of concurrent tags is not greater

than 100, P2LoRa exhibits a similar throughput increase as

Prism. However, as the number of tags increases beyond 100,

the throughput of P2LoRa drops to zero gradually. When the

number of tags reaches 700, the awful throughput of P2LoRa

can be expected due to the severe throughput loss in each

signal channel.

Remark: Prism utilizes the energy scattering effect of dif-

ferent types of non-linear chirps to increase the concurrency

in each channel, thus improving the throughput significantly.

In addition, Prism is parallel to P2LoRa and can be easily

extended to scenarios with multiple channels. Moreover, we

only demonstrate seven types of non-linear chirps. Hopefully,

we can further improve the throughput of Prism by involving

new types of non-linear chirps. How to achieve the maximum

concurrency with non-linear chirps is still an open question.

VI. RELATED WORK

Generally, a backscatter system uses a radio frequency

switch to either reflect or absorb excitation signals. The bat-

teryless property makes it attractive in many IoT applications.
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For example, Liu et al. [22] propose ambient backscatter that

uses some ubiquitous wireless signals (e.g., TV and cellular)

in surrounding environments to obtain energy for backscatter

communication. Zhao et al. [23] propose OFDMA-enabled

Wi-Fi backscatter that enables tags to produce backscatter

signals at the frequencies of orthogonal subcarriers, which are

subsequently synthesized into an OFDM symbol by a receiver.

Prism focuses on LoRa backscatter and achieves a scalable

backscatter system with interference-tolerant concurrent trans-

missions enabled by different types of non-linear chirps. We

summarize the related work from the following aspects.

LoRa Backscatter: Talla et al. [5] propose LoRa backscatter

that uses a single-tone excitation signal to generate a LoRa

packet by shifting the frequency with a radio frequency

switch. With a specific excitation signal, Netscatter [7] further

proposes to combine CSS and OOK modulation, assigning

different cyclic shifts of a linear chirp to different concurrent

tags, to support parallel decoding of concurrent LoRa packets.

By taking COTS LoRa linear chirps as excitation signals,

PLoRa [4] adopts an FPGA to shift LoRa linear chirps by two

frequency offsets to modulate data. Moreover, P2LoRa [6] de-

velops a modulation method to support parallel decoding with

ambient LoRa linear chirps as excitation signals. However,

the scalability of P2LoRa relates to the available bandwidth

recourses, which are usually limited in LoRa, a narrow-band

communication technology. Additionally, P2LoRa suffers from

inter-tag inference, which may comprise its performance in

practice. In comparison, Prism is parallel with existing meth-

ods to enhance the scalability of LoRa backscatter systems

by exploring the quasi-orthogonal logical channels created

by different types of non-linear chirps in the same physical

channel.

Non-linear Chirps: Non-linear frequency modulation

(NLFM) [24] has been widely used in radar systems, which

is a cost-effective pulse compression method [25] with

high resolution, improved SNR, and effective interference

suppression. NLFM modulation function has an inherent

spectrum weighting that results in lower sidelobe levels

compared with linear frequency modulation(LFM). In LoRa,

CurvingLoRa [9] adopts non-linear chirps to improve the

scalability of LoRa networks by enabling a LoRa gateway to

successfully decode concurrent transmissions with the same

type of non-linear chirps. Moreover, CurveALOHA [10]

proposes a media access control (MAC) protocol with

multiple types of non-linear chirps to increase the network

throughput. In contrast, Prism is a scalable LoRa backscatter

system, which converts ambient linear LoRa chirps emitted

from COTS LoRa radios to multiple non-linear counterparts,

which can be reliably decoded at a gateway simultaneously.

LoRa Collision Resolving: LoRaWAN [1] adopts the least

restrictive MAC protocol ALOHA [26], which enables nodes

to transmit data upon waking up. When multiple LoRa packets

from different nodes are transmitted concurrently, collisions

inevitably appear. Existing works focus on extracting dis-

tinguishable features of the collided packets in the time or

frequency domain. For example, Choir [27] matches data bits

to a LoRa node with its frequency change due to its oscillator

deficiency. FTrack [28] divides collisions by exploring the

distinct tracks on the spectrum and symbol edges on the

time domain. CIC [29] combines the spectrum from different

parts of a chirp symbol, proposing a sub-symbol method to

cancel interference signals under ultra-low SNR environments.

mLoRa [30] utilizes the consecutive interference cancellation

to iteratively demodulate the data bits with no interference.

CoLoRa [31] utilizes the spectral peak ratio of a misaligned

chirp as a characteristic to differentiate between overlapped

LoRa packets. Pyramid [32] applies a sliding demodulation

window to track the changes in energy peaks to resolve col-

lisions. NScale [33] improves noise resistance in the iterative

peak recovery by varying peak scaling factors within two

consecutive windows. PCube [34] classifies chirp symbols

from concurrent packets by utilizing unique phases of the

air channel. However, since backscatter tags usually have no

back-off mechanism, the time offset among the collided chirp

symbols is almost zero, which is hard to be handled by the

existing methods. In addition, the existing methods suffer

from the near-far problem, indicating a situation that a strong

signal from a near node significantly reduces the SNR of a

weak signal from a far node. Moreover, LMAC [35] and p-

CARMA [36] operate at the MAC layer and try to use Channel

Activity Detection (CAD) and CSMA (carrier-sense multiple

access) to detect a potential collision and avoid it with a

backoff. However, the CAD and CSMA are energy-heavy for a

LoRa backscatter system. In contrast, Prism adopts non-linear

chirps, creating new logic channels to avoid these issues for

practical LoRa backscatter concurrent transmissions.

VII. CONCLUSION

To conclude, we develop a high-throughput LoRa backscat-

ter system Prism by using the different types of non-linear

chirps to enable concurrent transmissions of multiple backscat-

ter tags in the same channel. Specifically, Prism takes ambient

LoRa linear chirps from COTS LoRa nodes as the excitation

source. Then, a Prism tag uses a timer to trigger a low-

power frequency shifting process, which transforms the linear

excitation chirps to the non-linear backscatter chirps according

to an accurate frequency-shift function. At the gateway side,

we concentrate the energy of non-linear chirps during the

dechirp and decode the data bits encoded by backscatter tags.

We prototype Prism tags and gateways with customized PCB

circuits and USRP, respectively. We evaluate Prism’s perfor-

mance in indoor and outdoor environments. Prism achieves

the highest throughput of 68.36 Kbps and supports 700 tags

to transmit concurrently with a bit error rate that is less than

1%. With more non-linear chirp types, Prism is expected to

perform better.
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