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ABSTRACT
Legacy LoRa receiver adopts a superheterodyne architec-
ture with a runtime power consumption of up to 100mW,
resulting in its low-power promise can only be delivered in
low duty-cycle mode. This paper presents Sisyphus as an
ultra-low-power LoRa receiver, ensuring around-the-clock
LoRa availabilitywhile extending battery life significantly. To
achieve this, we propose a novel receiver design for passive
coherent demodulation of LoRa. In this design, we creatively
couple LoRa’s down-conversion with de-chirping (dc2), lever-
aging the processing gain brought by chirp spread spectrum
(CSS) modulation to boost communication range without the
need for additional power supply. Moreover, we exploit the
cyclical time-frequency feature intrinsic to LoRa for demod-
ulation, and a low-power analog-digital signal processing
circuit with negligible power is devised to replace the exist-
ing power-intensive sampling and costly digital computation.
We prototype Sisyphus for proof-of-concept, and compre-
hensive experimental results demonstrate that Sisyphus can
achieve significant power savings compared to legacy LoRa
receiver while retaining the anti-interference ability of legacy
LoRa. We envision that the design of Sisyphus can unlock
the potential for broader applications of LoRa.

∗Li Lu is the corresponding author to this paper.
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1 INTRODUCTION
LoRa, a representative low-power wide area network (LP-
WAN) technology, holds the potential as a key cog in building
ubiquitously connected world. The projection [1] indicates
that the market for LoRa devices is expected to reach USD
5.7 billion by 2024, experiencing a remarkable compound
annual growth rate of 35.6% from 2024 to 2034.

Despite the promising outlook, a pressing challenge arises:
LoRa’s claimed low power practically can only be realized in
low duty-cycle mode. Our empirical evaluation reveals that
the SX1278-based [2] LoRa module consumes approximately
400mW during transmission at 20dBm and up to 100mW
during reception. There are varieties of application scenarios
that demand around-the-clock and real-time remote moni-
toring while utility power is not always available, such as
industrial IoT (IIoT) [3], forest fire alarm [4], and sensor-free
sensing in the wild [5]. Whereas the battery-powered LoRa
device’s energy budget is extremely tight. For instance, an
AA 1.5V battery typically offers a capacity ranging from
500 to 3000mAh and a coin battery (like CR2032 [6]) has a
typical capacity of only 225mAh. That is, when leaving the
device running continuously, its equipped power supply can
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only sustain operation for a matter of hours to days. The re-
placements of batteries have to be conducted very frequently,
posing a tough challenge to the maintenance cost of LoRa
devices.

Therefore, the runtime energy consumption of LoRa must
be emphasized. Recent efforts have been directed towards
combining LoRa with backscatter communication to reduce
the power of uplink transmission [7–12]. These endeavors in-
volve offloading the carrier generation burden to an external
carrier emitter, thereby circumventing the power-intensive
components of a typical active radio, leading to significant
power savings. Thus, the bottleneck in power reduction for
LoRa devices has shifted from the uplink to the downlink.

Turning our attention to the downlink, the underlying rea-
son for the power-consuming nature of legacy LoRa down-
link stems from its reliance on a superheterodyne architecture.
This intricate architecture encompasses a complex reception
process, including analog down-conversion from radio fre-
quency (RF) to intermediate frequency (IF), sampling, digital
down-conversion (DDC) from IF to baseband, de-spreading
(a.k.a., de-chirping), fast Fourier transform (FFT) and peak
detection. These elaborate operations necessitate the equip-
ment of power-hungry components such as local oscillators
(LO), phase-locked loops (PLL), multi-bit analog-to-digital
converters (ADC), and on-board digital baseband processors
(DBP), collectively contributing to no less than 70% of the to-
tal power. Saiyan [13] tries to reduce power of LoRa receiver
and proposes to reshape the envelope of LoRa using surface
acoustic wave (SAW) filter, and perform demodulation on
the reshaped envelope. However, it does not engage with
the de-chirping of LoRa, which is the crux of harnessing pro-
cessing gain brought by CSS modulation and further LoRa’s
long-range performance. So Saiyan essentially functions as
a passive frequency shift keying (FSK) receiver. To keep its
communication range, Saiyan has to use amplifiers consum-
ing extensive power [14, 15], which is surprisingly higher
than that of legacy LoRa receiver.
In this paper, we ask the following question: Can we re-

place the power-hungry components in legacy LoRa receiver
with their passive/low-power counterparts while retaining the
processing gain brought by CSS modulation? A positive an-
swer would pave the way to a thorough power reduction
of LoRa receiver. Intuitively, we may remove on-device LO
and PLL as prior works do [16, 17], which employ a helper
device or RF chain to emit an unmodulated (single-tone) car-
rier (we refer to it as helper signal) at the utility-powered
gateway side and perform passive down-conversion at the
battery-powered receiver side. This approach only focuses
on the power issue of down-conversion, however, IF sam-
pling and computationally expensive baseband operations
(i.e., de-chirping, FFT, etc.) are still required on the receiver,
which leaves a large amount of room for power reduction.
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Figure 1: Redesign of LoRa receiver, which allows us
to achieve ultra-low-power LoRa reception while re-
taining the processing gain of CSS modulation.
To settle the untouchable power reduction room, we re-

think the legacy LoRa receiver design and present Sisyphus,
the first passive LoRa receiver to obtain CSS processing gain.
As Figure 1 shows, we redesign the reception process of the
LoRa signal. Firstly, we revisit the cyclical frequency shift-
ing feature of LoRa chirp, which indicates the possibility of
converting the demodulation scheme from initial frequency
tracking into cyclical frequency shifting time localization.
This evades the need for operation in frequency domain in
favor of time domain, allowing us to replace those computa-
tionally expensive operations with low-power analog signal
processing. Based on our demodulation scheme, we propose
an innovative framework to remove those power-hungry
components. Specifically, we rely on the abundant compu-
tation resources and unconstrained power of the gateway
and let the unmodulated helper signal be modulated into a
chirp signal for de-chirping of LoRa as well, thus signal down-
conversion and de-chirping can be seamlessly integrated and
achieved with zero on-device energy consumption, ensuring
Sisyphus can obtain CSS modulation’s processing gain. Then
we devise an analog-digital signal processing method to con-
duct the proposed demodulation on the post-dc2 signal with
negligible energy consumption. Furthermore, we bypass the
power-consuming low noise amplifier (LNA) in legacy re-
ceiver and employ low-power alternatives including bipolar
junction transistors (BJT) based tunable IF amplifier and base-
band low-power operational amplifier (OPA) to improve the
link budget. In contrast to legacy receiver, we have not only
eliminated LO and PLL but also revolutionized the legacy
LoRa reception process, greatly squeezing the energy budget
of LoRa receiver. To put Sisyphus into practice, however, we
must address the following technical challenges.

First, the legacy de-chirping operation of LoRa is to employ
a base down-chirp to be multiplied with the LoRa baseband
signal in digital domain. We try to integrate the de-chirping
with down-conversion and passively achieve the two in ana-
log domain to evade stressing the DBP. Multiplying real
signals in analog domain will produce both upper sideband
(USB, i.e., sum frequency signal) and lower sideband (LSB,
i.e., difference frequency signal). If we still employ the base
down-chirp for de-chirping, our desired resultant signal (af-
ter de-chirping) should be the USB. However, in this case,
USB is still an RF signal which cannot be down-converted.
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In Sisyphus, we instead employ the up-chirp for de-chirping.
Thus the de-chirping operation will be performed in the LSB
while down-conversion can be completed by the way.

Second, LoRa modulates its data through varying initial
frequencies, which correspond to specific cyclical frequency
shifting times within each chirp. We demodulate LoRa by
localizing these times. However, the result after de-chirping
is an envelope-constant signal with two segments of dif-
ferent frequencies due to the cyclical frequency shifting of
LoRa. Directly detecting the frequency jump between the
two segments requires bulky operations consuming quite a
lot energy, which deviates from our original intent. In Sisy-
phus, we convert the jump detection from frequency into
amplitude using passive, cheap and customizable RC filter.
This allows us to demodulate LoRa using passive or ultra-
low-power components such as rectifier and comparator.

Third, if we employ an unchanging base up-chirp for the
de-chirping of LoRa, the relationship between the two fre-
quencies within the LoRa chirp will change with LoRa chirp’s
initial frequency. For instance, if one chirp’s initial frequency
is less than 0, the frequency of the second segment will be
higher than that of the first segment. But it would be the
opposite when the initial frequency exceeds 0. So we cannot
decide whether to use a low-pass filter (LPF) or a high-pass
one. Moreover, the difference between the two frequencies is
usually not large enough to be distinguished by filter, result-
ing in a minor difference between the amplitudes of the two
segments after frequency-amplitude conversion. In Sisyphus,
we modulate the helper signal into a base up-chirp with the
same initial frequency as the equivalent LoRa chirp. The
frequency of resultant signal’s first segment will be 0 and the
second segment’s will be equal to the LoRa’s bandwidth. The
relationship between the two frequencies can be fixed and
the difference is enlarged to a constant equals bandwidth,
enabling the RF pattern more identifiable and robust.

To summarize, our contributions are three-fold:
• We propose a passive LoRa receiver with de-chirping
capability, which can significantly prolong the battery
life of LoRa devices and reduce maintenance costs in
around-the-clock mode.

• We build a prototype system for proof-of-concept. We
provide a solution to enable Sisyphus to be backward
compatible with COTS LoRa infrastructure.

• Comprehensive experimental results demonstrate that
printed circuit board (PCB) implemented Sisyphus
achieves a remarkably low power of 162.7 𝜇W in con-
tinuous operationmodewith a line-of-sight (LOS) com-
munication range of 73 meters. Incorporating the 𝜇W-
level IF amplifier extends the LOS range to 107 me-
ters, while significantly improving non-line-of-sight
(NLOS) performance. Moreover, Sisyphus’s robust in-
terference immunity is also highlighted.
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Figure 2: CSS modulation scheme adopted by LoRa.
The initial frequency of each chirp corresponds to a
specific cyclical frequency shifting time.

2 PRELIMINARY
This section first provides a primer on LoRa’s modulation
scheme. Then, the problem of legacy de-chirping of LoRa is
articulated.

2.1 LoRa Primer
The modulation scheme of LoRa is shown in Figure 2. LoRa
adopts a prominent CSS modulation, which modulates data
bits using a linear varying frequency over time with different
initial frequencies. The base up-chirp in baseband can be
mathematically denoted by

𝑐 (𝑡 ; 𝑓𝑖 ) = 𝑐𝑜𝑠

[
2𝜋 (𝑓𝑖 +

1
2
𝑘𝑡 − 𝐵𝑊

2
)𝑡
]
, 0 ≤ 𝑡 < 𝑇𝑠 , (1)

where 𝑓𝑖 is the initial frequency of the chirp, 𝑘 is the fre-
quency changing rate (a.k.a., the frequency modulation (FM)
slope of chirp), 𝐵𝑊 as the bandwidth of LoRa chirp and𝑇𝑠 is
the chirp symbol duration.
We can see from Figure 2 that when frequency grows to

BW/2, the rest segment of LoRa chirp will perform frequency
shift to -BW/2 and continue increasing with the same slope
as before until the end of chirp symbol duration. Hence the
LoRa chirp 𝑠 (𝑡 ; 𝑓𝑖 ) can be expressed as

𝑠 (𝑡 ; 𝑓𝑖 ) = 𝑐 (𝑡 ; 𝑓𝑖 ) ·𝑤 [𝑡 ; 0, 𝑡𝑠ℎ] +𝑐 (𝑡 ; 𝑓𝑖−𝐵𝑊 ) ·𝑤 (𝑡 ; 𝑡𝑠ℎ,𝑇𝑠 ), (2)
where 𝑡𝑠ℎ is cyclical frequency shifting time within a
LoRa chirp, which occurs when the chirp frequency exceeds
BW/2. 𝑓𝑖 = 𝑖 · 𝐵𝑊

2𝑆𝐹 − 𝐵𝑊
2 (𝑖 is the embedded value and 𝑆𝐹

denotes the spreading factor) is the specific initial frequency
of LoRa chirp, 𝑐 (•) is base up-chirp within the LoRa chirp,
𝑤 (𝑡 ;𝑎, 𝑏) is rectangular window function, which can be de-
noted as𝑤 (𝑡 ;𝑎, 𝑏) = (𝑎 ≤ 𝑡 < 𝑏) ? 1 : 0.

2.2 Problem of Legacy LoRa’s De-chirping
The CSS modulation employed by LoRa endows it with ex-
ceptional immunity to interference and an extended com-
munication range by distributing its embedded information
across the entire baseband spectrum. To harness the process-
ing gain offered by this spread spectrum technology, LoRa
receiver must perform de-chirping of the CSS-modulated
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Figure 3: Diagram of legacy LoRa receiver.

signal. In legacy LoRa receiver, as illustrated in Figure 3,
LoRa signal undergoes initial mixing with an ultra-high fre-
quency (UHF) carrier generated by LO and PLL to conduct
down-conversion. Subsequently, the signal is sampled by a
power-intensive ADC and subjected to further DDC. The
resultant digital baseband signal is thenmultiplied by a down-
chirp signal generated by a numerically controlled oscillator
(NCO), yielding a single-tone output. Simultaneously, the
energy of any single-tone interference is diffused by the local
down-chirp to a low enough strength that it won’t distort
the LoRa signal.

However, this de-chirping procedure requires power-hungry
components, which typically consume tens of mW power,
obviously infeasible for our long-term and around-the-clock
expectation. Furthermore, it entails a laborious synchroniza-
tion burden involving a computationally intensive correla-
tion procedure. Therefore, to retain the processing gain of
LoRa on Sisyphus, it is imperative to devise a de-chirping
methodology with minimal overhead.

3 TIME LOCALIZATION DEMODULATION
In our scheme, we propose to convert the power-hungry
legacy LoRa demodulation method, which relies on initial-
frequency tracking, into cyclical frequency shifting time
localization. The pivot of our demodulation method is to get
the value of 𝑡𝑠ℎ in each chirp, since

𝑡𝑠ℎ =

𝐵𝑊
2 − 𝑓𝑖

𝑘
=

𝐵𝑊
2 − (𝑖 · 𝐵𝑊

2𝑆𝐹 − 𝐵𝑊
2 )

𝐵𝑊 2

2𝑆𝐹
=
2𝑆𝐹 − 𝑖

𝐵𝑊
. (3)

We refer to the segment within the LoRa chirp before 𝑡𝑠ℎ
as the 1𝑠𝑡 sub-chirp, and the segment after 𝑡𝑠ℎ within the
chirp is called the 2𝑛𝑑 sub-chirp. As shown in equation (3),
as the 𝑆𝐹 and 𝐵𝑊 are given, we can obtain the value 𝑖 car-
ried by the first chirp easily by detecting 𝑡𝑠ℎ . In other words,
we can extract the data by calculating duty cycle of the 1𝑠𝑡
sub-chirp in each LoRa chirp, as depicted in the color-filled
blocks of Figure 2. This scheme holds because LoRa wave-
form has a strong time-frequency correlation in nature due
to its geometric feature.

4 PASSIVE LORA DC2

The frequency shifting time localization based demodula-
tion method enables the possibility of avoiding the existing
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Figure 4: Passive LoRa dc2. The resultant signals are
shown in both time and frequency domains.

power-intensive components on legacy receiver. However,
implementing it under power-constrained conditions is non-
trivial. In this section, we will elaborate on our passive dc2
methodology, including the signal model and analysis of
resultant signals.

4.1 Signal Model
We leverage the abundant computation resource of LoRa-
based gateway to generate our designed ℎ𝑒𝑙𝑝𝑒𝑟 signal, as
shown in Figure 4. Particularly, ℎ𝑒𝑙𝑝𝑒𝑟 is a base up-chirp
with the same slope 𝑘 as the LoRa signal to be demodulated
(we refer to it as 𝑑𝑎𝑡𝑎 signal). However, its initial frequency
is no longer −𝐵𝑊

2 but 𝑓𝑖 , the same as 𝑑𝑎𝑡𝑎. The FM slope is
controlled by 𝑆𝐹 and 𝐵𝑊 of ℎ𝑒𝑙𝑝𝑒𝑟 , for 𝑘 = 𝐵𝑊 2/2𝑆𝐹 . The
timing of ℎ𝑒𝑙𝑝𝑒𝑟 is synchronized with 𝑑𝑎𝑡𝑎, which is easy to
achieve on the LoRa-based gateway. We refer to frequency
functions over time of 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 as 𝑓𝑑 (𝑡) and 𝑓ℎ (𝑡)
respectively, for 0 ≤ 𝑡 < 𝑇𝑠 , and we have

𝑓𝑑 (𝑡) =𝑚𝑜𝑑 (𝑓 𝑑𝑖 + 𝑘𝑡, 𝐵𝑊 ) − 𝐵𝑊

2
,

𝑓ℎ (𝑡) = 𝑓 ℎ𝑖 + 𝑘𝑡 − 𝐵𝑊

2
.

(4)

The two types signals delivered can be further denoted uni-
formly as

𝑠𝑡𝑦𝑝𝑒 (𝑡) = 𝑎𝑡𝑦𝑝𝑒 × 𝑐𝑜𝑠

[
2𝜋 (

∫ 𝑡

0
𝑓𝑡𝑦𝑝𝑒 (𝑡)d𝑡)

]
, (5)

where 𝑡𝑦𝑝𝑒 includes 𝑑 (refers to 𝑑𝑎𝑡𝑎 signal) and ℎ (refers to
ℎ𝑒𝑙𝑝𝑒𝑟 signal), and 𝑎𝑡𝑦𝑝𝑒 is the corresponding amplitude for
the two types of signals.

4.2 Intermodulation in Sisyphus
We up-convert both 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 signals individually
with the same RF carrier and transmit them from the trans-
mitter (Tx) into the air. As the two signals propagate through
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the air and encounter the diode-based passive mixer, inter-
modulation will be created [18, 19] due to the non-linearity
of Schottky diode. Here, we establish the mathematical fea-
sibility of our proposed LoRa dc2 methodology. First, the
non-linear function F (S) can be expressed in the Taylor
series [20] as

F (S) = 𝑘0 + 𝑘1S + +𝑘2S2 + 𝑘3S3 + · · · , (6)

where 𝑘𝑛 is the linear coefficient related to the linear gain of
non-linear element. Given that the energy levels of resultant
high-order harmonics are significantly lower than those of
the first two orders, we opt to disregard them in this proof.
When 𝑑𝑎𝑡𝑎 signal 𝑠𝑑 (𝑡) and ℎ𝑒𝑙𝑝𝑒𝑟 signal 𝑠ℎ (𝑡) are injected
into the non-linear system (i.e., S = 𝑠𝑑 (𝑡) + 𝑠ℎ (𝑡)), we have

𝑘0 + 𝑘1 [𝑠𝑑 (𝑡) + 𝑠ℎ (𝑡)] + +𝑘2 [𝑠𝑑 (𝑡) + 𝑠ℎ (𝑡)]2 . (7)

Despite the fact that frequencies of chirp signals are vary-
ing at all time, for a given time 𝑡0, the frequency function
𝑓𝑡𝑦𝑝𝑒 (𝑡) in Eq. 5 is a constant. We let 𝑓𝑑,𝑡0 and 𝑓ℎ,𝑡0 denote
the frequency value of 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 at 𝑡0. Hence, 𝑠𝑑 (𝑡)
and 𝑠ℎ (𝑡) can be approximated as a single-tone sinusoidal
signal at 𝑡0 with corresponding constant frequency 𝑓𝑑,𝑡0 and
𝑓ℎ,𝑡0 , namely 𝑠𝑑 (𝑡) = 𝑎𝑑 × 𝑐𝑜𝑠

(
2𝜋 𝑓𝑑,𝑡0𝑡

)
and 𝑠ℎ (𝑡) = 𝑎ℎ ×

𝑐𝑜𝑠
(
2𝜋 𝑓ℎ,𝑡0𝑡

)
. Then substituting them into Eq. (7), omitting

the coefficients for formula simplicity and applying double
angle formula and prosthaphaeresis formula, we get

𝑐𝑜𝑠
(
2𝜋 𝑓𝑑,𝑡0𝑡

)
+ 𝑐𝑜𝑠

(
2𝜋 𝑓ℎ,𝑡0𝑡

)
+ 1 + 1

2
𝑐𝑜𝑠

(
2𝜋 (2𝑓𝑑,𝑡0 )𝑡

)
+

1
2
𝑐𝑜𝑠

(
2𝜋 (2𝑓ℎ,𝑡0 )𝑡

)
+ 1
2
𝑐𝑜𝑠

(
2𝜋 (𝑓ℎ,𝑡0 + 𝑓𝑑,𝑡0 )𝑡

)
+

1
2
𝑐𝑜𝑠

(
2𝜋 (𝑓ℎ,𝑡0 − 𝑓𝑑,𝑡0 )𝑡

)
︸                      ︷︷                      ︸

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐

. (8)

As shown in Eq. 8, apart from the fundamental, the frequency
components of intermodulation occurring at 𝑡0 mainly in-
clude the sum and difference of 𝑠𝑑 (𝑡) and 𝑠ℎ (𝑡), which are
the main upper sideband (USB) and lower sideband (LSB)
signals, with frequencies of 𝑓𝑑,𝑡0 + 𝑓ℎ,𝑡0 and 𝑓ℎ,𝑡0 − 𝑓𝑑,𝑡0 . We
utilize the LSB of 𝑓ℎ,𝑡0 − 𝑓𝑑,𝑡0 , i.e., the last term in Eq. 8, to get
dc2 results. The proof outlined above establishes the validity
of our argument for all discrete times within the duration
of the two chirp signals. Moreover, in accordance with the
Limit Theorem, chirp signals in analog domain also conform
to this proof. As a result, we get the theoretical model of
intermodulation on chirp signals.

Next we’ll delve into the intricacies of passive LoRa dc2 in
detail. Our analysis initiates by analyzing the resultant LSB
of both the 1st and 2nd sub-symbols’ baseband, as well as the
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Figure 5: Spectrum of intermodulation in our work.
DC components have been isolated by signal analyzer.

outcome of de-chirp processing. Subsequently, we will ex-
amine the results of RF portion in both the LSB and USB, elu-
cidating the mechanics behind the passive down-conversion
achievable through our solution. To enhance comprehension,
we employ a CXA signal analyzer [21] to plot the spectrum
of dc2 outcomes from beating signals with pre-configured SF
(7), bandwidth (500kHz) and carrier frequency (433MHz), as
depicted in Figure 5.

The resultant LSB of the 1𝑠𝑡 sub-symbol’s baseband.
As mentioned earlier, the 1𝑠𝑡 sub-chirp of 𝑑𝑎𝑡𝑎 and the 1𝑠𝑡
sub-chirp of ℎ𝑒𝑙𝑝𝑒𝑟 are identical in their duration. After their
passing through the diode mixer on the receiver altogether,
a direct current (DC) signal in resultant LSB will be created,
as plotted in Figure 4, owing to

𝑓ℎ (𝑡) − 𝑓𝑑 (𝑡) = 0,∀ 𝑡 ∈ {1𝑠𝑡 𝑠𝑢𝑏 − 𝑐ℎ𝑖𝑟𝑝}, (9)

substitute Eq. (9) into Eq. (8), and we observe that the resul-
tant LSB transforms into a zero-frequency signal with some
other harmonic frequencies, precisely a DC-biased signal.
Typically, intermodulation arises when two signals with dis-
parate frequencies interact. However, in our scenario, where
identical signals are introduced into the diode, the outcome
illustrates that non-linear behavior can also manifest with
identical signals.
The resultant baseband of the 2𝑛𝑑 sub-symbol. As

for the 2𝑛𝑑 sub-chirps of 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 , since the intrinsic
geometric feature of LoRa chirps, the frequency difference
Δ𝑓 = 𝑓ℎ − 𝑓𝑑 between the two sub-chirps remains constant
and is equal to 𝐵𝑊 , as shown in Figure 4. This is to say,
when the two 2𝑛𝑑 sub-chirps are fed into the diode mixer, a
single-tone alternating current (AC) signal with a frequency
of 𝐵𝑊 in the LSB is produced. As plotted in Figure 5, the
500kHz component we highlight is just the resultant LSB
with our pre-configured 500kHz 𝐵𝑊 .
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The RF portion results in the resultant signal. After
analyzing the LSB in terms of the two sub-symbols’ base-
band, let’s move on to the RF portion in both LSB and USB
on an entire symbol scale. Recalling that 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 are
multiplied by carriers for up-conversion before being deliv-
ered from Tx, and the carrier frequency (CF) is set to one of
433, 868 and 915 MHz, the resultant USB (whose frequency
is equal to 2×CF) will be around 1 GHz, as shown in Figure
5. This USB can be eliminated easily by using a passive RC
LPF. On the other hand, the carriers of up-converted 𝑑𝑎𝑡𝑎
and ℎ𝑒𝑙𝑝𝑒𝑟 are generated by the sharing oscillator (OSC) and
the same configured PLL on the Tx side. As a consequence,
carriers can be canceled in LSB (first converted into a DC
component, and isolated by subsequent capacitors), thus
achieving the passive down-conversion.

Thus, the resultant IF signal after intermodulation can be
seen in Figure 4, where the 1𝑠𝑡 and 2𝑛𝑑 sub-chirps within
each chirp are effectively distinguished, accurately reflect-
ing the duty-cycles of the sub-chirps within a LoRa chirp.
This signifies the successful capture of the time-frequency
characteristics of the original LoRa chirp. The residual weak
harmonics can be removed by LPF, and the configure consid-
eration of LPF will be stated in §5. Given the synchronized
transmissions between 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 , coupled with the in-
stantaneous superposition property of wireless channels, our
methodology ensures a seamless, delay-free transition be-
tween the 1𝑠𝑡 and 2𝑛𝑑 sub-symbols. This guarantees highly
reliable subsequent duty-cycle calculation. At this stage, we
have accomplished one-shot dc2 of the LoRa signal with zero
on-device energy consumption.

5 LOW-POWER CIRCUIT DESIGN
Passive dc2 has completed the down-conversion and de-
chirping of LoRa. Next, we’ll introduce our design of a low-
power circuit for hardware supporting of demodulation, as
sketched in Figure 6.

Passive frequency-to-amplitude conversion.We em-
ploy the RC LPF for the frequency-to-amplitude conversion.
Firstly, we analyze what frequency components need to be
filtered out in conjunction with Figure 5. The frequency of
the USB in intermodulated signal is up to GHz level, which is

located far away from the expected signal and can be elimi-
nated easily. In the LSB, the post-dc2 1𝑠𝑡 sub-chirp (hereafter
referred to as sub-symbol), which is primarily a DC signal.
And the frequency of the post-dc2 2𝑛𝑑 sub-symbol reaches
𝐵𝑊 . Thus, we can not only pick up the desired LSB on symbol
scale but also suppress the amplitude of the 2𝑛𝑑 sub-symbol
within the symbol of picked LSB by using a simple RC LPF
and carefully setting its -3dB cutoff frequency.

Signal digitization. Subsequently, a rectifier is employed
to rectify the filtered signal to obtain the converted ampli-
tude. Here the resistor is employed to regulate the discharge
rate of the capacitor in the rectifier, ensuring that the rec-
tified signal accurately tracks the amplitude of the input
signal. Then, we can amplify the baseband signal using a low
gain–bandwidth (GBW) OPAwith ultra-low power consump-
tion. After feeding the amplified signal into the comparator,
we can obtain the wave-shaped digital pulse width modula-
tion (PWM) output with specific duty-cycles corresponding
to initial frequencies of LoRa chirps, which allows us to per-
form data bit extraction by demodulating this PWM signal.

PWMdemodulation. Finally, we calculate the duty-cycle
of each PWM symbol using microcontroller unit (MCU) to
achieve the data bit extraction. We first perform detection on
signal edges and then record these rising/falling edges’ times.
Specifically, when edges coming, an according interrupt is
fired and the value of Timer will be captured to a specific
register. By calculating the time difference between the ris-
ing and falling time, we can obtain the duty-cycle of PWM
symbol, which carries the data bits we long for. Here we use
the low-power timer (LPTIM) to analyze the digital PWM
signal output by comparator, which allows MCU to perform
PWM demodulation in its Stop2 mode without the need for
wake-up, rather than activating the energy-heavy multi-bit
ADC peripheral. The comparator, can also be considered a
1-bit ADC, but with a current consumption of only 10𝜇A.

Tunable IF amplifier. We employ a two-stage common-
emitter IF amplifier based on BJTs after the diode mixer to
enhance the link budget of Sisyphus. Thanks to the low-
frequency nature of the target components to be amplified,
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we can achieve considerable gain with low energy consump-
tion. Similar to the design in MIXIQ [16], to avoid the tran-
sistor entering the saturation region and causing signal dis-
tortion, we do not leave the amplifier running all the time.
We employ an RF single-pole, double-throw (SPDT) switch
as the bypass switch to activate/disable the IF amplifier. The
Switch Select signal of SPDT, 𝑆𝑠𝑒𝑙 , is toggled by MCU. It
also connects the GATE of a switch nMOS to control the
power supply of BJTs. When we decide to activate the IF
amplifier, we toggle 𝑆𝑠𝑒𝑙 as HIGH, according to the Truth
Table of SPDT, the switch will throw to IF amplifier. At the
same time, the SOURCE and DRAIN of nMOS conduct and
Vcc starts powering the IF amplifier. On the contrary, when
we want to disable the IF amplifier, we toggle 𝑆𝑠𝑒𝑙 as LOW.
With this approach, we can achieve tunable IF amplifica-
tion with convenience. It’s noteworthy that the impedance
of this BJT-based amplifier and the input resistance of the
subsequent active component (i.e., OPA) is both high, plus
that the overall impedance of the line shown in Figure 6 is
relatively high so that the current is small, which will not
impact the subsequent RC filter. Therefore, we don’t need
to place a buffer between the IF amplifier and LPF/OPA. In
addition, the BJT-based amplifier can only work on AC sig-
nal, however, as we discussed in §4, our 1𝑠𝑡 sub-symbol of
intermodulated signal is primarily a DC signal, which will
be seriously insulated by the capacitor in IF amplifier. In
order to let the BJT-based amplifier properly operate on our
intermodulated signal, we slightly modify ℎ𝑒𝑙𝑝𝑒𝑟 when the
IF amplifier is activated. Specifically, instead of employing
the same initial frequency as 𝑑𝑎𝑡𝑎, we apply a little shifting
on ℎ𝑒𝑙𝑝𝑒𝑟 ’s initial frequency than 𝑑𝑎𝑡𝑎. The receiver-side
activation of IF amplifier is kept in step with the accordingly
Tx-side signal modification. Thus, the 1𝑠𝑡 sub-symbol of the
resultant signal becomes a low-frequency AC signal that can
be amplified by IF amplifier. Additionally, for the non-linear
distortion concern of BJTs, in fact, the BJT can properly work
in its linear region for the vast majority of cases. To prepare
for any eventualities, we have still fine-tuned the 𝑣𝐵𝐸 (volt-
age falling between the base and emitter of BJT) and 𝑣𝐶𝐸
(voltage falling between the collector and emitter of BJT) to
ensure BJTs to work at the linear region.

6 BENEFIT ANALYSIS OF PASSIVE DC2

In this section, we will exhibit the benefit of our passive dc2
methodology. Firstly, we proof the maintenance of LoRa’s
channel concurrency. By the same token, we also exhibit
its interference immunity for both single-tone and spread
spectrum signals.

Channel concurrency. LoRa supports concurrent trans-
missions from orthogonal channels, where chirps have dif-
ferent slopes (slope 𝑘 = 𝐵𝑊 2/2𝑆𝐹 ). This is because when

Figure 7: FFT results after the normal, single-tone
jammed and failed de-chirping.

conducting a dc2 operation, the expected single-tone signal
shown in the gray curve of Figure 7 can appear only when
|𝑘 | of LoRa chirp and base down-chirp is the same. We’ll
describe the mathematical model of why our passive dc2 can
also ensure the original concurrency of LoRa. For formula
simplification, we denote the intermodulated signal as

+∞∑︁
𝑚=−∞

+∞∑︁
𝑛=−∞

𝛼𝑚𝑛𝑐𝑜𝑠
{
2𝜋

[
𝑚(𝑓 1𝑖 + 𝑘1𝑡) + 𝑛(𝑓 2𝑖 + 𝑘2𝑡)

]
𝑡
}
.

When two chirps with different |𝑘 | are fed into the passive
dc2 model, the frequency of intermodulated signal is𝑚(𝑓 1𝑖 +
𝑘1𝑡) ± 𝑛(𝑓 2𝑖 + 𝑘2𝑡). We cannot get the expected LSB with a
frequency of 𝑓 1𝑖 − 𝑓 2𝑖 if 𝑘1 ≠ 𝑘2. The dc2 operation will fail and
the FFT result of the failed post-dc2 signal is shown in the blue
curve of Figure 7. We can see that the resultant signal is still
a spread-spectrum signal. As §5 described, the onboard LPF’s
cutoff frequency is set to only allow the 1𝑠𝑡 sub-symbols’ LSB
(mainly DC) to pass through. In other words, chirps with
different |𝑘 | than ℎ𝑒𝑙𝑝𝑒𝑟 can be separated by our scheme.
Thus, our scheme ensures the original concurrent channels
presented in the LoRa specification.
Interference immunity. By means of the same proof

approach, when a single-tone signal with the frequency of
𝑓𝑠𝑖𝑛 enters the diode mixer with LoRa signal, we get the re-
sultant frequency of𝑚(𝑓𝑖 +𝑘𝑡) ±𝑛𝑓𝑠𝑖𝑛 . This indicates that the
single-tone interference signal is spread across the spectrum,
which cannot pass through the on-board LPF. We’re still able
to demodulate the target LoRa signal with the single-tone
interference, as plotted in the dotted red curve in Figure 7.
Moreover, a spread spectrum signal with the different |𝑘 |
than ℎ𝑒𝑙𝑝𝑒𝑟 cannot pass through the onboard LPF either,
as we described above. Therefore, our passive LoRa dc2 has
a similar anti-interference effect as its active counterpart,
obtaining the processing gain of CSS as well.

7 START FRAME DELIMITATION
MCU performing data extraction needs to know where the
payload starts in a LoRa packet. Legacy LoRa relies on digital
de-chirping to search the start frame delimiter (SFD) within
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Figure 8: Start frame delimitation in Sisyphus. We indi-
cate the start of the payload by detecting the 2.25 low
level output from the comparator.

the LoRa packet, a distinctive 2.25 down-chirp highlighted
in Figure 8. In Sisyphus, the SFD equivalent ℎ𝑒𝑙𝑝𝑒𝑟 is specifi-
cally designed to be 2.25 down chirps, shifted by 𝐵𝑊 relative
to the SFD frequency. All the frequency components in the
SFD’s resultant signal after passive 𝑑𝑐2 will be much higher
than the cutoff frequency of LPF, which cannot pass through
it. The SFD’s resultant signal before its input to MCU is a
continuous low level with a duration of 2.25 symbols. Thus
MCU can perform start frame delimitation by measuring
the duration of this low level. Specifically, MCU stays in
the low-level duration measurement mode until it detects
a 2-symbol-duration low level (the remaining 0.25 symbol
durations are reserved for level duration measurement mode
switching.). After this, the MCU turns into the high-level
duration measurement mode to perform data extraction on
the payload. Consecutive 2.25-low-level cannot occur in the
payload, thus it can distinctly indicate the payload’s start.

8 IMPLEMENTATION
Figure 9 shows the 3.7cm × 2.4cm four-layer FR4 PCB proto-
type of Sisyphus’s hardware and the equipment we employed
in our evaluation. We describe the hardware and software
implementation of the Sisyphus prototype as follows.

LoRa-based gateway for transmission:WeuseNI USRP
2944 with 6dBi gain antennas as the Tx in early develop-
ment for convenience. We fabricate the digital ℎ𝑒𝑙𝑝𝑒𝑟 on PC
and transmit it using USRP along with 𝑑𝑎𝑡𝑎 synchronously.
Whereas in later research, for backward compatibility with
legacy LoRa, we employ the commercial off-the-shelf (COTS)
LoRa module for 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 delivery. The realization
detail can be seen in §9.5.
Matching network and diode mixer for passive dc2:

We use two capacitors and one inductor to form a T-type
impedance matching network. We adjust their value to make
the S11 parameter (measured by a vector network analyzer
(VNA) [22]) lower than -20dB in the frequency band of 914-
917MHz. Moreover, we also reproduce this procedure on

❶ Matching Network

❷ Passive Mixer

❸ SPDT

❹ RC Filters

❺ IF Amplifier

❻ Rectifier

❼ OP Amplifier

❽ Discriminator 3.7 cm

2.4 cm

❶ ❷ ❸

❹ ❺

❻❼❽

MCU USRP

PC

Prototype Equipments

VNASignal
Analyzer

Impedance matching result

S11@915MHz: 
-34dB

Figure 9: Prototype of Sisyphus hardware and equip-
ments employed in our experiment.

other two prototypes in the frequency bands of 866-869MHz
and 431-434MHz for our follow-up experiment. We employ
SMS7630-005LF RF diodes [23] as the mixer for passive dc2,
which has a decent conversion gain.

RC lowpass filters:We empirically initialize the -3dB cut-
off frequency of LPF to 1.3 kHz and in practical deployment,
we adjust it to optimize the communication performance.

Signal digitization and data bit extraction: We let
MAX9914 [24] serve as the OPA, draining 51.7 𝜇W for 8 dB
sensitivity gain. And we use NCS2200 [25] as the compara-
tor, which consumes only 17.6 𝜇W. In addition, we employ
STM32U5 [26] to perform the data bit extraction from PWM
signal, which is an ultra-low-power MCU with low-power
background autonomous mode (LPBAM).
IF amplifier: The IF amplifier is implemented by BJTs,

served by Onsemi 2N3904 [27] with 300 MHz characteristic
frequency, powered by 1.8V and biased by large resisters.
And the two stages of amplification circuit is coupled by
capacitors. We employ HMC536 [28] for the SPDT switch
and DMG2302 [29] is used for the switch nMOS.

9 EVALUATION
To evaluate the intrinsic performance of passive dc2, we
distinguish the version with the IF amplifier activated as
Sisyphus+. As for the communication evaluation, we let the
Tx send 5,000 packets total, and each packet contains 64
encoded symbols within its payload. Unless specified oth-
erwise, BW, CF and SF are set to 125 kHz, 433 MHz and 7.
After demodulation, the PC undertakes the decoding offline
using an open-source LoRa physical layer tool [30]. The gain
of receiver’s antenna is 3dBi.

9.1 Power Breakdown
We analyze the power of Sisyphus (1.8V supply) and legacy
LoRa module (EBYTE E32T20S [31] with 3.3V supply) using
a DC power analyzer [32] and compare them to 6 other
benchmarks, which are described below. The comparison
result is illustrated in Figure 10.

Saiyan [13]: themost relatedworkwith Sisyphus.We find
that its power can be up to 430mW from the bill-of-materials
(BOM) of the project link provided in their paper. Such power
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Figure 10: Power comparison between Sisyphus and
benchmarks. PCB-implemented Sisyphus achieves
530× power savings compared to IC-implemented
legacy LoRa.

is mainly originated from its used LNA (TQP3M9008 [14])
and IF amplifier (OPA810 [15]).
PLoRa [11], Aloba [8] and Pacim [10]: three typical

LoRa backscatter systems, the former two follow the enve-
lope detector (ED)-ADC-DBP architecture for their downlink
and the last employs a mW-level COTS energy detector chip
[33]. All of them have no LoRa demodulation ability but can
only perform signal detection.

Passive DSSS [34]: an ED-based receiver with low-power
de-spreading of on-off keying (OOK) modulated direct se-
quence spread spectrum (DSSS) signals. Its power is predom-
inantly occupied by OPA [35], DBP and comparators.
WISP5 [36]: a popular computational radio frequency

identification (CRFID) system with a downlink receiver that
includes an ED, comparator and DBP.
The power of each component in Sisyphus is plotted as

well, which is made up of MCU, OPA, and comparator, while
all other components consume zero power. Benefiting from
the LPBAM implemented by MCU’s hardware subsystem,
its power can be as low as 93𝜇W, which is still the major
source of Sisyphus’s total power. This part can be reduced
dramatically when implemented with an integrated circuit
(IC). We can see that PCB-implemented Sisyphus consumes
162.7𝜇W in total, 530× reduction compared to legacy LoRa
receiver, and 2643× reduction compared to Saiyan. In con-
trast to PLoRa, Aloba and Pacim, which have no symbol-level
demodulation ability, Sisyphus still has 4.9×, 1.8×, and 129×
power savings. When the IF amplifier is activated, it con-
tributes around 286𝜇W to the overall power consumption.

It’s also noteworthy that the power of LoRa we compared
is the result of our actual measurement. The reason why this
result is much higher than that of Semtech’s datasheet is that
they only list the single chip’s power. Whereas the practical
form factor of a legacy LoRa receiver is an RF module with
a set of off-chip components, which introduce quite a bit
of energy drain. In addition, the power of LoRa receiver we
compare is that of the IC version. We also conduct a modular
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Figure 11: Receiving sensitivity.

analysis of CMOS simulation for each active block of Sisy-
phus. We employ TSMC 65nm CMOS technology to build
a baseband amplifier (i.e., OPA) with 100kHz GBW and the
comparator, draining 7.4 𝜇W and 0.8 𝜇Wwith 0.8V supply
respectively. For the most power-consuming part left, the
digital part, we use Synopsys DC for power simulation of
the register transfer level (RTL) design of PWM demodula-
tion and the result shows that the digital part consumes 8.5
𝜇W with 1.8V supply. The overall power consumption of
Sisyphus stands at 16.7 𝜇W. When powered by a 1500mAh
AA battery, the battery life can be extended to more than 10
years in around-the-clock operation mode.

9.2 Receiving Sensitivity
Receiving sensitivity directly affects the communication per-
formance of the receiver. We evaluate the receiving sensi-
tivity by testing the bit error rate (BER) of Sisyphus with
received signal strength indicator (RSSI) and coding rate (CR)
changing in our laboratory. To facilitate the RSSI control, we
use one RF chain to deliver 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 . We connect the
TX (USRP) and the receiver using an RF cable and incorpo-
rate several RF attenuators within the cable. Then we adjust
the signal strength and the number of attenuators according
to our wanted RSSI. For accurate RSSI control, we calibrate
the signal power using the CXA signal analyzer [21]. The
extracted data bits will be forwarded by MCU to PC for BER
analysis. When BER is becoming lower than 1 %, we record
the RSSI then as the receiving sensitivity.

9.2.1 Sisyphus. In this evaluation, we switch off the IF am-
plifier. We can see from Figure 11(a) that the best receiving
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Figure 13: LOS and NLOS evaluation results.

sensitivity of Sisyphus is -36dBmwhen CR = 1. It’s worth not-
ing that since DR = SF×(BW/2𝑆𝐹 )×CR, the theoretical data
rate (DR) when CR = 1 reaches around 7 kbps [2], which is
still the lowest in this experiment setup. If we further reduce
DR to sub 1kbps, we may get better sensitivity. Additionally,
we can find that BER increases when CR is tuned from 1 to
2, however, when tuned from 3 to 4, BER doesn’t exactly fit
the previous pattern. This is probably because a higher CR
means a higher DR and therefore a higher BER, whereas on
the other hand, a higher CR means more bits are used for for-
ward error correction (FEC) and a stronger anti-interference
ability. Here, the anti-interference effect brought by CR is
probably more significant than the negative effect brought
by the increasing DR.

9.2.2 Sisyphus+. We activate the IF amplifier and obtain
the receiving sensitivity of Sisyphus+ when SF = 5, 6, 7. The
frequency response is adjusted to the frequency of LSB (i.e.,
hundreds of kHz). Figure 11(b) plots the experimental result,
from where we can see that the receiving sensitivity will be
enhanced to -42dBm when SF and CR are set to 7 and 1. The
theoretical range can be reached up to 190 meters [37] with
23dBm transmission power. The experimental results show
that the IF amplifier we implemented can bring a 6dB gain
to our system.

9.3 Real-world End-to-end Evaluation
We evaluate the real-world communication performance of
Sisyphus and Sisyphus+ in both LOS and non-LOS (NLOS)
scenarios. In this evaluation, we use two RF chains on USRP
2944, transmitting 𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 at a transmission power
of 20dBm (which is available by most COTS LoRa infrastruc-
tures) respectively. Since PLoRa, Aloba, and Pacim cannot
demodulate LoRa signals, and Saiyan employs the LNA and
OPA consuming three orders of magnitude more power than
Sisyphus, we choose WISP5 as the benchmark in this eval-
uation. And its antenna gain and transmission power are
configured the same as Sisyphus.

9.3.1 LOS and NLOS communication evaluation. 1) LOS.We
gradually move the receivers away from the Tx. At each step,
we record the bits after demodulation to obtain the BER. The

LOS evaluation is conducted on a campus street, as shown
in Figure 12(a). We test Sisyphus and Sisyphus+ at fixed SF
(7) and CR (1), indicating that DR is 6.8kbps. We set 3 BER
thresholds (i.e., BER<10−4, BER<10−3 and BER<10−2), and
derive the according communication ranges. Figure 13(a) de-
picts the experimental results, showing that Sisyphus+ can
achieve a 107-meter accurate demodulation at BER <10−2.
The communication range of Sisyphus can also reach over 70
meters, which is 2-4× compared to vanilla ED onWISP5 with
similar energy consumption. Sisyphus+ trades 2.7× power
for 1.5× range gain than Sisyphus, thus here Sisyphus may
have a better price/performance ratio of power/range than
Sisyphus+. 2) NLOS. We also evaluate the NLOS wireless
communication performance in the office shown in Figure
12(b). A pair of patch antennas with 12dBi is employed for
this evaluation. We fix the Tx at the same location and place
the receivers at 6 different locations of the office. Location #6
and the Tx are 2 walls away, and the others are 1 wall apart
from the Tx. We can see from Figure 13(b) that the perfor-
mance of Sisyphus+ is quite well at all 6 locations. Especially
at location #6, it can demodulate the signals that penetrate 2
walls. However, the vanilla ED equipped on WISP5 can only
work at location #1, #3 and #4. This evaluation demonstrates
the great performance of Sisyphus+ in NLOS scenarios.

9.3.2 Goodput. Having discussed the sensitivity and com-
munication performance in both LOS and NLOS, we now
turn to look at the performance of Sisyphus’s goodput. We
define goodput here as the data bit rate of the delivered pay-
load after decoding. So the goodput here is different from the
DR (overall binary bit rate delivered) we mentioned above.
We test how the goodput of Sisyphus varies with the DR by
performing 30 evaluations at 6 locations (5 evaluations at
each location) in the office, plotted in Figure 12(b). In our
evaluation, we adjust CR when SF = 7, and BW = 500kHz. Fig-
ure 14 shows the cumulative distribution function (CDF) of
30 goodput results, from where we can see that the goodput
increases with CR decreasing. This inverse relationship is
because the higher the CR, the more redundant bits are used
for FEC, and the proportion of payload bits used for data
embedding decreases. We can see that Sisyphus can support
demodulation up to 19kbps in real-world testing. Therefore,
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Figure 16: Anti-jamming result.

with extremely limited resources, we have achieved a rea-
sonably high level of communication efficiency.

9.3.3 The impact of RC filters. Our designed passive frequency-
to-amplitude conversion approach’s performance is based on
the LPF’s suppression effect of high-frequency components.
So the impact of LPF cannot be trifled with. As we described
before, the Δ𝑓 of the 1𝑠𝑡 and 2𝑛𝑑 sub-chirp within a LoRa
chirp is decided by BW. The larger the BW, the larger the
frequency interval between the two sub-symbols, and the
more effective the LPF is in distinguishing between the two
sub-symbols. This distinguishing degree has a considerable
impact on the communication performance of Sisyphus. Ad-
ditionally, the voltage drop of the mixer diode is impacted
by frequencies. So we test how BER varies with BW and
CF when RSSI = -30dBm, SF=7, CR = 1, and IF amplifier
disabled, and one RF chain is used for cable transmission.
We can observe from Figure 15 that BER decreases when
BW increases. This is exactly since the larger BW means
a better LPF suppression effect (for BW determines the Δ𝑓
between helper and data signal) and a better effect of the
spread spectrum. Therefore, we can get a more robust de-
modulation capability. Besides, in the sub-GHz level of our
evaluation, the performance of Sisyphus gets better with
increasing CF, which depends on the characteristics of the
mixer diode used. In practical implementation, it is expected
to set the -3dB cutoff frequency of LPF as low as possible,
provided that the charging rate of capacitors within the LPF
remains undistorted.

9.4 Interference Immunity Performance
In this section, we evaluate the real-world anti-interference
performance of Sisyphus (here we term the interference as
jamming, for it is deliberately performed). The IF amplifier
will not boost the anti-jamming ability of Sisyphus as it
also amplifies jamming, so we here disable the IF amplifier.
We test the communication performance under single-tone
jamming at SF = 5, 6, and 7, and we configure CF=915MHz,
BW=500kHz. To avoid other unknown interference sources
from misleading our experimental results, we add the single-
tone jamming to the downlink signals (𝑑𝑎𝑡𝑎 and ℎ𝑒𝑙𝑝𝑒𝑟 ) be-
forehand and transmit them in one RF chain through an RF

cable with pretty anti-interference ability. We have carefully
tuned the signal and interference strengths to accommodate
different JSRs. Figure 16 plots the experimental results, which
showcase that Sisyphus can achieve accurate communica-
tion (BER<10−2) with positive JSR when SF=7, validating the
theoretical discussion in §6.

9.5 Compatibility with COTS LoRa Module
This section will showcase the backward compatibility of
our communication paradigm with the COTS LoRa module.
Specifically, we build a helper emitter using a 433MHz COTS
LoRa module [31], as shown in Figure 17.
Synchronization. When employing both LoRa device

(data emitter) and helper emitter as the transmission infras-
tructure, synchronization between the two devices should
be performed. Here, we use the common adopted reference
signal for synchronization [38]. That is, one device sends a
reference packet to another one, once the LoRa device listens
to the start sign sent by helper emitter, it will convert to Tx
mode right away and synchronizes its local time and car-
rier frequency accordingly. The processing delay incurred
during this procedure remains largely consistent and can be
precisely compensated for distinct communication parame-
ters. Consequently, we are able to preemptively compensate
for the transmission and reception delays by adjusting the
transmission timing based on a preliminary estimation.

Creation strategy of helper. The ℎ𝑒𝑙𝑝𝑒𝑟 is practically a
base up-chirp, nothing but its initial frequency in baseband
is not −𝐵𝑊

2 but 𝑓𝑖 . Therefore, we can get ℎ𝑒𝑙𝑝𝑒𝑟 by adding
a delta frequency of 𝑓𝑖 − (−𝐵𝑊

2 ) on each symbol of base up-
chirps generated by COTS LoRa transceiver. Even though
this operation is invalid in LoRa’s baseband standard, we can
still achieve the frequency shifting by directly modifying the
RF, since the frequency of the up-converted signal equals
the sum of baseband frequency and carrier frequency. Intu-
itively, we may mix the up-converted base up-chirp output
by the COTS LoRa transceiver with the delta frequency to
perform frequency shifting. However, since the employed
delta frequency is less than BW the two resultant mirror
copies will overlap with each other, we cannot use filters
to pick up our desired USB. To address this, we find that
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Figure 17: Creation of ℎ𝑒𝑙𝑝𝑒𝑟 with COTS LoRa module.
The power amplifier (PA) is employed to balance the
input power between mixer’s two ports.
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Figure 18: ℎ𝑒𝑙𝑝𝑒𝑟 creation result. A helper signal is cre-
ated from the base up-chirp output by a COTS module.

in Semtech SX127x series [2], CF can be programmed via
register RegFrf, the relation is: 𝐶𝐹 = 𝐹𝑆𝑇𝐸𝑃 × 𝑅𝑒𝑔𝐹𝑟 𝑓 (23 : 0),
where 𝐹𝑆𝑇𝐸𝑃 is the frequency step with the frequency of
around 61 Hz. This allows us to assign a smaller CF for the
COTS LoRa module within ℎ𝑒𝑙𝑝𝑒𝑟 emitter than 𝑑𝑎𝑡𝑎 emitter
(LoRa device), i.e.,𝐶𝐹ℎ < 𝐶𝐹𝑑 . Therefore, the delta frequency
of |𝐶𝐹𝑑−𝐶𝐹ℎ |+𝑓𝑖−(−𝐵𝑊

2 )will bemuch larger than BW, avoid-
ing the overlap between mirror copies. We build a look-up
table (LUT) of delta frequency by offline calculation from the
above equation. We then use the MCU to manipulate the volt-
age controlled oscillator (VCO) based on the pre-established
LUT through a digital-to-analog converter (DAC) to gener-
ate the corresponding delta frequency. The delta frequency
generation and baseband output is performed synchronously.
Finally, we can pick up the desired USB using a high-pass fil-
ter (HPF). The frequency jitter caused by imperfect hardware
is very small, as low as 10Hz-level, while the symbol rate of
LoRa is typically kHz-level, thereby the frequency jitter can
hardly affect the communication. All the connectors between
each components are SMA with impedance of 50Ω, avoiding
the need for impedance matching.

Figure 18 plots the baseband results for ℎ𝑒𝑙𝑝𝑒𝑟 signal cre-
ated by our customized helper emitter and reference signal
created by LoRa device. Hence, by performing such software-
hardware co-design, the COTS LoRa module is competent
for the creation of ℎ𝑒𝑙𝑝𝑒𝑟 , thus validating the effectiveness
of our effort on the integration.

10 RELATEDWORK
At present, low-end IoT devices are becoming the mainstay
of IoT markets. To drive their wider deployment, further re-
ductions in cost and energy consumption are critical. There
is a flurry of research on this. EkhoNet [39], R2B [40], and
LEGO [41] propose to remove the redundancy of computa-
tion or chip control on end devices, significantly saving the
power and fabrication cost. There are also tremendous works
on ultra-low-power communication, including the downlink
(receiver) and uplink (backscatter).

Low power receiver.According to their key optimization
objective, we categorize them into: i. Down-conversion:
The most common solution trying to break down the power
of down-conversion is to exploit the diode mixer for passive
down-conversion [16, 17, 42–47]. They leverage the exter-
nal source for carrier generation. The difference between
their solution and ours is: we perform passive dc2 of LoRa in
one shot while they can only down-convert the non-spread-
spectrum signal to the single-tone lower frequency. In other
words, their solution is futile for the popular spread-spectrum
technologies; ii. De-spreading: To enhance the communi-
cation performance of low-end IoT devices, researchers de-
voted to ultra-low-power spread spectrum communication
systems. Passive DSSS [34] achieves the passive de-spreading
of DSSS signal by employing another channel to carry syn-
chronized spreading code. But it can merely de-spread the
vulnerable OOK modulated signal, leading to its limited gain
compared to vanilla ED while consuming 3× power. And
their RF link adheres to a 2Tx-2Rx architecture, where the
two frequency-divided RF channels operate independently or
in a quasi-orthogonal manner. Consequently, during commu-
nication, synchronization must be meticulously maintained
between the two channels not only at Tx side but also Rx
side, introducing substantial additional costs and complexity.
Moreover, 𝜇Mote [48] introduces a pair of twin up-chirps
for passive chirp signal reception. Nevertheless, they can
only de-spread the customized non-LoRa chirps, rather than
LoRa-standard signal. And 𝜇Mote carries only one bit data
on every symbol in its waveform design, while Sisyphus can
carry multi-bit data by relying on LoRa’s PHY modulation
scheme so that its bit energy budget is essentially lower than
𝜇Mote. Particularly, Saiyan [13] is the most related work
to ours. It uses the converted envelope for demodulation,
without engaging in the de-spreading of LoRa. So it has
no interference resilience capability, defeating the original
purpose of implementing spread spectrum techniques. In
contrast, our work enables passive de-spreading of LoRa,
thereby maintaining pretty interference immunity.
LoRa backscatter systems. Benefiting from the ultra-

low-power nature, backscatter communication is in the spot-
light as one of the low-end IoT devices. However, most of
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them suffer from extremely short range. There has been a
large volume of recent works [8–12, 49, 50] on long-range
backscatter communication. By introducing LoRa carrier into
backscatter communication, they can obtain the processing
gain of CSS and thereby longer uplink range. However, in
contrast, applying LoRa demodulation on a downlink will
involve much of an unaffordable energy budget. So they can
only use the vanilla ED for packet-level detection on down-
link. The highly efficient communication calls for symbol-
level demodulation. Thus, an asymmetric plight arises be-
tween uplink and downlink communication. Sisyphus may
break this tough obstacle by ultra-low-power symbol-level
LoRa demodulation with passive dc2.

Offloading in IoT systems. There are a range of works
committing to offloading the most on-device power/cost-
intensive components to the edge gateway, including but
not limited to LO [8–12, 16, 17, 46, 48, 49, 51–58], storage
[59], ADC [60] and processor [40, 61, 62]. Sisyphus shifts the
tricky generation burden of carrier and signal for de-chirping
to the existing gateways in the LoRa network.

11 DISCUSSION
In this paper, we provide a suitable solution for the sub-mW
LoRa receiver. There are some concerns in our design, as
discussed in the following.
Range compromise. Although Sisyphus seems to have

a limited range in Figure 13(a), however, this is based on
our power of no more than 400𝜇W (PCB). Our contribution
lies in passive 𝑑𝑐2, granting extra processing gain with no
need for on-device energy, which provides us a better value
for the money we pay. If we implement Sisyphus with an
IC and add a low-power CMOS-based LNA [63] with 20dB
gain, Sisyphus can communicate over 500m with no more
than 1mW power. This represents a 100× power saving com-
pared to legacy LoRa receivers, with a maximum 15× range
compromise, which can be a trade-off and manually tunable.
Additional channel usage.We have demonstrated the

feasibility of creating ℎ𝑒𝑙𝑝𝑒𝑟 by applying software-hardware
modification on the COTS LoRa module in §9.5. However,
due to our used ℎ𝑒𝑙𝑝𝑒𝑟 signal, the deployability of Sisyphus
might still be challenged, for the possible employment of
additional channel. This is a shared trait with backscatter-
represented passive communication, and we’re seemingly
no exception. But in fact, when integrated into a backscatter
device, Sisyphus not only enhances the downlink robustness
but also confers a dual benefit by leveraging the existing
base station infrastructure that the backscatter device in-
herently depends on, thereby mitigating the necessity for
additional gadgets. And we believe that with the dramatic
growth of LoRa, a substantial fraction of LoRa-based gate-
ways can easily cope with multi-channel communication

[64–66]. Furthermore, we acknowledge that ℎ𝑒𝑙𝑝𝑒𝑟 signal
may affect non-Sisyphus LoRa communication that locates
in the non-orthogonal channel (i.e., has the same FM slope)
with Sisyphus. To minimize this side effect, we hold that a
carrier-sense multiple access (CSMA) protocol [67] can work
for Sisyphus to avoid its collision with other non-Sisyphus
communication.
Passive mixer. Passive dc2 using Schottky diode based

mixer will cause energy loss of received signal. Because we
only utilize the LSB for demodulation and most of the other
harmonics are filtered out. We incorporated a dual-diode
mixer to mitigate this issue. We may employ a biased double-
balanced mixer to cancel the fundamental for desired signal
enhancement, but this will incur extra energy consumption.
This is a trade-off problem.

Limited available SFs. Sisyphus keeps the SF below 8
when 𝐵𝑊 ≥ 125kHz for robust communication, which is
proportional to the varying step of PWM signals’ duty-cycles
(i.e., chip duration of LoRa symbol, equals 1

𝐵𝑊
). The larger

the varying step, the more duty-cycles we can distinguish.
the larger SF can be applicable. So if we use a lower 𝐵𝑊
(official BW is 7.8kHz minimum), larger SFs can be applied to
Sisyphus. On the other hand, as §9.3.3 demonstrated, lower
𝐵𝑊 may impair communication performance, whereas larger
SFs in exchange can strengthen communication in some
respects. There is a trade-off between larger SFs and lower
BWs as well.

12 CONCLUSION
This paper proposes an ultra-low-power LoRa receiver called
Sisyphus, designed for addressing the runtime energy con-
sumption of LoRa receiver. Benefiting from our redesigned
receiver architecture and passive dc2 methodology, Sisyphus
can achieve promising power savings of 27.2dB (530×) with
its disadvantaged PCB prototype compared to legacy IC-
implemented LoRa receiver. This power level is comparable
to that of vanilla ED but offers at least 3× communication
range. The experimental result also shows that Sisyphus
can retain LoRa’s anti-interference ability with zero energy
consumption. Sisyphus is expected to pave the way for self-
sustainable and around-the-clock operation of LoRa devices.
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