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Abstract
A long-standing challenge for LoRa devices has been to en-
able ultra-low-power reception that supports always-on lis-
tening while preserving the standard LoRa PHY and com-
patibility with existing COTS transmitters. Currently, COTS
LoRa radios fail to support spontaneous actuation due to the
prohibitive receive power (∼43.5 mW) required to listen con-
tinuously, which effectively locks out applications that fall
under LoRaWANClass C. Recent works achieve substantially
lower receive power, but either require modified physical lay-
ers and coordinated helper transmissions, or forgo dechirp-
ing and the range it provides. To this end, we present Hark,
an ultra-low-power LoRa receiver that enables always-on
listening at 1.90 mW while fully demodulating and decod-
ing standard frames from unmodified COTS transmitters.
We achieve this by pairing a novel digital wake-up pipeline
with an analog tunnel-diode oscillator frontend that exhibits
autodyning and is disciplined by a shared, unsynchronized,
unmodulated carrier emitter. Specifically, Hark samples the
channel at a fraction of the Nyquist rate to minimize com-
pute and ADC power, yet successfully demodulates standard
LoRa frames even below the noise floor. Hark demonstrates
a communication range of nearly 500 m while still reducing
receive power by over 22× compared to the COTS LoRa re-
ceiver. Hark therefore targets deployments where standard
LoRa transmitters must remain unmodified and a receiver-
side carrier emitter can be shared across multiple receivers.

CCS Concepts
• Hardware→Wireless devices.

Keywords
LoRa, ultra-low-power receiver, tunnel diodes.

This work is licensed under a Creative Commons Attribution 4.0 Interna-
tional License.
MobiCom ’26, Austin, TX, USA
© 2026 Copyright held by the owner/author(s).
ACM ISBN 979-8-4007-2505-0/2026/10
https://doi.org/10.1145/3795866.3844153

ACM Reference Format:
Amalinda Gamage, Pramuka Sooriya Patabandige, Spanddhana
Sara and Ambuj Varshney. 2026. Hark: Breaking Receiver Power
Limits of LoRa. In The 32nd Annual International Conference on
Mobile Computing and Networking (MobiCom ’26), October 26–30,
2026, Austin, TX, USA. ACM, New York, NY, USA, 16 pages. https:
//doi.org/10.1145/3795866.3844153

1 INTRODUCTION
On-demand downlink communication for battery-powered
devices is a critical feature that can push the boundaries of
next-generation industrial and residential LPWANs. How-
ever, this feature is difficult to enable given the high energy
cost of continuous listening that cannot be supported by
battery-powered IoT devices.

Battery-powered IoT devices are now embedded in every
corner of our world—in farms [64], factories [28], roads [5],
rivers [6, 7, 9, 28], and homes [36]. They often operate in re-
mote, infrastructure-poor environments where conventional
short-range wireless networks fall short. To communicate
across large, obstructed areas over the shared ISM spectrum,
LPWAN technologies commonly trade off data rate to achieve
long-range and low-power communication [16].
LoRa is widely recognized for its robust performance in

challenging environments. For example, a LoRa radio can
demodulate frames −20 dB below the radio noise floor [51].
This low-SNR capability, combined with other features such
as concurrent transmissions on the same physical channel
via orthogonal spreading factors and strong interference re-
silience, enables LoRa to deliver long-range communication
at scale. Over the past decade, LoRa has evolved to become
one of the most widely adopted LPWAN technologies, with
over 125 million end-devices deployed globally [35]. When
pairedwith aggressive duty cycling, a COTS LoRa transceiver
can enable sensing applications to last years on a battery.
Even under LoRa’s most resilient configuration of SF-12, a
single 16-byte uplink consumes under 250 mJ1. At one up-
link per hour, total daily energy stays below 6 J, which a
standard 0.7 Wh coin cell can sustain for over a year. As a
result, LoRa has become the de facto modulation for wide
area sensing, where devices only wake up briefly to transmit
and stay asleep for the vast majority of time.
1The SX1262 draws approximately 38.5 mA when transmitting at +14 dBm
under SF-12, measured using the Nordic Power Profiler Kit II [40].
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Consequently, this offloads the burden of continuous listen-
ing for uplinks to LoRa gateways, which are typically grid-
powered and not energy-constrained. This uplink-dominated
architecture has proven to be remarkably energy efficient for
sensing applications. But it breaks down when applications
require immediate responses from devices that must listen
continuously, not just speak.
Consider the following constraint: LoRaWAN operators

often need to request urgent uplinks or push time-critical
downlinks outside pre-programmed schedules. But most
battery-powered devices operate under LoRaWANClass A to
conserve energy, which restricts reception to a short window
immediately following an uplink. A downlink that arrives
outside this window cannot be delivered because the radio
is asleep. For example, actuating a smart water meter from a
moving utility vehicle is impossible if the meter sleeps while
the vehicle is in range. When the actuating gateway passes
by, the transient opportunity to deliver a command or col-
lect fresh data is lost. Even a simple status query suffers the
same limitation. A user who asks "Is the valve open?" might
wait hours for an answer under Class A. Such use cases are
rare today not because they are unimportant, but because no
commercial LoRa transceiver enables continuous listening
without draining the energy budget.

The LoRaWAN standard defines Class C specifically to
support such on-demand downlinks. However, the protocol
is ahead of hardware capabilities. Today’s COTS LoRa ra-
dios lack the efficiency to sustain the continuous listening
that Class C requires. The SX1262, for example, consumes
43.5 mW in receive mode, which would demand large batter-
ies or mains power. Battery-powered devices therefore oper-
ate within Class A in practice, where an unscheduled down-
link must wait for the next uplink-triggered receive window.
Our design reduces this consumption to 1.90 mW. While

still demanding on a coin cell, the reduction allows contin-
uous listening for over 160 days on a pair of AA batteries,
or indefinitely with a credit-card-sized solar panel. We envi-
sion applications in smart infrastructure as well as transient
gateway scenarios, such as drive-by, walk-by, or fly-by in-
teractions, where mobile gateways on cars, trains, drones,
or satellites can trigger devices without prior scheduling.
Ultra-low-power listening can therefore enable a new class
of IoT that supports timely downlink delivery.

Low-power continuous listening can also augment Indus-
trial IoT toward on-demand machine-to-machine control.
These deployments already collect sensor data reliably but
cannot act on it immediately without human intervention.
A continuously listening end-device can change this. A gate-
way could query machine health sensors in a plant [26, 53],
check fuel levels in storage tanks [24], trigger forest-fire
alarms [33] on demand instead of waiting for the next up-
link, or push an actuation command the moment an anomaly
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Figure 1: Overview of Hark: (A) LoRa frame arrives at 𝐹𝑅𝐹 . (B) The
tunnel diode mixes it with its own carrier at 𝐹𝐿𝑂 , which an external
emitter holds in injection lock, and the autodyning property of the
diode produces an IF copy of 𝐹𝑅𝐹 at 𝐹𝐼𝐹 . (C) A bandpass filter isolates
𝐹𝐼𝐹 , which is then amplified, digitized, and demodulated.

is flagged, rather than dispatching technicians [41]. Reliable,
low-latency downlinks can therefore turn passive sensing
deployments into responsive ones that can ultimately help
businesses scale and increase revenue [30].

Recent efforts, such as Sisyphus and 𝜇Mote [54, 65], have
demonstrated ultra-low-power reception by rethinking the
receiver architecture. However, they make tradeoffs in com-
patibility or range to achieve such power budgets. 𝜇Mote em-
ploys a custom frame structure where every data chirp must
be accompanied by a reference chirp, which modifies the
LoRa physical layer and breaks COTS compatibility. Sisyphus
requires time-synchronized helper chirps from a secondary
LoRa transmitter which significantly adds complexity, as
each frame requires synchronized transmissions from two
devices. While these prior works dominimize receiver power,
they don’t support direct compatibility with COTS devices.
Hark does not achieve the lowest receiver power among

these efforts. If an application permits physical-layer modi-
fication, 𝜇Mote reaches comparable range at 62 𝜇W. But that
range is delivered at one bit per symbol instead of 𝑆𝐹 bits
per symbol, so the transmitter spends roughly an order of
magnitude more airtime and energy per delivered byte. If
per-frame synchronized helper transmissions are practical,
Sisyphus offers 162.7 𝜇W. But the helper occupies a second
channel, which halves the spectrum available for data. Hark
instead targets the case where receivers must accept standard
LoRa frames from unmodified COTS transmitters without
per-packet coordination. In exchange, Hark accepts a higher
receiver power of 1.90 mW and a shared unmodulated emit-
ter that needs no synchronization with the transmitter, and
in return retains the full LoRa demodulation and decoding
pipeline. This design is particularly relevant to deployments
where existing LoRa transmitters and gateways should re-
main unchanged and shared receiver-side infrastructure can
be amortized across many receivers.
Hark is a hardware–software co-designed LoRa receiver

that (i) enables always-on listening at 1.90 mW, (ii) receives
standard frames from unmodified COTS transmitters, and
(iii) achieves nearly 500 m range. Hark contributes the fol-
lowing:
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Microwatt Baseband Conversion. COTS LoRa receivers
use power-hungry PLLs and mixers for downconversion [49].
Hark challenges this design by replacing these with an ultra-
low-power autodyning frontend based on a tunnel diode
oscillator (TDO) [37, 38]. While prior work has demonstrated
autodyne receivers for narrowband reception such as FSK [37],
it remains an open research question whether autodyning
frontends can support complexmodulations like LoRa, which
require larger bandwidths and a digital demodulation pipeline
that is key to demodulate frames buried below the noise floor.
We experimentally demonstrate that an injection-locked au-
todyning frontend based on a single tunnel diode can success-
fully downconvert LoRa frames and track the demodulation
performance of its COTS counterpart well into the negative
SNR range, which has not been demonstrated before.
Sub-Nyquist Wake-Up Pipeline. We show that LoRa

frame detection does not necessarily require full-rate sam-
pling.We use this insight to design a digital wake-up pipeline
that operates at a sub-Nyquist rate. We show that by exploit-
ing a signature arising from the periodic nature of the LoRa
preamble, our novel multi-chirp stacking algorithm recov-
ers detection sensitivity even when signals are aliased and
buried below the noise floor. This substantially reduces ADC
power and MCU processing load, and decouples the higher
energy cost of frame demodulation from frame detection.
Addressing. In dense deployments, receivers inevitably

detect frames intended for nearby nodes. Invoking the full
demodulation pipeline for every detected frame wastes sig-
nificant energy. Hark minimizes this waste by discarding
unintended traffic early. It achieves this using the NetID field,
which is mandatory on all LoRa frames and supported by
all LoRa radios. The two NetID symbols immediately follow
the preamble and lack Gray-coding, whitening, or Forward
Error Correction. Hark leverages this unencoded property
to verify the address without invoking the heavy decoding
pipeline. This yields a lightweight addressing mechanism
that requires no modifications to the LoRa PHY.

Open-Source Demodulator.We implement a complete
LoRa demodulator in C using the ARMCMSIS library for DSP
operations. Unlike existing open-source demodulators such
as gr-lora [45] and others [56, 69], which rely on compute-
intensive DSP operations that are challenging to perform
on low-power MCUs, our implementation is optimized for
resource-constrained MCUs. In Section 3, we show that this
demodulator matches the full SNR range of the COTS LoRa
radio. We release this implementation to the community [17].

2 BACKGROUND
This section reviews the LoRaWAN link-layer protocol, the
underlying LoRa physical layer, and the hardware constraints
of commercial radios that motivate the design of Hark.

2.1 LoRaWAN Classes
The LoRaWAN protocol operates at Layer-2 of the OSI stack.
It implements Media Access Control (MAC) and Logical Link
Control (LLC) on top of the LoRa physical layer. LoRaWAN
categorizes end-devices into three distinct classes based on
the trade-off between power consumption and downlink la-
tency [34]. Class A relies on uplink-triggered downlinks and
is the most widely adopted. These devices spend the major-
ity of their time in sleep mode and receive downlinks only
during the short windows immediately following an uplink.
This strategy minimizes power consumption at the cost of
downlink latency, as the gateway cannot send data until
the device initiates an uplink. Class B utilizes beacon-based
downlinks, where devices open scheduled receive windows
to receive periodic gateway beacons. It is a middle ground
between Class A and Class C, where maximum downlink
latency is set by the beacon period. Finally, Class C man-
dates continuous listening where devices remain in receive
mode indefinitely. Consequently, Class C is currently feasible
only for mains-powered devices; Hark aims to address this
specific limitation for the battery-powered IoT.

2.2 LoRa Modulation
LoRa communication takes place over the shared ISM bands,
such as the 868 MHz band. LoRa networks divide this band
into multiple frequency channels, where each channel is
utilized for both uplinks and downlinks.

A LoRa frame consists of multiple chirps that each sweep
the channel bandwidth 𝐵𝑊 linearly. Each chirp spans one
symbol duration of 𝑇𝑠𝑦𝑚 . LoRa uses three distinct chirps to
build a frame. An upchirp ramps upward from 𝑓min to 𝑓max,
corresponding to a frequency sweep from −𝐵𝑊 /2 to +𝐵𝑊 /2
in baseband, where 𝑓max − 𝑓min = 𝐵𝑊 . A downchirp ramps
in the opposite direction. A data chirp starts at an offset
𝑓sym above 𝑓min, sweeps upward to 𝑓max, wraps back to 𝑓min,
and continues until it completes a full sweep. The symbol
duration is fixed across the frame and follows 𝑇𝑠𝑦𝑚 = 2𝑆𝐹

𝐵𝑊
.

As such, a higher spreading factor 𝑆𝐹 increases 𝑇𝑠𝑦𝑚 and
thus the airtime. Increasing 𝑆𝐹 by one roughly doubles the
energy to send the same payload. But in return, the LoRa
frame becomes more robust against noise and interference,
which significantly extends the communication distance.

A LoRa base upchirp, which linearly increases its fre-
quency from −𝐵𝑊 /2 to +𝐵𝑊 /2 over one symbol duration,
is given by:

𝐶(𝑡 ) = 𝑒 𝑗2𝜋 ( 𝑓0𝑡+ 1
2𝑘𝑡

2)

where 𝑓0 = −𝐵𝑊2 is the initial frequency and 𝑘 = 𝐵𝑊

𝑇𝑠𝑦𝑚
is the

gradient of the chirp. 𝑆𝐹 sets 𝑇𝑠𝑦𝑚 and therefore controls 𝑘 .
A modulated chirp is obtained by applying a frequency shift
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𝑓sym to this base upchirp:

𝑆(𝑡 ; 𝑓sym) = 𝐶(𝑡 ) · 𝑒 𝑗2𝜋 𝑓sym𝑡 (1)
The shift 𝑓sym takes one of 2𝑆𝐹 values, so each chirp carries 𝑆𝐹
bits. To recover 𝑓sym, the receiver multiplies each incoming
chirp with the base downchirp 𝐶(𝑡 ):

𝑆(𝑡 ; 𝑓sym) ·𝐶(𝑡 ) = 𝑒 𝑗2𝜋 𝑓sym𝑡 (2)
This process, known as dechirping, transforms the received

chirp into a tone at 𝑓sym. This achieves two things. First, when
the receiver applies an 𝑁 -point FFT to the dechirped sam-
ples, the index of the highest FFT peak maps directly to the
originally transmitted 𝑓sym. Second, dechirping concentrates
the received symbol’s energy, which was spread over the full
channel bandwidth, into a single bin while noise remains
distributed across all bins. This concentration is a key aspect
that allows demodulating LoRa frames even when they fall
below the noise floor.
A LoRa frame has four segments: a preamble of multiple

base upchirps, two NetID chirps that encode the network
ID, a Start Frame Delimiter (SFD) of 2 1

4 downchirps, and a
sequence of data chirps that carry the payload. The preamble
helps with packet detection and coarse synchronization. The
NetID lets the receiver check whether an incoming frame
is from an expected network. The end of the SFD marks the
start of the first payload symbol and provides the sample-
level timing accuracy needed for demodulation.

2.3 Bottleneck of COTS Receive Power
A COTS LoRa radio operates in three modes: transmit, re-
ceive, or sleep. We measure the power consumption of a
Semtech SX1262 LoRa radio in each mode using the Nordic
Power Profiler Kit II [40]. Fig. 3 shows the results. The ra-
dio draws 0.8 µA in sleep, 13.2 mA in receive mode, and
38.5 mA when transmitting a 16 B frame at 14 dBm under
SF-12 at 3.3 V. Continuous listening draws about 1.6 × 104

times the sleep current. Over a 24 h day, continuous listening
corresponds to 3.76 kJ (∼ 1.05 W h), which would deplete a
0.7 W h standard coin cell in less than a day. The same coin
cell can sustain hourly 16 B uplinks for over a year. This gap
shows that while duty cycled sensing applications can last
for over a year on tiny batteries, round the clock listening
is not feasible.
To understand this gap, we look into the receive chain

of a COTS LoRa radio in Fig. 2. In receive mode, the LNA
continuously amplifies the incoming RF signal. A two port
mixer, driven by a PLL based Local Oscillator (LO), downcon-
verts the RF signal to baseband. For a LoRa frame within the
868 MHz band, the PLL tunes the LO to a nearby frequency
in the same band so that mixing the two produces a low
frequency baseband copy of the frame around 100 kHz. The
baseband is then filtered, digitized by the ADC, and processed

Baseband
ADCLNA MCU

Mixer

Frequency
synthesizer

Samples LoRa
payload

Figure 2: Simplified receiver chain of a COTS LoRa Radio.
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Figure 3: Current draw of SX1262 in sleep mode, in listening mode
for five seconds, and transmitting 16 bytes at 14 dBm under SF-12.

by the MCU to perform detection followed by demodulation.
Three blocks dominate receive power. From highest to low-
est, these are the mixer and PLL used for downconversion,
the LNA used for small signal amplification, and the base-
band MCU that runs the LoRa PHY. We note that modern
ADCs contribute very little to the total power, as 12-bit ADCs
that can sample at four times the Nyquist rate needed for
LoRa frames still operate at microwatt levels [58]. Signifi-
cant reductions in overall receive power therefore require
lowering the power consumption of the radio frontend and
the baseband processor. But doing so is not straightforward.
The LO and mixer greatly affect the purity of the baseband
copy. Recall that LoRa demodulation depends on dechirping
to concentrate the received symbol’s energy into a single
FFT bin, so the corresponding peak sits reasonably above
the noise floor. If the LO is noisy or unstable, or if the mixer
incurs high conversion loss, demodulation starts to fail at a
much higher SNR which results in decreased range.
COTS LoRa radios do offer a Channel Activity Detection

(CAD) mode, which confirms the presence (or absence) of an
ongoing LoRa frame without invoking the full payload de-
modulation pipeline [16]. CAD briefly switches the radio into
receive mode for several chirps and correlates the samples
with a local chirp to determine whether a specific combina-
tion of channel and spreading factor is in use.While useful for
CSMA, it is not a viable tool to enable continuous listening on
battery-powered devices for two reasons: First, CAD draws
14 mW on average; invoking it repeatedly pushes system
power into the tens of milliwatts, even before accounting for
the MCU energy expended reconfiguring the radio for each
CAD. Second, even if we resort to duty cycled CAD to save en-
ergy, for example performing CAD every couple of seconds,
it still risks missing frames that start between those windows.
We therefore seek an alternative frontend that performs

RF-to-baseband conversion at a much lower power budget
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while preserving the spectral purity required for below-noise-
floor LoRa demodulation. An injection-locked TDO exhibit-
ing autodyning is one such candidate. We first review the
TDO, its autodyning property, and prior work that uses it
for long-range communication. We then quantify its down-
conversion performance relative to a COTS frontend.

2.4 Tunnel Diodes as Microwatt Mixers
A tunnel diode is a semiconductor device with a heavily
doped PN junction whose current–voltage curve exhibits a
region of negative resistance. In a conventional diode, the
forward current increases monotonically with forward-bias
voltage. In a tunnel diode, the current first increases and
then decreases as the bias voltage is increased further, as
shown in Fig. 4. When biased within this negative resistance
region, the diode behaves as a free-running oscillator. Cou-
pling it with an LC resonant network lowers the frequency
of oscillation and adds a degree of stability. The total power
consumption of a TDO lies within the microwatt range.
Autodyning refers to the operating mode in which an RF

oscillator simultaneously generates a local carrier and mixes
that with incoming RF signals through its nonlinearity to
produce Intermediate-Frequency (IF) outputs. TDOs by de-
fault operate in the autodyning mode. Therefore, employing
a single TDO instead of two separate devices for LO gener-
ation and for mixing can help bring down the total power of
an RF frontend frommilliwatts to microwatts. This reduction
in power is not without cost, as TDOs trade off stability for
low power consumption. As a result, a free running TDO has
higher phase noise and frequency drift as compared to off-
the-shelf PLL based LO generators [62]. Additionally, TDO
stability can also be affected by environmental factors, e.g.,
fluctuations in temperature, humidity [60].

Most oscillators are inherently subject to injection locking.
This allows them to couple and synchronize with each other
[10, 39]. TDOs too can therefore be stabilized this way. Prior
work shows that a precision injection-locking carrier signifi-
cantly improves the phase noise and frequency stability of a
TDO [63], which is consistent with classical injection-locked
oscillator behavior reported for other RF oscillators [8]. In
this configuration, a separate emitter transmits the carrier,
and the TDO locks to it even when the emitter is located at
a considerable distance from the receiver. This is because
the strength of the injection-locking carrier does not strictly
determine the power of the LO. The TDO is an active oscilla-
tor that produces its own tone; the carrier merely disciplines
its frequency and phase. Unlike helper signals which may
require per-frame synchronization and customization, this
carrier is a static, unsynchronized single tone which can
discipline multiple TDOs across a large deployment area.

These properties have motivated the use of tunnel diodes
across a large body of RF works. Prior works have employed
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Figure 4: Current–voltage characteristics of the GE1N3712 tunnel
diode. The shaded negative-resistance region, where current de-
creases with increasing voltage, is the operating region of TDOs.

tunnel diodes as a key component to build transmitters that
achieved communication distances of several kilometers
while operating at microwatt power [1–3, 11, 15, 27, 60–62].
SoMix [37] is the first to demonstrate low-power reception
with an autodyning tunnel diode frontend using 2-FSK. Un-
der LoS experiments, it receives 2-FSK frames transmitted
at 30 dBm over 125 m while the frontend consumes only
100 µW. For its 2-FSK operation, an incident emitter strength
of −70 dBm at the receiver was sufficient to hold the TDO in-
jection locked. Hark builds on this frontend to enable COTS-
compatible LoRa reception.
Cost and Availability. While tunnel diodes currently cost
more than conventional diodes, this is a byproduct of low
production volumes rather than fabrication complexity. Be-
cause their internal architecture is intrinsically simple, they
were successfully mass-produced at scale decades ago [12].
They were phased out because their extremely low-power
nature was a disadvantage at the time. That same character-
istic now makes them highly desirable for ultra-low-power
transceivers. As recent RF research continues to demonstrate
their value for microwatt reception [1, 2, 37, 60, 62, 63], the
renewed demand could motivate large-scale manufacturing.

3 ENABLING LOW-POWER BASEBAND
Prior works have demonstrated that injection-locked TDOs
can serve as low-power frontends for simple modulation
schemes such as OOK and FSK. However, LoRa modulation
is more demanding, and successful demodulation depends
on the spectral purity of the final baseband signal. We must
therefore answer a fundamental question: Could a TDO fron-
tend preserve the baseband spectral fidelity needed for LoRa
demodulation? Our results show that it tracks the receive per-
formance of a COTS radio with negligible reduction in SNR.
We establish this with a cabled experiment in which the

TDO frontend and the reference COTS receiver observe iden-
tical signal and noise conditions across all iterations. As
shown in Fig. 5b, the SX1262 transmitter sends standard LoRa
frames on SF-12 at 𝐹𝑅𝐹 . The USRP B200 generates two signals
on the same output: a CW tone that serves as the injection
locking carrier, and band-limited Gaussian noise across the
LoRa channel. Both the LoRa transmitter and the USRP feed
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Figure 5: Demodulation performance of the TDO frontend: (a) The TDO frontend. (b) Cabled setup to deliver identically attenuated LoRa frames
to both the TDO frontend and the COTS SX1262 receiver. (c) Frequency downconversion: the incoming LoRa frame at 𝐹𝑅𝐹 = 875.6 MHzmixes with
the TDO carrier at 𝐹𝐿𝑂 = 875.468 MHz within the TDO (top), and produces a low-frequency IF copy centered at 132 kHz (bottom) that is digitized
for baseband demodulation. (d) PRR under varying SNRs shows that the TDO frontend can track the COTS performance well into negative SNRs.

into an RF combiner. The combined signal passes through at-
tenuators and into an RF splitter whose outputs feed both the
reference SX1262 COTS LoRa receiver and the TDO frontend.
The IF output of the TDO frontend was fed to a Signal

Hound BB60C configured in SDR mode. The BB60C was
tuned to a center frequency of 150 kHz with a sampling rate
of 650 kSPS to digitize the IF output and produce IQ data.
Fig. 5c visualizes this downconversion. The LoRa frame at
𝐹𝑅𝐹 and the TDO’s carrier at 𝐹𝐿𝑂 are both visible in the RF
spectrum alongside a second-order mixing product. Below
the RF band, a clean IF copy of the frame appears at 𝐹𝑅𝐹 −𝐹𝐿𝑂 .
This is the signal Hark filters, amplifies, and demodulates.

We sweep through LoRa’s effective SNR range by adjust-
ing the USRP noise power, the transmitter output power, the
attenuation, or a combination of the three. At each SNR point,
the transmitter sends 10 frames. We repeat this procedure for
10 runs. This yields 100 frames per SNR. The SX1262 receiver
reports the SNR for each received frame under the same con-
ditions. We use the averaged reported SNR as ground truth
for both paths. We compute PRR for the TDO path by pro-
cessing the recorded IQ traces with our custom C-based LoRa
demodulator, the same codebase that runs on the MCU in
the full Hark prototype. We compute the PRR of the COTS
path directly from the SX1262 reception logs.

Fig. 5d plots PRR against SNR for both the COTS receiver
and the TDO based pipeline. The results show that the tunnel
diode frontend tracks the COTS performance closely. Both
curves exhibit the waterfall drop-off at similar SNR values.
This indicates that autodyning introduces a negligible SNR
penalty and well preserves the signal integrity required for
LoRa demodulation. The frontend is therefore unlikely to be
the dominant sensitivity bottleneck in our prototype. Con-
straints will likely come from subsequent analog stages or
low-power signal processing requirements. This validation
motivates the specific design choices of Hark described next.

4 METHODOLOGY
Hark targets continuous listening and aims to achieve three
design goals. First, it must be COTS compatible. Second, idle
listening power must be low enough to run the receiver for
months on a small battery or indefinitely from a credit-card-
sized solar panel. Third, it must retain the key features of
LoRa demodulation such as below noise floor operation.
Benefits of COTS Compatibility. LoRaWAN already

benefits from extensive global adoption, which includes over
125 million deployed LoRa nodes [35] connected to both
terrestrial and non-terrestrial gateways. Therefore, being
fully COTS compatible allows for faster integration with this
ecosystem. In contrast, being merely LoRa-like falls short of
full compatibility, which slows adoption. We define COTS
compatibility as receiving a standard LoRa frame from a
transmitter that is oblivious to requirements outside the
LoRa PHY.
4.1 Design of the Frontend
Hark’s frontend converts an incoming LoRa frame at 𝐹𝑅𝐹
to a low-frequency IF signal suitable for digital processing.
Fig. 6 shows the complete signal chain. The chain consists
of six stages: baseband conversion, bandpass filtering, am-
plification, coupling, sampling, and baseband processing.

The tunnel diode in the TDO frontend is biased within its
negative resistance region and coupled to an LC resonant cir-
cuit tuned within the sub-1 GHz band. An injection-locking
carrier disciplines the TDO as described in Section 2.4, and
this way the TDO generates a stable local carrier at 𝐹𝐿𝑂 .
When an incoming LoRa frame arrives at 𝐹𝑅𝐹 , it is mixed
with the TDO’s 𝐹𝐿𝑂 . Hark focuses on the IF copy of the LoRa
frame centered at 𝐹𝐼𝐹 = 𝐹𝑅𝐹 − 𝐹𝐿𝑂 , which we tune to fall
at approximately 100 kHz by making a slight adjustment to
𝐹𝑅𝐹 and 𝐹𝐿𝑂 . Because the TDO’s output contains the desired
𝐹𝐼𝐹 alongside harmonics and intermodulation products, we
include a multiple-feedback bandpass filter tuned to 100 kHz
with a 130 kHz passband to suit LoRa’s 125 kHz operation.
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This ensures that spectral content outside 𝐹𝐼𝐹 is highly at-
tenuated before reaching the ADC. Without this filter, these
components would alias into 𝐹𝐼𝐹 and degrade both detection
and demodulation.

This filtered IF signal is weak. The TDO frontend incurs 25–
30 dB of conversion loss [37], and the LoRa frames Hark tar-
gets operate well below the noise floor. Three low-power op-
amp stages amplify the IF signal before digitization. We set
the gain so that the amplified noise floor alone swings across
the full input range of 0 to 1.8 V of the ADS7042 ADC, cover-
ing all 12 bits evenwhen no frame is present. The rationale be-
hind this approach is that, at negative SNRs, the LoRa signal
is buried in noise and is indistinguishable from it in the time
domain. The signal would only reveal itself after dechirping
concentrates energy into a single FFT bin. Fixing the system
gain to serve strong positive SNR signals would mean signif-
icant degradation for frames below the noise floor. Setting
the gain to fill the ADC range at rest ensures that weak LoRa
frames are digitized using the maximum ADC resolution.
The amplified signal is then AC-coupled to remove the

DC offset introduced by the amplifier. A resistive divider re-
centers the signal at the midpoint of the ADC range (0.9 V).
This ensures that the bipolar IF signal is symmetrically placed
within the unipolar ADC range. The external 12-bit ADC
digitizes this IF signal. The MCU drives the ADC over SPI
and collects samples at the rate required by the operating
mode: sub-Nyquist rate during continuous detection, full
Nyquist rate or higher during demodulation. Because sam-
pling modestly above Nyquist has been shown to signifi-
cantly improve demodulation performance [29, 69], Hark
samples at 2× Nyquist during demodulation. The MCU re-
ceives the digitized samples and performs detection, syn-
chronization, and demodulation. All DSP operations strictly
use the ARM CMSIS library.
IF Gain Control. Hark omits amplification at RF. The

antenna feeds the tunnel diode directly, so all amplification
happens at IF. Recall that we set this gain against the noise
floor so that all 12 ADC bits are utilized. At higher SNRs the
same setting would drive the signal beyond 1.8 V, so the gain
is lowered to keep the IF signal within the ADC range. We
set this manually during experiments. Automating this task
is left for future work.
Saturation at High SNRs. Under high received signal

strengths, two distinct saturation limitations can occur. First,
for a given IF-gain setting, a frame arriving well above the
expected signal level can drive the amplified IF beyond the
ADC input range, causing clipping and demodulation failure.
Second, at much higher input power, the incident RF swing
can drive the tunnel diode’s instantaneous operating point
outside the negative-resistance region in Fig. 4, degrading
injection locking and autodyning. At still higher incident
power, the RF excitation can drive the tunnel-diode junction

current beyond its absolute maximum rating. Because tunnel
diodes have extremely small junction areas, such overcurrent
can produce rapid localized heating and permanent device
damage [47].

4.2 Enabling Continuous Listening
To decouple frame detection from full demodulation, we
build a detector that listens continuously at a sub-Nyquist
rate and triggers full-rate sampling only once a frame is
confirmed. The key insight is that Nyquist-rate sampling is
necessary only for symbol recovery, not for frame detection.
We show that undersampling by a factor of 4 still detects
frames reliably, even those below the noise floor.
Undersampling reduces both ADC and MCU power con-

sumption as lower rates cut ADC current and proportionally
reduce the MCU processing load. For example, the ADC used
in our system consumes 272 µW at 1 MSPS. Sampling at
a fraction of that rate would reduce ADC power draw to
tens of microwatts. If detection remains reliable at such low
rates, continuous listening would become feasible within
extremely small energy budgets.
However, sub-Nyquist sampling causes aliasing, which

severely degrades demodulation or makes it infeasible. This
does not affect our approach, since our goal is to detect
frames at the lowest energy budget and trigger full-rate sam-
pling only once a frame is confirmed. To make undersam-
pled detection practical, two challenges need to be addressed.
First, we must work with aliasing-induced ambiguities and
still achieve reliable detection. A false negative means a
missed frame. A false positive wastes energy and triggers
unnecessary MCU processing. This challenge becomes fur-
ther complicated by radio impairments such as CFOs and
SFOs. Second, even when a frame is detected, it may not
be addressed to that device, and proceeding to demodulate
such frames wastes energy. In what follows, we present a
methodology that addresses these challenges.

Undersampled Chirps.Consider a single transmitted up-
chirp 𝑆(𝑡 ; 𝑓sym). When 𝑆(𝑡 ) travels through a wireless channel,
the received signal can be expressed as:

𝑟 (𝑡 ) = ℎ(𝑡 ) 𝑆(𝑡 ; 𝑓sym) 𝑒 𝑗2𝜋∆𝑓cfo𝑡 + 𝑛(𝑡 ),

whereℎ(𝑡 ) denotes the channel-induced amplitude and phase
variations, ∆𝑓cfo is the CFO, and 𝑛(𝑡 ) is noise. A typical LoRa
receiver would sample this chirp at Nyquist-rate by setting
𝐹𝑠 = 𝐵𝑊 . And the discrete-time representation of the re-
ceived chirp can then be written as:

𝑅(𝑘) = 𝑟

(
𝑘

𝐵𝑊

)
, 𝑘 = 0, 1, . . . , 2𝑆𝐹 − 1.

However, if the receiver reduces the sampling rate by
a factor of 𝐷 , the effective sampling frequency becomes
𝐹𝑠 = 𝐵𝑊 /𝐷 . Now, the corresponding discrete-time sample
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Figure 6: The incoming frame is downconverted by the TDO frontend (A), bandpass filtered at IF with a multiple-feedback filter, amplified by
three identical stages, AC-coupled, DC-biased, digitized, and fed to the MCU over SPI (B,C).

representation of the undersampled chirp can be written as:

𝑅𝐷 (𝑘) = 𝑟

(
𝐷𝑘

𝐵𝑊

)
, 𝑘 = 0, 1, . . . , 2𝑆𝐹

𝐷
− 1. (3)

Thus, undersampling by 𝐷 reduces samples per chirp by 𝐷 ,
even though the chirp still sweeps the full [−𝐵𝑊 /2, 𝐵𝑊 /2].
According to the Nyquist–Shannon sampling theorem, a

signal sampled at 𝐹𝑠 can only be reconstructed in the range
[−𝐹𝑠/2, 𝐹𝑠/2]. Should a LoRa receiver sample this chirp at
the sub-Nyquist rate 𝐹𝑠 = 𝐵𝑊 /𝐷 , then the original chirp,
which spans the full [−𝐵𝑊 /2, 𝐵𝑊 /2], will be folded into
[−𝐵𝑊 /(2𝐷), 𝐵𝑊 /(2𝐷)]. We show this aliasing effect using
a single LoRa upchirp in Fig. 7. The figure compares an SF-
12 upchirp of 125 kHz bandwidth at the Nyquist rate with
undersampled versions at factors of 2 and 4. We emulate
undersampling by a factor of 𝐷 by retaining one out of ev-
ery 𝐷 Nyquist samples. At the Nyquist rate (Fig. 7a), the
chirp appears as a clean monotonic frequency sweep across
[−𝐵𝑊 /2, 𝐵𝑊 /2]. At lower rates (Figs. 7b–c), the sweep re-
mains monotonic, but components above 𝐵𝑊 /(2𝐷) fold back
into the reduced band. This folding creates the appearance of
several segmented chirps sweeping the compressed 𝐵𝑊 /𝐷

range within one symbol duration. The chirp structure is
retained but compressed into a smaller frequency span. Our
detector leverages this compressed representation to confirm
the presence of a LoRa frame at far lower power cost than at
Nyquist-rate listening.
Dechirping Undersampled Chirps. Dechirping is the

key step that enables a LoRa receiver to confirm the presence
of a frame. Existing LoRa implementations that operate at
the Nyquist rate [45, 56, 69] rely on continuous dechirping
to detect the preamble. Recall that a preamble consists of
multiple repeated upchirps (e.g., 8–12 upchirps). As the re-
ceiver dechirps and FFTs these symbols, the dominant bin ap-
pears at the same index across consecutive preamble chirps.
Tracking this bin is a widely used technique to confirm the
presence of a LoRa frame. Although bin magnitudes vary
slightly due to noise, the FFT bin index remains consistent.
This consistency provides strong statistical evidence that a
LoRa frame is present, even below the noise floor [16, 31].

However, this strategy does not extend cleanly to under-
sampled receivers, where aliasing reduces SNR and makes
consecutive bin alignment unreliable.
Impact of Undersampled Dechirping. Upon dechirp-

ing, the received LoRa symbol reduces to a single sinusoid
plus noise [67]. If a symbol has 𝑁 samples, the dechirped si-
nusoid accumulates in a single FFT bin. The signal amplitude
in that bin therefore grows in proportion to 𝑁 . Since noise
is uncorrelated and spreads across all bins, its rms amplitude
in any given bin grows only as

√
𝑁 [59]. As a result, the FFT

signal power scales as 𝑁 2 while the noise power scales as
𝑁 , making the post-FFT SNR proportional to 𝑁 . With un-
dersampling by 𝐷 , only 𝑁 /𝐷 samples remain, so post-FFT
SNR drops by 𝐷 and the peak weakens proportionally. This
makes reliable detection harder at lower sampling rates and
motivates our multi-chirp stacking discussed next.
Multi-Chirp Stacking. To restore detection reliability

under undersampling, we stack multiple chirps from the
preamble. The receiver continuously collects an𝑀-symbol
window of undersampled samples while listening. Because
preamble upchirps are identical and repeat every symbol
duration, this window captures the same waveform𝑀 times
even without prior symbol synchronization. It processes
these 𝑀 chirps in two groups of 𝑀/2 chirps. For the first
group, it sums the 𝑘-th samples of chirps 1 through𝑀/2 to
produce one composite sample. Repeating across all samples
yields one stacked chirp synthesized from 𝑀/2 undersam-
pled chirps. The same process applied to chirps 𝑀/2 + 1
through𝑀 yields a second stacked chirp.

Formally, let 𝑁 ′ = 2𝑆𝐹 /𝐷 be the samples per symbol when
undersampling by 𝐷 . Let 𝑅(𝑚)

𝐷
[𝑘] denote the 𝑘-th sample of

the 𝑚-th undersampled chirp, with 𝑘 = 0, . . . , 𝑁 ′ − 1 and
𝑚 = 1, . . . , 𝑀 . We form two stacked chirps by summing
corresponding samples:

𝑅̃1[𝑘] =
𝑀/2∑︁
𝑚=1

𝑅
(𝑚)
𝐷

[𝑘], 𝑅̃2[𝑘] =
𝑀∑︁

𝑚=𝑀/2+1
𝑅

(𝑚)
𝐷

[𝑘].

Thus, from𝑀 chirps we obtain two stacked chirps, each
with higher effective SNR due to coherent addition. Coherent
addition across 𝐿 = 𝑀/2 chirps increases the chirp amplitude
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Figure 7: Frequency-domain representation of a LoRa upchirp at the
Nyquist rate (a) and undersampled by factors of 2 (b) and 4 (c).

by 𝐿, while uncorrelated noise grows only by
√
𝐿. Conse-

quently, the FFT-peak SNR of each stacked chirp improves
by a factor of 𝐿:

SNRstack ≈ 𝐿 · SNRsingle
We then dechirp each stacked chirp using a locally gener-

ated undersampled downchirp and take its FFT. Let 𝐶𝐷[𝑘]
denote the undersampled downchirp. We compute
𝑦𝑖[𝑘] = 𝑅̃𝑖[𝑘]𝐶𝐷[𝑘], 𝑌𝑖[𝑏] = FFT𝑁 ′ {𝑦𝑖[𝑘]}, 𝑖 ∈ {1, 2}.
Let 𝑏★𝑖 = arg max𝑏 |𝑌𝑖[𝑏]| denote the peak bin of the 𝑖-th
stacked chirp. We declare a frame if the two peaks lie within
a small bin tolerance:

|𝑏★1 − 𝑏★2 |≤ 𝜏 .

This approach provides two advantages. First, stacking
suppresses noise since uncorrelated noise averages out while
the chirp adds coherently. Second, the agreement check be-
tween two stacked chirps reduces false positives, which is
critical under undersampling where aliasing can mimic valid
peaks.

Addressing. In dense deployments, nodes inevitably over-
hear frames intended for others. Fully demodulating such
a frame only to discard it later wastes energy. So Hark uses
the NetID field to reject unintended frames before full de-
modulation. The NetID is mandatory on all standard LoRa
frames and is carried in two symbols that immediately follow
the preamble. Unlike payload symbols, NetIDs are not Gray-
coded, whitened, or protected by Forward Error Correction.
This absence of encoding lets us recover an address without
invoking the full demodulation and decoding pipeline. The
result is a lightweight addressing mechanism that needs no
modification to the LoRa PHY.
Together, the two NetID symbols directly represent a 16-

bit sync word configured at transmission. However, without
the redundancy of coding, this address space is difficult to
use reliably. We therefore restrict the effective address space
to a smaller subset. We can then accept both NetID peaks
within a small tolerance of their expected bins, which makes
address matching more resilient to interference.

Once a frame is detected, the receiver performs time syn-
chronization and CFO correction as usual. It then demod-
ulates only the two NetID symbols. If the recovered NetID
matches the configured address within the tolerance, the re-
ceiver proceeds with full payload demodulation. Otherwise,
the frame is discarded immediately.

5 PRIORWORK
This section reviews ultra-low-power LoRa receivers that
closely relate to Hark. We conclude with a summary of their
performances in Table 1.

Low-Power LoRa Radios. Prior work has explored ultra-
low-power LoRa receiver designs by rethinking the three
fundamental steps in a LoRa receiver pipeline: (1) RF-to-
baseband downconversion, (2) frame detection, and (3) de-
modulation. Each work proposes a novel approach to reduc-
ing the power consumption of one or more of these steps.
But reaching these power budgets costs range, COTS com-
patibility, or both. What differentiates these designs is how
much of each they trade off.
Saiyan [18] is a LoRa receiver that avoids the conven-

tional dechirping process entirely. It transforms frequency-
modulated LoRa chirps into amplitude-modulated signals
using a surface acoustic wave (SAW) filter, followed by an en-
velope detector to bring the signal to baseband. Subsequent
processing operates directly on this envelope, using peak
detection to recover the data embedded in the original chirps.
Saiyan requires no modifications to the transmitted signal,
which preserves COTS compatibility. However, Saiyan by-
passes dechirping, eliminating the processing gain that gives
LoRa its long range, the very gain that motivates CSS modu-
lation in the first place. Saiyan is therefore susceptible to in-
terference, and its range is limited to around 55m at 93.2 µW.

𝜇Mote [54] is the first work that exploits passive dechirp-
ing to build a LoRa-like receiver. It achieves a range of 400m
while consuming just 62 µW. However, 𝜇Mote expects a mod-
ified LoRa frame with two chirps per symbol: one carrying
data and the other serving as a reference for dechirping. This
dual-chirp approach is clever in that it shifts the energy cost
of generating the downchirp to the transmitter. But conse-
quently, it relies on transmitter modifications that standard
LoRa radios do not support. Moreover, 𝜇Mote’s modified
frame encodes only a single bit per symbol rather than 𝑆𝐹

bits per symbol encoded in the LoRa PHY. Consequently,
the transmitter also spends far more airtime and energy per
delivered byte.

Sisyphus [65] is a passive receiver that achieves a line-of-
sight range of 73m at a continuous power budget of 162.7 µW,
extendable to 107m with an optional IF amplifier. However,
Sisyphus shares a key limitation with 𝜇Mote: both require
modifications to the transmission scheme to aid reception.
Sisyphus achieves pseudo-compatibility by using two syn-
chronized commercial transmitters—one sending the payload
and the other transmitting helper chirps. This approach in-
troduces practical deployment challenges. First, receiving a
single frame requires two separate COTS devices operating
in precise time synchronization. Second, it breaks LoRaWAN
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Table 1: Comparison of ultra-low-power LoRa receivers and backscat-
ter systems. Sensitivity in dBm.

Work Sensitivity(dBm) Range Power PHY mod.?

Low-Power Receivers (Downlink)
Hark (Ours) −62‡ ∼500 m 1.90 mW No
Saiyan [18] −85.8 ∼55 m 93.2 µW† No
𝜇Mote [54] −48 400 m 62 µW Yes (TX)
Sisyphus [65] −36 73–107 m 162.7 µW Yes (TX)

Backscatter Transmitters (Uplink)
LoRa Backscatter [55] – 0.5–2.8 km 9.25 µW No
PLoRa [42] – 1.1 km 2.59 mW Yes (RX)
ALoBa [19] – 50–200 m 0.3 mW Yes (RX)
NetScatter [20] – Office µW level Yes (RX)
𝑃2𝐿𝑜𝑅𝑎 [66] – 2.2 km 320 µW Yes (RX)
†A simulated figure. ‡95% PRR at 𝑛/4.

compatibility, as the receiver can only decode frames sent in
this coordinated manner.

Delegating carrier generation to an external source is com-
mon practice among low-power architectures. Compared to
backscatter and Schottky-diode receivers [46, 55], Hark only
requires the incident emitter signal to stay above −57.3 dBm,
and its carrier requires no synchronization with the trans-
mitter, carries no data, and a single emitter serves a large
deployment of multiple receivers. Unlike Sisyphus, Hark re-
ceives from any unmodified COTS LoRa transmitter without
coordination. Finally, the helper signal in Sisyphus occupies
the adjacent channel, which reduces spectral efficiency.

Downclocked Receivers. Prior undersampled receivers
include E-MiLi [72], which reducesWiFi idle-listening power
via sub-Nyquist detection but requires a custom preamble
on every frame which calls for driver-level changes at the
transmitter. LiteNap [68] demodulates LoRa at sub-Nyquist
by resolving aliasing via hardware phase jitter fingerprints.
While Hark shares with both the core premise that reception
need not run at a single rate, it differs in two major ways.
First, both utilize I/Q data from an SDR frontend which limits
the lifetime of battery-powered applications due to high
power. Hark instead relies on far lower fidelity baseband
from the ultra-low-power tunnel diode frontend, yet reaches
a longer range than LiteNap and demodulates frames at
negative SNRs, which LiteNap does not report. Second, prior
works process samples on a host PC, whereas Hark is a
hardware-software co-design whose processing fits within
the compute and energy budget of anMCU. These constraints
drive the design of Hark and are non-negotiables for the class
of devices it aims to serve.
Wake-up Radios. These reduce idle power by pairing

the main radio with an ultra-low-power receiver that wakes
it only when a transmission is detected. To maintain mi-
crowatt energy budgets, the second low-power receiver is
designed to rely on simpler modulations like OOK or FSK.
Works like eWake [25] and Piyare et al. [43] exploit the multi-
modulation capability of LoRa transceivers by reconfiguring

COTS radios to transmit OOK beacons to a secondary wake-
up receiver. But the newer LoRa radios, e.g., the SX1262 and
LR1121, no longer offer OOK [51, 52]. Even where supported,
this requires the transmitter to signal wake-up calls out-
side the LoRaWAN standard which contrasts with Hark’s
compatibility goal.

6 EVALUATION
We evaluate Hark through cabled, indoor, and outdoor ex-
periments and conclude with a detailed power breakdown.
Cabled experiments isolate Hark from interference and give
precise control over SNR, while the indoor and outdoor ex-
periments test it under real deployment conditions.

6.1 Cabled Experiments
We reuse the cabled setup of Section 3 and replace the Sig-
nal Hound BB60C with the full Hark prototype. Everything
else remains unchanged. We sweep SNR and received power
as before. The COTS receiver reports the SNR and RSSI of
each frame, which we use as ground truth. To evaluate Hark
over hundreds of frames per SNR point, we tap the SPI bus
between the Hark MCU and the ADC using a Saleae logic
analyzer. The MCU remains in full control throughout. It
continuously samples at the sub-Nyquist detection rate, and
upon detecting a frame, autonomously ramps the ADC to
full demodulation rate. The logic analyzer passively records
every sample crossing the SPI bus. We process the recorded
traces offline using the same C codebase that executes on
the MCU, and verify identical demodulation outcomes be-
tween the two methods. We follow this procedure across all
experiments in this section.
Fig. 8a plots PRR against SNR for four sampling rates:

Nyquist (𝑛), 𝑛/2, 𝑛/4, and 𝑛/8. Rates 𝑛 through 𝑛/4 achieve
100% PRR down to approximately −6.5 dB SNR. Below this
point, the curves diverge. The Nyquist-rate detector main-
tains 95% PRR at −10.6 dB, whereas the 𝑛/4 detector drops to
roughly 60% at the same SNR. At 𝑛/8, performance degrades
earlier and less predictably. Based on these results, we se-
lect 𝑛/4 as Hark’s default detection rate. This reduces ADC
power and MCU processing load by a factor of four while
maintaining reliable detection well into LoRa’s below noise
floor operation. Reducing further to 𝑛/8 offers diminishing
returns, withmarginal power savings and significantly worse
detection reliability. Fig. 8b plots PRR against RSSI. We sweep
up to 0 dBm, the SX1262’s maximum recommended input
power [51], and observe that Hark maintains approximately
100% PRR at high RSS values, which implies that Hark’s fron-
tend does not saturate within the intended operating regime.
Hark achieves a sensitivity of −62 dBm at 𝑛/4, which we
define as the minimum RSSI required to achieve 95% PRR.
PRR degrades gracefully below this point and remains above
70% down to −80 dBm.
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Figure 8: (a, b) Cabled evaluation of Hark at four sampling rates (𝑛, 𝑛/2, 𝑛/4, 𝑛/8), up to SX1262’s maximum limits. (a) Rates 𝑛 through 𝑛/4 hold
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Table 2: Indoor PRR (%) of Hark across four sampling rates. Shaded
rows show the effect of increased TX power for identical positions.

Position RSSI 𝒏 𝒏/2 𝒏/4 𝒏/8

TX power: +22 dBm
P1 −40.8 100 100 100 99
P2 −55.6 100 97 95 91
P3 −57.7 100 100 98 96
P4 −65.0 94 92 90 84
P5 −67.8 93 89 81 76
P6 −69.6 95 90 78 52
P7 −73.6 91 87 72 49
P8 −67.9 83 76 65 48
P9 −75.7 0 0 0 0
P10 −82.9 0 0 0 0
P11 −88.6 0 0 0 0
TX power: +30 dBm
P8 −52.7 100 100 99 94
P9 −56.3 100 98 95 90
P10 −62.8 67 43 26 15
P11 −64.7 96 93 87 72

6.2 Indoor and Outdoor Range
Indoor. We evaluate Hark in an indoor NLoS environment
within a university lab which spans multiple rooms sepa-
rated by concrete walls, doors, and corridors. Fig. 8c shows
the floor plan and positions.

The emitter is placed approximately 15 m from Hark and
transmits the injection-locking carrier at 14 dBm using a
USRP B200. A COTS SX1262 transmitter sends standard 16-
byte LoRa frames on SF-12. At each position, the transmit-
ter sends 100 frames consistent with previous experiments.
Both Hark and the COTS SX1262 receiver are placed at the
same location at the same height and use the same antenna
model [13]. The transmitter is moved across positions P1
through P11 as marked in Fig. 8c. At each position, the COTS
receiver reports the RSSI and SNR. We evaluate Hark’s per-
formance under all four sampling rates (𝑛, 𝑛/2, 𝑛/4, 𝑛/8).
Table 2 reports the results. At +22 dBm, Hark covers most
positions in the lab under 𝑛/4. P9, P10 and P11, separated
from the transmitter by multiple concrete partitions, receive
no frames at this power.
To push beyond the range limits of the COTS transmit-

ter, we add a power amplifier to reach +30 dBm (1 W), the

maximum permitted under FCC regulations for unlicensed
spectrum [14]. At this power, previously unreachable po-
sitions become viable. P9 jumps from 0% to 100% PRR at
Nyquist rate and 95% at 𝑛/4. P11, which also received no
frames at +22 dBm, achieves 96% at Nyquist and 87% at 𝑛/4.
At P10, reception improves from total link failure to 67% at
Nyquist. Hark can therefore cover a multi-room laboratory
under 𝑛/4 where detection remains robust even under NLoS.

Outdoor. We also evaluate Hark outdoors under approx-
imate line-of-sight conditions. We pair the COTS SX1262
transmitter with a power amplifier to transmit standard 16-
byte LoRa frames on SF-12 at +30 dBm. The emitter is placed
similarly to the indoor experiment setup. Running at 𝑛/4,
Hark achieves 93% PRR at a distance of 497.5 m with an
average SNR of −8.1 dB.

6.3 Emitter Implications
Impact of Emitter Placement. The experiments thus far
kept the emitter at a fixed location. We now vary it and
quantify how Hark performs as the incident emitter strength
is varied. We fix the LoRa transmitter 8m from Hark and
move only the emitter across P1–P11 in Fig. 8c. Because the
transmitter-to-Hark link is unchanged across all positions,
PRR variation is attributable solely to the incident emitter
strength. At each position, we measure the incident emitter
strength at Hark using the BB60C spectrum analyzer, then
transmit 100 frames from the COTS LoRa radio and compute
the PRR. We repeat this with two emitters: a USRP B200
amplified to +30 dBm through a monopole antenna [13], and
a CC1310 LaunchPad [57] transmitting a continuous wave
at +26 dBm through its built-in patch antenna. This tests
whether an inexpensive COTS radio can serve as the emit-
ter, similar to prior works [23, 61]. Fig. 9a plots our findings
against measured emitter strength, and Fig. 9b against each
indoor position in the lab. We note two things: first, Hark
holds roughly 90% PRR under 𝑛/4 sampling as the incident
emitter strength falls from −21.5 dBm to −57.3 dBm, then
drops sharply once it reaches −59.9 dBm. This is consistent
with the injection-locking behavior described in Section 2.4
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Figure 10: Hark’s PRR at 𝑛/4 as the emitter moves away outdoors
under LoS to 200m. USRP holds above 90% to 125m and 80% to 150m;
CC1310 holds above 90% to 70 m and 80% to 125 m.

where the TDO remains disciplined while the carrier holds
it in lock, and loses lock once the emitter becomes too weak.
The threshold is higher than the −70 dBm reported for 2-FSK
in SoMix [37], since LoRa demodulation requires greater
carrier stability. Second, the CC1310 emitter shows simi-
lar behavior. Hark sustains near-90% PRR before dropping
sharply at −60.3 dBm. Both emitters lose lock within 0.5 dB
of each other, which indicates the threshold is set by the TDO
rather than the emitter. A commodity radio can therefore
discipline Hark. Consequently, a single inexpensive emitter
could serve many receivers across a deployment.

Fig. 9b reports the corresponding PRR at each emitter po-
sition. The receiver–emitter separation ranges from 9 m at
P1 to 44 m at P11 across this multi-walled NLoS environ-
ment. At P6 (27 m), both emitters maintain at least 90% PRR.
The +30 dBm USRP emitter further achieves 95% PRR at P7
(29 m) and 89% at P8 (28 m), whereas the +26 dBm CC1310
drops sharply to 14% at P7 and does not sustain reception at
the remaining positions. Performance is not monotonic with
distance: at P9 (25 m), the USRP achieves only 21% PRR, be-
low P7 and P8 despite the shorter separation, because more
concrete walls obstruct it. Taking the farthest position at 90%
PRR as a conservative estimate, the indoor NLoS coverage
is approximately 29 m for the USRP emitter and 27 m for the
CC1310 emitter.

We repeat this experiment outdoors under LoS conditions.
We again keep the LoRa transmitter and Hark fixed at 8m
and vary the emitter distance till 200 m. Fig. 10 reports the
resulting PRR at 𝑛/4. Both emitters hold above 90% PRR to
70 m. The USRP stays above 90% to 125 m and above 80%
to 150 m. The CC1310 stays above 90% to 70 m and above
80% to 125 m. A single emitter can therefore discipline Hark

up to 150 m under LoS. Beyond this point, PRR collapses
sharply as the TDO loses injection lock.
Regulatory Compliance. Hark falls under the broad

spectrum of ultra-low-power systems that require an ex-
ternal carrier [15, 21, 23, 32, 37, 38, 55, 60, 62, 63, 70, 71].
Ultimately, the regulatory compliance of Hark simplifies
to the allowance of the emitter signal. In that sense, it is
permitted in many jurisdictions including countries like Sin-
gapore [22], New Zealand [44], and Australia [4], where the
injection-locking carrier falls under non-specific SRD pro-
visions, although the allowed power varies and is limited in
some regions.

6.4 SOTA Comparison
Thus far, we have stated the energy consumption of SOTA
receivers in isolation. But receivers like Hark and Sisyphus
target large-scale deployments and rely on external assisting
signals. Therefore, we quantify their energy and spectral
efficiency from an overall network perspective. To this end,
we simulate a 500-node network communicating via SF-12
on a standard eight-channel LoRa deployment. We evaluate
three representative systems: Hark, Sisyphus, and the COTS
SX1262. We vary the network load in steps to compute the
average network energy per delivered frame. For simplicity,
we assume all transmitted frames are successfully received.
In a COTS-based network, the per-frame energy is simply the
sum of the node’s transmitter and receiver energy. Sisyphus
requires a second LoRa frame on an adjacent channel as a
helper signal along with each transmitted frame, whereas
Hark amortizes the energy of a single 1 W emitter across
all frames. Consequently, Sisyphus can only use half of the
available spectrum for data communication. Both the COTS
network and Hark use the full spectrum, since Hark’s narrow
emitter can sit outside the data bands without disrupting
communication. We assume a standard 1318.9 ms time-on-
air for a 16-byte SF-12 frame. Since all three receivers listen
continuously, each node’s hourly receive energy is divided
across the frames within that hour. For the transmitter, we
employ the COTS SX1262 at +22 dBm and use its reported
power consumption of 389.4 mW required to transmit a
22 dBm frame [51].

We increase the load until all eight channels saturate, and
plot the results in Fig. 11. Owing to its ultra-low 162.7 µW
operation, Sisyphus consumes substantially less energy per
frame than Hark throughout its operating range. However,
its spectral utilization terminates at half the maximum load
of Hark and COTS. Furthermore, the energy gap narrows
as load increases, dropping to under 10% by the time Sisy-
phus reaches its ceiling. While Hark does trade energy effi-
ciency for higher range and COTS compatibility, it reaches
roughly 500 m compared to Sisyphus’s 73 m, alongside a
complete end-to-end demodulation and decoding pipeline.
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Fig. 12 maps Hark against commercial baselines and other
low-power receivers by range and power.
Trade-offs. Hark makes select compromises. Hark uses

LoRa modulation, which inherently trades off data rate to
gain longer range. As such, Hark cannot reach the high data
rates that BLE Long Range or Wi-Fi HaLow can offer. Hark’s
second tradeoff concerns LoRa’s SNR. The COTS counterpart
can demodulate SF-12 −20 dB below the noise floor. Under
𝑛/4, Hark holds 100% PRR to −6.5 dB and continues to deliver
frames down to −14.5 dB, covering roughly three quarters
of this budget but at reduced reliability. These trade-offs are
deliberate, and buy a power reduction of over 22×.

When Hark is the Right Choice. Each of these designs
suits a different deployment. Sisyphus and 𝜇Mote achieve
substantially lower receiver power and are the right choice
when transmitter-side modification or coordinated helper
transmissions are acceptable and receiver energy is the dom-
inant constraint. Saiyan preserves transmitter compatibility
at lower power for shorter-range deployments. Hark tar-
gets a complementary point in this design space: deploy-
ments where already-installed LoRa transmitters and gate-
ways must remain unmodified and downlink range mat-
ters. Because Hark requires no transmitter-side changes, it
can receive standard LoRa downlinks from existing gateway
chipsets [48, 50]. This allows integrating with an existing
ecosystem of over 125million deployed devices [35] and their
standard LoRaWAN application servers to push on-demand
downlinks. Hark retains LoRa’s dechirping gain, achieves
−62 dBm sensitivity, and reaches 497.5 m. It pays for this
with 1.90 mW and a shared receiver-side emitter effective to
∼150 m under LoS.

Table 3: Power breakdown of Hark by operating mode.

Component Detection Demodulation

TDO Frontend 0.06 mW 0.06 mW
BPF + Amplifier (LMV641) 1.38 mW 1.38 mW
ADC (ADS7042) 0.04 mW 0.13 mW
MCU (Apollo4 Plus) 0.42 mW 1.41 mW
Total 1.90 mW 2.98 mW

6.5 Power Breakdown
We measure the power consumption of each component in
the Hark prototype across both operating modes. During
detection, the MCU runs at 48 MHz and drives the ADS7042
ADC at 62.5 kSPS (under 𝑛/4 operation). Upon confirming
a frame, Hark switches to demodulation mode. The MCU
clock is increased to 96 MHz and the ADC sampling rate is
also increased to 500 kSPS (2× Nyquist) for improved demod-
ulation performance. The TDO frontend, bandpass filter, and
three-stage LMV641 amplifier run without change during
both detection and demodulation modes.
Table 3 reports the measured power draw of each com-

ponent. The analog chain dominates the power budget at
1.44mW, ofwhich the amplifier and filter account for 1.38mW.
The TDO frontend contributes only 60 µW. During detection,
the digital subsystem adds 0.46 mW, bringing total idle lis-
tening power to 1.90 mW. During demodulation, the digital
subsystem rises to 1.54 mW due to the higher MCU clock
and ADC sampling rate which brings the total to 2.98 mW.

7 CONCLUSIONS
This work presented Hark, an ultra-low-power LoRa receiver
that enables continuous listening at 1.90 mWwhile maintain-
ing COTS compatibility. Hark is the first receiver to imple-
ment the complete LoRa demodulation and decoding pipeline
at this power level. It receives standard LoRa frames from any
unmodified COTS transmitter and decodes them through
the full chain: synchronization, dechirping, Gray decoding,
deinterleaving, Hamming decoding, and CRC verification.
The entire pipeline runs in C on an ultra-low-power MCU
using the ARM CMSIS library. Hark reduces LoRa receive
power by over 22× compared to the SX1262. Our outdoor
experiments confirm 93% PRR at nearly 500 m at −8.1 dB
SNR. Indoor experiments cover a multi-room NLoS environ-
ment through concrete walls. These results bring LoRaWAN
Class C within practical reach for battery-powered devices
and open the door to on-demand downlinks in deployments
that today are limited to Class A.
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