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Background and Motivation

N

e~ _ T
LORa - a key cog to enable the ubiquitously connected world =
S’
S The LoRa and LoRaWAN loT market will reach US$ 5.7 billion in 2024, expected to surge at

a CAGR of 35.6% from 2024 to 2034 1],

Precision Agriculture Smart City Industrial loT

Long-range Low-power Anti-interference

[1] https://www.futuremarketinsights.com/reports/lora-and-lorawan-iot-market
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Background and Motivation @ S MG
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LoRa — always low power? &
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Background and Motivation

—
LoRa - always low power?

N

Empirical testing reveals that:

MmO

® Class A and B -- extremely low duty-cycle

~ 1500 mAh 0? -~ 225mAh

~n N
® O

battery life > 5 years <

® Class C? '~
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Background and Motivation (o) b3 i 1
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LgRaMMNB— Class C mode

:))
corcoon) LoRa
Gateway

Forest fire-alarm Toxic material monitoring Sensor-less sensing in the wild

Necessitate long-term and around-the-clock operation!

Utility power is not always available

If powered by a battery, it will only sustain a matter of hours to days e}
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Background and Motivation

——— uplink

re zer
— ' o
Digital 8 ] 3 : —_— $ é Y,
Baseband 7‘—/—~ S:’F')tszr A X downlink /é@‘?/\ '
Processor SF B R 653% / %o
vee ifef _ overhearm% E backscatteﬁ
PLoRa tag Active LoRa nodes

LoRa Backscatter PLoRa P2LoRa
[UbiComp ‘“17] [SIGCOMM 18] [MobiCom ‘21]

LoRa-based backscatter systems reduce the power of
uplink LoRa transmission by 100uW-level

The downlink now becomes the power-saving bottleneck!
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Background and Motivation

—
LoRa Primer 1 - legacy LoRa receiver
N
~ (0]
Down- Samplin 0% Computationally expensive operations
conversion Piing P y €Xp P

________________________________________

i T

Peak detectuon

Demodulator

DBP

Superheterodyne architecture requires bulky components
consuming intensive power %
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Background and Motivation

>
Addressing the downlink runtime power issue of LORa
=

Existing work: Saiyan!!! — passive non-coherent demodulation

(Improve demodulation sensitivity)

Super Saiyan Input Mixer Envelope Detector IF Amplifier Output Mixer Low-pass Filter
Input ' i phudadaiad 1 I\ [ro e araren I Output
- ) A
I _L I l/ | |
i ! o CLKout | l
: l—————{—l Transmission Delay [
: : Oscilator =L L l‘l No de-chirping
Vanilla S‘dlyan Envelope Detector based on Cyclic-frequency Shifting
(Demodulate LoRa signais) - T
<7Im edance Matchin SAW Filter - Envel Detecti i Comparator (N ) 1 1
pedance Maichi o i nvelope Delschion P »®'  Puzzling power consumption

Fap i

E— Frequency-amplitude; =
| _Transformation |

Envelope D-etection Demodulation

[1] Saiyan: Design and implementation of a low-power demodulator for {LoRa} backscatter systems. In 19th USENIX Symposium on Networked Systems Design and
Implementation (NSDI 22) (pp. 437-451).
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Background and Motivation @ S MG

~'

LoRa — Can it low-power ¢
~  while retaining de-chirping?



Background and Motivation

—
LoRa Primer 2 — chirp spread spectrum (CSS) technology
=

<+—— Preamble —><«SFD» < Payload >

LoRa packet

Freq.

PHY sample #.

swy )

2
fi

T ——— ——— -

De-chirping

1st sub-chirp 2nd sub-chirp fi fi FFT bin

Observation: an f;’ corresponds to a specific ‘¢’ o _BW -0 _ 27 _ig
due to the inherent chirp geometric feature ' k BW
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Design > overview @ S MG

Sisyphus addresses the downlink LoRa power issue while retaining de-
chirping ability

Passive down-conversion and de-chirp (dc?) Low-power hardware design ‘

HW power

LPF Rectifier OPA  Thresholding MCU i

a7 ‘DI‘ - [\ Decodedi

Low-power = p I.ll/ # atai

IF Amp :

IR cssssnssniinsssss N | i

Insight: time localization LoRa v’ Passive dc?

demodulation v' Low-power demodulator hardware

v' Compatible with COTS LoRa

@MobiCom ‘24 1Ll



Design > challenge 1 @ S MG

Problem:
Passive one-shot down-conversion and de-chirping (dc?) while reserving
the demodulation feature for LoRa demodulation

Demodulation feature

I

I

H

I

i

i

1

!|

BW 1
2 Y

1st sub-chiro 2nd sub-chirp
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Design > challenge 1

Problem:
Passive one-shot down-conversion and de-chirping (dc?) while reserving
the demodulation feature for LoRa demodulation

Downlink Parallel Chirps RF Diode Output Spegt
I M s
ay Iy - W
Chirp 1 foo 't %ﬂ : é: ! | Symbol0 |
Chirp 0 Symbj lfo Syimvboio - :_ ~ _:_: MMote
NSDI 23

Nonlne(
Y geviean A f1 £ Y&
ackscatter 7 A
! modulator quo)‘l\
NG,
— @ 3 \ S n
| - ingle-tone
:’c >
]
1,2 2h

Twin-carrier » : ,”j - . .
) l CSHIFT Destroy the demodulation feature o]
I E— S 2 MobiCom ‘21

@MobiCom ‘24

13



@ ¢k F
| Design > challenge 1

olution: | |
gollaborative helper signal waveform design

LoRa-based gateway

1
[ 1
: +f helper signal :
: : i
' ]
' 1
l 1
l 1
' 1
: t
: i
: - g
1 T sw |
1 c . Tz I
1 © . ' S ~)
: % 1st sub-chirp 2nd C) :
' ]
] (7.} |
L3 data 3
H sw 4f :
: T A 4 I
l 1
: >t i
i 0 o :
] | |
: fi :
l 1
! BW |
i % o
T e ey
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| Design > challenge 1 ) $E MY

sily of Electronic Sci nd Technology of Chin

Solution:
Collaborative helper signal waveform design

Sisyphus receiver

1 ! |
H " 1st sub-symbol 2nd |
1 1 <Y —— — 1
1 : £ : |
| = :
1 &

| - i
1
! P2 o ) Feature reserved!
: : Y :
. AR : £3
H 1 1 'Q - L W
i T _aw = ! ——"1 N =
- | L o : ,
] y 1 ] . 1 _ '
| = 15t sob-chirp and @i ' N Intermodulated signal | ~ One-shot dc=!

"] 4
" c‘g data i i iMlxer : Y1 + fa f fatf
! : "§ Jn—Ja a fn ntfa
. %: ; Lower sideband Uppefsideband | =0 2, | 2fs
! ' | = [fa—+Fnl fa+tfr ' g LPF“‘ )
! ) 4 1 1 p— - w— ]t cZ
: " o] E- == sub-symbol : L3 LSB ~ Fundamental |
1 : : § < ;_Zml : a_:\,a \
: 1 : - sub-symbol ' % 5
i : (= ! VB
! : RS ] ' 5.
| ! ! R ;T N | f:l 2.
i I | 0. 100s kHz 8w ~1GHz (2°CF) 1
T el lvelllvelylelpslyielpslyailvelyaipelpslyatplpiyalylpiyatvlyiyaiylyslyat L S 7 4 0 (Isolated)) 100k 500k 1M 10M 100M 16

Frequency (Hz)
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| Design > challenge 2 @ S MG

Problem:
How to demodulate post-dc? signals with negligible power consumption

Sisyphus receiver

1st sub-symbol 2nd

Amp.

Through digital signal processing? '~
(e.g., wavelet transform, STFT and etc.)

Time. Domain
(=]

.itsh j

5 Mixer

Lower sideband Upper sideband .-. .
5 g eh =y S Power-consuming
X iai
- o and defeat our original purpose
= i

> >
0 100s kHz (Bw) ~1GHz (2*CF)

Yi Intermodulated signal i
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Design > challenge 2 @ S MG

Solution:
Analog-digital hybrid demodulation

Impedance . Tunable e . o PWM Signal
Matching Passive dc? IF Amplification Filtering Signal Digitization Demodulation
: : E : Toggled by (@ . I Comparator
Y et OPtional s | g f
: >= % \ o %:"‘]__._ ‘{—‘_I AV AN - ’: AN \ \ :
E '—E L * 0011010
' 0111111

11 11
1l 1l :
LPF i Rectifier /
Zero-biased . : = = 2 -
€ro-bia BJT-based amplifier : : 1 Baseband
-L. diode mixer ' - MCU
— — ref

=L amplifier

T-type network i o | = = 0P

v Feature conversion based on passive RC filter

v’ Digitization based on passive rectifier and low-power comparator

v Data bit extraction based on low-load PWM signal duty-cycle calculation

@MobiCom ‘24
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| Design > challenge 3

Problem:

Backward compatible with COTS LoRa

BW + f;
BW

Baseband

/s

LoRa-based gateway
f helpersignal -

Not compliant with

1st SJb-Ch/rp 2nd
data

~ LoRa baseband specification!

Can we still emit helper signal
using COTS LoRa transceiver?
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Design > challenge 3

Observation 1:
Signal frequency over-the-air = baseband freq. + carrier freq. (CF)

cF+ freBW] Our desired helper (LoRa-incompliance)

shifting frequency = f,+ BW/2

CF+BW/2
Base up-chirp (LoRa-compliance)
t 3“3

o Can we get the desired helper signal
CF+f; by directly applying a frequency
shifting on the RF signal?
CF-BW/2

@MobiCom ‘24
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Design > challenge 3 @ S MG

Problem:
Double sideband overlapping

cre 1) e sgebane
ceBwizgf ce+BWR2 VS
fi+BW/2
* Lower sideband

t »Z (undesired)
CF > ->® — CF ~ >
4
CF+f;
CF—-BW/2 CF—BW/2 ,
I’,
4

CF_ fl _BW ,’
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Design > challenge 3 @ $E MY

Problem:
Double sideband overlapping

. + f Upper sideband
CF+[i+BW (desired)
CF+BW /2 b e
Ove r|apped Lower sideband
,,’ (undesired)
We cannot pick-up the desired o : C
signal using high pass filter CF+f;
L)
CF—-BW/2 ,
4
,I
,I
CF- fi _BW ,’
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Design > challenge 3 @ S MG

Observation:
The CF of COTS LoRa module can be customized via register

4.1.4. Frequency Settings
Recalling that the frequency step is given by:

(P36 in the datasheet of SX127X chip)

F _ FXOSC
STEP 19
2

In order to set LO frequency values following registers are available.

Fre is a 24-bit register which defines carrier frequency.|The carrier frequency relates to the register contents|by following
formula:

Solution:

Modify CF and compensate its variation to amplify the shifting frequency to
avoid overlapping between the two mirror copies.
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Design > challenge 3 @ S MG

Solution:
Modify CF and compensate its variation in the shifting frequency
CF+ f+BW|
Upper sideband
(desired)
CF+f; Can be easily
CF - Af, +BW/2 | it BW/2+0f 7 picked up &3
’ / * (compensate) CF—Af,+BW/2
cF—Afa/ t —>®—> CF— A, .
CF - Af,-BW/2 -
CF— f; —24f, p
............... ¢7 . Lower sideband
ot (undesired)
CF— f; ~BW-24f, |,*
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| Implementation

Impedance Tunable PWM Signal

Matching Passive dc? IF Amplification Filtering Signal Digitization Demodulation
% ' : 1 LP J_ J_ ’ Rectifier [ ] ./ >—|ﬂ— # 0011010
Zero-biased BJT-based amplifier I 3 ‘ Bateband |£|_
L L diode mixer - amolifier MCU
T-type;letwork B A i 1:7 i :E = (8:,::) Vrer }
| @ Matching Network Prototype i
i @ Passive Mixer PE= : .
© sPDT ; . W@ 37mmX24mm 4-layer FR4 PCB
ol |
O RC Filters il
| o e | . .
{ @ IF Amplifier i | 2 B 2 versions:
d . .
O Rectifier | O Sisyphus+: IF amplifier ON
| @ OP Amplifier i O Sisyphus: IF amplifier OFF
© Discriminator I 3.7 em <
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Evaluation > power breakdown (2 &4 G

Salyan
LoRa (I1C)
Pacim
PLoRa
WISP5
P-DSSS
Aloba

Ours 162.7 pW/ Comparator

(W)  10° 10° 10* 10° 5%10°

v" 530X reduction compared to IC-based legacy LoRa receiver

v 49X,1.8X,129X reduction compared to demodulation-
disable LoRa-based backscatter systems’ downlink

v' Power of IF amplifier: 286 yW
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Evaluation > receiving sensitivity

Receiving sensitivity (dBm)

-41

-50

=36 -35

RSSI (dBm)

Bl CR= 1-CR 2

I

CR= B-CR 4

-25

6
SF

5 4

@MobiCom 24

Sisyphus
Sensitivity: -36dBm

6dB gain
with I[F amplifier ON
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Evaluation > real-world end-to-end evaluation

Experimental setup:

B Transmission power: 20dBm,;

110

—
o
o

80

60

40

20

Communication range (m)

o

B LOS Tx antenna gain: 6dBi, Rx antenna gain:3dBi.

'I

T T
— I Sisyphus + Sisyphus I WISP5 .

= B '

BER < 1074 BER < 1073 BER < 1072

@MobiCom 24

3 X improvement range
compared to ED-based receiver

27



Evaluation > real-world end-to-end evaluation

Goodput

Indicating the BER in different time and locations

08| |~+-CR=3 f—lr ; 1
CR=2
..D._O-G‘"*"CRﬂ ; by il
" f# S
i | | :I: 4; 4:..I | Ig.l |

8 10 12 14 16 18 20
Goodput (kbps)

Comparative goodput with legacy receiver
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Evaluation > impact of passive filters and diode @ QHWU’@

Why?
More BW, more distinguishable sub-symbols;
And CF will impact the conversion loss of diode in our circuit.

107 . |
B CF=433MHz
CF=868MHz
107 B CF=915MHz|
o
5] -
L 10
10-6 B I _
1077 '
125 250 500
BW (kHz)

BW1 and CF1, performance?
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Evaluation > interference immunity @ S MG

Setup:

Send helper+data along with in-band jamming signals within an RF cable

10°

10'1 —

BER

1072

8 6 - 4 2 0 2 4
JSR (dB)

Sisyphus can achieve accurate communication
with 0.8dB JSR

@MobiCom ‘24 30



Takeaway @ 't”“‘("'@

v' The low-power promise of LoRa can only be delivered in Class A
and B, in other words, LoRa is NOT always low power!

v’ Sisyphus enables the first ultra-low-power LoRa receiver
design with de-chirping ability

v Sisyphus can be compatible with legacy LoRa

Passive down-conversion and de-chirp (dc?) Low-power hardware design

HW power

LPF Rectifier OPA  Thresholding MCU

w_% -DI' ‘5‘ I[> # Decodai:'
Low-power i

]

]

]

: |

IF Amp !
|

]
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() LEMM LG

Univcrsi Ly of f Electronic Seienee and

Sisyphus: Redefining Low Power for LoRa Receiver

Thanks for your attention! &

Han Wang
wang_han@std.uestc.edu.cn

hwang620.github.io

Q&A
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