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Abstract

The radio range of backscatter systems continues growing
as new wireless communication primitives are continuously
invented. Nevertheless, both the bit error rate and the packet
loss rate of backscatter signals increase rapidly with the radio
range, thereby necessitating the cooperation between the ac-
cess point and the backscatter tags through a feedback loop.
Unfortunately, the low-power nature of backscatter tags limits
their ability to demodulate feedback signals from a remote
access point and scales down to such circumstances.

This paper presents Saiyan, an ultra-low-power demodula-
tor for long-range LoRa backscatter systems. With Saiyan,
a backscatter tag can demodulate feedback signals from a
remote access point with moderate power consumption and
then perform an immediate packet re-transmission in the pres-
ence of packet loss. Moreover, Saiyan enables rate adaption
and channel hopping — two PHY-layer operations that are
important to channel efficiency yet unavailable on long-range
backscatter systems. We prototype Saiyan on a two-layer PCB
board and evaluate its performance in different environments.
Results show that Saiyan achieves 3.5-5x gain on the demod-
ulation range, compared with state-of-the-art systems. Our
ASIC simulation shows that the power consumption of Saiyan
is around 93.2 uW. Code and hardware schematics can be
found at: https://github.com/ZangJac/Saiyan.

1 Introduction

Backscatter radios have emerged as an ultra-low-power and
economical alternative to active radios. The ability to commu-
nicate over long distances is critical to the practical deploy-
ment of backscatter systems, particularly in outdoor scenar-
ios (e.g., smart farm) where backscatter tags need to deliver
their data to a remote access point regularly. Conventional
RFID technology [12] functions within only a few meters
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(a) Traditional LoRa backscatter tag (b) Backscatter tag with demodulation ability
Figure 1: Saiyan empowers the LoRa backscatter tag to
demodulate feedback signals from a remote access point.

and is not well suited for outdoor scenarios. To this end, the
research community has proposed long-range backscatter ap-
proaches [23, 40, 47] that leverage Chirp Spreading Spec-
trum (CSS) modulation on LoRa [5] to improve the signal re-
silience to noise, thereby extending the communication range.
For instance, LoRa backscatter [47] allows tags to communi-
cate with a source and a receiver separated by 475 m.

However, existing long-range LoRa backscatter systems
present a new challenge on packet delivery. The backscatter
signals travel twice the link distance and suffer drastic attenu-
ation as the link distance scales. They become very weak after
traveling long distances, thereby causing severe bit errors and
packet losses. Figure 2 shows the Bit Error Rate (BER) of
PLoRa [40] and Aloba [23], two representative long-range
LoRa backscatter systems. Evidently, the BER of both sys-
tems rises rapidly from less than 1% to over 50% as the tag is
moved away from the transmitter (Tx). The receiver is almost
unable to demodulate any backscatter signal once the tag is
placed 20 m away from the transmitter. Considering that the
backscatter tags are unaware of packet loss, each packet must
be transmitted blindly for multiple times to lift the packet
delivery ratio, which inevitably wastes precious energy and
wireless spectrum and cause interference to other radios that
work on the same frequency band.

To address these issues, we expect a downlink from the
access point to the backscatter tag, through which the feed-
back signals (e.g., asking for a packet re-transmission) can
be delivered, thereby forming a feedback loop. We envision
that such a feedback loop will bring opportunities to bridge
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the gap between long-range backscatter communication and
the growing packet loss rate, as reflected on the following
aspects:

e Making on-demand re-transmissions in the presence of
packet loss. The backscatter tag demodulates feedback sig-
nals from an access point and makes a re-transmission only
if it is asked to do so. This reactive packet re-transmission
can mitigate packet loss while improving power and channel
efficiency.

o Scheduling channel hopping to minimize interference. The
unlicensed band where the LoRa resides in is already over
crowded. The access point monitors the wireless spectrum and
notifies the backscatter tag to switch channels in the presence
of in-band interference. As such, the channel utilization and
packet delivery ratio can be improved effectively.

e Adapting data rate to link condition. The condition of
backscatter links varies over time. The access point assesses
each backscatter link and keeps the backscatter tag updated
through the feedback loop. Each tag then adapts its data rate
proactively to utilize the wireless link better.

In addition, such a feedback loop empowers the network
administrator to turn on/off sensors on backscatter tags re-
motely, thereby avoiding labor-intensive and time-consuming
physical access to the devices.

To enjoy these benefits, the primary hurdle to overcome
is the packet demodulation on LoRa backscatter tags. LoRa
is based on frequency modulation. To demodulate a LoRa
symbol, the commercial LoRa receiver operates by down-
converting the incident LoRa chirp to the baseband, sampling
it at twice the chirp bandwidth (BW), and then converting the
signal samples from the time domain to the frequency domain
using Fast Fourier Transformation (FFT). These operations
consume over 40 mW power altogether [6]. Considering a
miniaturized energy harvester equipped with a palm-sized
solar panel, this harvester merely generates 1 mW power every
25.4 seconds in a bright day [3]. In other words, to support the
standard LoRa demodulation, a backscatter tag needs to wait
for 17 minutes until it accumulates enough power. Although
the envelope detector has been used for packet demodulation
on many backscatter systems [38,46,52], it is ill-suited for
LoRa demodulation because the envelope of a LoRa signal is
a constant.

In this paper, we propose Saiyan, a low-power demodulator
for long-range LoRa backscatter systems. Saiyan is based on
an observation that a frequency-modulated chirp signal can
be transformed into an amplitude-modulated signal using a
differential circuit. The amplitude of this transformed signal
scales with the frequency of the incident chirp signal, thereby
allowing us to demodulate a LoRa chirp by tracking the peak
amplitude on its transformed counterpart without using power-
intensive hardware, such as a down-converter and an ADC. To
put this high-level idea into practice, the challenges in design

0.1 0.2 0.5 1 5 10 15 20
Tag-to-Tx distance (m)

Figure 2: BER of PLoRa [40] and Aloba [23] in different
tag-to-transmitter settings. The BER of both systems rises dra-
matically with the increasing distance between the transmitter
and the tag. We re-implement both systems on PCB.

and implementation must be addressed, as summarized below.

Frequency-amplitude transformation. The low-power na-
ture of backscatter tags requires the differential circuit to be
extremely low-power. Moreover, to support higher data rate,
such a differential circuit should also be hyper-sensitive to
the frequency variation of LoRa signals. However, the narrow
bandwidth of LoRa signals (e.g., 125/250/500 KHz) renders
the conventional detuning circuits, such as RLC resonant
circuit, inapplicable. In Saiyan, we instead repurpose the Sur-
face Acoustic Wave (SAW) filter as a signal converter by
leveraging its sharp frequency response (§2.1). To minimize
the power consumption on demodulation, we further replace
the power-consuming ADC with a well-designed double-
threshold based comparator (§2.2) coupled by a proactive
voltage sampler (§2.3).

Improving the demodulation sensitivity. Although the
aforementioned vanilla Saiyan can demodulate LoRa signals
with the minimum power consumption, its communication
range is limited to 55 m because of the Signal-to-Noise Ratio
(SNR) losses in both SAW filter and envelope detector. To
extend the communication range, we introduce a low-power
cyclic-frequency shifting circuit coupled with an Intermediate
Frequency (IF) amplifier to simultaneously remove the noise
while magnifying the signal power. This low-power circuit
brings 11 dB SNR gain and doubles the demodulation range
(§3.1). Furthermore, a low-power correlator is leveraged to
extend the demodulation range further to 148 m (§3.2).

Implementation. We implement Saiyan on a 25 mm x20 mm
two-layer Printed Circuit Board (PCB) using analog circuit
components and an ultra-low power Apollo2 MCU [13]. The
Application Specific Integrated Circuit (ASIC) simulation
shows that the power consumption can be reduced to 93.2 uW,
which is affordable on an energy harvesting tag. The main
contributions of this paper are summarized as follows:

e We simplify the standard LoRa demodulation from energy
perspective and design the first-of-its-kind low-power LoRa
demodulator that can run on an energy harvesting tag.

e We design a set of simple but effective circuits and algo-
rithms, prototyping them on PCB board for system evaluation.



e We demonstrate that Saiyan outperforms the state-of-
the-arts on power consumption, communication range, and
throughput.

The remainder of this paper is structured as follows. We
present the design of vanilla Saiyan in Section 2, followed
by super Saiyan in Section 3. Section 4 describes the imple-
mentation details. The experiment (§5) follows. We review
related works in Section 6 and conclude in Section 7.

2 Vanilla Saiyan

A LoRa symbol is represented by a chirp whose frequency
grows linearly over time, as formulated below.

s(t) = Asin(2pf(1)1) 6]

where A is the signal amplitude; f(¢) = Fy + kr describes how
the frequency of this chirp signal varies over time; Fp is the
initial frequency offset; & is the frequency changing rate. The
frequency of a LoRa chirp wraps to 0 right after peaking
BW—the bandwidth of LoRa. Different LoRa chirps peak the
frequency BW at different time due to the difference in their
initial frequency offset, as shown in Figure 3(a). Applying a
differential to a LoRa chirp, we have:

=20 = seoseprmee i1 @
= 3PAGH+ 2Ue) cos(2pI (1))
Amplitude

The above equation indicates that the amplitude of the trans-
formed signal s'(¢) is proportional to the frequency of the in-
put LoRa chirp s(¢), as shown in Figure 3(b). This frequency-
amplitude correlation allows us to demodulate the frequency-
modulated (FM) chirp signal by tracking the peak amplitude
of its transformed amplitude-modulated (AM) counterpart.

2.1 Frequency-amplitude Transformation

To realize the differential operation [10], an intuitive solution
is using RLC resonant circuit. However, the narrow band-
width of LoRa (e.g., 125/250/500 KHz) renders this idea
infeasible (see Appendix A.l for details). In Saiyan we in-
stead exploit the sharp frequency response of the Surface
Acoustic Wave (SAW) filter to transform LoRa chirps into
amplitude-modulated signals.

SAW filter primer. A SAW filter consists of two interdigital
transducers (shown in Figure 4). The input interdigital trans-
ducer transforms electrical signals into acoustic waves; the
output interdigital transducer then transforms acoustic waves
back into electrical signals. This two-stage signal transforma-
tion introduces 6 dB insertion loss to the incident signal [4].

Re-purposing SAW filter as a signal converter. Our design
is based on the observation that the frequency response of a
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Figure 3: LoRa symbols before and after frequency-amplitude
transformation. (a) Different LoRa symbols in the frequency
domain. (b) The amplitude of LoRa symbols after frequency-
amplitude transformation.
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Figure 4: Diagram of the SAW filter. The SAW filter converts
electrical signal into acoustic signal and then back through
two inter-digital transducers.

SAW filter grows monotonically within a certain frequency
band (termed as critical band). After passing through the
critical band, the chirp signal will be transformed into an
AM signal whose amplitude scales with the frequency of this
input FM chirp. This allows us to demodulate LoRa chirp by
simply tracking the peak amplitude of the AM signal. On the
other hand, since SAW filter by its own design is battery-free,
such frequency-amplitude transformation doesn’t incur extra
power consumption to backscatter tags.

In Saiyan, we take into account the working frequency and
bandwidth of LoRa signals and select a general-purpose Qual-
comm B3790 [1] SAW filter as the signal converter. Figure 5
shows its frequency response. The signal amplitude grows
by 25 dB as the frequency of the incident signal scales from
433.5 MHz to 434 MHz (500 KHz bandwidth). To validate
this 25 dB amplitude gap is strong enough for differentiating
LoRa chirps, we feed four different chirp symbols into this
SAW filter and plot the output in Figure 6. Evidently, these
symbols peak their amplitude at clearly different time points,
confirming the effectiveness of the SAW filter.

2.2 Demodulation

The transformed symbols are down-converted to the base-
band through an envelope detector. Before demodulation, the



Table 1: The required sampling rate (KHz) in theory/practice
to achieve 99.9% decoding accuracy.

SF=7 SF=8 SF=9 SF=1C SF=11 SF=12
15.6/20 7.8/12 3.9/5.51.95/2.6 0.98/1.2 0.49/0.6

1

2 31.2/40 15.6/20 7.8/12 3.9/5.51.95/2.6 0.98/1.2
3 62.5/85 31.2/40 15.6/20 7.8/12 3.9/5.51.95/2.6
4
5

125/180 62.5/85 31.2/40 15.6/20 7.8/12 3.9/5.5
250/400 125/180 62.5/85 31.2/40 15.6/20 7.8/12

K
K
K
K
K

Figure 5: The amplitude-frequency response of the SAW
Iter adopted bySaiyan. The central frequency is 434 MHz.
The measured insertion loss of this SAW lteri dB. We
observe 25 dB, 9.5 dB, and 7.2 dB amplitude variation as
the frequency of an incident signal grows from 433.5 MHz
433.75 MHz, and 433.875 MHz to 434 MHz, respectively.

alone fails to detect the amplitude peak due to the valleys

emerging on signal amplitude€., t 2 [tg;te] in Figure 7(b)).

Using a low thresholdJ; alone causes false positives due

' to the misleading peak emerging on the signal amplitude
(t 2 [ta;tg] in Figure 7(d)). In contrast, the double-threshold
based comparator produces a series of stable binary voltages

standard LoRa receiver rst digitizes these baseband signalsthat can guide us to locate the peak amplitude at the correct
using an ADC, which is power intensive. To save power, an Position {.e., at the tail of the high voltage samplesshown
intuitive solution is to replace the ADC with a low-power in Figure 7(e)).

voltage comparator [37,46]. The threshold of this comparator
is set to a value slightly lower than the peak amplitude of the
basband signal. This allows us to locate the peak amplitude by
checking the comparator's output. Unfortunately, due to the The comparator quantizes chirp samples into binary voltages
in-band interference and hardware noise, the transformed AMwhich are stored in a counter of micro-controller (MCU). The
signal may experience multiple amplitude peaks and valleys sampling rate tradeoffs the power consumption and the de-
that may confuse the comparator. modulation performance and thus cannot be set arbitrarily. A

Double-threshold based comparatorin Saiyan we instead higher sampling rate supports a higher link throughput. It how-

adopt a double-threshold based comparator to stabilize the out€Ver CONSUMES More power. SupposSeFa LoRa chirp en¢odes
put binary sequence. L&k andU, denote the high-voltage  Pits data. The data rate equélsBW=2>", whereBW andSF
and low-voltage threshold de ned in this comparator. When réspectively represent bandwidth and spreading factor. Ac-

2.3 Low-power Voltage Sampler

the amplitude of an input signal is suf ciently higher thap, ~ ¢ording to the Nyquist samplingSIt:hﬁorem, the sampling rate
the comparator outputs a high voltage. When the amplitude Should be not Iower than Bw=2"" . o
of this signal is equivalent tdy or above, no chattering oc-  However, in reality, using the theoretical minimum sam-

curs since the output will not respond unless the input falls Pling rate exacerbates bit errors. We conduct a benchmark
belowU, . Following this idea, the output voltadg can be experiment to measure the practical sampling rate required

formulated as follows: to achieve 99.9% decoding accuracy. Table 1 lists the re-
sults with different settings of spreading factor and coding
low, if Aj<Uy & Bj 1=Ilow rate. We nd that the required sampling rate in practice is
B = high; if A Uy & B 1=Ilow 3) slightly higher than the theoretical minimum sampling rate.
'“3low if Ail<U. & Bj 1= high Suggested by this result, we conservatively set the sampling
" high; if A; U. & Bj 1= high rate to 3.2BW=25F K which guarantees the demodulation
performance.

whereA; represents the amplitude of ti& signal sample. . o
This double-threshold comparator takes into account the am_Decodmg Atter quaniization, the low-power MCLI decodes

plitude samples both in the past and present. It nulls out theeaCh LoRa chirp by localizing the bit 1* within each LoRa

chattering caused by the amplitude oscillation. The threshold fgngL t{ijlcSaTTJO\ivcnh:? zlgtljr%r?. dL?(Scl';icr)lR?hper?_%rlggle r(zac;nr;atilnes
setup is detailed in system implementation (84). P ps. Lp 9 P K

To show the effectiveness of this double-threshold basedSaiyan waits for 2.25 symbol times (sync. symbols) and oper-

comparator, we apply it to a LoRa chirp and plot the output ates demodulation on the payload hereafter.

in Figure 7. For comparison, we also plot the output of two Remarks. The vanillaSaiyan demodulates LoRa signals with
single-threshold based comparatddg @lone andJ, alone, the minimum power consumption. However, its demodulation
respectively). We can see that using a high threship{d sensitivity is limited due to the signal attenuation in the SAW



Figure 6: The input (top) and output (bottom) signals of the SAW lIter. The amplitude of the output signal scales with the
frequency of the input signal. They reach the maximal value simultaneously.

Figure 8: The decoding process of a LoRa packet

CMOS devices [27], both the targeted sigria.(feedback
signals from the LoRa access point) and the RF noises will be
Figure 7: Comparing the output of different voltage com- down-converted to the baseband. Consequently, the targeted
parators. (a): the incident LoRa chirp. (b): the output of an Signal becomes even weaker after down-conversion. We ex-
envelope detector. (c)-(d): the output of the single-threshold plicate this phenomenon using the following example. $et
based comparator that udgig or U, as the cut-off amplitude.  be the incident signak, = § + &, where§ and$, denote
(e) the output of the double-threshold based comparator thatthe targeted signal and RF noises, respectively. The output

usesdUy andU, simultaneously as the cut-off amplitudes.  signalSoy of this envelope detector can be represented by:
Sout= kS = k(S + S)° 4
Iter and the noise added by the envelope detector. Next, we - k32+ %S S+ kS%

introduce supeBaiyan to improve the sensitivity.

wherek represents the attenuation factor. The rst tegfron
3 SuperSaiyan the right side of this equation manifests that the targeted signal
S is shifted to the baseband through self-mixing. The second
Supersaiyan takes the following actions to consistently im- and the third terms both indicate the RF noises are shifted
prove the demodulation sensitivity): improving the SNR o the baseband after mixed with the targeted signal and the
of baseband chirp signals with a cyclic-frequency shifting noises themselves, respectively, causing strong interference
circuit, andii) improving the sensitivity of demodulator with 0N the baseband.

correlation. Cyclic-frequency shifting. In Saiyan we design a low-power
circuit to mitigate the SNR loss brought by the envelope
detector. The circuit is realized by two RF mixers and two

3.1 Cyclic-frequency Shiftin
y g y 9 clock signals. Its operation is detailed as follows.

Understanding the principle of envelope detectarThe en- Step 1 The micro-controller rst generates a clock sig-
velope detector has been widely adopted by low-power RF nal CLK;,(Df) and mixes it with the incident sign&F),
devices to down-convert the incident signal. However, due to resulting in two sideband signa®F Df) andS(F + Df),

the inherent non-linearity caused by the squaring operation ofas shown in Figure 9(a)-(b). The sideband signals and the
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