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Abstract—Wake-up receivers (WuRxs) enable wireless, low-
latency communication with greatly improved power efficiency,
operating up to a thousand times more efficiently than conven-
tional RF receivers. WuRxs are typically designed to operate
in license-free RF bands (ISM bands). Many studies report
improvements in WuRx designs regarding sensitivity, latency, and
power consumption. However, detailed characterizations of the
wake-up packets (WuPts) used are often missing. We proposed
a measurement setup to accurately and repeatably measure the
bandwidth of the WuPt. We found high bandwidth requirements
of many WuPts used in current research. The bandwidth of
these WuPts is wider than the frequency span of the utilized RF
band. We also conducted a theoretical analysis to explain why
WuPts tend to have high bandwidth. We performed bandwidth
measurements on WuPts generated by different RF transmitters,
including a lab-grade vector signal generator and two commer-
cially available RF transceiver ICs. Finally, we implemented pulse
shaping in all three devices. With pulse shaping, we were able
to reduce the bandwidth requirements to 25% or even to 50%.

Index Terms—Wake-up receiver, wireless sensor network,
ultra-low power, low-frequency receiver, AS3933, on-demand
communication, bandwidth

I. INTRODUCTION

Long-lasting battery life in wireless sensor nodes is es-
sential for modern wireless sensor networks. The reception
mode of the sensor node is known to consume the most
power. While continuous data reception is desirable, it is
incompatible with achieving multi-year battery life [|I]. Even
modern RF transceivers consume more than 10 mW during
continuous reception, making a duty-cycling approach neces-
sary to reduce power consumption significantly. However, this
approach increases latency in event-driven communication,
making battery-powered systems unsuitable for many real-time
applications [2].
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Several recent publications suggest using wake-up receivers
(WuRxs), which are specialized RF receivers with a power
consumption below 10uW. This low power consumption
enables continuous and energy-efficient reception. WuRxs
are typically designed to receive only dedicated RF packets,
known as wake-up packets (WuPts), and are integrated along-
side the main radio in the sensor node. [3]—[5]

Recent publications introduce various WuRx prototypes,
often based on application-specific integrated circuits (ASICs)
[6]. However, we focus on WuRx devices built from com-
mercial off-the-shelf (COTS) components. These devices are
notable for their simplicity, requiring minimal components
while ensuring interference-free communication [7]-[9].

The main performance parameters of WuRxs are sensitivity,
power consumption, and latency [[10]. Most articles focus on
optimizing these parameters. In this article, however, we focus
on the generation of WuPts. Our analysis of existing research
found that only a minority of articles provide details on WuPt
generation. We assert that this is the first article on COTS
WuRxs to provide WuPt bandwidth measurements.

Measuring RF bandwidth is essential to ensure that WuPts
fit into license-free RF bands or industrial, scientific, and
medical (ISM) bands. We will show that a large portion of
the WuPts in current research have a higher bandwidth than
the frequency span of the utilized RF band. This compliance
test ensures that WuRxs can be used legally across a wide
range of applications and supports their broader adoption in
practical applications in the future.

This article is structured as follows. In [Section II} we
presented the state of research. In [Section IIIl we analyze
the bandwidth requirements of the WuPts theoretically. In

we present the methodology of our bandwidth
measurements and the RF transmitters used to generate the

test packets. In we present the results of our
bandwidth measurements. We employ shaping filters to reduce
the bandwidth of the WuPts. The article is summarized in
Additionally, we discuss the importance of the
bandwidth reduction for the different typically used frequency
bands.
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II. STATE OF RESEARCH

The majority of COTS WuRxs rely on a passive radio-
frequency envelope detector (RFED) to convert the RF signal
into a more detectable LF signal. As a result, most WuRxs can
only receive amplitude-modulated signals [6]]. On-off keying
(OOK), a simplified form of amplitude modulation, is used by
85% of RF WuRxs, as determined in a large-scale literature
review.

Like all modulation schemes, the bandwidth requirement for
WuPts depends on the maximum frequency of the baseband
signal. Symbol rates for WuPts are typically lower than those
in data communication [6]. However, we found multiple arti-
cles in the literature utilizing symbol rates above 100 ksym/s,
requiring a baseband frequency of at least S0kHz [[11]-[15].

In our research group, we primarily work with WuRxs based
on low-frequency pattern matchers (LFPMs). LFPMs are spe-
cialized ICs, typically developed for keyless car entry systems,
that can receive signals in the LF range (15-150kHz) and
perform pattern matching. Combined with a passive RFED,
this enables the design of highly sensitive, reliable, and low-
power WuRxs with addressing capabilities, requiring only a
few additional components [7].

However, LFPM-based WuRxs require special WuPts in
which the output of the RFED meets the LFPM’s require-
ments. These requirements are illustrated in Since both
the RFED and LFPM act as envelope detectors, the WuPt
requires double amplitude modulation. The RF carrier is turned
on and off repeatedly to generate the LF carrier, while the LF
envelope contains the preamble and address information of the
WuPt.
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Fig. 1. Requirements on the WuPt for LFPM-based WuRxs. (a) Simplified
reception path containing two envelope detectors. (b) LF envelope and LF
signal of the WuPt. Visualization of the different components of the WuPt.
(c) LF signal generated by the envelope of the RF signal.

In [[16]], we focused on minimizing the duration of the WuPt.
We defined the LF modulation ratio B as the ratio between
the LF carrier fir and the symbol rate fiym.

ﬁLF :fLF/fsym (D)

We also reviewed the literature for common values of BLp,
finding a range from 4 to 45.[Fig. 1|b) and (c) illustrates Br =
4, where there are four periods of the orange LF signal within
each symbol represented by the green envelope.

Due to the double amplitude modulation and the LF modu-
lation ratio, the LF of the WuPt is significantly higher than its
symbol rate. Our review literature found several articles using
an LF over 100 kHz. These articles are listed below, with only
the first author referenced: [10], [[17]-[27]]. Using the LFPM
AS3933, lower LF values between 11-25 kHz can be achieved
[7], [28]]. However, as our analysis shows, the bandwidth of
the WuPt remains high due to the nature of OOK.

Few articles describe their wake-up transmitter (WuTx)
design. References [29|-[31] explored using IEEE 802.11
transmitters to output a WuPt, generating an RF pulse on the
WuRx channel using IEEE 802.11 frames. However, these
articles did not measure the bandwidth of the generated
signals.

Gavrikov et al. [28] proposed a WuRx capable of receiving
frequency-shift keying (FSK) WuPts in the 2.45 GHz band.
FSK-capable WuRxs based on COTS components rely on
multiple RFEDs sensitive to different carrier frequencies. By
switching between two carrier frequencies, a differential signal
can be created. Gavrikov et al. described how to generate
the WuPt using two Bluetooth Low Energy transmitters, as
a single transmitter could not achieve the frequency deviation
required for the WuRx. However, the bandwidth requirements
of each transmitter’s signal were not measured.

Del Prete et al. [32] proposed narrowing the width of an
OOK pulse to concentrate more RF energy in a shorter time.
The study demonstrated that improving the link budget of
WuRx communication is possible, as these signals result in
higher output voltages at the RFED. The authors ensured that
the average power (AP) of the WuPt remained constant, while
the peak envelope power (PEP) was increased. Although the
authors simulated the WuPt bandwidth requirements, they did
not perform measurements. With a symbol rate of 1ksym/s
and an OOK pulse width of 125 ps, the simulated bandwidth
reached 140 kHz.

In this article, we will theoretically derive the spectrum
of different WuPts and measure the bandwidth of WuPts
generated by various RF transmitters. We will analyze the
bandwidth according to European regulations. For each trans-
mitter, we will apply different shaping filters and examine their
impact on bandwidth.

III. THEORY

For the following analysis and numerical calculations, we
observe the baseband signal in the frequency domain. The
baseband signal fully describes the behavior of the RF signal,
as the only difference is a frequency shift from DC to RF by
multiplying the time-domain signal by the carrier frequency.
However, all measurements were taken at a carrier frequency
of 868 MHz.

To achieve amplitude modulation without phase shifts, all
baseband signals must remain positive. For simplicity, we set
the maximum amplitude to 1. As a first step, we analyzed
the amplitude modulation of a sine signal. To ensure the sine
wave fits within the amplitude limits [0, 1], its amplitude must
be raised and scaled.

x1(¢t) = 0.5+ 0.5 sin at (2)



When analyzing the double-sided amplitude spectrum of
this signal, the sine function is converted to two complex
exponential functions.

x1(t) =0.5+0.5 (exP(j“’O’) —Z;XP(—ja)ot) )

This explains the peaks seen in the amplitude spectrum of
the sine signal in At DC, the amplitude is —6.02dB,
while both fundamental frequencies + fy have an amplitude of
—12.04 dB.

For the square-wave signal x,(¢) shown in (@), the Fourier
series is given in ().
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This calculation explains why peaks occur only at odd multi-
ples of the fundamental frequency. The amplitude of the har-
monics decreases only slowly. The time domain and frequency
domain of the square-wave signal are visualized in
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Fig. 2. Time domain and frequency domain of simple sine and square-wave
signals

As presented in the LFPM WuPt uses double
amplitude modulation. To analyze the spectrum of the LFPM
WuPt, we opted for numerical calculations. The LF envelope
of the WuPt contains the address information. However, to
simplify the spectrum analysis, we used a continuous alternat-
ing pattern, like present in the preamble of the WuPt. The LF
envelope here is a square-wave signal with frequency 1/2 .
We used Prp = 8 for the simulations and experiments. Since
amplitude modulation is a multiplication in the time domain,
the spectrum is calculated by convolution. [Fig. 3| shows the
time and frequency domains of the continuously modulated
LFPM WuPts.

The convolution in the frequency domain is clearly visible.
At each harmonic of the LF carrier, the typical amplitude mod-
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Fig. 3. Time domain and frequency domain of continuously modulated WuPts

ulation spectrum of the LF envelope forms. Shaping the pulses
of the WuPt has a clear advantage in bandwidth reduction.
For the shaped WuPt, the spectrum is largely confined to a
bandwidth of 4 fy. For the unshaped WuPt with square-wave
RF pulses, the spectrum is significantly wider, with substantial
spectral components at every odd multiple of fy due to the
convolution of the two square-wave spectra.

Finally, we analyzed the spectrum of the WuPt with random
data. For LFPM-based WuRxs, Manchester coding is typically
used. We analyzed the double amplitude modulation with a
randomly Manchester-coded signal.

continuous unshaped WuPt

random unshaped WuPt

amplitude in dB

-6 —4 -2 0 2 4 6
normalized frequency

Fig. 4. Amplitude spectrum of continuous and random WuPt. The unshaped
signals were used here.

shows the difference between continuous and ran-
dom WuPts using unshaped signals. For the random WuPt,
frequency components are spread out more evenly, as is
typical for random signals (e.g., white Gaussian noise). For
the continuously modulated signal, the energy is concentrated
in frequency bins. The continuous modulation represents the
worst-case spectrum, as it produces the highest peaks. There-
fore, in our experiments, we will use continuously modulated
signals to ensure that all WuPts with any address information
meet the bandwidth requirements.



IV. METHODOLOGY

In [7], we proposed an LFPM-based WuRx working at
868 MHz. It utilizes an LF of 18.72kHz and LF modulation
ratio Brr of 8. Therefore, the symbol rate is 2.34 ksym/s. The
signals analyzed here will use these parameters.

We compare the amplitude spectrum and bandwidth re-
quirements of three different RF transmitters. The first is the
Rohde & Schwarz SMCV100B vector signal generator [33].
The second is the RF transceiver IC SPIRIT1, commonly used
in our sensor node prototypes [34], [35]. The third is the
SPIRIT1’s successor, the S2LP, released in 2016 and featuring
additional signal shaping options [36].

Bandwidth has various definitions across research and in-
dustry. In this article, we focus on the regulation-oriented
definition of bandwidth. We measured the WuPt bandwidth
according to ETSI norms, following the guidelines in the
application guide [37]. We set the WuTx to continuous
transmission and used a spectrum analyzer with a resolution
bandwidth of 1kHz. Based on the ETSI limit for adjacent
channel power, we used a threshold of —37 dBm to define the
WuPt bandwidth. We captured the spectrum and identified the
signal components above the —37 dBm level to determine the
bandwidth, averaging 1000 captures to minimize measurement
noise. Our measurements were conducted using a Rohde &
Schwarz ZNL6 spectrum analyzer [38].

For amplitude-modulated signals, the carrier is fully or
partially turned off for a set period. Consequently, the peak
envelope power (PEP) is greater than the average power (AP)
of the signal, and the ratio between these values is known as
the peak-to-average power ratio (PAPR).

The maximum allowable transmit power for the 868 MHz
band is 14 dBm. Measurements with the SMCV100B were
conducted with a PEP of 14dBm, confirmed using the 1Q
analyzer to view the time-domain baseband signal. The RF
power level programmed into the SMCV100B are typically
AP values. However, this is not true for all configuration. For
example, for analog amplitude modulation, it represents the
carrier power.

For RF transceiver ICs, the maximum transmit power is
limited by the IC, matching circuit, and PCB traces. We
measured a PEP of 7.9dBm for the SPIRITI and 12.9dBm
for the S2LP. These PEP differences impact the measured
bandwidth and should be considered.

V. RESULTS

shows the measured spectra of unshaped WuPts, with
the —37 dBm threshold for bandwidth marked as a horizontal
line. The bandwidths for each signal are shown as lines at the
bottom of the plot.

The measured bandwidths were 340kHz for the
SMCV100B, 937kHz for the SPIRIT1, and 524kHz
for the S2LP. The SMCV100B had the lowest bandwidth,
while the SPIRIT1’s bandwidth was approximately triple due
to sharper transitions in the OOK modulator. The bandwidth
requirements are 18 to 50 times larger than the baseband
frequency.
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Fig. 5. Measured amplitude spectrum of continuous WuPts without shaping

We repeated the measurement using an LF of 125kHz,
another common LF in LFPMs as discussed in
The measured bandwidths were 2.27 MHz for the SMCV100B
and 4.76 MHz for the SPIRIT1. The S2LP does not support an
OOK data rate of 250kbit/s, which is needed for generating
the 125 kHz signal.

The shaping filter theoretically analyzed in is
a raised-cosine filter, using cosine waves to shape the WuPt
pulses. We configured the raised-cosine filter option on the
SMCV100B. [Fig. 6] shows the spectra of the SMCV100B
signals, with and without shaping.
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amplitude in dBm
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frequency in MHz

868.2 868.4

Fig. 6. Measured amplitude spectrum of continuous WuPts generated by
SMCV100B vector signal generator

The SMCV100B’s shaping filter significantly reduced the
bandwidth, decreasing it from 340kHz to 76kHz. The
SMCV100B achieves a near-ideal spectrum, where the band-
width is only four times the LF, as predicted in

The SPIRIT1’s power amplifier can be configured to shape
the OOK signal output, with eight output levels available.
Two levels are reserved for minimum and maximum power.
We used raised-cosine coefficients for the remaining six, cal-
culating attenuation values of [26.0,14.5,8.0,4.0,1.8,0.5]dB.
[Fig- 7] compares the spectra of the SPIRIT1 signals, with and
without shaping.

The SPIRIT1 was able to reduce the bandwidth from
937kHz to 610kHz. visualizes the shaped time-domain
baseband signal. This figure shows sharp transitions when
switching between power levels. These edges are responsible
for the high bandwidth of te shaped WuPt.
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Fig. 7. Measured amplitude spectrum of continuous WuPts generated by
SPIRIT1 transceiver IC
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Fig. 8. Shaped time-domain baseband signal of SPIRITI. The transitions
between the different output levels of the power amplifier are clearly visible.

The S2LP’s power amplifier offers similar ramping options
as the SPIRIT1 but additionally includes a digital filter specifi-
cally designed to shape the OOK modulated signal. The filter’s
cutoff frequency can be set to [12.5,25,50, 100] kHz. We found
that the 12.5 and 25 kHz options attenuated the output signal.
[Fig- 9] shows the spectrum of the 25kHz filter compared to
the unshaped signal.
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Fig. 9. Measured amplitude spectrum of continuous WuPts generated by
S2LP transceiver IC

The S2LP’s output filter reduced the bandwidth from
524kHz to 189kHz. Comparing [Fig. 6 and [0} the S2LP is
not as effective as the lab-grade SMCV100B in bandwidth
reduction, but it achieves a reduction to 10 fp.

VI. CONCLUSION AND DISCUSSION

This article focuses on wake-up receivers (WuRxs) based on
commercial off-the-shelf components. Most of these WuRxs
can only receive OOK signals because they use passive radio-
frequency envelope detectors. A subcategory of these WuRxs

employs low-frequency pattern matchers (LFPMs), which are
ICs capable of receiving LF signals in the 15-150kHz range.
Due to the RFED and the LFPM, there are two envelope
detectors in the reception path, requiring double amplitude
modulation of the wake-up packet (WuPt), as shown in [Fig. |

In [Section Il we analyzed the current research and high-
lighted that LFPMs are widely used. Multiple references use
LF values over 100kHz, resulting in high bandwidth for the
WuPt. We found that few articles focus on the generation of
the WuPts. Only Del Prete et al. provided a simulation
of WuPt bandwidth.

In |Section Il we performed calculations and numerical
analysis to illustrate the spectrum of different signals. In
particular, we showed that a square-wave signal has a high
bandwidth.

In we presented the results of our bandwidth
measurements. With an LF of 18.7kHz, the bandwidth of
an LFPM WuPt ranged from 340-937kHz, depending on
the transceiver used. Due to the sharp transitions of OOK
modulation, the bandwidth is up to 50 times larger than the
LF. With an LF of 100kHz (as per [Section II), a bandwidth
in the range of 5 MHz is reached.

By enabling signal shaping on three different RF transmit-
ters, we were able to significantly reduce the bandwidth. For
the lab-grade vector signal generator SMCV100B, the band-
width decreased from 340kHz to 76kHz. For the SPIRIT1
RF transceiver IC, the bandwidth decreased from 937 kHz to
601 kHz . The SPIRIT1’s successor, the S2LP, supports
additional shaping options and achieved a substantial reduction
in bandwidth, decreasing from 524 kHz to 189 kHz. However,
the S2LP still did not match the bandwidth reduction achieved
by the SMCV100B.

Generally, wireless sensor nodes should operate in license-
free frequency bands, as unlicensed bands are essential for
broad applications of sensor networks. Bandwidth require-
ments are important to ensure that the WuPt fits into the
utilized RF band. The 2.45GHz band spans over 100 MHz
and allows for wideband WuPts. The 868 MHz band spans a
total of 7MHz, but is divided into multiple sub-bands with
different requirements. Spanning a WuPt across multiple sub-
bands is not recommended, as overlapping regulations severely
limit the allowable duty cycle and transmission power. The
434 MHz band spans 1.74 MHz in total. This frequency
band is used in studies such as [[10], [20], [25]. WuPts with
LF of 100 kHz cannot legally transmitted in this band, as their
bandwidth can reach 5MHz. Additional filtering would be
needed to reduce out-of-band emissions. For 125 kHz WuPts,
we measured bandwidths of 2.27 MHz for the SMCV100B
and 4.76 MHz for the SPIRIT1. These WuPts do not fit in the
434 MHz band.

Pulse shaping generally increases the peak-to-average power
ratio (PAPR) by reducing the transmitter’s output power during
ramping. Future research should investigate the impact of
increased PAPR on WuRx sensitivity.
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