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Abstract—Wireless sensor nodes (WSNs) are increasingly used
in applications such as environmental monitoring and the In-
ternet of things. However, traditional digital WSNs rely on
synchronous Nyquist-Shannon sampling, which leads to high
baseline power consumption and system complexity. Event-based
sampling offers an alternative approach, where signals are
sampled only when an event occurs. This leads to data arriving
at the transmitter at unpredictable times with both sparse and
dense bursts of activity. This paper analyzes the use of event-
based communication for variable bandwidth signals, which are
characterized by an instantaneous bandwidth rather than a con-
stant one. An asynchronous frequency-shift keying on-off keying
(FSKOOK) transmission and detection scheme is introduced to
enable pulse based communication, where events are modulated
onto distinct frequencies and are transmitted as short bursts.
We analyze the susceptibility of a time-warping reconstruction
approach to pulse deletions, insertions and distortion in noisy
channels, and we compare its performance to that of piecewise
linear interpolation as a baseline. Furthermore, we present a
hardware prototype of a FSKOOK transmitter with preliminary
transmission results.

Index Terms—Event-based Communication, Event-based Sam-
pling, Instantaneous Bandwidth, Low Power Wireless Sensors

I. INTRODUCTION

Many areas such as environmental monitoring, biomedical
systems, and the Internet of things (IoT) have an increasing
demand for inexpensive battery-powered wireless sensor nodes
(WSNs). State of the art WSNs are digital [1] and built
around synchronous Nyquist-Shannon sampling according to
the signal bandwidth B. While this approach is robust and
spectrally efficient, it imposes a high baseline power consump-
tion and complexity. The analog measurement from the sensor
is transformed into the digital domain, where it is processed
and converted into a communication signal. Finally, it is trans-
formed back into the analog domain before being transmitted.
Many analog signals of interest are not characterized well by a
global bandwidth B. Such variable bandwidth (VBW) signals
are better characterized by an instantaneous bandwidth B(t)
[2], rather than a constant one.

To leverage a variable bandwidth, event-based sampling
can be used. With this method, the signal is sampled only
when an event occurs, rather than uniformly according to the
Nyquist—Shannon sampling criterion. One such approach is the
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Send-on Delta (SoD) sampler, which generates fewer samples
during periods of lower signal activity and more during periods
of higher activity [3]. Transmitting such samples with a
synchronous transmission scheme is suboptimal due to the
unpredictable occurrence of samples. As a low-complexity al-
ternative, the authors of [4] propose an event-based frequency-
shift keying on-off keying (FSKOOK) scheme that modulates
samples directly onto asynchronous pulses. Their work fo-
cused on implementing the communication system, which they
later enhanced with an error correction scheme [5], while dedi-
cating less attention to advanced signal reconstruction methods
and their potential benefits. This approach has been shown to
be more energy efficient than an equivalent Nyquist—Shannon
based communication system when B(t) changes significantly
over time [6]. This improvement in energy efficiency comes
at the cost of reduced transmission bandwidth efficiency.

In this paper we look at a complete signal processing chain
for VBW signals that samples and transmits in an asyn-
chronous fashion. Such an asynchronous sensor communica-
tion system incorporates SoD sampling and pulse modulation
on the transmitter side, and pulse detection and reconstruction
on the receiver side [4]. There exists a signal recovery method
for SoD sampled VBW signals based on time-warping, which
allows for almost perfect signal reconstruction [7]. Our aim is
to analyze the effect of communication errors, such as pulse
deletion, insertion and distortion, on signal reconstruction in
such an event-based communication system. In particular,
we assess the susceptibility of a time-warping reconstruction
approach to such effects, and compare its performance with
that of piecewise linear interpolation as a baseline. Together,
they provide loose upper and lower bounds that define the
expected performance range of reconstruction methods in the
event of communication errors.

To this end, we first define an event-based sampling scheme
and corresponding signal reconstruction approaches. Then, we
introduce an event-based communication system that modu-
lates the events onto distinct asynchronous pulses, which are
then detected by two detection schemes. Based on this, we
present our hardware implementation of an event-based trans-
mitter. The entire chain of event-based sampling, transmission,
detection and reconstruction for VBW signals is analyzed
numerically for different communication channels. Finally, we
share some preliminary transmission results for our hardware
transmitter implementation.



II. EVENT-BASED SAMPLING

Event-based sampling is particularly useful for signals with
variable bandwidth. Such signals can be described using time-
warping [2], an extension to the Nyquist-Shannon sampling
and interpolation approach. Here, a signal s(t) is defined by
an instantaneous bandwidth function B(t) which describes its
local bandwidth at times ¢. Whereas, for Nyquist-Shannon
sampling, a constant bandwidth signal is uniquely determined
by a sample rate of 23, a VBW signal is uniquely determined
by a sample rate of 2B(t).

A. Send-on Delta Sampling

We now look for a sampler which produces samples at a rate
proportional to B(t). One such sampler is the level-crossing
(LC) sampler. It samples the signal whenever it crosses certain
amplitude thresholds. It was shown that it produces samples
at a rate relative to the instantaneous bandwidth B(¢) of a
signal [7]. One of three different sampling events can occur.
Compared to the previous crossing event, the signal can rise
to the next level, fall below the previous level, or remain at
the same level.

A LC sampler with hysteresis, also called an SoD sampler,
behaves similarly [8]. It samples only when the current signal
value s(t) differs from the previous value s(tx—1) by a
threshold A:

|5(t) = s(tr—1)| > A (1)

resulting in events at times ¢;. An example of a VBW signal,
sampled by an SoD sampler is shown in Fig. 1. Only two
types of sampling events can occur: either the signal rises by
A or it falls by A. We thus describe the amplitude change
by A-fall events at times t; and A-rise events at times ¢,
with corresponding amplitude changes of —A and +A. Since
we only need two types of events to describe the amplitude
change instead of three, we focus on SoD sampling.

For SoD samplers, it is unknown when events will occur,
but the distance between two consecutive events can be
lower bounded. If s(¢) has a maximum bandwidth B,z =
max;{B(t)} and is amplitude bounded to sy = max;{s(t)},
we find the smallest distance between two events as [6]:
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B. Reconstruction

To reconstruct s(t), we need to recover the sample ampli-
tudes s(t;) from A-fall and A-rise events by accumulating
the signal differences. We then apply either piecewise linear
interpolation or a time-warping approach for reconstruction.

Piecewise linear interpolation interpolates linearly between
all samples s(t;) and s(t—1) as described in [9]. The time-
warping approach, as described in [7], [9], instead uses the
instantaneous bandwidth B(t) to stretch and compress the time
axis of s(ty). This improves the nonuniform sampling grid
before the samples are interpolated using sinc kernels.

While we do not assume any knowledge of the signal
s(t) for the piecewise linear interpolation, we do assume
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Fig. 1: Example instantaneous bandwidth B(t) and the result-
ing signal s(t) sampled at ¢, with an SoD sampler.

full knowledge of B(t) for the time-warping approach. This
enables us to conduct a best-case performance comparison
between time-warping and the low-complexity piecewise in-
terpolation approach. In realistic scenarios B(t) is unknown
and needs to be estimated from the SoD events themselves.

III. EVENT-BASED COMMUNICATION
A. Pulse-Based Transmission

As shown in section II-A, an SoD sampler produces events
at unpredictable times, depending on B(¢) and A. Therefore,
we require a communication scheme that can accommo-
date this unpredictability while remaining low-complexity. To
achieve this, we employ an asynchronous pulsed transmission
scheme using FSKOOK as described in [4]. Thus, we only
transmit for a fixed period of time Tp, at a set frequency ff
in case of a A-fall event and at f, in case of a A-rise event.
We define a pulse created by a A-fall event as:

if 0<t<Tp
else

py(t) = {OACOS @rfit+ ¢),

and a pulse p,(t) for a A-rise event correspondingly. In a
fixed period of time, we transmit a total of K1x = Fryx + Rrx
pulses, where Fry and Rty denote the number of pulses for
A-fall and A-rise events at times ¢ and ¢, respectively:
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An overview of the transmitter can be found in Fig. 2.

We can find the bandwidth of p;(¢) and p,.(¢) by interpreting
the truncation of the cosine in (3) as a multiplication with a
rectangular window. Since this leads to a convolution with a
sinc function in the frequency domain, our pulse bandwidth
is fully determined by this infinite sinc. If we assume that the
majority of the signal energy is located between the first zero



crossings of the sinc function in the frequency domain, then
the bandwidth is given by:

Bp = —. 5

P= T, (5)

To prevent overlapping pulses, Tp must be smaller or equal

to the minimum time interval between two consecutive events

Tr,B. Therefore, the maximum pulse bandwidth for our mini-
mum pulse duration is:

2 2
BP,max = T = A . (6)
LB 27 Smax Bmax

In practice, the shape of the truncation window is not rectan-
gular but is instead dependent on the switching behavior of
such a pulse forming circuit.

B. Channel Model

Several effects can impact the transmission of events. For
example, pulses can be lost entirely, or the receiver can
incorrectly detect pulses. Furthermore, noise can severely
distort the pulses, resulting in inaccurate event time recovery.
We model these effects using three channel models: a deletion
channel, an insertion channel and an additive white Gaussian
noise (AWGN) channel. We define the deletion channel as
follows: given a sequence of pulses x(t), a pulse py(t — ty)
or p,(t —t,) can be deleted with probability pp. An insertion
channel that inserts a pulse between two pulses is defined
analogously by the insertion probability p;. Finally, we define
an AWGN channel as

y(t) = x(t) + n(t),

Assuming that a pulse, as defined in (3), contains only full
periods of a cosine, then, for A = 1, the average transmit
power is P = 4~ = 2. With o2 as the noise power the Signal-
to-noise ratio (SNR) is given by:

n € N(0,0?%). (7)

P 1
SNRg4g = 10log;, <No> = 10log, (W) (8)

C. Pulse Detection

On the receiver side, we now need to detect the pulses py
and p,., to estimate all A-fall events Fry at times t ¢ and all
A-rise events Rgy at times f,. From these, we can find all
Kgrx = Frx+Rgyx event times £;, and the amplitude differences.
To this end, we introduce two methods for pulse detection: a
threshold detector and a correlation detector.

To detect a A-fall event with the threshold detector (Fig. 2),
we first filter the received signal y(¢) with a bandpass filter
with the center frequency f, resulting in y(¢). We then apply
threshold detection with a dead time T}, so that whenever:

lyp(t)| >0 and t >ty 1 +Tpand t > t,_1 +Tp (9)

we detect a A-fall event. The same applies to detecting A-rise
events. From the separate A-fall and A-rise events we finally
recover the signal §(¢) with either of the approaches described
in section II-B.

For the correlation receiver, we add a correlation block
after the bandpass filter. The block calculates the correlation
between yy(¢) and a reference pulse which can be interpreted
as a matched filter:

cr(t) = yg(t) * pr(t). (10)

Subsequently, we perform threshold detection on ¢ (t), result-
ing in A-fall events at ¢t;. The same approach is applied to
the A-rise channel at f,.

D. Error Metrics

In order to measure the effects of the different channels, we
define the ratio of detected to transmitted pulses p as:

. FTx+RTx
FRx+RRx'

Furthermore, we define a mean pulse time error between
transmitted and detected pulses as:

| K
Cime = 7= Z |tk - fk‘ )
k=0

To optimally match the pulse times 7 to t;, we use the
Hungarian method [10]. In cases where insertion or deletion
errors occur, the number of received pulses differs from the
number of transmitted pulses. Since we perform a one-to-
one matching, insertion events can reduce the time error as
the number of insertions increases. This is a limitation of the
chosen metric, SO €me Should be considered alongside p.

Finally, we define the normalized mean squared error
(NMSE) as our measure for the signal reconstruction:

5;mT) = 8,
ZZ s, (mDF

mljl

(1)

K = min{Kry, Krs}.  (12)

(13)

NMSE {s} =

IV. TRANSMITTER HARDWARE IMPLEMENTATION

This section describes an unoptimized hardware implemen-
tation of an FSKOOK transmitter using a ring oscillator and
a multiplexer. The circuit is based on the concept of [4].

We implemented the oscillator using a ring oscillator, as
shown in Fig. 3. Here, a ring oscillator consists of an odd
number of three or more inverters, which are arranged in
a ring. Whenever the inverters are turned on, they become
unstable as each one tries to invert its input. The circuit
therefore begins to oscillate at a frequency that depends on
the propagation delay 7Tp and the number of inverters ¢ [11]:

fi= 1 € Nyg:

i=2+1,leN. (14

i-Tp’
It achieves its maximum oscillation frequency with the mini-
mum number of inverters required for oscillation:

1
f max — o o *
3-Tp
We selected a discrete p-n metal-oxide—semiconductor

field-effect transistor (MOSFET) pair to realize the inverters
and used a multiplexer to allow selection of paths with
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Fig. 3: FSKOOK transmitter circuit.

TABLE I: Discrete oscillation frequencies of the hardware
transmitter.

| Transmitter | f; [MHz] | fr [MHz] |
1 16.6 11.23
2 8.69 6.99
3 5.98 5.31
4 4.67 4.27

different numbers of inverters. Here, an 8-to-1 multiplexer
is chosen to allow selection between eight different ring
oscillator configurations, producing eight discrete frequencies.
The eight different paths can be selected using the three input
bits Ay, A1 and A, of the multiplexer.

To realize the FSK, the transmitter must switch between
two paths in order to generate pulses at different frequencies.
This is implemented by first fixing the most significant bits
A; and A,, and then switching only the least significant
bit Ag, depending on whether a A-fall event or a A-rise
event occurs, via a signal A(t). We define that a A-fall
event is transmitted over the shorter ring oscillator path and
thus the higher frequency while a A-rise event is transmitted
over the longer path. Therefore, the transmitter provides four
individually usable frequency pairs as shown in Tab. 1. These
frequencies were measured using an oscilloscope.

To achieve the OOK functionality the inverters supply
voltage can be turned on or off using another MOSFET as
a power switch. The power switch and the Enable input of
the multiplexer are turned on by a signal E(t) for the duration
Tp, whenever the SoD sampler produces an event.

Finally, the output of the multiplexer is connected to an
amplifier stage consisting of two inverters. A high-pass filter
removes the amplitude offset from the oscillation. The signal
is then output via a random wire antenna.

A. Frequency Constraints

If we want to change the oscillation frequency, we have
to select inverter chains of different lengths. This produces
discrete frequencies, and adding more inverters results in
progressively smaller frequency steps. The following section
briefly derives a bound on the number of inverters that can be
used without frequency bands overlapping.

We can find the distance between transmission frequencies

as: 1 1 5

iTp (’L + 2)TD Z(’L + Z)TD
To prevent interference, we require A f; to be larger than the
pulse bandwidth:

Afi=

(16)

2 S 2
i(i+2)Tp = Tp
For a VBW signal, the minimum distance between events is
bounded according to (2). If we set Tp = T, we find:

T T
0<i<,/-2tiLs
Tp

where i € Nyg : i = 2l + 1,1 € N indicates the number of
inverters of the longest possible ring oscillator with the small-
est possible transmission frequency that fulfills the distance
requirement.

Bp. (17)

(18)

V. RESULTS
A. Numerical Analysis

This section analyzes the transmission impairments intro-
duced by the different channels and compares the performance
of the two receiver configurations, as well as their respective
influence on signal recovery for random VBW signals.

As a test signal, we define a VBW signal s(¢) with a
known instantaneous bandwidth B(¢). We limit our obser-
vation interval to ¢ € [0,1]s and require that B(t) is a
bandlimited function with a bandwidth T = 2 Hz. For each
point in time, we construct B(¢) from random amplitudes
B,, € U (0.5Hz, 10 Hz) using sinc interpolation. By randomly
selecting amplitudes s(t,), at times t,, as given by B(t), we
construct the VBW signal s(t) [9]. We choose s, € N (0,1)
from the normal distribution such that —4 < s(¢) < 4. We
then sample s(¢) with an SoD sampler with A = X Fig. 1
shows the resulting random B(t), the random structured signal
s(t) and its SoD events. We selected a low bandwidth signal
with Bpnax = 10Hz to reduce simulation time. As we will
demonstrate in section V-B, it is also possible to transmit and
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Fig. 4: NMSE over pulse deletion (pp) and insertion probabil-
ity (py) for the threshold and correlation receiver with piece-
wise linear interpolation and time-warping reconstruction.

detect faster changing signals. According to (2), the minimum
distance between events is bounded to T, 5 > 1447 ps. A total
of 1000 independent signals were generated.

To transmit, we use the frequencies f; = 19.72 MHz and
fr = 11.83 MHz with a pulse length Tp = 50pus. For the
receiver side, we choose corresponding bandpass filters with
widths of 0.01 MHz. The threshold values are chosen as good
as possible. The dead time is set to Ty = Tp = 50 ps. Addi-
tionally, we assume a random phase offset ¢ € U (O, 27) for
the pulses. From the pulse detection, we receive the amplitude
differences A of §(¢) and not the original signal amplitudes.
Therefore, before calculating the NMSE between s(t) and
5(t), we shift the detected SoD amplitudes §(tx) a multiple
of A until we fulfill min; |s(tx) — (§(tx) — iA)|, i € Z. The
sinc interpolation for time-warping requires regularization, for
which £ = 1074 is selected.

All the following figures show the median over 1000
transmitted signals. We opted for the median rather than the
mean because time-warping reconstruction can occasionally
result in a high NMSE. Before we analyze the effects on
the transmission, we can find a baseline NMSE for an ideal
channel without any transmission errors. For our signals, this
is —14 dB for the piecewise linear interpolation and —48 dB
for the time-warping approach.

The results for the deletion and insertion channel in terms
of the NMSE are shown in Fig. 4. Here, we observe that the
NMSE increases as the probability of pulse deletion increases.
Apart from minor numerical differences, similar performance
can be achieved by both receiver approaches. Additionally, we
find that the time-warping reconstruction suffers a significant
performance decrease even for small pp 0.02. Tt still
provides similar performance to piecewise linear interpolation
but is thus highly vulnerable to undetected events. Similar
results are found for the insertion channel, with only minor
differences between the detection approaches Time-warping
reconstruction outperforms piecewise linear interpolation, but
is only slightly better in case of larger insertion probabilities.

Next, we analyze the effects of the AWGN channel. Fig. 5
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Fig. 5: Detection ratio p and time error €y over SNR.
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Fig. 6: NMSE over SNR for the threshold and correlation
receiver with piecewise linear interpolation and time-warping
reconstruction, and the NMSE for hardware transmission with
correlation detector.

shows the ratio of detected to transmitted pulses p and the
pulse time error €me over the SNR. Initially, for SNR values
up to —16dB, in both receiver cases, only a few insertion
and deletion errors occur. We then observe a significant
increase with more insertion errors than deletion errors. This is
primarily due to the way the threshold was chosen. A higher
threshold value would result in fewer insertions at the cost
of a potential increase in pulse deletions. For the pulse time
error, we can observe a significant decrease in performance for
SNR smaller —14 dB for the threshold detection and —16 dB
for the correlation receiver. In both cases the time error slightly
improves again when pulse insertions occur, due to the optimal
event time matching using the Hungarian method.

Fig. 6 shows the resulting NMSE for the AWGN channel.
In the case of piecewise linear interpolation, we find that
the reconstruction performance begins to deteriorate for both
receiver approaches at —10 dB. The error increases earlier for
threshold detection than for correlation detection. For the time-
warping reconstruction approach, the performance similarly
decreases from —10 dB for threshold detection, but only starts
to decrease for the correlation receiver from —14 dB. At this
SNR, pulse insertions start to occur.

€ime 1N S



Fig. 7: FSKOOK hardware transmitter and receiver.

Based on the simulation findings, we can conclude that the
correlation detector is more robust to noise than the threshold
detector. Both approaches require the threshold value 6 to
be manually tuned. Furthermore, the approaches differ only
slightly under pulse deletions or insertions.

B. Transmission with Hardware Design

To test the circuit, we generated a VBW signal with the
same complexity as in the previous section, with a 6 s duration.
We then determined the SoD events and converted them into
the signals A(t) and E(t), with a pulse duration of Tp =
50 us as in the simulation. A dual-channel waveform generator
passes the signals on to the transmitter, which uses the second
frequency pair from Tab. I for transmission.

A Redpitaya SDRLab software-defined radio with a
2.4 GHz antenna served as the receiver for the transmitted
signal, as shown in Fig. 7. The received signal was analyzed
using the correlation receiver with Ty = 27p and a heuristi-
cally chosen 6. Following event detection, the event amplitudes
were shifted by a multiple of A, and the whole time axis of
the received events was shifted to match the original event
times as best as possible. Next, we recovered the signal using
piecewise linear interpolation and time-warping; results can
be found in Tab. II and Fig. 6 The time error is small and
comparable to that observed in the simulation under high SNR
conditions. Furthermore, the NMSE results closely resemble
the reconstruction error in an ideal channel. Although, the
NMSE for this single transmission is slightly worse than the
simulated median NMSE for piecewise linear interpolation, it
is better than the median for the time-warping method.

Additionally, to observe whether higher frequency signals
can also be transmitted, we sampled and transmitted a 5.3s
segment of an electrocardiogram. The maximum frequency
here is much higher than for our VBW signal, so we chose a
smaller value A, resulting in a higher sampling rate. We then
reconstructed it with piecewise linear interpolation, the results
can be found in Tab. IL

VI. CONCLUSION

This paper introduced an event-based communication
method for VBW signals, using event-based sampling and

\ | €ime [ps] | Lin* [dB] | Lin[dB] | TW* [dB] | TW [dB] |

VBW Thresh | 4.28 -12.35 -12.35 -53.22 -52.77
VBW Corr 4.40 -12.35 -12.35 -53.22 -52.93
ECG 3.62 -23.16 -20.63

TABLE II: Errors Lin and TW after transmission with hard-
ware transmitter for the VBW signal and electrocardiogram.
Lin* and TW™* are NMSEs under perfect channel conditions.

asynchronous transmission to match resource use with signal
activity. Numerical analysis showed that, of the two detection
approaches, the correlation detector performed more robustly
in an AWGN channel than the threshold detector, although
both required manual parameter tuning. Furthermore, time-
warping reconstruction outperformed piecewise linear inter-
polation in ideal conditions but was more sensitive to pulse
deletions and insertions in noisy channels. The expected
performance of a practical reconstruction in the event of
communication errors is expected to fall between these two
approaches. An initial hardware prototype demonstrated the
feasibility of the approach, achieving low NMSE despite
unoptimized components. Future work could focus on event
detection using machine learning and analyzing transmissions
over overlapping frequency bands, given how sparse the trans-
missions are.
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