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Abstract: Systematic, practicable, and global solutions are required for insect monitoring to address
species decline and pest management concerns. Compact frequency-modulated continuous-wave
(FMCW) radar can facilitate these processes. In this work, we evaluate a 60 GHz low-range FMCW
radar device for its applicability to insect monitoring. Initial tests showed that radar parameters
should be carefully selected. We defined optimal radar configuration during the first experiment
and developed a methodology for individual target observation. In the second experiment, we
tried various individual-insect targets, including small ones. The third experiment was devoted
to mass-insect-target detection. All experiments were intentionally conducted in very uncertain
conditions to make them closer to a real field situation. A novel parameter, the Sum of Sequential
Absolute Magnitude Differences (SSAMD), has been proposed for uncertainty reduction and noisy
data processing. SSAMD enables insect target presence detection and biomass estimation. We have
defined ranges of SSAMD for distinguishing noise, insects, and other larger targets (e.g., bats, birds,
or other larger objects). We have provided evidence of the high correlation between insect numbers
and the average of SSAMD values proving the biomass estimation possibility. This work confirms
that such radar devices can be used for insect monitoring. We plan to use the evaluated system
assembled with a light trap for real fieldwork in the future.

Keywords: insect monitoring; noise dynamics; FMCW radar; light trap

1. Introduction

Four hundred recently extinct insect species [1], a 75% decline in total flying insect
biomass in protected areas [2], the possibility of the extinction of 40% of insects over the
next few decades [1], and other serious concerns have attracted strong worldwide attention
to insect conservation and pest control [3] problems. Despite significant efforts, major
unsolved challenges [4] indicate the high demand for systematic, grounded, and global
insect monitoring solutions.

Random walks, pattern formation, synchronization, and networks are well-established
approaches to insect monitoring [5]. Many works confirm the effectiveness of trapping
methods that belong to classical methods [6–9]. Among them, nowadays, automatic light
camera traps are starting to play a central role due to technical progress [10–13]. A modern
tendency to use the camera with light traps bridges trapping approaches with remote
sensing methods of insect monitoring, where sky-oriented and unmanned aerial vehicle-
borne cameras are becoming more distinguishable due to the recent progress in robotics
and computer vision [14–16]. Despite this, among remote sensing methods for insect
monitoring, radar technology historically plays a central role.

Insect radar’s history started at the end of the 1940s [17]. Scanning pulsed radar was a
dominating technology in the earliest works [18,19]. The signal of such systems can cover
large areas; it makes them useful for monitoring large insect swarms (e.g., locusts) [20,21].
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Later, vertical-looking pulsed radar sets became another primary solution [22–24]. Such
radar sets allowed the collection of higher granulation information (in comparison to scan-
ning systems): insects’ speed, motion direction, orientation, and several radar scattering
cross-section terms related to the insect body mass and shape. The third large insect radar
group is harmonic systems [25–28] using a transponder attached to an insect, allowing
tracking of the target. The vast majority of state-of-the-art insect radar sets are based on
pulsed systems, extensively reviewed in several works [29–31].

Frequency-modulated continuous-wave (FMCW) radar technology is an alternative to
pulsed systems. Our recent review of achievements in insect radar [32] has distinguished
the rise of FMCW insect radar solutions’ interest. It is caused by three primary factors:
compactness of devices, low energy consumption, and advances in data processing. Fur-
thermore, we have found no works on insect radar concerning systematic mass insect
monitoring in the range of a few meters and tens of meters from radar. Small ranges are
only considered by harmonic radar tracking tagged insects, while mass monitoring is
beyond the scope of the insect radar. This niche is currently occupied by systems using
cameras (modern computer vision algorithms for data processing) and lidar solutions [33].
Statutory insect radar systems aim at a much larger range (the minimum range is often
around tens of meters depending on the pulse width). Indeed, it is pointless to use large and
expensive pulsed systems (compared to FMCW compact sets) for low-range observations.

Despite these concerns, small-range radar for mass insect monitoring can have some
apparent advantages. In comparison to video streaming or taking camera pictures with
a small interval, FMCW radar can work continuously with relatively small energy con-
sumption. Modern compact FMCW radar sets can measure and transmit data with a
speed of approximately 100 Hz (i.e., 100 measurement acts per second), providing very
compact datasets.

Furthermore, radar can reach the target through obstacles. For instance, Rankin et al. [34]
discussed an attractive millimeter-wave radar set for insect detection in walls, floors, and
ceilings using the range of around 0.5 m. Their multiple-input multiple-output (MIMO) de-
vice aims mainly at termite detection for an area of 75 × 75 mm2, providing discrimination
from stationary clutter by Doppler and amplitude fluctuations due to insect movement.
This radar application is very specific because it aims at hidden insects inside solid materi-
als and is limited by a tiny volume. Nearly all other insect radar applications, including
ours, concern insects in free air above the ground. Reference [34] also discussed a scanning
FMCW radar set for UAV navigation in fog conditions.

Limited visibility due to unclear air (e.g., fog, smoke, or dust), darkness, and sun
exposition is a major issue for camera observations; radar technology was designed to
overpass these problems. Moreover, compared to a camera, radar can see multiple insect
targets (including small ones) at different distances at the same time, without focusing
on a concrete target. Typical limitations of cameras are that they need to focus and use a
flashlight (dark time). Since radar works day and night simultaneously, it allows silent low-
intrusion and low-energy-consumption 24/7 insect monitoring. Furthermore, FMCW radar
can facilitate motion detection. A radar set working continuously can replace a motion
detection system. Instead of having a continuously working camera, a radar system with
the mentioned benefits can turn on the camera when necessary. Finally, radar generates
principally another data type. This allows very long-term time series and the ability to
create data at another abstraction level (e.g., instead of discrete objects, the insect quantity
or biomass).

Finally, radar can provide very compact datasets. For instance, for FMCW radar,
this can be simply a list of time-ordered magnitude float numbers or their derivatives.
Thus, desired targets can be easily detected by applying a threshold value. This requires
much fewer resources; algorithms can be short, fast, and straightforward (compared
with computer vision and deep learning). This can be extremely useful for autonomous
monitoring devices powered by solar panels or batteries.
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We expect that FMCW compact radar sets can become popular for mass insect mon-
itoring for pest control and conservation purposes. There are at least two unoccupied
niches. First, in ranges of one–two meters, approaches with light traps can effectively
utilize radar. Such solutions can use radar for data gathering or supplement the camera
(e.g., for obtaining extra information or camera work control, as mentioned earlier). Sec-
ond, in ranges of tens of meters, FMCW radar can fill the gap of statutory insect radar
systems; due to the pulse width, X- and Ku-band radar sets have a sensitive minimum
range (we have discussed this in [32]). In the present paper, we focus on the first niche
(i.e., one–two meters).

In the following sections, we prove that a chosen compact FMCW radar device can
facilitate small-range insect monitoring. This radar set is one of the best solutions currently
available on the market for such a purpose. It was not designed for small targets (such
as insects), aiming at much larger targets (i.e., humans, animals, vehicles) in low ranges
(up to 15 m). Despite this, we have noticed that it can perceive even small insects. In the
review [32], we have discussed that it makes sense to use low-range radar with a light
trap to attract more insects. This was a reason for testing the radar with a light diffuser in
this work. Using the device’s compactness, we consider exploiting it as a part of a rover
(unmanned ground vehicle (UGV)) equipped with a light trap (see a mockup installation
presented in Reference [32]). By this, we expand the idea of using FMCW systems with
UAVs and show that it is possible.

2. Materials and Methods

As discussed earlier, we aim to find a way to detect insects with radar at low ranges (a
few meters from radar). Prior knowledge gives us optimism that this is possible. To find a
solution, we have carried out several consequent experiments, described in this section.
A promising approach has been found thanks to an iterative workflow.

2.1. Radar Device

In this work, we use the IMST sentire FMCW 60 GHz Radar Module; Figure 1 shows
it. It is one of the most widely available radar sets that potentially allows insect detection,
despite not being designed for such an aim. This subsection provides essential information
from the radar’s user manual [35] since it is delivered with the device only.

Tx

Rx 3dB 3dB

90o

f

Im{D(f,t)} Re{D(f,t)}

(a) (b)

Figure 1. IMST sentire FMCW 60 GHz Radar Module: (a) photo; (b) a corresponding generalized block diagram of a
CW/FMCW radar system with transmitter and receiver channels and I/Q demodulator. The diagram consists of the
following elements: the signal source for the generation of a (frequency-modulated) signal, transmitter antenna (Tx), receiver
antennas (Rx), mixers for the generation of the intermediate frequency, digital sampling unit; also, the device comprises
other elements: couplers, filters, amplifiers, phase shifters. Antennas reside on the top of the device.

According to the manual, the radar operates in FMCW or CW mode at a frequency of
60 GHz and provides the capability for range and velocity measurements in a wide area
of applications. It is also possible to estimate the backscattered signal’s angle-of-arrival,
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corresponding to a particular target direction. The radar module is available with three
different interfaces (SPI, CAN, or Ethernet). Our device provides the Ethernet interface
only. The radar provides an extensive set of user commands for the following tasks:

• configuration of radar parameters (such as the operation mode or the frequency
range);

• accessing internal radar parameters, such as the current frontend temperature or the
transmission power;

• triggering a measurement process and accessing the generated data;
• starting high-level applications (e.g., the human tracker algorithm).

The device comprises the three following elements: (1) an interface board for the power
supply and communication module, (2) baseband board for the digital signal controller
and a data acquisition unit, and (3) frontend board for the radar frequency components
and integrated patch antennas.

The device has one transmit (Tx) and two receive (Rx) channels. An I/Q demodulator
is provided for each channel. IQ demodulation is a smart approach for reducing the amount
of data without losing essential information by applying a complex baseband modulation
technique with bandwidth reduction [36]. There are two independent receiver antennas for
measuring the angle-of-arrival of a received signal; this feature allows the generation of a
2D reflectivity map of the illuminated scene. The radar’s antenna is linearly polarized with
65◦azimuth and 24◦elevation. The measurement range is 0.6–307 m; the maximal range
resolution is 0.6 m. Measurement speed is ±3200 m/s, speed resolution for 1 and 100 ms
modes is from 6.25 m/s to 6.25 cm/s, correspondingly. Angle measurement accuracy is
2–3◦. The radar’s operation parameters are as follows: frequency ramp duration—from
1 to 100 ms, update rate—from 10 to 200 Hz, output power—from 10 to 19 dBm (tuneable),
and operating temperatures are from −40 to +60 ◦C. The dimension (L × W × H) of
the device is 97 × 87 × 42.5 mm3, and the weight is 280 g. Finally, regarding the power
supply, it operates at 10.5–13 V for a regular charger and 44–54 V for Power-over-Ethernet
supply [37].

2.2. Conditions of Experiments

We have carried out a number of experiments with the discussed radar and various
insects. The proposed lab setup allowed the observation of single and mass targets. We
carried out an initial experiment in field conditions using a light trap to attract insects. The
attempt was not successful due to non-optimal radar configuration and equipment setup.
We have conducted further experiments in lab conditions.

An obvious challenge that we faced was placing the target and ensuring that the insect
holder did not reflect significantly. We aimed to use live insects. Moreover, a holding
technique should not damage them. For this, we tried various approaches. Most of them
were not applicable because of the inability to keep the insect alive after the experiment or
overly high unnecessary reflection from a holder. Finally, we found a working solution.

We noticed that normal general-purpose sewing threads made from cotton (diameter
of ca. 0.3 mm) are almost invisible to the radar in any configuration during multiple tests.
Even multiple connections and knots do not affect data significantly. Moreover, we noticed
that a regular half-knot allows for fixing insects gently. An insect can be easily released
without significant harm. Notice that all experiments were conducted in a room with
40–50% indoor humidity. We ensured that the threads were always completely dry since
even slightly wet threads can reflect the radar signal significantly.

To prevent the reflection from the person conducting the experiments, we used a long
thread. The middle part of the thread was held with a wall hook. An experimenter’s arms
held the beginning and end parts of the thread. This allowed for pulling the thread back
and forth easily. An insect was tied using a short thread connected to a long (pulled by a
person) thread. Figure 2 shows the described methodology.

The insect was placed and moved at different height intervals above the radar to
investigate the radar’s ability to detect such insects: H1—0–30 cm , H2—30–60 cm,
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H3—60–90 cm, and H4—90–120 cm. The insect moved continuously within a height
interval, passing and leaving the radar-radiated zone several times. Radar measurements
were monitored and recorded as multiple text files.

(a) (b)

Figure 2. Phryganea grandis: (a)—tied with a thread, (b)—placed above the radar.

We have conducted two experiments using this approach. Experiment I (Figure 2)
considered a Phryganea grandis insect at various height levels. Experiment II involved other
species (Sialis lutaria and Acheta domesticus), including very small ones (Musca domestica
and Armadillidium vulgare). Additionally, in some trials, we used a standard acrylic light
diffuser, because, in the future, we want to use it as an attractive screen for a light trap. We
used only single targets in both experiments for presence detection purposes. Appendix A
provides a detailed description of these experiments.

Experiment III was for mass insect targets, aiming at biomass estimation of Armadil-
lidium vulgare insects. In the previous experiment, we confirmed the presence detection
ability of the radar device. During the experiments, we noticed the higher reflection from
the larger insects. This means that such radar can also be used for biomass estimation.

During the third experiment, we tried to collect data confirming the biomass estima-
tion possibility. For this, we used variable cricket numbers for two different conditions.
The first condition was when crickets were placed inside the flipped diffuser. The second
condition was when crickets were inside the transparent plastic packing box. All crickets
had a size of around 1.5–2 cm.

Experiment IIIa. It was imperative to check how the radar worked through the diffuser.
Thus, in the first attempt, we placed various numbers of insects in the flipped diffuser
(see Figure 3, left). Crickets left the lowest central area of the bowl quite quickly after
the placement. They crawled quickly to the edges, becoming almost unreachable by the
radiating signal.

To resolve the mentioned problem and make the conditions more uncertain, we shook
the diffuser with specific intervals (an interval between shaking acts). Strong and fast
shaking forced the insect to fall down the central part of the diffuser. The shaking process
increased the reflections dramatically. We noticed an obvious fact that with the empty bowl,
the reflection signal was reduced very quickly after shaking, while, with insects, it was
reduced slowly since the insects gradually left the radiating zone.

We intentionally did not attempt to create a situation where insects could not leave
the radiating zone because this would make the conditions more similar to those of the
future field observations when insects can freely enter and leave the radiating zone.
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(a) (b)

Figure 3. A few Acheta domesticus (house cricket) insects in: (a) a flipped light diffuser, (b) transparent packing box.

The following steps were conducted: (1) starting with the empty bowl (0 objects),
(2) adding two insects (2 objects in the bowl), (3) adding two insects (4 objects), (4) adding
four insects (8 objects), (5) adding four insects (12 objects), (6) adding four insects (16 ob-
jects), (7) adding four insects (20 objects), (8) removing five insects (15 objects), (9) removing
five insects (10 objects), (10) removing five insects (5 objects), (11) removing four insects
(1 object), and (12) removing the last insects (repeating the procedure with the empty bowl).

To increase the uncertainty, we implemented each step with different conditions. This
means that we used a variable number of shaking acts (from 0 to tens) and non-exact
intervals (typically, from 5 to 10 s) between shaking acts. Sometimes, we completed
recording shortly after shaking, but for other steps, a much longer time period was left
(keeping the bowl at rest). In the next section, charts show concrete conditions of each step.

Experiment IIIb. We used a transparent plastic packing box for the second part of the
experiment (see Figure 3, right). In this part, insects remained relatively calm compared to
the previous part (i.e., Experiment IIIa). Shaking was not required here. In such conditions,
insects could leave the radiating zone, but some of them remained radiated most of the
time. This led to relatively natural conditions when insects behaved relatively randomly.

In comparison to Experiment IIIa, insects did not crawl continuously to the upper
edges (because of the flat bottom of the box, they felt calmer); the experiment conditions
were much more straightforward. The radar device was turned on after installing the
box. This means that, in contrast to the previous part, there were no external intrusions
(e.g., shaking acts). The radar device worked for approximately 30 s for every step. The
following steps were conducted: (1) zero, (2) one, (3) five, (4) ten, (5) fifteen, (6) twenty,
(7) five, and (8) zero insects.

2.3. Sum of Sequential Absolute Magnitude Differences for Uncertainty Reduction

As discussed earlier, our radar device does not aim at such small targets as insects.
During the experiments, we observed targets as noise dynamics of amplitude measure-
ments (where increasing dynamics means appearing targets). Moreover, the intensity
correlated directly with the biomass.

During the experiments, we noticed that frequency-domain data provide the most
specific and valuable information. Therefore, we use only this datatype in the present work.

The radar collects data as a list of received reflections (magnitudes) ordered by the
distance from the radar. It is possible to set up a maximal distance; we used 1 m. For every
time moment, the radar’s software creates a separate text file. A file contains metadata,
including all set parameters and an exact time. We use all four available channels. The
radar was set to generate 20 files per second.
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To represent these data in a usable form, we have designed a novel parameter, which
has been called the Sum of Sequential Absolute Magnitude Differences (SSAMD). It uses
the following principle:

SSAMD =
tmax

∑
t=1

cmax

∑
c=1

dmax

∑
d=0
|mt,c,d −mt−1,c,d| (1)

where t is a time moment or a file number ordered by time; tmax depends on a time interval
defined by the user (we use 1 s interval, so tmax = 1 s/50 ms = 20. c is a channel number (in
our case, c ∈ {1, 2, 3, 4}, i.e., all available channels and cmax = 4). d is a distance (an index
of a magnitude in a list of magnitudes ordered by the distance); in our case, dmax = 42. m
is a magnitude value. One can mention that an absolute difference between the current
and previous moment is calculated. SSAMD is simply a sum of all absolute differences. In
other words, the parameter calculates aggregated magnitude differences in a considered
time interval, representing the observed noise dynamics as a single integer value.

Notice that SSAMD is calculated for a predefined time interval. Its meaning can
be expressed as an aggregated difference of time-ordered magnitudes (dBm) in a time
interval. Notice that the difference is calculated only for elements between a considered
time moment and a previous time moment. Nothing can be calculated for data consisting
of only one time moment (a single file).

For Experiment III data interpretation, we propose to use SSAMD (mean SSAMD or
SSAMD divided by the measuring duration in seconds). This parameter can be used for
biomass estimation through comparison of data taken in different conditions—in our case,
various numbers of insects, different duration of an experimental step, different times of
shaking acts, and time intervals between them.

In the next section, we present results obtained with the SSAMD and SSAMD parameters.

3. Results

Each experiment contains several trials. “Trial” refers to the continuous recording of
the same target at the same height interval. Trials are denoted with an trial ID (from 1 to
35) and a short description in parentheses. The three following types of descriptions are
applicable: (a) a height interval (“H1”, “H2”, “H3”, or “H4”), (b) the number of insects,
(c) or, in some cases, letters “A” or “B” to distinguish similar trials. Examples of IDs:
“3(H3)” means the third trial (an insect is in the H3 height interval); “32(20)” is for 20 insects
during the 32nd act. Height intervals are only used in the first and second experiments,
while insect numbers are applicable for only the third experiment.

3.1. Experiments I and II—Presence Detection

Further, we discuss several charts reflecting the experiments’ flow and results.
Figures 4 and 5 plot SSAMD recorded during Experiments I and II. In the charts, the X
and Y axes are for SSAMD and seconds correspondingly (both are integer values). All
charts comprise the 500 SSAMD horizontal level; this is an empirical value. During the
experiments, we have noticed that when there are no targets above the radar, SSAMD
cannot reach 400 and can slightly exceed 400 when the diffuser covers it. Since the closest
unreachable rounded level is 500, we use this value as a threshold for insect detection. This
level indicates significant targets (i.e., values lower than 500 represent mainly noise).

Experiment I. Figure 4 shows the results of the first experiment. The experiment
comprises four trials, each conducted at different height levels from H1 to H4. In 1(H1),
the signal from the insect is quite strong. The presence is evident in the first ten seconds
and from 28 to 37 s. Two weaker signals confirming the presence are recorded around
the seconds 19 and 23. Here, 2(H2) detected the insect three times when it briefly passed
the beam; 3(H3) recorded the presence five times. There is one signal that appears to be a
false-negative before the first insect detection. It did not reach 500, but it is much stronger
than any other noise levels. In 4(H4), there is only one case of reaching 500.
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The experiment has proven that an insect can be detected at all altitude levels. We de-
cided not to conduct the following experiments at the H4 height interval since it was
difficult to operate with threads at such a distance from the radar.
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Figure 4. Experiment I. Phryganea grandis, various height intervals.

Experiment II. Figure 5 shows the results of the second experiment. The upper column
of the figure shows the results of trials 5–7 with a smaller insect, Sialis lutaria. As in the
previous experiment, there was a much stronger signal (with maximal value 1740) on H1
and a relatively equal contribution of H2 and H3. In the 5(H1) chart, SSAMD significantly
exceeded 500 from 15 to 27 seconds. There were also four smaller spikes from 30 to 50 s.
The signal slightly exceeded 500 in two and three cases, not reaching 600 and 700 in the
6(H2) and 7(H3) charts, correspondingly. These trials prove the radar’s ability to detect
smaller insects.

The following trials of the second experiment tested the radar with the diffuser. We
shook the diffuser during the 8(A) trial. This can be observed around 60 s as two peaks of
strength 600–800. The 9(B) trial was conducted without interrupting the diffuser, under
completely calm conditions. The two following conclusions can be taken from these trials:
first, the interruption of a diffuser causes the situation, which is very similar to an insect’s
presence; second, in calm conditions, background noise makes frequent peaks slightly
lower than 400. Findings in these and the previous trials allowed us to define the threshold
of 500 for insect detection.

Charts of trials 10(H1(A)) and 11(H1(B)) show Sialis lutaria through the diffuser. Two
acts carried out in different ways showed that such an insect produces local peaks of
800–1600. In trial 10(H1(A)), the insect passed the beam many times, while, in the 11(H1(B))
trial, it remained nearly statically around the radiation zone from 30 s to 50 s. Due to the
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higher dynamics of the former trial, the diversity of the peaks is higher there, while the
latter showed the lower-diversity results.
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Figure 5. Experiments II. Sialis lutaria, no targets, Acheta domesticus, and Musca domestica. Various height intervals. Trials
8–15 were carried out with the light diffuser.
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The 12(H1) trial shows the results with a tiny fly. Interestingly, such a small insect
could produce a SSAMD peak of around 2000. It is essential to mention that the insect was
at the lowest possible height, almost touching the diffuser at 10 s (ca. 2000), 13 s (ca. 1700),
and 19 s (ca. 1800). The other seven peaks were within 600 to 1000; they were produced
from insects’ arbitrary positions within H1.

Trials 13(H1)–15(H3) show an interesting situation with the trials involving a cricket.
Firstly, 13(H1) had a normal flow, with four registered peaks within 600 and 1800. In
contrast, the next two trials were carried out with mistakes. Due to a mistake during
14(H2), the cricket never passed through the beam. As a result, the charts represent a
situation without insects. Moreover, 15(H3) had another problem: an experimenter’s
arm passed thorough the beam unintentionally. These mistakes allowed us to come to
the following conclusions: first, the radiating zone has quite sharp edges and should be
carefully defined before fieldwork; second, since even quick beam interruption generates
such high SSAMD, the upper threshold can be defined to filter out larger possible targets
(e.g., birds, bats, and shaking diffuser events). Careful observations let us define it as 3000,
i.e., all peaks larger than 3000 should be considered suspicious and likely caused by larger
(than insects) targets.

3.2. Experiment III—Biomass Estimation

Experiment III consists of two main steps: (a) trials 16(0)–27(0) depicted in Figure 6,
(b) trials 28(0)–35(0) depicted in Figure 7. This experiment aims to disclose if it is possible
to estimate the biomass using the considering radar setup. For every step, we use the
various number of crickets provided in parentheses (i.e., 31(15) means trial number 31 with
fifteen crickets); this applies for all trials of Experiment III. Since we will use a light trap to
attract more insects in future fieldwork, we use the diffuser (light trap’s attractive screen)
during this experiment. In addition to biomass estimation, the second step of Experiment
III enables us to estimate ranges of SSAMD caused by many insects. This is important
because the light trap will also attract many insects in field conditions.

As mentioned in Section 2.2, Experiment IIIa (Figure 6) was conducted in very uncer-
tain conditions. We varied the duration of acts during the experiment and the number of
shaking events from 0 to around 20. During acts 22(16) and 27(0), we even stopped shaking
from the middle of acts to increase uncertainty. Events of shaking are distinguishable on
the charts; the upper threshold of 3000 works well for recognizing shaking events here.

The left-hand side of Figure 8 shows a SSAMD for various numbers of insects.
SSAMD values are in the range of ca. 100 to 2700 depending on the number of insects and
number of shaking acts. As expected, the shaking effect can be distinguished due to the
shape of the decreasing line after reaching the maximum. Since shaking acts affect all acts
with various numbers of insects, it is automatically filtered out by the SSAMD parameter
because the shaking contribution is relatively similar in multiple acts when the insects’
contribution varies, altering the mean value significantly.

Even in such ambiguous conditions, the correlation coefficient is 0.82. We do not
expect such harsh conditions in the field because the developing insect radar setup will not
be used during poor conditions with strong wind or precipitation (insects do not normally
fly in such situations). Thus, we can conclude that biomass information can be obtained
from such data. This can be achieved even with a diffuser and in complicated conditions.

Figure 7 shows the results obtained in a calm situation, or, in other words, insects be-
have quite naturally, crawling in the transparent plastic box without any intrusions. Before
every act, we waited to allow the crickets to calm down. During the acts of Experiment
IIIb, most of the crickets kept slowly crawling, seeking a place to hide. Only around a third
of the box’s bottom surface was in the radiation zone. This means that crickets were able to
leave this zone freely; their movement was quite chaotic, i.e., all parts of the box’s bottom
were used with relatively equal probability.
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Figure 6. Crickets in the flipped diffuser (shaking acts).



Diversity 2021, 13, 452 12 of 28

28(0)

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

 0  5  10  15  20  25  30  35  40

S
S

A
M

D
 (

d
B

m
)

Time (s)

29(5)

 0

 200

 400

 600

 800

 1000

 1200

 1400

 0  5  10  15  20  25  30  35  40

S
S

A
M

D
 (

d
B

m
)

Time (s)

30(10)

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 0  5  10  15  20  25  30  35

S
S

A
M

D
 (

d
B

m
)

Time (s)

31(15)

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 0  5  10  15  20  25  30

S
S

A
M

D
 (

d
B

m
)

Time (s)

32(20)

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  5  10  15  20  25  30  35

S
S

A
M

D
 (

d
B

m
)

Time (s)

33(5)

 0

 200

 400

 600

 800

 1000

 1200

 1400

 0  5  10  15  20  25  30  35

S
S

A
M

D
 (

d
B

m
)

Time (s)

34(1)

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 0  5  10  15  20  25  30  35  40

S
S

A
M

D
 (

d
B

m
)

Time (s)

35(0)

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

 0  5  10  15  20  25  30  35

S
S

A
M

D
 (

d
B

m
)

Time (s)

Figure 7. Crickets in the plastic box (no shaking).

These conditions reflected well in Figure 7. The transparent box decreased the back-
ground noise. As found earlier, the diffuser causes up to 400 SSAMD peaks, while the box
created no more than 120. Furthermore, the figure illustrates that the insect led to wider
spikes. This happened because a higher number of insects increases the probability of
stronger reflection.

SSAMD variations of the acts of Experiment IIIb ranged from 50 to 850. Figure 8 plots
these values and shows the high correlation of SSAMD and the biomass; the correlation co-
efficient is 0.97, which is much higher than in Experiment IIIa due to the lower uncertainty.
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Figure 8. Biomass estimation. (a)—Experiment IIIa; (b)—Experiment IIIb.

3.3. Resulting Table

Table 1 provides an overview of all experiments and their significant measurements. The
table’s first column contains acts’ IDs (and short descriptions). For each act, we report its
duration, statistics, and contributions of the height intervals and channels. Statistics comprise
the mean, median, standard deviation, minimum, and maximal registered SSAMD. One
can notice that the mean column represents SSAMD. Altitude and channel contributions are
provided in percent. Moreover, the table shows overall statistics by column.

Altitude and channel contributions are provided in cells with a colored background.
Colors represent the order of number using a blue–green–orange–red ramp, where blue and
red are minimal and maximal values correspondingly. This allows the reader to interpret
the contribution values easily. Regarding the height intervals’ contribution, one can notice
that for all steps in Experiments I and II, H1 is a minimal contributor. Moreover, in most
steps of all experiments, H3 is a maximal contributor. In contrast to this, the channels’
contribution is more diverse and random.

Overall, the statistics indicate that the shortest act duration is 21 s, while the longest
is 202 s. The minimal SSAMD is 50, while the maximal is 2665; its average value is 710.
As expected, the standard deviation is minimal for the empty transparent box (acts 28(0)
and 35(0), values 19 and 20, correspondingly), while its maximal values are observed for
Experiment IIIa. Interestingly, SSAMD reached zero only in two acts (6(H2) and 19(4));
their values usually are higher than 10. The maximal SSAMD (excluding Experiment IIIa)
value, 2676, was predictably registered for act 32(20); its minimal value for acts with insects
is 589 (6(H2)). These observations confirm the correctness of the defined lower and upper
thresholds, 500 and 3000, correspondingly.

All channel and height interval magnitude contribution charts are provided in
Appendix B. It is clear from Table 1 that the contribution of channels is relatively ho-
mogeneous. The average values are 20%, 20%, 30%, and 30% for Q1, I1, Q2, and I2,
correspondingly. This means that either the Q or I channel can be deactivated (for instance,
for energy consumption optimization) without significant information loss.
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Table 1. Experiments: resulting statistics. Desc—description; Dur—duration; StDev—standard deviation. Blue–green–
orange–red cell background colors represent numbers from minimal to maximal values, correspondingly.

ID (Desc) Dur (s) SSAMD’s Statistics (dBm) Contribution (%) Contribution (%)
Mean Median StDev Min Max H1 H2 H3 H4 Q1 I1 Q2 I2

Experiment I (Phryganea grandis )
1(H1) 44 626 319 608 88 2573 14 29 37 20 15 22 28 35
2(H2) 98 286 279 121 80 752 16 29 37 18 17 21 30 32
3(H3) 128 261 244 105 13 704 12 26 33 29 20 26 31 23
4(H4) 49 325 327 110 113 688 9 37 35 19 18 23 32 27

Experiment II
Sialis lutaria:

5(H1) 70 384 207 401 54 1740 13 26 36 25 17 19 32 32
6(H2) 46 212 190 136 0 589 15 29 35 21 20 15 35 30
7(H3) 62 276 234 157 29 669 9 21 37 33 18 14 39 29

Diffuser (no insects):
8(A) 71 213 183 126 70 770 7 17 34 42 18 14 40 28
9(B) 33 203 179 93 41 373 9 19 34 38 19 15 37 29

Sialis lutaria through the diffuser:
10(H1(A)) 63 350 269 246 108 1545 17 26 37 20 22 24 24 30
11(H1(B)) 63 359 258 264 100 1233 8 25 49 18 18 20 32 30
Small fly through the diffuser:

12(H1) 40 497 318 481 75 2030 16 28 33 23 19 17 26 38
Single cricket through the diffuser:

13(H1) 50 385 289 338 117 1742 16 25 32 27 18 14 29 39
14(H2) 38 212 196 71 114 389 19 26 32 23 21 14 30 35
15(H3) 166 303 189 565 98 4949 17 27 34 22 19 15 31 35

Experiment III
Experiment IIIa—Crickets in the diffuser (shaking):

16(0) 21 136 131 42 50 238 15 28 38 19 23 15 30 32
17(1) 45 518 284 882 103 5064 16 27 39 18 20 18 31 31
18(2) 45 593 275 1131 115 6162 14 28 40 18 23 24 25 28
19(4) 68 1267 396 1752 0 6429 20 30 35 15 21 23 27 29
20(8) 148 1595 681 1784 78 6173 20 30 35 15 21 24 27 28

21(12) 133 2665 2509 2070 92 6533 22 30 33 15 23 25 26 26
22(16) 171 1314 527 1722 118 6634 22 29 34 15 23 24 27 26
23(20) 155 2621 2028 1957 252 6556 21 30 34 15 22 24 26 28
24(15) 128 2665 2145 1856 247 6078 21 30 35 14 22 24 26 28
25(10) 166 1887 865 1975 135 6896 21 28 34 17 22 25 26 27
26(5) 187 2033 1035 1909 76 6156 20 29 35 16 23 25 26 26
27(0) 202 930 273 1485 58 5993 21 27 36 16 22 24 27 27

Experiment IIIb—Crickets in the box (at rest):
28(0) 37 63 63 19 26 117 17 23 41 19 25 21 26 28
29(5) 36 324 140 379 50 1340 18 27 38 17 23 20 40 17

30(10) 32 579 515 429 69 1895 14 33 37 16 21 21 31 27
31(15) 30 943 838 455 162 1782 14 30 40 16 17 22 36 25
32(20) 34 882 745 648 102 2676 17 30 39 14 16 20 35 29
33(5) 31 377 130 414 54 1208 12 30 38 20 17 20 39 24
34(1) 38 194 110 209 52 916 18 26 41 15 14 14 39 33
35(0) 35 52 50 20 9 113 26 21 30 23 21 14 24 41

Overall Statistics by Column
Mean 74 710 469 667 79 2668 16 27 37 20 20 20 30 30

Median 46 377 273 401 76 1740 16 28 36 18 20 21 30 29
StDev 54 743 567 692 56 2441 4 4 4 7 3 4 5 5
Min 21 52 50 19 0 113 7 17 30 13 14 14 19 17
Max 202 2665 2509 2070 252 6896 26 37 49 42 25 26 40 42
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3.4. Low Possibility of Insect Range Estimation

Earlier, we showed the possibility of insect presence and biomass detection using
the chosen FMCW radar device. Thus far, we have not found clear evidence of the range
estimation possibility, but the question remains open. During the initial preliminary
experiments, we noticed that the magnitudes’ dynamics differed with changing height
intervals. We expected that this would be reflected on the resulting plots, but no clear
evidence was registered.

We provide Figure 9 illustrating data from Table 1 regarding height interval contri-
butions. Colored lines are for experiments conducted with an insect at a particular height
interval (i.e., for acts comprising a height interval in their names). The plot shows the
received magnitudes contribution (in percent) for all altitude levels. Let us consider specific
height interval magnitudes’ contributions (see height contributions in Table 1) for trials
with insects placed at height intervals H1, H2, and H3. We consider the following trials:
H1—1(H1), 5(H1), 10(H1(A)), 11(H1(B)), 12(H1), and 13(H1); H2—2(H2), 6(H2), and 14(H2);
H3—3(H3), 7(H3), and 15(H3). It is easy to confuse height interval magnitudes’ contribu-
tions (presented in the resulting table) and height intervals where insects were placed. The
radar records magnitudes ordered by ranges (or distance from the radar); the ranges are
estimated and, in our case, do not allow the actual target ranges to be calculated. We split
these magnitudes using the earlier defined height intervals utilized for insect placing. The
attached data [38] and software archive provide all concrete details (see Appendix D).

 5
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 25

 30

 35

 40

 45

 50

 1  2  3  4

H1
H2
H3
H4

Figure 9. Contribution of magnitudes belonging to different distances to SSAMD for targets lo-
cated at a specific height interval: X-axis—height interval of contributing magnitudes, Y-axis—the
contribution in percent, colored lines—targets located at a specific height interval.

For the selected trials with known target height intervals, we calculated the average
and median values for height interval magnitudes’ contributions. For H1 trials, H1, H2, H3,
and H4 magnitudes’ average contributions (in %) are 14, 27, 37, and 22, correspondingly
(median values are 14, 26, 37, 22); for H2 trials, H1, H2, H3, and H4 magnitudes’ average
contributions (in %) are 17, 28, 35, and 21, correspondingly (median values are 17, 29, 35,
and 21); for H3 trials, H1, H2, H3, and H4 magnitudes’ average contributions (in %) are 13,
25, 35, and 28, correspondingly (median values are 13, 26, 35, and 29). Therefore, in trials
H1 and H2, magnitudes contribute similarly (i.e., from maximum to minimum—H3, H2,
H4, and H1); meanwhile, in H3 trials, magnitudes’ average contributions from maximum
to minimum are H3, H4, H2, and H1. This fact shows that higher objects cause magnitudes
corresponding to higher ranges. In other words, it is potentially possible to obtain some
rough insect range information. During the experiments, we also noticed differences in the
noise fluctuation depending on the target height (see also Appendix A.2).

These observations allow us to suggest the potential possibility of approximate range
detection. Of course, these findings are not well grounded (rather, they are preliminary
thoughts). Further intensive experiments aiming at range estimation are required in order
to clarify this. We suppose that there are higher chances of insect range detection for higher
ranges of tens of meters.
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4. Conclusions

This article continues the work presented in Reference [32]. In the mentioned review
article, we demonstrate the fast-growing interest in compact FMCW radar systems. Fur-
thermore, we have proposed a solution with a low-range radar set assembled with a light
trap on a rover.

We propose a concrete novel technique for insect presence detection and biomass
estimation using a compact low-range FMCW radar device. For this, we prepare a lab setup.
Moreover, we propose a simple methodology for individual insect target investigation us-
ing cotton threads. Furthermore, we use a mass insect target investigation technique using
either a light diffuser or a transparent plastic box. A series of experiments is conducted in
very uncertain conditions. A novel proposed parameter allows us to process the obtained
data, reduce the uncertainty, and present the results.

Initial unsuccessful tests showed that optimal radar parameters should be carefully
defined empirically. We have refined the radar parameters during Experiment I, found
an optimal means of connection, and defined the methodology for individual targets’
investigation. Next, we used various insect targets in Experiment II. It proved the chosen
radar device’s applicability to detect even small insect targets at various height intervals
from 0 to around 1 m. The final experiment, Experiment III, was devoted to biomass
estimation using mass insect targets. Since, in Reference [32], we proposed to use a light
diffuser, we used it in the first phase of the experiment with multiple cricket targets.
To investigate mass targets in calm and clear conditions, we used a transparent plastic
enclosure in the second phase of Experiment III. Every experiment comprised several trials;
the trial was the part of the experiment devoted to recording the same target continuously.

We intentionally conducted the experiments in a way causing very uncertain collected
data. Such data comprise a significant noise component, making them slightly closer to
real field data. The noise contribution is so high that conventional tools for interpreting this
radar’s data are useless. Therefore, we propose a novel parameter, the Sum of Sequential
Absolute Magnitude Differences (SSAMD), for uncertainty reduction. This metric allows
the aggregation of magnitude fluctuations within a defined time interval (we used a one-
second interval) and can represent the results as a single float value. For continuously
recorded data belonging to one act of the experiment, we propose to use the average of
SSAMD values, or SSAMD. This metric enables us to compare trials regardless of their
duration and conditions.

We carefully observed all trials of Experiments I and II and defined two SSAMD
thresholds: 500 and 3000. SSAMD values lower than 500 are considered noise, values from
500 to 3000 indicate likely insect targets, and those over 3000 indicate larger targets (e.g.,
birds, bats, etc.). These experiments proved the radar’s insect presence detection ability.
Experiment II, where we used mass cricket targets, was devoted to biomass estimation.
In various conditions, from very uncertain to relatively structured, we radiated different
numbers of targets in multiple trials. We have proven that SSAMD allows the estimation
of biomass. The plots of SSAMD and insect numbers show the high correlation of these
variables. In other words, the utilized setup can be used for insect biomass estimation.

In the next step, we will prepare an insect radar setup for extensive field trials based
on the proposed solutions. As discussed in Reference [32], we will use a light trap; it will
utilize a light diffuser similar to the one used in the experiments. It will be equipped with
a camera to collect ground-truth information regarding attracted insect species. This will
be a static setup; a rover will not be used in the next step.
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and S.A.; data curation, A.N.; writing—original draft preparation, A.N. and J.B.; writing—review and
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Appendix A. Experiment Details and Notes

Appendix A.1. Preliminary Tests

In preliminary tests, we tried to detect insects for the first time. The motivation for the
first attempt was to check if we could detect real insects’ reflections in field conditions.

The idea was to install a light trap attracting insects. A camera (resided against the
trap) took pictures of attracted insects to be used as ground-truth information. The trap
radiated the light towards the camera. The radar was placed in between the light trap and
camera. Thus, the majority of attracted insects should have passed the volume radiated by
the radar.

We present our setup in Figure A1. In a garden, we installed a light trap illuminating
intensive UV light. The camera and radar were installed as discussed. This setup was
utilized for a few hours at night for the uninterrupted recording of radar data and the
capturing of camera images.

(a) (b)

Figure A1. Experiment 0: (a) the setup, (b) a sample photo with an insect.

In order to detect insect targets, we analyzed the collected photos and radar data.
We did not manage to distinguish insects from the noise. We have concluded that it was
not appropriate to use the default configuration of the radar. Intensive lab experiments
were required to define applicable configurations and setups; an optimal configuration is
presented in Appendix C.

Appendix A.2. Experiment I

As found earlier, intensive lab tests are required to define an optimal radar configu-
ration. For this, we devised a lab setup in which the radar was connected to a computer.
Then, we captured several wild Phryganea grandis insects (see Figure A2, left).

https://zenodo.org/record/5035849
https://zenodo.org/record/5035849
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Since the radar was not designed for insect detection, the software does not allow
straightforward observations of insect targets. We have noticed that insects’ presence
can be detected by the clutter dynamics in the following way: low dynamics indicate
the absence of insects, while intensive dynamics indicate the presence of insect targets.
Figure A3 shows frequency-domain data plots. The first two images represent no-insect
conditions, while the last shows the reflectivity of an insect located in the H2 height interval.
In general, fluctuations of the clutter are quite random, and the insect presence increases
the fluctuations, but it does not allow us to observe an insect as a clear target.

(a) (b)

Figure A2. Caught flying insects: (a) Phryganea grandis for Experiment I, (b) Sialis lutaria for Experi-
ment II.

(a)

(b)

(c)

Figure A3. Frequency domain data plots: (a,b) for no-insect conditions, (c) an insect in H2 (notice the higher amplitudes).
Vertical axes are the magnitude levels in dBm; horizontal axes are the distances in meters.
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Figure A4 plots time moments when insects were placed at different height intervals.
One can notice that (a) has larger maximum values in the low-altitude part than the
higher-altitude part, while the opposite is true for (b); red boxes highlight these results.

(a)

(b)

Figure A4. Frequency domain data plots with an insect in H1 (a) and H2 (b). Vertical axes are the magnitude levels in dBm;
horizontal axes are the distances in meters.

In addition to frequency-domain plots, history plots allow observation of the insects.
Figure A5 depicts an H3 insect reflection (appearing between 108 and 109 s). As with the
frequency-domain data plots, we can distinguish the presence, but the reflection has quite a
random character. All other plot types provided by the utilized radar software do not allow
us to observe insects convincingly. For this, new data processing and visualization are
required to work with such data. At the end of the section, we propose a solution for this.

Figure A5. History plot showing an insect (highlighted by a red ellipse) in H3 (108–109 s).
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The first experiment has proven that insects can be detected with low-range radar.
However, it has also indicated the necessity for further evaluations in different conditions.
First of all, other insects should be observed. Second of all, we need to verify the reflectivity
through a cover material. Since we intend to use the device in forest field conditions, the
radar must be covered so as to be protected from the rain. Moreover, we plan to use the
radar with a light trap to attract insects. To address both requirements, we can use a regular
bowl-shaped light diffuser. In the following experiment, we consider these questions.

Appendix A.3. Experiment II

As discussed earlier, another experiment with different insects and a light diffuser is
needed. For this experiment, we caught some insects. For the cover, we used a standard
acrylic light diffuser. As in the previous step, we used threads for holding insects above
the radar device.

A Sialis lutaria insect (see Figure A6) is smaller than the insect in Experiment I. We
radiated the insect at three altitude levels.

Figure A6. An experiment with Sialis lutaria.

In addition, we worked with an average-sized house cricket at the same altitude levels.
It is much more challenging to hold crickets. They are much more robust and active than
the other used insects. They use their strong legs to release themselves from the thread. As
in the previous attempts, the charts reflected the insect in a similar way.

Earlier, we used quite large insects (body length of ca. 1.5–2.5 cm). Next, we chose
to use much smaller objects. For this, we illuminated a small house fly and a woodlouse
(crustacean). Both had a size of around 0.5 cm (see Figure A7). It was difficult to observe
them at the H2 and H3 height intervals. Both were clearly visible at the H1 level.

(a) (b)

Figure A7. (a) Musca domestica (a small house fly), (b) Armadillidium vulgare (a small woodlouse;
crustacean).
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Next, it was necessary to verify that insects could be detected through the diffuser.
For this, we covered the device with the diffuser (see Figure A8) and hung the Phryganea
grandis insect above the setup on the H1 level. This means that we can use the device
in real conditions with a cover illuminating the light from inside to attract nocturnal
insects. Furthermore, we can place the electronics under the cover to protect the setup
from precipitation.

Figure A8. Light diffuser covering radar.

Appendix B. Channel and Height Level Contributions

Two types of charts are provided from left to right: (left) four-line chart broken
down into channels’ contributions using red, green, blue, and black colors for I1, Q1,
I2, and Q2 channels, correspondingly, (right) four-line chart broken down into altitudes’
contributions using red, green, blue, and black colors for H1, H2, H3, and H4 height
intervals, correspondingly.

Figures A9–A13 show channels’ and height interval magnitudes’ contributions to the
trials of the first and second experiments. In 1(H1) (Figure A9), the channels’ contribution
is relatively equal in “non-insect” intervals, while it differs in “insect” intervals. In the
interval from 28 to 37 s, the shape of the curve is mainly formed by I2, while I1 and Q2
contribute much less. Despite the distinguished facts, one can notice that the channels’
contribution is distributed relatively randomly. There is an interesting situation with height
intervals’ contributions. Regardless of expectations, H1 contributes the least (14%), while
H3 gives 37%. These facts confirm our supposition that it will be difficult to calculate targets’
ranges. H2 and H3 mainly form the curve’s shape. In 2(H2), the channels’ contributions
are relatively similar. In trials 5–7 (Figure A10), as earlier, I2 and H3 mainly form the shape
of the curve. In 13(H1) (Figure A13), major signal contributors are I2 and H3.

1(H1)

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  5  10  15  20  25  30  35  40  45

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  5  10  15  20  25  30  35  40  45

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

Figure A9. Cont.



Diversity 2021, 13, 452 22 of 28

2(H2)

 0

 100

 200

 300

 400

 500

 600

 700

 800

 0  10  20  30  40  50  60  70  80  90 100

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 100

 200

 300

 400

 500

 600

 700

 800

 0  10  20  30  40  50  60  70  80  90 100

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

3(H3)

 0

 100

 200

 300

 400

 500

 600

 700

 800

 0  20  40  60  80  100  120  140

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 100

 200

 300

 400

 500

 600

 700

 800

 0  20  40  60  80  100  120  140

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

4(H4)

 0

 100

 200

 300

 400

 500

 600

 700

 0  5  10  15  20  25  30  35  40  45  50

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 100

 200

 300

 400

 500

 600

 700

 0  5  10  15  20  25  30  35  40  45  50

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

Figure A9. Experiment I, Phryganea grandis 1–4 (H1–H4).
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Figure A10. Experiment II, Sialis lutaria 5–7 (H1–H3).
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Figure A11. Experiment II, Sialis lutaria through the diffuser (10–11).
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Figure A12. Experiment II, a small fly through the diffuser (12(H1)).



Diversity 2021, 13, 452 25 of 28

13(H1)

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 0  5  10  15  20  25  30  35  40  45  50

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 0  5  10  15  20  25  30  35  40  45  50

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

14(H2)

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

 0  5  10  15  20  25  30  35  40

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 500

 0  5  10  15  20  25  30  35  40

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

15(H3)

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 4500

 5000

 0  20  40  60  80  100 120 140 160 180

S
S

A
M

D
 (

d
B

m
)

Time (s)

I1
Q1
I2

Q2

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 4000

 4500

 5000

 0  20  40  60  80  100 120 140 160 180

S
S

A
M

D
 (

d
B

m
)

Time (s)

H1
H2
H3
H4

Figure A13. Experiment II, a single cricket through the diffuser (13–15 (H1–H3)).

Appendix C. Radar Software Installation and Configuration

Radar software was designed for the Windows operating system. In future work,
we wish to run the radar on Unix-like systems. In particular, Raspberry Pi is our target
computer. For the lab experiments, we have been able to run the original software de-
livered with the radar. To operate it on Debian-like systems (we use the GNU/Linux
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Debian Buster operational system), one should execute the following commands for the
dependencies installation:

sudo apt −get i n s t a l l wine64 w ine t r i c ks \
wi ne t r i cks c o r e f o n t s d3dx9_36 vcrun2005 vcrun2008 vcrun2010 \
winhttp

Now, the delivered software can be installed from the flash drive. One should execute
the following command to run the installed software:

WINEPREFIX=~/.wine/drive_c/Program\ F i l e s /SenTool_60GHz/ \
wine \
/home/$USER/. wine/drive_c/Program\ F i l e s /SenTool_60GHz/StartApp

. exe

Moreover, the network should be appropriately configured. Only the following
configuration of Network Manager Applet of Mate Desktop Environment allowed us to
work with the radar smoothly without any problems: (Ethernet Tab) MTU: 32; (IPv4 Settings
Tab) Address: 192.168.0.1, Netmask: 16, Gateway: 192.168.0.2, DNS servers: 192.168.0.2.

In the radar software, we use the following IP address and port number for the connec-
tion: IP 192.168.0.2, Port 1024. Moreover, we use the following measuring parameters: start
frequency 58 GHz, stop frequency 64 GHz, ramp time 1 ms, zero pad factor 1, time interval
50 ms, maximal distance 1 m, and measure type FMCW Up-Ramp. All receive channels
are enabled. Frontend power, power saving, and normalization modes are activated. The
one-meter maximal range provides good perception; a larger range would be unnecessary
since single insect targets can be detected up to approximately 1 m. For all the following
experiments, we use the presented configuration.

Appendix D. Resulting Data and Data Processing Software

Reference [38] provides the collected data, data processing software, and resulting
datasets. It consists of three files, RawData.zip, radar.tcl, and Results.zip. RawData.zip,
comprising the collected data organized by experiment and trial directories. Each trial
directory comprises FD (frequency-domain) directories containing the main text data files;
TD (time-domain) directories are not utilized in the present work. Some trial directo-
ries also comprise PNG files with screenshots of the radar software charts taken during
the experiments.

radar.tcl is a script developed for RawData.zip data processing. The script does
not have specific dependencies; thus, it should work in every system with Tcl 8.6+ and
GNUPlot5 installed; it was tested only in a Unix environment. The USAGE section of
the script provides instructions for running it. The following Bash commands automate
data processing and generate the resulting datasets and charts (they are also provided in
radar.tcl):

f o r cur in $ ( f ind /home/username/RadarLab/RawData \
−type d −name FD)

do ; t c l s h radar . t c l \$cur /tmp/Resul t s \
‘ echo \$cur|xargs dirname|xargs dirname|sed \
’ s / . * RawData//g ; s/\///g ’| sed ’ s/\///g ’ ‘ ; done

The resulting dataset archive (Results.zip) includes PDF charts and trials’ SSAMD
calculations (TXT files). A file radarstats.txt comprises aggregated statistics provided in
Table 1.
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