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ABSTRACT There are arguments about the scattering mechanism of the 10-dB periodic signal fluctuations
posed by the repetitive flapping motion in radar ornithology. We design a dynamic measurement system
composed of a network analyzer and a high-speed camera to track dynamic radar signals modulated by the
flapping gaits of birds within the S-band, X-band, and Ku-band. The results indicate that the respiration
motion contributes little to the bird’s signals, but the flapping wings not only contribute at least 10 dB to the
signal fluctuation, but also modulate the radar signals of flying birds related to the flapping gaits, regarding
different radar bands, observing angles and bird species. Furthermore, the contributions observed in the tests
indicate that our theory of the time-varying wingbeat corner reflector (WCR) effect is correct in explaining
the modulation mechanism of the 10-dB signal fluctuations in radar ornithology.

INDEX TERMS Bird radar signals, dynamic measurement, flapping wings, signal fluctuation, time-varying
wingbeat corner reflector (WCR) effect.

I. INTRODUCTION
It does not take too long for people to realize that the myste-
rious ‘‘angel echoes’’ from the sky mainly come from flying
birds after World War II [1], [2]. However, plenty of doubts
about bird echoes are still haunting. Why are bird echoes
blinking [3]? Why does the strength of bird signals fluctuate
at a level of about 10 dB [4]? Why are the modulated radar
signals of birds correlated with flapping motion [5]? Why
does the wingbeat of a bat impart a far more robust amplitude
modulation than that of a falcon [6]? Why is there the con-
tradictory that some researchers claim that wings have a neg-
ligible effect on bird echoes [7], while some others attempt
to extract modulation envelope signatures correlated with the
flapping pattern of wings [3], [8] to recognize bird species
[9], [10], [11]? All these mysteries about radar echoes from
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birds could be attributed to the physics of radar scattering
mechanisms from bird targets.

There was once a controversy about the modulation mech-
anism of birds’ signals fluctuation. Shortly after the detection
of radar echoes from flying birds by using radar systems [1],
people recognize the periodic fluctuation in radar signals of
birds in flight [3], [5], [12]. Nevertheless, the modulation
mechanism of birds’ signal fluctuation is still poorly under-
stood.Many explanations have been proposed successively in
the early radar ornithology. The primary empirical evidence
believes that there is periodic time series amplitude modula-
tion of radar echoes, and the signal intensities of bird echoes
fluctuate as high as 10 ∼ 20 dB, even over 40 dB at some
radar bands [3], [4], [8]. Since amplitude fluctuation was
correlated with the falling of the bird’s wings, the flapping
pattern of birds is believed to be the primary cause [9], [13].
Nevertheless, periodic variation in scattering areas due to
the bird’s respiration motion is also a potential explanation
[5], [9]. Many researchers have verified that respiration is not
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believed to be essential for amplitude modulation [4], [14],
and flapping motions causes significant periodic fluctuations
in radar signals from flying birds [15], [16], [17], [18]. Yet,
some literature still refers to the respiration cause [9], [13].

To date, most scattering models of birds have been based
on simple shapes like spheres, cylinders, and spheroids. The
most widely scattering model is the water sphere model.
Moon developed it to analyze scattering characteristics of
birds, in that the radar reflectivity of a bird is predominantly
due to the 65% of its mass that is water, and an approxi-
mate model of the RCS can be obtained by regarding the
bird as a water sphere of equivalent mass to the water con-
tent [19]. Some research groups recently proposed complex
scattering models with realistic shapes and material proper-
ties [17], [20]. However, more theoretical and modeling work
is still needed, as well as the labs and fieldmeasurements of as
many species as possible. Accurate scattering models should
be developed to estimate Radar Cross-Section (RCS) values
and quantify radar signatures for identifying bird signals and
estimating migratory bird density using radar systems.

To subside the controversy about the modulation
mechanism of birds’ signals fluctuation, we measure the sig-
nal fluctuations in radar echoes of flying birds in a microwave
anechoic chamber. Current measurements often measure
static birds in labs or fields, such as the famous water sphere
model birds’ test was static without flapping wings [19].
They may neglect the contributions from flapping wings.
Unlike them, we estimate the time series of radar echoes
from the static & dynamic birds and track dynamic radar
signals produced by the flapping gaits of birds. We design
a dynamic measurement composed of a network analyzer
and a high-speed camera to capture the moment photo of
flapping gaits and the corresponding signals for the first time.
We also utilize the High-Resolution Range Profile (HRRP) of
birds using ultra-wideband signals to separate radar signals
of flapping wings from other parts of the bird within multi-
bands. Finally, we analyze the data in section III, discuss the
results in section IV, and then propose our conclusion that
flapping wings contribute to the main signal fluctuations to
radar echoes from flying birds, and the contribution can be as
high as over 10 dB in section V.

II. MATERIALS AND METHODS
A. SCATTERING MODEL
The most impressive scattering theory about birds is that the
water in blood and muscles is mainly responsible for the echo
produced by a bird, while the reflectivity of feathers seems
to be negligible. Radar ornithology usually treats a bird as a
water sphere or near-to-spherical target for a simple compar-
ison of target size and wavelength. According to the water
sphere model [19], when the mass of a bird is m, the density
of the ‘‘bird water’’ is ρ, and the radius of the water sphere is
given by

r = 3

√
39m
80πρ

(1)

FIGURE 1. Comparison between the traditional water sphere model and
our wingbeat corner reflector (WCR) model.

Theoretically, the RCS of a sphere is calculated by [21]

σ = πr2 (2)

Thereby, the theoretical RCS value of a bird based on the
water sphere model is calculated by

σb = π (
39m
80πρ

)
2
3

(3)

Note that the water sphere model completely ignores the
contribution from the flapping wings.

Our early project proposes that the time-varying wing-
beat corner reflector (WCR) effect could modulate radar
echoes from flying birds and contribute a lot to radar received
power [22]. Due to the flapping motion, the bird’s wing and
body constitute a biological corner reflector (Figure 1). This
corner reflector effect can significantly amplify the ampli-
tude of the radar echoes from the target; thus, the WCR can
enhance backscattering power up to at least 10 dB relative to
the cross-section area of a bird [22]. According to the WCR
model, the theoretical RCS value of a bird contributed by
flapping wings is given by

σw =
8πa2b2

λ2
φ (4)

Thereby, considering RCS parts from both the bird body (σb)
and the wingbeats (σw), the theoretical RCS value of a bird is
given by

σc = σb + σw = π (
39m
80πρ

)
2
3
+

8πa2b2

λ2
φ (5)

where, σb is the RCS values from the bird body; σw is the
RCS values from the wings; a is the length of the corner face;
b is the width of the corner face; λ is the wavelength;φ is the
function related to the phased angle of flight gaits and obser-
vation angle of the radar beam. Compared to equation (3),
equation (5) indicates that the RCS value of a flying bird is
the sum of both the bird’s body and the beats wings.

The contribution from flapping wings to the bird RCS is
much more significant than that from the bird body. Take a
duck as an example. In 2010, the FAA published the radar
advisory circular 150/5220-25 to instruct the design and use
of avian radar systems to supplement an airport’s Wildlife
Hazard Management Plan and reduce the potential bird strike
hazards to aircraft [23]. The FAA utilized the Standard Avian
Target (SAT) to evaluate the performance of an avian radar
system. One SAT bird approximates an average crow with

85138 VOLUME 10, 2022



J. Gong et al.: Measurement and Analysis of Radar Signals Modulated by Flapping Wings of Birds

FIGURE 2. Dynamic measurement system.

0.5 kg mass and 0.025 m2 RCS [23], and a multiple SAT
bird has increased or decreased RCS and mass quantities
accordingly. A duck is treated as a two SAT bird with a 1 kg
mass. According to the water sphere model [19], [24], the
water sphere of the duck is about 0.65 kg, with the density
of the water sphere being 1 g/cm3, and the radius is about
5.4 cm; thus the σb of the 1kg duck is 0.0313 m2, similar to
0.05 m2, as reported by the FAA [23]. However, according to
our WCR model, considering that both a and b of the duck
are 5.4 cm, and the typical wavelength of the X band is 3 cm;
thus, its maximum σw is 0.2375 m2. Thus, the contribution
from flapping wings (σw) is bigger than that from bird body
(σb) by about 659%. In total, the RCS value (σc) of a 1kg duck
is 0.2688 m2, approximate 10 times than that (σb) based on
the water sphere model.

B. DYNAMIC MEASUREMENT SYSTEM
Firstly, we extract the weak radar signals of birds in an ane-
choic chamber. Compared to radar signals of aircraft, radar
echoes of birds are weak. We prefer measurement in an ane-
choic chamber than in the field test. The anechoic cham-
ber belongs to National Center Marine Equipment Quality
Inspection, China. The website of this anechoic chamber
is http://www.chinanmei.com/. FRANKONIA Inc. manufac-
tures the main equipment for this anechoic chamber. The inter
size of this room is 7.890×3.517×3.3m. Furthermore, vector
network analyzers (VNA) have become convenient for onsite
measurements [25]. The spatial arrangement in the anechoic
chamber is shown in Figure 2a. We use the network analyzer
of the Agilent N5224A as the radar, as shown in Figure 2b.
The network analyzer works in vertical polarization to trans-
mit signals and receive echoes. The biggest advantage of
tests in an anechoic chamber is to lower possible background

clutter and improve the scattering power of the signals of
cooperative targets.

Secondly, to separate radar signals of wings from the bird
body, we utilize the High-Resolution Range (HRRP) technol-
ogy which transmits the ultra-wideband radar signals. When
the bandwidth of swept frequency (B) is broad, the range
resolution (res) will be narrow enough to achieve the HRRP
of a target [21]. The equation is given by,

res =
c
2B

(6)

where c is the transmission velocity, network analyzers pro-
vide the function of swept frequency to obtain the HRRP.
Most surveillance radar systems used for detecting birds work
with low-resolution range profiles (LRRP). LRRP cannot
provide details about the scattering centers of birds and their
modulation on radar signatures [26], [27]. Measurements in
labs serve the detection of an existing radar system in prac-
tice. Since most radars used for monitoring flying birds are
either weather surveillance radar systems, marine navigation
radar systems, or surface surveillance radar systems [28],
[29], we also select some typical surveillance radar bands.
Surveillance radar bands are mainly sorted into two cate-
gories: those radar wavelengths are similar to general bird
sizes, such as S-band and L-band; others are much smaller
than available bird sizes, for example, X-band, and Ku-band.
Radar data within the former fail into the resonance region,
while the latter is into the optic region [2], [30]. Scattering
rules differ in the two scattering regions, and not all radar
bands are helpful to detect radar echoes from flying birds.
To investigate the difference within the scattering regions,
we use S- band (2 ∼ 4GHz), X-band (8∼ 12GHz), and Ku-
band (14∼ 18GHz), considering the general size of the birds.

Thirdly, to record the detailed flapping gaits of birds,
we deploy a high-speed camera to record the deformation
during the whole experiment. The camera is FASTCAM SA-
Z (Figure 2b), manufactured by Photron Inc. from Japan.
It provides megapixel image resolution at frame rates up to
21,000 frames per second (fps). The flapping rates of small
birds are about 6-10 Hz, while that of a large duck is much
slower. Since the flapping rate of birds is smaller than the
sampling rate of the camera, the camera with a high-speed
sampling rate can capture the detailed deformation. Besides,
we use tape to fix the legs of birds. We found that the birds
were quieter than we thought. When we placed a bird on the
foam holder shown in Figure 2, the bird would not move its
head or fly away from the foam holder. It just stayed quietly
on the foam holder. As such, we can quickly obtain the radar
signatures posed by the flapping motions by combining radar
echoes with the correspondent photos.

Fourthly, considering different bird sizes, we select sev-
eral typical birds. Table 1 demonstrates the detailed param-
eters of birds. Generally, bird mass is a helpful criterion
for classifying bird size. Regardless of sexual dimorphism,
birds< 70 g are categorized as small. Birds between 71-800 g
are categorized as a medium, and birds with masses > 801 g
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TABLE 1. Parameters of birds in the test.

FIGURE 3. Flow-process diagram of one measurement.

are categorized as large [31]. Besides, bird size can be clas-
sified using general flight morphology, that large birds habit-
ually carry their feet stretched out behind them during flight,
leaving their feet apart from the body and being recognizable
to both human observation and radar detection. In contrast,
small birds tend to carry their feet drawn up in front, clinging
to the body, thus hiding their feet from detection [32]. The
dove in this paper is a small bird, and the duck is a large
one, either using the taxonomy based on either bird size or
the flight morphology. Thereby, the HRRP data of 3.75 cm
and 7.5 cm within radar bands can still separate the flapping
wings and the body.

Finally, we design an algorithm to automatically record
the radar signals of flying birds. Assume the flapping rate
is 10 Hz; according to the sampling theorem, the sampling
rate of measuring signals should be at least 20 Hz to cap-
ture the influence on radar signals of a single flapping gait.
Thereby, it requires an algorithm to do the work automati-
cally. The flow-process diagram is shown in Figure 3. It is a
threshold detection method. Usually, the VNA continuously
transmits radar signals and receives echoes from the birds.
At this time, the bird may stay static. And then, we send a
signal to stimulate the bird to flap its wings. Since the bird
flap its wings, its radar signals change. When the ampli-
tude of the bird’s signal is over the threshold detection of
our network analyzer, it begins to send a signal to drive the

FIGURE 4. Example of the dynamic flapping gaits of birds and their
corresponding radar signals within the X-band.

network analyzer and high-speed camera to record the sig-
nals and the images. Specifically, we call the Trigger-Aux
function of PNA-N5524A to send the synchronistical sig-
nals. It can input a trigger signal and then send out two syn-
chronistical response signals (i.e., the synchronization signals
in Figure 2b) to external devices using the Handler IO of
‘‘Aux Trig out 1’’ and ‘‘Aux Trig out 2’’ on the panel of
PNA-N5524A. The above diagrams of single measurement
were functioned using the Macros function of PNA-N5524A.
Besides, we deploy a rotating table to measure different
angles of birds.

III. RESULTS
Radar echoes from birds are presented in the range profiles.
Figure 4 demonstrates the dynamical measurement of the
duck, marked in the light gray frame. We select ten photos
of the duck and their corresponding echoes. The numbers on
the photos are the tracking number of flight gaits. We remove
data #1 and #2 and select ten photos from #3 to #12 because
we found that the duck stayed static at the beginning stage of
data #1 and #2 in some cases. The test band is an X-band with
a range resolution of 3.75 cm. The interval time between the
adjacent two frames is 100 ms. In this test, the duck’s chest
is in the face of a radar beam, which we call the ‘‘front-side’’
view. As the radar signals are transmitted from port 1 of the
VNA, they pass through the cable, the transmit antenna, and
the air, and then strike the target. When the backscattering
echoes from the target are received by the receiver antenna,
they pass the cable and are into port 2 of the VNA. After
calculation, the data are presented on the screen of the VNA,
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as the example in Figure 4. Thereby, the values of the range
axis in Figure 4 describe the radar range between the target
and the VNA. These ranges (e.g., 11.4 m) are longer than
the inter length of the room (i.e., 7.89 m) because the radar
range must count in the cable length. One scan can obtain
one HRRP of the target, and the continuous measurements
can collect continuous HRRPs, which are corresponding to
the changing postures of the target.

There are considerable fluctuations corresponding to the
HRRP data of the duck in the light gray frame from 11.4 to
11.8 m in Figure 4. We can find that the duck was only
flapping its wings towards the radar wave while its beak
moved little, based on the photos of the duck; thereby, the
signal fluctuations in the light gray describe the radar signals
modulated by the flapping gaits. Furthermore, we use the
peaks of the envelope in the gray frame (i.e., the black dotted
line in Figure 4) to quantify the contribution of the flapping
wings to the scattering power of birds. As shown in Figure 4,
the fluctuating range of the signals produced by the flapping
wings can be as high as 20 dB, meaning that the flapping
wings can contribute 20 dB to the scattering power of flying
birds.

The flapping wings contribute a lot to radar echoes
from birds regardless of radar bands and radar angle.
Figure 5 demonstrates the radar signals of different birds
within different radar bands. The recording videos indicate
that the duck can flap its wings for about 2-3 seconds in
the test, while the dove’s flapping time lasts 3-4 seconds.
We select the maximum and minimum signals of birds during
the flapping time and the mean values of the signals. The
minimum signals are the static state of birds, while other data
come from the flapping wings.

The difference between the maximum and the minimum
can be seen as the contribution of flapping wings. As shown
in Figure 5, the contribution of flapping wings can be as high
as 20 dB within three radar bands, and the mean contribution
is about 10 dB. Besides, due to the flapping wings, the whole
bird’s HRRP turns to fluctuate. The scope of the fluctuations
becomes wide, even wider than the bird size (i.e., 40 cm).
Radar bands seem to influence the size of contributions. The
magnitudes of radar signals within the S-band are the highest,
X-band is the second, and Ku-band is the lowest. However,
the contributions within S-band are the smallest, and that
within Ku-band is the strongest, up to over 20 dB. The higher
the radar frequency comes, the higher contributions produced
by the flapping wings.

These results of three radar bands are in accordance with
the theoretical ones based on equation (5), which is that the
RCS values of the corner reflector are inversely proportional
to the square of the wavelength. Besides, since the broad view
can only capture contributions of one wing, the fluctuations
signals posed by flapping wings are more homogenous than
that in the front view. Considering the contributions within
the same radar band and same view angle, the contributions
of the duck are smaller than that of the dove. Contributions
seem to be inversely proportional to the bird size. It is also

FIGURE 5. Maximum and minimum fluctuating signals modulated by the
flapping wings.

reasonable. Small birds have a higher flapping rate than large
birds. When the sampling frequency is the same, the higher
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FIGURE 6. Contributions to radar signals from different flapping gaits of
birds.

wingbeat frequency will achieve a higher detection rate of the
WCR and obtain a higher contribution from flapping wings.

The contributions are related to the flapping gaits of birds.
Figure 6 shows the signal fluctuations within three radar
bands, which are correlated to different flapping gaits of both
the duck and the dove. We select four flapping gaits based
on the high-speed photos demonstrated in Figure 6. The four
flapping gaits include ‘‘glide,’’ ‘‘down,’’ ‘‘up,’’ and ‘‘peak.’’
The ‘‘glide’’ one is the bird stretching out its wings as gliding
flying. The ‘‘up’’ and ‘‘down’’ ones mean the bird flaps its
wings upstroke and downstroke, respectively. Moreover, the
‘‘peak’’ gait represents the bird flapping its wings at the peak
phase, when the twowings seem to touch each other, as shown
in the fourth photo in one line of Figure 6. The signal fluctua-
tions between dynamic flapping and static gait in Figure 6 are
different. The values are the mean number calculated with the
signals across the range span of 10-cm where the bird was
located.

The results indicate that almost all contributions are over
10 dB within three radar bands, regardless of bird species
and observation angles. In addition, the mean fluctuations
within the Ku-band are still the strongest in the same con-
dition. Besides, the mean contributions in the front view are
bigger than that in the broad view regarding bird species.
Although there is no linear function between the flapping
gaits and themean fluctuation, the fluctuations of ‘‘down’’ are
the most common ones that bring about the strongest fluctu-
ations. Compared to other gaits, the downstroke could cause
the corner reflector deformation at the highest rate, making
the strongest contributions.

The over 10-dB signal fluctuation comes not from the
respiration movement of birds. There was once a claim that
respiration may contribute to the 10 dB signal fluctuation
in radar echoes from birds. To oppose this claim, we also
compare radar data of a living duck with a dead duck.
Figure 7 demonstrates the comparison of signal fluctuations
of a living duck and a dead duck. They had similar mass
and body. We select 30 continuous photos of the birds and
their corresponding echoes within three radar bands. The
intervals between the sampling frames are about 100 ms, and
the whole 30 frames cost about 3 seconds. The chest of the
duck faces the radar wave. Besides, the breathing rate of the
duck was higher than the average state because the data were
sampled after the duck thronging strenuous exercise, and the
high-speed photos captured the apparent breathing motion of
the chest.

As shown in Figure 7c, themeasured respiration periodwas
about 1500ms, meaning that the respiration rate of the duck is
about 0.67 Hz. The respirations do cause some fluctuations in
the radar signals from the bird, but the fluctuations are small.
The signal fluctuations of the dead duck are no more signif-
icant than 1 dB within any measured radar band. However,
the respirations of the chest cause different levels of signal
fluctuations in radar data within three radar bands. The level
is less than 1 dB within S-band, up to 5 dB within X-band,
and around 2 dBwithin Ku-band. In brief, respirationmotions
are not responsible for the 10 dB level of fluctuation in radar
echoes from flying birds.

85142 VOLUME 10, 2022



J. Gong et al.: Measurement and Analysis of Radar Signals Modulated by Flapping Wings of Birds

FIGURE 7. Comparison of signal fluctuations of a living duck and a dead
duck.

IV. DISCUSSION
The 10 dB signal fluctuation within radar signals of flying
birds comes from the flapping wings over the respirations.

The radar band is the first factor affecting the contribu-
tion produced by the flapping wings. Generally, the higher
frequency, the stronger contribution due to flapping wings.
It is because of the scattering regions [21], [33]. Only in
the optic region, can the WCR work well because of the
‘‘scattering centers’’ theory. Scattering power in S-band may
come mainly from a target’s materials component, which is
explained using the ‘‘scattering polar’’ theory. Equation (5)
also indicates that the theoretical RCS of a corner reflector is
inversely proportional to the square of the wavelength. Nev-
ertheless, an exception still exists in contribution within the
X-band in Figure 6. Note that the contribution of the X-band
is smaller than that of the S-band sometimes. This case could
be explained that the scattering within X-band is so complex
that the scattering region may come between the resonance
region and the optic one. Thus, the contribution of flapping
wings is hard to quantify using one scattering theory.

Theoretically, the contribution of flapping wings can be
related to each flying gait using this paper’s dynamic mea-
surement system. However, due to the imitated sampling
rate of measurement provided by the network analyzer,
PNA-N5524A, it cannot achieve the theoretical of 20 Hz,
considering the wingbeat frequency of 10 Hz. The quickest
measurement rate of PNA-N5524A is only 10 Hz. There-
fore, the sub-sampling rate causes the noncontinuous photos
and signals produced by the inhomogeneous flapping gaits.
Thereby, the results in Figure 4 jump between the adjacent
flapping gaits. Nevertheless, the dynamic measurement sys-
tem still captures and records the moment of birds’ flapping
gait and the corresponding radar signals. Thus, we can build
the relationship between the radar signals and the flapping
gaits and quantify the contributions to birds’ radar signals
produced by the flapping wings.

For a single bird, the wingbeat corner reflector effect will
amplify bird signal intensity (or RCS) considerably up to
10 dB. RCS is a measure of a target’s efficiency for scattering
radiation back to its source; in other words, RCS represents
the size of the target as ‘‘seen’’ by the radar [21]. Our mea-
surements show that a 0.35kg flying pigeon can be detected
at 12 km [35], and its mean RCS value is 0.25 m2, which is
considerably more significant than that of 2km and 0.025 m2

proposed by the FAA [23]. It is 10 dB from 0.025 m2 (i.e.,
−16.02 dBsm) to 0.25m2(i.e., -6.02 dBsm), which is consis-
tent with the theoretical contribution of a WCR. Moreover,
when the bird’s aspect angles are front side to the radar beam
compared with head- or tail-on, the wingbeat corner reflector
does the strongest effect as a corner reflector; thus, bird RCS
is measured higher as provided in this aspect [14], [20].

For different bird species, wingbeat frequency and wing
shape affect the modulation effect of the wingbeat corner
reflector. As the wingbeat frequency tends to increase with
bird size [34], a little bird beats its wingbeat frequency faster
than a large one. For example, the large seagull only does
5 wingbeats in one second, while the little starling completes
12 flapping cycles. Under the same conditions, quicker wing-
beats increase the stability of the wingbeat corner reflector
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effect, and then a little bird (e.g., a pigeon) tends to reap a
higher echo strength value than a large bird (e.g., a crane.
Besides, the more corner-like wings, the better the wingbeat
corner reflector effect is because the perpendicular wings
enhance the modulation effect. Therefore, even for a similar
bird, a Laridae-like bird embraces a much bigger RCS than a
Fringillidae-like bird. This is the same reason that the wing-
beat of a bat imparts a far more robust amplitude modulation
than that of a falcon [6].

The WCR theory can explain the phantom ripple flicker of
‘‘angel echoes’’ for a flock of birds. Numerous bird species
travel in highly organized groups [35] and flap their wings at
different gaits to cope with the dynamic wakes produced by
flapping wings [36]. When the radar detects the flock, there
are always two or more birds in the radar pulse volume, and
then it is hard to tell how many and how strong the WCR
of each bird in the flock are contributing. Consequently, the
whole reflectivity can fluctuate rather violently from 20 dBz
levels to 30 dBz levels [37], producing annoying wax and
wane along the migrating trajectory on the radar display [1].

V. CONCLUSION
We design a dynamic measurement system using the network
analyzer and the high-speed camera to quantify the signal
fluctuations and find the primary cause. There is over 10 dB
signal fluctuation in radar echoes from flying birds. Since
the respiration motion can cause 5 dB fluctuations at most
within different radar bands, the respiration is not the source
of the 10 dB fluctuation. Compared to the respiration motion,
the flapping wings contribute at least 10 dB to the signal
fluctuation to the radar echoes from flying birds, regarding
different radar bands, observing angles, and bird species. The
contribution is related to the flapping gaits. These results indi-
cate that the time-varying wingbeat corner reflector is proper
to explain themodulationmechanism of the 10 dB signal fluc-
tuations in radar ornithology. Moreover, the wingbeat corner
reflector effect can answer many mysteries about bird echoes
in radar ornithology.
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