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Abstract—Unmanned Aerial Vehicle (UAV) platforms are ideal
for remote life sensing applications including military,
humanitarian and post-disaster search and rescue operations.
Doppler radar sensors can remotely detect human respiration
vital signs to assess triage but any sensor motion will corrupt the
signal. The respiration signal can be recovered by measuring the
platform motion with a secondary radar and removing the motion
induced phase modulation from the primary radar signal that
contains both the platform motion and the desired vital signs
signal. We simulated and tested a motion compensation algorithm
using the dual radar approach and successfully recovered the
respiration signal from the radar sensor using a laboratory testbed
and on an airborne quadcopter. We measured a signal to motion
interference ratio (SIR) improvement of 15 dB to 41 dB on the
benchtop motion testbed and an improvement of 26 dB for the
radar sensor on an airborne quadcopter.

Keywords — Algorithms, biomedical sensors, motion compensation,
radar subsystem, remote sensing

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVS) have the potential for
post-disaster search and rescue missions where triage can be
conducted on victims using an on-board radar sensor to detect
respiratory motion [1]. Such UAV first responder sensors can
sense and communicate a broad range of victim and terrain data
for remote assessment by rescuers, as part of a growing range
of ubiquitous wireless network tools [2]. Vital signs
measurements using a stationary radar sensor have been
previously demonstrated [3]-[8].

This research project attempts to compensate for the motion of
the radar sensor on the UAV platform through the use of sensor
techniques to minimize signal distortion from the UAV maotion.
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Other papers describe motion cancellation techniques for vital
signs sensing when the subject motion interferes with the
measurement [9], [10]. For a Doppler radar system, the radar
return signal corresponds to the phase modulation resulting from
the range variation between the radar and the subject and any
sensor platform motion will induce an undesired phase
component to the baseband signal. For our concept of
operations, the assumption is that the human subject is
stationary, as is likely the case for a post-disaster scenario
where victims are prone on the ground and the primary
component of signal distortion is from the UAV motion. Prior
work focused on the characterization of the Received Signal
Strength Indicator (RSSI) and RF Direction of Arrival (DOA) of
commercially available radar modules to stabilize the airborne
platform [11], [12].

In this paper, we report on the investigation results of the
application of (1) physical platform stabilization using
ultrasonic and camera sensors for motion compensation and (2)
compensating for the platform motion using a signal processing
motion compensation algorithm. Physical platform stabilization
uses an ultrasonic sensor Proportional Integral Derivative (P1D)
feedback loop to maintain a nearly constant range between the
radar sensor and the target to reduce the overall platform motion
to a manageable range for the motion compensation signal
processing algorithm to be effective. Any residual phase
modulation due to the remaining platform motion is reduced by
applying a compensating phase term to the composite signal in
the motion compensation algorithm. The composite signal is
measured by the primary radar whose phase is modulated by
the platform motion and the target respiratory motion. The
platform motion is measured by a second radar that is pointed
at the ground at an offset angle. The offset angle ensures that
the platform radar phase is proportional to the platform motion
only and does not include the target in the field of view.

We measured the physical stabilization performance using an
ultrasound and radar PID feedback loop on a bench top testbed.
We induced signal distortions emulating the motion of a
hovering drone by mounting the testbed on a programmable
linear actuator. We then measured the effect of the PID
feedback loop on the reduction of physical motion by driving a
second actuator mounted on the base actuator. Since the PID
loop does not completely cancel the platform motion, any
remaining phase distortion is removed with the motion
compensation signal processing algorithm.

In addition to the lab tests, we mounted the radars on a
ARDrone 2.0 quadcopter with a built-in camera and ultrasonic
sensor and analyzed the motion compensation performance.
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Fig. 1. Operational mode diagram for the search and stabilization modes for
the UAV radar sensor platform. Conventional sensors (GPS, IMU and
ultrasonic sensors) that determine altitude and yaw, pitch, roll (YPR) are
supplemented with radar and image sensors to provide inputs for vertical and
lateral stabilization.

Hover and loiter modes of existing drones that rely on GPS
or barometric and ultrasonic sensors to maintain a stationary
altitude are prone to vertical and horizontal drift and are not
sufficiently stable enough to serve as platforms for radar life
sensing. We show that real-time lateral motion compensation
using an onboard camera to generate an error signal for a closed
loop feedback system can be used to adjust the on-board
Electronic Speed Controllers (ESC) that control the propeller
speed for each quad-copter motor, thereby stabilizing the
platform. Yaw, Pitch and Roll (YPR) commands are used to
stabilize the platform while hovering over the respiration mover
target.

The operational concept is for the system to have a search
mode and an acquisition mode as shown in Fig 1. In the search
mode, the UAV navigates to the area of interest using GPS
waypoint coordinates. At the waypoint station, an onboard
camera with image recognition identifies potential victims
(targets). In the stabilization mode, sensor fusion of secondary
sensors, including GPS, IMU, radar and/or ultrasonic range
sensors, are used to adjust the UAV ESCs to maintain a steady
altitude and fixed Yaw, Pitch and Roll (YPR) attitude. In the
target acquisition mode, the UAV autonomously converges
above the subject and uses the camera and ultrasonic sensor to
maintain a steady hover position over the target.

We modified an ARDrone 2.0 quad-copter by adding an
instrumentation payload, communications, data logging and
real-time flight control subsystem and collected and analyzed
the radar data. The platform block diagram is shown in Fig 2.

Il. QUADRATURE RADAR BACKGROUND

The radar equation describes the signal transmission and
reception when the transmitted waveform is reflected from a
target object with a given Radar Cross Section (RCS).

Doppler radar measures target motion via the return signal
phase. The Doppler effect and range to target are described by
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Fig. 2. System block diagram showing radar payload, signal conditioning,
data downlink and ground-based baseband signal processor.
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where Af is the receiver frequency shift, f is the transmitter
frequency, v(t) is the target velocity, c is the speed of light, 4
is the RF wavelength and T is the measured transit time between
transmission and reception.

The radar transmits the waveform

T(t) = cos(Zrtftt + (p(t)) 3)

and the received waveform is

R(t) = Acos (21‘[ftt +p®)+60+¢ (t - %)) 4)

where A is the amplitude, f; is the transmitter frequency, ¢(t)
is the transmitter phase offset, 6 is the fixed phase offset
inherent in the receiver hardware, p(t) is the phase modulation

from the respiration motion and ¢ (t - ?) is the phase delay

due to the roundtrip signal propagation. Since this is a CW
Doppler radar, we are interested in the measuring the phase
change in the backscattered signal from the target.

A coherent receiver down converts the received signal by
mixing the received signal with a quadrature mixer. The
quadrature mixer uses a phase shifter to generate a quadrature
component that is shifted by 90 degrees. This allows the
received signal to be deconstructed into two components that
are 90 degrees apart, thus ensuring that when the in-phase (1)
component is at a null, the quadrature component is at a peak.
Quadrature (Q) decomposition also mathematically allows any
complex signal to be represented by its orthogonal components
with appropriate amplitude and phase scaling. See Fig. 3.
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Fig. 3. Quadrature radar transceiver block diagram to detect respiration
motion.

Since the received signal is multiplied by the same Local
Oscillator (LO) as the transmitter LO, the transmitted and
received signals are said to be coherent. Multiplying the
received signal by the LO down converts the RF signal to
baseband. Since the receiver LO is a replica of the transmitter
LO, any phase noise or frequency drift is also removed in the
down conversion process.

The two receiver channels are referred to as an in-phase (I)
channel and quadrature phase (Q) channel. The | and Q
channels are represented as

B,(t) = cos(@ +p() + A(p(t)) (5)
By (t) = sin(6 + p(t) + Ap(t)) (6)

where p(t) is the phase modulated signal of interest that is
corrupted by the platform motion that manifests as a phase
term, Ao(1).

Note that the chest displacement x(t) will contribute to the
magnitude of the phase modulation of the reflected signal. Thus
the Signal to Noise Ratio (SNR) will vary with the magnitude
of the respiration motion with the overall SNR determined by
the antenna gain, transmitter power, receiver gain, receiver
noise figure, range and background clutter.

Let the physiological motion of the thorax expanding and
contracting be defined as x(t).The resulting phase modulation
component from the variable range to the thorax detected by the
radar is

p(®) = x(0) )

The average respiration motion is 4 to 12 mm and the average
adult respiration rate is 12 to 15 Breaths per Minute (BPM)
[13]. Detecting the respiration signal p(t) in the presence of
platform motion requires suppression of the Ag(t) term. The
remaining sections of this paper describe techniques to recover
the signal using sensor fusion to stabilize the platform and
signal processing to compensate for the platform motion.
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Fig. 4. Quadcopter radar remote sensing platform sensor geometry. (a)
Primary radar R1 measures respiration and platform motion while the
secondary radar R2 sensor measures platform motion for motion compensation.
Vertical platform stabilization uses the ultrasonic sensor. (b) Camera feedback
loop that locks on to a fixed target provides lateral platform stabilization.

Figure 4 illustrates the sensor pointing geometry for the
primary and secondary sensors. The primary radar sensor
detects the signal of interest while the secondary sensor
measures the platform motion with respect to the ground or
ceiling, if indoors. Care must be exercised such that (/)m/2 <9,

and ¢r/2 <o to avoid range motion sensor and vital sign sensor
overlap, where 0 is the motion sensor radar beamwidth, A is
the respiration sensor radar beamwidth and 9, is the outward

slant angle from the vertical for each radar boresight. The 10
GHz radar module has a half power beamwidth (HPBW) of 36
degrees so each module was slanted outward by 20 degrees
from the vertical.

I11. MOTION COMPENSATION ALGORITHM

The time domain representations for the vital sign signal of
interest (modeled as a sinusoid for simplicity but applicable to
complex signals because of superposition) and platform motion
components are the respiration signal

R,(t) = Asin(w,t) (8)

and the platform motion signal
R,(t) = B sin(w,t) 9)

where w,; = 2xf; and w, = 2xf, are the angular frequencies for
the respiration signal to be recovered and the undesirable
platform motion, respectively. Substituting (7), (8) and (9) into
(5), the in-phase respiration baseband radar signal is

Sresp(t) = cos (# sin(a)lt)) (10)
and the in-phase platform motion radar signal is
Sp1ac(t) = cos (# sin(a)zt)) . (12)
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The composite waveform is the combined platform motion
and respiration motion. This is the baseband signal output from
the respiration radar as a result of the superimposed platform
motion and respiration motion.

The combined composite motion detected by the primary
radar sensor is

SCOmposite(t) = cos(4mA/A sin(w,t) +

4mB/A sin(w,t) ). (12)
Using the cosine angle sum identity:
cos(a+ b) = cosacosb —sinasinb (13)

the composite motion detected by the primary radar is
4mA 4B
Scomposite (t) = cOs (T sin(w;t) + e sin(w, t))

= cos (% sin(wlt)) cos (# sin(a)zt)) —
. 4TA . . 4B .

sin (% sin(w, t)) sin (% sin(w, t)) (14)

The compensated waveform Sg,mpensateq (t) is derived from

removing the phase modulation induced by the undesired
platform motion within the composite phase terms.

4T

Scompensated (t) = cos (7 [A Sin(wlt) +B Sin(wz t)] -
47“ B sin(w, t)) (15)

where the terms in the brackets represent the composite
waveform measured by the primary radar. Therefore, the second
w,, sinusoid term cannot be merely subtracted from the first w,
sinusoid term in the cosine expression when processing the
actual radar signal outputs.

Using the cosine angle difference identity,

cos(a —b) = cosacosb + sinasinb (16)

Scompensated (t) =
cos (4711 (A sin(w, t) B sin(w, t))) cos (47“3 sin(w, f)) +

sin (4711 (Asin(w,t) + Bsin(w, t))) sin (4711 B sin(wzt)) 17)

As an alternative, the motion compensation phase can be
analyzed in the complex IQ (In-phase and Quadrature) domain
as depicted in Figure 5. The primary vital signs radar detects the
composite motion while the secondary radar detects the platform
motion with respect to the ground (or ceiling if indoors). By
removing the platform motion phasor rotation from the
composite motion phasor, the remaining phasor rotation is due
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Fig. 5. Phasor representation of the respiration motion, platform motion and
combined motion.

to the respiration motion. The arc length corresponds to the
amount of motion. A phenomenon referred to as phase wrapping
occurs when the motion exceeds a half wavelength.

The complex representations for each component are:
Respiration motion:

Rrespiration =A- Re[e‘jz‘”frespirationt] (18)
Platform motion:
Splatform =B- Re[e—ﬂﬂfplatformt] (19)

Composite motion:

AT
Scomposite =A-B-Re [e_JT'(Rrespiration+Rplatform)] (20)

Subtracting the platform component from the composite motion
results in

4T
—_— R . _R
SCO pensated =A-B-Re [e ]A ( composite platform)] (21)

where Reomposite 1S the output for the radar sensor pointed at the
respiration phantom that sees both the phantom and the platform
motion and Rpiatorm iS the radar sensor output pointed at the
ground. The motion compensated signal, Scompensatea, 1S the
desired respiration motion recovered from the composite motion
seen by the respiration radar sensor. This equation was
implemented in MatLab to simulate the algorithm as described
next in Section 1V. Equation (21) was also used in MatLab to
process the two radar sensor outputs from the quadcopter.

1V. MOTION COMPENSATION SIMULATION

A MATLAB simulation program was written to simulate the
effect of the UAV platform motion on the respiration signal of
interest. The plots in Figure 6 show the simulated platform
motion and respiration motion and the composite and
compensated waveforms.
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Fig. 6. Time domain simulation of the platform and respiration baseband radar
waveforms for 17 mm platform amplitude at 0.5 Hz and 3mm respiration
amplitude at 0.25 Hz. Recovered waveform with motion compensation is offset
for clarity.

When the amplitude of the platform motion exceeds one half
of the radar wavelength, a phenomenon known as phase wrap
occurs. When this occurs, additional peaks are introduced in the
time domain, creating harmonics in the frequency domain.
Platform stabilization is used to reduce the likelihood of phase
wrapping so that the motion compensation algorithm can be
effective.

V. TESTBED EXPERIMENT CONFIGURATION

The motion compensation experiment block diagram is
shown in Figure 7. The target signal of interest is created with
the Mover 1 linear actuator representing respiration motion.
The UAV platform motion is created with Mover 3 using a
programmable linear actuator from Galil Motion Systems. The
Mover 2 was implemented using a slide potentiometer linear
actuator mounted on wheels to allow independent motion from
the Mover 3 base platform. An Arduino UNO controller was
programmed to control the position of Mover 2 in real time
based on the ultrasonic sensor or secondary range value. If
optimally implemented, Mover 2 will cancel the undesirable
Mover 3 motion. The test platform hardware configuration is
shown in Figure 8.

For the physical platform motion control to be effective, the
compensation counter-motion must meet the following
conditions: (1) the corrective motion latency should be near
zero (2) the magnitude of the corrective motion should be equal
to the disturbance magnitude (3) the speed of the corrective
motion should be identical to the disturbance speed. Although
these ideal conditions were difficult to achieve, tuning the (PID)
feedback loop parameters in multiple iterations resulted in
sufficient reduction of the platform motion such that the
residual motion could be compensated with the phase domain
signal processing described earlier.

The primary and secondary radars used were Commercial-
off-the-shelf (COTS) MDU1100T 10.5 GHz radar modules
from Microwave Solutions. The transmitter has a 10dBm
Effective Isotropic Radiated Power (EIRP) and the antenna
beam has a H-plane Half Power Beamwidth (HPBW) of 36
degrees. The radar receiver has a -86 dBm sensitivity at 10 dB
SNR. DC power consumption is 40mA with a 5V power supply.
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Fig. 7. Platform stabilization and motion compensation experiment block
diagram. The respiration signal of interest (Mover 1) is detected by the primary
radar that is mounted on the motion compensator (Mover 2) that is mounted on
the base platform representing the unwanted motion from a UAV (Mover 3).
Mover 2 is driven by either an ultrasonic sensor or a secondary radar sensor that
detects the platform motion relative to a stationary reflector representing the
ground.
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Fig. 8. Platform stabilization cart with ultrasonic sensor and primary radar
sensor mounted on moving platform.

The primary radar output signal was amplified by a pre-amp
with a passband from 0.3 Hz to 10 Hz and a gain of 20 dB. The
preamp output was digitized by a National Instruments data
acquisition (DAQ) system set at a 1 KHz sampling rate. The
DAQ was configured with a LabView Graphical User Interface
(GUI) and the data log files were saved as text files that were
post-processed in MATLAB.

The ultrasonic sensor was a COTS HCSRO04 with a 30 degree
beamwidth, 4 meter range and 0.3 cm resolution. For the
platform stabilization PID feedback control loop, an Arduino
Uno was used, with software tuning of the proportional gain,
integral and derivative parameters. Both the radar and
ultrasonic sensors were tested with the PID loop.
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VI. TESTBED EXPERIMENTAL RESULTS

Experiments were performed using the laboratory testbed to
test the effectiveness of the platform stabilization and motion
compensation algorithm by comparing the Signal to
Interference Ratio (SIR) before and after the baseband motion
compensation.

Since the Signal to Noise (SNR) is a function of the receiver
Noise Figure (NF) and the resulting noise equivalent bandwidth
is determined by the receiver passband that varies by receiver
design, a convenient metric is to compare the SIR. Factors such
as the receiver noise equivalent bandwidth and thermal noise are
not relevant to the motion compensation gain and therefore the
SIR is an appropriate benchmark to assess the motion
compensation performance improvement. The SIR is defined by

SIR = 20 log (Z—p) 22)

plat

where Viesp is the voltage magnitude of the respiration signal
and Vyia is the voltage magnitude of the platform signal in the
frequency domain.

The effectiveness of the motion compensation algorithm in
removing the platform motion is shown in Fig 9. If the platform
motion is perfectly canceled, the compensated waveform
should be a constant value. The harmonics are a result of
mechanical jitter introduced by the ultrasonic sensor PID
controller in the Mover 3 feedback loop. Additional harmonic
content is introduced by the phase wraparound and is also
suppressed by the motion compensation signal processing. The
spectrum for the combined platform motion and respiration
motion with and without the motion compensation algorithm is
shown in Fig. 10.

To isolate the motion compensation algorithm performance,
experiments were conducted without stabilizing the platform
motion where the PID loop was disabled. Table 1 summarizes
the motion compensation algorithm performance in reducing
the magnitude of the platform motion. The amount of motion
reduction diminishes with an increase in platform motion
beyond the radar wavelength (30 mm at 10 GHz), as expected,
due to the phase wrapping.

The motion compensation algorithm is very effective in
improving the SIR with a range of improvement from 6 dB to
42 dB for 16 test cases with the mean SIR improvement of 19
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Fig. 10. Benchtop testbed platform motion with 23 mm displacement at 0.75
Hz and respiration motion with 3 mm displacement at 0.25 Hz. (a) spectrum
without motion compensation (b) spectrum after secondary radar motion
compensation with 33.5 dB SIR improvement. Harmonics are introduced by
ultrasonic sensor platform stabilization PID loop jitter and reduced by the
motion compensation algorithm.
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Fig. 11. Motion compensation algorithm SIR improvement with mean =19 dB
and standard deviation = 10.3 dB for various platform motion displacements.

TABLE 1
MOTION COMPENSATION ALGORITHM PERFORMANCE

Platform Signal to Interference
Displacement Ratio (dB) Improvement
6 mm 41.9
12 mm 35.0
18 mm 40.9
22 mm 41.5
38 mm 15.8

Motion compensation algorithm Signal to Interference Ratio (SIR)
improvement with sinusoidal platform motion at 0.75 Hz. Platform stabilization
PID feedback loop was disabled to assess motion compensation algorithm
performance.

dB. Without motion compensation enabled, the same test cases
had SIR values between -29 dB to 6 dB with the mean SIR =
-5.5 dB.

The SIR scatter plot and SIR improvement are summarized in
Fig. 11. All SIR improvement values in the scatter plot are with
respect to the baseline measurements before motion
compensation was applied. The scatter plot is a compilation of
the SIR improvement for various respiration motion
frequencies from 0.25 Hz to 1.25 Hz and respiration motion
magnitudes ranging from 5 mm to 10 mm. The motion
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Fig. 12. ARDrone 2.0 with radar modules, built-in cameras and ultrasonic
sensors. A respiration motion simulator was used to collect the radar data while
in flight.

compensation algorithm improved the SIR with a mean
improvement of 19 dB and standard deviation of 10.3 dB. The
mean improvement of 19 dB shows the effectiveness of the
algorithm.

VII. QUADCOPTER RADAR EXPERIMENTAL RESULTS

For the flight experiments, the author collaborated with
researchers at Ritsumeikan University in Japan who have
developed an autonomous navigation system for the ARDrone
2.0. The quadcopter was outfitted with two Microwave
Solutions MDU1100T 10.5 GHz radar modules, preamplifiers
assembled from LM324 op amps and filters for data
conditioning, and an Atmel ATMega328 processor to digitize
the data and provide a serial output. The serial output was
transmitted over a Zigbee link and also written to and stored on
an on-board SD card for subsequent analysis. See Fig. 2 and
Fig. 12(a). All components were powered by a LM7805 5 volt
regulator that was used to regulate the voltage from a
supplemental LiPo battery pack.

Since the HPBW of the radar modules is 36 degrees, the radar
modules were mounted to the ARDrone structure pointing
outboard by approximately 20 degrees from the vertical to
avoid antenna beam overlap as described earlier in Section II.

The ARDrone has built-in ultrasonic sensors that provide
altimeter data and are used to adjust the vertical thrust to
maintain a constant altitude in the vertical direction. The front
camera imagery is used to maintain a constant position in the
horizontal plane by tracking a fixed target. Real-time
quadcopter flight control software was used to maintain a fixed
altitude and horizontal position. Some residual lateral motion
of 10 mm to 15 mm remains and the altitude is maintained
within +/- 2 cm using the ultrasonic altimeter feedback loop.
The built-in camera tracks an illuminated light bulb that serves
as a position marker. Any lateral drift is corrected and as a result
the quadcopter maintains a steady horizontal position. For
future versions, image processing with object recognition can
use any ground based object as a marker.

The control loop uses Linear Quadratic Integral (LQI)
parameters that include the quadcopter mass, moment of inertia,
center of gravity and torque that are obtained empirically using
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system identification techniques. Because there are delays
introduced by the WiFi communications link and image
capture, the control loop uses state augmentation to handle the
time delays [14]-[17].

The quadcopter was flown approximately 1 meter above a
respiration phantom target programmed to move at slightly
greater than 6 breaths per minute or 0.14 Hz. See Fig. 12(b).
The target RCS was calculated as 1.3 m?or 2.6 dBsm for a flat
plate at 10.5 GHz, which is consistent with human torso RCS
reported in the literature [18].

An example power spectrum collected on the quadcopter for
the radar signal with and without the motion compensation
algorithm is shown in Fig. 13. The respiration signal is masked
by the motion noise and recovered with the motion
compensation signal processing. The SIR improvement is 26
dB although the actual improvement will be greater depending
on the receiver passband given the wideband noise content. Fig.
14 shows the uncompensated and compensated power spectrum
without the respiration phantom in the radar field of view,
confirming that the peak in Fig 13 is the respiration signal. The
uncompensated composite, motion compensated and idealized
respiration time domain signals are shown in Fig. 15.

In the presence of background clutter, as long as the
magnitude of the signal of interest (SOI) is greater than the
magnitude of the ground clutter Doppler spread, we expect to
recover the SOI. Several techniques can be used to reduce the
DC offset resulting from the clutter, including the center
estimation algorithm [19]. We can also reduce the effect of the
clutter by using the coarse-tuning technique at the RF front end
[20] and remove the remaining DC offset by using the baseband
fine-tuning approach [21].

VII1.CONCLUSIONS

We conclude that a radar sensor mounted on a stabilized
airborne quadcopter can detect the respiration motion of a
stationary target on the ground. Although a servo driven
respiration motion simulator was used, the radar cross section,
displacement and frequency of the simulator is similar to that
of human respiratory motion and served as an adequate proxy.

Real-time physical platform stabilization is required to reduce
the motion to less than one-half the radar wavelength, so that
phase wrapping is avoided and the motion compensation
algorithm is effective. In our case, we used the built-in
ultrasonic sensor on the quadcopter that provided an error
signal for the real-time altitude stabilization feedback loop.
Horizontal drift was minimized using a real-time image
tracking feedback loop.

Once the platform is stabilized, any remaining residual
motion can be compensated for using a phase compensation
algorithm that uses a secondary radar to measure the vertical
displacement. Using this approach, we observed an average 26
dB SIR improvement for the airborne quadcopter sensor, where
the signal is the respiration mover motion as detected by the
radar and the interference is the primary frequency component
of the platform motion as detected by the radar.
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5 Uncompensated Motion Spectrum - with respiration
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Fig. 13. Radar data collected from platform stabilized hovering drone using
ultrasonic sensor for altitude stabilization and camera sensor for lateral
stabilization. Radar signal spectrum with the respiration phantom in radar field
of view before (top) and after (bottom) applying the motion compensation
algorithm showing the recovered respiration signal.
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Fig. 14. Radar data collected from the platform stabilized hovering drone using
ultrasonic and camera sensors without the respiration phantom in the radar field
of view. Uncompensated (top) and compensated (bottom) shows the
effectiveness of the motion compensation algorithm in reducing the motion
noise.
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