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Abstract—The operation of microwave Doppler radar for
sensing physiological motion signals is heavily compromised
under sensor motion. To that end, we investigate the feasibility of
applying empirical mode decomposition method in this context,
and demonstrate its effectiveness in removing sensor motion
artifacts. This method is shown to be effective in canceling
unwanted sensor motion with precision sufficient to enable accu-
rate heart rate extraction. Theoretical analysis and simulation
results illustrate the potential of the proposed approach for a
wide range of frequency separation and amplitude ratios of
physiological signals and motion artifacts. Experimental results
confirm that separation success is not very sensitive to amplitude
ratio. A heart rate is extracted with RMSE within 1 beat per
minute even in the presence of mechanical motion and order of
magnitude larger in amplitude than that of the heart signal.

Index Terms— Biomedical signal detection, doppler radar,
empirical mode decomposition, motion compensation.

I. INTRODUCTION

ICROWAVE Doppler radar has shown significant

promise for sensing physiological motion and subject
detection [1]-[4]. Research efforts in the past decades have
been focused on both reducing size and cost of the sensor [5]
and overcoming challenges in wireless physiological monitor-
ing, such as: null detection issue [3], non-linear demodulation
[4], and motion artifacts [6]. The basic principle of continuous
wave (CW) Doppler radar sensor is that reflections from
moving targets result in frequency shifts, while reflections
from stationary clutter result only in dc offset. However, if
the sensor itself undergoes unwanted motion, for example due
to mounting surface vibrations or operator “hand-shake,” this
will introduce path length variations which phase modulate the
received signal, in addition to that related to subject’s motion.
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Thus, the resulting signal will include components correspond-
ing to sensor motion artifacts, which once combined with
the desired signal interfere with life signs monitoring and
detection.

The problem of undesired instrument motion is similar
to that in still and video cameras where it causes motion
blur in the capturing image. To that end, for instance, tonal
correction was proposed in [7] to remove image blur caused
by handshake of a cell-phone camera user. In a Doppler radar
sensor system, an ultrasound beam was added to remove the
undesired motion artifact component in [8], and a harmonic
tag was used in [9] to isolate the desired target from other
sources of motion. To further address this issue, a bi-static
radar configuration using a sensor node in close proximity
of a target was proposed in [10]. However, the use of sen-
sor nodes requires more complex data collection that may
not always be possible or desirable. An alternative method,
proposed in [11], uses information about the undesired radar
motion to remove its effects from the sensor output. For this
purpose an accelerometer is placed on the radar antenna, while
the recorded motion is used as a “prior knowledge” in the
conditioning of the sensor output. However, as shown below,
this method is effective only for relatively low amplitudes of
unwanted motion. Notice that traditional methods like the PCA
and ICA will not help with this problem. PCA is designed only
for stationary data where the correlation matrix is coherent and
represents correct signals statistics, which makes it possible to
decompose the matrix into the principal and noise eigenspace.
The Doppler radar data are non-stationary and therefore PCA
would not produce meaningful results. The ICA framework is
valid only where there are physically meaningful independent
components. However, in the case of vital sign monitoring
using Doppler radar the components of interest (heart rate,
respiratory) and the fidgeting artifact are both correlated and
their spectra overlap, which motivates us to exploit a data-
driven method that operates on non-stationary data - the EMD.

In this paper we investigate the feasibility of applying
Empirical Mode Decomposition (EMD) to Doppler radar
signals to remove unwanted interference. EMD is a data driven
multi-scale signal processing technique that decomposes the
signal into a finite set of zero-mean oscillatory waveforms
that may be AM/FM modulated, through a process referred to
as “sifting” [12]. Since EMD is based on the local intrinsic
time scales within the data, it is applicable to non-stationary
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Fig. 1.  Experimental setup consisting of radar sensor, data acquisition
system, and computer illustrating the relative location of antenna, motion
sensor (accelerometer), and the human subject’s heart.

and nonlinear processes [13], and thus suitable for analyzing
physiological signals in the presence of interference [14]. In
[15] we have shown great promise in using EMD to remove
motion artifacts due to the fidgeting of the subject. In this
paper, we present the first reported experimental results that
demonstrate a successful separation of the radar sensor signal
components from the unwanted antenna motion and subject’s
physiological motion using EMD. Theoretical analysis and
simulations investigate the boundaries of frequency separation
and amplitude ratios for successful interference cancellation.
Experimental results are consistent with the analysis and have
demonstrated the feasibility of extracting heart rate with root
mean square error (RMSE) of less than 1 beat per minute, even
when the motion artifact amplitude is an order of magnitude
larger than the magnitude of the heart signal, a situation where
the method from [11] failed.

II. SIGNAL MODEL AND EMD

Fig. 1 shows the geometry and relative positions of a radar
sensor and a human subject in two dimensions.

Denote by R the instantaneous radial distance of the
transmitting antenna from the subject, as depicted in Fig. 1,
and considering that R contains both subject’s motion and
transmitter’s unwanted shake, it can be expressed as [11]:

R=Ro+ AR~ Ry—a(x; — Axs) —=b(y — Ays), (1)

where A R is the distance variation due to sensor motion, while
subject motion that we are interested in can be approximated
as m [11]:

m =z — ax; — byy, 2)

where z = aAx; + bAys; is a measure of the subject’s
physiological motion under observation. Parameters a and
b are functions of geometry and position of the subject
with respect to the antenna and are described in [11]. Phase
demodulation of the output of the sensor approximately yields
m. The method proposed in [11] relies on prior knowledge
of antenna’s motion, x; and y;, to remove the effect of
sensor motion artifact. For it to be effective it is important
to have accurate information of the motion artifact signal.
In this paper, EMD is used to decompose the demodulated
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Fig. 2. Simulated radar sensor signal consisting of a respiration component,
a heart component, and a motion artifact. The motion artifact component
occupies the segment between t = 30s and t = 50s.

sensor signal m into its two components: physiological motion
and motion artifact. These two signals can be considered
to be AM/PM modulated components of some fundamental
frequency. Physiological motion has a periodic and narrow
band signature, that is, the instantaneous frequency for heart
and respiration varies slowly with time [1], making EMD
perfectly suited for their detection and separation [16].

Empirical Mode Decomposition (EMD) was introduced in
1998 [12] as a fully data driven technique which decomposes
the signal into narrow band components called Intrinsic Mode
Functions (IMFs). IMFs, denoted as dj [n], are functions for
which 1) the number of extrema and the number of zero
crossings are either equal or they differ at most by only one,
and 2) the mean value of two envelopes associated with the
local maxima and minima are zero. For a real-valued signal
x [n] the EMD is designated by the mapping:

K
x[nl =) di[n]+rlnl, 3)
k=1

where {dj [n]},f:1 is a set of IMFs, and r [n] is the residue
[12]. IMFs of the demodulated sensor signal are calculated
using the sifting process, which is the basis of EMD. Once the
IMFs are obtained, the motion artifact signal will be localized
in an IMF; by re-synthesizing the signal through retaining only
the desired components, the interference is removed from the
output.

A simulation was performed in MATLAB, where respira-
tion, heart and motion artifact signals have been superimposed
to generate a simulated sensor signal, shown in Fig. 2. In
this case study, the motion artifact had an amplitude two
times larger than that of the heart signal and one-third of
the amplitude of the respiration signal. All signals were sine
waves.

The frequencies of respiration, heart, and motion artifact
signals were 0.23 Hz, 1.08 Hz, and 2 Hz, respectively. Motion
artifact was introduced between t = 30s and t = 50s and
sensor output was high-pass filtered and processed using EMD
(code available in [17]). High pass filtering removes the large
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Fig. 3. High-pass filtered sensor output (top) and the IMFs within EMD.
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Fig. 4. Simulated motion artifact cancelled heart signal and the original

heart during the presence of motion artifact. IMF2 and IMF3 were added to
produce an interference-free heart signal.

respiration trace from the signal and helps the EMD algorithm
generate IMFs that are related to smaller signal variations
which includes heart beat components.The high pass filtered
sensor output and the resulting IMFs are shown in Fig. 3.

By adding the desired IMF2 and IMF3, as identified by
visual inspection, the motion artifact cancelled signal was
obtained; this is shown in Fig. 4 with the original heart signal
for comparison.

Since EMD is an empirical method, the results will depend
on the characteristics of the signals being processed.Transients
in IMF 2, IMF 3 and IMF 4 are caused by mode mixing, where
one mode may leak to an adjacent mode [12], [18]. This is
caused by sharp transitions in the signal, in this case at the
beginning and the end of the motion artifact. However since
mode mixing does not occur in the first IMF, it does not affect
the final result.

In order to examine the ability of EMD to separate inter-
ference from the principal signal, a simulation was performed
to investigate separation success as a function of frequency
separation and amplitude ratio. We consider the problem of
separating two sinusoids, signal s and interference u that
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Fig. 5. Performance of EMD in removing interference: Resemblance
(correlation) of the recovered signal to the principal signal versus interference
signal’s frequency and amplitude.

produce signal x:

“)

x=s54+u,
where:
u=asinQxft) a,f >1 )
s = sin(2xt) ’

The goal is to recover s after an interference, u, has been
added to it. Our approach is to find the IMFs of x and since
frequency content of u is higher than 1 Hz, u will appear as
IMF1, while most of s will be contained in IMF2.

As a measure to find how similar IMF2 and s are, we use
the correlation coefficient:

s-IMF,
sl I M F2 ||

whose values are between 0 and 1, where 0 means the two
signals are not correlated and 1 that the two signals are
identical. Amplitude a and frequency f of the interference
signal are varied, and C is plotted in a three-dimensional plot
shown in Fig. 5. A cross section of the three-dimensional plot
is shown in Fig. 6.

As an example, a measure of success in recovering the
signal s can be defined as a correlation of 0.5. Both Figs. 5
and 6 show that at higher interference amplitudes a larger
frequency separation is required for successful separation. It
can also be seen that correlation does not change much as
a function of amplitude ratio for frequency separation larger
than 2 Hz. This trend is consistent with results in [18].

Fig. 6 shows the EMD performance as a function
of separation frequency for interference amplitude ratios
of 1 to 10. It can be observed that for equal signal and
interference amplitudes, minimum separation frequency is
about 1.3 Hz. As amplitude ratio increase by an order of mag-
nitude, minimum separation frequency for successful recovery
increases by about 0.3 Hz.

; (6)

III. EXPERIMENTAL RESULTS

Doppler radar sensor was tested on human subjects in the
presence of motion artifacts of varying amplitude. The block
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Fig. 6. EMD success in removing interference. Resemblance (correlation) of
the recovered signal to the principal signal versus interference signal frequency
for amplitude ratios of 1-10.

diagram of a quadrature mono-static radar sensor used for
these measurements is shown in Fig. 1. An HP83640B signal
generator operating at 2.4 GHz was used as the signal source.
RPS-2-30 splitters, ZFM4212 mixers from Mini-circuits and
a Narda 4923 circulator were used. A subject was seated
at a distance of 1.5 meters and the transmit CW power at
the antenna input was 0 dBm. An ASPPT2988 antenna was
used with 8 dBi gain and 60 degrees beam-width. The I
and Q mixers’ outputs are low pass filtered for anti-aliasing,
amplified using a SR560 LNA (cutoff 100Hz, 40 dB gain),
and recorded by a NI USB6259 16 bit data acquisition device
to the PC at a sampling rate of 1kHz. A chest band (Pneumo-
trace 1132 piezoelectric respiration transducer) was used as
a respiratory signal reference, and an UFI 1010 finger pulse
sensor was used as a heart signal reference. An ADXL203
dual axis accelerometer chip was attached to the antenna. The
antenna was placed on a fixture that was shaken mechanically
during parts of the measurement. The mechanical shake was
produced using a fan that was placed on the antenna fixture and
switched on to create vibrations with the frequency spectrum
of 2.5-6 Hz. The motion artifact signals were periodic but not
sinusoidal.

Three datasets with varying amplitude ratios were examined
in this section. The output data was processed using a Matlab
code that performs linear demodulation [1] and comparison
with the reference heart signal. Fig. 7 shows signals received
from sensor (I-Q channels), heart signal from reference finger
pulse sensor and motion signals measured by the accelerome-
ter, for Dataset 1. This Dataset has the heart frequency of about
1 Hz and amplitude ratio of 3. As it can be seen transmitter
antenna starts shaking at t = 60s. The effect of antenna’s
motion artifact can be seen in sensor’s output in Fig. 7 starting
at t = 60s. Since in a Doppler radar sensor the measured
quantity is the radial motion of the subject, the most important
motion artifact component will be along the x—axis (Fig. 1).

The sensor signal has several components: a large respi-
ration component, a small heart component, and a motion
artifact component. Small amplitude of heart signal compared
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Fig. 8. Signals for Dataset 1. From top to bottom: reference heart signal,
demodulated sensor signal (I-Q combined) and high-pass filtered sensor signal.

to that of respiration makes it difficult for EMD to properly
decompose sensor’s output into corresponding IMFs. As a
solution, respiration trace can be attenuated using a high pass
filter, as shown in Fig. 8 with the reference heart signal.
This signal is then decomposed into IMFs and as outlined
in Section II, its IMFs are calculated and plotted in Fig. 9.
By visually inspecting the IMFs and comparing them to the
motion artifact signal recorded with accelerometers (shown in
Fig. 7) it is clear that the first IMF of the sensor signal is
very similar to the antenna motion signal. As a quantitative
measure, cross-correlation of each of the IMFs and the signal
from the accelerometer have been calculated and shown in
Table I using methods described in [11]. The first IMF
shows major correlation with X and Y motion artifact signals
obtained from the accelerometer while other IMFs have almost
no correlation with the motion artifact signals. Knowing that
the motion artifact signal appears in the first IMF it can easily



MOSTAFANEZHAD et al.: CANCELLATION OF UNWANTED DOPPLER RADAR SENSOR MOTION

demod

_8_:§g

0.

-0

IMF 1

IMF 2

oo ao

IMF 3

IMF 4
o o

%
z
-i

Fig. 9.
first IMFs for Dataset 1.

time(s)

TABLE I

High-pass filtered linear demodulated sensor signal and four of its

CROSS CORRELATION OF EACH OF THE IMFs AND THE SHAKE SIGNALS
FOR DATASET 1 (FROM AXES X AND Y)

IMF # | Cross Corr X | Cross Corr Y
IMF 1 | -72.85 -18.18
IMF 2 | -1.00 -0.24
IMF 3 | -0.44 0.31
IMF 4 | 0.13 0.07
IMF 5 0.03 -0.11
IMF 6 | 0.01 0.59
IMF 7 | 0.07 0.05
IMF 8 | -0.47 -1.24
02
o 0
©
= Nz L L ) L
30 40 50 &0 70 g0 g0
05r R
% 0
=0 . . . .
"30 40 50 &0 70 g0 Q0
05F : : : : : .
0
®-05} ]
E 1 1 1 1 1 1
20 40 50 &0 70 20 a0
time(s)

Fig. 10. Reference finger pulse (top), demodulated high-pass filtered sensor
signal (middle) and motion cancelled signal for Dataset 1 (bottom).

be removed by summing up IMF 2-8. This will give the
reconstructed sensor signal which is shown in Fig. 10. It can
be seen that the motion artifact cancelled signal follows the
reference heart signal very well in time domain.

As a final measure of accuracy and effectiveness of the
method, the motion artifact cancelled signal is passed through
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Fig. 11. Calculated heart rate of the subject from reference, radar sensor,
and motion cancelled radar sensor signals obtained from Dataset 1.
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Fig. 12. Reference finger pulse (top), demodulated radar (middle), and high-
pass filtered radar (bottom) signals for Dataset 2.

the heart rate estimator for calculating heart rate [11]. Fig. 11
shows the extracted heart rate with and without motion can-
cellation compared to the wired reference. It can be seen that
the motion cancelled signal tracks the reference finger pulse
with high accuracy even in presence of the mechanical shake
(from t = 60s to t = 80s), which proves the effectiveness of
the proposed method. Heart rate estimated from the motion-
cancelled sensor signals has root mean square error (RMSE)
of 0.6 beats per minute (BPM). Using the method described in
[11], it was also possible to extract heart rate for this dataset,
although with slightly lower accuracy of 1.2 BPM.

This method has also been applied to two other datasets with
interference to heart signal amplitude ratios of 8 and 13 respec-
tively. In Dataset 2, amplitude ratio was 8 and subject heart rate
was 1.4 Hz, resulting in slightly lower frequency separation.
Fig. 12 shows the reference finger pulse (top), demodulated
radar (middle), and high pass filtered radar (bottom) signals
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for Dataset 2. Fig. 13 shows calculated heart rate with and
without motion cancellation compared to thewired reference,
demonstrating that the proposed method is working effectively.
In this case, heart rate RMSE of 1 BPM was slightly higher
than for Dataset 1, likely due to lower frequency separation,
as predicted by simulation results. Method [11] fails in this
case. Dataset 3 was taken with the same subject as Dataset 1,
with the amplitude ratio of twelve. Fig. 14 shows the reference
finger pulse (top), demodulated radar (middle) and high pass
filtered radar (bottom) signals for Dataset 3.

Fig. 15 shows calculated heart rate with and without motion
cancellation compared to the wired reference, for Dataset 3.
In this case, even though the amplitude ratio was significantly
larger, heart rate was extracted with RMSE of 0.6 BPM,
same as for Dataset 1. This is consistent with the simulation
results shown in Fig. 5 and Fig. 6, indicating that increasing
amplitude ratio has little effect on the separation success for
sufficient separation frequency. The method in [11] fails for

IEEE SENSORS JOURNAL, VOL. 13, NO. 5, MAY 2013

90+
e85 e Radar
k= — Ref
E 80+ mrmem- Motion Cancelled Radar |-
8 :
[2]
2 75 ]
[0
Q {
o 70¢ H 8
T
14
©
(4]
[0 .
I N\ =
20 40 60 80 100
time (s)
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larger interference due to inherent susceptibility to noise when
two signals are subtracted. Due to the fact that heart and
motion artifact spectra are not known beforehand, and that
these two spectra may have a small frequency separation, it
is difficult to use fixed filters for interference cancellation.
Even if the spectra of the two signals were known, if the
frequency separation is of same order as heart frequency,
filtering interference would result in filtering higher harmonics
of the heart signals, thus resulting in a lower heart rate
estimation accuracy [14].

IV. CONCLUSION

Doppler radar sensing has shown promise for subject detec-
tion and physiological monitoring. However, the mechanical
motion of the sensor itself can severely limit the usefulness
of this approach. In this paper, we have employed Empirical
Mode Decomposition to isolate and cancel the interference
signal. Theoretical analysis and simulation results have illus-
trated the potential of this technique for a wide range of
frequency separation and amplitude ratios of physiological
signals and motion artifacts. Experimental results from three
different datasets confirm the effectiveness of this method.
Motion cancellation was performed with sufficient precision
to extract the heart rate with accuracy within 1 beat per
minute, even in the presence of motion artifacts an order
of magnitude larger than the heart signal. This method can
be further applied to separate other sources of interference
from human physiological signals, such as background clutter
motion, and undesired subject motion.
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