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We use polarimetric micro-Doppler for the detection of arm motion, especially for the classification of whether someone has their
arms swinging and is thus unloaded. The arm is often bent at the elbow, providing a surface somewhat similar to a dihedral. This
is distinct from the more planar surfaces of the body which allows us to isolate the signals of the arm (and knee). The dihedral
produces a double bounce that can be seen in polarimetric radar data by measuring the phase difference between HH and VV.This
measurement can then be used to determine whether the subject is unloaded.

1. Introduction

Detailed radar processing can reveal many characteristics of
human motions and of the human body, including gait char-
acteristics. Micro-Doppler signals refer to Doppler scattering
returns produced by the motions of the target other than
gross translation. Parts of the human body do not move with
constant radial velocity; some of the small micro-Doppler
signatures are periodic, and therefore analysis techniques can
be used to obtain more characteristics [1, 2]. Micro-Doppler
gives rise tomany detailed radar image features in addition to
those associated with the bulk target motions. Modulations
of the radar return from arms, legs, and even body sway are
being investigated by researchers [3–5]. There are also some
tutorials on micro-Doppler phenomena [2, 6, 7].

TheDoppler informationmeasured by a radar arises from
target motions.The equation for computing the nonrelativis-
tic Doppler frequency shift, 𝐹𝑑, of a simple point scatterer
movingwith speed Vwith respect to a stationary transmitter is

𝐹𝑑 = 𝐹𝑡

2V

𝑐
cos 𝜃 cos𝜙, (1)

where 𝐹𝑡 is the frequency of the transmitted signal, 𝜃 is
the angle between the subject’s velocity and the beam of
the radar in the ground plane, and 𝜙 is the elevation angle
between the subject’s velocity and the radar beam. This
assumes that the radar itself is stationary. Targets can be
considered as collections of simple scatterers, though this is

a rough approximation. The micromotion of the scatterers
around the center frequency creates a micro-Doppler model
that varies with time. Several micro-Doppler models have
been developed which characterize and attempt to predict
the human micro-Doppler response [8–10] using animated
collections of simple scatterers as the foundation.

A short-time FT (STFT) is one way to explore the slow
time-dependent behaviour of the Doppler spectrum by doing
a Fourier transform over a small window in time, then sliding
the window [11].This avoids the loss of time information that
occurs when applying a Fourier transform. The continuous
form of the STFT is

STFT (𝑥 (𝑡)) = 𝑋 (𝜏, 𝜔) = ∫
∞

−∞

𝑥 (𝑡) 𝑤 (𝑡 − 𝜏) 𝑒
−𝑗𝑤𝑡
𝑑𝑡, (2)

where 𝑤(𝑡) is the window function. Because human micro-
Doppler varies slowly with time, we employ STFTs of the
IQ radar data. The length of time used in the STFT is called
coherent processing window, and this determines the resolu-
tion in Doppler frequency that can be measured. This can
partially be overcome by superresolving methods. The spec-
trogram is the square modulus of the STFT and is then

spectrogram (𝜏, 𝜔) = 10log
10
|𝑋(𝜏, 𝜔)|

2 (3)

which is often used to displaymicro-Doppler data in decibels.
Much of the analysis in this reportmakes use of spectrograms
for the display of micro-Doppler phenomenology.
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The extraction of micro-Doppler features is typically
performed in the joint time-frequency domain. Chirplet
techniques [12] as well as linear FM basis decomposition
[13] can be used to perform feature extraction. Independent
component analysis (ICA) can be used to extract independent
basis functions from the spectrogram to be used as features
in a classifier [14]. Micro-Doppler signatures have been
suggested as a biometric [15], and micro-Doppler features
have been used in classification algorithms [15–18]. Micro-
Doppler signatures have been extracted through a brick wall
[19]. Fully polarimetric human radar signatures at different
approach angles with respect to the radar have been collected
[20]. Automatic target classification has also been done on
data including multiple humans, wheeled vehicles, tracked
vehicles, clutter, and animal classes [21]. Micro-Doppler phe-
nomena have been investigated in frequencies as low as UHF
[22]. A 77GHz radar was used to observe micro-Doppler
signatures of human gait to recognize multiple persons and
attempt to identify whether the person is swinging their
arms [23]. An ultrawide band (UWB) impulse radar was
used to provide both high resolution range profiles and
high resolution Doppler spectrogram, which helps to extract
detailed micro-Doppler signatures like swinging arms [24].
The detailed signatures are used to recognize human activi-
ties, such as marching, walking, one-arm swinging, or two-
arm swinging. A combination of micro-Doppler signatures
with microrange features was also proposed [25].

2. Models

To understand the micro-Doppler presented by moving
humans, a model was built using the human motion as a
collection of simple scatterers. Several other micro-Doppler
models have been developed that characterise and attempt
to predict the human micro-Doppler response [8–10]. We
use research on human gait to model the expected Doppler
shifts measured over time by a radar system. We started with
the measurements made on twenty men and twenty women
whose ages ranged from 20 to 38 years with an average age
of 26 years and had their motions captured on video and
extracted then their characteristics analyzed [26]. The result-
ing motion information was extracted, and then animated.
We took the animated gait and extracted the micro-Doppler
velocities that would be created by differentiating themotions
using a point-scatterer model for each separate part.

We neglected obscuration for these simulations because
they were limited to frontal view, and we used a metallic skin
approximation to simplify the calculations by neglecting the
skin depth. The simulated micro-Doppler motions for dif-
ferent body parts are compared to measured data. These are
calculated from themodel and are calculated andmeasured at
17GHz.The scaling for the images was set in order to simplify
the comparison of images to demonstrate the variability of the
human gait as viewed by the radar.The stride rate is also held
fixed to simplify comparisons. We also do not simulate noise
in the models. Highly accurate mesh-modeled simulations of
the humanmicro-Doppler signature have also been done [27]
at lower frequencies where the metallic skin approximation
does not apply.
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Figure 1: Simulated micro-Doppler for a man walking on a
treadmill in the radial direction toward the radar at 17GHz.

The usefulness of the simulations is in the ability to
understand the measured effects seen in different radar
scenarios. They also provide the ability to create a simu-
lated database to test algorithms and approaches for feature
extraction and classification.There is not a perfect agreement
between simulated and actual measurements, but much of
the qualitative signature aspects are in the simulations. The
torso line, foot swing, and arm motions are all contained in
the simulation. This compares well to other micro-Doppler
simulations [9, 15].We then added radar cross sections (RCS)
to the simulations by modeling the human body as a set of
elliptical shapes and calculated the resulting spectrogram as
shown in Figure 1.

Now that we have a qualitatively validated model, we are
going to use it to analyze the results of polarimetric human
micro-Doppler measurements.

3. Polarimetric Micro-Doppler

Fully polarimetric radar data can potentially improve the
separability of different parts of human motion. One of the
techniques to determine whether someone is carrying a load
is looking at their arm motion [28]. The arm is often bent
at the elbow, providing a surface similar to a dihedral which
could create a double bounce. This is distinct from the more
planar surfaces of the body and allows us to separate the
signals of the arm (and knee) motion from the rest of the
body. The double bounce can be measured in polarimetric
radar data by measuring the phase difference between HH
and VV [29]. Measurements of humans were taken at an
outdoor radar test range with realistic but low levels of clutter
at Ka band. Further descriptions of the radar system, test
range, clutter, and other parameters are available in [20].

A standard spectrogram model of the micro-Doppler of
a human walking motion is shown in Figure 1. The dominant
phases for a walking human similar to Figure 1 are measured
and shown in Figure 2. Note that the characteristic foot swing
is still somewhat discernible. There is a significant number of
signals with a high (>150 or < −150 degrees) phase shift in the
torso-line area of the motion. Figure 3 shows the dismount
with the simulated motion of elbows superimposed, which
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Figure 2: Polarimetric measurement of human walking toward the
radar. The red (and yellow) double-bounce areas correspond to the
elbow motion, while the blue (and green) single bounce is the rest
of the body.
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Figure 3: Polarimetric measurement of an unloaded human walk-
ing toward the radar at Ka band from Figure 2 with the simulated
elbow movement superimposed as red and green lines roughly
corresponding to the areas of significant phase offset from zero.

matched reasonably well the measured areas of high phase
offset from zero. Note that the elbow maxima are simulated
to be slightly before the foot maxima, as shown in Figure 1.

The repeatability of the measurement is an issue. Two
measurementsweremade of an individualwalking away from
the radar, with the knees being highlighted instead of the
elbows.This is shown in Figures 4 and 5where ameasurement
of knee polarimetric response is repeated and the simulated
motion is superimposed. An additional issue is the effect
of angle on the measurement response. Polarimetric micro-
Doppler with a double bounce was only clearly detectible at
small offsets from the radial direction in azimuth or elevation.
The arm is smaller in RCS than the torso or leg, so when
both signals are present, the smaller arms signal is not as
distinguishable. This meant that the angles where it is easy
to view the double bounce returns from the elbow and knee
are when the arm is readily discernible from other signals.

When a dismount is loaded, the arm motion is restricted
so there is less opportunity to easily observe the double
bounce. Figure 6 shows a loaded dismount which can be
compared to Figure 2. It is clear from the differences in
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Figure 4: Polarimetricmeasurement of a humanwalking away from
the radar at Ka band. The black double-bounce areas correspond to
the elbowmotion, while the white and grey single-bounce area is the
rest of the body.
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Figure 5: Repeated polarimetric measurement of a human walking
away from the radar at Ka band. The black double-bounce areas
correspond to the elbow motion, while the white and grey single-
bounce area is the rest of the body. The simulated motions of the
knee are superimposed on the image, showing a rough correspon-
dence to areas of high doublebounce.

Figures 2 and 6 that there is potential in utilizing polarimetric
radar in classifying dismounts as having their arms loaded
or freely swinging. The simulated arm motion is overlaid in
Figure 3. The polarimetric measurement of human walking
toward the radar at Ka band while carrying a load in Figure 6
shows that the red double-bounce areas corresponding to the
elbow motion are severely diminished because the dismount
can no longer swing the arms freely. Dismounts carrying dif-
ferent objects can appear to have similar motion, though this
was not true with the most common implements [28]. This
study is not definitive because of the small amount of data
with limited statistics, but the potential to utilize polarimetry
to distinguish loaded versus unloaded dismounts is shown.

4. Conclusions

Extensive fully polarimetric outdoor radar human micro-
Doppler walking signatures have been collected and
analyzed. Micro-Doppler simulations were created and
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Figure 6: Polarimetric measurement of a loaded human walking
toward the radar at Ka band. The red (and yellow) double-bounce
areas correspond to the elbow motion, while the blue (and green)
single bounce is the rest of the body. Comparison with Figure 2
shows a reduction in the arm motion.

qualitatively validated against the measured data, allowing
the use of the simulations to analyze the polarimetric
micro-Doppler returns. The motion of humans is shown
to have measurable double-bounce returns from both the
elbows and knees similar to a dihedral. These returns vary
when the human is loaded versus unloaded, primarily in the
double-bounce return from the freely swinging arms. Thus,
the extraction of polarimetric micro-Doppler features from
radar data has been shown to be feasible and potentially
useful.

We discovered several important characteristics that
should be considered for the measurement of human micro-
Doppler. First, since the arm motion is important for the
determination of whether a person could be loaded, polari-
metric measurements can isolate and highlight the arm
motion for a classification as being loaded or unloaded.
Second, the azimuthal angle of the motion is a critical
parameter to consider in ground-based systems. For choke-
point observations where the direction of motion is more
controlled, polarimetric radar could be used to determine
who is unloaded and who should be checked.
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