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Abstract— We extract gait information from the radar
micro-Doppler signals generated by human motion. We
demonstrate the extraction of information associated with
gait, especially the stride rate, from simulated and measured
radar data. We describe micro-Doppler algorithms used for
the extraction of stride rate, the radar sensors used for the
measurements, and detail the gait features that can be
extracted. We make measurements of human subjects in
realistic outdoor clutter backgrounds. These features help
identify subjects in a scene. We gather ground truth using
video to validate the radar data. We conclude that although
we can extract gait features like stride rate from radar data,
more features need to be extracted before reliable
identification or classification can be determined.

Keywords—Radar, micro-Doppler, stride rate, gait

L INTRODUCTION

For observations of humans, radar has some advantages
over other sensors. The transmitted radar signal is
insensitive to day and night, while smoke, dust, and fog
only slightly reduce the signal. This is why radar can be
used in situations where other sensors give low performance
or cannot be used at all. Radar signals also penetrate most
clothing, preventing disguise from being effective. Using
radar in conjunction with other biometric identification
systems can help to reduce the susceptibility of the

combined system to poor visibility conditions and
intentional deception.
Detailed radar processing can reveal many

characteristics of human motions and of the human body,
including gait characteristics. 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 to many
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, 4, 5]. There are also some
tutorials on micro-Doppler phenomena [2, 6, 7].

Several micro-Doppler models have been developed
which analyze and attempt to predict the human micro-
Doppler response [8, 9, 10]. Extraction of micro-Doppler
features is typically performed in the joint time-frequency
domain. Chirplet techniques can be used to perform feature
extraction [5, 11] as well as linear FM basis decomposition
[12]. Independent component analysis (ICA) can be used to
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extract independent basis functions from the spectrogram to
be used as features in a classifier [13]. Micro-Doppler
signatures have been suggested as a biometric [14], and
micro-Doppler features have been used in classification
algorithms in [14, 15, 16, 17]. Micro-Doppler signatures
and direction-of-arrival (DOA) estimates have been
extracted at over nine meters range through a brick wall
[18]. Fully polarimetric human radar signatures at different
approach angles with respect to the radar have been
collected [19]. Automatic target classification has also been
done on data including multiple humans, wheeled vehicles,
tracked vehicles, clutter, and animal classes [20]. Micro-
Doppler system performance variation with angle has been
analyzed [21]. Micro-Doppler phenomena have been
investigated in frequencies as low as UHF [22]. This paper
attempts to extract pure gait characteristics from the radar
data and analyze the radar characteristics for potential use
as a biometric.

Section II of this paper discusses the micro-Doppler
phenomena that are being used to develop radar biometrics.
Section III discusses the sensor system, while Section IV
demonstrates the data analysis and feature extraction. The
usefulness of the features in classification is discussed in
Section V, while the conclusion and future work is in
Section VI.

II.  PHENOMENOLOGY

The equation for computing the non-relativistic
Doppler frequency shift, F4, of a simple point scatterer
moving with speed v with respect to a stationary
transmitter is

Fa= Fr&cosecos¢
c

where F, is the frequency of the transmitted signal, 0 is the
angle between the subject motion and the beam of the radar
in the ground plane, ¢ is the elevation angle between the
subject and the radar beam, and c is the speed of light. For
complex objects, such as walking humans, the velocity of
each body part varies over time. Additionally, the radar
cross-section of various body parts is a function of aspect
angle and frequency. Ka-band frequencies have the
potential to measure very fine details of the micro-Doppler
spectrum [5].

The breakdown of the micro-Doppler signals from
different body parts of a person walking is shown in Figure
1. The spectrogram, which is the short time Fourier
transform of the radar data, of the simulated data is shown
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Figure 1. Simulated Doppler motions for a man walking, with the signatures of each part of the man displayed. This simulation is noiseless. Note
that body-part interactions are eliminated from this plot, and this simulated motion that is in the radial direction to the radar.

in Figure 2 and this represents the summation of the signals
from all of the separate body parts shown in Figure 1. This
can be compared to a measured spectrogram of a person
walking in Figure 3.
presented by the torso (stomach) and try to determine the
period of its motion, which is associated with the stride rate
of the person’s gait. Alternatively the stride rate can be
determined from the leg swing.

We are going to extract the signal
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Figure 2. Simulated spectrogram of the motions in Figure 1. The
motions of the separate parts of the body overlap and blur
together, making extraction more difficult.

III. DATA AND INSTRUMENTATION

A human subject use protocol was developed to satisfy
requirements for collecting RF
To provide corroborating data
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for understanding the signatures observed in the radar data,
biometric measurements were collected. Respiration was
monitored using a head-mounted microphone. The RMS
voltage from the microphone measured occurrences of
inhalation and exhalation. Speech was evident as a higher
voltage output from the microphone. Accelerations of the
body were monitored using a 3-axis accelerometer. The
accelerometer provided measurements of motion in the
forward, backward, side-to-side, and vertical directions.
Video frames of the measurement were collected at 30 Hz
using a high-definition video camera.

Velocity (m/s)

i 2 3 4 5 6
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Figure 3. Measured spectrogram of walking person.

Example data of a simulated spectrogram is shown in
Figure 2, and real data of a single human walking is shown
in Figure 3. The simulated data was used to verify that the
gait parameters were extracted accurately because it was
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difficult to reliably and accurately collect the ground truth
gait data from the human subject.

Ku-band and Ka-band radars were used in an outdoor
environment with low clutter. The Ku-band radar
transmitted a waveform consisting of 16 frequencies
operating at 17 GHz. The Ka-band radar transmitted a
waveform consisting of 16 frequencies operating at 34 GHz.
A pulse rate frequency (PRF) of 464 Hz was the lowest
useable PRF that prevented ambiguities in Doppler
frequencies from foot motion.

IV.  FEATURE EXTRACTION

Features are extracted from the spectrogram and then
used to perform a classification. An example of a
spectrogram of two walking humans is shown in Figure 4.
This is a simplified case of how a radar can be used as a
biometric to identify people in a scene. The first gait
feature we extract from the spectrogram is the stride rate.
There are five parts to the approach to extract the stride rate
from the radar data: person detection and range gating,
Doppler filtering to eliminate clutter, torso extraction from
the spectrogram, torso filtering to reduce noise, and peak
period extraction using a Fourier transform.

Once features like stride rate are extracted, they can be
used as a biometric and their features can be compared to
other dismounts whose tracks have been lost to determine
whether the dismount has reappeared or whether the
detection is a new dismount. Future work will be done to
compare classifiers, though it has been noted that the choice
of classifier is not as important as the choice of feature
when classifying micro-Doppler measurements [21]. In
addition to gait features, the radar cross section (RCS)
features from the radar can also be used to develop a
biometric radar signature.
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Figure 4. Spectrogram of two humans walking in different directions. Note that here the leg swing is not that easily discernable, but the torso

line is still strong. Comparing this data to the cleaner data in Figure 3 shows the variability in data quality that must be addressed by
algorithms that utilize radar data.
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Figure 5. Standard Deviation of Ku-band RCS of two dismounts
walking past each other that is used for detection. Note that the
position can easily be isolated to within a two meters in range.

A. Detection, Range Gating and Target Isolation

Detecting targets in radar data has been extensively
researched, and a complete discussion is outside of the
scope of this paper. However, the detections used in this
paper were found by taking the standard deviation of the
range-gated signal as is shown in Figure 5. This method
performed well enough for this application by providing a
rough distance to the walking people. Once the transmitter
and receiver are synchronized, the integrated high-speed
electronics digitizes the data and the range gating can be
performed in software. Once the detection has been made,
the appropriate path length delay can be incorporated into
the processing to filter out the radar returns from objects in
front of and behind the object of interest [22]. The radar



detections for the spectrogram in Figure 4 are shown in
Figure 5.

Gating technology lets operators select a specific slice
of space, so they view just the target area. Through range
gating, the radar obtains smoother, more accurate images
with less noise. Range gating is a standard radar technique
and is effectively a filter in the radial distance from the
radar.

B. Doppler Filtering as Clutter Suppression

Once the range gate with the target is isolated, the
spectrogram is created and then filtering can be done in
Doppler, or in velocity, to remove the zero-velocity clutter
line. This is done to remove the potentially noisy area of
the spectrogram and isolate the signals of the moving target
from the slowly moving background clutter. This is the
thick line around zero velocity in Figure 3. Clutter
subtraction is also a large area of research in radar analysis
[23], but in this case the simple digital filtering in velocity
can be used because the signal velocity is significantly away
from the clutter line and because this approach is
computationally efficient. In other cases where the target
motion is slow or the clutter line is stronger, more
complicated approaches to clutter line suppression are
necessary.
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Figure 7. Filtered torso line extracted from the spectrogram of a
man walking extracted from Figure 4.

C. Torso Extraction Through Peak Detection

The torso line is isolated from the spectrogram by
isolating the maximum signal for each time from the
spectrogram. This approach assumes that the signal-to-
noise ratio of the radar is quite good. Otherwise this type of
extraction can be extremely noisy. The extraction using this
technique on human targets is still extremely noisy. This is
because the radar return is often not isolated to the torso
line, but knee and arm motions can also be picked up as the
strongest signal depending on the angles and RCS of each
body part. The result of the torso extraction is converting a
noisy 2-D image into a noisy 1-D function that is focused
on the torso signature.
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Torso filtering can compensate for the noisy torso
extraction. Using median filtering can create an average
torso line that is not distorted by outliers. The filtered torso
line is shown in Figure 7. Median filtering involves
selecting a window size in time and performing a median
operation over the data. The median is much less sensitive
to outliers than an average and the median is described as
the number separating the higher half of a sample from the
lower half. The median is a special case of a low-pass filter
which is less sensitive to outliers but which acts like a
standard low-pass filter when the window is large enough.
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Figure 8. Stride rate extracted from the torso line. The shape in
frequency space was more accurate in classification than the
stride rate. This matches the less accurate video measurement of
the stride rate.

Median filtering is a nonlinear operation often used in
image processing to reduce "salt and pepper" noise [24].
Median filtering is more effective than convolution when
the goal is to simultaneously reduce noise and preserve
edges. We perform median filtering of the torso line in one
dimension.

Now that the data has been converted to a 1-D function
and filtered to reduce the noise, the peak period and thus the
stride rate can be extracted. The stride rate is determined by
first removing the average of the torso line to remove the
zero hertz line, then taking the Fourier transform and
measuring the peak frequency [25], which is the stride rate
in Hertz. The Fourier transform of Figure 7 is shown in
Figure 8. The extraction of the peak from data with so little
noise can be done by simply taking the maximum of the
power spectrum. The low-frequency noise has been
suppressed by removing the mean of the data to be
transformed, and the data was taken from times when the
subject was in motion.  The extracted stride rate does
match the less accurate video measurement of the stride
rate.

Once the stride rate has been extracted, other gait
features which are more subtle could be extracted and the
motion of the arms and legs could be extracted as well.
There is significant information in the radar signature which
has yet to be extracted, as can be seen in Figure 3.



V.  CLASSIFICATION

Now that the stride rate could be reliably extracted, we
wanted to determine how effective stride rate could be as a
feature for classification. The spectrograms were computed
and the stride rates were extracted. The inter-person stride
rates did vary, but the intra-person stride rates varied more
over the duration of the experiments.

Figure 9. The time-integrated range-Doppler map of a man
walking is in A). A man sprinting is in B), and a vehicle slowing
down is in C). The classification of human activities such as
running versus walking can be determined visually, as is the
difference between vehicle and human motion. The lack of a
stride rate in vehicles and the increased stride rate (when it can
be observed) can provide information for classification.

A) B) )
Figure 10. Time-integrated range-Doppler map of a man walking
is in A), B), and C). The classification of individual humans
through their activities such as walking is significantly more
challenging. The interaction with the environment is also shown
by comparing B) and C) where there is a multipath effect
diminishing the signal.

Time-integrated range-Doppler maps of a man waking,
a man running, and a vehicle are shown in Figure 9,
showing that there are significant micro-Doppler
characteristics to classify different activities. A time-
integrated range-Doppler map is a compilation of range-
Doppler maps over time that results in a spectrogram-like
characterization of Doppler while maintaining the range
information as well. These are compiled from the range-
Doppler maps by taking the maximum value for each pixel
over a time range. The time resolution is replaced by the
range resolution, which is in effect a rotation of the
traditional spectrogram which compresses range. This type
of radar imaging allows multiple subjects to be viewed
simultaneously, as can be seen Figure 10B and 10C, which
are different walkers within the same image.

Time-integrated range-Doppler maps of three different
subjects are shown in Figure 10. There is significant
information contained within this radar data that has yet to
be extracted. The gait feature of stride rate did not lead to
effective classification by itself, but the incorporation of
less variable gait features should improve the classification
technique. However, the Fourier signature of the torso line
did correlate consistently with the correct subjects. Though
the stride rate did change, the shape of the Fourier signature
did not. This implies that the Fourier signature could be an
effective radar biometric signature.
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Figure 11. Time-integrated range-Doppler map of two men
walking, a cyclist, and two cars. The RCS and micro-Doppler
characteristics can all be used to visually classify. Using the
velocity alone has the potential to confuse slow-moving vehicles
with fast cyclists and runners.

Multiple movers and different types of movers can be
seen in time-integrated range-Doppler maps, as can be seen
in Figure 11, and the length of their tracks correlates well
with their radial velocity. Time-integrated range-Doppler
maps do have a difficulty with overlap, as can be seen in
Figure 12. The two men walking near each other smear



their signatures together if the integrated time it too long.
However, the time-integrated range-Doppler maps can be
an effective method for visualizing the time dimension as
well as holding the information necessary for visual
classification.

VI

The extraction of gait features from radar data has been

CONCLUSION

shown to be feasible, and a straight-forward approach to
determining the stride rate has been demonstrated. The use
of stride rate alone did not provide effective classification
on its own, but could be part of a larger feature set for
classification as well as the development of a Fourier
signature.
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Figure 12. Time-integrated range-Doppler map of two men
walking together and one walking alone. This demonstrates the
problem with time-integrated range-Doppler maps since movers
can overlap the tracks of too much time is used.
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