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 In this work, a unique radar hardware is introduced for human-gait micro-Doppler 
studies. The developed radar sensor operates in C-band microwave frequencies. We 
share several outdoor experiments at Mersin University facilities to detect and 
characterize human walking and running movements. In these experiments, various 
walking and running movements were performed with different people. To examine the 
Doppler properties of human motion, raw data gathered is transformed onto 2D joint-
time-frequency plane. The generation of micro-Doppler signatures in the transformed 
data is the first step in the extraction of features of the walking/running human motion. 
It is shown that the directions, durations, range distances as well as torso and limb 
velocities of walking and running human movements in each experiment are successfully 
obtained from these micro-Doppler signatures.  
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1. Introduction  
 

Human detection and motion classification offer 
many advantages for applications such as search and 
rescue, intelligent environments, and security. Infrared, 
lidar [1-3], acoustic, vibration/seismic, and visual 
sensors have long been used in human recognition and 
detection systems. Radar technology, on the other hand, 
offers advantages in human detection applications 
because it can detect at longer distances, is more 
comprehensive and can operate in all weather conditions 
[4-7]. 

With today's developments, the need for long-range 
radar systems that can detect targets with low radar 
cross-sectional area [8] such as humans is increasing 
significantly. In the last ten years, many studies have 
been published on the automatic classification of various 
human movements and different targets from radar 
signals [9]. In human classification studies, the radar 
signature of a human being is usually very different from 
the radar signature of other targets. 

If the signal sent by the radar hits a target that is 
moving relative to the radar, the frequency of the return 
signal from the target is slightly different from the 

frequency of the transmitted signal. This phenomenon is 
called “Doppler shift” [10]. The amplitude of the Doppler 
shift depends on the speed of the target relative to the 
radar and the frequency of the transmitted signal. If the 
target has parts that oscillate, vibrate, and rotate in 
addition to the translational motion, additional 
modulations due to these parts are observed in the 
return signal in addition to the basic Doppler shift. This 
phenomenon is called the micro-Doppler effect and the 
signal returned from the target is called the micro-
Doppler signature of the target [11]. 

Micro-Doppler has been utilized for target 
recognition in many studies, especially in applications 
such as pedestrian safety with automotive radar 
networks [12-13]. In 2010, Van Dorp and Groen 
conducted a basic classification study on human arm 
swing using Frequency-Modulated Continuous-Wave 
(FMCW) radar networks with micro-Doppler analysis 
[14].   

In any surveillance application, real-time estimation 
and visualization of human posture is critical for threat 
analysis. Human movement and gait characteristics 
(hand, arm and leg movements) can be detected by 
applying detailed radar signal techniques on micro-
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Doppler echoes. In addition to the radar image of holistic 
human body motion, micro-Doppler features contain 
unique spectral information about gait characteristics. 
Mainly because the legs, arms and wrists do not move at 
constant speed, the micro-Doppler effect exhibits a 
periodic characteristic. Time-varying micro-Doppler 
features due to different parts of the body are deduced by 
combined time-frequency analyses [15]. Time-frequency 
micro-Doppler images describe the motion 
characteristics. The characteristics of human gait have 
been studied in detail by researchers in the fields of 
biomechanics and computer vision [16-18]. However， 
the use of radar signals in this field is quite recent [19]. 
Geisheimer experimentally demonstrated that a human 
spectrogram can be obtained from signals reflected from 
different parts of the body [20]. In this paper, we present 
recent experiments that we have conducted at Mersin 
University in characterization and analysis of the human 
movements including basic walking and running 
activities.  

Organization of paper is as follows: In the second 
section, the micro-Doppler radar sensor that we have 
developed and the data gathering arrangement are 
introduced. In the third next section, various 
experiments the micro-Doppler experiments and 
corresponding micro-Doppler images based on 
spectrogram are presented together with numerical 
analysis after the evaluation of the constructed micro-
Doppler images. The final section summarizes and 
concludes the work presented in this paper. 

 
 

2. Method 
 

2.1. Radar sensor 
 

A micro-Doppler radar hardware has been developed 
which is based on a frequency modulated continuous 
wave (FMCW) transceiver [Ancortek's SDR-KIT-580AD]. 
Figure 1a shows the block diagram of our radar sensor. 
Two two-by-three microstrip patch antenna array with 
an antenna gain of more than 12 dBi for the whole 
frequency bandwidth of 400 MHz at the center frequency 
of 5800 MHz. Figure 1b depicts the perspective view of 
the developed radar device in which the locations of the 
transmitting and receiving antennas are labelled. For the 
experiments, the chirp time interval is chosen to be 1 ms 
such that it can cover the extremum values of full human 
micro-Doppler signatures for indoor and outdoor 
activities. More precisely, the radar can measure Doppler 
frequencies from -500 Hz to + 500 Hz. Radar device has 
the power output of approximately 0.08 watts. The 
FMCW transceiver equipment is controlled by the on-
board PC board. The Matlab script, including the 
implementation of all signal processing routines, was 
used together with the on-board PC hardware. A 7-inch 
LCD touchscreen display is integrated for the easy use of 
the operator. A power board was used to provide +5V to 
all the hardware of the micro-Doppler radar sensor 
module [21]. The front and back photos of this radar 
sensor are shown in Figure 1c, where all electronic 
components can be viewed. 
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Figure 1. Prototyped micro-Doppler radar sensor: (a) block diagram, (b) Perspective view, (c) inner hardware. 
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2.2. Experimental set-up 
 

This radar sensor was used for experimental research 
to detect human movement and possibly classify human 
body parts. In the experimental setup, the radar sensor 
was placed on a tripod at a height of 1m above the ground 
level and various people walked, walked away and/or 
ran towards the radar sensor. Figure 2a, 3a, 4a, 5a and 6a 
show some photos from the experimental scenes. 

 
 

3. Results and discussion 
 

Five different experiments were accomplished for 
several types of human movements: In the first 
experiment, the human walked towards and then moved 
from the radar at approximately 26 m range distance 
with swinging both arms as shown in Figure 2a, 
maintaining a relatively stationary velocity during the 
data collection period of 35 s. The micro-Doppler 
signature was then generated by applying a short-time 
Fourier transform (STFT) process, i.e. spectrogram, to 
the FMCW-based time-domain scattered electric field 
data; Es(t) obtained the micro-Doppler signature as 
(Equation 1). 

 

𝐸𝑠(𝜏, 𝑓) = ∫ 𝐸𝑆

∞

−∞

(𝑡) ∙ 𝑤(𝑡 − 𝜏)𝑒𝑥𝑝(−𝑗2𝜋𝑓𝑡)𝑑𝑡 (1) 

 

Here w(t) is a 200-point Hamming-type sliding 
window corresponding to 0.2 seconds with 95% overlap 
[10]. A notch filter [22] was also applied to minimize the 
effect of static clutter around the DC frequencies and to 
highlight the true signature. After these operations, 
obtained micro-Doppler signature image was extracted 
as shown in Figure 2b. As can be seen from the image, 
both the main motion of the torso and the swinging arm 
signatures can be easily recognized. The Doppler 
frequency of the torso starts from f_D  = 0Hz (for a fixed 
human target) at t = 0 and reaches a maximum value of 
about 65 Hz (corresponding to a speed of 6.05 km/h) just 
after t = 7s as seen from the time-Doppler image in Figure 
2b. Figure 2c shows the time-velocity image, which 
allows the velocity information to be detected more 
easily during the movement time. 

In the second experiment, the man walked towards 
and then moved away from the radar with still arms at 
about 28 m along the range distance, keeping a relatively 
stable speed during the 35 s data collection period as 
shown in Figure 3a. The Doppler frequency of the torso 
starts at f_D  = 0Hz (for a fixed human target) at t = 0 and 
reaches a maximum value of about 63 Hz (corresponding 
to a torso speed of 5.86 km/h) just after t = 7s, as seen 
from the time-Doppler image in Figure 3b. Figure 3c 
shows the time-velocity image, which allows the velocity 
information to be detected more easily during the 
movement time. 

In the third experiment the man walked towards to 
the radar from approximately 8.5 m at range distance 
again for a time duration of 8 s as pictured in Figure 4a. 
After using the identical spectrogram examination 
described above, a micro-Doppler spectrogram image 
was extracted as shown in Figure 4b. If this image is 

carefully examined, one can undoubtedly observe that 
the man has no movement at t = 0 and moves away from 
the radar as time progresses, reaching an average body 
Doppler frequency of about 38 Hz (equivalent to torso 
speed of 3.58 km/s). Once more, the signatures of the 
swinging arms and the responses of other body pieces 
are distinctly noticeable in Figure 4b. Figure 4c shows the 
time-velocity image, which allows the velocity 
information to be detected more easily during the 
movement time. 

In the fourth experiment, the human first ran towards 
the radar, then away from the radar and finally towards 
the radar, sustaining a reasonably stable velocity during 
the 18 s data acquisition period. Each running lap has 
approximately 21 m. An image from the experiment and 
the Doppler spectrogram are shown in Figure 5a and 
Figure 5b, respectively. From the spectrogram in Figure 
5b, it is clearly read that the Doppler frequency can reach 
a highest value of about 210 Hz, equivalent to a running 
velocity of 19.55 km/h. This amount, evidently, includes 
the sum of both torso and arm/hand velocities. When 
computing the speed of the torso, the average Doppler 
frequency of the torso was measured to be 135 Hz when 
the man was running towards the radar at a uniform 
speed. Hence, this Doppler frequency amount specifies a 
nominal torso velocity measurement of 12.57 km/h. 
Figure 5c shows the time-velocity image, which allows 
the velocity information to be detected more easily 
during the movement time. 

For the fifth experimentation, two men have run in an 
outdoor field as portrayed in Figure 6a. First, one man 
run towards to radar at the same time other man run 
away from the radar by preserving a uniform velocity 
during the data gathering interval of 7 s. Each man has 
run up to a maximum distance of around 22 m along the 
range. It is obviously interpreted from the spectrogram 
in Figure 6b that the first running man’s Doppler 
frequency can attain a highest value of approximately 
226 Hz which matches to a running velocity of 21.04 
km/h. The second running man’s Doppler frequency can 
achieve a largest amount of around 261 Hz which 
resembles a running speed of 24.3 km/h. These values; 
obviously, contain the sum of the speeds of torso, arms, 
and hands. The torso average Doppler frequencies of 
running men were measured to be 150 Hz and 155 Hz, 
respectively during men were running towards the radar 
with a uniform velocity. So, these men’s Doppler 
frequency values provide a nominal torso speed 
measurement of 13.96 km/h and 14.43 km/h, 
respectively. Figure 6c shows the time-velocity image, 
which allows the velocity information to be detected 
more easily during the movement time.  The flow 
diagram in Figure 7 shows how to obtain the 
characteristics of the movement by using the information 
on the spectrogram obtained by using the short-time 
Fourier transform. 

 
4. Conclusion  
 

In this paper, we have presented a radar sensor that 
we have specially developed for the detection and 
classification of human micro-Doppler characteristics. As 
shared in the second and third sections, several 
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experiments were conducted outdoors using. We have 
demonstrated throughout experiments that the radar 
sensor has the capability of detecting human motions 
such as walking and running with good fidelity. By 
utilizing the time-frequency tool of spectrogram [23], it 
is possible to further analyze the micro-Doppler features 
of these motions including, characterization such as 

walking with still arms or running and calculation of 
other distinct features such as velocity information of 
human motion and range distance of the man, etc.  Such 
extracted features are very crucial and thus, can be used 
for many useful applications in detecting and classifying 
men, women, children, and possibly different animals. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2. (a) The man first approached the radar and then moved away radar while walking with swinging arms,  
(b) corresponding spectrogram image (c) spectrogram image with velocity information. 
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(a) 

 
(b) 

 
(c) 

Figure 3. (a) The man approached the radar and then moved away from the radar while walking with still arms,  
(b) corresponding spectrogram image (c) radar image on time-velocity plane. 
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(a) 

 
(b) 

 
(c) 

Figure 4. (a) The man approached the radar while walking with still arms, (b) corresponding spectrogram image  
(c) radar image on time-velocity plane. 
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(a) 

 
(b) 

 
(c) 

Figure 5. Running experiment: (a) The man first approached to the radar, then moved away from the radar, and finally 
approached the radar again, (b) corresponding spectrogram image (c) radar image on time-velocity plane. 
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(a) 

 
(b) 

 
(c) 

Figure 6. Two running men experiment (a) The men run opposite directions, (b) corresponding spectrogram image (c) 
spectrogram image with velocity information. 
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Figure 7. Classification of the movements according to the Doppler frequency with a flow diagram. 
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