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 Radar is a promising device for detection and recognition of invisible moving 

objects, Where, the micro-Doppler frequency shift caused by moving the 

object's parts have been represented as an attractive feature in the recognition 

process. In spite of that, no thorough analysis of human movement by bicycle 

and no discriminate from the running one through the wall in the literature. 

This paper presents a mathematical model of bicycle movement, then, the 

recognition of moving objects through the wall. Where three human 

movements; walking, running and on a bicycle have been recognized through 

two types of wall wood and cork. The theoretical analysis and measured was 

given a recognition 98.7% for human walking on his feet, 99% of the 

passenger on a bicycle, and 98% of the person running have been achieved 

without walls. While, a 95.4%, 96.2%, and 95% recognition have been 

gained from walking, moving by bicycle and running with wooden wall and 

94%, 94.8%, and 93.3% respectively with cork wall. 2.4 GHz as a detector 

and SVM as classifier are used. 
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1. INTRODUCTION  

In the last decade, radar has developed as a promising innovative [1] for detecting and recognizing 

the moving objects behind the walls [2]-[4]. In this context, the walls are complex propagation environments 

that introduce refraction, attenuation, ringing and multipath to the radar signal [2]. Therefore, the knowledge 

of moving objects can be a useful tool in surveillance, security, military combat, search and rescue 

operations, medical fields, urban warfare, anti-terrorism, law enforcement, earthquake survivor detection, 

trapped human location, homeland security, and the concealed weapon detection [5]-[8]. In this context, the 

advantages of radar compared to the other sensors is the ability of operation in different 

environments [9]-[11].  

The expected behavior of the illuminated moving objects by radar signal has modulated this signal 

at the received phase caused by the time-varying delay between the radar and that object. Than a Doppler 

frequency has been introduced caused by this motion, while, the micro-Doppler which is caused by micro-

motion-[2], [12]. In case of human as a non-rigid body, where his micro-motion is introduced by his parts; 

the arms, legs, torso, and others. All these parts are contributed to a unique signature caused by its micro-

Doppler which is modulated on the main Doppler which is created by the torso [10]. Therefore, the 

recognition of moving objects is achieved by its micro-Doppler (MD) features, where, the micro-motion has 

a unique signature at different ranges [13], [14]. This signature will be reduced to minimize the efforts of 

digital signal processing applications [15]-[18]. It is often beneficial, the choice of the frequency of operation 

depends on the application, specifically on the barrier type, target position behind the wall, standoff 

requirement, and resolution requirements, all of which are somewhat interrelated [8].  
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As for the through-wall applications, which is represented an is appealing research area there is 

great research value for human detection and recognition using radar technology. Where, Lui et al. [19] 

studied the motion detection and recognition based on MD through the homogeneous non-magnetic walls, 

where they show that the signatures are unaltered as corroborated by Ram et al. In [20]. In this context, Chen 

et al. in [10], [21] presented a recognition study through two different 10 cm -thick walls, concrete blocks 

and plastic, for medical application. In [6] was concentrated to the through the walls classification accuracy 

by using the support vector machine for S-band at long range. While [22], is extracted the effected micro 

signal by threshold segmentation, and the training phase is done by using SVM with accuracy is gained by 

95.4 %. 

However, despite these studies, there is still a gap in the distinction between the detection and the 

recognition through the wall for the running person from that whose moving by bicycle and there is no 

mathematical model of these movements. Indeed the increasing of the usage of the non-magnetic material 

like wood and cork as wall's insulation layer especially in the hospitals, while there is a gap in the research 

area of detection and recognition through these layers.  

Therefore, this paper focuses on the recognition of the human activities through the wood and cork 

layers. Also, the mathematical analysis of the human moving by a bicycle is present. Then, the effect on the 

microwave propagation through this layer, and the recognition of the human movement have been presented  

 

 

2. MICRO-DOPPLER EFFECT IN RADAR [14]  

To analyze the moving object at point P with moving frequency fv at distance R with displacement 

Dv as shown in Figure 1, the mathematics of its micro-Doppler effect is;  

The displacement function is 

 

D(t)=Dv sin(2πfvt) cos β cos αp (assuming α=0 and βp=0) 

 

The range function varies with time due to the target micro-motion is; 

 

R(t)=R + D(t).  

 

 

 
 

Figure 1. Geometry for radar and moving point object 

 

 

The radar received signal becomes [1] 

 

𝑠(𝑡) = 𝜌 𝑒(𝑗(2𝜋𝑓𝑜+𝜑(𝑡)))  

 

𝜑(𝑡) = 4𝜋
𝑅(𝑡)

𝜆
         (1) 

 

where; ρ - backscattering coefficient. 

 fo - carrier frequency. 
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 λ - carrier wavelength.  

Substituting the equation of R(t) in equation (1), and then derive its phase to produce the micro-Doppler as; 

 

𝑓𝑚𝐷 =
𝑊𝑣𝐷𝑣

𝜋𝜆
cos 𝛽 cos 𝛼𝜌  cos (𝑊𝑣𝑡)       (2) 

 

In this context, the round-trip return time τR for a target located at a range of R is given by [8]; 

 

𝜏𝑅 =
2 𝑅

𝑐
         (3) 

 

 

3. WALL EFFECTS 

In through-the-wall radar design and its return signal analysis, the properties of that wall represent 

critical factors which affected on the attenuation, dispersion, reflection, and refraction of the return signal and 

then on the Doppler signatures [23], [10]. The effect of the walls on the, Tx/Rx below X band, radar signals 

are concentrated in two points; the first one is the effect on the signal phase, this effect is simple and constant 

because of the wall is stationary. The second effect is on the maximum detectable range, where, the signal-to-

noise ratio (S/R) of the MD signature is decrease caused by the wall attenuation [2], [24]. In this context, the 

properties of the wall which is produced the attenuation are; the permittivity (ε), permeability (µ), and the 

conductivity (σ), where, all these prosperities are varied on the frequency of the incident wave. If these 

material's properties are known, then the attenuation constant can be approximated as [23], [25]; 

 

𝛼 = 𝜔√𝜀𝜇
√1+(

1

𝜔𝜀
)2−1

2
   

 

for low-lossy material as wood can approximate as 

 

𝛼 = 0.5 𝜎√
𝜇

𝜀
= 0.5 𝜎√

𝜇𝑜

𝜀=𝜀𝑟𝜀𝑜
       (4) 

 

while the incident wave velocity through the material is[25]; 

 

𝑣 =
𝑐

√
𝜀𝑟𝜇𝑟

1+√1+(
𝜎

𝜔𝜀
)2

2

  

where; 𝜀 = 𝜀𝑟𝜀𝑜, 𝜔 = 2𝜋𝑓,   

𝜇𝑟 = 1 𝑓𝑜𝑟 𝑙𝑜𝑤 − 𝑙𝑜𝑠𝑠 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑙𝑖𝑘𝑒 𝑤𝑜𝑜𝑑 

∴   𝑣 = 𝑐/√𝜀𝑟  

𝜇𝑜=4𝜋 10-7 H/m. 

𝜀𝑜 =8.85418782 × 10-12 m-3 kg-1 s4 A2 

 

Observing the Doppler features of the reflected signal enables the clutter to be easily suppressed 

because, in general, traditional clutter elements such as walls, furniture, and other stationary objects will not 

exhibit a Doppler shift. 

It is worth noting that, when the wall is constructed from the wood or glass or cork or drywall, the 

attenuation is relatively small. Consequently, the frequency selection is important for applications because 

the material properties are dependent on it. [23]. However, if a stationary target vibrates, rotates, or 

maneuvers, its structural parts are in motion, and these induce the micro-Doppler modulations. If there are 

𝑖=1, 2, . . . , 𝑁 structures with 𝑉𝑟,𝑖 being the radial velocity of the 𝑖𝑡ℎ structure, the composite micro-Doppler 

signal has frequency components at 2Vr,i fo/c ∀i=1, 2, . . . , N, which are unique to the specific motional 

characteristics of the target. 

Analysis of the micro-Doppler signatures in the joint time-frequency domain can provide useful 

information for target detection, classification, and recognition [8], [26]. Therefore, the micro-Doppler 

signatures from the scene are calculated by applying a time-frequency transforms, such as the Short-Time 

Fourier Transform (STFT) with a Gaussian window, to the scattered fields. Then, the computation of this 

transform is based on the proper sampling rate, while this sampling rate depends on the maximum frequency 

Doppler shift, where, it depends on the rate of motion [9]. 
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4. EXPERIMENTAL CASE STUDY 
The experimental work for detection and recognition of the human movements behind the wall have 

been done with the specific parameters as in Table 1, these parameters are; 

 

 

Table 1. Experimental Parameters 
No. Parameter Quality Types 

1 Wall thickness 20 cm wooden 

2 Body parts speed 2-5 m/sec Human 

3 Dv 0.01 m  

4 U 0 m  

5 V 2-5 m Human 

6 W 1.66 m Human 

7 Carrier frequency 2.4 Ghz 

Radar 

Parameters[19] 

8 BW 400 Mhz 

9 Sampling 128 

10 Ant. Polarization Vertical 

11 Sweep Time FMCW-Sawtooth 0.5 msec 

 

 

The human body model has been based on the model which is presented in [7], [8], [9] as shown in 

Figure 2. 
 

 

 
 

 

(a)Radial velocities for different body joints in one cycle (b)Different moving body's 

parts 
 

Figure 2. Human body's parts velocities 
 

 

where; 𝑅𝑣=relative velocity of cycle=average velocity/ height of the thigh =3/0.83=3.6144  

𝐿𝑐=relative length of the cycle=1.346√𝑅𝑣=2.5589 

𝑇𝑐 = 𝐿𝑐/𝑅𝑣 -- duration of walking cycle=2.5589/3.6155=0.707 sec 

fDoppler=2vR/λc=(32-80) Hz 

vR - rate of motion(2-5)m/sec.,  

The sampling rate is directly proportional to the maximum speed observed. It follows that, for a 

range of speed of 2-5 m/s, the Doppler shift can vary significantly based on the operating frequency of the 

radar. For instance, using a 2.4 GHz radar results in a Doppler shift of (32-80) Hz, which requires a sampling 

rate (64-160) samples/s. In this context, the model of the human moving on a bicycle as shown in Figure 3 is; 

The linear movement of lag=D m. 

The circumference of a circle C1 is related to 2D m.  

C1=K C2 m.=K×π×R m. 

The speed of bicycle=Z × K×π×R m/sec. 
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where; K- percent of C1/C2. 

Z- no. of turn /sec. 

R- radius of the rear wheel.  

L=u cos(β) + Y cos(α) 

Then the Doppler frequency of the human moving on bicycle=2 × 𝑓
𝑉

𝐶
 

 
2𝑓

𝐶

𝑑

𝑑𝑡
𝐿(𝑡) ≅

𝑓

𝑐
𝑍𝐾𝐶2=6.315 𝑍𝐾𝐶2 Hz 

 

 

5. RESULTS AND DISCUSSION 
The experiments have been done in our laboratory by using an Ancortek Inc. S-band radar kit [27] 

as shown in Figure 4(a). Where from the results of these experiments, the ability of detection and recognition 

of the moving body behind the wooden wall is evident and shows in the Figures (5-9). Where three different 

human movements have been examined; Human walking, running and moving by the bicycle as explained in 

Figures (2,3), with two different walls; wooden and cork as in Figure 3 and 4. 

 

 

 

 

  

Figure 3. Human moving on bicycle model 

 

 

  
 

(a)Radar behind the wall 

 

(b)Walking person on the other wall side 

 

Figure 4. The experiment in libratory, (a) the radar in wooden wall side, (b) moving person in another 

wooden wall side 

 

The moving Human body parts, radial velocities, and related Doppler frequencies are listed in the Table 2. 
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Table 2. Human Body Parts Velocities and Related Doppler Frequencies 
H.B.P.* Speed m/sec Doppler frequency (Hz) 

Hand speed -0.7 — +2 11.2 — 32 

Knee -0.7 — +2.1 11.2 — 33.6 

Ankle -0.2 — +4.95 3.2 — 79.2 

Toe -0.8 — + 4.8 12.8 — 76.8 

 

 

In the beginning, the laboratory wall at 5.6 m from the radar. The power frequency intensity against 

range is shown in Figure 5(a), which is related to the laboratory wall and the response of the person in the 

laboratory without moving at 2.8m from the radar. Also, the Doppler frequency range of that wall and person 

appears in the Figure 5(b), and it's clear the Doppler is zero because there is no motion.  
 

 

  
  

(a)Power/frequency against range (b)Time against frequency 
 

Figure 5. Laboratory wall 5.6 m and a standing person at 2.8m from the radar 
 

 

The movement of the person and his parts leads to the generate the Doppler and micro-Doppler, 

which is related to the parts velocities as in Figure 6. Where, the velocities have been appearing as in Figure 

6 (a), which represents the different velocities of the Human body parts against the range. In this context, the 

Doppler frequency caused by these velocities is cleared in Figure 6 (b), where the appearance of these 

Doppler with different time delay caused by the movement of the person against the fixed radar. 
 

 

 

 
  

(a)Radial Velocity against range for moving person (b)Time against frequency 
 

Figure 6. Laboratory wall 5.6 m and a moving person at 2.8m from the radar 
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The comparison between Figure 5 and 6, where, the difference is clear where the person appears 

without movement in Figure 5, while in Figure 6 the person is in motion. In this context, the dispersion of the 

reflected signal caused by the wooden wall has also appeared in the Figure 7. While, Figure 8 represents the 

response and velocities range distribution of the body parts which is detected through that wall, where the 

parts which have a movement less than 12.5 cm from the core of the body (torso), it will appear as one 

moving object, because the operating frequency has wavelength is 12.5 cm, and the noise which appears is by 

wall effected on the signal propagation . 

 

 

 

 

  

Figure 7 (a). Fixed person behind wood wall (2.8m) 

from radar 

Figure 7 (b). Radial velocities against a range of 

moving person 

 

 

Fortunately, the human on the bicycle is moving his legs, not his arm, therefore, this note has been 

used for recognizing between these movements. Also, the bicycle wheels appear its velocity as in Figure 8,  

 

 

 
 

Figure 8. Radial velocities against a range for moving a person at 2.8 m with bicycle behind wood Wall from 

radar 

 

 

Another wall has been examined, cork wall which is used widely in many applications as an 

isolation layer. The response of human movements behind the cork wall is shown in Figure 9. 

The difference in responses between the recognition of human movements behind the wooden wall 

and the cork wall is caused by their internal structure. Where the internal structure of the wood is more 

suitable for detection at 2.4 GHz than a cork wall. Figure 10 shown the effect of the internal wall structure, 

where the deviation of the propagation wave through these walls, especially through the cork wall, while the 

dispersion of the propagation wave through the wooden wall is clear. 
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(a)Doppler frequency with time for human body 

parts during jogging 

(b)Doppler frequency with time for parts of the 

human body while moving on a bicycle 

 

Figure 9. Doppler frequency with time for parts of the human body through the wall 

 

 

The difference in responses between the recognition of human movements behind the wooden wall 

and the cork wall is caused by their internal structure. Where the internal structure of the wood is more 

suitable for detection at 2.4 GHz than a cork wall. Figure 10 shown the effect of the internal wall structure, 

where the deviation of the propagation wave through these walls, especially through the cork wall, while the 

dispersion of the propagation wave through the wooden wall is clear. 

 

 

 
 

Figure 10. The effect of wall inner structural on the propagation wave through it, (a)without a wall, (b)cork 

wall and (c)wooden wall 
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Therefore, to classify these three motions with and without wall a three SVM has been used as in 

proposed classifier, and the classification algorithm has been shown in Figure 11. Where, according to the 

velocity of the legs and arm as in Figure 2 and Table 2 where it is used as features, can classify the signal 

from human as; walking, running or move by bicycle. Where, if the arm is in motion the body is walking or 

running and classify between these two motions by the torso velocity (main Doppler). Well, if the arm is not 

moved and the legs are moved then the body is a move by bicycle.  

Then the second and third classifier is working with the speed of the legs (Knee and Ankle) as 

features for human motion decision and classification among; walking, running or move by bicycle. 

Therefore, according to the human body parts velocities, the classification of different human moving status 

has been done by using SVM as a classifier and use the micro-Doppler effect as a feature, and the results as 

shown in Table 3. 

 

 

 
 

Figure 11. Classifier flowchart 

 

 

Table 3. Recognition of Different Moving Bodies with Two Walls Type 

Moving body 
Reco.% 

without wall 

Reco.% with 

wooden wall 

Reco.% with  

Cork wall 

Walking Human 98.7 95.4 94 

Human on the 

bicycle 
99 96.2 94.8 

Running Human 98 95 93.3 

 

 

6. CONCLUSION 

Through-wall detection and classification are vital in many applications. While there are many 

important factors, have been effected on the detection and classification which are concluded from this 

experimental work. These factors are; signal strength, wall prosperities (internal wall structure), detection 

distance, carrier frequency, and the amount of displacement of moving body parts. Where 2.4 GHz has been 

used, the detectable displacement in our experiments is 12.5 cm, and it is achieved in somebodies parts in 

human walking, running and human on the bicycle. Therefore, the recognition which has been gained is 

98.7% of the human walking and 98% for human running, while, 99% of human on the bicycle movement 

without walls. While, the recognition which is gained, with the wooden wall, is 95.4% for a human is 

walking, and 95% for a human is running, while, 96.2% for human moving by a bicycle. In another word, the 

recognition through the cork wall is reduced by 1.559% from that of the wooden wall, caused by its internal 

structure. In this context, the classification is based on the hand, Knee and Ankle movement as a human body 

part by using SVM as a classifier. 
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