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Abstract. 
This paper deals with a new through-the-wall (TTW) radar demonstrator for the detection and the localisation of people in a room (in a noncooperative way) with the radar situated outside but in the vicinity of the first wall. After modelling the propagation through various walls and quantifying the backscattering by the human body, an analysis of the technical considerations which aims at defining the radar design is presented. Finally, an ultrawideband (UWB) frequency modulated continuous wave (FMCW) radar is proposed, designed, and implemented. Some representative trials show that this radar is able to localise and track moving people behind a wall in real time.


1. Introduction
Through-the-wall (TTW) radar technique addresses electromagnetic “vision” behind walls in order to detect, count, and localise people inside a building. Considering one by one these three objectives: detect, count, and localise, it is possible to situate our work among the various researches that are ongoing in the TTW radar field.
In order to detect one or more persons in a room, it is necessary to take into account the fact that these people move. In fact, the radar return coming from the human body is not high enough compared to the backscattering of the indoor environment to ensure detection. So that, Doppler effect has been used historically to detect motion through walls [1]. Nevertheless, Doppler radar has also some drawbacks. The first one is its high sensitivity to all kinds of motions bringing false alarms. The second one is that target localisation and Doppler filtering seems incompatible. This is why emphasis was made on imaging radar with the ability to count and localise targets.
Small TTW radars based on the technology of UWB pulses appeared since the 2000s. The famous ones are Radarvision and then Xaver by CAMERO. There is no publication about them in the open literature. Besides, some radar and signal processing specialized laboratories have studied UWB radar imaging or SAR imaging applied to through-wall vision [2, 3].
The work presented here gives the last advances from our laboratory in the “see-through” radar topic. It aims at giving a global approach of the TTW radar detection. It shows step by step the design process after radar modelling: from theoretical background to radar realization followed by experimental assessment. In Section 2, the through-the-wall propagation physics has been studied by simulation and also assessed by measurements. Then, in Section 3, the backscattering strength of the human body is quantified in an anechoic chamber with various people under test. Section 4 is centred on an analysis of technical considerations which aims at defining the best radar design. And finally, Sections 5 and 6 present the radar implementation and a trial of people detection and localization through a wall.
2. Through-the-Wall Propagation
2.1. Electromagnetic Through-the-Wall Propagation Modelling
In through-the-wall radar, wave propagation through wall materials has a great influence on the radar concept because it can be responsible of large wave attenuation. 
When studying through-the-wall radar, one must predict the influence of walls on radar signals. To achieve this goal, we propose to use in-depth EM wall modelling to evaluate wall responses to radar waves. We have especially investigated propagation through walls made of brick, cinder block, or concrete.
First, a simple 1D simplified multilayer electromagnetic model is considered. Knowing the relative permittivity of a given material, its transmission and reflection coefficients through it can be computed [4]. Let us consider two different types of walls: a 20 cm thick brick wall with four air gaps and a 20 cm thick solid concrete wall. Time domain representations have also been obtained by inverse Fourier transform of frequency computations from 1 GHz to 5 GHz. Time delays are converted to equivalent distances using the electromagnetic wave speed in air.
Dielectric properties of building materials can be found in the open literature. For the simulations, brick wall has been modelled by a material whose relative permittivity is 
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 [5] and concrete wall has been modelled by a bulk material whose relative permittivity is 
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Brick wall transmission shows strong frequency dependence (Figure 1). Mean transmission losses are about 15 dB but maximum losses of 25 dB can be observed. The round trip transmission loss of 30 dB may have a strong impact on the radar power budget, as it restricts the TTW radar detection range. The large uncertainties on the predicted value of the transmission require us to maintain a high dynamic range (here 20 dB) for the detector threshold voltage. 
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(b)
Figure 1: 20 cm brick wall transmission and reflection coefficient in frequency domain (a) and in time domain (b).


As a consequence of phase dispersion, the major peak of the time response is followed by a side-lobe “clutter” not localized on the wall in time domain. This clutter level decreases with time delay and is less than 30 dB under maximum for distances larger than 1 m and 70 dB for distances larger than 3 m. This parasitic signal may impede human detection when the radar target is close to the wall because it may conceal a target.
The solid concrete slab presents a different electromagnetic response (Figure 2). The transmission coefficient decreases continuously from −10 dB to −50 dB over the whole frequency bandwidth. Time domain transmission shows a first peak followed by some peaks at much lower levels. Due to wave absorption through concrete, internal ringing is more attenuated so the concrete wall brings less “clutter.” Then, for a transmission criterion, one needs to use also frequencies as low as 1 GHz.
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(b)
Figure 2: 20 cm solid concrete transmission and reflection coefficient in frequency domain (a) and in time domain (b).


The 1D electromagnetic model is an analytical and straight-forward method based on the modelling of wall structure by a succession of dielectric layers. In order to consider the exact internal structure of a wall (real walls are nonhomogeneous), we have chosen to model in a second time using a full wave simulator: the Finite Difference Time Domain (FDTD) method [7]. Besides the problem to represent the scene (by a duly informed mesh), this method is known to be quite simple and robust for computing but time consuming. 
Let us compare between 1D and 3D modelling of the transmission through a brick wall. We consider a given brick, used in France for building private houses, composed of four air gaps (alveoli). The result of the simulation made by FDTD is superposed to the one obtained with the 1D electromagnetic model presented previously (see Figure 3). 


































	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
	




	
		
	



	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	



	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	



	
		
		
		
		
		
		
		
		
		
		
	


Figure 3: Transmission coefficient comparison between 1D electromagnetic model and FDTD model.


As one can see, taking into account the complexity of the structure brings some additional fluctuations in frequency on the computed transmission coefficient. 
This is certainly due to the multiple reflections inside the brick (some kinds of dielectric cavity mode resonances). However, the general shape remains the same with an important attenuation of about 20 dB around 2.2 GHz.
2.2. Transmission Measurements and Comparison with the Model
Transmission measurements have been performed in a house under construction in order to compare simulation results to real data. This measurement is the wall transfer function measurement in situ. The antennas face one another with the wall between them and are fixed at 1.5 m above the soil. The distance from each antenna to the wall is 1 m. The wall is made of 20 cm brick (including three 5 cm thick air gaps), air (3 cm), rock-wool (8.5 cm), and plasterboard (7 mm). 
Frequency measurements in transmission (
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							In order to model this wall, the relative mean permittivity of brick, that is, 5–0.3 j, has been chosen. The influence of rock-wool (close to air) and plasterboard (thickness 7 mm) is quite negligible. In Figure 4, one can see the result of the modelling (dashed curve) and the one from the measurement (full line curve). The two curves are rather similar up to 2.5 GHz with a mean gap of 5 dB. Between 2.5 and 3.5 GHz, the gap between measurement and simulation expands to reach a maximum value of 25 dB. And, finally, from 3.5 GHz, the two curves tend to be similar again with a max gap of 15 dB. This comparison shows that there are discrepancies for some frequencies between simulation and measurement (due to the errors brought by model assumptions). However, the model predicts rather well the transmission behaviour with respect to the frequency (strong attenuation between 2 and 3 GHz).






































	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
	




	
		
	




	
		
	






	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	



	
		
		
		
		
		
		
		
		
		
		
	


Figure 4: Comparison of transmission coefficient obtained by measurement (full line curve) and by simulation (dashed curve).


We have also considered the case of cinder blocks wall which is also widely used for large buildings. The wall under test is made of 20 cm thick hollow concrete elements. The measurement method is the same as previously, but, this time, several measurements all along the wall have been made in order to increase position diversity in measurements. Figure 5 (full line curve) presents a typical transfer function measured when the two antennas faced together. The amplitude fluctuates between −6 dB and −50 dB.












































	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
		
	




	
		
		
	




	
		
	





	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
		
		
		
		
		
		
		
		
		
	



	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


Figure 5: Cinder blocks wall transfer function obtained by measurement and by FDTD simulation.


This measurement is compared with an FDTD simulation result. The adopted relative permittivity of concrete blocks is 6. Each block is 50 cm × 20 cm × 20 cm. Air gaps are 7.5 cm width in the direction of the wave vector. A quite similar behaviour (dash line curve) can be seen for both simulation and measurement at the lower part of the frequency bandwidth (around 1 GHz). Note that the wall transfer function depends strongly on the position of the electromagnetic sources used for the simulation, a fact that is confirmed by the measurement. 
In conclusion, we can assert that both simulations and measurements have shown a strong signal attenuation increasing with the frequency in the case of homogeneous structures (like solid concrete). In the case of “hollow” walls, signal attenuation strongly depends on the considered wall structure (number and size of air gaps, etc.). For this kind of walls, the time response presents a “tail” that could conceal a target of interest, especially near the wall. 
As a result of the study of wave propagation through walls, we have chosen for the radar transmission a wide frequency band ranging from 1 to 4 GHz. In addition to wall transmission mitigation, this choice is also motivated by increasing the space resolution a way towards ultraresolution imaging and the fight against multipath in indoor. 
3. Human Radar Signature
In order to compute the radar power budget, one needs to evaluate the radar cross-section (RCS) of human beings. Thus, we have measured the backscattering of the human body according to the frequency from 2 to 5 GHz. In order to create a database, the RCS of several people from our laboratory has been measured in different attitudes (standing, raised arms, and squatting) in an anechoic chamber. These measurements can learn about human RCS.
In Figure 6, the RCS of two very different standing persons is presented. The first person is a man that measures 1.85 m and weighs 78 kg. The second one is a woman that measures 1.57 m and weighs 45 kg. One can see that the RCS increases with respect to the frequency and varies from one person to another. Nevertheless, the human RCS ranges generally from −8 dBm2 to 5 dBm2 over the 2–5 GHz frequency range.












































































	
		
	






	
		
		
		
	






	
		
	






	
		
		
		
	






	
		
	






	
		
		
		
	






	
		
	






	
		
		
		
	






	
		
		
	






	
		
		
	






	
		
		
	






	
		
		
	






	
		
	






	
		
	






	
		
	






	
		
	







	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	






















	
		
		
		
		
		
		
		
		
		
	



	
		
		
		
		
		
		
		
		
		
	



	
		
			
			
			
			
			
			
			
			
			
		
		
			
				
			
		
		
			
		
	

Figure 6: Radar cross-section of two different persons.


4. Technical Considerations for the Conception of TTW Radar
When designing the through-the-wall radar system we had to make some tradeoffs between features such as system complexity (sensor dimension and topology), radar space resolution, time resolution, central frequency, frequency bandwidth, and detection range.
4.1. System Complexity and Topology
System dimension is directly correlated with the level of information the system shall deliver. Two-dimensional radar systems provide a high level of information. Actually, good spatial localization is enabled with this kind of radar system. Antennas are, in this case, gathered in a one-dimensional array. A higher level of information could be delivered by a three-dimensional system which would provide additional knowledge about the volume of targets. This would help to discriminate between different types of targets and also between different human behaviours. However, the use of 3D radars greatly increases the system design complexity. Sensor antenna array must be a surface array and, thus, portability is questionable. It is also questionable for the moment to quickly address an antenna surface array. Besides, the amount of data to process is greatly increased. 
Concerning the stand-off radar distance, we have chosen to focus only on short range radar (less that 10 m range). In this case, the sensor is generally hand held and it illuminates only a part of a room. For TTW applications, the short range radar will be useful if the operator can operate safely at low standoff from the building. 
4.2. Resolution
Range resolution is ruled by the frequency bandwidth B. Here, a range resolution of about 50 cm seems to be enough in order to discriminate between two persons. Thus, considering this criterion, 300 MHz of useful bandwidth would be a priori sufficient according to the resolution criterion.
Radar cross-range resolution is given by the width of its main lobe:
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 is the antenna main lobe width. Again, for this application, the expected cross-range resolution is about 50 cm. Thus, when the target is at 4 m from the antenna, this criterion would fix antenna main lobe width to about 7°.
4.3. Human Target
Human body can be characterized by its RCS and by its motion. Measurements presented previously have shown that human RCS value lies between −8 and 5 dBm². Human motion could be classified depending on the frequency as follow: (i)macromovements: those concerning a displacement of at least 10 cm (≈ λ at 3 GHz) like, for example, a walking displacement (legs or arms movement),(ii)micromovements: those concerning a displacement of less than 10 cm like, for example, heart beat and breathing movements.From a radar point of view, these movements could help to ascertain the radar integration time that contributes in improving the signal-to-noise ratio. Integration time 
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 cm, then the observation time should be limited to 40 ms. Another criterion is related to Doppler noise added by the motion of the human body. This motion can lead to failures in pulse compression. One can state that the body parts must not move of more than a quarter of a wavelength during the time 
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 m/s, the observation time should be less than 39 ms at 2 GHz.
4.4. Frequency Tradeoff
Transmission measurement through different types of walls has shown that transmission is different according to the type of walls. In the case of thick walls, especially concrete walls, the attenuation can be very important (up to 40 dB at 4 GHz).
Thus, we have chosen to restrict the frequency range of the TTW radar to the upper part of the UHF spectrum (1 GHz–4 GHz). Frequencies less than 1 GHz would lead to large antenna sizes and arrays. Thus, our device frequency bandwidth is indeed 1–4 GHz.
4.5. Radar Detection Range
It is of utmost importance to evaluate the average power that the system would have to transmit for detecting human targets through walls, according to the desired range.
For this purpose, radar equation is driven by the following relationship between(i)the minimum received signal power for a target (
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 is receiver noise factor.Tables 1 and 2 summarize radar parameters and some assumptions on wall attenuation and human RCS (discussed in the previous sections).
Table 1: Radar parameters.
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Table 2: Detection range versus transmitted power.
	

	 	Ultrashort-range radar (3 m)	Short-range radar (8 m)
	 	Low attenuation	Strong attenuation	Low attenuation	Strong attenuation
	

	Transmitted power (dBm)	3	23	20	40
	



The choice of transmitted power is based on the detection range that the system shall achieve as required by each application. The following table presents the required transmitted power for two ranges: very short-range radar (3 m) and short-range radar (8 m). Two types of walls have been considered. The first one has a low EM attenuation while the second one a much larger one. Wall characteristics are given for a 2 GHz central frequency.


5. UWB FMCW Radar Design
Different technologies are candidate to equip a UWB TTW radar. The FMCW radar is a cost effective solution to high resolution radar. Because it achieves digitally the pulse compression process, its main benefit is to provide a better power budget than the pulsed radar. Namely, the chirp waveform provides the best signal-to-noise ratio. The key point is that, by adjusting the frequency sweeping time in the range of some milliseconds, we can optimize the received electromagnetic energy compatible with the target stationary time.
Our TTW FMCW radar is composed of three main parts communicating between them:(i)microwave module,(ii) switched antenna array,(iii) data acquisition and processing.The frequency swept is provided by a Yttrium Iron Garnet (YIG) oscillator. At the output, a 10 dB ultrawide band coupler is used to provide the local oscillator signal mixer from the transmitted wave. Received signal is amplified before getting mixed with the reference signal. Beat signal is filtered in order to eliminate the spurious beat frequencies that are due to antennas direct coupling and the return of the wall. On receive, an array of 16 ETSA [8] antennas (exponentially tapered slot antenna) is used. These antennas are designed and developed by the LEAT laboratory (Laboratoire d’Electronique Antennes et Télécommunications, Université de Nice-Sophia Antipolis, CNRS UMR 6071). They present a typical 1.2 : 1 VSWR and have a gain of about 10 dB between 1 and 4 GHz. The spacing between the antennas is 7.5 cm. For this distance, direct coupling between antennas is less than 15 dB under the radiated value.
Signal acquisition is achieved by a 3 MS/s 14 bits analog to digital converter from the National Instrument (PXI 6534 board). Data are then processed in real time on a laptop. For each 16 data block (corresponding to the 16 antennas on receive), a special beam forming algorithm that operates in real time is applied in order to obtain a 2D radar image of the observed scene. Fundamentals of digital beam forming are rather well known [9]. Algorithms have also been developed and presented in [10]. Nevertheless, one must apply it here in the special context of through wall imaging [3], with UWB transmission, near-field effects, and through-wall compensation. We have selected the following algorithm (6) for the digital beam former which is very efficient in terms of computation speed.
Let 
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					In this formula, the distances 
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 can be computed in advance and stored in a memory in order to avoid calculating it at each iteration. An additional distance that takes into account the wall can be added if one knows the nature and the thickness of the wall (e.g., concrete). For cinder blocks, this correction can be omitted because they contain mainly air inside. The amplitude function 
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 is an antenna dependant function which is a function of the wave number 
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 and the frequency. It corrects for the antenna pattern and its dependence in frequency. It includes also the weighting function in frequency and azimuth in order to decrease the side lobes level (like the Hamming’s function).
After beam form