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Abstract 

 
 One of the main drawbacks of through-the-wall imaging (TWI) with synthetic aperture radar (SAR) is the long 

data acquisition time. The movement of the target during the data collection in TWI will cause smearing and target 

displacement in the image. In this paper, a generalized beamforming algorithm for 2-D and 3-D through-the-wall 

imaging with multiple-input multiple-output (MIMO) radar is presented. The far field layered media Green’s function is 

incorporated in the MIMO TWI imaging algorithm to take into account and compensate for the wall effects. This results 

in an imaging algorithm that is readily applicable to the imaging of targets behind either single or multilayered walls. 

Numerical results show that the proposed MIMO beamformer provides high quality focused 2-D and 3-D images in 

various wall-target scenarios. 

 
1. Introduction 

 
 The high-resolution and noninvasive imaging of targets through visually opaque obstacles, such as walls and 

doors, has sparked a growing interest in through-the-wall radar imaging in both military and commercial applications, 

such as homeland security, urban counter-terrorism, and search and rescue missions [1-9].  

 Through-the-wall radar images the targets behind the wall by transmitting UWB electromagnetic (EM) waves 

and processing the reflected signal from the wall and the targets. During the past decade, several effective TWI 

algorithms that take into account the wave reflection, bending, and delay effects due to the presence of the wall have 

been proposed in [3-8], such as the linear inverse scattering methods, diffraction tomographic (DT) and delay-and-sum 

(DS) beamforming algorithms. Although successful imaging results can be obtained using these algorithms, they mainly 

deal with monostatic SAR and are only capable of imaging of targets behind a single layer wall. In general, one of the 

main drawbacks of TWI with SAR is the long data acquisition time required to synthesize the aperture. In TWI, during 

a long synthetic aperture data collection time, the target may have moved so much that the solution is no longer valid as 

the target is not in the old place anymore. This will cause smearing, displacement and false target in the image.  

 In this paper, we address the problem of TWI with multiple-input multiple-output (MIMO) radar. The MIMO 

concept using multiple antennas at both the transmitter and receiver was first proposed to improve communication 

performance. The method was later extended to radar systems and, in recent years,  has attracted an increasing amount 

of interest in TWI community [11]. In addition to the real-time data acquisition, the spatially distributed multiple 

transmitters and receivers in MIMO radar increase the diversity of target illumination and scattering by viewing the 

target from multiple aspects [10]. It also noteworthy that in urban sensing applications, we often encounter situations 

where one needs to detect and identify targets inside a building with multiple inner walls or walls separated by a 

hallway [1, 2, 9]. This is a challenging problem and is beyond the capability of the existing TWI algorithms. To address 

the above challenges, we present in this paper a generalized beamforming algorithm for 2-D and 3-D imaging of targets 

behind single and multilayered building walls using MIMO radar.  

 
2. TWI with MIMO Radar 

 
 Figure 1 shows a typical scenario of through-the-wall imaging with MIMO radar. The MIMO radar system 

consists of M transmitting antennas located at [xtm, ym, ztm] and N receiving antennas located at [xrn, yrn, zrn]. The 

operating frequency ranges from fmin to fmax with a frequency step ∆ f.  

 Under the point target model that ignores the multiple scattering effects, the received signal can be written as 

                                ( ) ( ) ( ) ( ), , , , , ,s rm tn p rm p tn pE k G k G k dσ= ∫r r r r r r r r                                                              (1) 

where rrm, rtn and r are the position vectors of the m-th transmitter, n-th receiver and target, i.e., rtm = (xtm, ytm, ztm), rrm = 

(xrn, yrn, zrn), r = (x, y, z), kp is the freespace wavenumber of the p-th operating frequency, σ is the reflectivity of the 
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target, and G (rtm, r, kp) and G (r, rrm, kp) are the layered media Green’s functions. Then the through-the-wall image can 

be reconstructed as 

                     ( ) ( ) ( ) ( )max max max

min min min

1 1, , , , , ,
t r

t r

k L L

p tn rm s rm tn p rm n tm p
k L L
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− −= ∫ ∫ ∫r r r r r r r r r                                   (2)  

In the above equation the inner two integrands corresponds to the beamforming over all the transmitting and receiving 

locations and the outer integrand is the coherent summation over all the operating frequencies. 
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                     Fig.1. Configuration of MIMO radar TWI                                             Fig.2. Transmission through multilayered building walls 

 In the above imaging formula, an efficient evaluation of the layered media Green’s function is critical to the 

imaging. However, the exact calculation of the layered media Green’s function requires the evaluation of the 

Sommerfeld integrals, which is generally complicated and computationally expensive. To compromise between the 

computational efficiency and the accuracy, we assume that the target is located in the far field of the antenna such that 

Green’s function can be approximated as [6]: 

                ( ) ( ) ( ) ( ), , , , , , , , ,
4 4
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e e
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where Rrm = | rtm – r |, Rtn = | rtn - r |, Tt and Tr are the wall transmission coefficients from the transmitter to target and the 

target to receiver, respectively. Substitute (3) into (2), the imaging formula can then be derived as: 
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In the above imaging formula the wall effect is efficiently taken into account and well compensated through the layered 

media Green’s function. Due to the incorporation of the layered media Green’s function, the imaging algorithm can 

easily be generalized for the imaging of targets behind multilayered building walls.  

 Consider the planar multilayered media, shown in Figure 2, where the permittivity, permeability and wave 

number in the i-th region are denoted as εi, µi, and ki, respectively. By applying the boundary condition at the interface 

of each layer, the reflection coefficient for the horizontal and vertical polarizations can be derived as [12]: 
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where , 1i iR +
� is the total reflection coefficient from the i+1

th
 layer to the i

th
 layer, kiz is the normal components of the 

propagation constant in the i
th

 layer, and Ri,i+1 is the reflection coefficient from the i+1
th

 layer to the i
th

 layer, i.e., 
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Similarly, the transmission coefficient from the first layer to the N-th layer can be derived as [12]: 
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3. Results 

 



 In this section, we present 2-D and 3-D imaging results for TWI with MIMO radar under various wall-target 

scenarios. As the first example, we investigate the imaging of targets behind a single layer wall with MIMO radar. The 

radar received signal was simulated using the finite difference time domain method (FDTD). In the simulation, we used 

eight transmitters equally spaced from -1 m to 1 m and thirty two receivers equally spaced from -1.25 m to 1.25 m 

along x direction at a standoff distance of 0.3 m. The dielectric constant, conductivity and thickness of the wall are εb = 

6, σb = 0.03S/m, and d = 20 cm, respectively. The operating frequency ranges from 1 to 3GHz. The three target 

investigated in this example are rectangular, cylindrical, and square PEC objects. In order to demonstrate the necessity 

and importance of taking into account the wall effect in TWI, first a conventional freespace beamformed imaging result 

is shown in Figure 3 (a), where the true regions of the targets are indicated with white dashed rectangle, circle and 

square. From the freespace imaging we find that the targets are not only shifted in the downrange (about 0.3 m) but also 

widened in the cross range. This is due to the fact that the wave propagation effect in TWI is not considered and 

compensated in the conventional freespace radar imaging. Figure 3 (b) shows the imaging results of the targets using 

the proposed through-the-wall beamformer. From the image we can see that the three targets are clearly identified and 

well located at their true locations. It is clear from this figure that, due to the proper compensation of the wall effects, 

high quality focused images of the targets can be achieved using the proposed beamformer for TWI with MIMO radar. 
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                                      (a)                                                                          (b)                                                                              (c) 

Fig. 3. Imaging of targets behind a single layer wall with MIMO radar (a) configuration; (b) freespace imaging result; (b) TWI result. 

 In the second example, we present the 3-D imaging of a tilted cylinder behind a single wall. The 3-D TWI 

provides valuable information about the target extent in length, height, and width. This additional information is critical 

for enhanced target identification, such as the identification of a sitting or standing person behind the wall. The MIMO 

radar transmitter consists of a 4 × 4 transmitting antennas with inter-element spacing of 0.24m. The receiving array 

contains 6 × 6 antennas with the same inter-element spacing as that of the transmitting elements. The dielectric 

constant, conductivity and thickness of the wall are εb = 6, σb = 0.03S/m, and d = 20 cm. The target under investigation 

is a tilted cylinder as shown in Figure 4 (a) and is 1.25 m away from the wall in the down range (z direction). Figure 4 

(b) shows the 3-D imaging result of the target using freespace beamforming. It is observed from this image that the 

target is 1.55 m away from the wall (shifted about 30 cm away from its true location) and is distorted. Figure 4 (c) 

shows the 3-D imaging result of the target using the through-the-wall MIMO beamformer. From the through-the-wall 

imaging result one can clearly see a focused image of the tilted cylinder, which not only correctly localizes the target in 

the down range but also provides information about the width, length and tilted angle of the target.  
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                           (a)                                                                  (b)                                                                             (c)                

Figure 4. 3-D Imaging of a titled cylinder behind a single wall (a) 3-D freespace imaging result; (b) 3-D through-the-wall imaging result. 

In urban sensing applications, we often encounter situations to detect and identify targets inside a building with 

multiple walls [1, 2, 9]. Therefore, in the last example, we present the 3-D imaging of multiple targets behind a scenario 

of external and interior walls, separated by a hallway. The permittivity, conductivity and thickness of both the exterior 

and the interior walls are εb = 6, σb = 0.03S/m, and d = 15 cm, respectively. The width of the hallway between the 



exterior and interior walls is 1 m (as shown in Figure 5 (a)). The targets under investigation are two spheres with radius 

15 cm and centered at (-0.25m, -0.25m, -2.15m) and (0.25m, 0.25m, -2.15m), respectively. Figure 5 (b) shows the 3-D 

imaging results of the targets using the MIMO through-the-wall beamformer. From the 3-D image we can clearly 

identify the two targets. Figure 5 (c) and (d) show the 2-D slices along the centers of the upper and lower spheres, 

where as seen the two targets are clearly identified and well located at their true locations. These results indicate that the 

proposed MIMO beamformer is successful in the 3-D imaging of the target behind multilayered building walls without 

distortion or displacement.  
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                        (a)                                                  (b)                                                    (c)                                                    (d) 

Fig. 5. 3-D Imaging of targets behind external and interior walls separated by a hallway with MIMO radar (a) layout of the walls; (b) 3-D TWI 

imaging result of the targets; (f) 2-D slice along the center of upper sphere; (g) 2-D slice along the center of lower sphere. 

 

4. Conclusion 
 

The real-time data acquisition is critical in TWI to avoid smearing, target displacement and possibility of false 

targets in the imaging results. In this paper, a generalized imaging algorithm for 2-D and 3-D through-the-wall imaging 

with MIMO radar was presented to facilitate the fast data acquisition requirement. The far field layered medium 

Green’s function was incorporated in the MIMO through-the-wall beamformer to fully take into account and 

compensate for the wall effects. This makes the beamformer generalized to the imaging of targets behind either single 

or multilayered building walls, which has promising applications in urban sensing of buildings’ interior targets. The 

presented numerical results showed that the MIMO TWI algorithm provides high quality focused 2-D and 3-D images 

under various wall-target scenarios.   
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