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II. PROJECT DESCRIPTION

A. Overview and Signi icance 

Active millimeter wave radar is being used for imaging objects concealed on the human body at security 
checkpoints. Currently employed systems are based on monostatic or quasi-monostatic con igurations that 
can misrepresent areas of the target when the specular re lection is oriented away from the incident direc-
tion. Using computer modeling for both forward wave propagation and near ield imaging and reconstruction, 
it is possible to determine the feasibility and limitations for various sensor con igurations. 
First, we report on the advantages of multistatic sensing (having multiple receivers separated from trans-
mitters) for human body screening. One important result of this work has been the observation that with-
out having several distinct transmitters providing multiple illuminating views of a target object, no receiver 
array con iguration would be able to gather enough signal to reconstruct even one half of the  body surface. 
We present a study of a fully multistatic mm-wave imaging architecture, with transmitters placed off the 
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receiving aperture panel to provide the largest possible body surface reconstruction. A reduced number of 
transmitters allows for fast imaging, which minimizes the target motion effects. Multiple three dimensional 
simulation-based examples are presented to validate the proposed system. 
Next, we describe the multiple transmitter implementation for the elliptical torus Blade Beam re lector an-
tenna developed in R3-A.1 and R3-A.3.  The primary effort is aimed at developing an ef icient modeling meth-
od and then inding an optimum transmitter/receiver array con iguration using the smallest number of an-
tennas that still produces full surface reconstruction. A fast and ef icient analysis method is suggested based 
on Lorentz reciprocity. Taking advantage of this proposed method, the sparse array con iguration is found 
using Simulated Annealing, minimizing a cost function based on the sidelobe level of the combined transmit-
ter/receiver point spread function (PSF).

B. State-of-the-Art and Technical Approach

In homeland security applications, there is increasing demand for methods to improve personnel screening 
for concealed object and contraband detection at security checkpoints. In this context, active near ield mil-
limeter-wave imaging radar systems are able to provide high-resolution imaging, with a good trade-off be-
tween accuracy and cost. With mm-wave radar, the object of interest is irst illuminated by millimeter waves 
and then the scattered ield is measured and processed to reconstruct the surface (or volume) of the object 
[1]. The most common millimeter wave portal imaging systems currently being used are based on monostatic 
radar and Fourier inversion [3]. Monostatic imaging system limitations are mainly related to the appearance 
of reconstruction artifacts as described in [5]. Therefore, bistatic [6] or multistatic systems [1], [8]-[10] are 
useful options to improve personnel imaging.  
In Ahmed [2], an advanced multistatic mm-wave imaging con iguration is presented. Multiple multistatic 
panels are used to create an image of the whole body. As shown in [1] , the minimum number of antenna array 
elements is achieved when the number of transmitters is equal to the number of receivers. However, since 
the transmitters and receivers of each panel are close to one another, and each panel is independent from 
the others, this system can be seen as quasi-monostatic approach. Although it effectively minimizes dihedral 
artifacts, this kind of system can misrepresent sudden indentations and protrusions in the target when the 
specular re lection is oriented away from the incident direction (as shown in Fig.1 which was reproduced 
from [9]).  The relative position of transmitters and receivers also determines the areas of the body that the 
system can image, as shown in Figure 1 on the next page and Figure 2 on the following page.
Paper [9] presented a novel multistatic mm-wave imaging architecture for human body screening. The goal 
was to extend as much as possible the imaged region by placing transmitters off the aperture panel. Fast im-
aging capabilities were achieved by means of Fourier-based processing as presented in [5]. 
Receiving arrays can be implemented by using power detectors, which are inexpensive and easy to manu-
facture. Concerning SAR imaging, phase information can be recovered in the frequency domain, provided 
enough frequency bandwidth is available, as proposed in [11]. Thus, this project is devoted to inding mul-
tistatic imaging con igurations with a low number of transmitters along with the fewest possible number of 
receivers in order  to enlarge the imaged area with respect to current monostatic setups. Reducing the num-
ber of receiving elements is primarily accomplished by subsampling the receiving aperture. Since the trans-
mitters need to be excited sequentially, reducing the number of transmitters also allows for faster imaging, 
which minimizes the target motion effects as described in [12]. 
This report is focused on the comparison of several multistatic layouts for human body imaging, showing 
how much the imaged area can be increased. The issues of transmitter position optimization and accurate de-
sign of the receiving array are, by themselves, broad research topics that are beyond the scope of this project. 
Section B of this report is organized as follows: Section B.1 describes the imaging algorithm needed for the 
multistatic system. Imaged region extension using the proposed multistatic setup is proved in Section B.2a. 
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Section B.2.b discusses the need for a reduced number of receivers, proposing several approaches. Whole 
human body imaging results are presented in Section B.3, discussing the results for different setup con igu-
rations. Finally, the conclusions are drawn.

Figure 1: 2D SAR imaging for diff erent radar confi gurations. (a) Multi-monostatic. (b) Bistatic, with one transmitter in 

the middle of the receiving array. (c) Multistatic, with three transmitters.
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B.1. Imaging algorithm

A multistatic imaging formulation needs to take into account the incident and scattered ield paths, as opposed 
to monostatic imaging, where these paths are the same. The coordinate system is de ined as: y-axis will be the 
range axis (depth), and x- and z-axes will be horizontal and vertical cross-range.

Given the re lectivity function of an object, ρ (x’, y’, z’), the ield scattered on a lat receiving aperture located 
at y = Y0 is given by:

Figure 2: Comparison of several 2D multistatic confi gurations for SAR imaging. (a) 3 transmitters placed at (x, y) = (±1, 

0.5) m, (b) 3 transmitters placed at (x, y) = (±1, 0)m, (c) 5 transmitters.
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           (1)

where (xinc, yinc, zinc) is the position of the point source-like transmitter. Eq. (1) can be effectively inverted to re-
cover the re lectivity function from the scattered ield samples collected over a given bandwidth of frequency, 
yielding the well-known synthetic aperture radar (SAR) backpropagation imaging equation [7],[9].

           
           (2)

Solving Eq. (2) is computationally expensive for electrically large problems. Fast integral equation-based 
techniques, such as the inverse Fast Multipole Method, have been proposed [13], reducing the calcula-
tion time by several orders of magnitude. Moreover, Eq. (2) can be easily parallelized taking advantage of 
GPU hardware. However, these solutions are still too computationally expensive for applications requiring 
real-time imaging. 
Monostatic setups have taken advantage of Fourier-based imaging, enabling real-time calculation [3], [4]. 
Even in multistatic systems as in [1], plane wave approximations can be considered to take advantage of fast 
calculation using Fast Fourier Transform (FFT)s. In these cases, where the large target size precludes the 
standard plane wave illumination assumption, a novel Fourier-based imaging technique has been proposed 
[5]. The idea is to decompose the imaging domain in smaller regions where the incident spherical wave can 
be locally treated as a plane wave. Imaging calculations for every region can be carried out in parallel, without 
jeopardizing the required real-time capabilities of the multistatic imaging system.  
Examples presented in [5] are limited to a single transmitter. The results presented in this contribution make 
use of multiple transmitters. Images produced by every transmitter are coherently combined to create the 
inal image. Coherent combination also provides the great advantage of cancelling grating lobes due to aper-

ture subsampling.

B.2.  Proof of concept

B.2.a.  Multistatic setup

This section aims to illustrate the differences between several monostatic and multistatic radar setups [14], 
stating the limitations of each. 
The simplest case is a lat aperture receiving array for sampling the scattered ield. For simulation purposes, 
the frequency band is chosen to be 23 to 28 GHz, the aperture size is 1 m, sampled every 0.52at the highest 
frequency. The Object-Under-Test (OUT) is a curved metallic surface resembling the human body torso. The 
forward problem is simulated using 2D Method-of-Moments. SAR images are recovered by means of standard 
SAR backpropagation [7], [9].
A multi-monostatic radar provides twice the reconstructed imaging pro ile Figure 1a relative to a bistatic ra-
dar with a single transmitter placed at the middle of the receiving aperture, as depicted in Figure 1b. In Figure 
1 the true pro ile (shown by the green line) is reconstructed by the re lectivity map (indicated by pixel bright-
ness). Bistatic radar imaging capabilities can be easily improved by placing two additional transmitters at the 
edges of the receiving aperture, as in Figure 1c, providing the same imaging pro ile as the multi-monostatic 
(see Fig. 1a).
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Human body imaging has relied on monostatic [3]  or multistatic [1] con igurations, chosen based on hard-
ware speci ications, rather than imaging limitations.
From Figure 1 one can observe that the aperture size limits on the image area of the OUT. Neither the 
monostatic nor the multistatic geometries are capable of providing a complete image of the OUT pro ile. Even 
if the aperture size is enlarged, it is not possible to image the entire pro ile, as can be easily proved with ray 
tracing and specular re lection.
The next step is to modify the multistatic radar by changing the placement of the transmitters while keeping 
the receiving aperture the same. Figure 2a shows the initial case: lateral transmitters are placed off the re-
ceiving aperture. This simple change signi icantly enlarges the imaged region. Figure 2b depicts an attempt 
to provide full OUT imaging. However, again ray tracing shows that specular re lection re lects away from the 
receiving aperture. Moreover, parts of the OUT are not imaged as the scattered ield is not collected by the 
receiving array (plotted with dashed yellow lines). 
Several works [4],[9] have proposed solving this issue by means of cylindrical apertures, but again, the aper-
ture extent limits the imaged region. As demonstrated with the results shown in Figure 2c, this drawback can 
be solved by placing transmitters off the receiving aperture of the multistatic radar system, thus allowing for 
near complete OUT pro ile imaging. 

B.2.b.  Receiving aperture subsampling

One of the main advantages of stationary imaging systems, where no movable parts are present, is the speed 
in acquiring scattered ield samples, as well as the avoidance of mechanical maintenance. However, the 
tradeoff is the need for large transmitting/receiving arrays. Thus, reduction of the number of elements is a 
key issue for its commercial development.
Several strategies, some developed in the ield of antenna measurement [16], [17], have addressed this draw-
back. For example, use of optimal sampling interpolation methods that take into account the spatial band-
width of the scattered ield [18], or compressed sensing techniques in the case of sparse SAR images [19] 
represent some of these strategies.
Other approaches manipulate the imaging system Point Spread Function (PSF) created by the transmitting 
and receiving arrays to cancel PSF grating lobes, successfully reducing the number of elements [1],[8] [20].
The multistatic con igurations depicted in Figure 2 cannot easily take advantage of the transmitter and re-
ceiver PSF product to cancel grating lobes, as the transmitting elements are sparsely positioned. Optimal 
Sampling Techniques would be a solution for a single transmitter, but the placement of the samples depends 
on the position of the illumination, so it is not valid for multiple transmitters. 
The solution adopted is to subsample the aperture until the PSF grating lobes appear in the imaging domain 
of interest. Figure 3a on the next page shows the PSF of the multistatic system depicted in Figure 2a, after 
combining SAR images for every transmitter. When the aperture sampling rate is lowered from 0.5  to 5, 
grating lobes can be observed (see Fig. 3b). Practical application of subsampling is plotted in Figure 4 on the 
next page, where aperture sampling rate is 3. The pro ile can still be recovered, but grating lobes are visible 
in the imaging domain.
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B.3.  Human body imaging results

B.3.a.  De inition of the problem

This section quanti ies the three dimensional imaging performance of multistatic millimeter-wave systems 
according to their geometrical con iguration. As stated in [3], a full-body scan requires sampling at less than 
one-wavelength spacing over an aperture of at least Dx = 70 cm wide by Dz = 2 m height. At f = 25 GHz, and 
placing the aperture LY =100 cm away from the subject, this yields a cross-range resolution of  x = LY/Dx = 
17.1 mm, and z = LY/Dz = 6 mm, which proves to be suf icient for detecting concealed threats. 
The multistatic con iguration proposed in this study considers a bandwidth (BW) of 5 GHz, from 23 to 28 
GHz, yielding y = c/BW = 30 mm range resolution. A frequency sampling rate of 250 MHz provides 60 cm 

Figure 3: PSF of the imaging confi guration depicted in Figure 2a. (a) Sampling the aperture every 0.5 wavelength. (b) 

Sampling the aperture every 5 wavelengths.

Figure 4: Imaging from confi guration depicted in Figure 2a. SAR imaging results when the receiving aperture is sam-

pled every 3λ.
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range unambiguity. For this speci ic geometry, a lat array of receivers that is extended to 1.5 m in x- direction 
provides an enlarged imaging domain and higher resolution,  x = LY/Dx = 6 mm. In all the cases, the number 
of transmitters is ixed as a 3x3 elements array (that can be planar or cylindrical depending on the tested 
case).  
The human body model considered for testing purposes (see Fig. 5) has objects placed where their detection 
may become challenging: on the left side of the waist and on the lower part of the right leg. Due to the elec-
trically large model to be analyzed (up to 140   in height for a full human body model) the forward problem 
is simulated using a Physical Optics code [21]. Noise is added to the simulated scattered ield resulting in 30 
dB Signal-to-Noise Ratio (SNR). 

Another issue to be addressed is related to the representation of the recovered re lectivity from the back-
propagated scattered ield collected on the receiving aperture. Visualization is a common problem when 
rendering three-dimensional data. It is dif icult to display the relevant features of the image while maintain-
ing the bene its of the 3D dataset. The technique used here is called Maximum Intensity Projection (MIP) 
similar to the kind of projection proposed in [1]. A MIP is a 2D image constructed by displaying the maximum 
intensity along projection lines perpendicular to the viewing or projection plane, as depicted in Figure 5. 
The viewing plane can then be rotated around the data to provide the viewer with depth reference for image 
features and create a 3D effect, as in Figure 6 on the next page.

Figure 5: Scheme illustrating how refl ectivity is projected on a projection plane, defi ned by a projection angle.
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The color and opacity of each projected pixel is then mapped to the distance from a reference point and pixel 
intensity relative to the maximum value, respectively. In this case, the reference for depth is the center of the 
imaging domain. Encoding depth by color enhances the 3D viewing effect of the rotation and provides depth 
data for each projected image. Encoding intensity with opacity is a natural way to let the viewer’s eyes easily 
ind the highest intensity parts of the image while also masking noisier, low amplitude areas of the image. 

MIP is a common medical imaging technique and is shown here to be equally effective in security imaging.

B.3.b.  Multistatic imaging with full array in reception

The irst multistatic con iguration (Setup #1) to be tested consists of a 1.5 m width x 2 m height lat panel 
of receivers, placed every 10.7 mm in both directions (that is, /2 at 28 GHz), resulting in 104,720 elements 
(280 x 374). 9 transmitting antennas are placed as shown in Figure 7 on the next page, so that the multistatic 
system has the same imaging area as its monostatic equivalent, as shown in Figure 1. 
For every transmitter in Setup #1, the amount of data to be processed is: 280 x 374 spatial samples x 21 fre-
quency samples (= 222x106 scattered ield samples), which also determines the number of imaging points in 
the case of Fourier-based imaging [5]. A workstation with 32 cores at 2.1 GHz and 128 GB RAM was used for 
data processing. Overall calculation time for every transmitter was 45s [5].  The processing has been run in 
Matlab® and has not been optimized.
Projected re lectivity for Setup #1 (see Fig. 7on the next page) is plotted in Figure 8 on the following page. 
Only those parts of the human body having specular re lection with any of the transmitters and receivers 
can be imaged. For this model, only the object on the left side of the waist is clearly visible (see Fig. 8a on the 
following page), whereas the object on the right leg is hardly detectable (see Fig. 8b on the following page). 
These images are similar to the ones presented in Figure 4 of [2].
The next multistatic con iguration analyzed (Setup #2) is depicted in Figure 9 on the following page: in this 
case, lateral transmitters are placed off the receiving aperture, as shown in Figure 2a. With this single mod-
i ication, the imaged region is enlarged, as more parts of the body will create specular re lections on the 
receiving aperture. This improvement is noticeable by comparing Figures 8 and 10 on the following pages: 
more parts of the body are imaged in the latter, as highlighted in the differential image plotted in Figure 10c 
and d. Of special interest is the fact that the object placed on the lower part of the right leg is clearly visible 
(see Fig. 10b). A quantitative analysis of the image region enlargement based on the human body projected 
area is summarized in Table 1 on the following page: the imaged area is increased by 37.5 %.

Figure 6: Projected refl ectivity onto three diff erent viewing planes: from left to right, projection angles are -40º, 0º, and 

40º.
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Figure 7: Imaging Setup #1. Flat panel of receivers placed every 0.5  and 9 transmitters placed in a planar layout of 

(L
x
,L

z
) = (1.5,2) m.
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Figure 8: Retrieved human body image using setup #1. Colorscale represents image depth in m. relative to the center 

of the imaging domain. (a) Projection angle 0º. (b) Projection angle 40º. 

Figure 9: Imaging Setup #2. Flat panel of receivers placed every 0.5 , and 9 transmitters placed in a 120º-cylindrical 

arc layout of R = 1 m, L
z
 = 2 m.
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Case Projection angle 0º Projection angle 45º

Imaging setup #1 2454 cm2 2168 cm2

Imaging setup #2 3364 cm2 2981 cm2

Imaging setup #3 3553 cm2 3197 cm2

Increment from #1 to #2 37.8 % 37.5 %

Increment from #2 to #3 5.6 % 7.3 %

Following the same argumentation as in the previous section, the next Setup (#3) analyzes the case in which 
lateral transmitters are placed on the x axis, as depicted in Figure 11 on the next page. The Setup #3 layout 
barely enlarges the imaged region on the sides of the human body model, as noticed in Figure 12 on the next 
page. Quantitatively, it is about 5-7 % (Table 1), signi icantly less than the enlargement achieved with setup 
#2. In addition, it creates shadow regions at about 45º and 135º in azimuth (see Fig. 12a on the next page), 
visible as two dark lines on the torso that follow the vertical pro ile. The reason for these two shadow regions 
follows from the theoretical explanation given in Section B.1 and demonstrated in Figure 2b.

Figure 10: Retrieved human body image using Setup #2. Colorscale represents image depth, in meters relative to the 

center of the imaging domain.  (a) Projection angle 0º. (b) Projection angle 40º. Plots (c) and (d) show the improved 

visibility with respect to Setup #1 (see Fig. 8) results. 

Table 1: Human body projected area.
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Figure 11: Imaging Setup #3. Flat panel of receivers placed every 0.5 , and 9 transmitters placed in a 180º-cylindrical 

arc layout of R = 1 m, L
z
 = 2 m.

Figure 12: Retrieved human body image using Setup #3. Colorscale represents image depth, in m. relative to the center 

of the imaging domain.  (a) Projection angle 0º. (b) Projection angle 40º. Plots (c) and (d) show the improved visibility 

with respect to Setup #2 (see Fig. 10) results.
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B.3.c.  Subsampled array of receivers

In order to make the imaging con iguration for personnel screening feasible in terms of complexity and cost, 
the number of receivers must be kept as low as possible without compromising imaging (and thus, detection) 
capabilities. As discussed in Section B.3.b, due to the proposed multistatic layout, receiving aperture sub-
sampling is the most ef icient way to reduce it.
A uniform grid with 13,090 receivers (Setup #4) provides -28 dB grating lobe levels, which is the same order 
of magnitude of [1],[8]. This receiving array, shown in Figure 13, is formed from 2 offset overlapping arrays 
of receivers, each sampled every 3 offset in x and z by 1.5 .
The Setup #4 imaging results are depicted in Figure 14 on the next page. Compared to Figure 10, the imag-
ing results look noisier due to the grating lobes, but still the main features of the model are visible; certainly 
worth the 8 times reduction in number of receiving elements.

Figure 13: Imaging Setup #4. 2 overlapping arrays of receivers, sampled every 3  each, and 9 transmitters placed in 

120º-cylindrical arc layout of R = 1 m, L
z
 = 2 m. 
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The simulation-based results presented con irm that altering the con iguration of multistatic transmitter po-
sitions can signi icantly improve imaging by extending the reconstructed surface across more of its angular 
extent. That feature allows the imaging – and thus the detection – of threats that can be concealed in areas 
not illuminated with solely panel-based radar systems.
Table 2 on the next page compares the proposed setup with already developed millimeter-wave imaging sys-
tems for security screening. Note that cross-range resolution is of the same order for each system, allowing 
for accurate human body imaging.

Figure 14: Retrieved human body image using Setup #4. Colorscale represents image depth, in meters to the center of 

the imaging domain.  (a) Projection angle 0º. (b) Projection angle 40º. 
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Reference D
x 

 x D
z
 (cm) δ

x
 x δ

z
 (mm)

Frequency band 

(GHz)
No. of antennas 

This system,

 full array.
150 x 200 8.0 x 6.0 23 – 28

104,720 Rx

9 Tx

This system, 

subsampled.
150 x 200 8.0 x 6.0 23 – 28

13,090 Rx

9 Tx

MIMO array, [8]. 50 x 130 10.0 x 10.0 2.8 – 19.5
4 Tx,8 Rx, z-axis 

motion.

Flat 2D array, [1]. 100 x 200 3.0 x 1.5 72 – 80 3,072 Tx 3,072 Rx

Linear array, vertical 

movement [2].

72.6

Movable 2 m in z
10.0 x 3.8 27 – 33

66 Tx, 66 Rx, z-axis 

motion.

The existing systems are all lat arrays, and hence cannot image much more than 45 (as shown in Fig. 1a). 
This is due to the specular re lection of transmitted rays missing the receiving array entirely.  To accomplish 
180 coverage with a lat array system, twice as many arrays would be required, whereas a full 360 recon-
struction would require a square box of arrays completely enclosing the subject.
The analysis of this multi-view, multistatic imaging architecture still requires a large number of receiving el-
ements (13,090) if compared to other scanners with non-movable parts such as [1]. However, from the point 
of view of using low cost detectors as receivers (and even phase retrieval techniques), the proposed system 
has advantages due to the low number of transmitters, thus reducing technical and economical complexity.  
Fewer transmitters and no motion also provides faster overall scanning, since only 9 transmitters need to ire 
in sequence without repetition for the complete scan. 

B.4.  Blade beam modeling

An electromagnetic propagation and scattering model was developed for the elliptical torus Blade Beam con-
iguration developed in R3-A.3, shown in Figure 15 on the next page.  The re lector antenna is doubly curved: 

elliptical in the vertical direction and circular in the horizontal direction. The irst ellipse focus coincides with 
a focal arc that is centered on the same axis as the re lector and having a radius of one-half the re lector hori-
zontal radius.  As such, the portion of the re lector illuminated by feeds on the focal arc is well approximated 
as elliptical/parabolic, resulting in the blade beam analyzed in R3-A.1 [22].  This blade beam illuminates a 
horizontal second focal line at the position of the target which makes it possible to generate individual 2D 
images of targets; 3D images can be constructed by stacking the 2D images from different sections. The radar 
transmitters and receivers are positioned in an array on the focal arc, which is in the plane of the bottom 
edge of the re lector to avoid blockage. With the goal of minimizing hardware cost and increasing processing 
speed, the array is made as sparse as possible, removing as many redundant elements as possible.  To do so, a 
fast and accurate forward model of the ields generated by each element on the focal arc in the target region 
had to be developed. Using this model, the feed number and positions were optimized, as will be discussed 
in the next section.

Table 2: Comparison with similar human body imaging systems.
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Physical Optics (PO) is an ef icient method to model large smoothly-varying structures like re lector anten-
nas. With PO, the re lector surface is discretized into a mesh of planar triangular facets, and the ield re lected 
from each facet is computed. PO is used to build the scattering matrix A, which linearly relates the signal 
at each transmitter / receiver feed pair to the ields in the discretized image region.  Although PO is a very 
computationally ef icient method, for this electrically large structure it is a time consuming process. To build 
A, the ield in the image domain from each transmitter is calculated, and then the ield backscattered from a 
target point scattered to each receiver antenna position is computed [23]. This way, two PO operations are 
required. Moreover, increasing the number of triangles in the mesh to increase modeling accuracy will dras-
tically increase the operation count. An alternative and ef icient method has been proposed using Lorentz 
Reciprocity by considering all Rx antenna in transmit mode and storing the ield and current on image plane 
for each of these antenna. Later, different combinations of Rx and Tx antennas can be analyzed through inte-
gral form of Lorentz Reciprocity as given by:

The parameters with indices b refer to point scatterers and the ones with indices a refer to the Rx antenna 
which are considered to be in transmit mode, based on the reciprocity concept. The integration of electric 
and magnetic currents J and M times the appropriate ields is taken over both the surface of the point scat-
tered and the receiver antenna aperture.
The reciprocal solution is ef icient and fast since it reduces the number of PO operation from 2 to 1 and also 
makes it possible to solve the problem for every combination of Tx and Rx antenna with already pre-comput-
ed ields. Figure 16 on the next page compares the computed images for conventional approach and the re-
ciprocal approach. As it can be seen, two images are practically the same, but with the simulation time being 
much shorter for the reciprocity approach.

Figure 15: Multistatic Nearfi eld Imaging radar antenna system using the elliptical torus Blade Beam refl ector and 

concentric focal arc.
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Table 3 compares some simulation time between the conventional approach and the reciprocity based one. 
Overall, the reciprocity based analysis method makes the algorithm less dependent on the number of meshes 
in the imaging domain, making it possible to select any combination of Tx and Rx antenna from pre-computed 
data and, more importantly, to reduce the computation time.

Reciprocity based Approach Conventional Approach

1Tx & 11Rx with 2*λ Meshing 1 min 30 sec

11Tx & 11Rx with 2*λ Meshing 1 min 7 min

7Tx & 151 Rx with 2*λ Meshing 11 min 12 min

7Tx & 151 Rx with λ/2 Meshing 3 hours 15 hours

1Tx & 151Rx with λ Meshing and larger image plane 5 hours >30 hours

B.5.  Sparse array design based on PSF optimization

For aliasing-free imaging using traditional imaging methods, the maximum spacing between antenna ele-
ments must be less than λ/2, resulting in at least 200 antenna elements in the receiving focal arc. However, 

(a) Conventional Approach

(b) Reciprocity Based Approach

Figure 16: Torso target reconstruction using conventional and reciprocity based approach.

Table 3: Computation time comparison for two modeling approaches.
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with non-uniform element spacing, it is possible to reduce the number of elements while maintaining accept-
able imaging.  The element positioning in a sparse array is essential for the best possible image. Determining 
the optimal con iguration is an iterative process, requiring irst the de inition of a cost function to be mini-
mized. One possible cost function is the highest sidelobe levels for the system Point Spread Function (PSF), 
de ined as combined (spatially multiplied) PSF for transmission and reception. In this project, the simulated 
annealing technique is used to minimizing the PSF sidelobe level without reducing the peak PSF level. The 
number of elements and their positions are two variables that can be adjusted to ind the optimum PSF. 
Moreover, for better evaluation the PSFs need to be evaluated at all points of the target. Figure 17 shows an 
example of sparse array and compares it with the original dense array in terms of image quality.

The optimal con iguration is shown in Figure 18 on the next page, which employs 9 transmitters and 42 re-
ceivers.  Note that the receivers are mostly aggregated into groups of 4.  We have designed RF circuit boards 
as part of the JAII transition task described in R3-A.3 which incorporate four receivers with the tightest pos-
sible spacing.  Using these custom boards allows for close packing of receivers. Four of these quad-receiver 
subarrays are indicated with blue ovals in Figure 18 on the next page, with another four symmetrically posi-
tioned on the right side of the array, and with 10 single receivers. Figure 19 on the next page shows the image 
of a simple torso pro ile.  Aside from diffuse clutter with intensity less than about -10 dB, the reconstruction 
is fairly accurate and comparable to the full array case of Figure 17(a).

  (a) 7 Tx / 150 Rx antenna     (b) 9 Tx / 50 Rx Antenna

Figure 17: Elliptical torus Blade Beam imaging of torso contour for: a) Dense array with 7 transmitters and b) Sparse 

non-uniformly spaced array with 1/3 the number of receivers and 9 transmitters.
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C. Major Contributions

A full analysis of the ideal multi-view, multistatic imaging architecture has been conducted.  It was deter-
mined that for a stationary AIT sensing system, even with intelligent sparse element array spacing, thou-
sands of receiving elements are always necessary. Even if the cost of radar modules and A/D converters falls 
by an order of magnitude, the overall cost of a full 360 deg. head-to-toe non-moving scanner would be more 
than $1 M. Measurement time is increased with sophisticated moving antenna arrays, but the hardware and 
computational costs are reduced considerably.
We generated simulated data and applied experimentally measured data for our moving re lector-based AIT 

Figure 18: Optimal feed array confi guration with 9 transmitters and 42 receivers, each pointing toward the refl ector.

Figure 19: Image of torus contour reconstructed from modeled data, using the reciprocity PO model, and optimal radar 

feed elements:  9Tx / 42 Rx.  Ground truth indicated with green curve.
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imaging system. A more ef icient way to build the scattering matrix for the re lector antenna system based on 
Lorentz Reciprocity was conceived and implemented. The radar antenna element placement in the feed array 
for the new system has been optimized to reduce hardware using a simulated annealing algorithm. 

D. Milestones

Now that the optimal sparse receiver / transmitter feed array has been computationally determined, we 
will begin to work with R3-A.3 to realize this con iguration in practice. While building the array falls within 
that project, modifying individual element positions to accommodate the inevitable physical spacing and 
support constraints, while preserving the idelity of the radiation pattern, falls on R3-A.2 (this project).  Once 
the hardware is in place, another research barrier to overcome is the simultaneous calibration of multiple 
receiver and transmitter modules.  With the original Blade Beam re lector system, described in R3-A.1, only 
a single transmitter and a single moving receiver were used.  A single calibration step was required to ix the 
phase offset between the two.  With the new torus re lector system, 9 transmitters and 42 receivers must be 
con igured with appropriate phase offsets for each Rx/Tx pair.  This will require the development of a fast, 
ef icient, and reliable algorithm.  Finally, once the system is fully con igured and calibrated, there will be 
constant cooperation with the measurement campaign in R3-A.3 to develop the fastest, clearest, and most 
accurate images of body surfaces under clothing.

E. Future Plans

1. Support project R3-A.3 to establish a fully operational, vertically translating wide ield of view AIT 
imaging and surface reconstruction system.

2. Incorporate dielectric material characterization into L3 ProVision platform as well as others.
3. Implement and optimize multistatic FFT-based imaging algorithm for sparse arrays.
4. Extend ray-based reconstruction for 3D multistatic radar geometries.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internships, Jobs or Research Opportunities

Research Experience for Undergraduates (REU): 2014: Thurston Brevett. 
Undergraduate students currently participating in this project: Jenna Czech, Bruno Costa and Alastair Abra-
han.

B. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

NSF Young Scholars (high school students): Shiva Nathan and Lingrui Zhong.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Improved imaging with reduced dihedral artifacts will result from using multiple transmitters and 
receivers, as implemented in the research.

2. The toroidal re lector setup, as implemented in this research reduces hardware complexity, relaxes 
computational burden, improves resolution, reduces artifacts, increases system gain, and reduces 
false alarms.
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3. The fast antenna modeling, as demonstrated in this research, provides for ef icient sparse array po-
sition optimization to reduce scanner radar hardware costs.

B. Potential for Transition 

1. Dielectric “material-on-skin” characterization algorithm incorporated into existing mm-wave por-
tals (e.g. L3 ProVision) will provide greater characterization of concealed threats, reducing prob-
ability of false alarm.  This concept, which was described in the 2014 R3-A.2 and the 2015 R3-A.3 
project reports has been approved for DHS Task Order funding, with collaboration with L3 Commu-
nications, Inc.
Direct ray-based inversion provides instantaneous images of gross subject shape and orientation, 
and can be easily implemented on existing systems, including the wideband mm-wave L3 ProVision 
system. Using the already measured time of light (TOF) of wideband pulses from transmitter to 
scattering object point, and then back to collocated monostatic receiver, a circle of radius TOF/2c 
(with c being the speed of light), centered at the transceiver can be drawn.  With multiple monostatic 
transceivers, the circles associated with each transceiver at the specular points can be concatenated 
to reconstruct the object surface.  This is illustrated in Figure 20.  Given a 2D irregular but slow-
ly-varying contour shown in Figure 20a, along with a vertical array of transceivers, the objective is 
to reconstruct the contour given TOF from each transceiver.  The rays from the 28 uniformly-spaced 
transceivers that are each normal to the contour are shown in Figure 20b.  The length of each ray 
corresponds to the measured TOF.  

    (a)    (b)       (c)         (d)

Figure 20:  a) Object contour to be scanned and reconstructed by array; b) ray paths from each array element to the 

object contour, intersecting at specular points so that the refl ected rays return on the same path as the incident rays; c) 

circles for each element, drawn with radii equal to path lengths to the contour; and d) detail of contour reconstructed 

from closely sampled circles.
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To reconstruct the contour, a circle is drawn for each element with its radius being the distance from 
the element to the corresponding specular point on the contour, and with its center being the ele-
ment position.  This is shown in Figure 20c.  Since the rays in Figure 20b are circle radii and are each 
normal to the contour, the circles are each tangent to the contour.  The contour is superimposed on 
the circles on the left side of Figure 20c to show the excellent agreement of the resulting reconstruc-
tion.  The right side of the igure indicates that there are no signi icant gaps in the reconstruction.  
It is interesting to note that even though the rays may be widely spaced (as in the convex regions of 
Figure 20b), the reconstruction is smooth and accurate.  Figure 20d shows a detail of adjacent circles 
and the smoothness of the reconstruction.
The reconstruction procedure will be extended to 3D using spheres in place of circles, with smooth 
surfaces joined from the closely positioned spheres.  This algorithm is practically instantaneous, 
requiring no additional memory.

2. A surface pro ile algorithm improves depth identi ication processing to supplement projection 
views with color-coding. Transitioning this graphical paradigm to advanced AIT systems enhances 
visualization (see Fig. 21).

C. Transition Pathway

We are pursuing OEM companies to determine potential needs and ways our research can complement their 
systems.  We have succeeded in partnering with L3 Communications, Inc. and Rapiscan on joint proposals 
and a $1M task order is pending to translate the above research results into potential product enhancements 
for our commercial partners.

D. Customer Connections

• Simon Pongratz: L-3 Communications, Inc., Woburn, MA
• Daniel Strellis, Jay Patel: Rapiscan, Sunnyvale, CA.

Figure 21: Reconstructed cloth-covered torso surrogate with affi  xed metal and explosive simulant objects, and photo-

graph of true test objects.
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