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II. PROJECT DESCRIPTION

A. Project Overview

The first subproject addressed in Project R3-A.2 supports the hardware in Project R3-A.3 by optimizing, 
analyzing, and developing inversion code for the best antenna array configuration to feed the elliptical torus 
reflector. The element positions in the array must be physically realizable in element size, prevent blockage 
by adjacent elements, illuminate all of the possible target surface, and be sufficiently dense to avoid holes in 
the reconstruction. Others have suggested random or pseudo-random element patterns, which coupled with 
pattern variation with frequency, might provide complete coverage for all possible target points, each with 
sufficient frequency bandwidth. Instead, our approach specifies a denser, but well-established illumination 
pattern. We require more elements, but we can guarantee that no points will be missed in the reconstruc-
tion. In addition, with the proposed Fourier-based inversion processing, our approach will be extremely fast, 
avoiding supercomputer processing that other approaches require.
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The second subproject addressed in Project R3-A.2 is a novel non-iterative model based on ray analysis to 
characterize non-metallic, weak dielectric objects (like the development of threat objects) on the surface of a 
highly conducting background (like the human body) using a focused continuous millimeter-wave sensor. For 
a simple constant thickness dielectric slab on a ground plane, there are five primary scattering phenomena 
that must be considered.
The third subproject is the development and use of a ray-based reconstruction algorithm for multi-monostat-
ic millimeter-wave radar systems which utilizes time-of-flight data from groups of adjacent transceivers to 
generate a point cloud representing the target being scanned. Since this reconstruction algorithm uses only 
the time-of-flight data for specular reflection points, it is less computationally demanding than conventional 
methods.
The fourth subproject is a new 2.5D quasi-axisymmetric Finite Difference Frequency Domain (FDFD) algo-
rithm specifically developed for electromagnetic sources having arbitrary locations and polarizations. This 
advance greatly extends the previously developed strict 2D axisymmetric modeling (for bodies of revolution), 
which requires on-axis or azimuthally-symmetric source distributions. We can now quickly model computa-
tionally problems with off-axis focusing, asymmetric point sources, and arbitralily polarized sources, Field 
expansions in sinusoidal modes are required, so multiple discretized Helmholtz operators A(m) must be 
constructed and inverted for each mode index m. Although convergence of the background and total fields 
can be relatively slow, particularly in the vicinity of the ring sources used in the expansion, convergence of 
scattered fields is reasonably fast. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The strengths identified by the Biennial Review panels included general modeling capability and algorith-
mic implementation of existing and new AIT scanning systems. Since our models can accurately predict the 
response from all types of concealed objects of any shape and size, and our algorithms have the flexibility to 
tune in on previously unidentified scattering features elucidated by these models, our software is particularly 
valuable for getting the most out of existing AIT systems, and for designing improved systems going forward.
The only identified weakness of this project was the sparse array optimization method. We have developed a 
specular reflection transmitter/receiver combination optimization method to ensure that all possible reflec-
tions from the target are captured.

C. State of the Art and Technical Approach and Major Contributions in Year 4

C.1.	 Accelerated	Reconstruction	of	Reflector-Based	mm-Wave	Radar	Imaging

The waves reflected by the Northeastern University Advanced Imaging Technology elliptical toroidal reflec-
tor are well approximated as cylindrical waves, converging on a focal line passing through the secondary 
ellipse focus. In the horizontal plane, the waves can be considered as 2D plane waves. As a torus, the reflector 
generates these 2D plane waves that propagate in the direction along the line from any primary focal point to 
the center of revolution. One advantage of this incident field geometry is that the fields incident on the target 
object are already specified entirely in terms of angle, rather than source position, making Fourier-based 
inversion particularly suitable.
We have assume initially that there are 5 transmitters positioned at 0, +/- 26.4, and +/- 52.8 degrees at radius 
51 cm, and 64 receivers capturing information every 1.8 degrees. Ray paths for this geometry (in alternating 
colors for visual clarity) are indicated in Figure 1 (on the next page) for the 0 degrees transmitter excitation, 
reflection of the collimated rays from specular points on the circular target object at radius 15 cm, traced 
back to reflector points, then reflected to true receiver positions at radius 55 cm. The final segment on each 
ray path is from the receiver back along the angle corresponding to receiver/rotation center angle. A detail of 
the ray paths at the target object is shown in the lower figure. The parallel rays from the centered transmit-
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ter each reflect from the intersected torso target contour point at the specular angle corresponding to a ray 
parallel to one of the 64 receiver/reflector center rays. Thus, each of these transmitted rays is received by a 
separate receiver, and each intersected target point is illuminated and observed. This leaves few holes in the 
reconstruction.

With this antenna array element configuration, we balance the complete and even sampling of specular re-
flection points on the target object (approximate human torso) with a uniform and maximal coverage of the 
target surface. The implementation of the specific array geometry is described in Project R3-A.3.

C.2.	 Material	Characterization	for	Focused	Continuous	Wave	Radar	Scanning	Systems

A novel, non-iterative, analytic method has been developed to characterize the thickness and refractive index 
of a dielectric slab using a continuous-wave (CW) radar system with a Fresnel reflector aperture [1]. The sys-
tem focuses the signal on a set of focal points in 3D space and measures the return signal. 
The radar system can be modeled in two dimensions by an array of point sources with adjusted phase along a 
horizontal line above the ground plane on which the dielectric sits. It is assumed that the array has the same 
phase adjustment on transmission and reception, and that the dielectric is ideal and has unknown thickness 
and permittivity.  

Figure 1: Ray paths for elliptical torus reflector (top view of horizontal central plane) showing rays originating at feed 
arc at roughly one-half the reflector radius, reflecting from the circular reflector contour, then intersecting the target 
circular arc with radius about 1/6th of the reflector radius at the same points as the collimated rays from the central 
transmitter (detail in lower figure). Snell’s Law of reflection is maintained for these two sets of rays. The essential obser-
vation is that the intersection points are evenly spread across the target, ensuring no target points go uninterrogated.
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When a focused wave is sent from the transmitter array toward the dielectric slab, it will scatter from two 
interfaces: the ground plane interface at the dielectric bottom surface and the dielectric/air interface at the 
dielectric top surface. Neglecting additional scattered fields inside the dielectric, five dominant scattering 
phenomena emerge from this model with three material constant interfaces: at the dielectric top surface, at 
the ground plane, and at the dielectric image surface; and their associated reflections. 
Figure 2 shows a slab of dielectric of thickness d on top of a metal ground plane and a horizontal transmitter/
receiver array located at a distance H above the ground; the transmitter array focuses to different depths 
into the air and the dielectric. Considering the image of the dielectric and antenna array relative to the metal 
ground plane, there will be three scattering interfaces.

The novel aspect of this work is that by limiting the scattering at interfaces to single points along the range 
axis generated by using a focused one-dimensional array, we can straightforwardly predict what the received 
signal should look like from a given dielectric thickness and refractive index. Considering only the first re-
flection from the dielectric top surface or its image, Figure 3 shows the five scattering phenomena to be 
considered.  

In the first case, we assume that scattering occurs at the top surface of the dielectric. The rays scatter back 
to the receiving array (Case 1A) and forward into the dielectric (Case 1B). In Case 1A, the path travels only 
through the air, with the same path length on transmission and reception. This received signal is scaled by the 
scattering cross-section, approximated by the reflection coefficient of the dielectric, about -0.25.
In Case 1B, using image theory to analyze the ray paths, the images of the dielectric slab and receiving array 

Figure 2: Schematic of the problem.

Figure 3: Scattering phenomena mechanisms.
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replace the ground plane. The transmitted rays now begin at the source, scatter at the dielectric/air interface, 
pass through the double wide dielectric slab, refract from inside at the image interface (with intensity multi-
plied by the transmission coefficient), and finally point to the receiver array image.
In the second case, the scatterer is located at the image surface of the dielectric; rays refract through the 
true dielectric surface to scatter at this point. Again, contributions to the signal come from both backscatter 
(Case 2A) and forward scattering (Case 2B) at the image interface. In Case 2A, the backscattered rays refract 
back through the surface and return to the true receiver array; in Case 2B the forward scattered rays travel 
through air to the image receiver array. Note that the scattering at the image of the dielectric/air interface 
has a coefficient based on the material contrast that is equal and opposite to the scattering coefficient of Case 
1A above.
With a scatterer at the ground plane (Case 3), the signal reflects from the ground plane back to the receiver 
array with no image involved.  The ray paths into and out of the dielectric are refracted, and the transmission 
coefficient must be applied for each refraction.
The coherent addition of all these signals (with appropriate choice of wavenumber k), for Cases 1A, 1B, 2A, 
2B, and 3 – gives the final signal received by the array.
For Cases 1A, 2A, and 3, the backscattered paths are the same as the incident paths, so one would expect 
strong responses for these scattering phenomena. For Cases 1B and 2B, the forward scattered paths are 
different from the incident paths, so these cases will be relatively incoherent and unfocused for the sensing 
system.
Mathematically, there are several path lengths to compute for each contribution to the signal. The first (r1 in 
Fig. 4) is the distance from a particular transmitter through the air to the surface of the dielectric at (0, d).

where xi is the horizontal distance from a particular transmitter to the central axis, h= H-d is the distance from 
the transmitter array to the dielectric slab, and d is the thickness of the slab.

In Figure 4, r2 and r3 are the reflected paths of rays when the array is configured as if to focus at points inside 
of the dielectric. The rays refract to hit the ground plane and image surface at distances d and 2d below the 
top dielectric surface.
The electric path length traveled inside the dielectric (the blue path in Fig. 5 on the next page) is given by nR’’, 

Figure 4: Ray path calculations.

(1)
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where R’’ is the physical distance traveled inside the dielectric and n is the refractive index of the dielectric. 
This electrical distance is equivalent to the physical distance nR’’ for a ray continuing through air instead, 
shown by the red arrow extending below z=d.

The extended ray ends at a point (xe, ze). For rays starting from different points (xi), there are different (xe, ze) 
points, but all of these points lie on an ellipse given by [2]:

The path length can be found by taking the distance from (xi, h) to (xe, ze):

Moreover, the line between the two points (xi, h) and (xe, ze) is normal to the ellipse, implying:

Substituting xi from equation (4) and xe from equation (2) into the path equation and simplifying, gives:

The values of r2 and xi in (4) and (5) can be plotted parametrically against each other in terms of ze. This 
complicated relationship between r and xi can be approximated very closely by a simpler equation for path 
in terms of x:
           
      

where S and z0 are constants: –z0 is the depth below the air/dielectric interface corresponding to the array 
focal point in air which produces the true focus in dielectric at the depth d, and S is the phase offset that 
compensates for the extra path length to the more distant focal point. This approximation can be made by 
choosing two points along the parametric curve of xi and r2 (for example, ze= –dn and ze= –pdn, where p is the 

Figure 5: Wave-front calculations.

(2)

(3)

(4)

(5)

(6)
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fitting parameter between 0 and 1), inserting them into (6), and solving for z0 and S. These values for S and z0 
can be substituted into equation (6) to find the approximate path length formula as a function only of antenna 
position xi:

and

To find r3, the path length to the image dielectric surface, the ellipse method can again be used, substituting 
2d for d, as the dielectric and its image form a slab with twice the thickness. 
For example, for array distance h = 80 cm, array width 2xi = 100 cm, dielectric slab thickness d = 3.7 cm, and 
index of refraction n =1.73, the fitting parameter can be chosen to be p = 0.92. The parametric equation in 
terms of ze and the approximation in terms of S = 4.34 and z0 = -2.05 match almost exactly in the desired range 
of xi. The error of the approximation (Fig. 6) in this range is less than 0.003 cm.
Therefore, using (6), the path lengths r2 and r3 can be found simply and accurately in terms of the antenna 
array position. It is fortuitous that the form of (6) is similar to the form for rays focused in air from a linear 
array. The signal from each component can be calculated given these path lengths. For the various values of r 
(r1, r2, or r3) the corresponding focused sum S1, S2, S3 is given by:

where k represents the wavenumber and Φ represents the phase for the ith antenna element.

The total signal from each scattering component can be found by multiplying the values of Sn on transmission 
and reception for each scattering case with the appropriate transmission and scattering coefficients: 

where Γ is the scattering coefficient of the dielectric, and T1 = 1 + Γ1 and T2 = 1 + (–Γ) are the transmis-
sion coefficients. Scattering from air into dielectric multiplies by a coefficient of Γ; scattering from inside the  

(8)

(9)

(7)

Figure 6: Error of path length approximation, for h = 80 cm, maximum xi = 50 cm, d = 3.7 cm, and n =1.73.

(10)
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dielectric to air multiplies by –Γ; refraction into the dielectric multiplies by a coefficient of T1, while refraction 
out of the dielectric multiplies by T2.
The most speculative scattering assumption being made with this ray analysis is that the scattering from 
an interface occurs as if all incident rays were focused at a point on the interface, even when the focus point 
might be nearby but not exactly on the interface.  The scattering from a point scatterer is straightforward to 
model with rays, and with a focused illumination with all rays converging on a single point on an interface, 
this is an effective approximation.  Once the focal point leaves the surface though, the illuminated region of 
the surface is no longer a small point, and the scattering from the surface is no longer that of a point scatterer;   
however, if the focal point is not too far from the surface, the rays will still converge, approaching each other 
with small separation, and their respective phases will be almost the same. The scattering from a single point 
on the interface will still reasonably represent the scattering from the partially focused spot. The intensity 
variation of the scattering with distance from the interface will be close to true values past the half-power 
point, although the side lobe locations and levels will be inaccurately predicted. For the purposes of identify-
ing locations and pulse widths of the reconstructed signals, this approximation is acceptable.
In order to solve the problem computationally, a two-dimensional finite difference frequency domain (FDFD) 
method is used to generate field solutions in free space, dielectric half space, and dielectric layer on metal 
background. Computed fields are accurate to the second order in the spatial sampling interval [3]. Assuming 
an array of 153 point sources with appropriate phase and horizontal polarization as the excitation source, we 
simulate an aperture with 100 cm width located at 80 cm above the ground plane. The focused response is 
considered as a summation of the calculated scattered field at point sources multiplied by the transmit phase 
for each array element.
For a laptop computer with 16 GB memory, this simulation takes 12 hours for 25 focal points above and 
below the ground on the z-axis. Figure 7 (on the next page) shows the total wave magnitude distributions 
near the focal region for Case 3, with array phase specified to focus at the bottom of the dielectric slab with 
relative permittivity of 3.0. Clearly, the maximum response in air occurs when the waves are focused at 1.6 
cm (z0 = 21 cm) above the nominal position of the ground plane (Fig. 7(a)), while the real focusing through 
the dielectric at a depth of –d is on the nominal ground plane (shown in Fig. 7(b) for a dielectric half space 
to remove scattering from the ground plane). Note the increased backscatter relative to the uniform air case 
shown in Figure 7(a) above the dielectric interface at z = 0.037. Figure 7(c) shows the total field intensity for 
the full geometry with 3.7 cm thick slab and ground plane. The backscatter in this case is significantly greater 
than for the dielectric alone. This is due to the strong reflection from the metal ground plane.
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The graphs plotted in Figure 8 (on the next page) resulting from these mathematical models were compared 
to 2D FDFD simulation results and to data from a real eqo scanner, manufactured by Smiths Detection. The 
eqo system employs a large two-dimensional Fresnel reflector array of electronically activated scattering 
panels, which produces a tightly focused rapidly raster scanned spot [1]. 

Figure 7: Total field magnitude simulations at 24.16 GHz for focusing in air at z = 0.021m when the geometry is: (a) 
uniform air, (b) air and dielectric (n = 1.73) half space z < 0.037m, and (c) air, dielectric 0.037 m thick slab over metal 
ground plane.
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The 24.16 GHz CW focused spot scatters on or near the target surface, and then returns to the same array 
and the receiver co-located with the transmitter. The experimental system measured three cases: bare metal 
ground plane, and the ground plane with two affixed dielectric slabs (3.7 and 5.7 cm thick) with a relative 
permittivity of approximately 3, at a distance of approximately 80 cm from the array. Figure 8(a) compares 
the modeled and simulated (blue and green) and measured (red) responses with the maximum magnitude 
of the model normalized to fit the measured value. Figures 8(b) and (c) plot the measured, FDFD simulation 
for ε’ = 3.0, and ray model responses for slabs with dielectric constants of both 3.0 (dark blue) and 2.9 (light 
blue), showing the sensitivity of the model to slight changes in dielectric constant.

Figure 8: Comparison of the response versus range along the axis of symmetry of the ray model with n = 1.73 and 1.64, 
the 2D FDFD simulation with n = 1.73, and the experimental measurements of Smith’s eqo system at 24.16 GHz for 
(a) bare metal plate, (b) metal plate with affixed 3.7 cm thick dielectric slab, and (c) affixed 5.7 cm thick dielectric slab.
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As can be seen, the pulse shapes and positions of each graph are very similar, with practically identical widths 
among the models of 4.7, 5, and 4 cm for the three different cases, showing the dependence of dielectric slab 
thickness. The side lobe levels have the worst agreement, probably due to the simplified two dimensional na-
ture of the models; however, the main features of the responses—pulse position and width—are accurately 
predicted by both the computationally intense FDFD model and the extremely fast ray model.  

C.3.	 Time	of	Flight	Fast	Inversion

The most commonly used systems are multi-monostatic, using moving arrays of transceivers to screen pas-
sengers [4]. Each transceiver doubles as both a transmitting and receiving device, which reduces the com-
plexity and cost of the scanner. A typical system uses vertical linear arrays of transceivers that move in a 
circular path around the person being scanned [5]. In current systems, the time of flight of the scattered 
wave is collected for analysis. One disadvantage of such systems is that they use computationally demanding 
synthetic aperture radar (SAR) reconstruction algorithms [6]. As a result, scanners that must quickly screen 
large volumes of people require expensive high-performance computers.
An alternative for millimeter-wave multi-monostatic radar nearfield imaging is to assume that the received 
signal for each transceiver is due to reflection from only those target points whose normals coincide with the 
incident and reflected rays (the specular target points). Ray tracing is most effective for short wavelengths 
and slowly varying target objects. In such a system, the time elapsed between a pulse of mm-waves being 
transmitted and the pulse being received is recorded. It is assumed that the pulse radiates spherically. Mul-
tiplying the time of flight by the speed of light gives the total distance travelled by the pulse as it leaves the 
transceiver, reflects from the target, and returns to the transceiver. Dividing this distance by two gives the 
distance from the transceiver to the specular point on the target that reflected the pulse. The ray distances 
recorded by each transceiver can then be analyzed to reconstruct the surface being scanned. Since the ray-
based algorithm presented in this report avoids solving large systems of equations, it is much less computa-
tionally intensive than typical SAR techniques.
A ray-based reconstruction algorithm was developed to recreate the scanned surface using the time-of-flight 
data. First, a two-dimensional (2D) algorithm was developed. This algorithm takes data from a single linear 
array of transceivers and uses it to reconstruct a target contour that lies in the same plane as the transceiver 
array. This setup can be seen in Figure 9 (on the next page). Since the incident and scattered rays from and to 
each transceiver in the array must be normal to the differential contour element containing the specular scat-
tering point, that contour element must lie tangent to a circle centered at the transceiver with radius equal to 
half the time-of-flight times the speed of light. These circles for each of a sample of transceivers are shown in 
green and magenta in Figure 9. In the cases where multiple responses are recorded, the green circles repre-
sent the first received pulse, and the magenta circles represent the second received pulse. The second pulse 
information is necessary to reconstruct concavities.
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The 2D reconstruction algorithm works by analyzing groups of three consecutive transceiver responses, 
which are treated as three circles centered at their respective transceivers. The algorithm finds a tangent cir-
cle that intersects once with each of the three transceiver responses. Then, the middle circle intersection with 
this tangent circle is added to a list of points to include in the reconstructed contour. This process, repeated 
for every triplet of consecutive transceiver responses, is illustrated in Figure 10. The end result is a list of 
points that, after filtering to reduce dihedral artifacts, define the reconstructed contour.

The three-dimensional (3D) algorithm was developed by extending the 2D algorithm to three dimensions. 
This was done by treating transceiver responses as spheres instead of circles. When this is done, the task of 
finding a circle tangent to three input circles changes to finding a torus tangent to three input spheres with 
collinear centers. When the intersection of the torus and center sphere is found, a circle lying in a plane par-
allel to the ground is produced instead of a point. This process can be visualized by revolving the diagram 
in Figure 10 about the transceiver mast. In order to reduce the set of possible locations of the reconstructed 

Figure 9: Transceivers on a vertical mast, time-of-flight responses converted to distance and displayed as circles, and 
repesentative human profile target contour (units in meters).

Figure 10: Two-dimensional reconstructions algorithm. The pink dot is added to a list of points to include in the recon-
structed contour.
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point from a circle to a point, the above process is repeated with three transceiver responses that neighbor 
each other horizontally. These responses are obtained by a single transceiver as it is translated. This yields a 
circle that is on the center sphere, but lies in a plane perpendicular to the ground. Finding the intersections 
of this circle with the circle obtained from the vertically neighboring transceiver responses yields two points 
on the center sphere. One of these points will lie outside of the scanner and is discarded. The point inside the 
scanner is added to a list of points that, after filtering to reduce dihedral artifacts, will define the reconstruct-
ed surface.
A human body target was scanned using two simulated vertical arrays containing 196 transceivers each: one 
sweeping a 1 meter, 120° arc in front of the target, and one sweeping a 120° arc behind the target. The ar-
ray measurements were obtained geometrically from a ray-based forward problem simulation. Side-by-side 
views of the original target and the reconstruction are provided in Figure 11 and Figure 12. Black points were 
reconstructed using data from the array that sweeps in front of the target, and blue points were reconstruct-
ed using data from the array that sweeps behind the target. Although some dihedral artifacts remain after 
filtering (a physically unavoidable disadvantage of monostatic radar), the results seem promising. Since each 
surface point position is computed explicitly, this system gives an almost instantaneous overall surface re-
construction and offers insight regarding which parts of the body are effectively imaged by today’s scanners.

Figure 11: Front view. Original target (left), and reconstruction (right). 

Figure 12: Side view. Original target (left), and reconstruction (right).
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C.4. 2.5D Quasi-Axisymmetric	Finite	Difference	Frequency	Domain	(FDFD)	Modeling

2D Axisymmetric Finite Difference Frequency Domain (2DAFDFD) codes are very useful for problems with 
cylindrical (φ-independent) geometries; when appropriate, they generate substantial computational savings 
in speed and storage compared to more general 3DFDFD methods. Unfortunately, the “strict” 2DAFDFD al-
gorithm requires all sources to be axisymmetric—as well as the underlying geometry—limiting problems to 
those with on-axis z-polarized sources (for example, φ-independent electric or magnetic Hertzian dipoles); 
z- or φ-directed uniformly and continuously-distributed sources at specific radii ρ[7]; or inwardly- or out-
wardly-propagating spherical or cylindrical waves. These permitted sources are not especially useful; even 
worse, plane wave sources (including normally-incident plane waves) and x- or y-directed dipoles are disal-
lowed in 2DAFDFD codes because their polarizations cannot be described axisymmetrically. 
A new 2.5D quasi-axisymmetric FDFD (QAFDFD) code relaxes these restrictions on sources, allowing them 
to have arbitrary distributions (any φ	dependence) and any polarization. Scattering resulting from arbitrary 
plane waves and offset dipole source distributions can therefore be readily modeled with this new code, al-
though the underlying spatial geometry must still axisymmetric. 
The QAFDFD code requires all fields to exhibit sinusoidal variation in φ	 such that   
where F and     are generic field quantities and m is an integer mode index for problems that span the en-
tire angular coordinate [8]. The φ	 derivatives in Maxwell’s equations are also replaced: . 
This ansatz frees us from the need to discretize Faraday’s and Ampere’s laws in the φ	coordinate, but all 
sources must be similarly decomposed: . The QAFDFD algorithm therefore 
requires separate sparse discretized Helmholtz operator matrices A(ρ,	 z;	m) generated on the usual 2D 
Yee grid [9] for each mode m linking the field distribution X(ρ,	z;	m) with the source b(ρ,	z;	m) such that 
A(ρ,	z;	m)⦁ X(ρ,	z;	m)= b(ρ,	z;	m). The total fields are given by

 
. The 2DAFDFD 

algorithm is a simplified form of the QAFDFD algorithm for m = 0. For many source distributions, a relative-
ly modest number of m	values will be required for convergence, particularly if only scattered fields are of 
interest. The fields for each mode X(ρ,	z;	m) must be solved independently; the A(ρ,	z;	m) matrices may not 
be combined a priori although multiple sources with the same m	dependence may be organized as columns 
within b (ρ,	z;	m). 
FDFD codes generally use a Perfectly Matched Layer (PML) [10, 11] to terminate the computation-
al region. The boundaries at z = zmin, zmax and ρ = ρmax use the PML directly. For the ρ = 0 boundary, 
Ei(0, φ, z) = Ei(0, φ	+	π,	z) for even m field components since all fields have exp(imφ) dependence, while   
Ei(0, φ, z) = −Ei(0, φ	+	π,	 z) for odd  m	components. The cylindrical form of Maxwell’s Equations implies 
that    

because the ρ- and φ-directed fields must remain single valued as ρ → 0. Conversely, for odd values of m

The 2DAFDFD matrix A(ρ,	z) = A(ρ,	z;	m	= 0)  has size NρNz ×  NρNz where Nρ and Nz are the number of grid 
points in the ρ	and z directions with PML regions included. By contrast, the QAFDFD code solves the three 
coupled “curl-curl” equations so the FDFD matrix A(ρ,	z;	m) has size 3NρNz ×  3NρNz and is therefore nine 
times larger than the 2DAFDFD A(ρ,	z) matrix. Rather than the five nonzero diagonals in A(ρ,	z), there are 15 
in A(ρ,	z;	m) and the bandwidth of A(ρ,	z;	m) is 6Nρ + 5, rather than 2Nρ + 1. 
Although the factor of nine is not an insignificant computational burden when comparing the 2DAFDFD code 
to its QAFDFD counterpart, a 3DFDFD computation of similar size taxes computational resources much more 
seriously.
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The simplest source distributions which have the appropriate exp(imφ)	variation are continuous rings of 
current elements located at a given radius ρ	= R and height z = zD with vertical, right circular, and left circular 
polarized forms proportional to                                          , and                           , respectively, with the first two shown 
schematically in Figure 13. These three sources are mutually orthogonal, and can be used to build any current 
source with sufficient terms in m. For example, an x-directed on-axis Hertzian dipole source is simulated by 
adding the RCP source with m	= 1 and the LCP source with m	= −1.

The QAFDFD algorithm is tested by comparing an axisymmetric-on-axis-source scattering problem with the 
same source and scatterer geometry rotated 90°. 2DAFDFD is used first to determine the total field from 
a z-directed dipole on the z-axis located 10 cm above a 5 cm radius metal sphere at the origin. QAFDFD is 
then used to find the fields for the non-z-axisymmetric problem of an x-directed dipole located 10 cm to the 
right of the same sphere. Figure 14 (on the next page) shows x-z and x-y slices of the total electric field of the 
x-directed dipole and one of the identical radial slices of the symmetric z-directed dipole. The two slices in 
Figures 14(a) and 14(b) are essentially the same as Figure 14(c) rotated by 90° so that the z-axis points in 
the x direction. The QAFDFD solution is the result of superposing 49 modes  (|m|≤24) of continuous RCP and 
LCP current elements located on a ring of radius 10 cm at z� = 0 yielding fields with ~1% rms error except at 
the singular dipole ring locations in the x-y plane. The scattered field (total field minus incident field) is even 
more accurate, without the increased error at the dipole ring. 

Figure 13: Ring of continuous source distributions with (a) vertical and (b) right circular polarizations.
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For the mm-wave AIT portal configuration, a test target geometry was considered to validate the model. Fig-
ure 15 shows the simple axisymmetric problem space with a 5 cm radius, 4 cm high TNT target resting on a 
conductive background ground plane surface, corresponding to human skin. Three 1 GHz CW point sources 
are positioned at the top of the image at z = 0, 30 cm above the ground plane. While the material is a body of 
revolution, the off-center radar sources are not, which indicates the advantage of the QAFDFD model.

Figure 14: Total fields from a Hertzian dipole (black arrow) on a 10 cm diameter PEC sphere at 10 GHz: (a) |Ex| for an 
x-directed dipole slice at y = 0; (b) |Ex| for an x-directed dipole slice at z = 0; and (c) reference solution |Ez| for a z-directed 
dipole solved using 2DAFDFD. The QAFDFD simulation has a grid spacing of 1.25 mm in ρ and (24 points per wave-
length) leading to 251400 × 251400 sparse A(m) matrices requiring a few seconds to invert for each m.

Figure 15:  Test geometry for QAFDFD validation, showing a radial cut of a 5 cm radius, 4 cm high cylinder of TNT rest-
ing on a conducting ground plane in air. The illuminating transmitters are 30 cm above along the φ = 0 half-plane, at 
radius 1, 21, and 41 cm.
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The x- and z-components of the scattered fields—corresponding to the difference between the waves gener-
ated with the cylindrical target present and absent—are shown in Figure 16 and Figure 17 (on the next page) 
for the independently excited x-directed short dipole transmitters at x = 0.01, 0.21, and 0.41 m. Note the 
increasing asymmetry with increasing transmitter distance from the target cylinder, and the strong specular 
reflection response (high intensity at z = 0 transmitter height, near x = -20 and -40 cm) when the transmitter 
is at x = 21 and 41 cm. While these results are not unexpected, the relative intensity, shape of the scattered 
field pattern, coupling from x-directed polarization to x-z polarization, and target edge diffraction effects are 
only available with a full wave model such as FDFD. The Quasi-Axisymmetric FDFD provides this needed field 
distribution detail without overwhelming the computational capacity of conventional computer systems.

Figure 16: Plan view of scattered x- (rows 1 and 3) and z-component (rows 2 and 4) electric fields at the top of the TNT 
target (rows 1 and 2), and on the plane just below the transmitters (rows 3 and 4), for three relative transmitter posi-
tions: practically above the target (column 1), 21 cm to the right (column 2), and 41 cm to the right (column 3).
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The 2.5D QAFDFD is suitable for bodies of revolution with arbitrary illumination and asymmetric scattering.  
QAFDFD provides high-accuracy propagation and scattering modeling for many typical geometries of inter-
est at a fraction of the computational cost of full 3D methods. 

D. Milestones

• We were not fully satisfied with the optimal space array design, so we have redoubled our efforts to im-
prove the element layout before building it. Our results are a significant improvement over what we had 
at the beginning of the year, but we will continue to optimize the array layout in Year 5.

• Our models and algorithms can always be improved. In Year 5, we will accelerate the Quasi-Axi-Symmet-
ric FDFD with the latest mathematical optimization approaches—in particular ADMM—implemented 
on special-purpose parallel hardware and recoded to take advantage of problem-specific and comput-
er-platform-specific considerations.

• We will design and write a fast FFT-based inverse scattering code which takes advantage of the reflec-
tor-based focused and collimated transmit and receive beam patterns. 

• Our automatic dielectric material characterization algorithms for slabs of concealed body-worn high ex-
plosives will be completed and validated.

• Finally, we will finalize the artifact-reduced, ultra-fast 3D body surface reconstruction using time of flight 
ray inversion.

E. Future Plans

The final outputs of this project as of June 30, 2018 will be:
• A sparse array element spacing map which provides the best 2D imaging (with stacking to produce 3D 

AIT images). This array will be optimized for minimal cost and processing, and to avoid overlapping ele-
ments without sacrificing image quality.

• A fast FFT-based inverse scattering code which takes advantage of the special focused and collimated 
illumination and detection beams. Fast processing is necessary for eventual real-time operation.

• Automatic dielectric material characterization for slabs of concealed body-worn high explosives that 
have low dielectric constant and low conductivity.

• Noise reduced, ultra-fast 3D body surface reconstruction using time of flight ray inversion.
• An accelerated Quasi-Axi-Symmetric Finite Difference Frequency Domain full-wave computational elec-

tromagnetics modeling code, which can quickly and accurately model any scattering from bodies of  

Figure 17: Depth view of scattered x- (row 1) and z-component (row 2) electric fields cutting through the side of the 
TNT target, for three relative transmitter positions: practically above the target (column 1), 21 cm to the right (column 
2), and 41 cm to the right (column 3). 
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revolution illuminated by arbitrary sources.
With additional time past Year 5, this project would:
• Model out-of-plane scattering for more accurate 3D imaging.
• Implement reconstruction on GPU-based parallel processors.
• Accelerate FDFD scatter modeling using ADMM multiprocessor coding.
• Develop a general theory of signal response from arbitrarily shaped dielectric material volume (rather 

than uniform thickness and planar slabs).
The next phase of this project would involve:
• Modeling and reconstruction in conjunction with Project R3-A.3 “On-the-Move” hallway nearfield radar 

detection systems for scanning at speed implementation. This modeling would include performance 
analysis of the antenna; 3D scattering of the body and objects attached to it; and the most challenging as-
pect, stitching together reconstruction of various views of a moving, walking subject with changing pose.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The value added to the Homeland Security Enterprise (HSE) by this research project is:
• To determine the best possible performance and imaging quality of portal AIT systems as a function of 

hardware (and thus hardware cost).  
• With better scanner design there will be fewer false alarms, higher throughput, better discrimination of 

potential threats, and a more efficient device layout at security checkpoints. 
• The ability—using various developed modeling approaches—to predict system performance and the de-

tectability of many targets in realistic environments. This in turn, guides the design of new systems and 
associated algorithms. Our library of models include forward and inverse models—relatively slow but 
extremely accurate—and ultra-fast models.

• Characterization of weak dielectrics that will rule-out non-explosives and avoid 80% of checkpoint pat-
downs. 

B. Potential for Transition and Transition Pathway 

We have been working collaboratively with Smiths Detection PLC on the dielectric “material-on-skin” charac-
terization algorithm. Our effective partnership includes semimonthly international telephone meetings with 
chief scientists at Smiths, and free exchange of measured data and modeled responses. The algorithms devel-
oped in this project are specifically tuned to existing scanning focused beam mm-wave portals systems. They 
will provide greater characterization of concealed threats, thereby reducing the probability of false alarms. 
This concept, which was described in previous project reports, has been approved as a two-year DHS Task 
Order. The science and implementation of the algorithm will be transferred to Smiths Detection and other 
commercialization partners, as a part of implementing the Task Order.
Direct ray-based inversion, which provides instantaneous images of gross subject shape and orientation, has 
been extended to three dimensional imaging. The inversion model can be easily implemented on existing sys-
tems, including the wideband mm-wave L-3 Communications ProVision system. Using the already measured 
time of flight (TOF) of wideband pulses from transmitter to scattering object point, and then back to a collo-
cated monostatic receiver, a sphere of radius TOF/2c (with c being the speed of light), centered at the trans-
ceiver, can be drawn. With multiple monostatic transceivers, the spheres associated with each transceiver at 

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.2



the specular points can be concatenated to reconstruct the object’s surface. The fast inversion algorithm may 
be transferred to L-3 Communications and other commercialization partners, as a part of implementing the 
Task Order.

C. Data	and/or	IP	Acquisition	Strategy

A provisional patent has been granted for the algorithms associated with the Smiths Detection eqo scanning 
system material characterization effort.

D. Customer	Connections

• Kris Rowe, Christopher Gregory, and Claudius Volz at Smiths Detection, Inc. (Edgewood, MD USA and Wi-
esbaden Germany); biweekly meetings, subcontract agreement as part of Task Order 7: Dielectric Char-
acterization for AIT.

• Jeff Gordon at L-3 Communications, Inc. (Woburn, MA); anticipated quarterly meetings.
• Daniel Strellis, and Jay Patel at Rapiscan (Sunnyvale, CA); quarterly meetings, previous contractual obli-

gation through John Adams Innovation Institute.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education	and	Workforce	Development	Activities

1. Student Internship, Job, and/or Research Opportunities
a. Two high school students, participating Young Scholars Program,  performed research on radar 

signal processing calibration.
b. Four Research Experience for Undergraduates (REU) students from Northeastern University 

performed research in algorithm development, data manipulation for image processing, and 
forward modeling of array-based mm-wave antennas.

B. Peer Reviewed Journal Articles 

1. Gonzalez-Valdes, B., Alvarez, Y., Mantzavinos, S., Rappaport, C.M., Las-Heras, F., & Martinez-Lorenzo, 
J.A. “Improving Security Screening: A Comparison of Multistatic Radar Configurations for Human 
Body Imaging.” IEEE	Antennas	and	Propagation	Magazine, Vol. 58, No. 4, August 2016, pp. 35-47. 
DOI:10.1109/MAP.2016.2569447

C. Peer Reviewed Conference Proceedings

1. Rappaport, C. “Improved Millimeter-Wave Radar Concealed-Threat Person Scanning.” Concealed Ex-
plosives	Detection	Workshop, Cambridge, UK, September 2016.

2. Sadeghi, M., Wig. E., Morgenthaler, A., & Rappaport, C. “Modeling the Response of Dielectric Slabs on 
Ground Planes Using CW Focused Millimeter Waves.” European Conference on Antennas and Propa-
gation (EuCAP), Paris France, March 2017.

D. Other Presentations 

1. Seminars
a. Sadhegi, M, Wig, E., and Rappaport, C., “Ray-Based Model for Material Characterization using 

mm-wave Scanner.” Advanced	Development	for	Security	Applications	Workshop, Nov. 16, 2016.
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b. Rappaport, C. “Improved Millimeter-Wave Radar Concealed-Threat Person Scanning,” Advanced 
Development	for	Security	Applications	Workshop, November 16, 2016.

1. Short Courses
a. Rappaport, C. “Phased Arrays for Nearfield Imaging Applications in Complex Media.” Short 

Course for IEEE	Phased	Array	Conference, October 21, 2016.

E. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Carey M. Rappaport, Ann Morgenthaler, & Jose Angel Martinez-Lorenzo. “Characterization of 

dielectric slabs attached to the body using focused millimeter waves.” Provisional Application 
No.62/316,002, March 17, 2017. 
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