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F2-B: Millimeter-Wave Standoff Detection of 
Concealed Explosives

Abstract— The goal of this project is the development and evaluation of an inexpensive, high 
resolution radar that can distinguish foreign objects hidden on individuals under clothing at 
a distance, while keeping the radar to a size that can still fit in or on a van. A new 3D system 
based on an sparse array of transmitting/receiving antennas and a Passive Array of Scatters 
(PAS) have been studied by our group recently, showing that a resolution of about 7.5 mil-
limeters at 40 meters range can be achieved with this novel configuration at 60 GHz. During 
the last year, we have also investigated the use of Mechanical Reconfigurable Surfaces (MRS) 
for providing multiple views of the subject under test at standoff distances.

I. PARTICIPANTS

Faculty/Staff

Name Title Institution Email Phone

Jose A. 
Martinez-Lorenzo

Research 
Professor

NEU jmartine@ece.neu.edu 617.373.2847

Carey M. Rappaport Professor NEU rappapor@ece.neu.edu 617.373.2043
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Valdes

Pos Doc NEU bgonzale@ece.neu.edu 617.373.8511

Students

Name Degree 
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Institution Email Intended Year of 
Graduation

Gregory Allan BS NEU allan.g@husky.neu.edu 2016

Ben Berkowitz BS NEU berkowitz.be@husky.neu.edu 2015

Galia Ghazi PhD NEU ghazi.g@husky.neu.edu 2013
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MS NEU rodriguezvaqueiroy@husky.neu.edu 2013

Richard Obermeier BS NEU richard.obermeier@gmail.com 2013

Fernando Quivira BS NEU f.quivira@gmail.com 2013

II. PROJECT OVERVIEW AND SIGNIFICANCE

As the problem of identifying suicide bombers wearing explosives concealed under clothing becomes in-
creasingly important, it becomes essential to detect suspicious individuals at a distance. Systems which em-
ploy multiple sensors to determine the presence of explosives on people are being developed. Their functions 
include observing and following individuals with intelligent video, identifying explosive residues or heat sig-
natures on the outer surface of their clothing, and characterizing explosives using penetrating X-rays [1] [2], 
terahertz waves [3, 4, 5], neutron analysis [6, 7] or nuclear quadrupole resonance (NQR) [8, 9]. At present, 
radar is the only modality that can both penetrate and sense beneath clothing at a distance of 10 to 50 meters 
without causing physical harm.
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The objective of this project is the development and evaluation of an inexpensive, high-resolution radar that 
can distinguish foreign objects hidden on individuals at a distance, and that can still fit in or on a van.  
During the last year, the following activities were developed in the areas of standoff detection of potential 
suicide bombers: 1) Numerical Analysis methods to simulate the performance of a 3D radar system and a 
Passive Array of Scatters; 2) Advanced signal processing and imaging for threat detection based on convex 
optimization (compressive sensing); 3) Hardware design and integration of a new standoff radar system.
In summary:
• This project will lead to an inexpensive, high-resolution radar system with special application to remotely 

detecting and identifying potential suicide bombers.
• This project explores new theories on the subject of signal processing algorithms for suicide bomber 

detection radar systems. Novel compressive sensing algorithms can significantly reduce the cost of the 
radar system and improve the quality of the reconstructed images.

• This project has the potential to be the first radar system that is capable of functioning at multiple ranges 
for both indoor and outdoor scenarios.  

III. RESEARCH AND EDUCATION ACTIVITY

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

A.1	-Introduction
Current first generation (1G) and second generation (2G) prototypes of mm-wave radar systems developed 
by our international research group and applied to the standoff detection problem produce two-dimensional 
(2D) images which map points across the chest of a target (integrated over the vertical extent of the radar 
beam) versus range (the distance between the radar and the target). Such images are based on a reconstruc-
tion of the reflectivity function using Synthetic Aperture Radar (SAR) processing. Our group has demonstrat-
ed that these images show clear signatures of concealed metallic structures at standoff distances of 10-20 
meters [10-13]. Specifically, our work has shown that a person not wearing metallic pipe bombs produces an 
SAR image that contains relatively smooth variation of pixel intensity across the chest of the subject, while 
a human subject wearing metallic pipes produces an SAR image that contains abrupt variations across the 
chest, with these variations corresponding to the positions of the metallic pipes. 
The challenge arises when the metallic pipes are replaced by other realistic explosive configurations, e.g.[TNT, 
RDX, PETN, HMX, C4, SEMTEX, ANFO, TATP] rods with or without shrapnel, which have an electromagnetic 
signature that is much less intense than that of cylindrical metallic pipes. Our former 1G/2G radar systems 
were not as successful at detecting these dielectric/shrapnel explosive signatures. The reason for this poor 
performance was that the non-instantaneous motion of the 2G receiving antenna used to create the linear 
synthetic aperture introduced random components motions that blur the SAR image, making the threat de-
tection of these structures unfeasible. 
In year 4, we studied the preliminary design of a third generation (3G) system. The system was composed 
of a two dimensional array of static transmitters/receivers and a Passive Array of Scatters (PAS) (see Fig.1). 
The imaging algorithms were based on the novel theory of Compressive Sensing. During year 5, we have en-
hanced the underlying modeling and improved the reconstruction algorithms needed for the full 3G system.  
Complementary funding was provided to ALERT through the John Adams Innovation Institute effort to build 
a preliminary, mechanically-scanned 3G prototype in collaboration with the local radar company HXI. The 3G 
system has the potential to revolutionize the way in which we detect potential suicide bombers at standoff 
distances. The main advantages of this system are the following: 1) the radar does not require motion and 
could record radar signals across the aperture practically simultaneously, thus eliminating the blurring ef-
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fect; 2) the radar produces three-dimensional (3D) images (i.e. resolves the chest in both width and height), 
therefore outperforming the (2D) images produced by the 1G/2G systems that only resolve well in range and 
horizontally; 3) the Passive Array of Scatters (PAS) enhances the resolution of the two dimensional array (i.e.- 
the 3G system can provide resolutions of 7.5 mm at standoff distances of 40 m); 4) multiple PAS enables the 
system to be working at multiple ranges, allowing the system to be reconfigured depending on the specifica-
tions of a particular application; 5) the radar should be capable of distinguishing dielectric structures (i.e. 
nitrate-containing and peroxide-based explosives within glass or ceramic casing) due to the higher resolu-
tion of the target area; 6) the 3D images should provide information that can be more easily interpreted by 
an operator of the system, resulting in improved probability of threat detection.
If the ALERT center is renewed by DHS, we will build the electronically-scanned 3G system with multiple 
transmitters and multiple receivers and PAS. Additionally we will study, design and implement the next 
generation focusing device at 
standoff distances based on 
multiple MRS. The system con-
figuration, the mathematical 
formulation for the imaging 
problem, and some numerical 
examples for this novel config-
uration are summarized in the 
following subsections.

A.2	-System	Configuration
A.2.1	 -	 System	 concept	 of	 op-
eration	
The proposed system configu-
ration is shown schematically 
in Fig. 1. It is composed of an 
inexpensive, high-resolution 
radar system that can distin-
guish foreign objects hidden 
on individuals at a distance, 
and that can still fit in or on 
a van. Additionally, a PAS is 
placed between the radar and 
the person under test in order 
to be able to achieve a super-
resolution radar system. The 
concept of using multiple PAS 
arrays over an imposed trajec-
tory (see Fig. 1(b)) – for per-
son movement in places like 
airport terminals or bus sta-
tions – provides the system 
with the option of re-configu-
rability so that it might be ap-
plicable to indoor scenarios at 
multiple ranges.  

(a)

(b)

(c)

Figure 1: (a) General sketch of our van-based, high resolution radar system 
and PAS for standoff detection of potential suicide bombers, (b) Artistic 
representation of the radar system and PAS, (c) Top view of the multiple-range 
concept of operation using PAS and MRS.
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A.2.2	System	parameters
Fig.2 represents a top view of the configuration and parameters of the system. The blue dots, on the left, 
represent the positions of the transmitting and receiving antennas. The radar is located on a square aperture 
of width L1, and the total number of transmitting/receiving antennas is  na. The orange dots, at the center of 
the image, represent the positions of the elements composing the PAS.  The PAS is also located on a square 

aperture of width L2, and the total number 
of elements on the PAS is  nd. The person 
under test is represented by the silhou-
ette on the right; and the reconstruction 
is performed by the imaging algorithm on 
a three dimensional volume, consisting in 
np pixels, enclosing the subject under test. 
The distance between the radar and the 
person under test is Z0, and the distance 
between the PAS and the person under 
test is Z2. The resolution of the radar sys-
tem, which is equal to the pixel size of the 
reconstructed image, is indicated by the 
parameter l; and the total number of pixels 
in the image is np. 

A.3	-	Mathematical	formulation	for	the	imaging	problem
A.3.1-Sensing	matrix
   The sensing matrix, used by the imaging algorithm, is computed by using a fast Physical Optics method. The 
system is a multiple mono-static configuration, in which each element of the array transmits and receives in 
different slots of time without interacting with the radiation of other elements in the array.  Under this con-
figuration, the sensing matrix  A  establishes a linear relationship between the unknown complex reflectiv-
ity vector pnCx∈  and the measured complex field data anCy∈ . This relationship can be expressed in a 
matrix form as follows:
     

where 
anCn∈  represents the noise collected by each receiving antenna. 

A.3.2-Imaging	algorithm	using	compressive	sensing	approach
The proposed radar system is designed in accordance with the compressive sensing theory [14-20]. In order 
to apply such principles for standoff detection of explosive related-threats, certain mathematical conditions 
must be satisfied by the sensing matrix  A  and the reconstructed reflectivity image x. These conditions can 
be summarized as follows [17]: 1) the sensing matrix must satisfy the Restricted-Isometry-Property condi-
tion, which is related to the independency of the columns of the matrix; and 2) the unknown reflectivity vec-
tor x must accept a sparse representation as a solution, which is related to the number of non-zero entries on 
the solution vector. The parameters of the systems can be modified until these two conditions are satisfied; 
the optimized parameters include the following: aperture length of the radar, aperture length of the PAS, 
resolution in the reconstruction plane, number of antennas on the radar aperture, number of scatters in the 
PAS, working frequency, separation between the radar and the PAS, separation between the PAS and the tar-
get. This optimization is done manually, but it is expected that such optimization process should ultimately 
be automatized.  
If the two aforementioned conditions are satisfied, then the reconstruction of the unknown vector can be 

Fig 2: Top view of the radar configuration. The blue circles on the 
left represent a thinned array of transmitter/receiver antennas; the 
orange dots on the center represent the passive array of scatters, 
which randomly redirect the energy of the radar towards the target; 
the person under test (target) is represented by the silhouette on 
the right.

(1)  ynx =+⋅A
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performed with a small number of measurements (transmitting/receiving antennas) by solving the following 
convex problem [20]:

where 1
x   represents the norm-one of the vector  x. In the particular case where x is not sparse, the prob-

lem can still be solved if one can find a discretized functionalW  , in which a sparse representation xp of the 
unknown vector x can be found through the following relationship: xxp W= . Therefore, the “Compressive 
Sensing” problem can be now be reduced to solving the following problem:   

A Total Variation (TV) functional  W  is used in this particular work [20]. The TV functional W  computes 
and adds the two directional gradients of the image x for each pixel; thus achieving a sparse representation   
xp	of the original image x. 
A.4-	Numerical	Example	1
A.4.1-Radar	configuration
The imaging principles described in 
the previous section are evaluated 
on two different scenarios (see Table 
1.): configuration #1, in which the 
distance between the radar and per-
son under test is ten meters; and con-
figuration #2, in which the distance 
between the radar and person under 
test is forty meters. Table 1. also summarizes all the parameters used for the numerical simulations. It is im-
portant to realize that in order to increase the range by a factor of four, from ten to forty meters, the length 
of the radar aperture must also be increased by a factor of four, and the number of antennas in such aperture 
must also be increased by a 60% factor, from five hundred to eight hundred. The size and the number of scat-
ters of the PAS is the same for both configurations, leading to the same system resolution of 7.5 millimeters. 
For the simulations in this work, a uniform white noise of 25 dB of signal to noise ratio is considered; and the 
working frequency of the system is 60 GHz.
A.4.2-Target	specification:	2D	imaging	and	3D	imaging
We have tested the performance of the system with 2D and 3D imaging algorithms. In the 2D imaging prob-
lem, a projection onto a two dimensional (2D) plane of the three dimensional geometry, -- a person with 
attached explosives-- is used as ground truth. This two dimensional simplification of the three dimensional 
problem allows for a fast reconstruction using only one frequency for the radar configuration (see Fig.3 on 
the next page).  Fig. 4 (a) on the next page shows the two dimensional projection of a person under test; and 
Fig. 4 (b) on the next page shows the same person with  two different types of explosive stimulants: two verti-
cal metallic pipes of high reflectivity, and one square made of TNT of low dielectric reflectivity. The colorbar 
in the image indicate the absolute value of the reflectivity divided by the average reflectivity on the whole 
image. During the last year, we have simulated a 3D problem, in which the imaging algorithm reconstructs a 
threat and a no-threat case as shown in Figure 5 on the next page.

(3)  

(2)  

PARAMETER CONFIGURATION #1 CONFIGURATION #2
Z0 2000λ = 10 m 8000λ = 40 m
Z2 250λ = 1.25 m 250λ = 1.25 m
L1 80 λ= .4 m 320 λ= 1.6 m
L2 250 λ = 1.25 m 250 λ = 1.25 m
na 500 800
nd 1000 1000
l 7.5 mm 7.5 mm

Table 1. Parameters for the numerical examples

yxtsx =A..min
1

bxtsx =AW ..min
1
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A.4.3-Reconstruction	results	
Fig. 6 (a) and (b) on the next 
page, shows the reconstructed 
image when traditional Fouri-
er-based SAR techniques [21] 
are used for the case of a per-
son without and with explo-
sive stimulants located at ten 
meters from the radar system 
(Configuration #1). This algo-
rithm did not use the PAS; and, 
therefore, the resolution of the 
system is limited to that of the 
radar aperture. The quality of 
the reconstruction is quite de-
ficient, and it is very difficult 
to discern the threat from the 
no-treat cases. Only an ampli-
tude-based algorithm could be 
used to distinguish between 
the cases. The threat case, con-
taining metallic pipes, shows 
some pixels with higher inten-
sity level than those of the no-
threat case. 
When the PAS is introduced 
and the norm-one minimiza-
tion is used for  the imaging 
algorithm, the quality of the 
reconstructed images, for both 
threat and no-threat cases, is 
substantially improved when 
compared to those produced 
by traditional SAR imaging al-

(a) (b)

Figure 4: Projection of the person under test used as ground truth by the imaging 
algorithm: (a) no-threat case, (b) threat case composed of two metallic pipes with 
high reflectivity and TNT square of low dielectric reflectivity.

(a) (b)

Figure 5: 3D representation of the person under test used as ground truth by the 
3D imaging algorithm: (a) no-threat case, (b) threat case composed of two metallic 
pipes with high reflectivity and TNT square of low dielectric reflectivity.

Figure 3: Three dimensional 
views of a human person 
carrying explosive 
simulants (left and center 
images), and a projection 
of the geometry into a two 
dimensional plane used as 
a ground truth for the 2D 
reconstruction algorithm 
(right image).
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gorithms [22-23] – as it 
can be seen on Fig. 7 (a)-
(b). 
Fig. 7(c) shows the recon-
structed image for con-
figuration #2, in which 
the radar and the target 
are separated 40 me-
ters, when the PAS and 
the norm-one minimiza-
tion on the imaging algo-
rithm are used. Standoff 
detection at 40 meters 
requires that the length 
of the square radar aper-
ture be increased from 0.4 
meters to 1.6 meters, and 
the number of transmit-
ting/receiving antennas 
is also increased from 500 
to 800. This upgraded ver-
sion of the system is ca-
pable of producing a reso-
lution of 7.5 millimeters 
at 40 meters range The 
reconstruction provided 
by the 3D imaging algo-
rithm is shown in Fig.8 
on the next page for the 
threat and no-threat cas-
es. The high-reflectivity 
metallic threats are eas-
ily identified in the image, 
while the low-reflectivity 
dielectric threats require 
of additional algorithmic 
processing for detection 
and localization. One of 
such algorithms could be 
the spot retardation algo-
rithm defined in [13].

A.5-	Numerical	Example	2
This year we have studied a novel Mechanical Reconfigurable Surface (MRS), which is capable of producing 
images of the subject under test at multiple aspect angles. The geometric configuration of this simulation is 
presented in Fig.9 on the next page. The MRS contains reconfigurable elements that can be randomly ori-
ented to image a person at different points. In this simulation, we used the red elements in the MRS to image 
a person in the position P0, the blue elements in the MRS to image a person in the position P1, and the green 
elements in the MRS to image a person in the position P2. 

(a) (b)

Figure 6: Reconstruction using traditional Fourier-based SAR algorithms for 
configuration #1: (a) no-threat case, and (b) threat case. The white contour indicates the 
ground truth target contour on the SAR image.

(a) (b)

(c)

Figure 7: 2D reconstruction using 
compressive sensing and the passive 
array of scatters: (a) no-threat case 
in configuration #1, (b) threat case 
in configuration #1, (c) threat case in 
configuration #2. The white contour is 
not shown in this case, because it would 
coincide with the compressive sensing 
image boundary.  
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Fig. 10 on the next page shows the ground 
truth and reconstruction using the 2D im-
aging algorithm described in the previous 
section for a threat case at the different po-
sitions. The successful reconstruction dem-
onstrates that the MRS has the potential to 
scan and track multiple persons walking 
in an open environment. This new concept 
should be the novel system. 
A.6-	Key	points	about	 the	new	 standoff	de-
tection	system
This report has described a new millime-
ter wave imaging system, which is able to 
produce super resolution images at stand-
off distances.  Unlike traditional imaging 
systems in which the radar system directly 
illuminates the target under test, this sys-
tem illuminates a passive array of scatters 
that redirects the energy of the radar to-
wards the person under test.  The PAS can 
be thought of as a magnification lens that 
is located in front of the target, producing 
a super-resolution image. The imaging al-
gorithm used for this system is based on 
compressive sensing theory. This imaging 
algorithm is different than traditional SAR 
algorithms because instead of just per-
forming a Fourier transform of the mea-
sured data, it solves a norm-one minimiza-
tion problem. Another important feature 
of this system is that it can be configured 
to work at multiple ranges if a specified 
trajectory is imposed on the person under 
test, making this system well suited for de-
ployment for indoor spaces such as airport 
terminals or bus stations. 
The performance of the system in terms of quality of the reconstructed image was tested for two target range 
configurations 10 and 40m. In both cases, the system produced a resolution of 7.5 mm. The same PAS was 
used for both configurations, but it was necessary to increase the size of the radar aperture for the farther 
case to achieve the required 7.5 mm resolution Major Contributions

B.	 Major	Contributions	

1. Numerical modeling:  This year we have improved our previous point-scatter forward and inverse mod-
els. We have used full wave Multi-Level Fast-Multipole-Method (ML-FMM) as a forward model to generate 
synthetic data. This model predicts the scattered fields produced by the target under test and the PAS in 
the receiving antennas of the radar.  As an inverse model, we have used the fast asymptotic MECA method.

2. System design: This year we also investigated realistic scatter elements for the PAS. Flat square metallic 

Figure 9: Geometric configuration of the novel Mechanical 
Reconfigurable Surface.

(a) (b)
Figure 8: 3D reconstruction using compressive sensing and the 
passive array of scatters: (a) no-threat case in configuration #1, (b) 
threat case in configuration #1.  
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plates showed a better per-
formance than linear dipoles. 
The metallic plates are opti-
mal to be used in a PAS in re-
flection mode rather in trans-
mission mode. Additionally, 
a new standoff concept has 
been studied this year. It is 
based in using MRS surfaces. 
The MRS will allow the stand-
off system to track a person 
under test in order to pro-
duce 3D images at different 
aspect angles, thus improving 
the performance of the PAS.
3. Advanced signal pro-
cessing and imaging: This 
year we have developed a 
compressive sensing 3D 
imaging algorithm, which 
performs a volumetric re-
construction of the region 
of interest. This approach is 
better than the former 2D 
projected-aperture recon-
struction algorithm, since it 
is capable of providing addi-
tional depth information. 
4. Hardware design and 
integration of a new standoff 
detection system: This year 
we have received comple-
mentary funding through 
the John Adams Innovation 
Institute to build a prelimi-
nary, mechanically-scanned 
3G prototype. We have used 
the tools developed under the 
F2B project to design the sys-
tem configuration. This radar 
system will be the first stand-
off test bed at Northeastern, 
since our previous prototypes 
were physically hosted by our 
partners in the Fraunhofer 
Institute in Germany.   

(a) (b)

(c) (d)

(e) (f)

Figure 10: 2D reconstruction using compressive sensing and the MRS for a threat 
case: ground truth (a) and reconstruction (b) for position P0; ground truth (c) and 
reconstruction (d) for position P1; and ground truth (e) and reconstruction (f) for 
position P2.
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IV. FUTURE PLANS

Research	Plan
• Develop a three dimensional asymptotic method, based on the MECA method, capable of simulating wave 

propagation through heterogeneous media. This method will be used during the inversion part of the 
problem.

• Develop a full wave forward method, based on the ML-FMM method, capable of simulating (3D) persons 
wearing multiple dielectric and conductive threats. This method can be used to generate accurate syn-
thetic data for the imaging algorithms. 

• Study the optimal parameters (# of frequencies, # antennas, # scatters in PAS and MRS) for the Compres-
sive Sensing imaging algorithm. 

• Study the acceleration of the imaging algorithms by using schemes like the Alternating Direction Method 
of Multipliers (ADMM), which are amenable to be implemented in GPUs.

• Study a mechanical implementation of the MRS, which includes the type of mechanical actuators and 
temporal constrains of a quasi-real-time operational system.

• Continue the hardware integration of the electronically-scanned 3G system with multiple transmitters 
and multiple receivers and PAS.

• Construction of the first PAS.
Educational	Plan
Graduate students Yolanda Rodriguez-Vaqueiro and Galia Ghazi will continue to play an important role in 
our research project. They will assist in developing new simulations and inversion algorithms for detecting 
suicide bombers using millimeter wave radar systems. Undergraduate students Ben Berkowitz and Gregory 
Allan have been active participants in the research group.  They conducted numerical modeling experiments 
to identify target scattering and discrimination features.  Populating the research group with undergraduates 
brings homeland security technologies to undergraduate engineering students, and establishes a pipeline to 
train and provide a rich pool of talented new graduate student researchers.

V. RELEVANCE AND TRANSITION

• Standoff detection of threats is a major challenge for DHS.
• An improved technology platform and associated algorithms will enhance the current state of the art.
• A higher three dimensional resolution coupled with new feature detection will integrate into automatic 

threat detection systems.
• The imaging algorithms that have been developed for this grant have been presented to L3-communica-

tions, which is one of the major manufactures of millimeter wave imaging systems in the country, in order 
to transitioning them into their systems.

• Other millimeter wave imaging vendor, Smiths Detection, has showed interest in our novel PAS configura-
tion.

VI. LEVERAGING OF RESOURCES

New proposals related to the topic of this research will be submitted to other federal funding agencies. The 
work developed under this project has played an important role in receiving additional funding from other 
agencies, including DARPA and US ARMY funding.
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