
F2-G: Advanced Imaging Technology for Whole 
Body Imaging

Abstract—The Advanced Imaging Technology project completes its third year of development 
of an improved multi-modality portal-based passenger screening system. Millimeter-wave 
(mm-wave), x-ray backscatter, supplemented by Kinnect surface depth mapping have been 
implemented, and infrared sensing and passive mm-wave sensing is being considered.  The 
56-64 GHz mm-wave imaging system has produced several hardware and data processing in-
novations. These include: a novel Blade Beam reflector transmitting antenna that produces 
narrow target illumination to allow accurate stacked 2D reconstructions of the 3D surface; 
a carefully positioned multistatic array receiving antenna for artifact-free imaging; and a 
fast data processing technique, based on the Fast Multipole Method (FMM), that produces 2D 
SAR images from scattered field samples. The specially-built hardware platform facilitates 
reconfigurable sensor placement in order to develop the multistatic imaging radar system.  
In addition, a patent-pending algorithm has been developed for determining the dielectric 
constant of weak dielectric objects attached to the body. These improvements lead to faster, 
more accurate whole body imaging to improve the security screening process, with improved 
detection capabilities validated by means of measurements carried out with a first mm-wave 
portal prototype.

I. PARTICIPANTS

Faculty/Staff

Name Title Institution Email Phone

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

Jose A. Martinez-Lorenzo Research Professor NEU jmartine@ece.neu.edu 617.373.2847

Ann Morgenthaler Consultant NEU 7bradford@gmail.com 781.237.6864

Dan Busioc Consultant NEU db.ipaq@gmail.com 617.785.4450

Rick Moore Consultant MGH rhmoore@partners.org 617.726.3093

Borja Gonzalez-Valdes PostDoc NEU bgonzale@ece.neu.edu 617.373.5110

Students

Name Degree Pursued Institution Email Intended Year 
of Graduation

Yolanda Rodriguez-
Vaqueiro

MS NEU rodriguezvaqueiro.y@husky.neu.edu 2013

Luis Tirado PhD NEU ltirado@gmail.com 2014

Spiros Mantzavinos MS NEU smantzavinos@gmail.com 2013

Kathryn Williams MS NEU kathrynawilliams@gmail.com 2013

Matthew Nickerson BS NEU mail@mattnickerson.net 2016

James Rooney BS NEU rooney.j@husky.neu.edu 2013

Ryan Miller BS NEU miller.rya@husky.neu.edu 2016
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Students (continued)

Name Degree Pursued Institution Email Intended Year 
of Graduation

Gregory Allan BS NEU allan.g@husky.neu.edu 2017

Nathan Dunn BS NEU dunn.na@husky.neu.edu 2017

Ze’ev Klapow BS NEU zklapow@gmail.com 2017

Nathan Dempkowski BS NEU dempkowski.n@husky.neu.edu 2017

Joshua Levin BS NEU levin.jo@husky.neu.edu 2017

Jenna Czeck BS NEU czeck.j@neu.edu 2017

Nigil Lee BS NEU nigil.lee@gmail.com 2017

Alex Piers BS NEU piers.a@husky.neu.edu 2017

Ryan Simpson BS Northwestern ryan.simpson2016@neu.edu 2017

Kitty Du BS NEU du.k@husky.neu.edu 2017

II. PROJECT OVERVIEW AND SIGNIFICANCE

Increasingly, individuals who enter secure areas, airport departure gates, office buildings, stadiums, arenas, 
and even malls must pass through screening portals which ensures that they are not carrying hidden weap-
ons or explosive threats.  These screening portals must be able to detect unusual or anomalous objects con-
cealed under clothing, but be able to do so with a minimum amount of delay, exposure to harmful radiation, 
or privacy violation.
High resolution human body imaging is an effective means of identifying dangerous objects attached to the 
body under clothing [1]-[3].  Terahertz wave sensing [4],[5] and X-ray radar [6],[7] provide good resolution 
allowing the detection of small concealed objects, but the former is based on expensive, cutting-edge technol-
ogy and relies on mechanical scanning for its speed and accuracy, while the X-ray based systems make use of 
low doses of ionizing emissions [8]. Current state-of-the-art millimeter wave portal imaging systems [1] are 
mostly based on monostatic radar and Fourier inversion. Although these systems are inherently fast, they 
present some disadvantages as for example, reconstruction artifacts such as dihedral effects and misrepre-
senting sudden indentations and protrusions due to the monostatic nature of the collected electric field data.
More advanced techniques for concealed object reconstruction can be found in the literature [9]. However, 
for practical 3D human body screening, real-time capabilities are required, so fast methods for geometry 
reconstruction are needed.  The system that has been developed under ALERT support is based on fast mul-
tistatic Synthetic Radar Aperture (SAR) imaging and introduces several new contributions to the field of mil-
limeter wave imaging.

III. RESEARCH AND EDUCATION ACTIVITY

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

The aim of the millimeter-wave portal imaging system presented in this work is to produce real-time three-
dimensional high-resolution images of the whole human body and possible objects concealed under cloth-
ing. In the proposed portal-based multistatic system, the body is illuminated by an incident millimeter-wave 
beam which is generated by a novel elliptical-parabolic reflector antenna which generates a narrow beam 
in elevation while illuminating the body with constant amplitude in azimuth. Then the field scattered by the 
section under illumination is captured by two parallel horizontal receiving antenna arrays (see Figure 1 on 
the following page). An advanced multistatic imaging algorithm is used to transform the scattered field in-
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formation into a reconstruction of the contour of the human 
body along with any objects that might be placed on it. The 
transmitting reflector and receiving arrays are translated 
vertically, and the two-dimensional retrieved images are 
stacked to form a full body surface reconstruction.

B.	 Mm-wave	Portal	System

In the past year we moved the laboratory to a larger room.  
In the process, we recalibrated RF electronics and refo-
cused the transmitting reflector system, mounted the radar 
on struts attached to the ceiling, and tested various receiver 
array configurations.  We are still fabricating a new “eleva-
tor” system to vertically translate the test target. Our ac-
quisition time has been reduced by 2 orders of magnitude 
since the last annual report, with a single 90 deg. receiv-
ing arc scan taking just 4 seconds.  This improvement is the 
result of using faster acquisition hardware and developing 
and implementing faster algorithms for sampling and stor-
ing measurements.
A PCI based Arbitrary Waveform Generator (AWG) was 
used to generate 16 successive partially overlapping 5–550 
MHz baseband signals covering our 56 -65 GHz bandwidth. This allows for processing with each 500 MHz 
band individually, but required some manipulation to coherently combine them for the full required 8 GHz 
bandwidth. Frequencies at the beginning and end of each band were required for the phase stitching.  This 
concept, which we are patenting, compensates for the unknown phase offset which is introduced every time 
the band was changed. This was accomplished by comparing the overlapping regions of each band to cal-
culate the unknown phase offset.  For example, the transmitter operated in the range 56.005–56.550 GHz 
when in the first band and in the range 56.505–57.050 GHz when in the second band.  Then, by measuring 
the phase for the same frequency in both the first and second band the offset between the two can be quickly 
computed. For example, the phase could be measured for 56.510 GHz in both the first and second band. All 
of the phase measurements for the second band could then be shifted by that difference to relate the phase 
measurements of the two bands. The first and second bands were now “stitched” together and imaging could 
be performed across their collective 1 GHz bandwidth. A similar process was repeated for all 16 bands to 
provide 8 GHz of imaging bandwidth.
A PCI Express based digitizer was used to sample the baseband waveforms with a maximum sampling rate 
of 1 GS/s. This sampling rate would be inadequate for a typical communication channel, but the modifica-
tions made to the system architecture allowed for a sampling rate that did not satisfy the Nyquist Sampling 
Theorem. The digitizer sampled a single band at a time using the same external trigger signal as the AWG. The 
AWG eliminated settling time for each frequency, allowing for rapid cycling through all baseband frequencies 
in under 30 μs. 
A controller with sub-microsecond precision was required to generate the required transceiver control sig-
nals as well as trigger signals for the AWG and digitizer. A Field Programmable Gate Array (FPGA) was chosen 
to provide the control signals because it provided speed, flexibility, and repeatability.
One important observation has been that the dual receiver arc approach is non-optimal, because the mini-
mum separation required to capture all specular target reflections is less than the height of the transmitting 
antenna.  This would lead to blockage of the transmitted signal by the fixed array arc.  We are investigating 
tradeoffs between the illuminating beam slice height and the scattering angle.  The general principle is that 

Figure 1:  General scheme of the proposed 
Millimeter-Wave Portal for Human Body Imaging.
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a shorter illuminated slice produces a wider scattered beam, which in turn can be observed by more widely 
spaced receiver arcs.  However, to generate a shorter focus, the reflector would have to be taller and more 
easily blocked.

C.	 Combining	3D	Envelope	Rendering	with	Concealed	Object	Detection

The Microsoft X-Box Kinect three dimensional imager has 
been fused with both the mm-wave sensor and the X-ray 
backscatter sensor, significantly enhancing each with very 
little cost.  We mathematically manipulated the raw 3D 
point cloud data supplied by the Kinect to numerically en-
code depth (Figure 2).   The resulting image is generated 
in real time and has resolution in all three dimensions of 
about 3 mm.
The 3D information obviously cannot show concealed ob-
jects, but it does enhance clothing bulges that are often 
masked by dark clothing colors, and as such might indicate 
possible regions of suspicion.   More important, though is 
that the Kinect information provides an exterior envelope 
or boundary for the mm-wave imaging domain.   Since 
the subject’s body surface must be inside the clothing and 
cannot be more than a few centimeters from the clothing, 
knowing the surface of the clothing provides the limits in 
the solution search space.  Relative to the conventional 
SAR processing search, this offers a reduction in trial points and overall computation time of about 80%.  In 
addition, mm-wave imaging artifacts are easily excluded outside the possible range of subject body surface
The configuration used for imaging is shown in Fig. 3a.  The transmitter is positioned at the feed position 
of the blade-beam reflector and the receiver is facing the target, which in this case is a metal plate with a 1” 
square cylinder oriented vertically in the center. The plate was then covered with a shirt to create a more 
realistic imaging target. The shirt is not shown in the image for clarity.
A 2D cross-sectional image reconstruction of the slice highlighted in green is shown in Fig. 3b. The image is 
oriented looking down from above with the transmitter to the right.   The green line is the contour of the ob-
ject generated by the imaging algorithm. The blue line is the contour of the shirt that was covering the plate 
as detected by the Kinect. The relationship between the target and the clothing provides additional informa-
tion that can be used in automated threat recognition algorithms.

Figure 2:  3D rendering using Kinect imager with 
range encoded by color.

Figure 3:  a). Imaging 
Hardware with metal 
target consisting of 
square vertical pipe on a 
flat surface, b) 2D image 
of target using mm-wave 
(green) and a slice of the 
3D Kinect image (blue).

(a) (b)
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The Kinect image can also be fused with the X-ray backscatter sensor.  For this case, the 3D information 
provided by the Kinect adds depth (at least for the clothing envelope) to the entirely projected X-ray image.  
Overlaying the color-coded depth rendering on a carefully registered X-ray view produces a sense of advanc-
ing or receding body contours for a much more quantifiable display than currently available.  This effect can 
be seen in Fig. 4, which shows the separate and combined renderings, preserving details of the concealed pair 
of scissors while indicating body curvature.

D.	 Ray-Based	Modeling	and	Inversion

We have conceived and developed a GPU-accelerated ray tracing algorithm as a forward model for a millime-
ter wave personnel screening system. Ray tracing is a well-known method for approximating high frequency 
electromagnetic behavior.  Ray tracing theory is applied here to model the scattering behavior of the human 
body in the near-field. Since all rays can be computed independently, the method is well suited for implemen-
tation on graphics processing units (GPUs), offering great speedups in both 2D and 3D when compared to 
conventional methods. Realistic simulations were performed using a triangular mesh representation of the 
human body.  The CUDA-based NVIDIA OptiX ray tracing engine was used to compute ray-triangle intersec-
tions and a novel ray aggregation scheme was used to compute the scattered field. This technique allows 
multiple frequencies to be calculated at no additional cost. Numerical results are compared with Method of 
Moments solutions.
A transmitting point source is located in the far-field of the a triangular facet mesh chosen to discretize the 
subject’s body. Rays are traced to the body and second-
ary and tertiary rays are computed by applying Snell’s 
law and an interpolation algorithm to find normals 
within a triangle (Fig. 5).  
Rays are traced until they reach an array of receivers.  A 
ray aggregation technique is used at the receiving array 
to calculate the scattered field from individual ray path 
lengths. The receiving array is discretized into seg-
ments (surface patches in 3D) the size of a half wave-
length.  Any rays that terminate within a given segment 
are added in a complex sense.  
As an example, ray tracing results were used as a for-
ward method to calculate the scattered fields on a 90˚ 
receiver arc from 2D slices on the z-axis of the body 

Figure 4:  Combining Kinect 3D point cloud depth information with X-ray imaging: a) optical photograph of clothed 
mannequin, b) depth-encoded clothing rendering, c) X-ray backscatter image, showing scissors on abdomen and 
short bundle on left side, and d) Fused image, preserving depth and concealed object information.

Figure 5:  Tessellated human body model and 
reflected rays emanating from chest
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(Fig 6a,b).  An 180˚ receiver arc was used in Fig. 6c,d. A conventional SAR algorithm is used to generate re-
constructions of the original slices. Combining slices can provide a 3D reconstruction of the human body.  The 
results generated using ray tracing field data are compared to results generated with Method of Moments 
field data.  A frequency band of 7GHz was chosen for the simulations.  Note the similarity between the fast 
Ray Tracing images on the left and the reference MoM images on the right.  In all cases the body surface con-
tours (in green) are accurately reconstructed, and the threat objects are easily detected in the bottom four 
images.  Because the ray path need only be computed once for all frequencies, ray tracing can be as much as 
an order of magnitude faster to compute than the conventional MoM forward model.

E.	 Numerical	Example	Showing	Dielectric	Constant	Characterization	of	Explosive	Material

Traditional Millimeter Wave Imaging algorithms do not consider that electromagnetically penetrable objects 
are located on the surface of the person under test; and, therefore, the characteristic electromagnetic interac-
tion and signature between a non-conducting, weak dielectric object and the person under test is not used to 
infer the dielectric constant of the object.
The imaging algorithms presented here accounts for the explosives simulant located on the surface of the 
person under test. As a result, the characteristic electromagnetic interaction and signature between the di-
electric structure and the person under test is used in order to infer the dielectric constant of the explosive 
simulant.  The algorithm has been easily adapted to the existing L3 ProVision mm-wave scanner, with the 
result shown in Fig. 7 on the following page.  Note the depressed rectangle, tilted at about 45 deg. at the up-
per left portion of this reconstructed torso view.   This dielectric object slows the interrogating signal passing 
through it, making the predominant skin reflection appear farther away and deeper into the body.  This for-

Figure 6:  SAR 
images for a) “ideal” 
torso shape using 
ray tracing (RT) 
and b) Method of 
Moments (MoM); c) 
realistic torso using 
RT, and d) MoM, e) 
realistic section of 
the torso with an 
object affixed using 
RT, and f) MoM, g) 
section of the torso 
with 3 pipes using 
RT, and h) MoM.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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eign object is clearly non-metallic, with little water; pos-
sibly plastic, paper, or explosive.

IV. FUTURE PLANS

Future work includes developing a reflector-based re-
ceiver that will capture all specular scattering for most 
vertical body surface variations, considering multiple 
transmitters with a common toroidal reflector. We will 
apply ray based modeling for fast approximate specular 
surface reconstruction, measure the accuracy of dielec-
tric constant determination with our AIT testbed, and de-
velop a fixed receiving array to replace the slower mov-
ing synthetic aperture system we are currently using.

V. RELEVANCE AND TRANSITION

Passenger screening is of major national interest.
• An improved technology platform and associated al-

gorithms will reduce detection errors and decrease false positive results.
• Higher resolution coupled with new feature detection will allow more automatic threat detection, less 

human inspector involvement, and greater passenger comfort.
• A well-conceived experiment is essential to validate models, inversion principles, and the concept of op-

eration.
• Infrastructure has been fabricated to be modular, expandable, and scalable, so it can be used as a platform 

for a variety of readily fused co-registered security screening modalities.
• High-precision computer-controlled motion allows rapid data collection and validation.
• Future advancements in reconstruction techniques, artifact reduction, scan pattern, and mm-wave hard-

ware will be readily implemented and tested on the flexible hardware platform.
• The AIT project has drawn interest from several federal officials, including visits by DHS Secretary Janet 

Napolitano in November 2012 (Fig. 8a), and TSA Administrator John Pistole in June 2013 (Fig. 8b)

Figure 7:  Human torso surface reconstruction 
showing weak contrast dielectric object on upper 
left chest.  Making use of depth information 
indicates the foreign object appearing as a 
depression into body, which is characteristic of a 
lossless penetrable but low permittivity object.

Figure 8:  a) DHS Secretary Napolitano’s visit to the AIT lab 11/12, b) TSA Administrator’s visit 6/13.
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VI. LEVERAGING OF RESOURCES

The portal scanner market is quite large, especially considering foreign airports and other transportation 
hubs.  Improving multimodal sensing technology will clearly lead to new products and processes for this 
large market.  As terrorists become increasingly sophisticated, advanced technology becomes all the more 
necessary to ensure efficient safety.  We will be developing collaborations with vendors to provide additional 
resources for the effort.  If the advanced technology leads to just a 10% reduction in required screening labor, 
it would save the TSA more than $100M/yr.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A.	 Journal	Papers	

1.  Gonzalez-Valdes, B., Alvarez, Y., Martinez-Lorenzo, J.A., Las-Heras, F., and Rappaport, C., “SAR Pro-
cessing For Profile Reconstruction and Characterization of Dielectric Objects on the Human Body 
Surface,” Progress In Electromagnetics Research, PIER, Vol. 138, pp. 269-282, 2013.

2. Gonzalez-Valdes, B., Alvarez, Y., Martinez-Lorenzo, J.A., Las-Heras, F., and Rappaport, C., “On the use 
of Improved Imaging Techniques for the Development of a Multistatic Three-Dimensional Millime-
ter-Wave Portal Based Imaging for Personnel Screenings.” ,” Progress In Electromagnetics Research, 
PIER, Vol. 138, pp. 83-98, 2013.

B.	 Conference	Presentations

1. Alvarez, Y., Valdes, B., Martinez-Lorenzo, J.A., Rappaport, C., Las-Heras, F., “3D Whole Body Imaging 
for Detecting Explosive-related Threats,” IEEE International Symposium on Antennas and Propaga-
tion and USNC/URSI International Symposium National Radio Science Meeting, Chicago, July 2012, 
four pages.

2. Rappaport, C., González-Valdés, B., “The Blade Beam Reflector Antenna for Stacked Nearfield Milli-
meter-Wave Imaging,” IEEE International Symposium on Antennas and Propagation and USNC/URSI 
International Symposium National Radio Science Meeting, Chicago, July 2012, four pages.

3. Gonzalez-Valdes, B.,. Martinez-Lorenzo, J.A., Rappaport, C., Pino, A., “Fast Multifrequency Algorithm 
for Radar Based Profile Reconstruction,” IEEE International Symposium on Antennas and Propaga-
tion and USNC/URSI International Symposium National Radio Science Meeting, Chicago, July 2012, 
four pages.

4. Williams, K., Chen, Z., Tirado, L., Gonzalez-Valdes, B., Martínez-Lorenzo, J.A., Rappaport, C., “Ray Trac-
ing for 3D Simulation and Inversion for Whole-Body Imaging,” IEEE International Symposium on 
Antennas and Propagation and USNC/URSI International Symposium National Radio Science Meet-
ing, Chicago, July 2012, one page.

5. Martínez, J.A., Rodriguez-Vaqueiro, Y., Rubiños-López, O., García Pino, A., and Rappaport, C., “A com-
pressed sensing approach for detection of explosive threats at standoff distances using a Passive 
Array of Scatters,” IEEE Homeland Security Technology Conference, Waltham MA, November 2012, 
one page.

6. Ghazi, G., Martínez, J. A. and Rappaport, C., “A new super-resolution algorithm for millimeter wave 
imaging for security applications,” IEEE Homeland Security Technology Conference, Waltham MA, 
November 2012, one page.

7. Gonzalez Valdes, B., Alvarez, Y., Martinez Lorenzo, J.A., Las Heras, F., and Rappaport, C., “Three-di-
mensional Millimeter-Wave Portal for Human Body Imaging,” IEEE Homeland Security Technology 
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Conference, Waltham MA, November 2012, one page.
8. Maio, P., Rappaport C., Naqvi, W., Rodriguez Vaqueiro, Y., “Path Trajectory and Orientation Analysis 

for RF Phenomenological Scattering Understanding in a Wide Area Secure Perimeter System,” IEEE 
Homeland Security Technology Conference, Waltham MA, November 2012, one page.

9. Mantzavinos, S., Gonzalez Valdes, B., Busuioc, D., Nickerson, M, Miller, R.,  Martinez-Lorenzo, J.A., and 
Rappaport, C., “Low-Cost, Fused Millimeter-Wave and 3D Point  Cloud Imaging for Concealed Threat 
Detection” Gordon Research Conference:  Detecting Illicit Substances, Drugs and Explosives, May 
2013, one page.

C.	 Technology	Transfer

Patent Applications Filed:
1. Doubly Shaped Reflector Transmitting Antenna for Millimeter-Wave Security Scanning System, June 

2013

D.	Seminars,	Workshops	and	Short	Courses

“MM-Wave Radar Whole-Body Imaging for 
Passenger Security Scanning”

3/15/2013 Northeastern University Singapore 
Dilegation

Presenter

“Radar Whole-Body Imaging for Explosives 
Detection Scanning”

3/29/2013 ECE Town Meeting Presenter

“Multi-Modality Electromagnetic Detection 
and Localization of Implanted Explosives 
Using Ultra Low Field MRI & Nuclear 
Quadrupole Resonance”

5/24/2013 DARPA Kickoff Meeting Presenter

“Overview of Center of Excellence Research, 
Organization and Outreach”

6/12/2013 Presentation for TSA Administrator 
Pistole

Presenter

VIII. REFERENCES

[1]	 D.	M.	Sheen,	D.	L.	McMakin,	T.	E.	Hall,	“Three-Dimensional	Millimeter-Wave	Imaging	for	Con-
cealed	Weapon	Detection,”	IEEE	Transactions	on	Microwave	Theory	and	Techniques,	Vol.	49,	No.	
9,	pp.	1581-1592,	September	2001.

[2]	 J.	Fernandes,	C.	M.	Rappaport,	J.	A.	Martínez-Lorenzo,	M.	Hagelen,	“Experimental	results	for	
standoff	detection	of	concealed	body-worn	explosives	using	millimeter-wave	radar	and	limited	
view	ISAR	processing,”	2009	IEEE	Conference	on	Technologies	for	Homeland	Security	(HST’09).	
Waltham,	MA,	May	11-12,	2009.	pp.	456-460.

[3]	 Angell,	C.	Rappaport,	“Computational	Modeling	Analysis	of	Radar	Scattering	by	Metallic	Body-
Worn	Explosive	Devices	Covered	with	Wrinkled	Clothing,”	2007	IEEE/MTT-S	International	Mi-
crowave	Symposium.	Honolulu,	HI,	June	3-8,	2007.	pp.	1943-1946.

[4]	 K.	B.	Cooper,	R.	J.	Dengler,	N.	Llombart,	et	al.,	“Penetrating	3-D	Imaging	at	4-	and	25-m	Range	
Using	a	Submillimeter-Wave	Radar,”	IEEE	Trans.	on	Microwave	Theory	Tech.,	Vol.	56,	No.	12,	
Dec.	2008.

[5]	 K.	B.	Cooper,	R.	J.	Dengler,	N.	Llombart,	B.	Thomas,	G.	Chattopadhyay,	P.	H.	Siegel,	“THz	Im-
aging	Radar	for	Standoff	Personnel	Screening,”	IEEE	Trans.	Terahertz	Science	and	Tech.,	Vol.1,	
pp.169-182,	Sept.	2011.

[6]	 US	patent	5181234,	Steven	W.	Smith,	“X-ray	Backscatter	Detection	System,”	Issued	1993-01-19.

ALERT 
Year 5 Annual Report

Appendix A: Project Reports 
Thrust F2: Explosives Detection Sensors 

Project F2-G



[7]	 R.	F.	Eilbert,	Shi	Shuanghe,	“Improved	imaging	for	X-ray	inspection	systems,”	IEEE	Aerospace	
and	Electronic	Systems	Magazine,	Vol.	20,	Issue	3,	pp.	23-28,	2005.

[8]	 TSA	X-ray	Screening	Technology	Safety	Reports	:http://www.tsa.gov/research/reading/xray_
screening_technology_safety_reports_march_2011.shtm

[9]	 M.	Farmahini	et	al.,	“Fast	and	Accurate	Cascaded	Particle	Swarm	Optimization	Method	for	solving	
2-D	Inverse	Scattering	Problems”,	Applied	Computational	Electromag.	Soc.	ACES.	Vol.	24,	No.	5,	
2009.

ALERT 
Year 5 Annual Report

Appendix A: Project Reports 
Thrust F2: Explosives Detection Sensors 

Project F2-G




