
R3-B.1: Hardware Design for “Stand-off ” and “On-

the-Move” Detection of Security Threats

Abstract—During the last year, we have advanced the hardware design and integration of a low-cost 
millimeter wave radar system that can be used to fi nd security threats at mid-ranges and standoff-
ranges. In particular, the following activities were developed for this project: 1) Study of a new “on-
the-move” system confi guration; 2) Hardware design and integration of a multiple-bistatic imaging 
system; 3) Calibration algorithm for coherent image formation in multiple-bistatic imaging system; 
and 4) Experimental results using the multistatic millimeter wave radar system.
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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 
signatures 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 hardware development and evaluation of an inexpensive, high-resolution 
radar that can distinguish security threats hidden on individuals at mid-ranges (2-10 meters), using an “on-
the-move” con iguration, and at standoff-ranges (10-40 meters), using a “van-based” con iguration. Figure 1 
on the next page shows a schematic of the on-the-move con iguration.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The outcome of this project would be the irst inexpensive, high-resolution radar system with special appli-
cation to detecting and identifying potential suicide bombers. Its uniqueness is based on its ability to work 
on multiple-bistatic con igurations, in which the information from multiple receivers and transmitters are 
coherently combined by using a common local oscillator.  This project has the potential to be the irst radar 
system that is capable of functioning at multiple ranges for both indoor and outdoor scenarios. 
During the last year, the following activities were developed for this project: 1) Study of a new “on-the-move” 
system con iguration; 2) Hardware design and integration of a multiple-bistatic imaging system; 3) Cali-
bration algorithm for coherent image formation in multiple-bistatic imaging system; and 4) Experimental 
results using the multistatic millimeter wave radar system. This project is intimately related to the ALERT 
Project R3-B.2: Advanced Imaging and Detection of Security Threats using Compressive Sensing, in which the 
imaging algorithms for this hardware system have been developed. Additionally, many of the technology and 
techniques developed for this project are commonly used in near- ield applications by other ALERT Projects, 
including the R3-A.1 and R3-A.2.

B. Major contributions

B.1 Study of a new “On-the-move” system confi guration

The “on-the move” active mm-wave system is composed by multiple synchronized transmitters and receivers 
placed along two walls. The subject under test continuously moves in front of the walls. Figure 2 on the next 
page presents the layout of the system and a person under test in three different positions as moving inside 
the hallway scanner. Two additional transmitters in front and behind the subject are also used to ensure in-
formation from all the possible angles is collected. 

 a)                                                                                              b) 

Figure 1: General sketch of the inexpensive, high-resolution radar system used for detecting security threats (a) at 

mid-ranges using an “on-the-move” confi guration, and (b) at standoff -ranges using a “van-based” confi guration.
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As the subject moves inside the system, the transmitters are sequentially activated and the electric ield, 
which is then scattered by the person, is collected by all the receivers at the same time. Fast electronic switch-
ing allows for the quick activation of all the transmitters and the data collection. In this way, information from 
multiple relative positions of the person from the scanner can be collected.  

Figures 3a and 3b depict, from a top 
view, some of the propagation direc-
tions of incident and scattered mil-
limeter waves when two different 
transmitters are active and the sub-
ject is in the position #1 of Figure 2. 
Different areas on the body contour 
are primarily reconstructed when us-
ing each transmitter. Similar results 
for position #2 are presented in Fig-
ures 3c and 3d, showing that the same 
transmitters allow for reconstruction 
of different areas of the body as the 
person walks through the scanner. 
The combination of the information 
from all the possible combinations of 
transmitters/receivers and all the po-
sitions allows for accurate reconstruc-
tion of the full body surface.  A fast implementation of a multistatic Synthetic Aperture Radar (SAR) technique 
is used to create images proportional to the re lectivity of the body under test. The inal image is obtained, 
combining in magnitude the images obtained from the subject in the multiple captured positions inside the 
scanning hall way.
A two dimensional reconstruction example using two lines of transmitters and receivers has been simulated 
to show the feasibility of the scanning system. The system layout is the same one presented in Figure 3. The 
range of frequencies goes from 23-28 GHz. The coherent combination of the images assuming the same exact 
contour for 11 intermediate positions is presented in Figure 4 on the next page together with the ground 
truth.

Figure 2: a) Top view and b) side view of the system with three positions of the person under screening as walking 

through the scanning system.

Figure 3: Incident and scattered mm waves directions for two diff erent 

transmitters when a) and b) the subject is in position #1 and c) and d) the 

subject is in position #2.
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As a comparison with current state of the art systems, where transmitters and receivers are placed in the 
same side of the person, Figure 5 shows the image that would be obtained using only one wall of transmit-
ters/receivers. It is clear from the images that the coherent combination of the two walls allows to overcome 
most of the limitations of the current systems.

B.2 Hardware design and integration of a multiple-bistatic imaging system 

In collaboration with the company HXI, we have designed, integrated and tested a millimeter wave radar 
system for detecting security threats at mid-ranges. In particular, the hardware system is composed of the 
following elements: a) ive HXI # 8302 Transmitter (Tx) Modules; b) ive HXI # 8301 Receiver (Rx) Modules; 
and c) one HXI # 8303 Local Oscillator Module (LOM). The LOM has eight synch outputs, and it permits the 
use of eight Tx and Rx working in a fully-coherent bistatic or multistatic mode of operation. Figure 6 on the 
next page shows a schematic of the millimeter-wave radar architecture assembled by the company HXI. 

Figure 4: a) Actual contour under test with objects attached to skin, and b) Reconstructed image using the system.

Figure 5: a) Actual contour under test, and b) Reconstructed image using only one wall of transmitters/receivers.
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Figure 7a shows a schematic of the millimeter-wave radar system built in our ALERT laboratory. The current 
imaging system is composed of four 
receivers, which are represented by 
a white square in Figure 7a. The real 
picture of the system, Figure 7b, also 
highlights the position of the four re-
ceivers using a white square; and Fig-
ure 7c shows a zoomed image of the 
millimeter-wave receiver. In the inal 
system, an array of static receivers in a 
two dimensional aperture, highlighted 
in red in Figure 7a, should be used; 
however, a simpli ied version of this 
con iguration has been currently im-
plemented in our laboratory. This sim-
pli ied version consists of two linear 
actuators that scan the transmitter on 
the two dimensional aperture; these 
actuators are the two black rails that 
are shown in Figure 7b in a cross con-
iguration. Figure 7d shows a zoomed 

version of the transmitter. 

B.3 Calibration algorithm for coherent image formation in multiple-bistatic imaging system

In order to coherently combine the information from multiple transmitters and receivers, a new radar calibra-
tion algorithm for multiple-bistatic con iguration has been implemented. Perfect electric conductor spheres 
are chosen as calibration targets [1]. Our results show that positional errors larger than one wavelength can 
be corrected, thus improving the performance of current-state-of-the art algorithms, such as the Iterative 

Figure 6: Schematic of the millimeter-wave radar architecture assembled by the company HXI (only one Tx and one 

Rx Module shown).

Figure 7: Schematic of the millimeter-wave radar architecture assembled 

by the company HXI (only one Tx and one Rx Module shown).
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Figure 8: Sketch of the confi guration used by the 

calibration algorithm.

Field Matrix (IFM) [2] method. In summary, the algorithm extracts the phase of the complex image generated 
by each receiver, using Inverse Fast Multiple Method (IFMM)[3], in order to ind the discrepancy in the center 
of the calibration spheres for each receiver. This discrepancy is then used to calculate the error in the position 
of the second receiver        . In more detail, the algorithm is divided in two steps. 

B.3.1 Step 1: Training the calibration algorithm using synthetic data

In the training step, a series of synthetic experiments (us-
ing the con iguration shown in Fig. 8) are used to ind the 
displacement error vectors        , using the misalignment of 
sphere images. If second receiver (Rx2) is positioned inac-
curately, the images of Sp1 as reconstructed by each receiv-
er will not coincide. Instead, the predicted sphere centers 
will be displaced by an error vector                      .  For a reason-
ably close initial guess, given by measured data at Rx1 and 
Rx2 for scattering from Sp1, the cross range (x) and range 
(y) components of the vector        for a given synthetic ex-
perimental test can be linearly related to the corresponding 
cross-range (q_1) and range (p_1) components of sphere 
center displacement for that test as:

                (1)

The constants A1,B1,C1,D1,E1, and F1  are obtained after applying a best- it algorithm to a full set of at least 
three synthetic training experiments, each with a different known Rx2 position displacement: xk, yk and each 
yielding an observed sphere center displacement         , and       for k=1,2,…,Nk, where N_k is the number of train-
ing experiments. The synthetic training data is generated by a Physical Optics algorithm for predetermined 
values of xk and yk, and later is processed with the Inverse Fast Multiple Method (IFMM), in order to extract             
       , and       . 
The procedure to extract       and       requires that the center of the sphere Sp1 is inferred from the recon-
structed IFMM images. The magnitude and phase of the complex-valued images for the irst sphere (Sp1) 
using the data from Rx1 and Rx2 are depicted in Figure 9a on the next page. The phase-fronts in the phase 
image follow the contour of the sphere, plotted in green. A simulated annealing algorithm [4] has been used 
to determine the center of the sphere that best its a phase-front for a known radius. The centers generated 
from the two phase images in Figure 9a are illustrated in Figure 9b on the next page.
The same training procedure described for Sp1 is repeated for the second sphere (Sp2) speci ically to im-
prove cross range speci icity. The resulting second set of equations like (1) have subscripts ’1’ replaced by ’2’. 
Inverting these four equations in a least squares sense gives a good estimate of the Rx2 displacement error 
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B.3.2 Step 2: Applying the trained calibration algorithm on the measured data

After inding the sphere center error vectors (q1,p1,q2,p2), from phase of the images of the measured data, 
inverting the four achieved equations, gives a good estimate of an unknown displacement error vector      .        
This displacement vector is used to obtain the true position of the second receiver, and this new position is 
used to coherently generate the image of the multi-bistatic imaging system.
The performance of the calibration algorithm is evaluated using a numerical simulation of a millimeter-wave 
radar system, which operates in the 70-77GHz frequency band. A displacement                                for the sec-
ond receiver is investigated. In order to generate the multi-bistatic images, the complex images from the irst 
and second receivers are combined. The magnitude of the non-calibrated, multi-bistatic image for the Sp1 is 
presented in Figure 10a; it contains a null at the specular re lection, showing the degradation suffered from 
the incorrect position of the second receiver. The multi-bistatic image after using the detected error vector to 
correct the position of Rx2 is shown in Figure 10b.

 (a)         (b)

Figure 9: (a) SAR image for Sp1(phase and amplitude), from Rx1(top), fromRx2 (bottom); (b) the predicted sphere 

centers.

Rd


 Rd 10 x̂ ˆ5y mm 


                         (a)       (b)

Figure 10: (a) multi-bistatic image of Sp1 with no correction; (b) multi-bistatic image of Sp1 with corrected.
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B.4 Experimental results using measured data with the multistatic millimeter wave radar system

The developed radar system built upon the Radar Front 
End (RFE) Model 8300 developed by HXI [5] operates in the 
70—77 GHz frequency band.  A sketch of the experimental 
geometry used is shown on Figure 11. Scattered ield data 
was collected by two receivers, indicated by Rx1 and Rx2 in 
Figure 11, while a transmitter is moved by a linear actuator 
over a straight line. A GaGe Octopus 8284 CompuScope digi-
tizer board was used to capture the data. The object under 
test (OUT) shown in Figure 12a is a 91.5cm long steel rod of 
2.5cm in diameter, located in front of a metallic plate.
A CUDA-based IFMM code, described in the Project Report 
R3-B.2: Advanced Imaging and Detection of Security Threats 
using Compressive Sensing, is used to create the images of the object under test for each receiver indepen-
dently and for the combination of both (see Fig. 12b).

C. Future plans

C.1 “On-the-move” system confi guration

a. Collect experimental data for an “on-the-move” con iguration.

C.2 Hardware design and integration of a multiple-bistatic imaging system

a. Integrate the different mechanical parts of the mm-wave radar system working with 2 transmitters 

Figure 11: Sketch of the experimental geometry.

                (a)         (b)

Figure 12: (a) photo of the object under test; and (b) reconstructed images using the CUDA-based IFMM algorithm: 

(top) receiver 1, (center) receiver 2, and (bottom) non-coherent combination of both receivers.
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and 5 receivers.
b. Build a mechanical gantry that allows for the mechanical scanning of the two transmitters at the same 

time.
c. Add a mechanical extension to the gantry to support “on-the-move” experiments.
d. Develop the control software, based in lab-view, to handle the switching between different transmit-

ters.
e. Develop the control software, based in lab-view, to digitize the scattered data for multiple receivers.
f. Develop a control signal, based in a micro-controller, to switch between the different transmitters.

C.3 Calibration algorithm for coherent image formation in multiple-bistatic imaging system

a. Validate the calibration algorithm with 2D experimental data.
b. Extend the calibration algorithm to 3D.

C.4 Experimental results using the multistatic millimeter wave radar system

a. Collect experimental data for different security threats.

C.5 Study additional features for reducing the cost of the imaging system

a. Study the potential use of electrical switches to multiplex in the time domain multiple receivers.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Graduate students Galia Ghazi and Luis Tirado will continue to play an important role in this research project. 
They will assist in developing new hardware design and integration for the millimeter wave radar system. 
Undergraduate students Matthew Nickerson, Siddharth Velu, Nigil Lee, Mohit Bhardwaj and Shaan Patel are 
active participants in the research group. In particular, undergraduate student Mohit Bhardwaj will join the 
team during the summer of 2014 as an REU student, in order to give continuity to the work he did during 
the preceding fall and spring semesters. Two high school students, Imani George – Thayer Academy, Class of 
2015 and Jenny Dinh – Lowell High School, Class of 2015, will be joining the group over the summer. Populat-
ing the research group with undergraduates brings homeland security technologies to undergraduate engi-
neering students, and establishes a pipeline to train and provide a rich pool of talented new graduate student 
researchers.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The following features will be of special relevance to the DHS enterprise:
1. Imaging for high throughput, non-invasive, minimal disruption scanning.
2. Full body coverage for imaging without interrupting forward steady pedestrian movement.
3. Affordable, with minimum number of non-uniform sparse array of Tx/Rx radar modules.

B.  Anticipated end-user technology transfer

1. Industrial transition partners: L3 Communication, HXI, Inc.; Smiths Detection.
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2. Target government customers: TSA, DOJ, CBP, Dept. of State.

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 the United States Army. 

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles 

1. B. Gonzalez-Valdes, G. Allan, Y. Rodriguez-Vaqueiro, Y. Alvarez, S. Mantzavinos, M. Nickerson, Jose A. 
Martinez-Lorenzo, Fernando Las-Heras and Carey M. Rappaport, “Sparse Array Optimization using 
Simulated Annealing and Compressed Sensing for Near-Field Millimeter Wave Imaging,” IEEE Trans-
actions on Antennas and Propagation. Vol. 62, No. 4, pp. 1716-1722 doi:10.1109/TAP.2013.2290801.

2. Rodríguez-Vaqueiro, Y., Álvarez, Y., Gonzalez-Valdes, B.  Martínez-Lorenzo, J. A., Las-Heras, F., and 
Rappaport, C., “On the Use of Compressed Sensing Techniques for Improving Multistatic Three-di-
mensional Millimeter-Wave Portal-Based Personnel Screening,” IEEE Transactions on Antennas and 
Propagation, vol. 62, no. 1, Jan. 2014, pp. 494 - 499.

3. Alvarez, Y., Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-Heras, F., and 
Rappaport, C., “Phase error compensation in imaging systems using Compressed Sensing tech-
niques,” IEEE Antennas and Wireless Propagation Letters, vol. 12, no. 12, Dec. 2013, pp. 1574 - 1577. 

4. Alvarez, Y., Laviada, J., Tirado, L., García, C., Martínez-Lorenzo, J.A., Las- Heras, F., and Rappaport, C., 
“Inverse Fast Multipole Method for Monostatic Imaging Applications,” Geoscience and Remote Sens-
ing Letters, Vol. 10, no. 5, pp. 1239-1243, Sept. 2013.

5. Gonzalez-Valdes, B.; Martinez-Lorenzo, J.A.; Rappaport, C.M., “A New Fast Algorithm for Radar-Based 
Shape Reconstruction of Smoothly Varying Objects,” IEEE Antennas and Wireless Propagation Let-
ters, Vol.12, no., pp.484-487, 2013.

 Pending-
1. Williams, K; Tirado, K; Chen, Z; Gonzalez-Valdes, B;  Martinez-Lorenzo, J. A.;  Rappaport, C. M., “Ray 

Tracing for Simulation of Millimeter Wave Whole Body Imaging Systems,” submitted for publication 
in IEEE Transactions on Antennas and Propagation.

2. Galia Ghazi, Carey M. Rappaport, and Jose A. Martinez-Lorenzo.  “Improved contour detection through 
high resolution SAR imaging,” submitted for publication in Progress in Electromagnetic Research.

3. Y. Alvarez, Y. Rodriguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-Heras 
and J. A. Martinez-Lorenzo, “Fourier-based Imaging for Multistatic Radar Systems,” accepted for pub-
lication in IEEE Transactions on Microwave Theory and Techniques.

4. Alvarez, Y., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-Heras, F., and Rappaport, C., “SAR imag-
ing-based techniques for Low Permittivity Lossless Dielectric Bodies Characterization,” accepted for 
publication in IEEE Antennas and Propagation Magazine.

5. B. Gonzalez-Valdes, Yuri Alvarez, Jose A. Martinez-Lorenzo, Fernando Las-Heras and Carey M. Rap-
paport, “On the Combination of SAR and Model Based Techniques for High-Resolution Real-Time 
Two-Dimensional Reconstruction,” accepted for publication in IEEE Transactions on Antennas and 
Propagation
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6. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo, “On the use of Passive Re lecting Surfaces and 
Compressive Sensing techniques for detecting security threats at standoff distances,” accepted for 
publication International Journal on Antennas and Propagation.

B. Peer reviewed conference proceedings

1. Y. Alvarez-Lopez, Y. Rodriguez-Vaqueiro, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo, Fernando Las-
Heras and Carey M. Rappaport. “A Compressed Sensing-based Imaging System,” CD Proc., EuCAP 
2014, VII European Conference on Antennas and Propagation, the Hague (the Netherlands), April, 
2014. 

2. Mantzavinos, S., Gonzalez-Valdes, B., Busuioc, D., Miller, R., Martinez-Lorenzo, J. A., Rappaport, C., 
“Low-Cost, Fused Millimeter-Wave and 3D Point Cloud Imaging for Concealed Threat Detection,” 
IEEE International Antennas and Propagation Symposium, July 2013, pp. 1014 - 1015.

3. García Pino, A., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., “Scanned Blade Beam 
Re lector Antenna for Near ield Imaging,” IEEE International Antennas and Propagation Symposium, 
July 2013, 950 - 951.

4. Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A., Rappaport, C., Álvarez, Y., Las-
Heras, F., “Compressed Sensing Techniques for Multistatic Three-dimensional Millimeter-Wave Per-
sonnel Screening,” IEEE International Antennas and Propagation Symposium, July 2013, pp. 534-
535.

5. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Low Permittiv-
ity Dielectric Object on Conductor Characterization,” IEEE International Antennas and Propagation 
Symposium, July 2013, pp. 822 - 823.

6. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Accurate Pro ile 
Reconstruction Using An Improved SAR Based Technique,” IEEE International Antennas and Propa-
gation Symposium, July 2013, pp. 818 - 819.

7. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and. Rappaport, C., “Dual Band SAR Processing for Low 
Dielectric Contrast Buried IED Detection,” IEEE International Antennas and Propagation Sympo-
sium, July 2013, pp. 1080 - 1081.

8. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., and Rappaport, C., “Material 
characterization using a millimeter wave portal-based imaging system for security screening,” IEEE 
Homeland Security Technology Conference, October 2013, pp. 511 - 516.

9. Rappaport, C., Gonzalez-Valdes, B., Allan, G., and Martínez-Lorenzo, J. A., “Optimizing Element Posi-
tioning in Sparse Arrays for Near ield Mm-Wave Imaging,” IEEE Phased Array Conference, October 
13-16, 2013, pp. 333-335.

C. Other presentations

1. Seminars
a. Jose Martinez, “Novel signal processing algorithms for the next generation of AIT systems,” 

8/14/2013, DHS AIT Industry Day
b. Jose Martinez, “Compressive Sensing techniques for detecting security threats,” 10/8/2013, 

Northeastern University Smiths Delegation 
c. Jose Martinez, “Mechanical-Electromagnetic Sensing and Imaging Technologies in Security Ap-

plications,” 11/6/2013, ALERT and Gordon-CenSSIS Scholars 
d. Jose Martinez, “Next steps on standoff and on-the-move detection of security threats,” 4/16/2014, 
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ASPIRE workshop 
e. Jose Martinez, R3-B: Stand-off Person Screening Systems, 2/19/2014, DHS-ALERT site visit 

2. Poster sessions
a. Borja Gonzalez- Valdes, Jose Angel, Martinez, Carey M. Rappaport, Fernando Las-Heras, “Auto-

matic SAR Processing for Pro ile Reconstruction and Recognition of Dielectric Objects on the 
Human Body Surface,” 10/14/13 ADSA09 

b. Mohit Bhardwaj, Shaan Patel, Galia Ghazi, Luis Tirado, Borja Gonzalez-Valdes, Scott Pitas, Cary 
Rappaport, Jose Martinez-Lorenzo. “Millimeter-Wave Standoff Detection of Concealed Explo-
sives,” 4/10/14, RISE

c. Galia Ghazi, Luis E. Tirado, Carey M. Rappaport, Jose A. Martinez-Lorenzo. “Coherent Image For-
mation and Calibration for Multi-Bistatic Radar Con igurations,” 4/10/14, RISE

d. Luis E. Tirado, Galia Ghazi, Carey Rappaport and José A. Martinez-Lorenzo. “Inverse Fast Multi-
pole Method GPU Implementation for Standoff Radar Imaging Applications,” 4/10/14, RISE 

e. Yolanda Rodriguez-Vaqueiro and Jose Angel Martinez-Lorenzo. Compressive Sensing techniques 
applied to standoff detection of security threats using Passive Re lecting Surfaces, 4/10/14, RISE

D. Transferred technology/patents

1. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., On the move millimeter wave inter-
rogation system with a hallway of multiple transmitters and receivers, US Provisional Application 
No. 61/912,630. Date of Filing: Dec. 6, 2013.

2. Martinez-Lorenzo, J. A., Alvarez, Y. and Rappaport, C., Low Permittivity Lossless Dielectrics Charac-
terization using a Millimeter Wave Imaging System without First Re lection Information, US Provi-
sional Application No. 61/901,124. Date of Filing: November 11, 2013.

3. Rappaport, C., Mantzavinos, S., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Busuioc D., Modu-
lar Superheterodyne Stepped Frequency Radar System for Imaging, US Provisional Application No. 
61/865,353. Date of Filing: August 13, 2013.
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