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II. PROJECT DESCRIPTION 

A. Project Overview

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 explosives 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 pres-
ent, radar is the only modality that can both penetrate and sense beneath clothing at a distance of 2 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 (see Fig. 
1). 

B. Biennial Review Results and Related Actions to Address 

The reviewers have identi ied several strengths for this project. Among them are the following: 1) Hardware 
design; 2) Firmware design and validation; 3) Software development; and 4) Calibration. The validation of 
the computational models with real measurements strengthens the outcomes of this project.
The reviewers have identi ied several weaknesses including: 1) It is not clear when the transition to 3D will 
be; and 2) The use of a metallic human body model target gives unwarranted advantages to the system.

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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In Year 4, we will address the irst weakness by inishing the assembly of the second generation (Gen-2) sys-
tem, which will enable us to collect data in 3D. Moreover, we will work on the calibration algorithm in 3D, and 
the preliminary data will be collected for processing. We will also address the second weakness by collecting 
experimental data with a coated metallic sheet or even with humans if the institutional review board (IRB) 
is in place in time.

C. State of the Art and Technical Approach

As recently pointed out by the International Air Transport Association (IATA), being able to detect securi-
ty threats without interrupting the motion of the person under scrutiny will be one of the most valuable 
features of the next generation personnel screening systems [10]. Current state-of-the-art millimeter-wave 
(mm-wave) imaging systems for security screening require people to stop and stand in front of the scanning 
system. Mm-wave generation and acquisition is achieved with a static array of Tx/Rx [11,12], or movable 
arrays that create planar [13,14], or cylindrical [15–17] acquisition domains. Most of them are based on 
monostatic radar and Fourier inversion [11–15]. Monostatic imaging system limitations are mainly related 
to the appearance of reconstruction dihedral artifacts as described in [17–19]. 
The outcome of this project would be the irst inexpensive, high-resolution radar system with a special ap-
plication to detect and identify potential suicide bombers. Its uniqueness is based on its ability to deploy 
multistatic con igurations [20-23], 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. 
Table 1 (on the next page) shows a technology development road map, including the steps needed to go from 
a 3D mechanical scanning imaging system (Generation 1, Gen-1 [10]) to a 3D fully electronic scanning imag-
ing system (Generation 3, Gen-3 [11,12]). An intermediate imaging system (Gen-2), capable of imaging small 
targets in a fully electronic fashion and large targets in a hybrid electrical/mechanical fashion, will be used to 
create a smooth transition between the Gen-1 and Gen-3 imaging systems.
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During the last year, the following activities were developed for this project: 1) Hardware design and integra-
tion of a multistatic imaging system (Tasks- 2.1 and 2.4); 2) Development of control irmware and software 
for the multistatic imaging system (Task- 2.5 and 3.5); 3) Calibration algorithm for coherent image forma-
tion in multistatic imaging system (Task-1.3 and 2.3); 4) Experimental imaging results using the multistatic 
mm-wave radar system (Task- 2.6); and 5) Study of a new “on-the-move” system con iguration (Task-2.1 and 
3.1). This project is intimately related to 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 technologies and techniques developed for this project are commonly 
used in near- ield applications by other ALERT projects, including R3-A.1 and R3-A.2.

D. Major Contributions

A summary of the Year 3 major contributions can be found in Table 2 on the next page.

Table 1: Roadmap towards a fully electronic radar imaging system; from Gen-1 [24] to Gen-3 [25, 26].
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E. Milestones

E.1. Hardware design and integration of a multiple-bistatic imaging system (Tasks 2.1 and 2.4)

E.1.a. Mechanical assemblage of the radar system working with 400 channels and enabling Mode-E and Mode-
EM data collection.

In collaboration with our transition partner, HXI Inc., we have continued the design, integration, and testing 
of our mm-wave radar system for detecting security threats at mid-ranges. In particular, our current hard-
ware systems make use the following elements: 1) Five HXI # 8302 Transmitter (Tx) Modules (Gen-2); 2) 
Five HXI # 8301 Receiver (Rx) Modules; 3) One HXI # 8303 Local Oscillator Module (LOM); and 4) Ten HXI # 
HSWM41203 single-pole four-throw (SP4T) 4-way Antenna Switches.  The LOM has eight sync outputs, and 
it permits the use of eight Tx and Rx modules working in a fully-coherent multistatic mode of operation. Ad-
ditional transmitting and/or receiving modules can be added by the inclusion of extra ampli iers and power 
dividers at the LOM outputs.  
The Gen-2 imaging system builds upon the functionality developed for our former Gen-1 system in order to 
increase the number of coherent channels, so that fully electronic imaging can be done for small targets. The 

Table 2: Summary of this year’s major contributions.
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four coherent channels of the Gen-1 system have been increased to 400 in the Gen-2 system by enhancing 
the hardware with the following elements: 1) The number of transmitters is increased from one to ive; 2) 
The number of receivers is increased from four to ive; and 3) A SP4T switch is added to each transmitter and 
receiving module. This con iguration leads to a 400 coherent channel system, which results from multiplying 
the 20 transmitting ports ( ive transmitters x four ports/transmitter) by the 20 receiving ports ( ive receiv-
ers x four ports/transmitter).  Figure 2 shows a simpli ied schematic of the architecture of the Gen-2 radar 
imaging system, where only two receiving modules and one transmitting module are shown for the sake of 
simplicity. 

The designed Gen-2 system supports two modes of operation: 1) Mode-E - fully electronic static imaging of 
targets located in small reconstruction regions of about 0.2 meters by 0.2 meters by 0.2 meters; and 2) Mode-
EM - hybrid, electronic and mechanical, dynamic Synthetic Aperture Radar (SAR) imaging of targets located 
in large image regions of over 1m x 2m x 1m.  The Gen-3 system will leverage the Gen-2 architecture to be 
able to perform 2D imaging of large reconstruction domains. This can be done by exploiting one or several of 
the following strategies: 1) Using a Coded Compressive Re lector Antenna [25, 26], in order to enhance the 
dispersion of the singular values of the sensing matrix; 2) Using a higher number of low-cost transmitters 
and receivers, in order to increase the number of non-zero singular values of the sensing matrix; and 3) Us-
ing image compression techniques, like wavelets, curvelets, or cosine-based basis, in order to ‘sparsify’ the 
representation of the object under test.   
Figure 3a (on the next page) illustrates our Gen-2 mm-wave radar system.  This imaging system is composed 

Figure 2: Basic architecture of the Gen-2 radar imaging system.
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of ive transmitters and ive receivers, each af ixed with a four-port switch. Four of the transmitters and 
their associated switches are arranged to create a vertical linear array at a ixed position, while four of the 
receivers and their associated switches are arranged to create a horizontal linear array at a ixed position. 
This con iguration enables the fully electronic scanning (Mode-E). A transmitter and a receiver, and their as-
sociated switches, are located on a smoothly and precisely moved plate to enable a combined electronic and 
mechanical mode of operation (Mode-EM). This movement is controlled by two linear actuators, allowing 
the transmitter and receiver to move up to 63 cm vertically and 84 cm horizontally. Moving the center trans-
mitter and receiver pair during experiments can synthetically simulate many radar modules in a 2D plane. 
Figure 3a clearly shows that our Gen-2 system enables the collection of data in Mode-E and Mode-EM. Note 
that the Mode-EM is very important in order to understand the limitations of the imaging system, in terms of 
the number of points required for imaging and predicting the expected signal to noise ratio (SNR) required 
for good imaging. Figure 3b and 3c show zoomed images of a mm-wave transmitter and receiver with a four-
port switch attached. 

E.1.b. Preliminary prediction of radar imaging performance working in Mode-E 

The prediction of the imaging performance of our Gen-2 system working in Mode-E can be explained by the 
concept of the effective radar aperture of two perpendicularly oriented transmitting and receiving arrays. 
Speci ically, this simulation was conducted for the con iguration shown in Figure 4a (on the next page). There 
are four  ixed transmitting modules (Txs) and four ixed    receiving modules (Rxs) operating in a coherent 
fashion. Each Tx and Rx module is connected to a SP4T microwave switch. Each of the Tx switches have three 
outputs that radiate into the imaging region and one matched load in the fourth output. As a result, when a 
transmitting module is illuminating the region under test, the remaining switches can be disabled (by using 
the non-radiating match-load, WR-12 terminations, output) in order to not interfere in the process. The re-

Figure 3: (a): Gen-2 mm-wave radar system. The transmitting vertical array is shown on the left of the image, while 

the receiving horizontal array is shown in (a). The 2D movable transmitter and receiver is shown in (b), and (c) is the 

zoomed views of the Tx and Rx Modules with four-port switches.
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ceiving switches have four inputs. These switches are time division multiplexed using control lines governed 
by the FPGA, resulting in a total of 192 coherent channels. Using the concept of convolved aperture in multi-
ple input multiple output (MIMO) radar, we designed an optimized convolved aperture from the two linear 
arrays. The optimized convolved effective aperture is shown in Figure 4b. The image result for a metallic, 
rectangular, lat target located at 1.7m range is shown in Figure 4c; the small white dots show the position 
of the metallic plate which is of size 40 cm x 30 cm.  Note that low-pass iltering of the image will get rid of 
all spurious points outside the target region, and will also ill in the black un- illed spots in the target region. 

E.2. Development the control irmware and software for the multi-bistatic imaging system (Tasks 2.5 and 
3.5) 

E.2.a. Finishing the LabVIEW-, C-, and FPGA-based irmware and software to operate the commutation 
amongst different transmitted and switched receivers of the Gen-2 system 

The control system associated with multi-channel multistatic systems is extremely complex, and it requires 
careful design, implementation, and validation. This year, we have inished the control irmware and software 
of the Gen-2 imaging system, which allows data collection from multiple receivers and transmitters con-
nected to SP4T switches. The Gen-2 imaging system is an FPGA-based switching system based on an Altera 

Figure 4: Simulation setup and target including: (a) the position of sparse transmitting and receiving arrays; (b) the 

eff ective convolved aperture; and (c) the simulation result for a target at 1.7m range.
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Cyclone V   DE1-SoC board (see Fig. 5a on the next page). It is capable of driving 10 SP4T switches in parallel; 5 
of the switches will be working in transmission mode and the remaining 5 switches will be working in recep-
tion mode. An image of the FPGA board that is being used in the Gen-2 imaging system is shown in Figure 5a. 
The DE1-SoC board has two general-purpose input/output (GPIO) headers, each of which provides 36 out-
puts or inputs. Two HSWM41203-262 SP4T switches are controlled via ive Low Voltage Transistor Transis-
tor Logic  (LVTTL) (3.3V) signals, and eight HSWM1203-286 SP4T switches are controlled via three LVTTL 
signals. When all ten SP4T switches are connected to the FPGA, 34 out of the 72 available FPGA outputs are 
used to control the 10 SP4T microwave switching system.
This year, development has been inalized for the modular FPGA VHDL code that controls the 10 SP4T switch-
es. This code has been tested on-board with a logic analyzer, and was successfully used to control the SP4T 
switches to acquire measured data using HXI’s Model 8300 Radar Front End.  The code is composed of three 
separate modules: a) A master module; b) A slave receiving module; and c) A slave transmitting module. The 
master module drives to the slave modules; it acts as a inite state machine. Indeed, the master module con-
trols the timing of events, thus indicating which particular ports of transmitting and/or receiving switches 
are active at a given instant. The VHDL code has been written to be easily   expandable to any number of con-
nected transmitting and receiving modules. Currently, the code has been set to perform a switching pattern 
using 5 transmitting modules and 5 receiving modules. 
Figure 5b on the next page shows a logic analyzer output of the switching system, in which each transmitting 
switch has an enabled line to determine if it is actively illuminating the target at a precise point in time. The 
switching cycle is described for one transmitting module and ive receiving modules in Table 3 on the next 
page.  It clearly shows that each port on the active transmitting module is sequenced individually to trans-
mit the Frequency-Modulated Continuous-Wave (FMCW) chirp signal, while all of the ports on the receiver 
modules are also sequenced individually to receive the scattered ield. For the case when more than one Tx 
module is connected, it is desired that only one transmitter is actively radiating. To accomplish this, WR-12 
terminations are installed on Port 4 of each SP4T transmitting switch, and the FPGA code commands the in-
active transmitters to switch to Port 4 when the active transmitter is radiating.
The VHDL code is capable of operating in two modes: 1) Mode-E; and 2) Mode-EM. For Mode-EM, the moving 
transmitting module is active and switched between its four ports, while the remaining receiving modules 
are switched between their corresponding four ports of the SP4T switch. In the Mode-E, there are no moving 
receiving or transmitting modules. The switching method is the same except that after the irst transmitting 
module switches throughout its four ports, the second transmitting module is enabled, and so forth, until the 
inal transmitting module inishes switching throughout all the ports. As mentioned previously, for multiple 

transmitting modules, only one transmitting port connected to the multiple transmitters is active at a time 
via the use of WR-12 terminations. To detect the start of the FPGA switching cycle, a single LVTTL state-line is 
used. This state line is high when the irst transmitter in the sequence becomes active, and it is acquired along 
with the measurement data in order to detect the clock cycles in which the respective transmitters are active.
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Figure 5: (a) Altera Cyclone V DE1-SoC FGPA-development board connected to clock input and SP4T switch control 

output cables; (b) VHDL logic analyzer output of FPGA-based switching system with 5 Tx modules and 5 Rx modules.
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This year, we have also updated and revised the LabVIEW control VI for the FPGA system, which is shown 
in Figure 6 (on the next page). The LabVIEW VI contains an array of controls that store the positions and 
orientation of the SP4T switches relative to a ixed set of gantry center coordinates in the three cross-ranges 
and elevation directions. The VI is adaptable to modular con igurations with different numbers of switched 
transmitting and receiving modules. The LabVIEW VI also has ields to write the experiment name, data 
acquisition parameters, and, for the case of the moving Rx and Tx module, the distance moved by the linear 
actuator carrying the modules. The VI controls the linear actuators that move the transmitting and receiving 
modules to create a synthetic aperture, and it acquires the received data via twoGaGe Octopus 8284 PCI-E 
Digitizer cards in master/slave con iguration, enabling 2D or 3D imaging via SAR or Compressive Sensing 
(CS) methods. A MATLAB-based processing code loads the data saved by the LabVIEW VI and reconstructs 
images based on the selected con iguration parameters. 

Table 3: Pseudo-code of the switching cycle for 1 transmitter (Tx1) and multiple receivers (Rx1, Rx2, Rx3, Rx4, and Rx5) 

connected to multiple SP4T switches.

ALERT 
Phase 2 Year 3 Annual Report

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

Project R3-B.1



E.2.b. Generation of the irst set of images with the new irmware architecture

With the updated FPGA code, LabVIEW VI, and MATLAB code, we have tested the imaging capabilities of the 
Gen-2 system in several experimental setups. One of these setups is the 3D multi-static imaging of security 
threats on a metallic air duct. These results are shown in Section II.E.4 of this report titled, “Project mile-
stone- Fusion of the mm-wave and stereo-camera Kinect images.”

E.3. Calibration algorithm for coherent image formation in multiple-bistatic imaging system (Task 1.3 and 
Task 2.3)

In order to coherently combine the information from multiple transmitters and receivers, several radar cali-
bration algorithms must be implemented. The aim of the calibration procedure is to correct for the different 
sources of variability existing in the radar system, which may ultimately lead to poor imaging. The most im-
portant sources of variability in the multistatic radar system are: 1) The lack of accuracy of the position of the 
transmitting and receiving ports, as well as the calibration target; 2) The unknown transfer function of the 
transmitting, receiving, and switching modules; 3) The thermal-drift effect on the amplitude and phase of the 
transfer function of each transmitting and receiving module; and 4) The variability introduced in the radar 
by switches operating in transmitting and receiving modes.  
Last year, we worked on two different calibration algorithms that address the irst of the aforementioned 
variability sources. The irst algorithm was a “Sphere-based” calibration [27-30], and the second algorithm 
was based on a “Pole-based” calibration. Those algorithms performed relatively well in 2D. However, their 
extension to 3D requires the characterization of the radar in terms of the three aforementioned topics: 1) The 
unknown transfer function of the transmitting, receiving, and switching modules; 2) The thermal-drift effect 
on the amplitude and phase of the transfer function of each transmitting and receiving module; and 3) The 

Figure 6: LabVIEW VI front panel to control and defi ne parameters in the FPGA-based switching system.
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variability introduced in the radar by switches operating in transmitting and receiving modes. This year, we 
have worked on these three items.

E.3.a. Characterization of the transfer function and the thermal-drift effect for all the transmitters, receivers, 
and switches in the Gen-2 system

The experiments conducted to accurately characterize the transfer function of all receivers and their thermal 
drift is shown in Figure 7. Speci ically, we have evaluated the stabilization time of the radar with a set of ex-
periments conducted over a time span of 180 minutes. The measurements have been collected for different 
combination pairs of one transmitter and ive receivers.  The transmitter was connected to the receiver with 
a waveguide attenuator, and a measurement was collected seven times at each receiver over the 180-minutes 
time period. The waveguide attenuator that connected the transmitting and receiving modules was used in 
order to control the input received signal at the receiver, thus avoiding that the receiving module enters in 
saturation.  A picture of the measurement setup is shown in Figure 7. 

Figure 8 (on the next page) shows the amplitude and differential phase of the measured chirp, which has a 
length of 168μsec in a 50% duty cycle, at the six different instances of time for each one of the different re-
ceivers.  The differential phase of each chirp is measured with respect to that at time=0. This study showed 
that the minimum time for the amplitude and phase of the signal to stabilize is 40 min. This information is 
taken into consideration in our forthcoming set of measurements. Moreover, the phase for each one of the 
modules seems to be relatively lat after the regime of stable operation has been reached; however, the am-
plitude of the transfer function is relatively different for each module. This information should be taken into 
consideration in the future.

Figure 7: Measurement setup, transmitter module connected to receiver module with a waveguide attenuator.
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The second part of the transfer function characterization is related to the switches used in transmission and 
in reception. As previously described, we used microwave switches to increase the number of receiving aper-
tures in the Gen-2 of the radar system. The length of the signal path in these microwave switches affects the 
phase of the signal as it hinders our ability to produce images unless one compensates for it. For this reason, 
each switch has been characterized with the use of Vector Network Analyzer (PNA-X). This characterization 
accurately measures the switch transfer function, and it is provided to the imaging algorithm in order to 

Figure 8: The time drift of the chirp received over a 180-minutes time interval for each receiver module when Tx1 is 

transmitting (a) Rx1, (b) Rx2, (c) Rx3, (d) Rx4, and (e) Rx5.
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enable the coherent imaging formation.  The switches have been tested with suitable control signals so that 
the loss from input to output is minimized and the isolation between the output ports is maximized. The 
measurement setup is shown in the Figure 9a. For this characterization, the common port of the switch is the 
input and the S21 is measured for each one of the four output ports. The measured amplitude and phase for 
each one of the switches are shown in Figures 9b and c.

E.3.b. Generation of a new 2D scanner to measure the transfer function of the Gen-2 system in the imaging 
region

The next step for the 3D calibration is to build a 2D scanner capable of measuring the electric ield in a 2D 
aperture in front of the radar system (see Fig. 10 on the next page). This measurement, in combination with 
analytical continuation techniques, will be used to create the sensing matrix in the target region. In this way, 

Figure 9: Switch characterization with PNA, including: (a) the measurement setup, (b) amplitude, and (c) phase for four 

output ports.
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a 3D coherent image formation can be performed.

The hardware for the 2D scanner consists of an 80/20 structure (i.e. a T-slotted aluminum framing system) 
with two linear actuators attached to it, one horizontally and the other vertically. As a result, both the trans-
mitter and receiver mounted on the 2D scanner for accurate calibration can be precisely moved in two di-
mensions. Figure 10 shows in 3D the original design of the 2D scanner. The components of the structure 
are clearly detailed and labelled in the model, including the linear actuators, the counterweight system, the 
aluminum plate, and the range of motion in each dimension. Directly attached to the horizontal actuator is 
an aluminum plate that can hold a transmitting module, a receiving module, or both. Attached to the back 

Figure 10: Original 3D model of the 2D characterization scanner, including: (a) overall dimensions, (b) elements of the 

scanner, and (c) the current state of the scanner.
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side of the frame are some railings and an enclosure for the counterweight of the system. The actuators allow 
a movement of 36” in both dimensions, yet the overall dimensions of the structure are 55” by 79”; this is in 
order to allow lexibility in the desired movement of the receiver and transmitter, especially in the vertical 
direction. A friction-based encoder is also used in order to accurately know the exact position of the trans-
mitter and receiver in the scanner. 

E.4. Experimental imaging results using the multistatic millimeter wave radar system (Task-2.6)

This year, we have tested the imaging capabilities of the Gen-2 system in several experimental setups. A rep-
resentative subset of all the experiments include, but are not limited to, the following: 1) 3D images at the 
1-2 m range using the modular Gen-2 mm-wave radar system; and 2) A project milestone - Fusion of the mm-
wave and stereo-camera Kinect images. A more detailed explanation and justi ication of these experiments is 
given in the following subsections.

E.4.a. 3D images at the 1-2 m range using the modular Gen-2 mm-wave radar system

The experimental setup consists of security threats on a metallic air duct (see Fig. 11 on the next page). This 
experiment was also collected last year with the Gen-1 system, which was controlled by an Arduino micro-
controller. This year, we repeated the same experiment with the Gen-2, which is controlled with the FPGA.  
Only two receivers from the Gen-2 system are used in this experiment. A phase-compensation procedure 
applied to the SP4T switches allows coherent image formation from multiple receiving apertures. The front 
and side view reconstructed images are shown in Figure 12 on the following page.  The top images show the 
coherent combination of four channels: transmitter (Tx) port 1 and receiver 2 (Rx2) using all four ports of 
Rx2. The bottom images show the coherent combination of eight channels: transmitter (Tx) port 1 and re-
ceivers 1 and 2 (Rx1+Rx2) using all four ports of both receivers.  The images show the isosurface contours 
of the reconstructed target re lectivity at -3, -6, and -15 dB levels. The combined Rx1+Rx2 image is shown to 
enhance the target re lectivity.
In the side view image, it is possible to see the expected protrusion for the metallic targets (circled red) and 
the expected depression for the dielectric targets (circled red) [31]. It is important to note that the algorithm 
described in [31] can now be used to infer the relative dielectric constant of the dielectric explosive (i.e. the 
relative dielectric constant of TNT is around 2.3).
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Figure 11: Experimental result #1: Geometry of target and Rx/Tx modules. The target region contains a metallic threat 

and a weak dielectric threat, simulating a TNT explosive.
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E.4.b. Project milestone – Fusion of the mm-wave and stereo-camera Kinect images

This year, we have integrated a Kinect sensor to the mm-wave imaging system. The reason for fusing the 
mm-wave and stereo-camera images is twofold: 1) In an experimental setting, the video camera can produce 
the ground truth of the experimental con iguration; and 2) In a realistic scenario, the image from the ste-
reo-camera can be used to know the exact range in which the target is located, thus substantially reducing the 
computational time needed to perform the imaging.  In this image, we show a result in which the information 
from the stereo-camera is used to know the actual ground truth of the target. 
In order to control the images generated by the stereo-camera, an executable application has been designed 
in C# language with the Open Natural Interaction (OpenNI) framework. This software captures an image of 
the current experimental setup, and it outputs a color image and a text ile with depth values for each corre-

Figure 12: Experimental result #1: Reconstructed side and top view coherent sum images using four channels (Rx2) and 

using eight channels (Rx1 + Rx2). The combination of Rx1+Rx2 data enhances the target refl ectivity.
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sponding pixel. Figure 13 shows the LabVIEW VI front panel that calls the executable and then uses a MAT-
LAB script to create a triangular tessellation image based on the depth data captured by the sensor. The VI 
has ields to input the target bounding box coordinates, the Kinect sensor coordinates, and path information 
for the executables and output image and depth data.

To validate the results of the mm-wave radar experiments, Figure 14 (on the next page) overlays the captured 
depth information from the Kinect sensor to the experimental result #1 discussed in Section II.E.4.a.  The 
Kinect depth data is shown in the color gray against the mm-wave reconstruction surfaces, including the 
expected protrusion for the metallic target and delays from the dielectric target match in both modalities, 
which can be clearly seen in the top and side views. This experiment shows our success in fusing the data 
from the stereo-camera, Kinect, and the mm-wave radar. 

E.5. Study of a new “On-the-move” system hardware and con iguration (Task-2.1 and Task 3.1)

In order to transition into a fully electronic scanning system, we continued to investigate new hardware com-
ponents that will enable the Gen-3 system to provide real-time imaging for “On-the-move” con igurations 
[32-38]. Speci ically, we have investigated how metamaterials can be added to a “Compressive Re lector” in 
order to enhance the sensing capacity of the system (see project report for R3-B.2 in order to see some pre-
liminary results of this new con iguration). The fabrication of the hardware is reported in this report.

Figure 13: LabVIEW VI front panel which creates truth target images based on the Kinect’s depth camera.
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E.5.a. Fabrication of  Metamaterial Absorber (MMA) 

The fabrication of a transmit-array MMA was done in the Kostas Micro/Nano Fabrication Center at North-
eastern University (NEU). The fabrication procedure was based on photo lithography followed by wet 

Figure 14: Experimental result #1: Coherent sum images using eight channels (Rx1 + Rx2) overlaid with Kinect sensor 

depth data (in gray); (top) top view and (bottom) side views. Reconstructed features match Kinect tessellation results.
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etching. First, we cut the Taconic CLTE substrate to a four-inch circle so that it was compatible with the needs 
from the fabrication facilities. Next, we spin coated the photoresist on the surface of the substrate, which was 
then followed by using the mask aligner and exposing the substrate with UV light. Positive photoresist and a 
clear- ield mask were used for this purpose. The lithography process was inished by developing the exposed 
substrate until the pattern came out at the photoresist layer. In the wet etching step, the CE-200 copper 
etchant was used to cut the copper at the exposed areas. Then we spin coated the top layer of the substrate 
with photoresist again to protect the etched pattern, and wet etched the copper from the bottom layer of the 
substrate. Figure 15a shows the setup for measuring the transmission characteristics of the transmit-array 
MMA. We  used a PNA-X 26.5 GHz Network Analyzer along with mm-wave extenders to transmit and receive 
the signal. Since the device under test (DUT) is in the near- ield of the horn antennas, we have used collimat-
ing lenses to create a planar ield at the array’s interface. Figure 15c shows an optical microscope image from 
the fabricated transmit-array MMA.  Preliminary results show that a 1 GHz shift in the resonance frequency 
was observed with respect to the targeted one (see Fig. 15d and 15.e). In our opinion, this was due to the 
inaccurate characterization of the Roggers substrate used for the fabrication.   

F. Future Plans

• Hardware design and integration of a multiple-bistatic imaging system- For the next few years, the fol-
low-on tasks and expected outcome are the following:
• Tasks 2.1 and 2.4 – Finish the hardware design and integration of the Gen-2 system by extending the 

number of outputs in the Local Oscillator to be able to work with more transmitters and receiving 
modules. The expected outcome is a fully coherent mm-wave system working with 400 channels.

Figure 15: (a) MMA measurement setup; (b) Metallic aperture in front of the fabricated transmit-array; (c) Microscope 

image from the fabricated transmit-array MMA.  Simulated vs measurement data in resonance frequency: (d) phase, 

(e) magnitude.
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• Calibration algorithm for coherent image formation in multiple-bistatic imaging system - For the next few 
years, the follow-on task and expected outcome are the following:
• Task 2.3 – Characterize the ields produced in front of the transmitting and receiving arrays so that a 

coherent formation between all the elements of the array can be performed accurately. The expected 
outcome is a 3D calibration algorithm for coherent image formation of the transmitting and receiving 
arrays.

• Experimental imaging results using the multistatic mm-wave radar system- For the next year, the fol-
low-on task and expected outcome are the following:
• Task 2.6 – Generating coherent 3D images for the Gen-2 system. The expected outcome is a 3D coher-

ent mm-wave system.
• Study of a new “On-the-move” system con iguration- For the next year, the follow-on tasks and expected 

outcome are the following:
• Tasks 2.1 and 3.1 – Investigate the same “On-the-move” hardware con iguration and imaging meth-

odology for the Gen-2 and Gen-3 systems. The expected outcome is, again, a 3D coherent mm-wave 
system.

III. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS Enterprise

The following features will be of special relevance to the Department of Homeland Security (DHS) enterprise:
• Non-invasive, minimally-disruptive on-the-move scanning with quality imaging and high throughput; 

fast data collection in less than 10ms.
• Full body imaging with interrupted forward movement during mm-wave pedestrian surveillance; in 

multi-view.
• A small number of non-uniform sparse array of Tx/Rx radar modules will minimize the cost of on-the-

move; ive transmitters + ive receivers + 10 switches.

B. Potential for Transition

The features of on-the-move have attracted the attention of several industrial and government organizations. 
• Industrial transition partners: HXI, Inc.; L3 Communication; Rapiscan; and Smiths Detection.
• Target government customers: Transportation Security Administration (TSA), the U.S. Department of 

Justice (DOJ), Customs and Border Protection (CBP), and the Department of State.

C. Data and/or IP Acquisition Strategy

The hardware design, integration, and validation performed under this project will continue to generate IP. 
In the past, several provisional patents have been submitted to NEU’s IP of ice, and our connection with dif-
ferent transition partners will facilitate its transition into industry. Moreover, the hardware will also be used 
to create benchmark datasets that may be used by industry stakeholders in order to assess the performance 
of their reconstruction/imaging algorithms.

D. Transition Pathway 

HXI Inc. has been collaborating with our research team in the R3-B.1 project. Together, HXI and ALERT have 
designed, fabricated, integrated, and validated the radar system. We expect that after the assembling the irst 
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Gen-3 prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Ad-
ditionally, new low-cost miniaturized modules are being developed by HXI for the next generation mm-wave 
system; some of these components will be tested by the R3-B.1 PI.  
The PI has also established a working relationship with Smiths Detection and L3 Communications, which 
bodes well for future collaboration and transition.

E. Customer Connections

Customer Names & Program Of ices:
• HXI – Mr. Earle Stewart
• Smith’s Detection Systems – Dr. Kris Roe 
• L3 Communications – Dr. Simon Pongratz
Frequency of Contact & Level of Involvement in Project: 
• The PI has weekly meetings with HXI for the project.  
• The companies Smiths Detection Systems and L3 Communications had three to four meetings with the 

PI last year.
New proposals related to the topic of this research will be submitted to other federal funding agencies. 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Prof. Martinez will be chairing a session at the 2016 Antennas and Propagation Symposium on 

“Compressed Sensing, Sparsity and Frequency-Domain Approaches in Microwave Imaging,” in 
which he will be presenting results generated by the R3-B.1 and B.2 projects.

2. Student Internship, Job, and/or Research Opportunities
a. Graduate students Ali Molaei, Galia Ghazi, and Luis Tirado play an important role in our research 

project. They assist in developing new hardware design and integration for the mm-wave radar 
system. 

b. Our undergraduate students Shaan Patel, Mohit Bhardwaj, Gregory Allan, Anthony Bisulco, Luigi 
Annese, Chenyang Liu, Douglas Triolo, Simisola Famiusi, Darya Malkova, and Evelin D’Elia will 
continue to work in the R3-B.1 and B.2 projects. They will continue to be pillars of this project. 

c. Chenyang Liu and Darya Malkova joined the group as participants in the ALERT and Gordon-Cen-
SSIS Scholars Program. 

d. Moreover, Mohit Bhardwaj, Chenyang Liu, and Anthony Bisulco have been involved in the center 
as REU students during 2014, 2015, and 2016 summers, respectively.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. The PI participated in the Building Bridges Program, in which high school students visit NEU’s 

laboratories to have a hands-on research experience in order to engage them in STEM education.
4. Other Outcomes that Relate to Educational Improvement or Workforce Development

a. Populating the research group with undergraduates brings homeland security technologies to 
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undergraduate engineering students, and it establishes a pipeline to train and provide a rich 
pool of talented new graduate student researchers.

B. Peer Reviewed Journal Articles 

1. Y. Alvarez, Y. Rodriguez-Vaqueiro, B. Gonzalez- Valdes, C. Rappaport, F. Las-Heras and J. A. Marti-
nez-Lorenzo. “Three-Dimensional Compressed Sensing-Based Millimeter-Wave Imaging.” IEEE 
Transactions on Antennas and Propagation, 63(12), 23 September 2015, pp. 5868–5873. DOI: 
10.1109/TAP.2015.2481487

2. K. Williams, L. Tirado, Z. Chen, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. “Ray 
Tracing for Simulation of Millimeter Wave Whole Body Imaging Systems.” IEEE Transactions on An-
tennas and Propagation, 63(12), 05 October, 2015, pp. 5913–5918. DOI:10.1109/TAP.2015.2486801

3. B. Gonzalez-Valdes, Y. Alvarez, Y. Rodriquez-Vaqueiro, A. Arboleya-Arboleya, A. Garcia-Pino, C. Rap-
paport, F. Las-Heras and J. A. Martinez-Lorenzo. “Millimeter Wave Imaging Architecture for On-The-
Move Whole Body Imaging.” IEEE Transactions on Antennas and Propagation, 64(6), 09 March 2016, 
pp. 2328-2338. DOI: 10.1109/TAP.2016.2539372

Pending-
1. B. Gonzalez-Valdes, Y. Alvarez, S. Mantzavinos, C. Rappaport, F. Las-Heras and J. A. Martinez-Lorenzo. 

“Imaging Effectiveness of Various Multistatic Radar Con igurations for Human Body Imaging.” IEEE 
Transactions on Antennas and Propagation, accepted for publication.

2. Juan Heredia Juesas, Ali Molaei, Luis Tirado, William Blackwell and J. A. Martinez-Lorenzo. “Norm-1 
Regularized Consensus-based ADMM for Imaging with a Compressive Antenna.” IEEE Antennas and 
Wireless Propagation Letters, under review.

3. Luis E. Tirado, Galia Ghazi, Yuri Alvarez, Fernando Las-Heras and J. A. Martinez-Lorenzo. A GPU Im-
plementation of the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications. Journal 
of Applied Computational Electromagnetics Society, under review.

4. R. Obermeier and J. A. Martinez-Lorenzo. “Model-based Optimization of Compressive Antennas for 
High-Sensing-Capacity Applications.” IEEE Antennas and Wireless Propagation Letters, under review.

C. Peer Reviewed Conference Proceedings

1. Yolanda Rodriguez Vaqueiro, Yuri Alvarez, Borja Gonzalez-Valdes, Fernando Las-Heras and J. A. 
Martinez-Lorenzo. “Fast Multistatic Fourier-based Forward and Inverse Operators for Compressive 
Sensing Imaging”. AP-S 2015 — IEEE AP-S International Symposium, Vancouver, Canada, 19-24 July 
2015.

2. J. Heredia Juesas, G. Allan, A. Molaei, L. Tirado, W. Blackwell and J. A. Martinez-Lorenzo. “Consen-
sus-based Imaging using ADMM for a Compressive Re lector Antenna.” AP-S 2015 — IEEE AP-S Inter-
national Symposium, Vancouver, Canada, 19-24 July 2015.

3. B. Gonzalez-Valdes, C. Rappaport, J. A. Martinez-Lorenzo, Y. Alvarez, F. Las-Heras. “Imaging Effective-
ness of Multistatic Radar for Human Body Imaging.” AP-S 2015 — IEEE AP-S International Sympo-
sium, Vancouver, Canada, 19-24 July 2015.

D. Other Presentations 

1. Seminars
a. Jose Martinez. “Increasing ef iciency of passenger screening in light of enhanced requirements: 

Screening at Speed using High-Sensing-Capacity Imaging Systems.” Overseas Security Advisory 
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Council – Aviation Security Working Group (US Department of State), Northeastern University, 
Boston, MA, 26 May 2016. 

b. Jose Martinez. “Sensing and Imaging for security applications.” Northeastern University meeting 
with a delegation of the Chief Scienti ic Advisor to the President of Turkey, Boston, MA, 25 March 
2016.

c. Jose Martinez. “Increasing ef iciency of passenger screening in light of enhanced requirements.” 
Airport Security Conference, Barcelona, Spain, 21 November 2015.

d. Jose Martinez. “HXI-NEU radar system design, integration and validation.” HXI Inc., 21 March 
2016.

2. Poster Sessions
a. Anthony Bisulco, Luis Tirado, Galia Ghazi, Luigi Annese, Darya Malkova, Douglas Triolo, Simiso-

la Familusi and José Martinez. “Rapid Security Threat Detection via Millimeter Wave Imaging,” 
RISE: 2016, Northeastern University, Boston, MA, 7 April 2016.

3. Interviews and/or News Articles 
a. WIRED magazine. “The woeful TSA doesn’t need more staff. It needs this tech.” 26 May 2016. 

https://www.wired.com/2016/05/forget-extra-staffers- ix-tsa-technologies/ 
b. Northeastern University News. “Future of Airport Security.”  29 April 2016. http://www.north-

eastern.edu/news/2016/04/creating-the-future-of-airport-security/ 
c. Keysight Technologies Education Corner Faculty Spotlight. “Stay ALERT – Don’t Get Hurt.” 16 

March 2016. http://www.keysight.com/main/editorial.jspx?cc=US&lc=eng&ckey=2708671&ni
d=-34792.0&id=2708671 

d. Airport Security Conference 2016. “Increasing ef iciency of passenger screening in light of en-
hanced requirements.” http://www.airportsecurityconference.com/speaker/jose-martinez-lo-
renzo/ 
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