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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. 
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” configuration, and at standoff-ranges (10-40 meters) using a “van-based” configuration (see Fig. 
1 on the next page). 
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B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The reviewers identified several strengths for this project. Among them are the following: 1) hardware de-
sign; 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 identified 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.
In Year 4, we addressed the first weakness by finishing the assembly of the second generation (Gen-2) sys-
tem, which will enable us to collect data in 3D. Moreover, we worked on the calibration algorithm in 3D, and 
the preliminary data was collected for processing. In Year 5, 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 

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” configuration, and (b) at standoff-ranges using a “van-based” configuration.
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(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 first 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 configurations [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 first radar 
system that is capable of functioning at multiple ranges for both indoor and outdoor scenarios. 
Table 1 shows a technology development road map, including the steps needed to go from a 3D mechanical 
scanning imaging system (Generation 1, Gen-1 [24]) to a 3D fully electronic scanning imaging system (Gen-
eration 3, Gen-3 [25,26]). 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.

During the last year, the following activities were developed and completed for this project: 1) hardware 
design and integration of a multistatic imaging system (Tasks 2.1, 2.4, 3.1, 3.4); 2) development of control 
firmware and software for the multistatic imaging system (Task 2.5 and 3.5); 3) calibration algorithm for 
coherent image formation in multistatic imaging system (Task 2.3 and 3.3); 4) experimental imaging results 
using the multistatic mm-wave radar system (Task 2.6); and 5) study of a new “On-the-Move” system config-
uration (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  

Table 1: Roadmap towards a fully electronic radar imaging system; from Gen-1 [24] to Gen-3 [25, 26].
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system have been developed. Additionally, many of the technologies and techniques developed for this proj-
ect are commonly used in near-field applications by other ALERT projects, including Projects R3-A.2 and 
R3-A.3.

D. Major Contributions

A summary of the Year 4 major contributions can be found in Table 2.

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 of 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. This 

Table 2: Summary of this year’s major contributions.
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year, we have designed a new architecture, which is based on the addition of two UMCC SW-S010-6S SP6T 
coaxial switches and two HXI #HLNA220-588 Low Noise Amplifiers (LNA). This addition enables transmit-
ters to be sequenced individually, and up to two additional receivers and an additional transmitter can be 
added to the system. Nevertheless, the architecture is fully expandable; and by using an additional 8 SP6T 
coaxial switches, and 8 LNA and 48 SP4T switches, the system could potentially operate with up to 96 (24*4) 
transmitting ports and 96 (24*4) receiving ports, thus leading to 9,216 coherent ports in the Gen-3 system.  
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 
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 was increased from one to five; 2) The 
number of receivers was increased from four to five; 3) A SP4T switch was added to each transmitter and re-
ceiving module; and 4) SP6T coaxial switches were added to the local oscillator module (LOM) intermediate 
frequency and multiplier outputs. The addition of the SP6T coaxial switches enables the use of all four ports 
per transmitter, avoiding the need for waveguide terminations used to sequence the transmitter operation. 
This configuration leads to a 400 coherent channel system, which results from multiplying the 20 transmit-
ting ports (five transmitters x four ports/transmitter) by the 20 receiving ports (five receivers x four ports/
transmitter). Figure 2 shows a simplified 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 0.2m x 0.2m x 0.2 m; and 2) Mode-EM - hybrid, elec-
tronic 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 

Figure 2: Basic architecture of the Gen-2 radar imaging system.
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strategies: 1) using a Coded Compressive Reflector 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) using image com-
pression 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 
of five transmitters and five receivers, each affixed with a four-port switch. Four of the transmitters and their 
associated switches are arranged to create a vertical linear array at a fixed position, while four of the receiv-
ers and their associated switches are arranged to create a horizontal linear array at a fixed position. This 
configuration enables the fully electronic scanning mode (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 3 shows that our Gen-2 system enables the collection of data in Mode-E and Mode-EM. Note that 
Mode-EM is very important for understanding 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 im-
aging. It is also important to note that Mode-EM has been customized this year in order to enable the mea-
surements of the fields in a 2D aperture located in front of the radar. This is needed in order to perform the 
3D calibration, which is described later in this report. Figure 3b and 3c show zoomed images of a mm-wave 
transmitter and receiver with a four-port switch attached. 
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E.2.	 Development	of	the	control	firmware	and	software	for	the	multi-bistatic	imaging	system	(Tasks 2.5   
 and 3.5) 

E.2.a.	 Finishing	the	LabVIEW-,	C-,	and	FPGA-based	firmware	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 expanded the capabilities of the Gen-2 
imaging system by integrating coaxial SP6T switches and amplifiers, which enables switching of up to six 
transmitters and the use of up to seven receivers. The control firmware and software of the Gen-2 imaging 
system has been updated to allow data collection utilizing the SP6T switches to sequence the multiple trans-
mitters shown in Figure 3a. The Gen-2 imaging system is an FPGA-based switching system based on an Altera 
Cyclone V DE1-SoC board (see Fig. 4a on the next page). It is capable of driving multiple SP4T switches in 
parallel; currently five of the switches work in transmission mode and the remaining five switches work in 
reception mode. In addition, the FPGA controls the two UMCC SW-S010-6S coaxial switches which sequence 
the transmitters’ operation order. An image of the FPGA board that is being used in the Gen-2 imaging system 
is shown in Figure 4a. 

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 on the right. The 2D movable transmitter and receiver is shown in (b), and (c) shows 
the zoomed views of the Tx and Rx Modules with four-port switches.
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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 five Low Voltage Transistor Tran-
sistor Logic (LVTTL) (3.3V) signals, eight HSWM1203-286 SP4T switches are controlled via three LVTTL 
signals, and two SW-S010-6S absorptive coaxial PIN-switches are controlled via six LVTTL signals. When the 
ten SP4T waveguide switches and two SP6T coaxial switches are connected to the FPGA, 48 out of the 72 
available FPGA outputs are used to control the microwave switching system.
This year, the development was finalized for the modular FPGA VHDL code that controls the 10 SP4T wave-
guide switches and the 2 SP6T coaxial switches. The code has been changed to send the switching signals 
necessary to activate the active SP6T switch port that is connected to a particular transmitter according to 
the desired switching order. In addition, the FPGA switching logic has been changed to occur on the falling 
edge of the LOM clock cycle to avoid switch transition delays. 
This updated FPGA code has been tested on-board with a logic analyzer for all configurations, and was suc-
cessfully used to control the SP4T waveguide switches to acquire measured data using HXI’s Model 8300 
Radar Front End (RFE). The coaxial SP6T switches have been tested using a Keysight U2022XA USB Wide-
band Power Sensor, in order to select the fixed attenuators necessary to drive the transmitter modules at the 
correct power levels. A block diagram of the amplifiers and SP6T switches integrated in the RFE is shown in 
Figure 5 (on the next page).

Figure 4: (a) Altera Cyclone V DE1-SoC FGPA-development board connected to clock input, SP4T, and SP6T switch con-
trol output cables; (b) VHDL logic analyzer output of FPGA-based SP4T/SP6T switching system with 5 Tx modules and 
5 Rx modules.
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The FPGA code that controls the SP4T and SP6T switches is composed of three separate modules: 1) a master 
module; 2) a slave receiving module; and 3) a slave transmitting module. The master module drives to the 
slave modules; it acts as a finite state machine. Indeed, the master module controls 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 connected transmitting and receiving 
modules. Currently, the code has been set to perform a switching pattern using five transmitting modules and 
five receiving modules.
Figure 4b (on the previous page) shows a logic analyzer output of the switching system, in which each trans-
mitting switch has an enabled line to determine if it is actively illuminating the target at a precise point in 
time. It also shows the addition of the control signals that drive the SP6T switches connected to the LOM’s 
9GHz intermediate frequency signal outputs and 13-14GHz multiplier signal outputs.
The switching cycle is described for one transmitting module and five receiving modules in Table 3 (on the 
next page). It clearly shows that each port on the active transmitting module is sequenced individually to 
transmit the Frequency-Modulated Continuous-Wave (FMCW) chirp signal, while all of the ports on the re-
ceiver modules are also sequenced individually to receive the scattered field. 

Figure 5: Block diagram showing the expansion of the Gen-2 mm-wave radar system. Two UMCC SW-S010-6S coaxial 
absorptive PIN-switches and two HXI HLNA220-588 Low Noise Amplifiers are used to sequence up to six transmitters 
and drive up to seven receivers. Diagram is shown with the current configuration of five transmitters and five receivers.
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In a situation when more than one Tx module is connected, it is desired that only one transmitter is actively 
radiating. Previously, WR-12 terminations were installed on Port 4 of each SP4T transmitting switch, and the 
FPGA code commanded the inactive transmitters to switch to the terminated Port 4 when the active trans-
mitter is radiating. This year, the integration of the two SP6T coaxial switches enables all four ports of each 
SP4T switch to be used, eliminating the need for terminations, as the FPGA controls the coaxial switches to 
sequence the Tx modules in the desired order.
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 Mode-E, there are no moving 
receiving or transmitting modules. The switching method is the same except that after the first transmitting 
module switches throughout its four ports, the second transmitting module is enabled, and so forth, until the 
final transmitting module finishes 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 FPGA control of the coaxial SP6T switches. To detect the start of the FPGA switching cycle, a single LVTTL 
state-line is used. This state line is high when the first 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 trans-
mitters are active.
The LabVIEW VI’s front-end Graphical User Interface (GUI) has been changed to add a field to designate the 
position of the SP4T aperture ports for each Tx and Rx switch, as slight tilting due to mounting positions can 
change the effective distance between the target, or the calibration gantry, and the top and bottom ports of a 
SP4T switch. The updated VI is shown in Figure 6 (on the next page). As designed, the LabVIEW VI contains 
an array of controls that store the positions and orientation of the SP4T switches relative to a fixed set of 
gantry center coordinates in cross-range, range, and elevation directions. The VI is adaptable to modular 
configurations with different numbers of switched transmitting and receiving modules. The LabVIEW VI also 
has fields to write the experiment name, data acquisition parameters, and in the case of the moving Rx and Tx 

Table 3: Pseudo-code of the switching cycle for one transmitter (Tx1) and multiple receivers (Rx1, Rx2, Rx3, Rx4, and 
Rx5) connected to multiple SP4T switches.
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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 two GaGe Octopus 8284 PCI-E Digitizer cards in master/slave configuration, enabling 2D or 3D im-
aging 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 configuration parameters. 

E.2.b. Generation	of	the	first	set	of	static	images	with	the	new	firmware	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 static coherent imaging setup which 
employs the sensing matrix computed with the calibration data described in the next section. 

E.2.c. Hardware	and	firmware	development	to	enable	3D	calibration

This year, we have also updated and revised the LabVIEW control VI for the FPGA system and the MAT-
LAB-based data processing code to incorporate the measurement of the electric field with the 2D scanner 
placed in front of the radar system. The LabVIEW code has been updated to load compiled FPGA code for two 
separate data collections which are needed to create the sensing matrix in the target region: 1) sequenced 
transmitting from the four static Tx modules, while receiving in a 2D aperture with the moving Rx module; 
and 2) transmitting from the single moving Tx module, while receiving in the same 2D aperture with the four 
static Rx modules. The data collection for both calibration measurements scans a 2D region in elevation and 
cross-range of 74 cm × 88 cm, respectively, spanning past the extent of the static Rx/Tx apertures in the Gen2 
gantry. The MATLAB data processing code has been updated to account for the orientation of the moving Rx/
Tx apertures on the 2D scanner and processing of static measurements. A combination of MATLAB scripts 
and compiled C MATLAB executable (MEX) code was developed to process the calibration measurements, 
and calculate the sensing matrix used to image extended targets. Mode-E (static) measurements of extended 

Figure 6: LabVIEW VI front panel to control and define parameters in the FPGA-based switching system.
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targets are taken with the updated LabVIEW code, utilizing four static transmitters (12 transmitting ports) 
and four static receivers (12 receiving ports). 

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 first of the aforementioned 
variability sources. The first 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 
variability introduced in the radar by switches operating in transmitting and receiving modes. This year, we 
have worked on a 3D calibration algorithm, which measures the electric field in a 2D aperture in front of the 
radar system (see Fig. 7) in order to create the sensing matrix in the target region. Next section describes this 
algorithm.

E.3.a. 3D calibration using the reciprocity principle

The 3D calibration algorithm is based on measuring the patterns of transmitting and receiving ports on a 2D 
plane. These patterns can be used to replace the actual sources—the currents on the transmitting and re-
ceiving ports—for a set of equivalent sources derived from the surface equivalence principle. These fictitious 
sources are said to be equivalent within a certain region because they produce the same fields as the actual 
sources within that region. In other words, the equivalence principle states that each point on a primary wave 
front can be considered as a new source for a secondary spherical wave and that a secondary wave front can 
be constructed as the envelope of these secondary spherical waves. The measured fields can be propagated 
into the imaging region in order to build the sensing matrix needed to perform the imaging. This procedure 
is mathematically described next.
For the hardware setup shown in Figure 3a, the fields of the transmitting and receiving ports of the radar 
are measured with the aid of one transmitting and one receiving port that are moved on 2D aperture. The 
aperture is parallel to the radar aperture, it is located about 30 wavelengths away from it, and it is sampled 
at half a wavelength discretization step in the two cross range directions. Then the measured fields are used 
to produce a set of equivalent currents that are given by the following equation:

where Eap is the electric field in the 2D measurement plane and  is the normal to such a plane. The equiva-
lent magnetic currents for each transmitting or receiving port are later used as secondary sources in order to 
compute the electric field in the imaging region Eim. This functional is given by the following equation:
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Where G(r, r’) is the Green’s function in free space:

Once the fields in the imaging region are known, the coefficients of the sensing matrix A used to perform the 
imaging can be computed as follows:

where   is the field produced by i-th transmitter in the imaging point  when operating with 
the l-th frequency fl, and  is the field produced by j-th receiver in the imaging point  when op-
erating with the l-th frequency fl.  The sensing matrix A assembled by using the aforementioned coefficients 
compensates for the uncertainty of the position of the transmitting and receiving ports, as well as for the 
uncertainty in the transfer function. As a result of this 3D calibration algorithm, a 3D fully-electronic imaging 
can be performed. 

E.3.b.	 Design	and	fabrication	of	a	new	2D	scanner	to	measure	the	fields	on	a	2D	aperture	for	the	Gen-2	system

This year, we also finished the design, mechanical fabrication, and experimental validation of the 2D scanner, 
capable of measuring the electric fields in a 2D aperture in front of the radar system (see Fig. 7 on the next 
page). 
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 7 shows the original design of the 2D scanner in 3D. The components of the structure are 
clearly detailed and labeled in the model, including the linear actuators, the counterweight system, the alu-
minum 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 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 flexibility in the desired movement of the receiver and transmitter, especially in the vertical di-
rection. A friction-based encoder is also used in order to accurately know the exact position of the transmitter 
and receiver in the scanner. In the bottom-right corner of Figure 7a, the measured fields in the 2D aperture 
produced by a transmitting port are shown. As expected, the fields look like that of an open waveguide. This 
image clearly demonstrates that the scanner is capable of measuring the fields with enough spatial resolu-
tion, thus enabling the 3D calibration. 
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Figure 8 (on the next page) shows a zoomed version of the experimental configuration. Specifically, the pic-
ture shows that in order to match the 45 degree right-hand polarization of the static receiving ports, the 
moving transmitting and receiving ports have been equipped with a 45 degree left-hand twist waveguides 
and tapered waveguides. Note that the 45 degrees tilt in the receiving array is important in order to make the 
equivalent “convolved” aperture of the radar system to properly sample the “k-space.” Figure 7 also shows 
the corresponding aperture locations.

Figure 7: Original 3D model of the 2D characterization scanner, including: (a) overall dimensions, (b) elements of the 
scanner, and (c) scanner with moving Rx/Tx modules next to the Gen2 gantry holding the static Rx/Tx modules.

ALERT 
Phase 2 Year 4 Annual Report

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

Project R3-B.1



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

This year, we have continued to test the imaging capabilities of the Gen-2 system in several experimental set-
ups.  Representations of all the experiments are the 3D fully-electronic images at the 1-2 m range using the 
modular Gen-2 mm-wave radar system.

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

The experimental setup was aimed at detecting security threats concealed on the surface of a strong scatter-
er. As shown in Figure 9 (on the next page), a dielectric wax rod was used as a TNT simulant; and a metallic 
plate was used as a human chest simulant. The aforementioned sensing matrix, derived from the 3D calibra-
tion process described above, was inverted using the Alternating Direction Method of Multipliers (ADMM) 
algorithm developed in Project R3-B.2. 
The top image in Figure 9a shows the experimental configuration used to image a metallic plate in the target 
region, while the bottom image in Figure 9a shows the reconstructed image in the range (y-direction)/cross-
range (x-direction) plane. The top image in Figure 9b shows the experimental configuration used to image 
the dielectric rod located in front of the metallic plate and the corresponding image is shown on the bottom. 
It is clear that the image having the TNT simulant shows the characteristic delay and protrusion effect, which 
can be used not only to detect, but also to characterize the dielectric constant of the simulant. 

Figure 8: Calibration gantry 15cm in range from static Tx apertures. The moving Rx and Tx apertures are shown, along 
with the static Rx and Tx aperture locations.
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E.4.b. Fusion of the mm-wave and stereo-camera Kinect images

This year, we continued to work on the integrated Kinect sensor with the mm-wave imaging system (see 
Fig. 10 on the next page). 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 configuration; and 
2) In a realistic scenario, the image from the stereo-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. This 
year, we have accelerated the frame rate of the Kinect sensor, so that 25 frames per second are produced.  

Figure 9: The image of the metallic plate as the target (a), and the image of the metallic plate with TNT simulant (b).
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E.5.	 Study	of	a	new	“On-the-move”	system	hardware	and	configuration	(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” configurations 
[31-38]. Specifically, we have investigated how metamaterials can be added in front of or in the surface of the 
“Compressive Reflector” in order to enhance the sensing capacity of the system (see the report for Project R3-
B.2 in order to see additional results of this new configuration). The fabrication of the hardware is reported 
in this report. Moreover, a preliminary mechanical design of a Gen-3 system using a Compressive Reflector 
Antenna (CRA) was studied this year. The details about these contributions are described in the following 
subsections. 

E.5.a. Fabrication of Metamaterial Absorber (MMA) 

Multi-resonant metamaterials are of special interest in high capacity imaging applications. Specifically, the 
frequency dispersive response of the metamaterials may be used to perform spectral coding that ultimately 

Figure 10: Video image and 3D Kinect-based stereo camera image capable of showing the person under test at 25 
frames per second.
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will improve the sensing capacity of the imaging system (see the report for Project R3-B.2 for a detailed ex-
planation on sensing capacity).
In the following section, the design, fabrication, and experimental validation of a double resonant stacked 
ELC metamaterial (ELC-MM) is described. This ELC-MM can be placed in front of the CRA in order to enable 
spectral coding in high capacity mm-wave imaging applications. By stacking two planar ELC-MMs with two 
different resonant responses, a double resonant transmit-array is built. The proposed design is fabricated 
through a photo-lithography process followed by wet etching. Performance of the array is evaluated in terms 
of its frequency dispersive transmission properties.
Figure 11 shows a schematic of the proposed double resonant ELC-MM. The unit cell contains two supportive 
substrates having two ELC resonators. These substrates are separated by a 120 μm air gap (see Fig.11b) in 
order to reduce the coupling between the two ELC resonators. The supporting substrates—made of polytet-
rafluoroethylene substrate (CLTE) provided by Rogers Corporation—have a relative dielectric permittivity of 
2.98, a dielectric loss tangent equal to 0.0023, and a thickness of 10 mil. The substrate is thin and flexible, en-
abling its use also in conformal applications; although the latter case falls beyond the scope of this work. The 
finite-element, full-wave commercial software HFSS is used to characterize the transmission properties of 
the stacked bilayer metamaterial. The unit cell is simulated by defining periodic boundary conditions along 
both tangential axes (x and y), and it is excited by a normal incident plane wave. The built-in optimization 
capabilities of HFSS have been used in order to optimize the transmission coefficient of the ELC-MM. The 
optimized parameters shown in Figure 11c and expressed in [μm] are the following: 1) a1 = 524, l1 = 270, w1 
= 48, g1 = 32, for the top ELC; 2) a2 = 500, l2 = 257, w2 = 45, g2 = 30, for the bottom ELC; and 3) p = 810, for 
both top and bottom ELCs. 

The fabricated ELC-MMs used a photolithography process followed by wet etching in order to pattern the 
copper ELC layer (see Fig. 12a on the next page). Note that the thickness of the copper layer is comparable 
to the minimum feature size of the pattern, which ultimately requires the use of precise developing time, as 
well as pre- and post-baking temperatures, in order to prevent over-etched undercuts. The performance of 
the fabricated multi-resonant metamaterial is evaluated using a free-space measurement setup (see Fig. 12b 
on the next page). A vector network analyzer (N5242A PNA-X) and mm-wave extenders (WR12-VNAX) are 

Figure 11: (a) Perspective view, (b) side view of the double resonant ELC-MM unit cell, and (c) design parameters for a 
single resonant ELC-MM.
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used to measure the S21 of the bilayer metamaterial in the 65-90GHz frequency range. Since the ELC-MM is 
in the near-field of the horn antennas, a pair of Teflon plano-convex lenses are placed in front of the horns 
for collimating the electromagnetic beam. Moreover, a time-gating technique has also been used in order to 
mitigate the impact of out-of-range clutter. Figure 13 (on the next page) shows the S21 response, magnitude 
and discriminated phase, for both fabricated and simulated bilayer metamaterial, when it is illuminated with 
a normal plane wave. Both simulated and measured S21 traces show the desired double resonance. Notwith-
standing, a slight frequency shift is also observed, which may be associated with over-etched undercuts de-
rived from a sub-optimal fabrication process. This could be corrected by compensating the frequency shift in 
the design prior to the fabrication. Note that this designed multi-resonant metamaterial can be used in front 
of the compressive reflector in order to enhance the sensing capacity of the Gen-3 system. 

Figure 12: (a) Fabricated ELC-MM transmit-array under 200x magnification, and (b) experimental setup for measuring 
the frequency response of the stacked transmit-array.
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E.5.b.	 Mechanical	design	of	a	system	using	a	Compressive	Reflector	Antenna	(CRA)		

This year, we have also studied different mechanical configurations that will enable the Gen-3 system to 
use a compressive reflector antenna (CRA). As shown in Figure 14a (on the next page), the new assembly is 
composed of four units, each one dedicated to a single transmitter or receiver. Each unit mainly contains an 
80/20 structure and 3D-printed parts. Each CRA is mounted on a specially designed holder, and the holder 
is attached to a vertical beam (see Fig. 14b). Since each transmitter has four ports, four CRAs are required 
to be deployed symmetrically in the design. The reflection plate, which is used to reflect the signal from the 
transmitters to the CRAs (see Fig. 14c) is attached to its holder by using an adhesive polymer, and the holder 
is mounted on a horizontal beam. Finally, each unit is mounted to the main structure of the Multiple Input 
Multiple Output (MIMO) radar system. 
One advantage of this design is that it enables the CRAs to move in all directions. Moreover, the reflection 
plate can also be moved toward or away from the transmitters freely without any change of the main struc-
ture of the MIMO array. Meanwhile, different incidence and reflection angles can also be obtained by making 
3D-printed holders of different angles. In this sense, multiple coupling situations can be studied to achieve 
the best imaging performance. It is important to note that this mobile design will also enable the ability to 
mount larger CRAs; this will only require adjusting the positon of the reflection plate.    

Figure 13: (a) Magnitude and (b) discriminated phase response of S21 for the multi-resonant ELC-MM transmit-array.
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F. Future Plans

• Hardware design and integration of a multiple-bistatic imaging system - For the next year, the follow-on 
tasks and expected outcomes are the following:

 ○ Tasks 2.1 and 2.4 (Year 5) – Finish the hardware design and integration of the Gen-2 system by ex-
tending 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.

• Calibration algorithm for coherent image formation in multiple-bistatic imaging system - For the next 
year, the follow-on tasks and expected outcomes are the following:

 ○ Tasks 2.3 and 3.3 (Year 5) – Extending the 2D images to 3D images using the 3D calibration algorithm. 
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 few years, the 
follow-on tasks and expected outcomes are the following:

 ○ Task 2.6 and 3.6 (Year 5 and beyond) – Generating coherent 3D images for the Gen-2 and Gen-3 sys-
tem. The expected outcome is a 3D coherent mm-wave system.

• Study of a new “On-the-Move” system configuration - For the next year, the follow-on tasks and expected 
outcomes are the following:

 ○ Tasks 2.1 and 3.1 (Year 5) – Investigate the same “On-the-Move” hardware configuration and imaging 
methodology for the Gen-2 and Gen-3 systems. The expected outcome is, again, a 3D coherent mm-
wave system.

Figure 14: Proposed CRA mechanical design, including: (a) front view of the whole system, (b) detailed design of the 
fixing part, and (c) signal pathway while working.
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III. RELEVANCE AND TRANSITION

A. Relevance of 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; five transmitters +five receivers + 10 switches.

B. Potential for Transition

The features of “On-the-Move” have attracted the attention of several industrial and government organiza-
tions. 
• 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.
• The APEX program for Screening at Speed led by John Fortune.

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 Northeastern University’s (NU) IP office, and 
our connection with different 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. A new patent was awarded this year 
based on the work partially done in this project: U.S. Patent 9,575,045, “Signal Processing Methods and Sys-
tems for Explosives Detection and Identification Using Electromagnetic Radiation.” 

D. Transition Pathway 

HXI Inc. has been collaborating with our Project R3-B.1 research team. Together, HXI and ALERT have de-
signed, fabricated, integrated, and validated the radar system. We expect that after assembling the first Gen-3 
prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Additional-
ly, 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 Project 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 Offices:
• HXI – Mr. Earle Stewart
• Smith’s Detection Systems – Dr. Kris Roe 
• L3 Communications – Dr. Simon Pongratz
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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-Lorenzo has been invited to give a talk entitled “Single-pixel mm-Wave Imaging 

Using 8-bits Metamaterial-based Compressive Reflector Antenna” at the  special session “Emerg-
ing Techniques in Imaging at Microwave, Millimeter-wave and Terahertz Frequency Regimes,” of 
the Antennas and Propagation Symposium (San Diego, July 9-14, 2017). Prof. Martinez will be 
presenting results generated by Projects R3-B.1 and R3-B.2. 

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

our research project. They will continue to assist in development of new hardware design and 
integration for the mm-wave radar system. 

b. Undergraduate students, Anthony Bisulco and Luigi Annese, will continue to work on Projects 
R3-B.1 and R3-B.2. They will continue to be pillars of this project. 

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, which provides opportunities for high 

school students to visit NU’s laboratories and gain hands-on research experience in order to 
engage them in STEM education.

b. The PI is participating in the Young Scholars Program at Northeastern University, in which two 
high school students will spend 6 weeks in Prof. Martinez’s lab learning about sensing and im-
aging.

4. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Populating the research group with undergraduates brings homeland security technologies to 

undergraduate engineering students, and establishes a pipeline to train and provide a rich pool 
of talented new graduate student researchers.

B. Peer Reviewed Journal Articles 

1. Heredia-Juesas, J., Molaei, A., Tirado, L., Blackwell, W., & Martinez-Lorenzo, J. A. “Norm-1 Regular-
ized Consensus-based ADMM for Imaging with a Compressive Antenna.” IEEE Antennas and Wireless 
Propagation Letters, PP(99), 21 June 2017. DOI: 10.1109/LAWP.2017.2718242 

2. Obermeier, R. & Martinez-Lorenzo, J.A. “Sensing Matrix Design via Mutual Coherence Minimization 
for Electromagnetic Compressive Imaging Applications.” IEEE Transactions on Computational Imag-
ing, 3(2), 17 February 2017. DOI: 10.1109/TCI.2017.2671398

3. Molaei, A., Heredia-Juesas, J., & Martinez Lorenzo, J.A. “Chapter 3: Compressive Reflector Antenna 
Phased Array.” Antenna Arrays and Beam-formation. Book edited by Modar Shbat, ISBN 978-953-51-
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3146-5, Print ISBN 978-953-51-3145-8, 10 May 2017. DOI: 10.5772/67663
4. Alvarez, Y.A. & Martinez-Lorenzo, J.A. “Compressed Sensing Techniques Applied to Ultrasonic Imag-

ing of Cargo Containers,” Sensors, 17(1), 15 January 2017. DOI: 10.3390/s17010162
5. Obermeier, R. & Martinez-Lorenzo, J.A. “Model-based Optimization of Compressive Antennas for 

High-Sensing-Capacity Applications.” IEEE Antennas and Wireless Propagation Letters, 16, November 
2016, DOI: 10.1109/LAWP.2016.2623789

6. Gonzalez-Valdes, B., Alvarez, Y., Mantzavinos, S., Rappaport, C., Las-Heras, F., & Martinez- Lorenzo, J.A. 
“Improving Security Screening: A Comparison of Multistatic Radar Configurations for Human Body 
Imaging.” IEEE Antennas and Propagation Magazine, 58(4), pp. 35–47, August 2016. DOI: 10.1109/
MAP.2016.2569447.

Pending-
1. Tirado, L.E., Ghazi, G., Alvarez, Y., Las-Heras, F.,  & Martinez-Lorenzo, J.A. “A GPU Implementation of 

the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications.” Journal of Applied Com-
putational Electromagnetics Society. In review. 

C. Peer Reviewed Conference Proceedings

1. Molaei, A., Ghazi, G., Heredia-Juesas, J., Gomez-Sousa, H., & Martinez-Lorenzo, J.A. “High Capacity 
Imaging Using an Array of Compressive Reflector Antennas.” CD Proc., EuCAP 2017 — X European 
Conference on Antennas and Propagation, Paris, France, March 2017.

2. Martinez-Lorenzo, J.A., Alvarez Lopez, Y. “Compressed Sensing Techniques for Ultrasonic Imaging 
of Cargo Containers.” CD Proc., ASME 2016 — International Mechanical Engineering Congress and 
Exposition, Phoenix, AZ, November 2016.

3. Bisulco, A., Tirado, L., Patel, S., Annese, L., Ghazi, G., & Martinez-Lorenzo, J.A. “Massive MIMO Millime-
ter Wave Radar Imaging System.”  AP-S 2016— IEEE AP-S International Symposium, Fajardo, Puerto 
Rico, July 2016.

4. Obermeier, R., & Martinez-Lorenzo, J.A. “Physicality Constrained Compressive Sensing Algorithm for 
Electromagnetic Imaging Applications.” AP-S 2016—IEEE AP-S International Symposium, Fajardo, 
Puerto Rico, July 2016.

D. Other Presentations 

1. Seminars
a. Martinez-Lorenzo, J.A. “Mm-wave Imaging.” NU Meeting with Analogic, Northeastern University, 

Boston, MA, 14 September 2016. 
b. Martinez-Lorenzo, J.A. “Secure Communications, Sensing, Imaging & Through New Materials.” 

NU Meeting with ADT, Northeastern University, Boston, MA, 14 September 2016. 
c. Martinez-Lorenzo, J.A. “Research at the SICA-Lab.” NU-ALERT Gordon Scholars Program, North-

eastern University, Boston, MA, 16 September 2016.
d. Martinez-Lorenzo, J.A. “Next Generation Multi-Coded Compressive Systems for High-Capacity 

Sensing and Imaging Applications.” Math Department at NU, 06 December 2016.
2. Poster Sessions

a. Bisulco, A., Molaei, A., Tirado, L., Ghazi, G., & Martinez-Lorenzo, J.A. “High Capacity Millimeter 
Wave Sensing for Quasi-Real-Time Imaging,” RISE: 2016, Northeastern University, Boston, MA, 7 
April 2017. 
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3. Interviews and/or News Articles 
a. Choe, Jonathan. (April 18, 2017). “Northeastern University Professor Pioneers New Security 

Technology.” NBC. http://www.nbcboston.com/news/local/Northeastern-University-Profes-
sor-Pioneers-New-Security-Technology-419776403.html 

b. Vasel, Kathryn. (June 3, 2016). “Is this the future of airport security?” CNN. http://money.cnn.
com/2016/06/03/pf/airport-security-checkpoints/ 
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