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Abstract
In response to the urgent demand for efficient, safe, and speedy imaging in remote
security screening applications, a new sub-terahertz security body scanner has been
developed. Integration of innovative THz sensing technique and advanced IMPATTdiode-based signal-generating technology resulted in a cost-effective cutting-edge
system capable of real-time visualization of the threats hidden under the clothes of
people. This paper introduces the new 100-GHz security scanner and presents the test
results which demonstrate that it can perform through-garment detection at standoff
ranges of 3–6 m with respective lateral resolution of 3–6 cm. The depth of the field
of the system has been determined experimentally to be approximately 30 cm.
Keywords Terahertz (THz) · Terahertz imaging · Body scanner · Security ·
Real-time · Remote imaging

1 Introduction
In light of modern technological advancements, terahertz and sub-terahertz radiation
has been increasingly gaining in popularity as safe and effective means of nondestructive testing (NDT) for internal anomalies and defects [1, 2]. Research into detection
of chemical changes in biological systems using terahertz spectroscopy [3–5] is
also underway. In addition, sub-THz imaging instrumentation provides for efficient
detection and identification of concealed objects of life-threatening nature, such as
weapons or explosives, in security screening [6, 7]. As THz radiation at moderate
power levels poses no health risk to the human body [8] and since in this frequency spectrum most common clothing becomes essentially transparent [9], modern
THz scanning systems have advantages over the conventional equipment. The most
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promising of which is the possibility to detect and differentiate between objects
made of various materials. Moreover, compared with standard commercial technology, such as X-ray imagers and portal-based screening schemes, which are bulky and
stationary structures operated in close proximity to the target, compact and portable
THz imaging systems are capable of detecting concealed threats remotely. Therefore,
such kind of a system can be easily hidden or camouflaged to enable clandestine
security surveillance.
As of today, commercially available microwave security screening systems operate at fairly low frequencies. Thus, they work in the near field and have rather poor
lateral resolution due to physical restrictions. Consequently, there have been proposed a number of imaging techniques in sub-THz and THz frequency ranges in
order to overcome these limitations [10], including imaging radar technique [11–15],
near-field imaging [16], and imaging by multistatic array [17, 18]. Although these
systems offer substantial sensitivity and good resolution at a considerable detection
range, currently their performance is hindered significantly by low imaging speed,
with typical frame rates of around 1 fps. Hence, in a real-life scenario, this limitation may seriously interfere with smooth passenger traffic moving through a security
checkpoint.
As a more effective alternative to existent active radar imaging technology, we
have devised a new sub-THz security body scanner for the remote screening with
comparable sensitivity and resolution, yet with far superior image frame rate. Unlike
the radar approach, in this system, an object hidden on the human body is imaged
based on measured power intensity distribution of the radiation reflected from the
target. Similar operating mode has been employed in imagers with focal-plane arrays
developed on the basis of microbolometers, silicon CMOS circuits, pyroelectric
devices, and high-electron-mobility transistors (HEMTs) [19–22]. Although these
commercially available detector arrays permit video-rate imaging at room temperature, they are significantly restricted in their overall size, as determined by pixel
dimensions and the number of pixels. In our case, livestream imaging speed has been
achieved owing to novel-type terahertz semiconductor detectors capable of ultra-fast
operation at room temperature [23, 24].
In this paper, we introduce the new terahertz security body scanner. We describe its
key components, give an overview of its distinctive technical features, and summarize
the test results to demonstrate its performance in detection of person-borne concealed
objects. We also remark on some current limitations of the system and consider its
prospective improvement.

2 System Description
The new sub-terahertz security body scanner is a complete imaging system that
incorporates terahertz instrumentation produced by TeraSense (Fig. 1). It includes
six IMPATT-diode sources radiating at a fixed frequency with the exact operating frequency varying slightly between the sources from 96 to 98 GHz with
linewidth ∼1 MHz. The output power of each source is approximately 80 mW. Frequency and linewidth were measured by the Agilent E4407B spectrum analyzer with
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Fig. 1 Photograph of the new terahertz security body scanner. On the left, complete system setup—fixed
geometrical arrangement of six 100-GHz sources with imaging camera at the center. Displayed on the right
are enlarged photos of a single generator (at the top) and a camera assembly (at the bottom), to illustrate
the details of adjustable mechanical fixtures and positions of the condenser lens and the objective lens,
respectively

Agilent 11970W harmonic mixer. Output power was measured by the VDI Erickson PM5 power meter. Each source is equipped with a protective isolator, high-gain
conical horn antenna, and aspherical collimating PTFE lens.
The primary feature of the body scanner is its real-time imaging camera, which
relies on a new method of plasmonic detection [23, 24] that makes possible ultrafast sensing of THz radiation at room temperature. The camera has 32 × 32 array of
pixels with size of 3 × 3 mm, effective responsivity of 50 ± 10 kV/W at 96–98 GHz,
and noise equivalent power of 1 nW/Hz1/2 . Image is formed by the aspherical PTFE
objective lens with focal length of 386 mm and aperture of 300 mm.
The security screening system is designed to function in reflection mode, as illustrated in Fig. 2, when the area of interest is irradiated with the sources and the
reflected radiation is collected by the objective lens and imaged by the camera. Since
in the given frequency spectrum reflection from most objects is specular, multiple
sources are required to provide maximum illumination of the area of interest at different angles for enhanced image quality. In the given configuration, the scanner
is capable of revealing hidden objects at a standoff distance of 3–6 m from objective lens. The position and orientation of each generator and its collimating lens are
adjusted to ensure that incident radiation from all six sources converges in the area
of interest at a specified range.
The overall system is controlled by the TeraSense Viewer software available in
C++ SDK or LabView SDK. It is a user-friendly interface that allows for prompt signal acquisition, image visualization, and basic data processing including background
compensation and image smoothing.
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Fig. 2 Illustration of the scanner operation in reflection mode at a 3-m standoff range. Both the system
and the man are shown to scale. At the top—the area of interest is maximally illuminated with sub-THz
radiation at different angles. At the bottom—the reflected radiation is collected by the objective lens and
projected onto the imaging camera

3 Measurement Results
We conducted several tests to evaluate the performance of the new security scanner.
Firstly, we measured the radiation pattern of the transmitting conical horn antenna to
determine the actual beam profile of the irradiance generated by the IMPATT-diode
source. The measurements were conducted by the mechanical scanning of single
calibrated 1.5 × 1.5 mm detector in plane perpendicular to the optical axis on the
distance of 25 cm from the horn antenna output.
The beam patterns displayed in Fig. 3 demonstrate that both E-plane and H -plane
profiles are in good agreement with theoretical curves computed for the given horn
antenna dimensions, 12-mm aperture diameter and 40-mm length.
The test data also indicate the beam divergence of 18◦ , which translates into an
illuminated area of 1 m in diameter at a 3-m range from the source. Since at this
distance the given optical system provides 60 × 60 cm field of view, we introduced
an additional condenser lens to further focus the source beam. For this purpose, we

International Journal of Infrared and Millimeter Waves
0.15

Power (a.u.)

E-plane

H-plane

0.10

0.05

0.00
-20

-10

0

10

20

-10

Angle (deg)

0

10

20

Angle (deg)

Fig. 3 E-plane and H -plane radiation pattern of the horn antenna used with IMPATT-diode source. The
measured and calculated data are plotted with black and red lines, respectively

used PTFE plano-convex aspherical lens with clear aperture of D = 90 mm and focal
length of f = 50 mm.
Adjusting the position of the collimating lens relative to the source allows for
reduction in the beam divergence to match the desired field of view. Figure 4 shows
the lateral distribution of irradiated power obtained for different separation between
the lens and the antenna at the distance of 25 cm from the lens. The separation
of 45 mm corresponds to the minimal beam divergence limited by the diffraction
limit: θmin = 1.22λ/D ≈ 2.3◦ . Figure 5 shows the lateral distribution of irradiated
power obtained for separation between the lens and the antenna of 45 mm at different
distances from the lens.
Secondly, we assessed the focusing capability of the quasi-optical system consisting of a sub-THz imaging camera and a PTFE objective lens. Figure 6 shows data
obtained from the lateral resolution test, where two small circular targets (foil balls)
are imaged at a 3-m range with progressively decreasing offset between them. The
measurements evidence that spatial resolution of the scanner at this standoff distance
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Fig. 4 Distribution of irradiated power measured at the distance of 25 cm from the collimating lens.
Distance between the output of the horn antenna and the collimating lens was 25, 35, and 45 mm (from
the left to the right)
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Fig. 5 From left to right: distribution of irradiated power measured at the distances of 25, 50, and 100 cm
from the source with a condenser lens

approaches 3 cm. Analogous test at a greater range of 6 m resulted in resolution of
6 cm. Theoretical limit for the resolution of an optical system is determined by:
R = 1.22

λ
a,
D

(1)

where a is a distance between object and objective lense. In our case, ( 1) gives
R = 3.7 cm for a = 3 m and R = 7.3 cm for a = 6 m. So, the performance of our
system is limited only by the diffraction limit.
We conducted measurements to determine depth of the field of the system based
on detection of two closely spaced targets, at the distance varying around 3 m away
from the system. The measurement results presented in Fig. 7 indicate that given
camera aperture size allows for nearly 30-cm depth of field, where the two targets
are still discriminated within the incremental range displacement interval from − 20
to + 10 cm. From the practical standpoint, both parameters, the target imaging area
and the depth of field, are found to be suitable for sensing person-borne concealed
threats.
Fig. 6 System resolution test
results. Two circular targets,
30 mm in diameter are imaged
at a 3-m standoff range. Each
trace with corresponding image
on the right represents the
response of the target doublet
measured at the indicated target
separation, d. The traces are
offset for clarity of illustration
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Fig. 7 Measurement results for the depth of field. Two targets, 30 mm in diameter, are offset by d =
60 mm and are initially placed 3 m away from the camera. Graphs and corresponding images represent
target response measured at indicated displacements in range

In order to characterize the image quality across the field, we took a set of measurements at a separation distance of 3 m with a single source projecting radiation
beam towards the camera from different points within the full planar field of view of
the camera and at different incident angles. From the data displayed in Fig. 8 it is evident that physical limitations of the objective lens cause only slight deterioration in
image quality occurring around the periphery, i.e., image sharpness across the field
of view remains sufficiently uniform to serve the application purpose.
Finally, Fig. 9 illustrates real-life sub-terahertz visualization of the threats covered by typical clothing that we accomplished with the new security body scanner.
As shown in the figure, the contrast images obtained at a 3-m standoff range are
adequate for target detection and general classification since they clearly convey the
Fig. 8 Imaging results
demonstrating the focusing
capability of the camera and the
objective lens across the entire
field of view of the system. The
measurements are taken with a
single source pointed at the
camera from 3-m distance. The
source is displaced vertically
and horizontally in 10-cm
increments
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Fig. 9 Imaging results of a real-life visualization of body-borne concealed threats, a belt with explosives
and a gun, obtained by the new sub-THz security body scanner at 3-m range

proportions, the relative size, the shape, and the spatial orientation of each hidden
object. The figure also demonstrates a special system software feature of creating an
overlay picture of the actual sub-terahertz target image and the corresponding visible
range image of a person to ease prompt visual interpretation.

4 Conclusion
We have introduced the new 100-GHz security body scanner. We have given an
overview of its essential innovative components that enable remote sub-THz sensing
of body-borne concealed threats at livestream imaging speed, which is the key competitive feature of the system. Experimental results confirm that other performance
parameters of the scanner, such as imaging area, depth of field, and lateral resolution,
also meet the typical application requirements. The ultimate real-life test has proven
the system capable of through-garment detection of a simulated belt with explosives
or a gun at a 3-m range, which is a sufficient standoff distance for deploying the
system to perform remote covert screening at conventional security check points.
However, the apparatus still has a few limitations, one of which is its moderate
spatial resolution of 3–6 cm. Since it is directly dependent on the operating frequency, upgrading the system by increasing frequency would provide for threefold
improvement in resolution.
Another factor that presently inhibits image quality is that due to specular target
reflection in the given frequency spectrum, considerable amount of produced glare
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escapes the objective lens. Therefore, we are working on development of a more
efficient target illumination scheme in order to increase the effective aperture of the
camera.
One more physical constraint of the current system configuration is its restriction
to 2D imaging. Since at given wavelengths, the human body itself reflects most of the
incident radiation, in some cases, distinguishing a target from such background clutter with sufficient contrast becomes rather challenging. Hence, more work is being
done towards implementation of additional depth resolution.
All things considered, the new security body scanner is a powerful and costeffective solution that has a potential to meet the urgent demand for fast and reliable
remote security screening for concealed threats.
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