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ABSTRACT

Millimeter wave imaging is employed in Advanced Technology Imaging (AIT) systems to screen personnel for
concealed explosives and weapons. AIT systems deployed in airports auto-detect potential threats by highlighting
their location on a generic outline of a person using imaging data collected over a range of frequency. We show
how the spectral information from the imaging data can be used to identify the composition of an anomalous
object, in particular if it is an explosive material. The discriminative value of the technique was illustrated
on military sheet explosive using millimeter-wave reflection data at frequencies 18 – 40 GHz, and commercial
explosives using 2 – 18 GHz, but the free-space measurement was limited to a single horn with a large-area
sample. This work extends the method to imaging data collected at high resolution with a 18 – 40 GHz imaging
system.
The identification of explosives is accomplished by extracting the dielectric constant from the free-space, multifrequency data. The reflection coefficient is a function of frequency because of propagation e↵ects associated with
the material’s complex dielectric constant, which include interference from multiple reflections and energy loss
in the sample. The dielectric constant is obtained by numerically fitting the reflection coefficient as a function
of frequency to an optical model. In principal, the implementation of this technique in stando↵ imaging systems
would allow threat assessment to be accomplished within the scope of millimeter-wave screening.
Keywords: millimeter wave, parameter extraction, dielectric measurement, reflection coefficient, detection
algorithms, explosives detection

1. INTRODUCTION
Millimeter-wave imaging is an e↵ective approach for detecting weapons and explosives concealed under clothing.
In systems deployed at airports, Advanced Technology Imaging (AIT) preserves passenger privacy by automatically detecting potential threats and their body locations. Although a variety of image characteristics indicate
the nature of the threat, the ability to detect an explosive material in the threat object from the image data
would advance the threat evaluation for AIT. In previous work, we demonstrated how the millimeter-wave spectrum obtained by free-space illumination of an object could be used to detect its dielectric properties, which
are characteristic of the material. The discriminative value of the technique was illustrated for military sheet
explosive using millimeter-wave reflection data at frequencies 18 – 40 GHz, and commercial explosives using 2
– 18 Ghz.1–3 The demonstration used a laboratory setup with a fixed-antenna illumination. In this paper, we
show how the method can be used with data collected with an imaging system. The main di↵erence between
the laboratory experiment and the imaging system is that in the former case the entire beam passes through
the target, while the imaging system resolves a spot-size smaller than the beam. The imaging system extends
the capability of the method to interrogate and detect the dielectric constant of materials in complex targets at
stando↵ distances.
For our application, the frequency data is required for its spectral content, rather than for range resolution as
in the case of three-dimensional imaging; therefore, the image reconstruction is partly incomplete to produce the
frequency spectrum. The method we use to extract the two-dimensional frequency spectrum is to eliminate the
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final Fourier transform in the conjugate range coordinate, e↵ectively doing a two-dimensional image construction
for each frequency.4

2. 18 – 40 GHZ IMAGING SYSTEM
Our imaging system is a scanning array consisting of a single 18 – 40 GHz wide-band horn (Q-par WBH18-40).
The horn is fixed to a Velmex Bislide motorized XY-stage, stepping in both horizontal and vertical directions
to collect S-parameter frequency data, in particular the reflection parameter S11 . Data is collected with an
Agilent N5245A vector network analyzer. The XY-stage and network analyzer are connected to a National
Instruments PXIe-1082 which uses Labview software to automatically control the antenna’s position and record
the corresponding reflection parameter. Our experiment uses a large metal target, covered in part with an 20
⇥ 20 cm, 1.27 cm thick Lexan plate, and a 30 ⇥ 30 cm, 1.34 cm thick stack of paper sheet (24 lb. weight, 90
g/cm3 ). The paper is fixed in place with a plastic frame and 3 mm of styrofoam sheet. The target range is 117.3
cm. The spatial scan samples the monostatic reflectivity S11 at each point in a grid matrix of 135 horizontal
and 157 vertical positions. To satisfy Nyquist sampling criteria, the spatial sampling interval is 0.37 cm, and the
number of frequency samples is 1601. Data is analyzed in Matlab.5
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Figure 1: Lexan and paper on metal: (a) visible wavelength photograph of target; (b) image reconstructed in
millimeter-waves.

3. IMAGE CONSTRUCTION
The single-frequency two-dimensional reflectivity image of the target must be reconstructed from the reflection
data detected by the antenna array. The reconstruction is rooted in the Rayleigh-Sommerfeld formulation of
scalar di↵raction theory, which describes the propagation of the electromagnetic wave from the target plane to
the antenna plane.6, 7 Let f! (y, z)|x=x0 be the reflected field at frequency ! at the target in the x-plane x = x0 ,
where y is the horizontal coordinate, z is the vertical component, and x is the range: f! (y, z) is the desired
reflectivity image. We assume that the target is in a plane parallel to the antenna array. The antennas in the
x-plane x = 0 detect the field s! (y, z)|x=0 . Then the propagation between the target to the antenna is given by6
Z Z
exp(i2kr) 0 0
dy dz
(1)
s! (y, z)|x=0 =
f! (y 0 , z 0 )|x=x0
r2
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where r is the distance between the antenna at (0, y, z) and the (x0 , y 0 , z 0 ) point on the target, and k is the
wavenumber k = !/c. The factor of two in the exponential enters because the antenna is the radiation source,
and the ray travels the path twice. The inverse problem is solved with a Fourier decomposition method developed
for synthetic aperture radar (SAR) and applied to this problem in Ref. 4. After the 2D Fourier transform of
Equation (1) in y and z, the propagation in x can be backward propagated with the factor
⌘
⇣q
exp(ikx x0 ) = exp i 4k 2 ky2 kz2 x0
(2)
With F T2D representing the discrete Fourier transforms applied in series to the y and z data, the reflectivity
image is found by
F T2D [f! (y, z)|x=x0 ] = exp(ikx x0 ) ⇥ F T2D [s! (y, z)|x=0 ]
(3)

Therefore, the reflectivity image can be recovered with an inverse Fourier transform applied to Equation (3).
Before constructing the single-frequency image, one needs to specify the x0 range to the target. The range can be
determined by repeated reconstruction at a fixed frequency while varying x0 , and using an optimization method,
such as grayscale-image entropy,5 to find the x0 which provides the best “focus”. The image reconstruction is
repeated at the other frequencies to derive the spectrum. The image reconstruction at two di↵erent frequencies
is illustrated in Figure 2.
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Figure 2: Lexan and paper on metal at (a) 26 GHz; and (b) 29 GHz.
Holographic 3D reconstruction is not part of our application, but the wide-band frequency data is important
for this type of imaging. The extension of the 2D reconstruction to 3D wide-band holography is described in
Ref. 4. The holographic image of our target reconstructed from the full frequency spectrum using this technique
was shown previously in Fig. 1b.

4. SPECTRA FROM MULTI-FREQUENCY IMAGING
For our study, we analyze the frequency response over limited areas on the metal, Lexan, and paper. In our choice
of materials, metal is used to normalize the reflection data, since the reflectivity of metal is unity, and Lexan
and paper are examples of weakly and moderately absorbing materials, respectively. Up to sixty-four points are
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randomly sampled over a 10 cm ⇥ 10 cm area on the respective media to average over noise. As a function of frequency, the reflectivity data is divided by the metal reflectivity to normalize 100% reflectivity to unity. From the
imaging data, the normalized reflectivity spectra for Lexan and paper are shown in Figures 3 and 4, respectively.
To remove imaging artifacts that interfere with the fitting, the spectra can be additionally smoothed by averaging.
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Figure 3: Reflection spectra for Lexan: single pixel (points) and 64 pixel average (solid line).
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Figure 4: Reflection spectra for paper: single pixel (points) and 64 pixel average (solid line).

5. IDENTIFICATION OF DIELECTRIC CONSTANT (IDX)
The reflectivity data is matched to a reflectivity model based on Fresnel’s equations for optical reflection and
transmission through interfaces of materials with di↵erent refractive index.7, 8 In our problem, the sample
material of index n has interfaces with air at the front surface, and metal at the back surface. At the front
surface, the reflection coefficient is r1 = (n 1)/(n + 1) and transmission coefficient is t1 = 2n/(n + 1). At the
back surface, the reflection coefficient is r2 = 1. For the internal interface between the sample and air, the
reflection coefficient is r10 = (1 n)/(n + 1) and the transmission coefficient is t0 = 2/(n + 1). The reflection is
the coherent sum of rays returned from the front and back surfaces of the slab of material, including multiple
internal reflections. The propagation phase and loss are functions of the complex refractive index, n = n0 + in00
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Figure 5: Model fit to Lexan data.

���
���
���
���
���
���
���

��

��
��
��������� (���)

��

��

Figure 6: Model fit to paper data.
and the slab thickness,

L. As function of these three parameters, the reflection coefficient is given as
r = r1 ei✓0 + t0 r2 t1 ei✓1 + (r10 r2 )ei✓2 + (r10 r2 )2 ei✓3 + . . .

(4)

where ✓m = ( 1 + mn)(2⇡f /c)2( L) is the phase increment at frequency f by the propagation in m-paths
to-and-from the back surface. Additional explanation of the model is provided in Ref. 2. Using the Matlab5
nonlinear least-squares solver lsqcurvefit(), the experimental data is fit to the frequency-dependent reflection
model using n0 , n00 , and L as fitting parameters. Note that the thickness of the material does not need to be
known since the thickness of the layer is part of the solution. The fitting functions are plotted along with a single
data sample of sixty four pixels in Figuresp5 and 6. For nonmagnetic materials, the index of refraction is given
in terms of the dielectric constant by n = ✏. The dielectric data summarized in Table 1 are mean values for six
independent data samplings of 64 pixels; the numbers in parentheses are standard deviations in the trailing digits
taken over the multiple samples. The experimental data for the imaging array can be compared to the calibrated
single horn measurement2, 3 provided in Table 1. Published data for Lexan are similar; for example, the dielectric
constants at 25 GHz are Re ✏ = 2.75 and Im ✏ = 0.016.9 Paper is not useful as a measurement standard, as the
dielectric constant varies with density, filler content, fiber anisotropy, humidity, and other factors.10
Table 1: Detected Dielectric Constant 18 – 40 GHz
Imaging Array
Single Horn
(This Paper)
(Ref. 2)
Material
L (cm)
Re ✏
Im ✏
Re ✏
Im ✏
Lexan
1.32(14) 2.43(31) 0.014(02) 2.81(6) 0.02(2)
Paper
1.64(11) 1.97(34) 0.115(11) 2.34(3) 0.18(4)

6. DISCUSSION
The results demonstrate that an imaging array can be used to detect the frequency spectrum of a point on a
reflecting target. Here, the target was idealized with a slab of material backed by metal. Because skin is fairly
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reflective, it is expected that the dielectric constant of objects on human subjects can be similarly detected. The
model in Equation (4) can be easily modified to treat the refractive index of a backing material other than metal.
The experiment suggests that the detection by an imaging array can be accomplished point-by-point across
the target. This can be important for selecting, and evaluating, threat anomalies in images.
There are limitations to the model that need to be addressed. For example, the ray paths originating across
the array are incident from a multitude of directions, and generate paths of di↵erent lengths from the assumed
normal incidence. We expect to be able to compensate for systematic errors produced by the array illumination.
Other complications may include multiple layering and dielectric dispersion. We anticipate that these problems
can be addressed with additional fitting parameters in the model.

7. CONCLUSION
The identification of dielectric constant of materials by analysis of millimeter-wave spectra is shown to be e↵ective
at stando↵ distance using synthetic aperture image reconstruction. Because the trend for future imaging systems
for personnel screening is to use increasingly wide bands of frequencies for holographic 3D imaging, these systems
will be collecting data suitable for spectral analysis and dielectric detection. Therefore, AIT may be equipped to
assess material composition of anomalies for the automatic detection of explosives. Additional work in dielectric
measurement is needed to build a database for dielectric constants for threat identification.11 The ability to
discriminate among explosives and benign materials will depend on their physical properties and the precision
of the detection measurement.
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