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ABSTRACT Terahertz time-domain spectroscopy (THz-TDS) is a promising tool for high-resolution
3D imaging of objects due to the high center frequency and bandwidth compared to microwave systems.
In addition, terahertz waves have a higher penetration depth than visible or near-infrared radiation. Typically,
optics are used to focus the terahertz radiation onto an object under test. This limits the imaging capability
in the axial dimension to the depth of field and limits simple imaging of complex surfaces. In this work,
we adapt a backpropagation algorithm from synthetic aperture radar (SAR) imaging to reconstruct high-
resolution 3D images from time-domain traces acquired with a lensless THz-TDS system. For this purpose,
an inverse cylindrical aperture is used and an equation that describes the maximum achievable resolution
as a function of the beam pattern, the bandwidth, and the length of the synthetic aperture is derived. The
calculated resolution is 960 um for the linear dimension of the aperture and 75 um for the rotationally
symmetric dimension of the cylindrical aperture for a bandwidth of 2 THz. The resolving power is verified
by measurements on metallic and dielectric objects. In the future, this method can be used for non-destructive
testing of objects with complex shaped surfaces and internal structures.

INDEX TERMS Synthetic aperture radar, terahertz time-domain spectroscopy, lensless terahertz imaging,

radar migration algorithms.

I. INTRODUCTION

Due to the high frequency bandwidth and relatively high
penetration depth, imaging in the terahertz frequency range is
becoming more and more popular [1], [2], [3]. Applications
include security screening [4], [5], medical research [6] and
art conservation [7]. Typically, a terahertz image is generated
using mirrors and/or lenses to focus the terahertz beam onto
the surface of the object under test (OUT). The specular
reflections from the surface are captured by a detector. How-
ever, to generate a correct and high-resolution image using
this method, knowledge about the precise position, orienta-
tion, and shape of the OUT is needed [8], [9], [10]. As the spot
size of the focused terahertz beam is frequency-dependent, a
“perfect” focus for all spectral components is not possible.
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Additionally, the minimum achievable spot-size depends on
the numerical aperture (NA) of the optical system. All of
these drawbacks limit the applications of terahertz imaging
in real-life scenarios. Thus, in [11] and [12] we proposed a
terahertz time-domain spectroscopy (THz-TDS) based imag-
ing approach using a divergent beam and a synthetic aperture
for 2D imaging.

In this paper, we build on our previous work and demon-
strate an approach for 3D THz-TDS imaging that overcomes
the drawbacks of focused terahertz setups, yet maintains
a high resolution in all three dimensions. The approach
employs the use of a synthetic cylindrical aperture with a
divergent terahertz beam and a post-processing procedure for
the digital focusing. Using this method, the lateral resolution
of the approach is not limited by the spot size of the focused
terahertz beam. Here, the resolution is determined by the
properties of the synthetic aperture: the absolute bandwidth,
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the center frequency, and the beam divergence. A detailed
analysis of these factors is carried out. Finally, the evalu-
ation and validation of the imaging method is carried out
with measurements on different metallic and dielectric OUTs
using a state-of-the-art THz-TDS system. To the best of our
knowledge, this is the first demonstration of 3D image recon-
struction with a synthetic cylindrical aperture and THz-TDS.
Additionally, the achieved resolution closes the gap between
conventional terahertz imaging and near-field imaging. The
measurement setup is easy to set up and offers advantages
over other methods in terms of complexity.

In section II, an analysis of the parameters that have an
impact on the quality of the synthetic aperture is performed.
In section III, the properties of the linear, circular, and cylin-
drical aperture are discussed. In section IV, measurement
results on different OUTs are presented for the cylindrical
aperture.

Il. MEASUREMENT SYSTEM

The measurement system employed in this work is a
commercially available THz-TDS system (TERA K15,
Menlo Systems). The setup consists of a femtosecond
laser source (C-Fiber with 1560 nm wavelength), a high-
resolution computer-controlled 1700 ps long optomechan-
ical delay unit (ODU), a fiber-coupled photoconductive
antenna (PCA) as the emitter (TERA 15-TX-FC Fe:InGaAs)
and a fiber-coupled PCA as the detector (TERA 15-RX-FC
LT InGaAs). The antennas are mounted in a divergent reflec-
tion geometry without additional optics. Thus, no collimating
or focusing optics are employed and measurements are per-
formed with a divergent beam. In the following, an evaluation
of the system specifications is given.

A. DYNAMIC RANGE AND FREQUENCY BANDWIDTH
EVALUATION

To estimate the maximum obtainable frequency bandwidth
and dynamic range of the employed measurement system,
measurements with a reference object in a reflection geome-
try are performed. A large metal plate is used as a reference
object. This is an optimal reflection scenario compared to the
objects that will be measured later. Due to the low emitted
energy, the evaluation of the signals is performed using aver-
aged traces.

Fig. 1 shows the measured THz-TDS trace against a metal
plate with 60 averages. The time-domain trace in Fig. 1a has
a full width at half maximum (FWHM) of tpwam = 0.44 ps.
The frequency spectrum in Fig. 1b shows a maximum signal
to noise power ratio of about 37 dB and a detectable frequency
bandwidth of 2 THz.

B. PCA CHARACTERIZATION

Another parameter of the measurement setup that contributes
to the image reconstruction is the shape of the divergent beam
generated by the PCA. As THz-TDS systems are typically
used for measurements with a focused or collimated beam,
the antenna pattern of the PCA has not yet been investigated
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FIGURE 1. Averaged reference measurement over 60 single-shot traces in
a reflection geometry using a divergent terahertz beam. The time-domain
trace is shown in (a) and the corresponding frequency-domain spectrum
in (b).
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FIGURE 2. Measurement setup for the PCA characterization experiment.
The detector position D is fixed and the emitter at position Ep is moved in
1 mm steps along the x- and z- axes as represented by the dotted lines.
The range distance between D and the dotted plane is Rye.

in detail. To analyze the shape of the beam, the measurement
scenario in Fig. 2 is employed.

The two antennas are positioned facing each other at a
distance of Ri.f = 140 mm in the y-direction. The detector
antenna at position D = (xp, 0, zp) is fixed at this position
with xp = zp = 75 mm. A pinhole is positioned in front of
the detector to analyze the pattern of the emitter. The emitter
at position E, = (xgn, Rref, ZE,n) 1S moved along the x- and
z-direction in 1 mm steps, represented in the figure by the
black dots. At each position, a measurement is performed.
The detected signal s, (x, Reef, z, t) is averaged over 60 traces.
To evaluate the antenna characteristics, the FWHM, the peak
magnitude, and the fidelity of the antennas are evaluated.
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The fidelity is the maximum correlation between the trace for
the case that the antennas are directly in front of each other
so(xp, Rref, ZD, t) and traces at different positions. Accord-
ingly to [13] and [14], it is defined as:

Fn(xvz)zm?X/SO(XDerefv 7D, 1) - Sp(X, Reef, 2, t — T)dt.
(D

The fidelity is used in antenna technology to assess the quality
and distortion of a detected pulse based on the angle at which
the pulse is detected. Hence, a high fidelity equal to one
is desirable. The results for the three parameters in polar
form are presented in Fig. 3, where v,, is the azimuth angle
(the angle to the x-axis) and ¢ is the elevation angle (the
angle to the z-axis).
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FIGURE 3. Results for the peak magnitude (a), the FWHM (b) and the
fidelity (c) of the experiment for the characterization of the PCA with
respect to the azimuth ya; and elevation ¢¢| angles.

The results for the normalized magnitude from Fig. 3a
are consistent with a Gaussian-shaped beam with a
—3dB beamwidth in elevation ¢} 3¢5 = 5.45° and
azimuth v,, 348 =5.2°. The —15dB beamwidth is
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approximately the same for azimuth and elevation with
VYaz,—15dB ~ ¢el,—15dB ~ 18°. For azimuth and elevation
angles in the range —9° < ¥y, ¢l < 9°, the normalized
fidelity exhibits values > (.7 as can be seen in Fig. 3c.
The fidelity drops to 0.55 in the region ¥,, < —1.6° and
—3° < ¢ < 3°. The same is observed for the FWHM in
Fig. 3b, as the values for the FWHM in the range —9° <
Yaz, Pl < 9° are almost constant around 1 ps. However,
in the same range where the fidelity drops to 0.55, the FWHM
increases by a factor of 2 to 3. This results from a broadening
of the terahertz pulse leading to a in higher FWHM and
poor fidelity. In conclusion, the PCA generates a narrow
Gaussian-shaped beam with a —3 dB beamwidth of approx 5°
in azimuth and elevation direction.

All characteristics for the THz-TDS system are summa-
rized in table 1.

TABLE 1. System characteristics for an averaging over 60 THz-TDS traces.

System Parameter Value
center frequency 1 THz
bandwidth 2THz
THz-TDS trace FWHM | 0.44 ps

signal to noise power ratio | 37 dB

PCA beam shape Gaussian
PCA -3 dB beamwidth

- elevation 5.45°

- azimuth 5.25°

PCA -15dB beamwidth | 18°

Ill. IMAGING PRINCIPLE AND RESOLUTION
CONSIDERATION FOR 3D TERAHERTZ IMAGING

In our previous work [11], [12], we have demonstrated the
principle of 2D THz-TDS imaging using the radar back-
projection technique. Here, a brief overview is given as
the basis for the 3D imaging technique. In Fig. 4, the
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FIGURE 4. Measurement model for synthetic aperture imaging. The
emitter E; and detector D, are linearly moved along the x-axis with the
step size Ax. For each position, a measurement of the OUT is performed
which is here a single-point object at P; with x,o = 0mm, ypq = 150 mm,
and z,g = Omm.
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measurement model for synthetic aperture imaging is pre-
sented for the case of a linear synthetic aperture.

In the model, an emitter at position Eg and a detector at
position Dy are linearly moved along the x-axis with the step
size Ax. The distance between the emitter and the detector
is kept constant. For each position n, a terahertz pulse is
transmitted and the detector is measuring the reflected signal
from the single-point object at position P; withn = 0...N.
The detected signal sq (E,;, D,, t) can be expressed as

sa B Dy, 1) = D r(PLEy D) -se (t —tin) . (2)

1

where s¢ () is the emitted terahertz signal, r(P;, E,, D,) is
the reflection coefficient of the object, and ¢; , is the time-
of-flight the emitted terahertz pulse needs to travel from the
emitter to the object and back to the detector. Assuming a
constant propagation velocity at the speed of light ¢, the
time-of-flight is

|P; — Eu| + |P; — Dyl

o '
To reconstruct the shape and position of the object, an inte-
gration over the synthetic aperture is performed. In the case of
a discrete aperture, the integration is substituted by a summa-
tion operation and the resulting image I(x, y) is reconstructed
according to

3

in —

1, ) = D sa(Bn, Dy, £ =ty vn), )
n

where #,,,, is the time-of-flight of the terahertz signal to and
from an assumed point object at position P, , = (x,, y,, 0).
Using this technique, high-resolution 2D terahertz images can
be generated with a divergent beam, where the resolution of
the images is a function of the system parameters bandwidth,
center frequency, and the geometry of the synthetic aperture.
To extend the method for 3D image generation, the synthetic
aperture has to be expanded in the z-axis, which increases the
size and complexity of the aperture geometry. In this paper,
we propose an approach for 3D terahertz imaging, where the
synthetic aperture is extended by combining multiple circular
scans in the x-y-plane at different z-coordinates. This results
in a linear synthetic aperture in z and a circular synthetic
aperture in x and y. In the 3D space, the synthetic aperture
is represented by a cylindrical shape. To analyze the resolu-
tion limits of the employed synthetic aperture, the two basic
geometries are analyzed in detail.

A. LINEAR SYNTHETIC APERTURE

Based on the movement of the antennas, there are different
possible geometries for a synthetic aperture. The most pop-
ular geometry is the linear aperture [15], [16], [17], [18].
The emitter-detector pair is moved linearly along the cross-
range, which is perpendicular to the propagation direction of
the radiation. The propagation direction is also called range
direction. Fig. 4 demonstrates the used principle, where the x-
axis is the cross-range and the y-axis is the range dimension.
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Based on this geometry, the range 6, and cross-range Jcr
resolution for synthetic aperture imaging systems are defined
as [18], [19], and [20]:

co
& > —, 5
T 5
and
RAc
Ser = . 6
e = o7 (6)

respectively. B is the frequency bandwidth of the system, R is
the distance to the object, A. is the center wavelength of the
emitted signal, and Lg, = N - Ax is the length of the synthetic
aperture. N is the number of measurements and Ax is the
distance between two measurement points.

These equations show that the best achievable range resolu-
tion for a best-case OUT and ideal sampled synthetic aperture
is only limited by the bandwidth of the system, which can
be on the order of a couple of THz for commercially avail-
able THz-TDS systems. Furthermore, for a fixed range R,
the cross-range resolution is only limited by the synthetic
aperture and the center wavelength. However, the size of
the synthetic aperture is limited by the —3 dB beamwidth of
the PCA. This limits the length of the maximum synthetic
aperture Lg, max, since an object can be observed only from a
limited angle-of-view with

Lga,max
— 7
7R (N

tan (I/Iaz,—3 dB) =

Substituting Lgamax for Lg, in (6), the maximum
cross-range resolution using the presented system is then

. Ry RAc _ Ae
T 2Lgma 2-2Rtan (Vaz-3a)  4tan (Yaz3a8)
)]
Using this equation with v¥,,.3¢8 = 5°, the cross-range
resolution is given as
Scr > 2.86 - Ac. 9

In the following, the result of a simulation for a single-point
object is presented using the parameters of the antennas
acquired from the experiment described in section II-B, the
system parameters from section II-A, and equation (4). The
reflection coefficient r(P;, E,,D,) = 1 is weighted with
the azimuth beam profile of the PCA antenna. The resulting
image of a single-point object is shown in Fig. 5.

The result of the simulation shows a cross-range resolution
of 960 um which is comparable to the optimum resolution
with the given parameters from (9) of §;; = 860 um. Addi-
tionally, the Gaussian beam profile of the PCA antennas
further decreases the cross-range resolution as the bistatic
measurement scenario has a strong angular selectivity for
close objects. A further quality indicator for the PSF is the
peak side lobe ratio (PSLR) which is —17.38 dB.

9683



IEEE Access

D. Damyanov et al.: 3D THz-TDS SAR Imaging by an Inverse Synthetic Cylindrical Aperture

=)
151 ~
25 2
. g
g z
\’é 150 | — 58
= 3
]
754
149 g
=
=]
-10 4

-1 0 1

z (mm)

FIGURE 5. Reconstructed image of a simulated single-point object for the
measured PCA pattern.

B. CIRCULAR SYNTHETIC APERTURE

The second type of geometry used for 3D terahertz imaging
presented here is the circular synthetic aperture. The OUT is
placed in the center of a rotating aperture and is illuminated
from all angles as shown in Fig. 6.
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FIGURE 6. Measurement setup for a circular synthetic aperture. The
emitter-detector pair at positions E, and D, respectively, are moved
along a circle with radius R¢f from the single-point object at position P;.

The emitter-detector pair is rotated on a circle with the
radius Rt with the propagation direction pointing to the cen-
ter of the circle. This results in a circular synthetic aperture,
where no range and cross-range resolution can be defined.
Instead, the x and y resolution components 8, and Jy are
used. This geometry has been applied for narrowband and
broadband radar systems with rectangular-shaped frequency
spectra with Bi < 1, where By = B/f. is the fractional
bandwidth, and f; is the center frequency. This results in
an increased resolution capability compared to a linear syn-
thetic aperture [21], [22], [23], [24], [25], [26]. By using a
complete 360° scan, the resolution in x- and y-direction is
identical [21], [22]:

24 2.4k
be=dy= g = (10)
o

Comparing (9) and (5) as the x- and y-resolution com-
ponents of the linear synthetic aperture, to (10) for the
x- and y-resolution of the circular synthetic aperture shows
an improvement of the theoretical limit in x-direction by a
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FIGURE 7. Simulated PSF of a THz-TDS imaging setup using a circular
synthetic aperture. In (a) the shape of the PSF in the x-y-plane is
demonstrated while (b) and (c) show the profile of the PSF for

y = 150mm and x = 0 mm, respectively.

factor of 1.2/2w =~ 0.19. To derive the resolution in the
y-dimension, we substitute B = 2 - f; in (5), as the THz-
TDS bandwidth is approximately twice the center frequency.
Equation (10) shows a resolution in y of §, ~ 1.5 - §;.
However, (10) is derived for radar systems with Bg. < 1 and
not for wideband systems such as THz-TDS systems.

To evaluate the effects of the bandwidth on the resolution,
a simulation is performed using a single-point object at posi-
tion P; positioned at the center of the circular aperture. The
frequency bandwidth of the system is chosen to be B =2 THz.
With the center of rotation being at x = Omm and y =
150 mm, the radius of rotation is R = 150 mm. As the
single-point object is at the center of rotation, it is illuminated
at a 90° angle of incidence and hence r(P;, E,, D,) = 1 is
considered for all positions E, and D,,. The angular range of
the synthetic aperture is defined by 6g,, with 6, = N - Abg,,
where N is the number of measurements and A6, is the
angular step size of the circular aperture.

The result of a simulation with 65, = 360° and A6y, = 1°
is shown in Fig. 7. The single-point object is correctly
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reconstructed. The intensity profile of the reconstructed
objects exhibits an approximately Gaussian shape with
dx = dy. To further analyze the shape of the point spread
function (PSF) in the x- and y-dimensions and the 3 dB
resolution of the image, the reconstructed image in Fig. 7a is
sliced along the x- and y-axis for y = 150 mm and x = 0 mm,
respectively. The results are shown in Fig. 7b and Fig. 7c.
Here, an approximately Gaussian shape of the PSF in both
dimensions can be seen and the 3 dB resolution is identical
and equal to 8§y = 8y ~ 75um = co/2B with a PSLR
of —26.77 dB.

Compared to the results of the simulation with a linear
synthetic aperture, this shows an improvement factor in the
resolution in x-direction of 0.282 while maintaining the high
resolution in y-direction. These results demonstrate the higher
resolution capabilities of the employed circular synthetic
aperture THz-TDS imaging setup compared to a linear syn-
thetic aperture and radar-based circular synthetic aperture
imaging methods with a lower bandwidth.

To further analyze the limits of the circular synthetic aper-
ture, a limited synthetic aperture is considered. This simulates
practical scenarios where only a restricted aperture is possible
due to obstacles or shadowing effects from different objects or
different geometrical features of the considered object. Thus,
a set of simulations is performed for different values of 6, to
evaluate the effect of the size of the synthetic aperture. The
simulation scenario is presented in Fig. 8.

Single-point object
P; =(0,0)
x

Eo=(zg,0.YE,0) Dy =(zp.N,Yp.N)

Mo = (20,0, YM,0). 4

tel

DO:<17D.0syDO";\‘

*I’VI[\ =(aM,N, YM,N)

“]\3’1\\! =(2E,N,YE,N)

FIGURE 8. Measurement model for a partial circular synthetic aperture
with 6sa representing the angles used for the generation of the synthetic
aperture. The single-point object is located at the center of the partial
circle and measurements with the emitter at position E, and the detector
at position Dy, are performed at a radius R,e¢. M represents the middle
point between E, and D;,.

The single-point object is positioned at the center of rota-
tion of the partial circular synthetic aperture, i.e. at the origin
of the coordinate system. The distance between the emitter
positions E,, and the detector positions D, is 70 mm. M, is
the middle point between E, and D,,. The step size of the
synthetic aperture is Afs, = 1°. Forn = N /2, M,, forms
a 90° angle with the x-axis as shown in Fig. 8. Thus, the
synthetic aperture is symmetric with respect to the y-axis. The
distance from M,, to the center of rotation is Ryef = 150 mm.
For the simulation, values for 6s, in the range from 4° to
360° are considered. In Fig. 9, the reconstructed images of
the single-point object for 6y, equal to 20°, 60°, 90°, 120°,
and 180° are shown.
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FIGURE 9. Resulting PSF for a restricted circular synthetic aperture with
0sa equal to 20° (a), 60° (b), 90° (c), 120° (d), and 180° (e).

The reconstructed images show that the resolution in the
y - direction remains constant with 8, = co/2B for all values
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of O, if the synthetic aperture is symmetrical to the y-axis.
The resolution in the x-direction improves with increasing 6s,
for O5, < 180°. Furthermore, for 65, > 180° the resolution in
the x-direction reaches the resolution for a complete circular
aperture of 6x = co/2B. Using the results from the simula-
tions, an approximation for the image resolution is given as

o 180°
— . , for0° < 65, < 180°
2B by, (11)

O ~
(&) °
E, for 953 > 180
and
co
8y = 3B (12)

In Fig. 10 the image resolution in x-direction as a function of
the synthetic apertures calculated with (11) is compared to the
—3 dB width of the PSF extracted from the simulated images.
The results show a good agreement between the simplified
equation for the resolution and the simulation results.

=== Simulated results
== Calculated results
. /2B
2 |
El
g
g
=
3
z 1 1
o~
0.075
10 90 180 270 360

Aperture (°)

FIGURE 10. Simulated (blue) and calculated (red) according to

equation (11) —3 dB width of the PSF in x for a THz-TDS imaging system
with a circular synthetic aperture. The theoretical limit of cy/2B is shown
as the black dotted line.

C. CYLINDRICAL SYNTHETIC APERTURE FOR 3D THz
IMAGES

As mentioned above, the synthetic aperture has to be extended
in all three dimensions to generate 3D images. In the method
proposed in this paper, the two geometries are now combined
to a cylindrical synthetic aperture as shown in Fig. 11.

The cylindrical synthetic aperture consists of a linear syn-
thetic aperture along the z-axis and a circular synthetic aper-
ture in the x- and y-dimensions. The OUT is positioned on a
rotation stage which simulates a rotation of the emitter and
detector positions E, and D,, around the object in the x-y-
plane. The distance to the object is defined as Ryf and the
circular synthetic aperture is specified by the angle 6g,. The
rotation stage is positioned on a linear translation stage which
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FIGURE 11. Measurement setup for a 3D cylindrical synthetic aperture.
An OUT is positioned on a rotation stage and a linear moving platform in
the z-direction that simulates the movement of the detector and emitter
at positions Dp, Ep. The rotational stage rotates from 0° to 6sa resulting in
a partial cylindrical synthetic aperture.

is moved with steps of A/ along the z-axis. For each position
hi, anew measurement using the circular synthetic aperture is
performed. Thus, a cylindrical synthetic aperture is achieved.
The height of the cylindrical synthetic aperture is given as Ag,.
Using this measurement scenario, the shape and size of the
OUT in all three dimensions can be reconstructed, where the
resolution along the z-axis corresponds to the resolution of a
linear synthetic aperture according to (9) and the resolution
along the x- and y-axis is calculated using (11) and (12),
respectively.
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FIGURE 12. Resulting PSF of the 3D imaging setup in the x-y- (left) and
x-z- (right) planes.

In Fig. 12, slices along the z- and y-axis of a three dimen-
sional PSF for a single-point object located at (0, 150, 0) mm
with hg; = 26.2mm, Rer = 150mm, and 6, = 90° are
shown. The 2D shape of the PSF in the x-y-plane in Fig. 12
results from the circular synthetic aperture of the cylindrical
geometry and is comparable to the result shown in Fig. 9c.
The resolution in x-direction is 150 um and the resolution in
y-direction is 75 um. On the right side of Fig. 12, the shape
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of the sliced PSF in the x-z-plane is shown. The resolution
in z-direction is 960 um. The PSF exhibits the same shape
as the PSF in Fig. 5 and contributes to the resolution of
the system in the x-z-plane. Due to the higher resolution
capabilities of the circular aperture, the reconstructed images
using the presented approach have a higher resolution in the
x-y-plane than in the x-z-plane. The PSLR is —26.6 dB in both
directions.

IV. EXPERIMENTAL RESULTS FOR 3D IMAGING

The experimental results for 3D terahertz imaging in this
paper are organized as follows. First, measurements using
a resolution test chart are presented. Next, imaging using a
common day object, here a 1 euro cent coin, is performed.
The coin is placed as a hidden object inside a paper envelope.
Finally, a small dielectric object is used as to test the method
for dielectric objects.

A. RESOLUTION RESULTS USING TEST CHART

The first OUT is a resolution test chart as shown in Fig. 13a.
The test chart is a printed circuit board (PCB) with the dimen-
sions 121 mm x 121 mm, where the black stripes are metal.
The distance between the metal stripes is equal to the width
of the stripes. The features of interest are with dimensions
< 1 mm, as shown in Fig. 13a) making them suitable to test
the imaging resolution of the system. The parameters used
for the cylindrical synthetic aperture are & = 50 mm, Rpef =
150 mm, and 65, = 160°. The step size in the z - direction
is Ah = 0.4mm and A6, = 0.5° for the rotation. The test
chart is positioned parallel to the x-z-plane. Thus, all metal
stripes have the same y = yp coordinate. The reconstructed
image in the x-z-plane for y = yg is shown in Fig. 13b).

The reconstructed image in Fig. 13¢) shows a maximum
error in the dimensions of the stripes of less than 20 um.
The results show that the metal stripes are correctly recon-
structed with a higher resolution in the x-direction than in the
z-direction. This is in agreement with the theoretical con-
siderations in the previous section. The horizontal stripes in
the case of 820 um and 1.08 mm are clearly reconstructed.
The smallest horizontal stripes with a width of 560 um are
blurred. Their size is well below the resolution limit of the
system in the z-dimension, which is ~ 800 um according
to (9). The difference in the resolution in x-direction com-
pared to z-direction can be seen in Fig. 13c and Fig. 13d.
These two images show single slices of the reconstructed
volume along the z-axis in Fig. 13c and along the x-axis in
Fig. 13d. In Fig. 13c, the value z = 27.1 mm is chosen, as here
the vertical stripes have widths of 560 um and 820 um. The
width and shape of the stripes are clearly reconstructed. Fur-
thermore, the high resolution of the method in y-dimension
is demonstrated by comparing the y-coordinates of the metal
stripes with the base of the resolution chart. The two com-
ponents are resolved with 40 um in the y-dimension while
exhibiting an intensity difference of 10dB. This is not the
case when Fig. 13d is considered. Here, the slice along the x-
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FIGURE 13. A sketch of the test chart (a). The reconstructed test chart (b).
Figure (c) shows a slice along the z-axis with z = 27.1 mm. Figure (d)
shows a slice along the x-axis with x = 11.6 mm. The figures demonstrate
the higher resolution capabilities of the method in the x- and y-
compared to the z-dimension.

axis at x = 11.6 mm shows the reconstructed three horizontal
stripes and a single vertical stripe for the 820 pum stripes.

B. EXPERIMENTAL RESULTS WITH A COMMON DAY
OBJECT

The next OUT is a common day object. We used a 1 euro
cent coin, as the dimensions of the coin are well defined
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for future comparison purposes. Both sides of the coin were
measured simultaneously by using two coins. The two coins
are positioned inside an envelope preventing a direct line-of-
sight and the envelope is glued to a metal post that is centered
at the center of rotation of the cylindrical synthetic aperture.
The synthetic aperture has the dimensions of 27 = 47 mm,

Reef = 120mm, and 65, = 80°. The step size in the
z-direction is Ah = 0.4mm and the angular step size is
Abg; = 0.4°. Using the given parameters, the detected

terahertz signals are evaluated using the here presented back-
propagation. The reconstructed 3D image of the two coins is
shown in Fig. 14.
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FIGURE 14. Reconstructed image of the two 1 euro cent coins inside a
paper envelope. In (a) the three dimensional image is shown. The two
coins are correctly reconstructed and a part of the envelope is also
reconstructed in the image. Figure (b) shows a 2D projection of the
volume in the x-y-plane demonstrating the different orientations and
position of the two coins and the envelope in the x-y-plane.

In Fig. 14a, the reconstructed details of the two coins are
clearly visible. On the front side of the coin, the number “1”
of the coin together with the text “Cent” are correctly recon-
structed. Furthermore, the globe, the diagonal lines, and the
stars at the end of the diagonal lines are visible. However, the
details on the globe are blurred and the text “Euro” above
the “Cent” label is not visible in the image. As for the back
side of the coin on the right side of Fig. 14a, the leaf and
the stars of the coin are correctly reconstructed. However,
the text at the beginning of the leaf, where the minting year
and country of origin are printed, is blurred and not readable.
In the figure, also a part of the reconstructed envelope can be
seen.

In Fig. 14b, an x-y-view of the reconstructed volume is
shown. Here, the different orientation and location of the
two reconstructed coins are visible. This result demonstrates
not only the high-resolution capabilities of the used terahertz
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FIGURE 15. Reconstructed image and photograph of the test object. In
(a) the photograph of the OUT is shown next to a 1 euro cent coin. In
(b) the reconstructed three dimensional image is shown. The letters of
the THz text and the symbol of the THz-TDS pulse are correctly
reconstructed. (c) shows a 2D projection of the volume in the x-y-plane
demonstrating the different depth and range profiles of the symbols.

imaging system, but also the robustness of the setup, as hid-
den objects with different orientation and location are cor-
rectly reconstructed without any a priori information despite
the antenna position.

C. EXPERIMENTAL RESULTS WITH A DIELECTRIC OBJECT

Until now, all measurements were performed with metallic
objects with a high reflectivity. However, in many applica-
tions objects made of dielectric materials are of interest. Thus,
a dielectric object made from a polymer is used for the last
experiment. As the OUT, the letters “THz” and the shape
of a typical THz-TDS pulse are 3D printed. Fig. 15a shows
a photograph of the object next to a 1 euro cent coin. The
test object is printed from tough polylactic acid (PLA). The
symbols exhibit different heights resulting in different range
dimensions in y as follows: “T” and “H” have a height of
1.5mm, “z” of 1 mm, and the pulse symbol of 0.5 mm. The
synthetic aperture has the height hg, = 45 mm, the radius
Rier = 125 mm, and the angular range 65, = 180°. The step
size in z-direction is Ah = 0.5 mm and the angular step size
is Afsa = 0.5°. The object is mounted so that the text and the
pulse symbol are in the x-z plane. The results of the image
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reconstruction are shown in Fig. 15, where in Fig. 15b the
reconstructed volume in xyz is shown and in Fig. 15c the
x - y-projection is shown. The shape and size of the text
and the pulse symbol are reconstructed correctly up to the
smallest details.

Even the separation between the rising and falling edge of
the terahertz pulse symbol is evident. Furthermore, as can
be seen in Fig. 15c, the different range profiles of the sym-
bols are reconstructed. The background of the symbols is
reconstructed at a range of about 14 mm from the center of
rotation. This is consistent with the measurement scenario,
as the object is mounted on a metal post positioned at the
center of rotation with a radius of 12.5 mm using 1 mm thick
double-sided tape.

Closest to the background of the object is the reconstructed
THz-TDS pulse form. The mean “height” of the recon-
structed pulse is about 520 um. A mean error of only 20 um
is measured. Similar values for the errors are measured for
the reconstructed text. For the letters “T”’ and ‘“H,” a mean
“height” of 1.51 mm is reconstructed, whereas for the “z”
letter the mean “‘height” is 1.01 mm. This indicates mean
errors of just 10 wm which are on the order of the accuracy of
the 3D printer.

V. CONCLUSION

In this work, we have presented an approach for broadband
terahertz 3D imaging. The measurement setup uses a state-
of-the-art THz-TDS system and photoconductive antennas
with a divergent beam. The 3dB-beamwidth of the antennas
was determined to be 5°. The imaging itself is performed
using a synthetic aperture method. Here, we used a cylindrical
aperture consisting of a linear and a rotationally symmetric
dimension. For both cases, an equation for the resolution was
presented based on system parameters such as the size of the
synthetic aperture and the frequency bandwidth. The linear
dimension gives a resolution of 960 um, which is limited
by the divergence of the beam. The rotationally symmetric
dimension has a resolution limit of 75 um, which is compa-
rable to the range (axial) resolution and is limited only by
the angle at which the object is observed and the available
bandwidth. In addition, we imaged three different objects: a
resolution test card, a 1 euro cent coin in an envelope, and
a dielectric 3D printed object with letters and a symbol at
different heights. All objects were successfully reconstructed.
The advantage of the rotational aperture over the linear aper-
ture was clearly demonstrated. In the future, we will extend
our method to a spherical synthetic aperture. In this way, 3D
imaging with a resolution of less than 100 um in all three
dimensions will be possible. This will reduce the resolution
gap between conventional imaging based on focusing optics
and terahertz near-field microscopy. Furthermore, the method
can be combined with terahertz ellipsometry to determine
reference-free material parameters from the images [27].
Additionally, the use of neural networks could enable a clas-
sification of the measured material [28].
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