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Virtual Source Extended Range Points Migration
Method for Auto-Focusing 3-D Terahertz Imaging

Takamaru Matsui and Shouhei Kidera

Abstract— This letter presents an auto-focusing imaging algo-
rithm for terahertz (THz) band imaging by extending the range
point migration (RPM) method using a dielectric lens model. The
traditional THz time-domain spectroscopy (THz-TDS) imaging
system has an essential problem for depth dependence of the
azimuth resolution, which becomes more crucial in subsurface
imaging, because the depth of target is unknown in most cases.
This letter thus introduces an RPM-based auto-focusing imaging
method using an equivalent virtual source model to accurately
represent both near- and far-range areas from the focal point.
Experimental validation using THz-TDS demonstrated that the
proposed algorithm accurately compensates image distortions by
out-of-focus effect with much lower complexity than traditional
radar-imaging approaches.

Index Terms—3-D imaging, radar signal processing,
submillimeter wave, subsurface imaging, synthetic aperture (SA)
process, terahertz (THz) wave.

I. INTRODUCTION

ESEARCHERS have demonstrated that 3-D terahertz

(THz) imaging systems may offer higher spatial reso-
lution than microwave or millimeter wave imaging, especially
when used for a penetration depth of greater than 1 mm,
which has not been achieved by infrared or optical imaging.
A greater penetration depth would allow for a variety of
applications, such as the nondestructive testing of industrial or
farm products, or analyzing chemical composition by exploit-
ing the spectroscopic feature. However, most THz imaging
systems [e.g., THz time-domain spectroscopy (THz-TDS)]
require prior mechanical adjustment to ensure that the focal
point is on the target surface; this process narrows the possible
measurement range along the depth direction, and such adjust-
ment is hardly achieved if the depth of the object is unknown
assumed in free space or subsurface depth imaging. Synthetic
aperture (SA) approaches assuming wider beam observations,
such as radar imaging, have thus been introduced to achieve
automatic focusing at an arbitrary depth [1]. Researchers
have investigated confocal submillimeter or THz-band radar
imaging approaches in a variety of applications, including
automotive terrain sensing [2], surface imaging [4], and per-
sonnel scanning systems [5]. However, SA approaches often
provide blurred images along the depth direction, require high
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computational costs when obtaining full voxel images, and
suffer from unnecessary responses to coherent processes, such
as speckle, or side or grating lobe effects, which becomes more
crucial in sparse array configurations.

As a promising alternative, the range points migration
(RPM) method [6] has been developed to overcome a number
of the limitations in SA imaging approaches, in terms of its
accuracy and computational complexity. The RPM method is
based on the incoherent conversion from the corrected time
delays, so-called range point (RP) to their associated scat-
tering centers with one-to-one correspondence. RPM allows
auto-focusing if an accurate range profile is obtained by
avoiding unnecessary responses. However, the original RPM,
commonly uses a much wider radiation pattern to model
electromagnetic wave propagation; this is not suitable for a
typical THz-TDS observation model using a dielectric lens.
This letter therefore aims to compensate for image distortion
caused by out-of-focus effects and provides a more accurate
target surface shape with lower computational costs, which
is the main advantage over the SA process. This involves
introducing an equivalent virtual source located at a focal
point, as introduced by Matsui and Kidera [7]. The original
RPM is then appropriately extended to the dielectric lens
model with a straightforward manner. As a notable feature
of the proposed RPM, it allow for investigation of far- and
near-range (i.e., deeper and shallower from the focal point,
respectively) situation alike. The experimental data measured
by THz-TDS measurements demonstrate that the proposed
RPM method accurately compensate the image distortion
due to out-of-focus effects, which contribute to enhance the
accuracy for target surface reconstruction with much lower
computational complexity than those by the SA process.

II. OBSERVATION MODEL

The observation model used is shown in Fig. 1, where
the transmitting source and receiving sensor are located at
the same position on z = 0 plane to allow a reflection of the
electric field to be recorded. s(L, R) denotes an output of
range extraction filter (e.g., matched filter), using a reference
signal, where L = (X, Y, 0) denotes the location of the source,
R = ct/2 is expressed by time ¢, and c is the speed of light
in the background media. The RPs determined by the local
maxima of s(L, R) are defined as ¢q; = (X;, ¥;, R;).

III. DEPTH IMAGING METHOD

A. SA Method

Some approaches based on the SA process have been
developed to achieve an automatically focusing on the wide
beam observation scenario. The SA is based on a coherent
integration scheme for measured complex-valued signals to
attain the desired azimuth resolution at arbitrary depth. This
process is known as delay and sum (DAS) or beam-forming
used in ultrasound or microwave or millimeter radar imaging.
However, the resulting image often suffers from unnecessary
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Fig. 1. Observation model.

responses because of the coherent integration process, such
as speckle noise or grating- or sidelobe effects. In addition,
the SA process requires an expensive computational cost to
get a full 3-D image because it requires a large number of
coherent integration process, using densely sampled data to
avoid a false image due to sidelobe effect or speckle noise.

B. RP Migration Method

1) Original RPM Method: The RPM method has been
developed to extract a target’s boundary by exploiting a group
of RPs. Each RP g; is then converted to its associated scatter-
ing center point p(q;) via the maximum likelihood approach
for weighted kernel density estimators. This is formulated as

Plg) = argmax D ¢(g:1q;.9))
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where p'"(q;,q,,q,,) represents the intersection point for
the three migration surfaces, each expressed as an orbit of
possible propagation paths. In the case of free space, and
the omni-directional transmitter and receiver with the same
position, the migration surface becomes a spherical surface
with radius R; and the center (X;, ¥;,0) [6]. o, is constant.
2(q;:9;,9,) 1s a weight function considering the sensor
separation and reflection strength as

, _ Dy
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where Dyy,;; = (X;—X;)* + (Yi—Y;)*)!/?. oxy is constant.
2(q;;9;,q,) weights the intersection points, which are
generated by the vicinity around the focused RP gq;.
In general, the oxy of this Gaussian weight is set to a couple
of sampling interval of sensors, and then, there is no need
for calculating all the possible combinations of intersection
points, because g exponentially decreases in more separated
intervals. Also, if the sensor intervals are larger than R;,
the intersection point for q;, ¢ i and ¢, would not exist, but
those combinations should be eliminated in calculating (1).
oxy can be determined by considering the assumed sampling
interval of observation point [6].

Since the original RPM assumes the wide-beam propagation
from the transmitter, this method is not necessarily required
when using a dielectric lens because a migration surface is
degenerated to a focal point. However, when the target is
out-of-focus, a finite migration surface must be considered;
thus, the RPM algorithm is still promising to attain a more
accurate target boundary shape by compensating an image
distortion due to the off-focusing effect.

2) Extended RPM Method With Virtual Source Model: An
extended RPM model introducing a virtual source located at
a focal point of the assumed dielectric lens to determine an
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Fig. 2. Extended principle of the RPM method. (a) In a far range (R; > Ry)
case, a target surface is expressed as outer envelope of migration surfaces
[spheres with the center (X;,Y;, Ry)]. (b) In a near range (R; < Ry) case,
a target surface is expressed as inner envelope of migration surfaces [spheres
with the center (X;, Y;, Ry)].

Fig. 3. Optical images of targets. (a) Metallic sphere with 6.35 diameter.
(b) Alphabetical character “U.”

appropriate migration surface was then designed. A similar
idea for the SA process has been demonstrated in [1]. The
distance between the lens surface and the focal point was
defined as Ry, and R;, defined in each RP g, that denotes
the distance between the lens and target surface, observed at
the sensor location centered on (X;, Y;,0). As the THz beam
is along the z-direction (i.e., the depth), the focal point for
each sensor was to be defined as (X, Y;, Ry). In the case of a
far-range situation (R; > Ry), the target surface was expressed
as the outer envelope of the migration surfaces, each of which
forms a spherical circumference with the center (X;, Y;, Ry)
and the radius |R; — Ry| [8]; this is because an each equiphase
surface forms a convex down one. Furthermore, in a near-range
situation (R; < Ry), a target boundary was expressed as
an inner envelope of migration surfaces due to a convex-up
equiphase surface. Fig. 2 shows the conceptual image for far
and near range cases, where the equivalent source is denoted
as (X;, Y;, Ry) and its migration surface becomes a spherical
surface with center (X;, Y;, Ry) and radius |R; — Ry|.

The original RPM was thus extended to the dielectric lens
model, where each RP ¢; was converted as

qiE(XDYI';\O)_)QI'E(Xi')Yi»Rf)' (3)
Then, the scattered center point p(q,;) was determined as
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The existing area of each intersection point p™(q;,q;,q,,)
should be z > Ry when R; > Ry and z < Ry when R; < Ry.
As in (1), the basic formulation in the extended RPM is
the same except for the definition of the intersection point
p™(q;,4,,4q,,) it is a straightforward approach. As a notable
advantage, this method achieves much lower computational
complexity, when compared with the SA process by avoiding
the use of a coherent integration process and calculating the
number of the intersection points of spheres (analytically
solved) to compensate the image distortions by off-focus
effect.
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Fig. 4. Traditional THz-TDS depth images for the spherical metallic target at each depth. (a)—(c) Cross-sectional images. (d)—(f) 3-D images. Color denotes
normalized signal strength. (a) and (d) Case 1. (b) and (e) Case 2. (c) and (f) Case 3.

Step 1): Signals are recorded at each set of transmitting and
receiving sensor as s(L, t) and are processed by the range
extraction filter, whose output is denoted as s(L, R’).

Step 2): RPs are extracted as ¢; from the local maxima of
s(L, R") with respect to R’, and converted to ¢, as in (3).

Step 3): For each converted RP g;, the scattering center point
p(g;) is determined by (4).

Step 4): To attain a reconstruction accuracy, the following
postprocessing is introduced. Herein, the following eval-
uation value is defined as:

C(p@)) =D 2@, @)
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Namely, ¢(p(q;)) denotes the maximized value of the
right term in (4). Then, if the following condition is
satisfied:

C(p(g) =p max ((p(g;)) (6)
pq i €P;
the scattering center point p(q;) is regarded as the
isolated point, and is then removed from the final recon-
struction image. Herein, the area P; is defined as the
inner space of the sphere with the center p(q;) and the
radius rg, where rg, should be the order of the data
sampling scale. f is constant value, satisfying 0 < g < 1.
The reconstruction accuracy of the proposed method is basi-
cally independent of the depth to the target, neither near nor far
range, which means that an autofocusing scheme was achieved
at any depth.

IV. RESULTS WITH EXPERIMENTAL DATA

Experimental validation was then performed using a
THz-TDS measurement system provided by Spectra Design
Co., Ltd. The observation model is equivalent to that in Fig. 1.
A photo conductive antenna with a dielectric lens with a
diameter and focal length of 34 and 25 mm, respectively,
was assumed and was scanned on the z = 0 plane with
a fixed interval of 0.25 mm. The incident and reflection
signals were emitted and recorded, respectively, at (X;, Y;, 0).
A pulse-modulated signal was assumed with 0.3-THz center
frequency and 0.3-THz bandwidth. Three cases were investi-
gated at three different target depths: 15 mm (Case 1), 25 mm
(Case 2), and 31 mm (Case 3), where Case 2 represents an
in-focus case. The Capon filter is applied to reduce unneces-
sary responses by range-sidelobe effect [9], and the reference
signals are prepared using the reflection signal from large
metallic plate at each depth in free space. In the RPM process,

the parameters are set as oxy = 0.25 mm, o, = 1.0 mm,
f =03, and ry, = 1.0 mm.

A. Case in Spherical Shape

A spherical metallic ball with 6.35-mm diameter was first
used to investigate the imaging performance of the proposed
method as shown in Fig. 3. Fig. 4 shows the cross-sectional
and the 3-D depth images obtained by the THz-TDS system
for each case, where its optical image is shown in Fig. 3. The
sphere was accurately illustrated with correct curvature in the
in-focus image (i.e., Case 2), whereas the resulting images
suffered from nonnegligible image distortions with incorrect
curvature in Case 1 and Case 3. In particular, a concave shape
was pictured for Case 1, that is, fatal for the 3-D imaging.
The average S/Ns for each case were 33 dB for Case 1,
43 dB for Case 2, and 32 dB for Case 3, where the S/N
is defined as the ratio of the maximum power of received
signals to the average noise power in the time domain. On
the contrary, Fig. 5 shows the depth images obtained by the
extended RPM method at Case 1 and Case 3. It is noted that
the THz-TDS depth image (discrete points) as Fig. 4 are input
to the extended RPM as RPs ¢;, and it demonstrated that
our proposed method accurately reconstructs the target surface
with appropriate curvature by converting g; (the THz-TDS
depth points) to each associated scattering center as p(q;)
using (4). In addition, depth imaging obtained via SA for the
Case 1 and 3 are shown in Fig. 6 and these images also
correctly reconstruct the actual shape of the target by assuming
the equivalent virtual source. However, 17 s were required to
obtain only one cross-sectional image, where total calculation
time to get full volumetric image is expected to greater than
500 s, while the RPM requires only 3 s to get a full 3-D
image, using Intel Xeon CPU E3 1240 v5 3.50 GHz processor
with 16-GB RAM. The above lower numerical complexity is
from that the possible intersection points of spheres can be
analytically solved in (4). Besides, we also confirmed that,
at the case where a data sampling interval is greater than a
half of wavelength (sparse sampling), a SA image suffers from
false image due to sidelobe effect, while the RPM is free from
these false images according to the incoherent process, which
is also significant advantage of the proposed method. For a
quantitative error analysis, the reconstruction error is defined
as e, which is the minimum distance between the actual target
boundary and each reconstructed point. The cumulative proba-
bilities satisfying e < 0.2 mm, (0.21) are 6.9% and 10.1% for
the traditional THz-TDS image at Case 1 [Fig. 4(a) and (d)]
and Case 3 [Fig. 4(c) and (f)], respectively. On the contrary,
those are 91.3% and 86.4% for the proposed method at
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Fig. 5. Depth images obtained by the extended RPM method for the spherical
metallic target at each depth. (a) and (b) 3-D view. (c) and (d) Sliced view.
Black solid curves denote the true target boundary. Colored solid dots denote
the scattering center points obtained by the proposed RPM, where its color
level of each dot denotes ¢ in (5). (a) and (c) Case 1. (b) and (d) Case 3.

13, . 29 '
14 o 30 o0
5 o6 oo
Es . o —
~ o T os
16 oo 32, e
17/ 33
4 s 10 12
[mm]

2 (mm]

6 8 10 12 4 6
X [mm]

(a) (b)

Fig. 6. SA images for the spherical metallic target at each depth. Color
denotes normalized signal strength. (a) Case 1. (b) Case 3.
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Fig. 7. Traditional THz-TDS depth images for the alphabetical “U” target

at each depth. (a) and (b) Projected view on xy plane. (c) and (d) Sliced
and expanded view on the left side of target. Color denotes normalized signal
strength. (a) and (c) Case 1. (b) and (d) Case 3.

Case 1 [Fig. 5(a) and (c)] and Case 3 [Fig. 5(b) and (d)],
respectively. This comparison verifies that the proposed RPM
considerably enhances the reconstruction accuracy, especially
for the out-of-focus case. It is noted that since the SA image
offers a continuous distribution of reflection strength, which
is different feature from that of the RPM (an aggregation of
discrete points), its quantitative comparison is not introduced
here to avoid an biased assessment. Qualitatively, however,
the shape estimation accuracies of the SA and the RPM images
are almost the same level, but the SA requires much more
computational complexity.

B. Case in Alphabetical “U” Shape

A metal target in a “U” shape was then studied to show
the applicability of the proposed method on a more elaborate
shape, the optical image is as shown in Fig. 3. Fig. 7
shows the traditional depth images at each depth. The aver-
age S/Ns for each case are 18 dB for Case 1, 32 dB for
Case 2, and 20 dB for Case 3. As with the spherical target,
the depth images from Case 1 and Case 3 were consider-
ably deformed because of the deformed equiphase wavefront.
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Fig. 8.  Depth images obtained by the extended RPM method for the

alphabetical “U” target at each depth. (a) and (b) Projected view on xy plane.
(c) and (d) Sliced and expanded view on the left side of target. Color denotes
¢ in (5). (a) and (c) Case 1. (b) and (d) Case 3.
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Fig. 9. SA images for the alphabetical “U” target at each depth. Cross
section for same region in Fig. 8. Color denotes normalized signal strength.
(a) Case 1. (b) Case 3.

TABLE I
CUMULATIVE PROBABILITY SATISFYING e < (0.2 mm
Target Sphere ~uU”
Method THz-TDS RPM THz-TDS RPM
Case 1 6.9 % 913 % 64.1 % 99.0 %
Case 3 10.1 % 86.4 % 53.1 % 99.3 %

However, the RPM- or SA-reconstructed images accurately
compensated the image distortion for all parts of the target,
as shown in Figs. 8 and 9. Herein, the reference image was
acquired at 25 mm (focal point). The cumulative probabilities
satisfying e < 0.2 mm, (0.24) are 64.1% and 53.1% for the
traditional THz-TDS image at Case 1 [Fig. 7(a) and (c)] and
Case 3 [Fig. 7(b) and (d)], respectively. On the contrary, those
are 99.0% and 99.3% for the proposed method at Case 1
[Fig. 8(a) and (c)] and Case 3 [Fig. 7(b) and (d)], respectively.
Table I summarizes the error assessments for both target cases.
It is noted that the reference image could not completely
reconstruct the actual target shape, particular for the edge area
of the character, namely, the diffraction effects from the edge
incurs the expansion along the horizontal direction. Actually,
the actual width for the cross-section area in Figs. 7-9 and is
5.6 mm, while that of the reference image is greater than the
actual width due to edge diffraction effect. On the contrary,
the RPM reconstructs the actual target width, by compensating
the edge diffraction effect, in assessing the accumulation of the
spherical migration curves in (4); this is one of the advantages
of the RPM-based reconstruction. The above autofocusing
feature is indispensable, especially for subsurface imaging,
where the depth of covered target is generally unknown.

C. Case of Buried Target Into Hollow BOX

Finally, a subsurface scenario is made, where a target
is buried in a hollow box and is investigated, and thus
corresponds to a situation that an actual depth of a target
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Fig. 10. Optical images of targets covered by plastic box and observation
geometries. (a) Metallic sphere with 6.35 diameter. (b) Alphabetical

character “U.”

TABLE I

CUMULATIVE PROBABILITIES SATISFYING ¢ < 0.2 mm THE CASE
BURIED IN THE HOLLOW BOX

Target Sphere ”uU”

Method || THz-TDS RPM THz-TDS RPM

28.5 % 82.2 % 30.4 % 53.6 %
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Fig. 11. Three-dimensional depth images for the spherical metallic target
buried in hollow box. (a) and (b) Traditional THz-TDS images. (c) and (d)
Extended RPM images. Color in (c) and (d) denotes ¢ in (5).

surface is unknown. By assuming a thin thickness for
dielectric box, it is expected that its time-delay in propagating
into a media would not greatly affect an imaging accuracy by
the proposed method. Fig. 10 shows the setup and geometric
images for each target case buried in a plastic hollow box,
which has a 40-mm width, 20-mm height, 55-mm depth,
and 2.0-mm thickness at its upper lid. The focal point of
the THz-TDS 1is set at the upper surface of the plastic
box. Herein, we prepare the same reference signal model
at each depth in free space. Figs. 11 and 12 show the
comparison between the traditional THz-TDS image and the
reconstruction image by the proposed method at each target
case, where oxy = 0.5 mm is set. Table II summarizes the
quantitative error analysis in this case. These results also
demonstrated that our proposed method correctly reconstructs
the actual target surface, while the THz-TDS images are
seriously distorted from the actual target shape.

V. CONCLUSION
This letter presents an extended RPM method using a virtual
source model to achieve automatic image compensation for a
distorted image measured at a depth that is out-of-focus in the
THz-TDS system. This method was shown to compensate for
the distortion seen at depths both shallower and deeper than the
focal point by extracting the outer and inner envelopes of the
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Fig. 12.  Three-dimensional depth images for the alphabetical “U” target
buried in hollow box. (a) and (b) Traditional THz-TDS images. (c) and (d)
Extended RPM images. Color in (c¢) and (d) ¢ in (5).

migration surfaces. Experimental validation using THz-TDS
data for both free-space and subsurface scenario demonstrated
that the proposed method provided more accurate 3-D images,
even at out-of-focus depths, and required much less computa-
tional complexity than that by the traditional SA processing.
In the case of narrower fractional bandwidth, the SA has an
advantage for azimuth resolution using the coherent process,
while the azimuth resolution of the RPM imaging relies on
an accurate estimation of RPs, which becomes difficult in
dealing with a narrower frequency band, and that is one
of the disadvantages of the proposed method. Few of these
challenges were solved in the other studies in [10], but rather
requires several fast Fourier transform (FFT) processes, which
would incur more computational cost than the proposed RPM.
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