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i Synthesizing image required in [14]. This is because each ellipsoid is indepen-
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Fig. 12.  Flowchart of the proposed method.
Step 2): s;"} (X, Y, R) for q; (uniquely connected with p,)
are extracted as in (6), and are compensated as
521},1((}( ,Y, R) in (7) corresponding to the observa-
tion distance Ry.
Step 3): 8 (X, Y,R) is inputted to the trained NN
for obtaining the parameters of the ellipsoid as
(ak, b, Ck, Ok).
Each estimated ellipsoid denoted as (x£, yZ, zF) is
rotated and translated as ()E,f, f,f, Zf ) so that it fits
each target point p;, = (X, yk,zk) in (9), and its
partial area as Qy is extracted.
For all range points g, Steps 2) and 5) are carried
out and an expanded image as Qy is generated.
For the [-th discrete member belonging in X,
denoted as pf’ I the following evaluation function
is introduced:
‘2

. lelil - p;ﬁ,n

Step 4):

Step 6):

Step 7):

cpEp= D exp o (15)
mon, (m#k) %

If the following condition is satisfied:
¢(pEy) =y maxc(py,). (16)

The point p,f, ; is removed from Q. The final
expanded image Qox is expressed as an aggregate
of O as in (14).

Fig. 12 outlines the flowchart of the proposed method. Note
that the postprocedure in Step 7) eliminates the large deviated
points in considering the spatial density of all expanded
imaging points as p,’i ;- The parameter o, can be determined
by considering the assumed sampling interval of each discrete-
formed ellipsoid. As in this flowchart, once the NN learned
the training data generated by the FDTD, the proposed method
does not require the FDTD or NN training process for each
imaging, which maintains high-speed 3-D imaging with this

V. PERFORMANCE EVALUATION IN
NUMERICAL SIMULATION

This section describes two types of performance evalua-
tions. One is the evaluation of NN-based learning using fully
polarimetric data, where unknown parameters of ellipsoid are
estimated by the NN with the time-series database. The other
demonstrates the performance of image expansion by our
proposed method, namely, multiple-ellipsoid-based expansion
for RPM imaging points.

A. Ellipsoid Parameter Estimation by Neural Network

This section reports on the parameter estimation of a single
ellipsoid from the fully polarimetric data set. The antenna is
located at (x,y,z) = (0,0,0). During the learning stage of
the NN, the parameters a, b, and c of the training ellipsoids
are varied as 0.54, 14, 1.5, 24, 2.54, and 34, and 0 is
varied as —40°, —30°, —20°, —10°, 0° 10°, 20°, 30°, and 40°,
respectively. All of these a, b, ¢, and 6, namely, 1944 different
combinations are used as the training data. The conductivity
and relative permittivity of the ellipsoid target are set to 1.0 x
107 S/m and € = 1.0, respectively. The observation data are
generated by the FDTD method assuming a noiseless situation.
The NN contains three hidden layers, with 30 neurons in the
first layer, 20 in the second layer, and 10 in the final layer.
Here, K AR = 1.44/, and the sample interval of the range as
AR = 0.03] is set in (6). Table I lists the parameters of the
ellipsoid targets estimated by the trained NN. The untrained
parameters are depicted in red font. From Table I, it can be
observed that the time-series-based NN accurately estimated
the ellipsoidal parameters. The average relative errors in a, b,
¢, and @ are 2.7%, 2.3%, 1.3%, and 6.9%, respectively.

B. Expansion Performance

This section presents the expansion results of our pro-
posed method. The transmitting and receiving antenna sets
are scanned over the area —2.54 < x,y < 2.54 at 0.51
intervals in the x- and y-directions. Again, the observation
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Fig. 13.  Target boundary points estimated by the RPM method for a
single-ellipsoid target in a noiseless situation. (a) Projection to the xy plane.

(b) Cross section of the y = 0 plane. Solid lines: discrete expression of the
true boundary.
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Fig. 14. Expansion result of the proposed method for a single-ellipsoid target
in a noiseless situation. (a) Projection to the xy plane. (b) Cross section of
the y = 0 plane. Solid lines: discrete expression of the true boundary.

data are generated by the FDTD method. Here, the operational
frequency band (10-dB criteria mostly used in the UWB
signal) in this simulation is about 2.0 GHz, and its range
resolution is 150 mm. The center frequency is 3 GHz (the
corresponding wavelength in the air is 100 mm), denoting that
its fractional bandwidth is around 66%.

In RPM imaging, the set of range points g, , extracted by
syx(X,Y,R') is used only in initial 3-D imaging. Fig. 13
shows the target points obtained by RPM for the ellipsoid
target, where the solid lines show the discrete expression of the
true ellipsoidal boundary. Here,a = 2.51,b = 1.54, ¢ = 1.0/,
6 = 0°, and the y-axis is rotated through 20°. According to
Fig. 13, the target points obtained by RPM cannot sufficiently
express the target image to recognize the original ellipsoidal
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Fig. 15. Target boundary points estimated by the RPM method for the torus
target in a noiseless situation. (a) Projection to the xy plane. (b) Cross section
of the y = 0 plane. Solid lines: discrete expression of the true boundary.
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Fig. 16. Expansion result of the proposed method for the torus target in a
noiseless situation. (a) Projection to the xy plane. (b) Cross section of the
y = 0 plane. Solid lines: discrete expression of the true boundary.

shape, while a highly reconstruction accuracy is provided. This
is because the target is located from the sensor location with
a significant distance around 6/, and this leads to smaller
aperture angle. On the contrary, Fig. 14 shows the image
expansion result obtained by the proposed method. Here,
the elevation angle of each ellipsoid is limited to (¢ =
—7m /18). Also, the parameter o, = 0.254 and y = 0.31in (15)
are set. Fig. 14 indicates that the proposed method correctly
expands the target points obtained from the RPM imaging
points. Figs. 15 and 16 show the target points obtained by
RPM and the expansion expression of the proposed method,
respectively. The target is the torus shown in Fig. 1. According
to these figures, the proposed method significantly enhances
the imaging region of the torus boundary, which is dissimilar
to an ellipsoid. The expansion errors in Fig. 16 result from the
inaccurate estimation of the ellipsoid parameters from time-
series data, because each antenna receives multiple reflection
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Fig. 17. Example of the received signal. (a) Received signal in a noiseless
case. (b) Received signal in S/N = 20 dB. (c) Output of the matched filter
for a received signal illustrated in (b).

echoes within range resolution from the torus boundary, and
then, the expansion accuracy depends on the operational band-
width, naturally. It should be considered that an another cause
is the convex boundary based fitting with ellipsoid, namely,
the positive principal curvature, while the part of the torus
boundary has a negative principal curvature, such as the saddle
boundary. However, a largely deviated artifact of the part of
the expansion image is efficiently suppressed by introducing
postprocessing denoted in Step 7) in the proposed method.
It should also be noted that there is accuracy degradation
caused by the discrepancy between the reference signal and
the actual received signal in the ranging process with Wiener
filtering. However, such a kind of ranging inaccuracy is in
the order of 0.14, and affects both the RPM and the proposed
methods [21], [22]. To prevent this interference effect, the win-
dowing time span for extracting the time-series data should be
also appropriately determined. The average calculation times
for the original RPM and the proposed method after NN
learning are 0.2 and 30 s, respectively, using the Intel Xeon
CPU ES5-1620 v2 3.70-GHz processor, and such a calculation
time is hardly achieved by the conventional beamforming
or Kirchhoff migration algorithms in obtaining the 3-D full
image.

We now discuss a noisy situation. Each received signal
is subjected to Gaussian white noises sy, Sx,y, and sy y.
The signal-to-noise ratio (§/N) is defined as the ratio of the
peak instantaneous signal power in all polarization data to the
average noise power after applying a matched filter. Fig. 18
shows the RPM-obtained target points of a single ellipsoid
in the noisy case. The average S/N of s, , is approximately
20 dB and those of sy, and s, , are approximately 50 dB.
It should be noted that the above definition is the strictest
estimation for S/N, because the matched filter is the most
noise-robust filter, namely, this definition considers the locality
of the signal in both the time and frequency domains. Fig. 17
shows an example of received signals assuming S/N= 20 dB,
and it denotes that while the signal can be recognized after
applying the matched filter [denoted as Fig. 17(c)], the raw
received signal in Fig. 17(b) (before applying the matched
filter) is more noisy. Such an S/N level signal is usually
obtained in the real experiment assuming short-range sensing

(@) y/A o}tk

2 -1 xO/ 1 1 2
Fig. 18.  Target boundary points estimated by the RPM method for an
ellipsoid target in S/N = 20 dB. (a) Projection to the xy plane. (b) Cross
section of the y = O plane. Solid lines: discrete expression of the true
boundary.
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Fig. 19. Expansion result of the proposed method for an ellipsoid target
in S/N = 20 dB. (a) Projection to the xy plane. (b) Cross section for the
y = 0 plane. Solid lines: discrete expression of the true boundary.

(distance from the sensor is within 5 m), as demonstrated
in [10].

Fig. 18 indicates that the RPM retains sufficient accuracy
even in a noisy situation, while the estimated points express
only a portion of the whole target shape. Fig. 19 shows
the expansion results of the proposed method. Although the
expansion accuracy is slightly worse than that in the noiseless
situation, the proposed method significantly expanded the
region that can be imaged, while maintaining an acceptable
accuracy. Figs. 20 and 21 show the results of imaging a torus
by RPM and by the proposed expansion method, respectively.
The approximate average S/N values of sy y, Sx x, and sy y
are 20, 32, and 32 dB, respectively. Comparing these results
with the noiseless case, the noise did not severely degrade
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Fig. 20. Target boundary points estimated by the RPM method for the torus
target in S/N = 20 dB. (a) Projection to the xy plane. (b) Cross section of
the y = 0 plane. Solid lines: discrete expression of the true boundary.
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Fig. 21.  Expansion result of the proposed method for the torus target in
S/N = 20 dB. (a) Projection to the xy plane. (b) Cross section of the
y = 0 plane. Solid lines: discrete expression of the true boundary.
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Fig. 22. Spatial relationship of the effective image area fz;ff for each target
point p¢.

the image expansion, and the expansion of the image is
retained.

Finally, the image expansion is quantitatively analyzed
by investigating the effective reconstruction image region,
namely, the expansion effect. For this evaluation, first, a whole
true target boundary denoted as QUi° is divided into small
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TABLE II
VALUE OF P;[%] OF EACH METHOD
S/N o] 20dB(sz,y)
Target Ellipsoid | Torus Ellipsoid | Torus
RPM 159 % 72 % 16.3 % 7.6 %
Proposed 21.6 % 349 % 26.7 % 354 %
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Fig. 23. Number of the estimated target points of the ellipse target in noiseless
and noisy situations.

regions with the same area as AQI™®, (i = 1,2,..., Nur).
A whole target boundary region is expressed as

aiie = agpe. (17)
i

Also, the center point for the region Q™ is defined as pi™e.

Then, for the kth estimated target point denoted as p§*', the
estimated effective image area er‘f is defined as
szf — U Aggme Hpgrue _ PESt H < 517 (18)

L
where J,, is the threshold for extracting the effective image
region, which is empirically determined as J, = 0.24, in this
case. The effective image area Qeff composed of all target
points is defined as

Q°ff — Ufz;ff. (19)
k

As the evaluation value for the image expansion effect,

the image expansion ratio is defined as

S
P, = eff

Strue (20)
where Siue and Sefr denote the areas of QUi and Qetf
respectively. Fig. 22 illustrates for the effective image area szf
for each target point pzs‘t. The percentage image expansion
ratio P, in the absence and presence of noise is computed
for each method, and the results are summarized in Table II.
Clearly, the proposed method significantly expands the target
image, even when the target deviated from an ellipsoid.

However (see also Figs. 16 and 21), in the case of torus-
shaped target, there are nonnegligible errors in expansion.
Although it significantly enhances the image expansion ratio,
the expansion accuracy requires an additional evaluation cri-
terion. The error in image reconstruction is given by

e(pd) = glin Ipit = p"™c| (k=1,2,...,New) (D

true



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

YAMARYO et al.: RANGE-POINT MIGRATION-BASED IMAGE EXPANSION METHOD 11

—_ RPM(Noiseless) —_
=100 Proposed(Noiseless) = =
2 RPM(S/N=20dB) -
'g 30 Proposed(S/N=20dB) - - -
)

]

g 60

-

s 40

Q

g

£ 20

2

o

= 0

107 102 107! 10°
ef™)

Fig. 24. Number of the estimated target points of the torus target in noiseless
and noisy situations.

TABLE III
RATE OF ESTIMATED TARGET POINTS THAT SATISFY ¢ < 0.24

S/N 00 20dB(sz,y)
Target Ellipsoid Torus Ellipsoid Torus
RPM 100 % 100 % 100.0 % 100 %

Proposed 100 % 94.3 % 100 % 90.6 %

where p'™"® denotes the true target points in discrete expression
with sufficiently dense sample and Ngg denotes the total
number of the estimated points. Figs. 23 and 24 plot the
number of estimated points with error e(p§*) in the expansions
of ellipsoidal and toroidal targets, respectively. While the
proposed method and RPM yield the same reconstruction
accuracy of ellipsoidal targets, RPM better reconstructs the
toroidal target because of the aforementioned interference
effect in the proposed method. However, the maximum error
in the toroidal target is within 1 1, and the apparent expanded
image does not markedly deviate from the actual target shape.
Table III lists the percentage of estimated target points sat-
isfying e(p§™) < 0.22 in the ellipsoidal and toroidal cases.
Combining this evaluation and the image expansion ratio
denoted as P, shown in Table II, the proposed method achieves
an effective target image expansion without sacrificing a seri-
ous accuracy degradation. Clearly, the percentage of accurately
estimated target points (expanded points) is reduced when our
method is applied to toroidal objects. This inaccuracy must be
addressed in our future work.

C. Evaluation of Edge-Preserving Property

To demonstrate the edge-preserving property of the pro-
posed method, this section introduces the example for the
cylinder-shaped target. Figs. 25 and 26 show the RPM-
obtained target points and the expanded image by the pro-
posed method, respectively. A noiseless situation is assumed.
As shown in Fig. 25, the RPM holds a high accuracy even
around the end of the cylinder target, but expresses a part of
the cylinder shape. Fig. 26 shows that our proposed method
expands the cylinder shape without over expansion of the edge
region, where the expansion area is limited along a larger
curvature direction in (13). The ratio that the reconstructed
points satisfy is that the errors less than 0.2 are 100% for both
the conventional and proposed methods. The image expansion
ratios denoted as P, are 6.9% for the original RPM and 14.4%
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Fig. 25.  Target boundary points estimated by the RPM method for the
cylinder target. Solid lines: discrete expression of the true boundary.
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Fig. 26.  Expansion result of the proposed method for the cylinder target.
(a) Projection to the xy plane. (b) Cross section of the y = 0 plane.

for the proposed method, respectively. These quantitative eval-
uations also show that our method successfully expands the
cylinder-shaped target, which guarantees an edge-preserving

property.

VI. CONCLUSION

This paper proposed a novel 3-D image expansion method
that incorporates the RPM method but exploits the fully
polarimetric data set. In a time-series data analysis of fully
polarimetric data, the co-polarization and cross-polarization
data were strongly correlated with the radius and rotation
angle of a single ellipsoid. By NN learning of the ellipsoid
parameters, the target was accurately estimated from the time-
series data only received by a single antenna. Next, to expand
the reproduced image, we combined the RPM method with
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single-ellipsoid estimation by the fully polarimetric data.
By using multiple partial ellipsoidal surfaces to the RPM target
points, we exploited the one-to-one correspondence between
the target and range points, which makes us possible to connect
the polarimetric data to each target point. In addition, to deal
with a target having edges or ridges, our method adaptively
change the expansion area with the curvature analysis provided
by the RPM feature. Finally, in FDTD simulations, we verified
that the image expansion ratio is much higher in the proposed
method than in the original RPM method, even for decid-
edly nonellipsoidal target shapes, without serious accuracy
degradation. The extrapolation level of the proposed method
depends on the parameter ¢r in (12), which determines the
extrapolation area of the partial ellipsoid. If we set ¢ larger,
there is a risk for generating a false image deviated from
the actual boundary. Then, the adjustment of the parameter
¢k is required to keep balance between the accuracy and
the expansion effect. As a result, the expansion effect in the
case of an ellipsoid target seems to be an interpolated image;
this is because the reflection strength from an ellipsoid is
comparatively smaller than that from a torus or cylinder object,
where the signal strength is the one factor to determine the size
of each fitted ellipsoid.

Note that the proposed method does not need to decompose
co-polarization and cross-polarization components from the
measured data, which are generally difficult in the nonplanar
incident-wave case. This is because this method requires a
relative quantity between the reference (training) signal and the
received signal, in terms of the x and y components of electric
fields. However, the accuracy of the polarimetric measurement
would affect the final image in both the RPM and proposed
method. It is also noted that the training data in the NN are
only limited to an ellipsoid, then, to deal with the general
boundary shape having a concave or saddle boundary; the
training data from the object with such negative principal
curvatures should be processed. It is our important future work.
Further investigation on such an effect should be done in our
future work through real experiments.
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