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TERAHERTZ RADAR OF IMAGE T0 STUDY THE PROPERTIES OF MATERIALS

The possibility of 3D radar calibration is studied in the exploring of material properties to the example of plexiglas, de-
pending on the distance between the sample and the antenna using an absorber. The results of preliminary studies indicate
the possibility of measuring the thickness of the material. On the calibration, a small metal plate and several measurement
cycles for averaging the noise were used. It is shown that the accuracy of measurements is influenced hy the width of the
radiation pattern, the reduction in the number of measurement cycles at one point, the accuracy of positioning and moving

the head during the measurements, and the time interval between the calibrations.
Keywords: absorber; digital spectral analysis; electromagnetic simulator; horn antenna.

INTRODUCTION
In the implementation of 3D scanning small ob-
jects is used FMCW radar at operating frequency
100 GHz and bandwidth about 10 GHz of terahertz

frequency range (fig. 1).
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Fig. 1. Microwave part of 3D FMCW terahertz radar

We have developed algorithms and have obtained
the required accuracy — less than 3 mm. In reality,
we still cannot accurately assess the environment
model to take it into account in processing. We will
try to test the radar system, having previously cali-
brated it.

Before carrying out the measurements:

1) we set the horn and the sample close the absor-
ber to reduce the reflections;

2) we measure the signal without a sample;

3) we place the sample (5-10 mm) and begin to
measure;

4) very carefully a thin conductive film is pasted
from above and measurements are taken;

5) very gently flip backed with a conducting me-
dium and measure;

6) if all done carefully, there should be a shift of
even a fraction of a millimeter. Scaner must be disa-
bled. We will make a point of 50 measurements.

Then we measure (fig. 2).

1. We measure the signal without the sample
(5 times).
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2. We place the sample (plexiglas of 10 mm) on the
absorber and repeat the measurement 5 times.

3. 0n the top of the sample we stick a thin con-
ducting film (carbon fiber of 0,4 mm) and repeat the
measurement 3 times.

4. We flip back the sample with the film conduct-
ing and measure 3 times.

Absorbgr

Plexiglas
10 mm
30 mm

Fig. 2. System for testing 3D radar

MAIN PART. COMPUTING AND MODELLING
Some problems of estimation of sample thickness

1. Different materials have a different permitti-
vity and different velocity of phase of electromag-
netic wave. This property gives that real thickness
between upper and lower plane of samples is equiva-
lent to virtual thickness between real upper and vir-
tual lower plane in air. We can to estimate equiva-
lent virtual thickness between metal planes in air
and then corrected result for real material [1].

2.In real materials we have a multiple reflec-
tion (fig. 3) what gives several spectral lines for one
thickness of the sample.

3. Reflections from virtual metal planes do not
fully correspond to reflections from real metal
planes during calibration. There are numerous er-
rors of discrepancy between virtual planes and the
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nearest calibration levels. This gives multiple er-
rors in the spectral lines and creates some difficul-
ties in estimating the thickness.

4. The some calibration levels must be present
lower then baseline to estimate positions of virtual
metal planes.

5. We will try to fix existing mathematic prob-
lems and to get a mathematical tool for universal
measurement device.

6. We check the additional measurement configu-
ration. For calibration, we use a special sample with
a higher accuracy — plexiglas (see fig. 2).
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infinite (M—1)-layer medium with flat boundaries.
The CRC V(f, p) is related of the CRC of the structure
in free space V(f, p) through the scattering matrix S
of the antenna, which is determined experimentally:

SZIVS

V = Sll +—

The CRC of the structure in free space depends
on the thickness and electrophysical parameters of
structure layers:
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Fig. 3. The reflections of an electromagnetic wave in a plexiglas sample

As a result of the measurement cycle, a frequen-
cy dependence of the attenuation in the microwave
channel D(f) = U, (f)/U,,.(f) is obtained.

Unknown parameters of the dielectric structure
are determined by procedure of global minimization
of discrepancy between the measured attenuation in
channel D(f) and one calculated theoretically D, (f, p)

F(p)=Y|D(f)- Do (f.p)]".
f

Here D, (f, p) is defined according to the formula
V-V, ?
U= ksV )= RV, )= RyVV,
and k(f),...,k4(f) are complex coefficients, which are
determined experimentally using reference samples
and describe properties of the microwave channel;
f is the frequency of sounding waves; V (f) is the
complex reflection coefficient (CRC) of the reference
arm 3; V(f, p) is a theoretically calculated CRC of the
dielectric structure, which depends on a vector of
the structure parameters p (thickness of layers and
electrical parameters of materials).
We consider that in free space extends a plane
electromagnetic wave and normally incident on the
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where h,, €,, thM is thickness, permittivity and
loss tangent of M-th layer. The CRC of the plane
wave from dielectric plane-layered medium V(f, p)
is determined by the known formulas:
WY

Wy+Y,’

Ym+1 (eXPQm + 1)+ Wm(eXPQm_ 1)
" Wm (equm + 1)+ Ym+1 (equm - 1)

W =€ Mo G = 2427 -y €0 (1 - sin?6);

g =goe,(1-jtgd,),
where € is permittivity and €, is the permeability of
free space.

The thickness of each step was increased in 50 mi-
cron increments from the desired minimum to the de-
sired maximum. The horizontal size of each step was
at least 20x20 mm, to prevent artifacts from borders.
During the setup process, we do not need to change the
distance between the signal and the base line, but we
need to will move the device and perform a calibration
at the center of each step. This calibration process is
simpler and can be performed in automatic mode with-

Vs

Y,

m

’ YM:WM,

a1

out an additional table with a micrometer (fig. 4).
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Special sample with multiple
small steps for calibration

Absorber

Fig. 4. Calibration of the system using absorber and plexiglas
plates of different thicknesses

About radar system configuration (fig. 5—14)

} i

Fig. 5. The configuration of the measurement of a radar system
with two absorbers

This configuration is not very good, since the bot-
tom surface of the upper absorber acts as a reflector.
The signal, which is reflected from the sample and
extends to the horn, is partially reflected from the
lower surface of the upper absorber and returns back
to the sample. Thus, it can have several reflections.
Increasing the distance between the sample and the
absorber reduces the effect of this effect, but also re-
duces the level of the desired signal.

We carried out the configuration using the special
hole in the upper absorber.

Fig. 6. The configuration of system using the special hole
in the upper absorber
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We used hole of size 8 mm to make calibration with
5x5 mm metal fragment between Dmax = 10,5 cm and
Dmin = 9,5 cm.

Fig. 7. The configuration of system using the special hole
of size 8 mm to make calibration with 5x5 mm
metal fragment

Fig. 8. Calibration signal:
in Dmin in the left; in Dmax in the right

After calibration, we performed some experi-
ments with a sandwich of two metal fragments, ar-
ranged one above the other.

Fig. 9. Metal fragments

Fig. 9 showes in order:

1) metal fragment 10x5 mm and thickness
500 pm;

2) metal
500 pm;

3) sample made with aluminum foil folded repea-
tedly to obtain a thickness of about 250 pum;

4) sample made with aluminum foil folded repea-
tedly to obtain a thickness of about 400 pm.

fragment 5x5 mm and thickness

Fig. 10. Controlling the presence of the reflected signal
from the lower fragment 10x5 mm
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Fig. 11. Measurement configuration with the absorber which
has a hole of size of about 1 cm

Fig. 12. Measurement configuration which has a hole
under the absorber

The beam enters the hole through the absorber and
enters the material under the horn. Most of the beam
coming from the horn is protected by an absorber.
Only power beams pass through the material.

With this configuration, a new calibration was
performed. In this case, the power that affects the
material is reduced. Thus, the maximum reflection
for the metal plate is obtained in the position shown
in the fig. 13.

Fig. 13. The maximum reflection (Dmax) for the metal
plate position
From this position the metal plane is turned down
of 10 mm.

Fig. 14. The minimum reflection (Dmin) for the metal
plate position

From Dmin to Dmax the acquisitions are made for
every step of 250 nm.

About the configuration measuring system
of the radar (fig. 15—20)

The horn is at 80 cm from the absorber and the
sample holder that we use to put the samples to test
can be moved along the length between the horn and
the absorber.
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Fig. 16. The absorber for measurement to radar system

The absorber is with height 10 cm as showed in
fig. 16. Our system characterized by the following
parameters: D =80cm; d=D/2 =40 cm.

This setup is the start setup in all test. We need to
do three kinds of test.

Test 1

In the test 1 the measurements are made on a sin-
gle material at a time. We’ll do measurements using
plexiglas. The thickness is not important; the proce-
dure of measurement is as follows.

1. We put the system in the condition of start
setup. This means that at the bottom is present
the absorber (D = 80 cm) and the sample is put at
d =40 cm. This is the first measurement.

2. Then we move the sample by increasing the dis-
tance from the horn of 1 mm at a time. We repeat
this operation 10 times. After each movement we re-
cord the spectrum. So the measurements correspond
at these distances from the horn: 401, 402, and so on
until 410 mm.

3. From this position (41 cm), we move the sam-
ple by increasing the distance from the horn of 1 cm
at a time. For each position we record the spectrum.
We repeat this 10 times. So the measurements cor-
respond at the distances from the horn: 42, 43, 44,
and so on until 50 cm.

Test 2

In the test 2 the measurements are made using
the same samples — plexiglas. The sample is kept in
stop at d =40 cm and the absorber is made move from
the back of the sample to the bottom of the system
(D =80 cm).

1. The sample is at the distance d = 40 cm. Behind
it and adherent its surface, is put the absorber. We
record the spectrum.
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2. From this position (40 cm), we move the absor-
ber by increasing the distance from the sample of
1 cm at a time. For each position we record the spec-
trum. We repeat this in different times. These mea-
surements are necessary to understand if and how
the absorber influences the measurements.

Test 3

When performing tests, we take into account the
following.

1. Now we use two plates and make the «sand-
wich». The first one (in front the horn) must be ho-
mogeneous and weakly absorbing (we use plexiglas).

The second one is behind and adherent the first
(fig. 17, 18).

Fig. 17. This side must be top (as a worked side of absorber)

Fig. 18. This side must be bottom

Some previous experiments proved, that this side
works as reflection plane.

The new system is shown in the fig. 19 and the
maximum distance at which the absorber can be
placed with respect to the antenna is D = 80 cm.

Fig. 19. New system head 3D image radar
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The measurements were made as following.

1. Measuring without sample moving the absorber
from 10 to 80 cm with 5 cm step.

2. Using a single material at the same time: plexi-
glas (see fig. 20).

3. Putting the sample at d = 30 cm and making
measurements increasing the distance from the horn
beginning in 1 mm at a time until reaching the dis-
tance of 31 cm.

4. From this position (31 ¢m), moving the sample
increasing the distance from the horn of 1 cm in the
same time until reaching the distance of 40 cm.

5. Repeating paragraphs 1-3 using two plates
like a «sandwich» (plexiglas+PVC). The first one (in
front the horn) must be homogeneous and weakly ab-
sorbing (we use plexiglas). The second one is behind
and adherent the first.

Fig. 20. Setup using plexiglas and PVC sample.
Reflection plane is a 6x6 metal plane

Measurement of plexiglas properties (fig. 21—28)
The system is shown in the fig.21 and the maxi-
mum distance at which the absorber can be placed
with respect to the antenna is D = 80 cm.

— .-',.

Fig. 21. Reflection plane is a 6x6 metal plane
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Width of emission beam in this case maybe a
larger then 6 mm diameter, but only when 6x6 mm
square (see fig. 21). This is proof, that emission
beam with 6 mm diameter must produce a results.
In next measurements we have a less distance from
horn to samples and must have a bigger signal. This
is proof, that center of hole is not in focus of beam in
the following measurements (fig. 22, 23). The larger
of the series size, the smaller of the approximation
error is 4x10 mm.

Step 0.1.A. Absorber only and calibration average BFs Difference. SPC «Quantor», Ukraine
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Fig. 22. Estimation of calibration result

4x10 Step 0.1.B. Absorber only and calibration average BFs. SPC «Quantor», Ukraine
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Fig. 23. Estimation of calibration results

We see an average basic function (BF) of 40 re-
sponse signal from 6x6 mm metal at 40 different
distance — estimation of non removable response
from constructive elements (horn and others), and
average BF of 40 response signal from absorber only
without metal plane [2]. We can see a small diffe-
rence between absorber only average BF and calibra-
tion (by metal) (see fig. 24).

Step x 104 Average BF and BF series after 0 compensation. SPC «Quantor», Ukraine
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Fig. 24. Comparing of calibration average BF between response

signal from absorber only without metal plane and only metal plane
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Curve bold — average BF (non-removable re-
sponse). Curve 1-40 — series of BF for different 40
distances. It is a good result (see fig. 25).

Step 1.1. Average BF and series after 1 compensation SPS «Quantor», Ukraine
x10
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Fig. 25. Results of compensation of average BF of non-removable
response signal response for series measurements
The new series of compensated BF is estimation of
elementary responses from 40 different distances.
We see that the recovery error is very small. Total
result for calibration is OK [3].

4Step 1.0.2. Average BF and composed MS after O compensation. SPC «Quantor», Ukraine.10
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Fig. 26. Average BF of response signal from non-removable
constructive elements and response useful signal
from plexiglas 100x100x10 mm
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Curve bold — average BF of 40 response signal from
6x6 mm metal at 40 different distance — estimation of
none removable response from constructive elements
(horn and others), curve 1-4 — mix of non-remova-
ble response from horn and large (good!) useful sig-
nal from plexiglas 100x100x10 mm (see fig. 26).

Thickness of 10 mm give a composed mixed signal
(MS) with 2 elementary responses, that according to
BF #1 and BF#40 (approximately) (see fig. 27). Re-
ally we can see 1-st maximum for BF #39 (the last BF
#40 has been removed from analyze to protect ma-
trix singularity) and 2-nd maximum for BF #1 and
BF#2 (that corresponding to case, when reflection
plane is between distance #1 and #2):

BF # 01.085535 — part of composed MS by non-
removable response (average BF).

BF # 39-1.180438 — part of composed MS by 1-st
reflection plane of sample with 10 mm thickness.

BF # 1-2.276038 — part of composed MS by 2-nd
reflection plane of sample with 10 mm thickness.

BF # 2-2.502144 — part of composed MS by 2-nd
reflection plane of sample with 10 mm thickness.

All 4 composed MS for plexiglas 100x100x10 mm
gives very similar distance spectrum.

a45
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Spectrum of reflection distances for plexiglas. SPC «Quantor», Ukraine
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Fig. 27. Dependence of the spectrum on distance for plexiglas 100x100x10 mm

Restare MS for 4file <scan~data~9/Plexiglas/Plexiglas1.dat.acc>. SPC «Quantor», Ukraine

Step 0.7.A. Analyzed MS and restored MS for Solution 1 and Solution 2
x10
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Fig. 28. Attempt to restore source composed MS from calculated distance spectrum

We can see a good restoring (from 0 to 0,6 mm,
where error was been minimised), that is proof that
distance spectrum is true [4].

CONCLUSION

The work was performed on the equipment of sci-
entific and production enterprise «Quantor» in co-
operation with the Taras Shevchenko National Uni-
versity in Kyiv of the «Modeling and Optimization»
laboratory and the Institute of Cybernetics of the
Academy of Sciences of Ukraine.

To increase accuracy of distance spectrum estima-
tion we can try to decrease size of distance step up to
50 mm. We must make revision, if the centre of hole
is in the focus of beam. We can try to repeat every
measurement a sometimes, for base distance D1,
D2=D1+1000 mm, D3 = D1+ 2000 mm, for exam-
ple. A good measurement techniques is to make an
additionally calibration with absorber only with step
1 mm [4].
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