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Abstract: This paper focuses on the non-destructive dielectric measurement for low-loss planar
materials with a thickness of less than 3 mm using a large coaxial probe with an outer diameter
of 48 mm. The aperture probe calibration procedure required only to make a measurement of the
half-space air and three offset shorts. The reflection coefficient for the thin material is measured
using a Keysight E5071C network analyzer from 0.3 MHz to 650 MHz and then converted to a
relative dielectric constant, &, and tangent loss, tan ¢ via closed form capacitance model and lift-off
calibration process. Average measurement error of dielectric constant, Ag, is less than 6% from 1 MHz
to 400 MHz and the resolution of loss tangent, tan § measurement is capable of achieving 10~3.

Keywords: large coaxial probe; thin planar materials; low-loss materials; relative permittivity;
reflection coefficient; calibration

1. Introduction

Sensitivity, sustainability, and simplicity in operations are important requirements for sensing
devices in large-scale material processing industries. To reduce the uncertainty of the measurements,
the sensors should have a large sensing area, a high concentration of sensing field, and high sensitivity
to the slight changes in material under test (MUT). The operating frequency of the permittivity, e,
measurements in most of the material processing industries are up to a few hundred MHz [1-3].

The open-ended coaxial probe technique is a simple, broadband, and non-destructive way to
measure the relative permittivity, e, of a material. Coaxial probes have been commercialized and used
commonly since 1990 [4]. Recently, several probes have produced by manufacturers such as SPEAG
Inc. [5], KEYCOM [6], and APREL Inc. [7]. However, coaxial probes (N-type’s or SMA’s diameter size)
are less sensitive to small changes in the MUT especially for thin and low-loss materials in permittivity,
¢ measurement at MHz frequency. This causes the measurement results for low-loss materials at low
frequencies to be highly scattered and less precise [8]. In fact, most coaxial probes are only suitable for
half-space infinite lossy material with ¢,/ > 5 and tan 6 > 0.05 [4-11].

In this study, a large open-ended coaxial probe was designed to overcome those issues, which
is capable of measuring the ¢, of low-loss materials having thickness of 1 mm precisely from 1 to
400 MHz. The designed large probe is heavy whereby it is capable of supplying stable reflection
measurements. Additionally, it is sensitive to measurements at low frequencies due to its large size.
Furthermore, large probe aperture (sensing area) can reduce the uncertainty of measurement, which
mostly caused by the inequality of composite distribution in MUT, especially for inhomogeneous MUTs.
The probe design of the probe and its performance were analyzed in detail. An explicit formulation
for the prediction of e, which does not involve numerical inversion routines (iterative method) as in
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Refs. [8-11] is used. Since this study is focused on low frequencies measurement (up to 400 MHz), thus,
a simple closed-form capacitance model [12-18] is implemented to predict the dielectric properties
of MUT based on the measured reflection coefficient at probe aperture. The differences in this study
compared with previous works are summarized in Table 1. In Refs. [8-11], the iterative methods
(inverse methods) used to estimate the permittivity, &, of lossy MUT in which the predicted values of
¢, are obtained by minimizing the difference between the measured aperture reflection coefficient and
the theoretical calculations. Those iterative methods are complicated solutions and less suitable for
real-time ¢, estimation.

Table 1. Comparative study of large probe.

Ref Probe Size f Transition Sample Sample Calibration Measured Inverse
: (cm) (MHz) Section Contact Size/Shape Standards &' Range Method
2a =1.00 .
(8l 2b=325 100900  without Aperture - Half'space i, short, NaCl ~5-80 Tterative
_ probe infinite solution.
L=5.00
20=1.00 1-10 or Aperture Half-space Short cavity orAir, ~30-80
& sz_: 53 0265 10-3000 without probe infinite short, short cavity (Lossy) lterative
20=1.18 Apert Half- Ai lat 235
[10] 2b=400  200-1500  with periure 4 space 11, Copper prate, Iterative
L ~13.0 probe infinite Teflon plate. (Lossy)
2a =4.50 . . 3 positions
[11] 2b=10.3 50-1000 with Flllg (i{ lm Toroid-shaped  short-circuit along (£7_80) Iterative
L~41.0 comaatine the coaxial line 0S8y
2a =2.35 . . i
[12] 2b=54 100-250 with FIH.E d mn Toroid-shaped Basszd on specified 1-50 Non-iterative
L~d4 coaxial line specimen under test  (Low lossy)
. 2a =1.50 Thin planar
This 2b =4.80 1-400 with Aperture backed by Air, 3 offset shorts 1-20 Non-iterative
study _ Probe (Lossless)
L=15.0 metal plate

* L is the coaxial length of the probe.

Although the probe designs in Refs. [8,9] did not use the transitions section on the boundary
between the connector and the coaxial line, the mismatch reflection errors that exist on the boundary
can be eliminated after the rigorous aperture calibration is performed. In fact, a high sensitivity
measurement can be achieved by a method in which the MUT is filled in a coaxial line as in Refs. [11,12].
However, this measurement method encounters difficulties in the sample preparation stage in which
the sample (MUT) must be identified to fully fill in without any air gap between the inner conductor
and the outer conductor. Furthermore, it is only suitable for semi-liquid or powder form MUTs.

2. Large Coaxial Probe Design

2.1. Coaxial Probe Formulations

The earliest coaxial probe formula derivation (during early 1950) [19] concerned the homogeneous
case, which an air-filled coaxial line with an infinite conducting flange is radiated into the free space.
The aperture normalized admittance, Y of the probe was expressed in variational integral equations.
During that time, the main implementation of open-ended coaxial line is used as an antenna. The
open-ended coaxial probe began to be applied as a dielectric probe sensor during early 1980s. The
rigorous integral formulation was investigated back by Refs. [20,21]. However, those integrations are
difficult to use to solve the inverse problem analytically. Thus, a lot of literature [13-17] formulated
the aperture admittance in closed-form capacitance, C, terms in which it is easily used to estimate the
relative complex permittivity, e, of MUT at low operating frequencies as follows:

Y = jo(e:Co+ Cf) /Yo )
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where Y, is the characteristic admittance of coaxial line. In 1986, the modeling of open-ended coaxial
probe that is terminated by layered media was studied by Ref. [22]. Subsequently, probe modeling
studies which considered multi-layer MUT were rapidly developed during 1990 [23-33].

2.2. Dimensions and Structure

The designed coaxial probe as shown in Figure 1a is made of brass, since the material is relatively
low cost and has slower surface oxidation process when it is exposed to the moisture in the air. The
dimensions of the coaxial probe with outer radius of inner conductor, 2 = 7.5 mm and inner radius
of outer conductor, b = 24.0 mm, were designed based on the characteristic impedance, Z, = [60 x
In(b/a)/+/e] = 50 Q). The maximum limit of the operating frequency, fi.x propagating in the coaxial
line of the probe is determined using TEj; cut-off as: fyax = (3 % 108)/[7t(b + a)y/¢c] = 2.1 GHz. In fact,
the limit of operation frequency of the practice coaxial line is always much lower than the TEq; cutoff
frequency based on the quality and precision of machining. The symbol ¢, (Air: ¢, = 1, Teflon: e =
2.06) represents the relative permittivity of material filling in the coaxial line in between the inner and
outer conductor. The total weight of the coaxial probe is 2.6 kg. It has been divided into three sections:
(I) N-type connector, which is used to connect the coaxial probe with the network analyzer via cable.
(II) Transition section, which is a 50 mm of air-filled conical taper. The radius a and b of the conductors
are increased along the transition length with a constant ratio, b/a = 2.3. Ratio, b/a = 2.3 is required to
maintain Z, = 50 ) along the transition length to achieve low return loss and the lowest standing wave
ratio (SWR) during the transformation from small to large coaxial line. (III) Large coaxial line section,
which is a 100 mm length of 50 Q) Teflon-filled coaxial line with b/a = 3.3. The Teflon isolation block
is used to prevent the MUT from getting into the coaxial line. In addition, Teflon has high flexural
strength, excellent chemical resistance, and high stability over a wide temperature range.

Transition Coaxial line
| 100

+

| Aperture

f— 50

N-Tvpe

Connector

Tetlon

(b) (c)

Figure 1. (a) Cross-sectional side view and dimensions (in mm) of the coaxial sensor. (b) Side view of
the large coaxial sensor. (c) Internal configuration of the coaxial sensor.

2.3. Probe Characterization Test

The complex reflection coefficient, I'y 4 = 1T 44 lexp(jp44/) at plane AA’ for four MUTs were
measured using Keysight E5071C network analyzer (Keysight Technologies, Santa Rosa, CA, USA) in
the frequency ranging from 0.3 MHz to 650 MHz at 25 °C. Calibration was done at the AA’ plane, as
shown in Figure 2, using Keysight 85032F kit (Keysight Technologies, Santa Rosa, CA, USA).
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Thin MUT

Figure 2. Experimental set-up and measurement.

The sensing distance, h of the probe is 30 mm, which was estimated based on the distance at
which the measured phase shift, 44/ (rad) as shown in Figure 3a,b starts to become constant when
the metallic plate is moved away from the probe aperture in air. Figure 4 shows the time-domain
measurements of the coaxial probe, which is operated with minimum windowing and bandpass mode.
Clearly, coaxial probe of 15 cm length is sufficient to avoid the interference between plane-AA’ and
-BB' for the frequency-domain I', » measurement.

-0.46 2.75
0.47- 27
0.48 2.6 f'(
i Py Py
T 049 B 25
Ty 05 "% . =400 Mz
2.4
‘c L]
S 051 ASS
230
0.52
-0.53 2.2p
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(b)

Figure 3. Variation in phase shift ¢ 4 ,» with air thickness,  backed by metal plate at (a) 50 MHz and
(b) 400 MHz.

------- Fnd of cable without probe
Lnd of cable with probe

1.49 ns

Reflection coefficient, T
(=]

2
Time, # {(ns)

Figure 4. The time-domain response for the end of cable at plane-AA’ with and without probe.
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3. Calibrations

3.1. Calibration Formulations

Before the one-port reflection measurement is conducted, the open-ended coaxial probe is
regularly calibrated at the end of the coaxial line (probe aperture) in order to remove the effects
of the coaxial line between AA’ plane and BB’ plane. The relationship between the actual reflection
coefficient, I'gp: at the probe aperture (BB’ plane) and measured I'4 4/ can be represented by an error
network as shown in Figure 5, and its formulation is given as [34]:

Tpn—en )

Igp =
el gar + (e12e21 — e11€22)

where the e1¢51 terms in Equation (2) represents the values of tracking error, as well as the e;; and
ey are the values of the directivity error and the source match error, respectively. These errors are
contributed by shifted phase, attenuate loss in the coaxial line (e1¢71), and the radiate fringing effects
at the probe aperture (¢11 and ep;), which are mainly caused by the occurrence of standing waves in
the coaxial line.

A’ €21 B’

[aa el €22 'zp

A €12 B

Figure 5. Error network.

For simplicity of calibration process, only air independent calibration standard is considered in
the de-embedded process. Thus, the errors of a standing wave and mismatch between connectors are
not taken into account in the calibration, and the values of ej; and ey, are assumed to be zero. Finally,
Equation (2) can be reduced as:

Tanr_ai
(12621 —enen) = F == ®)
BB'_Air
where T 44 4 is the reflection coefficient measurement, for air at plane AA’, and T'gp' 4, is the standard
value of the air reflection coefficient at plane BB’, obtained using the COMSOL simulator. Similarly,
for MUT measurement, the Equation (2) can be expressed as:

Taa mur @

(612621 - 611622) = Trm
BB/'_MUT

By combining Equations (3) and (4), the desired actual reflection coefficient, ['gp ;7 of the MUT
can be obtained as:
Upp_air )

Tanr_air

©)

g mur = rAA’MUT(

where Iy 4 pq7 is the reflection coefficient measurement, for MUT at plane AA’. Equation (5) can be
converted in terms of normalized admittance parameter as given in Equation (12). It should be noted
that the errors of ej1 and ey are implicitly removed by effective permittivity calibration process as
described in Section 3.3.

In Ref. [32], the dependence of each capacitance on the MUT thickness, d at probe apperture as
shown in Figure 6, is empirically assumed to be exponential as:

C1 = €1 Col1 — exp(—d /M) ©)
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Co = €,Coexp(—d/M) 7)

where M is an empirical parameter with the dimensions of length.

Coaxial line |

B le——]

Figure 6. Equivalent parallel capacitance model.

Thus, the total terminal capacitance, Ct at BB’ plane can be written as:

Cr = Cf +C+G
= Cy +&,Co + (g, — ;) Coexp(—d/ M) ®)
= Cf + €;ffco

where seﬁ/ is the effective dielectric constant of finite layer MUT as:
Eofr = € + (€2 — &) exp(—d/M) )

However, Equation (9) is only valid for &1’ > &’. For finite MUT with one layer thickness,
d is backed by a conducting metallic plate (¢,1 < €:,’), the effective dielectric constant, seff’ can be
expressed as:

1 1 ( 1 1 >
—— =5+ |5 — 5 ) exp(—d/M) (10)
eleff € €y En

Since the dielectric constant of the metallic plate is assumed to be infinite (¢,,’ = 00), therefore, the
1/¢&r; term in Equation (10) is neglected and subsequently yields

&1 = Seff[l — exp(—d/M)] (11)

In Ref. [35], Equation (11) was modified and expanded into Equation (15) by adding three
unknown constants, a1, 42, and a3 (to be determined) in which the values of the constants are implicitly
represented the ej1 and ey errors.

3.2. Probe Aperture Calibration

The actual normalized admittance, Yy B muT, Was measured with the aperture of the probe placed
on a two-layer media [26], in which the first layered medium was a thin sample to be tested with
thickness, i and the second layered medium was the conducting plate. The value of the 173 B_mur of
the thin MUT is obtained after de-embedding using (13). The effective relative permittivity, €. of the
MUT can be estimated as [15]:

Yo \o C
Eeff = <jw )YBB’MUT - ff (12)
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where

Yep mur = Yan mur (XBB,M> (13)
Yaar_air

where Y, A’_air is the measured normalized admittance for air at plane AA’, and YBB/_ Air 1s the

simulated standard value of admittance for air at aperture probe (plane BB’) using the COMSOL

simulator as shown in Figure 7. In the simulation, the conductor of the coaxial probe is assumed to be

a perfect conductor. The relationship between I'4 - and Y4 4/ is given as:

S _ 1—Tpn mur
Yaar mur = T Trar oo (14)
+lan_mur
0.08
Y

oor | |2 e ) p

g™ ) .,.-""..
006 | " -

-~
005 | /
.5(
- 0.04 |
& .,.a""'.
> 0.03 | ."..
-
0.02 | .#'....-...
001 | /,-"’f
0 .".....
0 100 200 300 400 500 600 650
f (MHz)

Figure 7. Simulated Yg B _Air = [Re(Yz B_Air) + ij(l?B B'_air)] for air at aperture probe (plane BB').

Symbol Y, =0.02 S, C = 2.38¢,(b — a) [36], Cf =0.0107 pF and w are the characteristic admittance,
aperture probe capacitance, fringing field capacitance, and the angular frequency, respectively.

3.3. Effective Permittivity Calibration

For thin solid planar material measurements, the scattering of the wave from probe’s aperture
would penetrate the thin planar material and impinge on the other layer-interface media. In this
situation, the effective permittivity, ¢, of the thin specimen will be measured, but not the actual
permittivity, & of the material [10]. In this study, the relationship between the actual relative
permittivity, &, and effective relative permittivity, ¢, for a finite thickness planar specimen was
empirically expressed as Ref. [35]:

€ = Eoff (a1 + aze_h/M + age_zh/M) (15)
where & is the thickness of the MUT. The empirical coefficient, M was found to suite the large probe
as described in Ref. [35], which can be roughly represented by single value as 0.006. The unknown
complex coefficients (a1, ay, and a3) values in Equation (15) were found by using three offset-short

terminators (¢, = 1), yielding the following:

1= Eeff1 (ﬂl + ﬂinhl/M + a3e*2h1/M) (16)

1=¢p (a1 + aze*hZ/M + a3672h2/M) (17)

1=¢s3 (a1 + aze*h3/M + a3672h3/M) (18)
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where hy, hy, and hj3 are the known lift-off distances between the aperture probe from the shorted
plate. On the other hand, ¢, €., and €3 are the corresponding effective permittivity of the three
offset shorts, in which the values are obtained from (12). The unknown values of a7, a,, and a3 in
Equations (16)-(18) were explicitly determined using Cramer’s rule as:

(1/seff1) (g—(hz+2h3)/M _ e—(2h2+h3)/M> _ (1/€eff2> (e—(h1+2h3)/M _ e—<hs+2h1)/M)
{ —I—(l/eeffa) (e*(hlJrth)/M _ ef(h2+2h1)/M) } "

ap = D
{ (1/8eff2)e_2h3/M _ (1/£eff3)e_2h2/M _ (1/Eeff1)3_2h3/M + (1/Seff3)e_2hl/M
+ 1/£e 1 e—ZhZ/M —(1/¢ 5 g—Zhl/M
o L () (1) o
{ (1/€eff3)efhz/M _ (1/€eff2)efh3/M _ (U%ffs)fhl/M + (1/€effl>e—h3/M
+(1/¢ 2 e*hl/M_ 1/¢ 11 e*hz/M
a3 = ( € ) ( € ) 5 (1)
The determinant, D of the Equations (19)—(21) are given as:
D= {g—(hz-‘rZhs)/M _ e—(2h2+l’l3)/M _ e—(l’l1+2h3)/M + e—(h3+2h1)/M + E_(h1+2h2)/M _ e—(h2+2h1)/M} (22)

To perform offset-short measurements (Lift-off distances: hy, hy, and h3), three cylindrical rings
have been printed using 3D-printer with polylactic acid (PLA) material in which the ring centers
are concave rounded with depth, f; = (1.0 £ 0.1) mm, /; = (2.0 & 0.1) mm, and k3 = (3.0 £ 0.1) mm,
respectively. It should be noted that the effective lift-off distance may be slightly shorter than the actual
physical distance due to the strong coupling fringing field near to the probe aperture. The cylindrical
rings backed by aluminum plate as shown in Figure 8, are used as calibration kits for this thin planar
material measurements. As mentioned earlier, a large aperture probe has a strong and wide fringing
field distribution compared to a small probe, thus non-metallic material such as polylactic acid (PLA)
has been chosen to construct the cylindrical ring in order to reduce the field coupling effect from side
wall in the area between aperture probe and aluminum plate.

e
=
v —
/I
/

Aluminum/
plate

Cross-sectional side view Top view
Figure 8. Printed offset short calibration kits.

4. Results and Discussion

4.1. Reflection Coefficient, T 4 4/

Figure 9a,b shows the raw measured T 44 pqyr | and @447 a7 data of four thin low-loss MUTs
obtained from network analyzer. The IT 44/ pqyr ! and @44 pqyr distinction between four MUTs are
less significant when it is below 50 MHz, in which mainly caused by the size limitation of the coaxial
probe. For instance, various coaxial probes (in Figure 10) are tested in order to observe and compare
the measurement sensitivity towards the size of coaxial probe as listed in Tables 2 and 3.
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Teflon (1 mm)
! — — Acrylic (1 mm) )
— FR-4 (1 mm)
\ : . Glass (1.84 mm)
0.995 r
|
| —~
— | (<)
[ | ~
o} |
=
S 099 | 5
R g : =
| R
— I 2
- |
0.985 | \S\
|
| Y
| LY LT Teflon (1 mm) B
: Y i .
| \ Ml — — Acrylic (1 mm)
0.98 | \ s 1 ~ FR-4 (1 mm)
! Wy el . Glass (1.84 mm) i
| I {M«“N I I I I
200 400 600 650 400 600 650
f (MHz) f (MHz)
(@ (b)

Figure 9. Variation in (a) measured T 44 a7 | and (b) measured @44/ pqyr With frequency for the
four materials under test (MUTs) at room temperature.

Probe 1

This study

Figure 10. Various sizes of coaxial probe.

Up to five repeated reflection measurements (at different surface areas of the MUT) have been
done for each MUT in which the average values and standard deviations for the measurement have
been calculated. For this study probe, the linear magnitude differential, AIT 44/ pq7 | between the
RF-4 (h = 1.0 mm) and the Teflon (h = 1.0 mm) is close to 0.004 in which is ten time greater to the
existing resolution error (standard deviation: 10~#) as shown in Table 2. On the other hand, the phase
differential, Ag 4/ pyr between FR-4 and Teflon at 50 MHz is capable of achieving 6° as illustrated in
Table 3. Clearly, the larger the probe, the more stable and sensitive it can be achieved for reflection
measurements at very low frequencies.
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Table 2. Measured |T 44/ | for Teflon and FR-4 sheets with thickness of 1 mm backed by metal plate at

50 MHz.
. ITax"_mur ! Differentiation of AT 44/ !
Probe Size Teflon FR-4 between Teflon and FR-4
1.000213 Average: 0.9954108 Average:
This study 1.000345 1.0001019 0.9961075 0.9959747
2a=15cm 0.9999458 Standard 0.9957603 Standard 0.0041272
2b=4.8 cm 0.9999258 deviation: 0.9964970 deviation:
1.00008 0.0001784 0.9960977 0.0004091
1.001418 Average: 1.000593 Average:
Probe 1 1.001521 1.001394 1.000355 1.0005194
20 =0.3cm 1.001302 Standard 1.000626 Standard 0.0008746
2b=1.0cm 1.001177 deviation: 1.000507 deviation:
1.001552 0.000155902 1.000516 0.00010485
0.9998745 Average: 0.9995621 Average:
Probe 2 1.000060 0.9998884 0.9994846 0.99951490
2a=0.24 cm 0.9998878 Standard 0.9995518 Standard 0.0003735
2b=0.8 cm 0.9999274 deviation: 0.9994819 deviation:
0.9996925 0.000131850 0.9994941 0.000038824
0.9996894 Average: 0.9995004 Average:
Probe 3 0.9996297 0.99972804 0.9995625 0.99967564
2a =0.13 cm 0.9998415 Standard 0.9998173 Standard 0.0000524
2b=0.42 cm 0.9997365 deviation: 0.9998234 deviation:
0.9997431 0.000077999 0.9996746 0.00014613
1.000269 Average: 1.000199 Average:
Probe 4 1.000183 1.000275 1.000161 1.0002248
2a =0.09 cm 1.000358 Standard 1.000366 Standard 0.0000502
2b=0.3 cm 1.000075 deviation: 1.000233 deviation:
1.000490 0.000159385 1.000165 0.000084138

Table 3. Measured @44 pyr for Teflon and FR-4 sheets with 1 = 1 mm backed by metal plate at

50 MHz.
Probe Size Pan’_mur ) Differentiation of Ap44/ pur
Teflon FR-4 between Teflon and FR-4
—32.3000 Average: —38.56207 Average:
This study —32.13884 —32.21717 —38.64224 —38.34329
2a=15cm —32.25762 Standard —38.43801 Standard 6.12612°
2b=4.8cm —32.02661 deviation: —37.46768 deviation:
—32.3628 0.134307 —38.60646 0.495519
—1.943045 Average: —2.522396 Average:
Probe 1 —1.930690 —1.93933 —2.554037 —2.542644
2a=0.3cm —1.934963 Standard —2.535734 Standard 0.603314°
2b=1.0cm —1.939431 deviation: —2.542843 deviation:
—1.948521 0.00692831 —2.558213 0.0144045
—13.88491 Average; —14.31968 Average:
Probe 2 —13.89140 —13.884262 —14.31454 —14.315222
2a =0.24 cm —13.86970 Standard —14.32456 Standard 0.43096°
2b=0.8 cm —13.89475 deviation: —14.31788 deviation:
—13.88055 0.0098386975  —14.29945 0.00953097686
—1.426506 Average: —1.589263 Average:
Probe 3 —1.417838 —1.4218634 —1.579990 —1.585402
24 =0.13 cm —1.419884 Standard —1.588442 Standard 0.163539°
2b =0.42 cm —1.418287 deviation: —1.583723 deviation:
—1.426802 0.00444004 —1.585592 0.00375146
—2.60528 Average: —2.71289 Average:
Probe 4 —2.60139 —2.6106474 —2.679226 —2.688339
2a =0.09 cm —2.618748 Standard —2.694912 Standard 0.077692°
2b=0.3 cm —2.623582 deviation: —2.674806 deviation:
—2.604237 0.00985552 —2.679861 0.01568456
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4.2. Normalized Admittance, Y g

110f15

Figure 11a,b shows the normalized admittance YBB/_MUT = Re (YBB’_MUT) +jym (?BB/_MUT) of

the four MUTSs converted based on the raw I'4 4/ »q;7 data using Equations (13) and (14). Typically, the

lower the loss for the MUT, the lower the value for real part, fe (YB B MUT) (normalized conductance)

as shown in Figure 11a. The case for the imaginary part, Jm (YB B MUT) (normalized susceptance)

indicates that the Jm (178 B MUT) property is no longer linearly proportional to the operating frequency,

f over than 400 MHz as shown in Figure 11b. Hence, the prediction of ¢, value will be less accurate

because the model (11) used in the conversion assumed the value of Jm (173 B MLIT) is proportional to

the frequency.
3

20 x! i i ‘
Teflon (1 mm) [
18 L Acryli |
—— Acrylic (1 mm) |
FR-4 (1 mm) !
16 | |
- Glass (1.84 mm) |
|
14 | |
1
|
- 12 L |
— l
= l
,2 10 | [
o I

o
> 8 #

f (MHz)

(@)

15

........ Teflon (1 mm)
— — Acrylic (1 mm)
FR-4 (1 mm)
-« Glass (1.84 mm)

0.5

0 100 200 300 400 500 600 650
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4.3. Effective Permittivity, eqz

Figure 12a,b shows the effective relative permittivity, e,; = €5 — je,f” versus operating

frequency, f.
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Figure 12. Comparison of (a) real part, e, and (b) imaginary part, e,”, of the effective relative
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ity, e for four MUTS.
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The value of ¢, has been determined using Equation (12) and it is higher than the actual ¢, value
of the MUT in which the ¢, value is depended on the thickness, i of the MUT backed by metal plate.
This is caused by the thinness of MUT at coaxial probe aperture, whereby the scattering of the wave
from probe aperture will penetrate the MUT and coupling with the metal plate, as well as reflected by
the metal plate on other side of the MUT [37].

4.4. Actual Relative Permittivity, e,

Figure 13a,b shows the predicted g/ and tan § = ¢, /¢, of four thin low-loss MUTs which are
in good agreement with expected values as tabulated in Table 2. The scattered ¢’ and tan ¢ data
in Figure 13a,b have been smoothed by Local Polynomial Regression (Loess) algorithm, which is
available in built-in MATLAB “smooth” command. The smoothed data are represented by the black
solid lines in Figure 13a,b. As expected, the coaxial probe is very difficult to provide high stability
reflection measurement for the low-loss MUT at very low operating frequencies (refer to Figure 9).
Hence, indirectly, the uncertainty of the predicted ¢,” and tan é (especially for small values of tan ) are
increased when the operating frequency decreases to below 50 MHz.

6.5 m T T T T I
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L T
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Figure 13. Variation in (a) predicted ¢’ and (b) predicted tan é with frequency for the MUTs at
room temperature.
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Figure 14 shows the percentage of the relative error between the smoothed values of ¢’ in
Figure 13a and the expected values of ¢, in Table 4. The percentage of the average relative errors,
| Ae,' /e," | are less than 6% for overall measurements from 1 MHz to 400 MHz.

6
T T :
i i ~Tefion
l'\ A I
I % Acrylic
5 it
1
s
S
o
o
—
X
- S
0
\s)

Figure 14. Variation in % relative error of &'

Table 4. Expected values for ¢’ and tan 4.

MUT &' (Typ) tan § (Max)
Teflon 2.06 0.0004
Acrylic 2.75 0.019
FR-4 44 0.022
Glass 6.1 0.0036

5. Conclusions

One-port measurement using a large coaxial probe is an easy, durable, and cost-effective
measurement method in large-scale material processing industries. In this study, the dielectric
properties for thin low-loss materials (a few millimeter thickness) at very low frequencies (below
400 MHz) have been precisely measured using the open-ended coaxial probe techniques. This accuracy
level of the measurement is rarely achieved by previous studies, which used the same technique for
low-loss material at very low frequencies. In future, larger and longer sizes of coaxial probe may be
re-designed in order to achieve good stability and higher sensitivity measurement below 50 MHz.
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