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This paper focuses on the calibration of apertures for rectangular waveguides using open-short-load (OSL) standards and
transmission-line (TL) approaches. The reflection coefficients that were measured using both calibration techniques were
compared with the coefficients acquired using the thru-reflect-line (TRL) method. In this study, analogous relationships between
the results of OSL calibration and TL calibration were identified. In the OSL calibration method, the theoretical, open-standard
values are calculated from quasi-static integral models. The proposed TL calibration procedure is a simple, rapid, broadband
approach, and its results were validated by using the OSL calibration method and by comparing the results with the calculated
integral admittance. The quasi-static integral models were used to convert the measured reflection coefficients to relative
permittivities for the infinite samples and the thin, finite samples.
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1. INTRODUCTION

OR DIELECTRIC measurements using an open-ended

waveguide, a suitable calibration procedure must be

applied to the boundary surface between the open-end
section of the waveguide and the material being tested [1,
3-10, 12-14, 18-19]. Only a few calibration techniques are
suitable for open-ended waveguide systems because stray
capacitance across the aperture waveguide must be taken
into account for open cases. Conventionally, the apertures of
rectangular waveguides have been calibrated by using
through-reflect-line (TRL) calibration kits [6, 8, 10, 18] or
short-short-load  (SSL) procedures [1,7,10]. Both
calibration procedures can give accurate measurements, but
they are time-consuming and costly. TRL calibration
typically requires two-port measurement instruments [6, 8,
18], and, generally, it is not suitable to use a one-port vector
reflectometer. The SSL calibration procedures require time
and patience to determine two different location distances of
equivalent offset short circuit from the aperture waveguide,
which, for a certain frequency, gives the same measured
reflection phase as the phase of the shorting plate at the
aperture [1,7]. For wideband measurements, the SSL
calibration procedure is repeated for each frequency point.

In fact, the so-called open-short-load (OSL) calibration
technique uses an open-ended coaxial probe [6, 7,9]. For
the open-ended coaxial probe, a liquid, such as water,
frequently is used as a load standard for the OSL calibration
technique [9], since it does not have any available match-
load kit due to the difficultly of constructing a kit that can be
connected to an aperture probe. In this work, we attempted
to calibrate the aperture of a rectangular waveguide by using
the OSL calibration procedures, but the liquid-load standard
was replaced by the match-load kit. The open standard
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values for the calibration were obtained from the calculation
of integral admittance. In general, TRL calibration is more
accurate than OSL calibration, but the OSL calibration
procedure is simpler and less expensive than the TRL and
SSL methods. Nevertheless, the accuracy of the OSL
calibration is affected significantly by the performance of
the waveguides and by the accuracy of the values of the
calibration standard. Accuracy levels for the calibration
usually are based on the user’s requirements. Thus, some
recent commercial vector instruments provide several
calibration procedures from which the user can choose. In
this paper, we also propose another simple calibration model
based on the transmission-line principle, which takes into
account the measurement noise for open-ended rectangular
waveguides. Errors due to systematic noise are caused
mainly by discontinuities in the electromagnetic fields at the
open end of the waveguide. The transmission-line method is
faster than the OSL technique, and it is suitable for fixed-
waveguide systems and for measurements that do not
require a high level of accuracy. The results of both
calibration techniques were analyzed and compared, and
they are discussed in detail later. Rectangular waveguide
measurements always require a coaxial-rectangular
waveguide adaptor to connect the waveguide to the coaxial
port. Actually, the waveguide-coaxial adaptor itself can be
implemented as a shorter rectangular waveguide. In this
work, some waveguide-coaxial adaptors were used to
validate the proposed calibration model. The inverse
procedures involved the use of a rigorous integral
admittance model to predict the relative complex
permittivity, €,, of the thin samples that were tested based on
calibrated reflection-coefficient data using the waveguide
adaptor.
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2. COAXIAL-WAVEGUIDE ADAPTORS

In this study, seven different kinds of right-angle-launch,
coaxial-waveguide adaptors were measured. The width of
the aperture was b, the height of the aperture was a, and
frequencies in the range of 8.2 to 20 GHz were covered, as
shown in Fig.1.a). However, two typical excitation probe
configurations, as shown in Figs.1.b) and 1.c), were used by
the seven kinds of adaptors. The dimensions and
characteristics of the seven kinds of adaptors are listed in
Table 1.

a) Front view b) Side view
B M Ay o A'SMA Female
O O i l/ connector
e —— Half-dielectric
_——  coating (PTFE)
I
a — Disc-ended
probe
OKTHO BE—
Tuning post
Ble—— 4 —>
¢) Side view
o Ay 44" SMA Female
B -~ connector
N =
T Disc-ended probe
B :
—— ¢ ——>

Fig.1. a) Front-view dimensions of the adaptor; b) disc-ended
excitation probe (using tuning screws) with a dielectric-coated
probe in the adaptor, the length of which is d meter; c) disc-ended
excitation probe without a dielectric-coated probe in the adaptor;
the length of the probe is d meter.

3. ONE-PORT CALIBRATIONS
A. Network error models

The relationship between the actual reflection coefficient,
I sperure, at plane BB’ and the measured reflection coefficient,
Tyeas> at plane 44" (Fig.1.) can be expressed in a bilinear
equation as shown below [6-9, 11, 12, 18]:

1—‘Me‘as — c2

Aperture (
_C3rMeas + Cl

The unknown values of the complex calibration
coefficients (cy, ¢y, and c¢3) in equation (1) were determined
by using three calibration standards (open-short-load).
Equation (1) can be re-written as a linear expression as
shown below:
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all +c, T (2)

Aperture Aperturer MeaSCS = r Meas

Let T4 opens L shors and D'y ;00 represent the known
reflection coefficients for the open, short, and load standards
that are terminated at the aperture plane BB’, while, Ty opens
Ist shorss and T'ys 004 are the measured reflection coefficients
for open, short, and load standards at plane 4A4’. Finally,
three sets of linear equations are created that can be written
in matrix form as:

-

I A_open Cl

A_open M _open M _open
1—‘A_short -T A_shortr M _short cZ 1—‘M _short (3)
L, load _FA_loadrM_load G FM_load

The values of the open, short, and load standards are given
as: 1—‘AJ()aai: 0+j0’ l—‘Aishort = '1+j0a and l—‘Aiopen = (1')7)/(1+)7)
Symbol Y is the normalized input admittance of the aperture
for half-free space at plane BB, which was computed using
the integral, quasi-static admittance model from [3, 4]. The
integration in [3, 4] was solved by using an (8 x 8) order,
Gaussian, double-integral method. Equation (3) was solved
by using a Gaussian elimination routine.

B. Transmission line error models

The transmission line in the waveguide-coaxial adaptor is
coupled between the coaxial line and the rectangular guide
line, which converts the propagation wave from coaxial
TEM mode into waveguide TE-mode in the operating
frequency band. The fringing field effects (stray capacitive
effects), which result from mismatches at the transition
junction between the coaxial-rectangular waveguide line and
the open end of the rectangular guide line, also must be
considered from the transmission line. The incident wave
from plane 44’ is transmitted to plane BB’ by the shifting
phase of (k.0.+ yd + yJd,), and it is reflected back to input
AA’ with the same shifting phase. Symbols £.J,., yd, and yJ,
are the phase shifting in the coaxial line, rectangular
waveguide, and apparent length of waveguide, respectively.
Thus, the aperture reflection coefficient, I'ypernre, at plane
BB’ can be found by the phase delay of 2(k.d. + yd + yd,)
with respect to the measured Iy, at plane 44°. The phase
delay is transmitted exponentially from plane 44’ to plane
BB’, as is evident in (8). In fact, equation (1) is analogous to
the transmission line model.

The expression of (1) can be expanded approximately as:

2
1 ¢ c
~ _ 43 3 12
1_‘Aperture ~ (FMeas CZ) + 2 r‘Meas + 3 1_‘Meas +...
¢ G 1
r e 2 e
~ Meas 11 ~ Meas—22 +
612621 612621 612621
, (4)
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The values for the higher-order series terms of (4) are
approximated to be zero and assumed to be negligible. The
terms ej, and e;; can be represented by a combination of
coaxial and rectangular transmission lines, (k0. + yd + yd,),
in which e, and e,; were replaced by the transmission phase
coefficient, exp(-jo) as:

€,8) = eXp(—Zché‘c)eXp [_27(d+50 )] )
a) b)
o 0.2,
| —
ég Real part 0.18 o
ley,|
o 0.16 o inid matching
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02
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Fig.2. a) The frequency tracking error, Ey (ej»e;;) data for Adaptor
1.b) The magnitude of directivity error, Ep (e;;) and the source
match error, Eg (e,) for Adaptor 1

Fig.2.a) shows a comparison of the values of tracking
error, ejye;|, obtained from OSL calibration using Adaptor 1
with the transmission phase coefficient. The values of
parameters d, d,, and J. in the transmission phase coefficient
are obtained from Table 2. We found that the two results
were in agreement. The directivity error, e;;, and the source
match error, e;,, are given in Fig.2.b). In fact, the magnitude
of e;; also can be determined from the match-load
measurement, for which the magnitude of the reflection
coefficient, |y, at plane 44’ was measured with the
aperture adaptor terminated by a match-load standard. The
magnitude of the match-load reflection coefficient
approximately overlapped the results of |e;;|. For an ideal
match load, the reflection coefficient should be zero over the
operational frequency. However, it is very difficult to get a
perfect match-load standard and a perfect coaxial-
rectangular adaptor to cover the range of the operational
frequency. From Fig.2.b), the directivity error, |ej)|, and the
match-load measurement error are within an average of 3%
over the X-band frequency by using Adaptor 1, but the
magnitudes of the source-match error, |ey,|, were within an
average of 9 %.

In fact, there is a series pairs of forward and reverse
reflections and inter-partner interactions at certain positions
along the transmission line. Here, we only consider two
multiple reflection pairs. £ and R are the pair of forward and
backward reflections in the outer region of the rectangular
waveguide of the aperture, respectively, and F’ and R’ are
the pair of forward and backward reflections in the inner
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region near the rectangular waveguide of the aperture.
Mutual interaction between the two pairs of reflections can
be discretized and expressed as an average of both reflection
pairs, i.e., (F+R+F’+R’)/2. The second and third terms of
(4), which involved e;; and e,, terms, were assumed to be
the forward, (F, F’), and backward, (R, R’), multiple
reflections along the transmission line, and the expressions
were approximated as:

- —%Se”zl(F+F’+R+R') . (6)
€,8, €6y
where:
F=p exp[27/(dl—5l)] (7a)
F'=p exp[27/(dl'+51)] (7b)
R=—p exp[2}/(dl'+51)] (7c)
R'=—p exp[Zy(dl’—é‘l)] (7d)

The shift length, 2J,, between the forward and reflected
wave was due to the multiple reflections near the waveguide
of the aperture. The amplitude of the forward and backward
multiple reflections represented by p* and p~ was at positions
(di —61), (d” +61), (d” = 01), and (d; + J1) near the aperture
waveguide, respectively. Finally, the aperture reflection
coefficient, I y0nre, Of the sample can be calculated from the
measured reflection coefficient, I'y.4, using (8):

rAperture = 1—‘Me‘as eXp (2]kc5c )eXp |:27/ (d + 50 ):I

Transmission wave in waveguide

. (8)

+%(F+F’+R+R')

Standing wave in waveguide

where y = o + jk, [6] and
_Nrfep| k(b)) |
“ (£ f)

ky =k —(7/b)’ (10a)
k. =\k2e. —(7/b)" (10b)

where symbols k, = 2nf/c and k; are the propagation
constants for free space and a rectangular line, respectively;
¢ is the velocity of light in free space; f and f. are the
operating frequency and cutoff frequency of the rectangular
waveguide, respectively; &, is the relative permittivity for
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PTFE, which has the value of 2.06; d is the actual length of
the waveguide adaptor; and . is the tolerance length, which
was due to the discontinuous guided wave at the junction
between the rectangular waveguide and the coaxial line.
Specifically, d, is the dominant tolerance length of the
waveguide due to the discontinuous and fringing field near
the aperture waveguide. All of the numerical values are
listed in Table 2. Phase shift (2yd;) occurs between the
forward reflection, F, and the backward reflection, R. The
dominant transmission wave term in (8) can be represented
by Fig.3.a). The forward wave, F, and the reflected wave, R,
were caused mainly by imperfections in the transmission
line and a fringing field that occurred near the aperture’s
rectangular waveguide, as shown in Figs.3.b) and 3.c). The
interference from the phase shift between the F and the
R along the waveguide causes the measured reflection

coefficient to oscillate periodically (systematic noise error)
with frequency. Changes in the direction of the oscillation
depend on whether the interference is destructive or
constructive at a given frequency.

Figs.4.a) and b) show the error between the measured
reflection coefficients using Adaptor 1, (U'juasi-staric — Uaperture)s
which does not take into account the effect of the standing
wave, with the reflection coefficient obtained from quasi-
static model calculation. Clearly, the error, (I'juusisiaric —
L sperture) 1s in the form of systematic oscillations, which were
deduced to have been caused by the standing wave, and the
average for the two standing waves, Re(F+F'+R+R’)/2,
agrees with the error, as shown in Figs.4.a) and b). Thus, a
systematic error in measuring the reflection coefficient can
be eliminated by calculating the average effect of the
standing wave term in (8).

Table 1. Dimensions and characteristics of waveguide-coaxial adaptors.

Waveguide
to SMA (F) Operation VSWR Metal d b a Tuning Disc-ended,

. Frequency (Max) Materials (cm) (cm) (cm) post excitation, coaxial
Coaxial (GHz) probe
Adaptors

With half-dielectric
Adaptor 1 82-124 1.12 Brass 4.25 2.286 1.016 yes coating
With half-dielectric
Adaptor 2 82-124 1.12 Brass 3.293 2.286 1.016 yes coating
Without dielectric
Adaptor 3 82-124 1.25 Al/Cu 3.42 2.286 1.016 no coating
(4% Cu)
Without dielectric
Adaptor 4 10-15 1.25 Al/Cu 2.605 1.905 0.9525 no coating
(3% Cu)
With half-dielectric
Adaptor 5 11.9-18 1.12 Brass 2.53 1.5799 0.7899 yes coating
With half-dielectric
Adaptor 6 11.9-18 1.12 Brass 4.45 1.5799 0.7899 yes coating
Without dielectric
Adaptor 7 15-22 1.25 Al/Cu 2.308 1.2954 0.6477 no coating
(7% Al)
Table 2. Parameters in (8).
Waveguide . o, o d; d; ph P a
(£0.01 cm) (£0.01 cm) (£0.01 cm) (£0.01 cm) (£0.01 cm)
Adaptor 1 0.28 0.85 0.25 d+0.60 d-0.5 0.05 0.05 0
Adaptor 2 0.12 1.33 0.40 @+0.91 d-0.09 0.05 0.05 0
Adaptor 3 0.12 1.25 0.30 d+1.28 d+0.38 0.04 0.04 2x10%
Adaptor 4 0.13 L5 038 @+0.80 @+0.1 0.02 0.02 6x10*
Adaptor 5 0.42 0.86 0.40 d+1.27 d+0.97 0.025 0.025 0.7 x10°*
Adaptor 6 0.42 0.90 0.30 d+1.35 d+0.65 0.025 0.025 0.3 x10%
Adaptor 7 0.04 0.60 0.40 d+1.39 d+0.79 0.03 0.03 9x10*
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Fig.3. a) Configuration of the main transmission wave along the
waveguide; b) first order and c) second order of forward, F, and
backward, R multiple reflections transmitted along the waveguide.

0.14 0.14
Re . - ) e Im@® - )
quasi-static ~ Aperture’ quasi-static ~ Aperture
012 Re(F+R) 1 927 — m(F+r) I
oall = Re(F+R) | oqll-— m(F+r) |
Re(F+R+F+R)2 Im(F+R+F+R)2
0.08F ~ /] 0.08 ! . E
rog ! 3
006 I /s "}. " 0.06 w XN 1
FAY | £ Y
004 L \% 3 0041 A \_‘\ 1
£\ f S Rt
002f % 141 ooz 2 \ | 1
J 4 «
| e 9 | 2
0,,,/’57777\,\"7774»0,,/1 OTi\tfrfﬁl————t'ﬂ\\———ﬂ
I e L \ | .
002t s li 0.02] g, ! 4L
i \ g ) \% * i vt
-0.04) # Nee (o A -0.04t \\fu; \ \ /a
‘. | o~ V 4 | \ \\ // \. \ '(r’\
006y | \ 4 o0ep W i
8956GHz  \Ng% " 8956 GHz v d
0.0 In L A IN 0.0 n L L %
82 o 10 1 12 82 o R 12
Frequency, ' (GHz) Frequency, /' (GHz)
a) b)

Fig.4. a) Comparison between the average real part of the
amplitude of the standing wave, Re(F+F’+R+R’)/2, and the
absolute error for real part of measured reflection coefficient,
Re(Tyuasi-static — Tapernnre); b) Comparison between the average
imaginary part amplitude of standing wave, Im(F+F’+R+R’)/2,
and the absolute error for imaginary part of measured reflection
coefﬁCient: Im(rquasi-smtic‘ - 1—‘Aperture)-
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4. RESULTS AND DISCUSSION
A. Reflection coefficient and normalized admittance

Fig.5.a) shows the measured complex reflection
coefficient, I yyerure, by using various kinds of coaxial-
rectangular adaptors, the ends of which are open to the air.
Fig.5.b) shows the measured I for air by considering
the standing wave. It is evident that the oscillating noise that
occurred in the measured I'ypemr. Was removed when the
results were compared with the measured results for air in
Figs.5.a) and 5.b). The small deviation between
experimental results and calculated values may have been
caused by cable movements, mismatches between
connections in the experimental setup, and instrument
errors. The graph line for calibrated reflection coefficient,
L yperaure> versus frequency in Fig.5.b) was improved further
by using a filter, which is defined as shown below [17]:

rnFiIter _ GrnData + (1 _ G)l":jllter , Wwheren=2,3,. .0
(1n)

where FID ata :FlFmer, and the values of the initial

. . Data :
reflection coefficient, Fl , were obtained from

measurement data at the lowest frequency points; n is the
number of data points; and o is the value of the filter
coefficient, which must be in the range of 0 < ¢ < 1. The
value of ¢ for the filter line in this study was considered to
be 0.9. After being filtered, the reflection results were re-
plotted in Fig.5.c). The transmission model used for
correcting the waveguide aperture also was re-examined by
using samples of finite thickness. Table 2. shows the
parameters used in the transmission calibration.

Equation (8) may be applied for adaptors with different
qualities and frequency bands. Figs.6. and 7. compare the
results of the measurements and the quasi-static models
(12) for paper and the propan-1-ol liquid layer backed by a
metallic plate with different thicknesses at 10 GHz. The
finite thicknesses were measured by using Adaptor 1 and
Adaptor 2, respectively, attached to 20 cm of straight WR
90 rectangular waveguide in order to demonstrate the
reliability of the calibration of the transmission line. For the
propan-1-ol liquid measurement, the waveguide aperture
was attached to one layer of plastic to prevent the liquid
sample from entering the interior region of the waveguide.
Image theory [13-16] was used to derive the quasi-static
admittance model equation (12) as:

/kz x4y

) 8b
YQuasi—Stal‘lC - ] I J m

Infinite Half—Space Medium

]16b _]kZ\ x2+y2+4n2h2

Z '['[ \/x+y+4nh2

dxdy

dxdy

Finite Thickness Medium

(12)
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The y parameters in (12) are given as:

el s(7)

and

1

1\ 7z
1 =77 D, =— 724'72
b 7| 4 4b

where k; and k, = k_./e,, are the propagation constants for

the rectangular waveguide line and the external medium
with a finite thickness 4, respectively. In (12), K is the
coefficient of the image, given in the form:

K — 81‘2 B grl
8r2 + grl

(13)

where ¢ , and ¢ are the relative permittivities for the

first- and second-layer samples, respectively. K equals unity
if the thin sample being tested is backed by a metallic plate,

because the relative permittivity, €,,, approaches infinity,

and K = 1 for a metallic plate. Equation (12) was solved by
using an 8 x 8-point Gaussian-Legendre integration method.
The first term in (12) is exactly equal to the aperture
admittance for an infinite half-space medium [3-4], while
the second term corresponds to the finite thickness of the
material. The measured aperture admittances, Y. sperture 5 1N
Figs.6.,7., and 8. were calculated from the measured

reflection  coefficient, I'jpesure, Using the following
relationship [1]:
2 — l_FAperture — G(O) +] B( ) (14)
dpernre 1 + FAperture Yu I,u ’

where vy = /g /u, is the characteristic admittance of the

rectangular waveguide; ¢, and y, are the permittivity
(8.85418782 x 102 F/m) and the permeability (4m x 107
H/m) of free space, respectively. The real part, G(0)/Y,, and
the imaginary part, B(0)/Y,,
conductance and susceptance, respectively.

The relative complex permittivity, ¢,, of the propan-1-ol
liquid in the admittance calculations was obtained from the
Debye model found in the previous work with the following
parameters: & = 20.4, ¢, = 3.8, and 7 = 321 ps for propan-1-
ol [20], while the value of ¢, = 2.3 —j 0.1 for paper at 10
GHz was obtained from measurements by using the Agilent

are called normalized

dielectric probe. Good agreement can be clearly seen
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between the calibrated, measured data and the results of the
calculations using (12) for the 10-series terms. The
calculated values were found to be in good agreement with
measured data, especially for very thin materials (< 1 mm).
In Figs.6. and 7., the deviation between the calculated and
measured normalized conductance, G(0)/Y,, and the
susceptance, B(0)/Y,, for paper and propan-1-ol liquid could
be due to the uncertainties of the relative permittivity values
and the difficulty of environmental control for the
measurements, since the propan-1-ol measurement was done
in a 500-ml beaker, and the uncertainty of the thickness
measurement was +0.1 mm.
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— Measured data without standing wave correction
Nl

= Quasi-static model, [3-4]
— Measured data without standing wave correction

12 14 16 18
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— Measured data with standing wave correction
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Fig.5. Aperture reflection coefficient at the open-end of the
coaxial rectangular adaptors: a) without considering the effects of
the standing wave; b) considering the effects of the standing wave;
¢) considering filtering and the effects of the standing wave.



MEASUREMENT SCIENCE REVIEW, Volume 14, No. 1, 2014

5 —_— 3 —_——
» Adaptor 2 + 20cm waveguide [
—— Equation (12) “ Paper (10 GHz) |
45 2k
| I
4 | ] 1 a foA N 1
| i IR PCSPR
3.5 | g 0 . \7 S 1
‘ y
o) ‘ 1. o4 j
5 t I >\“ by
~ [N I
o 25| T ‘\“‘ . o 2 |
65 2.‘ L[4 “"\ L5 ofvae C\Q/ 3
. @,
W H 3 \T\; ARt
1.5 J‘ \o| i R -4
W/
114/ 1 ] 5
| \HfU ' Paper (10 GHz) o Adaptor 2 + 20 cm waveguide
0.5 ® 1 6 Equation (12)
% 72 3 4 5 & o4 2 3 4 5 &

Thickness Sample, /4 (cm) Thickness Sample, /4 (cm)
Fig.6. Variation in normalized conductance, G(0)/Y, , and
normalized susceptance, B(0)/Y,, , for paper thickness backed by a
metallic plate at 10 GHz using Adaptor 2 and a 20 cm rectangular
waveguide.

7 T T T 1 3 T T
—— Equation (12) with 10 series terms i
d Equation (12) with 1 series terms Propan- 1-01 (10 GHz)
6L Quasi-static model (Bakhtiari [5]) 2r B
Adaptor 1 + 20 cm waveguide

G(o)/ Y0

1 2 3 4
Thickness Sample, / (cm)

o 1 2 3 4
Thickness Sample, / (cm)

Fig.7. Variation in normalized conductance, G(0)/Y, , and
normalized susceptance, B(0)/Y, , for propan-1-ol thickness backed
by a metallic plate at 10 GHz using Adaptor 1 and a 20 cm
rectangular waveguide.

Equation (12) with 10 series terms L) Equation (12) with 10 series terms
0 + Adaptor § (Transm!sgon I!ne calybrm;on) " * Adaptor § (Transmission line calibration)
5 oM | ¥ Adaptor 6 (Transmission line calibration) 0258k o *  Adaptor 6 (Transmission line calibration)
% % Adaptor 6 (OSL calibration) ¥ Adaptor 6 (OSL calibration)
025 i LA
! . U
)
ST 1 M’ *3?”9 ke 4 %% g, Wity 40
= ) f 2 4 I
025 b ¥ = 2 oy
o] 4 . < %
’ o
4 . o
o Air -0.75) * Air
4 . . . . 4 | .
0 1 2 3 4 5 0 1 4

) 3
Thickness Sample, / (cm) Thickness Sample, / (cm)
Fig.8. Variation in normalized conductance, G(0)/Y, , and
normalized susceptance, B(0)/Y, , for air thickness backed by a
metallic plate at 14 GHz (Ku-band coaxial-rectangular adaptors).

22

B. Inverse relative complex permittivity

For inverse solutions, first, the measured reflection
coefficient, I'ype/uure, 18 transferred to normalized admittance,
Y pernre> Via (14). The predicted values of dielectric constant,
!, are obtained by minimizing the difference between the
measured normalized admittance, ¥ spermre» and the quasi-
static model, YQWS,-_SW,-C, by referring to the trial function, &:

R Rel o]

+ [Im ( Y ) —Im ( Y, Quasi-Static )}

Aperture
The finding zero routine was performed using the
MATLAB fzero command in MATLAB. The single, initial,
approximate value was selected to be 2. The main steps of
the work were performed using the features of MATLAB,

and they are shown in Fig.9.

p| lnput the frequencies, / and corresponding
measured reflection coefficient, T

Aperture

Reduce the measurements noise
using filter routine, Eq (11)

¢= (15)

Interval frequency

0.21 GHz
S —
onvert rAper{we o YAperwm
using Eq (14)
True
False
Find zero using function (15) to

predict the dielectric constant, g:

v

Plotting relative dielectric constant, &/

versus frequency, f

End

Fig.9. Flow chart of inverse solutions.

Fig.10.a) shows the inversion of the relative dielectric
constant, ¢!, of air from the measured reflection coefficient,

I gperures[reflection coefficient, I'ypenre, data obtained from
Fig.5.c)] using Adaptor 1. Simultaneously, the deviation
between the Yyperne and the Ypuusisiic from (15) also was
plotted in Fig.10.a).

The values of I yyernie in the optimization were obtained
from the transmission line (TL) calibration. Clearly, the
accuracy of predicted values of ¢/ is directly dependent on

the deviation of (15). The maximum residuals of equation
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(15) for air were nearly +£0.04, which resulted in 3% of
relative error in the predicted dielectric constant of air.
Fig.10.b) shows the predicted &' for various thicknesses of

paper at 10 GHz [normalized input admittance, Y. Apermre data
from Fig.6.]. We found it to be very difficult to obtain
accurate values of g/ when the thickness of the paper was

less than 0.5 cm. This was due to the high uncertainty that
often occurs in small-scale measurements and due to the fact
that the scattering of the calculated normalized admittance
was high for low values of thickness, %, as shown in Fig.6.
The number, n, of the series term in (12) should be
appropriately selected so that the scattering in the
calculation of (12) can be reduced and, at the same time, the
calculated values are about the same as the measurement
data. In this work, 10 series terms were used in equation

(12).

a)
1.05 T T 0.05
- Air (Adaptor 1) . [
1 aptor “
w” P U RN 10.025
o ~v N
= i ; =
< // 'Y A o
- A =
2 i 2 "5
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Q 1t Tye? o =
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) N N —_—
= oY 5 s
5 \ | =
(5] Naanvs o
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4 15
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Fig.10. a) Predicted dielectric constant, ¢, of air and its deviation

values of trial function (15) using Adaptor 1 for X-band
frequencies; b) Predicted dielectric constant, g/, for various

thicknesses, # , of paper and its deviation values of trial function
(15) using Adaptor 2 at 10 GHz.
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5. CONCLUSION

The open-short-load (OSL) calibration process and the
transmission line (TL) calibration process were conducted
using seven types of commercial coaxial-waveguide
adaptors covering an operating frequency range from 8.2 to
20 GHz. The calibration techniques were validated by
comparing them with quasi-static admittance solutions. The
calibrated results were found to be in good agreement with
the measured data over the operational range of frequencies.
In this work, the relative dielectric constant, ¢! was

predicted from the measurement via a quasi-static
admittance model, thereby significantly reducing the
problems associated with the inversion accuracy when the
open-circuit OSL calibration also was calculated from the
quasi-static admittance. Equation (12) was examined with
practical cases of one layer of composite material backed by
a metallic plate. In fact, equation (12) can be used to predict
the dielectric properties of samples that have finite
thicknesses and to estimate the equivalent thicknesses of
samples of a given dielectric.
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