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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 

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, εr, 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 

 

 

 

 

 

 

 
 

                                  
c) Side view 

 

 

 

 

 

 

 

 

 

 

 

 

 

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, 

ΓAperture, at plane BB’
 and the measured reflection coefficient, 

ΓMeas, at plane AA’
 (Fig.1.) can be expressed in a  bilinear 

equation as shown below [6-9, 11, 12, 18]:  

 

                    
2

3 1

Meas
Aperture

Meas

c

c c

Γ −
Γ =

− Γ +
                      (1) 

 

The unknown values of the complex calibration 

coefficients (c1, c2, and c3) 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: 

           1 2 3Aperture Aperture Meas Measc c cΓ + −Γ Γ = Γ           (2) 

 

Let ΓA_open, ΓA_short, and ΓA_load represent the known 

reflection coefficients for the open, short, and load standards 

that are terminated at the aperture plane BB’
, while, ΓM_open, 

ΓM_short, and ΓM_load are the measured reflection coefficients 

for open, short, and load standards at plane AA’. Finally, 

three sets of linear equations are created that can be written 

in matrix form as: 

 

_ _ _ 1 _

_ _ _ 2 _

_ _ _ 3 _

1

1

1

A open A open M open M open

A short A short M short M short

A load A load M load M load

c

c

c

   Γ −Γ Γ Γ 
    Γ −Γ Γ = Γ    
    Γ −Γ Γ Γ    

  (3) 

 

The values of the open, short, and load standards are given 

as: ΓA_load = 0+j0, ΓA_short = -1+j0, and ΓA_open = (1-Ỹ)/(1+Ỹ). 

Symbol Ỹ 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 AA’ is transmitted to plane BB’ by the shifting 

phase of (kcδc+ γd + γδo), and it is reflected back to input 

AA’ with the same shifting phase. Symbols kcδc, γd, and γδo 

are the phase shifting in the coaxial line, rectangular 

waveguide, and apparent length of waveguide, respectively. 

Thus, the aperture reflection coefficient, ΓAperture, at plane 

BB’ can be found by the phase delay of 2(kcδc + γd + γδo) 
with respect to the measured ΓMeas at plane AA’. The phase 

delay is transmitted exponentially from plane AA’ 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: 

 

( )
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c
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where     

( )
( )
( )

2

11 2211 22

2 3

1 12 21 12 21 12 21

1 1 e ee e

c e e e e e e
= + + +K .  

 

The values for the higher-order series terms of (4) are 

approximated to be zero and assumed to be negligible. The 

terms e12 and e21 can be represented by a combination of 

coaxial and rectangular transmission lines, (kcδc + γd + γδo), 

in which e12 and e21 were replaced by the transmission phase 

coefficient, exp(-jø) as: 

 

      ( ) ( )12 21 exp 2 exp 2c c oe e jk dδ γ δ = − − +          (5) 

 

a)                                              b) 

8 9 10 11 12
-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1.0

1.2

Frequency, f (GHz)

 

 

exp(-2jk
c
δ

c
)exp(-2γ(d+δ

c
))

e
12

e
21

Imaginary part

Real part

8 9 10 11 12
0   

0.02

0.04

0.06

0.08 

0.1

0.12

0.14

0.16

0.18

0.2

Frequency, f (GHz)

 

 

|e
11

|

|e
22

|

Load matching 

 
 

Fig.2.  a) The frequency tracking error, ER (e12e21) data for Adaptor 

1.b) The magnitude of directivity error, ED (e11) and the source 

match error, ES (e22) for Adaptor 1 

 

 

Fig.2.a) shows a comparison of the values of tracking 

error, e12e21, obtained from OSL calibration using Adaptor 1 

with the transmission phase coefficient. The values of 

parameters d, δo, and δc in the transmission phase coefficient 

are obtained from Table 2.  We found that the two results 

were in agreement. The directivity error, e11, and the source 

match error, e22 , are given in Fig.2.b). In fact, the magnitude 

of e11 also can be determined from the match-load 

measurement, for which the magnitude of the reflection 

coefficient, |ΓMeas|, at plane AA’ 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 |e11|. 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, |e11|, 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, |e22|, 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. F 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 

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 e11 and e22 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: 

 

    ( )
2

2211

12 21 12 21

1

2

Measee
F F R R

e e e e

Γ
′ ′− − ≈ + + + , (6) 

 

where: 

 

( )1 1exp 2F dρ γ δ+  = −                       (7a) 

( )1 1exp 2F dρ γ δ+′ ′ = +                      (7b) 

( )1 1exp 2R dρ γ δ− ′ = − +                      (7c) 

( )1 1exp 2R dρ γ δ−′ ′ = − −                     (7d) 

 

The shift length, 2δ1, 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 ρ+
 and ρ-

 was at positions 

(d1 – δ1), (d1’ + δ1), (d1’ – δ1), and (d1 + δ1) near the aperture 

waveguide, respectively. Finally, the aperture reflection 

coefficient, ΓAperture, of the sample can be calculated from the 

measured reflection coefficient, ΓMeas, using (8): 

 

( ) ( )

( )

Transmission wave in waveguide

Standing wave in waveguide

exp 2 exp 2

1

2

Aperture Meas c c ojk d

F F R R

δ γ δ Γ = Γ + 

′ ′+ + + +

144444424444443

144424443

  , (8) 

 

where 1jkγ α= +  [6] and 
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c

b a f ff

a f f

π ε ρ
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 + =
 + 

          (9) 

 

( )22

1 ok k bπ= −                        (10a) 

 

( )22

c o ck k bε π= − ,                       (10b) 

 

where symbols ko = 2πf/c and k1 are the propagation 

constants for free space and a rectangular line, respectively; 

c is the velocity of light in free space; f and fc are the 

operating frequency and cutoff frequency of the rectangular 

waveguide, respectively; εc 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 δc is the tolerance length, which 

was due to the discontinuous guided wave at the junction 

between the rectangular waveguide and the coaxial line. 

Specifically, δo 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 (2γδ1) 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, (Γquasi-static – ΓAperture), 

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, (Γquasi-static – 

ΓAperture) is 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) 

Coaxial 

Adaptors  

 

Operation 

Frequency 

(GHz) 

 

VSWR 

(Max) 

 

Metal 

Materials 

 

d 
(cm) 

 

b 
(cm) 

 

a 
(cm) 

 

Tuning 

post 

 

 

Disc-ended, 

excitation, coaxial 

probe 

 

 

Adaptor 1 

 
8.2 – 12.4 

 
1.12 

 
Brass 

 
4.25 

 
2.286 

 
1.016 

 
yes 

With  half-dielectric 
coating 

 

Adaptor 2 

 

8.2 – 12.4 

 

1.12 

 

Brass 

 

3.293 

 

2.286 

 

1.016 

 

yes 

With  half-dielectric 

coating 

 

Adaptor 3 

 

8.2 – 12.4 

 

1.25 

 

Al/Cu 

(4% Cu) 

 

3.42 

 

2.286 

 

1.016 

 

no 

Without dielectric  

coating 

 

Adaptor 4 

 

10 – 15 

 

1.25 

 

Al/Cu 

(3% Cu) 

 

2.605 

 

1.905 

 

0.9525 

 

no 

Without dielectric  

coating 

 

Adaptor 5 

 

11.9 – 18 

 

1.12 

 

Brass 

 

2.53 

 

1.5799 

 

0.7899 

 

yes 

With  half-dielectric 

coating 

 

Adaptor 6 

 

11.9 – 18 

 

1.12 

 

Brass 

 

4.45 

 

1.5799 

 

0.7899 

 

yes 

With  half-dielectric 

coating 

 

Adaptor 7 

 
15 – 22 

 
1.25 

 
Al/Cu 

(7% Al) 

 
2.308 

 
1.2954 

 
0.6477 

 
no 

Without dielectric  
coating 

 

 
 

Table 2.  Parameters in (8). 
 

 

Waveguide 
 

δc 

(±0.01 cm) 

 

δo 

(±0.01 cm) 

 

δ1 

(±0.01 cm) 

 

d1 

(±0.01 cm) 

 

d1
’ 

(±0.01 cm) 

 

ρ+ 

 

ρ- 

 

α 

 

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 

 
d+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 

 

2 x10-4 

 

Adaptor 4 

 

0.13 

 

1.5 

 

0.38 

 

d+0.80 

 

d+0.1 

 

0.02 

 

0.02 

 

6 x10-4 

 

Adaptor 5 

 

0.42 

 

0.86 

 

0.40 

 
d+1.27 

 

d+0.97 

 

0.025 

 

0.025 

 

0.7 x10-4 

 

Adaptor 6 

 

0.42 

 

0.90 

 

0.30 

 
d+1.35 

 

d+0.65 

 

0.025 

 

0.025 

 

0.3 x10-4 

 

Adaptor 7 

 

0.04 

 

0.60 

 

0.40 

 

d+1.39 

 

d+0.79 

 

0.03 

 

0.03 

 

9 x10-4 
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a) 

 
 

b) 

 
 

c) 

 
 
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. 
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                         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(Γquasi-static – ΓAperture); 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(Γquasi-static – ΓAperture). 

4.  RESULTS AND DISCUSSION  

A.  Reflection coefficient and normalized admittance 

Fig.5.a) shows the measured complex reflection 

coefficient, ΓAperture, by using various kinds of coaxial-

rectangular adaptors, the ends of which are open to the air. 

Fig.5.b) shows the measured ΓAperture for air by considering 

the standing wave. It is evident that the oscillating noise that 

occurred in the measured ΓAperture 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, 

ΓAperture, versus frequency in Fig.5.b) was improved further 

by using a filter, which is defined as shown below [17]: 

 

Filter

1n

Data

n

Filter

n
)1( −Γσ−+Γσ=Γ  ,      where n = 2, 3, ...∞ 

                                                                                          (11) 

 

where 1 1

Data FilterΓ = Γ , and the values of the initial 

reflection coefficient, 1

DataΓ , were obtained from 

measurement data at the lowest frequency points; n is the 

number of data points; and σ is the value of the filter 

coefficient, which must be in the range of  0 < σ < 1. The 

value of σ 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: 

 

2 2
2

2 2 2 2
2

2 20 0
1

4

2 2 2 20 0
11

8

16

4

jk x y
a b

Quasi Static

Infinite Half Space Medium

jk x y n h
a b

n

n

Finite Thickness Medium

j b e
Y dxdy

k a x y

j b e
K dxdy

k a x y n h

χ

χ

− +

−

−

− + +∞

=

=
+

+
+ +

∫ ∫
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%

14444244443

14444444244444443

                                                                                          (12) 
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The χ parameters in (12) are given as: 
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where k1 and k2 = 
1o rk ε  

are the propagation constants for 

the rectangular waveguide line and the external medium 

with a finite thickness h, respectively. In (12), K is the 

coefficient of the image, given in the form:  

 

12

12

rr

rrK
εε
εε

+

−
=  ,                          (13) 

 

where 
2rε  and 

1rε  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, 2rε , 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, ỸAperture , in 

Figs.6., 7., and 8. were calculated from the measured 

reflection coefficient, ΓAperture, using the following 

relationship [1]: 
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Aperture
Aperture
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G B
Y j

Y Y

−Γ
= = +

+ Γ
%  ,       (14) 

 

where 
o o oY ε µ=  is the characteristic admittance of the 

rectangular waveguide; εo and µo are the permittivity 

(8.85418782 × 10
-12

 F/m) and the permeability (4π × 10
-7

 

H/m) of free space, respectively. The real part, G(0)/Yo, and 

the imaginary part, B(0)/Yo, are called normalized 

conductance and susceptance, respectively. 

The relative complex permittivity, εr, 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: εs = 20.4, ε∞ = 3.8, and τ = 321 ps for propan-1-

ol [20], while the value of εr = 2.3 – j 0.1 for paper at 10 

GHz was obtained from measurements by using the Agilent 

dielectric probe. Good agreement can be clearly seen 

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)/Yo, and the 

susceptance, B(0)/Yo, 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. 
 

 

a) 

8 10 12 14 16 18 20
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Frequency, f (GHz)

R
e 

( Γ
A

pe
rt

ur
e)

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

8 10 12 14 16 18 20
-0.3

-0.28

-0.26

-0.24

-0.22

-0.2

-0.18

-0.16

-0.14

-0.12

-0.1

Frequency, f (GHz)

Im
 (
Γ

A
pe

rt
ur

e)

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

 
 

b) 

8 10 12 14 16 18 20
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Frequency, f (GHz)

R
e 

( Γ
A

pe
rt

ur
e)

Quasi-static model, [3-4]
Measured data with standing wave correction

8 10 12 14 16 18 20
-0.3

-0.28

-0.26

-0.24

-0.22

-0.2

-0.18

-0.16

-0.14

-0.12

-0.1

Frequency, f (GHz)

Im
 (
Γ

A
pe

rt
ur

e)
Quasi-static model, [3-4]
Measured data with standing wave correction

 
 

c) 

8 10 12 14 16 18 20
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Frequency, f (GHz)

R
e 

( Γ
A

pe
rt

ur
e)

Quasi-static model, [3-4]
Measured data with standing wave correction (After filtered)

8 10 12 14 16 18 20
-0.3

-0.28

-0.26

-0.24

-0.22

-0.2

-0.18

-0.16

-0.14

-0.12

-0.1

Frequency, f (GHz)

Im
 (
Γ

A
pe

rt
ur

e)

Quasi-static model, [3-4]

Measured data with standing wave correction (After filtered)

 
 
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; 

c) considering filtering and the effects of the standing wave. 
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Fig.6.  Variation in normalized conductance, G(0)/Yo , and 

normalized susceptance, B(0)/Yo , for paper thickness backed by a 

metallic plate at 10 GHz using Adaptor 2 and a 20 cm rectangular 

waveguide. 
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Fig.7.  Variation in normalized conductance, G(0)/Yo , and 

normalized susceptance, B(0)/Yo , for propan-1-ol thickness backed 

by a metallic plate at 10 GHz using Adaptor 1 and a 20 cm 

rectangular waveguide.   
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Fig.8.  Variation in normalized conductance, G(0)/Yo , and 

normalized susceptance, B(0)/Yo , for air thickness backed by a 

metallic plate at 14 GHz (Ku-band coaxial-rectangular adaptors). 

B.  Inverse relative complex permittivity  

For inverse solutions, first, the measured reflection 

coefficient, ΓAperture, is transferred to normalized admittance, 

ỸAperture, via (14). The predicted values of dielectric constant, 

rε ′ , are obtained by minimizing the difference between the 

measured normalized admittance, ỸAperture, and the quasi-

static model, ỸQuasi-Static, by referring to the trial function, ξ: 
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(15)

     

 

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. 
 

 
 

Fig.9.  Flow chart of inverse solutions. 

 

Fig.10.a) shows the inversion of the relative dielectric 

constant, 
rε ′ , of air from the measured reflection coefficient, 

ΓAperture,[reflection coefficient, ΓAperture, data obtained from 

Fig.5.c)] using Adaptor 1.  Simultaneously, the deviation 

between the ỸAperture and the ỸQuasi-Static from (15) also was 

plotted in Fig.10.a).  

The values of ΓAperture in the optimization were obtained 

from the transmission line (TL) calibration. Clearly, the 

accuracy of predicted values of 
rε ′  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 
rε ′  for various thicknesses of 

paper at 10 GHz [normalized input admittance, ỸAperture data 

from Fig.6.]. We found it to be very difficult to obtain 

accurate values of 
rε ′  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, h, 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) 

 

       b) 

 
 

Fig.10.  a) Predicted dielectric constant, 
rε ′ , of air and its deviation 

values of trial function (15) using Adaptor 1 for X-band 

frequencies; b) Predicted dielectric constant, 
rε ′ , for various 

thicknesses, h , of paper and its deviation values of trial function 

(15) using Adaptor 2 at 10 GHz. 

 

 

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,   
rε ′  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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