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I. INTRODUCTION 

Recently, the use and application of electromagnetic (EM) 

materials, devices, and systems have become more popular. Their 

operating frequency ranges have tended to be broader and higher 

in basic and applied science fields (e.g., communication, military, 

security, transportation, aerospace, astronomy, and medical). The 

electrical parameters of EM materials, such as permittivity [1–3], 

permeability [4, 5], and reflectivity [6], are indispensable for 

analyzing and designing EM materials, devices, and systems. 

The resonator material measurement method [2, 4] can pro-

vide accurate material parameters at some discrete resonance 

frequencies from the measurement of a shift of the resonance 

frequency and a change of the quality (Q) factor of a resonator. 

The transmission/reflection (T/R) material measurement 

method [7–9] based on a transmission line is widely used for 

characterizing material parameters from the measurement of 

the transmission and reflection properties of a material under 

test (MUT) in the transmission line. One may divide the T/R 

material measurement method into categories: the type of 

transmission line, and the number of measurement ports of a 

material measurement system. 

The closed guided-wave T/R material measurement method 

using a coaxial line [10] and a waveguide [8, 9] is suitable for a 

low-frequency range for which the precise machining of an 

MUT for insertion into the guided-wave structure is available. 

The open guided-wave T/R material measurement method 

[11–14], which uses an antenna as the radiating device in free  
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Abstract 
 

The scattering parameters of a material under test (MUT) are prerequisites for characterizing the material parameters of the MUT. This 

paper describes a free-space two-tier one-port calibration method using a planar offset short as a free-space calculable reflect standard for 

measuring the scattering parameters of an MUT from the two successive one-port calibrations of a free-space material measurement sys-

tem without a precise positioning system in free space. The two-tier one-port calibration method is validated by comparing the measure-

ment results with those of the thru-reflect-line (TRL) calibration method for two reciprocal MUTs (glass plates of 2.780 mm and 4.775 

mm thickness) in the W-band (75–110 GHz). Good agreement between the measurement results from the two calibration methods 

demonstrates that the free-space two-tier one-port calibration method using a planar offset short can be a feasible and effective alternative 

to the conventional free-space two-port calibration methods. 
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space, is typically used in a high-frequency range for which the 

antenna has a manageable size. This method is appropriate for 

non-destructively testing an MUT without precise machining 

and physical contact at varying temperatures. On the other hand, 

the T/R material measurement method, which uses a waveguide 

and an antenna, can provide a frequency-banded material pa-

rameter due to the limit of the operating frequency range of the 

waveguide and antenna. In contrast, the T/R material measure-

ment method, which employs a coaxial line, can provide a 

broadband material parameter because the coaxial line can sup-

port the propagation of the transverse electromagnetic (TEM) 

mode. 

The two-port material measurement method, which utilizes 

the scattering parameters (i.e., transmission and reflection co-

efficients) of an MUT, is adequate for simultaneously determin-

ing the permittivity and permeability of the MUT. In contrast, 

the one-port material measurement method, which uses the 

reflection property of an MUT, can determine only one of the 

two material parameters of the MUT [15]. To obtain both 

material parameters from a one-port material measurement, one 

would need two independent reflection measurements with, for 

example, two MUTs of different thickness [16] or one MUT 

placed at different positions [5] in a transmission line.  

In general, one-/two-port T/R material measurements consist 

of the following steps [7–9]: 

Step 1: To remove the systematic errors of a material measure-

ment system, one calibrates the measurement system at 

either one reference plane corresponding to one side of an 

MUT for a one-port measurement or two reference 

planes corresponding to both sides of an MUT for a two-

port measurement [17]. 

Step 2: One measures either the reflection coefficient of the 

MUT for a one-port measurement or the scattering pa-

rameters of the MUT for a two-port measurement using 

the calibrated material measurement system. 

Step 3: One extracts the material parameters of the MUT from 

the measured data using EM theory. 

To accurately and precisely measure the transmission and re-

flection properties of an MUT, a calibration method is required 

that uses well-characterized calibration standards traceable to 

the national measurement standard [17, 18]. This calibration 

method reduces uncertainty in the measurements of the extracted 

material parameters of the MUT.  

Several free-space two-port calibration methods, such as the 

thru-reflect-line (TRL), thru-reflect-match (TRM), and gated-

reflect-line (GRL) methods, are widely used for material meas-

urement. These conventional free-space two-port calibration 

methods need: 

 A precise positioning system for varying the separation 

distance between an antenna and a reflect standard in the 

calibration and between the antenna and an MUT in the 

measurement in the TRL method [11, 12], 

 A well-matched broadband EM absorber in the calibration 

in the TRM method [19], and 

 A time-gating measurement and a planar metal plate as 

thick as an MUT in the calibration; a de-embedding pro-

cess that compensates for the effect of differences in thick-

ness between the metal plate used in the calibration and the 

MUT used in measurements with the GRL method [20].  

The TRM and GRL methods can apply to cases in which an 

MUT and the measurement port of a material measurement 

system are stationary. In these cases, one can ignore the uncer-

tainty caused by movements of the RF cable in the calibra-

tion/measurement.  

Generally, the one-port calibration/measurement is preferred 

over the two-port calibration/measurement due to the simplicity 

and low-cost implementation of the measurement system and 

operating scheme of the former. The two-tier one-port calibra-

tion method [21], which is widely used to measure the scattering 

parameters of an adapter (e.g., coaxial to waveguide adapter), 

can be applied to a waveguide material measurement [22]. To 

do so, it needs at least three independent reflect standards—

e.g., short, open, load for a coaxial case and short, offset short, 

load for a waveguide case [17, 18]—for two successive one-port 

calibrations in the measurement. This method can apply to a 

free-space material measurement provided an independent re-

flect standard is available. If a free-space material measurement 

system can precisely vary the separation distance between an 

antenna and a reflect standard, a free-space independent reflect 

standard is readily implemented by changing the separation 

distance. If not, then applying the two-tier one-port calibration 

method to a free-space material measurement will be challeng-

ing because it is not easy to realize an independent reflect 

standard in free space. 

Recently, a planar offset short has been proposed as a free-

space calculable reflect standard with a simple structure [23]. A 

two-tier one-port calibration method using the planar offset 

short has demonstrated its feasibility in measuring the scattering 

parameters of an MUT without a precise positioning system 

in free space [24]. This paper extends this previous work by 

adding an in-depth description of the calibration procedure 

and measurement results. To the best of our knowledge, our 

work is the first realization of a two-tier one-port calibration 

method for a free-space material measurement. 

In this paper, Section II briefly describes a planar offset short 

[23] for the purpose of providing sufficient background infor-

mation. Section III describes a free-space two-tier one-port 

calibration using the planar offset short and its advantages. In 
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Section IV, the two-tier one-port calibration method is validated 

by comparing its measurement results with those of the TRL 

method for two reciprocal MUTs (glass plates of 2.780 mm and 

4.775 mm thickness) using a quasi-optic-based free-space 

measurement system in the W-band (75–110 GHz). Finally, 

Section V summarizes this paper. 

II. FREE-SPACE CALCULABLE REFLECT STANDARD 

Assume that a Gaussian beam, as a localized plane wave, is 

incident upon the central area of a planar metal plate, as shown 

in Fig. 1. The central area is planned by an offset (l) from the 

reference plane. Its diameter (𝐷) is suggested to be at least three 

times larger than the waist (𝑑) of the Gaussian beam incident 

upon the central area such that the edge diffraction effect caused 

by the metal plate in a quasi-optic-based free-space measure-

ment can be ignored [25]. In this case, a planar metal plate with 

a simple structure works similarly to an infinite metal plane il-

luminated by the plane wave [23] whose reflection coefficient at 

the reference plane may be expressed as 
 

      Γ 𝑙) = −𝑒 , (1)
 

where j and k denote the imaginary unit and wavenumber, 

respectively. Eq. (1) implies that the planar offset short of an 

offset (l) is suitable for utilization as a free-space calculable 

reflect standard due to the following reflection properties: (i) the 

magnitude of the reflection coefficient is unity regardless of the 

offset and signal frequency; (ii) its phase is linearly proportional 

to the offset and frequency; (iii) the reflection property is cal-

culable and traceable to the national length standard because it 

is characterized by only the physical dimension (i.e., offset) of 

the planar offset short. 

This paper uses a planar offset short of 125 × 125 mm2 square 

and 8 mm thickness, where the diameter (D = 125 mm) of its 

central area is five times larger than the waist (d = 25 mm) of 

the Gaussian beam incident upon the central area in the W-

band [23]. 

III. FREE-SPACE TWO-TIER ONE-PORT CALIBRATION 

USING PLANAR OFFSET SHORT 

1. Free-Space One-Port Calibration and Measurement 

A free-space one-port material measurement may be repre-

sented as a three-term error model [22], as shown in Fig. 2. The 

test port of a reflectometer, such as a vector network analyzer 

(VNA), is connected to the front side of an MUT at reference 

plane #1 via an error adapter describing an antenna and an air 

region between the test port and the front side of the MUT. 

The reflection coefficient Γ  of the MUT measured at the test 

port may be expressed as 
 

       Γ = , (2)
 

where 𝛤  denotes the reflection coefficient of the MUT, 

(𝐸 , 𝐸 , 𝐸 ) are three one-port systematic errors of the error 

adapter related to reflection tracking, directivity, and port match, 

and α denotes an arbitrary constant.  

The one-port systematic errors can be determined using at 

least three independent reflect standards in the one-port calibra-

tion at reference plane #1. Provided that both the measured 

(𝛤 ,𝛤 ,𝛤 ) and theoretical (𝛤 ,𝛤 ,𝛤 ) reflection coeffi-

cients of the three reflect standards are given, one may deter-

mine the systematic errors by using the following matrix equa-

tion [18]: 
 

       
𝐸𝐸𝐸 = Γ 1 Γ ΓΓ 1 Γ ΓΓ 1 Γ Γ ΓΓΓ . 

(3)
 

The systematic errors constitute the cascade matrix of the 

error adapter, which is given by 
 

      𝑇 = 𝐸 𝐸−𝐸 1 . (4)
 

Once the systematic errors are determined, one can obtain 

Fig. 1. Schematic of a planar offset short illuminated by a Gaussian 

beam in a free-space one-port material measurement.

 
Fig. 2. Three-term error model of a free-space one-port material 

measurement.
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the reflection coefficient of an MUT from its correction measured 

at the test port, which is given by 
 

       Γ = . 
(5)

 

2. Free-Space Two-Tier One-Port Calibration Using Three Reflect 

Standards 

The measurement procedure of a free-space two-tier one-

port calibration using three reflect standards consists of the 

following steps, as shown in Fig. 3. 

Step 1: One determines the cascade matrix 𝑇  of an error 

adapter from the measured Γ , 𝑖 = 1,2,3) and theo-

retical Γ , 𝑖 = 1,2,3) reflection coefficients of three 

planar offset shorts of different offset 𝑙 , 𝑖 = 1,2,3) 

by performing the one-port calibration—Eqs. (3) and 

(4)—at reference plane #1, which is located in the far-

field region of the antenna of a material measurement 

system, as shown in Step 1 in Fig. 3. The theoretical 

reflection coefficients are calculated by substituting the 

measured offset of the planar offset shorts into Eq. (1). 

Step 2: After placing an MUT at reference plane #1, one de-

termines the cascade matrix 𝑇  of the cascade of 

the error adapter and the MUT from the measured Γ , 𝑖 = 1,2,3) and theoretical Γ , 𝑖 = 1,2,3) reflec-

tion coefficients of the same three planar offset shorts 

in Step 1 by performing the one-port calibration at 

reference plane #2, as shown in Step 2 in Fig. 3. The 

front and back sides of the MUT correspond to refer-

ence planes #1 and #2, respectively. 
Step 3: One calculates the scattering matrix 𝑆  of the 

MUT from the cascade matrices 𝑇  and 𝑇  ob-

tained in Steps 1 and 2 using Eqs. (6) and (7), as 

shown in Step 3 in Fig. 3. 
 

      𝑇 = 𝑇 𝑇 , (6)

       𝑆 = T det 𝑇 )1 −T . 
(7)

 

The scattering parameters of a reciprocal MUT may be ex-

plicitly expressed [22] as 
 

       𝑆 = , (8)

       𝑆 = , (9)

𝑆 = 𝑆 = . (10)
 

The superscripts "e" and "t" denote the systematic errors 

obtained in Steps 1 and 2, respectively. 

The free-space two-tier one-port calibration method using a 

planar offset short has the following advantages: 

 A free-space material measurement system can be easily 

one-port-calibrated by using a planar offset short without 

an expensive precision positioning system in free space. 

 The free-space two-tier one-port calibration can be more 

easily implemented than the conventional free-space two-

port calibration due to the simplicity and low-cost imple-

mentation of the measurement system and operating scheme 

of the former. 

 The measured scattering parameters of an MUT are trace-

able to the national length standard because the property of 

the reflect standard used in the calibration is characterized 

by only the physical dimension of the planar offset short. 

IV. MEASUREMENT RESULTS 

The scattering parameters of two reciprocal MUTs (glass 

plates of 2.780 mm and 4.775 mm thickness) are measured 

using a quasi-optic-based free-space material measurement sys-

tem [26] calibrated by a free-space two-tier one-port method 

for 500 Hz IF bandwidth and 801 frequency sweep points in 

the W-band. The measured results are compared with those [27] 

of TRL calibration method. 

A quasi-optic-based free-space material measurement system, 

as shown in Fig. 4, is composed of the following parts [26]: 

 A millimeter-wave scattering parameter measuring instru-

ment consisting of a VNA as a mainframe and two frequency 

extenders. 

 A free-space quasi-optic instrument consisting of two linearly 

moveable benches and an MUT holder between the two 

benches, where each bench has a Gaussian-beamforming 

corrugated horn antenna and an ellipsoidal refocusing mirror 

on the bench and is capable of independently varying the 

separation distance between the bench and the MUT holder 
Fig. 3. Procedure of a free-space two-tier one-port material measure-

ment. 
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for supporting TRL calibration. 

The free-space two-tier one-port and TRL calibrations are 

performed as follows:  
 The free-space two-tier one-port calibration is carried out 

with the two successive one-port calibrations. (i) The first 

one-port calibration is performed at reference plane #1, as 

shown in Fig. 4, by using three planar offset shorts—𝑙 = 

0 mm, 0.550 mm (λ/6, 120°), 1.100 mm (2λ/6, 240°), 

where λ denotes the wavelength of the signal, and the angle 

denotes the phase difference from the phase of the reflection 

coefficient of the planar flush short (𝑙 = 0 mm) at the center 

frequency of the W-band. (ii) After placing an MUT at 

reference plane #1, the second one-port calibration is re-

peated in the same manner at reference plane #2, as shown 

in Fig. 4, by using the same planar offset shorts as those 

employed in the first one-port calibration. 

 The TRL calibration is carried out with measurements of (i) 

zero-length "Thru" by directly connecting the two refer-

ence planes, #1 and #2, of a material measurement system; 

(ii) "Reflect" by using a metal plate of 4.671 mm thickness 

inserted between the two reference planes separated by the 

metal plate thickness; (iii) "Line" of a quarter-wavelength 

delay of 0.82 mm length by separating the two reference 

planes by the delay, where the quarter-wavelength delay is 

calculated at the center frequency of the W-band. Reference 

plane #1 of the measurement system is stationary during 

the calibration. 

The scattering parameters of a glass plate of 2.780 mm thick-

ness are measured five times to compare the repeatability of the 

measured results obtained from the free-space two-tier one-port 

and TRL calibration methods. The average and standard devia-

tion of the measured magnitude and phase data are shown in 

Fig. 5. Solid and empty characters of the measured data denote 

data obtained from the free-space two-tier one-port and TRL 

calibration methods, respectively. Fig. 5 shows some peaks in 

the measured magnitude and phase data due to external multiple 

reflections between the MUT and antennas and multiple 

reflections within the MUT inherent in a free-space material 

measurement. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Average and standard deviation of the magnitude and phase 

of the scattering parameters of a glass of 2.780 mm thick-

ness, measured five times, obtained from free-space two-tier 

one-port (TO, solid character) and TRL (empty character) 

calibration methods without a smoothing process: (a) average 

and (b) standard deviation of the magnitude, and (c) average 

and (d) standard deviation of the phase. 

Fig. 4. Photograph of a W-band free-space material measurement 

system. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Average and standard deviation of the magnitude and phase 

of the scattering parameters of a glass of 2.780 mm thick-

ness, measured five times, obtained from free-space two-tier 

one-port (TO, solid character) and TRL (empty character) 

calibration methods with a 9-point smoothing process: (a) 

average and (b) standard deviation of the magnitude, and (c) 

average and (d) standard deviation of the phase. 

Usually, one can remove the multiple reflections by taking the 

smoothing (i.e., moving average) and time gating of the measured 

results as a post-signal processing. Applying 9-point smoothing 

to the measured results has the following effects: (i) The multiple 

reflections on the magnitude and phase data are reduced, as 

shown in Figs. 5 and 6. (ii) The averages of the magnitude and 

phase obtained from the two calibration methods agree with 

each other, as shown in Fig. 6(a) and 6(c). These results confirm 

the validity of the free-space two-tier one-port calibration 

method using a planar offset short. (iii) For the magnitude, the 

standard deviation obtained from the TRL calibration method 

is better than that obtained from the two-tier one-port calibra-

tion method, as shown in Fig. 6(b), and vice versa for the phase, 

as shown in Fig. 6(d). 

As the MUT becomes thicker from 2.780 mm to 4.775 mm, 

the measurement results show as follows: (i) The reduction of 

the multiple reflections on the measured magnitude and phase 

data is repeated, as shown in Figs. 7 and 8. (ii) The period of 

the magnitude of the reflection and transmission coefficients 

becomes shorter, as shown in Figs. 6(a) and 8(a). (iii) The 

magnitude of the transmission coefficients becomes smaller, as 

shown in Figs. 6(a) and 8(a), and the phase slope becomes 

steeper, as shown in Figs. 6(c) and 8(c). (iv) The standard 

deviation of the magnitude and phase increases with the fre-

quency and the thickness of the MUT, as shown in Figs. 6(b), 

6(d), 8(b), and 8(d). 

One can enhance the standard deviation (i.e., repeatability) of 

the measurement results by accurately aligning the reflect 

standard and MUT with the propagation direction of a Gaussian 

beam, and accurately placing the side of the reflect standard and 

MUT at the reference plane of a material measurement system. 

V. CONCLUSION 

The scattering parameters of an MUT are prerequisites for 

characterizing the material parameters of the MUT. This paper 

describes a free-space two-tier one-port calibration method 

using a planar offset short as a free-space calculable reflect 

standard for measuring the scattering parameters of an MUT 

from two successive one-port calibrations of a free-space material 

measurement system without a precision positioning system in 

free space. 

The two-tier one-port calibration method is validated by 

comparing the measurement results with those of the TRL 

calibration method for two reciprocal MUTs (glass plates of 

2.780 mm and 4.775 mm thickness) in the W-band (75–110 

GHz). The measurement results from the two calibration 

methods agree well with each other. This implies that this cali-

bration method can be a feasible and effective alternative to the 

conventional free-space two-port calibration methods, such as  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7. Average and standard deviation of the magnitude and phase 

of the scattering parameters of a glass of 4.775 mm thick-

ness, measured five times, obtained from free-space two-tier 

one-port (TO, solid character) and TRL (empty character) 

calibration methods without a smoothing process: (a) average 

and (b) standard deviation of the magnitude, and (c) average 

and (d) standard deviation of the phase. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 8. Average and standard deviation of the magnitude and phase 

of the scattering parameters of a glass of 4.775 mm thick-

ness, measured five times, obtained from free-space two-tier 

one-port (TO, solid character) and TRL (empty character) 

calibration methods with a 9-point smoothing process: (a) 

average and (b) standard deviation of the magnitude, and (c) 

average and (d) standard deviation of the phase. 
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the TRL, TRM, and GRL calibration methods, due to the 

simplicity and low-cost implementation of its measurement 

system and operating scheme. 

The scattering parameters of an MUT measured from this 

calibration method are traceable to the national length standard 

because the reflection property of the planar offset short used in 

the calibration is determined by only its physical dimension (i.e., 

offset). This calibration method can be used at a high-frequency 

range such that the machining accuracy of the planar offset 

short is tolerable. The method can help characterize material 

parameters above a millimeter-wave frequency range. 
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