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Abstract — This paper presents a 3D full-wave finite
element method (FEM) combined with short-open-load
(SOL) and short-open calibration (SOC) technique. Due
to the effective calibration of the port discontinuities
between the feeding line and periodic structure, both
SOL and SOC can successfully extract the intrinsic
unite-length parameters, i.e., complex propagation
constants and effective characteristic impedances.
Distinctively, the SOL can be easily implemented with
the commercial software such as Ansys HFSS, which
is widely applicable for various kinds of periodic
structure. More importantly, the SOC incorporated
within the FEM algorithm intrinsically reduces the
requirement of the load standard in SOL. Also, the SOC
in FEM will be independent with the absorbing
boundary condition at the port. And the port information
such as characteristic impedance and propagation
constants at the designated port will not be required in
advanced, thereby allowing the arbitrary implementation
of non-uniform feeding structures. In order to
demonstrate the efficiency and accuracy of our proposed
approaches, two numerical examples are given out for
verification.

Index Terms — Characteristic impedances, finite element
method, periodic structures, port discontinuities, short-
open calibration, short-open-load.

I. INTRODUCTION

Recently, a great demand for full-wave modeling
and characterization of the integrated and multifunctional
microwave and millimeter-wave circuits has been
rapidly grown. Especially for a large number of designs
with various types of periodic structures, including
substrate integrated waveguide (SIW) [1], air-filled
substrate integrated waveguide (AFSIW) [2-4] and
metamaterials [5], etc., the high-accuracy and high-
efficiency modeling approach for their guided-wave
characterization become significantly important.

A traditional approach based on the Floquet theory
utilizes the eigenvalue of the unit cell to characterize
the infinite periodic structure [6]. However, it becomes
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extremely time-consuming and low-efficient when
solving the eigenvalue problem of each unit cell.
Although eigenmode solver has been implemented into
commercial software, such as Ansys HFSS [7] and CST
Microwave Studio [8], the attenuation constant and the
characteristic impedance of the periodic structures still
cannot be directly extracted. In this way, only the phase
constant of the periodic structures can be acquired
through the eigenvalue solver.

In practice, the unit cell of the periodic structure
is commonly considered as an equivalent two-port
network, hence the propagation characteristics of the
periodic structures can be easily retrieved by the
network parameters. As for realization, the port models
such as lumped port and wave port are widely used to
conveniently excite the two-port network. However,
the lumped port models introduce an undesired port
discontinuity [9, 10], due to the inaccurate description
of the field at the port. Even though the wave port
model can describe the filed by solving the eigenvalue
problem of the cross-section at the port [11-13], the
discontinuity between the feeding line and the periodic
structure still exists. It will unavoidably bring in certain
inaccuracy, resulting from the reflected waves back to
the port [1].

Thereafter, calibration methods are accordingly
conducted during the numerical modeling, aiming at the
elimination of the above-described discontinuities. The
so-called “double-delay de-embedding” was developed
to estimate and remove out the port discontinuity [10, 14,
15]. Inspired by the calibration procedure in measurement,
the numerical thru-reflect-line (TRL) calibration method
was developed to effectively model the SIW devices
[16, 17]. Moreover, the thru-line (TL) calibration method
was also proposed for the extraction of the SIW
structures [1, 18, 19]. Similarly, the through-resistor
(TR) calibration method was proposed to de-embed the
port discontinuities [20]. In addition, the even-odd-
mode excitation was employed to analyze the port
discontinuity for accurate modeling [21]. Despite that,
individual limitations regarding each of the above
calibration methods restrict their applicability. For
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example, double-delay method needs to pre-define the
format of the port discontinuities as shunt impedance,
and two feeding lines in TL method must be
symmetrically implemented. Electrical lengths between
the line-standard and thru-standard should be determined
according to the operation frequency, and the whole
procedure needs to be carried out within a certain
bandwidth.

As is well known, the short-open-calibration (SOC)
technique was first proposed in 1997 [9], which is
capable to accurately and efficiently estimate the error
box by only a pair of calibration standards, named as
ideal short- and open-end. It has been applied to extract
the equivalent model parameters of planar circuit
elements [9]. The port discontinuity and its respective
feeding line are considered as an error box. After
removing it out, the characteristic parameters of the
periodic structures, such as coplanar waveguide (CPW)
electromagnetic bandgap (EBG) [22] and CPW
metamaterial structures [23], are accurately extracted.

The short-open-load (SOL) technique has been
recently integrated into the 3D commercial full-wave
simulator HFSS (HFSS-SOL) [24, 25, 26]. By virtue
of the short, open and load standards, the periodic
structures with 3D cell can be conveniently and
accurately analyzed. However, the port information
needs to be known or calculated in advance, whereas
the realization of a load standard is usually difficult to
implement. Therefore, in order to avoid the load standard
element, the SOC method is further implemented in
the 3D finite-element method (FEM) algorithm (FEM-
SOC). It requires completely no absorbing boundary
condition at the port. Also, the pre-knowledge of the
port information is not needed at all. In [27], the
feeding line and the port discontinuity are considered as
the error box, so the characteristic parameters of the
periodic structures can be extracted. In this work, two
numerical examples, i.e., an AFSIW guided-wave
structure modeled by HFSS-SOL and a non-uniformly-
fed pin-loaded microstrip line analyzed by FEM-SOC
are separately exhibited and demonstrated. In addition,
the effect of the non-uniform feeding structures is
discussed.

11. SOL AND SOC TECHNIQUE IN FEM

As shown in Fig. 1 (a), the equivalent circuit model
of the periodic structure with N-unit cells fed by a pair
of sources at two sides is exhibited. The longitudinal
dimension of the core N-unit cells is L = N x T, where
T is the periodicity of each unit cell. The core circuit of
the periodic structure can be equivalent to a uniform
transmission line, whose effective guided-wave
parameters include the complex propagation constant
and characteristic impedance. The core circuit can be
excited by the impressed source with the feeding line
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and port discontinuity as shown in the Fig. 1 (b).
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Fig. 1. Equivalent circuit model of periodic structure
fed by impressed sources at two ports and its calibration
process.

As shown in Fig. 1 (c), the feeding line and port
discontinuity are included into the error box, which
can be estimated by the standard elements and then
removed out. And then, the accurate results of the core
circuit can be obtained. For both SOC and SOL
techniques, the feeding line and the port discontinuity
are included in the two error boxes, which need to
be evaluated, thus to be removed out for accurate
extraction of the periodic structure. According to
different calibration standards, distinctive de-embedding
procedures between the SOL and SOC techniques are
respectively implemented.

A. SOL de-embedding technique
As for SOL de-embedding technique, three
standard elements, including short, open, and load
standards, are explicitly depicted in Fig. 2. These three
standards can be respectively realized by three kinds of
boundary conditions, i.e., perfect electric conductor
(PEC), perfect magnetic conductor (PMC), and matched
load. They can be easily realized in full-wave simulator.
In terms of the error box [X], the four elements of
its ABCD-matrix are defined as a, b, c, d. By using the
transmission line theory, the input impedance for the
error box loaded with the impedance Z. can be
expressed as:
_a*Z +b
"oc*zZ +d’

(1)
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Fig. 2. The three calibration standards in SOL
technique: (a) short standard, (b) open standard, and (c)
load standard.

For the short-circuited element (Z. = 0), the input
impedance (Zsn) can be written as:
b
Z,=—. 2
sh d ( )
For the open-circuited element (Z_ = «), the input

impedance (Zqp) can be written as:
Z, =—. 3)

For the matched-load element (Z. = Zn), the input
impedance (Zn) can be written as:
a*Z_ +b
n= o o 4)
c*Z +d

Since the error box is a two-port reciprocal
network, an additional equation can be written as:
a*d-b*c=1. (5)
By solving the equations (1)-(5), the ABCD-matrix
of the error box can be expressed as:

Z

Z sh
a b ‘ * C(Zop_zsh)

= . (6)

c d 1

¢(Zy-Z,)
Where:
Z,.-Z

°= \/Zm(zm _Zop)(zop _Zsh) . (7)

B. SOC de-embedding technique
Different from the SOL technique, only the short
and open standards are needed in SOC de-embedding
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process. The network parameters of i-th (i = 1, 2) error
box can be modeled in terms of the FEM-calculated
equivalent voltages, expressed as [28]:

_Vitl) is_ _ _\/_Ig is_
[Xi _ Vio _Vis |o_,_Vis . (8)
1 Vio
io Vic

Finally, by removing the ABCD-matrix of the error
boxes from the whole cascading network, the desired
ABCD-matrix of the core circuits can be derived. These
two calibration methods are effective and efficient
to estimate the ABCD matrix of the error boxes.
Subsequently, the effective characteristic impedance
and complex propagation constants of the discussed
periodic structure can be calculated in terms of the
obtained ABCD matrix (with elements ay,, by, Cp, dp),
such that:

d
cosh(yL)=ap12L e, )
b
Z,= |2 (10)
c

I11. NUMERICAL EXAMPLES

A. Modeling of AFSIW by using HFSS-SOL

The AFSIW has advanced features such as low-
loss and high power-handling capability, which can be
widely used to design various kinds of microwave and
millimeter wave components [2-4]. As demonstrated in
Fig. 3, the cross-sectional view and top view of the
AFSIW geometry are clearly shown. Different from the
conventional SIW structure, the central region within
the upper and lower conductor layers is partially
removed out. The distance between the two rows of the
metallic via-holes is W1, and the width of the air-filled
region is W2. The dimension of the via-hole is d
and the periodicity of the shorting via is T. Herein,
the dielectric substrate Arlon AD255A with relative
permittivity of & = 2.55, dielectric loss tangent of tand
= 0.0015, the height of h = 0.5 mm is selected into the
design prototype.

As depicted in Fig. 4, the dispersion diagram of the
AFSIW under the different air-filled ratios of W2/W1
illustrates the unique dispersive variations of the phase
and attenuation constants. In order to inherently
acknowledge the attenuation constant variation, here
during the simulation, only the dielectric loss is brought
into the modeling, without considering the conductor
loss. As can be seen in Fig. 4 (a), as the air-filled region
is gradually extended with W2/W1 = 0.8, the attenuation
constant generated by the dielectric loss is obviously
reduced lower than the value of 0.1. This phenomenon
validates the low-loss feature caused by the air-filled
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configuration of the AFSIW structure. As further shown
in Fig. 4 (b), the cut-off frequency of AFSIW as a
function of the varied air-filled ratios is obtained.
Also, the real and imaginary part of the characteristic
impedances under different air-filled ratios are accurately
extracted, as exhibited in Figs. 5 (a) and (b), respectively.
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Fig. 3. The geometry of AFSIW: (a) cross-sectional
view, and (b) top view of AFSIW with the feeding
structures.
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Fig. 4. The dispersion curves of the AFSIW under
different dimensions of the air-filled region: (a)
attenuation constant, and (b) propagation constant.
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Fig. 5. The extracted characteristic impedance of the
AFSIW under different dimensions of the air-filled
region: (a) real part and (b) imaginary part.

B. Pin-loaded microstrip line modeled by FEM-SOC

Geometry of the microstrip line with periodical
loading of shorting pins is detailly expressed in Fig.
6 (a). Here, the dielectric substrate with relative
permittivity of & = 2.65 and height of h = 3.0 mm is
selected into the design. The key dimensional parameters
of the discussed pin-loaded microstrip line are d = 1.6
mm, T =15.0 mm, and W = 15.0 mm.

Superiorly, the FEM-SOC does not require the
absorbing boundary condition at the port, and the pre-
knowledge of the port information is also exempted.
Thereby, arbitrary non-uniform feeding structures can
be utilized for de-embedding. Here in Fig. 6 (b), two
types of feeding mechanisms are used to excite the
periodic structure, i.e., Case | with the uniform feeding
line and Case Il with the non-uniform feeding line.
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Fig. 6. Geometry of the microstrip line with the
periodic shorting pins: (a) 3D view and (b) top view of
the microstrip line with the periodic shorting pin with
different feeding mechanisms: Case | with the uniform
feeding line; Case Il with the non-uniform feeding line.

As verified in Fig. 7, even if the non-uniform
feeding mechanism is used, the extracted complex
propagation constants and effective characteristic
impedance are still remaining in good accordance with
the uniform case, which reveals the strong robustness of
the proposed FEM-SOC.
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Fig. 7. The extracted parameters of the pin-loaded
microstrip line under different feeding mechanisms: (a)
complex propagation constants, and (b) effective
characteristic impedance.
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V. CONCLUSION

In this paper, de-embedding and modeling of
periodic guided-wave structures using SOC/SOL
technique in FEM have been presented. After removing
the port discontinuities, effective propagation parameters
of core periodic structures can be accurately determined.
Separately, the HFSS-SOL is proved to have an
extremely wide applicability, and FEM-SOC intrinsically
owns a remarkable flexibility to implement the feeding
structures. Evidently, these two techniques are believed
to be highly effective and efficient, which can accurately
characterize various kinds of guided-wave structures
with periodic configurations.
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