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Guided-Wave Characteristics of Periodic Coplanar
Waveguides With Inductive Loading—Unit-Length
Transmission Parameters
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Abstract—Periodic coplanar waveguides (CPWs) with inductive
loading arethoroughly studied with resorting to unit-length trans-
mission parameters, i.e., propagation constant and characteristic
impedance, of an equivalent dispersive and/or lossy transmission
line. Theadmittance-type method of moments(MoM)isat first for -
mulated to full-wave modeling of a finite-cell periodic CPW with
the two feeding lines and then the short-open-calibration proce-
dureiscarried out to deembed thetwo-port ABC D matrix of the
coreperiodic CPW section. Thus, theabovetwo parameterscan be
extracted from the MoM simulation to exhibit their guided-wave
characteristics, i.e., slow-wave and bandstop behaviors. It isfor the
first time demonstrated that within the bandstop or bandgap, the
propagation constant must become complex with anonzero attenu-
ation constant, while the characteristic impedance appear s purely
imaginary. Three periodic CPW circuits with six finite cells are
then characterized on a basisof thetransmission-line theorem and
thederived S-parametersarevalidated by Momentum simulation
and RF measurement.

Index Terms—Bandstop, characteristic impedance, inductive
loading, method of moments (M oM), periodic coplanar waveguide
(CPW), propagation constant, short-open calibration (SOC), slow
wave.

I. INTRODUCTION

INCE THE so-called photonic bandgap (PBG) microstrip
ine was introduced in [1], it had attracted a tremendously
increasing interest in developing various PBG structures for
high-performance microwave circuits [2] by utilizing their
wide frequency range of rejection, i.e., bandgap or bandstop.
Thusfar, extensive research has been conducted to demonstrate
such an attractive bandstop behavior of planar PBG transmis-
sion-line structures with different configurations of the PBG
cell by resorting to the resultant scattering matrix of atwo-port
device. As emphasized in [3] and [4], the PBG structures are,
in fact, the aternative terminology of planar transmission
lines with inductive loading at a periodic interval. Thus, it is
critically preferred to study these periodic structures in terms
of unit-length transmission parameters, i.e., propagation con-
stant and characteristic impedance, of an equivalent uniform
transmission line, as discussed in much of the early literature,
eg., [9].
To dea with the idea infinite-periodic structure, the
Floquet’s theorem was often used to transform a complicated
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three-dimensional (3-D) problem into its simple two-dimen-
siona (2-D) counterpart under certain restrictive assumption.
Using the 2-D method of moments (MoM), the phase constant
and real characteristic impedance of periodic microstrip lines
were calculated in [6] and [7], and they wereinitialy exhibited
to sharply vary with frequency outside the bandstop range.
In [8], the matrix pencil technique was applied in the 3-D
source-type MoM to directly deembed the real quantities of
two such parameters at low frequency for a finite-periodic
microstrip line. Recently, this technique was extended in [9]
to investigate the frequency-dependent phase constant within
the bandstop range. However, no research has been really done
so far to investigate the entire guided-wave characteristics
of planar periodic structures with resorting to unit-length
transmission parameters rather than the S-matrix of the overall
finite-periodic circuit blocks.

In the past years, a so-called short-open calibration (SOC)
procedure [10] was developed in the admittance-type MoM to
effective deembedding of a variety of lumped-element planar
circuits (e.g., [10] and [11]) and 3-D definition of character-
istic impedance of planar transmission lines [12]-{15]. This
MoM-SOC technique is applied here to investigate a variety of
periodic coplanar waveguides (CPWSs) with inductive loading
[16], [17] viaextracted unit-length transmission parameters. At
first, abrief description is made of the MoM—-SOC modeling of
periodic CPW structures with finite cells. Extensive results are
then provided to exhibit their basic guided-wave characteristics
such as slow-wave and bandstop behaviors. Finally, an S-matrix
of three six-cell periodic CPW circuits are calculated on abasis
of a simple transmission-line theorem in comparison to those
obtained from the Momentum simulator and RF measurement.

II. MoM-SOC MODELING TECHNIQUE

Fig. 1(a) indicates the physica layout for MoM-SOC mod-
eling of a generalized periodic CPW structure with finite cells
(&), which are driven by the two CPW feeding lines. In order to
establish the source-type magnetic-field integral equation [18],
the two impressed current sources Is; and Ig, are ssimultane-
ously introduced at the two ports. As such, the unknown electric
field over the slot area can be numerically solved based on the
Gaerkin' stechnique, thusderiving the rel ationship between the
two sets of port currents and voltages, as described in [10] and
[11]. Thetwo port locations are selected far away from the two
reference planesin Fig. 1(a), i.e., P; and P, in order that al the
high-order modes excited by nonideal current sources vanish at
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Fig. 1. Physica layout and equivalent-circuit network for MoM-SOC
modeling of a periodic CPW structure with inductive-loaded finite cells (V).
(a) Physical layout. (b) Equivalent-circuit network.

the two reference planes of our concern. In other words, only
the excited dominant quasi-TEM mode can reach these two ref-
erences. For this reason, the whole layout is classified into the
two distinct parts[10]: the corefinite-cell periodic CPW section
and two CPW feeding lines, which are cascaded via the domi-
nant CPW mode. Fig. 1(b) depicts its relevant equivalent-cir-
cuit network in which the periodic CPW is equivalently per-
ceived asthe uniform dispersive and lossy transmission line[5].
The two error boxes indicate the electrical behavior of the two
source-driven feeding lines, including all the dynamic disconti-
nuity effects caused by the nonideal impressed sources [10].

The SOC technique is then employed in the consistent MoM
to independently characterize these error boxes via two cali-
bration standards, i.e., CPW short- and open-end elements, as
detailed in [10] and [11] for the microstrip-line case. These
two standards are realized here by terminating the reference
plane of each CPW feeding line with vertical electric and mag-
netic wallsin the MoM, respectively, thereby equivalently con-
structing the ideal CPW short- and open-end circuits[15], [18].
In this way, the network parameters of these error boxes can
be modeled in terms of the MoM-calculated equivaent volt-
ages at the port and reference in relation to the impressed cur-
rent at the port. By calibrating them out of the overall network
at the two ports, the core network of the centra transmission
line can be extracted in a straightforward way via the cascaded
topology in Fig. 1(b). Thus, complex characteristic impedance
(Zo = Re(Zo) + jlm(Zy)) and propagation constant (v =
Jf + «) of such a uniform periodic CPW with a finite length
of L, = NT can be explicitly calculated in terms of the above-
derived ABC D-matrix with the elements A, B, C,, and D,
as follows:

Zo=y| 2 @)
Cp
cosh(yLy) = 22+ Lr @
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Fig. 2. Extracted unit-length transmission parameters of the periodic CPW
structurewith T = 1.016 and 4.064 mm under the finitecellsof N =1, 2, 3.
(a) Normalized phase constant. (b) Characteristic impedance.

I1l. EXTRACTED RESULTS AND VALIDATION

Based on the above-described MoM-SOC technique, a
variety of periodic CPW structures with different inductive
loadings, including the uniform CPW, can be numericaly
characterized, and their guided-wave performance can be
investigated in terms of unit-length transmission parame-
ters. Fig. 2(a) and (b) depicts the calculated phase constant
and characteristic impedance of a finite-cell periodic CPW
structure with the periodicity of 77 = 4.064 and 1.016 mm,
respectively. This structure was originated in [16] to construct
the miniaturized CPW resonator by narrowing a small portion
of the central conductor in each periodic cell. From Fig. 2(a),
the normalized phase constant (/3/ko) is observed to quickly
shift up from 2.13, 2.26, to 2.63 as 7" is reduced from infinity
(uniform CPW), 4.064-1.016 mm, thereby exhibiting that the
sow-wave behavior of the guided-wave propagation velocity
is reduced. Meanwhile, the characteristic impedance (Zy) rises
up from 48.0, 52.6, to 69.0 2 at the low frequency (2.0 GHz),
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Fig. 3. Geometry and extracted unit-length transmission parameters of the
periodic CPW: Type (A). (a) Layout. (b) Normalized propagation constant.
(c) Characteristic impedance.

as shown in Fig. 2(b). To ensure the numerical convergence
with respect to the finite cells (V) in modeling, three sets of
extracted parameters are plotted together in Fig. 2(a) and (b),
and the discrepancies among them are found intolerably small
with the error below 0.4%. Further, the slight increment of 3/ ko
and Z, with frequency demonstrates their frequency-dispersive
characteristic, as also existed in the uniform CPW [15].

Our specia attention is now focused on the investigation of
the guided-wave bandgap or bandstop characteristic of periodic
CPW structures with enhanced inductive loading. Asillustrated
in Figs. 3(a), 4(a), and 5(a), they are formed by expanding a
pair of transverse slots on the ground plane and/or on the signal
conductor, and then they are crouched in parallel to the CPW
line in order to keep the low radiation loss.

Figs. 3(b), 4(b), and 5(b) depict the extracted complex propa
gation constant of these three CPW with fixed periodicity (T =
5.08 mm) and slot dimension (A = 2.54 mm) against that
of the uniform CPW. At first, only the real phase constants
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Fig. 4. Geometry and extracted unit-length transmission parameters of the
periodic CPW: Type (B). (a) Layout. (b) Normalized propagation constant.
(c) Characteristic impedance.

(8/ko) can be observed at low frequency, in which Type C
achieves the largest slow-wave factor. Secondly, they tend to
increment slowly and then quickly to their relevant maximum
values as frequency increases for all three periodic CPW struc-
tures. Afterwards, all the 3/ko fall down with frequency, while
the imaginary attenuation constant («/ko) comes out, goes up
and down, and then disappears. In fact, the band range with
nonzero «/kq, as shaded in Fig. 3(b), 4(b), and 5(b), isreferred
to as the so-called bandgap or bandstop, as in [5], because of
its wave attenuation or rejection behavior. Moreover, it can be
seen that these three structures have different bandstop widths,
i.e, Wy = 1.42 GHz (Type A), W = 2.41 GHz (Type B),
and W = 2.77 GHz (Type C), exhibiting that Type C with
both paired slots on the ground and strip conductor achievesthe
widest bandstop width.

Figs. 3(c), 4(c), and 5(c) describe the extracted complex char-
acteristicimpedance with real and imaginary parts, i.e., Re(Zy)
and Imm(Z,), of the three CPW structures discussed above. At
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Fig. 5. Geometry and extracted unit-length transmission parameters of the
periodic CPW: Type (C). (a) Layout. (b) Normalized propagation constant.
(c) Characteristic impedance.

the low-frequency range, Re(Z,) starts to rises up slowly and
then in an exponential way to infinity, while lin(Z,) is kept to
zero. Asfrequency israised into the bandstop, Re(Zy) suddenly
disappears to be converted to itsinfinity imaginary counterpart,
i.e, Im(Zp), and then Im(Z,) drops off very quickly to zero.
Beyond the bandstop, lim(Z,) isconverted againto Re( Zy ) with
small quantity. Herein, the nonzero Iim(Z,) within the bandstop
gives an dternative physical view on the guided-wave bandstop
of periodic CPW structures.

To explain the above results, the ABC D-matrix parameters
of the single-cell periodic CPW structures are obtained via
the MOM-SOC and the relevant results are plotted in Fig. 6.
Fig. 6(a) shows us that, as frequency increases, A, startsto fall
down from the positive value (< +1) to —1 at the lower edge
of the bandstop discussed above, then becomes less than —1
within the overall bandstop, and finally rises up again above
—1. Based on the expanded expression of A, = cos(3 — jo)T
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Fig. 6. Caculated ABC D-matrix parameters of three types of periodic CPW
structures with a single periodic cell for physical explanation on the bandstop
behavior, asin Fig. 3-5. (a) A element. (b) B element.

in (3), we can understand that « must be zero in the range of
-1 < A, < 41, whilein therange of 4, < —1, o must be
nonzero and 3 must be satisfied with the condition of 87" = =.
Thus, it intuitively confirms the results in Fig. 3(b), 4(b), and
5(b) and also implies that 8 must drop off as the function of
1/f, where f isthe frequency within the bandstop as follows:

—aT

aT —aT al _
c te sin(AT). (3)

A, = 5 cos(T) —i—je

On the other hand, the calculated B,, is always kept purely
imaginary over awhole frequency range. Herein, an alternative
B,,-related parameter — ;Y (B, = sin(3 — jo)T isdefined and
Fig. 6(b) depictsitsrelevant resultsversus f, whereYy = 1/2.
At the beginning, this parameter with the only real part seems
to go up and then down to zero as a sinusoidal function of f.
As f increases into the bandgap, its real quantity is converted
to its imaginary counterpart, and then varies up and down to
zero again. Equation (4) yields that Y, must be real at the low
range since there exists the only real term, i.e,, sin(87), at the
right-hand side due to o« = 0. Within the bandstop, the only
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Fig. 7. Simulated insertion loss (S21) of three types of periodic CPW
structures with finite cells of N = 3,6, and 9 via extracted unit-length
transmission parameters. (a) Type (A). (b) Type (B). (c) Type (C).

imaginary term can remain at theright-hand side, i.e., —j(e? —
e=*T) /2, due to nonzero « and BT = 7 Thereby, Y, or Z
must becomeimaginary asexhibited in Figs. 3(c), 4(c), and 5(c)
as follows:

CaT + CfozT aT _

e —aT
Sin(8T) — j

cos(T).
4

Next, the ABC D-matrix parameters of the three periodic
CPW circuits with finite cells of N = 3,6, and 9 are calcu-
lated via above-extracted unit-length parameters based on a

—~jYoB, =
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Fig. 8. Photographic layouts and comparison among the predicted and
measured results of the three periodic CPW circuit blocks with the finite cells
of N = 6. (a) Photograph of three samples. (b) Predicted and measured results.

simple transmission-line eguation, i.e., (5). Thus, the relevant
S-matrix parameters can be obtained, as illustrated in Fig. 7.
As N increases, the insertion loss becomes lower and lower so
as to realize the deep rejection band, as addressed in many lit-
eratures (e.g., [10]). With reference to Figs. 3-5, we can well
figure out that the rejection bandwidth in the S-matrix is actu-
aly dominated by the above-exhibited bandstop with nonzero
«, but it becomes alittle wider due to extremely high or low Z,
outside the bandstop with respect to that of itstwo feeding lines
as follows:

{ Ay | cosh(yNT)

Zosinh(yNT)
" | Yosinh(yNT)

Cny Dy cosh(vNT) |~ ©)

By }

Finaly, full-wave simulation via a Momentum simulator is
carried out on the overal layout for the three six-cell periodic
CPW circuits and, additionally, the three CPW circuit samples
are fabricated, as shown in Fig. 8(a). Fig. 8(b) illustrates the
comparison among three curves of insertion loss, which are de-
rived from the above-extracted transmission parameters, Mo-
mentum simulation, and RF measurement, respectively, givinga
good evident validation. Some discrepancies between predicted
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and measured results may be caused by unexpected tolerancein
fabrication and coax-to-CPW transition effects.

IV. CONCLUSIONS

In this paper, complex unit-length transmission parameters
of periodic CPW structures with inductive loading have been
extensively characterized using the full-wave MoM-SOC
technique. Extracted propagation constant and characteristic
impedance quantitatively have exhibited complete guided-wave
characteristics of these periodic structures, i.e., frequency-de-
pendent slow-wave and bandstop behaviors. In particular,
for the first time, it has been demonstrated that, within the
bandstop, the propagation constant must become complex
with a nonzero attenuation constant, while the characteristic
impedance must appear purely imaginary. Along with physical
explanation, the three six-cell periodic CPW circuits have
been designed, fabricated, and measured to give an evident
validation in theory and experiment.
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