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ABSTRACT This paper presents a lumped-element equivalent circuit model of microstrip lines loaded
with dumbbell defect-ground-structure (DB-DGS) resonators, etched in the ground plane. The model is
valid for ordinary (i.e., unfolded) DB-DGSs, as well as for folded DB-DGSs with an arbitrary aperture
angle and relative orientation between the line and the resonator. It is shown that in folded, or partially
folded, DB-DGS resonators both magnetic and electric coupling between the line and the resonator should
be considered, except for a particular DB-DGS orientation, namely, the one where the symmetry plane of
the particle (a magnetic wall) is orthogonal to the line axis. In this case, the particle is exclusively excited
by the electric field generated by the line. It is also shown that the circuit model of a microstrip line loaded
with an unfolded DB-DGS resonator transversally oriented to the line can be derived from the general model
by considering the effects of opening the particle, i.e., a reduction of the electric coupling. In the extreme
situation where the DB-DGS is completely opened (unfolded), the electric coupling vanishes, and the particle
is exclusively driven by the magnetic field generated by the line. This effect is taken into account in the model
by considering that the capacitance between the line and the inner metallic region of the folded, or partially
folded, DB-DGS depends on the aperture angle of the particle, and it is null when the particle is unfolded.
The models are validated by parameter extraction and comparison of the circuit responses with the responses
inferred by electromagnetic simulation and measurement.

INDEX TERMS Dumbbell DGS (DB-DGS), defect ground structures (DGS), folded DB-DGS, mixed

coupling, microstrip technology, parameter extraction.

I. INTRODUCTION

Defect-ground-structure (DGS) resonators are slot (or aper-
ture) resonators etched in the ground plane of planar trans-
mission lines, typically, microstrip lines [1]-[3]. There are
many types of DGS resonators, including the slot resonator
(linear or circular) [4], the complementary split ring resonator
(CSRR) [5], the complementary spiral resonator [6], [7] the
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S-shaped CSRR [8], the magnetic LC resonator [9], [10]
or the dumbbell defect-ground-structure (DB-DGS) res-
onator [1], [11], among others. These DGS resonant elements
have been used in a wide variety of applications. Examples
include the implementation of microwave circuits and filters
with reduced size and superior performance (exploiting the
small electrical size and specific electromagnetic properties
of the considered DGS resonators) [11]-[23], as well as
planar antennas [24]-[27]. DGS resonators are also very
interesting for the design of highly sensitive microwave
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sensors, mainly, although not exclusively, devoted to permit-
tivity measurements and characterization of material prop-
erties [28]-[36]. Resonant sensors exhibit high sensitivities
to variations in the complex permittivity of the material
surrounding it. Moreover, DGS-based sensors present a sig-
nificant advantage as compared to sensors implemented by
means of metallic sensing elements, i.e., isolation of the
material under test (MUT) from the host line [37]. Specifi-
cally, in microstrip sensors based on DGS sensing resonators,
the MUT should be placed in the backside of the substrate,
in contact with the DGS. Therefore, the MUT is backside
isolated from the line, due to the presence of the ground plane,
only altered by the etched DGS resonator. It should also be
indicated that such backside isolation of the MUT is espe-
cially important in microfluidic sensors [28], [34], [36], since
the fluidic channel plus the necessary mechanical accessories,
present also in the backside of the substrate, do not perturb the
electromagnetic field generated by the line.

(c) (d)

FIGURE 1. Typical topology of a SIR (a), DB-DGS (b), folded SIR (c) and
folded DB-DGS (d) resonator. The metallic regions are depicted in grey.

According to the preceding paragraph, it is clear that DGS
resonators are of high interest in microwave engineering.
Among them, the so-called dumbbell DGS (DB-DGS) res-
onator [1], [11], [13], [19], the complementary (or dual)
counterpart of the step impedance resonator (SIR) [38], [39]
(see Fig. 1), has been exhaustively used in the design of
circuits, filters, and sensors. For example, DB-DGS res-
onators have been applied to the suppression of common-
mode noise in microstrip differential lines [40]. DB-DGS
resonators are also of interest for the implementation of
stopband filters, by virtue of the notched response of a
DB-DGS-loaded microstrip line [13], [20]. Finally, let us
mention that the achievable sensitivities in DB-DGS-based
frequency-variation sensors are superior to those that can be
obtained in other DGS-based sensors, as recently reported
in [35]. A variant of the DB-DGS resonator is the folded
DB-DGS resonator, the dual counterpart of the folded SIR
(see Fig. 1). These folded particles may be of interest in
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certain applications involving inter-resonator’s coupling (for
example, filters based on coupled folded SIRs [41] and cou-
pled folded DB-DGSs [21], [22] have been proposed). Also,
depending on the length of the narrow slot of the DB-DGS
particle, its shape factor might be too extreme, unless it is
folded.

DGS resonators, including DB-DGS and folded DB-DGS
resonators, are preferentially combined with microstrip lines,
by etching them in the ground plane, beneath the line. By this
means, the resonant particle is under the influence of the elec-
tromagnetic field generated by the line, a necessary condition
to excite the particle and obtain the desired functionality.
However, for the design of microwave circuits or sensors
based on microstrip lines loaded with DB-DGSs or with
folded DB-DGSs, accurate circuit models are needed. Like
the SIR resonator, the DB-DGS resonator (ordinary or folded)
can be considered to be electrically small, by virtue of the
high contrast between the width of the narrow (central) slot
and the width of the apertures at the extremes. Therefore,
a microstrip line loaded with a DB-DGS or a folded DB-DGS
resonator can be described by means of a lumped element
circuit model consisting of reactive elements and, eventu-
ally, with electric and/or magnetic couplings (obviously, the
effects of losses can be accounted for by introducing resis-
tances in the model, although this aspect is not considered in
this paper).

The model of a microstrip line loaded with an ordi-
nary (unfolded) DB-DGS resonator transversally oriented has
been reported in the literature, and it consists of a parallel
resonant tank series-connected to the line [1], [11], [42].
However, by folding the resonator, the reported model is
completely different (even the topology, as shown in Fig. 1),
since there is a capacitive effect between the line and the inner
metallic region of the resonator, which must be included in the
model. In this paper, a single model able to describe these two
extreme cases (folded and unfolded DB-DGS), as well as the
general case of a line loaded with a partially folded DB-DGS
is proposed. This is achieved by introducing a capacitance in
the model that depends on the folding level of the resonant
element, being null for the ordinary (unfolded) resonator
[Fig. 1(b)], maximum for the completely folded DB-DGS
resonator [Fig. 1(d)], and taking intermediate values for res-
onators partially folded. The transition from the circuit model
accounting for the response of the folded version to the
circuit model corresponding to the regular unfolded one is not
obvious, and constitutes the main contribution of the present
paper. Additionally, the model is able to describe the structure
when the folded DB-DGS resonator is rotated 90°.

The paper is organized as follows. In section II, the pro-
posed model for a DB-DGS-loaded microstrip line is pre-
sented, and it is particularized to specific (canonical) cases,
i.e., unfolded DB-DGS resonator, and folded DB-DGS res-
onator with transverse and longitudinal orientation. Model
validation, by comparing the circuit response with extracted
parameters and the response inferred from electromagnetic
simulation and measurement is presented in section III.
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Section IV discusses some interesting aspects related to the
elements of the model. Finally, the main conclusions are
highlighted in section V.
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FIGURE 2. Typical topology (a) and circuit model (b) of a microstrip line
loaded with a transversally oriented DB-DGS resonator. The microstrip
central line is in black color, whereas the metallization of the ground
plane is depicted in grey.
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FIGURE 3. Typical topology (a) and circuit model (b) of a microstrip line
loaded with a folded DB-DGS resonator oriented with the symmetry plane
orthogonal to the line axis.

i P,

FIGURE 4. Typical topology (a) and circuit model (b) of a microstrip line
loaded with a folded DB-DGS resonator oriented with the symmetry plane
aligned with the line axis.

Il. CIRCUIT MODEL OF A MICROSTRIP LINE LOADED
WITH A DB-DGS RESONATOR WITH ARBITRARY
ORIENTATION AND FOLDING LEVEL

The canonical topologies and circuit models of DB-DGS-
loaded microstrip lines are depicted in Figs. 2, 3 and 4.
In Fig. 2(a), the DB-DGS is unfolded and transversally
oriented with regard to the line axis. The circuit model,
as reported in the literature [1], [11], [42], consists of a paral-
lel resonant tank, series connected to the line. By contrast,
in the structures of Figs. 3 and 4, the DB-DGS resonator
is folded. However, in Fig. 3, the symmetry plane of the
resonant particle is transversally oriented to the line, whereas
it coincides with the line axis in Fig. 4 (the difference is that
one particle is rotated 90° with regard to the other). The folded
DB-DGS resonator exhibits an electric dipole moment in the
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direction orthogonal to the plane of the particle at the funda-
mental resonance, and a magnetic dipole moment orthogonal
to the symmetry plane, a magnetic wall. Therefore, the folded
DB-DGS resonator can be excited either by a vertical time-
varying electric field, or by a time-varying magnetic field
applied in the normal direction to its plane of symmetry.
Therefore, with the orientation shown in Fig. 3, the particle
can only be excited by means of the electric field generated by
the line, with a significant component in the vertical direction,
but not with the magnetic field (note that the microstrip line
supports a quasi-TEM mode with a negligible component of
the magnetic field orthogonal to the symmetry plane of the
DB-DGS resonator). However, by rotating the particle 90°
(Fig. 4), the symmetry plane of the resonator is perfectly
aligned with the symmetry plane of the line, also a magnetic
wall, and the particle is excited by both the magnetic and
the electric field generated by the line (mixed coupling).
This mixed coupling has been also reported in reference
to CSRR-loaded microstrip lines [43] (indeed, the coupling
mechanisms in CSRR and folded DB-DGS resonators are
similar).

According to the previous words, the circuit models of the
microstrip line loaded with the folded DB-DGS resonators for
both orientations are those depicted in Figs. 3(b) and 4(b).
In the circuit of Fig. 3(b), L and C are the inductance and
capacitance, respectively, of the line section on top of the
folded resonator, with inductance L. (mainly related to the
apertures) and capacitance C, (mostly determined by the cen-
tral slot). The capacitor C accounts for the electric coupling
between the line and the resonant element, the single coupling
mechanism for the DB-DGS orientation of Fig. 3. In the
circuit of Fig. 4(b), electric coupling is preserved. However,
magnetic coupling between the line and the resonator should
arise, and such coupling is accounted for by means of the
mutual inductances, designated as M /2. By rotating the folded
DB-DGS 90°, it is expected that the reactive elements of
the circuit of Fig. 3(b) do not change appreciably, except L.
(obviously, provided the DB-DGS dimensions and substrate
are identical in both cases). The reason is that the current path
between the inner and the outer region of the folded DB-
DGS might be influenced by the presence of the line strip
on top of the particle. Consequently, the parameters L, C
and C, extracted from the circuit of Fig. 3(b) are assumed to
be valid in the circuit of Fig. 4(b). The mutual inductance,
M, and the new L. value of the rotated resonator can be
inferred by curve fitting the electromagnetically simulated (or
measured) response of the structure of Fig. 4(a) (an aspect to
be discussed later).

Let us now consider the DB-DGS orientation of Fig. 4, but
with the resonator partially folded, see Fig. 5, as given by the
angle of aperture, 6 (note that for the extreme cases of § =
0° and 6 = 90°, the resulting DB-DGS topology is the one of
the folded and ordinary —unfolded— resonator, respectively).
As far as 0 < 6 < 90°, the particle exhibits an electric dipole
in the vertical direction and therefore it can be electrically
excited by the line. Nevertheless, the electric coupling should
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FIGURE 5. Topology of a microstrip line loaded with a folded DB-DGS
resonator with an arbitrary angle of aperture (a), zoom view of the
aperture arm (b), and equivalent circuit model valid for any arbitrary
angle of aperture (c).

decrease as the angle of aperture increases, and such coupling
must vanish for & = 90°. This dependence of the electric
coupling with the angle can be taken into account by means of
an angle-dependent coupling capacitance, C(6). Reasonably,
such capacitance can be considered to be the capacitance of
the line section of length d corresponding to the projection of
the extension of the particle in the line axis [see Fig. 5(b)].
If C is the capacitance when 6 = 0°, it follows that the
angle-dependent coupling capacitance is simply

C®) = Cpu-d = C-cos(9) (1)

provided d = [-cosf and C = Cpy - I, where Cpy is the
per-unit length capacitance of the line.

On the other hand, if the model of the structure must
describe the resonant element plus the line section of length /,
the decrease in the capacitance C caused by the angle of
aperture should be compensated by a pair of capacitances,
corresponding to the line portions of length (I— d)/2 outside
the area of influence of the DB-DGS, see Fig. 5. Obvi-
ously, such capacitances are simply [C — C(6)]/2, and are
directly connected to ground in the circuit model. Note that
with the considered DB-DGS orientation of Fig. 5, the mag-
netic coupling between the line and the DB-DGS resonator
is preserved, regardless of the angle of aperture. However,
modelling the variation of such coupling, i.e., the change
in the mutual inductance, with the angle of aperture does
not seem to be an easy task with the considered geometry.
Therefore, such mutual inductance can be considered to be
angle dependent and a fitting parameter. Note that this applies
also to the inductance L. of the particle, since the current path
varies with 6.

Figure 5(c) depicts the lumped element equivalent cir-
cuit model corresponding to a microstrip line loaded with a
DB-DGS partially folded and oriented as shown in Fig. 5(a).
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FIGURE 6. Circuit model of Fig. 5(c) for ¢ = 90° (a) transformed model
with unification of the inductance and mutual coupling (b), and
transformed circuit (c).
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In the limit where 6 = 0°, the circuit of Fig. 5(c) transforms to
the model of Fig. 4(b). By contrast, for an angle of aperture
of 8 = 90°, corresponding to the topology of the unfolded
DB-DGS resonator, the model of Fig. 5(c) should be the one
of Fig. 2(b). It is apparent that for & = 90°, the coupling
capacitance is null (i.e., C(6 = 90°) = 0), whereas the capac-
itances of the extremes are simply C/2 (the line capacitance).
The result is the 7-model depicted in Fig. 6(a), where the res-
onant tank (i.e., the DB-DGS resonator) is excited exclusively
by the mutual inductance M. This model can be transformed
to the one of Fig. 6(b), and, finally, to the one of Fig. 6(c),
where the equivalent inductance L’ and the capacitances C/2,
can be considered to describe the line section in the model of
Fig. 2(b) corresponding to the length /. Therefore, the lumped
element circuit model of Fig. 6(c) is equivalent to the one of
Fig. 2(b). The element values of the series branch in the circuit
of Fig. 6(c) can be derived by first obtaining the impedance
of the series branch, i.e. [44],

M2
Zy=jo- 1L+ ——— @)
w,
L% 1)
Such impedance can be expressed as
L/
s / c
ZS—]w-{L—LC—}-—l_LéC/CwZ} (3)

and it is apparent that this is the impedance of the series
branch in the circuit of Fig. 6(c), with element values
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given by
L'=L-L, (4a)
L. = C.M*w} (4b)
C. = Le (4c)
c = 2
M 2w0

and @} = 1/L.C. = 1/L.C/. (wy is the angular frequency of
the DB-DGS resonator).

In the previous analysis, it has been considered that the
magnetic coupling between the apertures of the DB-DGS
resonator can be neglected. This is reasonable as far as the
distance between the apertures is significant, the case consid-
ered in this paper even for the folded DB-DGS (with 6 = (0°).
Nevertheless, if the distance between the apertures is
small and, consequently, inter-aperture coupling cannot be
neglected, the effect is a modification of the equivalent induc-
tance of the DB-DGS. The specific value is simply L +M’/2,
where M’ is the mutual coupling between the apertures.

The analysis has also neglected the effect of losses, since
the main interest of the paper is to propose and validate
a unified circuit model (the one of Fig. 5) able to predict
the behavior of the DB-DGS-loaded microstrip line and the
coupling mechanisms for any arbitrary angle of aperture,
rather than to obtain an accurate circuit response. Moreover,
in the specific structures used for validation, to be discussed
next, losses are small, since low-loss microwave substrates
(i.e., with low loss tangents) are considered, and ohmic losses,
related to the metallic layers, are also small.

Ill. MODEL VALIDATION

For model validation, the different DB-DGS and folded
DB-DGS based microstrip lines (all exhibiting notched
responses) are simulated by means of an electromagnetic
solver (the Keysight Momentum commercial simulator). From
such electromagnetic simulations, the circuit parameters are
extracted and used to obtain the circuit responses, which are
compared to the full-wave electromagnetic simulations. The
considered substrate is the Rogers RO3010 with dielectric
constant & = 10.2 and thickness 47 = 1.27 mm. In such
substrate the width of a 50-Q line is found to be W =
1.1 mm, the considered value. Concerning the dimensions
of the DB-DGS, the apertures are square shaped and exhibit
a side length of [/2, whereas the total length of the narrow
slot is 2/, with [ = 12 mm. The width of the slot is 0.2 mm.
For the folded DB-DGS with 6§ = 0°, the distance between
the apertures is also //2, and such distance progressively
increases as the angle of aperture increases (see Fig. 3(a) for
details).

The first structure under consideration is the microstrip
line loaded with the folded DB-DGS oriented as depicted
in Fig. 3(a), since this structure exhibits exclusively electric
coupling and the circuit model is, thus, relatively simple, see
Fig. 3(b). Moreover, parameter extraction with such circuit
model has been reported in the literature [45]. The electro-
magnetic response of this structure is depicted in Fig. 7(a).
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FIGURE 7. (a) Electromagnetic, circuit and measured responses of the
structure of Fig. 3; (b) photograph of the fabricated structure (ground
plane side).

The extracted parameters, inferred by means of the method
of [45], are: L = 9.27 nH, C = 2.07 pF, L, = 3.69 nH,
and C; = 4.23 pF. The circuit response, also included in
the figure, is in good agreement with the electromagnetic
simulation, which indicates that the model provides an accu-
rate description of the structure. Such structure has been
fabricated by means of the LPKF-HI00 drilling machine,
available in the laboratory of the research group [Fig. 7(b)].
The measured response, depicted in Fig. 7(a), is also in good
agreement with the circuit and electromagnetic responses
The small discrepancies are mainly due to the effects of
losses, and to fabrication related tolerances (radiation losses
are small, as inferred from the simulated loss factor, not
shown, calculated by excluding ohmic an dielectric losses).
It should be clarified that for parameter extraction, the effects
of the 50-Q2 access lines, with length /;,, have been omitted,
but then, in the simulations, such lines have been included.
In the measurements, the port extension function of the vector
network analyzer (VNA) has been used to correct the phase
shift introduced by the connectors.

Next, the electromagnetic response of the structure that
results from the structure of Fig. 3 by rotating the folded
DB-DGS 90° has been inferred [Fig. 4(a)]. The hypothesis
that such rotation in the orientation of the resonator does
not modify the circuit parameters of the line (including the
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FIGURE 8. (a) Electromagnetic, circuit and measured responses of the
structure of Fig. 4; (b) photograph of the fabricated structure (ground
plane side). S;; and S,, magnitude for both EM simulation and circuit
simulation are nearly undistinguishable.

coupling capacitance) and the capacitance of the resonator,
has been made, as anticipated before. However, the induc-
tance of the resonator, L., is considered to be an adjustable
parameter, as far as it is expected to change by rotating
the DB-DGS resonator, as justified in the preceding section.
Thus, the inductance L. and the mutual inductance M have
been inferred by curve fitting, and the resulting values have
been found to be: L. = 2.80 nH and M = 2.86 nH. Figure 8(a)
depicts the circuit, electromagnetic and measured responses,
where the agreement is, again, very reasonable (the slight
frequency shift in the measured resonant frequency is due to
fabrication related tolerances). Note that, due to the lack of
symmetry with regard to the bisecting plane between the input
and the output ports, the S-parameter matrix is not symmetric,
ie., S11 # S22.

The next step has been to consider the structure of Fig. 2,
with completely unfolded (¢ = 90°) and transversally ori-
ented DB-DGS resonator. The same hypothesis assumed
before is adopted here, i.e., L, C, and C, are not altered
by unfolding the resonator. Thus, again, L. and M are fit-
ting parameters. The values providing the best agreement
between the electromagnetic simulation and circuit response,
see Fig. 9(a), have been found to be L.(6 = 90°) = 3.51 nH
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and M (6 = 90°) = 4.0 nH. Since the electric coupling in this
configuration vanishes (the DB-DGS is excited exclusively
by means of the magnetic field generated by the line), the cir-
cuit is symmetric with regard to the bisecting plane between
the input and output ports, in agreement with the topology
of the structure, also symmetric with regard to that plane.
Thus, in this case, it follows that matching is identical from
both ports (i.e., S11 = S22). The measured response, also
included in Fig. 9(a), is in reasonably good agreement with
the simulated and circuit responses (the origin of the small
discrepancies has been indicated in reference to the previous
results).
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. 180
~ =3
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FIGURE 9. (a) Electromagnetic, circuit and measured responses of the
structure of Fig. 2; (b) photograph of the fabricated structure (ground
plane side).

Finally, we have considered a partially folded DB-DGS
resonator with folding level given by 6 = 45°. According to
the model, see Fig. 5, the line inductance, L, is preserved,
as compared to the previous cases, whereas the line capaci-
tance corresponding to the length / is divided in three parts, all
dependent on the folding angle 6. Nevertheless, it is assumed
that the contribution of the three capacitances, C, does not
vary in comparison to the previous cases. According to (1),
the capacitance portion coupled to the resonant element is
C(0 = 45°) = 1.46 pF, whereas the capacitances of the
extremes are [C — C (6 =45°)]/2 = 0.30 pF. It is also assumed
that the capacitance of the resonator C. does not vary. Thus,
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the fitting parameters are, again, L. and M, and the val-
ues that have provided the best fitting have been found
to be L.(0 =45°) =2.85nH and M (60 = 45°) = 3.36 nH.
Figure 10(a) depicts the simulated, circuit, and measured
responses for 8 = 45°. Naturally, in this case, S;; # S22,
as expected on account of the lack of symmetry due to partial
folding. In the circuit model, the mixed coupling destroys the
symmetry, similar to the case of Figs. 4 and 8.
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FIGURE 10. (a) Electromagnetic, circuit and measured responses of the
structure of Fig. 5 and ¢ = 45°; (b) photograph of the fabricated structure
(ground plane side).

According to the results presented in Fig. 10(a), the agree-
ment between the circuit, electromagnetic and measured
responses is also reasonable. These results validate the pro-
posed model of Fig. 5, where the capacitance of the line
section [ is divided in three different portions, which depend
on the angle of aperture of the DB-DGS resonator. Neverthe-
less, the total capacitance C neither depends on the angle of
aperture of the resonator, nor on the angle of orientation of
the DB-DGS resonator.

IV. DISCUSSION

To gain more insight on the dependence of C(6), L.(6), and
M (0) with the folding (aperture) angle, we have simulated
(but not fabricated) additional DB-DGS-loaded microstrip
lines with different angles of aperture of the folded resonator.
The parameters, inferred by curve fitting, are summarized in
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Table 1 (the simulations are not shown). Note that C(6), rather
than fitted, it has been calculated by means of expression (1),
taking into account that C(9 = 0°) = 2.07 pF. The table
includes also the coupling coefficient, k, between the line
inductance and the inductance of the DB-DGS resonator,
defined as k = M //LL..

TABLE 1. Dependence of model parameters with the angle 6.

4 C(9) (pF) L(6) mH)  M(6) (nH) k
0° 2.07 2.79 2.86 0.56
15° 2.00 2.71 3.00 0.60
30° 1.79 2.76 3.20 0.63
45° 1.46 2.85 3.36 0.65
60° 1.03 3.02 3.60 0.68
75° 0.53 3.26 3.84 0.70
90° 0 3.50 4.00 0.70

According to the results of Table 1, the inductance of the
resonant element, L., does not appreciably change for angles
of aperture below 45°, and it increases with & when 6 >
45°. By contrast, M experiences a progressive growth with
0 for angles between 0° < 6 < 90°. However, the coupling
coefficient, k, does not significantly vary with 6. It slightly
increases with the angle of aperture of the DB-DGS, but
it tends to saturate as 6 approaches 90°. This behavior is
attributed to the fact that, for angles of aperture close to
90°, the magnetic field generated by the line impacts only
the narrow slot region of the DGS in the vicinity of the line
strip. Consequently, the coupling coefficient should not sig-
nificantly vary with 6 for apertures close to 90°. By contrast,
for small aperture angles, the regions of the folded DB-DGS
under the influence of the magnetic field generated by the line
are not restricted to the narrow slot region beneath the line.
The square-shaped apertures may interact with the line, but
such interaction is expected to decrease with 6. It is believed
that the increase of L, with the aperture angle is related to
the progressively decreasing influence of the strip line on
this parameter, as such angle increases (i.e., by increasing the
angle, the influence of the line is less severe). This increase
in L. is thought to be the reason of an increase in M, provided
k, the coupling coefficient, is roughly constant. Nevertheless,
an exact calculation of the coupling coefficient and an accu-
rate explanation of the involved phenomenology is complex,
since the geometry of the considered folded DB-DGS is not
simple.

Let us analyze in more detail the line loaded with
the unfolded and transversally oriented DB-DGS resonator.
Using expressions (4), the parameters of the transformed
model of Fig. 6(c) are foundtobe L’ =4.72nH, L, = 4.55 nH
and C, = 3.26 pF. Obviously, the capacitances C/2 of the
shunt branches of the model of Fig. 6 are not affected by
the transformation. Let us now directly infer the parameters
of the circuit model of Fig. 6(c), excluding C, by parameter
extraction from the electromagnetically simulated response
(see Fig. 9(a)). The results are, L’ = 5.46 nH, L. = 4.37 nH
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and C, = 3.40 pF i.e., in reasonably good agreement with the
parameters of the series branch obtained by means of expres-
sions (4). Figure 11 compares the circuit responses inferred
by considering both sets of parameters. The figure includes
also the EM simulation of the structure (also depicted in
Fig. 9(a)). The agreement between the three responses is
good.

[ —=—EM. sim.

— o - Cir. sim. from (4)
-45} ¥ Cir. sim. from direct
parameter extraction

o
S,, without
symbols

11 (n) |821|’ |S11| (dB)
8

(7))
w"ﬁ oF
[}
[72]
=
£ -180¢
0.3 0.6 0.9 1.2 15
Frequency (GHz)

FIGURE 11. Comparison between the circuit response of the structure of
Fig. 9(a), given by the model of Fig. 6(c), obtained by the two sets of
reactive parameters indicated in the text, i.e., from the transformation
equations (4) and from direct parameter extraction. The
electromagnetically simulated response is also included.

1.0j

0.5

— = _Cir. sim:
— EM. sim.

-1.0j

FIGURE 12. Detail of S;; corresponding to the structure of Fig. 7,
represented in the Smith Chart.

There is a difference between the model of Fig. 2(b) and the
model of Fig. 6(c), namely, the presence of L’ and C in the
latter. Because the general lumped element model of Figure 5
accounts for the DB-DGS plus the line section of length /, the
model of Fig. 6 should include such line section, and, indeed,
L’ and C model such line section. By contrast, in the model
of Fig. 2, the usual model of a microstrip line loaded with
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an unfolded and transversally oriented DB-DGS resonator,
the lumped elements are restricted to the description of the
resonant element. Note that in the model of Fig. 2(b), the line
sections account for the whole line, whereas in the model
of Fig. 6(c), the line sections describe only the access lines
by excluding the central part of length /. Thus, according to
these words, the values of L’ and C in the circuit of Fig. 6(c)
should be coherent with the inductance and capacitance of
the 50-€2 line corresponding to the considered line length /.
Indeed, such coherence is verified as far as the characteristic
impedance given by these reactive parameters, i.e., \/L'/C,
coincides to a very good approximation with the nominal
characteristic impedance of the line (50 2). Particularly,
by considering L’ inferred from the transformations (4),
i.e., L’ = 4.72 nH, one obtains /L’/C = 47.8 2, whereas
with L = 5.46 nH (extracted value), the characteristic
impedance is found to be \/L’/C = 51.4 Q. In both cases,
C = 2.07 pF. On the other hand, the electrical length of the
line section / is Bl = w+/L’C. At the resonance frequency
of the DB-DGS resonator, fy = 1.305 GHz, the electrical
length is found to be g/ = 0.81 rad for L’ = 4.72 nH,
and Bl = 0.87 rad for L’ = 5.46 nH. These phases are in
reasonable agreement with the nominal electrical length of
the line section of length /, inferred from the transmission
line calculator LineCalc (included in Keysight ADS) using
the parameters of the considered substrate (0.87 rad). Con-
sequently, it can be concluded that L’ and C in the model
of Fig. 6(c) describe the line section of length /, whereas
the access lines of length /, are accounted for by the corre-
sponding transmission line sections. In the model of Fig. 2(b),
the access lines of length [, describe the complete line strip.
Nevertheless, it is clear according to this discussion that the
models of Figs. 2(b) and 6(c) are equivalent.

Another interesting aspect to discuss is the discrepancy in
the phase response of S1; (between circuit/electromagnetic
simulation and measurement) for the structure of Fig. 7 (the
difference in magnitude has been attributed to the effects of
losses, and due to the fact that losses preclude from obtaining
a “true” reflection zero). The difference in the phase of S
is more subtle, and further insight can be inferred from the
representation of S in the Smith Chart, as shown in Fig. 12.
At the reflection zero frequency, when losses are negligi-
ble, there is a cross through the center of the Smith Chart
(with, theoretically, total transmission), and therefore the
phase changes suddenly (jumps) from roughly —90° to +90°,
corresponding approximately to a vertical cross through the
center of the Smith Chart. However, in measurement, due to
the effect of losses, the trace of Sy crosses the horizontal axis
of the Smit Chart (where the impedance is purely resistive)
slightly to the left of the center, and therefore the phase
jump is exactly from —180° to 4-180°. So, this higher (360°)
jump in measurement is explained by this fact. Therefore, this
apparent high discrepancy in S;; between measurement and
simulated values is in reality an artifact (as it can be appreci-
ated in the Smith Chart, the difference between measurements
and simulations is not very significant).
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To end this section let us mention that if a gap capacitor is
etched in the strip line, aligned with the narrow slot of the
transversally oriented folded, or partially folded, DB-DGS
resonator, then it is expected that the notched response
switches to a bandpass response. However, the corresponding
modelling is out of the scope of this paper. Let us also empha-
size that the considered lossless circuit models predict the
behavior of the considered structures to a good approxima-
tion, since the considered substrate exhibits small losses. This
good agreement would also be expected by considering other
low-loss microwave substrates such as those of the Rogers
RO3006 and RO4003C series.

V. CONCLUSION

In this paper, the modelling of a microstrip transmission line
loaded with a DB-DGS resonator with an arbitrary angle
of aperture, and oriented with its symmetry plane aligned
with the line axis, or rotated 90°, has been studied. It has
been shown that when the symmetry plane of the DB-DGS
is orthogonal to the line axis, the coupling between the line
and the resonator is exclusively electric. By contrast, when
the symmetry plane of the DB-DGS is aligned with the axis
of the line, the driving mechanism of the resonant element
includes electric and magnetic coupling (mixed coupling),
unless the DB-DGS resonator is unfolded. In this later case,
electric coupling vanishes, and the coupling mechanism is
purely magnetic. A circuit model that takes into account the
folding level of the resonator, quantified by the angle of
aperture 0, has been proposed for the first time. With the
results of this work, it is clear that such angle dependent
model (depicted in Fig. 5), with mixed coupling, is able to
describe the behavior of the folded and unfolded DB-DGS
with transverse orientation, regardless of the aperture angle 6.
Moreover, it has been shown that the model is compatible
with the commonly accepted model of the unfolded DB-DGS,
consisting of a parallel resonant tank series-connected to
the line. In this case, the coupling between the line and
the resonator is exclusively magnetic, as indicated above.
By contrast, for the folded or partially folded DB-DGS res-
onator, mixed coupling (magnetic and electric) should be
considered, and electric coupling is a maximum when the
angle of aperture is & = 0° (completely folded resonator).
However, by rotating the folded resonator 90° with regard to
the line, magnetic coupling vanishes, and the particle is driven
only by the electric field generated by the line. Arbitrary
angular orientations between the line and the resonator have
not been considered, but it is obvious that the effect of such
rotation is a modulation of the magnetic coupling between
the line and the DB-DGS resonator. Nevertheless, modeling
this angle dependent mutual coupling is complex with the
considered resonator topology, and this aspect has not been
considered in this paper. Microwave engineers to date have
exhaustively used the DB-DGS resonator, but a study of the
type pointed out in this paper has never been carried out
before. The results of this paper may thus be worthy for many
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researchers working in circuit modelling, planar filters, and
planar microwave sensors.
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