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Abstract: In this paper, we present the impact of a meander-shaped defected ground structure (MDGS)
on the slow-wave characteristics of a lowest-order passband and a low cutoff frequency of the first
stopband of an electromagnetic bandgap (EBG) structure for power/ground noise suppression in
high-speed integrated circuit packages and printed circuit boards (PCBs). A semi-analytical method is
presented to rigorously analyze the MDGS effect. In the analytical method, a closed-form expression
for a low cutoff frequency of the MDGS-EBG structure is extracted with an effective characteristic
impedance and a slow-wave factor. The proposed analytical method enables the fast analysis of the
MDGS-EBG structure so that it can be easily optimized. The analysis of the MDGS effect revealed that
the low cutoff frequency increases up to approximately 19% while comparing weakly and strongly
coupled MDGSs. It showed that the miniaturization of the MDGS-EBG structure can be achieved.
It was experimentally verified that the low cutoff frequency is reduced from 2.54 GHz to 2.00 GHz
by decreasing the MDGS coupling coefficient, which is associated with the miniaturization of the
MDGS-EBG structure in high-speed packages and PCBs.

Keywords: defected ground structure (DGS); electromagnetic bandgap (EBG); metamaterial;
miniaturization; power/ground noise

1. Introduction

Power/ground noise, such as simultaneous switching noise (SSN), is a major concern
in high-speed circuit designs for achieving high performance and high reliability of elec-
tronic systems. As the number of transistors and power consumption of a very large-scale
integration (VLSI) increases significantly, power/ground noise severely affects the overall
system performance [1–4]. The power/ground noise produces the problem of glitches,
timing push-out of digital signals, and power-supply voltage fluctuations. Moreover, it
generates noise in power delivery networks (PDNs) of high-speed integrated circuit (IC)
packages and printed circuit boards (PCBs). This results in the degradation of the bit error
rate performance of high-speed links [5–7], reduction in the on-chip timing margin of clock
distribution networks [8–10], and electromagnetic interference (EMI) generated by radi-
ated emission from PDNs [11–14]. The power/ground noise is induced from the resonant
cavity modes of the PDNs, which can be considered as a parallel plate waveguide (PPW).
Simultaneous switching of a digital circuit excites multiple cavity modes of PDNs, result-
ing in serious power/ground noise called SSN. In addition, the density of parallel plate
modes of PDNs in the high-frequency range substantially increases, such that the parallel
plate noise exhibits a wideband spectrum containing multiple high-frequency harmon-
ics. To efficiently mitigate power/ground noise in high-speed IC packages and PCBs, the
parallel plate modes of the PDNs must be suppressed over the wideband frequency range.

An effective way of suppressing parallel plate modes in high-speed packages and
PCBs is by adopting a PDN wherein an electromagnetic bandgap (EBG) structure is embed-
ded [15–35]. Numerous studies indicate that a PDN employing a metallo-dielectric EBG
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structure successfully suppresses the power/ground noise excited by parallel plate modes
with the advantages of simple design, comprehensive examination, rigorous analysis, low
fabrication cost, and variety of applications. The metallo-dielectric EBG structure contains
a unit cell, wherein a simple resonant component is incorporated using a metal patch and
via. The metal patch and via induce capacitance and inductance, resulting in a PPW loaded
with an equivalent LC resonator. The periodic arrangement of the LC resonators leads to a
decrease in the phase velocity and an increase in the slow-wave factor of the power/ground
noise in the PDNs. Moreover, it generates bandgap characteristics (i.e., stopbands) such
that the parallel plate modes of the PDNs are suppressed over a wideband frequency range.

EBG structures based on the metallo-dielectric EBG structure have continuously
evolved in various digital and microwave applications. The main objective of improving
EBG structures is to widen the stopband and reduce the unit cell size of an EBG struc-
ture. To achieve this goal, numerous techniques have been presented, namely stacked
patches [17–19], multivias [20–22], defected ground structures (DGSs) [23–28], spiral
patches [29,30], inductance-enhanced patches [31–33], and high dielectric constant (high k)
materials [34,35].

As shown in previous studies, the EBG-based PDN exhibits distinct characteristics
in the suppression of parallel plate modes. The mode frequencies of the EBG-based PDN
do not continuously appear in the frequency region. The resonant modes of the EBG
structure are observed in the frequency range lower or higher than that in the stopband of
the EBG structure. Specifically, the lower resonant modes are induced by the inductance
and capacitance of the power/ground planes with additional capacitances of the EBG
patches and corresponding planes. In the design of EBG-based PDNs, it is preferred that
the highest frequency of the lower resonant modes is less than the self-resonance frequency
of the decoupling capacitors, such that they are mitigated by simply using decoupling
capacitors. The highest frequency of the lower resonant modes is associated with the
slow-wave characteristics of the fundamental passband or the low cutoff frequency of the
first stopband.

Previous studies mainly focused on improving the first stopband of the metallo-
dielectric EBG structure. They rigorously examined the impact of each technique on the first
stopband. Focusing on the enhancement of the first stopband rather than other higher-order
stopbands is reasonable and effective because the frequency spectrum of power/ground
noise in high-speed digital packages and PCBs consists of harmonics starting from low
frequencies. In [20–22], the equivalent circuit and circuit parameters of an EBG unit cell are
analytically extracted, and cutoff frequencies are predicted to clearly describe the multivia
effect on the fundamental stopband. In [31–33], the techniques of EBG patches etched by
various slot patterns are presented to increase the inductance of a shunt LC resonator in
an equivalent circuit of an EBG unit cell. This results in the lowering of the fundamental
stopband without increasing the size of the EBG unit cell. The effect of etching a patch on
the bandwidth of a fundamental stopband is examined using a dispersion analysis based
on the analytical model of the EBG unit cell. Several efforts have been made in research to
investigate the relationship between the inductance-enhanced patch and first stopband.

One of the evolutionary structures is a metallo-dielectric EBG structure combined
with a DGS, as shown in [23–28]. Various shapes of the DGS are employed to extend
the bandwidth of the fundamental stopband. Among these DGS patterns, the meander-
shaped DGS (MDGS) technique has a distinct advantage of increasing the bandwidth
of the fundamental stopband with EBG size reduction. In comparison with the other
DGS techniques, MDGS substantially lowers the low cutoff frequency, which leads to the
miniaturization of the EBG unit cell while still maintaining a wide stopband. In [26,28],
the effect of an MDGS with only a single meander segment on a fundamental stopband
and size reduction is investigated using an analytical dispersion method. In this analysis,
it is assumed that the distance between the strips of a meander segment is very long,
ignoring the coupling effect. However, the multiple meander lines with strong-coupling
characteristics in the MDGS-EBG structure are inevitably employed to further reduce the
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low cutoff frequency and the size of the EBG unit cell. Therefore, the coupling effect
on a fundamental stopband and miniaturization in the MDGS-EBG structure must be
analyzed. Furthermore, the impact of MDGSs with loose and tight couplings on the low
cutoff frequency needs to be investigated.

In this paper, we focus on examining the MDGS effect on the EBG structure and deriv-
ing a new method for the analysis. The coupling effect of the MDGS-EBG structure on the
bandwidth of a fundamental passband or a first stopband is thoroughly investigated using
a derived dispersion analysis method. In Section 2, the analytical method is derived for
the MDGS coupling effect. In Section 3, the impact of MDGS on slow-wave characteristics
is analyzed for various cases. In addition, the proposed method and the MDGS effect are
verified using full-wave simulation and measurements in Section 4. The paper is concluded
with a summary and further works in Section 5.

2. Analytical Method for Estimation of Low Cutoff Frequency

In this section, we present an analytical method to explore the effect of MDGS on the
slow-wave characteristics and low cutoff frequency of the EBG structure. The proposed
method is a semi-empirical method based on full-wave simulation, scattering parame-
ter (S-parameter) extraction method, and Floquet theory. A dispersion diagram for the
fundamental passband and low cutoff frequency of the first stopband is derived using
an analytical method. A unit cell of the MDGS-EBG structure in Figure 1 is employed as
an example of the application of the proposed method. The unit cell of the MDGS-EBG
structure consists of three conductors: a power plane, patch, and defected ground plane.
A defected ground plane is connected to a patch using a via. The defected ground plane
is perforated using a meander pattern, which results in two meander lines comprising of
multiple meander segments. The meander segment is two parallel-coupled lines. They are
equal in length and connected at one end. The connection length of the end point should
be non-zero in this study, although many previous studies on coupled lines ignore the
length for simplicity of analysis. The number of meander segments in a meander line is
represented as N. Three meander segments (N = 3) are depicted in Figure 1; however, the
proposed method is not limited to this number.
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Figure 1. Multi-meander segments in a unit cell of MDGS-EBG structure and design parameters.

In this study, we employ a coupling coefficient k to indicate an EBG unit cell or a
meander line in it. Because it is difficult to derive a coupling coefficient for a multi-coupled
meander line, k is defined for a single meander segment, which is the ratio of the difference
of even- and odd-mode characteristic impedances of coupled lines in a single meander
segment to their sum. The coupling coefficient k is strongly related to the geometrical
parameters of the width (wm) of a meander line and the spacing (sm) between adjacent strips
of parallel-coupled lines. It is calculated using an empirical equation or an electromagnetic
simulation. The other geometrical variables of the MDGS-EBG structure are unit cell length
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(du), patch length (dp), via radius (rv), dielectric thickness between power plane and patch
(h1), and dielectric thickness between defected ground plane and patch (h2).

For simplicity, coupling between a meander segment and the other meander seg-
ments is not considered while determining the coupling coefficient k. However, the main
characteristics of the MDGS-EBG structure originate from the multi-coupling between the
meander segments. The propagation characteristics of the meander line are affected by
couplings between adjacent strips in a coupled line and nearby meander segments. Owing
to the complicated coupling, it is difficult to obtain an analytical solution for coupling of
the meander line in terms of geometrical parameters [36–41]. Hence, the characteristics of
the meander line are typically analyzed using full-wave simulation.

The impact of MDGS on the slow-wave characteristics of the fundamental passband
and a low cutoff frequency of the first stopband can be examined using dispersion analysis
based on the full-wave simulation of the entire unit cell of the MDGS-EBG structure.
However, the method using full-wave simulation for the entire unit cell is time-consuming.
The boundary configuration of the MDGS-EBG structure is dissimilar to the other EBG
structure evolved from the metallo-dielectric EBG structure. Owing to the MDGS, an
air box is placed above the defected ground plane, and a perfectly matched layer or
radiation boundary is adopted. This results in an extremely large computation time
during the parametric sweeping of the full-wave simulation. Thus, it does not provide an
insight into the MDGS-EBG design. However, the complex coupling of the meander line
should be captured because it mainly affects the dispersion characteristics of the MDGS-
EBG structure. Considering the extreme difficulty in extracting an analytical solution for
dispersion characteristics for strongly and weakly coupled meander lines, a new method
for dispersion analysis of the MDGS-EBG structure is proposed, as depicted in Figure 2.
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Figure 2. Proposed semi-analytical method for MDGS effect on slow-wave characteristics and low
cutoff frequency of EBG structure.

The proposed method combines the full-wave simulation and analytical equation to
achieve a reasonable computation time and accuracy. The results of the semi-empirical
method are a dispersion equation and a closed-form expression for the slow-wave char-
acteristics of the fundamental passband and a low cutoff frequency of the first stopband,
respectively. Because the MDGS-EBG structure is periodic, Floquet analysis based on the
unit cell is adopted. The proposed semi-analytical method consists of four main steps, as
illustrated in Figure 2. In the brief explanation of the procedure, the coupling effect of the
MDGS pattern is captured using full-wave simulation of a part of the unit cell. From the
result, an effective characteristic impedance and slow-wave factor are extracted using the
S-parameter extraction method, which are important parameters for the analysis of the
MDGS effect. The unit cell of the MDGS-EBG structure was modeled as an equivalent
circuit. Applying the Floquet theorem to the circuit, an analytical solution for a dispersion
diagram is derived. A closed-form expression for a low cutoff frequency is further extracted
with small-angle approximation.
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Specifically, in the first step of the proposed semi-analytical method, we perform full-
wave simulation of half of the unit cell removing the patch and via, namely a meander line
with a corresponding reference plane. This approach achieves an effective analysis owing
to the simulation region reduction. The computation time can be substantially reduced
such that we can obtain enormous simulation results, sweeping design variables related
to coupling effects. In this step, we obtain the S-parameters of the strongly and weakly
coupled meander lines.

Next, an effective characteristic impedance (Z0m), propagation constant (γm), and
slow-wave factor (ρSWF) are extracted using the S-parameter extraction method in [42]. Z0m,
γm, and ρSWF are the major parameters that are used in an equivalent circuit model of the
unit cell of the MDGS-EBG structure. As shown in [42], Z0m is extracted as follows:

Z0m = Z0·

√√√√ (1 + S11,m)
2 − S2

21,m

(1− S11,m)
2 − S2

21,m

, (1)

where Sij,m (i = 1, 2, j = 1, 2) is a reflection or transmission component of the S-parameter of
the meander line. Z0 is the reference impedance of 50 Ω.

The propagation constant (γm) and slow-wave factor (ρSWF) are given by

γm =
2
du

ln

{
1− S2

11,m + S2
21,m

2S21,m
+


(

S2
11,m − S2

21,m + 1
)2
− (2S11,m)

2

(2S21,m)
2


1/2
, (2)

ρSWF =
Im(γm)

βo
=

βm

βo
, (3)

where βo is the phase constant of light in vacuum.
To completely extract the propagation characteristics of the unit cell of the MDGS-EBG

structure, an equivalent circuit model is illustrated in Figure 3. It comprises two equivalent
transmission lines and an LC resonator. The equivalent transmission lines have Z0m, βm,
and ρSWF derived from the previous steps. Its length is half of du. The via connecting
a defected ground plane and a patch leads to the inductance (Lv) of the LC resonator.
The capacitance (Cp) is induced by a patch and a corresponding power plane. Lv and Cp
are calculated using analytical equations as follows [43].

Lv =
µoh2

4π

(
2ln
(

du

rv
√

π

)
+

(
rv
√

π

du

)2

− 1

)
, (4)

Cp = εoεr
d2

p

h1
. (5)

To derive its effective phase constant, the unit cell of the MDGS-EBG structure is
modeled as the equivalent transmission line, of which an effective phase constant and a
length are βeff and du, respectively. The ABCD matrix for the unit cell of the MDGS-EBG
structure is equal to the product of the ABCD matrices of the equivalent transmission lines
and the LC resonator in shunt with them as follows:

 Ae f f Be f f

Ce f f De f f

 =

 cos
(

βmdu
2

)
jZ0msin

(
βmdu

2

)
jZ−1

0m sin
(

βmdu
2

)
cos
(

βmdu
2

) ×( 1 0
jωCp

1−ω2 LvCp
1

)  cos
(

βmdu
2

)
jZ0msin

(
βmdu

2

)
jZ−1

0m sin
(

βmdu
2

)
cos
(

βmdu
2

)  (6)
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The evaluation of βeff from the above equation yields the analytical equation for the
effective phase constant of the MDGS-EBG structure as follows:

cos
(

βe f f du

)
= cos(βmdu)−

ωCpZ0m

2
(
1−ω2LvCp

) sin(βmdu). (7)

The numerical analysis of (7) provides the dispersion characteristics of the fundamental
passband and first stopband. It can demonstrate a low cutoff frequency. However, for
a more convenient assessment of the MDGS effect on a low cutoff frequency, an explicit
expression for a low cutoff frequency is extracted by applying the condition of βeffdu = π,
which results in the left-hand side of (7) being equal to −1. For further simplification of (7),
we can inspect the βmdu parameter. It is noted that βm is the phase constant of the meander
line acquired from the S-parameter extraction method. The βmdu at a low cutoff frequency
is given by

βmdu = ρSWFβodu =
2π fL·ρSWF·du

c
, (8)

where fL is the low cutoff frequency; c is the speed of light, which is equal to 3 × 108 m/s.
Considering the typical values of ρSWF, du, and fL of the MDGS-EBG structure in high-speed
packages and PCBs, they are extremely small in comparison with c. Consequently, we can
assume that cos(βmdu) and sin(βmdu) are approximately equal to 1 and βmdu, respectively,
in the right-hand side of (7).

With the aforementioned assumptions, a closed-form expression for the low cutoff
frequency is derived as follows:

fL =
1

2π

√
Cp

(
Lv + Le f f

) , (9)

where
Le f f =

ρSWFZ0mdu

4c
. (10)

The low cutoff frequency of the MDGS-EBG structure can be simply expressed as the
resonance frequency of the effective LC resonator, where the capacitance value is Cp and
the inductance value is effectively determined as the product of ρSWF, Z0m, and du. As
can be seen in (9) and (10), adjustment of a low cutoff frequency is achieved by varying a
slow-wave factor, an effective characteristic impedance of the meander line, and a unit cell
size, whereas the Leff of the previous metallo-dielectric EBG structure is mainly affected
by the unit cell size. In the previous metallo-dielectric EBG structure, the unit cell size
needed to be increased to lower the low cutoff frequency, but a low cutoff frequency of the
MDGS-EBG structure can decrease without increasing the unit cell size. In other words,
the unit cell of the MDGS-EBG structure is smaller than that of the previous EBG structure
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when these EBG structures have the same low cutoff frequency. This is the distinguishing
feature anticipated by the MDGS effect. Using the semi-analytical method presented herein,
we can examine the effect of the MDGS on the slow-wave characteristics of the fundamental
passband and the low cutoff frequency of the first stopband for the MDGS-EBG structure
containing multiple meander segments.

3. Results and Discussions

In this section, the MDGS effect is analyzed using the proposed semi-analytical
method. Dispersion characteristics of the fundamental passband and a low cutoff fre-
quency of the first stopband are examined with various coupling coefficients and numbers
of meander segments.

3.1. MDGS Effect on Zom, ρSWF, and fL
To explore the MDGS effect, we employ six exemplary MDGS-EBG structures, in-

cluding the dimensions of the design parameters, as presented in Table 1. The values of
the design parameters are chosen considering their practical use in high-speed packages
and PCBs. The MDGS-EBG structure contains three meander segments (N = 3) in half of
a unit cell, as can be observed in Figure 1. For further inspection of the coupling effect,
the spacing (sm) between adjacent strips in the meander segment changes from 0.05 mm
to 0.30 mm by a step of 0.05 mm, while the total length of the meander line (Lt) remains
constant in all cases. The corresponding coupling coefficients k are 0.54, 0.44, 0.38, 0.32,
0.28, and 0.25. As previously described, the value of k is calculated using a single meander
segment with perfect magnetic walls at ports and is used to simply indicate a specific
meander segment. The values of k for various dimensions are shown in Figure 4a. Both k
and N can represent a complete meander line. By varying the value of k, we can investigate
the impact of a strongly and weakly coupled MDGS on the dispersion characteristics and a
low cutoff frequency.

Table 1. Design Parameters and Physical Dimensions.

TVs 1,2,3
Parameters

sm (mm) dm (mm) k Z0m (Ω) ρSWF

1 0.05 0.80 0.54 81.7 4.93
2 0.10 0.65 0.44 93.2 5.23
3 0.15 0.50 0.38 98.9 5.49
4 0.20 0.35 0.32 102.6 5.72
5 0.25 0.20 0.28 105.0 5.94
6 0.30 0.05 0.25 106.8 6.11

1 N = 3; 2 Lm = 1.8 mm, du = 5.0 mm, dp = 4.8 mm, h1 = 0.4 mm, and h2 = 0.1 mm; 3 Lt = 2 N (sm + wm + Lm) + 2dm = 13.3 mm.
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Applying the proposed semi-analytical method to the meander lines of the six test
vehicles (TVs), the S-parameters of the meander lines containing three meander segments
are obtained using the full-wave simulation. Z0m and ρSWF are extracted from (1) to (3),
as depicted in Figure 4. All Z0m exhibit quasi-static characteristics in the frequency range
of interest such that we can use a single value of Z0m in the wideband frequency range.
The values of Z0m for k = 0.54, 0.44, 0.38, 0.32, 0.28, and 0.25 are equal to 81.7, 93.2, 98.9,
102.6, 105.0, and 106.8 Ω, respectively. It is observed in Figure 4b,c that Z0m decreases
as k increases. It is noted that a strongly coupled meander line has a lower Z0m than
a weakly coupled meander line. We find a similar result for ρSWF. The values of ρSWF
with k = 0.54, 0.44, 0.38, 0.32, 0.28, and 0.25 are equal to 4.93, 5.23, 5.49, 5.72, 5.94, and
6.11, respectively. This implies that the slow-wave effect of the meander line decreases
when the coupling coefficient increases. For meander lines having the same total length,
the propagation velocity of a weakly coupled line is slower in comparison with that of a
strongly coupled line.

Using the aforementioned Z0m and ρSWF values, the slow-wave characteristics of the
MDGS-EBG structures are analyzed. In Figure 5a, the dispersion diagrams of six TVs are
acquired numerically by calculating the dispersion equation of (7) with the extracted Z0m
and ρSWF values. As anticipated, all TVs exhibit slow-wave characteristics in comparison
with the light line. However, the MDGS effect on slow-wave characteristics is different in
accordance with the coupling coefficient k. It is observed that the MDGS effect is mitigated
as k increases. With the same length of the meander line and the same size of the unit cell,
the impact of MDGS on the slow-wave characteristics changes according to the coupling
coefficient k. It was found that we can adjust the slow-wave effect of the MDGS-EBG
structure using the coupling coefficient, thus controlling a low cutoff frequency without
varying the size or thickness of the unit cell size. The low cutoff frequencies for k of 0.54,
0.44, 0.38, 0.32, 0.28, and 0.25 are obtained as 2.54, 2.31, 2.19, 2.10, 2.05, and 2.00 GHz,
respectively, as depicted in Figure 5a. It was found that the low cutoff frequency reduces
as k decreases. This result can be anticipated from (9). The equation, extracted herein,
indicates that the low cutoff frequency is inversely proportional to the root of Z0m and ρSWF.
It is already seen in Figure 4 that the Z0m and ρSWF reduce when k increases. Consequently,
a high k leads to a high cutoff frequency. The cutoff frequencies of the MDGS-EBG structure
with the weakly (k = 0.25) and strongly (k = 0.54) coupled lines are 2.00 and 2.54 GHz,
respectively. The variation of the low cutoff frequency is 27%. Remarkably, we can achieve
a substantial change in the low cutoff frequency of the MDGS-EBG structure by adjusting
the coupling coefficient k. Following these important findings, we can emphasize the
significance of the proposed analysis method for the MDGS effect.

To verify the MDGS effect and the proposed method, full-wave simulations for the
same TVs of the MDGS-EBG structures are performed. The dispersion diagrams in
Figure 5b are obtained using the Floquet theorem with the full-wave simulation result
for the unit cell of the MDGS-EBG structure. It is also observed in the full-wave simulation
result that the MDGS coupling significantly affects the low cutoff frequency of the first
stopband, which is the same result as obtained in the proposed semi-analytical method.
The low cutoff frequencies for k of 0.25, 0.28, 0.32, 0.38, 0.44, and 0.54 are equal to 1.79,
1.81, 1.83, 1.86, 1.96, and 2.13 GHz, respectively. It is also demonstrated that the low cutoff
frequency significantly increases up to 19% as the coupling coefficient changes from 0.25
to 0.54 through the full-wave simulation. In addition, the proposed analytical method
achieves a fast analysis. The computation time of the analytical method is 240 s while that
of the full-wave simulation is 3332 s. The proposed analytical method substantially reduces
the computation time by up to 92.8%.

The proposed method provides an additional method for simple estimation of a low
cutoff frequency, as derived in (9). In Figure 6, the low cutoff frequencies extracted from the
closed-form expression of (9) are shown in combination with the results of the dispersion
Equation (7) and full-wave simulation. The low cutoff frequencies of (9) for k of 0.25, 0.28,
0.32, 0.38, 0.44, and 0.54 are 2.0, 2.05, 2.1, 2.19, 2.31, and 2.54 GHz, respectively. It is depicted
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in Figure 6 that the proposed method of (7) and (9) correlates well with the full-wave
simulation although their values show a difference. This discrepancy originates from the
assumption that Lv is extracted without considering the coupling effect, and the small-angle
approximation of a phase constant of a meander line is considered.
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3.2. Reduction in N Using MDGS Effect

To comprehensively verify the proposed method and the MDGS effect, further explo-
ration of the low cutoff frequencies for various MDGS-EBG structures is performed. The
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MDSG-EBG structures with unit cell sizes of 6 and 7 mm and a meander segment number
of 2 are additionally analyzed. In Figures 7 and 8, we compare the low cutoff frequencies
of (9) and a full-wave simulation for the MDGS-EBG structure with N values of 2 and 3, k
of 0.54, 0.44, 0.38, 0.32, 0.28, and 0.25, du of 5, 6, and 7 mm. Figure 7 shows that the low
cutoff frequency decreases as the coupling coefficient decreases. The coupling of MDGS
substantially affects the low cutoff frequency. For instance, the variation between the low
cutoff frequencies of the weakly and strongly coupled structures with N = 2 and du = 5 mm
is approximately 16.8% in Figure 7a.

In Figure 7a–f, the MDGS effect is consistently shown for all TVs. It is confirmed
that the proposed method successfully captures the MDGS effect in comparison with the
full-wave simulation result, although a discrepancy between the proposed method and the
full-wave simulation is observed. The tendency of the MDGS effect of the proposed method
shows a good correlation with that of the full-wave simulation. As mentioned earlier, the
error results from the assumption of ignoring the coupling effect while extracting Lv and
approximating the phase constant. Comparing the results (N = 2) in Figure 7 with the
results (N = 3) in Figure 8, we can observe that the error increases as the coupling effect
further increases. In Figure 8, we investigate the differences in the low cutoff frequencies
of strongly (k = 0.54) and weakly (k = 0.25) coupled MDGS-EBG structures to emphasize
the MDGS effect. Figure 8a,b summarize fL (k = 0.54) − fL (k = 0.25) for the MDGS-EBG
structures with N values of 2 and 3, respectively. For all TVs, it is observed that the MDGS
coupling affects the low cutoff frequency, and its effect is significant. Lowering the coupling
coefficient of the MDGS leads to a reduction in the low cutoff frequency without increasing
the unit cell size or dielectric thickness.
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du = 5 mm; (f) N = 3, du = 5 mm.
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weakly coupled MDGS with (a) N = 2; (b) N = 3.

Furthermore, the significance of the MDGS effect is demonstrated by comparing a
strongly coupled MDGS-EBG structure with N+1 and a weakly coupled one with N, which
are the MDGS-EBG structures including the same dimensions of design parameters except
the number of meander segments. As depicted in Figure 9, the low cutoff frequency of the
MDGS-EBG structure with (N = 3, k = 0.54) is compared with that with (N = 2, k = 0.25)
for various unit cell sizes. The total length of the meander line of N = 3 is longer than
that of N = 2. However, the low cutoff frequency of N = 2 is lower than that of N = 3. The
same result can be obtained in the comparison of (N = 4, k = 0.54) and (N = 3, k = 0.25)
in Figure 10b. The amount of reduction in the low cutoff frequency even increases for
this case. This finding is an original feature of the MDGS-EBG structure. The MDGS-EBG
structure has the advantages of miniaturization and wideband stopband. However, IR
drop induced from the meander section is problematic. The results proposed in this paper
provide a way to reduce the IR drop problem with maintaining the advantages of the
MDGS-EBG structure.
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The MDGS-EBG structure and the proposed analytical method are compared with
previous studies as shown in Table 2. The unit cell size of the MDGS-EBG structure can
be reduced with adjusting k, thus miniaturizing the MDGS-EBG structure. The k effect
on the EBG structure is analyzed herein. The proposed analytical method shows the high
flexibility and short computation time for the analysis, whereas the previous studies do not
satisfy both.

Table 2. Performance comparison.

Ref. fL (GHz) Unit Cell
Length (mm)

k Effect
Analysis

Analysis Method

Flexibility Computation Time

[15] 2.91 6.6 N.A. High Too long
[20] 0.68 20 N.A. Low Short
[23] 1.6 8 N.A. High Too long
[26] 0.7 12.2 No Low Short

This work 1.79 5 Yes High Short

4. Experimental Validation

To experimentally verify the MDGS effect on reduction at a low cutoff frequency,
two TVs of the strongly and weakly coupled MDGS-EBG structures were fabricated using
a conventional PCB fabrication, as shown in Figure 10. The dimensions of the design
parameters are presented in Table 3. TVs A and B are the MDGS-EBG structure with
strongly (k = 0.36) and weakly (k = 0.09) coupled lines with N = 1, respectively. The TVs
contain a 7 × 7 EBG array. The ports are located at the edge of the EBG array. The S-
parameters were measured using a vector network analyzer and 500-µm-pitch-GS probes.

Table 3. Design Parameters and Physical Dimensions.

Parameters TV A TV B

k 0.36 0.09
sm 0.3 1.4
dm 1.2 0.7
wm 0.2 0.2
Lm 2.6 2.6
du 6.2 6.2
dp 6.0 6.0
h1 0.1 0.1
h2 0.8 0.8
Lt 11.4 11.4
N 1 1

Z0m 88.1 110.5
ρSWF 3.63 3.78

Figure 11 depicts the measured S21 parameters of TVs A and B. The measured low
cutoff frequencies with |S21| of −40 dB of TVs A (k = 0.36) and B (k = 0.09) are 1.21 GHz
and 1.14 GHz, respectively. The low cutoff frequency increases up to 6.1% when the MDGS
coupling coefficient changes from 0.09 to 0.36. Even if the fabricated TVs include the
meander section of only N = 1, it is observed that the low cutoff frequency is significantly
affected. Consequently, it is expected that the MDGS effect becomes significant and the low
cutoff frequency substantially reduces as the number of meander sections (N) increases
which results in the IR drop reduction and the opportunity of miniaturizing EBG structures.
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MDGS effect.

5. Conclusions

We presented the MDGS effect on the slow-wave characteristics and low cutoff fre-
quency of the EBG structure in high-speed IC packages and PCBs. The analysis combining
the full-wave simulation with the derived equations was extracted and verified. Using
the proposed method, a rigorous analysis of the MDGS effect was performed. The pro-
posed method achieved a fast analysis of the MDGS-EBG structure. It was validated using
full-wave simulations and measurements. The analysis of the MDGS effect reflects that
the slow-wave factor and low cutoff frequency were significantly affected by the coupling
coefficient of the meander segment. For the demonstration case, the fL change was up to
19% when the coupling coefficient was varied. Furthermore, the low cutoff frequency of
the weakly coupled MDGS-EBG structure with the meander segment number of N was
lower than that of the strongly coupled MDGS-EBG structure with N+1. According to the
results, we can conclude that the total length of the MDGS is reduced without increasing
the low cutoff frequency which results in miniaturizing the EBG structure and solving an
IR drop problem of a long meander line of the MDGS.
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