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Abstract: In this paper, we present a unit-cell-based domain decomposition method (UC-DDM)
for rapid and accurate simulation of predicting the parallel plate noise (PPN) suppression of a
truncated electromagnetic bandgap (EBG) structure in high-speed printed circuit boards (PCBs).
The proposed UC-DDM divides the analysis domain of the truncated EBG structure into UCs as
sub-domains. Solving a sub-domain is based on a novel UC model, yielding an analytical expression
for the impedance parameter (Z-parameter) of the UC. The novel UC model is derived using a
spatial decomposition technique, which results in the modal decomposition of quasi-transverse
electromagnetic (TEM) and transverse magnetic (TM) modes. In addition, we analytically derive
a impedance-parameter recombination method (ZRM) to obtain the analytical solution of a finite
EBG array from the sub-domain results. The proposed UC-DDM is verified through comparison
with full-wave simulation results for various EBG arrays. Comparison between the UC-DDM and
a full-wave simulation of a truncated EBG structure reveals that a substantial improvement in
computation time with high accuracy is achieved. It is demonstrated that the simulation time of the
proposed method is only 0.1% of that of a full-wave simulation without accuracy degradation.

Keywords: domain decomposition; electromagnetic bandgap (EBG); impedance-parameter
recombination method (ZRM); parallel plate noise; printed circuit boards (PCBs)

1. Introduction

Parallel plate noise (PPN) is a critical design consideration for high-speed printed circuit
boards (PCBs). As processor clock speeds and device-to-device communication speeds dramatically
increase, wideband PPN causes more serious problems of signal integrity (SI), power integrity (PI),
and electromagnetic interference (EMI) in high-speed PCBs [1–3]. The PPN not only induces noisy
power supply with voltage fluctuation, but also low digital signal quality with waveform distortion.
The PPN severely interferes with radio frequency (RF) signals, which results in connection failure of
wireless communication systems. Moreover, the PPN is coupled with the cables attached to high-speed
PCBs and consequently causes a problem of common-mode noise radiation [4]. In particular, the power
distribution networks of high-speed PCBs mainly contribute to the generation and propagation of
PPN, because the parallel plate modes of power distribution networks are easily excited by digital
switching devices and the power distribution network is shared by various chips on a board. As a
consequence, it is imperative that the PPN of a power distribution network is suppressed to ensure
good SI, PI, and EMI characteristics of high-speed PCBs.

To mitigate the PPN of a power distribution network in high-speed PCBs, electromagnetic
bandgap (EBG) structures have been proposed. The EBG structures have been intensively studied due
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to their superior characteristics of PPN suppression in high-speed PCBs [5–17]. In the EBG structures,
the conductors of a power distribution network are etched in specific patterns, which are equivalently
considered as resonant circuits to filter out the PPN in high-speed PCBs. In [5], the metallo-dielectric
EBG structure forms a resonator consisting of an inductor and a capacitor in series, namely a LC
resonator. The EBG structure shows PPN suppression of a parallel plate waveguide, which is typically
used as a power distribution network. Based on the initial EBG structure, research on improving the
EBG structure has been conducted intensively, as reported in [6–18]. To widen the bandwidth of the
PPN suppression, various techniques, such as vertically stacked patches, multiple vias, and a high
dielectric constant material have been presented [6–15]. For further improvement in size reduction as
well as noise suppression bandwidth, a perforated plane (PP) has been employed [16–18]. As can be
seen in previous research, the EBG structures achieve excellent PPN suppression with the advantage of
high-level suppression over a wideband frequency range. Additionally, the planar structure provides
ease of integration with other components and reliable fabrication in a conventional PCB process.
Thus, the EBG structures can be an alternative to a conventional power distribution network.

In the EBG structure’s design, estimation of PPN suppression is important. The characteristics of
PPN suppression in EBG structures are mainly predicted by dispersion analysis based on the Floquet
theory [19,20], or scattering parameters (S-parameters) obtained by electromagnetic (EM) simulations.
In the dispersion analysis with the Floquet theory, a dispersion diagram is employed to obtain the
stopband of a periodic EBG structure. The dispersion diagram is acquired using a network parameter
of the unit cell (UC) rather than the full array of EBG. The network parameters, such as ABCD matrices
and impedance parameters (Z-parameters), are extracted from an analytical equation or an equivalent
circuit of the UC. The dispersion analysis rapidly predicts the PPN suppression of the periodic EBG
structure. Its accuracy is, however, limited to a periodic structure, namely the EBG structure containing
an infinite array, because of the periodicity assumption in the Floquet theory. In most applications,
the number of the EBG cells is finite and even small. Accordingly, the dispersion analysis is not
sufficient for the practical design of a truncated EBG structure suppressing PPN in high-speed PCBs.

The other method is a full-wave EM simulation based on the finite element method (FEM), method
of moment (MoM), and finite difference method (FDTD). In full-wave simulations, a finite array of
the EBG structure is analyzed so that the network parameters, such as S-parameters, are obtained to
estimate PPN suppression. The full-wave simulation does not require a periodic boundary condition.
Instead, the array size directly used in applications is examined. The full-wave simulation results
provide the S-parameters with the level of PPN suppression. Moreover, it shows resonance peaks below
and above the PPN suppression region. Thus, the full-wave simulation is preferred in practical design.
However, the computational inefficiency of the full-wave simulation is troublesome. In particular,
it is more problematic in the design of a truncated EBG structure using the perforated plane technique
(PP-EBG). The PP-EBG structure shows distinguished features of a substantial increase in noise
suppression bandwidth, size reduction, low cost, and high reliability—thus, using the PP-EBG structure
is highly advantageous for high-speed PCB design. Nevertheless, the design and optimization of
a truncated PP-EBG structure using full-wave simulation is time-consuming compared to the other
EBG structure without the PP technique, because the field distributions of the PP-EBG structure are
not confined within the dielectric material between two conducting layers and the enlargement of
the field analysis region results in a significant amount of meshes for EM simulations. Consequently,
a simulation method of a truncated PP-EBG structure is needed.

In this paper, we propose an efficient simulation method to predict the PPN suppression of
a truncated EBG structure, improved on by the perforated plane technique in high-speed PCBs.
The proposed method presents an analytical model of the EBG UC, and an impedance-parameter
recombination method (ZRM) to obtain the S-parameters of a truncated PP-EBG structure containing
a M-by-N (M × N) array. Modal decomposition into a transmission line mode and resonant cavity
mode is developed for the physics-based model of an EBG UC. Additionally, we derive an analytical
approach of ZRM to concatenate two adjacent UCs where multiple ports are two-dimensionally (2-D)
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arranged. Iterative use of ZRM enables us to acquire the network parameters of the M × N array using
those of a UC. The proposed method is verified through comparison with full-wave simulation results
for various size arrays of the truncated PP-EBG structure. The proposed method significantly reduces
the simulation time, thus proving to be an efficient design and a step towards optimization of the
PP-EBG structure in high-speed PCBs.

2. Method

2.1. A Procedure of Proposed UC-DDM

The PP-EBG structure was devised based on the multilayer PCBs, which contained at least
three metal layers—namely, a perforated plane, a rectangular patch connecting to the perforated
plane through a via, and a non-perforated plane. For the application of the PP-EBG structure to a
power distribution network, a perforated and non-perforated plane could be used as the power and
ground planes, respectively. As described in [16,17], the PP-EBG structure substantially improves the
PPN suppression characteristics by simply and cost-effectively increasing characteristic impedance,
which can be defined in the equivalent circuit model of the UC. In contrast, using the perforated
plane technique is computationally expensive when predicting the noise-suppression characteristics
compared to the conventional EBG structure with electromagnetic fields confined between parallel
plates. As shown in Figure 1, examples of the PP-EBG structure with a 2 × 2 array and the description
of a UC are illustrated. The design parameters for the PP-EBG UC are also shown in Figure 1, and are
as follows: The lengths of the UC and the rectangular patch are dC and dr; the perforation size is dP;
the distance between the perforated plane and the rectangular patch is h1; the distance between the
rectangular patch and the nonperforated plane is h2; and the via radius is r.
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Figure 1. A truncated electromagnetic bandgap (EBG) structure with finite array size, resulting in a
nonperiodic boundary condition.

Because the truncated PP-EBG array did not satisfy the periodic boundary condition, the Bloch
wave propagation was not defined and the Floquet theory was also not assumed. The proposed
UC-DDM was exploited to rapidly and accurately predict the PPN suppression characteristics of the
PP-EBG structure containing a finite and small number of UCs. As can be seen in Figure 2, the proposed
UC-DDM consisted of two main parts: analytical UC modeling and ZRM. The first part was to derive
an analytical UC model in order to extract a Z-parameter of the UC. The second was to perform the
UC-DDM using a consecutive application of the impedance-matrix recombination method (ZRM)
to obtain the S-parameter of the PP-EBG structure with an M × N array. In the first step, a novel
expression for the Z-parameter of the UC was derived using spatial decomposition, which results
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from the skin effect for the multilayer PCBs. To refine the PP-EBG UC model, an electromagnetic
wave propagation in the UC was decomposed into a 2-D transmission line (2-D TL) and a rectangular
cavity (RC). The Z-parameters for 2-D TL and RC were analytically extracted. The PP-EBG UC model
was given by combining the characteristics of 2-D TL and RC. The next main part is the UC-DDM
using ZRM, where the S-parameters of the truncated PP-EBG structure were obtained by continuously
applying the ZRM based on the analytical expression for the Z-parameter of the UC, which was derived
in the first step. The analysis domain for a truncated EBG structure was divided into sub-domains
corresponding to the UCs. The solution for a sub-domain was given by the analytical UC model.
ZRM is the method used to simply and analytically provide the Z-parameter of the new EBG array
merged by two different or identical structures. The iterative use of ZRM consequently results in
the solution of the original domain, namely the PPN suppression characteristics of the truncated
EBG structure.
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using analytical equations of the unit cell (UC) and impedance-parameter recombination method
(ZRM) for computationally efficient simulations of parallel plate noise (PPN) suppression in high-speed
printed circuit boards (PCBs).

2.2. Analytical UC Modeling

In the proposed UC-DDM, the sub-domain for the analysis of the finite EBG array was based
on the UC. For a computationally efficient simulation, the analytical expressions for the Z-parameter
of the UC are derived in this section. For a refined model, the spatial decomposition technique for
the analytical UC model is presented. In the proposed model, it is assumed that the skin depth in the
frequency of interest is typically less than the thickness of a metal plan. This assumption is typically
valid in conventional multilayer PCBs where the PP-EBG structure is implemented. For instance,
the skin depth at a frequency of 100 MHz is 6 µm for the FR-4-based PCBs, while the copper thickness
for the metal layer is approximately 17 µm (i.e., 1/2 oz). Thus, we assumed that most of the return
current on a rectangular patch flowed on the surface and detoured at the edge of the patch, instead
of penetrating the patch. Based on this assumption, as shown in Figure 3, the UC of the PP-EBG
structure is vertically divided into two segments of a 2-D TL and a RC where the dominant modes of
the electromagnetic wave propagations are quasi-TEM and TM modes, respectively. One segment of
the 2-D TL consists of the perforated plane and the upper parts of the rectangular patch. These are
connected to each other at the center position through a single via. The other segment of the RC
comprises the lower part of the patch and the nonperforated plane.
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cavity mode.

For the analytical UC model using spatial decomposition, we defined a port configuration,
as shown in Figure 3. The PP-EBG UC as the sub-domain of the UC-DDM contains four original ports.
They are represented as P1,UC, P2,UC, P3,UC, and P4,UC. The spatial decomposition generates virtual
ports for the 2-D TL and the RC. The virtual ports of the 2-D TL were defined using the terminals
located at the perforated plane and the upper rectangular patch, while those of the RC were defined
as the terminals on the lower patch and the nonperforated plane, as seen in Figure 3. The notations
for port 1 of the 2-D TL and the RC are P1,TL and P1,RC. Note that the other ports are omitted for the
sake of simplicity. For the spatial decomposition, Figure 3 shows the relationship between the original
port P1,UC and the virtual ports P1,TL, P1,RC. The positive and negative terminals of P1,UC are identical
to the positive terminal of P1,TL and the negative terminal of P1,RC. Additionally, it is shown that the
negative terminal of P1,TL is directly connected to the positive terminal of P1,RC. From the relationships,
we further conclude that the segments are connected in series configuration when we combine the
segments into the original UC in the analytical approach. The detailed description will be explained
using equivalent circuits at the end of this section.

To extract the analytical expressions for the Z-parameter of the 2-D TL segment, the equivalent
circuit model was developed as shown in Figure 4. In the model, we adopted four transmission lines
with the characteristic impedance Zo,TL, the propagation constant βTL, and the length dC/2. The center
via was modeled as an inductor having an inductance value of LV. From the equivalent circuit model,
the relationships between voltages and currents are given by:

V1,TL
V2,TL
V3,TL
V4,TL

 =


Z11,TL
Z21,TL
Z31,TL
Z41,TL

Z12,TL
Z22,TL
Z32,TL
Z42,TL

Z13,TL
Z23,TL
Z33,TL
Z43,TL

Z14,TL
Z24,TL
Z34,TL
Z44,TL




I1,TL
I2,TL
I3,TL
I4,TL

, (1)

where

Zij,TL = Za −
ZbZc

Zd
+

(
Zb
Zd

)2(
jωLv +

4
Zd

)−1
, (i = j, i and j = 1, 2, 3, 4) (2)

Zij,TL =

(
Zb
Zd

)2(
jωLv +

4
Zd

)−1
, (i 6= j, i and j = 1, 2, 3, 4) (3)
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(
Za Zb
Zc Zd

)
=

(
−jZo,TLcot(βTLdc/2) −jZo,TLcsc(βTLdc/2)
−jZo,TLcsc(βTLdc/2) −jZo,TLcot(βTLdc/2)

)
(4)

The characteristic impedance Zo,TL can be obtained using the empirically approximated
equations [21] in the following:

Zo,TL =
1

2π

√
µo

εe f f εo
ln
(

8(h1 + h2)

dc − 2dp
+

dc − 2dp

4(h1 + h2)

)
, f or

dc − 2dp

h1 + h2
< 1 (5)

Zo,TL =

√
µo

εe f f εo

(
1.393 +

dc − 2dp

(h1 + h2)
+

2
3

ln
(
(h1 + h2)

dc − 2dp
+ 1.444

))
, f or

dc − 2dp

h1 + h2
≥ 1 (6)

We obtained the analytical expressions for the Z-parameter of the 2-D TL segment. Next,
the analytical model of the RC segment was derived using the resonant cavity model in [22].
The resonant cavity model is the analytic wave model providing the Z-parameters of the planar
and rectangular cavity implemented in packages and PCBs. Based on the resonant cavity model,
the Z-parameter of the RC segment in Figure 5 is given by:

Zij,RC = jωµ h1+h2
d2

c

∞
∑

m=0

∞
∑

n=0

C2
mC2

n
(k2

m+k2
n−k2)

cos
(
k2

mxi
)
cos
(
k2

nyi
)
cos
(
k2

mxj
)
cos
(
k2

nxj
)
,

(i, j = 1, 2, 3, 4),
(7)

where
km = mπ/dc, kn = nπ/dc (8)

(xi, yi) =


(0, dc/2), f or i = 1
(dc/2, dc), f or i = 2
(dc, dc/2), f or i = 3
(dc/2, 0), f or i = 4

(9)

Cm = 1 if m = 0 or Cm =
√

2 if m 6= 0, and Cn = 1 if n = 0 or Cn =
√

2 if n 6= 0. k is a real wave number for
a lossless case. The resonant cavity model expresses the Z-parameter of the solution for the Helmholtz
eigenvalue problem. Thus, the accuracy increases as the eigenmodes m and n are infinitely summed
in the x- and y-directions. However, because this is inefficient for practical applications, we used the
approximate approach shown in [21] to determine the mode numbers m and n, rather than the use
of an infinite sum. As described in [21], this provides a balance between the level of accuracy and
computation time.
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An analytical expression for the Z-parameter of the UC was obtained by combining the
Z-parameters of the 2-D TL and RC segments. As described previously, the 2D-TL and the RC
are electrically connected in series configurations. In Figure 3, the port voltage of the UC is the sum of
the voltages of the 2-D TL and the RC segments, while the current continuity condition is fulfilled for
the UC and the segments. Consequently, the analytical expression for the Z-parameter of the UC can
simply be acquired as follows:

[ZUC]4×4 = [ZTL]4×4 + [ZRC]4×4 (10)

2.3. ZRM-Based Recombination

In the proposed UC-DDM, the analysis domain of the original structure is partitioned into
the coupled sub-domains of the UCs. The solution of the sub-domain is analytically extracted in
the previous section. To reconstruct the original domain using the sub-domain results, a method
to recombine the Z-parameters of the sub-domains was developed and named the Z-parameter
recombination method (ZRM). Figure 6 depicts a block diagram of two sub-domains to be recombined.
The sub-domains are denoted as AR1 and AR2 while the recombined result is denoted as AR3.
For convenient application of ZRM to the 2-D truncated EBG array, the multiple ports are arranged in
a rectangular order. The sub-domain contains four port groups of PA, PB, PC, and PD. Considering the
symmetric nature of the EBG array, we assume the same number of ports q in PA and PC for both AR1

and AR2. In contrast, the port number of PB, PD of AR1 is different from those of AR2 for the general
use of ZRM. The port number of PB, PD of AR1 and AR2 is r and s, respectively. The port number of
PA, PC of the recombined domain AR3 is the same as those of AR1 or AR2. On the other hand, the port
number of PB, PD of AR3 is (r + s), which is the sum of port numbers of AR1 and AR2.
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In the proposed UC-DDM, the truncated EBG structure is divided into the UCs by inserting
a perfect magnetic conductor (PMC) as a boundary condition. It is shown that the PMC-based
decomposition is efficient for the PP-EBG structure in high-speed PCBs. The PMC boundary yields the
same voltage and continuous current conditions at the interface between the sub-domains, which is
equal to the connection point meeting the port group PC of AR1 with the port group of PA of AR2.
With this condition and the segmentation theory introduced in [23], we could derive the Z-parameter
of the recombined domain from the Z-parameters of the sub-domains. To utilize the theory in [23] for
the ZRM, we created an impedance table showing the relationship between the Z-parameters of the
sub-domains and the recombined domain, as shown in Figure 7. In the impedance table of Figure 7,
the new Z-parameters of ZEE, ZEe, ZEe′ , ZeE, Ze′E, Zee, and Ze′e′ are defined. The Z-parameter of the
recombined domain AR3 can thus be obtained by the following:

ZAR3 = ZAR3 ⊕ ZAR3 = ZEE − (ZEe − ZEe′)(Zee − Ze′e′)
−1(ZeE − Ze′E) (11)

In the ZRM, a notation ⊕ is newly defined for recombination of the Z-parameters of the
sub-domains, as seen above. To show an example of the ZRM, we consider that two UCs are combined
into the 1 × 2 EBG array. The Z-parameter of the UC is already found from (1) to (10). Applying the
ZRM to two UCs, the Z-parameters in the impedance table is given by:

ZEE =



Z11,UC Z12,UC 0 0 Z14,UC 0
Z21,UC Z22,UC 0 0 Z24,UC 0

0 0 Z22,UC Z23,UC Z24,UC
0 0 Z32,UC Z33,UC 0 Z34,UC

Z41,UC Z42,UC 0 0 Z11,UC 0
0 0 Z42,UC Z43,UC 0 Z44,UC


(12)

ZEE =
(

Z13,UC Z13,UC 0 Z13,UC 0 0
)T

(13)

ZEe′ =
(

0 0 Z21,UC Z31,UC 0 Z41,UC

)T
(14)

ZeE =
(

Z31,UC Z32,UC 0 0 Z34,UC 0
)

(15)

Ze′E =
(

0 0 Z12,UC Z13,UC 0 Z14,UC

)
(16)

Zee = Z33,UC (17)

Ze′e′ = Z11,UC (18)

By substituting the Z-parameters above into (11), the analytical expression for the Z-parameter of
the 1 × 2 EBG array is acquired as follows:

Z1×2_EBG_array =
1

Z11,UC + Z33,UC

(
ZA ZB
ZC ZD

)
(19)

where

ZA =

 Z11,UC − Z13,UCZ31,UC Z12,UC − Z13,UCZ32,UC Z13,UCZ12,UC
Z21,UC − Z23,UCZ31,UC Z22,UC − Z23,UCZ32,UC Z23,UCZ12,UC

Z21,UCZ31,UC Z21,UCZ32,UC Z22,UC − Z21,UCZ12,UC

 (20)

ZB =

 Z2
13,UC Z14,UC − Z13,UCZ34,UC Z13,UCZ14,UC

Z23,UCZ13,UC Z24,UC − Z23,UCZ34,UC Z23,UCZ14,UC
Z23,UC − Z21,UCZ13,UC Z21,UCZ34,UC Z24,UC − Z21,UCZ14,UC

 (21)
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ZC =

 Z2
31,UC Z31,UCZ32,UC Z32,UC − Z31,UCZ12,UC

Z41,UC − Z43,UCZ31,UC Z42,UC − Z43,UCZ32,UC Z43,UCZ12,UC
Z41,UCZ31,UC Z41,UCZ32,UC Z42,UC − Z41,UCZ12,UC

 (22)

ZAD =

 Z33,UC − Z31,UCZ13,UC Z31,UCZ34,UC Z34,UC − Z31,UCZ14,UC
Z43,UCZ13,UC Z44,UC − Z43,UCZ34,UC Z43,UCZ14,UC

Z43,UC − Z41,UCZ13,UC Z41,UCZ34,UC Z44,UC − Z41,UCZ14,UC

 (23)

The ZRM for the 1 × 2 array is shown above. To efficiently obtain the Z-parameter of the PP-EBG
structure with the M × N array, we iteratively perform the ZRM. The method to iteratively employ
the ZRM entails two steps—namely, the ZRM applications for Zrow(i) and ZEBG(M×N). Zrow(i) is the
Z-parameter of the 1 × N EBG array, and ZEBG(M×N) is the Z-parameter of the M × N EBG array with
the PPN suppression characteristics that we originally needed to examine. In the first step for Zrow(i),
we start by recombining two UCs for a 1 × 2 array and the ZRM is sequentially applied to a 1 × N
array to obtain Zrow(i). This step is represented as follows:

Zrow(i) = ZUC(i,1) ⊕ ZUC(i,2) ⊕ · · · ⊕ ZUC(i,N) =
N

∑
j=1

(
ZUC(i,j)

)
, (24)

where ⊕ is the operator of the ZRM.
Next, ZEBG(M×N) is extracted by iteratively performing the ZRM with Zrow(i), as shown in Figure 8.

The final ZRM step is given by:

ZEBG(M×N) = Zrow(1) ⊕ Zrow(2) ⊕ · · · ⊕ Zrow(M) =
M

∑
k=1

(
Zrow(k)

)
(25)
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As a consequence, the S-parameter of the truncated EBG structure, showing the PPN suppression,
can be calculated as:

SEBG(M×N) =
(

SEBG(M×N) + ZoE
)−1(

ZEBG(M×N) − ZoE
)

(26)

where Zo is the reference characteristic impedance, which is typically 50 Ω, and E is the identity matrix.
The proposed UC-DDM is clearly described in this section. The UC-DDM is limited to the PP-EBG
structure. In particular, there must be a microstrip line of the spatial decomposition to apply the
UC-DDM to other EBG structures. However, the ZRM technique, derived herein, can be adopted for
other EBG structures when their unit cell models are obtained. The UC-DDM, based on the analytical
solutions derived herein, allow engineers to design and optimize the finite-size PP-EBG structure
using a code-based approach such as MATLAB, Python, and C language. Moreover, the UC-DDM
enables a systematic approach of the PP-EBG structure for practical design in high-speed PCBs.Electronics 2018, x, x FOR PEER REVIEW  10 of 14 
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3. Results

To verify the UC-DDM, we compared the S-parameter results of the UC-DDM for the finite-size
array of the PP-EBG structures with those of the FEM simulation. The UC-DDM and the full-wave
simulation were implemented using the MATLAB code and modal solution of Ansys HFSS, respectively.
Five test vehicles (TVs), including different array size and port positions, were adopted to verify the
proposed UC-DDM. The first test vehicle (TV A) was a truncated PP-EBG structure with a 2 × 2 array,
as shown in Figure 9. The dimensions of the design parameters used herein were the values typically
chosen in the conventional PCB process, where FR-4 and copper were used as the dielectric material
and metal layer, respectively. Two dielectric thicknesses, h1 and h2 of the PP-EBG UC, were 1.2 mm
and 0.1 mm, respectively. The copper thickness was 17 µm. The UC and the rectangular patch lengths
were 20 mm and 19.6 mm, respectively. The via radius r, provided by the conventional PCB process,
was 200 µm. The length of the perforated plane was 7 mm. In addition, the configuration of the port
location in TV A is given in Figure 9, which is frequently employed for PPN suppression in high-speed
PCBs. The dimensions of the design parameters are summarized in Table 1.Electronics 2018, x, x FOR PEER REVIEW  11 of 14 
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of PPN suppressions of the UC-DDM and the full-wave simulation.

Table 1. Dimensions of the PP-EBG UC for verification of the UC-DDM.

Parameters dc dp dr h1 h2 r

Dimensions 20 mm 7 mm 19.6 mm 1.2 mm 0.1 mm 0.2 mm

In Figure 9, the UC-DDM results for TV A (2× 2 array) is compared with the full-wave simulation
results based on FEM. As can be seen in the figure, the UC-DDM results show good agreement with
the FEM simulation results. We define the low and high cut-off frequencies (fL and fH) with the PPN
suppression level of −30 dB. fL of the UC-DDM, and the full-wave simulation is 0.35 GHz. fH is
1.42 GHz. In addition to the high correlation of fL and fH, the UC-DDM successfully predicts the
PPN suppression over a wideband frequency range. It is verified that the UC-DDM provides accurate
results compared to the conventional simulation method. The computation time was examined using
a personal computer with an Intel Xeon CPU E3-1505M v5 @ 2.80 GHz. The computation time of
the full-wave simulation was 1722 s, whereas the UC-DDM required a computation time of 2.6 s.
Remarkably, the simulation time of the UC-DDM is approximately 0.1% of the full-wave simulation
time. Using the UC-DDM, rapid and accurate simulation of the truncated PP-EBG structure can
be achieved.
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On the other hand, the finite-array effect on the reduction of the PPN suppression was also
demonstrated. The PPN suppression characteristics of the finite-size array (i.e., 2 × 2) and the infinite
array are compared in Figure 9. The result of the infinite array was acquired using a dispersion analysis
based on the Floquet theory. Moreover, we show the full-wave simulation result for the 7 × 7 EBG
array, which can be considered as an infinite EBG array. It is found in [19,20] that a dispersion analysis
based on the Floquet theory shows good prediction of PPN suppression characteristics when the array
size is sufficiently large enough to be considered as an infinite array. However, we can observe a
significant discrepancy between the PPN suppression characteristics of the 2 × 2 array and infinite
array. The predictions of fL and fH of the infinite-array analysis were 0.33 GHz and 2.03 GHz while
those of the 2 × 2 array were 0.35 GHz and 1.42 GHz. The periodic analysis based on the Floquet
theory shows error of the PPN suppression bandwidth up to 58% compared to the finite array analysis
of the UC-DDM and full-wave simulation.

To further validate the UC-DDM, the PPN suppression characteristics (i.e., S21 parameters) were
examined using TVs, including different array size and port configurations. As shown in Figure 10,
TV B and TV C are PP-EBG structures with 2 × 3 and 2 × 4 arrays, respectively. TV D and TV E
contain the same array size of 3 × 3 but different port configurations, as shown in Figure 11. The S21

parameters of TV B (2 × 3 array), TV C (2 × 4 array), and TV D (3 × 3 array) from the full-wave
simulation and the UC-DDM are depicted in Figures 10 and 11. The UC-DDM results show good
agreement with the full-wave simulation results regardless of the various array sizes. For the different
port configurations in Figure 11, the UC-DDM shows good correlation with the full-wave simulation
results. Through all TVs, we can observe high accuracy of the UC-DDM regarding prediction of the
resonance peaks as well as the PPN suppression bandwidth, thus achieving efficient estimation over a
wideband frequency range.
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On examination of the computation time, it is shown that the UC-DDM significantly reduced
the simulation time for all TVs compared to the full-wave simulation. The simulation times of the
full-wave simulation from TV A to TV E are 1722 s, 1931 s, 2937 s, 1905 s, and 1848 s, while those of the
proposed UC-DDM are 2.6 s, 2.7 s, 2.8 s, 3.1 s, and 2.9 s. To obtain the PPN suppression characteristics
of the truncated EBG structure, the UC-DDM requires approximately 0.1% of the computation time of
the full-wave simulation. As a consequence, it is verified that the UC-DDM achieves fast and accurate
simulation. These excellent results are summarized in Table 2.

Table 2. PPN suppressions and computation time of the UC-DDM and the full-wave simulation.

TVs
Full-Wave Simulation UC-DDM

fL (GHz) fH (GHz) Time (s) fL (GHz) fH (GHz) Time (s)

A 0.35 1.42 1722 0.35 1.42 2.6
B 0.35 1.67 1931 0.34 1.68 2.7
C 0.35 1.80 2937 0.36 1.82 2.8
D 0.35 1.78 1905 0.35 1.78 3.1
E 0.37 1.68 1848 0.37 1.73 2.9

4. Conclusions

We proposed an efficient simulation method based on the UC-DDM for rapid and accurate
simulations of the truncated PP-EBG structure in high-speed PCBs. The entire EBG structure with finite
array size was divided into smaller nonoverlapping subdomains that were identical to the unit cells.
The analytical solution of the UC was derived using a spatial decomposition technique. To combine
the UCs, the ZRM was analytically extracted. The analytical UC model and the ZRM improved the
simulation of the truncated PP-EBG structure. The accuracy and reduced computation time of the
UC-DDM were verified through comparison with the full-wave simulation results for various TVs
of the finite PP-EBG structures. A substantial reduction of the computation time using the UC-DDM
was also demonstrated. The UC-DDM is a flexible method and can be applied to other EBG structures
when the UC model is replaced. Because the UC-DDM is implemented by script-based software, its use
can be easily extended to the automation of design combined with various optimization techniques,
such as machine learning.
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