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Abstract: In modern printed electronics, the performances of a circuit and a device are severely
deteriorated by the electromagnetic noise in the gigahertz (GHz) frequency range, such as the
simultaneous switching noise and ground bounce noise. A compact and multi-stack electromagnetic
bandgap (CMS-EBG) structure is proposed to suppress the electromagnetic noise over the GHz
frequency range with a short distance between a noise source and a victim on multilayer printed
circuit boards (MPCBs). The original configuration of the stepped impedance resonators is
presented to efficiently form multiple stacks of EBG cells. The noise suppression characteristics of
the CMS-EBG structure are rigorously examined using Floquet-Bloch analysis. In the analysis,
dispersion diagrams are extracted from an equivalent circuit model and a full-wave simulation
model. It is experimentally verified that the CMS-EBG structure suppresses the resonant modes over
the wideband frequency range with a short source-to-victim distance; thus, this structure
substantially mitigates GHz electromagnetic noise in compact MPCBs.
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1. Introduction

The multilayer printed circuit board (MPCB) technology is widely used in recent printed
electronics. It provides a reliable and cost-effective manufacturing process and simply realizes high-
speed interconnects, power buses, and passive planar components. MPCBs are used for various
electronic applications including radio-frequency (RF) circuits, microwave circuits, and high-speed
digital circuits. With the rapidly growing demand for electronics with massive computation
capability and a small form factor, the MPCB technology has been significantly developed for mixed-
signal applications, where high-speed digital devices and wireless communication devices are
integrated in the same MPCBs.

Mixed-signal MPCBs support the complex configuration of RF, analog, and digital devices, as
shown in Figure 1. Various devices such as RF, analog, memory, and digital chips are mounted on
the MPCBs. Digital devices are known to generate wideband electromagnetic noise in the gigahertz
(GHz) frequency range, which severely degrades the performance of the other circuits including
themselves [1-5]. In addition, the noise source and victim devices are placed closely for the compact
design. The wideband GHz-noise coupling in a compact area reduces the voltage margin, deteriorates
the eye-diagram characteristics, and decreases the receiver sensitivity. In particular, the GHz-noise
coupling through direct current (DC) power buses in MPCBs is a significant problem [6-9]. In mixed-
signal MPCBs, DC power buses are essential for properly delivering power to the circuits. Power
buses connect the chips with power sources such as the regulator and DC/DC converter. The power
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buses are patterned on any metal layer in the MPCBs. The power buses are mostly designed by using
solid metal planes to reduce the design complexity. Considering the electromagnetic wave theory,
the electromagnetic characteristics of the previous power buses are equivalent to a parallel plate
waveguide (PPW). In a PPW-based power bus of mixed-signal MPCBs, numerous resonant modes in
the wideband frequency range are excited, which induces the GHz electromagnetic noise couplings
between a noise source and a victim [6-9]. Moreover, the short horizontal distance from a noise source
to a victim device for a compact system results in a severe electromagnetic interference. Consequently,
wideband noise suppression with a short distance between the noise source and the victim is required
for the high performance of MPCBs.

Numerous studies are presented to suppress the resonant modes of a PPW in the GHz frequency
range. In particular, electromagnetic bandgap (EBG) structures show vastly superior characteristics
to suppress the resonant modes in a wideband frequency range [10-20]. The EBG structure is the
engineered material used to obtain a broad stopband, where the propagation of a GHz noise wave is
prevented. In the EBG structure, unit cells (UCs) are periodically arranged in the same horizontal
plane. The UCs may include an equivalent LC resonator or a stepped impedance resonator to
suppress the GHz electromagnetic noise. The previous EBG structures have the advantage of a
wideband stopband in the GHz frequency range. However, the previous EBG structures are designed
based on a planar structure, so they require a sufficiently large number of UCs that are placed
horizontally between a noise source and a noise victim. In other words, a large horizontal distance
from the source to the victim is required. As shown in Figure 1, the source-to-victim distance is
equivalent to the product of the number and the size of EBG UCs, which are substantially large.
To reduce the horizontal area of the EBG structure, the multi-layer EBG structures with LC resonators
are presented [21,22]. However, they did not focus on reducing the source-to-victim distance.
To maintain or enhance the characteristics of the previous EBG structures, it is inevitable to place the
large number of EBG UCs, which increase the horizontal distance between the source and the victim.
However, in modern MPCBs, various mixed-signal devices must be densely placed in a small area.
Consequently, the use of the previous EBG structures for compact applications is severely limited.
Thus, it is necessary that an EBG structure is designed to occupy a compact area and substantially
reduce the source-to-victim distance with the wideband GHz noise suppression in MPCBs.
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Figure 1. Gigahertz (GHz)-noise suppression in multilayer printed circuit boards using electromagnetic
bandgap structures and the limitations of previous planar electromagnetic bandgap (EBG) structures.
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In this article, a compact and multi-stack electromagnetic bandgap (CMS-EBG) structure with a
short source-to-victim distance is proposed using vertically stacked UCs and the original stepped
impedance configuration. The proposed method significantly reduces the horizontal area of the EBG
structure and the source-to-victim distance with a wideband suppression of the GHz-electromagnetic
noise. The simulation and measurements verify the characteristics of the proposed CMS-EBG structure.

2. Design of Compact and Multi-Stack Electromagnetic Bandgap (CMS-EBG) Structure

2.1. Geometrical Design

The CMS-EBG structure is designed to exhibit a wideband suppression of GHz noise with a
compact area and a short source-to-victim distance. To achieve this objective, a multi-stack technique
is applied to the CMS-EBG structure. The multi-stack technique is the original configuration of a
stepped impedance resonator, which consists of a low-characteristic-impedance (low-Zo) part and a
high-Z, part. As illustrated in Figure 2a, the low-Z, part consists of a rectangular-shape low-Z, patch
in a power layer (P) and two rectangular planes (G) in the ground layers (G), which are located above
and below the low-Z, patch. The dielectric material is located between the power and ground layers.
The high-Z, part is formed by two narrow high-Z, patches and a via structure. The high-Z. patches
are placed in different layers and connected through the via structure. The high-Z, part is denoted as
a vertical-cell-array (VCA) branch. The ground via structures should be placed adjacent to the VCA
branch, but the ground vias are not shown in Figure 2a for simplicity. The ground via is described in
detail in Figure 4. In addition to the VCA branch, the term ‘VCA” implies a vertical stack of low-Zo
patches. The CMS-EBG structure contains four VCAs as shown in Figure 2a. Each VCA includes a
stack of four low-Z, patches. To explain the CMS-EBG structure, a unit cell is defined as the low-Zo
parts with half of the VCA branches as shown in Figure 2a. The notation UCq is adopted to express
the unit cell in the i-th VCA and j-th tier.

The VCA branch was originally developed to connect low-Zo patches in different tiers or
different UCs. Two types of connection between low-Zo patches in different tiers are considered in
the CMS-EBG structure. First, low-Zo patches in different tiers but the same VCA are considered,
which is called an intra-VCA branch. In Figure 2a, the intra-VCA branch is highlighted with a blue
dashed line, which connects the low-Z, patches in UCu2 to UCus. The other type is an inter-VCA
branch, which connects low-Z. patches in different tiers and different VCAs. In Figure 2a, for instance,
the inter-VCA branch is highlighted to connect a low-Zo patch in UCgs) to a low-Zo patch in UCu,4).
To more clearly explain the intra-/inter-VCA branches, only the low-Z. patches and VCA branches
are shown in the other view point in Figure 2b, where the red and blue arrows point at the inter-VCA
branches and intra-VCA branches, respectively. All low-Zo patches have one or two intra-VCA
branches. For the inter-VCA branch, the low-Zo patches in VCA 1 and VCA 4 contain one inter-VCA
branch, whereas each low-Zo patch in VCA 2 and VCA 3 contains two inter-VCA branches.
For example, UCqs) has an intra-VCA branch to connect with UCqs5 and an inter-VCA branch to
connect with UCp4). For UCgs), two inter-VCA branches are used to connect with UCp4 and UCa,a),
whereas one intra-VCA branch connects it to UC@4. In summary, the intra-VCA branch connects the
UCs in different tiers but the same VCA, whereas the inter-VCA branch connects the UCs in different
tiers and different VCAs.

Due to the original configuration of the UCs and VCA branches, the CMS-EBG structure is able
to place numerous EBG cells in a compact horizontal area of MPCBs. The CMS-EBG structure in
Figure 2 contains sixteen EBG cells, which is equivalent to a 4 x 4 array of the previous planar EBG
structure. Remarkably, the CMS-EBG structure occupies only a 2 x 2 array horizontally, which is a
quarter of the size of the previous EBG array. Furthermore, the number of EBG cells is not limited to
the number herein. It can be extended for a larger number of EBG cells with more layers. In many
applications of MPCBs, such as cloud server systems and massive computational devices, the planar
area occupied by an EBG structure is more significant than the layer number in an EBG structure.
Hence, a multi-stack technique in the CMS-EBG structure is valuable for MPCBs. Moreover, the
multi-stack technique has another advantage. All VCA branches are consistently formed by the same
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narrow patches and via structures using the multi-stack technique. The consistent use of the VCA
branch ensures that the electromagnetic characteristics of the CMS-EBG structure can be simply
modeled and analyzed using the theory of a periodic structure.
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Figure 2. (a) Illustration of the compact and multi-stack electromagnetic bandgap (CMS-EBG)
structure with vertical-cell array (VCA) branches (the ground vias are not shown for simplicity) and
(b) highlighted view of the patches and VCA branches of the power layers.

2.2. Characteristic-Impedance Analysis

The principle of noise suppression of the CMS-EBG structure is based on the stepped impedance
resonator. To explain the noise suppression characteristics, a lattice diagram for the characteristic
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impedance (Zo-lattice diagram) is extracted from the CMS-EBG structure as shown in Figure 3.
The characteristic impedances and the associated physical geometries of the unit cells are shown
in the Zo-lattice diagram. The aforementioned low-Zo part is represented as Zt, and the high-Zo part
of the VCA branch is represented as Zu. The Zo-lattice diagram describes the relationship between
the unit cells considering the electromagnetic wave theory. The Z.-lattice diagram shows that
the stepped impedance characteristics are formed in the CMS-EBG structure, and the low- and
high-Z, parts are two-dimensionally and quasi-periodically arranged. The multi-stack technique
achieves the 3-D physical geometry of the EBG structure which contains a 2-D lattice structure of the
characteristic impedances.
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Figure 3. A lattice diagram of the characteristic impedance of the CMS-EBG structure.

In the Zo-lattice diagram, adjacent low-Zo parts (Zv) in the same tier are not connected with one
another. Each low-Zo part connects to the low-Z, parts in different tiers through the high-Z, parts.
All connections between the low-Zo parts are implemented by the same VCA branches represented
as Zu. Thereby, the stepped impedance characteristics of the CMS-EBG structure are symmetric and
periodical, whereas the physical structure is three-dimensionally complex for the compact form factor.
The 2-D periodic arrangement without a defect ensures a broadband stopband and a simple
estimation of the stopband using a dispersion analysis for the periodic structure. This distinguished
characteristic of the CMS-EBG structure is accomplished by a multi-stack technique based on the
original configuration with VCA branches.

To obtain the wideband GHz noise suppression with an extremely short source-to-victim
distance using the CMS-EBG structure, the port configuration needs to be further explained. In the
CMS-EBG structure, a noise source and a victim can be connected to the unit cells in different tiers.
Suppose that a noise source device and a victim device are mounted on the top or bottom layer of the
CMS-EBG structure. Then, the noise source and victim can be vertically connected to UC,1) and UC,),
respectively, through the via structures. The lateral distance between the noise source and a victim is
extremely short because UC,1) and UC4 are closely placed in the horizontal view. However, the
noise source and a victim are sufficiently separated in the view of the Zo-lattice diagram, as shown in
Figure 3. Figures 2 and 3 depict the locations of the noise source and victim, which are represented
as Port 1 and Port 2. This configuration is fairly reasonable, and the usage of the CMS-EBG structure
is not severely limited.
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3. Floquet-Bloch Analysis

Floquet-Bloch analysis based on a unit cell is adopted to examine and estimate the stopband
characteristics of the CMS-EBG structure. For a simple analysis, a new unit cell is defined, as shown
in Figure 4a. The new definition of the unit cell is based on an irreducible Brillouin zone (IBZ) for the
one-dimensional Floquet-Bloch analysis. The IBZ unit cell consists of half of the low-Zo patch, the
corresponding ground planes, the VCA branch, and ground vias. The ground vias are not shown in

Figure 2 for simplicity. However, the ground vias must connect all ground planes in the CMS-EBG
structure as shown in Figure 4a.
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Figure 4. (a) A unit cell with design parameters for Floquet-Bloch analysis and (b) an equivalent
circuit model using a transmission line circuit to extract a dispersion equation.

The equivalent circuit for one-dimensional propagation through the IBZ unit cell is extracted in

Figure 4b. Half of the low-Zo patch is equivalently modeled as a transmission line circuit with a
characteristic impedance of Z., a propagation constant of , and the length of Wr/2 while the
equivalent circuit model of the VCA branch is a series of inductors. The inductances L» and L. are
induced from the narrow patch in the high-Zo patch and via structure, respectively. The inductance
of the ground vias is ignored to simplify the calculation. To derive the dispersion characteristics
under the assumption of the Bloch wave, the ABCD parameters of the equivalent circuits are
considered. The relationship between ABCD parameters are given by
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The effective phase constant for the dispersion characteristics is obtained by calculating the Aeq
component of the equivalent transmission line

Berr = Wipcos_1 {cos(ﬂWP) — %sin(ﬁwp)}, ©)

where the effective inductance Ley of the VCA branch is 2L + Lv. Zo. can be found using the equation
in [14,19] and a computer-aided simulation. L and L. are given by [23,24]

_ ap
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Using the effective phase constant f, the electromagnetic bandgap characteristics of the CMS-
EBG structure are explored. To present the effects of the design parameters on the bandgap
characteristics, example values of the design parameters (wy, w, dv, Sv, S, 1+, t, h) are selected. wy is the
length of the low-Zo patch. ws, dy, and Sv are the width, length, and location of the high-Z, patch,
respectively. 70 is the radius of the via in the VCA branch and the ground vias. t is the thickness of
the metal. & is the distance between metal layers. The nominal value of the design parameters wy, w,
dv, Sv, So, 1o, tand hare11,1,1,5,1,0.2,0.017, and 0.1 mm, respectively, which are practical and widely
used in MPCBs. From the geometrical values, L and Zo can be calculated as 0.25 nH and
0.8 Q, respectively. The dispersion diagrams are obtained in Figure 5 using equation (3) and the
finite-element method (FEM) simulation [25].
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Figure 5. Dispersion diagrams of the CMS-EBG structure from Floquet-Bloch analysis.

It is shown that passbands and stopbands alternately appeared in the dispersion diagram of the
CMS-EBG structure. The first stopband is formed in the frequency range from low- and high-cutoff
frequencies, which are denoted as fi and fi. In the dispersion diagram of the example structure, the
first stopband spans over the GHz frequency range. The extracted f. and fu values from Equation (3)
are 1.98 GHz and 6.42 GHz, respectively. Those from the FEM simulation are 2.2 GHz and 6.1 GHz.
The dispersion equation and the FEM simulation show good agreement. The bandwidth of the
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stopband is 4.2 GHz, which is sufficiently broad to suppress the electromagnetic noise in MPCBs.
Hence, the CMS-EBG structure is expected to suppress the resonant modes in the frequency range
and effectively mitigate the wideband GHz noise in MPCBs.

Furthermore, a sensitivity analysis is performed with the equation of the effective phase constant
and FEM simulation to examine the effects of the main design parameter wy. In the analysis, the
nominal values of wy, ws, dv, St, Sy, 1o, t and h are identical to those in Figure 5. fi and fu are calculated
by sweeping the normalized coefficient k, which is defined as the ratio of a wy value to the nominal
wp value (i.e., k = wp/wyo). k varies from 0.7 to 1.3 and the corresponding wj, value varies from 7.7 mm
to 14.3 mm with a nominal value of 11 mm. The extracted results of fi and fu are shown in Figure 6.
For k=0.7, f and fr in Equation (3) are 2.82 GHz and 9.17 GHz, respectively; for k=1.3, f.is 1.52 GHz,
and fur is 4.94 GHz. The results derived from the FEM simulation show a good correlation with
the results calculated using Equation (3). Hence, it is concluded that fi and fu are reduced as the
wp increases.

The location and bandwidth characteristics of the stopband are additionally analyzed.
The location of a stopband is characterized by the center frequency (fc), which is defined as (fz + fu)/2.
The bandwidth characteristics are characterized by the fractional bandwidth (FBW), which is defined
as (fu — fr)/fc. As seen in Figure 7a, the center frequency fc is shifted into the low-frequency range as
wp increases. Conversely, the FBW does not significantly change as wj varies, as shown in Figure 7b.
The FBW results obtained from the dispersion Equation (3) and FEM simulation are approximately
1.0 for various wy values. In other words, the CMS-EBG structure maintains approximately 100%
fractional bandwidth characteristics for the various wy values. These characteristics enable a simple
design of the CMS-EBG structure. The aforementioned dispersion characteristics of the CMS-EBG
structure are summarized in Table 1. The Zo. values in Table 1 are obtained from the FEM simulation.
The comparison results can be further summarized using the IEEE Standard for validation of the
computational electromagnetics computer modeling and simulation with the feature selective
validation (FSV) technique [26-28].

Table 1. Summary of the design parameter effects on the low- and high-cutoff frequencies, center
frequency, and fractional bandwidth.

Parameters ke (sl po)
0.7 0.8 0.9 1.0 1.1 1.2 1.3
ZoL (Q) 1.16 1.03 0.90 0.82 0.75 0.68 0.62
fr 2.82 2.49 2.20 1.98 1.81 1.65 1.52
Eq. 3) fu 9.17 8.02 7.13 6.42 5.83 5.35 494
(GHz) fet 6.00 5.23 4.67 4.20 3.82 3.50 3.23
FBW 2 1.06 1.05 1.06 1.06 1.05 1.06 1.06
fr 3.2 2.85 2.47 2.24 2.02 1.85 1.68
FEM fu 8.49 7.48 6.81 6.11 5.65 5.15 4.77
(GHz) fe 5.85 5.17 4.64 4.18 3.84 3.50 3.23
FBW 091 0.90 0.94 0.93 0.95 0.94 0.96

! Center frequency: (fu + fi)/2; 2 Fractional bandwidth: (fu — fi)/fc.
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Figure 7. Analysis of the wy effects on the (a) center frequency and (b) fractional bandwidth.

4. Results and Discussion

To verify the CMS-EBG structure, a test vehicle is fabricated using a commercial MPCB
manufacturing process. The MPCB process provides twelve metal layers from L1 to L12. L1 is
dedicated to probe pads for the measurements. The other layers are used for the CMS-EBG structure
as shown in Figure 8. Copper and FR-4 are used for the conductor and dielectric material, respectively.
The relative permittivity of the FR-4 is 4.4, and the loss tangent is 0.03. The copper thickness is
approximately 17 um. The distance between the layers (i.e., dielectric thickness) is 0.1 mm. The low-Zo
patch, high-Z, patch, and ground plane are implemented by etching copper. A plated through hole
(PTH) via is used in the MPCB process. The VCA branches and ground vias are made using the PTH
vias. The MPCB process here is reliable, cost-effective, and easy to manufacture. Port 1 contains the
signal terminal, which is connected to the high-Z. patch of UCus in L3 and the ground terminal,
which is connected to the corresponding ground layers in L2 and L4. Port 2 consists of the signal
terminal, which is connected to the high-Z. patch of UCu,1) in L11. In addition, the ground terminal
of Port 2 is connected to the corresponding ground layers in L10 and L12. The port configuration is
equivalent to the ports in the Zo-lattice diagram in Figures 2a and 3.

The top view of the CMS-EBG structure fabricated by the MPCB process is shown in Figure 8.
The geometrical parameters are described in Figure 4 of Section 3. The values of the design
parameters wy, wy, dv, Sv, Sv, 1o, t and hare 11,1, 1, 5,1, 0.2, 0.017, and 0.1 mm, respectively, which are
equivalent to the values in the Floquet-Bloch analysis. The unit cell length is 12 mm. The distance
between port 1 and port 2 is only 4 mm, which is less than the unit cell length. In addition, sixteen
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EBG cells are successfully located within a compact area of 23 mm x 23 mm, which is only one-quarter
of the area that the previous 4 x 4 EBG structure requires.

m---- Terminal connected to power layer
®---- Terminal connected to ground layer
o VCA branch
Port 2 gl\\ /F,BPOIT T 1 (probe pad) o Ground via
N
i T L2 23mm
i L3
1 n
| iy MH_100421
oL
i L5 VCA?2 VCA3
s ; L6 MPCB fabrication
5 e 7 e
— 18 (UC length)
[ L9 12mm
i VCA1
= L10
%2
L11
! T L1 A distance VCA4
T between a source  Probe pad for measurement
é —~ and a victim

Figure 8. A test vehicle of the CMS-EBG structure fabricated by the multilayer printed circuit board
(MPCB) manufacturing process.

The measurement setup is depicted in Figure 9. The scattering parameters (S-parameters) are
measured using the vector network analyzer Agilent N5230A. The microprobe technology is used to
minimize the parasitic effect induced by additional structures such as the measurement pad. The GS-
and SG-type probes with 400 um pitch are used. To analyze the noise suppression characteristics,
a Sz1 parameter is observed.

Vector network analyzer

= VNA (Agilent N5230A, 20GHz)
= Microprobe (cascade 400um pitch GS, SG type)
= Microcoax cables (0.05GHz ~ 26.5GHz)

Test vehicle

Figure 9. Measurement setup for the noise suppression characteristics.

To compare the noise suppression characteristics of the CMS-EBG structure and the conventional
PPW structure, the Sz parameter of the conventional structure is additionally extracted using the
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FEM simulation. The conventional structure is a multilayer PPW (M-PPW), which is a stack of PPWs.
The layer assignment and via locations are identical to those in the CMS-EBG structure. The difference
is that the M-PPW contains no EBG pattern and the VCA branch. Two types of port location are
employed for the M-PPW: for M-PPW 1, the port location is equivalent to the CMS-EBG structure;
for M-PPW 2, Port 1 consists of two terminals connected to the power plane in L3 and the ground
plane in L4, and Port 2 is formed in the same layers. The port positions of M-PPW 1 and M-PPW 2
are identical; however, the layers of port 2 of M-PPW 1 and M-PPW 2 are different. The reason why
M-PPW and the corresponding port configurations are chosen as compared structures is because they
are widely used in MPCB applications.

The measured and simulated results of the noise suppression characteristics of the CMS-EBG
structure are compared to the simulated results of M-PPW 1 and M-PPW 2 in Figure 10. It is seen that
the electromagnetic noise in M-PPW 1 and M-PPW 2 can be significantly generated in the GHz
frequency range considering the high level of resonant modes in the Sz1 parameter values. In contrast,
the CMS-EBG structure suppresses the resonant modes and achieves a low level of Sz parameter in
the GHz frequency range. In particular, the suppression level is below -40 dB in the frequency range
from 2.7 GHz to 7.3 GHz. Thus, the CMS-EBG structure can substantially suppress the GHz
electromagnetic noise in the wideband frequency range. The measured results of f. and fu show a
good correlation with the predicted f. and fu by Floquet-Bloch analysis.

0

— CMS-EBG (Measurements)
—— CMS-EBG (Simulation)
-------- M-PPW 1 (Simulation)
——  M-PPW 2 (Simulation)

S| (dB)

0 1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

Figure 10. Comparison of the noise suppression characteristics between the CMS-EBG structure and
the conventional multilayer parallel plate waveguide (M-PPW) structures.

In addition to the wideband noise suppression, the CMS-EBG structure achieves a notably short
distance between the noise source and the victim, which is less than the unit cell length. To prove the
distinguished characteristics of the CMS-EBG structure, the noise suppression characteristics of the
CMS-EBG structure and the previous stepped impedance EBG (SI-EBG) structure are compared.
The previous SI-EBG structure [14] consists of 4-by-4 EBG cells with planar branches, as shown in
Figure 11a. Its total number of the EBG cells are the same as that of the CMS-EBG structure. For the
port configuration of the SI-EBG structure, the port distance is 4 mm in the unit cell. The measured
result of the CMS-EBG structure is compared to the FEM simulation result of the SI-EBG structure in
Figure 11b. A stopband of the SI-EBG structure is not clearly observed because its stopband is
severely degraded. Thus, the SI-EBG structure with a short source-to-victim distance substantially
reduces the noise suppression bandwidth and level. On the contrary, the CMS-EBG structure with a
short distance substantially suppresses the GHz noise in the wideband frequency range.

In numerous MPCB applications, the planar area that the EBG structure occupies is more crucial
than the number of layers that it uses. Moreover, a switching device (a noise source) is typically
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placed notably near the analog and wireless devices (noise victims) in the same MPCBs. The CMS-EBG
structure achieves the wideband suppression of the GHz noise with a short source-to-victim distance
and a compact area. In consequence, the CMS-EBG structure is the efficient solution for GHz noise
suppression in such MPCB applications.

Planar array with 4x4 EBG cells

Planar high-Z, branch

Low-Z, patches
on the same layer

()

— SI-EBG —— CMS-EBG

S| (dB)

0 1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

(b)

Figure 11. (a) Finite-element method (FEM) simulation model of the previous stepped-impedance
EBG (SI-EBG) structure and (b) comparison of the noise suppression characteristics between CMS-
EBG and the SI-EBG structures.

5. Conclusions

In this paper, the compact and multi-stack electromagnetic bandgap (CMS-EBG) structure was
proposed for the suppression of the GHz noise in MPCBs. The noise suppression characteristics were
predicted by Floquet-Bloch analysis with a derived dispersion equation and FEM simulation. Based
on these methods, the design parameter effects were analyzed. The CMS-EBG structure was
experimentally verified and compared to previous structures. The CMS-EBG structure shows the
vastly superior characteristics compared to the previous structures. The main conclusions of this
work are as follows:
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1.

This paper proposes a multi-stack technique for the compact EBG structure in MPCBs. Sixteen
EBG cells are efficiently arranged in the compact area of the 2 x 2 array size. The vertically
stacked EBG patches are connected through the original configuration of the vertical branch. The
consistent use of the vertical branch ensures good noise suppression and a simple analysis for
the multi-stack EBG structure.

The noise suppression characteristics of the CMS-EBG structure are predicted by applying
the Floquet-Bloch analysis. To obtain the dispersion characteristics, the analytical equation based
on the equivalent circuit model is derived, and the results are proven by comparison with
the FEM simulation. For an example structure, the low- and high-cutoff frequencies are
predicted as 1.98 GHz and 6.42 GHz, respectively. The CMS-EBG structure should significantly
mitigate GHz noise in this frequency range. In addition, the main design parameter effect is
thoroughly examined.

From the measurements of the fabricated CMS-EBG structure in MPCBs, the low- and high-cutoff
frequencies are 2.7 GHz and 7.3 GHz, which indicate a broad noise suppression region. The port
distance is notably short (4 mm) and less than the unit cell length of 12 mm. The experimental
results verify the distinguished noise suppression characteristics of the CMS-EBG structure with
a compact size and a short source-to-victim distance.
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