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Abstract Electromagnetic bandgap structures have been shown to be effective in
realizing simple and cheap common mode filters for differential interconnect appli-
cations in modern high-speed digital electronics. There are two major advantages
offered by this technology. The first is that it relies on the standard planar layout
methodology for filter design, applied to either a printed circuit board (PCB) or
packaging materials and technology. The second advantage is easy analytical design
procedure that requires full wave electromagnetic simulations only at a final stage
for the filter geometry refinement to precisely meet given performance specifica-
tions. In this chapter, the latter aspect is enhanced by introducing an optimization
stage that allows for automated adjustment of geometry parameters of the filter
in order to improve its performance in terms of achieving the required central
frequency, widening the bandwidth, and increasing the band-notch depth. The
optimization approach proposed here combines fast response surface approximation
modeling for initial design screening and local derivative-free design improvement
using pattern search.
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1 Introduction

Electromagnetic bandgap (EBG) structures are a sub-class of frequency selective
surfaces. Introduced in 1999 [1] for applications in the field of antenna design
and for minimization of the coupling between antennas [2—6], their usage has been
extended to printed circuit boards (PCBs), mainly in the area of power integrity (PI)
[7-16]. High-speed switches in digital systems generate well-known simultaneous
switching noise (SSN) that can propagate across the PCB through the cavities
made by power planes [17-22]. Moreover, discontinuities along the high-speed
interconnects, such as vias and imbalances in differential traces are also a source
of noise [23-28].

The EBG structure is a simple and efficient way to minimize this noise. It is
implemented in the same technology as used for manufacturing multilayer PCBs,
thus without the need of extra components and expensive tools. EBG structures are
effective in the GHz range where the lumped capacitors become useless due to their
inherited parasitic inductance. Often, mixed-signal systems require isolation of the
analog circuitry from the digital section in order to decouple the current return paths.
EBGs turn to be attractive noise reduction solutions also in mixed-signal systems
[29-31].

The EBG technology attracted attention of many research groups around the
world. Its development led to introduction of various types of EBGs, mainly
identifiable as the mushroom [13, 15, 32-35] and the planar types [16, 36].
Generally speaking, they consist of specifically designed metal planes with char-
acteristic geometries suitably shaped to form a high impedance surface (HIS)
[1]. Widespread utilization as well as optimization of planar EBGs resulted in
making this technology flexible and easy to implement. In particular, simple design
procedures were developed for effectively sizing the EBG cavity [37, 38], placing it
at any level of a multilayer stack-up [39], and minimizing its impact on the IR-Drop
of the power distribution network as well as on the signal quality of interconnects
referenced to the EBG patterned plane [10, 40—42].

A planar EBG structure, placed within a typical multilayer PCB substrate,
affects the propagation of the return current for interconnects being referenced to
the patterned plane. Therefore, the impact on the signal integrity (SI) of digital
signals has been considered, measured, and predicted [43—46]. Since a close
electromagnetic interaction between the signal transmission along this type of
interconnects and the resonant behavior of an EBG cavity was found, the coupling
mechanisms have been deeply investigated to minimize the unintentional signal
degradation. On the other hand, the capability of energy coupling between the
signal interconnects and the planar EBGs has been found valuable for realization
of efficient common mode filters [27, 47-49].
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2 EBGs as Common Mode Filters

In the design of modern link paths for low voltage high-speed differential digital
signals, one of the technical challenges is the containment of their common
mode (CM) harmonic components [50, 51]. These components have a twofold
negative effects: (a) a loss of signal energy due to the differential-to-common mode
conversion and, consequently, an implicit attenuation of the intentional differential
signal, and (b) EMI radiation when leaving the board assembly through connectors
and cables. The origin of these components is always related to certain imbalance
(geometrical and/or electrical) of the entire signal path, from the driver to the
receiver [27, 52].

In a real-world design, completely removing the asymmetries is impractical or
impossible; thus, a suitable solution to reduce the CM harmonics is to filter out
the CM portion of the signal. This filtering operation is usually achieved using
discrete components, which have some disadvantages: they take up space on the
board, generate an additional cost, and are often lead to undesirable attenuation of
the intentional differential signal.

An approach similar to the EBG layout technique, based on the periodic
interrupted ground plane structure, has been introduced in [53] for the design of
a common mode suppression filter. The regular planar EBG has been investigated
in [54], where the effects of the patterned plane on both the common mode and
the differential mode signal propagation along a differential microstrip line were
studied. These principles are applied in [27, 47, 55] where a preliminary filter
topology has been developed based on a simple cavity resonator. Later, the proper
EBG type of a cavity was introduced for minimizing the layout area required by the
filter for a given frequency [56].

A general structure of an EBG CM filter can be explained using the geometry
shown in Fig. 1. The relevant geometry parameters are represented by the patch
width (a), the gap between the patches (g), and the width of the interconnections
between them (w), named “bridges.” The filtering effect is achieved due to the
resonant behavior of the cavity made by each single EBG cavity and the reference
solid plane underneath. In practical applications of a real PCB layout, no vias should
be placed within the patch area and no connection should be made between the
patches and the reference plane.

The gaps between the patterned plane that are along the signal current return
path allow energy coupling between the microstrip/EBG pair and the cavity made
of the EBG and the solid plane. The return current goes back to the source
flowing mainly under the microstrip. The current, always choosing the path of least
impedance, in the case of a discontinuity—such as the gap along its path—follows
three different paths. One is through the bridge (at LF due to the highly inductive
nature of this part), another is through the patch-to-patch capacitance, and the last
one is through the solid plane underneath the EBG patterned plane, as shown in
Fig. 2.
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Fig. 1 Basic geometry of an EBG CM filter

The CM filter geometry needs to be appropriately sized to achieve an EBG cavity
resonating at the frequency of the harmonic components that should be filtered
out. Typically, for EMC purposes, these would be the fundamental and first few
harmonics of the intentional differential signal. In [37], the fundamental physics
of an EBG cavity is investigated, and a simple design procedure is developed in
[38] to design the EBG patches and bridges according to the frequency of the CM
strongest harmonic to be filtered out. Moreover, the initial procedure, based on the
inductance calculation of bridges and patches as well as evaluation of the EBG
equivalent inductance to its solid plane counterpart, is refined as detailed in [57],
where the optimal relationships among the design variables are found, depending
on the number of patches of the EBG cavity.
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Fig. 2 Identification of the signal and return current path at the gap/bridge location

2.1 On-Board EBG-Based CM Filters

The simplest EBG-based CM filter is laid out on the PCB outermost stack-up layer
(the so-called top and bottom layers). It is applied to differential microstrips as
shown in Fig. 3. The figure reports the actual layout of a manufactured board which
was employed to investigate the crosstalk among the adjacent differential pairs
routed on the same EBG filter [58]. However, the embedded CM filters have been
shown to be effective also for differential striplines [59], in which case the filter
is allocated deep in the stack-up, as shown in Fig. 4. The stripline filter consists
of two patterned layers above and below the differential traces, since the return
current flows on both the V20 and V22 planes as in Fig. 4b. As an example, the
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Fig. 3 Design of the microstrip experiments for the crosstalk investigation. (a) Top view. (b)
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Fig. 4 Design of the stripline experiments for the crosstalk investigation. (a) Top view. (b) Cross-
section

measurement results for the geometries DLO8 in Fig. 3 and for the filtered stripline
pair DL11 in Fig. 4 are shown in Fig. 5. The notch is clearly seen at the desired
frequency of 8 GHz for the specific requirement considered for both the microstrip
as well as the stripline EBG filters.

2.2 Removable EBG-Based Common Mode Filters

A different layout strategy was adopted in [60, 61] to provide more flexibility in
the filter design. As opposed to the layout described in the previous paragraph,
the filter has been removed from the PCB stack-up, and it is modified to be
a surface-mount component installed on the top of the PCB. However, the key
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concepts making the EBG filter attractive, such as the use of its standard multilayer
laminate technology, easy design procedure, and the reduced costs, are still in
place. Moreover, the electromagnetic behavior of the filter remains unchanged
with the common mode return currents of the differential pair being responsible
for the common mode to EBG cavity mode coupling. The drawback of having
a standalone component, as mentioned before, is not a practical issue as long as
the filter layout is cheap, it is designed and manufactured similarly to its on-board
counterpart, and it ensures no attenuation of the intentional differential signal. The
remaining disadvantage of the filter, i.e., utilization of the PCB layout area, can be
minimized by employing techniques for its miniaturization; the simplest strategy
is to employ a high permittivity material. Again, its larger cost compared to the
standard laminates (e.g., FR-4) is not a problem due to the small size of the filter
component.

A first version of the removable EBG filter was proposed in [60], where the
differential pair runs on the motherboard PCB outer layer. The filter is realized in the
auxiliary small PCB using the typical configuration of Fig. 6, with 3 EBG cavities,
each made of three patches. The top view of the filter as well as the assembled
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Fig. 6 (a) Stack-up obtained from the cut plane along the curve C1. (b) Path of the forward and
return current at the cut plane along the curve C2. (¢) Top view of the removable EBG filter

stack-up (the main PCB together with the removable filter) is shown in Fig. 6. The
filter is attached to the PCB by means of four corner pads for the current return
corresponding to pads on the PCB.

The filter can be realized by a minimum of 3-layer PCB, with the bottom one
etched leaving only the four connecting pads. The second layer includes the EBG
pattern and the ring; the third is the outermost solid layer for the reference ground
that closes the EBG cavity. The PCB area below the EBG (layers L3 and bottom)
is voided to allow the return current on L3, once it reaches the EBG area, to
flow up toward the EBG through the vias and the ring. Then, the common mode
return current flows back and forth between the EBG layer L1 and the top layer, as
described in the previous paragraphs.

The Sccp1 in Fig. 7 shows the predicted filter notch at 8 GHz as well as a lower
one at 5.58 GHz. The latter is due to a resonant effect of the ring to ground.
Moreover, the figure includes a parametric analysis to investigate the effect of the
voided main PCB layers below the PCB area. The four additional models in Fig. 7a
are simulated and the corresponding results are shown in Fig. 7b, c. The filter
performance degradation is observed when moving the additional EBG reference
closer to the filter.
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Fig. 7 Variation of the trace-to-solid reference distance. (a) Simulation model, (b) common mode
insertion loss, and (¢) zoom at the filtering notch between the two dashed lines in (b) at 7 and
9 GHz with d as the trace to reference distance

3 Miniaturized EBG-Based CM Filters

Maintaining small size is an important factor when including an EBG filter
in the PCB layout. The present filter topology comes from a miniaturization
process described in [56] where the patterned EBG cavity behaves as a resonator
having smaller dimension with respect to its solid plane counterpart. Further area
reduction can be achieved by manipulating the material properties of the filter. More
specifically, increasing dielectric permittivity leads to smaller EBG cavity size at
the same required filtering frequency. The main drawback is that materials with
higher dielectric permittivity are more expensive, thus the basic design of the on-
board EBG filter would require modification of the laminate material for the overall
PCB. Although the present PCB technology allows to mix different dielectric layers
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presented in a single stack-up (i.e., low-loss expensive materials for laying out high
frequency RF or high-data-rate-line signals only on a few dielectric layers), the
expensive material used for the filter dielectrics should still be employed in the
overall PCB area.

This difficulty can be alleviated by utilization of the removable filter topology
described in Section 2.2, thus limiting the use of high permittivity materials only for
the removable filter without changing the material of the main PCB.

Two alternative designs are described in the following sub-sections and the pro-
posed models are subsequently subjected to the optimization process (cf. Sections 4
and 5).

3.1 On-Board LTCC EBG-Based CM Filter (Model 1)

The first design consists of the simplest layout as in Fig. 1 with the use of
the high permittivity material on the overall board. Although this model is not
quite practical due to relatively large amount of expensive laminate utilized in
it, it is considered here as a preliminary illustration example of the optimization
procedure.

The material employed is a Low Temperature Co-fired Ceramic (LTCC) typical
for aerospace applications. As expected, the stack-up parameters changed with
respect to the standard PCB technology employed for the previous filter topologies.
In particular, the relative dielectric permittivity of the LTCC is 7.8 with tangent
loss of 0.0045. The metal layers are made by a 2.1-107 S/m gold allowing
8 wm layer thickness, whereas the employed dielectric has a standard thickness
of 137 pm.

The preliminary non-optimized model is shown in Fig. 8 based on the stack-up in
Fig. 1. Since the filter is based on an EBG cavity embedded within a larger layout,
a key aspect would be to reduce the electromagnetic interference induced across
the surrounding signals and vias [62]. Therefore the stitching vias are laid out to
minimize the EBG radiation within the same multilayer circuit. The via diameter is
set to 130 pm with a distance s =400 wm from the EBG area and 600 pm via-to-via
distance.

During the optimization process the variation of the patch and bridge sizes would
lead to the overall EBG area resize; the placement of the stitching vias in the
simulation model is defined to allow the automatic via number variation according
to the overall EBG area.

The EBG parameters involved in the optimization process are the patch width
a, the bridge length g, and the bridge width w. These parameters will be varied to
achieve the optimization targets as described in the next paragraph.
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Fig. 8 (a) Layout of the a
Model I, (b) cross-section
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3.2 Removable LTCC EBG-Based CM Filter (Model II)

The second model represents an advancement with respect to the removable EBG
filter introduced in Section 2.2. Its architecture is developed to avoid the necessity
of using the main board void planes below the filter footprint. To this end, the
differential interconnects are moved to the removable component instead of being
laid out on the main board. More specifically, the main board microstrips go up
inside the removable components through the pads on the main board connected
to the pads and vias on the filter substrate, as sketched in Fig. 9. The blue area
surrounding the EBG layers acts as the shielding fence to minimize the radiation at
the EBG filter resonance; the top solid layer of the filter is designed for the same
EMI reduction purpose, thus providing a complete shielding. The finalized layout of
the main board external layer as well as of the filter bottom layer is shown in Fig. 10
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Fig. 9 Details of Model II: top view and cross-sections

Main board metal top layer R-EBG Metal bottom layer
{’::} _______________ (9_ ___________ E-E‘?’ ________________ ,_‘_':]
—) ‘m— o ©
[ == — === = |'_)_‘_.-__,,_-_;_‘_._,_._,_‘_,_‘:_
& =
™ Centering Holes

Fig. 10 Details of the external layers to be assembled on the main board and on the removable
filter

to highlight the contact points between the main board and the removable filter as
well as the four holes necessary for the correct board-to-filter alignment during the
assembly process.

Although the layout of this proposed filter topology appears to be much more
complex than the filter in Section 3.1, the EBG resonant principles remain the same,
thus the variables to be varied to optimize the filter response are still those defined
in Section 3.1, the patch width a, the bridge length g, and the bridge width w.
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4 Filter Optimization

In this section, we describe the optimization methodology developed and utilized to
improve the electrical performance parameters of the EBG filters considered in the
previous paragraph. It should be emphasized that the problem at hand is challenging
from the numerical point of view because of highly nonlinear responses of the EBG
structures that are also very sensitive to geometry parameters. Furthermore, the
computational cost of electromagnetic simulations, carried out by using CST Studio
Suite 2015 [63] of the EBG filters, is high so that one of our concerns is to limit the
number of simulations as much as possible. On the other hand, the dimensionality
of the design space is rather low (typically up to four parameters) which allows us
to utilize auxiliary data-driven surrogate models to speed up the design optimization
process.

4.1 Problem Formulation

The problem at hand is to adjust the geometry parameters of the EBG filter so
that a notch is allocated at a specific design (or center) frequency fy (here, 8 GHz)
and optimized either to (1) minimize |S,,| in a frequency band fy — df <f <fo + df
(here, df = 0.1 GHz), or to (2) increase the bandwidth for which |S,;| < —10 dB.

In more rigorous terms, the problem can be formulated as follows:

x* =arg n;inU (R (x)) (1)

where R denotes a response vector of the EM simulation model of the EBG
filter (here, S-parameters versus frequency), x is a vector of designable geometry
parameters, and U is the objective function. The objective function is defined
either as

UR x) = U(|S2 @:f)]) = max {|S21 ()| fy—ar=r<o+ar } 2

for case (1) or

UR ) = U (IS x:f)]) = argmin {|S; (x:f)] = ~10 dB}

3
—argmax{_ |So1 ()] < —10 dB} ¥
for case (2).
The geometry parameters are a = patch width, g = bridge length, and w = bridge
width forming the geometry parameters vector x = [a g w]”.
The problem (1) is constrained as follows:

* Lower and upper bounds for geometry parameters I <x <u, and
* Linear inequality constraints cx(x) <0,k=1, ..., K.
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Fig. 11 Responses of the EBG filter at various parameter setups. One can observe that the
responses are highly nonlinear (as a function of frequency) and very sensitive to the adjustable
parameters of the problem

The constraints are introduced to make the structure physically consistent and
able to fulfill the limits of the building technology.

It should be emphasized that the optimization problem is challenging because
of sharp narrow responses in the notch region. The typical responses of the filter
at various design parameter setup, indicating the difficulty of the problem at hand,
are shown in Fig. 11. It can be observed that depending on the initial design, local
optimization may fail to find a satisfactory design. Thus, local optimization has to be
preceded by a screening stage at which the notch is approximately allocated around
fo as required.

4.2 Optimization Algorithm

The initial screening mentioned in Section 4.1 cannot be executed through con-
ventional global optimization using, e.g., population-based meta-heuristics due
to excessive computational cost associated with such procedures. On the other
hand, we are not interested in a precise control of the entire filter response but
just in handling its two critical features, i.e., the center frequency and the depth
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of the notch. It turns out that despite highly nonlinear dependence of the S-
parameter responses of the filter on frequency, the aforementioned features of
the notch (both its center frequency and depth), change much more linearly with
the design variables. Additionally, the number of geometry parameters is small
so that is it possible to construct and exploit a data-driven model of the notch
features. In this work, Kriging interpolation [64] is utilized for model construction.
More specifically, the following procedure is implemented and employed to find a
reasonable starting point for further local optimization:

(1) Sample the design space at N locations x3®, k=1, ..., N;

(2) Evaluate the EM model R at all points obtained in Step 1;

(3) Extract center frequencies f3© and notch depths Lz® for all the points;

(4) Construct a Kriging interpolation models s7(x) and s7(x) of the center frequen-
cies and depths as a function of design variables;

(5) Optimize the Kriging models in order to allocate the notch at the required
frequency fp = 8 GHz and increase its depth L.

The objective function used in Step 5 is as follows: Uy (x) = s, (x) + B -
[(sf (x) —fo) / fo]z. Such a formulation allows for increasing the notch depth while
centering it at the required operating frequency.

For illustration purposes, Fig. 12 shows the landscapes of the Kriging model
(notch depth and its center frequency) for three various values of the patch width a
of 1.5, 1.71, and 2.0 mm for the EBG filter of Fig. 8.

Having the notch allocated around the required frequency by optimizing the
Kriging interpolation models, local optimization is executed. Here, a pattern search
algorithm [65] is utilized because of low-dimensionality of the search space. In case
of a larger number of parameters more efficient methods would have to be used.

5 Numerical Results

In this section, we provide optimization results of the two EBG filters considered
in this chapter. Optimization was executed using the methodology described in
Section 4.

5.1 On-Board LTCC EBG-Based CM Filter (Model 1)

In case of Model I, only the lower I and upper # bounds for design variables were set
as follows: I =[0.8360.150.15]” mm and & = [2.0 1.0 1.0]” mm. There was no need
to execute the initial screening because the notch was allocated sufficiently close to
the center frequency of 8 GHz at the initial design x™ =[1.4000 0.4036 0.3750
0.4030]7. The local search was only run for case (2) of Section 4.1 (bandwidth
maximization) and resulted in the final design x" =[1.3444 0.0.3969 0.02789]".
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Fig. 12 Two-dimensional cuts of the Kriging interpolation models s¢(x) and s (x) for the EBG
filter of Fig. 8, corresponding to patch width a = 1.5 (a), 1.71 (b), and 2.0 (¢)

Fig. 13 shows the responses of the filter at the initial and at the final design. The
design cost is 45 evaluations of the EM filter model. It can be observed that both the
notch depth and the bandwidth were greatly improved compared to the initial design.
Also, the bandwidth at the final design is centered at the frequency fy = 8 GHz as

required.
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Fig. 14 Responses of the EBG filter (Model II) at the initial design dashed line and at the design
obtained at the first stage of the optimization process (screening) solid line

5.2 Removable LTCC EBG-Based CM Filter (Model II)

In this case of Model 11, the following lower and upper bounds for design variables
were set: I =[0.836 0.15 0.15]” mm and z =[2.0 1.0 1.0]” mm. Additionally, the
following two inequality constraints were defined: 2*w 4 2*¢ <6.385 and w <a.
The result obtained in the screening stage is x™ =[1.5000 0.2733 0.3489]”. The
EM-simulated response is shown in Fig. 14. The design is already very good both in
terms of the notch frequency and depth. Dashed line shows the initial design [2.500
0.400 0.175]7, which is very poor, especially in terms of the notch depth. The cost
of the screening stage was 48 evaluations of the EM filter model required to set up
the Kriging interpolation model.
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Fig. 16 Local optimization of the EBG filter (Model II) for case (2) (notch depth): dashed line
initial design from screening, solid line final design

Figures 15 and 16 show the filter responses at the two designs obtained by
local optimization starting from x™, the first one for case (1) (bandwidth enhance-
ment) and case (2) (notch depth enhancement): x*! =[1.5000 0.2733 03558]” and
x"2=[1.5000 0.2733 03451]7. The —10 dB bandwidth obtained in the first case is
442 MHz and it is wider than for the second design (365 MHz). On the other hand,
the second design exhibits notch depth of —20 dB and better for the frequency range
of 7.9-8.1 GHz, which is not the case for the first design. The cost of the local
optimization was only 15 and 19 EM model evaluations for case (1) and case (2),

respectively, which is because the final designs were close to the one obtained at the

screening stage.
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6 Conclusions

In the chapter, an efficient numerical procedure for EM-simulation-driven design
optimization of EBG-based filters has been presented. The design objectives are
to obtain the band-notch at a specified center frequency and increase the notch
bandwidth and depth, and, consequently, the bandwidth of the common mode
insertion loss. The optimization algorithm is applied to two different topologies,
initially designed employing a previously published analytical procedure. The first
case is based on a typical PCB configuration where the filter is laid out within the
PCB stack-up. The second filter structure consists of a more complex topology with
the filter modified with respect to the typical on-board case. At the conceptual level,
the goal is to develop a miniaturized standalone component (still designed with the
typical PCB/package planar layout) to be removed and substituted if necessary once
the electronics of the system changes, i.e. when the data rate and thus the common
mode harmonic components or simply the design requirements are modified.

The proposed optimization algorithm can be applied at the design closure stage
to fine-tune the geometry parameters of the EBG filters. It allows for automation
and reduction of the computational cost of the simulation-driven design, previously
realized using inefficient and error-prone hands-on procedures involving parameter
sweeps. The future work will include further developments of the algorithmic
frameworks for EBG filter optimization as well as its application to various practical
design cases.
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