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With the increasing demand for modern digital circuit with fast edge rates and
high clock frequencies, simultaneous switching noise has become a major concern.
When many active devices switch at the same time, the switching noise generated can
cause fluctuations or disturbances in the power distribution system (PDS) which, in
turn, leads to a degradation of the signal integrity (SI). When this noise propagates
along the waveguide like multi-layer printed circuit boards (PCBs), it will be coupled
with other vias to affect the functionality of other circuits.

This research work is focus on how to mitigate the noise propagation. The
problem of SSN has been discussed intensively over the last decade and different

approaches have been taken to mitigate it. Typical used methods include the



placement of decoupling capacitors, the use of embedded capacitance, via stitching,
or a combination of any of these techniques. The most common drawback of previous
methods is the limited frequency bandwidth that they can cover (usually below
1GHz). In this study, I proposed using novel planar electromagnetic bandgap (EBG)
structure for noise mitigation. I developed novel designs of meander lines EBG
structure in combination of super cell concept, and wideband noise mitigation from
250MHz to 12GHz is achieved.

Leakage radiation effects from this EBG-patterned surface are also investigated
numerically and experimentally. By characterize the radiation effects, especially its
near field property, this EBG structures is shown to be a very effective tool for
suppressing electromagnetic interference (EMI) from PCBs. A novel concept of using
EBG structures as an enhancing shielding technology is introduced.

Finally, the effect of these EBG structures on signal integrity (SI) of multi-layer
PCBs is characterized using eye diagram. Some potential methods to improve the
signal quality of power plane are introduced. Also the potential effect of EBG
structure itself on the local switching noise generation is investigated.

In summary, this thesis developed a new effective design of planar EBG
structure to mitigate noise propagation in power distributed system (PDS). By
carefully characterize its EMI and SI performance, we show this planar EBG

structure has a potential to be used in next generation IC packaging technology.
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CHAPTER 1

Introduction, Background, and

Objective of the Dissertation

1.1 Motivation of the Work

Ideal power distributed system (PDS) requires power plane to provide clean
power to integrated circuits. However, electromagnetic noise in power/ground planes
can cause fluctuation or disturbance on the power supply voltage, which in turn leads
to false switching in digital circuit or malfunctioning in analog circuit. This would
eventually render the system inoperable. With the increasing of clock frequency and
pulse edge rate, the decreasing of power supply voltage and noise margin, the
anomalies created by the power/ground noises creates new challenges for
electromagnetic interference/electromagnetic compatibility (EMI/EMC), signal
integrity (SI) and packaging engineers [1, 2]. Simultaneous switching noise (SSN)
has become one of major concerns. This noise also known as delta-I noise or
power/ground plane bounce, has been discussed intensively over the last decade and

different approaches have been taken to mitigate it [3, 4]. These methods consist of



using discrete decoupling capacitors around sensitive integrated circuits to disrupt
high-frequency fluctuations on the power planes by creating a low-impedance path
between the planes at these frequencies [5, 6], the use of embedded capacitance
where two conductor parallel planes with dielectric material in between them
configured as a distributed capacitor [7, 8], the placement of resistive terminations on
the board edges [9, 10], and via stitching [11], etc. The most common drawback of
these methods is the limited frequency bandwidth that they can cover. In fact, except
for embedded capacitance, none of the methods is able to go beyond few hundred
megahertz and even embedded capacitance is not able to go much beyond the one
gigahertz barrier and does not eliminate the propagation of higher-order modes.
Embedded capacitance, on the other hand, is an expensive solution and reliability
considerations limit its practical use. The question that remains unanswered is if there
is alternative or complementary solution to the above methods to mitigate noise in
power planes over wide frequency range, especially at higher frequency?
Electromagnetic Bandgap (EBG) structures, proposed in recent years, have
proven effective for noise suppression at frequencies above 1GHz. EBG structure is a
type of periodic metallic patterns which can form high impedance surface (HIS) to
prevent propagation of electromagnetic wave over some frequency range. It was first
proposed by Sievenpiper for antenna application to enhance the radiation efficiency
by suppressing the surface wave [12, 13]. Later this concept of using EBG to suppress
surface wave has inspired other authors to use it for suppressing noise in power plane
[14-19]. The earlier structures proposed used three layers where the EBG pattern

layer with specially designed via is inserted between the power plane and the ground



plane, which make the fabrication more expensive. Recently, new planar EBG
structures were reported for switching noise mitigation [20] [21], and for isolation in
mixed signal boards [22]. These new structures consist of a two-layer power
distribution system with one of the layers patterned in a periodic fashion, effectively
creating a frequency filtering or EBG effect. These novel structures, in sharp contrast
to previous multi-layer EBG structures, do not have vias. These features make such
structures very attractive from the manufacturing and cost perspectives.

In this work, we investigate planar EBG patterned two-layer printed circuit
boards (PCBs) used for noise mitigation. The primary thrust behind the conception of
these new structures is increasing the noise suppression bandwidth (bandgap) in
comparison to earlier structures. In the previous structure [21], L-shaped bridges were
used between neighboring pads acting as inductance to form an LC electrical filter.
The drawback of previous work is narrowness of the bandgap. So effect use of EBG
structure in the parallel plate power plane for SSN suppression would require total
bandwidth of EBG would cover up that of SSN need to be concerned, in addition to
suppress the dominant peaks of the parallel plate resonance modes. So, the main
objective of this research is to present a practical and very effective design to widen
the EBG bandgap for mitigating the propagation of wideband simultaneous switching
noise in high speed circuits.

While planar EBG structures offer clear advantages in comparison to
multi-layer structures with or without vias, it is important to pay careful attention to
the possibility of electromagnetic leakage through the perforated layer. In fact, in

practical scenarios, as recent studies have demonstrated [23]-[26], the perforated



power plane can lead to increased radiation from the PCB. These earlier works
analyzing the field leakage from planar EBGs focused on the far field radiation [23].
However the far field does not give an indication of the near field radiation which is
highly critical affecting radiated coupling to adjacent boards or devices that do not
fall in the typical far field zone definition. Therefore, to obtain a comprehensive
assessment of the EBG planar structures, near field properties have to be investigated
to help us gain full knowledge of the radiation effects, which will facilitate the design
of package. In this thesis we investigate the radiation effect of planar EBG structures
on the near field in order to understand the potential for EMI within the PCB itself.
Moreover, this dissertation introduces the novel concept of applying the planar EBG
patterned power plane as an enhancing shield to reduce EMI coming from PCB
power busses.

There is another important issue need to be addressed when considering the
practical applications of the EBG patterned power plane in high speed system. As
EBG structure, used as one of power planes, is embedded in multi-layer PCBs, signal
traces referring to this imperfect power plane may degrade the signal quality for the
high speed signal [21,27,28]. The reason is the discontinuity arising from this
imperfect reference plane can induce strong reflection. The waveform of interest
signal begins to change shape. For example for a digital signal a gate switching from
logic “0” to logic “1” could be read as “0”, or a gate switching from logic “1” to logic
“0” could be read incorrectly if there is a strong positive surge in the voltage. This

will bring malfunction to the system. Therefore, in this thesis, we analyze the effect



of using EBG planar structures on the signal integrity by studying what is referred to

in the literature as the eye diagram.

1.2 Dissertation Organization

This thesis is organized as follows: the rest of this chapter covers some basic
concepts often used throughout this thesis, which include simultaneous switching
noise (SSN), electromagnetic bandgap (EBG) structures, and wave propagation in
parallel plate waveguides (PPW).

In Chapter 2, simultaneous switching noise frequency range limitation is first
discussed, and the typical simulation methods used to characterize the performance of
EBG structures are reviewed. The concept of power planes with meander-line and
super-cell EBG structures is introduced and investigated in detail.

Chapter 3 covers the development of lumped-element circuit modeling for the
EBG structures. Here, both one dimensional and two dimensional model derivations
are given. The physical mechanism behind these EBG structures is also briefly
discussed. At the end, the dispersion diagram of EBG structures is calculated with
periodic wave equation analysis.

Radiation from planar EBG patterned PCBs caused by switching noise is studied
in chapter 4, and a novel concept of using these EBG structures for electromagnetic
interference (EMI) reduction is presented. These concepts are verified using

experimental measurements.



Chapter 5 is devoted to signal integrity. Potential methods to improve the signal
quality of power plane with EBG patterned multi-layer printed circuit boards are
introduced.

Finally, the conclusions and future work are given at the end of this thesis.

1.3 Simultaneous Switching Noise

Today’s electronic packaging has progressed to packages that have power and
ground planes. Computer systems and microprocessors utilize multi-layer printed
circuit boards (PCBs) inside. These PCBs, which are made out of multiple metal
layers separated by dielectric substrate, provide both a packaging functionality and a
power distribution network for the components. The power distribution network is
usually distributed on several metal layers, whereby the minimum requirement is to
have at least two layers: one for the supply voltage Vpp and the other for the
reference voltage Vss or ground. These power supply layers usually extend over the
entire width and length of the PCB and are often referred to as power planes.
Typically the microprocessor or high-speed integrated circuit (IC) are mounted on the
surface of the PCBs and are connected to the different layers using wire bonds, bond
pads and vias. The typical configuration of a simultaneous switching noise

environment for a multiplayer board is shown in Figure 1-1.

Simultaneous Switching Noise (SSN) is a voltage glitch induced at the
chip/package power distribution system [3, 4, 29, 30]. When multiple internal gates

and/or output drivers switch simultaneously, they induce a voltage drop in the



chip/package power distribution. The simultaneous switching momentarily raises the
ground voltage within the device relative to the system ground. This apparent shift in
the ground potential to a non-zero value is known as simultaneous switching noise. It
has always been present in digital circuits. In the past, simultaneous switching noise
was not always noticeable because of slow edge rates and low pin count. As signal
speed and number of pins increase in the modern IC, any designer working with high

edge rate devices must be aware of these noise issues.

Simultaneous switching noise has traditionally been thought of as an inductance
problem. In reality, the output current driving capability is much greater than the
internal gates, this results in the rate of change in output driver switching current is
much greater than that of internal gates. So the voltage magnitude of SSN is actually
related to the inductance present between the device ground and the system ground,
and the amount of current sunk by each output driver (neglecting the internal gates

effects). It is given by equation (1.1):

di

- (1.1)

Vew = Leff X

where the effective inductance comes from the via, chip interconnect (wire bonds and

bond pads), and the board inductance.

Le/f = Lvia + Lboard +L (12)

inter

In equation (1.1), Vssy can be either positive or negative. It is often referred to as
delta-I noise because of its direct dependence on the rate of change in current or more

commonly, as ground bounce because the voltage glitch corresponds to an effective



change of the supply voltage and can therefore be seen as a displacement of the

ground level.

Initial work on the estimation of simultaneous switching noise was carried out in
[29] and suggested that at a given time the maximum simultaneous switching noise
can be obtained by multiplying (1.1) by the number of gates switching at the same

time with the rate of current change di/dt:

di
n eff dt ( )

where n is the number of outputs switch simultaneously. Equation 1.3 represents the
worst case scenario when all devices switch at the same time. In [4] it was shown,
however, that the total simultaneous switching noise saturates with the number of
gates and that an accurate determination of the board effective inductance was critical

in modeling the SSN.

In summary, the higher effective inductance and the higher the rate of change of
driving current, the higher magnitude of ground bounce would be. This could in turn
lead to a false logic or signal integrity issue: For example a gate switching from a
logic “0” to a logic “1” could be read as “0” when there is a strong negative surge in

the voltage or vice versa.
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Figure 1-1: General configuration of a simultaneous switching noise environment for

a multilayer board.

1.4 Electromagnetic Bandgap Structure

Electromagnetic bandgap (EBG) structures have generated considerable interest
in recent years, mostly because of their ability to mitigate electromagnetic wave
propagation at microwave frequencies. It is an array of metallic periodic pattern
placed in a waveguide structure which can form high impedance surface (HIS). The
concept of EBG structure was first introduced by Sievenpiper for antenna application
in order to suppress surface wave [12], [13]. The top and side views of a typical HIS
structure is shown in Figure 1-2. The HIS structure consists of an array of metal
protrusions on a flat metal sheet. They are arranged in a two-dimensional lattice, and
are usually formed as metal plates, connected to the continuous lower conductor by
vertical posts. They can be visualized as mushrooms or thumbtacks protruding from

the surface. The space between the two layers is typically filled with a dielectric. The



spacing between the patch centers defines the array period. This structure has high
surface impedance. Therefore, it rejects surface currents and it prevents (stop-band)
or permits (pass-band) propagation of surface waves. The waves are attenuated as
evanescent modes in a manner similar to what happens in waveguide below their
cutoff frequency. The stop and pass-band range is determined by the patch

dimensions.

Because of this special property, electromagnetic bandgap structure is in some
sense named as perfect magnetic conductor (PMC). A perfect magnetic conductor
does not exist in nature, but is instead a mathematical model that does not support
electric surface currents. More precisely, the boundary condition of a PMC states that
any tangential magnetic field (Hun) vanishes on its surface. However, there may be a
nonzero tangential electric field (Ey) on the surface of the PMC. The PMC is the
electromagnetic dual, or in layman’s terms the opposite of a perfect electric conductor
(PEC). Metals are essentially PECs. In the case of the PECs, Ey, is zero on the

boundary and Hy, is nonzero. Since the electric surface current density is given by

J =AxH where n is the unit vector normal to the surface, it is obvious that a PEC
supports electric surface currents while a PMC does not. The boundary conditions for
PEC and PMC are shown in Figure 1-3 respectively. The ability of EBG or PMC to
cut off surface currents is what makes it very effective at improving isolation between
antennas. Other applications range from antennas to filters, to high power

components, and magnetic conductor surfaces.
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(a)
Figure 1-2: Illustration of 3D electromagnetic bandgap structure with vertical post (a)

top view (b) side view

Figure 1-3: Boundary conditions for PMC and PEC

Recently, EBG structure has been implemented in power distributed system to
mitigate noise in power planes [14-19]. The earlier structure proposed used three
layers and a complex via design. The top and bottom plane are typical solid power
planes used to supply DC voltage. The EBG patterned layer is inserted between them.

An example of this three layer structure is shown in Figure 1-4.



In subsequent works, EBG structures developed to a planar architecture of
uniform substrate material patterned with periodic metallic patches. One of the
structures is shown in Figure 1-5 [20]. This structure does not have vias, so it is a
two-dimensional, or planar structure. It only uses patterned metallic patches to
replace one of the traditional power planes. This feature makes such planar EBG
structure very attractive from manufacturing and cost perspectives. Our research is

focused on this type of planar EBG structures.

Upper via

loresr via

halfHoop nducior
normal to the vias

(a)
) Surface patches
lower via
\ uppervia / top plate
' i bottom plate
-i—}l-i

Figure 1-4: Three layer EBG structure with inductance enhanced vias (a) single-loop

inductive element (b) cross section of structure [15]



(b)

Figure 1-5: Planar EBG structure (a) top view (b) side view [20]

1.5 Parallel Plate Waveguide

The parallel plate waveguide (PPW) is the simplest structure consisting of two
parallel perfect electrical conductor plates. It provides ground and supply voltage of
the power distribution network. This type of structures can therefore support TE, TM
and TEM modes. In the idealization of the parallel plate waveguide illustrated in
Figure 1-6, the dimension in the y direction, the thickness d of the waveguide, is
assumed much smaller than that in the z (direction of wave propagation) and x
directions such that all fringing fields and any variation in the x direction can be

neglected.

The TEM waves correspond to the case where there are no electric or magnetic
fields in the direction of propagation. TE and TM modes correspond to cases in which

the fields have no electric or magnetic field in the direction of propagation,

13



respectively.

For detail derivation of the field solution in a parallel plate waveguide, the reader

is referred to [31] and [32]. Here only the main steps and final results are given.

For TEM wave, the solution can be solved by Laplace’s equations for the scalar

electrostatic potential d(x,y):

Vi®(x,y)=0 (1.4)
with boundary condition:

D(x,0)=0 (1.5)
and O(x,d)=V, (1.6)

The final field can be calculated as:

- 1% ,
E(xayaz):_j}%e_ﬂcz (17)
T7 <V — jkz
H(x,y,z)=—x77—de : (1.8)
where k = w+\ ue (1.9)
and n= % (1.10)
g

Here it is important to note that the TEM waves are excited and supported by the

parallel-plate waveguides at all frequencies.
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For TM wave, from Helmholtz wave equation:

(5;2 +72jez(x,y) =0

where yi=—k’+ 'ug?z
¢
and E_(x,y,z)=e.(x,y)e ™
Applying a PEC boundary condition at x=0 and x=d:
e.(x=0)=0
e.(x=d)=0
we have:
, Nz
d

The wave propagation constant is then given as:

k* :ﬂ—g(a)2 —a)f)

where:

(0]

c

the cutoff frequency for the TM,, wave can then be defined as:

f. =

15

2
c

2_2 .2
, nrmce

ped?

n

2dJue

(1.11)

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)



For the TE wave, following the similar derivation, the propagation constant and the

cutoff frequency are the same as those of TM wave.

For practical consideration, typical power planes have a thickness of less than 2
mm. From the equations above, the calculated fundamental cut-off frequencies of the
parallel-plate TE and TM modes will be in the order of tens or hundreds of GHz, so
TE and TM modes are not a major concern for systems operating at 10 GHz and
below. The only modes of concerns are the TEM modes and the resonance modes
induced by the finiteness of the power planes. Actually, in the calculation of the
parallel-plate waveguide modes, it is assumed that the plates have infinite length in
the z-direction. In practical power planes, the width (w) and length (/) of the plates are
finite. In this case, waves will be reflected back and forth when they propagate to the
edge of the boards. Therefore, in addition to the parallel-plate TEM modes,
rectangular cavity modes are also excited. Both TE;,, and TMp,p, modes are excited.

Their cut off frequency is given by the same equation:

~ 1 mﬂZ EZ EZ
fmnp_27r ,ug\/( WJ J{ lj +( d] (1.20)

Since d is very small compared to / and w, only TE ;0 and TM;n0 modes have
low enough resonance frequencies that fall into the frequency range of interest (below

10 GHz), hence:

1 mrm ? nr ?
= iiad 1.21
f;’mn 271. UE \/( w ) +( l j ( )
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For our practical PCB board with dimension of 90mmx150mmx1.5mm, filled
with FR-4 of dielectric constant 4.4, the resonant frequencies will appear at: 480MHz,
920MHz, 960MHz, and so on. Obviously, switching noise has its maximum impact if

it is generated at the resonance frequencies of the parallel plate cavity.

A
v

Top plate Id

ottom plate

Figure 1-6: Diagram for an ideal parallel plate waveguide as a model for the power

planes of a PCB.
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CHAPTER 2
Planar EBG Structure Design and

Wideband Mitigation of Simultaneous Switching Noise

2.1 Simultaneous Switching Noise Frequency Limitation

2.1.1 Introduction

As discussed in chapter 1, the magnitude of simultaneous switching noise (SSN)
is proportional to the rate of change of charging/discharging currents. With the
increase of clock frequency, problems may arise when the magnitude of noise reaches
to fractional signal driving voltage. This will result in malfunctioning of digital circuit
system. For example, when SSN is transferred to the outside through an output buffer
driving low, i.e., logic “0”, if the noise magnitude is higher than the Vy., the threshold
of the input being driven, there is a possibility that the glitch will be recognized as a

logic “1”, and vice versa.

The purpose of using electromagnetic bandgap (EBG) structure is to mitigate the
propagation of the SSN. EBG structure has a limited bandwidth. What we hope is that

the total bandwidth of the EBG will include the bandwidth sustaining the SSN.
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Therefore we need to have detailed information on the SSN frequency range. In
general, the lower frequency edge of SSN begins at the hundreds of Megahertz. It is
important to define the upper frequency edge of SSN, which determines the
requirement for the EBG upper frequency limit. Actually the upper frequency edge of
SSN depends on the clock signal waveform. In the following section, a detail

discussion of spectral content of SSN will be given.

2.1.2 Upper frequency edge of SSN

The waveforms of primary importance in digital circuits are those which
represent clock and data signals. This analysis is based on the assumption that the
clock or data signal has a generic trapezoidal waveform as shown in Figure 2-1(a).
The clock signal is a periodic waveform with period T, magnitude S, pulse duration p,
and rise/fall time 1. To analyze the waveform of Figure 2-1 the following assumptions

are made:

1) Rise and fall times are equal: 7, =7, =7

r

2) The waveform is periodic in time, with period T, frequency fy=1/7, and angular

frequency @ =27f,

If the waveform of CMOS output voltage is assumed to follow inversely that of
clock signal (input driving voltage), the driving current, due to charging or
discharging, will have a waveform as shown in Figure 2-2. The final waveforms for
the SSN can be approximately represented as a trapezoidal waveform (Figure 2-1(b)).

The magnitude of the SSN is defined by equation (1.1).

19



Next we look at the spectral content of this waveform using Fourier transforms.
The purpose is to find the dependence of spectral content of switching noise on the

clock/signal parameters.

‘|

v

(b)

Figure 2- 1: Periodic trapezoidal pulse train representing (a) the clock or data signals

of digital system. (b) SSN waveform due to the charging/discharging current
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Figure 2- 2: Typical CMOS output driver switching characteristics

The SSN waveform as shown in Figure 2-1(b) is a periodic train of trapezoidal
shaped pulses, in which each pulse is described by period T, magnitude A, rise/fall
time T, and pulse duration p,. As we notice, p, is actually limited by clock signal

transition time 1, and can be approximated asz = p,. Then the amplitude of the

spectral components lies on an envelop [33, 34], that is:

envelop = 24 £|sin(7zzf)||sin(7zrr2f)| (2.1)
T| = || T, f

To generate the bounds for this spectrum, we express equation (2.1) using a

logarithmic scale:

20log,, (envelop) = 2010g10(2A%) +20log,, +20log,,

sin(z7f)
i

sin(zr,zf)‘ 22)

TrZ
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The expression above is actually composed of three plots:

Plot 1 = 2010g10(2A%) (2.3)
Plot2 = 20log,, Sm(’”f)‘ (2.4)
ryf
Plot3= 20log, [S07%2/) (2.5)
ﬂ-Ter
A
yia 0dB/decade
T -20dB/decade
-40dB/decade
1 1 f
T ﬂ'-TrZ

Figure 2- 3: Bounds on magnitude spectrum of a trapezoidal pulse train

Plot 1 has 0dB/decade slope. Plot 2 has two asymptotes. The first asymptote has
a 0dB/decade slope. The second asymptote begins at f = %zr , with a slope
-20dB/decade. Plot 3 also consists of two asymptotes, one of which has a 0 dB/decade
slope and the other has a -20dB/decade slope. The two asymptotes join at / = 1

7[2-1*2
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The composite asymptote is the sum of these asymptotes, as shown in Figures 2-3.
The composite asymptote thus consists of three straight-line segments. The first
segment is due to plot 1 and has a slope of 0dB/decade, with a magnitude 2At/T. The
second segment has a slope of -20dB/decade and is due to plot 2. The third segment

has a slope of -40dB/decade and is due to the combined effects of plots 2 and 3.

From the spectrum bound Figure 2-3, it clearly shows that the high frequency
content of a SSN pulse train is due primarily to the rise/fall time of the clock signal.
Signals having small rise/fall times will have larger high-frequency spectral content
than that of signal having larger rise/fall times. Thus, faster clock frequency and
faster transition time, the higher the frequency edge of the SSN noise spectrum.
Therefore, in general we need to pay attention to the upper frequency edge of SSN,

which can reach 10 times higher than the primary clock signal of a digital system.

Another important parameter is the duty cycle, D = %, which defines the ratio

of the pulse width to the signal period. Figure 2-4 shows the dependence of pulse

train duty cycle D on the spectral bounds ( f, =1/T, 1/zt = f,/zD). The graph

shows that the starting level of spectrum depends on the pulse width. The narrower
the pulse width is, the smaller the spectral level would be. The first breakpoint for the
smaller duty cycle D, will lie on the -20dB/decade asymptote for the larger duty cycle
D;. In general, smaller the duty cycles reduce the lower frequency spectral content of

the waveform, but it will not affect the higher frequency spectrum.
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Figure 2- 4: Effect of duty cycle on the spectral bounds of trapezoidal pulse train

As an example, if the clock frequency is 1GHz, the rise/fall time of clock signal
counts as 20% of the period, then the pulse width of the trapezoidal waveform for the
SSN will be limited by this rise/fall time. From the spectrum bounds shown in Figure
2-3, it is estimated at f =12GHz, the amplitude of spectrum is attenuated by nearly
20dB compared with its low frequency spectrum magnitude. In general, the upper
edge frequency of SSN is thought to be 10 times the clock frequency, so the
bandwidth of SSN we are interested in this study is from several hundred megahertz

to up to over 10 GHz.
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2.2 Characterization of EBG Structures

2.2.1 Introduction

Different methods are used for the analysis, design and modeling of EBG
structures. Some of these numerical methods include the Method of Moments (MOM)
[35] which employs the pulse expansion functions, the Transmission Line Matrix
(TLM) method [36], the Finite-Difference Time-Domain (FDTD) method [37] and
Finite Element Method (FEM) [38]. In this work we use a commercially available
simulation tool, Ansoft HFSS [39], which is based on the finite element method.
HFSS is an interactive software package for -calculating and analyzing
three-dimensional (3D) electromagnetic radiation problem involving complex
structures. During our study, two methods are used to characterize the EBG structures.
One is a full wave complete space analysis method; the other is symmetry boundary

method.

2.2.2 Full wave complete space analysis

Full wave complete space analysis method is used in our simulation throughout

this thesis. This method gives a complete field solution of proposed EBG structures.

For the planar type of EBG structures discussed in this work, the radiation
boundary is adopted to mimic radiation into infinite space.. The requirement of using
ABC is the simulated structure should be electrically far away from the boundary to
minimize the effects of reflective waves [39]. Typically, the spacing between the

radiated structure and the boundary should be greater than A/4, where A is the
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wavelength in the medium. For a practical consideration of our EBG structure, the
simulation frequency begins from as low as 200MHz, which requires the spacing to
be over 30cm. This renders the simulation very inefficient due to large memory
requirements. However, since the radiation from the powr planes is weak in
comparison to antennas, we expect that the A/4 rule to be unnecessarily stringent
leading to inefficient simulations. In fact, we carried out several simulations where
the distance between the outer edge of the structure and the mesh-truncation boundary
(where the boundary condition is enforced) is decreased incrementally and found that
sufficient accuracy can be obtained by using a distance of 3cm instead of 37cm (as
would be expected if the A/4 rule is followed). The results presented in Figure 2-5(b)
where two different cases having a distance from the outer edge of the structure to the
boundary condition is set at 10cm and 3cm clearly show that the 3cm case provides

not only good accuracy but also sufficient computational savings
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Figure 2- 5: EBG structure with different spacing (3cm, 10cm) from radiation

boundary (a) simulation structure geometry (b) S-parameter simulation result
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In general, however, while full wave analysis method can provide a fairly
accurate result, it heavily consumes significant memory resource (execution time and
memory allocation). Next we introduce the symmetry boundary method, which takes
advantage of the symmetric property of EBG structures, thus resulting in significant

computational savings.

2.2.3 Symmetry boundary method

This method relies on the special symmetric properties of the structures [39]. In
HFSS simulation, actually there are two kinds of symmetry boundaries. One is the
perfect E symmetry boundary; the other is perfect H symmetry boundary. By using
symmetry boundaries it enable us to model only part of a structure, which reduces the

size or complexity of the design, thereby shortening the solution time.

Perfect H symmetry plane

A A A A A \4% A A A A A A

1Tl
w

Pearfect %qmetry plane

Cross section view of TE ;o mode field distribution

Figure 2- 6: Diagram showing the symmetric boundary for perfect E and H

If the symmetry is such that the E-field is normal to the symmetry plane, it
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belongs to perfect E symmetry boundary condition. For perfect H symmetry boundary
condition, the symmetry is such that the E-field is tangential to the symmetry plane.

Perfect E or H symmetry boundary in rectangular waveguide is shown in Figure 2-6.

For our EBG structure, the field inside is TEM mode as discussed in section 1.5.
If we choose a computational space as shown in Figure 2-7, the lateral sides of this
model are “symmetry boundary conditions” that create a double-mirror-like structure
in which the model would look infinite in the y-direction (both positive and negative).
For the E field is tangential along the symmetry plane, it satisfies perfect H symmetry
boundary condition. Here instead of computing the field in the entire space, the
simulation is reduced to a one dimensional problem by using this symmetry boundary
method. The simulation result is shown in Figure 2-8. When compared with full
computational space simulation, there is good agreement between the two. This
method assumes the size of the board in the y direction is infinite, although in reality

it is not the case.
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Figure 2- 7: Diagram representing the symmetric boundary model used to derive the

bandgap of EBG structure
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Figure 2- 8: Comparison of S parameter simulation using two different methods: one
is full wave complete space method (solid line); the other is symmetry boundary

method (dotted line).
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2.3 Planar EBG Structures

2.3.1 Structure design

The underlying principle behind the two-layer EBG-embedded power plane
structure is to filter out switching noise and other noise sources propagating within
the power planes while providing a low-impedance path for DC current on each layer.
Figure 2-9(a) shows the proposed two-layer power/ground plane with meander line
EBG structure. The whole dimension of this structure with 3x5 unit cells is 90mm x
150mm. The solid layer can be used for one voltage level and the EBG-patterned
layer is used for the second voltage level. Between these two layers, a uniform
substrate material FR-4 with dielectric constant 4.4 and layer thickness of 1.54mm is

selected due to its manufacturing flexibility at our local facilities.

The schematics of the unit cell of size 30mm x 30mm and its corresponding
parameters are shown in Figure 2-9(b). For one-dimensional wave propagation, the
unit cell of this EBG structure can be modeled with the equivalent circuit as shown in
Figure 2-9(c). This qualitative model is inspired by the physical behavior of the field
distribution in the patch. It consists of two parts. The first part describes the
propagation characteristics between the EBG patch and continuous power plane,
represented by equivalent inductance L, and capacitance C,. The second part
characterizes the bridge effects between two adjacent unit cells, where the gap
between the two neighboring unit cells induces the fringe capacitance C,, and the
bridge connecting the neighboring unit cells as the inductor Ly,. So this EBG structure

can be conceptually viewed as an electrical filter of parallel LC resonator.
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Figure 2- 9: (a) Planar EBG structure with Meander-L bridge showing the location of
the ports used for S21 parameter measurements. (b) Unit cell showing the Meander
Line bridge and dimensions. (c¢) Qualitative equivalent circuit model for unit cell of

the Meander-LL EBG structure
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The center frequency of the stop-band for the EBG structure can be expressed
semi-quantitatively as fj = 1/(2\(L,C»)). Consequently, one observes that in order to
effectively implement the EBG structure in the lower frequency region, longer bridge
length, corresponding to an increase in inductance, would be required. Therefore, we
introduce a meander line as the connecting bridge (DC link) between adjacent patches.
The width of meandered line is 0.2mm, which is within the fabrication tolerance

capability of our lab facility LPKF ProtoMat machine.

2.3.2 Fabrication

EBG structures are fabricated with LPKF ProtoMat C100/HF machine. It is a
circuit board plotter which can be used to produce high quality prototype for HF and

microwave PCBs. The geometry of this machine is shown in Figure 2-10.

Figure 2- 10: LPKF ProtoMat C100/HF circuit plotter used for our prototype
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The basic steps to make a board are as follows: First the pattern is designed with
commercial CAD program to generate Gerber, Excellon, or DXF data file. The data is
then transformed to the CircuitCAM environment, where you can define the milling
tracks, drill size, and insulation width, etc. Finally the file is transformed to
BoardMaster program, which controls the operation of ProtoMat machine, to

implement the physical etching on the PCBs.

The real board which we made for meander line EBG structure is shown in

Figure 2-11.

Figure 2- 11: Photo of top view of meander line EBG structure, two soldering points

showing the two test ports
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2.3.3 Simulation and experimental result

Performance of the EBG structures is characterized by S-parameters measured
with the Agilent E8364A vector network analyzer (VNA). Each test port is located at
the patch center as shown in Figure 2-11. From the S-parameters which in principle
represent the frequency response of the power plane, the center frequency, the
fractional bandwidth, the noise mitigation bandwidth and the maximum insertion loss

in the stopband can be extracted.

In Figure 2-12, we show the simulation result of the EBG surface with
meandered lines as obtained from the Ansoft HFSS full wave analysis method along
with the measured data. In the HFSS analysis we use a lumped gap source which is
located internally in the structure to represent the wave port. The lumped port is
assigned between the top patch plane and solid bottom plane. The data shows an
ultra-wide bandgap is achieved using this new structure with strong agreement
between simulation and measurements. The stopband frequency range is observed to
extend from approximately 450MHz to 12 GHz and beyond. The definition of
bandwidth adopted here is the continuous frequency range over which the magnitude
of the S;; is maintained below -28dB. (There is no standard definition for suppression
bandwidth in the context of switching noise as the degree of suppression is
application specific. Here, the -28dB was chosen for convenience as it represents

significant suppression in comparison to the reference case.)
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Figure 2- 12: Numerical simulation and measurement result for magnitude of Sy;
between two ports across EBG patches having Meander line bridge (Meander-L).

Comparison 1s made with a two layer power plane (Reference)
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2.3.4 Super cell EBG structure

Here we introduce the concept of a super cell. The super cell is formed by two
patches with different topologies. The new super cell is cascaded resulting in a new
structure that is expected to embody the bandgaps arising from the use of each of the
two topologies if they were used separately, in addition to the bandgap arising from
the increased periodicity formed by the new super cell. Figure 2-13(a) shows the
super cell structure composed of adjacent EBG patches with two different connecting
bridge topologies--a straight line and a meander line. The patch is kept at the same
size of 30mm x 30mm. It shows a schematic of the entire board with similar overall
dimensions as before. Notice that by the introduction of the two separate patch
topologies and cascading them as shown in Figure 2-13(b), we have, in effect,
doubled the period of the EBG structure. Based on the transmission line model of
periodic structures, the increase in the period leads to a direct decrease in the lower
edge of the frequency bandgap [40, 41]. Figure 2-14 gives the measurements of the
magnitude of the S,; parameter. We see not just an appreciably wide bandgap, but
more importantly, a downward shift, as predicted, to approximately 250MHz, in the
lower edge of the bandgap. To highlight the bandwidth improvement at the lower end
of the bandgap, we show in Figure 2-15 a comparison between the two cases. The
175MHz bandwidth improvement realized by the super cell can lead to cost reduction
by eliminating decoupling capacitors needed to maintain minimal noise in the sub

500MHz range.
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Figure 2- 13: (a) Schematic top view of a super cell with dimensions

(b) Top view of the board showing the layout of the super cell structure.

38



0~
~ Bl & iR, ]
m g.‘o Y . U ,,’“" (v . ,"| ,b..., -\ . -
O Tl A A PHERSU WhaedVO%R oy, -, ]
O 204Y WL Aol SRESATLY YQEEN G0 RS RS
— {1 M o o L[ o g Wy v (3 h foV e
(] ' . ®)
o 1P A © < [ Y H PAN Y G -
N ] " van AT A
4k O M A [ .
v N ! VAN AN
4= 40 by w2 | High ™ TN
@) 1 w4t 5 v N V ﬁv v VAV (A
:I TN (R D] \ A A |ﬁ. Dy
Q 1 M A N1 A YA AL YN A v
| ] ! L A Vo vA RN
= vl W v VAR Y VARY)
] y ‘e y“ \ Vv V4 A X
S Pl 3 \ VL v
= 60 b A P ¥ =
— ! Vi A\ A
C Ai,'v Ot % y
- I ’ -
% i ' AAA. AA J
AV v
=S B (Y [ ——Refexp -
- - A ! . -
80 MV W ------Ref Sim
. v
v —— Super_cell Exp
1 (4 .
i ' --x#--Super_cell Sim
-100 PR EN ST U S AT U (YT U SN U AN NN SN T U (U TSN U NSNS U U U U NN U U AN AN AN AU AT AT B AT

0 1 2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz)
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Figure 2- 15: Comparison between the lower frequency edge of the bandgap for the

Meander Line and Super-cell structures.

The super cell structure was conceived based on the principle of increasing the
effective inductance to lower the center frequency of the bandgap while not affecting
the overall capacitance in order to maintain wide bandwidth, and on the principle of
increasing the spatial periodicity in order to decrease the lower edge of the bandgap.
If a single square patch of 60mm x 60mm in conjunction with the meander lines was
used instead of the super cell, the lower edge of the bandgap would be close to that of
the super cell structure, however, the bandgap would be much narrower. The

simulation result of S-parameter for 60mm patch is shown in Figure 2-16.

Finally, we note that there is no unique choice for the topology of the
connecting bridges between patches. These connecting meander and straight lines can

be changed to more complex structures thus enhancing the tunability of the bandgap.
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Therefore, such structure chosen here represents a generic type of structures with

increased degrees of freedom to allow optimization for specific design needs.

0 T
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60mm patch
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Figure 2- 16: Comparison of magnitude of S21 between 60mm Meander-L patch

(solid line) and 30mm super cell patch (dotted line)
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2.3.5 Miniaturization of EBG structure

The patch size of the EBG structure proposed above is 30mm x 30mm in size. In
an increasing class of applications, such as computer cards, cell phone PCBs amongst
others, a 30mm x 30mm patch size is impractical to use as the size of these boards
spans few patches. Therefore, miniaturization of EBG patches becomes essential for

noise mitigation in these important technologies.

According to the design rule discussed in section 2.3.1, if increasing the bridge
inductance and capacitance, the lower edge of the stopband will be extended further.
In other words if we can effectively decrease the lower edge of stopband, it will
facilitate the miniaturization of the EBG structure. Another possible solution for
miniaturization is employing high k thin film material in the EBG design. An example
is a meander line EBG structure with dielectric constant of 100, film thickness 20um,
and patch size 3mm. The simulated S parameter is show in Figure 2-17(a). The
bandgap frequency range covers from 500MHz up to 6GHz above, with average
attenuation below -50dB in comparison with the case without EBG structure. Also we
notice the lower corner edge is critically depending on the thickness of material as
shown in Figure 2-17(b). The reason is that the thinner the material, the higher the
capacitance would be. Higher capacitance is highly desired in the design for noise
mitigation in PCBs. In summary, it is a practical way to implement the planar EBG

structure with high k thin film material in power distributed system to mitigate SSN
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with satisfactory stopband performance.

Magnitude of S21(dB)

Magnitude of S21 (dB)

-1804 — © —=0.4mm -
20um 1

-200 7 T 7 T T T T T T T T
0 1 2 3 4 5 6

patch=3mm, k=100, thickness=20um

EBG
----- o reference

PR P TR TR Mo S BT

-200 . , . , . r . r . r .
0 1 2 3 4 5 6

Frequency (GHz)

(@)

Patch size:3mm, k=100, different substrate thickness

..... A 1.54mm

Frequency (GHz)

(b)

Figure 2- 17: Numerical simulation of the magnitude of S,; for high K thin film EBG

structures (a) comparison between solid reference and EBG patterned plane  (b)
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comparison between different thickness: 1.54mm (dot line), 0.4mm (dash line) and

20um (solid line)

2.3.6 Summary

New types of planar EBG structures for suppression of power/ground noise in
high speed PCB have been proposed. By using meander line as a dc link between
patches, ultra-wideband noise suppression can be achieved. By cascading two
different bridge topologies on the same board (referred to above as super-cell
structure), lower periodicity can be achieved, thus decreasing the lower frequency
edge of the bandgap without sacrificing the performance elsewhere. The super cell
introduced here represents a complex structure that increases the overall inductance
and capacitance leading to the enhancement in performance. The possibility to realize
the miniaturization of EBG structure with high K material is also verified numerically.
In general, using the new planar designs presented here, suppression of switching
noise can be achieved over a wide bandwidth extending from 250MHz to 12GHz and

beyond.
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CHAPTER 3

Compact Circuit Modeling of

Electromagnetic Bandgap Structures

3.1 Introduction

Although the full wave electromagnetic (EM) simulation can provide accurate
and complete solutions for the studied problem, this approach, however, becomes
very lengthy and memory intensive as the physical size of the structure increases.
Although one could take advantage of the symmetry or of the periodicity to reduce
the size of the problem to be solved in some cases as we described in chapter two,

compact circuit modeling is highly required for its time efficiency.

Passive components can be modeled using lumped-elements at frequencies where
the physical length of transmission line based devices and interconnects are much

smaller than the wavelength. The same approach can be applied to periodic structures
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as long as the period is much smaller than the wavelength. In general,
lumped-element equivalent circuits for one-dimensional structures can be obtained
from the two port S-matrices. This concept has been applied intensively in the
modeling of traditional power plane pairs [42, 43]. Compact models are combination
of physical and behavioral aspects of a structure and can be obtained using numerical
optimization to match measured or EM simulation-based S-parameters to those of the
equivalent circuit. A very important point in developing such models is the
identification of a proper model form that incorporates the physical effects of the
components. Numerical optimization can then be used to determine the right
parameter values by optimizing measurement or EM-simulation data against those of

the equivalent circuit.

This chapter first introduces the lumped-element based circuit models for EBG
structures (both meandered line structure and super cell structure). Main factors
which affect the EBG bandgap features are discussed in detail. In later part of this
chapter, the physical mechanism of electromagnetic bandgap structures is briefly
addressed based on the Bloch-Floquet theorem. Finally, this theorem is applied on our

practical EBG structures and dispersion diagram is derived.
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3.2 Lumped Element Model Development

3.2.1 Model form definition

EBG structure with meander lines and its corresponding unit cell are firstly
considered, and are shown in Figure 3-1. For one-dimensional wave propagation on
this parallel plate transmission line cell, the equivalent circuit can be represented as in

Figure 3-2 (a) and (b).

Figure 3- 1: Unit cell of meander-L EBG structure (a) top view (b) side view

Each unit section of the equivalent model consists of two parts. The first part

describes the propagation characteristics between the square metal patch on the power
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plane and the continuous ground plane, represented by an equivalent inductance L,
and capacitance C,. The second part characterizes the bridge effects between two
adjacent unit cells, which include the bridging effect with the bridge inductance Ly,
bridge capacitance Cp,, and the capacitive gap coupling effect between two adjacent
unit cells C,. It is assumed that infinite unit sections are periodically cascaded, as

shown in Figure 3-2 (b), to represent the EBG structure.

Lp/2 Lp/2

Lb/2 Lb/2
YL
1l —
le/ 2 2Cg 2Cg le/ 2
(a)

48



L
L6
*vren L=LbnH av
L L
(53 L7
L=Lp nH L=Lp nH

c c c
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(b)

Figure 3- 2: (a) Equivalent circuit model for the unit cell of Meander-L EBG structure,
where top part representing the metal patch effect, bottom part representing bridge

effect (b) Circuit model for the cascaded periodic Meander-L EBG structure

3.2.2 Lumped parameters extraction

The extraction of the lumped element parameters involves the following steps:
First S-parameters are generated for a structure including three periodic unit cells
using electromagnetic full wave simulation. The reason to select three periods here is
a compromise between high accuracy and simulation efficiency. Second initial values
are assigned to the model using existing formulas of transmission line theory for
microstrip line, as described in [44, 45]. The gap coupling capacitance C, can be

calculated as [13]:

c, = 2bg,(1+ 5,.% - cosh™! [ %p} (3.1)

Where b is the width of square patch, a is the distance between the centers of

neighboring patches, and p is gap between neighboring patches. Finally a circuit
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analysis tool Agilent ADS is used to extract the values of the model components by
fitting the numerically simulated S-parameters against that of the model. The
validation of the lumped element model can be verified by direct comparison of the
simulated and modeled S-parameter. The flow diagram of model parameter extraction
is shown as Figure 3-3. Figure 3-4 shows the Agilent ADS optimization block

diagram used to extract the lumped element parameters.
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Figure 3- 3: Flow diagram of lumped elements extraction
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The lumped element parameters generated by this optimization are as following:
L,=0.14nH, C,=8.82pF, L,=14.3nH, Cy=1.2pF, and C,=3.96pF. The validation of this
circuit model can then be obtained by direct comparison of the simulated and
modeled S-parameters. As shown in Figure 3-5, a reasonable agreement between full

wave analysis and lumped element modeling is achieved.
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Figure 3- 5: Modeled vs. simulated S-parameters of EBG structure

solid line----ADS optimization, dotted line---- HFSS simulation
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3.2.3 Meander line EBG 2D model

The equivalent circuit for two-dimensional (2D) wave propagation on the meander-L

EBG structure can be modeled as of Figure 3-6.

c7
. L5
C=(2*Cg) pF

| L=(Lb/2) nH

IF— &——

6
C=(Cpl4+Cb/2) pF

L
L10
L=(Lb/2)

. b t—vv\
s {II:H v
C - L=(Lp/2) nH
— 010 L=(Lp2) nH 3= L
c C=(Cpl4+Cb/2) pF
c11
C=(2"Cg) pF
= i
c
c12
=(Cp/4+Cb/2) pF
L12 81 s
L=(Lb/2) nH g oF

Figure 3- 6: equivalent circuit model of meander-L EBG unit cell for two-dimensional

wave propagation with ports 1-5 indicated

The compact model of a full power plane can be obtained by connecting the unit

cell model periodically into a two-dimensional array. Figure 3-7 is an illustration of
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the 2D-model of a large power plane by cascading of many cells. Each rectangle

represents a multiport (5-port in this case) equivalent circuit of the unit cell.

o— — — — —] — - o—] —
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Figure 3- 7: Illustration of meander-L EBG structure based on cascading of several

unit cell models

freq, GHz

Figure 3- 8: Modeled vs. simulated S-parameters of 2D EBG structure

solid line----ADS optimization, dotted line---- HFSS simulation
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Figure 3-8 shows the simulated vs. modeled S,; parameter of two-dimensional
3x5 array of meander line EBG structure. Good agreement is obtained over the
frequency range of interest (DC to 12GHz). Also we notice the value of different
lumped element will affect different features of S parameter. Next we will discuss

these effects.

3.2.4 Simulation and discussion of results

Once the circuit modeling is established, it is our interest to find the system
performance depends on these lumped-element parameters to give us general design
instruction in order to optimize EBG bandgap capability. From the circuit model
proposed in Figure 3-6, we notice the key lumped element parameters are the product
of bridge inductance Ly, and gap capacitance C,, the ratio of Ly/C,, and the product of

patch inductance L, and its corresponding capacitance C,.

Figure 3-9 shows the frequency response of EBG power plane when the product
of (LyCy) is varied, all other parameters are fixed. The simulation results tell us with
the increase of the L,C,, the center frequency of stopband will be shifted downward.
This center frequency is just coming from the self-resonance of the bridge, which
form the high impedance surface (HIS) to block the propagation of EM wave. So if
we can effectively increase the Ly, (that is the reason why we adopt the meander line

structure), and C, (applying high k material), the center frequency of stopband will be
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shifted downward in frequency further. A significant increase of this parameter is

desirable to achieve noise mitigation in the hundreds MHz range.

Figure 3-10 shows the bandwidth of stopband vs. ratio of bridge inductance L; to
its corresponding gap capacitance C,. If the ratio of L,/C, increases, the bandwidth of

stopband will also increases. The reason is the characteristic impedance of the EBG

surface can be semi-qualitatively expressed as Z, oc % . The total bandwidth
4

is approximately equal to the characteristic impedance of the surface divided by the
impedance of free space. The readers can refer to [13] for the detailed analysis. So
the increase of the bridge inductance is an effective way to achieve both the wider

bandwidth and the lower corner frequency.
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Figure 3- 9: Dependence of the bandgap center frequency on the product of bridge

inductance L, and gap capacitance C,.
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Another noticeable feature is that the variation of the product of patch
capacitance and patch inductance will have a direct impact on the upper corner

frequency of stopband as shown in Figure 3-11. Further analyzing model diagram of

Figure 3-6, we notice at the patch resonance frequency f,,,., %/ﬁ’ the EM
p-p

wave will be reflected back and forth, which results in strong transmission of wave.

In summary, the EBG structure reflection/transmission performance significantly
depends on the physical geometry of the patch. The analysis above gives us a general
design rules for planar EBG structure in order to achieve the best noise mitigation

effects.

3.2.5 Super cell EBG model

The unit cell for the super cell structure is shown in Figure 3-12.

) L

unit cell

)

Figure 3- 12: unit cell for circuit simulation of super cell EBG structure
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The circuit model of unit cell is decomposed of three parts: one for the patch (a), the

other two represents different bridges (b) and (c) as of Figure 3-13.

Lp/2 Lp/2
~A 2288
;Cplz ;CP/Z
(a)
Lbl Lb2
A Y
Il I
lel/Z Cgl lel/Z leZ/Z Cg2 Cb2/2
(b) (c)

Figure 3- 13: Decomposition of unit cell for super cell EBG structure (a) metallic

patch  (b) meander-L bridge (c) short-L bridge

ot 92
1T 11
Lp Lp
— Y Y Y Y YY)
Lbl Lb2
L Y Yy LY Yy
T oxa T ox T cx2 T cx2

Figure 3- 14: The equivalent circuit for unit cell of super cell EBG structure
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The equivalent circuit for unit cell is modeled as Figure 3-14.

where: Cy=(Cpt+Cp1)/2, Cxo=(CptCi2)/2

Following the same scheme as described in section 3.2.2, the equivalent lumped

element for the super cell structure is:

L,=0.25nH, C,=5.2pF, Ly,;=11.3nH, Ly»=0.15nH, C;=Cx»=3.96pF, Cy=1.2pF, and
Cp2=0.9pF. When put these numbers into 2D circuit model, the final S,; parameter

for 3x5 cells super cell EBG structure is shown in Figure 3-15.

freq, GHz

Figure 3- 15: Modeled vs. simulated S-parameters of super cell EBG structure

solid line----ADS optimization, dotted line---- HFSS simulation
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3.3 Bloch-Floquet Theorem

Floquet first studied the problem of differential equations with periodic
coefficients from the mathematical perspective [46]. Bloch successfully applied the
periodic structure theory to study electronic wave in a periodic crystal lattice [47].
Because particle wave function in the periodic potential of crystal lattice can be

described by Schrodinger equation:

_Kdy
2m dx?

+V(xX)y =Ey (3.2)

Where V(x) represents the potential of the crystal lattice that has the periodicity of the

lattice d, i.e.,
Vix+d)=V(x) (3.3)

Bloch found the wave function of the particle in periodic lattice potential can be
expressed as the wave function of a free particle modulated by a periodic function

which has the same periodicity of the lattice potential, which is called Bloch wave:

w(x) = e u(x) (3.4)
where

u(x+d)=u(x) (3.5)
The wave function can also be written in another form:

w(x+d)=e"y(x) (3.6)
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This means that any wave functiony/(x), that is a solution to the Schrodinger
equation of the problem, differs only by a phase factor ¢ between equivalent

positions in the lattice.

Recently, there has been a great interest in periodic dielectric structures (photonic
crystal, or photonic bandgap, PBG) for electromagnetic waves propagation [48-50].
Band gap behavior is achieved by periodic variation in the dielectric constant of the
substrate. According to Maxwell’s equations, the EM wave in periodic dielectric can

be written as follows:

2
v g MO E 3.7)
C
2
v+ HE0Y gy (3.8)
C
where:
c(r+d) = () (3.9)

Similar as the derivation of electron wave in solid crystal, EM wave in the
periodically arranged dielectric substrate will also looks like a Bloch wave. The
constructive and destructive interference of electromagnetic waves results in

transmission and reflection bands in frequency.

While for the EBG structure considered in this work, the periodicity is not

constructed by inserting periodically distributed dielectric material in the substrate,
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but rather is achieved by arranging the metallic pattern in a periodic fashion. Actually
the effect of periodically arranged pattern is just the same as that of periodically
arranged material because the different geometry of microstrip line will result in
different effective dielectric constant even in the same substrate. The wave
propagation in the EBG structure can be conceptually thought of as that in the PBG.
So the EM field in the EBG structure also obeys the equations of (3.7)-(3.9). If
considering the wave propagation in the infinite line as being composed of cascaded
identical two port networks as shown in figure 3-16, we can relate the voltage and
current at the (n+1)th terminal to be equal to the voltage and current at the nth
terminal, apart from the phase difference due to the finite propagation time [51]. Thus

we can write:

........ A B A B A B
e o) e o) e [ )
— C D C D C D| ——

Figure 3- 16: transmission line with infinite periodic structures

=My (3.10)
=eM] (3.11)

where £ is the propagation constant for the periodic structure and d is the periodicity.

It is important to note that the voltage and current waves defined in the equation are
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meaningful only when measured at the terminals of unit cells, and do not apply to
voltages and currents that may exist at points within the unit cell. Next we apply this

Bloch-Floquet theorem to derive the dispersion behavior of EBG structures.

3.4 Dispersion Diagram

3.4.1 Meander-L EBG structure

The approach used for the derivation of the dispersion relationship is analogous
to that of the phonon dispersion derivation in solids. The electrical filter is analogous
to the one dimensional diatomic lattice, the circuit schematics of meander-L EBG
structure is shown in Figure 3-17, where C,=(C,+Cy)/2. For the lumped parameters

definition please refers to section 3.2.1.

Cg
I(2n 1) I,%—I 1(2n) L p I(2n+1)|,1“>—| 1(2n+2) Lp I(2n+3r 1(2n+4)L
l [ L ] l l | b ] l l Lb
—> —> —> —P —>
'[ '[ Cx ]’ ]’ '[ Cx ]’ Cx

2n-2 2n-1 2n 2n+1 2n+2 2n+3
Q(2n-2) Q(2n-1) Q(2n) Q(2n+1) Q(2n+2) Q(2n+3)

Figure 3- 17: equivalent circuit model for periodic meander-L EBG structure

The current on the first part (L,) and the second part (sum of the current on C,

and Ly) of section n are denoted as i>, and ix,+1. The electrical charges on C, and Cy, of
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section n are denoted as Q, and Qun+1. The relations between the currents and node

charges can be derived as:

S do,,
lZn - lZn+1 = 5; (312)
. . dQ,,,
L Tl = % (3.13)
L, diryy _ Do Do (3.14)
1-w’L,C, dt ¢, C,
di 0,4 O

L 2n+l1 — 2n-1 2n 315

Pdt C, C, 12

Differentiating (3.14) and (3.15) with time, and combining with equations of (3.12)

and (3.13), yields

L, dhyy by 2. (3.16)
1_ a)szcg dtz Cx Cx 2n+1 Cx
d2i2n _ i2n—l 2 . i2n+l
Ca T e o

Considering periodicity of this EBG structure, applying Bloch-Floquet theorem
as we discussed in section 3.3, the wave solutions for the current i, (2n+2, 2n+4...),

and ipn+1 (2n+3, 2n+5...) can be written as:
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j(wt—2nk)

i,, = A,e ;for even terminal: 2n, 2n+2 ... (3.18)

iy, = Aet " for odd terminal: 2n+1, 2n+3 ... (3.19)

_d
where k= A

When substituting (3.18) and (3.19) into (3.16) and (3.17), for non-trivial solutions

for Ag and A, the determinant (3.20) must equal to zero.

2
L
L2cos(k) #_i
C, 1-o°L,C, C,
=0 (3.20)
2 1
'L —— —2cos(k
e C (k)

Next, we use the lumped-element parameters obtained from section 3.2.2 leading
to the dispersion relation between ® and k shown in Figure 3-18. In this diagram, the
bandgap is represented by the frequency range in which there is no propagating mode
for value of k with imaginary part. The bandwidth of stopband predicted by this 1-D
circuit model is 4.7GHz, ranging from 0.5GHz to 5.2GHz. Furthermore, a stopband is
visible at 8.5GHz and beyond. Compared to the numerical simulation result (using
full wave analysis as in Figure 2-12, the first bandgap appears between 460MHz to
5GHz ), a good agreement is seen from the dispersion diagram, especially at lower

frequencies. At the higher frequency, the lumped circuit model is not precise due to
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the physical length of lumped components is comparable with the electrical

wavelength.

12

11 Stopband

10

frequency (GHz)

Figure 3- 18: Dispersion diagram for Meander-L EBG structure obtained using the
Bloch-Floquet Analysis using lumped circuit elements.
The gray area shows the stopband region.

3.4.2 Super cell EBG structure

The difference between the super cell EBG structure and meandered-L EBG
structure is that super cell structure has two different bridges represented by different

sets of lumped element parameters. Assuming that the meandered L bridge is
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characterized by equivalent inductance L;, bridge capacitance Cp;, and gate
capacitance C,i. Short L bridge is then described with parameters Ly, Cyy and Cgo.
Actually we can assume Cy=Cy=C,. Figure 3-19 shows circuit model for the

periodic super cell EBG structure:

Cg2 Cgl Cg2 Cgl
Lp I(4n—1F 1(4n) Lp 1(4n+1) 1(4n+2) Lp 1(4n+3) ’/{ 1(4n+4)Lp
I~ ~
— [ w2 [T—» — | w [ T—» —> [ b2 ] l—» l Ll
I Cx2 I Cx2 I Cx1 T Cx1 I Cx2 I Cx2 I Cx1
2n-2 2n-1 4n 4n+1 4n+2 4n+3 4n+4
Q(2n-2) Q(2n-1) Q4n) Q(4n+1) Q(4n+2) Q(4n+3) Q(4n+4)

Figure 3- 19: Equivalent circuit model for the periodic super cell EBG structure

The derivation process is similar as the meander L structure described above:

iy =i, = dg;" 3.21)
g = (3.22)
g oy = (3.23)
o~ = (3.24)

Differentiating (3.23) and (3.24) with time, and combining with equations of (3.21)

and (3.22), yields:
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i, 1 . 1
p dt; = sz (l4n—1 _l4n) _C_Xl(léln _l4n+1) (3.25)
Ly  dligy _ 1
l_a)zzblcgl d:z = Cx1 (l4n _2l4n+1 +l4n+2) (326)
d2i4n+2 1 . . 1 . .
L, R I (gnir ~ Eanea) _C_xz(l“"” —iy.5) (3.27)

Ly  dlig, 1 S
2 = i —2i +i 3.28
1 _ a)szzcgz dtz sz ( 4n+2 4n+3 4n+4) ( )

Applied Bloch-Floquet theorem,

i, = A,e’ ™ (3.29)
iy, = Ae/ @ Hhh (3.30)
gy = Aye 0 (3.31)
403 = Ay 70 (3.32)

where k = ﬂd/l

When substituting equations of (3.29)-(3.32) into (3.25)-(3.28), for the non-trivial

solutions for Ay to A4, the determinant (3.33) need to be equal to zero.
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Following similar procedure to that used earlier, the dispersion diagram for the
super cell structure is derived and is is shown in Figure 3-20, the bandgap is
represented by the frequency range in which there is no propagating mode. We
observe that the stopbands for the super cell EBG structure extend from 0.5GHz to
4.7GHz, from 5.5GHz to 8.8GHz, and above 10GHz. The results show the super cell
structure has multi-stopband feature, the same as the numerical simulation as shown
in Figure 2-14. These sub-stopbands are due to the different resonances from the

different bridges, and the interactions between these resonance modes.
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Figure 3- 20: Dispersion diagram for super cell EBG structure, the gray area shows

the stopband region.
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CHAPTER 4

Leakage Radiation and EMI Reduction

of Electromagnetic Bandgap Structures

4.1 Introduction

The primary goal for the EMI/EMC engineer is to ensure proper operation and
performance of a product when used within an intended electromagnetic environment.
Also, the engineer needs to insure that the product is electromagnetically compatible
with other circuit or system.

The proliferation of high-speed electronic device and communication equipment
is leading to an increasingly hostile electromagnetic environment. With the
continuous decrease in power supply and threshold voltage levels, CMOS based
digital circuits become more vulnerable to external electromagnetic interference
(EMI). At the same time, the increase in clock and bus speed increases the potential

of the circuit to radiate, thus compromising its compatibility potential and also
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increasing its security vulnerability.

EMI is a complex mechanism that takes place at different levels including the
chassis, board, component, and finally, the device level. Radiation sources typically
include trace coupling, cables attached to the boards, components such as chip
packages and heat sinks, power busses and practically anything that can provide a low
impedance current path.

EMI can be transmitted through two basic modes. The one is conducted emission,
where the component of RF energy is transmitted through a medium as a propagating
wave. The other is radiated emission, where component of RF energy is transmitted
through a medium as an electromagnetic field.

In chapter two, we emphasis on the first type of EMI radiation mode, where we
introduce EBG structures to block the wave propagation along the parallel plate
waveguide. In this chapter, we will focus on the problem of radiation through the
perforated planar EBG structure and from edges of boards, i.e., the second type of
EMI radiation mode. Our objective is to gain the comprehensive knowledge of the
field distribution through this imperfect plane and develop techniques to reduce the

radiation without affecting the performance of neighboring products.

4.2 Leakage Radiation through EBG Patterned PCBs

Electromagnetic penetration through perforated metal surfaces needs to be

74



analyzed in a detailed way in order to fulfill the compliance of the strict
electromagnetic compatibility (EMC) regulations. Previous studies [52, 53] show the
radiation from solid power planes comes from a time-varying electric field at the
board edges similar to the way a patch antenna radiates. If the signal is fed at one port
and received at another port, part of the signal radiates at the edge of the board and it
never reaches at any of the ports. The radiation loss is characterized by the parameter:
l—ISulz—ISlez. This is different from a closed lossless system, in which the total
combination of reflection coefficient and transmission coefficient equals to unity. For
the perforated planar EBG structures described above, in addition to the radiation at
the edges of board, there are gaps between the cells, which may cause extra radiation
leakage, especially at the frequency where the patches resonate. In sharp contrast to
the three- or multi-layer EBG structures with solid power plane, this extra radiation
from these perforated boards can potentially be sufficient to create incompatibility
with either circuit functionality, or simply be high enough to violate regulatory

radiation standards.
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Figure 4- 1: Radiation loss for different structures

Here the calculated loss factor: 1-|S;1|*IS21|* is examined for EBG-based power
planes and compared to the case with solid power plane. The results shown in Figure
4-1 demonstrate that the radiation peaks at 480MHz, 960MHz...etc., which arise
from the cavity modes of the 90mm x 150mm reference board, are significantly
suppressed for the EBG-patterned structures. The strong radiation peaks at 4.7GHz,
6.6GHz, 9.4GHz, and 10.6GHz for the EBG-patterned power planes are due to the
patch resonance, which can be further confirmed from the input impedance (self
impedance of excitation port) data. As we discussed previously, the solid

power/ground plane can be modeled as an RLC network, the impedance matrix of one
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port can be described as a resonator circuit model which consists of inductor,
capacitor and resistor in parallel [54, 55]. It has been theoretically proved the
resonator circuits for every odd mode are removed if the port is located at the center
of the board. This is also confirmed in our simulation result shown in Figure 4-2
where the first high impedance peak corresponds to the f20,0. modes of the 30mm x
30mm patch at 4.7GHz followed by even numbered modes f», fi0. Notice that odd
numbered modes do not appear because the feed port consists of a center-fed patch.
When the patch is fed off center, odd numbered modes appear consistent with cavity
resonance behavior shown in Figure 4-3, where the fundamental mode begins at
2.3GHz, ie fipmode. Because of this, the via should be designed through the center of
patch in order to avoid the resonance of odd modes. Therefore, the radiation energy

would be decreased significantly.

71



100 — T [ T T T T T " T T T 1
Ref T e
809 -.c-- Meander-L | i PO T
H NS IR
..... NI Super-ce” :A:: @% @ ‘ }
"o § ¢
2 4 AN
E 60 3 : LI I S
<= H I
© | s INEREE
= ‘ i
= 0 AN
N ; VAL
: }
1
i
[HO
20 4
0 V " 1 1 1

0 2 4 6 8 10 12

Frequency (GHz)

Figure 4- 2: Simulated port input impedance for different structures

M7 77—
On center
80+ ..a..Off center
60
Fundamental peak

Zin Ohm

40

20 £

0 2 4 6 8 10 12

Frequency (GHz)

Figure 4- 3: Simulated port input impedance for on-center and off-center excitation
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However, the radiation loss from these impedance peaks does not show much
increase when comparison is made to the case with solid reference plane. This is due
to the resonance modes overlap between those of the reference plane and of the single
patch. Overall, the data shows the total radiated power from EBG patterned PCB is
diminished, especially at the lower frequency region (below the fundamental

resonance of patch at 4.7GHz) in comparison to the reference plane.

We emphasize that the measure of the radiation loss used here, i.e., the quantity
1-IS 11|2—|Szllz, is only indicative of the fact that the electromagnetic energy prevented
from propagating between the two ports is either stopped at the source (the
transmitting port, due to a change in its input impedance as a result of using the EBG
patches) or leaks through other channels. A more detailed analysis of the power

leakage is given below.

4.3 Near Field Characterization

In order to obtain a better understanding of the shielding behavior of perforated
power planes, the near field of these proposed planar EBG structures is studied. In all
the cases studied here, comparison is always made to the fields arising from a

two-layer solid power plane.

The analysis here is carried out by using a monopole antenna connected to a
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power meter to monitor the field along a test line positioned lcm above the
EBG-patterned plane and aligned along the open slot extending from the left to the
right edge (represented by normalized distance) as shown in Figure 4-4 (a),(b). An RF
signal of 10 dBm is launched into the power plane at the feed port shown in Figure
4-4(a). The field intensity as a function of normalized distance is shown in Figure 4-5
(a)-(c) for different frequencies. The frequencies selected here are 480MHz
(fundamental resonance frequency for reference board), 2.6GHz (within the stopband

of the EBG structure), and 4.7GHz (patch fundamental resonant frequency).

In comparison to the solid reference plane, at the resonance frequency of the PCB
at 480MHz, the data shows that the near field is significantly suppressed by using the
EBG structures. Notice that while the 480MHz is at the bottom edge of the stopband,
it is a resonant mode for the solid plane (reference). The reason for the reduced near
field is attributed to the perforated top plane which prevents the “dipole-like”
behavior that is characteristic of solid planes (or patch antennas.) Therefore, the

planar EBG structure has the added advantage of reducing the dominant resonance of

the board.

At the 2.6GHz and 4.7GHz frequencies, the field leakage is stronger when using
the planar EBG structure in comparison to the solid plates PCB. In fact, we observe
the field to be highly concentrated around the feeding port. This is expected at these

frequencies as the EBG blocks the transmission of energy between the ports and one
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expects a high-reflection at the transmitting port and hence the higher concentration
of the field there. Furthermore, we observe that the field intensity gradually dies
down after traversing several EBG patches. This attenuation is mainly attributed to

the EBG structure surface current mitigation mechanism.
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Figure 4- 4: (a) Near-field measurement setup

(b) Top view of test board, showing the test line and the normalized distance
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Figure 4- 5: Near field radiation intensity measured 1 cm above the board over the

test line shown in Figure 4-4. Measurements performed for three different frequencies:

(a) 480MHz, (b) 2.6GHz, and (c) 4.7GHz.
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4.4 EMI Shielding Using EBG Patterned Surface

The results obtained above demonstrate distinct features of EBG patterned
structures, such as reducing the total radiation, suppressing the resonance modes and
surface current propagation, and localizing the field leakage around the excitation
region. This suggests the use of the EBG patterned surface as an electromagnetic

shield to reduce the radiation from power busses of PCBs.

Figure 4-6 is a diagram that shows the experimental setup used to test shielding
effectiveness of the EBG planar structure. The total amount of radiation from both the
edges of board and open slots is measured by S;; as a representative for the radiated
power at various points along the test line as shown in Figure 4-4(b). Here, the input
signal is fed to the parallel-plate environment through an SMA connector while a
monopole probe is connected to the other port representing the receiver. Figure
4-7(a)-(d) show the measured magnitude of the S;; corresponding to different
normalized distances of 0.15 (source), 0.44, 0.73, and 1 (far end of board edge). The
data clearly demonstrates that for planar EBG-based power planes, when the test
point is away from excitation region, wider and deeper bandgap can be achieved.
Near field intensity with average suppression of 20dB is achieved in a wide frequency
range from 0.5 to 4.6 GHz and 7-12GHz in comparison to the case without EBG
structures. It is important to note, however, that such suppression is achieved at a

distance spanning few patches from the source in a manner fully consistent with filter
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theory and EBG surface current suppression mechanism.
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Figure 4- 6: Experimental setup for S,; Measurement for testing EMI shielding
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4.5 Antenna Normalization

It should be noted in the above measurements we use the same monopole antenna
to characterize the field properties through the full measured frequency range, ie from
100MHz to 12 GHz. Actually this monopole antenna has different frequency response.
While the measurement results (Figure 4-7) give us information of comparative
results between field intensity of EBG patterned surface and that of the case with
solid power plane, it cannot tell us the normalized field among the full frequency
range for a single measurement. In order to get the normalized field intensity, antenna

effective aperture must be known.

The monopole antenna we used is about 2.5cm in length. It is assumed the
antenna is very thin, ie the diameter of the rod is much smaller than the wavelength of

test frequency, and the ground is infinite large.

Antenna effective aperture ( 4. ) is defined as the ratio of the power delivered to
the load to the incident power density [56, 57]. It characterizes the power collecting
capability of the antenna. In general, for any linear reciprocal antenna it is found the
effective aperture has a direct relationship with its directivity (D). The relation can be

described as:

A =2D 4.1)

The values of the directivity D for linear wire antenna for length within the range:
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0<7<34 (this condition is satisfied for our measurement) have been calculated and

are shown in the Figure 4-8 [57].

Figure 4- 8: radiation resistance, input resistance, and directivity of a thin dipole with

sinusoidal current distribution ( 0 </ <34 ) [57]

If there are losses associated with antenna, its effective aperture must be modified

to account for its conduction loss, impedance mismatch, etc.

The impedance mismatch will induce voltage reflection at the input terminals of
the antenna. This means the partial energy of antenna picking up from the
environment cannot be transmitted to the load (50 Ohm for the VNA input). The
voltage reflection coefficient can be determined directly by measuring the Si;

parameter of this monopole antenna as shown in Figure 4-9.
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We notice the dip at 3.7G is corresponding to the self resonance of this monopole
antenna where most of the power is radiated with minimum reflection. So finally the

modified effective aperture can be expresses as:

212
A, = (1—|S“|2)ED (4.2)

Because S parameter measures the ratio of voltage, 4. represents the ratio of power.

So the normalized factor should be:

,/—(l_|S“| )P ) (4.3)
4

When substitute the data of S;; (from Figure 4-9) and D (from Figure 4-8), the final

normalization field can be obtained.

Magnitude of S11

Frequency (GHz)

Figure 4- 9: S} measurement of monopole antenna
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4.6 Summary

In this study, leakage radiation effects from EBG-patterned surface containing
open slots are carefully investigated numerically and experimentally. Comparing with
solid reference plane, it is found that the strong field leakage from this perforated
EBG structure is mainly concentrated around the feeding point and the field intensity
attenuates strongly as the distance from the excitation region increases. In addition,
this planar EBG structure can effectively suppress resonant modes of cavity. Finally,
we introduce a novel concept of applying electromagnetic bandgap structures for the
suppression of electromagnetic radiation generated by high speed and high-current
switching from power busses of printed circuit boards. It is found 20dB field
attenuation is achieved over wide frequency range because EBG electrical filtering
effects can effectively shield the PCBs and therefore reduce the level of radiation
from edges of boards or open slots. In summary this planar EBG structure not only
strongly reduces the power/ground noise for a wide frequency range, but also can be

used for wideband field mitigation for EMI applications.
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CHAPTER 5

Signal Integrity of Power Plane with

Electromagnetic Bandgap Structures

5.1 Introduction

In recent years, silicon-based complementary metal-oxide semiconductor (CMOS)
technology and circuits have been advancing to several gigabits interface standards.
As digital designs migrate to gigahertz signal frequencies, signal-integrity issues,
such as reflections, cross talk, frequency-dependent transmission line loss and

dispersion, can significantly degrade system performance and reliability [58-60].

In chapter 2 and 4, we have demonstrated that the power plane with
electromagnetic bandgap structures shows excellent performance on mitigation of
SSN and corresponding EMI reduction at wide frequency range, while the strong
reflection noise due to impedance mismatch of perforated planes may also result in
degrading the signal quality for the signal traces referring to these imperfect planes.

Its effect on the propagating signal needs to be investigated, especially in light of

93



recent studies [21, 27, and 28].

In this chapter, signal integrity (SI) for a trace on top of embedded EBG boards is
characterized in the time domain with the eye diagram. The eye diagram, which is
commonly used in signal integrity characterization, gives an indication of the signal

quality. Typically, the larger the eye opens, the better the signal quality is.

First, we will introduce some basic concepts of eye diagram. Then we will
characterize the effect of multi-layer boards with embedded EBG patterned power
plane on the SI. Some possible solutions to improve the signal quality of power plane

are proposed finally.

5.2 Eye Diagram Characterization

Eye diagram provides a quick and intuitive view of parametric performance of a
system. The quality of a digital signal can be judged successfully with this method.
First let us look how the eye diagrams are created. Considering a data string to be
composed of a sequential bits with value 1 (high) or 0 (low), if the data string is
looked at an oscilloscope screen, we would see the right-hand bit appears first. Then
it would shift to the right (in time) and we would see the next bit. So if we are going
to read the data string as it passes by a point in our circuit we would read (from right

to left) 1-0-1-1-0-1-0-0, and so on.

More generally, if we look at a specific point in a circuit and watch a large
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number of data streams passing by that point, and look only at the three most recent
bits, there are only eight possible combinations of bits that would pass by. Now if we
take a time exposure of a large number of data bits passing a point, and superimpose

them on a single graph, they would look like as shown in Figure 5-1.
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Figure 5- 1: Typical eye diagram generated with three data bits, showing the threshold

level of logic “0” and “1”

Figure 5-1 represents an ideal eye diagram. It shows all possible combinations of
three data bits passing by a point in a circuit. The transition between logic states is
very clean and predictable. The upper and lower logic threshold levels are indicated
in the figure. The vertical lines represent the sampling time during which there will be
no logic errors. That is, if the data stream is sampled between these times, the data

will always be in a correct and valid state. This is referred to be an eye diagram
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because of the obvious resemblance of the open area to an eye. So eye diagram is

obtained by overlaying multiple unit intervals of a long data stream.

Much of information can be gained merely by looking at such an eye pattern, and
the system performance can be judged based on some parameters, such as eye

amplitude, eye width, eye jitter, and rise/fall time etc.

Eye amplitude provides an idea of the level one and the zero of the waveform.
Amplitude distortion of the signal along the trace, due to discontinuities or losses,
reduces the eye opening and the noise margin, so that the receiver at the end of the
line has difficulties in correctly detecting the signal. The eye width gives information
about the time interval where the data can be sampled at the receiving end without
problems due to inter-symbol interference. Eye rise/fall time is a measure of the
transition time of the data on the rising/falling edge of a waveform. Eye jitter is a
measure of the time variances of the rising or falling edges of a pulse waveform at the
middle threshold. The eye can become completely closed if the data signal has a lot of
timing jitter with respect to the master clock, or if varying amounts of noise and

attenuation cause the signal amplitude to vary excessively.

In general, the vertical thickness of the line in the eye diagram is indicative of the
AC voltage noise, whereas the horizontal thickness is indicative of the AC timing
noise (jitter). A very clean signal will have a large, clear eye, while a noisy,

low-quality signal will have a smaller one.
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5.3 Eye Diagram of Power Plane with EBG Structures

5.3.1 Test vehicle description

Here we consider four-layer PCB structures, and compare two different cases: in
the first case (structure A), the signal propagates on a microstrip line and is referenced
to a solid plane (return current path). In the second case, the signal is referenced to an

EBG patterned plane (structure B).

Figure 5- 2: 4-layer PCBs with signal layer referring to solid power plane

(Structure A)

For structure A as shown in Figure 5-2, the middle 2 layers serve as solid
power/ground planes. The signal propagates along the trace on the top signal layer,

through via down to the bottom layer and back to the top layer again. All layers are
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filled with FR4, with thickness of 1.54mm for each layer. The board geometry is
90mm x 150mm as used in previous examples. The signal traces are designed as 50
Ohm lines (with respect to a solid reference plane). In structure B, the middle 2 layers
are replaced with a meander line EBG structure. The 3D view and side view of

structure B are shown in Figure 5-3(a), (b).

(b)

Figure 5- 3: (a) 4-layer PCBs with signal layer referring to the Meander-L EBG

patterned power plane (structure B)  (b) Side-view.
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First we take a look of the S,; parameter for both structures as shown in Figure
5-4. We see stronger attenuation of S,; parameter, especially at higher frequency
range for the EBG patterned structure B when compared with solid plane of structure
A. This may induce a signal integrity problem. Next we will characterize this effect

with eye diagram tool.

Magnitude of S21 (dB)

"""" Reference plane

Meander line EBG

40 e e b b b b b b b b b e
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Frequency (GHz)

Figure 5- 4: Comparison of S parameter for structure A (dotted line)

and structure B (solid line)

5.3.2 Eye diagram of meander-L EBG structure

A non-return to zero (NRZ), pseudorandom binary sequence (PRBs) 2’-1 is sent

at input (port 1, shown in Figure 5-2 and 5-3 respectively), and the signal propagation
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properties is monitored at output (port 2). The launched PRBs are coded at 1Gbps,
with 1V swing, and nominal rise/fall time is 200ps. The eye patterns are generated by
using Agilent ADS convolution simulator, which convolving the inverse fast Fourier
transforms (IFFT) of the scattering parameter along the traces directly. Figure 5-5
(structure A) and 5-6 (structure B) show the input (ideal data stream) and output (after
passing structure A or B) of 2’-1 PRBs at time domain, frequency domain respectively.
The simulated eye diagrams for signal streams at the end of traces of structure A and

B are shown in Figure 5-7.

In frequency spectrum of structure B, there is a significant dip around 400MHz,
and stronger attenuation at higher frequencies as shown in Figure 5-6, which means
the signal at these frequencies cannot be propagated through the EBG structure. This

result is consistent with the S, parameter measurement shown in Figure 5-4.

The data in Figure 5-7 shows the eye significantly shrinks. This indicates that the
signal quality is seriously degraded for structure B. This is mainly due to the strong
reflections arising from these imperfect EBG patterned power planes. When EBG
pattern structure is used as one of power/ground plane, it may seriously affect its eye
pattern; the digital signal cannot be faithfully transmitted to make digital circuit
system function properly. Next we will discuss some possible ways to improve the

signal quality.
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5.3.3 Differential pair scheme

In order to improve the signal quality, differential signaling approach is adopted.

A differential pair is made of two transmission lines. Each transmission line can
be a simple, single-ended transmission line with a signal propagating on each line,
and the differential signal between the two lines. Together, these two lines are called a
differential pair. Compared with single-ended signaling propagation, differential
signaling has a number of advantages. Strong coupling between the two signal lines
allows differential signals to propagate with less noise picked up from other active
nets. The greater the coupling, the more robust the differential signals will be to
discontinuities and imperfections.

In the example considered here, the traces are designed with a differential
impedance of 100 Ohm for the differential pair configuration shown in Figure 5-8.
The width of the lines is 2mm, and the spacing between the two lines is 3mm. The
excitation signal is still the same as before, 2’-1 PRBs is feed differentially at the two
terminals of input, and eye diagram is monitored at the other ends of the differential
pair. Figure 5-9 shows the differential signal of the input and output, ie before and
after passing EBG structure, at time domain and frequency domain respectively. It
can be seen the signal quality is greatly improved if compared with that of the single
line feeding as shown in Figure 5-6.

Two parameters, maximum eye open (MEO) and maximum eye width (MEW),

104



are used as metrics of the eye pattern quality. MEO represents maximum difference
between points in the interior of the eye diagram at the same time instant. MEW
measures the maximum difference, at the same voltage level, between two points in
the interior of the eye diagram. The simulated eye diagram in Figure 5-10 shows for
the differential signaling case, MEO = 950mV, and MEW = 980ps. This is a sizable
improvement in comparison to the case of the single line. So it is a practical way to
apply EBG structures as one of power/ground plane to mitigate SSN noise without

degrading the signal propagation performance if using differential pair configuration.

Figure 5- 8: Test geometry for Meander-L. EBG patterned structure for differential

pair configuration
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Figure 5- 10: Eye diagram for Meander-L EBG patterned structure with differential

pair configuration.

5.3.4 5-layer structure scheme

Another idea to improve the signal quality for the EBG patterned power plane is
adding one more solid ground plane above EBG patterned power plane. The 3D view
and side view of this type of structure is shown in Figure 5-11, the EBG power plane
is sandwiched between two solid ground planes. As the signal traces are now
referencing uniform plane, it is expected the reflection noise due to the impedance
mismatch is substantially removed, and good signal quality is achieved as shown in
Figure 5-12, where MEO = 950mV, and MEW = 980ps. Compared with the

performance of single-ended signaling using a four-layer design shown in Figure
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5-7(c), the advantage of this type of design is that the signal quality is much better
than the previous design because both reference planes are now continuous, but the

design is at the cost of one more layer need to be added.

(@)

Signal trace

Port 2

EELA Rt e g o f e _._ ______
EBG power pla

p

Ground plane

FR4 @ 1.54mm

(b)

Figure 5- 11: 5-layer PCBs with Meander-L EBG structure sandwiched between two

solid ground planes (a) 3D view (b) Side-view.
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Figure 5- 12: Simulated eye diagram for single-ended trace of meander-L EBG

structure with 5 layer PCBs configuration.

5.3.5 Eye diagram of super-cell EBG structure

If the Meander-L EBG structure is replaced with the super-cell EBG structure,
the corresponding simulated eye diagram for single-ended signal is shown in Figure
5-13. The test pattern is the same as that described before. It can be seen that for
super-cell patterned structure, MEO=800mV, and MEW=940ps. Comparing with
performance of meander-L EBG structure shown in Figure 5-7(c), we observe that the
eye pattern for the super-cell EBG structure is more open. A possible explanation for
this is that the Meander-L structure induces extra phase difference per unit length (due
to increased inductance) when the signal propagates along the traces, which results in

the degradation of signal quality. So, the signal quality for signal traces referring to
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this super cell EBG patterned plane is acceptable (only with mild signal degradation)

in high speed circuits even at single-ended signal configuration.
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Figure 5- 13:(a) Test geometry for super cell EBG patterned structure for

single-ended signal configuration (b) Corresponding eye diagram
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5.4 Voltage Drop of Power Plane with EBG Structure

As we know, power distributed system (PDS) can be modeled as a combination of
RLC network [54, 55]. A time-varying current (due to switching) across an inductor
gives rise to a voltage variation on the power plane. As discussed in section 2.3.1, the
meander lines of the EBG structures can be modeled as an effective inductance.
While the increase of effective inductance facilitates suppressing noise propagation
over a wide frequency range, especially down-shifting the lower corner frequency, on
the other hand this may also induce side-effects. The increased inductance may result
in larger voltage fluctuation because of the relationship: V,,, = L- d%l ’ shown in
equation (1.1). In the following, we study the effect of EBG structures on the voltage

fluctuation of power/ground plane.

5.4.1 Circuit schematics

The general configuration of EBG structure with driver to study the switching
noise is shown in Figure 5-14. The driver is made of a CMOS which consists of one
NMOS and one PMOS transistor in series. The EBG patterned power plane can be
viewed as a black box, which is represented by S parameter from the simulation data
using HFSS. The switching noise voltage is monitored at port 2. EBG-patched plane
is sourced with power supply voltage V44, and GND is provided to solid ground plane

at port 1 (the right edge of board shown in Figure 5-14).
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Figure 5- 14: General configuration of EBG structure with driver to study the

switching noise

The circuit analysis tool is Agilent ADS. The simulation block diagram is shown
in Figure 5-15, where Vi, is input signal. The output signal (invert to input signal) is
represented by Vou. Vaa 1s selected to be 2.5V here. The voltage drop on EBG
patterned power plane is monitored at V. For the CMOS inverter, typical values for
Rys 1s around 10K, the buffer’s current draw is very small, assumed Ig4s is around uA
scale. In practical application, usually thousands of transistors are switching
simultaneously, so they can drop larger current from power/ground plane. In my
simulation I assume the output driving current is over mA scale. The input signal is a

clock stream with period 1ns, duty cycle 50%, and rise/fall time 100ps.
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Figure 5- 15: Simulation block diagram studying the voltage drop (Agilent ADS)

represented by Voue

5.4.2 Simulation results and discussion

The simulated voltage variation of EBG patterned power/ground plane is shown
in Figure 5-16, the magnitude is around 0.2V for 2.5V input signal. In order to see if
this EBG structure will induce extra effect on the switching noise, here we compared
the voltage fluctuation of EBG patterned power plane with that of solid power plane,
and the result is shown in Figure 5-17. Actually we do not see much difference
between these two different cases. The meander-lines do not result in larger
fluctuation as we expected before. The reason is the EBG structure is not just a simple

inductance problem, either the solid power/ground plane or EBG patterned
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power/ground plane can actually be modeled as a complicated RLC network as we
talked before. The parasitic capacitance in the structure itself has “eaten up” some
effects of voltage fluctuation. According to other studies [4. 61, 62], adding a
decoupling capacitance between power plane and ground plane near the via can
reduce this voltage drop across the power plane. Our simulation results shown in
Figure 5-17 also confirm this conclusion. Here we put the SpF capacitance in parallel,
and the voltage drop fluctuation is significantly decreased. This is due to the intrinsic
capacitance property which inhibits the voltage variation across itself. We also notice
if bigger decoupling capacitance added in parallel, the stronger attenuation would be

for voltage fluctuation.

In summary, the EBG structure with more turns of meander lines is helpful to
widen the bandgap and lower the corner edge frequency. The meander-lines will not
induce extra power/ground bounce to the circuits due to its parasitic RLC effects, so
this EBG structure has a great potential to be used in power/ground plane to mitigate

the propagation of switching noise without any circuit degradation.
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Figure 5- 17: Simulated voltage drop of meander line EBG patterned power plane

compared with that of solid power plane
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Figure 5- 18: Simulated voltage drop in power/ground power plane with decoupling

capacitor (here the decap is chosen as 5pF) compared with the case without decap.
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CHAPTER 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, new technology to mitigate the propagation of simultaneous
switching noise (SSN) and resonance modes in high speed circuits and packages is

studied and the following results are obtained.

Novel design of power/ground plane with planar EBG structures for suppressing
SSN has been developed. The novel design is based on using meander lines to
increase the effective inductance of EBG patches. A novel concept of super cell EBG
structure, comprising two different topologies on the same board, is proposed to
extend the lower edge of the band. Both novel designs presented in this study are also
validated experimentally. A -28dB suppression bandwidth starting at 250MHz and

extending to 12GHz and beyond is achieved.

Lumped-element based compact models of the planar EBG structures are
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developed both for one dimensional and two dimensional cases. Main factors which
affect the EBG bandgap features are discussed and general instruction for designing
new types of EBG structure can be inferred. The physical mechanism behind these
EBG structures is also addressed. The circuit models are further validated with the
dispersion diagram of EBG structures calculated with periodic wave equation

analysis.

Leakage radiation effects from EBG-patterned surface are carefully investigated
numerically and experimentally. EBG structures are shown to be a very effective tool
for suppressing Electromagnetic Interference (EMI) from PCBs. A novel concept of

using EBG structures as an enhancing shielding technology is developed.

The effect of the planar EBG structures on signal integrity (SI) of multi-layer
PCBs is also investigated. Time domain analysis of planar EBG structures is
characterized with the tool of eye diagrams. Some methods, such as differential
signaling and 5-layer structure, are introduced to improve the signal quality of the
EBG patterned multi-layer printed circuit boards.

In addition, some important issues closed related with this study are also
carefully addressed, such as SSN frequency range limitation, effect of EBG structures

on local switching noise generation, etc.

In summary, this thesis developed a new effective design of planar EBG structure

to mitigate noise propagation in power distributed system (PDS). By carefully

118



characterize its EMI and SI performance, we show this planar EBG structure has a

potential to be used in next generation IC packaging technology.

6.2 Future Work

Miniaturization is a still challenging work. To design a compact, miniaturized
EBG structure is a key issue to apply this technology in the future industry
applications. Although we have numerically proved high k thin film material is a
possible way to achieve this goal, while fabrication processes and material
availability at this time are not adequate for such designs. It is recommended future

work can address this issue.

Our work introduce for the first time the possibility of using complex cell
structures to achieve very wide bandgap with a starting frequency of approximately
250MHz and extending to 12GHz and beyond. We note that there is no unique choice
for the topology of the connecting bridges between patches. Such structure chosen
here represents a generic type of structures with increased degrees of freedom to
allow optimization for specific design needs. These connecting meander and straight
lines can be changed to more complex structures thus enhancing the tunability of the
bandgap. Therefore, we believe that more work needs to be done to understand the

full potential of complex structures as the one introduced here. Following an in-depth
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understanding of the potential of such complex structures, design guidelines will

naturally follow.
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