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Abstract 
Title:  

Planar Electromagnetic Band Gap for Broadband Switching Noise Mitigation in 

High-Speed PCB 

Author:  

Kevin H. Nguyen 

Major Advisor:  

Brian Lail, Ph.D. 

 

 

Electromagnetic band gap (EBG) structure with novel meandered lines for mitigation of 

simultaneous switching noise (SSN) from multiple switch mode power supplies on a high 

speed digital circuit card assembly is investigated. The electromagnetic band gap structure 

is designed for a wideband operation from 200 MHz to 15 GHz. The application interest 

for this planar structure can be used as  high impedance surfaces  to suppress EMI noise for 

EMC compliance in Mil-Std-461, which is an electromagnetic compatibility standard for 

military equipment operating in the frequency range from 10 KHz to 18 GHz. ANSYS 

HFSS  was used for simulation of these electromagnetic band gap structures.  First, these 

structures are investigated by simulating the basic mushroom square patches of 26 mm 

square dimension in an array of 3 by 5, 2.6 mm spacing is used between patches. Then 

meandered lines are inserted between the square patches. The base line model is a 3x5 

array of 26 mm square patches with 2.6 mm spacing, 0.2 mm width meander lines inserted 

between the patches and connected to the patches.  Next, models are simulated with the 

meander lines width changed to 0.4 mm and 0.15 mm. These models, 3x5 array of 26 mm 

square patches with 2.6 mm spacing, 3x5 array of 26 mm square patches with 2.6 mm 



 

iv 

 

spacing and 0.2 mm meander lines, 3x5 array of 26 mm square patches with 2.6 mm 

spacing and 0.15 mm meander lines, 3x5 array of 26 mm square patches with 2.6 mm 

spacing and 0.4 mm meander lines are fabricated into PCB and measured. S-parameters are 

measured and observed, in particular S21. 
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Chapter 1: Introduction 

1.1 Motivation 

For the past forty years, the technology of the transistor has changed tremendously. 

In 1971 the first commercially available microprocessor by Intel was Intel 4004. Its 

initial clock speed was 108 KHz and manufactured with 10 micron technology. 

Surprisingly at 10 micron technology, Intel 4004 contained up to 2,300 transistors. 

Ten years later in 1982, Intel 286 processor, 6 MHz clock speed, 1.5 micron 

manufactured technology, and contained 134,000 transistors. Next in 2003, Intel 

produced Pentium M with 1.7 GHz clock speed, 90 nm manufactured technology 

and contained 55 million transistors. Recently in 2012, the third generation Intel 

Core processor   a clock speed of 2.9 GHz, manufactured with 22 nm technology 

and containing 1.4 billion transistors [1,2]. This progression is made possible by the 

scaling of CMOS technology. The silicon-based CMOS technology has been 

advancing along an exponential path of shrinking device dimensions, increasing 

density, increasing speed, and decreasing cost. Also, CMOS device dynamic and 

static power dissipation is reduced as well. Dynamic power dissipation is 

associated with the switching of logic states of the device and central to performing 

logic operations. This power dissipation is directly proportional to the rate of 

computation or operating frequency of the device. By carefully and diligently 
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performing each computation task, dynamic power dissipation can be reduced.  

Static power is the other power dissipation of the device between switching events. 

This is the power dissipated by the device for maintenance of logic states. This is 

usually considered as wasted power due to leakage mechanisms within the device 

and does not contribute to computation. Next, operating voltage of the device is 

decreased approximately in proportion to one or more scaling parameter while 

increased in device density. This led to a higher performance device or circuit at 

lower operating voltage or power dissipation.  

However, the consequence of the CMOS scaling is the decrease in circuit or device 

stability, noise immunity, interference, and voltage fluctuation on their power 

distribution network (PDN) [3,4]. Switch mode power supplies (SMPSs) are used 

as DC-DC power converter circuits for most today high speed printed circuit 

boards (PCBs). These are the source of switching noise that causes voltage 

fluctuation on the power planes or ground planes. The fundamental mechanisms 

behind the generation of these types of noise are the high speed time varying 

current, time varying voltage and the vias that pass through the parallel plates of a 

power distribution network. The parallel plates of a power distribution network 

including power (any voltages, for example 3.3 VDC) and Ground (at zero VDC).  

These parallel complete solid copper planes without slots acted as a rectangular 

parallel-plate structure. High speed time varying current flows through such 



     

    

3 
    

structure with vias, causing radiation. The radiated waves use the parallel plates as 

wave guiding structure to propagate. At the edge of the PCB, some of the waves are 

radiated and some are reflected.  The radiated waves cause electromagnetic 

interference and the reflected waves cause device stability, interference and noise 

immunity. Other vias passing through the same parallel plate structure act as 

receiving antennas. Devices connected to the receiving vias become the victim of 

these radiating or conducting waves. It is worsened when multiple vias radiate at 

the same time at multiple frequencies. This is what is known as simultaneous 

switching noise (SSN). Simultaneous switching noise, if unfiltered or controlled, 

can cause unwanted behavior in devices or circuits and lead to catastrophic system 

failure. Today’s challenge for high speed circuit card assembly (CCA) designers is 

to design a PDN capable of delivering a large amount of current at low voltage and 

control the radiated waves from the SSN.  

There are various techniques to combat the SSN among high speed CCA designers. 

These include: discrete decoupling capacitors placed near the high speed circuit, 

embedded capacitances within the power and ground planes, divided power plane 

into islands, ground vias placement next to signal vias, via stitching along the 

critical signals. These techniques are limited in one area or another such as: 

frequency range of effectiveness, ease of implementation, cost of implementation, 

cost of board space [5,6,7].  
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Recently, the use of electromagnetic band gap (EBG) structure has been introduced 

as an effective inexpensive method for SSN suppression in a wideband of 

frequencies. With the introduction of EBG structures to PCB design, it is possible 

to suppress SSN at various frequencies. There are varieties of techniques for 

designing EBG structure for suppression of any frequency to fit the EBG structure 

in any PCB sizes. The focus of this thesis is on the planar EBG structure with 

meandered lines. The planar EBG with meandered lines structure is studied, 

simulated, fabricated and measured. 

1.2 Planar EBG Unit Cell 

It is a common practice to simulate the design prior to any final fabrication and 

measurement. For the complex structure of EBG with meandered lines 3-D, full-

wave, electromagnetic fields solver software was required. ANSYS HFSS is the 

gold-standard in accurate, advanced solvers and high performance computing 

technologies making it an essential tool for engineers tasked with executing 

accurate and rapid design in high-frequency and high speed electronic devices and 

structures. HFSS uses the finite-element method (FEM) to solve for the electric and 

magnetic fields [8]. The EBG unit cell is first design and simulated in HFSS. The 

HFSS EBG unit cell is depicted in Figure 1. This EBG unit cell structure includes a 

square patch sitting a on a dielectric slab, in this case FR-4 is modeled with a 
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relative dielectric constant ԑr of 4.4. Then under the FR-4 slab is the solid copper 

ground plane. On each side of the EGB square patch, there are meander lines 

connected at one end to the side of the square patch. Meandered line length total is 

three times the square patch length.  The structure is situated in the x-y plane. 

 

Figure 1: HFSS EBG unit cell. 
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1.3 Thesis Contribution 

The interest is this EBG structure performance as a periodic structure or assembled 

in an array. The initial concept is an array of 3 x 5 square patches with 26 mm in 

dimension for each square patch. The patches are spaced 2.6 mm from each other 

and connected by a 0.2 mm width meander lines in between as shown in Figure 2. 

This array was built and simulated in HFSS to form a baseline reference over the 

frequencies from 250 MHz to 12 GHz. by considering the magnitude of S21 [9]. 

This thesis investigates in the same frequency band, 200 MHz -15 GHz, but with 

modification to the structure in the spacing between EBG patches and the meander 

line width connected the patches. The goal is to extend to 15 GHz and characterize 

the sensitivity to meander line widths. 

 

Figure 2: HFSS EBG 3 x 5 array. 
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Chapter 2: Background Material  

2.1 Electromagnetic Band gap Structures 

Electromagnetic band gap structures are defined as artificial periodic surfaces or 

structures that prevent or assist the propagation of electromagnetic waves in a 

specified band of frequency for all incident angles and all polarization states. These 

artificial periodic surfaces, also referred to as artificial impedance surfaces (AIS) or 

engineered electromagnetic surfaces, have been developed over the last few 

decades. Their precise shape, geometry, size, orientation and arrangement give 

them their smart properties capable of manipulating electromagnetic waves by 

blocking, absorbing, enhancing, or bending waves, to achieve benefits that go 

beyond what is possible with conventional materials [10].  

Periodic structures are abundant in nature, which have fascinated artists and 

scientists alike. When they interact with electromagnetic waves, exciting 

phenomena appear and amazing features result. In particular, characteristics such as 

frequency stop bands, pass bands, and band gaps could be identified. Reviewing the 

literature, one observes that various terminologies have been used depending on the 

domain of the applications. These application are seen in filter designs, frequency 

selective surfaces (FSS), photonic band gaps (PBG), high impedance surfaces 

(HIS), and electromagnetic band gap (EBG) [11,12]. These artificial impedance 
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surfaces can be used for: changing the surface impedance, controlling the phase of 

the reflection coefficient, manipulating the propagation of surface waves, 

controlling the frequency band, and controlling the edge diffractions in horn 

antenna or reflectors. Electromagnetic band gap structures are usually realized by 

periodic arrangement of dielectric materials and metallic conductors.  In general, 

they can be categorized into three groups according to their geometric 

configuration: three dimensional volumetric structures, two dimensional planar 

surfaces, and one dimensional transmission lines [13] .  

 

Figure 3: Three dimensional EBG structures woodpile structure consisting of 

square dielectric bars. 
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Top View 

 

Cross View 

Figure 4: 2-D EBG surfaces: a mushroom like surface with vertical vias. 

Figure 3 above show a three dimensional EBG woodpile structure consisting of 

square dielectric bars. Figure 4 shows a common planar mushroom EBG, top view 

and cross view. Figure 5 below shows a 2 dimension EBG with meander lines. 
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Top View 

 

Cross View 

 Figure 5: 2-D EBG surfaces: a uni-planar surface with meander lines.  

Figure 6 below shows a 1 dimension EBG of periodic holes on the bottom ground 

plane effecting the microstrip line behavior on the top layer above it. 
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Figure 6: 1-D EBG transmission line: a microstrip line with periodic holes on the 

ground plane. 

This thesis focuses on the two dimensional planar EBG surfaces. Especially the 

uni-planar with meander line structure which have the advantages of low profile, 

light weight, easily embedded between power and ground planes of a PCB,  can be 

used as a ground plane, low cost of fabrication, and widely used in many 

applications.   
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2.2 Different Shape of EBG Structures 

2.2.1:  Uni-planar compact electromagnetic band gap (UC-EBG) 

Uni-planar compact electromagnetic band gap (UC-EBG) is one of the EBG 

structures published in 1999. It consists of a center square patch with connected 

strip lines on each side at the center. At the corners of the center square patch there 

are squares one quarter the size of the center square patch connected corner to 

corner. The strip line length and width generated the inductance effect in the 

structures. The squares generated the capacitance effect for the structure. If used in 

an array, the spacing between unit cells also contributes to the overall structure 

capacitance. The initial studied structure has an overall square dimension of 7.2 

mm length. The effective bandwidth was 10.9-13.5 GHz [14,15]. Figure 7 shows a 

unit cell of a uni-planar compact EBG. 

 

Figure 7: Uni-planar compact EBG unit cell. 
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2.2.2: Mushroom Type EBG 

Mushroom type EBG is a conventional three dimensional EBG consisting of a solid 

patch with a cylindrical via. The solid patch can be a square, a triangle or a 

hexagon. The via is usually a cylindrical shape making contact between the patch 

and the coupling ground plane. The via size and length will determine the 

inductance value and the size of the patch will determine the capacitance value for 

the structure. Other parameters are spacing between patches if used in an array, 

substrate material and thickness. These parameters have effect on the transmission 

response of the mushroom type EGB. The initial patch size studied was 4 mm 

square with an effective bandwidth between 5-11 GHz [16,17]. Figure 8 shows a 

mushroom EBG unit cell. 

 

Figure 8: Mushroom EBG unit cell.  
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2.2.3: Cross Hair Type EBG 

The crosshair type EBG is derived from mushroom EBG. It is consists of a via on 

the center square patch connected by mircostrip lines from the edge center of the 

center square patch to an outer microstrip line square. The total microstrip lines 

provides an inductance value to the structure plus the via inductance. This structure 

characteristic can be altered by changing the width of the microstrip lines. As the 

width of the microstrip line increases the total inductance decreases which causes 

the resonance frequency shift toward the higher frequency side. This structure has 

an effective bandwidth between 9.9-11 GHz [18].  Figure 9 shows a crosshair EBG 

unit cell. 

 

 

Figure 9: Crosshair EBG unit cell.  
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2.2.4: Swastika Type EBG 

The Swastika EBG is another derivative from square patch mushroom EBG. It 

introduced the discontinuity of the outer microstrips that made the crosshair EBG. 

This discontinuity or gap created a different capacitance value that is additive to the 

structure. It helped widen the overall response bandwidth of the structure, between 

7-11.5 GHz. As this gap increase, it decreases the structure capacitance and shifts 

the EBG resonance frequency to the higher frequency side. Yet, that is how to 

increase the operating bandwidth for this type of EBG. The center patch and via 

have similar effect as the crosshair EBG, increasing the via diameter decreases the 

inductance and shifts the frequency range to the higher side [19,20]. Figure 10 

shows a Swastika EBG unit cell. 

 

Figure 10: Swastika EBG unit cell. 
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2.2.5: Meander lines planar EBG 

This type of EBG is not far different in characteristics compared to the mushroom 

type EBG mentioned above. The differences are there is no via at the center of the 

patch, and there are meander lines attached to each side of the square patch. The 

center patch can be any shape or size. The size of this center patch provides the 

capacitance for the structure. The smaller the size of the patch the larger the 

capacitance will be and the higher frequency response, bandwidth and vice versa. 

The meander lines contribute the inductance to the structure in much higher value 

compare to the center via. The meander lines can be serpentine as long as one 

prefers to increase the structure inductance. In an array this EBG type has a 

bandwidth from 250 MHz to 12 GHz [21]. Figure 11 shows a meander lines EBG 

unit cell. 

 

Figure 11: Meander lines planar EBG unit cell. 
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2.3 EBG Unit Cell Electrical Circuit Properties 

The square patch mushroom EBG is the most convenience structure to use to 

describe the electrical circuit model of an EBG structure. The lump element model 

is shown in Figure 12 (a) [22]. The mushroom EBG structure consists of four parts: 

a metal solid ground plane, a dielectric substrate, periodic metal patches on top of 

the substrate, and vertical via connecting the patches to the ground plane. The 

geometry is similar to the shape of a mushroom, Figure 12 (b). 

  

(a) Lump element model  (b) Mushroom EBG Cross view 

Figure 12: Unit cell and Equivalent circuit of a mushroom EBG. 

In Figure 13 (a) below the top metal layer are the square patches EBG pattern in 

orange, the center via is in yellow, and the dielectric substrate is in gray. The square 

patch EBG cell is connected to the ground plane by the metal plated via to form a 

continuous conductive metal texture [22]. In Figure 13 (b) below, the cross view of 



     

    

18 
    

the 3x3 array with the ground plane in the bottom in gray. This array represents a 

periodic high impedance surface. The period, p, for the array can be the distance 

from via to via or the length of patch plus the gap g. 

  

(a) Top view                                         (b) Cross view 

Figure 13: Square patch mushroom EBG array.  

When the period of the EBG array is small compared to the wavelength of interest 

(p << λ), we can analyze the surface impedance defined by its effective lumped 

element circuit parameters. A wave infringing upon the surface causes electric 

fields to span the narrow gaps between the neighboring metal patches; this is 

described as an effective sheet capacitance C. As current oscillates between the 

neighboring patches, the conducting paths through the vias and the ground plane 
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provides a sheet inductance L. These form a parallel resonant circuit that dictates 

the electromagnetic behavior of the surface as show in Figure 14 below.    

 

Figure 14: Capacitance in a EBG structure due to the gap between the neighboring 

plates. The inductance comes from the current loops formed by the plates, ground 

plane, and through the vias. 

The surface impedance of the individual unit cell is given by [23] 

 
𝑍𝑠 =

𝑗𝜔𝐿

1 − 𝜔2𝐿𝐶
 (2.1) 

Its resonance frequency is given by 

 

0

1

LC
   (2.2) 

 

Bandwidth, inductance, and capacitance are as follow 
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0 0 0BW h    (2.3) 

 
𝐿 = 𝜇0ℎ (2.4) 

 
10 (1 )

coshrW W g
C

g

 



   
  

 
 (2.5) 

As shown in Figure 13 (b) above, where W is the length of the patch, g is the gap 

between the patches, and h is the thickness of the dielectric material. When 

designing an EBG structure in an array, sheet inductance Ls and sheet capacitance 

Cs must be used to define the resonant frequency. The sheet inductance and 

capacitance take into account the geometry of the individual unit cell, their size, 

shape, orientation and arrangement.  

As shown from Equation 2.1, at low frequencies the impedance is inductive and 

supports TM surface waves. It becomes capacitive at high frequencies and TE 

surface waves are supported. Near the resonance frequency ω0, high impedance is 

obtained and the EBG does not support any surface waves, resulting in a frequency 

band gap [24,25]. 
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2.4 Conclusion 

EBG structures are considered as a subclass of metamaterials. The prefix meta, 

means “beyond” in Greek, has been used to describe EBG structures, because they 

have uncommon properties in their band gap to achieve benefits that go beyond 

what is possible with conventional materials. There are several different classes of 

metamaterials, ENG (epsilon negative), DPS (double positive), DNG (double 

negative), and MNG (mu negative). EBG structures are considered as double 

negative (DNG) materials, which have negative permittivity ԑ, and negative 

permeability µ [26]. As shown in previous sections, there are many different shapes 

to EBG structures. Novel sizes, shapes and applications are being studied and 

discovered every day. However, to be able to apply the EBG to its full effect, one 

has to understand the source of noise and ways to suppress it. In the next section, 

we investigate noise sources and suppression methods. 
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Chapter 3: Noise Sources and Suppression 

Methods 

3.1 Source of Noise and Switching Noise  

Today most electronic systems and subsystems are power by DC voltage levels. 

Power designers have a need to convert a standard power source down to the 

voltages needed by the systems, sub circuits and components. The input voltages 

can be 110 VAC, 30 VDC, 20 VDC to 28 VDC as in military vehicles, or 10.8 

VDC to 13.2 VDC in commercial vehicles and communication systems. The 

regulated output voltages can be from 15 VDC, 12 VDC, 5 VDC, 3.3 VDC, 1.8 

VDC, 1.2 VDC and as low as 0.8 VDC. The current required at these output 

voltages can be from 1 amp to 20 amps, 30 amps, or peak up and limit at 40 amps. 

These are the voltages or currents that feed a power distribution network (PDN) 

required for the onboard circuits or components such as processor, microcontroller, 

FPGA circuit, LED backlight circuit, USB interface, optical communication 

module, etc. Voltage conversion must be a versatile, efficient, and reliable process 

in the presence of variation of the input voltage and load current. Switch mode 

power supplies (SMPS) are today widely used switching converters for the many 

needed voltages and load currents due to its high efficiency [27]. Figure 15 below 

show a basic block diagram for a switch mode power supply. 
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Figure 15: Switching converter basic processing block. 

There are characteristics of switch mode power supply a designer have to manage 

diligently during the design process for optimum circuit regulation to the changing 

load current with the lowest switching noise. First, dynamic response to a change in 

load such as microprocessor from standby state to start up state, which imposes a 

high dynamic current with fast ramp rates to the power supply, result in an 

overshoot switching noise. Second, regulating output voltage ripple has to be 

tightly maintained or filtered to prevent an AC component on the DC output 

voltage. This AC ripple voltage is some integral multiple of the converter’s 

switching frequency. Third, output noise generated by the charging and discharging 

of the circuit input and output capacitances. Fourth, if the peak current limit is too 

high from the regulating current, it creates a periodic and random output noise due 

to the periodic fast charging of the output inductor [28,29]. These are just some of 

the many parameters a switch mode power supply designers have to consider on a 
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case by case basis to create an appropriate converter for the load required. Figure 

16 below show the three most popular topologies for switch mode power supply 

[30]. Step down or buck converter switch from a high input voltage to a low output 

voltage. Step up or boost converter is the opposite of the buck converter. The boost 

converter operates with an input voltage less than the output voltage required. The 

buck-boost converter is the combination of the individual step down and step up 

converters into one. There are special IC controllers that provide the control 

functions for both. The input voltage of a buck-boot converter can be either greater 

than or less than the output voltage. 

 

Figure 16: Buck, Boost, and Buck-Boost topologies of SMPS [30]. 
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The high efficiency of the switch mode power supply is the main reason that 

attracts today’s system power designers. However, this efficiency does not come 

without its penalties. Often, the concerns are their tendency to radiate 

electromagnetic interference and conducted noise. Electromagnetic radiation is 

caused by the fast transition of current and voltage switching waveforms that exist 

in switched mode power supply. Rapidly changing voltages at the inductor node 

cause radiated electric fields, while fast-switching current of the charge or 

discharge loops produce magnetic fields. Additionally, conducted noise is 

propagated to input and output circuits when switch mode power supply input or 

output capacitance and PCB parasitic present higher impedance to switching 

currents [31,32]. These electromagnetic radiated and conducted emission are 

considered as simultaneous switching noise (SSN), when there is more than one 

switching converters on board, in addition to switching noise generated by the high 

speed digital circuits [33]. Each switching converter would operate at a different 

frequency for efficiency base on its load current, output voltage and board space 

availability. Commonly in a system, the power distribution network is composed of 

a parallel solid plane, no island or slot. These parallel conductor plates are usually a 

ground plane and a power plane, the power plane can be any voltages. These 

parallel conductor plates are repeats for board that has multiple voltages or the 

power plane being divided into multiple voltages operating at different frequency.  
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The parallel plate conductors of the power distribution network (PDN) which 

contain the source of simultaneous switching noise form a parallel plate waveguide 

[34,35]. The radiated waves from the (SSN) used the parallel conducting plates as 

waveguide for propagation. These simultaneous switching noises traveling along  

the parallel conducting plate structure within the dielectric medium, usually FR-4 

material, victimize any via connecting to the planes for power source, or just pass 

through vias. Figure 17 show the generation of switching noise from a high speed 

digital circuit, the propagation of wave in the parallel conducting power planes and 

their suppression using the embedded mushroom EBG structures [36].  

 

 Figure 17: Mushroom EBG embedded in PCB. 
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In conclusion, the key challenges for the high speed circuits system power 

designers is to design a power distribution network capable of delivering a large 

amounts of current and at any voltages, at the same time limiting the radiated 

switching noise or suppress the propagation of waves generated by the switching 

power supplies from the connecting via or devices. There are numerous methods 

researched previously for mitigation of SSN, and using embedded planar EBG 

structure is one of them. In the next few sections we will discuss these methods 

further. 

3.2 Use of Discrete Surface Mount Decoupling Capacitors 

In a high speed digital circuit card, surface mounted decoupling capacitors are the 

integral components. They are use in various fashion across the board.  Decoupling 

capacitors is meant to disassociate a circuit’s function from the power bus serving 

the circuit. It reduces the effect of one IC from another IC and it provides a low 

impedance between power and ground planes [37,38,39].  
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Figure 18: Trace inductances and transient current loop. 

Figure 18, above, shows a typical power source supplying a digital circuit. There 

are trace inductances between a power source and any powered digital circuits. 

This creates a large transient current loop that produces noise voltage onto the 

power and ground planes. To reduce this noise, transient current needs to be 

decreased, or trace inductance Lp and Lg need to be decreased. These both can be 

reduced by the use of a decoupling capacitor or capacitors, placed near the digital 

circuits. 
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Figure 19: Transient current with decoupling capacitor. 

As shown above in Figure 19, a coupling capacitor is placed near the digital circuit, 

which reduces the transient current loops. This capacitance provides a source of 

charge close to the IC to supply the fast transient current during fast switching of 

the digital circuit. It also provides a low impedance path between power and 

ground planes, which reduce coupling from any digital switching noise back into 

the power planes. Common values used for decoupling capacitor are 0.1 uF, 0.01 

uF and 0.001 uF [40]. Each value has its own resonant frequency, from 3 MHz to 

10 MHz and 13 MHz. Next, the use of decoupling capacitors required some effort 

from the circuit designer themself. Design a decoupling capacitor network of 

multiple capacitors all of the same value, or multiple capacitors of two different 

values, or multiple capacitors of many different values, space a decade apart, 1uF, 

0.1uF, 0.01uF, 0.001uF, 100pF so this to ensure to cover multiple frequencies 
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[41,42]. Yet, what value and where to place it effectively are the next challenges, 

and all this effort to get a decoupling frequency range only up to 600 MHz. 

3.3 Use of an Embedded PCB Capacitance 

The parallel plate structure of the power distribution network has an attractive 

feature to many PCB manufacturers. They can be modeled as a parallel plate 

capacitor, show here in Figure 20 below 

 

Figure 20: Parallel plate capacitor. 

The effective capacitance of a power ground planes is 

 
0r AA

C
d d

 
   

(3.3.1) 

where ԑr is the dielectric constant, d is the spacing between the plates, and A is the 

area of the plates. Sanmina-SCI is one of many leading PCB manufacturers that 

developed embedded PCB capacitance known as ZBC-2000 which provides       



     

    

31 
    

500 pF/in2
 interplane capacitance [43]. This product comes with many positive 

advantages such as: reduced power bus noise, eliminated discrete decoupling 

capacitors, improved EMI, reduced via count, and improved reliability. Meanwhile, 

to get the desired capacitance there are two possible ways: decrease the distance d 

or use a dielectric material with higher value of ԑr [44,45]. In a typical PCB design 

today, 5 mils is the distance used between the parallel power and ground planes. 

For the ZBC-2000, Sanmina-SCI was able to reduce the distance down to 2 mils. 

Next, use a dielectric material with higher dielectric constant to manufacture 

embedded capacitance. As show in equation (3.3.2),  

 

r

c
v




  (3.3.2) 

when dielectric constant increases this will decrease the electromagnetic waves 

propagation velocity.  This is desired effect if the waves are switching noise waves, 

but undesired for the intended switching signals. Embedded PCB capacitance has a 

decoupling frequency range only up to 5 GHz. 
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3.4 Use of Power plane Partitioning 

Power plane partitioning is another frequently used technique to isolate noisy 

power sections. This technique is to segment the noisy portion of the power plane 

from the rest board power plane. Figure 21 below, shows the use of the ferrite bead 

with capacitor on each side to connect the noisy power plane to the main power 

plane [46,47]. 

  

Figure 21: Filter of Noisy Power Plane. 

Typically, the isolated power plane is implemented in a circuit with high switching 

frequency such as DDR3 SDRAM system memory, processor, 1 Gbps Ethernet 

controller, USB 3.0 hub or oscillator circuit. When this approach is used, there is a 

slot or split in the power planes, this creates a high impedance path or long return 

loop for digital signal traces. Signals referencing to the power plane would need to 

be carefully routed to avoid signal integrity issues. Power plane partitioning has a 
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decoupling frequency range only up to 150 MHz [48]. Figure 22 below shows a 5 

inches by 7 inches Intel Core 2 Duo main processing board. The board included 

1100 components, ICs and discretes, with 5000 connections. The partition power 

planes are +5V, +3.3V, VCC_CORE, +1.5V, and VCCP. 

 

Figure 22: Power plane partitions. 

3.5 Use of Stitching or Fencing Via 

The parallel plates of the power distribution network form a rectangular parallel 

plate wave guiding structure with FR-4 as the dielectric material in between.  It 
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provides a propagating channel for high speed time varying current waves and 

causes radiation. These waves propagate to the edge of the PCB, some reflected 

and some radiated from the PCB and cause electromagnetic interference with other 

PCBs, circuits or system as a whole. Via stitching is another method to combat this 

radiated noise from parallel plate power planes [49,50]. Figure 23 below shows a 

power supply board with vias stitching around the perimeter to connect the ground 

planes or shapes on all layers together.    

 

Figure 23: Ground plane with vias stitching.  

The stitching via spacing for this design is 100 mils apart and 75 mils from the 

edge of the board. Stitching vias at various spacing has been studied previously at 
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10 mm, 5 mm, 3 mm, and 2 mm. The performance through the frequency range is 

similar but with better attenuation with closer spacing of via. Effective use of via 

stitching can improve EMI radiated noise in the order of 10-20 dB up to the 

frequency range of 2.7 GHz. From [51], Figure 24 shows below the performance of 

stitching via with different spacing. 

 

 

Figure 24: Study of via spacing effect [51]. 

 



     

    

36 
    

3.6 Conclusion  

There are many other techniques for mitigation of SSN in PCB. SSN suppression 

methods presented above are today’s most practiced techniques for high speed 

digital circuit cards. It requires a high level understand of the designing circuit 

characteristics and parameters, so the designers can implement the appropriate 

method for each design. This help keep the board spacing to an optimum 

dimension, components count to minimum, PCB routing complexity low, circuit 

performance to maximum, which lead to a quality design at low cost. In the recent 

years, mushroom EBG and planar EBG are used as another way to suppress SSN 

and reduce EMI in PCB. As shown previously in Figure 12, mushroom EBG cell 

comprised of a square metal patch raised above a flat metal ground plane. These 

square patches are connected to the flat metal ground plane by vertical conducting 

thin post or via from their center. Mushroom EBG has an operating frequency 

range of 5-11 GHz due to the large square patch dimension, and the thin conducting 

via contributing limited equivalent inductance to the overall structure. This leads to 

the lack of suppression in megahertz operating frequency range. To improve the 

mushroom EBG operating bandwidth, dimension of the square patch can be 

increased and the via radius can be limitedly increased. Increased square patch 
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width has the most effect to the overall structure characteristic, but the large 

structure made it unpractical to implement in today shrinking in size PCB board.  

 

Figure 25: Embedded Planar EBG. 

Figure 25 above show a cross view of a parallel conducting power planes with an 

embedded planar EBG. These 2D planar EBGs come in variety shapes and sizes. 

Their effective range can extend to the megahertz frequencies base on their design 

and implementation into the PCB. In the next section, a planar EBG with meander 

lines is presented. This planar EBG with meander lines has an effective range from 

250 MHz to 15 GHz. 
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Chapter 4: Design, Simulation, Fabrication 

and Measurement 

Planar EBG structure with meander lines is the interest for this paper. Compared 

with popular mushroom like EBG structure, planar EBG has the advantages of the 

lower cutoff frequency and the broad suppression band. In addition, planar EBG 

structure has the characteristics of simple structure and low cost to implement. The 

planar EBG is a variation of the mushroom EBG. Instead of a via at the center of 

the patch, either a square or a triangle or a hexagon, the planar EBG has no via, 

usually a square center patch with microstrip lines connecting at each side as show 

in Figure 26 below. In as array of 3 x 5 this planar EBG has a suppression 

bandwidth from 250 MHz to 15 GHz. 

 

Figure 26: Planar EBG with Meander lines. 
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Previously studied [9], the meander lines EBG structure is a 26 mm square patch 

with meander line width of 0.2 mm, 22 mm in length and 0.35 mm gap between the 

meander lines, and the meander line is  connected as one continuous microstrip. In 

the next section we are looking into the theoretical characteristic of the meander 

line and the square patch to develop analytical formulations that describe this 

design. 

4.1 Theoretical Analysis of Planar EBG 

4.1.1: Meander lines inductance and capacitance 

4.1.1.1: Self Inductance 

Figure 27 shows segments of the meander line used for this planar EBG structure. 

It is divided into different straight conducting segments for inductance calculation. 

 

 

Figure 27: Segments of a meander line for inductance calculation. 
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There is self-inductance of each segment to itself, and there are mutual inductances 

from one segment to the next. The total inductance is the sum of self-inductances of 

all segments and the negative and positive mutual inductances between all 

combinations of straight segments [52]. Figure 28 below shows the three 

dimensionals parameters of a meander line segment where l is the length, w is the 

width and t is the thickness of the conducting segment in centimeters. 

 

Figure 28: Cross section of meander line. 

Self-inductance of a straight conductor having the cross section shown above in 

Figure 28 is given in [53] by the following formula 
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 2
0.002 ln 0.50049

3

l w t
L l

w t l

     
          

 (4.1) 

In the above equation, L is the self-inductance in µH. This equation is valid for 

materials with a magnetic relative permeability equal to unity and the inductance is 

assumed to be frequency independent.  The closed form equation provides a 

cumulative self-inductance due to both the internal and the partial external 

inductance of an element. For the meander line segment shown in Figure 27, the 

total self-inductance of all the segments is given by [54] 

 2 2 3selftotal a d hL L L L    (4.2) 

where La, Ld, Lh are self-inductances of each segments with length l equal to a, d, h. 

4.1.1.2: Mutual Inductance 

In Figure 29 show the two parallel meander line conductors with equal length at 

corresponding mutual distance for mutual inductance calculation. From [54,55], the 

equation for calculation of the mutual inductance (assign as Mc) of the parallel 

segments with equal length l, at a separation distance r is 
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 (4.3) 

 

Figure 29: Two parallel straight meander line. 

As show in Figure 30 below, these are the four other common segment relations in 

meander line inductors. For the unequal parallel segments in Figure 30 (a), the 

mutual inductance equation, Ma1 is 

    1 1 2 1 2 1 2, , , 0.5 , ( , ) ( , ) ( , )c c c caM l l r s M l l s r M s r M l s r M l s r 
          (4.4) 

Similarly in Figure 30 (b), the unequal parallel segment with their ends in the 

perpendicular common is  

    2 1 2 1 2 1 2, , 0.5 , ( , ) ( , )c c caM l l r M l r M l r M l l r 
      (4.5) 
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Next, for the arrangement in Figure 30 (c), where their opposite ends meet a 

distance r from each other, the mutual inductance equation is 

    3 1 2 1 2 1 2, , 0.5 , ( , ) ( , )c c caM l l r M l l r M l r M l r 
      (4.6) 

Last in Figure 30 (d), for the two segments in the same axis separated by a finite 

distance, the mutual inductance equation is 

 
       0

1 2 1 2 1 2 1 1 2 2, , ln ( )ln ( )ln( ) ln( )
4

bM l l s l l s l l s l s l s l s l s s s



 
              (4.7) 

  

Figure 30: Four common segment combinations in meander inductors.  
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After calculating the mutual inductance for each different segment combination, the 

total mutual inductance is the summation of each individual 

 
 (4.8) 

Then, the total inductance of the meander line is 

 

 
(4.9) 

4.1.1.3 Meander lines capacitance 

There are mutual inductances between the segments, yet there also capacitance 

between these conducting segments as well. This capacitance is the effect between 

the segments to each other and to the reference ground plane below. The total 

capacitance can be calculated studied previously [56], with the equation show 

below 

 

𝐶𝑚 = 𝑙𝑡𝑜𝑡 [𝜀0𝜀𝑟
2𝜋

𝑙𝑛 (𝑙 +
2ℎ

𝑡
+√2ℎ/𝑡(2ℎ/𝑡 + 2))

+ 𝜀0𝜀𝑟
𝑤 − 𝑡/2

ℎ
] (4.10) 

Where ltot is the total length of the meander line, t is the thickness of the conductor, 

w is the width of the conductor and h is the thickness of the substrate. From [56], 

1 2 3tot a a a bM M M M M   

tot seltot totL L M 
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this capacitance is in parallel with the total inductance calculated above for the 

meander line. 

4.1.2: Square patch inductance and capacitance 

Figure 31 shows the square patch arrangement without meander lines for 

simplicity. When used in this arrangement above a ground plane their sheet 

inductance and capacitance can be calculated. The inductance is due to the effect of 

the patch configuration a distance above the ground plane. The capacitance is 

generated due to fringing capacitance of two adjacent co-coplanar conducting 

patches. This can be derived using conformal mapping with the size of the patch, 

the spacing between the patches, and their periodic center to center distance 

parameters [57]. 

 

Figure 31: Square patch parameters for inductance and capacitance calculation. 
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In Figure 32 below show the cross view of the planar EBG, the inductance equation 

for the square patch with a conducting ground plane on one side and free space on 

the other side is 

 

 (4.11) 

Where µ0 is the permeability of free space and h is the height or thickness of the 

dielectric substrate, FR-4. 

 

Figure 32: Cross view of planar EGB for two layers PCB. 

Next, the capacitance equations are 

 

 
(4.12) 

1 0L u h
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(4.13) 

Here C1 is the capacitance between the patch and the ground plane, ԑ0 is the free 

space permittivity, ԑr is the FR-4 dielectric constant, w is the square patch 

dimension, and h is the height or thickness of the dielectric substrate, FR-4. Cg is 

the capacitance between the patches and g is the spacing or gap between the 

patches. 

4.1.3: Planar EBG with Meander lines qualitative circuit model 

The equivalent circuit for the meander line EBG shown in Figure 33 below [58]. 

This qualitative model describes the physical behavior of the field in the patch and 

the meander lines. For the patch, the propagation characteristics between the EBG 

square patch and the solid ground plane below are represented by the equivalent 

inductance L1 and capacitance C1. For the meander line between the square patches, 

there is an equivalent inductance Lm and capacitance Cm. Cg is the equivalent 

capacitance for the gap between patches. This EBG structure can be viewed as an 

electrical filter of parallel LC resonator. 

10(1 )
coshr

g

w w g
C

g
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Figure 33: Equivalent circuit of meander line EBG.  

4.2 Simulation of the EBG with Meander lines 

ANSYS HFSS is the gold standard when it comes to simulation for high frequency 

structures. The EBG with meander lines shown in Figure 34 is simulated. This 

EBG has a square patch with the width w equal to 26 mm, and the meander lines 

width of 0.2 mm. Figure 34 show below is the HFSS EBG with meander lines unit 

cell. The square area included the meander lines on four sides of the patch is 30 

mm2, and this unit cell sitting on a 1.5 mm thick dielectric slab, FR-4 with ԑr equal 

to 4.4, and at the bottom is the solid ground plane.  
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Figure 34: HFSS EBG with meander lines unit cell. 

The simulation area for this model was chosen to have the width 20 times the width 

of the unit cell and 8 times the height of the unit cell. This makes the simulation 

area to be 600 mm in width, 30 mm in length and 15 mm in height as show in 

Figure 35 below. 

 

Figure 35: HFSS EBG with meander lines unit cell in simulation area.  
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The model was excited by wave ports. The wave port dimensions are 300 mm in 

width, 10 times the model width, and 6 mm in height, 4 times the model height.  

The unit cell was simulated in a driven mode model from 200 MHz to 15 GHz for 

S21 parameter.  

 

Figure 36: HFSS EBG with meander lines unit cell simulated result for S21 from 

200 MHz to 15 GHz.  

The blue line is the simulated result of S21 for a unit cell in Figure 36. There is a     

-28 dB line below zero randomly selected as a way to bench mark the performance 

of the planar EBG with meander lines.  
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The above simulation area and setting are kept for the simulation of the EBG array 

with meander lines. Next, an EBG array with meander lines was simulated. It is an 

array of 3 by 5 patches with 2.6 mm spacing between the patches. The meander 

lines as shown previously were placed in this gap and connected the patches. 

Figure 37 below show the simulation area for the 3 by 5 EBG array with 0.2 mm 

width meander lines.  

 

Figure 37: HFSS 3x5 EBG array with meander lines.  
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Figure 38: HFSS 3x5 array EBG with 0.2 mm meander lines simulated result for 

S21 from 200 MHz to 15 GHz. 

Figure 38 shows the simulated result for S21 for an EBG array with 0.2 mm 

meander line width.  The resemblances are there from 4 GHz to 15 GHz except for 

the array the attenuation magnitude is much lower below the -28 dB bench mark 

line. Noted there is a deep dip at 1.9-2 GHz to below -110dB. There is a gradual 

decrease from -10 dB at 200 MHz, down to -80 dB at 1 GHz.   
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Figure 39: HFSS simulation result of the previously studied structure with the same 

dimensions [9]. 

 

Meander-L Sim in Figure 39 [9] above is the data of interest. In comparison with 

the simulation data show in Figure 38 for the same array dimension, the S21 showed 

some similar characteristics. The bandwidth for suppression was chosen at any 

continuous frequency range that is under -28dB for the magnitude of S21. Next 

simulation results for EBG array with different meander lines width are shown. 

Figure 40 shows the result for the case of 0.15 mm line width. Figure 41 shows the 

result for the case of 0.4 mm line width. Figure 42 shows the result for the case 

without meander line width. Figure 43 shows the comparison results for all four 

cases.  



     

    

54 
    

 

Figure 40: HFSS EBG array with 0.15 mm meander lines simulated result for S21. 

 

Figure 41: HFSS EBG array with 0.4 mm meander lines simulated result for S21. 
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Figure 42: HFSS EBG array without meander lines simulated result for S21. 
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Figure 43: Comparison of HFSS EBG array simulated results for S21. 

The above plot shows the S21 result for four different 3 by 5 EBG arrays. The array 

without the meander line has the higher attenuation floor. This is due to the lack of 

inductance and capacitance contribution from the meander lines. For a particular 

band of interest from 7 to 15 GHz, the without meander lines array has an average 

attenuation of -30 dB, then next is -46 dB for the 0.4 mm width,  -49 dB for the 0.2 

mm width,  and -50 dB for the 0.15 mm width. 
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4.3 PCB Design and Fabrication 

The four simulated designs above selected for PCB layout and fabrication. The first 

design is the array of 26 mm square patched at 2.6 mm gap. The next design is with 

the 0.2 mm meander lines width inserted. These two designs were fit onto the same 

board of dimension 10 inches by 6 inches. The designs are placed approximately 1 

inch from the left and right edges of the board and separated 1.5 inches from each 

other at the center of the board. Two SMA connectors are placed at the center of 

the center patch of the first and last row on the bottom side for each design. The 

body of the connector is connected to the ground plane on the bottom side. The 

center conductor of the connector is connected to the center of the center patch on 

the top layer. The SMA connector is SMA-J-P-H-ST-TH1 from Samtec.com, a 50 

Ohm surface mount SMA connector. 

 

Figure 44: A 10” x 6” PCB layout Top view. 
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Figure 45: 10” x 6” PCB layout Bottom view. 

Figure 44 and 45 above show the Top view and Bottom view of the PCB layout. 

The layout was designed with PCB Artist 3.2.1, a free layout software from 

Advanced Circuits Inc., and can be downloading at www.4pcb.com.   

The second PCB designs maintain all the parameters described above. This second 

PCB designs contain the EBG array with 0.15 mm meander line width, and EBG 

array with 0.4 mm meander line width.  These two PCB designs contain the four 

different EBG array iterations sent for fabrication at Advanced Circuits.  The cost 

for each board is $33, a student program sponsored by Advanced Circuits, Inc. 

However, this comes with some constraints on the PCB design and manufacture 

parameters such as: minimum line width or spacing of 0.006 inches, no internal 

routing, no slots or overlapping drill hits, minimum 0.015 inches hole size, 

http://www.4pcb.com/
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maximum 35 drilled holes per square inch. Material is FR-4 for dielectric, 0.062 

inches for board thickness, 1 ounce copper for top and bottom layers, and green 

solder mask. The above two PCB designs were submitted for fabrication and 

received for test. 
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4.4 Measured versus Simulated Results 

4.4.1: Printed Circuit Board (PCB) 

Electromagnetic band gap structures can be manufactured easily with existing 

microstrip line and circuit board manufacturing techniques. The PCB is a two 

layers board where the top layer is EBG square patches at 26 mm width, meander 

lines at four sides of the patches, and having the thickness of 1 ounce copper. The 

bottom layer is a solid ground plane with 1 ounce copper. The dielectric substrate is 

FR-4 with permittivity of ԑr equal to 4.4.  

 

Figure 46: 10”x6” Fabricated PCB Top view.  
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Figure 47: 10”x6” Fabricated PCB Bottom view. 

Figure 46 and 47 above show the top view and bottom view of the fabricated PCB. 

This is a 0.062 inches thick two layer PCB with green solder mask. The SMA 

connectors got assembled onto the board by soldering. The board is tested for any 

short between EGB structures and ground plane by resistance measurement, before 

and after the assembled of the SMA connectors, no short was found. Both boards 

are good for S21 data measurement.  
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4.4.2: Test Set Up and Measurement 

In Figure 48 below shows the test set up for data measurement of the EBG with 

meander lines PCB. PNA-X Network Analyzer from Agilent Technologies with 

operating bandwidth from 10 MHz to 26.5 GHz, RF cables with 40 GHz maximum 

operating frequency, 50 Ohm nominal impedance, shielding effectiveness at 18 

GHz is greater than 90 dB per foot, capacitance of 26 pF per foot, and finally is the 

circuit card assembly of EBG structures for test.  

 

Figure 48: EBG PCB board test setup.  
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Measurement process: 

1. Turn on Network Analyzer and allow warm up and stabilization time. 

2. Perform 2-ports Through Calibration. 

3. Set the start frequency at 200 MHz and stop frequency at 15 GHz. 

4. Set Network Analyzer format to LogMag, dB (Return Loss). 

5. Scale to 10.0 dB/Div. 

6. Ref level to -60 dB 

7. Turn on measurement for S21 

8. Connect board under test to port 1 and port 2 of the Network analyzer. 

9. Capture S21 sweep plot 

10. Repeat Step 8 and 9 for next UUT. 

Above are the steps for testing of the EBG with meander line structure PCB. The 

results for each EBG design are captured and plotted against the simulated data. 

These plots are show in the next few figures. 
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4.4.3: Simulation versus Measurement Data Plots 

 

Figure 49: 3x5 EBG array without meander lines, simulated and measured. 

The measured data here has a lower attenuation then expected compare to the 

simulation result. This could be differences between the simulated model and 
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fabricated PCB such as: copper thickness, 0.5 ounce versus 1 ounce, wave port 

excitation in model versus through holes SMA connector feed to the EBG. 

 

Figure 50: 3x5 EBG array with 0.2 mm meander lines, simulated and measured.  

In the above figure, the 1.9 GHz dip in the simulated structure got shifted to 1.2 

GHz with 3 dB less in attenuation. Also the dip at 900 MHz became more 

pronounced and shifted to 850 MHz with 3 dB more in attenuation. There is a 

gradual attenuation from -5 dB at 200 MHz to -83 dB at 850 MHz that was not 
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present in the array without meander line. This is showing that the meander line 

periodic pattern has effect on the low frequency in the additive manner. The plot 

pattern shows similarity throughout up to 15 GHz.   

 

 Figure 51:3x5 EBG array with 0.15 mm meander lines, simulated and measured. 

In the above figure, the two dips in the simulated data 3 GHz and 1.7 GHz at below 

-100 dB had reduced in the measured data. However, there is a new dip at 650 

MHz with -90 dB attenuation cause by the reduction in width of the meander lines. 

Also, the measured data show a better performance from 8.5 GHz up to 15 GHz. 
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This could be the effect of higher capacitance due to 1 ounce copper thickness that 

makes the structure have a higher frequency filtering response.   

 

 

Figure 52: 3x5 EBG array with 0.4 mm meander lines, simulated and measured. 

For this iteration of the design, the 0.4 mm meander line width. The intent was to 

understand the meander line inductance characteristic. The base line was the 0.2 
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mm width, 0.15 mm width is the decrease case and 0.4 mm width is the increase 

case. This is to find the trending response of the structure due to the effect of the 

meander lines changes.  

 

 

Figure 53: Comparison of the measured results. 

Figure 53 shows all four designs measured of S21 of the PCB. Again, the -28 dB 

line was just an arbitrary number selected to have a threshold goal for attenuation 

of the structures. As mentioned above, there is a gradual attenuation from -5 dB at 
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200 MHz to -83 dB at 850 MHz for the meander lines design, this is due to the low 

frequency surface waves response to the inductance of the meander lines. This is 

not a preferred behavior of the EBG with meander line structures. 

 

Figure 54: Comparison of the measured results zoom in at low frequency. 

The above figure is the comparison of the measured results showing between 0 to 6 

GHz. This is to give us a better look at the low frequencies attenuation. It shows 
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that with 0.15 mm width meander line, the frequency shifted from 1.2 GHz to 650 

MHz, in comparing to the 0.2 mm width meander line.  

From equation (4.1), as shows again here below is the equation for calculate the 

self-inductance of a meander line. 

 2
0.002 ln 0.50049

3

l w t
L l

w t l

     
          

 (4.1) 

For the 0.4 mm width meander line, the equivalent inductance is 0.572 nH, 0.2 mm 

is 0.782 nH, and 0.15 mm is 0.862 nH. These values of inductance are expected 

with decreasing of the meander line width.  As reflected in Figure 54 above, the 

resonant dip got shifted to lower frequency as the inductance increases. 

Furthermore, when examined the data closely between 570 MHz to 2 GHz so we 

have enough data points for average, 0.4 mm width has average attenuation of -

71.4 dB, 0.2 mm width has -75.8 dB, and 0.15mm width has -76.5 dB. This is the 

trend expected during these designs. 
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Chapter 5: Conclusions 

5.1 Conclusion 

Planar EBG structures are being studied and used widely for antenna design, 

microwave circuit design, wireless application, and electromagnetic interference 

suppression. Their periodic structure and design create the characteristics effect on 

electromagnetic waves that the conventional materials do not possess.   

This thesis presented the studied of the planar EBG with meander lines for the 

application of switching noise suppression in high-speed digital PCB. The interest 

is to have a design that can suppress a wide frequency band, from 10 KHz to 18 

GHz per Mil-Std 461. This is the operating frequency range for standard military 

air and ground vehicles. The passing criteria are usually much more stringent than 

FCC Class A or B. For the investigation in this thesis, a planar EBG with meander 

lines structures was selected due to it wide frequency band behavior, from 250 

MHz to 15 GHz. Previously studied, a 26 mm square EBG with 0.2 mm width 

meander lines in a 3 by 5 array structure, was recreate and simulated in HFSS as 

the base line result. There are several parameters to the design of the structure: the 

patch width, the thickness of the patch, the gap width between the patches, 

substrate thickness, the substrate permittivity, the meander line width, the meander 
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line thickness and the meander line length. The thesis investigation chose to select 

the meander line width as the variation parameters, all other parameters were kept 

the same.  

There were four designs created in HFSS for simulation, all are 3x5 arrays of 26 

mm2 square patches. The first design is just the 3x5 array without meander lines, 

the second design is with the meander line width of 0.2 mm, the third design is with 

the meander line width of 0.15mm, and the fourth design is with the meander line 

width of 0.4mm. The square patches and the meander line modeled at thickness of 

0.5 ounce copper. HFSS models were simulated to predict the S21 attenuation from 

200 MHz to 15 GHz.   

For PCB design with the student program, the square patches and the meander line 

was manufactured at the thickness of 1 ounce copper. According to the analytical 

equations, the different in copper thickness could change the structure overall 

capacitance and inductance. Understanding the manufacture capabilities prior to 

design is the lesson learned here. 

The results either from simulation or measurement of the fabricated PCB, show that 

the changes in meander lines width have the effect on the low frequency response. 

As the meander line width decreases, the resonant dips also shifted to the lower 

frequencies. This is the intention of this thesis research. However, with the use of 
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the meander lines, the designs introduce the low frequency responses. As shows in 

Figure 54 above, 450 MHz is where the response crosses the -28 dB threshold line, 

the attenuation reduce rapidly to -5 dB.  There is a supercell approach to widen the 

operating frequencies band by combining two different EBG structures. This 

approach has showed little improvement with increase in design complexity, two 

different unit cell designs and nine elements. 

The presented unit cell investigated in this thesis has five elements, one square 

patch and four meander lines. The simulated and measured results show that by 

simply increase or decrease the width of the meander lines, one can increase or 

decrease the operating bandwidth of the structure. Between 600 MHz to 7 GHz, 

there is an average attenuation of -80 dB. From 7 GHz to 15 GHz, all four designs 

have attenuation characteristic average of -50 dB.  This is considered an excellent 

wideband filter, one unit cell structure, simple to design and manufacture. 

5.2 Future Work 

The present thesis can be continues into the next step of the application intent, 

which is embedded the structure into a four layers board. A small and simple high 

speed digital board with 4 or 6 layers can be creates. Figure 55 below show an 

evaluation board from Microchip Technology, Inc. The board contains LAN 7800 
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IC, which is an USB to 1 Gigabit Ethernet bridge. The board will need 12VDC, 

5VDC and 3.3VDC. 

 

Figure 555: LAN7800 from Microchip Technology, Inc.  

Each of the required voltages can be a switch mode power supply, so there will be 

three on board as noise source generators. The board will have digital signal of 1 

Gbps Ethernet, and USB 3.0 up to 5 Gbps. These digital signals could be the 

victims of the noise source or acting as aggressor coupling their own digital clock 

signal back into the power planes. For testing purposes, the first PCB design will be 

without EBG, the second board will be with EBG embedded within internal layers.  
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