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Abstract—A novel approach for the suppression of the par- in [1]. On the other hand, in practice, different techniques are
allel-plate waveguide (PPW) noise in high-speed printed circuit commonly used to suppress the parallel-plate noise, which are
boards is presented. In this approach, one of the two conductors summarized as follows
forming the PPW is replaced by an electromagnetic bandgap ’

(EBG) surface. The main advantage of the proposed approach 1) Adding discrete decoupling capacitors to provide a
over the commonly practiced methods is the omnidirectional noise grounding path for the voltage fluctuations on the refer-
suppression it provides. For this purpose, two EBG structures are ence dc voltage planes [2].

initially designed by utilizing an approximate circuit model. Sub-

sequently, the corresponding band structures are characterized 2) Employing buried decoupling capacitors where parallel

by analytical solutions using the transverse resonance method, as planes configure a distributed capacitor. In comparison

well as full-wave finite-element simulations. The designed EBG with discrete capacitors, buried capacitors are less prone

surfaces were fabricated and employed in a number of PPW to parasitics and offer better performance at higher fre-

tesﬁ_g_oa(;ds. Tge correfsponding freqluegcgidon:ja? ggegs:'ue_meﬂts quencies [3].

exhibited bandgaps of approximately 2.21 and 3. z in the . . , :

frequency range below 6 GHz. More importantly, suppression of 3) Sglgctlng the lo_cat'on of the via ports in a manrller that

the PPW noise by 53% was achieved based on time-domain reflec- eliminates certain package resonances, thus leading to the

tometry experiments, while maintaining the signal transmission reduction of the coupling between ports through the par-

quality within the required specifications for common signaling allel-plate noise [4].

standards. 4) Employing differential interconnects, which inherently
Index Terms—Electromagnetic bandgap (EBG) structures, reject the common-mode noise [5].

ground/power noise, parallel-plate noise, periodic structures,

suppression of the switching noise. The underlying common feature in describing the perfor-

mance of all these methods is the localized suppression of the
PPW noise they offer.
I. INTRODUCTION In this paper, a metallic electromagnetic bandgap (EBG)
XCITATION of the parallel-plate waveguide (PPW) modestructure is proposeq to function as a planar bandstop filter
is an artifact of conduction of a time-varying currenthat blocks the RF noise currents throu_gho_ut_ the power/ground
through vias in parallel-plate environments [e.g., multilayé@n€s. In fact, the term bandgap implicitly refers to an
printed circuit boards (PCBs)]. In spite of its determinisi@mnidirectional stopband, which is the desired character-

nature, this mode is referred to as noise with terms such i8¢ for this type of application. EBG structures have been

power/ground noise, ground bounce, simultaneous switchiREgviously employed for suppressing unwanted RF surface

noise (SSN), etc. This noise can produce false switching GHITeNts in high-frequency analogue applications [6], [7]. In
digital circuits and malfunctioning in analog circuits, whicH6l: uniplanar EBG structures have been utilized to suppress
would eventually render them inoperable. With the ever-in€akage in stripline circuits above 9 GHz. For this purpose, a
creasing clock frequencies of digital circuits, the bottlened¥/0-dimensional (2-D) EBG was realized by etching a periodic
imposed by the power/ground noise becomes more and mai@ Pattern on both ground planes [6]. Unfortunately, the
significant. Therefore, both characterization and suppressiisulting perforated ground planes are prone to leakage through
of the PPW noise are deemed crucial in high-speed circtfdiation, especially when operating within the bandgap [8].
design. The analysis of this type of noise has been the focusl he challenge in employing EBGs for the suppression of

of many research works, which are referred to and categoriZB§ Parallel-plate noise in high-speed circuits arises due to the
following two reasons: 1) a typical parallel-plate noise pattern

as a low-pass spectrum: (6 GHz), thus requiring a com-
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The current study, documented here and in an earlier con- o T°‘:S”:n‘:’

ference publication by the authors [9], is the first report on the Sicle View B — T

application of an EBG surface for the suppression of the par- Port1 Port2

allel-plate noise in high-speed digital circuits. In this paper, the 7—J|L—J|L- Port1 Port2

. o . : 1.54 mm

proposed approach, which was briefly introduced in [9], is elab- & = 4 : T T 1wooem

orated and different methods for the prediction of the key fea- Sold electric = -—
conductors ' 4cm 4 cm

ture, i.e., the bandgap characteristics of an EBG surface in a
PPW environment, are compared. As well, in order to improve

the noise suppression, another EBG surface having a simpiér 1+ Single-layer PPW structure.

geometry, but a wider bandgap compared to the structure of [9], 30

is designed and fabricated. In addition, the transmission charac-

teristics of a signal line in the presence of an EBG ground are 251

characterized in the time domain.
The herein proposed approach is superior to the other PPW % 207

noise-suppression methods mentioned before because it pro- g 5|

vides aglobal solution as it blocks the PPW noisdl over the %

parallel plates, i.e.in all azimuthaldirections. Moreover, this = 10t

method benefits from tha priori knowledge of the noise spec-

trum, which can be obtained in a cost-effective manner from cir- 57

cuit simulations [1], thus enabling the design of the noise-sup-

pression EBG filter ahead of the manufacturing process. This is %

in contrast to the most common approach for the suppression Time (ns)

of the PPW noise, i.e., the use of decoupling capacitors, where @

their performance is degraded due to the parasitics that emerge 0 . - T STgnificAnt components

after fabrication. 10b- L of the noise volrage at Port 2
The organization of this paper is as follows. In Section II, E 5%

the spectrum of the PPW noise in a given structure is pre- o S N G A

dicted by using the physics-based computer-aided design -301 "Nbis’ebandvﬁam“*

(CAD) model of [1]. Based on this information, two EBG & -40f
surfaces are designed to create a relatively wide bandgap in :i sl
the determined noise bandwidth. In Section I, the transverse <

resonance method (TRM) is employed to derive the dispersion -601
relations and to generate the respective diagrams for these 70}
EBG structures when incorporated into a PPW arrangement.

Subsequently, the predicted dispersion characteristics are % v :

verified not only with finite-element eigenmode simulations, -90p 2 4 6 8 0 12
but also through experiments on a number of test boards for f(GHz)

insertion-loss measurements. In Section 1V, the performance of (b)

the EBG surfaces for improving port isolation is investigatedg. 2. (a) Time-domain signature of the noise probed at Port 2 of the structure
through time-domain reflectometry and frequency-domafiown in Fig. 1. (b) Normalized noise spectrum.

measurements. Lastly, in Section V, the signal transmission

on a stripline having one EBG ground is experimentalliime-domain signature and the frequency-domain spectrum of
characterized. the parallel-plate noise detected at Port 2 are presented in Fig. 2.
It can be observed that the noise spectrum exhibits a low-pass
characteristic. The noise bandwidth in Fig. 2 is defined to
span the region from dc to 6 GHz where the magnitude of the

In order to achieve an efficient suppression of the PPW noideequency spectrum drops to 5% of its maximum. Hence, a
two characteristics of the circuit should be identified, i.e., thdlanar wide-band bandstop filter designed to operate in this
noise margin and PPW noise spectrum. The former is one of fi§gion can efficiently suppress the parallel-plate noise. The
technological characteristics of the circuit given by the man@esign and fabrication procedures of such bandstop filters are
facturers, and the latter can be obtained from any of the varigii§sented in the following sections.

simulation methods for the prediction of the PPW noise, as de- )
scribed in [1]. A. Design Procedure

Il. DESIGN OF THEEBG STRUCTURES

For instance, consider the simple parallel-plate structureDue to the considerations discussed in Section | (such as the
shown in Fig. 1. The physics-based CAD model for vias ialimination of the back radiation and the achievement of com-
parallel-plate environments, which was developed in [1], {zactgeometries atlow frequencies), the general class of the met-
utilized to predict the spectrum of the noise at Port 2 when Patto-dielectric EBG structures proposed in [7] has been selected
1 is excited by a 200-mV step voltage of 110-ps rise time. Therealize the planar omnidirectional bandstop filter. Commonly,
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Top View from step 1 with a slightly different resonance
Side View ) o (|28 MM frequency.
2;01%_524 mm o B Considering the manufacturing constraints and following the
_ I‘i B i EEEE i l\ == O] ] above recursive design procedure, reasonable valdeamdC,
- — Y I :f which simultaneously meet the low-frequency, but wide-band
[ IR 08mm resonance requirements, have been determined for the two EBG
Unit Cell @ i configurations shown in Fig. 3. The dimensions of their respec-
! ot mm << tive unit cells, i.e., the size of the patch and height of the via, as
@ well as the spacing between the ce_IIs, have been derived using
Top View the closed-form expressions given in [10].
The geometries shown in Fig. 3 correspond fo =
Side View E][Z]EB 12mm 386 nH/O andC = 0.67 pF - O for the two-layer structure,
. -z andL = 2 nH/O andC = 1.25 pF- O for the three-layer
t=308mm T T @[:]EF_L structure, which result in resonance frequencies of 3.13 and
£ =233 o @@E] f 3.18 GHz, respectively. These frequencies indeed lie around
| 04mm the center of the noise bandwidth in Fig. 2(b). Note that, in the
=10 |I‘nm <<

- ) a i calculation of the sheet inductance, the inductances due to the
Unit Cell |E]| . .
vias are not included.
(b)
Fig. 3. Metallo-dielectric EBG structures. (a) Three layer. (b) Two layer. B. Fabrication
Usually, in both types of two- and three-layer EBG struc-

these configurations contain two or three metal layers, as shofes the bottom substrate is relatively thick to achieve a sheet

in Fig. 3, and are called two- and three-layer structures, respétductance of a few nanohenrys/ The sheet capacitance of

tively. the three-layer structures is higher than that of the two-layer
According to [7], as long as the wavelength is much longéfructures because of the parallel-plate capacitor formed by the

than the size of the individual cells in these periodic structurddiches on the second and third metal layers. Therefore, the
the surface impedance can be represented by an equivalent J§e-layer structure appears to be more suitable for achieving
allel resonant—C circuit. The inductance and capacitance ~esonance frequencies below 5 GHz when typlcal_ FR4 Iammates
are the sheetinductance and sheet capacitance of the EBG sfi{fg 8mployed. As a result, the structure shown in the Fig. 3(a)
ture, which can be determined by approximate closed-form H4@s initially fabricated and tested. A picture of the constructed
lations given in [10] or by more accurate numerical field solU=BG is presented in Fig. 4(a). In this embodiment, the bottom
tions. The relative bandwidth of this-C resonator is propor- substrate is a double-sided FR4 board with periodic (almost
tional to \/Z/C.. Therefore, for our intended wide-band appliSduare-shape) patches etched on the top metal surface. The top
cation, the ratio of —~C should maintain a relatively large valuedielectric, with th_e higher dle_lectrlc constant, is a single-sided
in the design of the EBG structure. For the total elimination ¢t0gers RT/Duroid 6010 laminate with the same square-shape
the parallel-plate noise shown in Fig. 2, it is desired to havePatches on the conductor side. All the patches in the second and

6-GHz bandgap, but in practice, this proves quite difficult to b&ird metal layers are connected to the solid metal layer at the
achieved at the low gigahertz frequency range. It should be m&@¥tom by conducting vias. It should be mentioned that between
tioned here that, in the stopband, theC resonator becomes anthe FR4 and the RT/Duroid laminate, there is no adhesive ma-
open circuit, therefore, the EBG surface can be considered 462!, instead, a very thin layer of air exists, which lowers the

magnetic wall. It can be shown that a parallel-plate configurgfféctive dielectric constant between the patches.

tion formed by a conductor and a magnetic wall does not su _The two-layer structure, which is shown in Fig. 3(b), has been

port theTMgo mode, which is, in fact, the fundamental mod bricated using a thicker substrate, i.e., Rogers RT/Duroid
responsible for the PPW noise. 5870, to increase the sheet inductance and the bandwidth

The design of this EBG structure is an iterative process cdfjereof. This Iammatg ha§ a lower permittivity compared to
sisting of the following proposed steps. FR4. _In order to maintain the required value of th.e she_et
__ capacitance for the target resonance frequency, the dimensions
Step 1) Choose the resonance frequency oL&B Circuit  of the patches have been increased compared to those of the
by monitoring the noise spectrum through fast simyree-layer EBG, as can be seen in the picture of the fabricated
ulations utilizing the model developed in [1]. structure shown in Fig. 4(b). In the same fashion as before, the
Step 2) Choose the values bfand C to achieve the res- haiches on the top surface are connected to the bottom solid

onance frequency of Step 1 while maintaining thg,atal surface by conducting vias.
L—Cratio relatively high to obtain a wide stopband.

Step 3) Calculate the dimensions of the unit cell of the EBG
structure to achieve the valueslodndC selected in
Step 2. Representing the EBG structure with a parallelC circuit

Step 4) If the calculated dimensions are not realizable witloes not fully predict the characteristics of the EBG structure,
available and cost-effective substrates, then stamd only estimates an approximate resonance frequency. More

I1l. PREDICTING THE BANDGAP
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Fig. 5. Transverse resonance model for a PPW structure with one EBG
surface.

Note that, in the resonant circuit representation of the surface,
which was discussed in Section I, no component is included to
account for the loading of thie—C circuit due to the environ-
ment above the surface such as free space or an additional plate.
However, when thé—C circuit is combined with the TRM, this
element is implicitly incorporated. As shown in Fig. 5, the wave
impedance looking into the < 0 direction isZrc. The wave
impedance looking into the > 0 direction can be simply de-
rived by considering the top region as a short-circuited trans-
mission line with a characteristic impedangg. In fact, Z,, is
the wave impedance determined by the type of mode being in-
vestigated, i.e.TM,. or TE,.

JLw

Dy =——— 1
4 . <071 - LCw? (12)
ol ZR =~ j% tanh (ugb) (1b)
ZrE :j% tanh (ugb) (1c)
U2

whereu3 = % — k? (8 can bek, or k.) andk = w,/ie.
: SettingZ 22, 0" TE + 7, = 0 yields the following disper-
e sion relations:

LU i \h‘.w‘l I|hl]|lpll\n
Sl 53 4 SSRGS . 101 12 13

g

ven @ 318YAAXON| H3IOV Lw Us
<1 s g1 7l I 0r ————— = — — tanh (usb TM_ mode 2a
il e .\M.l.\.\.l.l.l\I.l.\.h'n|.\.|.|.hld.|.h|.h|.h\ 1— LCw? we ( 2 ) ( S ( )
®) e W b (ueb) (TE, m 2
L0 u, anh (ugb) (TE, modes. (2b)

Fig. 4. Fabricated metallo-dielectric EBG structures. (a) Three layer. (b) Two
layer. By replacing the equivalert andC values of the EBG struc-
tures of Section Il'in (2a) and (2b), the dispersion diagrams pre-

importantly, in the applications discussed in this paper, the EB@nted in Fig. 6(a) for the three-layer EBG and in Fig. 7(a) for
surface is installed in a closed environment (i.e., a PPW), unlike two-layer EBG are obtained. In obtaining these diagrams,
the radiation into open-space applications examined in [7] afié®. 7(b) is considered to be 1.54 mm andof the medium
[10]. In order to predict the bandgap accurately, analytical solébove the EBG is 4.
tions and full-wave numerical methods are investigated here forSince the equivalent—C circuit incorporated in the TRM
the parallel-plate configuration with an EBG surface. solution assumes a continuous surface, the accuracy of the re-
sult will decline as the wavelength becomes comparable with
A. Prediction of the Bandgap by Utilizing the TRM the periodicity of the §tructure. In the prese;nt TRM formula-
tion, the wavenumber in the superstrate, g, is either purely

The TRM is a well-established technique for finding thémaginary or real. Therefore, for generality of the solution, this
cutoff frequencies of waveguides with partial fillings or corrunumber should be considered complex. The left-hand sides of
gated walls [11], [12]. This general method has been utiliz§gla) and (2b) present a reactive surface, which supports TM
to determine the dispersion characteristics of a PPW with arodes at frequencies below and TE modes at frequencies above
EBG surface replacing one of the conductor plates. In applyitlge resonance. From Fig. 6(a) and 7(a), it is apparent that a
the resonance condition to the cross section of the PPW, thendgap is created between the first moti®lg), which starts
surface is represented by its equivalent paraHeC circuit, as as a TEM mode at dc and propagates as a surface wave af-
shown in Fig. 5. terwards, and the second mode, which is 1He; mode. The
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Fig. 6. Dispersion diagrams of the three-layer structure shown in Fig. 3(&j9- 7- Dispersion diagrams of the two-layer structure shown in Fig. 3(b).
(a) TRM solutions. (b) FEM simulations. (@) TRM solutions. (b) FEM simulations.

bandgap for the three-layer structure is 1.294 GHz, ranging framique propagation vectors can be grouped in a region called the
3.18t0 4.474 GHz, and for the two-layer structure is 2.21 GHireducible Brillouin zone (reduced zone scheme) [13], [14], as
residing from 3.13 to 5.34 GHz, as shown in Fig. 6(a) and 7(ahown by thd"XM triangle in the inset of Fig. 6(b). In the dis-
respectively. persion diagram, different bands are all drawn in the first Bril-
Since the surface is modeled with only a single resonant ciouin zone and:, andk. are variables that trace th&XM tri-
cuit, this approach does not predict the cutoff frequency of tlaagle, i.e., the border of the irreducible zone. To this end, the
higher order modes. As well, no explicit information about thanit cells of the PPW structures containing an EBG surface, as
2-D nature of the periodic structure and the direction of excitahown in Fig. 3(a) and (b), have been studied by means of eigen-
tion, which is defined by the magnitude of thg andk, com- mode simulations for all the directions within the irreducable
ponents of thed vector, is included in this method. Therefore, 8rillouin zone with a commercial FEM CAD tool.

complete dispersion diagram for all possible directions of exci- og shown in Fig. 6(b), for the three-layer structure, a bandgap
tation cannot be generated. of 1.76 GHz resides between the second and third modes with
o . their corresponding cutoff frequencies of 2.91 and 4.67 GHz,
B. Prediction of the Bandgap by Finite-Element Method  oqpectively. The first and second modes, which haveffno
(FEM) Simulations components, are clearlyM, ones and coincide in most part
In order to accurately predict the band structure for all thaf the dispersion diagram, except at low frequencies, where the
directions of excitation, a full-wave analysis is required. In first mode converges to a TEM pattern. It should be pointed
structure with 2-D periodicity in the-z-plane, all directions out that, here, the type of a mode is determined by the field
can be covered by considering thgandk. variable. Due to the distribution in the superstrate, i.e., the volume between the top
symmetry of the unit cell, propagation through such a periodionductor plate and EBG surface, and in the X region for
structure contains redundant propagation vectors. Therefore, e = 10° and135°. Due to the complexity of the three-layer
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Fig. 8. E-andH -field profiles in thel' — X section of the dispersion diagram
atk,a = 135° for the first mode, which has &M, pattern.

structure, _identify_ing the _types Of_ the third _and fourth modesg. 9. - andH -field profiles in thel’ — X section of the dispersion diagram
based on inspecting the field profile of a unit cell seems ratha@i,« = 135° for the second mode, which appears to be a hybrid mode.

difficult since, atk,a = 10°, there is naH, component, but at

kya = 135°, all the components of electric and magnetic fields T°F1’(‘)”ew )
EXiS,t' . . . Side View ‘ﬁt!{ -

Fig. 7(b) shows the dispersion diagram of the two-layer struc- Port1  Port2 TN
ture. A bandgap of 3.382 GHz exists between 1.898-5.28 GHz. I /Port1 -Port2 | 10cm
Investigation of the field distributions &,a = 10° and135° IR | 1.54 mm LT

: ATl g=4 Yo L

demonstrated that modes 1 and 4 have cleaiy, -type field P, .
profile, however, the second and third modes exhibit hybrid ’ A

mode patterns. The field profiles for the first and second modes
inthel’ — X region atk,a = 135° are depicted in Figs. 8 and 9.

(@
C. Measurement of the Stopband of the EBG Surface in a T‘;'; Z:‘"
PPW Structure Side View
To validate the simulation results in practice, four PPW struc-p, 4 4 Port 2
tures have been fabricated. Two of these test-beds, shown | I,
Fig. 10, are FR4-based PPW structures containing the fabricate LT T T 1 -4
EBG surfaces of Section Il, and the other two (not shown) are
their dual conventional PPWs (i.e., formed by using two solid
metallic plates) with the same dielectric filling and port arrange- ()
ment. Fig.10. Diagram of the fabricated PPW structures with EBG surfaces: (a) with

In Fig. 11(a), the insertion loss between Ports 1 and 2 of tf§ three-layer EBG and (b) with the two-layer EBG.
test structure shown in Fig. 10(a) is presented. The EBG surface,
around the resonance frequency, exhibits a very high impedawcgeuit, resembling a common parallel-plate environment. It can
(open circuit), whereas at lower frequencies, behaves like a sHogtobserved that the obtained stopband, from 2.98 t0 5.19 GHz,
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Fig. 12. Measured transmission coefficie$it, of the structure shown in
(@) Fig. 10(b).
0
10 TABLE |
PPW WTH THE THREE-LAYER EBG STRUCTURE
-20
| TRM | FEM | S2;1 Measurements
=30 fstart (GHz) 3.18 2.91 2.98
! fstop (GHz) 4474 | 4.67 5.19
g 0 ; Bandwidth (GHz) | 1.294 | 1.76 221
~ |
Uv)‘; B0 | : | :
O b | — Without EBG [ TABLE I
! With EBG PPW WTH THE TWO-LAYER EBG STRUCTURE
70t | ‘ -
| TRM [ FEM | S2; Measurements
B0 O 0 R ‘ : fstart (GHz) 3.13 | 1.898 1.9
90 ‘ | 229 GHz! ‘ : fstop (GHz) 5.34 5.28 5.25
0 2 4 6 8 10 12 Bandwidth (GHz) | 2.21 3.382 3.35

(b)

Fig. 11. Measured scattering parameters of the structure shown in Fig. 10fﬁ)atching has been performed for the via probes to maximize the
(@) Sa1. (B) Sar- power transfer. This explains wi$s; andSs; do notreach 0 dB
in the passband regions presented in Figs. 11 and 12.

corroborates the FEM simulation results of Fig. 6(b). To investi- For comparison, all the results presented in Sections IlI-A—C
gate the suppression of the noise in all directions, a via port wa® summarized in Tables | and Il. The measurement and FEM
placed 4 cm away from the center of the board and atadgle simulation results match very well both for the three- and two-
with respect to the line connecting Ports 1 and 2, as shownlayer PPW structures. However, the TRM solutions, which em-
Fig. 10(a). The measuret};, which is presented in Fig. 11(b), ploy the sheet impedance representation of the EBG surface,
corresponds to the bandgap along the M direction in the yield narrower bandgaps. On the other hand, the TRM approach
dispersion diagram of Fig. 6(b). It can be seen that the stopbarak the least implementation cost of all of the three methods,
in the S3; measurement lies from 2.97 to 5.26 GHz, which iwhile providing the fastest means of predicting a qualitative be-
slightly wider than the stopband in tl#; measurement. havior of the dispersion characteristics. The errors in predicting

As expected, because of a highé€ ratio, a wider bandgap the edges of the stopbands can be partly attributed to the ap-
was achieved when the scattering parameters of the test-peakimate values considered for the sheet inductance and sheet
shownin Fig. 10(b) were measured. In this structure, the spacitgpacitance. For instance, the inductance due to the via, which
between Ports 1 and 2 is increased to 8 cm to contain eight pan acquire a significant value for long vias, is not included
riodic cells, as opposed to six in the three-layer structure. Thethe model. Therefore, the error in predicting the sheet in-
measuredSy;, as presented in Fig. 12, shows that a bandgapctance and, thus, the lower cutoff frequency of the bandgap
exists between 1.9-5.25 GHz, which corresponds well with tiehich is the resonance frequency of th€ circuit) from the
FEM results shown in Fig. 7(b). Note that the insertion loss iNRM solutions is higher for the two-layer structure. By uti-
the stopband of Fig. 12 is higher than that of % measure- lizing the closed-form expressions given in [15], values of 0.329
ment shown in Fig. 11(a) due to the increased number of pesind 1.1 nH are calculated for the inductance of each via in the
odic cells. three- and two-layer EBG structures, respectively. As proposed

In all the measurements discussed in this section and foriall[10], the sheet inductance of the EBG surface is a result
the PPW structures with and without EBG surfaces, the throughthe formation of a current loop in each cell of the periodic
via probes are solid wires that are soldered to the bottom catructure. This circulating current passes through at least two
ductor planes. Since the purpose of these measurement was véais, therefore, the parasitic inductances due to the vias them-
dating the achievement of the predicted bandgaps, no impedaselres should be included in the overall sheet inductance. The
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Fig. 13. (a) Stripline-via test-bed containing partial electric conductor and =130 +
EBG planes. (b) The dual stripline-via structure with a solid ground plane. 140
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corresponding adjusted sheet inductance is 6.06nid/the 0 2 f(éHZ) 8 10 12

two-layer EBG structure. By recalculating the TRM solutions,

a lower cutoff frequency of 2.5 GHz is obtained instead of the (®)

3.13 GHz presented in Table Il, which is closer to the measuffég. 14. Predicted PPW noise at Port 3 of the structure shown in Fig. 13(b)
ment and full-wave simulation results. For the three-layer strul fgg?uﬂ:ﬁerem rise times. (a) Time-domain signature. (b) Frequency-domain

ture, the new adjusted sheet inductance is 2.658 hihich '

yields 2.76 GHz as the lower cutoff frequency instead of the

3.18 GHz shown in Table I. As mentioned before, the sheet ca+Following the same simulation approach as that of Section Il

pacitance of the fabricated three-layer EBG is less than the dait here for the structure shown in Fig. 13(b), one can predict
culated 1.25 pF because of a thin layer of air existing betweeihe noise waveform at Port 3 and inspect the effect of varying

the two laminates, which results in a lower than expected redge rise time on the noise spectrum. As presented in Fig. 14(a),
nance frequency. Note that the existence of the thin layer of aistronger PPW noise is excited by decreasing the rise time of

in this structure has been accounted for in the full-wave FEfe input step at Port 1. From Fig. 14(b), it can be seen that the
simulations. faster rise time (40 ps) creates a broader PPW noise bandwidth.

Therefore, in a high-speed circuit, an EBG filter with a wider
bandgap provides a more effective noise suppression. This no-
tion is demonstrated in Section I1V-B by employing the two fab-

To evaluate the idea of utilizing EBGs to suppress thg-ated EBG surfaces in the port isolation measurements.
parallel-plate noise, the test structure shown in Fig. 13, con-

taining one through via and one buried via interconnectir}g o.p ter M N

two striplines, was fabricated. The stripline-via structure was - arameter Vieasurements

placed closer to the left-hand side of the board and had a 3.5 cnThe scattering parameters of the three-port structure of
x 10 cm solid conductor ground plane. The rest of the bottoRig. 13(a) were measured and the magnitudeS»efand Ss;
surface, i.e., an area of 6.5 cm10 cm, was occupied by theare plotted in Fig. 15. In this figure, th&-parameters of the
three-layer EBG surface of Fig. 3(a). Furthermore, a througlerresponding structure with two complete grounds are also
via was placed at the right-hand-side edge of the EBG grousldown for comparison. It can be seen that the transmission
to monitor the parallel-plate noise. Finally, several conductirgpefficient S;; of the stripline-via structure of Fig. 13(a) has
strips were used to equalize the dc/low-frequency potential af identical signature as that of the stripline-via structure with
the two planes. Similar to the measurement setup, reportkeé complete conducting planes of Fig. 13(b). However, the
in Section IlI-C, in order to scrutinize the performance of th€s,-parameter, presented in Fig. 15(b), features a bandgap
structure shown in Fig. 13(a), an identical configuration wittmposed by the EBG and, thus, exhibits an isolation of more
a complete (10 cnx 10 cm) conducting bottom ground planghan 45 dB over a 1-GHz bandwidth. The same level of isola-
[see Fig. 13(b)] was also fabricated and tested in both the titien exists between Ports 2 and 3. These measurement results
and frequency domains. corroborate that, for the purpose igblating a noisy ground

IV. IMPROVED PPW NDISE |SOLATION RESULTS
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from the rest of the circuit, an efficient solution is to insert aﬁlg 16. TDR measurements of the two stripline-via structures shown in
EBG surface in the common ground Fig. 13. (a) Output signals at Port 2. (b) Probed noise voltages at Port 3.

Port 3 (Noise Qutput)

B. TDR Measurements 6

Time-domain measurements were performed utilizing a . — Without EBG
TDR setup that generates a 200-mV step voltage. This signal I With EBG

is launched into the input ports (Port 1) of the stripline-via i

structures shown in Fig. 13. The transmitted signals to Port 2 of " ';_.‘;‘u-h ! t*h“‘"ﬂmﬂ‘!iﬂ“”r’

both test structures are shown in the same graph in Fig. 16(a),> > of ' .

demonstrating almost identical output waveforms. e
The most interesting result is obtained from the measure- g -2 |

ments of the PPW noise voltage at Port 3, as presented in2 /

Fig. 16(b). It is evident that, when the EBG ground is em- 4 LIIT ]

ployed, the most prominent feature of the parallel-plate noise, 53% Suppression

i.e., the noise peak, is reduced by 46%. It should be mentioned B

here that, in [9], there has been an oversight in reporting the . . ‘ .

percentage of improvement, which instead should have been 15 20 25 30 35 40

46%. From Fig. 16(b), it can be seen that some reflections Time (ns)

(resonance modes) appear to be enhanced by the presence of .

Fig. 17. Probed noise voltages from the TDR measurements of two
the EBG surface, but not exceEdmg the dominant noise pe ipline-via structures; one has the same partial ground configuration as the
This phenomenon can be avoided by providing proper edget-bed in Fig. 13(a) (but with the two-layer EBG surface instead of the
matching at the sidewalls of the PCB. This has been account@ge-layer one) and the other is the structure of Fig. 13(b).
for when the two-layer EBG of Section Il was employed instead
of the three-layer EBG, as shown in the inset of Fig. 17. that this drastic suppression of the parallel-plate noise occurs

As well, in Fig. 17, the noise voltage detected at Port 3 diiroughout the EBG surface andall azimuthaldirections, as
this structure is compared with the noise voltage at Port 3 opposed to other less efficient localized noise-suppression tech-
its dual PPW structure when similar edge matching is providemigues. It should be mentioned that, even if the EBG surface
Comparison of the two waveforms show a 53% reduction of theplaces the entire bottom ground plane, with a careful choice
noise peak in the structure with EBG. It is important to point owtf the design parameters, it is still possible to obtain an almost

-
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undistorted transmitted signal on the stripline while achieving 0.04}
an efficient global suppression of the parallel-plate noise. This 0.02¢
aspect is further examined in Section V. 0 7™ s 10 20 21 22 23 21 25 26 27
Time (ns)
V. SIGNAL LINE OVER AN EBG SURFACE (b)

In order to investigate the effect of the EBG surface on tHég. 19. TDR measurements of the stripline structure shown in Fig. 18.
signal, the performance of a stripline with and without the EB&) '"Put port. (b) Output port.

ground plane has been investigated. To this end, two structures Sy

each containing a 2-mm-wide signal line, which is embedded 0 M
midway in an FR4 substrate of 3.08-mm thickness, as shown in -5 ]
Fig. 18, have been fabricated. The structure of Fig. 18(a) incor- 10

porates the three-layer EBG surface of Fig. 3(a) as the bottom s B seaion
surface, and the structure shown in Fig. 18(b) is its dual conven- = inS,, easteerncht
tional stripline configuration, where both top and bottom planes g 20 of the structure |

are solid conductors. The stripline of Fig. 18(b) has a charac- g -2 shown in Fig. 10(z)
teristic impedance of 43.Q. Therefore, the input signal, i.e., = 30

a 200-mV step with 110-ps rise time, will be partly reflected 235 :

when launched into this line, as is shown in Fig. 19(a). However, w0l = wineut =BG

when the EBG surface replaces the ground plane, due to the pe-

riodic loading of the line, the characteristic impedance varies o I 2 3 g 5 6
from 46.08 to 53.922, which is close to the reference %D- f(GHz)

|mpedance anq prowdes a better matChmg' Fi% 20. Measureds, of the structures shown in Fig. 15.
The output signals at Port 2 for both structures are presente

in Fig. 19(b). As shown, an overshoot of 5% appears in the
output signal of the structure with the EBG ground, which i?}
within the overshoot tolerance range of most logic families [16]-
The S,;-parameter has also been measured to assess the
effect of the bandgap on the transmission of the signals on
the striplines. It can be observed from the frequency-domainA novel approach for the suppression of the parallel-plate
measurements of Fig. 20 that a stopband with approximatelgise in high-speed circuits has been proposed. Specifically, a
6-dB maximum attenuation occurs within the 2.4-3.3-GHmetallo-dielectric EBG surface is proposed to replace one of
band, which is slightly off, but mostly within the measuredhe electric conductor ground planes in parallel-plate structures
bandgap range of Section Ill. It was also observed frooontaining vias. This EBG structure is realizable at low frequen-
further measurements that, at frequencies beyond 6.2 GHz, tihes « 6 GHz), but nevertheless leads to compact structures.
enhanced resonances due to the presence of the EBG surfioee the EBG surface contains no slots, it offers immunity to

use a higher transmission loss, which implies more distortion
r signals with rise times faster than 110 ps.

VI. CONCLUSIONS
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parasitic radiation and power leakage. Unlike traditidoaebl-  [12]
izednoise-suppression methods, this proposed technique offers
the ability to suppress the PPW noigiebally over the entire [13]
substrate [14]
To validate the concept, a number of test structures were déLd]
signed and fabricated. A simple recursive algorithm for the de[16
sign of an EBG filter has been proposed. The bandgap of a PPW
formed with one solid conductor and one EBG surface has been
predicted through fast analytical TRM solutions and has been
validated with more accurate full-wave FEM simulations. Mea-
surements on the PPW structures containing different EBG s
faces demonstrated achievement of wide stopbands (2.21
3.35 GHz) at the low gigahertz frequency range. Port isolati
experiments have proven the efficiency of the approach for t
purpose of segregating a noisy ground in a high-speed cird
by the achievement of 53% reduction of the PPW noise pej
As well, it was demonstrated that, with a careful choice of t
design parameters, a stripline running above an EBG surfaci
capable of supporting an almost undistorted transmitted signal
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