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EMI Mitigation With Multilayer Power-Bus Stacks
and via Stitching of Reference Planes

Xiaoning Ye, David M. Hockanson, Min Li, Yong Ren, Wei Cui, James L. Drewniak, and Richard E. DuBroff

Abstract—General methods for reducing printed circuit board become a major concern for EMC engineers in printed circuit
(PCB) emissions over a broad band of high frequencies are neces-poard (PCB) designs.

sary to meet EMI requirements, as processors become faster and . g . . .
more powerful. One mechanism by which EMI can be coupled off a Multilayer power-bus stacks, viz., using multiple power/

PCB or multichip module (MCM) structure is from high-frequency ~ 9round plane sets for dc power, are common scenarios in
fringing electric fields on the dc power and reference planes at the PCB designs, where the power plane and ground planes are
substrate periphery. An approach for EMI mitigation by stitching  typically of appreciable electrical extent, and may function as
multiple ground planes together along the periphery of multilayer rgdiators or effective coupling paths at high frequencies [1],

PCB power-bus stacks with closely spaced vias is reported and e : :
quantified in this paper. Power-bus noise induced EMI and cou- [3], [10], [11]. More specifically, for multilayer structures with

pling from the board edges is the major concern herein. The EMI  €ntire power and ground layers, the power and ground plane
at 3 m for different via stitch spacing and layer thickness is mod- pair is essentially a radiating microstrip-patch antenna, where
eled with the finite-difference time domain (FDTD) method. Design radiation occurs as a result of the fringing electric field at the
curves and an empirical equation are extracted from a parametric  hoard edges [12]. Alternatively, these fringing fields can couple
study to summarize thev_arlatlon qfthe radiated EMI as a function to enclosure modes, or directly couple to slots and apertures,
of layer thickness and stitch spacing. . L s L
and result in radiation. Recent work for mitigating radiation
from the edge of PCBs utilizes resistive termination along the
board edges to reduce the resonance peaks [13]. For power-bus
geometries with multiple power/ground plane pairs or ground
I. INTRODUCTION planes, stitching the ground planes together at the periphery of
LECTRONIC devices continue to operate at increasintBe board using closely spaced vias can effe_cti\_/ely shield the
speeds and consume more power, which significantly iRoard edg.es,.and_ reduce the Ievel. of the radianon that results
creases EMI concerns and makes it more challenging to m&@fm the fringing fields. Although this concept is already often
the radiated emissions requirements. There are a number of ff@Rlied in practice, little work has been done regarding the
ories as to how radiated emissions result from printed circifiectiveness of ground plane stitching and quantifying the via
boards (PCBs). Possible radiation mechanisms include couplFR{Cing. Consequently, the integrity of the via-stitch spacing is

from the traces (microstrip structures) [1], [2], dipole-like radift @lways maintained in board areas of high design density,
ation from a PCB with attached cables [3], multi-board config@d the EMI effectiveness of the approach is compromised.

urations driven by an effective noise source at the connectigh'® recent study of ground-plane stitching could be found in
[4], direct radiation from components or heatsinks on PCBs [EI]1,4]' Other reported via stitching works |nc'lude controlling the

[6], [7], or direct radiation from the power bus [8]. The tran<T0SS talk between PCB traces by applying a double row of
sient currents of present high-speed devices can be on the ofiied hole vias adjacent to the microstrip trace [15], or placing
of tens of amps, which may result in significant voltage fluctt/@ fences on both sides of the stripline and studying their

ations on the power bus [9]. As a result, power-bus noise HEZeCts on the coupling between adjacent striplines [16], [17].
The studies presented herein focuses on the impact of

. . . ground plane stitching on radiated EMI. A direct approach of
Manuscript received August 1, 2000; revised July 23, 2001.
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Fig. 2. FDTD modeled and measurgsi .| for the configuration shown in
(b) Fig. 1.

Fig. 1. Geometry of the three-layer test board for the FDTD study. (a) Top
view. (b) Side view.

power-bus problems. In the next section, the FDTD methc |'!-!| |-I.-|;- 2

is used to investigate the functional variation of the radiate

EMI as compared to the thickness of the power-bus stack.

parametric study is then conducted in Section IV, by eval P10

ating the radiated EMI of typical multilayer power-bus stack (i L] a @
with different ground plane via-stitch spacings and differel L 13m L 1200
layer thicknesses. The studied power-bus stacks have eit

a GND-PWR-PWR-GND or a GND-PWR-GND-PWR layel E - L] =
stack-up, where PWR denotes a voltage plane. Two families (30, 31 R

design curves are extracted to provide quantitative direction 1 @

EMI mitigation of this particular radiation mechanism, and a = L] w C]
empirical design equation is then extracted. In Section V, tl
effects of nonuniform stitch spacing are considered. This stu
focuses primarily on applications to PCB design, but may -
applicable to other substrate types such as multichip modu
(MCMs) as well.

4
I
I

Il. FDTD MODELING IN DC FOWERBUS DESIGN Fig. 3. Schematic of the test board with 16 decoupling capacitors—side view

A reliable power-bus modeling approach is a powerful to@nhd top view. All dimensions are in millimeters (mm).
that can be integrated into the design procedure to provide de-
sign insight, and can be used for developing design guidelinesultilayer PCB structures. The first example is a three-layer
For complex designs of PCBs, e.g., boards with a significabbard which contains the geometry of a via penetrating a
number of SMT capacitors, or boards with segmented powasmplete plane. The board was constructed by compressing a
or ground planes, the number of unknowns for traditional frelouble-sided PCB and a single-sided PCB together, as shown
quency-domain methods may increase significantly, and com-Fig. 1. The dimension of the PCB was 15 en20 cm, with
putation can be rather time and memory consuming. The impar65-mil layer spacing FR4 dielectric. The signal was fed by
tant advantage of the FDTD method is that it allows straigh# 0.08% semi-rigid coaxial cable with an SMA connector.
forward extension of the method to more complicated layouthe feeding point was 6 cm away from the short edge, and
and multiple number of layer structures with only a modest i+ cm away from the long edge of the ground plane. Two
crease in the computational domain. Here, FDTD modeling ssuare apertures were cut in the middle plane by removing
used, since multiple frequencies can be analyzed with a singie copper cladding, so that signal and return pins penetrated
time-domain simulation, and it is well suited for a rectilineathe middle plane without electrically contacting it. The size of
geometry. both apertures was 1.5 mm1.5 mm. The radius of the wire

Two modeling examples are presented first in this section ¢onnecting the top and bottom planes was 12 mil. At each of
experimentally demonstrate the FDTD method for modelirthe four board corners, two 1206 SMT resistors were soldered



540 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 43, NO. 4, NOVEMBER 2001

0 210 . .
-15+ |
21
- =207 ;
4F
o =257
Z T -~~~ FDTD modeled, o,5= 0.00004 S/cm @
5 6F — Measured g, 30F
s 1 2)
-35¢
87 )
. 1 -40+ [
10— . . . . . . w . ---~ FDTD modeled, 0,4 = 0.00004 S/cm
02 04 06 08 1 12 14 16 18 2 -45r — Measured
Frequency (GHz) .
50 — n n : n n n - .
0 ' i 02 04 06 038 1 12 14 16 18 2
Frequency (GHz)
-10 . . T . :
-15
% -20
2 f 251
- | -~ FDTD modeled, 0,y = 0.0002 S/cm @ |
— Measured = -30¢
8 S :
! 2! H
| B -35¢
-10 ‘ ‘ ‘ ‘
2 25 3 35 4 45 5 -40}
Frequency (GHz) ---- FDTD modeled, 0,5 = 0.0002 S/cm
451 | — Measured ]
Fig. 4. Measured and FDTD modeléd.,| for the two-layer board with - , - - )
16 decoupling capacitors. '502 25 3 3.5 4 4.5 5

Frequency (GHz)

to the planes, with one soldered to the middle and top plane,
and the other soldered to the middle and bottom plane. Thg. 5. Measured and FDTD model¢d..| for the two-layer board with
purpose of these resistors was to reduce the artificially kjgh 16 decoupling capacitors.
of the parallel plane resonances at frequencies below 2 GHz,
though this is not entirely necessary. structure of similar material was 0.00004 and 0.0002 S/cm
The |S11| of the test board was measured using an H®ver the frequency range 100 MHz-2 GHz, and 2-5 GHz,
8753D network analyzer and compared to the FDTD modelegkspectively. An effective conductivity of 0.00004 S/cm is
results. In the FDTD modeling, the cell size was chosen aguivalent to a loss tangent of 0.0245 at 700 MHz for a relative
1 mmx1 mmx0.55 mm(z,y, z), and each aperture in thedielectric constant of,. = 4.2, while an effective conductivity
middle plane was approximated with four cells (therefor@f 0.0002 S/cm is equivalent to a loss tangent of 0.0245 at
the size of the aperture was 2 ma2 mm in the modeling). 3.5 GHz. The source in the modeling was a sinusoidally modu-
Both the dielectric loss and conductor (skin effect) loss cdated Gaussian voltage source with a source impedanceff 50
impact the@ value of the parallel plane mode resonances &fnce the response of the feeding semi-rigid coaxial cable was
higher frequencies. Using the formulas for calculating qualitgmoved in the measurement calibration procedure, the voltage
factor of a microstrip patch antenna as given in [12], theource in the modeling was applied vertically above the ground
dielectric loss was determined to be the dominant factor fptane in the FDTD modeling, which was a complete plane in
this configuration and was included in the numerical modelinthe model. All three planes were modeled as perfect electric
while the skin effect loss can be neglected. Although incorpoenductors (PECs) of zero thickness. The wire structures were
rating a frequency-dependent dielectric loss in the modelingrnisodeled using a thin wire algorithm [20], and the resistors were
feasible, a simpler approach was taken by dividing the studigtbdeled as lumped elements [21], with the encircling magnetic
frequency range in half and using a uniform effective dielectrfteld components modified in a fashion similar to the thin wire
conductivity in each range [19]. For this particular problentase. Eight perfectly matched layers (PML) were placed at
the effective conductivity of the dielectric material determinedach boundary plane of the computational domain [22], and
by matching experimental and FDTD results on a two-layseven white-space layers were placed between the PML and the
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Fig. 6. Schematic of the PWR-GND two-layer board used for FDTD @
modeling.
100

test fixture. The same number of PML and white-space laye ~ 9or | — 25-mil. board

are used throughout the rest of this study. The comparison (.| L gg:g}‘ Egig

the modeled and the measured results is shown in Fig. 2. 1 100-mil. board

modeled results with higher dielectric loss agree well with tk
measured results at high frequencies, while the modeled res —
with lower dielectric loss agree well with the measured resul;E
at low frequencies. Using a small dielectric loss in the modelir &
results in excessively higty resonances at high frequenciesg
which demonstrates that the dielectric loss had a promine—
effect on the) value of the modal parallel plane resonances.
Modeling and measurement of a dc power-bus structure ti
included SMT decoupling capacitors was also considered. T
schematics of this example are shown in Fig. 3. It is a simg
PWR-GND structure with decoupling capacitors distribute
over the board. The board size was 15xr20 cm, and the di-
electric was a 65-mil FR4 material. For the experimental boat ..,
one end of each decoupling capacitor was soldered directly to (b)
the top plane, while the other end was connected to the botte 7. Modeled £| field at 3 m for different layer thickness. (&), polariza-
plane by a short piece AAWG 24wire. A 2-mm-x -2-mm tion. (b) E, polarization.
square aperture was cut in the upper plane to allow 8&¢G

24 vyi_re to penetrate the plane without electrical .contact. Theundin [21]. The source was modeled using the same approach
positions of the ape”‘%re cen'ters (where the wires penetrgieyescriped in the previous modeling example. The measured
the plane) are shqwn in the figure. A two-port meas_uremegﬁd modeled results 11| and |S.| are shown in Figs. 4
was conducted using aiP 8753Dnetwork analyzer with all 54 5 respectively. Good agreement was achieved for both fre-
sixteen capacitors mounted on the board, and the measygd oy ranges. The results indicate that the FDTD method is
results were compared to the FDTD modeled results. suitable for power-bus modeling with decoupling capacitors,

In the FDTD modeling, the relative dielectric constant wagroyided that the dielectric loss is adequately included in the
e = 4.2, and the uniform effective dielectric conductivity Wasmodeling.

0.00004 S/cm and 0.0002 S/cm over the range 100 MHz—2 GHzrpege two modeled examples contain the basic geometries

and 2 GHz-5 GHz, respectively. Each capacitor was modelgfinterest in the power-bus problems considered in this work.
by an ideal capacitor in series with a resistor (for the ESRye FDTD method is demonstrated to be suitable for modeling

The nominal capacitance used was 9 nF and the resistance i’)‘{ﬁﬁer-bus problems, and will be used as the numerical tool
130 m2, which were determined by an impedance measurem@mtoughout the rest o’f this paper.

on one component using &P 4291 Aimpedance/material an-
alyzer. By including the lead wires of the capacitor in the mod-
eling, the parasitic inductance of the SMT capacitor intercon-
nect was taken into account automatically. The algorithm for Experimental investigations of the effect on radiated EMI of
incorporating a capacitor sub-cell in the FDTD modeling can lpower-bus layer thickness have been reported in [8], where radi-

%.5 1 1.5 2 25 3 35 4 4.5 5
Frequency (GHz)

Ill. RADIATED EMI VERSUSLAYER THICKNESS
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to model the radiated EMI at 3 m from a PWR-GND two-layer
20108 10 € Exg0.git 1/ Bgs.uir ) board with different layer thicknesses. A parametric study was
"""""""" 20 log 10 ( Ego-mit | / [Eps.p ) . . . .
——- 20108 1( [Egp.m1 1/ Eas.o ) coqducted to determine the fgnctlonal relationship between the
s 20) log 10 ( 100/ 25) radiated EMI and the layer thickness.
D T B 20 log 19 ( 60/ 25) ; The schematic of the PWR-GND two-layer board is shown
— '~ 20l0g 10(40/25) in Fig. 6. Both the ground plane and the power plane were

15 cmx 20 cm. A sinusoidally-modulated Gaussian voltage-
source was placed in between the planes, and the feeding point
was (18 mm, 12 mm) away from the left-bottom corner of the
board. The modeled EMI at 3-m broadside (in tHokrection) to
the PCB for dielectric layer thicknesses of 25, 40, 60, and 100
mil is shown in Fig. 7. The results are normalized to a 1 mA
current source at all frequencies. The radiated EMI increases as
the layer thickness increases, and the increment is almost con-
L , , , i , , stant over the entire frequency band. The results are re-plotted in
05 1 15 2 25 3 35 4 45 5 Fig. 8, by calculating the difference (in decibels) of the radiated

Difference of E-field (dB)

Frequency (GHz) E-fields for the 40, 60, and 100 mil boards compared to that
@ for the 25-mil board. The straight lines in the figure are the pre-

dicted difference if the radiateH-field is exactly proportional

to the layer thickness. The results shown in Fig. 8 indicate that
257 the radiated EMI is nearly proportional to the power-bus layer
thickness, except at the nulls. However, these nulls are of little

307

201

I consequence when evaluating the EMI differences.
150 The input impedance and power-bus voltage of this two-layer
o Vo oo aRL board with different layer thicknesses were also studied to pro-

vide insight into the physics that relates the layer thickness to the
radiated EMI. The geometry shown in Fig. 6 is essentially a mi-

W

Difference of E-field (dB)

or crostrip-patch antenna. From microstrip antenna theory, when
-5F the layer thicknesd < A (X is the wavelength), the far-zone
-10 ‘ - ‘ . . ‘ ‘ ‘ E-field of the antenna can be written as (for the JjgMnode)
05 1 15 2 25 3 35 4 45 5 [12]
Frequency (GHz)
(b) E,.~FEy,=0 (161)
Fig. 8. The FDTD modeled and predicted (by linear relation to layer thick- £, ~, o Voe™ ™ Sinﬁsm( 3 COS 9) cos ki sin § sin ¢
ness) EMI difference for different layer thicknesses. (a) Horizontal polarization. @ r cos @
(b) Vertical polarization. (1b)

ation from a 60-mil bare-board was approximately 10 dB higharherely is the voltage across the radiating edge, laanttw are

than that from a 20-mil board. As indicated previously, the dthe length and width of the microstrip antenna. For a rectangular
rect approach for a parametric study of the relationship betweswordinate system, the-field components of a far zone point
radiated EMI and layer thickness is to conduct a series of EMt broad-side to the antenna are schematically shown in Fig. 9,
measurements in a chamber. However, it requires sophisticatdtere only ther, component is not zero for the T mode.
measurement facilities, and construction of numerous boardite equations indicate that the radiated EMI is proportional
Furthermore, ensuring the repeatability of the measurementsaighe voltage across the radiating edge, which is proportional
time-consuming and tedious. In Section I, the FDTD methdd the thickness. Although the equations are derived from the
was demonstrated to be a suitable numerical tool for power-bligl;, mode (where power-bus voltage is uniformly distributed
modeling. In order to investigate the radiated EMI, the radiateder the radiating edge), the linear relationship between the ra-
far-zone field was calculated by applying equivalence theory tliated field and edge voltage is expected to be applicable for
the FDTD modeling results. Specifically, the electric and magprgher modes (where power-bus voltage is not uniformly dis-
netic fields on a virtual surfacé;, completely surrounding the tributed over the radiating edge length), where the larger thick-
FDTD model of the test fixture were calculated from the FDTDess is still small with respect to wavelength. Fig. 10 shows
modeling. From the calculated values of the electric and mate voltage difference between two planes at the board corner
netic fields on this surface, equivalent magnetic and electric saftesest to the feeding point obtained from the FDTD modeling.
face current distributions were determined. The far-zone eléihe results are normalized to a 1-mA source voltage at all fre-
tric field components were then calculated from these equiguencies, and the source impedance i€50he voltage dif-
alent current distributions residing &fi. The same modeling ferences on the power bus resulting from different layer thick-
tool has been shown to correctly predict ti#8 field at 3 m for nesses are approximately proportional to the layer thickness,
frequencies above 500 MHz [23], [24]. It is then applied her@nd are consistent with other published results [25]. A larger
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0.03 ' ' ‘ ‘ ‘ ' ' Fig. 11. The FDTD modeled input impedance for the board shown in Fig. 6
—— 25 mils. with different layer thicknesses.
------ 40 mils.
00251 | . 60 mils. i
w100 mils. i IV. EMI BENEFITS OFGROUND PLANE STITCHING IN

MULTILAYER POWER-BUS STACKS

0.02
%7 For designs that employ multiple power-ground layer sets,
20.015 proper ordering of the layer stack-up, and using via stitching to
> connect outer ground planes together along the periphery can
0.01 mitigate radiation due to fringing edge electric fields. A quali-
tative and quantitative study of this effect on EMI in multilayer
i PCB stack-ups is presented in this section. The EMI at 3 m
0.005 1%\ '/, for different via stitch spacing and layer thickness is obtained

from the FDTD modeling. The effects on EMI of nonuniform
0 : : stitching will also be investigated in the next section.
05 1 15 2 FrfdzencinH;'s 4 453 The FDTD method was first applied to study the radiation

mechanism for two multilayer power-bus structures, a GND-
PWR-PWR-GND (GVVG) stack-up and a GND-PWR-GND-

Fig. 10. The FDTD modeled power-bus voltage (at the board corner closespgyR (GVGV) stack-up, as shown in Fig. 12. The board di-

the feeding point) for the board shown in Fig. 6 with dlfferentIayerth|cknesser%ensions were 15 cm 20 cm, and each individual dielectric

layer between two adjacent planes was 25 mil thick. The rela-

layer thickness results in a larger voltage difference across thve dielectric constant was. = 4.2, and the effective dielectric
board edges (the voltage differences at other locations along teaductivity was set as 0.000 35 S/cm to represent the dielec-
board edge are not shown herein for brevity), and is expectedtic loss of the board. The conductor on the PWR layers was
result in greater radiation from the equations shown above. recessed 8 mm at all of the four board edges as indicated by
Further study on the input impedance of the board helpsttre dashed line in Fig. 12(c). The feeding point was 6 cm away
explain how the layer thickness affects the power plane voltagem the 15-cm edge, and 4 cm away from the 20-cm edge of
The FDTD modeled input impedance of the two-layer powethe ground plane. All the via holes penetrating a plane in the
bus stack with different layer thicknesses is shown in Fig. 1&tructure were modeled as 2 mirt2 mm apertures. The spacing
Larger layer thickness results in a larger input impedandeetween the two shorting wires that connected the GND/PWR
This board input impedance is in series with the{5@ource plane pairs together was 3 mm. The cell size in the FDTD mod-
impedance, and is driven by the Gaussian voltage soureting was 1 mmx 1 mmx 0.212 mm(z, y, z). The thickness
These two impedances work as a voltage divider, and the actofkach dielectric layer was then modeled with 3 FDTD cells.
voltage applied across the power and ground planes increa8esnusoidally-modulated Gaussian voltage-source with & 50
as the input impedance of the power-bus stack increasestesistor in series was applied at the feeding point.
this input impedance is substantially smaller than the sourceThe effect of stitching around the periphery of the PCB board
impedance (which is the case for the studied geometry), the the radiated EMI at 3 m was studied. For both configura-
voltage between the power plane and the ground plane at timas, the two GND planes were stitched together continuously
feeding point is then approximately proportional to the inplty a number of vias at all the board edges. The spacing between
impedance (or, the noise source is effectively behaving asdjacent stitching vias was 3 mm in the first case considered.
current source). Each stitching point was 1 mm (1 cell of the FDTD grid) away
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Fig. 12. Schematics of the GVVG and GVGV stack-ups with via stitching at
board peripheries. (a) GVVG side view. (b) GVGV side view. (c) Top view. Fig. 13. Modeled EMI at 3 m for the cases with and without stitching for the

GVVG and GVGV configurations with the source on top of all planes Ha)
. o polarization. (b)E, polarization.
from the board edge. The EMI at 3 m with the stitching was

obtained from FDTD modeling, and is compared to the EMI
without stitching in Fig. 13. The results are normalized to #nprovement in EMI performance with and without stitching
1 mA current source at all frequencies. Each simulation requir@s both polarizations is approximately the same. These results
approximately 140 MB of memory and takes approximately 8¢how that the 3-mm wire placed on top of the planes can
on a Pentium Il 750 MHz CPU. The computation time may beesult in an appreciable level of horizontally polarized radiated
reduced using the Generalized Pencil of Function (GPOF) tedtMI. This level of EMI is smaller than that resulting from the
nique for extrapolating the time series [26]. fringing fields at board edges for the case without stitching, but
The stitching improves the EMI performance (as seen |arger than that resulting from the fringing field at board edges
Fig. 13), and the improvement for GVVG or GVGV Conﬁg_for the case with stitching. The implication for circuit design is
urations is generally the same, except some variation at I&@t the EMI will be dominated by other mechanisms suggested
frequencies for thé, polarization. However, the improvementPreviously, including direct radiation from active components,
for different polarizations is not comparable. The stitchinghen coupling from fringing edge fields is minimized.
reduces the EMI by an order of 20-30 dB for thg polar- The EMI from a fringing edge field of the GVVG and GVGV
ization, while only 10-20 dB for the®, polarization. The stacks is then summarized in Fig. 15. The fringing field at the
polarization-dependent improvement is due to direct radiatib@ard edges of the top two planes is the dominant radiating
from the feeding source on top of the board. As seen in Fig. 18purce. Therefore, the GVVG stack-up and GVGV stack-up
there is a 3-mm long wire placed horizontally on top of thBave a similar EMI performance. A dense stitching all around
boards. To eliminate the effect of this wire, another comparisdite board edges effectively shields the radiation from fringing
of EMI with and without stitching of the ground planes wagdge fields, and, hence, considerably reduces the radiated EMI.
made on the GVVG configuration with a source placed ifhe radiation is then dominated by other coupling paths.
between the planes, as shown in Fig. 14. Here the excitatioriThe improvement in the EMI performance for ground plane
mechanism of the power plane sets is the same as befatéching is evident, as shown in Figs. 13 and 14. However, the
however, the small radiator above the planes is eliminated, astddy was based on configurations with the source placed on top
the single EMI mechanism resulting from the fringing electriof the board. If there are active components on the other side of
field can be studied. Thé&'-fields at 3 m obtained from the the board, then the bottom power plane set is the dominant ra-
modeling are compared in the same figure. For this case, tiation mechanism. Stitching will help to reduce the radiation
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Fig. 16. The modeled EMI at 3 m for different stitching cases, together with
the case without stitching and a two-layer stack-up. The layer thickness was 25
mil for all cases.

FDTD modeling was then used to quantify the functional
variation of EMI with respect to the layer thickness and via-
stitch spacing. The GVVG configuration shown in Fig. 14 was
selected as the test bed (EMI source mechanisms other than the
fringing fields are avoided for this configuration). During the
first step of the study, the layer thickness was fixed at 25 mil and
the stitch spacing was selected as 2, 3, 5, and 10 mm. The mod-
eled results for different stitching cases, together with the results
of the case without stitching, are shown in Fig. 16. The result for
the case of a two-layer stack-up with only a single power/ground
plane set is also shown. All the far fields obtained from FDTD
modeling are théz, polarization, and are normalized to a 1-mA
current source at all frequencies (results for #yepolarization
are similar). The results indicate that stitching significantly re-
duces the EMI, and a denser stitch spacing around the periphery
of the board can improve the EMI performance for a radiation
mechanism dominated by fringing fields from the board edge.
The EMI reduction for denser stitch spacing is generally a con-
stant over the studied frequency range. Other comparisons show
that the four-layer stack-up only marginally improves the EMI
performance compared to a two-layer stack-up with the same
layer thickness, since the layer thickness of the dominant radi-
ating GND-PWR plane pair is the same for two cases.

FDTD modeling was then applied to other GVVG configura-
tions with layer thicknesses of 15, 40, 60, and 100 mil The ob-
jective was to extract design curves that show the EMI variation
as a function of layer thickness and stitch spacing. A family of

Fig. 15. Schematic summarizing the EMI radiating mechanisms when theirves was generated, as shown in Fig. 17. Each curve is the re-
component is placed on top of the board.

lationship between th&-field at 3 m and the layer thickness.
When the stitch spacing reaches a certain density, the modes in

for the case of the GVVG stack-up, since the dominant fringirthe resulting cavity are notappreciably changed by increasing the
fields are still contained in the enclosure formed by the groumignsity, as seen in Fig. 16. Consequently the decrease in the radi-
planes and stitching vias. However, it will not appreciably imated EMI is nearly constant with frequency. The family of design
prove the EMI performance for the case of a GVGV stack-upurves is then just this difference in the curves in dB. Different
since the fringing fields of the bottom two planes are outside ofirves have different values of stitch spacing. The magnitude of

the effective enclosure.

the E-field for the 15-mil board with 2-mm stitch spacing is used
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Fig. 17. The EMI at 3 m as a function of layer thickness for different unifor

stitch spacings. rla—ig. 19. The FDTD modeled EMI at 3 m for the GVVG power-bus stack with

sixteen decoupling capacitors distributed on top of the stack.

50

between adjacent vias is smaller than the stitch spacing since the
radius of the via must be considered. While for a spacing larger
than 10 mm, the radiatef-field approaches the case of without
stitching, and the relationship in (2) may not hold.

In order to investigate the validity of the ground plane
stitching technique in practical circuit design, sixteen de-
coupling capacitors were placed over the GVVG four-layer
power-bus stack shown in the top of Fig. 14. The capacitors
were connected to the top two planes, the connections and
the locations of the capacitors were the same as that shown in
reforence Fig. 3. The layer thickness here was 25 mils. The calculated

1 EMI at 3 m for the cases of no stitching, 10-mm stitching and
5-mm stitching are shown in Fig. 19. The results indicate that

&~
<
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W
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Relative radiated E-field ( dBuV/m)
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B
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-0k
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‘201 ) 3 5 1'0 the presence of the decoupling capacitors does not significantly
Stitch spacing (mm) change the EMI benefits of the ground plane stitching.
Fig. 18. The EMI at 3 m as a function of stitch spacing for different layer V. NONUNIFORM STITCHING

thicknesses. . . .
The previous study and design curves were based on a uni-

as the reference (0 dB). The results for a 5-mil Iayer-thicknegirm St'tch spacing over the perlphgry of the board edges_ ng-
are extrapolated from the nearly linear variation of the curv&¥€ @ uniformly dense stitch spacing may not be easily achiev-
with layer thickness. This nearly linear variation of the radiated!€ in an actual circuit due to a high design density. Effects on
EMI and the layer thickness on the log-log scale plot is appr0>§'—M| fqr nonuniform stltchmg are c_on5|d<_ered in thl_s sect|o.n. The
mately 21 dB per decade, which means thattHeeld is approx- study includes several configurations with nonuniform stitching

imately proportional to layer thickness. The conclusion is simil@€r certain segments of the board edge. Some representative
configurations are shown in the top of Fig. 20. The layer thick-

to that drawn in Section Il for a PWR-GND power-bus struc* _ )
ture without stitching. The results also demonstrate that the ragss Was 15 mil, and the layer stack-up is the same as that shown
top of Fig. 14. Case A has no stitching at all edges, and Case

ated field has an approximately linear relationship (on a log-I : hand X
scale) to the stitch spacing for the cases considered with the stiERS @ uniform stitching (2 mm spacing) over all four edges.
ses B and C have larger stitching spacing (10 mm) over a cer-

spacing ranging from 2 to 10 mm, as shown in Fig. 18. The slop€& ; ' ,
of the curves in the figure is approximately 30 dB per decad@n segment (one third of the entire edge length), while the rest

which means that the radiatééiield varies approximately as of the board edges have a uniform stitch spacing of 2 mm. The

a function ofs3/2, where s is the stitch spacing. Therefore, aposition of the “larger opening” for Cases B and C differs, with
approximate design equation is: that for Case B closer to the feeding source.

The FDTD modeled radiated EMI at 3 m is shown in Fig. 20.
Espn~C-h-st? (2) All'the results are for theZ, polarization (radiation from the
20-cm board edge), and are normalized to a 1 mA current
whereC is a constant and is the layer thickness. The equatiorsource. The results indicate that larger stitching spacing over
is valid for the stitch spacings considered herein ranging fronc2rtain segments increases the EMI compared to uniform
to 10 mm. For a spacing smaller than 2 mm, the actual openistifching (comparing Cases B and C to Case D). The increment



YE et al. EMI MITIGATION WITH MULTILAYER POWER-BUS STACKS

No stitching 2 2 2
° [ - ~ ~f ° ™ A ™

0 2 2 2 2 10 2

A B C D

e --- Feeding point;

60

50

40

W
(=

IEl (dBuV/m)
-
o &

2 2.5 3 335 4 4.5 5
Frequency (GHz)

Fig. 20. Effects on the radiated EMI at 3 m of nonuniform stitching.

547

Generally, for PCBs with multiple power and ground layers,
arranging the layer stack-up such that ground layers are the first
complete layers (or portions thereof) from the top and bottom
board sides, and stitching the ground planes together all around
the edges can achieve in excess of 10-20-dB EMI reduction
for EMI dominated by the fringing edge fields on the power
bus. A minimum of 2-mm stitch spacing was investigated in
this report, for which approximately 20-dB EMI reduction was
achieved. Further studies indicate that for the same multilayer
stack but with a number of decoupling capacitors on the board,
the effectiveness of this ground-plane stitching technique is
virtually the same.

The EMI mechanism of concern in this study was radiation
dominated by the fringing electric field at the edges of the
power area. Other potential EMI coupling paths and radiation
mechanisms that are related to noise on the dc power bus include
power-bus noise conducted throughthe power pins of aconnector
and coupled to aradiating structure on a differentboard, coupling
to an /O line that transitions through the dc power bus, and
direct radiation from the active components themselves. For the
PCBs whose dominant EMI-coupling mechanism comes from
the fringing field of the power bus, the EMI improvement of the
functioning system from the ground plane stitching can be com-
promised due to other coupling mechanisms, which may show
up and become dominant when the original dominant coupling
mechanism is mitigated. The EMI benefit of the ground- plane
stitching can also be compromised for nonuniform stitching
when there is intermittently larger stitch spacing on an edge,
which is sometimes inevitable in practical design. The compro-
e occursforthe polarization associated with thatboard edge.

is related to the location of the larger stitch-spacing segmemfs
with respect to the feeding point, (Case B has smaller EMI
compared to Case C). This is probably because the “larger
opening” is farther away from the feeding point for Case C. It [1]
could also be related to the modal distribution. 2]
The E, polarization results have no significant difference
among all the stitching cases (the results are not shown herein
. . . . 3]
since they are virtually on top of each other), since the radiated
field for E, polarization results from the vertical edges where
a uniform 2-mm stitching is applied for all the stitching cases.
Furthermore, the levelis lower than thg polarization for cases 4
with an intermittent larger stitch spacing, which means that the
E, polarization dominates with the “larger openings” along the
horizontal (20-cm long) edges. 5]

VI. SUMMARY AND CONCLUSIONS

The EMI benefits of ground plane stitching in multilayer 6]
power-bus stacks were studied herein. Experimental work was
conducted to corroborate the validity of the FDTD method for
power-bus modeling. The good agreement between the measurey
ments and FDTD modeling provides confidence in the FDTD
method for developing the power-bus design approach. The EMI
benefits of the ground plane stitching were demonstrated througipg)
the FDTD modeled E-field of a GND-PWR-PWR-GND
four-layer power-bus stack. Different layer thickness and 9
different stitching spacing were considered. A number of sim-
ulations were conducted, and, design curves and an empiricéf!
equation were generated to demonstrate the variation of radiated
EMI as a function of the layer thickness and the stitch spacing.

REFERENCES

C. R. Paul, “System deisgn for EMC,” imtroduction to Electromag-
netic Compatibility New York: Wiley, 1992, ch. 13.

J. P. Simpson, R. R. Goulette, and G. |. Costache, “Radiation from mi-
crostrip transmission lines,” iRroc. IEEE Int. Symp. Electromagnetic
Compatibility, Seattle, WA, 1988, pp. 340-343.

D. M. Hockanson, J. L. Drewniak, T. H. Hubing, T. P. Van Doren, F. Sha,
and M. J. Wilhelm, “Investigation of fundamental EMI source mecha-
nisms driving common-mode radiation from printed circuit boards with
attached cables|EEE Trans. Electromagn. Compgpp. 557-565, Nov.
1996.

D. M. Hockanson, X. Ye, J. L. Drewniak, T. H. Hubing, T. P. Van Doren,
and R. E. DuBroff, “FDTD and experimental investigation of EMI from
stacked-card PCB configuration$EEE Trans. Electromagn. Compat.
submitted for publication.

K. Li, C. F. Lee, S. Y. Poh, R. T. Shin, and J. A. Kong, “Application
of FDTD method to analysis of electromagnetic radiation from VLSI
heatsink configurations,JEEE Trans. Electromagn. Compatol. 35,

pp. 204-214, May 1993.

S. Criel, F. Bonjean, R. De Smedt, J. De Moerloose, L. Martens, F.
Olyslager, and D. De Zutter, “Accurate characterization of some radia-
tive EMC phenomena at chip level, using dedicated EMC-test chips,” in
Proc. IEEE Int. Symp. Electromagnetic Compatibjlifug. 1998, pp.
734-738.

N. J. Ryan, D. A. Stone, and B. Chambers, “Application of the FD-TD
method to modeling the electromagnetic radiation from heatsinks,” in
Proc. 1997 10th Int. Conf. Electromagnetic Compatibjliyarwick,
U.K., 1997, pp. 119-124.

S. Radu and D. Hockanson, “An investigation of PCB radiated emissions
from simultaneous switching noise,” Proc. IEEE Int. Symp. Electro-
magnetic CompatibilitySeattle, WA, Aug. 1999, pp. 893-898.

] R. Senthinathan and J. Pric8imultaneous Switching Noise of CMOS

Devices and SystemsBoston, MA: Kluwer, 1994.

K. Li, M. A. Tassoudji, S. Y. Poh, M. Tsuk, R. T. Shin, and J. A. Kong,
“FDTD analysis of electromagnetic radiation from modules-on-back-
plane configuration,IEEE Trans. Electromagn. Compatol. 37, no.

3, pp. 326—-332, Aug. 1995.



548

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 43, NO. 4, NOVEMBER 2001

[11] X.Ye,J.Nadolny, J. L. Drewniak, T. H. Hubing, T. P. Vandoren, and D. BMin Li was born in China in 1968. She received the B.S. and M.S. degrees in
DuBroff, “EMI associated with inter-board connection for module-onphysics, both with honors, from the Fudan University, Shanghai, China, in 1990
backplane and stacked-card configurations,Pioc. IEEE Int. Symp. and 1993, respectively, and the M.S. and Ph.D. degrees in electrical engineering
Electromagnetic CompatibilitySeattle, WA, Aug. 1999, pp. 797-802. from the University of Missouri-Rolla, in 1996 and 1999, respectively.

[12] C. A. Balanis,Antenna Theory—Analysis and Desi@md ed: Wiley, Since 1995, she has been with the EMC Laboratory, University of Missouri-
1997. Rolla, where her research and education have been supported by a Dean'’s fel-

[13] I. Novak, “Reducing simultaneous switching noise and EMI omowship and assistantship. She is currently with Lucent Technologies, Hopewell,
ground/power planes by dissipative edge terminatidBEE Trans. NJ, Her research interests include numerical and experimental study of electro-
Adv. Packag.vol. 22, pp. 274-283, Aug. 1999. ) ‘magnetic compatibility problems.

[14] G. Haussmann, M. Matthews, and F. Gisin, “Impact on radiated emis-py. | is the winner of the 1998 IEEE EMC Society President Memorial
sions of printed circuit board stitching,” Broc. IEEE Int. Symp. Elec- apa.q.
tromagnetic CompatibilitySeattle, WA, Aug. 1999, pp. 793-796.

[15] M.Kim, “Crosstalk control for microstrip circuits on PCBs at microwave
frequencies,” irProc. IEEE Int. Symp. Electromagnetic Compatibijlity
Aug. 1995, pp. 459-464.

[16] G.E.Ponchak, D.Chun,J. Yook, and L. P. B. Katehi, “Use of metal filled
backages TEEE Trans Adv. Packagyol. 23, pp. 85-09, Feb, 2000, Yong Renwas born in China in 1970. He received the B.S., M.S., and Ph.D.

[17] G.E.Ponchak, D. Chen, J. Yook, and L. P. B. Katehi, “Characterizatidiggrees in electronic engineering from Tsinghua University, Beijing China, in
of plated via hole fences for isolation between stripline circuits in LTCG993, 1998, and 1999, respectively. _ ,

Packages,” irProc. IEEE Int. Microwave Symp1998, pp. 1831-1834. From_Augyst 1998 to Jl_J|y 1999, he studied anq worked in the EMC Labora-

[18] K. S. Yee, “Numerical solution of initial boundary value problems inory, University of Missouri-Rolla. He is currently with Cadence Design System,
volving Maxwell equations in isotropic mediaEEE Trans. Antennas Chelmsford, MA. His research interests include the study of signal integrity and
Propagat, vol. 14, pp. 302—-307, May 1966. electromagnetic interference problems in PCBs and packages.

[19] D. M. Pozar, “Electromagnetic theory,” inMicrowave Engi-
neering New York: Wiley, 1998, ch. 1.

[20] A. Taflove, “The thin wire,” inComputational Electrodynamics: The
Finite-Difference Time-Domain Method Boston, MA: Artech House ,

1995, ch. 10.

[21] M. Piket-May, A. Taflove, and J. Baron, “FDTD modeling of digital Wei Cui (S'97) was born in China in 1968. He re-
signal propagation in 3-D circuits with passive and active loasEE ceived the B.S. degree in electrical engineering from
Trans. Microwave Theory Techvol. 42, pp. 1514-1523, Aug. 1994. Shanghai Jiao Tong University, Shanghai, China, in

[22] J. P. Berenger, “Perfectly matched layer for the absorption of elect 1991, and the M.S. and Ph.D. degrees in elctrical en-
magnetic waves,J. Comput. Physvol. 114, no. 2, pp. 185-200, Oct. gineering from the University of Missouri-Rolla, in
1994 ) . 1998 and 2001, respectively.

[23] M. Li, J. Nueb‘fel, J. L. Drewr_*nak, R. E. DuB_roff_, T. H. Hubing, and T. He is currently with Intel Corporation as a senior
P. Van Doren, EMI from cavity modes of shielding enclosures—FDTL Hardware Design Engineer. His responsibilities in-
modeling and measurementt£EE Trans. Electromagn. Compa¥ol. clude signal integrity analysis and analog inspection
42, pp. 29-38, Feb. 2000. . . of network processors, silicon validation, and elec-

[24] M. Li, S. Radu, J. Nuebel, J. L. Drewniak, T. H. Hubing, and T. P. Va tromagnetic compatibility of network equipment
Doren, “Design of air flow aperture arrays in shielding enclosures,” in '

Proc. IEEE Int. Symp. Electromagnetic CompatibjlDenver, CO, Aug.
1999, pp. 1059-1063.

[25] G. Lei, R. W. Techentin, and B. K. Gilbert, “High-frequency charac-
terization of power/ground-plane structurelEEE Trans. Microwave
Theory Tech.vol. 47, pp. 562-569, May 1999. ) , , , )

[26] T. K. Sarkar and O. Pereira, “Using the matrix pencil method to est James L. Drewniak (S'85-M'90-SM'01) received

mate the parameters of a sum of complex exponenti#&E Trans.
Antennas Propagat. Magvol. 37, pp. 48-54, Feb. 1995.

Xiaoning Ye (S'98-M'01) was born in China in

1973. He received the B.S. and M.S. degrees i
electronics engineering from Tsinghua University,
Beijing, China, in 1995 and 1998, respectively., ang
the Ph.D. degree in electrical engineering from the
University of Missouri—Rolla, in 2000.

of Missouri-Rolla, where his research and educatiotCompaTIBILITY .
have been supported by a Dean’s fellowship and
assistantship. He joined Intel Corporation, Hillsboro,

OR, as a Senior EMI engineer in 2001. His research interests include numerical

and experimental study of electromagnetic compatibility and signal integrity

problems, and microstrip patch antennas.

David M. Hockanson (s’90—M’98) received the B.S., M.S., and Ph.D. degree|
in electrical engineering from the University of Missouri—Rolla (UMR), in
1992, 1994 and 1997, respectively.
He worked in the Electromagnetic Compatibility Laboratory at UMR unde
a National Science Foundation Graduate Fellowship. He joined the staff at & =g
Microsystems, Inc., in 1998, where he is currently a Staff EMC Design E
gineer. His research interests include the numrical and experimental anal
of electromagnetic compatibility problems. Previous work has involved digit
power bus design and shielding enclosure design. Currently, he is working on

the B.S. (highest honors), M.S., and Ph.D. degrees in
electrical engineering, all from the University of Illi-
nois, Urbana-Champaign, in 1985, 1987, and 1991,
respectively.

In 1991, he joined the Electrical Engineering De-
partment at the University of Missouri, Rolla, where
he is a Professor and is affiliated with the Electro-
magnetic Compatibility Laboratory. His research in-
terests include the the development and application
of numerical methods for investigating electromag-

v ) ) netic compatibility problems, packaging effects, and antenna analysis, as well
Since 1997, he has studied and worked in the Eleexs experimental studies in electromagnetic compatibility and antennas.
tromagnetic Compatibility Laboratory, University —He is an Associate Editor of the IEEERRANSACTIONS ONELECTROMAGNETIC

Richard E. DuBroff (S'74-M'77-SM’'84) received
the B.S.E.E. degree from Rensselaer Polytechnic In-
stitute, Troy, NY, in 1970, and the M.S. and Ph.D.
degrees in electrical engineering from the University
of lllinois-Urbana, in 1972 and 1976, respectively.
From 1976 to 1978 he held a postdoctoral posi-
tion in the lonosphere Radio Laboratory and worked
on backscatter inversion of ionospheric electron den-
sity profiles. From 1978 to 1984 he was employed
as a Research Engineer in the geophysics branch of
Philips Petroleum, Bartlesville, OK. Since 1984, he

investigations and equivalent circuit development of noise sources and radiatiais been affiliated with the University of Missouri-Rolla and is currently a Pro-

mechanisms on printed circuit board geometries.

fessor in the Department of Electrical and Computer Engineering.



	EMI Mitigation with Multilayer Power-Bus Stacks and Via Stitching of Reference Planes
	Recommended Citation

	EMI mitigation with multilayer power-bus stacks and via stitching of reference planes

