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Abstract

Power and/or ground splitndslotsfrequently arise in realorld boards to manage the
various constraints placed on the board designer. As a consequence, signal traces can
often be forced to cross these plane spld slotboundaries orouted in close proximity

to them. These trace routes may have a number of undesirable consequences on both
signal integrity and power integrity. In this paper, we will examine the impact oasplit
slottedplanes using both measured and simulated data.
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1 Introduction

Industry trends, such as increased functionality and decreased form factor, are pushing
PCB designs to be smaller and more densely packed. These trends, along with the
differing device voltag and power requirements, lead to splits in the power (and/or
ground) planesSlotsalso arise in ground and power pladeg to ventilation

requirements, for exampl@s a consequence, signal traces can often be forced to cross
these plane spldand slotboundaries or routed in close proximity to them. These trace
routes may have a number of undeseatdnsequences on both signal integrity and
power integrity. From a signal integrity perspective, these traces may have additional
crosstalk to other transmies lines crossing the same spiitslot Even if these traces

are routed as a differential pair, commmoode components can be affected and either
reflected or coupled into treplit of slot, increasing radiated emissions and potentially
creating EMI problems. Power integrity can also be impacted by trace crossings by
providing an additional coupling mechanism betwa&eighboring power domains; this is
manifest as a higher transfer impedance. Such coupling can reduce noise isolation which
is particularly important for noise sensitive circuits (such as ploaged loops) when
coupled to noisy high speed digital ciitsu In this paper, we examine the impact of

traces crossing spliesnd slotson signal integrity and power integrity using both
measurements argimulations.

2 Impact of Split and Slotted Planes on
Signal Propagation

2.1 Simulation Considerations

Ports are usetd excite a structure and measure the responseaanidave a significant
impact on a field solver solution. For many 3D solykmsiped ports and wave ports are
commorty utilized. Lumped ports are often used when the port is locatexhaitto the
probdem boundary Wereas wave ports can typically only be used when the portieon t
boundary of the problem. Due to the wave port formulation, the fields arrive at the port
face in the best possible configuration. Howewsgth lumped ports the fields ar@g@lied
brute forceto the plane faceAs a consequence, there are field components in the vicinity
of lumped por which are not part of the desired mdde. natural field patternq1].

These fields are introduced due to the discontinuity inherenttetportdefinition

itself. Any current flowing perpendicular to the direction of propagation are not part of
the normal quasTEM mode and this energy can couple to other traces, planes or vias
[2], introducing resonances airmtreasingoss.

In this sidy we are faced with an interesting problem when we consider how the port
should be definedf we consider a uniform transmission line, when the line is properly
excited, all the fields on the nearby return planes are expected to be tightly concentrated
around the trace, there is no scattered energy. On the other hand, when a signal crosses a



split plane, the energy on the return path is disrupted at the split location generating
scattered waves in all directions, and particularly back to the souraesda where

planes not properly terminated, we shall show that the scattered energy from the split can
excite the plane cavities, create steep dips in the insertion loss profile and suck the energy
from the trace. When scattered waves back to the sound® §pepresent, proper port
selectionis extremely importantin order for the port to be "transparent” to the scattered
wave they need to have the following properties:

e They need to properly inject energyo the transmission line (we shall see that
depending how the port is defined this is not always the case)

¢ Needs to be as small as possible such that all and every scattered wave gets
minimally affected by the presence of port.

With this in mind we kow that:

e The radiation boundary needs to be pulled back from the plane edge or else the
plane resonancesill be suppressed.

e Using a lumped port, internal to the radiation boundary, would be a good solution
if the fields due to the port discontinuity itlseould be minimized or suppressed.

e Wave ports would be good solutiorsince they dontypically introduce
undesirable modesiowever, theadiation boundaryould need to abut least
two sides of the planghape suppressing place resonances.

In this section we examine seveadternativedor port definition and develop some
techniques for minimizing the discontinuity of the port itself while not suppressing the
natural plane resonances. In particular, we examineaftennativeport configuations

Lumped port defined between the trace and the lower ground plane
Modified lumped port

Wave port which is coplanar with the radiation boundary

Modified wave port which is internal to the problem geometry using a PEC
extension

rpwnpPE

These configurations will be described and analym#dg Ansoft HFSS

Figurel shows the return loss farsimple striplinaisingconfiguration (1) Stitching

ground vias are used to connect the upper and lower groundtplapproximate a

stripline environment in a multilayer boakigure 1 shows thaithough the trace is
nominally 50 ohmsat low frequencieghe port impedance showa increasing return
losswith increasing frequenayue tothe asymmetric port configuration relative to the

two ground planes. E.g., if this were a microstrip configuration, instead of a stripline, the
return loss wouldbe< -20dBto 25 GHzusing thesameumped port configuraiton.
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Figure 1 Return loss for configuratiorl). The port definition is shown in the top left
corner of the figure.

Figure2 shows that even usirgsingletrace striplinestructure we observe several
resonances in the S21 insertion loss profile sEhesonances are entirely due to the port
definition interactingwith the plane boundaries. The plasie baundaries of the structure
allow for different natural modal resonances patterns but it is only when the edatter
energy from the port exists thiie cavityis excited. In fact, as shown Figure2, these
resonances correspond to the natural modal resonances of the cavity, as simulated by
Ansoft Slwave. Standing wave patterns can also be observed on the narrower plane
dimersion by making the plane shape wider.
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Figure 2 Insertion loss for configuration (1). The large dips in the profile correspond to
standing wave patterns due to the plane boundaries.



The deficiencies of configuration (1) canlbegely overcomeby using a modified

lumped port as shown in the cornerFajure3. Configuration (2) is not typical and

deserves explanation. Due to the presence of an upper and lower ground plane, the port
configuration in (1) forces the currents to redistribute to theuground plane,

introducing a discontinuity at the port. Comparingfoguration (1) to a wave port, i.e.,
configuration (3) for exampletheground references muchmore symmetric By

placing a perfect electrical conductor (PEC) between the groanéghnd connecting

the lumped port horizontally between the trace edge and the PEC, configurahias é2)
more symmetriground referenceAdditionally, snce the PEC is orthogonal to both the
trace and the ground planes, parasitic coupling is minimizgdre3 shows that

although the radiation boundary is pulled back from the plane boundary, permitting plane
resonances, the insertion loss prafleesonance fee Moreover, the return loss profile
shows a welmatched port impedance to 25 GHz.
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Figure 3 Insertion loss (left axis) and return loss (right akis)configuration (2. The
port definition is shown in the tajght corner ofthe figure.The port impedance is 50
ohms.

Configuration (3), the conventional wave port, exhibits a low return loss profildareal t
areno issus with ground redistribution effectBat were observedith configuration (1).
However, conventional wave pogdsidelinesrequirethat the port is not internal to the
problem. As such, the radiation boundary must be pudléal becoincident with at lest

two sides of the plane shape. If we wish to obsplaee resonances due to plane splits or
any other discontinuity, these abutting radiation boundaries can suppnresf the
standing wave patternBigure4 shows he insertion loss for configuration (2) and (3),
with and without a plane split on one of the ground plawath no split, we see very

little difference betweenonfigurationg2) and (3) since in both cases the port is well
defined and there are no distimuities. However, as soon as the split is introduced into
the geometry the two configurations behave very differently. In both cases we find that
the split scatters energy, since the current is foatélde split boundarp abruptly



redistribute betwen the two ground planes. In the case of configuration (2) this energy
bouncesaboutand excites the natural modal resonances of the cavity, very sintiter to
response we see kgure?2, although in that configuration titescontinuity was

introduced by the port itselfn the case of configuration (3), we find that although the
energy is scattered by the split, tiaeliation boundary prevents this energy from being
furtherreflected anadtonsequentlyhere are no resonances peakthe insertion loss
profile. Instead, the entire profile has an increased slope due to theage@ergyloss

to the absorbing radiation boundary.
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Figure 4 Insertion loss for configurations (2) and,(@jth and without a plane split in

one of the ground planeshe port definition for configuration (3) is shown in the bottom
right corner of the figure=or simplicity, the radiation boundary was pulled inadirfour
sides of the plane for configuration (3).

Configuration(4) couldprobablybenefit from some explanatigeeeFigure5). A
general requirement of a wapert is that one side of the port is on a{soiving side
(i.e. facing the background of the problem geometrsadiation boundajyThis is
required in order to extend the wave porateemiinfinitely long waveguidevhich is
used to excite the problefy placing a PEC "cap" on one side of the wave port, we
have defined a surface which is rewiving, fulfilling this requirementThis
configuration enabkus to pull the radiation boundary from the plane edge without
forcing us to rely on a lumped port
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Figure 5 Configuration 4 showing the PEC "Capvave port facand offset radiation
boundary. This configuration permits standing wave patterns to be excited even on the
side of the plane where the wave port is defined.

Next we compare configuratiefi2) and (4). One of the benefits of configuration (2) is
small "footprint” of the port; as compared to the wave port dimensions, which can extend
over the entire width of the plane, configuration (2) is much smaller thapytical
wavelengths involved in the problems we are solving. Wave ports need to be a certain
minimum width in order to properly calculate the impedance of the BloTlis

unintentional boundary condition created by the PEC cap and wave port can inedify t
natural resonance patterns of the plane pair cawigyre6 plots the insertion loss of the
single stripline trace using configuration (2) and (4). (Here wesfocu attention on the
location of the first modal resonance but similar results and trends can be observed for
the higher frequency modal resonances). The port width used for configuration (4) was
varied from 10 mils to 100 mils (the full plane width)tee impact of the wave port size
could be examined. Making the port any narrower than 10 mils resulted in inaccuracies in
the calculation of the port impedance. The plot shows that as the port width is made
progressively narrower the modal resonance lonapproaches the simulated results for
configuration (2). This shows that smaller port widths and footprints help to minimize
the impact of the port on simulation resuli@wever, if the port is made too narrow the

port impedance calculation may be icaate.
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Figure 6 Insertion loss for a stripline trace using configuration (2) and (4). The port

width used in configuration (4) was varied.

Additional questions aris@hen we consideroupled tracesSpecifically,now do the port
configurations compare when strong coupling exists between two traces, as in a tightly
coupled differential pair. Taking it a step further, whaplane splitexistsincreasing

the couplilg between thé&race® Figure7 shows that even whdwo traces aréghtly
coupledand running over &0 mil planesplit, port configuratioa(2) and (3) show very
good agreement.
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Figure7 Nearendcrosstalk between two tracesing two different spacings and port
configurationsThe 2.4 mil edge to edge spacing yields a 80 ohm differential impedance.



In this sectionwe have shown that

Port definition has a significaminpacton the simulationesults
Ports can act like a discontinuity scattering energy to the plane boundary
generatingresonancesf t he pl anes arendt properly te
e Planeresonances can be suppressed using an abutting radiation bandary
proper terminationjegardless ofte port type
e Even if the planes are properly terminated, incorrect port definition can increase
the overall loss of the structure
o Thedrawbackof thelumpedportcan be minimized using a modified lumped
port We have shown, that the modified lumped poot,only injects energy into
the trace as good as the wave port, but alsorntbets equally well for differential
pairs, and more importantly that it's very small, (considerably smaller than the
wave port).

2.2 Simulation Results

We have choices to makn our simulation setup before proceedingublizing an

abutting radiation boundary, we can analyze split planes by looking at the impact on

signal propagation, in the absence of plesmnances/Ne can alsexamine the impact

of place resonances signal propagation bgffsettingtheradiation boundarfrom the

plane edgeln order to fully understand the impact of the split on signadiagill

remove the effects of plane boundaries by abutting the radiation boundary against the
plane edgand usanodified lumped ports to minimize the influence of the phstwe

have seen in the previous section, the scattering of energy due to the split can cause plane
resonances. However, these resonances are highly dependent on the particulars of the
split locaton in the board and overgbwer distribution networkRDN) design,

including the stackup, the amount of decoupling, etc. To simplify and generalize the
analysis these resonances willipeored This represenjdor examplethe casavhen

planes are perfectly terminated in the euteristic impedance of the plane painis is

also the case if the planeakectricallylarge and the signal and split avet near the plane

edge One major exception to this is plaslets as opposed to plasglits In this case,

any energy coincidd with the edge of the slotwiiotb e compl et el y absor be
can be reflectednd introduce resonanc&y keeping the slot inside the absorbing

radiation boundarywe will be ableto look at some of the unique characteristics of the

slot.

Thetest structure used fthesesimulationss shown inFigure8. It consisteaf either

two singleended traces or two differential pairs roufadt shown in a stripline

configuration. There are three plane layers and one signal layer in the sfamkupias,

located in each of the corners of the plgreyide connections between the upper and

lower ground planes. The middle plane represents a power plane and is not connected to

the vias.The top and bottom plane layene always solid whereas thedale plandayer

can either be soliglottedor split. Asloti s defined as a split which
width of the plane, i.e., it is an opening in the plane rather thanvehich extends across



the entire widthThe solid plane layersboveand below the slotted or split plalaser
represent the typical situation in a multilayer board where the slot or split does not exist
on all plane layers. Having a slot or split on all ground layers or even on the top most
layer,is not good design prace when signals are transversing the slot or split and
consequently this case is raptecifically covered herén the singleended case we

concern ourselves with crosstalk, insertion and return loss. In the differential pair case we
concern ourselves vintmixed mode crosstalk, mode conversion, mixed mode insertion
loss and return los3he port numbering is also shown Bigure8.

Big

Figure 8 Two singleendedtracesn a stripline configuration. A 20 mil split is shown in

the middle planeUnless otherwise stated, the nominal dimensions are as follows: a plane
length of 500 mils, a plane width of 200 mils, the ptamelane separation is Ifils, the
traces are 3.6 mil wideentered vertically between theper ground layer and power

layer, and routed 20 mils center to center.

Figure9 plots the neaend crosst#l, insertion lossteturn lossand farend crosstalkor a
traces that hava0.1%, 1% and 10% backward crosstediefficient (20, 12 and 6 mil
pitch, respectivelyyvith the middle planeither split or solidThe crosstalk plot shows
thatif the traces ar lightly coupled then the split case will always introduce significantly
more crosstalkHowever, a the traces get motightly coupledthe trace to trace

coupling can dominate the crosstdlke insertion loss plot shows increased loss due to
the split forall cases. As the traces get more tightly coupled the even mode impedance
increases (to about 60 ohms in thase) resulting in thebservedipples in loss profile.
The return loss plot shows that the insertion loss ripple observed in the 10% coupling
case is due to the poor matdie far-end crosstalk plot is low overddr all caseglue to
homogenous mediunithough the split itself does increase the crosstalk due to the
introduction of some inhomogeneity in the fields. Likewise, the tightly couphee,

even with the solid middle plane, increases the ddinabaselinedueto the asymmetry
compared to purstripline.

Figurel0 plots theadditional crosstalk, compared to the solid plane casefuastion of
trace pitch, extracted frofigure9. Figure10shows thathebaselinecrosstalk is
increased in altases,althoughthe split is notassignificant forthe 10% couplingase.
A similar plot can be generated for tsiagleended insertion ks however the jump in
singleended insertion logs fairly independent of trace pitch.
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Figure 9 Moving clockwise from the top lefilot the nearend crosstalkinsertion loss,
return loss and faend crosstallare showras a function of trace pitch with the middle
plane either split or soliddashed arrow lines indicate the plane is split.
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Figure 10 Additional crosstalk due to the split with different backward crosstalk

coefficients extracted fronfigure9.

Figurell fixes the separation between the traces and sweeps the separation of the solid

ground plane at the bottom of the structure from the split grplane(seeFigure8) in
the following steps2.5, 5, 7.5, 10 and 30 hai The solid middle plandatais also shown
for referenceThis plot shows that the separation betweerder ground planand

split can significantlympactboththe crostalk induced by the split and the insertion loss

Althoughthe crosstalk is still significantly highéran a solid middle plana absolute
terms (>-80dB), in practical terms the crosstatiduced by the splitan be eliminated
by using a closely placed solid lower ground



0.00

-10.009
-20.00]

-30.00

S31 [dB]

40.00]
-50.00]
-60.00]

-70.00]

-80.00-

“G=)

0.00

0.207
0.40
-0.60-]
80807
§-100]
-1.20
-1.40-]
-1.60-]

0.10

|

lid |
T
0 10.00
Freq [GHz]

0.00
-10.005
-20.00]
-30.004
-40.00]

S41 [dB]

-50.00
-60.00]
-70.004
-80.00]
-90.00

4

|

A
solid |

-100.00-]
0.10

100.00

-1.80

[

0.00

5.00

15.00 20.00

10,00
Freq [GHz]

1.00 10.00
Freq [GHZ]

100.0(

0.00

5.00

15.00 20.00

10,00
Freq [GHZ]

Figure 11 Moving clockwise from the top lefilot thenearend crosstalk, insertion loss,
return loss and faend crosstallare shown as a function of split to bottom ground
distanceThetrace to trace pitch is fixed at 20 mil (0.1%)gshed arrow lines indicate
the plane is split.

Figurel2 extracts the near end crosstalk and insertion loss valued-fgurel1 at 4
GHz andcompareghem to thdull-plane case (no splitkeveraladditionallower ground
separation points were also simulated to show howntlrease ircrosstalk and insertion
lossflattens out as the plane is further distanced from the i figure shows thata
the lower groind plane gets closer to the split, the crosstalk and insertioleleds
approachthat of a solid planélhe separation distance where the ground plane
significantly loses its effectiveness i21X the slot widthOther split widths were also

simulated(e.g. 10 mil) while sweeping the lower ground plane separation and the trends

and absolute values plottedkigurel2 remained nearly the same.
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lower ground planseparatiorto split width ratio The crosstalk and insertion loss values
were extracted frorfirigurell at 4 GHz and normalized to the crosstalk arseiition

loss value for the case where there is a full plane (no split).
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Figurel3 examines the impact of the width of th@it on the singleended parameters.
The wdth of the split was varied as follows: 5, 10, 20, 40, 60 mil. All tharameters

are impacted by the width of the split although the ldrigesact is on return loss. As
expected, the insertion loss and crosstalk increase as the split width Igmveser,

based on the narrow range in which thesstalk and insertion loss ifected by the split
width, it would be fair to say that the width of the split is not nearly as important as the
presence of the split.
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Figure 13 Moving clockwise from the top lefilot thenearend crosstalk, insertion loss,
far-end crosstalk and return loss are shown as a function of Widktirace to trace pitch
is fixed at 20 mil (0.1%)Dashed arrow lines indicate the plane is split.

Next, we examine the impact of the slot (versus splitjfrensingle ended parameters.

The slot is different than the split in that energy which exists due to the discontinuity of
the plane can be reflected by tnetalsides of the slot, allowing for additional lcesd
resonancesl he lowest possible resonance that can exist between the edges dfighe slo
the halfwave resonanceln the case of the splithere is also the possibility of
resonances due to the impedadiseontinuity since thesplit'scharacteristic impedance

is different than its boundaries (both along thet'sphidth and length). Howevehe
absorbing boundary conditioe$fectively terminatsthe splitdiscontinuity along its

length, suppressinghg resonances.



Figurel4 shows the complex electric field at 13 Gft) and 25 GHZAright) on the

same structure as shownhkigure8 except the plane width was 400 mil as opposed to
200 mil, in order to allow for a lower half wave resonance frequency. The slot is 200 mil
wide which corresponds to a halbve resonance of approximately 13 Ghizthese

plots the trace on the right is the aggressor and the trace on the left is theRigire

16 plots the sigle-ended sparameters for different slot widths. We find that the crosstalk
peaks line up with where the slot is approxieiathe halfwave resonance frequency.
Furthermore,n all cags, thepeakcrosstalkis higherthan the split plane case.
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Figure 15 Complex electric field at 1&Hz (left)and 25 GHZright) on the 400 mil
wide power planevith a 200 miicutout. The definition of slot length and slot width are
defined on the left graph.

To systematically investigate the impact of the slot resonance on the insertion loss and
near end crosstalk number of simulation sweeps were perfornrégurel7 plots the
nearend crosstalk (left) and insertion loss (right) as a function of slot lehigéhslot

length was swept over the following vau898 394, 390, 386, 384, 380, 350, 340, 300,

260, 220, 200, 180, 140, 100, 60, 50, 40, 30, 20, 10, 4 mils. Also shown are the slot

length extremes, namely: slot length is zero (solid plane) and slot length is 400 mils (split
plane).Figurel7 shows that théow frequency conversion oftcrosstalk is quite sensitive

to slot length. Only when the slot is approximately 10 mils does the crosstalk giettre

to resemble the solid plane case. @@ shown orfFigurel7 can be further post
processed and the difference between the slotted case aptittioe solid plane case can
be plotted. These plots are showrrigure18 andFigurel9, respectively. IrFigure 18,

we sedhe slot canncreasecrosstalk and havgreaterloss than the splplane case.

Note that hese trends are not as visible in the crosstalk plot of Figure 19 because the



solid plane case is dominated by the peaks and valleys associated with trace to trace
crosstalk oer a solid plane.

Figure20 shows two curves; the blue curve is the extracted frequency WigeNEXT
peaksn Figurel7 (left). The red curve shows the half wave resonance based on the slot
length.At low frequencies, the half wavelength of the slot is so low in frequency that we
don't see the effect of the slot. In this region, we see the effect of the split more than the
slot oncrosstalk; with the split, the crosstalk peaks and valleys tend to be smoothed out
and, in general, the higher the frequency, the higher the crosstalk. As the slot gets shorter,
we start © see the peak in the NEXT linimgp with the half wavelength of ¢hslot.

Above about 140 mils, the half wavelength is higher in frequerary What we

simulated, so the NEXT maximum is alw&@s GHz. Finally, for the shortest slot

lengths, we return to the solplanelike case, where we observe the peaks and valleys of
the crosstalk and the maximum NEXT occurs at the quesdee peak.
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Figure 16 Moving clockwise from the top lefilot the nearend crosstalk, insertion loss,
return lossand farend crosstallare shown for various slot lengths. The slot width is
fixed at 20 milsThetrace to tace pitch is fixed at 20 mil (0.1%d)ashed arrow lines
indicate the plane is slotted.



