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Estimating the Noise Mitigation Effect of Local
Decoupling in Printed Circuit Boards

Jun Fan Member, IEEEWei Cui, Member, IEEE James L. DrewniakSenior Member, IEEE
Thomas P. Van Doreriellow, IEEE and James L. Knightetsenior Member, IEEE

Abstract—tocal decoupling, i.e., placing decoupling capacitors coupled to 1/O lines that transition through the power planes
suffi_ciently close to device power/ground_pins_in order to decrea_se and result in EMI problems [2], as well as coupled off the
the impedance of power bus at frequencies higher than the series pcp from fringing edge fields. Controlling and mitigating this

resonant frequency, has been studied using a modeling approach, .: ., : : :
a hybrid lumped/distributed circuit model established and an ex- high-frequency dc power bus noise on a multilayer PCB is a

pression to quantify the benefits of power bus noise mitigation due Cftical aspect of digital design to ensure signal integrity and to
to local decoupling developed. In this work, a test board with alocal reduce the risk of EMI problems.
decoupling capacitor was studied and the noise mitigation effect ~ Critical issues for dc power bus design include:

due to the capacitor placed adjacent to an input test port was mea- 1) whether to place the power and ground layers on adjacent

sured. Closed-form expressions for self and mutual inductances of | ¢ dwich iall . : Is b
vias are developed, so that the noise mitigation effect can then be es- planes or to sandwich potentially noisy signals between

timated using the previously developed expression. The difference these layers to obtain some “shielding;”

between the estimates and measurements is approximately 1 dB, 2) whether to locate surface mount technology (SMT) de-
which demonstrates the application of these closed-form expres- coupling capacitors close to the IC devices, or to dis-
sions in the PCB power bus designs. Shared-via decoupling, capac- tribute them more uniformly, or globally on the PCB;

itors sharing vias with device power/ground pins, is also modeled

; 3) what values the SMT decoupling capacitors should have;
as an extreme case of local decoupling.

' o 4) how much total SMT decoupling capacitance is required
Index Terms—Closed-form expressions for via inductances, for a given design.

estimation of power-bus noise reduction due to local decoupling, . .
local decoupling, mutual inductance, printed circuit board layer APProaches that demonstrate the benefits of maintaining closely

stackup, shared-via decoupling. spaced power and ground layers for minimizing power bus noise
have been reported, [3], [4] and are becoming a matter of design
experience and practice. SMT decoupling capacitors are com-
monly used in dc power bus design to mitigate high-frequency
IGH-FREQUENCY noise in printed circuit boardsnoise onthe dc power bus [5], [6]. Using the largest value of de-
(PCBs) results from both simultaneous switching afoupling capacitor in a given package size is becoming a matter
digital logic within the core, as well as simultaneous switchingf engineering design practice as well. Quantitative reasons are
of device I/O, often referred to as simultaneous switchingjven for this herein. By contrast, the critical design issues of
noise (SSN) and SSO [1]. This high-frequency noise on the diere to locate SMT decoupling capacitors and how much total
power bus in PCBs can lead to signal integrity (SI) and eleBMT capacitance is needed, i.e., how many are required for a
tromagnetic interference (EMI) problems. In multilayer PCBspecific design, are unresolved questions. While every organ-
that use entire layers or large area fills for power and grouthtion that designs digital electronics has guidelines for “ac-
planes, Sl and EMI problems are likely to occur at resonancegpted best practices” for these two issues, these guidelines can
of the two-dimensional, parallel plate transmission line. Thery widely. The issue of when locating a decoupling capacitor
parallel plate structure is designed to have a low impedande proximity to an integrated circuit (IC) can be beneficial is
however, a disturbance on the power bus that is initiated Qyantified in this paper with regard to estimating the reduction
a switching device is easily propagated throughout this loef noise on the parallel plate dc power bus.
impedance transmission line. This high-frequency noise canMany studies have focused on modeling the power and
couple to a signal transitioning through the power planes [2Jround metal layers of the PCB in order to determine the
or to the power pins of a victim device and contribute to Jlower bus impedance at a specific location. A straight-forward,
problems. For designs with multiple logic levels and powdiut fast transmission-line grid method suitable for SPICE
areas on different PCB layers, noise resulting from switchingplementation demonstrated the distributed behavior and
components can easily be coupled among different logic levgipact of resonances on a parallel-plane power bus [7]. A
portions of the design. The high-frequency noise can also &enilar analytical approach using a transmission-line model
has also been reported [8]. Full-wave methods have been used

|I. INTRODUCTION

Manuscript received October 31, 2001; revised March 26, 2002. as well FO model the poyver/ground !ayer pair, 'nCIUdmg FEM

J. Fan and J. L. Knighten are with the NCR Corporation, San Diego, c{®], partial element equivalent circuit (PEEC) [10], [11], and
92127 USA. - | b finite difference time domain (FDTD) [12]. In addition, an

W. Cui is with the Intel Corporation, Hillsboro, OR 97124 USA. ; it

J. L. Drewniak and T. P. Van Doren are with the Electromagnetic Compa —naly.tlcal m.emOd based on the cavity-mode theqry developed
bility Laboratory, University of Missouri-Rolla, Rolla, MO 65409 USA. or microstrip patch antenns [13], has been applied for deter-
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dc power bus parallel planes [14], [15]. Printed substrates are TABLE |
easily modeled using FDTD [16], including parallel planes. PARAMETER DESCRIPTION FOR1)

SMT decoupling capacitors can be included as lumpe= : - P . —
circuit elements when extracting a network using the cavii “ B it i Joe Secomiog capneitors 1T povergroundpianes
theory. PEEC modeling that included numerous capacitc -

. . . . L the remaining inductance of the interconnect to the local capacitor package and
incorporated as lumped elements and uniformly distribute its parasitics;
over a mutlilayer PCB agreed well with experimental studie - ) —

. . . .. M the mutual inductance between the two vias associated with the local
[11]. For decoupling capacitors not placed in proximity to i decoupling capacitor and its adjacent IC device;
deVICe’ InCIUdlng the CapaCIt(,)r and Its Inter,‘conneCt to the pOW , the distributed input impedance for the power bus structure excluding the local
bus as a lumped element in the modeling can be effecti 2% decoupling capacitor and the IC device, when the output port is open. The input
However, when a decoupling capacitor is in proximity to th port is where the local capacitor/IC” pair is located.

IC power or ground pins, including it as a lumped element fails

tbo capturehthe ess%ntial physics of the ma%’?e“c ﬁell.d couplipgy, pe peneficial in mitigating high-frequency power bus noise.
etween the IC an SM.T capacitor vias. This coupling res_uE%cal decoupling capacitors can be effective up to the gigahertz
from the magnetic flux linkage of the current on the two via

between the power and ground planes [17]. Full-wave modeliEa%nge. Global decoupling capacitors, which can be effective to
e

. . ; uencies as high as 200 MHz, are restricted by the parasitic
that includes the vias and planes is necessary to adequa . ; .

: 2 infuctances associated with the interconnects and package of
detail the effects that are necessary for quantifying the eff ﬁe capacitors. This work addresses the reduction of noise trans
of an SMT decoupling capacitor located in proximity to a ap C o L

ssion from a noise source switching circuit (IC) to a receptor

IC. Previous studies demonstrated the use of FDTD modeliﬂg_ he PCB bus b iing th ; ¢
for including the dispersive effects of FR-4 (glass/epoxy congo!nt on the power bus by examining the performance o

monly used for PCBs) and the decoupling capacitors with theiM T decoupling capacitors on the PCB. This work does not ad-
interconnect vias [18]. PEEC modeling using a layered mecﬁ'ée&? the rgducuon of the noise source |tsglf (the IC switching
Greens function has also been used that included the los€ifiguit), which can depend on the package inductance of the IC.
FR-4 as well as the decoupling capacitors and via interconnectd Nis noise mitigation effect of local decoupling was modeled
[19]. This work presented curves demonstrating the reductiging a mixed-potential integral equation formulation with cir-
of the transfer impedance on the dc power bus for certain ca§g§ extraction [19]. It was found that, as compared to the cases
when an SMT capacitor was located close to a noise injectigfithout local decoupling, the inclusion of local decoupling de-
port. While all of these studies provided valuable insight intereased thé”Z,, | between two ports on the power bus and this
the essential physics and direction for good modeling of |&:| decrease was approximately frequency-independent from
parallel plane dc power bus, design equations for evaluatit§0 MHz to 2 GHz. A hybrid lumped/distributed circuit model
the effectiveness of an SMT decoupling capacitor located \was established from physics and a closed-form expression was
proximity to an IC were not provided. Design equations fadeveloped to characterize this phenomenon as
evaluating the effectiveness of a decoupling capacitor as a )

function of the spacing between power and ground Iayer5{221|decrease(d|3) = 20" log,, jw(Lz + Ls — M/)
proximity of the SMT capacitor to the IC and the interconnect Jw (L2 + L3) + Z14

inductance to the SMT capacitor are developed in this papery here the parametefs, Ls, M andZ!, are detailed in Table I.
An expression for determining the noise reduction impact

L . ; - Rfote thatL, also includes the power/ground plane inductance.
local decoupling, i.e., a capacitor placed in proximity to an |

device is developed in Section 11 in t f the ratio of porti or a large power/ground plane pair, the inductance due to the
evice IS developed in Section 11 In terms of the ratio of portiog, wrapping the planes is negligible [20]. However, currents

of the SMT capacitor interconnect inductance above the POWE"the planes congest in the vicinity of vias, resulting in extra

ground planes to that between the planes and the mutual co P 9 y ' 9

pling between the SMT capacitor and IC vias. This equatioﬁliane inductance [21]. The inductance is included into the

is frequency independent, i.e., indicating that the local deco(}2 inductance herein, since it results from the vias. As demon-

pling capacitor is effective well beyond its series resonant fr trated in [19], itis typically the case thell}, | < w(L + Ls)
quency. The frequency independent behavior is demonstratf@ PCB dc power bus structure. Therefore, (1) can be approx-
experimentally in Section Ill, as well as comparing modelinfjnated as

with the measurements. Closed-form expressions to evaluate <L2 + L3 — M) @)

1)

the necessary inductances and mutual coupling parameter ard 21| decrease(dB) ~ 20" logyg Lo+ Ls
given in Section IV. The local decoupling behavior is shown
and discussed for three different classes of board geometfgjice that, in (2), the approximaté»; | decrease is indepen-
in Section V and the closed form expressions compared whgnt of frequency, which is consistent with the modeled results
full-wave modeling. Finally, dc power bus design implicationgbserved in [19]. This frequency-independent behavior makes it
are discussed in Section VI. possible to quantify the local decoupling benefits using a simple
|7Z21| decrease value. Design curves have been generated from
modeling to relate the averag#,;| decrease to capacitor/IC
spacing and power/ground layer separation in [19].
Via diameters in typical PCB designs are usually constant
Local decoupling capacitors, i.e., SMT decoupling capaacross the PCB, which means that the self inductances associ-
tors placed adjacent to the power/ground pins of IC devicested with the decoupling capacitor via and its adjacent device

Il. POWER Bus NoOISE REDUCTION DUE TO
LocAL DECOUPLING
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. . . . . . -ig. 2. Test board try (t i .
Fig. 1. Schematic representation of the physics associated with the decoupﬁr‘% est board geometry (top view)

effect and the lumped circuit element parameters for (a) the SMT decoupling

capacitor on the same side of the board and (b) on opposite sides of the board. . . .
P (b) on opp ponents in the power/ground plane pair, then the mutual induc-

tance that is being exploited for the local decoupling effect is be-
power/ground pin via are approximately the same. Therefoteieen the power pins of each component, which penetrate the
the mutual inductance between thebfi, can be approximated ground plane and connect to the lower power plane. The por-
asM =~ kL, wherek is the coupling coefficient, and the mu-tions of the physical layout associated with the lumped circuit
tual inductive coupling between the loop portions outside throdel are also illustrated in Fig. 1.
power/ground pin via is neglected. In this case, (2) can be fur-The modeling approach used to charactefize k, and L

ther simplified as in this work is denotedircuit extraction approach based on a
mixed-potentialintegralequation (CEMPIE) and is a formula-
Lo(1— k) + Ly tion [22]. It is a PEEC method applied to a general multilayer
| Z21| decrease(dB) ~20* log, [—] dielectric medium [23]. In the CEMPIE modeling, Rao-Wilton
Lo+ Lg - .
Glisson (RWG) triangular patches were used to model the planar
. (1-k)+ (ﬁ—j) metallization surfaces [24], rectangular patches were used to
=20"logyo R U I () model the vertical via interconnect and mixed basis functions
+ (L_) at the via/plane junction were used to ensure current continuity

] . ] [22]. In this manner, all aspects of the geometry were consid-
The potential benefits of local decoupling can then be exreq in order to evaluate the constituent factors in (3).
tracted from (3). In particular the relevant factors are the mutual

coupling between the local decoupling capacitor and IC vias and
the ratio of the portion of the interconnect inductance above the
planes, relative to that in the planes. The portion of the induc-A test board was built to verify the results from modeling
tance above the planes represented.pys comprised of both reported in [19]. It was a two layer PCB with the top layer
the portion of the capacitor via above the power/ground plasBown in Fig. 2 and its bottom layer was a solid copper ground.
pair and interconnect trace and the equivalent series inductambe dielectric layer was ordinary FR-4 (Fiberglass/expoy) ma-
(ESL) of the capacitor. In (3), the mutual inductance betweéerial with a dielectric constant of, = 4.5, loss tangent of
the local decoupling capacitor via above the power planes afagh § = 0.02 and a thickness of 44 mils. As shown in Fig. 2,
the IC interconnect above the planes is neglected. While {88 global SMT decoupling capacitors were uniformly placed
can easily be accounted for by splittidg into the two compo- on the board on a 1 in grid. One end of each capacitor was sol-
nents, the mutual inductance between the planes will be doméred to the top layer, while the other end was connected to the
nant. When it is not dominant, the ratiobf/ L, is greater than bottom layer through a via. All via diameters were 20 mil. An
one and little benefit from local decoupling can be achieved. input port, made from semi-rigid coaxial cable and an SMA con-
The mutual coupling physics and the associated lumped Bé&ctor, was located on the board with a spacing from the left and
ement parameters are illustrated schematically in Fig. 1. In thettom edges equal to 2 in. A local SMT decoupling capacitor
development of (3), the mutual coupling between the local deras added to the right of the input port and the spacing between
coupling capacitor and IC vias occurs between the power atie via walls of the input port and the local capacitor was varied
ground plane pair to which the components are attached andfitoen 50 to 500 mil. Five output ports, with the same geometry as
coupling is between the current segments of each componta input port, were placed such that the peak and null locations
that penetrate through the plane and connect to the plane oppidhe low-order board resonances could be avoided. The decou-
site the component [19]. Referring to Fig. 1(a) for example, gling capacitors placed on the board were 0805 package size
both the capacitor and IC are located on the same side of 8T capacitors. One of them was measured using an Agilent
board and the ground layer is the closest layer toward the co#®91A Impedance Analyzer. The measured ESL, equivalent

lll. TESTBOARD GEOMETRY AND RESULTS
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207 TABLE I
CALCULATED AVERAGE |Z5;| DECREASES(IN DECIBALS) VERSUSOUTPUT

10 PORT LOCATION AND IC/CAPACITOR SPACING

0 IC/capacitor
Spacing

50 mils 4.6 4.6 4.5 4.4 44 4.5

Port 1 Port 2 Port 3 Port 4 Port 5 Average

-101—

g \}\ N ' 150 mils 25 27 2.7 24 2.8 2.6
Li/ 20 Gl - 300 mils 1.4 1.7 1.7 12 1.5 15
N f;i \EJ — Global decoupling only 400 mils 12 15 5 09 12 13
— 30 & ~— s =50 mils —
,l e g = 150 mils 500 mils 1.0 15 1.3 0.6 09 1.1
40 44 ~-= 5=300 mils |
f -~ §=400 mils
-50 - 8= 500 mils i
é; ‘ Fig. 3 indicates that adding a local decoupling capacitor de-
-60 creases théZ,; | over a frequency range from approximately

500 1000 1500 2000 2500 3000

Frequency (MHz) 100 MHz to 3 GHz and that as the IC/capacitor spacing de-

creases, th&7, | decreases. Furthermore, i, | decrease is
Fig. 3. MeasuredZ.,| averaged over the five output ports for the test boar@pproximately frequency independent over the entire frequency

shown in Fig. 2. range. The decrease in t}i; | with regard to the baseline case
that only the 39 global decoupling capacitors were present on
20 the board were then calculated and averaged over all frequency
10 _ | points. They are listed in Table Il. The values listed in the last
. h W M'A AN Y column are those averaged over the five different output ports.
W N W
g 10 'w‘l ."{ W Y ’ IV. CLOSED-FORM EXPRESSIONS FORNDUCTANCE
] " ,'/ \. ,'/ ] According to (3), the averageZ,;| decrease due to a local
= y V\ J decoupling capacitor can be estimated, if the values.ofLs,
N 30 ,’l e andk are known. In the test board shown in Fig./2, is ap-
,/ —— CEMPIE modeling proximately the package parasitic inductance of the local SMT
-40 P - -~ Measured results " decoupling capacitor. In other wordsz = 0.5 nH. In order to
50 ,'/ calculateL», andk, two different approaches were developed.
/ |
-60 L 00 1000 1560 2000 3500 3000 A. CEMPIE Modeling Approach
Frequency (MHz) L, is the self inductance associated with the via portion be-

t\fveen the power and ground planes. A general procedure was
H&/eloped to extract lumped circuit elements based on CEMPIE
and a physics-based circuit prototype in [26], where calculation
; . . of yia inductances in dc power bus structures is an example ap-
ESR | 52 ,
series resistance (ESR), and capacitance values were 0.5 pr)]lcatmn of this general procedure [27]. Further, the closed-form

85 n2, and 7.3 nF, respectively. ) . X .

. expression of the self inductance of a via portion between the
TheS-parameters between the input and an output ports "WB6wer and ground planes in a rectangular power bus, as illus-

measured and transformed to a correspondlifig| [25]. An P 9 P g P !

Agilent 8753D Network Analyzer was used in the measur(ter—at?d In Fig. 5,_wa§ derived based on curve-fitting [26]. The
) ) derived expression is

ments. The 12-term calibration procedure was performed using

an open, short and load. Reference planes_ were rotated_from (60893d2 — 973.622d + 1.952) Jod L [ab

the calibration planes to the test port terminals looking intoz,, = In| —4/=

the PCB. ThgZ; | results, which were averaged over the five 4m VAR

output ports, are shown in Fig. 3, where they are compared with X [0.96 +0.033ky + 0.007k3]

Fig. 4. Comparison between the CEMPIE modeling and the measured res
for the test board shown in Fig. 2.

the case with only 39 global decoupling capacitors placed on r 0.0045

the board. The CEMPIE modeling for the case of 39 global de- x (14 < - 0.6) xko*

coupling capacitors plus one local decoupling capacitor located - . )

at s = 50 mils is compared to the measured results in Fig. 4. + <1")8 — 11.3) ( x ) }

In general, the agreement between the measurements and mod- i ab k005

eling is good. The discrepancies are due in large part because || . <0-0045 n 0.6> WLE

of the construction by hand of the board. The capacitors were L ab

mounted by hand soldering and the via connections made with 1.58 0.3\2

wires inserted into drilled holes. Also, only one SMT capacitor + ( ab 113) (¥%°7) } )

component was characterized for ESL, ESR, and capacitance
and these values used for modeling every capacitor. where
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1 T T T T T T T T T

0ol \ o [ Calculated from (7) R
’ : : % Calculated from (5)

046_.,.‘ N . eeeeereaeaananes ,_
05k T

04k i P 4

Magnetic coupling coefficient &

p . "

0 50 100 150 200 250 300 350 400 450 500
Via spacing s (mils)

Fig. 5. Via at an arbitrary location in a rectangular power bus.
Fig. 6. Magnetic coupling coefficierit as a function of the via spacing.
a,b length of the longer or shorter edge of the rectangular

power bus, in meters; _
d separation between the power and ground planes,vithere 0.75 is a factor used to compensate for the edge effects of

meters; the finite power bus. For other shapes of power bus, an equiva-
z,y distance between the centers of the via and the poweft 22, such as the average distance to the board edges, can be
bus, in meters; used in (6) to estimate thk, value. Specifically, for a rectan-
r radius of the via, in meters; gular power bus with length and widthb, an approximated?
ks  dimension ratioky; = a/b; can be
o  permeability of air. 0t b
The coupling coefficient,k, can be extracted from the Rice = 0

full-wave CEMPIE modeled results. Th&Z,;| with and
without a local decoupling capacitor can be determined usingSimilarly, the mutual inductance between two vias can be ap-
the CEMPIE modeling approach and the averigig| decrease proximated as
due to the local capacitor calculated. The coupling coefficient
k can be solved from (3) as A = Fod [ln < R > 0 75}

2T s+r

ko LQ;: L3 [1 _ 10|Z21 |decrease(dB)/20:| ) (5)

2 wheres is the spacing between the two via centers and the two

Then, by determining th&Z,, | decrease as a function of thevias are assumed to have the same radiu$ a pair of two
decoupling capacitor via spacing with respect to the IC viglosely spaced vias is located in the center of a power bus, the
the value ofk can be extracted as a function of this spacingelf inductance of each via is approximately the same, provided

Since the mutual coupling of interest is between the plangRats < R. Then, the coefficient can be obtained as
the CEMPIE modeling used to extraét as a function of

capacitor/IC spacing was for a two layer structure, where u [ln( R ) _ 0_75}

. . s+r
the inductance between the planes was dominant and only a k= .= = . (7
nominal value of ESL for the capacitor was included as the 2 [ln (?) - 0-75]

portion for L. Both (6) and (7) were derived based on the assumption that the

B. Simplified Physical Models vialvia pair is located in the center of the power bus. However,
the change of via inductance in a power bus due to its loca-

hvsi d S e e id >~ —tion has been found to be insignificant in most of the board re-
on physics and some approximations. First, consider a circy bn, except forthe small areas in proximity to board edges [28].

power b_us with a via a_lt its center. The radius of the power bu ferefore, (6) and (7) should be sufficiently accurate for many
R andd is the separation between the power and ground planSEgineering calculations

The radius of the via is. If the power bus is sufficiently large,

Closed-form expressions fdr, andk can be derived based

, were applied for the 69 in two-sided modeling

Cﬁ‘é‘ometry shown in Fig. 2. The results using (5) and (7) are com-
pared in Fig. 6. In general, the two equations give comparable

I, pod ! R\ 075 6 results. As suggested by (%)is not a function of power/ground
2= o0 ™ 9 ©) layer separation and it is not expected to be.

of the via. Then, the self inductance associated with the via
be approximated as
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TABLE 1lI
ESTIMATES VERSUSMEASUREMENTS OF THEAVERAGE | Z51 | DECREASEDUE TO THE LOCAL DECOUPLING CAPACITOR FOR THETEST BOARD SHOWN IN FIG. 2
Via spacing 50 mils 150 mils 300 mils 400 mils 500 mils

Measured average

1Z21| decrease (dB) 45 2.6 L5 13 11
Calculated average

Z211 decrease* (dB) 53 34 23 1.9 1.6
Calculated average

(Z21] decrease** (dB) 59 37 25 20 17

* L2 was calculated from (6);

*% .2 was calculated from (4).

C. Estimation With the Developed Expressions PWRI

PWR2
With the developed closed-form expressionsfigiandk, the  GnD -

averag€dZ»; | decrease due to a local decoupling capacitor wi

estimated for the test board shown in Fig. 2 using (3), whe Port1

L3 = 0.5 nH as discussed before. Tlhg values using (4) and (©,50) (Unit: mm) (80, 50)
(6) were 1.51 and 1.18 nH, respectively. The coupling coefl 43 mm ;
cient k was obtained from (7). The calculated and measur: < PWRI R 41 mm
results are compared in Table Ill. The difference between tl N - PWR2
measured and estimated results is approximately 1 dB for

cases. This difference is due in part to the assumption in (3) tt
Z1; = 0 and partly due to possible measurement errors. Ho

ever, the estimated results are sufficiently accurate for typic P
engineering designs.

[45 mils
145 mils

Port 2

Port 2
®
: (65, 10)
V. DISCUSSION ©00) 0, 0)

In (3)’ Lsis a p_oonn of t.he Sel.f |ndu<_:tance aSSOCIated.Wlt Ig. 7. Test board with two connected power areas on different layers.

the local decoupling capacitor. It is the inductance of the inter-

connects above the power/ground layer to the capacitor packi : : .

plus the package parasitic inductance as illustrated in Fig. 1.

the two-sided test board,3 was the package parasitic induc- S\

‘ - Measurcd e
tance only. However, in practical multilayer PCB desighsg, /: :

will also typically include additional interconnect inductance Y : :

0

The effects of thid; value on local decoupling benefits willbe -5~
discussed further in this section. The limiting case for local de sl ..
coupling is to let the decoupling capacitor share a common \Q :
with the IC power or ground pin. In that case, the via spasiisg

zero and, the maximum mutual inductive coupling is achieve
This will be also discussed in this section. 2o

Z .
= o5k .. 3
—

N
%)

A. Modeling Multiple Layers Using CEMPIE

The previously reported CEMPIE results were all for th :
two-layer boards with one solid ground that was included i -457 0 o0 500 3000 3350
the calculation of Green’s functions in the modeling and or Frequency (MHz)
power/signal layer that was meshed using RWG triangular
patches. The multilayer Green’s functions are general and Gagn 8. Modeled and measuréfh, | for the test geometry shown in Fig. 7.
handle multiple power/signal layers [2]. As an example, a test
board with two connected power areas on different layers wasth SMA connectors. Port 1 was located at (15, 20) mm and
modeled with CEMPIE. The three-layer board had a dimensi®ort 2 at (65, 10) mm from the lower left corner of the board.
of 8 cm x 5 cm, as shown in Fig. 7. The entire bottom layePorts 1 and 2 were connected to the PWR1 and PWR2 power
was used as the ground plane. There was a 4.3xdincm areas, respectively. The center conductors of these ports had
power area (PWR1) on the left top layer; and another powardiameter of 50 mils. Th¢Ss; | between the two ports was
area (PWR2) with a dimension of 4.1 cr5 cm on the right measured with an Agilent 8753D Network Analyzer and mod-
hand portion of the second layer. A via at (40, 25) mm froraled using the CEMPIE approach. The results are compared in

the lower left corner connected the two power areas. Thég. 8. In the CEMPIE modelingSz1| was calculated at 401

layer spacing was 45 mils and the total board thickness wasquency points from 10 MHz to 3 GHz. The total number of
90 mils. The relative dielectric constant of the board materiashknowns was approximately 1400, with a fine discretization
wase, = 4.5. Two test ports were placed on the test boarof the power areas surrounding the connecting via. Dielectric

3000
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Fig. 10. ModeledZ;,| for the test geometry shown in Fig. 9.

Fig.9. Board configuration for determining the inductance associated with the
via interconnects between and above the power/ground plane pair. were placed on the top plane. The 1.2 mni.2 mm pads had

the approximate size for mounting an 0805 SMT capacitor with

a spacing of 0.8 mm. The 0805 SMT capacitor is 79 mil long,
loss was included in the modeling with a loss tangent afg mil wide and 50 mil high. Two vertical vias with a diameter
tané = 0.02. The vertical discontinuities associated with thgf 30 mils were placed in the middle of the pad edges and con-
test ports were also included in the modeling. The first pe@jected the capacitor to the power/ground planes. The spacing
of |5 | at approximately 600 MHz was due to the connectingetween the power and ground planes was 40 mils. As defined
via inductance and the parallel capacitances between the poygfore, the inductance associated with the via portion between
areas and the ground plane. In constructing the test boardh@ power and ground planesiis. The inductance associated
thin wire with a diameter of 20 mils was soldered to both powgyith the rest of the vias above the power/ground plane pair and
areas at the location (40, 25). Any extra solder in the hole at th@ honding pads, i&,. Ls is the sum ofL, and the parasitic
wire connection would decrease the equivalent wire inductanggiuctance of the capacitor package.
in the measurements, but was not accounted for in the CEMPIEr,o L, and L, values were determined by calculating the
modeling. This is evident at the lumped element resonancesnﬁatut impedancéZ;, | of the test structure. To calculate, a
both approximately 600 and 1550 MHz, which are impacted R4 rting post with the same diameter as the via portion between
the via inductance connecting the two power areas. As a resyk power and ground planes shown in Fig. 9, was used to re-
the measuredss, | resonances were shifted to approximately|, e the via portion. The shorting post connected the power and
650 and 1660 MHz. Thgss, | peak at approximately 1.4 GHZ g4 nd planes together and the inputimpedance looking into the
was a resonance related to the board’s short edge dimensjgg, ;¢ nort was modeled. The modeled results are shown as the
At frequencies higher than 1.6 GHz, the test board exhibiteiq curve in Fig. 10. The peak #t = 168.775 MHz was due
distributed characteristics. Overall, the agreement between {J&ne inter-plane capacitance,() and L,. The power/ground
measurements and the modeling is satisfactory, supporting HP&nes were modeled again with the shorting post removed.

CEMPIE modeling of multiple layers. Since the input impedance in this case was approximately the
impedance of the inter-plane capacitance at low frequencies, the
B. Determiningl; C, was determined from the CEMPIE modeling to be 0.78 nF,
which is comparable to 0.74 nF using a simple parallel plate
The parasitic inductance associated with the interconnectscapacitor model. Therl,, was determined fronf; andC,, as
a decoupling capacitor can be determined from the resonant ffe- = 1/[(27f1)2C,] = 1.14 nH. Again, as discussed be-
guency of the PCB [29]. This inductance resonates with tlere, the L, value includes the plane inductance as well. The
inter-plane capacitance of the power/ground plane pair. Sintdesed-form expressions developed in the previous section were
the inter-plane capacitance can be easily measured or cakglgo used to estimate this inductance value and (4) and (6) gave
lated, the inductance value can then be obtained from the ré® results of 1.08 and 0.96 nH, respectively.
onant frequency. The value ofl; was calculated by shorting the bonding pads
A test configuration, shown in Fig. 9, was modeled as an e@n the top plane shown in Fig. 9 using an ideal inductance
ample. The PCB was a three-layer board with a dimension bf = 0.82 nH and modeling the input impedance. Two cases
44 in x 7 in. The relative dielectric constant was = 4.7 were studied with the spacing between the top and middle planes
and the loss tangent wasn 6 = 0.02. The second and bottomto be 10- and 40-mil. The modeled results are shown in Fig. 10
planes were power and ground planes and two mounting paatsl exhibit a resonant frequency f5f = 123.1 MHz and f3 =
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Fig. 11. Test board configuration (top view) for the shared-via decoupling
study. (b)

Fig. 12. Local decoupling study of (a) the capacitor ground via is placed in

102.8 MHz for the 10 and 40 mil cases, respectively. This regdiacent to the port ground via with a spacing @ind (b) the capacitor and the
onant frequency is due to the total inductante ¢ Ly + L) port share a common ground via.
combined withC,. Therefore,L, was determined to be 0.19
and 1.12 nH for the 10- and 40-mil cases, respectively. ThéRain response. The bonding pads had a dimension of 1.2 mm
the correspondind.; values are 1.01 and 1.94 nH. Thekg x 1.2 mmand were separated by 0.8 mm. The vertical vias were
values are used in the next section to compare the estimatel@gpted at the pad edges with a diameter of 30 mils. Five ideal
to rigorous full-wave modeling. voltage probes were placed on the board, as output ports, to

The above approach to extraks, the portion of the inter- monitor the voltages between the power and ground planes.
connect inductance above the plane, using CEMPIE modelingThe signal layer thickness (from the top to the middle plane)
is one possibility. However, for engineering design, a full-waw¥asd; and the power/ground plane spacing wasas shown
simulation to obtainL; to use in (3), the estimate of the noisdn Fig. 12. Several values df andd, were selected to compare
mitigation effects of a local decoupling capacitor is undesirablée effectiveness of local decoupling. In particular, the modeled
In particular since design equations have been developdd fortest configurations were as follows.
and k. An alternative for calculatind.s is to use inductance 1) Board #1 {; = 40 mils, d2 = 40 mils).

equations available for square loops [30]. 2) Board #2 {; = 10 mils, dy = 40 mils).
3) Board #3 {; = 10 mils, dy = 10 mils).
C. Modeling Shared-Via Decoupling For each test configuration, four placements of local decoupling

As a limiting case of local decoupling, shared-via decouplin§ere studied with the CEMPIE approach.
is studied herein as an extension of the work reported in [19]. 1) Only global decoupling capacitors were placed, no local
Also, the modeled geometry is changed from two-layer to three- ~ decoupling.
layer, so that the effects dfs; on local decoupling benefits can  2) Alocal decoupling capacitor was placed at a relatively far
be investigated. Shared-via decoupling refers to the design that location withs = 300 mils.
the decoupling capacitor shares a common via with the IC power3) A local decoupling capacitor was placed close to the input

or ground pin. port with s = 75 mils.
The modeled test board is shown in Fig. 11. The three-layer4) A local decoupling capacitor shared a ground via with the
board had a dimension of 4 it 7 in. The second and bottom input port.

planes were power and ground planes, respectively. The bo@tee global decoupling capacitors were placed on the board for
dielectric material had a dielectric constantepf = 4.7 and all test cases. All capacitors had a value of OfH and an
loss tangent ofan§ = 0.02. There were 27 decoupling ca-ESR of 120 ni2, ESL of 0.82 nH. ThéZ,; | between the input
pacitors uniformly distributed on the board on a 1 in grid foport and five output ports was modeled at 401 frequency points
global decoupling. An input port was placed 1.5 in from the leftom 1 MHz to 3 GHz. The modeled results averaged over the
and bottom edges, simulating an IC ground via. A local decofive output ports are shown in Figs. 13-15 for Boards #1—#3,
pling capacitor was placed close to the input port. As showaspectively.

in Fig. 12, the decoupling capacitor was mounted between twoFor Boards #1 and #2 where a 40-mil thick power/ground
bonding pads on the top plane and connected to the power #kr was used, thgZs, | decreases as the local decoupling ca-
ground planes with vias. In Fig. 12(a), the local capacitor wamacitor was placed closer to the input port, with the case without
located from the input port at a distancespfvhile in Fig. 12(b), the local decoupling capacitor having the highest magnitude.
it shared a common via to the ground plane with the input pothe mutual inductance between the vias of the input port and the
modeling the shared-via decoupling. An ideal current sourdecoupling capacitor was beneficial for extending the effective-
was applied between the two bonding pads of the input port oass of the local decoupling capacitor to higher frequencies far
the top plane, as shown in Fig. 12, to generate a frequency-titgher than its series resonant frequency. When the decoupling
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Fig. 13. ModeledZ.,| averaged over the five output ports for Board #1. ig. 15 odeled 2. | averaged over the five output ports for Board #3

30 . . . . .
vias, small package parasitics, applying multiple vias, etc.)

is required. Boards #1 and #2 studied here demonstrate the
effect of L3. The value ofL3 for Board #1 was 1.94 nH and it
decreased to 1.01 nH for Board #2 since the thickness above
the power/ground plane pair was reduced from 40 mils to
10 miles. TheL, value remained the same for the two boards.

g -10f Therefore, Board #2 achieved a greater avetZge| decrease
% accordingly, as shown in Table IV.
R T o . . Board #3 behaved differently as compared to Boards #1 and
sl A [— globaldecouplingonly | . .|  #2. As shown in Fig. 15, the overdlf,;| changes due to the
- ;j‘s’mlsls : local decoupling, even the shared-via decoupling, are negligible,
A0 R - - - ashared via B though the resonant peaks shift in frequency. Board #3 had a

10 mil thick power/ground plane pair, compared to 40 mil for
v both Boards #1 and #2; therefore, the valuesoandM were
_601 560 1050 e zo:(W Sk 2500 much _smaller, resulti_ng in littl¢Z5, | decrease as suggested in
Frequency (MHZ) (3). It is worthy to point out that the overdl,, | for Board #3
is approximately 10 dB lower than Boards #1 and #2. This is
Fig. 14. ModeledZ.:| averaged over the five output ports for Board #2.  peneficial for power bus noise reduction. The impedance of a
power/ground plane pair is nearly proportional to the thickness
capacitor shared a common ground via with the input port, the4], [18]; therefore, a thin power/ground plane pair always has
mutual inductance was maximized and it is clear from Figs. Eiperior performance for power bus noise, which impacts signal

and 14 that théZ»,| decrease in this case is the largest. Th@tegrity and EMI, as compared to a thick power/ground plane
averageZ»; | decreases for the shared-via case over frequensir [18].

points and output ports were obtained from the CEMPIE mod-
eled results and are listed in Table IV, where they are compared
with the corresponding estimates using (3). In the rough estima-
tion, L, andL3 values were obtained in the previous discussion.
The magnetic coupling coefficiefttwas set to be 0.8 as calcu- The physics and design equations quantifying the benefits
lated from CEMPIE as shown in Fig. 6, as opposed te 1  Of local decoupling detailed in the previous sections, together
from (7). The decrease @fmay be due to the diminished mu-With previous work reported in the literature, allow for a more
tual coupling above the power/ground plane pair that is not z&emplete design methodology of dc power buses in multilayer
counted for in the closed-form expression (7). PCBs. Of particular interest herein are those designs that use
Ls is a limiting factor for local decoupling in (3). Whenentire layers or large area fills for power/ground plane pairs.
its value is considerably greater thdn, which sometimes Specifically, a design approach is
is true for a PCB with many layers or interior power/ground 1) to minimize the plane separation between the
layers, the noise mitigation benefit of local decoupling is power/ground layers so as to maximize the inter-
negligible. In order to achieve any potential local decoupling plane capacitance;
benefit, minimum parasitic inductance above the power/ground?2) to evaluate the power bus noise mitigation benefits as in
plane pair (eliminating traces between bonding pads and (3), which is dominated by the ratio of the portion of the

-50 .. L

VI. DC PowER BuUs DESIGN IMPLICATIONS FOR
MULTILAYER PCBs
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TABLE IV
AVERAGE | Z21| DECREASE FOR THESHARED-VIA DECOUPLING IN THETEST BOARD SHOWN IN FIG. 11

Average |Z,| decrease* from the | Average |Z;| decrease* estimated
CEMPIE modeling (dB) from (3) (dB)
Board #1 39 3.0
Board #2 4.5 4.6

*compared with the baseline case where only global decoupling capacitors were present on the board

decoupling capacitor interconnect inductance above thalls are only on the periphery of the package. The power and
plane to thatin the power/ground plane pair and determigeound planes may be on adjacent layers and so the power bus
if local decoupling can be beneficial and if so to minimizés thin and the ratio of the portion of the inductance above the
the separation between the SMT capacitor and IC; plane to that in the plane for a single capacitor is on the order
3) to use the largest value of SMT capacitor available inaf one or greater, however, for many capacitors placed close to-
given package size; gether, there is the mutual coupling through the magnetic field
4) to attach the SMT capacitor to the power/ground plarsamong all the capacitors and then to the ground/power pins of
pair through minimal interconnect inductance for botthe ASIC that may provide some benefit of local decoupling.
global and local decoupling capacitors. Finally, a critical aspect when striving to achieve some noise
The first, third, and fourth items are becoming accepted prawitigation benefit from local decoupling is that the current on
tice as a matter of experience for many designers of leading edige via segments coupling the capacitor and IC must be cou-
high-speed digital circuits. However, the present work allowsled between the power/ground plane pair as illustrated in the
the potential benefits of local decoupling to be quantified withitwo examples of Fig. 1. This dictates whether the capacitor is
engineering accuracy and is an essential piece of a more cqia&ced in proximity to the power or ground pin of the IC.
plete dc power bus design strategy. The value of the decoupling capacitor for local decoupling
The first design priority for a power bus that uses entire plandses not appear in (3) because it is assumed sufficiently large
is to minimize the spacing between the planes, which also mag that the impedance of the capacitor is small relative to the
imizes the inter-plane capacitance (though this is not the reasmpedance associated with the interconnect inductance, which
for minimizing the spacing). In shorthin is best. By mini- is typically the case in practice. Then, beyond this, using the
mizing the plane pair spacing, the inputimpedance seen lookiaggest value in any given package size is beneficial in providing
into the power bus at the IC terminals is reduced. In fact, tledarge for maintaining signal fidelity and reducing power bus
power bus input impedancs;,, and Z,; are proportional to noise at lower frequencies below the board resonances. For
thickness [14], [18], [28] and minimizing the impedance reglobal decoupling, the effectiveness of the SMT decoupling
duces the noise voltage on the planes. capacitor is dictated by the impedance seen looking into the
The estimate for power bus noise reduction with (3) is donsMT as compared to the power bus at the SMT location. The
inated by the ratio of the inductance above the planes to thajpedance seen looking into the SMT at high frequencies
in the planes for the SMT capacitor interconnect, as well & dominated by the interconnect inductance, because the
the via spacing between the capacitor and IC. For PCBs withpedance associated with the capacitance is very small with
many layers, where the power/ground layer pairs may be segspect to the impedance associated with the interconnect
eral layers into the planes and following the first priority of thirnductance plus ESL. Then, a larger capacitance value in a
is best, there may be no benefit derived from local decouplingarticular package size does not limit any performance and
Two cases in particular where the power/ground layer pair miglgain is beneficial for signal fidelity and lower-frequency
be sufficiently thick to obtain some benefit from local decousower bus noise.
pling is the case of four-layer boards where a thick core is usedFinally, as indicated by (3) and for the reasons indicated in
for the ground and power planes on layers two and three, the previous paragraph, minimizing the interconnect inductance
a six-layer board where each of four signal layers must hasehieves the best performance and in practice is a common habit
controlled impedance signal lines and so the ground and pova@nong most high-speed digital designers.
planes are on layers two and five. In these cases, the power and
ground planes may be sufficiently thick and benefits of local
decoupling can be achieved. There may be other types of spe- VIl. CONCLUSION
cial cases where design constraints limit the ability to maintain ) ) )
a thin power/ground plane pair and power bus noise mitigationA test board was investigated to support the previously re-
from local decoupling achieved because the power/ground pa@ted modeling studies on local decoupling. Closed-form ex-
is thick, e.g., a multilayer board that may have several logRFessions for via inductance and the magnetic coupling coeffi-
levels on different layers, but only a single ground layer. A caséent were developed and used to estimate the averaggde-
where there may also be benefits of local decoupling that is risease due to an added local decoupling capacitor. The approxi-
indicated by (3) is placing many decoupling capacitors in theately 1 dB difference between the estimates and measurements
unused area beneath an application-specific integrated ciralémonstrates the application of these closed-form expressions
(ASIC) (on the opposite side of the board) in which the pins @n practical engineering for power bus design and decoupling.
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The IC/capacitor spacing, as well as the power/ground plango] A. E. Ruehli and A. C. Cangellaris, “Application of the partial ele-

separation, determines whether the capacitor is local or global.
For a fixed IC/capacitor spacing, the thicker the power/ground
plane separation is, the greater {ti®;| decrease that can be [11]
achieved in a frequency band up to several gigahertz. Previous
studies concluded that, for a power/ground plane pair with a
thickness of 30 mils or more, placing a decoupling capacitof12]

closely enough to an IC power/ground pin can effectively re-

duce the power bus noise. However, for a thin power/ground
plane pair with a thickness of 10 mils or less, it is not easy tq13
achieve local decoupling benefits by simply placing the capac-

itor physically close to the device power/ground pin. In this case,, ,

decoupling capacitors are normally global. In other words, it is

not necessary to put capacitors near devices; rather, they can be
placed where space is available on the PCB, though should ]

connected through minimal interconnect inductance.
The shared-via decoupling was studied in this work as a lim-

iting case of local decoupling. It demonstrated the possible max:®!
imum benefits that alocal decoupling capacitor can achieve. The
modeling results again corroborated the previous conclusions.
For a 10-mil thick power/ground plane pair, the noise reduc{l’]
tion exceeded that of the widely spaced planes with good local

decoupling by 10 dB. The shared-via decoupling for the 10-mil

thick plane pair resulted in negligible power bus noise reduction8l
because the impedance seen looking into the planes at the device

terminals was much lower, than that looking into the decoupling

capacitor branch, even with the effects of mutual inductance. [19]
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