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Application of the Cavity Model to Lossy
Power-Return Plane Structures in
Printed Circuit Boards
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Abstract—Power-return plane pairs in printed circuit boards FEM, MoM, and PEEC have been applied to model PCBs and
are often modeled as resonant cavities. Cavity models can be used\iCMs with power-return plane pairs successfully. However,
to calculate transfer impedance parameters used to predict levels these models are relatively complex, and they require a signifi-
of power bus noise. Techniques for applying the cavity model to . . .
lossy printed circuit board geometries rely on a low-loss assump- cant amoupt of t'me and expertise to implement prqperly.
tion in their derivations. Boards that have been designed to damp ~ Several investigators have used a resonant cavity model to
power bus resonances (e.g., boards with embedded capacitanceharacterize power-return plane structures [2]-[8]. Compared
generally violate this low-loss assumption. This paper investigates to full wave numerical modeling techniques, the cavity model is
the validity of the cavity model when applied to printed circuit o |5tively simple and computationally efficient. Using the cavity

board structures where the board resonances are significantly del. the t fer | d betw 'Wo locati
damped. Cavity modeling results for sample lossy power-return Model, the transter Impedance between any two locatons on a

plane structures are validated using a three-dimensional full wave POWer-return plane pair is expressed as a double infinite sum
numerical code. A simple method is also established to check thewhere each term corresponds to an eigenmode of the cavity.

validity of the cavity model for a power-return plane structure  Equivalent circuits for the power-return plane structure can then
with imperfect conductors and lossy dielectric substrates. be extracted and utilized in simulations of PCBs and MCMs in-
Index Terms—Cavity theory, conductive loss, dielectric loss, volving power-return plane pairs. A populated printed circuit
embedded capacitance, model validation, power bus impedance,poard can be modeled as a multi-port circuit network where
power bus modeling, power plane, propagation constant, retumn ., mnonents and devices are interconnected by an impedance
plane. matrix representing the power-return plane pair of the board [6],
[7]. The cavity model has also been extended to analyze PCBs
I. INTRODUCTION and MCMs with multiple solid planes in [8].
Previous research has demonstrated that the input and transfer
pedance of a low-loss power-return plane structure can be
proximately determined by the double infinite series expres-
ns as long as the wave number in the expressions is replaced
a complex propagation constant, which incorporates the di-
g tric and conductive losses in the structure [5]—[8]. Okoshi

integrity problems. This noise voltage can also drive the printéj(?r'ved the complex propagation constant by summing the at-

circuit board and any attached cables resulting in radiatg%wat'on constant due to the dielectric loss and the attenua-

electromagnetic interference (EMI). In order to develop a Syg(_)n constant due to the conductive loss in a rectangular parallel

tematic power bus design strategy, the fundamental propert?é%ne structure [3]. Ramo derived the complex propagation con-

of power bus structures commonly used in current high-spe%t&nt by solving for the field distribution in a parallel plate trans-

products need to be explored mission line [9]. Both derivations assumed a low-loss parallel
Multilayer printed circuit boards (PCBs) and multichip modplate structure composed of good conductors and good dielec-

ules (MCMSs) often employ solid power-return plane pairs fotlric materials. Though it is commonly believed that the cavity

power distribution. At low frequencies, the behaviorofapowemOdel should not be used to analyze high-loss sfructures, the

return plane pair can be described by a lumped-element mc;aé?ct prerequisites for the validity of the cavity model have not

[1]. At frequencies where the dimensions of the board are T clearly estabhshed. .

electrically small, it is necessary to use complex distributed Embedded capacitance technology uses uiltra-thin power-re-

models. General full wave numerical methods such as FDTP plane pairs for power distribution [10]. Recent research
as shown that embedded capacitance is a promising alternative

to discrete decoupling capacitors for reducing power bus noise

[11]. In particular, test boards with very thin (e.g.10 um) di-

ITH operational frequencies exceeding 1 GHz and
working voltages continuing to decrease in high-speé'a]
digital products, power bus design and modeling are becomifd
more critical. Transient noise voltage due to sudden sur
of the current drawn by active devices from the power b
can cause excessive delays, false switching, and other si
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capacitance boards. Board resonances in these structures & y4
significantly damped or essentially eliminated either by con-
ductive losses in the planes or by dielectric losses in the sub
strates. A new method is proposed to calculate the comple»
propagation constant that incorporates these dielectric and cor
ductive losses. Using this complex propagation constant, the
cavity model can be adapted to power-return plane structure:
with imperfect dielectric substrates and imperfect conductors.
The modeling results for sample lossy structures are corrobo
rated by a three-dimensional (3-D) full-wave numerical code
[13]. A simple method is proposed to check whether a power-re-
turn plane structure can be accurately modeled as a cavity. Th
validity of the cavity model for power-return plane structures
with typical embedded capacitance materials is examined using
this method.

II. CAvITY MODEL FORPOWER-RETURN PLANE PAIRS
Fig. 1. Geometry of the circular parallel plate structure with directional

When the spacing between the two solid planes is electricalégd.
thin, a rectangular power-return plane pair can be modeled as a

TM.. cavity with two perfect electric conductor (PEC) walls ang e ret..1, § is the loss tangent of the dielectric substrate &nd

four perfect magnetic conductor (PMC) sidewalls. The inpyl y,q siin depth of the plane conductors [3], [5]. This model ac-

and transfer impedance of the power-return plane pair can Qs for the attenuation but neglects any changes to the phase

obtained using a mode-expansion method resulting in constant? caused by the nonideal conductor and dielectric sub-
strate. The overall attenuation factat, is calculated by sum-

Zi; = jwph Z Z Xomn ming the attenuation factor due to the dielectric loss with the
= = ab (k2,, + k2, — k?) attenuation factor due to the conductive loss.
_ yndyi Another method to modify the cavity model is to replace
x c08(kynyi) cos(kem®;)sine <T> the real wave number with a complex propagation constant
b du An expression fory can be obtained using a lumped-element
X sinc ( = ‘) X €08(kyny;) cos(kpm ;) model of a radial transmission line. As illustrated in Fig. 1, the
2 two circular planes with the same radilisare separated by a
% sine (kynd?/i> sine (kzmd$i> (1) thin layer of dielectric substrate with thickness equakidhe
2 2 structure is excited by a current source at its geometric center.

] ) The cross-section of the coaxial current feed is represented by
wherea, b are dimensions of the boarkl,., = mn/a, kyn = an electrically small circle of radius,. When the spacing be-
n /b, k= w\/20Er i Xpun = 1TOrm =n = 0; X7, =2 tween the two planes is electrically small, the only modes that
form = 0orn =0; x5, = 4form # 0,n # 0[3], 5, this structure can support are radial transmission line modes
[14]. In (1), h is the spacing between two plangs;, y;) and  \yith no field variation in theZ or @ directions. For a lossless
(xj, y;) are thg coordinates of the source and the ol:.)servatig.{:ppcu|ar power-return plane pair, only tf&. and Hs compo-
ports, respectively(dz;, dy;) and (dz;, dx;) are the dimen- nenis are nonzero [9]. Due to the unique characteristics of the
sions of these ports. The dimensions of the ports must be smglly components in radial transmission lines, the circular par-
compared to a wavelength at the highest frequency of interegfye| plate structure can be modeled as a transmission line with

Equation (1) assumes that the structure is lossless. Howeygty ynit-length inductance and capacitance that vary with the
power-return plane pairs in real printed circuit boards exhibifstance from the center [15]

losses due to the finite resistance of the copper walls, loss in the

dielectric, radiation loss, losses due to surface waves induced wh

on the outer surface of the copper, and losses due to the power L(r) = oy’

dissipated in the components. Conductive and dielectric losses

are generally more prominent than the radiation loss and thle circular parallel plane structure made of imperfect conduc-

surface wave loss. To calculate the impedance of an unpopuld@@ and an imperfect dielectric substrate is discretized into an

power-return plane pair, the real wave numlgiin (1) has to array of circular rings with the same widthyr. If Ar is elec-

be modified to incorporate the dielectric and conductive losstigally small, each circular ring represents a short piece of the

in the structure. Several investigators have proposed to repls@dial transmission line. Consequently, the circular parallel plate

k with a complex wave number given by structure can be modeled by an array of lumped-element circuits

as shown in Fig. 2. The per-unit-length inductance and capaci-
. tané + (65/h) tance are given in (3). The effect of the imperfect dielectric sub-
K:ﬂ—]a:k(l—j42 )

2mwer

C(r)= o 3)

@ strate is represented by the per-unit-length shunt conductance
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Fig. 2. Lumped-element model for lossy circular parallel plates.

G, that varies with the radiugs; can be expressed in terms ofcation, shape, and dimensions of the feed port. In addition, it is

the loss tangent of the dielectric material as independent of the size and the shape of each conducting plane.
2 In other words, although it was derived using a radial transmis-
Ga(r) = e tan 6. (4) sion line model, the expression can be applied to electrically

. . thin parallel plane structures of arbitrary shapes with arbitrary
The effect of the imperfect conductor is represented by t'%‘icitations.
per-unit-length series impedange, . For typical power-retumn — anqving the same mode-expansion procedure as we did for
plane structures in printed circuit boards, the dc resistangg, |ossless rectangular power-return plane structures while re-
can be safely neglgcted above a couple of megahertz Wrbefgcing the wave number with the complex propagation con-
compared to the skin-effect losses. If both planes are madegply; ‘the input and the transfer impedance of a power-return

good conductors and the thickness of the planes is much greajere nair with imperfect dielectric and imperfect conductors
than a skin depth, the# ., can be expressed in terms of th%an be expressed as

surface impedance of the conductor on the planes as

oo oo 2
Zs Z — 1 h an
Zeulr) = ©) w a2 0 G, + e )
whereZ, is the surface impedance given by 08Iy 1) 008t )Sine ( y . y )
Z, = (1 +j)/06.. (6) P
In (6), o is the conductivity of the planes. The complex prop- X sime ( 2 ) X co8(kyny;) 008 (kirmv)
agation constant can be calculated from the lumped-element . kyndy;\ . Fumda,
circuit model as X sinc | ———= | sin (10)
¥ =V (Zew+ jwL)(Ga + jwC). (7)  To validate the cavity model, the input impedance of a

Substituting the expressions fbr C, Z.., andG,; from (3)~(6) 15.6-cm by 10.6-cm dqublg-sided FR4 board was calculqted
into (7) yields with the wave number given in (2) and the complex propagation

constant given in (8), respectively. The dielectric layer between
J(1 + 5)8, the two solid planes was 30 mils thick with a relative permit-
y=iovan (1= 50 ) - jane. @

A tivity equal to 3.86. The loss tangent of the FR4 dielectric

(according to the manufacturer) was 0.019 around 1 GHz.

If the dielectric substrate is low loss, and the spacing betwegRe board was fed by an SMA connector at location (4.6 cm,
the two planes is much thicker than the skin depth of the cop6 cm). The radius of the center conductor for the SMA
ductor on each plane, (8) can be approximated by the first twennector was 30 mils. The input impedance of this board was

terms of its binomial expansion as measured using an HP4291A impedance analyzer from 1 MHz
tan§ 4 & to 1.8 GHz. The cavity model estimate for the magnitude of
y=a+jiB= kT’L + 5k (1 + 2—> (9) the input impedance using (2) and (8) agreed pretty well with

the measurement as indicated in Fig. 3 [16]. At the cavity
Notice that the attenuation factor given in (9) is identical to thesonance frequencies, the calculated resonant peaks were
attenuation factor in (2). slightly higher than the measurement results. This difference
The expression for the complex propagation constant giveray have been due to the frequency-dependent character of
in (8) depends on the frequency, the spacing between the tilie loss tangent or the PMC boundary assumption in the cavity
planes, and the material parameters. It is independent of therwedel, which neglected the fringing field at the board edges.
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Zin of a 15.6cm by 10.6cm 30-mil FR4 bard board 7.6 cm by 5.1 ¢m, er=4.0, Itan=0.5, con=5.8e7, h=20 mils

20* - |zn] 10 - - - — S
"X measurement result | (Ohm) [0 EMAP5
i N . N i 9+l O EMAP5 1
18 [ cavity, Y given in (8) | — cavty, Y given in (8) |
cavity, k given in (2) | X _cavty, kgivenin (2) |
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Fig. 3. Input impedance of a 30-mil thick 15.6-cm by 10.6-cm double-sidgd- 4. ~Input Impedance of a 20-mil 7.6-cm by 5.1-cm board with lossy
FR4 test board fed by an SMA jack at location (4.6 cm, 2.6 cm): measurem&tlectric substrate.
versus lossy cavity modeling results.

to a square current feed port with each side equal to (443
lll. APPLICATION OF THECAVITY MODEL TO LOSSsY in the cavity model.

POWER-RETURN STRUCTURES The input impedance of a 7.6-cm by 5.1-cm board was calcu-
lated by EMAPS5 and the cavity model with the complex wave
number given in (2) and the complex propagation constant given
in (8), respectively. The dielectric substrate between the two

In the derivation of the complex propagation constant giveibpper planes was 20 mils thick with a relative permittivity
in (8) and the impedance expression for a power-return plaggual to 4.0 and a loss tangent equal to 0.5. In EMAP5, the
pair with imperfect conductors and imperfect dielectric sulspurce was modeled as an 8-mil wide current strip that was par-
strate given in (10), we have made the following assumptiongjiel to the length of the board and centered at (2.8 cm, 2.6 cm).

1) The substrate between two planes is electrically thin sothe cavity model, the feed port was modeled as a square cen-

there is no field variation in the vertical direction withintered at the same location with each side equal to 3.545 mils.
the dielectric region. The calculated input impedance results are plotted in Fig. 4.

2) The two planes are made of good conductors so that thae to the high dielectric loss tangent of the substrate, the board

conduction current is much greater than the displacemersonances were essentially eliminated as indicated by all three

A. Power-Return Plane Structures with Lossy Dielectric
Materials

current within the conductor regions. curves in Fig. 4. The cavity model results agree nicely with the
3) Each plane is much thicker than the skin depth of tHeMAPS5 results up to 3 GHz. This demonstrates that the cavity
conductor. model is valid for this power-return plane pair despite the very

The resulting expression for the complex propagation consta@gsy dielectric substrate.
given in (8) is identical to the expression given by Ramo in [9]. . )
However, the derivation of (8) in Section Il does not put specifie- Ultra-Thin Power-Return Plane Structures in Embedded
limitations on the loss-tangent of the dielectric. Capacitance Boards

To check the validity of the cavity model for power-return Besides the dielectric loss, the losses in the conductors on
plane pairs with lossy dielectric substrates, a 3-D hybrigbth planes can also significantly damp or even eliminate res-
FEM/MoM numerical code, EMAPS5, is used to corroboratenances in a power-return plane pair. For example, embedded
the input impedance calculated by expression (10). The detaiéppacitance boards generally employ ultra-thin power-return
of the formulation and a description of EMAP5 can be foungdlane pairs to greatly enhance the board capacitance. It was
in [17]. In EMAPS5, the source is generally modeled as a fldbund that the conductive loss in the planes is normally the
current strip. While in the cavity model, it is more convenierdominant loss mechanism in these ultra-thin power-return
to treat the current source as a rectangular feed port. Foplane structures. In fact, when the spacing between the two
rectangular microstrip patch structure, an electrically smailanes is on the order of a skin depth in the plane conductor,
current strip of widthw can be replaced by a cylindrical currentonductive losses alone can significantly damp or essentially
source of radius equal to one-fourth®f[18]. Furthermore, it eliminate board resonances [16].
is suggested that for a rectangular power-return plane structureAs shown in Section I, the finite conductivity of the con-
a coaxial feed can be represented by a square port whdsetor on the planes affects both the real and the imaginary
effective cross section is equal to the area of the circular fepdrt of the complex propagation constant. By using the complex
port [19]. According to these relations, the current strip sourgeopagation constant given in (8) instead of the approximation
of width w centered atz;, y;) used in EMAPS is equivalent givenin (9), the impedance expression resulting from the cavity
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Fig. 5. Field pattern inside the dielectric substrate of a power-return plane p
with imperfect conductors.

N
oo

model does not require the spacing between the planes to
much thicker than the skin depth of the plane conductors.

The 3-D full wave numerical code EMAP5 was used to val =
idate the cavity model for ultra-thin power-return plane struc
tures. The hypothetical board used for this study was 1.52-c o, grosronresnarea H
by 1.02-cm with two graphite planes. It was necessary to r
duce the size of the board and exaggerate the loss in the planes
in order to apply the full-wave model. These two planes Weggy. 6. EMAPS mesh around the current strip source of the 8-mil 1.52-cm by
separated by an 8-mil layer of embedded capacitance matetig-cm board made from graphite and embedded capacitance material.
with a relative permittivity equal to 21.5 and a loss tangent equal
to 0.04. With a conductivity of.0 x 10* S/m for the graphite
planes, the 8-mil spacing was less than six skin-depths at 3 Gl 10 152 om by 1.02 cm, er=21.5, ltan=0.04, con=7.0e4, h=8 mils
The presence of the imperfect conductor planes created a [ ‘ ‘ ’ ‘ i
nite tangential electric fieldEr, corresponding to the current 120l
flowing along the conductor. Consequently, the overall electronm
field at the boundary between the conductor and the dielect
substrate was no longer perpendicular to the conducting plai
asillustrated in Fig. 5. In order to model this variation of the tar 6
gential electric field in the vertical direction, the dielectric sub
strate was divided into 3 layers and meshed into 20 600 tetral
drons in the EMAPS solution. The power and the return plan ‘ | | 3
were discretized into 3732 triangular patches. The source w 3l \b o S
modeled as a 0.5-mil wide current strip parallel to the length 5 ‘
the board and centered at (0.56 cm, 0.52 cm). Fig. 6 illustral

[ === cavity, k given in (2) | S W ]
— camity, Y givenin (8) | : : :

| o EMAP5

©

TP

the mesh employed around the current strip used in EMAP5. 1‘ Ny
the cavity model, the feed port was modeled as a square c 0! i i i i ‘ S S
tered at the same location with each side equal to 0.2215 m o 05 1 15 2 25 3 35 4 45 5

Fig. 7 plots the input impedance calculated by EMAP5 as we Frequency (fiz) x 10°

as by the original cavity model with the complex wave number
given in (2) and the Iossy cavity model with the complex propﬁg- 7_. Input Impedance of an 8-mil 1.52—_cm by 1.02-cm board made from
. . : raphite and embedded capacitance material.

agation constant given in (8). In all three curves, board reso:
nances are significantly damped due to the conductive losses
in both planes. Compared with the 3-D full wave modeling ref00 MHz, 2 GHz, and 4 GHz corresponding to the nulls of
sults, the curve generated by the cavity model with the corive calculated input impedance shown in Fig. 7. Even at these
plex wave number given in (2) was inaccurate near resonaricegjuencies, the magnitudes of the tangential electric field are
frequencies. The cavity modeling results using the propagatitsivial compared to the magnitudes of the normal electric field.
constant given in (8) were in close agreement with the EMARS the boundary between the power plane and the dielectric sub-
results. strate, the overall electric field was still nearly perpendicular to

Using the data from EMAPS5, the ratio of the tangential to thine plane. The field pattern only deviates slightly from the ideal
normal electric field at the boundary between the power plafield pattern supported by a structure made of perfect conducting
and the dielectric substrate was calculated for the 8-mil bogutines. As a result, this board can still be safely approximated
with graphite planes. Fig. 8 plots the magnitudeiaf/ Ey as  as a TM. cavity, and good agreement between the impedance
a function of frequency at one end of the current strip locatedelculated by the cavity model and the full wave modeling code
(0.5594 cm, 0.52 cm). The ratio reaches its maximum aroustould be expected.
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IE/Enl . 5* 1.52cm by 1.02cm, h=8 mils, er=21.5, Itan=0.04, con=7.0e4, by EMAP5 TABLE |
e A EMBEDDED CAPACITANCE MATERIALS EVALUATED IN THE STUDY
Material | Thickness €, tan 8
EC#1 2.1 mils 3.88 0.021
EC#2 4.0 mils 364 0.013
EC#3 1.4 mils 11.8 0.01
EC#4 0.2 mils 21.1 0.081

Atthe boundary between the power plane and the dielectric sub-
strate, the boundary conditions require that the tangential field

ol P i i ; ‘ i i } components be continuous across the boundary
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Fequency (Hz ) x 10° Hre = Hrp, Erc =Erp = Er. (14)

Fig. 8. Ratio of the tangential to the normal electric field around the curre8o the ratio of the tangential to the normal electric field at the

source for an 8-mil 1.52-cm by 1.02-cm board made from graphite apgh\nqary between the power plane and the dielectric substrate,
embedded capacitance material.
p, can be found as

E Jweqgss
p= ET = . (15)
C. Validity of the Cavity Model for Lossy Power-Return Plane ND K
Structures Substituting (8) and (14) into (15) yields
For cavity resonators with imperfect conductors and lossy _ Zs (16)
dielectric materials, the ratio of the tangential to the normal P= nay/1 — 0L
d - h

electric field at any point is a complex function of the loca-
tion due to the boundary conditions imposed at the sidewalghere
To evaluate the impact of the finite conductivity on the field
pattern, it is convenient to view a power-return plane pair as a Na = \/ H i
closed section of a parallel plate waveguide. For a parallel plate goér (1 — j tan 6)

waveguide, the ratio of the tangential to the normal electric fie|d he intrinsic impedance of the lossy dielectric material.
at the boundary between the power plane and the dielectric SUbAccording to (16), no matter how lossy the dielectric sub-

strate (denoted gsin following discussion) can be calculatedyyate is , is zero for a parallel plate waveguide made with per-
from a rigorous field solution in the structure. This ratio Cafy.t conductors. When the planes are not perfect condugtors
be used as an indication of how far the field pattern deviatgs, fnction of the surface impedance of the conductor, the in-
from the TEM mode supported by a parallel plate waveguidgsic impedance of the dielectric substrate, and the ratio of the

with perfect conducting planes. It can also be used to determg}%‘cing between the planes to the skin-depth of the conductor.
whether a power-return plane pair constructed by enclosingg, poards wheré. )
s

section of the waveguide with PMC sidewalls can be modeled

as a TM cavity. PR L[N (7)
Assuming each plane of a parallel plate waveguide is a good L , . .

conductor and the plane is much thicker than the skin degeguation (17) indicates that the magnitudepas proportional

of the conductor, the tangential electric and magnetic field lé)(the s_urface impedance in these relatively wide structures. For

the surface of the conducting planes is related by the surfati§a-thin power-return plane structures wheére o,

impedance of the conductor as p o \/h/6s. (18)

Erc = Z,Hrc. (11) The magnitude op actually decreases with decreasing plane
S _ . spacing. In general, for two power-return plane structures made
At any point inside the dielectric substrate, the normal electri the same conductor and dielectric substrate, the field pattern

field and the tangential magnetic field are related by in the thinner board has a smaller deviation from the rigorous
~ TEM mode than the field pattern in the thicker board.
Enp = e Hrp (12)  The ratio of the tangential to the normal electric field

was calculated for parallel plane structures employing four
wheree, is the complex permittivity of the dielectric materialcommercially available embedded capacitance materials.

given by These materials are listed in Table I. The relative permittivity
and the loss tangent values were measured by the National

eq = €oer (1 — jtand). (13) Institute of Standards and Technology (NIST) around 1 GHz
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Fig.9. Magnitude of the tangential to the normal electric field ratio for parallel[10]
plane structures with embedded capacitance materials.

(11]

[12]. Assuming the power and the ground planes are madg,
of copper and the effective conductivity is approximately
3.0 x 107 ohms/m, the magnitude qf was calculated for
each embedded capacitance structure as well as for a 20-rhiP
spacing power-return plane pair with FR4 material £ 3.92, [14]
tan § = 0.021 around 1 GHz). The results are plotted in Fig. 9.
For all four types of embedded capacitance materials, the ratiS]
of the tangential to the normal electric field at the boundarylG]
between the power plane and the dielectric substrate is We[ll

below 1073 up to 5 GHz.
[17]

IV. CONCLUSION (18]
A simple cavity model was used to characterize power-returpyg
plane structures where the board resonances are significantly
damped or essentially eliminated due to dielectric losses or con-
ductive losses. For power-return plane structures with imperfect
conductor and imperfect dielectric substrates, the impedance
expression must be modified by replacing the real-valued wave
number with a complex propagation constant that incorporates
the dielectric and conductive losses. The complex propagation
constant for a parallel plate structure can be derived from the
lumped-element circuit of a radial transmission line witho
specific limitations on the thickness and the loss tangent of t
dielectric substrate. With this complex propagation consta
the cavity model can be applied to the lossy power-retu
plane structures that are found in boards employing embedc
capacitance. |
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