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A Theoretical Investigation of the Resonance
Damping Performance of Magnetic

Material Coating in Power/Ground Plane Structures
Lin-Kun Wu, Member, IEEE, and Chih-Hsiung Tseng

Abstract—Power bus structure, consisting of two parallel solid
power and ground planes separated by an insulator, behaves as a
cavity resonator at high frequencies. Noise on the power bus, due
to a sudden change in the current drawn by an active component,
can appear as an undesired spatial fluctuation in the voltage be-
tween power and ground, especially at resonant frequencies of the
resultant cavity, which may lead to problems in signal integrity,
excessive delays, false switching, and radiated emission. These res-
onances can be suppressed by introducing high-frequency loss into
the structure. This paper investigates a simple method to reduce
self-/transfer impedance of power/ground planes for mitigating
power/ground bounce in high-speed printed circuit board design
by adding a thin layer of magnetic material coating to the inside-
facing surfaces of copper power and ground plates to increase their
effective high-frequency surface impedance. The increased surface
impedance will increase the attenuation constant of the propagat-
ing wave inside the cavity that benefits reduction of cavity’s quality
factor (Q factor). The simulation results obtained from a modified
cavity resonator model show that increasing surface impedance
can dramatically reduce self- and transfer impedances at board
resonant frequencies.

Index Terms—Cavity resonator model, ground bounce, magnetic
material coating, self-/transfer impedance, simultaneous switching
noise (SSN), surface impedance.

I. INTRODUCTION

I
N THE so-called simultaneous switching noise (SSN) or

ground bounce problem, any sudden surge of the current

drawn by active devices from power/ground planes at one point

can cause voltage fluctuation at any other point across the entire

printed circuit board (PCB) that is directly proportional to the

transfer impedance between the two. As a closely spaced paral-

lel plane pair forms a high-Q cavity resonator, extremely high

transfer impedance peaks can occur at resonance frequencies.

With the operating frequency exceeding 1 GHz and working

voltages continuing to decrease for reducing power dissipation

in high-speed digital circuits, noise in the power distribution

system has become a major performance-limiting problem.

To avoid SSN or ground bounce, the power distribution sys-

tems are required to have low impedance across a broad band-

width. Some commonly used mitigation techniques for control-
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ling board noise are: 1) added discrete decoupling capacitors be-

tween power and ground planes; 2) enhanced embedded capac-

itance (i.e., the natural capacitance between power and ground

planes) to provide better decoupling [2]–[4]; 3) added dissipa-

tive termination along the board edges to reduce the resonance

peaks [5]; and 4) added additional loss including dielectric,

conduction, component, and/or radiation losses to damp board

resonance [6], [12].

Discrete decoupling capacitors are employed to mitigate SSN

noise in PCB design. Traditionally, equivalent series resistance

(ESR) of decoupling capacitors is chosen to be small for pro-

viding low impedance at high frequency, but the existence of

series inductance will reduce the effectiveness of decoupling ca-

pacitors. Their effective frequency range is limited by intrinsic

inductance of capacitor and extrinsic inductance, including lead

and interconnection (e.g., mounting pads, traces, and vias) in-

ductances. At frequencies above its series resonance frequency,

the increasingly higher inductive reactance defeats the purpose

of low-impedance decoupling. Then, decoupling capacitors with

small ESR will result in higher Q factor and impedance peak at

board resonant frequencies. In addition, use of a large number

of decoupling capacitors consumes the valuable board area and

reduces the reliability of PCB.

Xu and Hubing exploited the concept of enhanced “embed-

ded” capacitance by using a thin dielectric layer between the

solid power and ground planes to effectively increase the influ-

ence of solid planes’ conduction loss on damping board reso-

nances [2]–[4]. If the spacing between the two solid planes is

on the order of conductor’s skin depth, conductor loss becomes

quite effective in reducing resonant impedance peak. For this

to happen, however, the substrate used needs to be extremely

thin. This thin dielectric layer may present difficulty in board

fabrication, for instance, vias through this thin layer may short

the power and ground planes together.

Novak used dissipative edge termination to reduce board

resonances [5]. Dissipative components placed along the edges

of the board are designed to present load impedance matched

to that of the impinging wave such that, ideally, no wave

will be reflected back into the parallel-plate region. Without a

reflection wave, the standing wave cannot be formed, and board

resonance is thus prevented. Therefore, in principle, the board

becomes an infinitely large parallel-plate radial waveguide.

Because the component spacing has to be much smaller than

the shortest wavelength of concern, however, a large number of

dissipative components may be needed, which will limit its use

in practical applications.

0018-9375/$20.00 © 2005 IEEE



732 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 47, NO. 4, NOVEMBER 2005

To avoid transfer impedance peaks appearing at board reso-

nant frequencies, we can introduce additional loss into the board

to reduce its Q factor. This may include increasing dielectric,

conduction, component, and/or radiation losses. Generally, di-

electric loss is kept small to provide good isolation and avoid

leakage current between power and ground planes. The radia-

tion loss from board edges, which behave as slot antennas, is

proportional to the square of spacing between the two planes.

In practice, the spacing is on the order of 10 mils on PCBs;

therefore, radiation loss is minor compared with other losses

and can be neglected.

More recently, decoupling capacitors with purposely in-

creased ESR have also been proposed to suppress board reso-

nances. Zeff and Hubing suggested applying such lossy compo-

nents to reduce the impedance at board resonant frequencies [6].

Resistive components mounted between the power/ground pair

can reduce the resulting cavity’s Q factor and impedance peak

at resonant frequencies. Novak et al. suggested using the dis-

tributed matched bypassing (DMB) method to create a smooth

impedance profile [12]. The DMB is implemented by annular

resistive interstitial element screened-in (ARIES) that is based

on the annular buried resistor (ABR). Printed resistors are in-

serted only at one of the capacitor terminals connecting the

power plane for reducing the number of required components.

The direct physical connection of the printed resistor can also

decrease interconnection inductance.

In a design note, Johnson mentioned the idea of applying a

thin coating of steel to the inside-facing surfaces of a power and

ground plane pair to damp its resonances [7]. In this paper, a

theoretical investigation of the potential performance of such a

concept is reported. Surface impedance is incorporated into the

well-known cavity model in Section II-A to model the effect of

conductor loss. To increase high-frequency conductor loss, the

two metallic layer structure constituted of a thin magnetic ma-

terial coated on one side of the copper plate is then considered

in Section II-B. For a better understanding of the relationship

between the loss factor and impedance peak at resonance, the

Q factor of the cavity, including the effects of dielectric and

conductor losses, is derived Section II-C. Theoretical results ob-

tained for various coating thicknesses and material properties are

used to evaluate the potential resonance damping performance

of the proposed concept. Numerical results and discussions are

presented in Section III, which is followed by conclusions in

Section IV.

II. METHOD OF ANALYSIS

A. Cavity Resonator Model

The rectangular parallel plane pair shown in Fig. 1 consists of

two solid planes of the same size a × b separated by a dielectric

of thickness h. It is assumed that dielectric thickness is much

smaller than a, b and the wavelength (λ) of the highest frequency

of interest. Under this assumption, radiation loss from board

edges can be ignored. Therefore, this structure can be modeled

as a TMz cavity with two electric conductor planes representing

the power and ground and each side of the rectangular board

approximated as a perfect magnetic conductor. The ports i and j

Fig. 1. Geometry of a rectangular power-ground plane pair.

are, respectively, located at (xi , yi) and (xj , yj ) with rectangular

cross section of size dxi × dyi and dxj × dyj , which are much

smaller than the shortest wavelength of interest. The transfer

impedance is given by [1]–[5].

Zij = jωµh
∞

∑

m=0

∞
∑

n=0

χ2
mn

ab
(

k2
xm + k2

yn + γ2
)

× cos (kxm xi)cos (kynyi)

× sinc

(

kxm
dxi

2

)

sinc

(

kyn
dyi

2

)

× cos (kxm xj )cos (kynyj )

× sinc

(

kxm
dxj

2

)

sinc

(

kyn
dyj

2

)

(1a)

kxm =
mπ

a
kyn =

nπ

b

χ2
mn =

{ 1, m = n = 0
2, m = 0 or n = 0
4, m �= 0 n �= 0

(1b)

where m and n are indices of the cavity’s TMz modes. The

complex propagation constant γ of the parallel plane pair with

the imperfect conductor and dielectric can be expressed as

γ = jω
√

µdεd

√

[

1 − j
2Zs

ωµdh

]

· [1 − j tanδ] = α + jβ

(2a)
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R = 1 +
2Xs
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− 2Rs

ωµdh
tanδ (2d)
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ωµdh
+ tanδ +

2Xs

ωµdh
tanδ. (2e)
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In (2), Rs and Xs are, respectively, the real and imaginary parts

of the surface impedance Zs of the conductor, and µd , εd , and

tanδ represent the permeability, permittivity, and loss tangent

of the dielectric, respectively. For numerical calculation, the in-

finite summation must be truncated; in this study, the maximum

m and n used are 1000, respectively, to achieve a 5% maximum

error at all resonant frequencies [2].

Because the imperfect dielectric and conductor introduce

nonzero attenuation constant α, the radial wave is thus attenu-

ated as it propagates away from its source of excitation (i.e., the

transient current flowing along the power/ground vias) and re-

flects back from the board edges. Therefore, coupling between

different board locations is reduced, and the board’s resonant

behavior is suppressed. For a good dielectric and conductor

[i.e., tanδ,Rs/(ωµdh) and Xs/(ωµdh) ≪ 1 and Rs ≈ Xs at

high frequency], R in (2d) approaches 1, whereas X in (2e)

approaches Rs/(ωµdh) + tanδ, which increases as substrate

thickness decreases. As a result, α increases when h decreases;

this concept has been presented in [2]–[4]. Alternatively, (2d)

and (2e) also show that R and X , and therefore α, can be made

larger by simply increasing the surface impedance of the con-

ductor. This concept is explored further here.

B. Surface Impedance of a Copper Plate Coated With

a Thin Magnetic Material

As mentioned previously, we can increase surface impedance

to enhance attenuation constant for suppressing board reso-

nances. To increase surface impedance, the inside-facing sur-

faces of the copper power and ground plates are each coated

with a thin layer of magnetic material. The surface impedance

of the composite two metallic layer structure is derived first.

Fig. 2 shows that an infinite plane conductor with conductivity

σc1, permeability µc1, and thickness d1 is coated over another

conductor of conductivity σc2, permeability µc2, and thickness

d2, which is backed by a FR-4 substrate of infinite thickness.

For a TMz wave between the parallel-plate conductors with a

very large but finite conductivity, the electromagnetic field will

penetrate conductor and incur power loss in the plates [13]. This

necessitates the presence of a nonvanishing axial electric field

at the plate surfaces, and therefore, the penetrating field can be

regarded as a plane wave normally incident onto each conductor

plate. Then, the surface impedance of an imperfect conductor,

which is the ratio of axial electric field to surface current den-

sity accompanying the transverse magnetic field, can also be

treated as the input impedance looking into the conductor plate.

Considering a plane wave normally incident onto the lower side

of conductor 1, the effective surface impedance of the com-

posite structure can be obtained as Zin,1 from the equivalent

transmission line model shown in Fig. 2 in which character-

istic impedances Z0,1 and Z0,2 are the same as the intrinsic

impedance of each of the two conductors (i.e., ηc,1 and ηc,2).

From transmission line theory, conductor 2 can be treated as a

transmission line of length d2, and the input impedance Zin,2

looking into conductor 2 from conductor 1 is expressed as

Zin,2 = Z0,2
ZL + Z0,2tanh(γ2d2)

Z0,2 + ZL tanh (γ2d2)
(3)

Fig. 2. Side view of the two metallic layer structure and its equivalent trans-
mission line model.

where γ2 is the complex propagation constant of the propagating

wave within conductor 2, and load impedance ZL is equal to

the intrinsic impedance ηd of the FR-4 substrate. Repeating this

for the conductor 1 with Zin,2 serves as its load impedance, and

the desired input impedance or the surface impedance of the

composite structure can then be derived as

Zs = Z0,1
Zin,2 + Z0,1tanh(γ1d1)

Z0,1 + Zin,2tanh(γ1d1)
. (4)

For the good conductor considered here, the various character-

istic or intrinsic impedances and complex propagation constants

appearing in (3) and (4) are given by

Z0,i = ηc,i = (1 + j)

√

πfµc,i

σc,i
, i = 1, 2 (5)

γi = (1 + j)
√

πfµc,iσc,i , i = 1, 2. (6)

When the frequency approaches 0- and ∞-Hz, (4) reduces to

Zs =







1
1

η d
+σc ,1d1+σc ,2d2

(δ1 >> d1 and δ2 >> d2) (7a)

(1 + j)
√

πf µc ,1

σc ,1
(δ1 ≪ d1) (7b)

where δi is the skin depth, which is inversely proportional to

the square root of frequency, of the ith (i = 1 or 2) conductor.

In (7a), the surface impedance of the composite structure is

approximated as parallel connections of three resistors (i.e.,

each of the two conductor’s dc sheet resistance and intrinsic

impedance of the FR-4 substrate). At low frequencies, with ηd

being around 180 Ω or FR-4 and the two σcd terms in the order

of 100 s of S, the 1/ηd term in (7a) can be ignored. At high

frequencies when δ1 ≪ d1, surface impedance is completely

governed by conductor 1’s material properties. In between the

two extremes, the behavior of Zs is quite complicated and can

only be predicted by (4).

C. Quality Factor of Parallel-Plate Cavity

From the circuit point of view, increasing loss can lower the

Q factor at resonance. To see how it happens, we follow the

approaches used in [1]–[4] by rewriting (1) as

Zij =

∞
∑

m=0

∞
∑

n=0

NmniNmnj
1

jωLm n
+ jωCmn + 1

Rm n

(8)
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where

Nmni(xi , yi ; dxi , dyi) = χmncos (kxm xi)cos (kynyi)

× sinc

(

kxm
dxi

2

)

sinc

(

kyn
dyi

2

)

Nmnj (xj , yj ; dxj , dyj ) = χmncos (kxm xj )cos (kynyj )

× sinc

(

kxm
dxj

2

)

sinc

(

kyn
dyj

2

)

Cmn =
abεd

(

1 + 2X s

ωµd h − 2R s

ωµd h tanδ
)

h

Lmn =
µdh

ab
(

k2
xm + k2

ym

)

Rmn =
h

abωεd

(

2R s

ωµd h + tanδ + tanδ 2X s

ωµd h

) .

The resonant frequency and the Q factor of each mode are given

by (9) and (10), shown at the bottom of the page.

It appears that Cmn , Rmn , fmn , and Qmn are all functions

of Rs , Xs , tan δ, and h. For the good conductor and dielectric,

the third term inside the parenthesis associated with the Cmn

and Rmn expressions is much smaller than the corresponding

first two terms and can be ignored. Similarly, Rstanδ/ηdh ≪
Xs/ηdh inside the fmn expression. Thus, as Zs increases, Cmn

is increased, Rmn is decreased, and fmn is slightly decreased

from the lossless case. Based on the same reasoning, the third

term of both the numerator and denominator of Qmn can be

ignored to result in the following approximation:

Qmn ≈ 1
2R s

ωm n µd h + tanδ
=

1
1

Q c
+ 1

Qd

(11)

where the Q factors due to conductor loss (Qc) and di-

electric loss (Qd) are given by Qc ≈ ωmnµdh/(2Rs), and

Qd ≈ 1/tanδ.

III. RESULTS AND DISCUSSIONS

As mentioned earlier, an effective solution for mitigating

power/ground bounce is to reduce board impedance. It can be

achieved by adjusting the parameters of the dielectric and the

conductor plate. The effect of substrate thickness is considered

first. Next, the effect of the magnetic material coating on sur-

face impedance is discussed. Finally, the influence of magnetic

material coating on board impedance is analyzed.

A. Effects of Substrate Thickness on Self-/Transfer Impedances

and Q Factor

According to (1), board impedance is proportional to the

spacing between the two solid planes. Therefore, reducing the

spacing can lower board impedance. Fig. 3(a)–(c) illustrates

the self- and transfer impedances and Q factor of a 15.6- by

10.6-cm test board consisting solely of copper power and ground

plates of the same thickness 17.5 µm (i.e., 1/2-oz copper), rela-

tive permeability 1, and conductivity 5.8 × 107 S/m, which are

separated by a FR-4 substrate with relative permittivity 4.4 and

loss tangent 0.019.

Three different substrate thicknesses of 508, 254, and 101.6

µm (i.e., 20, 10, and 4 mils) are considered. Simulation results

clearly demonstrate that the thinnest test board has the lowest

resonance impedance peaks and Q factors. As can be seen from

(11), the thinner the substrate is, the lower the Qc and Qmn are.

In contrast, (8) indicates that thinner substrate produces larger

Cmn , smaller Rmn and Lmn , and, therefore, lower Zij at all

resonant frequencies.

B. Effects of Magnetic Material Coating on Surface Impedance

As discussed in the previous section, increasing surface

impedance can enhance the attenuation constant and decrease

the Q factor of the board. Traditionally, manufacturers of PCB

use copper as the conductor plate due to its lower dc resistance.

However, at high frequency, copper cannot facilitate enough

surface impedance to damp natural resonance of the board. The

surface impedance of copper is compared with several common

magnetic conductors in Fig. 4. The conductivity of copper, iron,

cobalt, and nickel are 5.8, 1, 1, and 1.4 × 107 S/m, and rela-

tive permeability are 1, 4000, 600, and 250, respectively; here,

for simplicity, conductivity and permeability are assumed to be

frequency independent.

The two lower curves of Fig. 4 are for the two copper plates

of thickness 17.5 and 35 µm. They clearly demonstrate the

effects of conductor thickness: 1) A thinner conductor results

in larger impedance at low frequencies, and 2) skin effect takes

off at a higher frequency with a thinner conductor. When skin

effect is fully developed, however, surface impedance depends

on the material’s conductivity and permeability but not on its

thickness. For the four different conductors having the same

copper plate thickness of 17.5 µm, because impedances at low

and high frequencies are, respectively, proportional to 1/σ and

(µ/σ)1/2, Fig. 4 shows that ZS,Fe > ZS,Co > ZS,Ni > ZS,Cu.

In the previous study, the relative permeability of magnetic

material is assumed to be frequency independent. For the

real case, however, it will fall off rapidly and result in lower

fmn =

√

k2
xm + k2

ym +
(

X s

ηd h − R s

ηd h tanδ
)2

−
(

X s

ηd h − R s

ηd h tanδ
)

2π
√

µdεd
(9)

Qmn = ωmnRmnCmn =
1 + 2X s

ωm n µd h − 2R s

ωm n µd h tanδ
2R s

ωm n µd h + tanδ + 2X s

ωm n µd h tanδ
(10)
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Fig. 3. (a) |Zii |, (b) |Zij |, and (c) Qm n of a 15.6× 10.6 cm2 copper power-
ground plane pair with three different substrate thicknesses. Port i is at (3.9 cm,
2.65 cm), and port j is at (11.7 cm, 7.95 cm).

surface impedance as frequency increases. To evaluate the influ-

ence of frequency-dependent permeability on the self-/transfer

impedance of board, an approximate model derived from data

reported in [14] for the frequency-dependent permeability of

nickel shown in Fig. 5 is considered. Consider the case of a

Fig. 4. Surface impedance of copper and several magnetic metals.

Fig. 5. Frequency-dependent relative permeability of nickel.

17.5-µm copper plate coated with a nickel layer of different

thickness: 1, 2, and 4 µm; the simulation results obtained

from (4) for the surface impedance looking from the nickel

side are shown in Fig. 6. As predicted by (7), the resulting

surface impedance is governed by copper’s dc sheet resistance

at low frequencies and by nickel’s surface impedance at high

frequencies. In between, the transition region occurs at a lower

(higher) frequency range for a thicker (thinner) nickel coating.

As can been seen, a close look at (4) reveals that, because ZS,Ni

is much larger than ZS,Cu, the overall ZS can be simplified

as ZS,Cu + ZS,Nitanh(γNidNi), or ZS,Cu + ZS,Ni(γNidNi), at

low frequencies. The transition region starts at a frequency when

the magnitude of the second term is comparable to that of the

first term. Therefore, when the nickel layer thickness increases,

the starting frequency of the transition region is decreased. For

frequencies above 10 MHz, the surface impedance shown in
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Fig. 6. Surface impedance of nickel-coated copper plate with various thickness
of coating.

Fig. 6 increases at a lower rate with increasing frequency due

to the reduced relative permeability of nickel.

C. Effects of Magnetic Material Coating on Self-/Transfer

Impedances and Q Factor

The nickel-coated copper plate whose surface impedance is

larger than a pure copper plane is then evaluated for its per-

formance in reducing the self-/transfer impedances of a parallel

plane pair. Consider a parallel pair of nickel-coated copper plates

of 15.6× 10.6 cm, where thickness is 17.5 µm for copper, 4 µm

for nickel, and 101.6 µm, 254 µm, and 508 µm for different

FR-4 substrate thickness. The simulation results are shown in

Fig. 7.

With Fig. 3, the nickel-coated copper plate has a clear advan-

tage in lowering self-transfer impedances and Q factor when

frequency is higher than the board capacitor’s self-resonant

frequency of about 200 MHz [fSR ≈ 1/2π(LESLC00)
−1/2,

where LESL is the equivalent series inductance of the board]

because nickel coating results in higher surface impedance

and, therefore, a higher attenuation constant. Below the first

cavity-resonant frequency (i.e., f10 ≈ 458 MHz when losses

are ignored), the impedance is mainly contributed by elec-

trostatic capacitance, inductance, and resistance of the board

(i.e., C00, LESL, and R00). In addition, as evidenced by

(9), increased surface impedance also results in a lower

board capacitor’s self-resonant frequency and cavity-resonant

frequencies.

In Fig. 7(a), the self-impedance increases with frequency

as f > fSR. It can be explained by reviewing equivalent

circuit parameters defined in (8). When the operating fre-

quency approaches each fmn , board impedance is mainly con-

tributed by Rmn and inductive reactance of the next higher-

order mode. Therefore, self-impedance is primarily contributed

by the inductive reactance, which increases with increasing

frequency because Rmn is reduced as surface impedance be-

comes larger.

Fig. 7. (a) |Zii |, (b) |Zij |, and (c) Qm n of a 15.6× 10.6 cm2 nickel-coated
copper power/ground plane pair with three different substrate thicknesses. Port
i is at (3.9 cm, 2.65 cm), and port j is at (11.7 cm, 7.95 cm).

IV. CONCLUSION

A cavity model was used to model the coupling behavior

within a parallel plane pair, which behaves like a high Q cavity

resonator. Its high-resonance impedance peaks can result in a se-

rious ground bounce problem in high-speed PCBs. An effective

approach to mitigate this problem is to reduce board impedance.
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In this paper, the concept of using a thin magnetic material

coated over the inside-facing surfaces of conventional copper

power and ground plane pair is investigated theoretically. The

surface impedance model for the composite two-layer structure

is developed and used in the cavity resonator model for the com-

putation of self- and transfer impedances. Example calculations

using 4-µm-thick nickel as the coating material clearly demon-

strate its effectiveness in damping high-frequency resonance

impedance peaks with negligible effect on the board’s dc re-

sistance. The principle behind these is that the use of a thin

magnetic material coating causes only a minimal change to

the structure’s dc resistance (and, therefore, its low-frequency

impedance) but a significant increase to its high-frequency sur-

face impedance. This results in much higher high-frequency

conductor loss and attenuation constant, which in turn results in

much lower resonance impedance peaks and Q factors. The the-

ory developed here is easy to use, applicable for any magnetic

material type and thickness, and layout independent.
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