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Abstract—In this paper, we investigate the power
integrity of grid structures for power and ground
distribution on printed circuit board (PCB). We
propose the 2D transmission line method (TLM)-
based model for

efficient frequency-dependent

impedance characterization and PCB-package-
integrated circuit (IC) co-simulation. The model
includes an equivalent circuit model of fringing
capacitance and probing ports. The accuracy of the
proposed grid model is verified with test structure
and 3D (EM)

simulations. If the grid structures replace the plane

measurements electromagnetic
structures in PCBs, they should provide effective
shielding of the electromagnetic interference in
mobile systems. An analytical model to predict the
shielding effectiveness (SE) of the grid structures is
proposed and verified with EM simulations.

Index Terms—Power delivery network, impedance,
segmentation method, PCB, fringe -capacitance,

decoupling capacitor, shielding effectiveness

I. INTRODUCTION

In modern digital systems, mobile systems, and high-
(SOP),
switching noise (SSN) becomes a limiting factor for

density system on packages simultaneous
proper operation of the systems as the clock operating

frequency increases. SSN occurs when the signal going
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through the via suffers return current interruption caused
by change of the reference plane. To reduce the amount
of unwanted SSN, the impedance of the power delivery
network (PDN) has to be kept low over a wide range of
frequencies [1, 2].

In the PCBs of digital systems, plane structures are
often used for power distribution. Plane structures
provide a stable power supply over a wide area,
minimize impedance, and reduce SSN [3]. The analysis
of a plane structure can be performed using
electromagnetic (EM) simulators based on the method of
moments (MOM), the finite element method (FEM), and
the finite difference time domain method (FDTD). The
3D full-wave EM method usually requires a lot of
computation time and a large memory resource [4, 5].
Consequently, to reduce the time and memory of
simulation, a two-dimensional transmission line method
(TLM)-based circuit model was proposed [6, 7]. The
TLM-based equivalent circuit model for rectangular
plane structures, which can be operated by SPICE,
consists of a unit cell composed of RLC elements,
transmission line elements, or W-elements [8]. The
advantage of the TLM-based circuit model for PCB
power distribution is seen, when the PCB model can be
included in designing and simulating integrated circuits.
Cavity resonator method is an analytical modeling
technique to characterize the impedance matrix at port
locations on a rectangular parallel-plane pair structure [9,
10]. For arbitrary shaped parallel-plane structure, an
integral-equation equivalent circuit method is proposed
[11]. As the structures of the power delivery network
become more complex, the concept of the segmentation
method can be used [12]. Another approach to analyze a

multi-layer PCB is to decompose the chip-package
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hierarchical PDN into several structures, calculate the
impedance of the decomposed structures independently,
and merge the results to get the impedance of the entire
structure [13, 14].

As the complexity of the interconnections in the PCB
design increases, it is likely that the grid structures can be
used in the PCBs. This type of structure is often used for
on-chip power and ground distribution. In the grid
structures, a via can pass through the area without metal,
hence making possible complicated signal routing. The
resonance frequency can be optimized by controlling the
metal portion of the grid structure. In this study, we
investigate the power integrity of the grid structure using
2D TLM with the unit cell. The grid model for the PCBs
needs to take into account a fringing electric field that
occurs at the edges and the effect of the probing port. We
verify the proposed modeling method with measurement
of the test grid structures on the PCB and 3D EM
simulations. The 2D TLM-based equivalent circuit model
enables co-simulation of a PCB-package-integrated circuit.

This paper is organized as follows. Section II describes
the modeling of the grid test structures. Section III gives
the simulated and measured Z-parameter results to
validate the
optimization of the impedance of the grid structure based

proposed model and presents the
on the proposed model. Section IV discusses the SE for
the grid structures. In Section V, the conclusion of this
paper is presented.

II. EQUIVALENT CIRCUIT MODEL FOR THE
GRID STRCUTURE ON A PCB

1. 2D TLM-Based Equivalent Circuit Model

Fig. 1(a) shows the traditional power and ground plane
structure used in PCBs, and Fig. 1(b) shows the grid
structure consisting of two layers, one for power
distribution and the other for ground distribution, which
has been modeled and analyzed in this work. As the
signal routings in PCBs become more complicated, the
grid structure, which is commonly used in ICs, will allow
more space for routing. However, the impedance
property and shielding effectiveness may not be as good
as those in the plane. The probing ports are defined at the
center (port 1) and at the edge (port 2) for S-parameter
measurement. The dielectric material of this PCB is FR-4,

(b)

Fig. 1. The plane and grid structures on a PCB (a) Plane
structure, (b) grid structure.

which has a relative permittivity of 4.4 and a dielectric
loss tangent ( tan(0) ) of 0.02.

The 2D TLM-based equivalent circuit model is used
for power integrity analysis of the plane structure
because a circuit simulator like SPICE can be used to
analyze the impedance of the network. To develop a 2D
TLM-based equivalent circuit model, the power and
ground plane structure can be divided into unit cells as
shown in Fig. 2(a). The number of unit cells for a given
plane structure can be determined by the following
relation (1) [15].

N>14.14dJLC [, (1)

where N is the minimum number of unit cells in the x or
y direction needed to meet the accuracy requirements at a
specified frequency f', d represents the size of the plane
in the x or y direction, and L and C are the inductance
and capacitance per unit area, respectively. Once N is
determined by the width of the unit cell, W, can be
determined by

w=d/N. )

The equivalent circuit model for the unit cell based on
the lumped circuit elements is shown in Fig. 2(b) [3, 6].
Based on the width of a unit cell (W), separation
between planes (d ), dielectric constant (€ ), loss tangent
of the dielectric (tan(d)), metal thickness (?), metal
conductivity (o,), permittivity of free space (&,),
permeability of free space (4,), relative permittivity of
the dielectric (€,), and frequency (f), the equivalent

circuits values, C, G, R, and L of the unit cell can be
computed as in (3) [6].
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Fig. 2. Equivalent circuit of a plane structure using the 2D
transmission line method (a) Plane structure, (b) unit cell, (c)
equivalent circuit.
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Two fitting parameters, K. and K, are empirically

determined by comparing the Z-parameters obtained
from vector network analyzer (VNA) measurements of
the plane structure fabricated on PCB and 2D TLM based
equivalent circuit model simulation. The fitted values of
K. and K, are found to be 1.5 and 0.5, respectively,

for the plane structure. The grid structure shown in Fig.
1(b) can be analyzed by dividing the structure into unit
cells and using K. and K, obtained from the plane

structure to determine L and C for the equivalent circuit
model. However, due to the difference of fringing effects,
three types of unit cells will be defined and an equivalent
circuit model will be proposed in the next section.

2. Unit Cells Model for the Grid Structure Considering
Fringe Capacitance

We decompose the grid structure into unit cells to
capture the 2D transmission line property. Depending on
the location within the grid, there is an additional
fringing capacitance, so we define three types of unit
cells as shown in Fig. 3. Unit cell 0 is located within the
grid structure, so it has only parallel plate capacitance. In

(b)

Unit cell 0 Unit cell 1 Unit cell 2

(©)

Fig. 3. Three types of unit cells (a) Location of the unit cells
model in the grid structure, (b) location of the unit cells shown
with the equivalent circuit model of the grid structure, (c) unit
cell models shown with fringe capacitance.

unit cell 1, one side is located at the metal edge, so there
is fringing capacitance term on that edge. In unit cell 2,
two sides are located at the edge, so the equivalent circuit
model includes two fringing capacitances.

The fringe capacitance and the parallel plate
capacitance based on the geometry parameters shown in

Fig. 4 can be obtained from the following Eq. (4) [16].
_stw _d+w
weogrte[ ‘”’J ln(l+f;j+e( 3d J

fringe — stw T
t7ze(7d“J + (s + w) In [1 + 3;) + e(idw ]
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Fig. 4. The definition of the parameter for the fringe
capacitance on the grid structures.
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Fig. 5. The significance of the fringing capacitor versus
parallel plate capacitor (a) Cross sectional view of the PCB
grid with different metal widths, (b) the percentage of the
fringing capacitor versus parallel plate capacitor as the metal
width is swept.

2
w

Cparallelﬁp/ale = gogr 7 (4)
The parameter W is the width of the grid metal line,
is the
is the

S is the distance between metal lines, d
separation between the metal lines, and ¢
thickness of the line.

Fig. 5 shows the percentage of the fringing capacitor
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Fig. 6. The equivalent circuit model of the three types of unit
cells for modeling a grid structure (a) Unit cell 0, (b) unit cell
1, (¢) unit cell 2.

versus the parallel plate capacitor in the grid structure as
the metal width changes. The final unit cell model of
three types of unit cells defined in Fig. 3 are shown in
Fig. 6.

The equivalent circuit model for the plane and grid
structures on a PCB are constructed by connecting unit
cells in the SPICE simulator as shown in Fig. 7. Agilent’s
Advanced Design System (ADS) is used to characterize
the impedance characteristics. The number of unit cells
was 40 in each x and y direction, guaranteeing 2D TLM
model accuracy up to 15 GHz according to Eq. (1).

3. Equivalent Circuit Model for the Probing Ports

In order to match the simulation results with the
measurement results, the equivalent circuit model is
developed for the probing ports. The details of the
structure of the center probing port, port 1, and the edge
probing port, port 2, are shown in Fig. 8(a) and (b). The
equivalent circuit model is based on 7 model as shown
in Fig. 8(c) [15]. The total capacitance, C,,,, between
Vdd and Gnd are divided in half and connected at two
ends, and the R,,, and L,,, are lumped to the Vdd.

The model values derived for the center port structure,
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Fig. 7. Equivalent circuit model for (a) the plane structure, (b)
the grid structure.

port 1, are showed in Eq. (5) based on the analytical
equations proposed in [17, 18] for rectangular ports and
cylindrical via structures.

Ry =t L[ (L ) R A
i ob> o2rh \r—t) \b 2zr o,

c

bt
Cportl = gogr ;
Lportl :&h(h’l (Z—hj—lJ (5)
2z r
Gporll = 2”‘f‘("p(ml tan(é‘)

The values of lumped elements for the edge probing
port, port 2, are derived and shown in Eq. (6).
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Fig. 8. The probing port at the center (port 1) and at the edge
(port 2) (a) Structure of the center port (port 1), (b) structure of
the edge port (port 2), (c) equivalent circuit model of the ports.
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II1. POWER INTEGRITY OF THE GRID
STRUCTURE ON A PCB

1. Proposed Model Validation

To verify the proposed grid structure modeling based
on 2D TLM, 3D EM simulation is performed using High
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Frequency Structure Analysis (HFSS) from Ansys Inc, as
shown in Fig. 9. A test PCB structure was created, and S-
parameters were measured using the vector network
analyzer (VNA) E5071B from Agilent with a microprobe
and probe station, as shown in Fig. 10. Simulation and
measurement were conducted for a frequency range of 10
MHz to 3 GHz.

To analyze the power integrity, we convert the S-

Fig. 10. Experimental setup using a two-port VNA with micro
tips (a) E7071B Agilent vector network analyzer, (b)
measurement of the grid structures on a PCB, (c) measurement
of the plane structures on a PCB.

parameters to Z-parameters using the following
relationship (7) with a Z, of 50 ohm [19]:
_ (1+S11)(1_S22)+S12S21 (7)

nee (I—S“)(l—Szz)—Slem ’

where Z,;; represents the actual power distribution
network impedance that is observed by the circuit when
it is connected to port 1 [20].

Fig. 11(a) shows the PDN (Z11)
comparison between the 2D TLM-based equivalent

impedance

circuit model and the VNA measurement results at port 1
for the plane structure. The comparison results using 3D
EM simulation and the 2D TLM simulation methods, as
well as measurement using VNA with micro tips, are
well matched. Fig. 11(b) shows the PDN impedance
(Z11) comparison between the 2D TLM-based equivalent
circuit model and 3D EM simulation results at port 1 for
the grid structure. By adding fringing capacitance and the
port model to the plane, the 2D-TLM based results

——3D-EM Simulation(plane)
----- Measurement Result(plane)
—=-2D-TLM Simulation(plane)

PDN self impedance Z11(ohm)
)

7 8

Frequency(Hz)
(a)
10*
— 2D-TLM(grid)
----- 2D-TLM with port model and fringe effect(grid)
10° © 3D-EM(grid) i

PDN self impedance Z11(ohm)

10" - -
7 70°

Frequency(Hz)
(b)

Fig. 11. Self impedance, Z11, comparison between simulation
and measurement (a) Plane structure, (b) grid structure.
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become closer to the 3D EM simulation results.

Three types of grid structures were designed based on
the portion of metal (POM) as shown in Fig. 12(a). The
grid structure is defined as the ratio of area filling to
copper-metal of the PCB structures. The structure of the
PCB POM36 consists of 36% copper metals and 64%
FR4 (or air space) materials, as shown in Fig. 12(b). The
Z,, values of the three different sizes of grid structure are
simulated by 3D EM simulation, and the results are
shown in Fig. 12(c). Fig. 13 shows the equivalent circuit
analysis of impedance versus frequency including grid
and port models to explain the changes in resonance and
anti-resonance frequencies for difference POMs. Since
the port models are the same for different POM

Portion of Metal (POM)
on PCB Grid =
( Pa*Pb — Ba*Bp )
(Pa*Pb)

(2)

36% 51%

ol
Frequency(Hz)

Anti-resonance

PN self impedance Z11(ohm)

PDN self impedance Z11(ohm)
3 5

—3D-EM POM36
""" 3D-EM POM51
i ==-3D-EM POM64
107 - 5
107 10° 10°
Frequency(Hz)
()

Fig. 12. The comparison results for the PDN self-impedance
Z11 of the grid structures with different sizes (a) The definition
of POM for the grid structure on the PCB, (b) grid structure
with a different POM, (c) Z11 simulation results for the three
different grid sizes.

Equivalent circuit

1 CutHCou

_ b g port
27\ (Lg:)C,

PDN self impedance Z11(ohm)
=

()

PIL I N L L
1

278\ Lo (Coria+ Cponr) LgiaL pori(C pore)
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Frequency(Hz)

Fig. 13. Analysis of impedances in grid structure including the
port model.

structures, differences in resonance frequency, f,, are
dominated by the change in Cg,,-d- For larger POM

structures, Cg,l-d is larger, so the resonance frequency

becomes smaller as in Fig. 12(c). The anti-resonance

frequency, f,, is proportional to 1/27, /Lgn.dem

because C,,, is larger than C,,,. Since C,,, is the
same for difference POM structures, f, is determined
by the L, . For a larger POM structure, the loop size

that determines the inductance becomes smaller, so Lg,,-d

becomes smaller. As a result, in Fig. 12(c), the anti-
resonance frequency is higher for larger POM structures.

2. Grid Structure Impedance Optimization

In order to design the PCB of a mobile system using
the grid structure for power distribution, we need to
consider these impedance characteristics. Often, the
power network impedance is optimized by inserting
decoupling capacitors [20]. Fig. 14 shows the impedance
comparison of plane and grid structures using 2D-TLM
model. The return current can be larger in grid structure
than that of the plane structure resulting in larger
inductance. The difference of the total capacitance is less
dominant, because there is less area capacitance in grid
structure there is additional capacitance from fringing
capacitance. As a result, the resonance frequency is
smaller for grid structure than that of the plane structure.
So for the grid structure, the frequency range where the
impedance is inductive is larger than that of the plane
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Fig. 14. The impedance optimization result of the grid

structures by adding decoupling capacitor using 2D-TLM
simulation.
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Fig. 15. Insertion loss comparison (S21) between the plane and
grid structure using 2D-TLM simulation.

structure. Fig. 14 shows the impedance optimization of
the grid structures using the 2D TLM model with a
decoupling capacitor, which is added at port 1. By adding
a 500 pF decoupling capacitor with 0.1 nH equivalent
series inductance (ESL) to the grid structure, the
frequency-dependent Z-parameter can be controlled to be
less than or similar to that of the plane for the overall
frequency range. Using the 2D TLM-based equivalent
circuit model for the grid structure developed in this
research, the power impedance change due to addition of
the decoupling capacitor can be easily tested using a
circuit simulator. The impedance characteristics are
optimal if the ESL and ESR is minimized, which is
achieved at the expense of additional cost.

Fig. 15 shows the insertion loss (S,;) between port 1
and port 2 of the plane and grid structures. The insertion
loss shows how the simultaneous switching noise

propagates and affects other ICs that are connected to the
PCB [20]. Up to 8 GHz, the difference is minor; however,
at a higher frequency range, the grid structure shows
better noise rejection than the plane structure.

IV. SHIELDING EFFECTIVENSS OF THE GRID
STRUCTURE

If the grid structures replace the plane structures in
PCBs, they should provide effective shielding of the
electromagnetic interference in mobile systems. In this
section, we investigate how effective the grid structures
are in providing EMI shield, and develop an analytical
model to predict the shielding effectiveness.

The shielding effectiveness (SE) of a barrier is defined
as the ratio of the incident wave to the transmitted wave,
and is used to measure the effectiveness of shielding
against EMI. The shielding effectiveness of the barrier
for electric field is defined, in decibels, as:

SE =-20log

L 8
il ®

t

where E; and E, are the incident and transmitted electric
fields, respectively [21]. The plane-wave shielding
effectiveness is usually measured using a coaxial test
fixture, however, the results are sensitive to the amount
of air-gap between the sample and the coaxial line, and
the contact resistances. As a result, transverse EM (TEM)
cell based measurement or simulation method is used [22,
23]. To measure plane-wave shielding effectiveness of
the proposed grid using 3D EM simulator, the transverse
EM (TEM) cell as shown in Fig. 16(a) is designed. The
TEM cell consists of a section of rectangular coaxial
transmission line tapered down at each end to match 50
ohm transmission line. The incident plane wave is
injected at port-1 and the transmitted wave through the
grid is measured at port-2.

For a single slot with a dimension equal to or less than
a half wavelength, the SE in decibels is equal to (9)

SE =20 log(%) =20 1og(§) —20log(f), (9
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Fig. 16. The simulation setup to measure the shielding
effectiveness of the grid structure (a) The TEM cell enclosure
model [22], (b) the slot size definition of the grid structure on a
PCB.

where A is the wavelength, / is the dimension of the slot,
and c is the speed of light in a vacuum [21]. The grid
structure proposed in this work consists of multiple slots
as shown in Fig. 16(b).

We compare the SE with several cases of different
aperture sizes, as shown in Fig. 16(b). The grid PCB
consists of 16 unit block cells. The length of each unit
block cell is same. Different / values of 0.508, 0.445,
0.381 and 0.201 cm correspond to POMs of 36, 51, 64
and 90, respectively. 3D EM simulation was performed
for the TEM cell setup in Fig. 16(a) over the frequency
range of 10 MHz to 1 GHz. The EM simulation results in
Fig. 16 show that the SE is inversely proportional to the
grid size, in other words, effectiveness of EM shielding is
higher for grid structures with higher percentage of metal
area.

Based on the 3D EM simulation results and the basic
model of SE of Eq. (9), an analytical Eq. (10) is proposed
to predict the SE of the grid structure for different slot
and grid sizes.

21
—— Grid POM36 EM Simulation
200 -~ Grid POM51 EM Simulation 7
— —Grid POM64 EM Simulation
190 - - ~-Grid POM90 EM Simulation 4
O Grid POM86 Proposed SE Equation
—_ . % Qrid POMS1 Proposed SE Equation
0 180 ~ o £ Grid POM64 Proposed SE Equation | 7]
S Tea O Grid POM90 Proposed SE Equation
uﬂ) 170 :
g
2 160
D |
£ s T —
":, A
§ I~

£ 140
= — .
2 ~o- s
= L O
S 190 o

1201

110

101 " ey

g 10°

10
Frequency(Hz)

Fig. 17. The shielding effectiveness of the proposed grid
structure for different POMs. Comparison of the results from
3D EM simulation and the proposed analytical equation.

SE,, = 20(1{ +log (%j ~0.91log( f)J ~2010g(2N?),

K =1.9exp(~246.61°7). (10)

where K represents the offset values from multiple
apertures using EM simulation at the low frequency, / is
the grid size in cm, N is the number of grid cells on a
PCB, and ¢ is the speed of light in a vacuum. The
comparison of the results from 3D EM simulation and
the proposed analytical equation is shown in Fig. 17.

V. CONCLUSIONS

In this paper, we propose a 2D TLM-based equivalent
circuit model for the power integrity analysis of grid
structures on a PCB. The grid structure is divided into
three types of unit cells considering the fringe
capacitance. To further improve the accuracy of the
model, the effect of the probing ports is also included in
the model. The proposed model for the grid structures
has been verified by measurement and 3D EM simulation.
In order to predict the EMI shielding effectiveness of the
grid structure, we propose an analytical model based on
3D EM simulation with the TEM cell enclosure model.
Using the proposed model, we can optimize power
integrity of the PCB-Package-IC system, including the
decoupling capacitor insertion for various structures in

mobile systems.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.12, NO.3, SEPTEMBER, 2012 329

The author wishes to thank the research groups of Prof.
Wansoo

ACKNOWLEDGMENTS

Nah and Prof. Byungsung Kim at

Sungkyunkwan University. This research was supported

by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by
the Ministry of Education, Science and Technology
(2012-0006847). The CAD tools were supported by
IDEC.

(2]

(4]

(6]

(7]

REFERENCES

I. Novak, “Reducing simultaneous switching noise
and EMI on ground/power planes by dissipative
edge termination,” in Proc. 7th Topical Meeting
Elect. Perform. Electron. Packag., pp. 181-184,
Oct. 1998.

J. Park , H. Kim , Y. Jeong , J. Kim , J. Pak , D.
Kam and J. Kim., “Modeling and measurement of
simultaneous switching noise coupling through
signal via transition,” IEEE Trans. Adv. Packag.,
vol. 29, p. 548 , 2006.

K. Lee and A. Barber, “Modeling and analysis of
multichip module power supply planes,” IEEE
Trans. Comp., Packag., Manufact. Technol. B, vol.
18, pp. 628-639, 1995.

Seong-Geun Park, JiSeong Kim, Jong-Gwan Yook,
Han-Kyu Park, “Multilayer Power Delivery Network
Design for High-speed Microprocessor system,”
The 53rd Elect. Comp. and Technol. Conf., New
Orleans, Louisiana, USA, May 2003.

T. K. Wang, S .T. Chen, C. W. Tsai, S. M. Wu, J. J.
Drewniak, and T. L. Wu, “Modeling noise coupling
between package and PCB power/ground planes
with an efficient 2D-FDTD/lumped element
method,” IEEE Trans. Adv. Packag., vol. 30, no. 4,
pp. 864-871, Nov. 2007.

Joong-Ho Kim and Madhavan Swaminathan,
“Modeling of irregular shaped power distribution
planes using transmission matrix method,” IEEE
Trans. Adv. Packag., vol. 24, no. 3, pp. 334-346,
August 2001.

C. Wang et al., “An efficient approach for power
delivery network design with closed-form expressions
for parasitic interconnect inductances,” /EEE Trans.
Adv. Packag., vol. 29, no. 2, pp. 320-334, May

(8]

(9]

[10]

[11]

[13]

[15]

[16]

[17]

2006.

L. Smith, T. Roy, and R. Anderson, “Power plane
Spice models for frequency and time domains,” in
Proc. 9th Topical Meeting Elect. Perform. Electron.
Packag., pp. 51-54, Oct. 2000.

G. T. Lei, R. W. Techentin, and B. K. Gilbert,
“High-frequency characterization of power/ground-
plane structures,” IEEE Trans. Microwave Theory
Tech., vol. 47, pp. 562 - 569, 1999.

Z. L. Wang, O. Wada, Y. Toyota, and R. Koga,
“Convergence acceleration and accuracy improve-
ment in power bus impedance calculation with a
fast algorithm using cavity modes,” IEEE Trans.
Electromagn. Compat., vol. 47, no. 1, pp. 2-9, 2005.
G.P.Zou,E.P. Li, X. C. Wei, G. X. Lou and X.
Cui “A new hybrid field-circuit approach to model
the power-ground planes with narrow slot,” IEEE
Trans. Electromagn. Compat., vol. 52, no. 2, pp.
340-345, 2010.

G. Selli et al., “Power integrity investigation of
BGA footprints by means of the segmentation
method,” in Proc. 2005 Int. Symp. Electromagn.
Compat., pp. 655-659.

L. Zhang, B. Archambeault, S. Conner, J. L.
Knighten, J. Fan, N. W. Smith, R. Alexander, R. E.
DuBroff, and J. L. Drewniak, “A circuit approach
to model narrow slot structures in a power bus,” in
Proc. IEEE Int. Symp. Electromagn. Compal., vol.
2, pp. 401-406, 2004.

Jaemin Kim, Woojin Lee, Yujeong Shim, Jongjoo
Shim, Kiyeong Kim, Jun So Pak and Joungho Kim,
“Chip package hierarchical power distribution
network modeling and analysis based on a
segmentation method,” /IEEE Trans. Adv. Packag.,
vol. 33, no. 3, pp. 647-658, Aug. 2010.

T. Dhane and D. D. Zutter, “Selection of lumped
element models for coupled lossy transmission
lines,” IEEE Trans. Computer-Aided Design, vol.
11, pp. 959-967, 1992.

Aditya Bansal, Bipul C. Paul and Kaushik Roy,
“An analytical fringe capacitance model for
interconnects using conformal mapping,” [EEE
Trans. Computer-Aided Design, vol. 25, no. 12,
Dec. 2006.

H. W. Johnson and M. Graham, High-Speed
Digital Design — A Hand Book of Black Magic,
Englewood cliffs, NJ.: Prentice Hall, 1993, pp.



330 SANGKEUN KWAK et al : POWER INTEGRITY AND SHIELDING EFFECTIVENESS MODELING OF GRID STRUCTURED ...

257-258.

[18] Paul, C. R., Inductance: Loop and Partial,
Hoboken, NJ : John Wiley & Sons, 2010, pp. 316-
319.

[19] David M. Pozar, Microwave Engineering 3rd
edition, Hoboken, N.J.: Willey, 2005, pp. 183-189.

[20] M. Swaminanathan et al., Power integrity Modeling
and Design for Semiconductors and Systems,
Boston, MA: Prentice Hall, 2007.

[21] H. Ott, Noise Reduction Techniques in Electronic
Systems 2" Edition, John Wiley and Sons, pp. 188—
190.

[22] A. Kaynak, A. Polat, and U. Yilmazer, “Plane-
wave shielding effectiveness studies on conducting
polypyrrole,” Mater. Res. Bull., 1996, vol. 31 (10),
pp. 1195-1206.

[23] M. L. Crawford, J. L. Workman, and C. L. Thomas,
“Expanding the bandwidth of TEM cells for EMC
measurements,” IEEE Trans. Electromag. Compat.,
vol. 20, pp. 368-375, 1978.

SangKeun Kwak received a B.S.
degree in FElectronic Engineering
from Soong-Sil University, Seoul,
Korea in 1992 and an M.S. degree in
Electronic and Electrical Engineering
from Sungkyunkwan University,
in 2004. He is

currently pursuing a Ph.D. degree in the Department of

Suwon, Korea,
Semiconductor Systems Engineering from Sungkyunkwan
University, Suwon, Korea. In 1994, he joined Samsung
Electronics, where he has been working in the area of
memory testing. His interests include SI/PI/EMI, high-

speed interface circuits and noise-sensing circuits.

YoungSic Jo received a B.S. degrees
in  Electronic and  Electrical
Engineering from Sungkyunkwan
University, Suwon, Korea in 2010.
He is currently pursuing an M.S.
degree in Electronic and Electrical
Engineering from SungKyunKwan
University, Korea. His interests include SI/PI/EMS and

on-chip inductance modeling.

JeongMin Jo received a B.S.
degrees from the Department of
Semiconductor Systems Engineering
Sungkyunkwan University, Korea in
2011. She is currently pursuing the
M.S. degree in the Department of

Semiconductor Systems Engineering

from Sungkyunkwan University, Korea. Her interests
include SI/PI, TSV modeling, and on-chip inductance
modeling.

SoYoung Kim (S’97-M’04) received
a B.S. degree in Electrical Engi-
neering from Seoul National Uni-
versity, Seoul, Korea in 1997 and
M.S. and Ph.D. degrees in Electrical
Engineering from Stanford Univer-
sity, Stanford, CA in 1999 and 2004,
respectively. From 2004 to 2008, she was with Intel
Corporation, Santa Clara, CA, where she worked on
parasitic extraction and simulation of on-chip inter-
connects. From 2008 to 2009, she was with Cadence
Design Systems, San Jose, CA, where she worked on
developing IC power analysis tools. She is currently an
Assistant Professor with the Department of Semicon-
ductor Systems Engineering, Sungkyunkwan University,
Suwon, Korea. Her research interests include inter-
connect modeling, signal integrity, power integrity and
electromagnetic interference in electronic systems.



