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Abstract 

GHz electromagnetic interference (EMI) characteristics are analyzed for a 3dimensional (3D) stacked chip power 
distribution network (PDN) with through silicon via (TSV) connections. The EMI problem is mostly raised by P/G 
(power/ground) noise due to high switching current magnitudes and high PDN impedances. The 3D stacked chip PDN 
is decomposed into P/G TSVs and vertically stacked capacitive chip PDNs. The TSV inductances combine with the 
chip PDN capacitances produce resonances and increase the PDN impedance level in the GHz frequency range. These 
effects depend on stacking configurations and P/G TSV designs and are analyzed using the P/G TSV model and chip 
PDN model. When a small size chip PDN and a large size chip PDN are stacked, the small one’s impedance is more 
seriously affected by TSV effects and shows higher levels. As a P/G TSV location is moved to a corner of the chip 
PDNs, larger PDN impedances appear. When P/G TSV numbers are enlarged, the TSV effects push the resonances 
to a higher frequency range. As a small size chip PDN is located closer to the center of a large size chip PDN, the 
TSV effects are enhanced.
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Ⅰ. Introduction

Currently developed systems are demanding chip pa-

ckages with higher performance and integration. There-

fore, 3D (3-Dimensional) stacked chip structure is be-

coming an essential technology for many chip, package, 

and system companies. The 3D stacked chip technologies 

such as bond wire, flip chip, and through silicon via 

(TSV) provide various flexible functional combinations 

to a single chip package allowing short electrical delay 

paths between chips and small package sizes [1]～[4]. 

Among the 3D stacked chip technologies, TSV is the 

most interesting technology because it can provide very 

large numbers of inter-chip interconnections, very small 

parasitic inductance, and short electrical delays between 

chips, as well enabling relatively high chip density de-

sign. However, the increased power consumption per 

unit area must be considered in a 3D stacked on-chip 

PDN because total power consumption is proportional to 

increased current magnitudes through TSVs and EMI 

(electromagnetic interference) is increased by high cur-

rent switching and high PDN impedances. Of course, 

TSV shows very small inductance, which is very helpful 

to 3D IC by giving lower PDN impedance [5]. However, 

when it combined with the large capacitance of a chip- 

PDN, it can induce high PDN impedances, which are 

called as TSV effects or TSV inductance effects and can 

be an EMI source in the GHz range as shown in [6]. In 

addition, since 3D IC is being developed for combining 

various functional chips  and various size chips, TSV ef- 

Fig. 1. Stacking configurations and P/G TSV design of
3D stacked chip PDN with two different size chip
PDNs.
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fects that depend on stacking configurations and the P/G 

TSV designs of 3D stacked chip PDN should be consi- 

dered and analyzed. In this paper, those are analyzed us-

ing the P/G TSV model and the multi-TSV model pro-

posed in [7], [8].

Ⅱ. Stacking Configurations & P/G TSV Designs

As shown in Fig. 1, two stacking configurations are 

considered. One is an ‘Offset Stacking Configuration’; 

i.e., ‘Offset Config.’, and the other is a ‘Central Stack-

ing Configuration’; i.e., ‘Central Config.’ Each configura-

tion has two different-sized chip PDNs. A small size 

chip PDN (the dotted line rectangle; i.e., ‘Top Chip PDN’) 

is stacked onto the large size chip PDN (the solid line 

rectangle; i.e., ‘Bottom Chip PDN’). The sizes of the 

small and large chip PDNs are 1 mm by 1 mm and 2 

mm by 2 mm, respectively. In the Offset Config., the 

Top Chip PDN is stacked onto the Bottom Chip PDN 

with corner-to-corner alignment, while the Central Con-

fig. is aligned with center-to-center alignment. All four 

chip PDNs are designed as meshed type chip PDNs on 

2 metal layers, as shown in Fig. 2, which is a zoomed-in 

figure of ‘A’, the dotted line area in Fig. 1.

As shown in Fig. 2, the metal lines with 10 μm line 

width are assumed in the analyses to be repeated verti-

cally on metal layer 1 and horizontally on metal layer 2 

with 100 μm line pitch. Power and ground electrical 

properties are assigned one by one in vertical and hori-

zontal directions as shown in conventional chip PDN 

designs. No resistance is also assumed at cross points of 

two vertical and horizontal lines if the two lines have the 

same electrical property (power or ground); where many 

micro-vias connect two different metal layers and very 

small resistance appears.  

Each configuration has three P/G TSV pairs, designed 

TSV1, TSV2, and TSV3 for Offset Config. and TSV4, 

TSV5, and TSV6 for Central Config. Each P/G TSV pair 

has 0.5 mm pitch and consequently a reasonable assump-

 

Fig. 2. Chip PDN design of four chip PDNs of Fig. 1.

  

Fig. 3. Spice model of Fig. 2 for chip PDN simulations.

  

  

sumption is that the the mutual effect between them is 

negligible [8]. 
Two stacking configurations are simulated with the 

proposed chip PDN models, which are composed of mul-
ti-connecting unit chip PDN models of Fig. 3. Since all 

chip PDNs are assumed to have meshed type, they can 
be modeled by vertically and horizontally repetitions and 

connections of unit chip PDNs (small circles of four legs 
are connection nodes).

The unit chip PDN model has a spice type and its 
lumped elements are defined by the following equations, 
based on chip PDN dimensions.

･･･


･

･
･



In ･LP ･TLW

LPLW 
･

 

 ･･･



･ ･･


where σAl is the conductivity of aluminum (3.8×10
8 

S/m), LW and LP are Line Width and Line Pitch of Fig. 
2, T is the thickness of metal layer (T=0.5 μm), εrINS 

and INS are the relative dielectric constant and the thick-
ness of the insulator between two metal layers, COV is the 

overlap capacitance between two lines of metal 2 and 1, 
and CTT is the fringe top-to-top capacitance from metal 2 

to metal 1 lines. μ0 and ε0 are permeability and permit-
tivity of free-space, each value being 4π×10—7 H/m and 

8.854×10—12 F/m, respectively.
In Fig. 4, the proposed chip PDN model gives a good 

estimate of the measured chip PDN impedances, which 

come from 1 mm×1 mm size chip PDN made by Hynix 

Semiconductor Inc.’s memory technology. Since the chip 
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Fig. 4. Comparison of chip PDN impedances between the 
proposed model and measurement results.

  

 

PDN is small, its low frequency response shows capaci-

tive impedance, whereas inductive impedance appears in 

the high frequency range over 4 GHz. If the chip PDN 

size increases, its capacitance also increases and capaci-

tive impedance level decreases, whereas its inductance 

decreases due to its longer line length, decreasing the in-

ductive impedance level. Consequently, its series reso-

nance frequency, which appears as an under peak around 

4.5 GHz in Fig. 4, moves to a lower frequency range.

A vertical cross sectional view of two stacking confi- 

gurations including TSV is shown in Fig. 5. The Top 

Chip is stacked on the Bottom Chip, and the two chip 

PDNs have two metal layers and are connected by TSVs. 

It is considered that a TSV has 30 μm diameter, 100μm 

length, and a 0.5μm SiO2 (grey colored area) TSV in-

sulator thickness is present between TSV and Si (silicon) 

substrate during the analyses.

 

Fig. 5. Vertical cross sectional view of two stacking con-
figurations and TSV.

  

Ⅲ. GHZ EMI Characteristics of 3D Stacked Chip 

PDN; TSV Effect on 3D Stacked Chip PDN

As mentioned in this chapter title and [8], the GHz 

EMI characteristics of a 3D stacked chip PDN are high 

PDN impedances caused by TSV interconnections be-

tween high capacitive chip PDNs. Therefore, 3D stacked 

chip PDN impedances should be analyzed whenever 

stacking configurations and TSV designs are changed. 

(Fig. 1) Since these two configurations have two stacked 

chip PDNs, the PDN impedances show a single high 

peaks over GHz frequency range as mentioned in [8]. All 

PDN impedances of chip PDN and 3D stacked chip PDN 

with TSV connections have been obtained by using the 

P/G TSV model and the P/G multi-TSV model proposed 

by the authors in [7], [8], applied to the typical di-

mensions of DRAM memory and TSV technologies.

3-1 Chip PDN Impedances of Non-Stacked Condition

First of all, chip PDN impedances of non-stacked con-

dition are analyzed, as shown in Fig. 6. This analysis 

must be performed accurately because the 3D stacked 

chip PDN is a combination of non-stacked chip PDNs. 

The PDN impedances are calculated at four locations, as 

follows: ZT_Corner; left-bottom corner of Top Chip PDN, 

ZT_Center; center of Top Chip PDN, ZB_Corner; left-bottom 

corner of Bottom Chip PDN, and ZB_Center; and left-bot-

tom corner of Bottom Chip PDN, as depicted in Fig. 6. 

As the chip PDN size is increased, its capacitance and 

inductance increase because the overall overlap area be-

tween power and ground metals, as well as the line 

lengths, is increased. As the PDN calculation location 

gets closer to the center, inductance decreases because 

current flow paths are wider around the center than at the 

corners-and wider current paths exhibit lower inductance. 

These tendencies are very similar to those of PDNs of 

PCB and packages. These current path effects can be 

adopted in analyzing chip PDN resistance, which con-

trols the PDN impedance level or Q-factor at resonance

Fig. 6. Four PDN impedance calculation locations.
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Fig. 7. Non-stacking chip PDN impedance variation de-
pending on chip PDN sizes (Fig. 1) and impe-
dance calculation locations (Fig. 6).

  

  

frequency. A smaller chip PDN shows larger Q-factor, 

which can be verified with sharper resonance peaks in 

Fig. 7.

The dotted line circles indicates mode resonances such 

as (1, 0) / (0, 1) and (1, 1) modes caused by 2 mm chip 

PDN length as shown in cavity resonances of PCB and 

package PDNs. The Top Chip PDN has no mode reso-

nance due to the shorter length of 1 mm and the limited 

plot range of frequency scale (up to 20 GHz) in Fig. 7. 

However, because of the meshed type chip PDN with 

different line widths and pitches, and consequently dif-

ferent phase velocities in vertical and horizontal direc-

tions, even the same size chip PDN as those shown in 

Figs. 1 and 6 do not always guarantee the same reso-

nance phenomena, as shown in Fig. 7.

For example, when line width becomes narrower, the 

overlapping area between two lines on two metal layers 

decreases, resulting in smaller capacitance (CC) and in-

creased inductance of line (LC) based on equations and 

the narrow current path. However, since CC is directly 

proportional to the line width, whereas LC only has a 

logarithmic relationship to the line width, CC more st-

rongly affects the phase velocity on the chip PDN, in-

creasing the delay, and consequently moving the mode 

resonance frequencies to lower frequency range. There-

fore, same size chip PDN with different line designs re-

sults in different chip PDN impedance, as mentioned 

before. 

3-2 Offset Stacking Configuration

Fig. 8 shows four PDN impedances of Offset Config., 

measured at the four impedance calculation locations 

(Fig. 6), when only TSV1 is used for vertical connection. 

The higher PDN impedances appear at the Top Chip 

PDN (Smaller chip PDN) compared to the Bottom Chip 

Fig. 8. Chip PDN impedance variation of Offset Stacking 
Configuration depending on impedance measure-
ment locations (Fig. 7) when only TSV1 connects 
two chip PDNs.

  

 

PDN because smaller chip PDN shows smaller resistance 

and has larger Q-factor and consequent higher PDN im-

pedance level at 4 GHz resonance. The PDN impedances 

over 6 GHz still remain the same, as shown in Fig. 7, 

because TSVs cannot give electrical paths between two 

stacked chip PDNs due to the high impedance of TSV 

inductance in the high frequency range.

Consequently, a larger TSV effect is induced on sma-

ller chip PDN when two different-sized chip PDNs are 

stacked with a TSV. Therefore, we should pay more at-

tention to smaller size chip PDN designs when selecting 

TSV numbers and stacking locations, so that they are 

closer to larger decoupling capacitors on packages and 

PCBs.

Fig. 9 shows how PDN impedances variation depen- 

ding on P/G TSV locations, such as from corner to center. 

As the TSVs move closer to the center, the chip PDN in- 

Fig. 9. Comparison of chip PDN impedances of Offset St-
acking Configuration depending on TSV locations 
(Fig. 1) and impedance calculation locations (Fig. 6).
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Fig. 10. PDN impedance variations of Offset Config. de-
pending on numbers of P/G TSV pairs.

  

 

ductance and resistance at each location are reduced and 

consequently the resonance frequencies move to higher 

frequency also PDN impedance peak values go up. 

Therefore, higher frequency application of TSVs, the lo-

cation at which the TSVs are connected should be care-

fully considered. Usually, critical harmonic frequencies 

of simultaneous switching noise (SSN), which is a crit-

ical design issue in PDN design, appear at PDN im-

pedance peak frequencies, coinciding with the resonance 

frequencies of the PDN.  

The resonances due to TSV effect can arise from the 

combination of serially connected TSVs and chip PDN 

inductances and chip PDN capacitance. If on-chip decou-

pling capacitors are added to a chip PDN, the resonances 

move down to lower frequency ranges where EMI prob-

lems should be more carefully treated due to larger level 

spectrum density.

When the number of P/G TSV pairs increases from 

TSV1 to TSV1, TSV2, and TSV3 (= TSV1․2․3) or 

from one pair P/G TSV connection to three pairs, the 

resonance frequencies move to a higher frequency be-

cause TSV effective inductance decreases due to parallel-

ism, as shown in Fig. 10. 

3-3 Central Stacking Configuration

In this section, Central Config. is considered. As sh-

own in Fig. 11, PDN impedances are different from tho-

se in Figs. 9 and 10 because the Top Chip PDN is sta-

cked on the low impedance area of the Bottom Chip 

PDN: the center location as explained in section III-1. 

On the top PDN, TSV4 and TSV5 are located at exactly 

the same points as TSV1 and TSV2, respectively. 

Nevertheless, since TSVs are located at different points 

on the Bottom Chip PDN, different values of chip PDN 

inductance are obtained due to TSV effect and the PDN 

impedances show the discrepancies. 

Fig. 11. PDN impedance variations of Central Config. de-
pending on TSV locations and numbers of P/G 
TSV pairs.

  

 

The PDN impedance variation of Central Config. is al-
most same as that of Offset Config. including TSV loca-

tion and number effect on high PDN impedance level 
due to resonances.

To know the discrepancy between the PDN impedan-
ces of Offset and Central Configs. in detail, Fig. 12 com-

pares four cases; TSV1, TSV4, TSV1․2․3, and TSV
4․5․6. Offset Config. shows the larger TSV effects 

(thick solid arrows) than does Central Config. by show-
ing the larger chip PDN impedance levels because of the 

lower PDN impedance of Bottom Chip PDN. On the 
other hand, in the frequency range without resonances, 

Offset Config. shows higher levels since chip PDN im-
pedance is dominant in this range. Nevertheless, since 

the EMI problem due to power switching noise occurs 
when signal and clock harmonic frequencies coincide 

with resonance frequencies, lower PDN impedance le- 
vels at resonance frequencies  are more important wh-  

en designing a chip PDN and even a 3D stacked chip 
PDN.

 

Fig. 12. Comparison of Offset and Central Configs. in a 
view point of PDN impedances at the corner lo-
cation of Top Chip PDN.
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Ⅵ. Conclusion

GHz EMI generator or high PDN impedances in GHz 

frequency range or TSV effect in 3D stacked chip PDN 

with TSV connections have been analyzed by consider-

ing the two different size chip PDNs, two different stack-

ing configurations, seven different TSV designs. The va-

riations of 3D stacked chip PDN impedance come from 

TSV inductance, and chip PDN inductance and resis- 

tance depending on 3D stacked chip PDN designs. The 

3D stacked chip PDNs are analyzed using the P/G TSV 

model and the P/G multi-TSV model in [7], [8]. When 

small size chip PDNs and large size chip PDNs are verti-

cally stacked with P/G TSV pair connections, the small 

one is more severely affected by P/G TSV pairs and 

shows a larger PDN impedance in the GHz frequency 

range than does the larger one. When a stacking confi- 

guration is fixed and TSV location is moved to a corner 

on the chip PDNs, larger PDN impedance appears. When 

P/G TSV numbers are enlarged, the TSV effects move to 

the higher frequency range. As a small size chip PDN is 

closer to the center of a large size chip PDN, TSV ef-

fects are enlarged.

This work was supported by the IT R&D program 

of MKE/KEIT [KI002134, Wafer Level 3D IC De-

sign and Integration] and [10039232, Core Process 

Development of the 3D Integration for System IC].

References

[1] Sandra Winkler, Advanced IC Packaging, 2007 Edi-

tion, Electronic Trend Publications. 2007.

[2] S. Linder, H. Baltes, F. Gnaedinger, and E. Doering, 

"Fabrication technology for wafer through-hole inter-

connections and three-dimensional stacks of chips 

and wafers," in Proc. MEMS, pp. 349-354, 1994.

[3] L. L. W. Leung, K. J. Chen, "Microwave characteri-

zation and modeling of high aspect ratio through-wa-

fer interconnect vias in silicon substrates," IEEE 

Transaction on Microwave Theory and Techniques, 

vol. 53, no. 8, pp. 2472-2480, Aug. 2005.

[4] U. Kang, et al., "8 Gb 3-D DDR3 DRAM using th-

rough-silicon-via technology," IEEE Journal of So-

lid-State Circuit, vol. 45, no. 1, Jan. 2010.

[5] C. Ryu, D. Chung, Junho Lee, K. Lee, T. Oh, and 

J. Kim, "High frequency electrical circuit model of 

chip-to-chip vertical via interconnection for 3-D chip 

stacking package," IEEE 14th Topical Meeting on 

Electrical Performance of Electronic Packaging, pp. 

151-154, Oct. 2005.

[6] J. S. Pak, C. Ryu, and J. Kim, "Electrical characteri-

zation of through silicon via (TSV) depending on 

structural and material parameters based on 3D full 

wave simulation," in Proceedings of the 9th Inter-

national Symposium on Electronic Materials and Pa-

ckaging, Daejeon, Korea, Nov. 2007.

[7] J. S. Pak, J. Cho, J. Kim, J. Lee, H. Lee, K. Park, 

and J. Kim, "Slow wave and dielectric quasi-TEM 

modes of metal-insulator-semiconductor structure th-

rough silicon via in signal propagation and power 

delivery in 3D chip package," Proc. of the 60th Elec-

tronic Components and Technology Conference 2010 

(ECTC 2010), Las Vegas, USA, Jun. 2010.

[8] J. S. Pak, J. Kim, J. Cho, K. Kim, T. Song, S. Ahn, 

J. Lee, H. Lee, K. Park, and J. Kim, "PDN impedan-

ce modeling and analysis of 3D TSV IC by using 

proposed P/G TSV array model based on separated 

P/G TSV and chip-PDN models," the IEEE Transac-

tions on Components, Packaging, and Manufacturing 

Technology, vol. 1, no. 2, pp. 208-219, Feb. 2011.



JOURNAL OF THE KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 11, NO. 4, DEC. 2011

288

Joohee Kim Junho Lee

received B.S. and M.S. degree in elec-
trical engineering from Korea Advanced 
Institute of Science and Technology (KAI-
ST), Daejeon, Korea, in 2008 and 2010, 
respectively. She is currently pursuing the 
Ph.D. degree in electrical engineering fr-
om KAIST. Her research interests include 
TSV modeling and power consumption 

analysis in TSV-based 3D IC.

received the B.S. degree in radio science 
and communication engineering from Ho-
ng-ik University, Seoul, Korea, in 1998, 
and the M.S. degree and the Ph.D. de-
gree in electrical engineering from the 
Korea Advanced Institute of Science and 
Technology (KAIST), Taejon, in 2001 and 
2006, respectively. He joined Advanced 

Design Team of Hynix Semiconductor Co., Korea, in 2006 
and has been responsible for the power delivery network de-
sign and EMI of DRAM chips.

Jonghyun Cho Heegon Kim

received B.S. and M.S. degree in elec-
trical engineering from Korea Advanced 
Institute of Science and Technology (KAI-
ST), Daejeon, Korea, in 2008 and 2010, 
respectively. He is currently pursuing the 
Ph.D. degree in electrical engineering fro-
m KAIST. His current research interests 
include TSV coupling modeling and noi-

se analysis on analog circuits in TSV-based 3D IC.

received B.S. and M.S. degrees in elec-
trical engineering from the Korea Advan-
ced Institute of Science and Technology 
(KAIST), Daejeon, Korea, where he is 
currently working toward the Ph.D. de-
gree. His research interests include signal 
integrity issues in TSV-based 3D IC.

Jun So Pak Kiyeong Kim

received the B.S. degree in electrical co-
mmunication engineering from Hanyang 
University, Seoul, Korea, in 1998, and 
the M.S. and Ph.D. degrees in electrical 
engineering from the Korea Advanced 
Institute of Science and Technology (KAI-
ST), Daejeon, Korea, in 2000 and 2005, 
respectively. In 2005, he was a Research 

Fellow supported by Japan Society for the Promotion of Sci-
ence (JSPS) in the High Density Interconnection Group, AI-
ST, Tsukuba, Japan, where he was involved in the develop-
ment of interconnection techniques and interposer for 3-D 
multichip packaging. Since 2007, he has been a Research Pro-
fessor of the Department of Electrical Engineering, BK21 re-
search project, KAIST. His current research interests are the 
development of 3-D stacked chip package using through sili-
con via (TSV).

received the B.S. degree in electrical en-
gineering from the Korea Advanced Insti-
tute of Science and Technology, Daejeon, 
Korea, in 2009, where he is currently 
working toward the M.S. degree.  His re-
search interests include power integrity 
issues in system-in-package.



PAK et al. : GHz EMI CHARACTERISTICS OF 3D STACKED CHIP PDN WITH THROUGH SILICON VIA (TSV) CONNECTIONS

289

Hyungdong Lee Joungho Kim

received the M.S. degree electronic mate-
rial engineering from Kwang-woon Uni-
versity, Seoul, Korea in 2004. He joined 
Hynix Semiconductor Memory R&D in 
1994, where he worked on the research 
and development of high speed DRAM 
architecture and design. He is with the Ad-
vanced Design Team, where he had been 

developing ultrahigh bandwidth memory architecture using 
heterogeneous die stack and TSV technology. He is currently 
developing memory sub-system hierarchy for hybrid memory 
system.

received B.S. and M.S. degrees in elec-
trical engineering from Seoul National 
University, Seoul, Korea, in 1984 and 1986, 
respectively, and Ph.D degree in elec-
trical engineering from the University of 
Michigan, Ann Arbor, in 1993. During 
his graduate study, he was involved in 
femtosecond time-domain optical meas-

urement technique for high-speed device and circuit testing. 
After getting the Ph.D, he moved to Picometrix, Inc, Ann 
Arbor, in 1993, to work as a Research Engineer, where he 
was responsible for development of picosecond sampling sys-
tems, and 70-GHz photo-receivers. In 1994, he joined Memo-
ry Division of Samsung Electronics, Kiheung, Korea, where 
he was engaged in Gbit-scale DRAM design. In 1996, he mo-
ved to KAIST (Korea Advanced Institute of Science and Te-
chnology), Taejon, Korea. He is currently a Professor of Elec-
trical Engineering and Computer Science Department. Since 
joining KAIST, his research centers on modeling, design, and 
measurement methodologies of hierarchical semiconductor sys-
tems including high-speed chip, package, interconnection, and 
multi-layer PCB. Especially, his major research topic is fo-
cused on chip-package co-design and simulation for signal in-
tegrity, power integrity, ground integrity, timing integrity, and 
radiated emission in 3D semiconductor packages, SiP, and 
SoP. He has more than 210 publications in refereed journals 
and conferences. Currently, he is an Associated Editor of the 
IEEE Transactions of Electromagnetic Compatibility.

Kunwoo Park

received the B.S. degree from Kyung-
pook National University, Korea, the M. 
S. degree from KAIST (Korea Advanced 
Institute of Science and Technology) in 
1989 and 1991 respectively, all in Elec-
tronics Engineering. He joined Hyungdai 
Electronic in 1991 and has worked for 
the development of DRAM technologies. 

Since 2009, he has served as head of Advanced Design Gr-
oup in Hynix Semiconductor Incorporation.His current re-
search interests include TSV SiP system, High speed DRAM 
Interface, Bit Line Sense Amplifier, Power Distribution Sys-
tem, and New Memory such as PCRAM, STT, RE RAM.

 


