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Abstract

An accurate impedance modeling of a multi-stacked on-chip power distributed network (PDN) based
on through-silicon-vias (TSVs) is vitally important to estimate the electrical performance in three-
dimensional integrated circuits (3D ICs). This paper proposed a method for calculating the impedance
matrix of the multi-stacked on-chip PDN, which mainly consists of arbitrarily distributed TSVs
and grid-type on-chip PDNs. First, a real stack-up structure of a multi-stacked on-chip PDN is
separated into discrete components intentionally. Then the equivalent lumped circuit models of all
discrete components are assembled into a whole to build the transmission matrix of the multi-
stacked on-chip PDN through the relationship between the nodal voltage and the nodal current.
Finally, the impedance matrix can be derived through the transmission matrix . In this paper, the
coupling of the arbitrarily distributed TSVs and the distributional effect of the on-chip PDN are
considered in the impedance matrix through the transmission matrix method (TMM). The pro-
posed method replaces the simulation of the complex equivalent circuit model with the matrix
calculation. It can accurately and quickly calculate the impedance of the multi-stacked on-chip PDN.

Keywords: Multi-stacked on-chip PDN, TSV array, Coupling, Transmission matrix method

1 Introduction

In recent years, with the rapid development
of electronic terminals, electronic systems have
developed towards higher speed, higher band-
width, lower power consumption, and so on.
Three-dimensional integrated circuits (3D ICs)
are widely used for some unique advantages,
such as shorter interconnection and heterogeneous
integration[l]. But the problems such as signal
integrity (SI), power integrity (PI), and electro-
magnetic interference (EMI) become more and
more serious in the higher frequency systems.
Simultaneous switching noise (SSN) often leads
to unwanted noise in power distribution networks

(PDNs), then the induced power supply fluctua-
tion will cause problems with signal integrity in
the system. A major challenge faced by 3D ICs is
how to deliver clean power to the active circuits,
especially on the topmost chip [2]. Fundamentally,
PDN systems have a low value of the impedance
in the frequency range of interest to effectively
reduce noise. The low-frequency impedance is
principally determined by off-chip components in
3D ICs, while the high-frequency impedance is
determined by the multi-stacked on-chip structure
concerned in this paper[3-5]. Through-silicon-vias
(TSVs) penetrating the stacked chips act as key
interconnect channels to connect stacked chips,
and thus realize the circuit conduction as shown
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Fig. 1 A simple illustration of a stacked 3D IC including
TSVs.

—On-chip PDN

in figure 1 (Fig. 1). These chips may have different
functions to implement a heterogeneous system.
The power and ground TSVs respectively con-
nect on-chip PDNs that consist of the multilayer
power and ground grid metal into a whole as the
important electrical pathways to supply the power
source for active circuits.

A compact and accurate impedance model-
ing can help optimize power distribution networks
during the early stages of design. The primary
objective is to develop an accurate and quick
model to predict the PDN impedance. On-chip
PDN conditions such as the effective inductance
and capacitance at the active circuit affected by
the size of the PDN and the number and position
of TSVs are very important to precisely evaluate
the impedance of 3D stacked on-chip PDNs. As
the frequency is closing to a higher value (GHz),
even a small TSV inductance can produce several
numbers of high impedance peaks induced by the
parallel resonances of the TSV and on-chip PDN
inductances and capacitances [6]. It will induce a
larger noise near the frequency point of the peak
impedance. The coupling between TSVs cannot be
ignored which is affected by the number and dis-
tribution of TSVs. In 3D PDNs, a large number
of TSVs are placed in the Si substrate. Multi-
ple and randomly located ground TSVs may be
shared by multiple power TSVs in the TSV array.
In the previous analysis, a uniform distribution
of power/ground TSVS (P/G TSVs) was assumed
frequently. Although a uniform distribution was
preferable to suppress the worst voltage drop in
3D PDNs, it may not be a practical design choice
due to the area constraint. In some designs, TSVs
are only assigned in the whitespace around circuit

modules [7, 8]. Too many TSVs in the whitespace
will increase the size of the die and may cancel
out their benefits. So minimizing the number of
TSVs is an important goal for the optimization of
PDNs during the design flow. It brings difficulties
to obtain and analyze 3D PDN impedance because
there exists complicated electromagnetic coupling
among TSVs. Knowing the effect of the number
and assignment of P/G TSVs on the impedance
in advance is helpful to minimize the number of
TSVs at the beginning of the design.

A considerable CPU run time is required to
analyze the complex multi-stacked on-chip PDN
through finite element simulation software such
as ANSYS HFSS. Many published studies have
reported the impedance models of PDN systems
rather than finite element simulation. For the
plate-shaped PDN, the analytical methods are
used to calculate the impedance such as the res-
onant cavity method [9], the imaging method
[10], the transfer matrix method [11, 12], and
so on. With the development of IC technology,
a grid-type PDN is usually designed since the
plate-shaped PDN is easy to peel off during the
fabrication process. The segmentation method is
the basic method to analyze complex PDN struc-
tures. Some researchers have built the equivalent
circuit models for the 3D PDNs using the lumped
circuit models of on-chip PDNs and TSVs to
analyze the impedance of the PDNs by SPICE
simulations[13-15] . There are many studies on the
influence of the regular TSV array on the PDN
impedance. In[14] , the proposed model of the
P/G TSV array has a limitation in the assumption
of uniform current magnitude distributions across
all power and ground TSVs in the uniform dis-
tributed TSVs during the extraction of the partial
TSV inductances. It leads to the inaccurate par-
tial TSV inductances in a real multiply stacked
PDN which has an uneven power distribution. In
[16, 17], it uses a segmentation method to model
the PDNs with multiply pairs of P/G TSVs. It
considers the effects of P/G TSV pairs to esti-
mate the impedance of the 3D stacked PDN. It no
longer applied if TSV pairs are close to each other
because there is greater coupling between them.
And it is unsuitable for the arbitrarily distributed
TSVs. There are two TSV design schemes namely
the irregular TSV placement and the regular TSV
placement for the design of 3D ICs [18]. For the
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irregular TSV placement, the matrix-based calcu-
lation using a segmentation method can accelerate
the calculation speed for the PDN impedance
estimation and solve the complexity problem of
building a SPICE circuit due to the coupling.
In this paper, a matrix calculation method is
proposed to solve the PDN impedance of multi-
stacked chips based on TMM rather than SPICE
simulation. The P/G TSVs in the TSV array can
be uniformly distributed or arbitrarily distributed.
The test ports of the model can be TSV con-
nection ports or ports of any interested nodes on
the on-chip PDN of every tier. The multi-stacked
on-chip PDN impedance is calculated quickly and
accurately by the proposed method . It shows the
advantages of large savings in computer run time
and flexibility and versatility in applications.

The paper is organized as follows. In Section
2, a typical multi-stacked on-chip PDN structure
based on TSVs is given and a detailed derivation
of the impedance matrix is presented. In Section 3,
The impedance obtained by the proposed method
for different TSV distributions is compared. The
accuracy of the proposed method is verified with
the results obtained from HFSS. Compared with
the results of HFFS and other methods, it con-
cludes that the proposed method is accurate and
effective. The influence of several arbitrarily dis-
tributed TSVs on the multi-stacked on-chip PDN
impedance is also compared and analyzed. Finally,
there is a conclusion drawn in Section 4.

2 Modeling and analysis of
the multi-stacked on-chip
PDN impedance

A locally simplified multi-stacked on-chip PDN in
stacked 3D ICs is shown in Fig. 2, where active
layers are face-to-back (F2B) stacked. The grid-
type PDN is usually used for the on-chip PDN
because it is efficient when it comes to design with
a limited area and it is not easy to peel off. The
grid-type on-chip PDN is composed of orthogonal
metal wires in two interconnection layers, where
power wires and ground wires are routed alter-
nately in the same interconnection layer with an
identical pitch and connected to corresponding
wires in the next interconnection layer by a large
of micro-vias. The P/G TSV array in silicon sub-
strate connects adjacent on-chip PDNs to achieve

OWwer wire ground wire
e

Tier 3
micro-via

TSV

Tier 2

Tier 1

VDD

Fig. 2 A diagram of a locally simplified multi-stacked on-
chip PDN

power delivery. In this paper, bumps are simplified
as an extension of the TSV metal. The impedance
matrix of the multi-stacked on-chip PDN can be
derived by using separated P/G TSV array and
on-chip PDN models through TMM.

For an on-chip PDN model, a quasi-static
solver can be applied if the dimension of a network
is much less than one-tenth of the wavelength of
interest (0.1A). The grid-type on-chip PDN can
be divided into a lot of periodic unit cells with
a lumped element model for each cell. As shown
in Fig. 3, the P/G grid is divided into (N — 1) x
(M —1) unit cells modeled with a distributed net-
work of RLCG elements. The equivalent circuit of
each grid unit cell consists of the resistance (Ry,),
inductance (L,), conductance (G, ), and capaci-
tance (C,) which can be accurately calculated as
(1), where L, and L,, are the pitch and width of
the metal line of the mesh grid. Parameters with
subscripts of CMS and Micro represent param-
eters per unit length in the coplanar multistrip
type transmission line and the conductor-backed
coplanar multistrip type transmission line, respec-
tively. More details of the calculating procedure
are presented in[19].

Ru = (2Lp — Lw)RCMS + LwRMicro (13‘)

Lu = (2Lp - Lw)LCMS' + LwLMicro (1b)
C, = 2(2Lp — Lw)RC'MS + 2L Rricro (1C)
G, = 2n fC, tan(d) (1d)
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Fig. 3 (a)The segmentation of a P/G grid (b)The unit
cell with its equivalent circuit model

According to the relationship between the
nodal voltage and the nodal current, the admit-
tance matrix of the P/G grid (Yp/ggria ) in N x M

nodes can be expressed as:

Yi; =Y O 0
Y2 Yo —Yo3 0

Yp/Ggrid = 0 —Yo3 Ys3 —Yiu
0 0 0 oo Yuum
(2a)
Y1}1/= Yium = 5Ya2 =+ = $Y 1y m—1) =
r 1 i
TP+1Z_SY_2Z82 O1 X X
~az 2tz 0 0
Y,
0 0 _QéSTP—i_lZlSY_2ésl
i 0 0 0 —37 <+ Z |
(2b)
Yio=Yos = =Y ym_—im
o7 0
1
“ (2¢)
1
Zi
0 27,
Zy = Ry + jwLy (2d)
Yp = ]wcu + Gy (26)

where Yj; is the N x N self-admittance matrix of
unit cells in the ith column and Y;; is the N x NV
mutual-admittance matrix of unit cells between
the ith column and the jth column. Zg and Yp
are the impedance and admittance of a unit cell
respectively. w is the angular frequency.

As the size of the P/G grid increases, the num-
ber of the unit cells is increasing rapidly and the
size of the admittance matrix of the P/G grid is
bigger. The matrix calculation will become more
complex and time-consuming. In the impedance
calculation of a multi-port network, the input
impedance of one port is obtained under the condi-
tion that the input currents of other uninterested
ports are zero. To simplify the matrix and speed
up the calculation, the matrix transformations are
as follows. The relationship between voltages and
currents in nodes of the grid metal is rewritten as:

BRI

where I, and V, are the current and voltage vector
in the interested nodes, I, and V, are the current
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and voltage vector in the neglected nodes. For sim-
plifying the admittance matrix of the P/G grid,
the neglected nodes can be seen as open circuits
and these nodal currents are limited to zero as (4).
Then these nodes are deleted from the grid nodes,
only remaining the interested nodes.

Ia = (Yaa - Yab%b_ln)a)va
- (4)
I,=0

So the simplified admittance matric (Y, ) in only
interested nodes can be derived as:

Ysim = Yaa — YabY;)b_ly})a (5)
For a multi-stacked on-chip PDN, the P/G TSVs
connecting adjacent on-chip PDNs can be ran-
domly distributed. The nodes with power TSVs
connecting are regarded as the nodes of interest to
reduce the admittance matrix. The transmission
matrix for a multi-port network can be derived in
terms of the concerned nodal voltages and nodal
currents and can be represented to relate the
voltages and currents as:

Vi — Ta Tb Vout (6)
Iz' Tc Td Iout
So the transmission matrix of a single on-chip

PDN in the vertical direction (Tppyn) can be
written in a simpler form as:

1 0
TppNn = [Y- 1] (7)

It is not ignored that the electromagnetic cou-
pling exists among the P/G TSV array as the
frequency increases. To simplify the analysis of
the coupling, the TSV array is considered as the
multi-conductor interconnection and established
the T-shaped network topology of the equivalent
circuit model. Without a doubt, the equivalent
circuit model becomes extremely complicated as
the number of TSVs increases. This paper replaces
the simulation of the complex equivalent circuit
with using the matrix computation . All the val-
ues of lumped elements in the model of TSVs as
depicted in Fig. 4 are given in the closed-form for-
mulas as [20]. A ground TSV is arbitrarily set as
the reference marked with 0 . The values of the
self-inductance (L;;) and mutual inductance (L;;)

T
Fig. 4 The partial equivalent circuit model of a TSV array

of other TSV metals can be calculated as:

_ /’LOhmetal 1 Pi
= n

Ly 8a
T TSV (8)
tohmetat ,  PioPjo

L = 1 8b

“ or Pirrsv (8)

where pg is the permeability of the vacuum, P
is the distance between TSVs marked with 7 and
TSV marked with j, hmetar i the length of the
TSV metal, and rrgy is the radius of the TSV.
Considering N TSVs in which there are m power
TSVs and n ground TSVs, all ground TSVs which
are shorted represent the current return path.
Based on the definition of the loop inductance
with the size of mxm, it is rewritten as [21] :

Vp = jwhLegIy
{ Vg =0 ©)

where V), and I, are the m x 1 voltage and current
vectors of m power TSVs respectively, V, is the
n X 1 voltage vector of n ground TSVs. Then the
effective loop inductance (L, ) of the TSV array
is yielded. When regarding each outer edge of the
TSV as an equipotential surface, the equivalent
inductance of Si substrate (Lg;eq ) in a homo-
geneous medium can be calculated as derived in
(8) and (9). Next, simplify calculate the effective
capacitance ( Cg; ¢q ) and conductance (Gg; eq )
matrix of the silicon substrate as [22] :

CSicq = Hocoesiht;Lsicq * (10a)
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T8 Cgieq (10b)

The internal impedance (Z;;,) for a TSV metal can
be expressed as:

g _ et/ jwpo/orsy Io(rrsv v/ jwpoorsy)

" 2nrrsy II(TTSVVjWMOUT?’i/l))
where Iy and I; are the modified Bessel functions
of order zero and one, respectively. The effective
internal impedance matrix (Z;,_eq) of the TSV
array can be obtained in the similar way to (9).
The liner capacitance of a TSV can be expressed
as:

2meoesihsi

(12)
)

Cox =
In (TTsv-‘rrox
rTSV
Next, Z;, is given by 1/jwCox to calculate
the effective linear capacitance matrix (Cox eq )
as also similar way to (9). The effective linear
capacitance matrix of the TSV array is extracted
from Zi g = (ijoxfeq)fl. The impedance
and admittance of the P/G TSV array can be
expressed as:

ZTSV = Zin,eq + jWLeq (133)

N L 1 !
eV jWCOX,eq GSi,eq + jWCSi,eq
(

13b)
The transmission matrix of the TSV array (Trsy)
can be derived as:

1 Zzsv 1 0 1 Zzsv
— 2 2
Trsv [0 1 ] [YTSV 1] [0 1 ] (14)

Finally, the separated on-chip PDNs and TSV
arrays are assembled into a whole. According to
the cascade of the multi-port network as shown
in Fig. 5, the transmission matrix of the multi-
stacked on-chip PDN combining multiple on-chip
PDNs and TSV arrays (Tiotaln) can be expressed
as:

Ttotal,n :TPDN,n . TTSV:n,n—l B (15)
“TppN2-Trsvei-Tppna

where Tpppn_n 1s the transmission matrix of the
on-chip PDN of tier n, Trsy _pnn—1 is the trans-
mission matrix of the TSV array between tier n

Proposed equivalent model of

single on-chip PDN “liern
cee With power TSV
*~—t .
connecting

e Interested ports

Power TSV
connecting ports

roposed equivalent model of
single on-chip PDN

< Tier n-1

Fig. 5 The configuration of a multi-stacked on-chip PDN
transmission modeling

and tier n-1. The impedance matrix of the multi-
stacked on-chip PDN (Ziptq1.n) can be derived
from Tiotar n as:

Ztotal,n =
T; T; -t T; -t
total_-n,at total_n,c total_n,c
- -1
Ttotal,n,c Ttotal,n,c Ttotal,n,d

(16)

The impedance matrix describes the voltage-
current correlation over the connection ports of
the PDN at different frequencies. The coupling
effect between T'SVs through matrix calculation is
considered in the arbitrary distributed P/G TSVs.
For the impedance of the ports of any interested
nodes on the on-chip PDN of every tier, it can be
derived from the Z-matrix transformation of the
black box model as shown in Fig. 6. a segment
is expressed as a single on-chip PDN where inter-
ested ports (p) are. 8 segment is expressed as the
remaining part of the multi-stacked on-chip PDN.
The interconnection between them is replaced by

/
I~ v, vl T
— A
p o “ c d q

Fig. 6 The illustration of a black box model
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the interconnected ports denoted c-ports on the «
segment and d-ports on the [ segment. p and ¢
ports are the concerned ports of the a and (3 seg-
ments. The Z-matrices of «, (8, and v segments
are respectively partitioned into submatrices cor-
responding to the interested and connected ports
as:

_ | Zppa Zpe
Zo = [ Z ch} (17a)
Zdd Zd ]
Jg = a 17b
? [qu quﬁ ( )
7. = [ZPP’Y qu:| (17C)
v Zaay

Zq and Zg can be replaced respectively by differ-
ent Zyorain due to different segments. According
to the continuity of the voltage and current on
ports c and d, Z, can be calculated as:

pra - chZ’dp
quZ’dp

ZneZ' 4
Lo, = pes” g 18
7 [ quﬂ - quZ/dq] ( )

where Z = [Zec+ Zaa) Zep and Z), =

[ch + de}flqu'

3 Validation and analysis of
the proposed method

To verify the accuracy of the proposed method
of the impedance estimation in the TSV-based
multi-stacked on-chip PDN structure, a double-
stacked grid-type on-chip PDN is constructed and
its parameter description is listed in table 1. It has
a horizontal size of 1 mmx 1 mm. The ordinary
cylindrical TSVs filled with copper are applied in
the TSV array. Designers need to arrange these
TSVs properly to meet signal integrity, power
integrity, and heat dissipation requirement. Fig.
7 shows two different TSV assignments. For a reg-
ular TSV distribution, P/G TSVs are uniformly
distributed on the nodes with an identical pitch.
For an arbitrary TSV distribution, P/G TSVs are
only assigned in the whitespace around the circuit
modules. Therefore P/G TSVs can be arranged
in any position of the substrate that is dependent
on the distribution of the circuit modules. Mul-
tiple and randomly located ground TSVs can be
shared by multiple power TSVs. Without good
planning and optimization, the over-design P/G
network may create congestion problems for the

Table 1 The model parameters and its values

Symbol  Parameter description Value
Ly Width of the metal line 10 pm
Ly Pitch of the metal line 50 pm
Ly Thickness of the metal line 1 pym
Ly Vertical distance between 0.6 pm

the metal layers
rTSV Radius of the TSV metal 5 pm

hsi Height of the Si substrate 50 pum
Rometal Length of the TSV metal 60 pm
tox Thickness of the oxide 0.2 ym
liner
PTSV Pitch between power and -
ground T'SVs
orsy Conductivity of the TSV ~ 5.8x107S/m
metal
05 Conductivity of silicon 10 S/m
€0 Permittivity of vacuum 8.85 x 107 12F/m
€94 Permittivity of silicon 11.9
€oOXxX Permittivity of the oxide 4
liner
1o permeability of vacuum 47 x 10" m

Metal Wire T Sy

%%M ® O
whitespace

) O—

I O

} ) CJ Circuif]
I module
—@ @ O O
(a) (b)

Fig. 7 The configurations of two different TSV assign-
ments. (a) A regular distribution: TSVs are placed on each
node (b) An arbitrary distribution: TSVs are only placed
in the whitespace

P
4
N

o

N

O

later signal routing resources that are over-used.
In the constructed structures, the regular TSV dis-
tributions are shown in Fig. 8, which includes the
different number of TSV pairs and the uniform
TSV distributions with the different scales of the
TSV array. The proposed model is used to calcu-
late the impedance of which the result is compared
with the full-wave method and previous models.
Due to the difficulty in the fabrication of complete
multi-stacked on-chip PDNs, A frequency-domain
simulation to extract Z-parameters is conducted
ranging from 0.1GHz to 40 GHz with a 3D electro-
magnetic (EM) solver, ANSYS HFSS to verify the
accuracy of the proposed method. Lumped ports
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(b)

Fig. 8 PDNs with several different TSV distributions in
the benchmark model. (a) One, three, and nine pairs of
P/G TSVs (b) The uniform distributed TSVs in the arrays
with 25 TSVs and 100 T'SVs

for the analysis of the PDN input impedance are
located on the topmost on-chip PDN.

As seen in Fig. 9, the PDN impedance curves
have similar characteristics which mainly have
three resonant frequencies (f, f2, and f3) below
20GHz. These frequencies are caused by the series
and parallel resonances of the equivalent capaci-
tance of the P/G grid (Cp/ggria), the equivalent
inductance of the P/G grid (Lp/ggria), and the
equivalent inductance of the TSV array (Lrgsv).
As the number of TSVs increases, fo moves to a
higher frequency and it is eliminated if the num-
ber of TSVs is large enough. In this situation, fs
is equal to fi. So the deviation from the reso-
nance frequency of the HFSS model such as f; is
compared to verify the accuracy of the proposed
method. The results of the proposed method show
good agreement with the results of the HFSS.
Not only the PDN impedance but also the sim-
ulation time for the three methods are compared
as shown in table 2. The simulation is performed
on a computer with 16 cores (at 3.0 GHz) and
256 GB of RAM. The proposed model leads to a
larger saving in CPU run time than using HFSS
simulation. It only takes a tiny computing time
compared with the full-wave method. Therefore,
it is concluded that the proposed model is accu-
rate and efficient to estimate the impedance of
the multi-stacked on-chip PDN with the regular
TSVs connecting. Comparatively, the benefit of

100 .
10 one pair
—_ f /’\)":
1 N
f f,

three pairs
W

Impedance (Ohm)
S

nine pairs

104 /«/\\fi
14 our . .
1E8 1E9 1E10
Frequency (Hz)
(a)
100
] 25 TSVs
g 103
<=
=
o 14
8 13
=
<
B
S
£104 100 TSVs
E—[14]
HFSS
14 our
1E8 1E9 1E10

Frequency (Hz)
(b)

Fig. 9 The comparison of three methods for PDN
impedances with regular TSV distributions. (a) PDNs with
different pairs of P/G TSVs (b) PDNs with different scales
of the TSV array

the proposed method is that it can deal with the
complicated TSV array including not only the reg-
ularly distributed TSVs but also the arbitrarily
distributed TSVs in 3D PDNs. The arbitrarily dis-
tributions of TSVs are constructed as shown in
Fig. 10. The whitespace around the circuit models
are respectively across, peripheral, and combined
distribution in the substrate, and TSVs are only
assigned in the whitespace. To enable power TSVs
to be connected directly to the power wires with-
out the need for the extra redistribution layer,
power TSVs are placed designedly at the location
of the intersection of the two-layer of the power
metal wires so that it can reduce the wiring area.
Ground TSVs are placed designedly at the loca-
tion of the intersection of the two-layer of the
ground metal wires. The impedances of three test
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Table 2 Comparison of results with several kinds of
different methods

Cases  Methods Deviation CPU

in of f1 run
Fig. 8 time
1 1h23min30s
2 HFSS model 1h57min01s
3 2h29min35s
1 4.2% 3.03s
a 2 The proposed model 6.5% 8.57s
3 5.9% 10.06s
1 11.1% 1minl2s
2 Model in [16] 13.8% 1min18s
3 12.6% 2min05s
1 2h39min47s
p HFSS model . 2h51min36s
1 6.2% 13.47s
b 9 The proposed model 5.9% 15.91s
1 . 10.9% 40.96s
o Modelin [14] 9.5% 2min13s
oTest port
18 ° o000 00000 D000 000000
° ) ° ° ° °
LJ ° o LJ LJ LJ
LJ ° L L] LJ LJ
3le ° o| [e ° °
2unelelelece[elelelele]| |o o| |e]efe]e]o]ele]e]e]e
LJ ° o LJ LJ LJ
LJ o L LJ LJ LJ
LJ LJ L] o L) L]
L] o(ejo|jo(ojojo(0o|0o|0 oleojojo(ojoj0o|0(0|0

(a) (b) (c)

Fig. 10 Three kinds of arbitrary distributions of P/G
TSVs. (a) cross (b) peripheral (c) combined

ports marked with port 1, 2, and 3 are calcu-
lated and qualitatively analyzed. The results are
shown in Fig. 11. In the range of the lower fre-
quency, the impedance shows capacitive which is
determined by the Cp/g grid and the equivalent
capacitance of the TSV array (Crgv). As the
number of TSVs increases, the total capacitance is
increasing so that impedance is decreasing. As the
frequency goes up, the impedance shows induc-
tive which is determined by the Lp,ggriq since the
Lrsy decreases to a very small value that can be
neglected if the number of TSVs is large enough.

The impedance of the PDN should stay at
a low level to ensure power integrity. Aspects
that the influence of the impedance for the multi-
stacked on-chip PDN and methods to decrease
the impedance are studied. Fig. 12 shows sev-
eral kinds of low density and arbitrary P/G TSVs
connecting between tier n and n-1. The impacts
of the number of TSVs on the impedance of the

'él 00+
5 10+ 2 *CP/G gri11+
N: 14 P/G grid
1004
Nm 10
14
1004
2104— combine
I peripheral
——cross . .
1E8 E9 1E10
Frequency (Hz)

Fig. 11 The comparison of three kinds of arbitrary distri-
butions of P/G TSVs for the PDN impedance
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Fig. 12 Different number of TSVs connecting between tier
n and n-1. (a) 4P1G (b) 4P5G (c) 4P9G (d) 9P16G

multi-stacked on-chip PDN are explored. Fig. 13
compares four input impedances at the center of
the toper tier for the double-stacked on-chip PDNs
with four kinds of arbitrary TSV array connecting
as shown in Fig. 12. Four PDN impedance curves
have similar characteristics. Careful observation
reveals that the difference in the input impedance
of the lower frequency range is slight. The reason
is that the impedance of the lower frequency range
is caused by the total capacitance which consists
of Crsy and two times Cp/ggrig- As the num-
ber of TSVs increases, the capacitance of TSVs
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Fig. 13 The comparison of the input impedance at the
center of the toper tier for the double-stacked on-chip PNDs
with four kinds of TSV arrays connecting respectively as
shown in Fig. 12

is gradually larger and the total capacitance is
only larger slightly but the effective inductance
of the power TSVs is smaller. The resonance fre-
quency fi1 goes to the higher frequency range with
an increased ground TSV number compared to
case a with b and ¢, which can affect the relative
distance between the frequency of the impedance
peak and the clock frequency, but the impact is
getting smaller with more ground TSVs compared
case b with ¢ as it is shown that the impedance
curves tend to be approximately the same. There-
fore, it needs to add more power TSVs as shown
in case d if higher f; and f, are wanted, and f;
will be eliminated because of the enough TSVs.

To determine the effects of the number of
stacked tiers on the impedance , it varies from
two to four. Fig. 14 shows the comparison of three
input impedances at the center of the topmost
tier for the multi-stacked on-chip PDNs with the
TSV array connecting as shown in case c¢ in Fig.
12. The P/G grid and TSV capacitances increase
with the number of stacked tiers increasing so
that the impedance below the series resonant fre-
quency (f1) is decreased. f; moves to a lower
frequency range, but the lowest parallel resonance
frequency (f2) of them moves to the lower fre-
quency range with the higher PDN impedance
peak. As a result, it needs to pay more attention to
designing the future heterogeneous 3D IC because
a higher-stacked on-chip PDN is more difficult to
keep minimizing the low PDN impedance.

100 '\ ——two tiers
\ —— three tiers
] — four tiers
5 104 o
2 ]
% B
3 ] nCP/G grid+(n_1)c'l'SVT
Q. 14
E 3
P O e
"1E8 1E9 1E10
Frequency (Hz)

Fig. 14 The comparison of the input PDN impedance at
the center of the topmost layer depended on the different
number of the tiers
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Fig. 15 The comparison of the input PDN impedance at
the center of the topmost layer depended on the different
size of the four-stacked on-chip PDN

To determine the effect of the size of the
stacked on-chip PDN on the impedance, the scales
of the sizes of four-stacked on-chip PDNs are
varied from 0.7 to 2.2. The uniform density dis-
tribution of TSVs is adopted. Fig. 15 shows the
comparison of three input impedances at the cen-
ter of the topmost tier for the four-stacked on-chip
PDNs with the TSV array connecting as shown in
case d in Fig. 12. When the scale of the stacked
on-chip PDN is increased, the impedance below
series resonant frequency (f1) is decreased because
the P/G grid and TSV capacitances increase. f;
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moves to the lower frequency range. The paral-
lel resonance becomes less and less obvious in the
high-frequency range.

4 Conclusion

The proposed model can reflect the various
arrangements of the P/G TSVs for estimating
the multi-stacked on-chip PDN impedance in 3D
ICs. The separated power/ground grid units of
the on-chip PDN are modeled as the transmis-
sion line using the frequency-dependent RLGC
parameters and the TSV array is modeled using
the theory of multiconductor transmission lines.
Then the impedance of the multi-stacked on-
chip PDN is derived by the transmission matrix
method through the cascade. It replaces the simu-
lation of the complex SPICE circuit in which there
exits lots of coupling with the matrix calculation
method. It is computationally efficient and leads
to a large saving in CPU run time. For the com-
plicated structure, it is also accurate and scalable
to analyze the impedance in the pre-design stage
and help designers achieve a 3D PDN quickly and
reliably.
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