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Abstract of the Thesis

Effective Distance Calculations for On-chip Decoupling Capacitors

In 3-D Integrated Circuits

by
Sateja Sunil Mungi

Master of Science
in
Electrical Engineering

Stony Brook University

2013

On-chip decoupling capacitors alleviate power supply noise at switching nodes
by supplying charge during switching activity. Concept of effective distance for
decoupling capacitors with a proposed ramp current model is presented. A closed-
form expression is derived for effective distance using the proposed model. Pro-
posed model is verified with SPICE simulations and shown to be more accurate than
the existing load current model. Analytical results are obtained for 2-D and 3-D ICs
with the proposed load current model to highlight the effect of different circuit pa-
rameters on effective distance. In 3-D ICs, effect of via-last and via-first/via-middle
TSV types is analyzed by modeling electrical characteristics of these TSVs. Elec-
trical models of via-last and via-first/via-middle TSVs are used to obtain analytical

results for effective distance. Via-last TSVs are shown to be superior than via-
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first/via-middle TS Vs since via-last TSVs do not rely on metal via stacks to ensure
interplane communication. Via-last TSVs require, on average, 7.81% less decou-
pling capacitance than via-middle TSVs. Effect of number of TSVs, types of TSVs,
resistance between decoupling capacitor and load, number of planes, resistance of
alternative current path (only for via-first/via-middle TSVs) on effective distance
is investigated. These results corroborate the concept of effective distance in 2-D
and 3-D ICs which allows use of non-adjacent decoupling capacitors for switching
loads. Due to vertical integration in 3-D ICs, effective distance permits the use of
a properly sized decoupling capacitor located in one plane for a switching load lo-
cated within a limited distance in another plane. This advantage leads to die area

saving, less layout effort, reduced cost and time to market.
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Chapter 1
Introduction

Continuous feature-size scaling has brought several challenges that need to be al-
leviated using various creative and ingenious solutions. As we approach 14 nm
technology node, and continue to scale down to 9 nm regime in the near future,
a new trend of More-than-Moore is gaining popularity [1]. It refers to integra-
tion of a heterogeneous system in the same package using technologies such as
system-in-package (SiP) and package-on-package (PoP) [2]. One key technology
that allows heterogeneous integration of systems is three-dimensional (3-D) inte-
gration yielding 3-D ICs [3]. Figure 1.1 shows one such 3-D IC with different dies
stacked together to act as a complete system. Term 3-D technology broadly refers
to the family of technologies united by a common feature of vertical integration.
These technologies include 3-D packaging, transistor build-up 3-D technology, and
wafer-level 3-D integration compatible with back-end-of-line (BEOL) and front-
end-of-line (FEOL) processes [2].

3-D integration is an emerging technology that forms highly integrated systems
by using a variety of materials and fabrication technologies to offer reduced power,
higher integration density, reduced form factor, multi-functionality, high data band-
width, high performance, increased yield and reliability at a reduced cost [2]. Ex-
panded use of 3-D integration by allowing vertical stacking of dies is one of the

promising solutions to continue achieving scaling advantages offered by Moore’s



Figure 1.1: Ilustration of 3-D integration - vertical stacking of heterogenous planes

law [1], [4].

Through silicon vias (TSVs) are the most important aspect of wafer level 3-D
integration technology which penetrate through silicon substrate carrying power,
ground, clock, and data signals from one plane to the other [2,5]. TSVs exhibit
different voltage drops and influence the noise behavior due to different fabrication
processes and material properties. They act as vertical interconnect between differ-
ent planes of dies conducting electrical signals and heat, and providing mechanical
support to hold these dies in place. Figure 1.2 highlights the importance of TSVs in
3-D integration.

Similar to 2-D ICs, 3-D ICs face the challenge of efficient power delivery. There
have been different topologies for on-chip power distribution networks that trade in-
terconnect resources with resistive and inductive drop along the network, thereby
affecting the overall reliability [7, 8]. Despite the several improvements in the de-

sign process of power distribution networks, they have important issues to over-
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Figure 1.2: 3-D technology roadmap highlights the importance of TSVs which are marked
as Vertical Interconnect providing electrical, thermal connectivity, and bonding between two

device layers [6].

come. Ongoing device and interconnect scaling adds to non-idealities and leads
to increase in IR drop along the network. Reduced supply voltages, higher power
density, large amount of simultaneously switching on-chip circuits, increasing cou-
pling noise, and ever-increasing performance demand make the process of on-chip
power distribution more challenging. To alleviate some of these issues, decoupling
capacitors are used.

Decoupling capacitors have been used for decades to limit the power supply
noise and improve signal/power integrity. Decoupling capacitors act as energy
reservoir and provide charge to load circuit when the load circuit switches instanta-
neously. Hierarchical placement of decoupling capacitors on board level, package
level, and chip level has been an effective solution to alleviate the strong trade-off
between size and charge storage capacity of capacitors [7]. While acting as in-
termediate charge storages, decoupling capacitors also lead to parallel resonance
with the upstream circuit which might increase impedance beyond the target im-

pedance [7,8]. Furthermore, large on-chip decoupling capacitors occupy significant



chip area. These undesired features make it critical to size and place the decoupling
capacitors as accurately as possible when deployed on-chip.

The topic of on-chip decoupling capacitance estimation and placement has been
studied in detail. On-chip decoupling capacitance has been estimated in time and
frequency domains [9]. Another algorithmic approach for sizing and placement
of decoupling capacitors in [10] restricts decoupling capacitor placement in a row
of standard cell. A floorplanning approach by [11] underestimates the decoupling
capacitor budget when decoupling capacitor is not close, but at a certain distance
from load. In [12], Popovich et al. have introduced effective radii based on target
impedance, considering first or second dominant droop. Effective radii impose a
restriction to place decoupling capacitors sufficiently close to switching load and
power supply. Effective radius calculated by considering charge time, however, is
not a closed-form equation. Another work by Wong et al. [13] uses network flow
based algorithmic approach to improve effective distance calculation. However,
only a pulse current model for load current is considered.

In 2-D integrated circuits, there exists a relationship between distance of load
from decoupling capacitance and IR drop at the switching load as stated in [12], [13].
This relationship is essentially derived and validated when load and decoupling ca-
pacitance are in the same plane. For vertical integration in 3-D ICs, this relationship
should be extended for non-planar distance between load and decoupling capacitor
when both of them are not located in the same plane. Thus, vertical integration
allows possible use of decoupling capacitors located in one plane for a load in ad-
jacent plane.

In order to calculate the amount of decoupling capacitance required for a switch-
ing load, load current profile is studied and modeled. Effective distance is calculated
on the basis of this current model. In [13], a basic model of current pulse has been
assumed to derive effective distance. However, from observations, a model where
current rises linearly to a peak value (such as a ramp signal) is more practical for
on-chip load currents.

This work focuses on two aspects of decoupling capacitors: 1) improving load

current model from a pulse to ramp current to derive improved effective distance,



2) extending effective distance from 2-D to 3-D ICs, evaluating different TSV tech-
nologies, and their influence on effective distance. These two aspects target at using
optimal amount of decoupling capacitance for reducing power supply noise.

The rest of the thesis is organized as follows. Characteristics of prominent TSV
types, their structures, on-chip power delivery and on-chip decoupling capacitors
are described in Chapter 2. Chapter 3 explains the improved effective distance for
2-D integrated circuits using proposed ramp current model. Existing and proposed
effective distance models are also compared in this chapter. Chapter 4 has models
for 3-D integrated circuits and details about the results obtained by considering
different TSV types, number of TSVs, and effect of these parameters on effective
distance. Chapter 5 concludes the thesis.



Chapter 2
Background

TSVs are essential for electrical, thermal, and structural connectivity in wafer-level
3-D integration. In this chapter, TSV technologies and their physical and electrical
characteristics are discussed. General on-chip power delivery and role of decou-

pling capacitors for efficient power distribution are also described.

2.1 TSV based 3-D integration

TSVs typically have high aspect ratio and are partially or completely filled with
metallic substance for electrical and thermal conductivity. There have been numer-
ous approaches to fabricate TSVs as mentioned in [6], [14], [15], [16], [17]. These
approaches list a variety of filling materials such as copper, composite fill of copper
and ceramic [6], tungsten, doped polysilicon [18], use of different physical struc-
tures such as cylindrical, tapered [19] and annular [18]. Also, depending upon the
sequence of TSV formation, i.e. before FEOL, between FEOL and BEOL, and af-
ter BEOL, the process temperature which TSV material has to withstand, varies.
Thus, TSV filling material employed in TSVs fabricated at different stages needs
to possess certain thermal and mechanical properties. Depending on all of these
factors mentioned above, there are primarily three types of TSVs: 1) via-first, 2)

via-middle, and 3) via-last. Some important characteristics of these TSV types



Parameter Via-first Via-middle Via-last

Filling material Doped polysilicon Tungsten/Copper Copper
Structure Cylindrical Annular and conical/Cylindrical | Cylindrical
Aspect ratio AR 2.5:1 15:1-22:1 6:1
Diameter W 4 um 4 um to 2.66 um 10 ym
Height H 10 um 60 um 60 ym
Pitch P 8 um 8 um to 9.34 um 20 ym
Processing temperature High Average Low
Formation Before FEOL Before BEOL After BEOL
Landing metal M; M; Mrop
Take-off metal Mrop Mrop My,
Table 2.1:  Characteristics of via-first, via-middle, and via-last TSVs

[14], [15], [16], [18], [20], [21], [22], [23], [24], [25], [26]

are listed in Table 2.1. Figures 2.1(a) and (b) show representation of via-first/via-
middle TSVs and via-last TSVs respectively. These TSV types are summarized in

the following subsections.

I —— — T ——
@ PON— T = : _Local PDN B =
\ . —l
Viafirst/Via-middle - Vialast TSV e
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Plane 2
=T Local PDNT —f T} B _F—lcaronE| [FE
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Hal —> \‘;V
[~ 1 ey
Silicon Silicon  pjane 1
(a) (b)

Figure 2.1: Primary TSV technologies: (a) via-first/via-middle, (b) via-last [19]



2.1.1 Via-first/Via-middle TSV

Despite the fabrication differences (such as via-first TSVs are formed before FEOL
process, and via-middle TSVs are formed between FEOL and BEOL), there is a
major common characteristic. Both via-first and via-middle TSVs connect the top-
most metal layer and first metal layer within a plane. Thus, via-first and via-middle
TSVs, from their electrical model view, are considered equivalent in this work.
These two TSV types have comparable physical dimensions such as aspect ratio,
height, width and pitch. Despite the difference in the resistivity of filling material
in via-first and via-middle TSVs, they yield the same electrical model. Also note
that, via-first and via-middle TSVs have alternative current paths to the devices, as

shown in Figure 2.2(a).

Silicon Silicon

H'H

DEVICE

Silicon Silicon

(a) (b)

Figure 2.2: (a) Alternative current paths in via-first/via-middle scheme, (b) only one electrical
path for via-last TSV scheme [19].



2.1.2 Via-last TSV

Via-last TSVs are fabricated after back-end-of-line (BEOL) process. Thus, they
have to withstand less fabrication temperature, and have copper filling which gives
the least resistance. However, via-last TSVs have higher inductance due to large
physical dimensions. In this work, only resistive behavior is considered due to
specific interest in effectiveness of decoupling capacitor affected by resistance. As
shown in Figure 2.2(b), via-last TSV's do not have alternative current paths through

the first metal layer.

2.2 Power Delivery in Integrated Circuits

Performance, size, and cost of any integrated circuit is greatly influenced by the
power distribution system comprising of interconnect network and decoupling ca-
pacitors used at the board, package and chip levels [7]. Power distribution system
is designed hierarchically due to the fact that power flows from outer level (PCB)
to inner level (chip) of the system. Also, system design flow makes the specific
power requirements clearer as the design progresses from coarse to fine level. In
general, a power distribution system should satisfy impedance characteristics and
power supply noise at each level. This requires the use of decoupling capacitors
in a similar hierarchical fashion. A simple electrical model of a power distribution

system is shown in Figure 2.3.

2.2.1 On-chip Power Distribution Networks

As there is a large number of non-uniformly switching circuits within a die, on-chip
power distribution network (PDN) experiences significant variation in power dissi-
pation across the chip area. This causes the voltage appearing across power and
ground lines at different locations of the network to be non-uniform. This fact re-
quires an on-chip power distribution network to be modeled as a two-dimensional

mesh [7]. There are different topologies for on-chip power distribution networks



Vdd

Figure 2.3: Power distribution network with hierarchical placement of decoupling capacitors
Cp, Cp, C. at board, package, and chip level respectively [7]. Subscript p denotes parameters
along power network and subscript g denotes the same along ground network. R, and L, are
resistance and inductance at regulator level, R, and L, at board level, R, and L, at package
level, and R, and L, at chip level.

such as routed, mesh, grid structured, power and ground planes, and cascaded
power/ground rings [1]. These styles can be classified into irregular and regular
structures and play a major role in determining power integrity, power distribution
resources, cost and effort required for the design of power distribution network, and

the robustness of the on-chip circuit.

A AN

Rd Rc

vdd () ——CcC lpCD

Figure 2.4: Model of an on-chip power distribution network with decoupling capacitor C
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2.3 On-chip Decoupling Capacitance

Figure 2.4 shows a model of an on-chip power distribution network with decou-
pling capacitor C. Here, R; and L, are, respectively, the resistance and inductance
between voltage source and decoupling capacitor. R, and L. are, respectively, the
resistance and inductance between load and decoupling capacitor. Switching block
(or load) is represented by current source. C is the on-chip decoupling capaci-
tance that partially supplies current to load during switching to reduce power supply
noise.

Decoupling capacitors are an integral part of a power distribution network. They
are used to reduce power supply noise by acting as charge reservoirs. On-chip de-
coupling capacitors have traditionally been allocated into the white space available
on die based on an unsystematic or ad hoc approach [10], [11].

This approach can place decoupling capacitor and switching block far apart
which causes the decoupling capacitor to be ineffective. To make decoupling ca-
pacitors effective, they are forced to be over-sized. Else, it leads to an increase in
power supply noise and degradation in power/signal integrity. A larger decoupling
capacitance occupies more chip area. It also results in higher leakage power, re-
duced reliability, and higher cost [7]. Thus, decoupling capacitors should be placed
sufficiently close to the load to have small and optimal values.

On the other hand, if a switching block is allowed to use a decoupling capacitor
located nearby or only within the same row of a standard cell, this restriction creates
another issue. On-chip decoupling capacitors are allocated to the white space after
the layout is completed. Thus, if the nearby decoupling capacitor is not sufficient,
this method would require creation of new white space adjacent to the block, which
leads to modification of the entire layout. Moreover, effort spent for laying out those
blocks is also sacrificed. If there is available white space that is located within a
specific distance from the block (which is not necessarily adjacent to the block), it
can be allocated to a decoupling capacitor for that block. Thus, by precise calcula-
tion of decoupling capacitance and its effective distance, rework effort for layout,

wasted white space on-chip, cost, and additional time-to-market is avoided. This

11



work tries to highlight that a decoupling capacitor sized properly is effective even
when it is physically located at a certain distance. This characteristic is important
to exploit non-adjacent decoupling capacitance.

In 3-D ICs, a decoupling capacitor located in one plane can be useful for switch-
ing load in another plane if decoupling capacitor is large and sufficiently close. It
would account for significant chip area saving where one die (plane) has sparsely
distributed circuit and the other die (another plane) has densely packed circuits and
cannot afford to undergo layout modification. Next chapter discusses sizing of de-
coupling capacitance and its maximum allowed distance from load, and effects of

circuit parameters on these two criteria.
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Chapter 3

Effective Distance for Decoupling

Capacitors in 2-D ICs

In order to quantify effective distance and better understand the effects of differ-
ent circuit parameters, a closed-form expression is developed, as described in this
chapter.

For a circuit shown in Figure 3.1(a), R, is the resistance between decoupling
capacitance C and load, Ry is the resistance between decoupling capacitor and V,
where load is modeled with a linear current source in the form of a ramp signal,
as shown in Figure 3.1(b). This ramp achieves a peak at the end of transition time
t-. Decoupling capacitor C discharges from ¢t = 0 to ¢t = ¢,, while supplying current
to the load modeled by a current source I (7). Voltage across the load is denoted
by Vi (t). The power supply noise at the load should not exceed a limit and this
limit is denoted by V;,;. V;,; is considered to be 5% of V,,; throughout this work.
Decoupling capacitor C is responsible for keeping power supply noise below V;,;,
even when Iz (¢) achieves its peak value /,. In absence of R. (when the on-chip
decoupling capacitor C is located adjacent to the load), capacitor would supply
current to the load when switching occurs and maintain the load voltage within
limit. However, when decoupling capacitor C is located at some distance from the

switching load and therefore sees resistance R, it has to overcome voltage drop

13



across R.. This requires decoupling capacitance C to provide extra current and
still maintain load voltage above V;; — V;,;. This means that additional decoupling
capacitance would be required to provide this extra current. Thus effective distance
is the ratio of amount of decoupling capacitance required in the presence of R, to the
amount of decoupling capacitance required without R.; having power supply noise

constraint satisfied in both of these cases [13]. Thus, effective distance is defined

as,
Effective distance = C(Re) 3.1
C(Rc=0)
—\VV TV \VV—
Id Rd Rc lc \ |L(t) Ip
vdd I CD C=/ v
. 0 t tr

(a) - (b)

Figure 3.1: (a) Circuit used for deriving effective distance, (b) switching load current mod-
eled as ramp.

3.1 Derivation for Effective Distance of a Decoupling

Capacitor Based on Proposed Model

Effective distance in [13] is based on a pulse current model for load current. Pro-
posed model uses ramp current to model the load, as shown in Figure 3.1(b). De-
tailed derivation to obtain a closed-form expression for effective distance using the

proposed model is presented in this section. The current equations from circuit

14



diagram shown in Figure 3.1(a) are

dv,
I.(t) = — ,
(t) %
when
I(t) = 1.(t) + 1a(t)
wherein
t
IL(t) = Ip— .
1y

Using Kirchoff’s voltage law for the circuit,

Viaa —1i(t)Ra = Vi (t)

and
Vi(t) +1(t)R. = V(1) .

From (3.3) and (3.5)
Vi(t) =Vag —IL(t)Rg + 1.(t)Ry .
Thus, from (3.5) and (3.6),
Vaa —1(t)Rg +1.(t)R. = V(1) .
Substituting (3.3) in (3.8) gives
Via —IL(t)Rg + 1:(t)(Rg + R.) = V(1) .
Substituting (3.2) and (3.4) in (3.9) gives

dv,(1)
dt

t
Via _Ip(t)t_Rd =V(t)+C
r

15

(Rg+R.) .

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)



Solving differential equation (3.10) in V,(¢) and applying initial condition, the result

1S

I,(t)R =t
V) =Vag — PR Ry RO B
r
and
CI,(t)R S -
I(t) = #(1 — eCRaTR)] | (3.12)

Substituting (3.2), (3.4), and (3.12) in (3.7),

I,(t)R ___=r
VL(I) =V + &[Rd(j(l — eC(Rd+RC)) —l‘] . (3.13)

r

Re-arranging the terms in (3.13) yields

Vi(t) —Vaa B
t+t,—2—"= =R,;C(1 —eCRatRe)) 3.14
+ 1,()Ra 1C(l—e ) (3.14)

Applying Taylor’s expansion [27] up to second order in (3.14) gives

Vi(t) = Vag t 1?

L
r+t =R — .
" Ip(l‘)Rd d[Rd +R, C(Ry —l—RC)Z]

(3.15)

Re-arranging (3.15) to obtain a closed-form equation in C and substituting V(1) =
Vaa — Viol yields
(Ra)*11p(1)

C = . 3.16
(Ra+Rc)tR21,(t) — (Rd + Re)[tI,Ry — 1, V1] 10

From definition of effective distance in (3.1) and substituting ¢ = 7, since power

supply noise reaches maximum when the load current reaches its peak value,

Rz'vtol
(Rd +Rc)2Vtol - (Rd +Rc)RcVn0ise 7

Effective distance = (3.17)
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where Vyise = 1,.Ry is the noise voltage at the load in the absence of a decoupling
capacitor. Equation (3.17) is in closed-form and provides a relationship between
effective distance and electrical parameters of the circuit.

Here, another important characteristic of decoupling capacitor becomes evident.
It is important for a decoupling capacitor to effectively overcome the voltage drop
across the resistance along the path between decoupling capacitor C and load during
switching. To do so, this resistance should be less than a certain value denoted by

R0y 1t is defined as [13]
RiViol

_ fdlol (3.18)
Vnoise - Vtal

Rmax =

where R, < Rux-
Total required decoupling capacitance is calculated from base decoupling ca-
pacitance and effective distance. Base decoupling capacitor Cp,y, 1s the required

capacitance when R, is zero and is given by [13]

0
Chase = m ) (3.19)
ty
Q:/QMt (3.20)

It,
= 3.21
0=" (3.21)
Hence, substituting (3.21) in (3.19),
It
Chase = —— . 3.22
base 2le ( )
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R;in Q | Calculated E.D | Simulated V(t) in mV at calculated E.D | Simulated E.D | Percent error in E.D

0.1 1.042 957.3563 0.75 38.93
0.15 1.099 955.311 0.83 3241
0.2 1.19 953.6971 0.95 25.26
0.25 1.333 952.4507 1.15 15.91
0.3 1.562 951.5018 1.35 15.70
0.35 1.961 950.8147 1.8 8.94
0.4 2.778 950.3468 2.6 6.85
0.45 5.263 950.0831 52 1.21
0.48 12.76 950.0129 12.7 0.47
0.49 25.25 950.0028 25.2 0.19
0.5 oo NA NA NA

Table 3.1: Validation of effective distance calculations with SPICE

Total required decoupling capacitance C is
C = Effective distance (E.D) x Cp 4,0 - (3.23)

Equations (3.17), (3.18), (3.22), and (3.23) determine the effectiveness of a decou-
pling capacitor along a 2-D IC.

Effectiveness of decoupling capacitors given by (3.17), (3.18), (3.22), and (3.23)
is verified using SPICE simulations, when V;,; = 50mV, V4 =1V, I, = 200 mA,
t, =50 pS and R; = 0.5 Q for a circuit shown in Figure 3.1(a). Here, V,pise =
100 mV, Ryax = 0.5 Q, and Cpyee = 100 pF are obtained from calculations. Table
3.1 shows different R, values, calculated effective distance from (3.17), simulated
V(1) at calculated effective distance using SPICE and simulated effective distance,
also using SPICE. From the table, noise voltage at the load is always within the
tolerable limit of 50 mV for all possible values of R.. Average error in calculation
of effective distance is 14.59%.

Figure 3.2 shows the plot of calculated and simulated effective distance. From
Table 3.1, for R, = 0.2 Q, observed effective distance is 0.95 and calculated effec-
tive distance is 1.19. However, as R, approaches R,,,, calculated effective distance
values are sufficiently close to simulated effective distance values, as seen for R,

values of 0.48 Q and 0.49 Q. As also seen in Figure 3.2, there is a slight overesti-
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mation of effective distance for smaller values of R.. It should be noted here that at
R. = Ryux = 0.5 Q, calculated effective distance value is unreasonably large, and
simulated effective distance is also unreasonably large. Base decoupling capacitor
value from simulations is Cpgs. = 62.78 pF, which is the total required decoupling

capacitance when R, is zero.

Observed and calculated effective distance for Rd=0.5 ohm and ramp
current with Ip =200mA , tr = 50pS and Cbase = 100pF

T T T T T T T

w
o

—*— Calulated E.D
—6e— Observed E.D

N
ol
T

N
o
T

=
(@)
T

a1
T

Effective distance(Normalized capacitance)
H
ol

¢7 #7 L L

0 Il Il Il
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized resistance Rc/Rmax

Figure 3.2: Calculated and simulated effective distance for V;,; = 50 mV, V;y =1V, I, =
200 mA, t, = 50 pS,and R; = 0.5 Q.

3.2 Comparison of Existing Model and Proposed Model

for Effective Distance of Decoupling Capacitors

The proposed model of effective distance presented in this work is compared with
the existing model in [13]. Existing model assumes load current to be a pulse with a

constant value of [, = 200 mA, whereas the proposed model assumes ramp current
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model with a peak value of I, = 200 mA as given by (3.17). Rise time and duration
of pulse are required only for base decoupling capacitor Cp,s calculation. Hence,
effective distance calculation is independent of the duration of current irrespective
of the type of model. Total decoupling capacitance, however, depends upon pulse
duration (for the existing model) or rise time (for the proposed model), since base
decoupling capacitance is determined by pulse duration or rise time.

Resistance between power supply and decoupling capacitor R; is 0.5 Q. At
R./R,,. of 0.3, 0.5, and 0.8, the error in calculated effective distance is 32.41%,
15.91%, and 6.85% respectively. Figure 3.3 shows the comparison of calculated
effective distance using existing pulse current model and proposed ramp current
model. According to this this plot, existing model overestimates the effective dis-
tance towards larger values of R.. As described before, towards higher values of
R., effective distance increases exponentially. Thus, overestimation of decoupling
capacitance would create significant and unnecessary increase in the area. How-
ever, as seen from Figure 3.2, proposed model more precisely estimates required
decoupling capacitance when R, values are higher, and close to R;,,c. The exist-
ing model overestimates effective distance when compared to proposed model, by
12.65%, 20.48% and 31.57% for R./R,,, values of 0.3, 0.5 and 0.8 respectively.
Thus, proposed model achieves enhanced performance by more accurately estimat-

ing the required decoupling capacitance compared to existing model.
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Calculated effective distance for Rd=0.5 ohm and step(existing model)
and ramp(improved model) currents with Th=Ip=200mA

—— Calculated E.D using existing model
—6— Calculated E.D using improved model ||
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Figure 3.3: Comparison of existing and proposed effective distance model for [, =1, =
200 mA and R; = 0.5 Q.

3.3 Effect of Circuit Parameters on Effective Distance

of a Decoupling Capacitor

For the circuit shown in Figure 3.1(a), analytical results are obtained using a ramp
load current shown in Figure 3.1(b) with a peak value I, = 100 mA, t, = 50 pS,
and Vy; = 1V. Effect of R; and V,,; for a range of R, is analyzed in this section.
In addition, these analytical results obtained from the proposed model are verified

using SPICE simulations, demonstrating reasonable accuracy.

3.3.1 Effect of R; on Effective Distance

R, signifies the resistance between voltage source and decoupling capacitor, so

more the Ry, less is the R, more is the decoupling capacitance required and
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higher is the effective distance predicted from (3.17) and (3.18). Here, noise toler-

ance is constant at 50 mV for all values of R;.

60 I
—e—Rd =1 ohm
—e—Rd = 0.75 ohm
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Figure 3.4: Effect of variation in R, on effective distance for V,,; = 50mV, V;y = 1V, I, =
100mA, and ¢, = 50pS.

As seen from Figure 3.4, higher values of R; require higher effective distance
for the same value of R.. For example, for R. = 0.5 Q, effective distance with R,
equal to 0.6 ©, 0.75 Q, and 1 Q is 0.65, 0.9, and 1.33 respectively.

3.3.2 Effect of V;,; on Effective Distance

Higher noise tolerance limit V;,; allows Ry, to increase, permitting a larger range
of R, values. For the same R, increased V;,; requires less decoupling capacitance.
This is equivalent to a smaller effective distance as seen from (3.17) and (3.18). As
shown in Figure 3.5, for a constant R, of 0.2 Q, if V,,; increases from 25 mV to 50
mV, and to 75 mV, effective distance decreases from 2.083 to 1.042, and to 0.8929

respectively. Thus, expected effect of V;,; on effective distance is verified.
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Figure 3.5: Effect of variation in V,,; on effective distance for V;; = 1V, I, = 100mA, R; = 1Q,
t, = 50pS.

3.3.3 Combined effect of R; and I, on Effective Distance

From (3.17), effective distance depends on Ry, V;,; and V,,pise. Figures 3.4 and 3.5
show the dependence of effective distance on R; and V,,; respectively, when the
remaining parameters are constant. Load voltage in the absence of a decoupling
capacitor is given by Vise, where Vygise is a product of R; and I,. Thus, it is
interesting to see the simultaneous effect of R; and I, on effective distance. Figure
3.6 shows a plot that describes the effect of R; and 1, simultaneously on effective
distance. Effective distance increases when R, or I, increase, or both of these
parameters increase simultaneously. For example, for I, = 230 mA and R; = 0.7 Q,
effective distance is 2.217. When /,, remains constant at 230 mA and R, increases to
1.4 Q, effective distance increases to 3.926. Alternatively, when R, is kept constant
at 0.7  and I, increases from 230 mA to 270 mA, effective distance becomes 3.781.
When both R; and I, are high such as 1.4 Q and 270 mA respectively, effective
distance increases to 13.92.

From (3.18), Ryqx depends on R; and V.. Thus, for higher values of R;
and [,, there is a decrease in R,,,.. As mentioned earlier, R. should be less than

R,.qx. Hence, on this plot, the points where R, exceeds R, effective distance is
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considered to be zero. Therefore, there is a break in the graph creating two spikes
in the region of highest values of R; and I,. For example, for I/, = 280 mA and
R; = 1.4 Q, R, exceeds R, and decoupling capacitor becomes ineffective, as

indicated by the break in Figure 3.6.

150

100

50

Effective Distance

0.3

0.26
0.24

Rd in Ohm 05 0.22 Ipin A

Figure 3.6: Effect of variation in R; & I, on effective distance for V;; = 1V, R. = 0.2 Q,
le =50mV.

Various aspects of proposed effective distance model have been discussed in this
chapter. This model is extended to 3-D integrated circuits in the next chapter. As
3-D ICs include TSVs, characteristics of TSVs are modeled and included to apply
the proposed effective distance model for decoupling capacitance calculations in
3-D ICs.
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Chapter 4

Application of Effective Distance to
3-D Integrated Circuits

Vertical stacking of multiple silicon wafers is possible due to 3-D integration. Elec-
trical connectivity between different layers is achieved with the help of high aspect
ratio TSVs, as described in Chapter 2. In this chapter, effect of TSVs and their
electrical characteristics on required decoupling capacitance is emphasized. The
electrical effects of different types of TSVs are presented in the form of equivalent
electrical circuits. Effective distance introduced and derived in the previous chapter
is extended from 2-D to 3-D integrated circuits. Results obtained for 3-D integrated
circuits are summarized in this chapter. These results verify the idea of effective

distance for decoupling capacitors in 3-D ICs.

4.1 Electrical Model for Via-first/Via-middle TSVs

As mentioned in Chapter 2, electrical characteristics of via-middle and via-first
TSVs are considered to be identical since their connectivity with local metal layers
is similar. Figure 4.1 shows electrical model for via-middle/via-first TSV. This
model considers three planes of vertically stacked wafers connected using TSVs

and supplied with the power and ground voltages at the bottom plane. Via-first and
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Figure 4.1: Electrical model for via-first/via-middle TSV, and power distribution network
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via-middle TSVs start from the topmost metal layer of n" plane and end at the
first metal layer of the (n+ 1) plane. Hence, they are represented by resistance
Rrsy between topmost metal layer of n” plane and the first metal of n+ 1/ plane.
The effective resistance of a number of TSVs connected in parallel is denoted by
Reng;,e “ve " A stack of metal vias exists from first metal layer to the topmost metal
layer of any plane to deliver power. Resistance due to the stack of metal vias is
denoted by R,¢ricq;- Via-middle/via-first TSVs have alternative power distribution
paths within a plane (parallel to R,¢,sicqr)- Rar1 1S the resistance of metal interconnect

along this alternative current path in the bottommost (first) metal layer. Resistance

RPDN

of the local power distribution network is denoted by R; ).

Power and ground pads
are assumed to be at the bottom of 3-D stack and are represented by voltage source
Vaq and ground respectively. Since power and ground pads are connected to the
package, package resistance R qckage 18 also considered in the model. The switching
block (load circuit) is modeled as current source I;. A decoupling capacitor C is
connected across each load with a resistance of R.. This model considers resistive

characteristics of TSVs while ignoring capacitive coupling into the substrate.

4.2 Electrical Model for Via-last TSV

The electrical model shown in Figure 4.2 is for three planes of vertically stacked
wafers connected using via-last TSVs where the power and ground pads are located
at the bottom. Via-last TSVs connect the topmost metal layers of two adjacent
planes. Power is distributed from the topmost metal layer in every plane to lower
metal layers using local power distribution network within the plane. Resistance of
this local power distribution network is given by RPN There are no alternative cur-

local*
rent paths in via-last TSV configuration. Hence, Ry resistance seen for via-middle
TSVs does not exist in this case. ReTJ;{f €1V is the effective resistance of a number of
via-last TSVs connected in parallel. Decoupling capacitor C is located at a certain
distance from the load, and this distance is modeled by resistance R.. Power and

ground are represented by a voltage source V;; and ground at the bottom plane.
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Package resistance is represented by R 4ckage- The switching block is modeled by
current source I.

This model considers only resistive characteristics of TSVs. TSV inductance
and capacitance are not considered, as they make the effective distance expression
transcendental. The primary objective in this work is to obtain a closed-form ex-
pression for the effective distance with a more realistic supply current waveform

modeled as a ramp function, and apply this model to 3-D ICs.

4.3 Approach for Using Electrical Models of TSVs

In order to use models shown in Figures 4.1 and 4.2 for effective distance calcula-
tion, it is required to express R, and R in terms of circuit parameters of Figures 4.1
and 4.2. This is done for every plane shown in Figures 4.1 and 4.2. Here, R(ll is the
resistance from power source V; to the decoupling capacitor C located in the first

plane. R! is the resistance between decoupling capacitor C and the load I; in the
1

max

is the noise voltage across switching load in plane one. Similarly,

first plane. R

1
formula. V, ..,

gives the maximum value of R, allowed using effective distance

parameters are defined for other planes, where the superscript determines the plane
number.

The load characteristics are assumed to be the same throughout all the planes of
model. This includes the rise time of load current #,, peak value of the load current
I,, and tolerable noise voltage across the load V;,;. Since load current is the same
for all planes, base decoupling capacitor Cp, 1s identical across all the planes.
Via =1V, Vigp = 5% of Vgg = 50 mV, t, = 50 pS, Rpackage = 3 mL2 are assumed to

be constant across all the simulations for all types of TSVs.

29



4.3.1 Via-middle TSVs

Resistance of each copper-filled via-middle TSV is considered to be 80 m€ [19].

Hence,
Reffective 80 m&2

o= (4.1)

where n is the number of TSVs.
A peak power density of 250 W/cm? at 1V is assumed [28]. Thus, for a die
area of Imm x 1mm, the peak load current J, is equal to 2.5 A, and target resistance

of local power distribution network should be 20 m€2, assuming 50 mV of tolerable

PDN
local

of the network resources is considered to be in the range of tens of m€2, such as

noise. Hence R that consists of decoupling capacitors in addition to the rest

50 mQ. As the first metal layer that connects the devices in on-chip circuit is highly

RPDN

resistive, resistance of first metal layer interconnect Ry is assumed to be 20R; ) 7,

equal to 1 Q. Calculation of R,,jc. requires a different approach. Since R¢sical
represents the resistance of metal vias from the first metal layer to the topmost metal
layer within a plane, we need to find how many such metal vias are present in the
area formed by the width of n such TSVs, as shown in Figure 4.3.

TSVs are cylindrical in shape. A via-middle TSV has a diameter of 4 um, and
pitch of 8 um. Each TSV is surrounded by a minimum space of 2 um (keep out zone)
when the TSVs are closely packed in an area [19]. Metal vias have dimensions of
2\ x 2\ and they are surrounded by a minimum spacing of A on a densely packed
array of vias [29]. Figure 4.4 illustrates these details. Here, A is half of the feature
size and is determined by the technology.

Number of metal vias can be calculated from the area occupied by via-middle

TSVs. Thus, a single via-middle TSV area is the same as the area occupied by
8um x 8um
4N x 4h

present in the area occupied by one via-middle TSV.

number of metal vias. This yields the total number of metal vias stacks

Hence R,.;¢icq 1S formulated as,

R[single stack of metal vias (M1-top metal layer)] 42)

vertical = tal number of metal via stacks in area occupied by TSVs
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Figure 4.3: Representation of via-middle TSV and stack of metal vias: (a) Top view of TSVs
and stack of metal via shown separately, (b) side view of TSVs and stack of metal via.
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Figure 4.4: Physical dimensions of (a) via-middle TSV, (b)metal via.
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Here R[single stack of metal vias (M1-top metal layer)] is assumed to be 12.4 Q.
For a 130 nm technology

12.4 12.4

Rvertical - =
8um x 8im 947 xn’
4x65nm x 4x65nm x n

4.3)

where 7 is the number of via-middle TSVs.
As seen in Figure 4.1, there are several delta networks present on the model that
consist of Ry.rsicals RiocaipDN»> and Rys. These delta networks are converted to Y

networks with equivalent resistances, as shown in Figure 4.5. The simplified model

RPDN

loeqrs and Ry with their corresponding Y equivalents Ry, R

replaces Ryertical »

and Rz where

Rvertical-RfOlzZ (4.4)
R . +RPDN 4+ R ? :
vertical M1

local

Ry =

Rvertical -RMI
PDN )
Rverlical +R + RMI

local

R, = 4.5)

Ry = focal : (4.6)
Rvertical + RPDN + RM]

local

32



RlocalPDN RlocalPDN

Rvertical
[eollIany

RM1

% O-
OT

| OANOBYPBASLY

| RTsVeffective

R1
2=

IL R3
VAN
N
)
N
g IC
3 Re o
@ 5
g 2
> @
n =
— [
x ______Plane2_ ______2_| __
3
]
=
IL
M)
—)
\Z
o)
|_ N
e Rc c 3
= [}
8 s
7 2
ke <
04 Plane 1 ®

Rpackage |
abexoedy !

vdd

Figure 4.5: Equivalent electrical model for via-first/via-middle TSV and power distribution
network obtained after conversion of A networks in Figure 4.1 to Y networks

From the definition of R; as the resistance between power supply and decou-

pling capacitor, following equations are obtained for all of the planes.

Rtll = Rpackage + R;J;]:/ective +Ry+R3, 4.7
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ef fective

R% = Rpuckage + 2Ry " +2.Ry + Ry +R;3 (4.8)

Rz’ - Rpackage + 3.R;‘];]"/ective +2.Ry+2.R + [(Rvertical +R{;€Z)//RM1] . 4.9)

Since current flowing into the topmost plane is supplied by source at the bot-
tom (power pad), current flowing through TSVs located between plane one and
plane two is equal to sum of all planar currents. Thus, noise voltage calculation is

achieved by taking such currents into consideration,

Vioise = (Rpackage + RE "™ + Ra) 31, + Rs 1, (4.10)

Viise = (Rpackage +R?;]§e M L Ry).31,+ (R +R6T’;];e M L Ry).2I, 4R3I, , (4.11)

Viise = (Rpackage + RETJ;J;/“”W +R2).31, + (R + ReT];{/emve +Ry).21,+
(Ry+ REE™ 4 [(Ryerticar + REPN) / [Ran)) Iy . (4.12)
Maximum value for R, defined as the resistance between load and decoupling ca-

pacitor in each plane is

RLV,
Rl = 4% (4.13)
Vnoise —Viol
2 Ravml
Ry =5 (4.14)
Vnoise —Viol
RV,
Ry = 5412 (4.15)
Vnoise — Viol

Note that the numerical superscript indicates the plane number.
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4.3.2 Via-last TSVs

Resistance of each via-last TSV is assumed to be 20 mQ [19]. Hence, when n
via-last TSVs are used,
ffective 20 mQ2
ReTSVeC Ve = — (4.16)

Here, RZ?Z is assumed to be 50 m€2. Peak value of load current /,, is 2.5 A. From the

definition of R; as the resistance between power supply and decoupling capacitor,

following equations are obtained for all the planes

RY = Roactage+ R+ REDY. @.17)
R = Rypuckage + 2-RELEM™ + RIPN, (4.18)
R} = Rypackage + 3-REL™ + RIPN, (4.19)

Since current flowing into the topmost plane is supplied by source at the bottom
plane (power pad), current flowing through TSVs located between plane one and
plane two is equal to sum of all planar currents. Thus, noise voltage calculation is

achieved by taking such currents into consideration,

Ve = Ryt EE) 3y 4 REDL T, am)
Vmise = (Rpackage + 75, ") 31, + RIS ™ 20, + REDN 1, 4.21)

V2 ise = (Rpackage + RE™) .30, + R 20, + (RLL™ +REPN) 1, . (4.22)

noise — local

Maximum value for R, defined as the resistance between load and decoupling ca-

pacitor in each plane is

RLV, !

Ripax = 57— ”V , (4.23)
noise — Ytol
R>.V,y

Riar = p2 (4.24)
noise — Ytol
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4.4 Analytical Results for Via-middle and Via-last TSVs

This section shows the anlytical results obtained with the help of equations listed in
Sections 4.3.1 and 4.3.2.

4.4.1 Via-middle TSVs- Effect of R,,,;;-,; and number of TSVs

Figures 4.6, 4.7 and 4.8 show the effect of R,.,s;cq; On effective distance for plane
one, two and three respectively. Identical values of R, = 6 mQ, I, =2.5A, 1, =
50 pS and base capacitor Cpyg, = 1.25 nF are used.

As predicted, the higher the number of TSVs used in parallel, the less the effec-
tive TSV resistance. Hence, less decoupling capacitance is required. From Figure
4.6 for plane one and Ry¢sicq; = 30 mQ, ten TSVs need 1.879Cp,5., Whereas 50
TSVs require 1.755C45. The ratio of effective distance for ten TSVs to effective
distance for 50 TSVs is 1.07 for plane one and R,,jcq; = 30 m€. For plane two in
Figure 4.7, increasing number of TSVs from 10 to 50 reduces the effective distance
from 2.039 to 1.923 when R, ,ica; = 30 mQ. The ratio of effective distance for ten
TSVs to 50 TSVs is 1.06 for plane two when R,,4jcq; = 30 m€2. Similarly, for plane
three, for Ry¢/sicqr = 30 mQ, ten TSVs need 1.847Cpq,., whereas 50 TSVs require
1.781Cps.. The ratio of effective distance for ten TSVs to 50 TSVs is 1.04 for plane
three when R,,sicq; = 30 mQ. Thus, effective distance is influenced less in higher
planes by number of TSVs.

In addition, linear relationship between effective distance and R,sic,; in plane
one becomes non-linear in plane two and plane three. For example, in plane one,
for higher values of R,,sjcq as 40 mQ2, 45 mQ, and 50 mQ with 500 TSVs, effective
distance values are 1.903, 1.986, and 2.069 respectively. In plane two, for higher
values of R,c ticai @s 40 mQ, 45 mQ, and 50 mQ with 500 TSVs, effective distance
values are 2.059, 2.132, and 2.2 respectively. For higher values of R,jcq; as 40 m€,

45 mQ2, and 50 m{2 for third plane, effective distance values are sufficiently close as
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1.858, 1.896, and 1.93 for 500 TSVs. This indicates saturating nature of effective

distance with higher values of R, in higher planes.

For Rc=6m ohm and rising peak current Ip =2.5A , tr = 50pS and base C = 1.25nf for planel of Via-middle TSV
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Figure 4.6: Variation in effective distance with respect to R, ., in plane one for different
number of via-middle TSVs when R. = 6 mQ, I, = 2.5 A, t, = 50 pS and base capacitor Cy,, =
1.25nF.
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For Rc=6m ohm and rising peak current Ip =2.5A , tr = 50pS and base C = 1.25nf for plane2 of Via-middle TSV
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Figure 4.7: Variation in effective distance with respect to R,.,s;.o; in plane two for different
number of via-middle TSVs when R. = 6 mQ, I, = 2.5 A, t, = 50 pS and base capacitor C,, =
1.25nF.

For Rc=6m ohm and rising peak current Ip =2.5A , tr = 50pS and base C = 1.25nf for plane3 of Via-middle TSV
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Figure 4.8: Variation in effective distance with respect to R,.,;i.,; in plane three for different
number of via-middle TSVs when R, = 6 mQ, I, = 2.5 A, t, = 50 pS and base capacitor Cp,,, =
1.25 nF.

Also, for higher R,.,sicq; Values, number of TSVs plays a negligible role. In
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plane one, for Ry.jcqr = 30 m€Q with number of TSVs equal to 100, 500, 1K, and
10K, the effective distance values are 1.74, 1.727, 1.725, and 1.724 respectively.
As seen in plane two, with a large number of TSVs such as 100, 500, 1K, and
10K, reduction in effective distance due to additional TSVs diminishes as seen
by effective distance values of 1.908, 1.895, 1.894, and 1.892 respectively when
Ryertical = 30 mQ. In plane three, for R,¢;sicqr = 30 m€2, with number of TSVs equal
to 100, 500, 1K, and 10K, the effective distance values are 1.771, 1.764, 1.763, and
1.763 respectively.

4.4.2 Via-middle and Via-last TSVs - Effect of R ,,/;-.; and Num-
ber of TSVs

Figures 4.9, 4.10, and 4.11 compare via-middle and via-last TSVs for plane one,
two, and three respectively. As already discussed, via-last TSVs offer less resistance
per TSV than that of via-middle TSVs. While analyzing via-last and via-middle
TSVs, number of via-last TSVs is less than number of via-middle TSVs, such that
both TSV types offer the same effective resistance. This allows a fair comparison
and highlights the effect of R,.jcq;, Which exists only for via-middle TSVs.

From Figures 4.9(a), 4.10(a) and 4.11(a), for a constant value of R, such
as 5 mQ, linear relationship between effective distance (or total decoupling capac-
itance) and effective TSV resistance R‘}{g{f “V¢ changes to non-linear from lower to
higher planes.

For Ryerticas 0of 5 mQ and R;’;{f e of 10 mQ in plane one, effective distance
is 1.456 and 1.36 for via-middle and via-last TSVs respectively. For R,,icar Of

5 mQ and RETJ;{f e of 10 mQ in plane two, effective distance is 1.588 and 1.456

for via-middle and via-last TSVs respectively. For R, sicq; of 5 m€ and ReTfSJ:f ctive
of 10 mQ in plane three, effective distance is 1.558 and 1.452 for via-middle and
via-last TSVs respectively. From these plots, for ReT];];f e of 10 mQ, via-last TSVs
perform better due to the absence of R,;sicqr, requiring 7.06%, 9.07%, and 7.3%
less decoupling capacitance in plane one, two, and three respectively than that of

via-middle TSVs.
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Figure 4.9: Effect of R,.,c.; on effective distance for plane one with via-middle TSVs
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Figure 4.10: Effect of R,.,;i..; on effective distance for plane two with via-middle TSVs
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For Rc=6m ohm and Ip=2.5A, tr=50pS and base C=1.25nf
for plane3 ofVia—middle and Via-last with Rvertical=5m ohm
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It is interesting to consider the effect of R,,c,; at a constant effective TSV
resistance for different planes. The constant value of ReTJ;{f “Ive assumed is 10 mQ.
For plane one with via-middle TSVs, effective distance values are 1.456, 1.917,
and 2.06 for R,¢icq; of 5 mQ, 30 mQ and 45 mQ respectively. For plane two with
via-middle TSVs, effective distance values are 1.588, 2.072, and 2.276 for R,.;sical
equal to 5 mQ, 30 mQ and 45 mQ respectively. In plane three with via-middle
TSVs, effective distance values are 1.558, 1.865, and 1.966 for R,,;ticqs Of 5 mQ,
30 mQ and 45 mQ respectively. For R‘}’;{f e f 10 mQ, in plane one, two and three
effective distance values for via-last TSVs are 1.36, 1.456, and 1.452 respectively.
As via-last TSVs do not have R,.,scq, effective distance values for via-last TSVs
are independent of R, However, for via-middle TSVs in any plane, effective
distance increases with increase in Ry,;ficql-

As seen from Figures 4.9(c), 4.10(c) and 4.11(c) where R,;icq; 1S the largest,
effective TSV resistance increases from left to right along x-axis (which suggests
that less number of TSVs are used). Thus, at a point where ReTj;];f ctive 1510 mQ2, this
RYJC™ becomes so large that it can not satisfy the condition of R, should be less
than R,,,.. Hence, there is a break in the curve for via-middle TSVs. From this
trend, for higher values of R,,cal, if effective TSV resistance of via-middle TSVs
is higher than a limit (due to insufficient number of via-middle TSVs), decoupling
capacitor is not effective. It imposes a restriction of using large number of via-
middle TSVs if Ry¢icqr value is high.

Also, the effect of adding a large number of TSVs diminishes for any R,.,sical
and any plane. For example, Figure 4.10(b) shows that a decrease in R%{fdive
from 4 mQ to 40 u€2 reduces effective distance from 1.968 to 1.896 for via-middle
TSVs. Decrease in R;@{f ¢ from 4 m< to 40 uQ is accomplished by increasing the
number of via-middle TSVs from 20 to 2000. Thus, a small reduction in effective

distance is achieved at the expense of a significant increase in the area.
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4.4.3 Via-middle and Via-last TSVs - Effect of R,

Similar to 2-D integrated circuits, effect of R, on effective distance is investigated
when the remaining parameters are constant. In addition, simultaneous comparison
of via-middle and via-last TSVs is interesting. A plane-by-plane approach is taken
as shown before. Figures 4.12, 4.13 and 4.14 show the analytical results for plane
one, two, and three respectively. In Figures 4.12(a) and 4.12(b), RKTJ;fVe ctive I, ty and
base decoupling capacitor Cp,,e are kept constant. Number of TSVs for via-last and
via-middle are chosen to be different such that R%{f “¢ remains the same for both
TSV types. Two separate values of R,,,sic.; are considered over a range of R, values

for indicating the significance of Ry¢jcqi-
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For RTSVeffective=200uOhm, Ip=2.5A, tr=50pS and Cbase=1.25nf

for planel of Via-middle and Via-last with Rvertical=5mOhm
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Figure 4.12: Variation in effective distance with respect to R. in plane one for TSV resistance

ReTf;fVe “ve — 200 uQ when 1, =2.5 A, t, = 50 pS, and base decoupling capacitor Cp,,, = 1.25 nF

for via-middle and via-last TSVs: (2) Ryc11icai = 5 m€y (b) Ryerticas = 30 mQ.
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For RTSVeffective=200uOhm, Ip=2.5A, tr=50pS and Cbase =1.25nf
for plane Two of Via-middle and Via-last with Rvertical=5mOhm
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Figure 4.13: Variation in effective distance with respect to R. in plane two for TSV resistance
g
ReTf;fVe ¢ = 200 uQ when I, = 2.5 A, t, = 50 pS, and base decoupling capacitor Cy,, = 1.25 nF

for via-middle and via-last TSVs: (a) is for R, ., jcas = 5 mQ, (b) Ryerticar = 30 mQ.
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For RTSVeffective=200uOhm, Ip=2.5A, tr=50pS and Cbase=1.25nf
for plane Three of Via—middle and Via-last with Rvertical=5mOhm
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for plane Three of Via-middle and Via—last with Rvertical=30mOhm
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Figure 4.14: Variation in effective distance with respect to R. in plane three for TSV
g
resistance R7/<"™ = 200 uQ when I, = 2.5 A, t, = 50 pS, and base decoupling capacitor
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Comparing results for plane one, two, and three from Figures 4.12(a), 4.13(a)
and 4.14(a) for a constant R,,jcq; of 5 m€, for same value of R, larger decoupling
capacitance is required for higher planes. For example, for R, of 10 mQ and R ¢,ical
of 5 m€, via-middle TSVs require decoupling capacitance of 1.576, 1.747, and
1.764 times the Cpy in plane one, two, and three respectively. Similarly, for R,
of 10 mQ, via-last TSVs require decoupling capacitance of 1.346, 1.347, and 1.348
times the Cpg in plane one, two, and three respectively. Thus, via-last TSVs require
17.08%, 29.70%, and 30.86% of less decoupling capacitance than via-middle TSV's
for R, of 10 mQ and R,ysicqr of 5 mQ. Similarly, for higher values of R., larger
decoupling capacitance is required for any plane for a given type of TSV (and a
constant R,,sic,; in case of via-middle TSVs). Also, in any plane, for a constant R,
increase in R,.,icq causes increase in effective distance for via-middle TSVs.

Furthermore, in any plane, for a constant value of R,,,scql, increase in R, causes
exponential increase in effective distance after a certain value. As seen from Figure
4.12(a), in plane one with R, icq; of S m€, increase in R. causes exponential in-
crease in effective distance after R, exceeds 21 mQ and 25 mQ for via-middle and
via-last TSVs respectively. With increase in Ry..icq; to 30 mQ as seen in Figure
4.12(b), this threshold shifts to a smaller value of 10 m€2, requiring additional de-
coupling capacitance for via-middle TSVs. Via-last TSVs are not influenced by any
change in R,;sicq1, since they do not rely on metal vias to connect the planes.

Due to absence of R,¢;sicqi, Via-last TSVs are superior than via-middle TSVs in
a given plane as via-last TSVs require less effective distance for given value of R..
This is seen from Figure 4.14(a), where for 15 mQ of R., via-middle TSVs require
3.421Cpqse decoupling capacitance and via-last TSVs require only 1.786Cp,. de-
coupling capacitance. This effect becomes more visible beyond threshold value
for via-middle TSVs. For example, at 19.6 mQ of R, via-middle TSVs need
180.788Cpuse Of decoupling capacitance and via-last TSVs need only 1.8Cpq,. Of
decoupling capacitance. Thus, in 3-D ICs with via-last TSVs, circuit blocks can

more efficiently utilize decoupling capacitors in adjacent planes.
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Chapter 5
Conlusions

The concept of effective distance has been presented and discussed in detail with
the help of analytical results that have also been verified by SPICE simulations.
Effectiveness of a decoupling capacitor depends on its magnitude and distance from
switching load. This distance is quantified in terms of R.. In general, R, signifies
resistance between the switching load and decoupling capacitor within a plane (for
2-D ICs) or across the planes (for 3-D ICs). Concept of effective distance remains
valid for both 2-D and 3-D integrated circuits. With the help of effective distance,
a decoupling capacitor does not need to be adjacent to the load. The switching
loads can use not only the adjacent decoupling capacitors, but also the decoupling
capacitors within a certain distance. The idea of effective distance demonstrated
here suggests that a decoupling capacitor sized properly can lie at any distance
from the load where the resistance between load and decoupling capacitor is less
than a critical value of R,,,,, and still be as effective as if it were next to the load.
3-D ICs that benefit from vertical integration of dies can effectively use on-
chip decoupling capacitors across different planes if two conditions are satisfied: 1)
resistance between load in one plane and decoupling capacitor in other plane R, is
less than Ry, and 2) total decoupling capacitance C is equal to or greater than the
product of effective distance calculated for R, and base decoupling capacitor Cpg,.

Existing effective distance formulation is improved and extended to a load cur-
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rent modeled as a ramp signal which is more realistic for practical switching cur-
rents. With resistive approximations of TSV models, a closed-form expression
for effective distance is obtained. This closed-form expression has been validated
through SPICE simulations.

Different types of TSVs, their models and influence on determining required
effective distance are shown with the help of different graphs. It is visible from these
graphs that a reduction in effective TSV resistance helps decoupling capacitors to be
effective for larger distances within that plane and other planes. However, beyond
a certain limit, this gain diminishes.

When comparing via-last and via-first/via-middle TS Vs, via-last TSVs with less
resistance are found to be superior, requiring less decoupling capacitance when the
rest of the circuit parameters are the same. For effective TSV resistance of 10 m2,
via-last TSVs perform better due to absence of R,.sicq1, requiring 7.06%, 9.07%,
and 7.3% of less decoupling capacitance in plane one, two, and three respectively
than that of via-middle TSVs.

With accurate estimation of required decoupling capacitance calculated using
effective distance, unnecessary on-chip decoupling capacitance added in ad-hoc
manner can be avoided. This saves die area. In addition, if die level power gating
is applied, the decoupling capacitor in that die would be useful for other planes if
it lies within the limit. This applies to power gating within a plane or across the
planes in 3-D ICs.

5.1 Future scope

On-chip decoupling capacitors are allocated to the white space after layout is com-
pleted. If larger decoupling capacitance is needed, larger area is required, so the
layout is performed again to allocate this extra space among circuit blocks. This
process is repeated until the timing and signal/power integrity constraints are sat-
isfied. This iteration causes increased time-to-market, design effort, and cost. The

approach presented in this work tries to overcome this issue, by allocating precise
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amount of decoupling capacitance. Thus, during physical design phase, required
amount of decoupling capacitance and circuit block can be placed simultaneously.
Development of such algorithms with this improved model of effective distance can
speed up and improve physical design process.

Load current in this work is modeled as a ramp signal with a rising transition,
which corresponds to the discharging phase of a decoupling capacitor. Decoupling
capacitor also requires a recharging process when the switching activity cycle is
over. This recharge phase can be modeled by a load current with a falling transi-
tion. Hence, load current model can be further improved with a sawtooth current
waveform (that involves rising and falling transitions) instead of a ramp current. Ef-

fective distance can be extended to the recharging phase of a decoupling capacitor.
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