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large Ldildt noises t6l-t81. However, it was shown in [31
[13] that when the grid oxide thickness 7"" is smaller tb
A, under 90-nm technology or smaller, the leakage oD!:
MOS-based decaps will increase significantly (10x ) as T-
creases within 2 A t 131. There are mainly two methods to rcl
the decap leakage; one is to use less-leakage dielectric

which may not be available until 2007 [13], and the fu i
to use thick-oxide MOS transistors as decaps in chip dcd$.
which may occupy more chip areas to achieve the same

tance. Due to the complexity and costs of manufacture, leab eL
caps are still used. As overadding leaky decaps will hurt pil33
consumption, new P/G optimization methods, which can cD
sider decap leakage effect and make good tradeoff among ri:
level, power consumption, decap area, and routing resoutottr

are required for robust and low-power P/G network designs i
the near future.

In this brief, we start with analyzing leakage currents fc
MOS-based decaps, and then based on a simple leakage modct
we reveal that voltage violation caused by leakage currents b
more sensitive to wire sizing than adding decaps. Thereforc. r
more sophisticated strategy is developed to optimize the porrer

distribution. The two-stage optimization approach first reducts

noise by inserting decaps without considering the leakage, thea
wire-sizing strategy is employed to reduce 18 drops causcd
by leakage currents of decaps. This brief is organized as fol-
lows. Section II presents the leakage culrent model of decap.

Section III briefly introduces how to model and optimize the

P/G network and demonstrates the performance of traditional

optimizers under new environment. Section IV reveals that op
timization methods will harm power consumption and becorne

less reliable when decap leakage currents are modeled in a
simple way. In Section V, we present a new effective two-stagc

leakage-current-aware P/G grid optimization framework, which

uses both decap allocation and wire-sizing strategies; in addi-

tion, experimental results are given to show effectiveness of our

method. Finally, Section VI concludes this brief.

II. LeaKAcB MonEI- op MOS-BASED DncRps

On-chip decaps can be made of nMOS or pMOS transistors.

Because the substrate node of nMOS must be grounded while

the substrate node of pMOS must be connected to I/64, corrl€c-

tion styles of nMOS-based and pMOS-based decaps are thus

different, as shown in Fig. 1.
For a MOS transistor, as technology is scaling down to 90 nm,

three types of leakage currents should be considered, including

subthreshold leakage, gate leakage, and reverse-biased drain/

Abstract-In this brief, the authors take a first look at the
leakage effects of decaps in power/ground (P/G) grid optimization.
Through the use of an approximate leakage current model, it is
rcvealed that simple usage of the leakage model in traditional
optimization methods cannot help in reducing noises on P/G grids,
and it even hurts power consumption due to overadded decaps.
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approach to solve this problem is proposed. Experimental results
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I. INIRooUcTION

A S TECHNOLOGY scales down to 90 nm and below, power

lfl.onrumption is becoming the limiting factor in high-per-

formance VLSI chip design, and power reduction becomes a

research-intensive area [1], [2]. At the same time, robust power

delivery is also considered as one of the grand challenges. As

predicted in the roadmap for integrated circuit (IC) development

from the ITRS-2002 update [1], the chip working frequency

and supply voltage will continue to scale aggressively, both of

which will lead to signific ant Ldi I df noises and I R drops on
power/ground (P/G) networks t3l-t111, which will further af-

fect the performances and reliabilities of VLSI chips. In the past,

power budgeting and power delivering optimization were con-

sidered as separate issues. However, this is no longer the case,

as leakage currents start to become dominant t12l-tl5l.
Usually, decaps in differentlevels (on-board, on-package, and

on-die) are used together to reduce dynamic voltage noise of dif-

ferent frequencies [16]. Since on-die metal-insulator-metal or

poly-insulator-poly decaps tend to consume large die area [3],
MOS-transistor-based decaps are widely used in on-die decou-

pling, as they can easily be inserted close to the nodes that have
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(a) NMOS-based decap (b) PMOS-based decap

Fig. 1. On-chip decaps made of nMOS or pMOS.

(a) Leakage model of MOS transistor (b) Leakage model of MOS-based decap

Fig.2. Leakage models of MOS ffansistor and MOS-based decap.

substrate and source/substrate junction band-to-band tunneling
(BTBT) leakage [12], as shown in Fig. 2(a).

In Fig. 2(a),Ids is a current source to model the subthreshold
leakage. It should be ignored when drain/source nodes are
shorted. Ibtbt-d and lbtbt-s are two sources to model the BTBT
leakage, which should also be canceled when drain/source/sub-
strate nodes are shorted. However, Igdo, Igso, Igcd, Igcs, and
Igb ne another five sources to model the gate leakage current
lgate, which should be considered. That is why the resulting
leakage current of the MOS-based decap mainly comes from
gate leakage currents as shown in Fig. 2(b).

The leakage current of a MOS-based decap can be formulated
as follows t17l-[19]:

Isut" -- k X

where a and k ne parameters related to specific technology,
tr,, is the gate width of nMOS (wo for pMOS), ?"" is the oxide

,fi&f*m A ftl t A', l",llf ;t 14n)',Ynlt&v ilh. -c4natitaruv af -a

MOS-based decap can be computed using the following for-

mula:

a,

c a - r x { f l x s  Q )

where E and €s 0Io relative and absolute dielectric constants,

respectively, .y is a parameter related to the shape of the Mos

transistor, and S is the area that is equal to width tl,, times the

length L"s of a gate.

Ii is shown in t12l and [13] that /gat. increases by 10x when

?t* decreases by L\vo around the value of 20 A. Based on the

Inoo"t presented above, we use BSIM [20] 70-nm technology to

simulaie an nMOS-based decap with ur,, - 0'2 prm and L"fr :

VDD

VSS

Fig. 3. EJlc ll C model for decap leakage.

0.038 pm. The resulting decap is 0.26 fF with 1 : I.5462 when
e - 4. Since different shapes cause different ?, we assign 'y : I
for simplicity as we do not know the exact shape of each decap.

To consider the leakage current of decaps, we propose a decap
model RIk ll C that can capture the main leakage current as
shown in Fig. 3. In this model, a resistor Rlk ts connected in
parallel with the capacitor C, which is used to model the gate
leakage current. The value of Rlk can be determined by the
supply voltage and the leakage current computed from (1). Un-
fortunately, this model is only an approximate model because
practical leakage current also relate to node voltage. However,
for guiding the optimization algorithm, this model is accurate
enough to help us obtain very useful profile about how to do
optimization efficiently. This simple leakage model used in this
brief takes the same spirit of Elmore models that is used to ap-
proximate the delay of interconnects l2ll.Later, more accurate
(thus more complicated) leaky decap models can be added to
our framework easily

m. TRaoIUoNAL P/G NerwoRr Moopr
AND OPTIMIZATION MNTHOOS

For the similarity of power and ground networks, we will only
describe the optimization for power networks in this brief.

Early optimization approaches size widths of wire segment
to reduce static 1R drops [4], [5]. The optimizatron object is
to minimize the routing area consumed by P/G grids. However,
due to the increasing working frequency and decreasing supply
voltage, recent P/G optimization approaches allocate on-chip
decaps to reduce dynamic voltage noise t6l-t8l.The optimiza-
tion object should now include minimizing the die ilrea con-

-urme-rl*f.r-r1e-c?r-rrc -rrnd er fh e e 2rrr e n ni ce thre sh nl d A 1 th nr r oh the

upprou.h in tgi simultaneously sizes wire segment widths and

Ol.apt for robust transient P/G networks, the leakage currents

of decaps are not considered in that algorithm'

In this section, we first introduce our model to analyze and

optimize P/G grids. Then, we give Some experimental results

to show the drawbacks of traditional optimization algorithm

without considering the leakage current'

A. Power Delivery Network Modeling

For the row-based standard-cell design style, it is common to

use a predefined mesh-like power delivery network. we model

the network as follows.

Each wire segment in the power grid is modeled as lumped

RLC elements. This is also the case for the parasitics of power

/ r r  1 2
( # )  " " - ' ' T o * / v a a  x u ) n  ( 1 )
\ 1 o * /
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vdd
Vmin

Fig. 5. Voltage waveform of a VN.

TABLE I
vN srenstcs Anour Norq-eerecn-cunnnx'r-AwARE orrnrazro P/G

NsTwom wnrN Lelrece cunnsN-rs or Dsceps enB cot'lstosREo

Circuit
Name

Node
Num

Eliminated
MtINum

Added
Decaps

(n0

Newly
Crated

VN

New
'rN

Ratio

Testl 744 9 l 0.05403 l l t2.08%

Test2 3741 665 0.30515 24 3.6r%

Test3 32112 3683 t.28128 294 7.98%

Fig. 4. Model of Power network'

pads and packages. The nonlinear cMoS modules are mod-

rbd ur time-varying current sources, which can be obtained by

off-line logic simulations with the assumption that the supply

voltage is ideally Va6. We also consider both built-in on-die de-

caps (n-well capacitors and circuit capacitors) and add-on de-

caps (thin-oxide capacitors) connected between the power grid

and the ground grid. Using the new decap model, which con-

siders the leakage current described in Section II, the mesh-

structured P/G grids as a pseudodistributed RLC network is il-

lustrated in Fig. 4.

B. Noise Analysis of P/G Grids

The power delivery network modeled above can be formu-

lated as a first-order matrix differential equation using the mod-

ified nodal analysis (MNA) method [22). The solution of this

matrix equation can give the dynamic voltage waveforms of any

node in the P/G networks. Then, by giving a safety boundary

(design rule), the performance of PIG networks can be verified.

For an unreliable P/G design, there exist some nodes that violate

the design rule. Fig. 5 shows a voltage waveform at a violation

node (vN) on a power grid. This kind of waveform is caused

by simultaneous switching events (SSEs). In this case, if decaps

are not big enough to sustain the huge culrent surge, the node

voltage would become an unsafe value, which may be lower

than V*1,, even at the end of SSE period as shown in Fig. 5. Here,

the worst point at time t1 is probably triggered by the rising edge

of a clock period in an inductive large fan-out system [23]'

c. Drawbacks of Traditional optimization considerinS the

Leakage Current of DecaPs

As described in t4l-tsl, the design of the P/G network has

two stages. The first stage is to size wire widths to reduce static

-IR voltage drops based on empirical values of power consump-

tion. The second stage is to add on-die decaps to reduce tran-

sient voltage drops given the time-varying input vectors. Al-

most all kinds of traditional optimization processes are based

on the fact that more decaps will not hurt the system perfor-

mances while they can reduce the noise t6l-t9l.Therefore, pre-

vious methods will be terminated as long as all the violations are

removed by adding enough on-die decaps [8]. However, when

[* falls below Z0 L,more decaps will introduce more leakage

current, therefore, the best choice to place decaps is not the

best choice for system power delivery. Actually, traditional op-

timization methods tend to overestimate decaps because almost

all optimization algorithms in the second optimization stage are

more sensitive to the noises other than voltage level. This un-

wariness of leakage current in dynamic optimization will cause

the optimal solutions obtained before to become unreliable due

to the increase in power consumption of leaky decaps. A typical

example to demonstrate the drawbacks is given in the following.

Here, we randomly select three P/G grids optimized without

considering leakage currents of decaps using the optimizatton

algorithm described in t8l. Then, transient analysis is performed

to verify the actual voltage distribution when leakage current is

considered. The transient analysis method we used is introduced

inl24l, and the analysis results are shown in Table I'

From the results, we can find that the traditional method can

reduce the vN number to zero after adding enough decaps.

However, when leakage current is considered, some new VNs

appeared, the ratio to the eliminated VN number is aboutTVo.- 
H"n.", one observation that we can have from the data is that

it is necessary to consider the decap leakage currents during the

decap allocation process to maintain a robust optimization.

IV. SIMruN OTNUZETION METHOD CONSIDERING LNETECP

One simple way to consider the leakage effect is to introduce

the leakage model directly to a traditional optimizationmethod.

Table II shows the results after we add the leakage model into

the old optimization process. Now, we can see that to compen-

sate for the leakage effect, about ISVo of extra die area is re-

quired on the average, which is an obvious area increase. Be-
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TABLE II
Op,rnraIzlnoN Rnsulrs Wnn eNo Wmrour LEAKAGE CuRRnn-r

cause the basic area used by decaps is very large, it is too diffi-
cult to get an increase especially in the late design stage.

However, further analysis shows that the overestimated de-
caps are due to less sensitivity of llt drops to decaps in the pres-
ence of the leakage currents of decaps. Traditional optimization
algorithms only try to insert decaps when the node voltage falls
below the required boundary. It works fine when the voltage
drop is caused by SSE. However, if the voltage drop is also
caused by the leakage current, the optimization effect of adding
decaps will become less effective as more decaps are needed to
get the same optimization results. Obviously, the added decaps
may bring more leakage currents, which, in turn, lead to more
,I-rR drops and thus more power consumption. One extreme sit-
uation would be that at a certain VN, the more decaps inserted,
the larger.I.R drop there will be. That is why the method that
directly uses leaky decaps to optimize P/G grids is less effective
in terms of both noise reduction and power reduction, which,
in turn, causes overestimated decaps. From this perspective, for
the low-power design purpose, we should use decaps carefully
and consider more sophisticated optimization options as shown
in the following section.

V. Monr SopsrsrrcArED OprrurzlrroN METHoD

Leakage current is typically dc current, and more decaps def-
initely increase the total power consumption. Insertion of leaky
decaps cannot help in reducing the static .LB drop at each node
on the P/G network. That is why the previous algorithm will lose
efficiency when a leakage effect is considered. Howeveg wire
sizing of the power grid can effectively reduce static 1R drops.
Therefore, if the use of a wire-sizing strategy is more efficient in
both VN reduction and area optimization than iterative insertion
of leaky decaps, we can solve the overestimated decaps problem
in the dynamic optimization stage. We propose a more effective
and practical two-stage P/G optimization method.

In the first stage, this method assumes that all decaps are
leakage free, and then it optimizes the dynamic voltage noise
using the algorithm described in [8]. That algorithm is an effi-
cient nonlinear programming based decoupling capacitor bud-
geting algorithm, which utilizes the conjugate gradient algo-
rithm to search for the best solution. Furthennore, the proposed
time-domain-merged adjoint network method combined with a
novel equivalent circuit modeling technique in [8] leads to a very
efficient implement of the conjugate gradient algorithm.

Different from the traditional methods, in the second opti-
mization stage, the new algorithm tries to detect the most sensi-
tive nodes to perform a wire-sizing strategy using a branch-and-
bound method to minimizethe added wire area used to compen-
sate the IR drops caused by leakage currents. The branch-and-

TABLE III
OptnrarzeroN Resurts oF THE Two-Sracs METHoD

Circuit
Name

Node
Num

Added Decap
(nf) with
leakaee

Ratio of Routing
Area Increase

Testl 744 0.05403 1.88%
Test2 3741 0.30515 5.83%
Test3 32112 1.28128 3.00%

bound method uses currents in wire segments as boundary vari-
ables; it only tries to size the wires on which current is lower
than the boundary current. Furthermore, it slightly sizes wires
segment by segment so it can provide a feasible solution with
the routing area only slightly increased.

The optimization results of the two-stage method are shown
in Table III. Comparing with the lSVo area increase in the tradi-
tional method, which simply deals with the leakage effect, the
new two-stage method only increases the routing area within
an average of 4Vo. Because the second optimization stage is not
very time consuming, it provides a good tradeoff between the
computation complexity and area usage to handle the leakage
problem.

VI. CoNcr-usroN

With technology scaling down to 90 nm and below, gate
leakage current of decaps becomes so significant that we have
to explicitly consider decap leakage currents for robust P/G
grid design. This is especially the case when 4" shrinks below
20 L.In this brief, we take a first look at the impacts of gate
leakage of practical MOS-based decaps on P/G grid designs. To
clearly show the influence of gate leakage currents of decaps on
the P/G grids, we propose a leakage current model for practical
decaps. Then, we analyze the effect of leakage currents and
show that practical (leaky) decaps may increase power con-
sumption significantly and thus demand more routing resource
or die area for achieving robust power delivery. On top of our
analysis, we propose a more effective two-stage optimization
approach to efficiently optimize PlG grids in the presence of
decap leakage currents. Compared with the simple approach
that directly adds more leaky decaps to reduce dynamic voltage
noise, the two-stage approach is more area efficient as it con-
sumes less routing resources (4Vo increase on the average)
compared to the leaky-decap-only method, which uses much
more die area (l8%o increase on the average).

AcTNowTEDGMENT

The authors would like to thank Dr. J. Huang from Intel Cor-
poration for introducing the decap leakage problem.

Circuit
Name

Node
Num

Added Decap (nf)
Without Leakage

Added Decap (nf)
With Leakage

Ratio of
Die Area
Increase

Testl 744 0.05403 0.06303 t6.66%
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