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Abstract—On-chip decoupling capacitors (decaps) in the form
of MOS transistors are widely used to reduce power supply
noise. This paper provides guidelines for standard cell layouts of
decaps for use within Intellectual Property (IP) blocks in applica-
tion-specific integrated circuit (ASIC) designs. At 90-nm CMOS
technology and below, a tradeoff exists between high-frequency ef-
fects and electrostatic discharge (ESD) reliability when designing
the layout of such decaps. In this paper, the high-frequency effects
are modeled using simple equations. A metric is developed to
determine the optimal number of fingers based on the frequency
response. Then, a cross-coupled design is described that has been
recently introduced by cell library developers to handle ESD
problems. Unfortunately, it suffers from poor response times due
the large resistance inherent in its design. Improved cross-coupled
designs are presented that properly balance issues of frequency
response with ESD performance, while greatly reducing thin-oxide
gate leakage.

Index Terms—Electrostatic discharges, integrated circuit layout,
leakage currents, MOS capacitors.

I. INTRODUCTION

W ITH increasing clock frequency and decreasing supply
voltage as CMOS technology scales, maintaining the

quality of the power supply has become a primary issue. Voltage
variations in the power supply arise due to IR drop and Ldi/dt
[1]. The IR drop has been increasing over time due to increased
resistances in the power grid as the metal widths continue to
shrink with each successive technology generation. The induc-
tive Ldi/dt effects are also increasing due to the high current de-
mands of application-specific integrated circuit (ASIC) designs
in 90-nm CMOS technology. However, the pin and package in-
ductance overwhelms the inductance of the on-chip power dis-
tribution network, and therefore, the on-chip inductance is usu-
ally neglected [1].

There are a variety of different methods that can be used to
manage voltage drops. Among them, the most popular is to use
on-chip decoupling capacitors (decaps) to maintain the power
supply within a certain percentage (e.g., 10%) of the nominal
supply voltage [2], [3]. Decaps are typically placed in regions
between areas of high current demands and the power pads and
input/output (I/O) pins [4]–[6]. This paper addresses standard-
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cell decap layout [7], [8], [15] at the 90-nm technology node and
below.

A number of relatively new issues for standard cell decaps
must be addressed that impact the design and layout of these
cells at scaled technology nodes. We address two important
problems of decap frequency response and electrostatic dis-
charge (ESD) protection [11]. Since decaps are required to
perform at increasingly higher operating frequencies, we first
investigate the frequency response [6], [9], [10] and propose
improvements to optimize decap layouts. Next, we investigate
the problems of reduced oxide thickness of a transistor, namely,
ESD [11] and thin-oxide gate leakage [3], [4], in the context
of decap design. A potential ESD event across a thin gate
oxide increases the likelihood that a chip will be permanently
damaged due to a short circuit in the decap itself. Higher gate
leakage increases the total static power consumption of the
chip.

A cross-coupled standard-cell design was proposed [12] to
address the issue of ESD performance. The design provides
sufficient ESD protection, but does not offer any savings in
gate leakage and it may compromise the frequency response.
This paper suggests improved layouts of the cross-coupled de-
sign that properly tradeoff frequency response and ESD perfor-
mance, while greatly reducing gate leakage current.

The rest of this paper is organized as follows. In Section II,
layout design based on the frequency response of decaps is ad-
dressed. The two new design issues, ESD reliability and gate
tunneling leakage, are briefly discussed in Section III, followed
by the cross-coupled design and its layout modifications. Con-
clusions are provided in Section IV.

II. HIGH-FREQUENCY RESPONSE OF DECOUPLING CAPACITORS

Standard cell layouts of an Intellectual Property (IP) block
consist of rows of fixed-height cells in the ASIC design flow.
After cell placement is completed, there are a number of empty
cells that can be filled with decaps of various sizes depending on
the space available. Previous work has addressed the automatic
placement and sizing of decap cells [8]. Our focus is on optimal
layout of each decap filler cell. Typically, these standard cells
have both nMOS and pMOS devices as shown in Fig. 1(a), with
a corresponding layout in Fig. 1(b). Thin-oxide MOS devices
are generally used for standard-cell decap implementation.

As the frequency of operation increases, a fingering approach
is required to implement the layout. That is, a single transistor is
split into a number of parallel transistors with the same width,
but smaller channel lengths. The overhead of this approach is
additional spacing for source/drain contacts and an overall re-
duction in the low-frequency capacitance. However, the average
capacitance of the decap over a given frequency range improves
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Fig. 1. (a) Standard cell decap can be implemented as an nMOS in parallel with
a pMOS device. The corresponding layout is shown in (b).

Fig. 2. Decap can be implemented as an nMOS device and modeled as
a lumped-RC circuit with effective resistance and effective capacitance as
functions of frequency � .

as we increase the number of fingers. Therefore, we address the
problem of how many fingers to use, given a fixed area of a
filler cell and fixed gate-oxide thickness, and develop a useful
metric to capture the frequency response characteristics in order
to choose the optimal number of fingers.

To derive the needed equations, we begin with an nMOS de-
coupling capacitance as shown in Fig. 2. Non-idealities associ-
ated with MOS devices are modeled as a lumped-resistance–ca-
pacitance (RC) circuit [10] where both the effective resistance

, and effective capacitance , are functions of frequency
, as shown in Fig. 2.
The dc capacitance and resistance are given by

[7], [10], [13]

(1a)

(1b)

where is the oxide capacitance per unit area, is the
overlap and fringing capacitances per unit width of the device,

is the mobility, is the voltage across the oxide, is the
threshold voltage, and and are the width and length of the
transistor, respectively.

Assuming that a given filler cell has a horizontal dimension
and vertical dimension , the channel length of each device

in a fingered layout is

(2)

where is the number of fingers and is the distance
between fingers required by contact spacing rules. Modified ex-
pressions for and can be derived as a function of

Fig. 3. Circuit setup to extract the effective resistance and the effective capac-
itance values from an ac analysis.

the number of fingers. Thus, the effective capacitance at dc is
given by

(3)

For capacitance, each additional finger adds extra overlap and
fringing capacitances but loses area due to the contact spacing.
Therefore, the capacitance actually decreases linearly as we in-
crease the number of fingers. The corresponding equation for

with fingers in a parallel combination is

(4)

In previous work [10], the resistance was used to select the
channel length and there were no area constraints involved.
However, since the resistance drops off as , it is not as
important in the selection of a suitable . In fact, the goal of
an optimal layout should be to provide the highest capacitance
value in the given area over a desired operating frequency, 0 to

, while delivering a low resistance. A simple metric is needed
to evaluate layouts with differing number of fingers. The logical
choice for a metric is to use the average capacitance over this
frequency response up to , as follows:

(5)

where is obtained from (3) and is the effec-
tive capacitance with fingers at frequency . A weighted av-
erage is also feasible, but we find that the simple average works
well in practice.

The main issue with the metric is that is diffi-
cult to compute without the aid of HSPICE or an equivalent
simulation tool. To facilitate the process, we developed simple
frequency-dependent models for both and . We also
wanted the characteristics of both functions to be accurate as
technology scales. First, we performed a number of ac simu-
lations in HSPICE for a 90-nm CMOS technology using non-
quasi-static (NQS) models, which are essential when simulating
decaps in the gigahertz frequency range of operation. Two pa-
rameters, ACNQSMOD and TRNQSMOD, were set to “1” in
BSIM4 [13]. The circuit in Fig. 3 was used to extract the effec-
tive resistance and capacitance from HSPICE results as follows:

where , and are the real, imagi-
nary, and magnitude components of , respectively.

Both nMOS and pMOS decaps were simulated with
W L sizes as follows: 15 m 5 m, 10 m 10 m,
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Fig. 4. Circuit setup to extract the effective resistance and the effective capacitance values from an ac analysis.

and 5 m 15 m. The simulation frequency ranged from 0
to 10 GHz. Typical ASIC clock rates today are in the range
of 500 MHz to 1 GHz, but it is important to study frequency
response well beyond the clock frequency. Most of the spectral
power density of digital signals lies within frequencies of up
to , where is a signal’s rise time (which
can be on the order of 50 ps or less), and is the 3-dB
cutoff frequency of the spectral power density [14]. We assume
conservatively that 50 ps, and carry out the analysis up
to 10 GHz.

The results of the simulations are shown in Fig. 4. As in-
creases, there is a noticeable rolloff in the curves due to finite
transit time effects. Devices with large L’s have a more pro-
nounced effect. In fact, the curve for 5 m 15 um quickly
decays in value relative to 15 m 5 m. A general observa-
tion on nMOS and pMOS decaps can also be made: nMOS is
superior to pMOS in its high-frequency behavior since it has a
larger and a smaller at high frequencies, assuming the
area is fixed. Although standard cells employ both nMOS and
pMOS devices for decaps, these results show that nMOS decaps
would provide better frequency response characteristics.

Based on the frequency responses of and , we pos-
tulated functions for modeling purposes of the form

(6a)

(6b)

where [13] and .
Shown in Fig. 5 are the results of curve-fitting using (6a)
and (6b) against HSPICE for the nMOS device. The results
are very close. A factor of 1/2 was applied to in order to
produce results shown in Fig. 5. That is, the equation for
must be adjusted by a fitting factor of 0.5 in order to obtain
good results. Similar results were obtained for pMOS devices.
This demonstrates that the first-order equations for and

are reasonably accurate and, perhaps more importantly,
that can be easily computed for the metric without
running HSPICE.

We now have all the necessary information to determine the
number of fingers based on the frequency response. From (6a),
the effective capacitance in (5) at with fingers is

where

To demonstrate the efficacy of the metric, we apply it to
the layout of a standard-cell decap in an available area of
2 m 9 m. Using (5), Table I lists the metric values
for the nMOS or pMOS devices for different frequency ranges.
The optimal number of fingers corresponds to the largest entries
in bold. For example, if the frequency range of interest is 0 to
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Fig. 5. Plots of � and � for three nMOS devices (HSPICE versus model).

TABLE I
OPTIMAL NUMBER OF FINGERS FOR DIFFERENT FREQUENCY RANGES

10 GHz, then 3 nMOS fingers and 4 pMOS fingers are optimal
relative to our metric. Of course, if the range is 0 to 2 GHz, two
fingers are sufficient for both N or P devices. Note that pMOS
devices typically require one more finger than nMOS devices
at higher frequencies of operation.

Table I was shown to illustrate the use of the metric in de-
termining the optimal number of fingers. In practice, the design
process would be as follows. First, the area of a filler cell (in
particular, the -dimension of the cell) and frequency range of
operation are used as input parameters. Then, the capacitance
value as a function of is computed using (5). Finally, the value
of producing the highest capacitance is used to implement the
layout.

The results in Table I can be validated by using (3) and
(6a) to generate plots for both nMOS and pMOS
devices, as shown in Fig. 6. The results in the plot were
verified with HSPICE to ensure consistency. As an example,
consider the cases with 1 finger and 10 GHz. For the
nMOS case in Fig. 6
190 fF 50 fF 120 fF, whereas for pMOS,

190 fF 10 fF 100 fF.
These are the same values that are found in the last row of the
table with . The rest of the table is produced in the same
manner for different values of and frequency range .

By inspection, the plots indicate that three fingers would be
optimal for nMOS decaps and four fingers would be optimal
for pMOS decaps, based on the flatness of the lines and the ini-
tial value of the capacitance. This conclusion is consistent with
Table I. However, by using the metric, designers can quickly
obtain the optimal number of fingers for a target operating fre-
quency, without the need for such plots or SPICE simulations.

Fig. 6. Effective capacitance � ��� of nMOS and pMOS decaps in 90 nm
for different numbers of fingers in a fixed area of � � � �m and � � � �m.

Fig. 7 illustrates how standard cell layouts would be imple-
mented using the previous results, assuming a 10-GHz operating
range. These layouts would be automatically created by a decap
filler cell generator. Two possible layouts are shown: (a) uses
the N and P devices and (b) is nMOS only. Fig. 9(a) uses three
fingers for the nMOS device and four fingers for the pMOS de-
vice. From an average capacitance perspective, the nMOS-only
layout style of Fig. 9(b) is better, and this is also reflected in
Table I. To implement this type of layout in a standard cell, the
p-well region must be extended to cover the entire area, which
is not typical of standard cell design. This approach can be used
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Fig. 7. Two sample layouts showing (a) N and P decap with four pMOS
and three nMOS fingers and (b) nMOS-only with three fingers in a 90-nm
technology.

Fig. 8. Cross-coupled decap schematic [12].

as long as the design rules at the boundaries of adjacent standard
cells are satisfied.

III. CROSS-COUPLED DECOUPLING CAPACITOR DESIGNS

At the 90-nm technology node, there is the possibility of
oxide breakdown during an ESD event. A simple ESD protec-
tion scheme for decaps is to insert a relatively large resistance in
series to limit the maximum voltage seen at the gate of the decap
[11]. A minimum is needed to ensure ESD reliability for
decap cells. A cross-coupled decap design has been proposed
by cell library developers [12] to address the issue of ESD reli-
ability. Fig. 8 illustrates the new decap wherein the drain of the
pMOS device is connected to the gate of the nMOS, and vice
versa [12]. The cross-coupled design provides additional series
resistance to the inherent decap resistance to increase .

The frequency response characteristics of this new configura-
tion can be evaluated to determine if the results obtained in the
last section can be applied directly to the new circuit. We first
compared a standard 3N-4P decap of Fig. 7(a) to a same-area
cross-coupled decap using HSPICE ac analysis in Fig. 9.

The standard 3N-4P decap has a very low resistance (around
30 ), which makes it prone to ESD failure. The cross-coupled
3N-4P design has a much higher dc (around 3500 ) but
a poorer frequency response for . Consequently, the tradeoff
between ESD reliability and frequency response must be con-
sidered in the design process and decap layout. To improve the
frequency response, additional fingers must be used. The target

Fig. 9. � ��� and � ��� comparison of fixed-area standard decap and
cross-coupled decap: same MOS device sizes but different poly connections.

resistance for ESD protection in our case is a min-
imum of 500 . We increased the number of fingers to reduce
the resistance from 3500 down to that required by ESD. Ac-
cording to (4), the scale factor on the 3N-4P design can be found
as follows:

Scaling the 3N-4P by approximately this amount, we produced
a cross-coupled 8N-9P decap. Similarly, for an ESD target

, we find that , so we chose
6N-7P. The plots for 6N-7P and 8N-9P fingers are also illus-
trated in Fig. 9. The results show that the 8N-9P cross-coupled
version is the best configuration to address both frequency
response and ESD protection.

From a layout perspective, the cross-coupled decaps can be
realized by simply rerouting the poly connections of the stan-
dard decaps, while keeping the MOS devices the same. The lay-
outs of two cases, 3N-4P and 8N-9P, are shown in Fig. 10.

We addressed one other issue of thin-oxide gate leakage
current [16] of the decap, which contributes to the chip’s total
static power. Using HSPICE, the standard and cross-coupled
decap circuits were found to have almost identical gate leakage.
That is, since the cell area is fixed and only the poly terminal
connections are swapped, the cross-coupled design provides
no inherent savings in gate leakage as compared to the stan-
dard design. There exists a simple design approach to save
gate leakage. Simulations using BSIM4 SPICE models [17]
indicated that pMOS gate leakage is roughly 3 times smaller
than nMOS gate leakage for same size transistors [18], [19].
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Fig. 10. Sample layouts of cross-coupled decap cells for (a) 3N-4P (b) 8N-9P.

Fig. 11. Sample layouts of improved decap cells for (a) 1N-9P (b) 1N-16P.

Therefore, pMOS devices are preferred from a leakage per-
spective. Since pMOS devices have a poor frequency response,
more fingers can be used to obtain the desired result. But this
must be carried out in the context of the cross-coupled design
to preserve ESD protection.

The basic idea to control leakage is to have the smallest
possible nMOS device cross-coupled with the largest possible
multi-fingered pMOS device. This way, the advantages of
pMOS leakage and cross-coupling ESD protection are pre-
served. The layouts of two configurations are illustrated in
Fig. 11. A small nMOS device is used in both cases. Note
the n-well regions have been expanded in both layouts to
accommodate the larger pMOS device. Fig. 11(a) uses 9 pMOS
fingers while Fig. 11(b) has a total of 16 fingers. The same cell
area as before (2 m 9 m) was used for the two designs.

Table II summarizes the leakage values for the different cases.
The standard and cross-coupled 3N-4P decaps have roughly the
same leakage. It is somewhat reduced for the 8N-9P case since
there is less area for leakage. However, for the two layouts with

TABLE II
COMPARISON OF THE NEW DESIGNS AND THEIR GATE LEAKAGE CURRENT

Fig. 12. Frequency response of various cross-coupled designs.

the small nMOS devices, the leakage is cut in half. In fact, the
case with 1N-16P, the leakage is 62% less than the standard
decap 3N-4P.

The of the cross-coupled design must be set
based on ESD considerations, but that also controls the max-
imum number of fingers permitted . Since the nMOS
device is fixed while the pMOS device is multi-fingered, we
use the following equation to determine the resistance:
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where and are the resistance of the decaps without fin-
gers. This target sets up the equation for a maximum
number of fingers, . That is

(7)

As described in Section II, the optimal depends on the fre-
quency response (i.e., ), but the number of fingers se-
lected should not exceed to satisfy ESD requirements.

Fig. 12 illustrates the frequency response of the various de-
signs from 0–10 GHz. All of the configurations provide similar

values but are dramatically different in the frequency re-
sponse characteristics. The standard 3N-4P case is the best, fol-
lowed by the modified cross-coupled 1N-16P. The are dif-
ferent in all cases but only the standard 3N-4P case is unsuitable
for ESD protection. However, it is desirable to select the config-
uration with the lowest that satisfies the ESD criteria (500

in this case) for a rapid time-domain response. Overall, the
cross-coupled 1N-16P layout is recommended because it pro-
vides the required for ESD reliability and saves at least
50%–60% on gate leakage.

To summarize, at 90 nm and below, standard-cell decap
design should follow the layout strategy shown in Fig. 11. By
using the smallest nMOS device and the largest multi-fingered
pMOS device in the cross-coupled form, the decap has the
lowest leakage and is able to satisfy the ESD requirements.

IV. CONCLUSION

This paper investigated the tradeoffs between high-frequency
performance of decaps and ESD protection and its impact on the
layout of standard cell decaps. We introduced a design metric to
determine the optimal number of fingers to use in the standard
cell layout to obtain a desired capacitance level over a target
operating frequency. Models were developed to capture the fre-
quency responses of and for a given technology with
only a few parameters. As a result, the models can be used to
predict the same characteristics of future technologies.

For ESD protection, a cross-coupled design was proposed by
cell library developers to provide a large series resistance, but it
suffers from reduced frequency response and provides no sav-
ings in gate leakage. This paper shows that more fingers are
needed with the cross-coupled standard-cell layouts to provide
the target resistance value for ESD protection. We show that
the layout with the smallest nMOS device and a multi-fingered
pMOS device delivers acceptable frequency response and ESD
reliability, while providing the lowest leakage.
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