BUFFER SIZING FOR DELAY UNCERTAINTY INDUCED BY PROCESS VARIATIONS
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ABSTRACT

Controlling the delay of a signal in the presence of various
noise sources, process parameter variations, and environ-
mental effects represents a fundamental problem in the de-
sign of high performance synchronous circuits. The effects
of device parameter variations on the signal propagation de-
lay of a CMOS buffer are described in this paper. It is shown
that delay uncertainty is introduced due to variations in the
current flow through a buffer. In addition, the variations in
the parasitic resistance and capacitance of an interconnect
line also affect the buffer delay. A design methodology that
reduces the delay uncertainty of signals propagating along
buffer-driven interconnect lines is presented. The proposed
methodology increases the current flow sourced by a buffer
to reduce the sensitivity of the delay on device and intercon-
nect parameter variations.

1. INTRODUCTION

The rapid scaling of on-chip feature size has produced phe-
nomenal advances in circuit density, chip functionality, and
operational clock frequency [1,2]. This development has
also resulted in increased sensitivity of the circuit charac-
teristics on parameter variations. Imperfections in the man-
ufacturing process and environmental effects degrade the
quality of signals within a circuit and affect the signal prop-
agation delay. Deviations of a signal from the target delay
can cause the loss of critical data, thereby causing a system
to malfunction. These deviations of the signal propagation
delay from a target value are described as delay uncertainty.

Delay uncertainty can be critical for the operation of
high speed synchronous circuits. The continuous quest for
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higher circuit performance has pushed clock frequencies
deep into the gigahertz frequencies range, reducing the pe-
riod of the clock signal well below a nanosecond. Uncer-
tainty in the propagation delay of the clock signal can cause
violations of the set-up and hold timing constraints at the
data path registers. In addition, delay uncertainty of the data
signals can also cause violations of these constraints. To
prevent these violations, either the tight timing constraints
should be relaxed, or the uncertainty in the signal delay
should be reduced. Relaxing the timing constraints, espe-
cially at the most critical paths of a circuit, increases the
clock period and reduces the circuit performance. Alterna-
tively, reducing delay uncertainty can prevent the violations
of the timing constraints, thereby improving the robustness
of a circuit and enhancing the circuit performance. In order
to develop design methodologies that reduce delay uncer-
tainty, the effects that cause uncertainty in the signal propa-
gation delay should be investigated.

Delay uncertainty is introduced by a number of factors
that affect the signal propagation, examples of which in-
clude process and environmental parameter variations [3, 4]
and interconnect noise [5]. Effects such as the non-uni-
formity of the gate oxide thickness and imperfections in
polysilicon etching [6] can cause variations of the current
flow within a transistor, thereby introducing delay uncer-
tainty. The geometrical characteristics of interconnect lines
are also affected by imperfections in the photolithography,
planarization and metal etching processes [4]. Environmen-
tally induced parameter variations caused by changes in the
ambient temperature [7] and external radiation [8] also in-
troduce delay uncertainty.

In this paper, the delay uncertainty of a signal propa-
gating along a CMOS buffer due to process, environmen-
tal, and system parameter variations is investigated. It is
shown that increasing the buffer size reduces the uncertainty
in the signal delay due to parameter variations in both the
buffer and the interconnect. The variations in the delay of a
CMOS inverter due to device parameter variations are dis-
cussed in Section 2. The effect of buffer size on the delay
uncertainty introduced by interconnect parameter variations



is described in Section 3. Finally, some conclusions are pre-
sented in Section 4.

2. DELAY UNCERTAINTY DUE TO DEVICE
PARAMETER VARIATIONS

The signal propagation delay of a logic gate depends upon
the gate size and the magnitude of the current flowing within
the gate. Variations of the device parameters can cause the
magnitude of the current flow to change, introducing de-
lay uncertainty. Therefore, reducing the effect of the device
parameters on the current flow can reduce delay uncertainty.
In particular, the delay uncertainty of the active components
of the most critical data paths and interconnect lines within a
circuit should be reduced to prevent tight timing constraints
from being violated.

In the case of a CMOS inverter, a first order relation-
ship between the signal propagation delay and the current
through an inverter is presented in [9] as
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and tp is the signal propagation delay, « is the velocity sat-
uration index described in [9], t7 is the transition time of the
signal at the input of the inverter, Vpp is the supply voltage,
and C', is the capacitive load at the output of a CMOS in-
verter. Vrp is the threshold voltage of the active transistor
during a signal transition and /pg is the drain current flow-
ing through that transistor (defined at Vos = Vps = Vpp).
Ipg is often used as an index of the current drive of a MOS-
FET transistor and depends upon the transistor size,

3)

where W and L.f; represent the width and the effective
channel length of a transistor, respectively, and Py, repre-
sents the effect of the device parameters on the current flow.

According to MOSFET transistor models first proposed
by Shockley in [10] and Sakurai and Newton in [9], the
primary factors that affect the drain current within a tran-
sistor are the carrier mobility (u,), the gate oxide capac-
itance (C,,), the threshold voltage (Vrpg), and the power
supply voltage (Vpp). The dependence of these factors
on process, environmental, and system parameters is shown
in Fig. 1. These parameters are temperature (I'emp), gate
oxide thickness (,;), substrate doping density (/V4), and
power supply voltage (Vpp). A variation of these param-
eters causes a change in the magnitude of the current flow
within a transistor and, eventually, uncertainty in the propa-
gation delay.
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Figure 1: Dependence of device parameters on process, en-
vironmental, and system parameters.

In order to evaluate the effect of the variation of the de-
vice parameters on the inverter propagation delay, Ipg is
substituted from (3) into (1), yielding
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As shown in (5), the sensitivity of inverter delay on vari-
ations of the device parameters ai’,fd’-'e’v is inversely propor-

tional to the inverter size. The delay uncertainty due to vari-
ations in the drain current can therefore be reduced by in-
creasing the size of the inverter. In addition, as shown in
(4), the propagation delay of an inverter also decreases with
increasing inverter size. The reduction in delay is shown
in Fig. 2 where the inverter size is increased by up to five
times. The inverter delay is calculated analytically from (1)
and simulated using Spectre® simulator! [11]. The differ-

1Spectre® is a registered trademark of Cadence Design Systems Incor-
porated.
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Figure 2: Reduction in delay with increasing inverter size.



ence between the calculated and simulated delay values is
caused by considering in (5) only the Ipg of the active tran-
sistor during a signal transition. The short-circuit current
flowing through the inactive transistor is ignored and there-
fore the calculated delay is smaller. The delay reduction,
however, is similar in both the calculated and the simulated
propagation delay, as shown in Fig. 2.

The effect of device parameter variations on the inverter
propagation delay is shown in Fig. 3. Note that the vari-
ation of different device parameters has a different effect
on the delay uncertainty. Increasing the buffer size reduces
the delay sensitivity on the variation of the device parame-
ters, as described by (5). As shown in Fig. 3, the variation
of the power supply voltage (Vyzq) is the dominant effect
that introduces delay uncertainty, followed by variations in
the gate oxide thickness (Z,,) and temperature (temp). In
addition to these parameters, the variation of the channel
doping concentration (N4) by £5% has also been investi-
gated, however the introduced delay uncertainty is shown
to be negligible. It is shown in Fig. 3 that the delay uncer-
tainty caused by different parameter variations is inversely
proportional to inverter size.
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Figure 3: Reduction in delay uncertainty due to device pa-
rameter variations with increasing buffer size.

As shown in (1), the propagation delay of a signal tran-
sition also depends upon the transition time ¢ of the input
signal. The effect of a variation in ¢ on the delay uncer-
tainty is illustrated in Fig. 4, where the delay uncertainty
due to a variation of Vy; of 10% is shown for a variation
of t7 between 30 ps and 80 ps. Increasing the input signal
transition time increases the delay uncertainty; however, the
effect of increasing the inverter size is dominant, and the
overall delay uncertainty is decreased. Similar delay uncer-
tainty trends are shown in Figs. 5(a) and 5(b) for a +£5%
variation in ¢,, and a £10° C variation in temperature, re-
spectively.
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Figure 4: Delay uncertainty due to 10% V4 variation for
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Figure 5: Effect of input signal transition time ¢t7 on delay
uncertainty.

3. DELAY UNCERTAINTY DUE TO
INTERCONNECT PARAMETER VARIATIONS

In addition to the parameters of active devices, manufac-
turing process variations affect also the geometrical charac-
teristics of on-chip interconnect lines. Fluctuations in the
metal etching process can cause variations in the wire width
and spacing among adjacent metal lines. Furthermore, im-
perfections in the chemical-mechanical planarization pro-
cess introduce variations in the metal thickness of an inter-
connect line and in the dielectric thickness between metal
layers. These effects create variations in the parasitic resis-
tance and capacitance of a metal line, therefore affecting the
effective load of a buffer.

In order to evaluate the effect of load variations on buffer
delay, the interconnect line structure shown in Fig. 6 is sim-
ulated using Spectre®. 1In particular, the effect on buffer



delay caused by +10% variation in the line resistance and
capacitance is investigated. The following three scenarios
are considered, depending on the part of the line affected by
parameter variations:

1. 2210% variation in line resistance and capacitance at
the first half of the line closer to driving buffer.

ii. +10% variation in line resistance and capacitance at

the second half of the line away from the buffer.

iii. £10% variation in line resistance and capacitance at

the entire line length.

Second falf

First half

Figure 6: Circuit model to evaluate the effect of line param-
eter variations on buffer delay

The uncertainty in the buffer delay for these three cases
is illustrated in Fig. 7, where the buffer size is increased by
up to five times. It is shown that for each case the delay
uncertainty is reduced with increasing buffer size. Note in
Fig. 7 that the uncertainty in buffer delay is less when the
line parameters are affected at the second half of a line. This
reduction in delay uncertainty is caused by the shielding ef-
fect of the first half of the line that isolates the buffer output
from the parameter variations at the second half.

4. CONCLUSIONS

The effects of device parameter variations on the delay un-
certainty of a signal propagating through a CMOS buffer are
investigated. It is demonstrated that delay uncertainty is in-
versely proportional to the transistor current. Increasing the
inverter size, therefore, reduces the delay uncertainty caused
by device parameter variations. In addition, the delay uncer-
tainty due to interconnect parameter variations is examined.
It is shown that variations in line parameter in the proximity
of a driving buffer have a greater effect on buffer delay. In-
creasing the buffer size alleviates these effects and reduces
delay uncertainty.
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