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Abstract ~ Circuit speed, power dissipation, physical area, and
system reliability are the four performance criteria of primary
concern in tapered buffer design. Each places a separate, of-
ten conflicting constraint on the design of a tapered buffer.
This paper presents a unified design methodology for CMOS
tapered buffers which permits trade-offs to be easily made
among these four performance criteria. The methodology uti-
lizes analytical expressions for each of the performance crite-
ria. A process dependent look-up table is constructed based on
these expressions and is used in conjunction with application-
specific performance constraints to efficiently determine the
optimal implementation for each particular buffer instantia-
tion.

I. INTRODUCTION

In CMOS integrated circuits, large capacitive loads
occur both on-chip, where high, localized fan-out is often
encountered, and off-chip, where highly capacitive chip-
to-chip communication lines exist. In order to drive these
large capacitive loads at high speeds, buffer circuits are re-
quired which must source and sink relatively large currents
quickly, while not degrading the performance of previous
stages. In CMOS, a tapered buffer system is often used to
perform this task [1, 2].

The basic problem that the tapered buffer must solve
is illustrated in Figure 1. High output impedance logic
and/or registers must drive a large capacitive load with
acceptable speed. The tapered buffer is placed between the
logic/registers and the large capacitive load. The tapered
buffer provides a high impedance input, so as not to load
down the logic/registers, and sources (sinks) high current
able to quickly charge (and discharge) the large capacitive
load. Thus, the buffer isolates the logic/registers from the
load, amplifying the signal along the way.
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Fig. 1. Buffer used to drive capacitive load

Many different approaches to tapered buffer design
have been described in the literature. The most commonly
addressed criteria in tapered buffer design are propagation
delay, power dissipation, physical area, and circuit reliabil-
ity. Recently, enhanced expressions have been developed
which describe each of these criteria in a form which per-
mits the unification of these expressions into a single de-
sign methodology [3]. In this paper, the application of this
methodology to the practical design of tapered buffers is
presented. This methodology permits a designer to quickly
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and efficiently make optimal trade-offs among circuit speed,
power dissipation, physical area, and system reliability.

II.  PERFORMANCE CRITERIA

The tapered buffer model and the performance expres-
sions presented in [3] are reviewed in this section. The
split-capacitor model of a tapered buffer system, as denoted
by Li, Haviland, and Tuszynski [4], is illustrated in Figure
2. This split-capacitor model is used in the development of
each of the performance expressions. With this model, the
load capacitance of the i stage of a tapered buffer, num-
bered from the input stage as illustrated in Figure 2, is

Cr, = F=YCs + F Cy) 1)

where C, represents the output capacitance of stage 1,
Cy represents the input gate capacitance of stage 1, Cy
is the capacitance being driven by the buffer, and F' is
the tapering factor. The tapering factor, F, as a discrete
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Fig. 2. The split-capacitor model of a tapered buffer
function of the number of stages, N, using the Li split-
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In modern submicrometer CMOS fabrication tech-
nologies, short-channel effects are often quite pronounced.
Therefore, an accurate and efficient short-channel transistor
model must be included in the buffer delay equation. The
transistor model used in this paper is the a-power I-V re-
lationship developed by Sakurai and Newton [5]. Utilizing
the Li split-capacitor model with the «-power short-channel
transistor model, the following tapered buffer performance
expressions, originally described in [3], are presented.

The propagation delay through a tapered buffer system
is
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The power dissipation of a tapered buffer system, including
both dynamic and short-circuit [6] power dissipation, is
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The physical area model of a buffer stage consists of
two components: the area overhead, Aoy, which is constant
for every buffer stage, and the active area, 4., which scales
with F [7]. Thus, the physical area of a tapered buffer
system may be expressed as
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The long term hot carrier degradation experienced by
the NMOS devices in the tapered buffer system is directly
related to the average bond breaking current density [8].
The average bond-breaking current density in the NMOS
devices of a tapered buffer may be expressed as

(JpB) = f (Ca; + (%) ﬁCy) (JBB.) s ®

where (Jpp,) is a process constant describing the aver-
age bond-breaking current density of the saturated NMOS
transistor, which is a measure of device lifetime [8].

III.  APPLICATION OF UNIFIED METHODOLOGY

In Section 11, the propagation delay, power dissipation,
physical area, and system reliability of a tapered buffer are
unified both qualitatively and quantitatively. As the intent
of this paper is to provide a unified methodology for the
design of tapered buffers which is easily applied to practical
systems, the design of an application-specific tapered buffer
system is addressed in this section. It is suggested in [3]
that a weighted delay-power-area-degradation product, the
product of (3), (6), (8), and (9), be used to determine the
optimal tapered buffer implementation. In this section, the
design of an optimally tapered buffer which utilizes this
process is described.

Only a single degree of freedom, the choice of N,
exists in the design of a tapered buffer system. Once N is
determined, the tapering factor, F, is uniquely derived from
the relationship shown in (2). Due to this interdependence
of F on N, the tapering factor, F, does not provide an ad-
ditional degree of freedom in the design of tapered buffers.

The parameters Cy, Cy, Aon, and Ay, in (3) — (9) all
depend upon the layout and fabrication technology of the
tapered buffer system. However, for a given technology
and buffer layout, these values can be considered as con-
stants. Therefore, the design of a tapered buffer reduces
to choosing N, and therefore F, based on a specific load
capacitance, Cy.
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The application of the delay-power-area-degradation
product to buffer system design in which no specific per-
formance constraints exist is described in subsection A. The
application of the delay-power-area-degradation product to
buffer design in systems where specific performance con-
straints exist is described in subsection B.

A. Unconstrained Systems

The minimum delay-power-area-degradation product
may be used to determine the optimal tapered buffer im-
plementation in unconstrained systems. That is, the product
may be used in those systems where specific performance
constraints for the tapered buffer system are unspecified.

Since the delay-power-area-degradation product is
transcendental in both N and F, a generalized analytical
solution for its minimum value is not provided, and the
minimum value is determined using simple numerical tech-
niques. If the product is expressed as a discrete function
of N, as suggested in [3], this method quickly converges to
the minimum product value in only a few iterations.

It is possible, therefore, to construct a look-up table
for a specific technology for a broad range of load capac-
itance. Given a circuit specification requiring a buffer to
drive a large capacitive load, as shown in Figure 1, the op-
timal number of stages of a tapered buffer system can be
immediately determined from a look-up table, permitting
the tapering factor to be calculated directly from (2). An
example of such a look-up table is shown in Table I

Table I
NUMBER OF STAGES FOR VARYING LOAD CAPACITANCE,

Cx = 10 fF, Cy = 15 fF, Aoy = 150 pm?, Agn = 50 um?
Load Capacitance (C1) | Number of Stages (Noy)
<225 fF (1, 2)
225 fF — 3 pF 2,3)
3 pF — 40 pF 3,4
40 pF — 300 pF 4, 5)
300 pF — 7 nF (5, 6)

As shown in Table I, very few entries are required
to cover the expected range of load capacitance. The first
two rows in the table represent typical on-chip loads, and
the use of one to three stage tapered buffers for these ca-
pacitive loads agrees with standard practice. The third and
fourth rows represent larger capacitive loads typically en-
countered when driving off-chip. Finally, the fifth row
represents highly atypical capacitive loads which might ex-
ist when driving board level system-wide interconnections,
e.g., clock distribution networks or data busses. Also note
that the table contains a solution for both inverted and non-
inverted logic polarities for each capacitive range, permit-
ting the selection of the logic polarity best suited for the
particular circuit implementation. The symbol N, is used
to represent these two nearly-equivalent values for the op-
timal number of stages of a tapered buffer system.

It is important to note that the delay-power-area-
degradation product assumes all four design criteria are of
equal importance. In systems where certain criteria are of
greater importance than others, a similar process may be
applied using a weighted product or other combination of



(3), (6), (8), and (9) in order to reflect the relative impor-
tance of these design criteria.

In some systems, one or more of the four performance
criteria may be of negligible or minor importance. It is
therefore useful to construct look-up tables for subsets of
the four criteria. There are 15 possible products, however
four of these products have a minimum at either N = 0 or
N = oo, which are physically unrealizable. These four non-
physically realizable products are power, area, degradation,
and power-area. However, eleven remaining products of
possible interest remain. In order to exemplify the process
of evaluating these eleven products, an example table de-
scribing the number of stages for varying load capacitance
for an equally weighted delay-power-degradation product
is shown in Table II.

Table II
NUMBER OF STAGES FOR MINIMUM DELAY-POWER-DEGRADATION PRODUCT,

Cr =10 fF, Cy = 15 fF
 Load Capacitance (C1) | Number of Stages Now)

< 85 {F (1,2)

85 fF — 290 fF @, 3)
290 fF — 900 fF (3, 4)
900 fF — 2.8 pF 4, 5)
2.8 pF — 8.5 pF 5. 6)
8.5 pf — 25.5 pF 6,7
25.5 pf — 75.0 pF (7, 8)
75.0 pF — 250 pF 8,9
250 pF — 700 pF ©, 10)

B. Constrained Systems

In the previous subsection, a buffer design methodol-
ogy is presented for those systems where the buffer is not
constrained to meet a specific performance requirement.
However, often an application-specific system places par-
ticular performance constraints upon a buffer. In modern
CMOS-based systems, propagation delay and power dissi-
pation are often both of primary concern, placing limits on
the range of N which may be considered during the design
of a tapered buffer system. Physical area and system re-
liability may place additional constraints upon N, and the
same process described below for just propagation delay
and power dissipation is applicable with those criteria.

As power dissipation monotonically increases with N,
a specification on the maximum power dissipation, Py,
has the effect of placing an upper bound on N, Npp,y, at or
below which the power dissipation of the buffer is within
specification. In order to determine the maximum number
of stages of a tapered buffer system which will satisfy the
maximum power dissipation requirement, (6) is set equal to
P.ax and solved for Npp,,,. This transformation results in
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where

Kp=Vipf(l+Kpy) , (11)
and Kp, is defined in (7). Thus, the maximum number of
stages and tapering factor of a buffer system can be directly
determined from a specified maximum power dissipation
requirement.

Similarly, (3) may be set equal to a specified delay
value and solved for N. However, unlike the expression for
power dissipation, this process results in a transcendental
expression in which the two solutions for N are not ana-
lytically obtainable. Therefore, a preferred method is to
numerically solve for N using the discrete nature of N to
limit the granularity, and thus the solution time.

Due to the upward concavity of the delay function
[3], a maximum delay constraint places both upper and
lower bounds on the value of N between which the delay
constraint is satisfied. If N,, falls within the bounds
established by the propagation delay and power dissipation
requirements, then N, satisfies both the propagation delay
and the power dissipation requirements of the system and
is the recommended number of stages for the particular
application-specific tapered buffer.

An example of such a constrained system, utilizing the
process parameters shown in Table III, which were used to
generate Table I, is as follows. Assume an application
requires that a 45 pF load be driven at 25 MHz with
a buffer dissipating no more than 300 mW (continuous
operation), has a propagation delay of no more than 15
ns, and an inverting polarity is preferred. No specific
constraints exist for physical area or system reliability,
though it is desired to optimize these within the specified
speed and power constraints. Therefore, all four of the
performance criteria are of concern, and the delay-power-
area-degradation product used to generate Table I may be
applied. From (10), the maximum allowable number of
stages, assuming a maximum power dissipation of 300 mW,
i8 Npmax = 6. Equation (3) is used to numerically determine
that the propagation delay is less than 15 ns for4 SN < 13.
Thus, the range of N which satisfies both the propagation
delay and the power dissipation constraints is 4 < N £ 6.
This “design space” is shown as the gray area in Figure
3. The optimal number of stages for Cp, = 45 pF, derived
from Table I, is Nop: = (4, 5). The logically inverted value,
N = 5, falls within the design space. Thus, a choice of
N =5 and therefore a tapering factor of F = 4.96 ~ 5.0
is recommended for the tapered buffer circuit described in
this example.

Table III
EXAMPLE PROCESS PARAMETERS
Parameter  Value _
an = Qp 1
Vi = Vi) 05V
Vpon = Vpop! 3V
Vpp 5V
Tnon = lpop! 100 pA
Cx 10 fF
Cy 15 {F
Acty 50 pm?
Aon 150 pm?
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Fig. 3. Ny falls within propagation delay
and power dissipation constraints

However, N,,; may fall outside the constraints im-
posed by the propagation delay and/or power dissipation
specifications. If this occurs, N is chosen to be the value
closest to N,,, while remaining within the range established
by these constraints.

As an example of this process, again utilize the process
parameters given in Table III and assume that a different
application requires a buffer to drive a 45 pF load at 25
MHz with a maximum power dissipation of 450 mW,
a maximum propagation delay of 12 ns, and no logical
inversion. Applying (10) to this example, N < Nppgr =
10. Equation (3) is used to determine that the propagation
delay is less than 12 ns for 6 < N < 8. Thus, the design
space which meets these constraints is 6 < N < 8. From
Table 1, N,y = (4, 5), neither value of which falls within
the preferred design space. In this case, N = 6 should be
chosen since it is the value closest to N, which is within
the design space and satisfies the non-inverted logic polarity
requirement. From N = 6, a tapering factor of F = 3.80 is
directly determined. This example is illustrated in Figure 4.

Delay Power
Constraints Constraint

1 U ¥
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Nopt Choice Npmax

of N

Fig. 4. Ny falls outside propagation delay
and power dissipation constraints

In this manner, a tapered buffer system may be de-
signed with all four design criteria unequally weighted.
Rather, one or more criteria are used to establish a re-
gion in which equal weighting is applied locally. Due to
the upward concavity of the delay-power-area-degradation
product, choosing the value of N closest to N,,, within the
constrained region guarantees that the delay-power-area-
degradation product has the minimum possible value within
the permitted design space. Thus, the equally weighted
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product is applied locally to the design space in order to
determine an appropriate application-specific value of N
and F.

IV. CONCLUSIONS

A CMOS integrated circuit designer is often faced
with multiple, conflicting design criteria when confronted
with the task of driving a large capacitive load with a
tapered buffer system. In this paper, an efficient design
methodology for making performance trade-offs among
circuit speed, power dissipation, physical area, and hot-
carrier reliability is described.

The delay-power-area-degradation product has been
investigated for this purpose. It is shown that a process
dependent look-up table may be constructed which permits
a designer to efficiently determine the optimal number of
stages for a tapered buffer system. The tapering factor
is then calculated based on a simple expression, uniquely
determining the tapered buffer system.

The delay-power-area-degradation product is applied
to the design of tapered buffer systems which are either
unconstrained or constrained by specified performance re-
quirements. This methodology is adapted to systems where
one or more of the four performance criteria have unequal
weighting.

Thus, this paper integrates into a single unified design
methodology the until now disparate design approaches for
CMOS tapered buffer systems. Utilizing this methodology,
optimal trade-offs may be made simultaneously among all
four performance criteria: circuit speed, power dissipation,
physical area, and hot-carrier reliability.
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