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Abstract— A High Speed High-Drive (HD) CMOS
Buffer is described in this paper which is an alterna-
tive to the widely used CMOS tapered buffer. The
paper introduces the principle of operation of the
HD buffer and compares it with a tapered buffer.
Depending upon the capacitive load, the HD buffer
as compared tc an equivalent tapered buffer can
provide increased speed (up to 2.2x) or multiple
speed /power/area trade-offs. Clock distribution net-
works, large data busses, and I/O buffers are some
possible applications of this buffer structure.

I. INTRODUCTION

Continuous technology scaling has changed many
of the problems that modern ASIC designers face in
designing high performance digital circuits. With
deep submicrometer technologies [1], on-chip inter-
connect has become a fundamental issue. High in-
terconnect resistance and capacitance have become
an important factor in limiting performance. Driving
large off-chip capacitive loads is also an important de-
sign issue. Techniques to efficiently drive these large
loads have been developed, tapered buffers being the
primary example [2-8]. Technological improvements
have also contributed, with the development of low
dielectric constant and low resistivity materials being
prime examples.

The proposed high speed High-Drive (HD) buffer
structure is a circuit capable of driving large capac-
itive loads at higher speeds than a tapered buffer.
Depending on the capacitive load and on the desired
speed /power/area trade-offs, the HD buffer can pro-
vide higher speed, lower power, significant area sav-
ings, and /or improved transition times. As compared
to the FS buffer developed by Huang and Chu [9], the
HD buffer improves the speed and noise susceptibility
and minimizes the dissipated power, while decreasing
the circuit complexity, reducing area, and simplifying
the circuit design process.

A detailed description of the operation of the HD
buffer circuit is presented in Section II. Some sizing
considerations for an optimal HD buffer are summa-
rized in Section ITI. Simulation results comparing
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the performance of both the tapered buffer and the
HD buffer are described in Section IV. Finally, some
conclusions are presented in Section V.

II. THE HIGH-DRIVE BUFFER

A transistor level schematic of the proposed HD
buffer is shown in Figure 1. A more simplified ver-
sion, provided to enhance the explanation of the cir-
cuit behavior, is shown in Figure 2. There are three
categories of transistors in this circuit: driving tran-
sistors (n and p) that source or sink each stage up to
the load, nulling transistors (m and q), which reestab-
lish the logic levels, and glue logic transistors (the
input gates and the inverters), that provide different
logic levels inside the HD buffer. The HD buffer ex-
ample shown in Figure 1 is six stages long, the driv-
ing transistors being nl-n6 and pl-p6, each stage
increasingly larger.
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Fig. 1. The transistor level schematic of the HD buffer

To obtain the savings in speed, power, and area,
the HD buffer uses two separate data paths, one for
each logic state of the input signal (0 or 1). Each
path is optimized to amplify a state and transmit the
signal to the load with minimal energy consumption.
The path that amplifies and transmits the 1 (0) state
is called the “fast 17 (“fast 0”) path. The fast 1 path
starts with the smallest n transistor from stage 1, nl,
and continues with p2, n3, p4, n5, and p6 as shown in
the upper side of the HD circuit in Figure 1. The fast
0 path starts with pl, and continues with n2, p3, n4,
p5, n6 as shown in the lower side of Figure 1. When
the desired drive current is reached, these two paths
are combined to drive the output load (the common
drain node of p6 and n6).
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As shown in Figure 1, the load for each driving
transistor consists of the gate capacitance of the fol-
lowing driving transistor along the path and the drain
capacitance of the corresponding nulling transistors.
For a tapered buffer system [2-8], the corresponding
load is much larger, consisting of the junction capaci-
tance of the transistor pair plus the gate capacitance
of both transistors of the following buffer stage. The
gain in speed of the HD buffer is derived from the
smaller capacitance at the internal stages, as well as
from the following effect. In a tapered buffer, the N
and P transistors of a stage are designed to have the
same transconductance. During a transition, the de-
lay of each inverter can substantially increase since
the PMOS and NMOS transistors conduct simulta-
neously, creating a DC path between Vpp and GND.
This effect adversely degrades the charge/discharge
process of the load capacitance for each stage of the
buffer, increasing the delay [10]. For the HD buffer,
this effect does not exist, since, when a driving tran-
sistor is turned on, the nulling transistor pair is off
(the nulling process is completed). The smaller ca-
pacitance at the internal stages also provides impor-
tant savings in the dynamic power as well as higher
stage to stage tapering coefficients which implies less
stages are necessary to drive a particular load. Less
stages permit the HD buffer to operate faster.
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Fig. 2. A simplified transistor level schematic of the HD buffer.

In order to generate a fast output transition, only
one of the final transistors must pull up or down at
any one time. Several circuit techniques are employed
to realize this objective.

1. The fast 1 path is driven by a NOR gate while
the fast 0 path is driven by a NAND gate. The feed-
back path from the buffer output to the input of the
two logic gates permits the fast 1 and the fast 0 paths
to stay on for a short period of time (from the change
of state at the data input until the output reaches the
final state).

2. The m and g nulling transistors are separated
from the data paths and do not affect the speed or
the dynamic power dissipation of the data paths. By
employing a synchronous driving technique, the short
circuit. or DC power dissipation is eliminated by the
nulling transistors. Note that in Figure 1 each stage

has double nulling transistors. The m transistors
designate the maintenance nulling transistors (MNT)
and the q transistors designate the fast nulling tran-
sistors (FNT). In between transitions, when no path
is driven, each gate drives the MNT through the glue
logic transistors. As shown in Figure 1, the FNT are
driven by the output through the upper inverters.

Counsider the case where the output of the HD
buffer is in the 1 state, sourced by the p6 transis-
tor. The next 0 output is generated by the fast 0
path through the n6 transistor. To provide a fast
output signal, only the p6 or n6 should be on. Since
a fast 1 to 0 output transition is desired, only the n6
transistor must be on during the transition. The p6
transistor is therefore turned off (nulled) in between
transitions when no path is driven by slowly charging
the gate of the p6 transistor through the correspond-
ing nulling transistors. To efficiently turn off the p6
transistor, the nb, p4 n3, p2, and nl transistors are
each turned off by the corresponding nulling transis-
tors of each stage by charging or discharging the gates
of the driving P or N type transistors. This process
prepares the driver for the impending fast transition.
This nulling process is realized by the FNT fed back
from the output signal.

Note that when the fast 1 path is nulled, only the
FNT of the fast 1 path are driven while the FNT of
the 0 path are off. The internal nodes of the 0 path
can float for up to half a period of the input signal. A
noise glitch or leakage present at any of these nodes
could create a malfunction of the buffer, reflected in
either an increase in delay, and/or an increase in the
dissipated power. The solution implemented by the
HD buffer is to use the MNT. The MNT are mini-
mally sized, their only role is to minimize the leakage
current and noise susceptibility of the internal nodes
for up to half a period of the input signal.

To eliminate any short circuit and DC power for
all stages of both the fast 1 and fast 0 paths, each
group of nulling transistors are synchronously driven
so that no DC path is created between a driving and
nulling transistor pair. Each inverter in the nuiling
path introduces a delay equal to the time necessary
to null one stage. Thus, when the nulling process
of one stage is completed, the next stage is nulled.
For example, when the nulling process of stage 1 is
terminated, stage 2 begins to be nulled; p2 is off,
eliminating any DC path. This technique substan-
tially reduces the dissipated power of the HD buffer.
An expression for the total dissipated power of the
HD buffer is

P =(Cp+ZCi +EC;)Vip 1, 6y

where C; are the capacitances at the internal nodes
in the 0 path and 1 path and C; are the node capac-
itances of the nulling transistors.

If the input signal frequency is low, the FNT can
be driven by the input gates without affecting the
speed and power dissipation of the HD buffer. Only
single nulling transistors are necessary, since the FNT
also behave as MNT, providing the noise and leakage
immunity.
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The HD buffer shown in Figure 2 uses single nulling
transistors for the less significant stages, and dou-
ble nulling transistors for the final stages that re-
quire larger nulling transistors. The example circuit
shown in Figure 2 does not employ synchronous driv-
ing. However, to reduce short circuit and DC power,
synchronous driving can be employed.

3. In between transitions, when no path is driven
and the nulling process for the current path is com-
pleted, C;, floats and any leakage current could de-
stroy the output state. This effect is prevented by the
small latch at the output, which maintains the output
signal on Cr. The effect of Cy, floating can also be
compensated for by noting that the nulling time is in-
versely proportional to the width of the nulling tran-
sistor. By making the nulling transistors small, the
nulling process is delayed and Cy, floats for a shorter
amount of time. At the limit, the nulling time equals
the time between transitions and C1, does not float
at all and no latch is needed. However, a fast transi-
tion is achieved when only one final transistor pulls
at any given time. Therefore, the nulling transistors
must be properly sized so that the nulling process is
completed before but close to the moment when the
next transition occurs.

III. HD BUFFER SIZING CONSIDERATIONS

The sizing of an optimal HD buffer is presented in
this section. The sizing process is based on charging
(discharging) the capacitive load at each node of the
circuit by a PMOS (NMOS) transistor.

The HD buffer driving transistors are sized based
on the condition that each stage introduces the same
delay, equal to the delay introduced by the final stage.
The input gates are sized to be equivalent to a min-
imal sized inverter. The nl transistor is either cho-
sen to be minimal for a specific technology, or to be
equivalent to a load having a tapering coefficient of
B = e' = 2.7 (for minimum speed) or 8 ~ 10 (to
optimize power) [6] for the input gate. The minimal
delay is determined as a function of the number of
stages of the HD buffer and of the nl transistor size.

A sizing alternative for the driving transistors is to
consider the final stage of the HD buffer to be the
same size as for an equivalent tapered buffer. The
HD buffer driving transistors of the remaining stages
(the predriver) are sized so that each stage introduces
the same delay (not equal to the delay introduced by
the final stage). The minimal delay of the predriver
is determined as a function of the number of stages of
the predriver and of the size of the first stage. This
alternative provides an improved speed/power/area
trade-off than the previous sizing process.

The FNT are sized considering that if the input sig-
nal has a period T and a duty factor of 50%, then the
nulling process must be performed in less than T/2
to ensure that the final driving transistors are not on
at the same time. If the HD buffer has k stages, the
time allocated to null each stage is ~ T/2k. Each
nulling transistor is sized to perform the nulling pro-
cess during the T/2k allocated time for the particular
capacitive load.

The MNT are minimum sized and depend only on
the leakage current characteristic and on the imposed
noise immunity level. The chains of inverters driving
the MNT are minimum sized. The chain of inverters
driven by the output signal synchronously drives the
FNT to minimize the short circuit and DC power.
Each inverter in the chain introduces the same delay
as the nulling process for one stage, which as shown
is T/2k. Computing the capacitance at each node
(consisting of the gate capacitances of an FNT and of
the following inverter in the chain plus the junction
capacitance present at that node), permits each of
the inverters in the chain to be properly sized.

The output latch is sized based on the time during
which Cp, is floating (which is T/2 minus the total
nulling time for all stages), and the leakage charac-
teristics of the capacitive load. The latch is sized so
that the leakage is minimized during the time that
Cr, floats.

The optimally sized HD buffer has less stages than
a tapered buffer for a similar capacitive load. The
larger the capacitive load, the larger the difference in
the number of stages between the two buffer types,
and the greater the speed and power savings of the
HD buffer.

IV. SIMULATION RESULTS

Circuit simulations based on Cadence-Spectre and
a 1.2 ym CMOS technology are described in this sec-
tion. A minimum speed tapered buffer is compared in
terms of delay, power, area, and transition time with
an HD buffer sized as above, optimized for speed and
power. The HD buffer optimized for power (called
the same speed HD buffer, SHD) has the same de-
lay as the equivalent tapered buffer. The HD buffer
optimized for speed (called the predriver HD buffer,
PHD) has the same area as the equivalent tapered
buffer. A range of capacitive loads from 1 pF to 500
pF is considered in this discussion.

The delay as a function of the number of stages
for an optimal speed tapered buffer and HD buffer
driving a 500 pF load is shown in Figure 3. Note that
for this load, the HD buffer is up to 2.2 times faster
than the tapered buffer. Note also that the optimum
size for the tapered buffer is ten stages, and as shown
in Figure 3, between nine and thirteen stages for the
HD buffer. Nine stages provides the least power and
area.
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Fig. 3. Tapered buffer and HD buffer delay as a function of
the number of stages. Cy, = 500pF and nl = 1.8 um.
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In Figs. 4 - 7, the delay, power, area, and transition
time are compared. The performance of the SHD,
PHD, and tapered buffers are ranked in Table I, from
the point of view of these design criteria.
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Fig. 4. Comparison of delay of tapered buffer and HD buffer.
Cr=1 pF to 500 pF, plotted logarithmically.
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Fig. 6. Comparison of the area of the tapered buffer and HD
buffer.

2 T T T T T

1 ed_T_rise”
e 'samejep 6e’ad:T_ e 1
L N P T sise” - 4
F 14 ?f’ e 4
§ 12§ 4
< 1F 1
g
'g 0.8 I E
= 06+ 4
0.4 F T 4
o2 ¢+
o - - . . .
Q 100 200 300 400 500
Capecitive load (pF)
Fig. 7. Comparison of the output transition time of the ta-

pered buffer and HD buffer.

Note that for the data presented in Figure 5, the
ideal_power curve depicts the power dissipated ex-
clusively on Cp. All other power curves include the
power dissipated on Cj, and within the buffer. Also
note that for the SHD buffer, the total power dissipa-
tion is closest to the ideal_power. For a 500 pF load,

the total power dissipated within the SHD buffer is
= 7% of the power dissipated on C. Note also that
the SHD buffer provides the same speed as a tapered
buffer, and has the lowest power dissipation while
saving up to 500% in area, but has the slowest out-
put signal transition times. The PHD buffer offers
up to a 2.2 times decreased delay, the same area, less
than 10% power savings, and up to 10% faster tran-
sition times.

TABLE I
RANKING THE TAPERED, PHD, AND SHD BUFFERS IN TERMS
OF SPEED, POWER, AREA, AND TRANSITION TIMES.

Buffer | Speed | Power | Area | Thiqe
Tapered 2 3 2 2
PHD T 2 2 i
SHD 2 1 1 3

V. CONCLUSIONS

A circuit structure called the High Drive (HD)
buffer is proposed for driving large capacitive loads in
high speed digital ASICs. If speed is the primary de-
sign objective, the PHD buffer is shown to provide up
to a 2.2 times smaller delays, the same area, less than
10% power savings, and up to 10% faster transition
times as compared to an equivalently tapered buffer.
If power and area are the primary design objectives,
the SHD buffer is shown to provide the same speed as
an equivalently tapered bufler, the lowest power dis-
sipation (close to the ideal C,V?f power), a savings
of up to 500% in area, but with the slowest output
signal transition times.
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