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Abstract— A CMOS buffer system to drive highly ca-
pacitive interconnect lines with reduced power dissipation
is presented. The speed of the proposed buffer system
is equivalent to the speed of an optimal tapered buffer
that drives an equivalent capacitive load, while the power
dissipation and area are significantly reduced. The pro-
posed buffer system also provides low switching noise and
improved chip reliability by decreasing the likelihood of
electromigration and on-chip hot spots.

I. INTRODUCTION

In modern high performance digital circuits, high in-
terconnect resistance and capacitance have become an
important factor in limiting performance. Multiple so-
lutions for driving highly capacitive loads such as a High
Drive (HD) buffer [1] or cascaded tapered buffers [2-6]
have been proposed. Approaches for driving highly resis-
tive RC lines have also been described in [7-11].

Power dissipation is an important limiting factor in in-
tegration density. Deep submicrometer (DSM) technolo-
gies and high yields permit the integration of many mil-
lions of transistors. One primary limitation to increasing
integration density, however, is the on-chip power dissi-
pation.
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Fig. 1. Transistor-level schematic of a six stage CMOS tapered
buffer

The on-chip interconnect also represents a major source
of power dissipation. Typically, the highly capacitive in-
terconnect lines are driven by tapered buffer systems, as
shown in Fig. 1. An optimally sized tapered buffer to
minimize delay has a tapering factor of e = 2.73 [3-5].
Practically, a useful tapering factor is between three and
four [5].

There are two primary capacitive elements that in-
duce on-chip power dissipation, the capacitive load of the
buffer Cp,, and the internal capacitance of the buffer Cin:
which is the gate capacitances plus the junction capaci-
tances of each transistor. The junction capacitances are a

small fraction of the total gate capacitances, particularly
for the transistor sizes considered in this paper, and are
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therefore neglected. Accordingly, a tapered buffer driving
a capacitive line dissipates a total power Py given by

Py = (CL + Cine)V*§, (1)
where V is the voltage swing at the output of each stage
of the buffer (typically Vpp) and f is the switching fre-
quency. The proposed buffer system reduces the total
power dissipation required to drive a capacitive load by
reducing the internal capacitance of the buffer, Cin:.

A detailed description of the operation of the proposed
buffer circuit system with an emphasis on the process in
which the power dissipation is reduced and distributed in
time is presented in Section II. Simulation results char-
acterizing the performance of the proposed buffer system
are described in Section I11. Finally, some conclusions are
presented in Section IV.

II. OPERATION OF THE BUFFER SYSTEM

The basic objective of this paper is to present a buffer
system that provides the same speed as a tapered buffer
(optimized for speed) while providing a significant savings
in dissipated power. To achieve this goal, an HD buffer [1]
optimized for power is used to drive the same capacitive
load as an (optimal speed) tapered buffer. The output
signal of the HD buffer optimized for power is restored
by an HDR buffer [11] which drives the logic gates. A
block level schematic of the proposed buffer system is
shown in Fig. 2 .
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Fig. 2. A block level schematic of the proposed buffer system

A buffer circuit to drive large capacitive loads with
improved speed, area, and power dissipation, the HD
buffer, has been introduced in [1]. The performance of
the HD buffer optimized for power [called a same speed
HD buffer (SHD)] has also been presented in [1). The
circuit schematic of the SHD is shown in Fig. 3.

The internal power dissipation of the SHD is reduced as
compared to a tapered buffer and an HD buffer according
to the following factors:

« For each stage of an optimal tapered buffer (other than
the last stage) and a low-to-high input transition, the
output of that stage must drive the parasitic gate capac-
itance of the N-channel transistor of the following stage,
representing 25% of the total capacitance at the output
of a stage. For the high-to-low input transition of each
stage, the output drives the parasitic gate capacitance of
the P-channel transistor of the following stage, represent-
ing 75% of the total capacitance at the output of a stage.
The HD buffer utilizes the driving (p and n), fast nulling
(q), and maintenance nulling (m) transistors [1]. By us-
ing two separate paths, one path for the low-to-high in-
put transition and another path for the high-to-low input
transition, the HD buffer eliminates the parasitic capac-
itances for both input transitions. This behavior occurs
since the load of each driving transistor except for the
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last stage of each path consists of only the useful gate
capacitance of the following driving transistor along the
path. This technique results in a significant reduction in
both delay and power dissipation.
o The q and m transistors do not ¢ontribute to the power
dissipation of the data path since the gates are separated
from the data path. Any short-circuit power dissipation
of the buffer is also eliminated by the ¢ and m transistors
by employing a synchronous driving technique. To ex-
plain this technique, consider the following example. For
a fast output transition, only p6 or n6é should be on at one
time. In this example, a fast 1-to-0 output transition is
desired, therefore, only the n6 transistor must be on dur-
ing transition. The p6 transistor must therefore be turned
off before n6 is turned on. The p6 transistor is therefore
turned off (or nulled) in between transitions when no path
is driven by slowly charging the gate of the p6 transistor
through the corresponding nulling transistors. To effi-
ciently turn off the p6 transistor, the n5, p4, n3, p2, and
nl transistors are each turned off by the corresponding
nulling transistors of each stage. The nulling transistors
slowly turn off the driving transistors by charging or dis-
charging the gates of the driving P-channel or N-channel
transistors. This process prepares the driver for the im-
pending fast transition. The synchronous driving tech-
nique refers to the technique of driving the nulling tran-
sistors of each stage so that the nulling transistors of one
stage are on immediately after the driving transistor of
the corresponding stage is turned off (the nulling process
of that particular driving transistor is completed).
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Fig. 3. An example of a six stage HD buffer optimized for power
dissipation

o Consider D as the delay of an HD buffer and T as the
time between two successive input transitions. The HD
buffer introduced in [1] is shown in Fig. 4. For a six stage
HD buffer with synchronous driving, the time allocated
to null one stage is approximately T/6. Note that the
size of the nulling transistors depends upon the T/D ra-
tio. The transconductance of the nulling transistors is
negligible if T/D is large (greater than five) or is simi-
lar to the driving transistors if T/D is small (less than
two). For the extreme case of T/D = 1, the q transis-
tors have the same transconductance as the correspond-
ing driving transistors. Since the inverters that drive the
nulling transistors are connected in a chain, each inverter
in the chain is required to drive the parasitic gate capaci-
tance of the following inverter in the chain in addition to

the useful nulling transistors. The total capacitive load
at the output of each inverter must be driven within T/6.
In comparing this nulling circuit to the inverters driving
the nulling transistors for synchronous driving in the SHD
buffer shown in Fig. 3, the followings issues are noted:

— Each inverter only drives the gates of the nulling tran-
sistors, eliminating any parasitic capacitance.

— The inverters must drive the nulling transistors of the
first stage in T/6, the nulling transistors of stage 2 in
2T/6, and, for example, the nulling transistors of stage 5
in 5T/6. Note that for the SHD configuration, the larger
the capacitance of the node being nulled, the greater the
time offered by the circuit to complete the nulling pro-
cess. This situation permits the size of the five inverters
to be considerably reduced, saving power and area. Sum-
marizing, by eliminating any parasitic capacitance from
the nulling process and permitting smaller sizes for the
inverters driving the q transistors while maintaining the
synchronous driving, the SHD buffer provides improved
power and area savings as compared to the HD buffer
shown in Fig. 4.
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Fig. 4. An example of a six (even) stage HD buffer

o The HD buffer generally has a reduced number of stages
as compared to a tapered buffer due to the elimination
of the internal parasitic capacitances, thereby permitting
a higher tapering factor [1]. The speed and power dissi-
pation of an HD buffer is significantly improved as com-
pared to a tapered buffer [1]. The SHD buffer dissipates
even less power than an HD buffer. Also note that an
SHD buffer supports a low duty factor T for the input
signal when T/D = 1. This performance characteristic
is not achievable with a tapered buffer, since D is much
smaller than the delay of an optimal speed tapered buffer
system driving an equivalent capacitive load. The same
duty factor can be achieved by an HD buffer dissipating
more power. '

« In addition to the aforementioned factors that reduce
the internal power dissipation of tlie SHD buffer, the size
of the driving transistors of the buffer provides additional
savings in power and area. The SHD buffer may be sized
to achieve the same speed as an equivalent optimal speed
tapered buffer with a significant reduction in power and
area. To achieve this performance, the final stage of the
SHD buffer is scaled down by a factor of three to four
as compared to the size of an equivalent tapered buffer.
The number and size of the remaining stages of the SHD
buffer which drive the final stage are chosen to produce
the minimum delay. The resulting SHD buffer has far less
stages and is geometrically much smaller than a standard

363



high speed HD buffer, resulting in a significant reduction
in total power and area. However, due to the size of the
final stage, the output transitions are slower [1].

To improve the slow output signal transitions with a
minimal delay penalty while preserving the power and
area savings, an HDR buffer {11] is used at the end of
the line, as shown in Fig. 2. The HDR buffer circuit is
capable of restoring slow transition times and distorted
input signals with a minimum delay penalty by featuring
a voltage transfer characteristic (VTC) with low thresh-
old voltages and hysteresis [11]. The drawback of the
HDR buffer is a higher sensitivity to noise. The VTC
with hysteresis of the HDR circuit is shown in Fig. 5. For
comparison, the VTC with hysteresis of a Schmitt trig-
ger is also shown. The proposed circuit offers threshold
voltages of Vary (Vim) upto1 Vand Var— (Vi) up to 4
V for a process in which Vr = 0.8 V. Note that a Schmitt
trigger has Vary =4V and Viy— = 1 V. Accordingly, the
HDR circuit switches when the low-to-high input tran-
sition reaches 1 V, while a Schmitt trigger switches at
4 V. Similar behavior occurs for the high-to-low transi-
tion (4 V as compared to 1 V). Therefore, this circuit
can respond quickly to slow input transitions, providing
a significant gain in circuit speed.
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Fig. 6. An HDR circuit to minimize delay

Different versions of the HDR buffer have been dis-
cussed in [11]. Since a minimal delay with low threshold
voltages and reduced internal capacitances [11} is desired,
the circuit shown in Fig. 6 is used.

Note that the low switching threshold voltages of the
HDR circuit are achieved through asymmetric sizing of
the input inverters [11]. A typical HDR response is de-
picted in Fig. 7. Note the slow input signal transition, the
HDR response at the Viyry and V- threshold voltages,
and the sharp output response.

Since an optimal speed tapered buffer provides fast out-
put transitions, the tapered buffer generates large noise
transients on the power lines particularly when driving
large capacitive loads. The tapered buffer may also in-
duce noise through capacitive coupling and dissipate a
large amount of power in a short time. This behavior

creates noise and reliability problems such as electromi-
gration within the power lines and hot spots due to large
localized on-chip power. Since the SHD buffer has slow
output transitions, the power required to drive CL, even
if the same as for a tapered buffer, is distributed over
the output transition. This characteristic minimizes elec-
tromigration and noise problems (since the instantaneous
current pulses are much smaller), permitting the power
to be dissipated gradually.

Outpat signal (1)

Time (ns)

Fig. 7. A typical response of the HDR circuit

III. SIMULATION RESULTS AND PERFORMANCE
COMPARISON

Circuit simulations based on Cadence-Spectre and a
1.2 pm CMOS technology are described in this section.
The results do not include the power dissipation due to
C, since this component is similar for both the tapered
buffer and the proposed buffer system. By excluding this
component of the power dissipation, focus is maintained
on the power dissipated by the internal capacitances of
the buffers. The internal power dissipation depends on
the total gate capacitances of the buffer which is propor-
tional to the total channel width. The same proportion-
ality is maintained for the total area. While the results
are based on a 1.2 um technology, the ratio of the total
width of the tapered buffer system versus the total width
of the proposed buffer system is approximately the same
for any CMOS technology. Therefore, generalizing, these
results are expressed in terms of this ratio.

TABLE I
THE SIZE OF A SIX STAGE TAPERED BUFFER DRIVING A 20 PF LOAD

Stage 1 2 3 4 5 6
Wn (um) [ 1.8 | 6.3 | 22 | 77 | 270 | 949
W, (wm) [ 4.3 | 15 | 53 | 185 | 650 | 2278

The conditions for which this analysis is performed are:
1) a tapered buffer is optimally sized for speed to drive a
20 pF capacitance, 2) a buffer system, as shown in Fig. 2,
is sized to drive the same 20 pF capacitive load and pro-
vide a total delay similar to the tapered buffer system,
and 3) the power supply is 5 volts, the frequency of the
input signal is 100 MHz, and the input transition times
are 0.1 ns.

The optimal size of a tapered buffer system produces a
minimal delay of 1.6 ns for seven stages with a tapering
factor at 2.8. A six stage tapered buffer system produces
a delay of 1.68 ns with a tapering factor at 3.5. The size
of the six stage tapered buffer is listed in Table I. The
output transition times are 0.44 ns.

The proposed buffer system is sized to obtain a similar
delay as the tapered buffer system. The size of the SHD
buffer is shown in Table II. Note that a three stage SHD
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buffer is required. The total delay required for the signal
to reach 1.4 volts (approximately the switching threshold
voltage of the HDR buffer) is 1.22 ns. The transition
times at the output of the SHD buffer are approximately
1.5 ns. The total width of the input gates, the output
latch, the nulling transistors, and the inverters driving
the nulling transistors is approximately 100 gm.

TABLE II
THE SIZE OF A THREE STAGE SHD BUFFER DRIVING A 20 PF LOAD

~Stage 1 2 3
W, (um) | 1.8 ]34 [ 215
Wo(pm) | 5 |34 1640

The HDR buffer size and performance are shown in Ta-
ble III. The output load is 1 pF, which represents a sig-
nificant number of minimally sized logic gates. The non-
inverting delay element is implemented by inverters [11].
The total width of the NAND and NOR gates, output
latch, and delay element is approximately 200 pm. The
transition times at the output of the HDR buffer are 0.31
ns. The HDR buffer delay is defined from the time when
the HDR input threshold voltages are reached to the time
when 50% of the output waveform [11] is reached.

TABLE I1I
THE CHARACTERISTICS OF AN HDR BUFFER DRIVING A 1 PF LOAD
No. [ QU/ | Va+/ | Final | Buffer
QD Vm- | stage | delay
(pm) | (V) | (pm) | (ns)
1 54/ 1.3/ 110/ 0.30
162 3.7 320

To estimate the total internal power and area savings,
the total width of the transistors of the two buffer systems
is computed. The total width of the transistors for the
six stage tapered buffer system is approximately 4400 pm,
while for the optimal seven stage tapered buffer system
is approximately 6100 um. The total width of the tran-
sistors of the proposed buffer system, in comparison, is
approximately 1900 pm. Accordingly, the internal power
dissipated by the six stage tapered buffer as compared
to the proposed buffer system is, for this example, 2.3
times higher, while for the seven stage tapered buffer is
3.2 times higher. The total area of the two tapered buffers
as compared to the proposed buffer system, if the total
width of the transistors is considered, is approximately
the same ratio. However, due to the more complex rout-
ing of the proposed buffer system, the area ratio is ex-
pected to be less than 2.3 and 3.2, respectively.

These significant power and area savings are obtained

without any degradation of either the speed or output
waveforms. The delay of the six stage tapered buffer sys-
tem is 1.68 ns, as compared to the total delay of the
proposed buffer system which is 1.54 ns (approximately
10% smaller). Note that the delay of the proposed buffer
system is also smaller than the delay of the seven stage
buffer system by approximatively 4%. The output sig-
nal has a transition time for the six stage tapered buffer
of 0.44 ns, as compared to the proposed buffer system
of 0.31 ns, approximately 40% smaller. The proposed
buffer system also produces less switching noise, thereby
improving circuit reliability such as electromigration and
minimizing the number of hot spots.

Note that different tapering factors for the tapered
buffer system generate different ratios for the transistor

width of the two buffer systems, producing different sav-
ings in power and area. As previously discussed, the ob-
jective described here is to obtain a buffer system that
provides the same speed as a tapered buffer system while
offering significant power and area savings. Accordingly,
for a 20 pF load, the correct transistor width ratio is
3.2, corresponding to the described seven stage tapered
buffer. This ratio can be further improved by equalizing
the speed and the output waveforms of the two buffer
systems. To equalize the speed, thereby improving the
power dissipation, the proposed buffer system can be fur-
ther improved, by either scaling down the SHD buffer or
the HDR buffer. Several methods may be applied to scale
down the HDR buffer and reduce the power dissipation:
1) increase the switching threshold voltages, 2) decrease
the size of the final and intermediate stages, and 3) use
less stages. A buffer system can also be sized to achieve
the same speed as a six stage tapered buffer with the re-
sulting width ratio, for this example, in the vicinity of
3.2

The power and area savings of the proposed buffer sys-
tem as compared to a tapered buffer system are propor-
tional to the capacitive load. Accordingly, the proposed
buffer system provides substantial power and area sav-
ings, particularly when driving a large capacitive load.

IV. CONCLUSIONS

A buffer system is presented that provides a substan-
tial savings in power and area as compared to a classical
tapered buffer system. These savings are achieved when
the buffer system is sized to provide approximately the
same delay and output waveforms as the tapered buffer
system. The proposed buffer system is particularly effi-
cient for driving large capacitiveloads. The buffer system
also reduces switching noise, provides improved chip re-
liability by decreasing the likelihood of electromigration,
and reduces the probability of on-chip hot spots due to
lower instantaneous current levels.
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