Exploiting Hysteresis in a CMOS Buffer
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Abstract— A high drive CMOS buffer circuit character-
ized by a voltage transfer characteristic (VTC) with low
threshold voltages and hysteresis is proposed. The pro-
posed circuit is capable of restoring slow transition times
and distorted input signals with a minimum delay penalty.
Due to the hysteresis characteristic of this buffer, a com-
parison with a Schmitt-trigger is provided. An important
application of this circuit is the restoration of slow transi-
tioning signals propagated along an RC interconnect. The
circuit can be used in conjunction with existing repeater
insertion methodologies to decrease the delay of an RC
line.

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, such as repeaters, have also been described
in [7-10].

Existing solutions for driving RC interconnect utilize
primarily one approach: inverter-like repeater circuit op-
timization with an insertion methodology for optimal
placement, sizing, and power dissipation. A CMOS in-
verter driving a distributed RC line is shown in Fig. 1.
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Fig. 1. An inverting repeater driving a distributed RC line.

The signal waveforms at different points of the distributed
RC line are shown in Fig. 2 where R = 2 KQ and C =
3 pF for an input transition time of 0.1 ns. Note that
the signal transitions deteriorate as the signal propagates
towards nodes 2, 3, 4, and 5.

Two major limiting factors for inserting inverting re-
peaters along an RC line are noted. The first factor is
that a typical Vig =3 V and Vi =2 V (for a Vbp =5
V power supply) of a CMOS inverter will drastically limit
the speed since these thresholds must be reached in order
to switch the state of the inverter. The second factor is
the short-circuit power dissipated by the inverter during
slow transition time input signals. These two limiting fac-
tors require the line be partitioned into multiple smaller
segments by inserting repeaters, thereby not permitting
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the signal to degrade and create long transition times.
However, multiple repeaters, combined with typical Vig
and V7 values of a CMOS inverter, result in long delays
and increased power dissipation [7-10].
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Fig. 2. The signal waveforms at nodes 1, 2, 3, 4, and 5 along
the distributed RC line shown in Fig. 1. Note the points of
interest, 1 V and 3 V for the low-to-high transition, and 4 V
and 2 V for the high-to-low transition.

In this paper, a solution to these problems is provided
by a circuit that detects a transitioning input signal early
in the transition process. The circuit achieves this early
detection of the transitioning input signal by employing
a VTC featuring low threshold voltages and hysteresis.
Slow and distorted input signals for the proposed circuit
are tolerated. By employing an HD buffer-like struc-
ture [1], the circuit also provides a high output drive
capability (significant output current) and at the same
time introduces minimal delay to propagate the signal
along the signal path. All of these properties permit the
circuit to be used as a repeater to drive highly resistive
RC lines. By using this circuit together with a modified
repeater insertion methodology [9], the delay of an RC
line can be substantially improved, since the RC line is
partition into less segments than in a classical repeater
insertion process [9].

A detailed description of the operation of the proposed
buffer circuit [called the High Drive Repeater (HDR)] is
presented in Section II. Some sizing considerations for
an HDR circuit are summarized in Section III. Different
circuit and performance trade-offs are also discussed in
this section. Simulation results characterizing the per-
formances of the proposed circuit are described in Sec-
tion IV. Finally, some conclusions are presented in Sec-
tion V.

II. OpPERATION OF HDR CIRCUIT

The VTC with hysteresis of the proposed HDR circuit
is shown in Fig. 3. For comparison, the VTC with hys-
teresis of a Schmitt trigger is also shown. The proposed
circuit offers thresholds of Va4 (Viz) up to 1 V and V-
(Vi) up to 4 V for a process in which V7 = 0.8 V. Note
that a Schmitt trigger has Viy+ =4 Vand Viy— =1 V.
Accordingly, the HDR circuit switches when the low-to-
high input transition reaches 1 V, while a Schmitt trigger
switches at 4 V. Similar behavior occurs for the high-to-
low transition (4 V as compared to 1 V). For restoring
slow transition input signals, this behavior provides an
important gain in speed.



A three stage transistor level schematic of the proposed
HDR circuit is shown in Fig. 4. The first stage consists
of two input gates. At least one additional stage, an out-
put stage, is also required. An intermediate (amplifier)
stage is also included in Fig. 4. The ) transistors are
the driving transistors, while the M transistors are the
nulling transistors [1]. Note the symmetric, complemen-
tary configuration of the HDR circuit, and the structural
similarity to a complementary analog amplifier [11].
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Fig. 3. The VTC of the proposed HDR circuit (the solid arrow).
For comparison, the VIT'C of a Schmitt trigger is also shown
(the dotted arrow).
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Fig. 4. The transistor level schematic of a three stage HDR circuit

The principal observation to note is that the HDR cir-
cuit can operate with slow transition input signals. Con-
sider Trise = Trau = 1%, the transition time of the input
signal. Several circuit details important in implement-
ing the desired function of the HDR circuit are described
below:

1. The input gates are sized to obtain the desired Var4
and V- threshold voltages. The Visy threshold is pro-
vided by the NAND gate, while the Vas— threshold is pro-
vided by the NOR gate. The use of two separate gates
together with an HD buffer-like structure provide a single
output, with two independent, well controlled Vis4+ and
Vam— threshold voltages in one circuit with a minimum
delay penalty.

2. The HD buffer-like structure reduces the HDR, circuit
delay and produces a high drive capability. Reducing the
delay to a minimum is important since the HDR circuit
restores slow transition signals. Any additional delay in-
troduced in the signal path reduces the efficiency of the
system. A high drive capability provides a fast response
when driving a significant load impedance.

3. The delay element placed in the feedback loop plays a
major functional role in this structure. Consider an input
signal with T; = 2 ns and a buffer delay of D = 0.5 ns.
Consider a low-to-high input transition that generates a
high-to-low output transition through the lower branch
of the circuit shown in Fig. 4. If the delay element is not
used, after 0.5 ns, the output reaches the low state, finds
the input in transition from low-to-high, and activates the
upper branch through the NOR gate. The cycle repeats
after another 0.5 ns, the buffer output oscillating between
states for approximately 1.5 ns until the input reaches the
high state. At that point, the output of the buffer settles
into an unknown state. By introducing a delay element
with a minimum delay of T} - D (1.5 ns in this example)
into the feedback path, this malfunction is prevented.

As mentioned in Section I, the HDR, circuit can be used
as a repeater to drive highly resistive RC lines. Further-
more, applications that must recover a slow transitioning
signal with a minimum delay penalty are appropriate for
the HDR circuit. For example, a specific HD buffer driv-
ing a capacitive load is described in [1], where up to a 30%
savings in power and up to a 500% savings in area as com-
pared to a same speed tapered buffer is demonstrated, the
trade-off being up to four times slower output transitions
as compared to a tapered buffer system. Using the HDR
circuit to restore the slow output transition signals of this
HD buffer provides a valuable savings in power and area
as compared to a tapered buffer, as well as fast output
signal transitions. The trade-off in using an HDR circuit
is a decreased noise margin.

ITII. HDR CIRCUIT OPTIMIZATION AND RELATED
TRADE-OFFS

Several simple sizing strategies can be applied for dif-
ferent trade-offs. The sizing rules for an HD buffer [1] are
also applicable to an HDR circuit.

e The desired V4 and Vi,— threshold voltages are ob-
tained from the size of the input gates. M1 and M3 are
minimum size. Q1, Q2, Q3, and Q4 are sized to obtain
the desired threshold voltages, and are much larger than
M1 and M3, permitting a negligible short-circuit power
for a slow transitioning input signal. Due to the large size,
the Q transistors provide a fast response to the input sig-
nal. The same transconductance for the Q1, Q2 and Q3,
Q4 pairs is desired to ensure similar amplification for the
two signal transitions.

e Q5 and Q6 and similarly all HDR stages are sized to
represent a standard load equivalent to a tapering factor
of e = 2.7 [2, 3] for the transistors of the previous stage.
Note that the size of Q5 and Q6 is already considerable,
due to the size of the Q1, Q2 and Q3, Q4 pairs. Thus, a
two stage HDR may be sufficient for many applications.
o The delay element could be composed of several cas-
caded inverters or clock controlled latches to introduce
the required delay. The actual implementation depends
upon the delay value and the circuit characteristics. If a
large delay is necessary, the latch-based implementation
is more power efficient.

o The remaining portion of the circuit is sized according
to an HD buffer [1].

One aspect that should be noted is that an excessive
size for Q1, Q2, Q3, and Q4 would adversely increase
the load at the insertion points, slowing down the line.
However, due to the low threshold voltages of the HDR
circuit, the size of Q1, Q2, Q3, and Q4 do not greatly
increase the time required to reach these threshold volt-
ages, but rather the time required for the input signal to
resolve to the final state is increased.



Several solutions exist to reduce the load at the inser-
tion points without modifying the Vs and Vas— thresh-
old voltages:

o The first solution is a tradeoff between the size of Q1,
Q2, Q3, and Q4 and the total buffer delay. The threshold
voltages of the input gates (Var4+, Var—) depend upon the
size of the Q1, Q2, Q3, and Q4 transistors and the input
gate loads (related to the size of Q5 and Q6). Choosing
Q5 and Q6 as minimum size, Vas4 and Vis— are greatly
decreased. Accordingly, smaller sizes for the Q1, Q2,
Q3, and Q4 transistors can be used. The drawback is
a reduced drive capability (the final transistors are ac-
cordingly smaller), possibly one or two extra stages being
necessary to drive a given load. These stages introduce
additional delay.

o The second solution partially modifies the HDR circuit
structure, and is shown in Fig. 5. Each gate is driven
by an inverter, where MU and MD (see Fig. 5) are mini-
mum size, and QU and QD are sized to obtain the desired
threshold voltages, Var+ and Var—. The role of the Q1,
Q2, Q3, and Q4 transistors is assumed by QU and QD.
The advantage is that QU and QD are only half the size
of Q1, Q2, Q3, and Q4 to maintain the same threshold
voltages, since Q1, Q2 and Q3, Q4 are serially connected
transistors. If a minimum load at the insertion points
is desired, then Q1, Q2, Q3, and Q4 are minimum size
to represent a minimum load for QU and QD. Otherwise,
Q1 and Q4 are sized larger for a higher drive capability of
the buffer. QU and QD are accordingly larger. Note the
role of the delay element in this configuration to resolve
the output state until the nulling process of QU and QD
is completed.
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Fig. 5. The modified HDR circuit to reduce the load at specific
insertion points.

The second solution obtains a minimal load at the in-
sertion points. The drawback is that the nulling pro-
cess [1] is performed by minimum size nulling transistors
(MU and MD), limiting the input signal frequency (the
nulling process must be completed before the next tran-
sition begins). If this condition is not satisfied, MU and
MD must be increased in size. To maintain the same
threshold voltages, the size of QU and QD are also in-
creased. A situation is reached where the HDR, circuit
shown in Fig. 4 becomes more advantageous due to the
double nulling transistors, M2 and M4 [1].

A large HDR delay can increase the total signal path
delay, while an insufficient HDR, output current would
make the HDR ineffective when driving significant loads.
Large Q1, Q2, Q3, and Q4 transistors would improve the
threshold voltages, increase the output current, and de-
crease the delay but would increase the load of the line
at the insertion points. The circuit shown in Fig. 5 ame-
liorates this problem. If the HDR delay is a significant

portion of the total signal path delay, a two stage HDR,
shown in Fig. 6, can be used to reduce the total delay. If
both a minimum HDR delay and a minimum load at the
insertion points are desired, a two stage HDR (shown in
Fig. 6) combined with the circuit solution shown in Fig. 5
may be preferable.
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Fig. 6. A two stage HDR circuit to minimize the delay introduced
in the signal path.

IV. SIMULATION RESULTS AND PERFORMANCE
COMPARISON

Circuit simulations based on Cadence-Spectre and a
1.2 um CMOS technology are described in this section.
The performance of the HDR circuit for different transis-
tor sizes are compared in Table I. The HDR load in all
cases is capacitive, assumed to be equal to 1 pF. The is-
sues of interest for these simulations are the buffer thresh-
old voltages, the intrinsic buffer delay, and the size of the
output stage. If an RC load is used, the only node of
interest is node 1 since it describes the intrinsic delay
of the buffer (from the input to the output) which rep-
resents the delay introduced by the buffer in the signal
path. The drive strength of the output stage of the buffer
is approximatively equivalent [1] to the drive strength of
an equally sized final stage of a cascaded tapered buffer.

TABLE 1
PERFORMANCE COMPARISON FOR DIFFERENT HDR CIRCUITS WITH
DIFFERENT TRANSISTOR SIZES

No. | Q1-Q2/ | Vm+/ | Q5/Q6 | Final | Buffer
Q3-Q4 Var— stage | delay
(um) | (V) | (um) | (um) | (ns)
1 128/ 1.3/ 75/ | 220/ | 0.25
384 3.7 75 650
2 128/ 1.6/ 520/ 1700/ | 0.26
384 3.3 520 5100
3 128/ 1.2/ 15/ 50/ 0.50
384 3.8 15 150
1 54/ 1.3/ 15/ | 220/ | 0.40
162 3.7 40 650
5 16/ 1.7/ 15/ | 220/ | 0.42
46 3.2 40 650

Cases 1, 2, and 3 of Table I refer to Fig. 4, while cases
4 and 5 refer to Fig. 5. Due to the size of the capacitive
load (1 pF), all cases utilize a three stage configuration.
Case 2 is sized to offer maximum drive strength (based on
an e = 2.7 tapering criterion). Note the significant size
of the final stage that permits the HDR to drive a much



larger load than 1 pF. Driving only a 1 pF load does not
provide any speed advantage due to the delay introduced
by stages 2 and 3. Due to the large size of Q5 and Q6,
a decrease in the threshold voltages is observed. Case 3
demonstrates the other optimization, to obtain minimal
threshold voltages by reducing Q5 and Q6 to a minimum
size. However, due to the small size of the final stage, an
increased buffer delay is noted. An extra amplifier stage
provides additional drive strength (output current).
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Fig. 7. A graphical comparison of the design tradeoffs of the

different HDR circuit implementations according to Table I.

For cases 4 and 5, the sizes of Ql, Q2, Q3, and Q4
refer to QU-QD, and Q5-Q6 refer to Q1-Q4. Note for
case 4 a reduction of the QU-QD sizes by more than
a factor of two as compared to case 1, providing more
than a factor of two reduction of the load at the insertion
points. The final stage remains the same as in case 1,
and the threshold voltages are approximately the same
as in case 1. The HDR introduces a larger delay due to
the extra inverters in the signal path, however, the load
at the insertion points is substantially reduced. Case 5
is optimized for a close to minimal load at the insertion
points. Note that the output stage has the same drive
strength and the HDR has the same delay as case 4, while
the threshold voltages are slightly increased. A graphical
comparison of the relative performance of the different
HDR implementations as listed in Table I for cases 1 to
5 is presented in Figure 7.
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Fig. 8. A typical HDR response.

A typical HDR response is depicted in Fig. 8. Note
the slow input signal transition, the HDR response at
the Var+ and Vis— threshold voltages, and the sharp out-
put waveform shape. The output transition time (for

case 4) is 0.22 ns. Simulations based on a 0.8 um CMOS
technology in which the same transistor aspect ratio is
maintained show an improvement in threshold voltages
by up to 0.94 V (corresponding to the 1.2 V minimum
listed in Table I) and a significant reduction in the delay
introduced by the HDR.

The proposed circuits shown in Figs. 4, 5, and 6 per-
mit slow input signals with a negligible penalty in short-
circuit power. The actual dynamic power dissipation of
the circuit can be optimized by considering multiple is-
sues, such as the Vi and Vas— threshold voltages, the
number of stages, the transistor sizes, the magnitude and
circuit implementation of the delay element, and other
HD buffer related power optimization issues [1].

Preliminary simulations exhibit a gain in speed of 25%
to 45% for a 0.1 K, 10 pF RC line by inserting HDR
circuits instead of classical inverting CMOS repeaters. A
larger gain is estimated by using an optimal HDR circuit
insertion methodology, similar to the insertion methodol-
ogy developed in [9] for inverting repeaters.

V. CONCLUSIONS

An HDR circuit which exploits a VTC featuring low
threshold voltages and hysteresis is proposed. The circuit
exploits the advantages offered by the HD buffer [1]. Siz-
ing considerations and design tradeoffs are also discussed.
Several applications such as Schmitt triggers, where the
HDR circuit restores the slow transition and distorted in-
put signals with minimal speed penalty, as well as buffers
that drive capacitive loads where up to a 30% power and a
500% area savings are obtained, are presented. The HDR,
circuit is suitable for use as a repeater to drive highly re-
sistive RC' lines, significantly decreasing the overall RC
line delay in existing repeater insertion methodologies.
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