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Abstract

Synchronous circuits must have a large clock margin to
guarantee correct operations due to delay variations which
become main issues in the Moore’s Law-based trend in VLSI
chip development. Self-timed asynchronous circuit is a fea-
sible solution to the timing-related problems while it suf-
fers large energy dissipation due to signal transitions in all
bits every cycle. The purpose of this study is to compare
self-timed asynchronous circuits with synchronous circuits
in the view point of speed performance and energy dissi-
pation in the future technologies based on the Technology
Roadmap of Semiconductors. As a result, the cycle-time of
synchronous circuits becomes large as the process feature
size decreases since the maximum delay becomes large due
to large variations while the cycle-time of self-timed circuits
does not become so large since it depends on the average
delay. We can conclude that the self-timed asynchronous
circuits are effective in the future technologies.

1 Introduction

As VLSI technology advances, delay variations due to
fabrication process variations and environmental changes
become more serious [1]. There are many factors that cause
delay variations in VLSI design and implementation. They
can be typically classified as “systematic variations” and
“random variations [1,2].” In systematic variations, it can
be assumed that delay variations in local parts of a chip are
correlative. Thus, timing-dependent circuits like traditional
synchronous circuits and asynchronous bundled-data trans-
fer circuits [3] which utilize delay information may be ef-
fective in the view point of performance. On the other hand,
among many variation factors, it has been recognized that
random factors like random process variations [2], voltage
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supply noise, heat generation in each device, and crosstalk
noise caused by dynamic transitions between adjacent wires
become main issues in future technologies [1]. These ran-
dom variations exhibit almost complete randomness even
in the neighborhood devices. Thus, the timing margin that
guarantees the correct order relations of signal transitions
must be decided under the worst conditions in which the
delay of a timing signal becomes fast and that of the cor-
responding combinational circuit becomes slow. Conse-
quently, timing-dependent circuits must have a large mar-
gin to guarantee the correct operations, resulting in slow
circuits.

Self-timed asynchronous circuits based on the Quasi-
Delay-Insensitive (QDI) model [3] are a feasible solution
to the timing margin problems since they can work in ac-
cordance with delay variations. In the QDI-model-based
design, data input to and output from combinational circuits
must be encoded in any delay-insensitive manner. Some en-
coding methods are as follows; Delay-Insensitive-Minterm-
Synthesis [4] in which Muller’s C-elements generate all
minterms of the input variables, Null Convention Logic cir-
cuits which use m-of-n threshold gates [5], dual-rail en-
coded circuits in which a logical value is represented by
two physical lines [3, 6-8], 1-out-of-4 encoded circuits in
which only one bit line of every four physical lines causes a
rising transition and a falling transition every cycle [9, 10],
and heterogeneous m-out-of-n encoded circuits [11]. It has
been recognized that they tolerate any delay variations with
low performance overhead for delay variations while they
suffer large energy dissipation due to signal transitions in
all the bits every cycle.

The purpose of this study is to compare self-timed cir-
cuits and synchronous circuits in the Moore’s Law-based
trend in chip development. We show some evaluation re-
sults using 90nm, 65nm, 45nm, and 32nm process technolo-
gies. The remainder of this paper is organized as follows.
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We first explain technology models and parameters in future
technologies in Section 2. Second, we explain compared
circuits and evaluation conditions in Section 3. Then, we
show some evaluation results in the future technologies in
Section 4. Finally, we describe our conclusions in Section 5.

2 Technology models and parameters

A number of prediction models in VLSI design and im-
plementation have been proposed [1, 12, 13]. In order to
evaluate the performance of Moore’s Law-based trend in
CMOS technology development, the appropriate transistor
models and parameters must be needed. The International
Technology Roadmap for Semiconductors (ITRS) is a fa-
mous assessment of the semiconductor industry’s technol-
ogy requirements [1]. The objective of the ITRS is to en-
sure cost-effective advancements in the performance of in-
tegrated circuits. The ITRS describes a lot of technology
challenges and needs in future technologies, however, it
does not provide transistor models. The Predictive Technol-
ogy Model (PTM) provides SPICE compatible parameters
for future technology generation [12] and an online tool that
can customize parameters with user’s technology specifica-
tions. It also provides not only nominal model files but also
variational model files for process corners. Thus, we can
evaluate the variance of delays in the future technologies.
In this paper, we refer the process parameters in the chap-
ter of Process Integration, Devices & Structures in the ITRS
and use the customize tool to make SPICE models in order
to compare the performance based on the ITRS.

Table 1 shows technology specifications based on the
ITRS [1,14] to customize parameters in the PTM. We evalu-
ate the performance of typical functional circuits using both
high performance transistor models and low standby power
transistor models. In Table 1, a transistor model “HP”
means a High-Performance model which refers to chips of
high complexity, high performance, and high power dissi-
pation. A transistor model “LSP” means a Low-Standby-
Power model which refers to chips of lower performance
with the lowest possible static power dissipation for mo-
bile systems where the allowable leakage currents are lim-
ited. Leg, Vin, Vaa, Tox, and Ry Mean effective chan-
nel length, threshold voltage, power supply voltage, oxide
thickness, and effective parasitic series source/drain resis-
tance, respectively. We use these parameters to make SPICE
models and use the HSPICE analog simulator for perfor-
mance comparison.

We evaluate the performance under the standard case
conditions shown in Table 2 (a) and the performance un-
der the worst case conditions and the best case conditions
as shown in Table 2 (b) and Table 2 (c) in order to evaluate
the variance of delays. In Table 2, PMOS transistors and
NMOS transistors with average performance are taken as
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Table 1. Technology parameters.
90nm 65nm 45nm 32nm

HP | LSP | HP | LSP | HP |LSP | HP | LSP
Leg[nm]| 32 | 32 | 25 | 25 | 18 | 18 | 13 | 13
Vin [V] ]0.195]0.482|0.134|0.534|0.103| 0.535| 0.093| 0.547
Vaa[V] | 21 12| 11| 12| 10| 11| 09 |095
Tox [Pm]| 1.2 | 21 | 11| 19 |065| 14| 05| 11
Rasw [€2]| 180 | 180 | 200 | 180 | 180 | 180 | 170 | 180

the standard for the evaluation and this pair is designated as
(PMQOS, NMQS) = (Center, Center). A process parameters
“Slow” and “Fast” mean +30 and —3¢ device corner mod-
els where o is the standard deviation. We assume that the
standard value of voltage is taken as the value of V 44 in the
Table 1 and the worst value and the best value of voltage
are taken as the standard value minus 0.1 volts and plus 0.1
volts, respectively. We also assume the temperature under
the standard case conditions is 50 degrees Celsius and the
worst case and the best case are 100 degrees Celsius and 25
degrees Celsius, respectively.

Table 2. Standard conditions and parameter
variations.

(a) Standard (b) Worst (c) Best

Process
(PMOS, NMOS)

(Center, Center)| (Slow, Slow) | (Fast, Fast)

Supply voltage[V]| Standard value | Standard value| Standard value
(Table 1:V4q) —0.1 +0.1

Temperature [°C] 50 100 25
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3 Circuit comparison
3.1 Self-timed circuit

Figure 1 (a) shows a typical Register Transfer Level
(RTL) structure of traditional synchronous circuits in which
source latches and destination latches are all updated at the
same time, by being synchronized with the global clock.
On the other hand, in self-timed asynchronous circuits, the
destination latches may be updated independently based on
the request-and-acknowledge handshake protocol as shown
in Figure 1 (b). There are mainly two handshake protocols
to transfer data between latches based on the QDI model
as shown in Figure 2. In the 2-phase handshake protocol,
transition signaling circuits [15] can be used for handshake
circuits, while it is difficult to apply these circuits to com-
binational circuits. Thus, in this paper, we use the 4-phase
handshake protocol which has a working phase and an idle
phase. In the working phase, encoded data is processed
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Figure 1. Typical RTL structures.

in a combinational circuit. In the 4-phase handshake pro-
tocol, combinational circuits must be initialized before the
next data is inserted. The spacer of which all symbols are
zero is flowing for initializing the circuit in the idle phase.
In the QDI-model-based circuits, data input to and output

(a) 2-phase handshake protocol  (b) 4-phase handshake protocol
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Figure 2. Handshake protocols.

from combinational circuits must be encoded in any delay-
insensitive manner. Among many coding methods as men-
tioned in Section 1, in this paper, we focus on the dual-rail
encoded circuits and the 1-out-of-4 encoded circuits using
standard cell libraries that contain static CMOS gates [10] in
order to compare with synchronous circuits using the same
standard cell libraries.

3.2 Evaluation setup

We used the Synopsys Design-Analyzer for technol-
ogy mapping, the Synopsys Astro for CTS (Clock-Tree-
Synthesis) and place-and-routing, the Mentor Calibre for
extracting SPICE files from the placed-and-routed data,
the HSPICE analog simulator for performance evalua-
tion, respectively. When we made floorplans of synthe-
sized circuits, we assumed that the utilization of cells is
60%. We designed a 32bit Ripple-Carry-Adder (RCA) cir-
cuit for self-timed circuits and a 32bit Carry-Lookahead-
Adder (CLA) circuit which is synthesized by the Synop-
sys Design-Analyzer. We first synthesized an add circuit
without timing constraints, and got a minimum area circuit.
Then, we imposed timing constraints on the circuit from
0.1(ns) to the latency of the minimum area circuit and got
some synthesized circuits. Finally, we selected the mini-
mum “delay x power” circuit among many synthesized cir-
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cuits. In addition, we designed a 32bit Binary-tree Carry-
Lookahead-Adder (BLA) [16] which is the fastest circuit
using CMOS standard cell libraries.

We assumed that the cycle time of synchronous circuits
is calculated as follows; “the maximum delay of combina-
tional circuits” + “the set-up time of latch circuits” + “the
delay of writing data in latch circuits.” When we evalu-
ated the delay of synchronous circuits, we assumed that de-
vice parameters are taken as shown in Table 2 (b) since a
clock cycle must be decided under the worst case condi-
tions. When we evaluated self-timed circuits, we assumed
that the cycle time which contains the delay of a working
phase and the delay of an idle phase is the average delay of
100 random inputs based on the 4-phase handshake proto-
cols since self-timed circuits can be evaluated as the average
performance.

Dynamic energy depends on input vectors, generally. In
this paper, we evaluated the total energy under the standard
condition shown in Table 2 (a) as the average value of the
same 100 random input vectors using the HSPICE simula-
tor. It can be assumed that the switch factor of input vectors
is about 0.5. Static energy also depends on input vectors.
We evaluated the static energy of synchronous circuits as
the average value of 100 random inputs using the HSPICE
simulator. On the other hand, when we evaluated the static
energy of self-timed circuits, we used the spacer as the in-
put vector since it can be assumed that the circuit is in the
idle phase.

4 Simulation results and discussions
4.1 Cycle-time comparison

Figure 3 and Figure 4 show the cycle-time of add func-
tion circuits using High-Performance transistors and Low-
Standby-Power transistors, respectively. The horizontal
axis represents the process feature size (nm) and the ver-
tical axis represents cycle-time (ns). In Figure 3 and Fig-
ure 4, “Sync-CLA”, “Sync-BLA”, “Self-Dual”, and “Self-
104" represent the 32bit synchronous CLA circuit, the 32bit
synchronous Binary-tree CLA circuit, the dual-rail encoded
32bit asynchronous RCA circuit, and the 1-out-of-4 en-
coded 32bit asynchronous RCA circuit, respectively. From
Figure 3, it can be seen that the cycle-time of both syn-
chronous circuits and self-timed circuits becomes small
when the feature size is larger than 32nm and it becomes
large in the 32nm process technology. It can be also seen
that the cycle-time of the synchronous CLA circuit which
has long critical paths becomes about 0.9ns larger than that
of the 45nm process technology while the cycle-time of the
synchronous BLA circuit and self-timed circuits becomes
about 0.1ns larger than that of the 45nm process technology.
It can be considered that self-timed circuits and small depth
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Figure 3. Delays of add function circuits us-
ing High-Performance transistors.
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Figure 4. Delays of add function circuits us-
ing Low-Standby-Power transistors.

circuits in which the number of gates in critical paths is
small are effective in the future process technologies. From
Figure 4, it can be seen that the cycle-time of both syn-
chronous circuits and self-timed circuits becomes large as
the feature size decreases. It can be also seen that the delay
of the synchronous CLA circuit in the 32nm process tech-
nology is 7.85 times larger than that in the 90nm process
technology and the delay of the synchronous BLA circuit is
larger than that of self-timed circuits in the 32nm process
technology. It means that the variation of Low-Standby-
Power transistors is larger than that of High-Performance
transistors and it affects the performance of synchronous
circuits directly. From Figure 3 and Figure 4, it seems rea-
sonable to consider that the self-timed asynchronous cir-
cuits are effective in the view point of speed performance
in the future technologies.

Figure 5 and Figure 6 show the delay variations of add
function circuits using High-Performance transistors and
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Figure 5. Delay variations of add function cir-
cuits using High-Performance transistors.
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Figure 6. Delay variations of add function cir-
cuits using Low-Standby-Power transistors.

Low-Standby-Power transistors, respectively. The vertical
axis represents scaling ratio [17] which is the ratio of varied
delay in each condition to the delay in the standard condi-
tion shown in Table 2 (a). From Figure 5 and Figure 6, it
can be seen that delay variance of the circuits using High-
Performance transistors is almost same. On the contrary,
delay variance of Low-Standby-Power transistors increases
as the feature size decreases. It can be also seen that the de-
lay variance of the synchronous BLA is smaller than those
of others, in other words, the delay variance depends on the
logic depth of combinational circuits when we use the cor-
ner models of delay variations.

4.2 Energy dissipation
Figure 7 and Figure 8 show the average energy dissi-

pation per one cycle which includes both dynamic energy
and static energy using High-Performance transistors and
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Figure 7. Energy dissipation of add function
circuits using High-Performance transistors.
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Figure 8. Energy dissipation of add func-
tion circuits using Low-Standby-Power tran-
sistors.

Low-Standby-Power transistors, respectively. The horizon-
tal axis represents the process feature size (nm) and the
vertical axis represents energy dissipation (pJ) per one cy-
cle. From Figure 7 and Figure 8, it can be seen that the
energy dissipation of the circuits using High-Performance
transistors increases as the feature size decreases and that
of Low-Standby-Power transistors decreases. It can be also
seen that the difference between synchronous circuits and
self-timed circuits decreases. From Figure 7 and Figure 8,
it seems reasonable to consider that the self-timed asyn-
chronous circuits are also effective in the view point of en-
ergy dissipation in the future technologies.

Figure 9 and Figure 10 show leak current using High-
Performance transistors and Low-Standby-Power transis-
tors, respectively. The vertical axis represents leak cur-
rent (4A). From Figure 9 and Figure 10, it can be seen that
the leak current increases as the feature size decreases and
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Figure 9. Leak current of add function circuits
using High-Performance transistors.
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Figure 10. Leak current of add function cir-
cuits using Low-Standby-Power transistors.

the leak current of High-Performance transistors is about
175~280 times larger than that of Low-Standby-Power
transistors. Generally, leak current depends on the number
of transistors. Table 3 shows the area of placed-and-routed
circuits in the 90nm process technology and the number of
transistors. The number of transistors of self-timed circuits
tends to become large compared with the synchronous cir-
cuits as shown in Table 3. This is a drawback of self-timed
circuits in future technologies. Consequently, it can be con-
sidered that reduction methods of leak current for self-timed
circuits become a main issue in the future technologies.

5 Conclusion

There are many factors that cause delay variations in
VLSI design and implementation. Among many delay vari-
ations, it has been recognized that random delay varia-
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Table 3. Area and the number of transistors
of placed-and-routed circuits.

Sync-CLA | Sync-BLA | Self-Dual | Self-104
Area [um?] 3658 9145 6706 7316
# of transistors 4400 9736 6374 7882

tions which exhibit almost complete randomness even in
the neighborhood devices become main issues in the future
technologies. In such situation, timing-dependent circuits
must have a large margin to guarantee the correct opera-
tions, resulting in slow circuits. Asynchronous self-timed
circuit is a feasible solution to the timing margin problems.
In this paper, we have compared traditional synchronous
adder circuits with self-timed asynchronous adder circuits
using the same standard cell libraries based on the Tech-
nology Roadmap of Semiconductors. We have shown that
the cycle-time of synchronous circuits becomes large as the
process feature size decreases since the maximum delay be-
comes large due to large variations while the cycle-time of
self-timed circuits does not become so large since it depends
on the average delay. We have also shown the difference
between the energy dissipation of self-timed circuits and
that of synchronous circuits decreases as the feature size
decreases. As the results, we can conclude that the self-
timed asynchronous circuits are effective in the view point
of both speed performance and energy dissipation in the fu-
ture technologies.
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