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High Performance Level Conversion for
Dual VDD Design
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Abstract—Multi- design is an effective way to reduce power
consumption, but the need for level conversion imposes delay and
energy penalties that limit the potential gains. In this paper, we de-
scribe new level converting circuits that provide 10%–61% lower
energy consumption at equivalent or better speeds compared to
those available in the literature. Furthermore, we make the ar-
gument that level converters should be evaluated largely by their
maximum speed since slower level converters consume valuable
timing slack that can be used to reduce the energy of other gates
in the circuit. Based on this criterion, we find the new structures
to offer up to a 25% speed improvement over conventional level
converters. Using an efficient dual voltage assignment algo-
rithm, we show that this speed improvement can yield a reduction
of up to 7.3% in total circuit power in small benchmark circuits.
We also propose embedding the functionality of logic gates into the
level converting circuits. For typical values of the second supply
voltage, this technique can reduce delay by 15% at constant en-
ergy or lower energy by up to 30% at fixed delay.

Index Terms—Dual design, level conversion, low-power
design.

I. INTRODUCTION

DYNAMIC power dissipation in CMOS circuits is propor-
tional to the square of the supply voltage ( ). A re-

duction in thus considerably lowers the power dissipation
of the circuit. Dual (or more generally multi- ) de-
sign is an important scheme that exploits this concept to reduce
power consumption in integrated circuits (ICs) [1], [2]. Since
a reduction in degrades circuit performance, in order to
maintain performance in dual designs, cells along critical
paths are assigned to the higher power supply ( ) while
cells along noncritical paths are assigned to the lower power
supply ( ). Level conversion (from to ) be-
comes essential at boundaries where a driven cell drives
a supplied cell to eliminate the undesirable static cur-
rent that will otherwise flow. This current flows since the logic
“HIGH” signal of the driven cell cannot completely turn
off the pMOS pull-up network of the following cell.

The use of level converters (LC) is largely determined by
the algorithm used in assigning to gates. The two major
algorithms used for assignment are: 1) clustered voltage
scaling (CVS) [1] and 2) extended clustered voltage scaling
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(ECVS) [3]. In CVS, the cells driven by each power supply are
grouped (clustered) together and level conversion is needed only
at sequential element outputs (referred to as synchronous level
conversion). In ECVS, the cell assignment is flexible, allowing
level conversion anywhere (not just at the sequential element
outputs) in the circuit. This is referred to as asynchronous level
conversion. Level converters naturally impose a penalty on the
power dissipation as well as performance of the circuit and lim-
iting these penalties is very important in any multi- design.
Since ECVS allows more freedom in assignment, it can
provide greater power reductions than CVS [3]. To enable this,
low power and fast asynchronous level converters must be avail-
able to designers.

Another approach to reduce system level power dissipation is
to uniformly lower the of the entire design and simultane-
ously scale down or use multiple threshold voltages ( ) in
order to maintain the same circuit delay. This method can pro-
vide appreciable savings in power without need for level con-
version or dual-supply routing; however, these gains are much
less compared to those made available by dual design. For
example, [4] showed that dual /dual provides higher
(as much as 1.7X) power reduction as compared to single
design, thus making dual design and the impact of level
conversion on dual design an important topic of study.

In this paper, we propose six new asynchronous level con-
verters that consume less power and are often faster than previ-
ously presented circuits. The dual design scheme can be
generalized into a dual /dual design scheme where
the threshold voltage of the transistors may take one of two
different values (we denote the lower by “ ” and
the higher by “ ”) [5]–[8]. Most high-performance
CMOS processes today offer dual threshold voltages. Level con-
verter circuits can leverage the availability of this second
to maintain good speed characteristics when converting from
very low voltages such as those we describe in this work [9].
Transistors in the level converting circuits that we study are se-
lectively assigned to or based on their delay crit-
icality within the overall circuit.

ECVS (and hence, these asynchronous LCs) will be most ef-
fective when the clock cycle is not highly aggressive, since the
delay overhead of several such level converters per logic path is
prohibitive for heavily pipelined designs like microprocessors
(having a clock cycle of only 10–15 FO4 inverter delays [10]).
While the level converters we propose here could be useful in
any multi- design, they are ideally suited to ASIC designs
that have moderate clock speeds and stringent power require-
ments (for instance, due to plastic packaging constraints).

The penalties (with respect to delay and energy) imposed by
level converters can also be mitigated by a new class of circuits
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that we describe. These circuits embed level conversion func-
tionality into standard logic gates. Hence, they effectively func-
tion as level converting logic circuits. We demonstrate substan-
tial improvements in delay and power dissipation when using
such embedded circuits instead of traditional level converting
circuits either before or after logic gates.

Our paper is organized as follows. In Section II, we detail our
simulation setup. In Section III, we describe the level converting
circuits that we study and investigate their performance and
robustness. We also discuss the impact of level converter
performance on system-level power in this section. In Section IV,
we present new embedded logic level converting circuits and
discuss their performance. Section V concludes the paper.

II. SIMULATION SETUP

We use the HSPICE Levenburg–Marquardt based circuit op-
timizer to optimize all the circuits we study [11]. We compare
the energy-delay design space of the various circuits in order to
draw comparisons among them. A delay target is set while the
energy target is swept upwards until the optimizer meets both
the energy and delay constraints. In this way, we obtain the min-
imal energy device solution for a given delay. The delay is also
swept to smaller values until the target is no longer met. Thus
we also report the fastest possible configurations of each circuit.

All simulations use an industrial 0.13- m CMOS technology.
The higher power supply voltage ( ) is 1.2 V, while the
lower supply voltage ( ) is varied among 0.6 V, 0.7 V, and
0.8 V. The nominal nMOS threshold voltage in this process is
0.23 V and is used as the higher threshold voltage ( ).
The lower nMOS threshold voltage ( ) is varied among
0.11 V, 0.15 V, and 0.23 V (the latter value implies a single

process). Similarly the higher pMOS threshold voltage
is V ( ). The lower pMOS threshold voltage
( ) is varied among V, V, and V.
The fanout-of-four (FO4) inverter delay at 1.2 V and nominal
threshold voltages is 40 ps.

Fig. 1 shows our simulation setup. Our testbench is similar
to the one used in [12] and [13]. We constrain the circuit input
capacitance to . This allows each of the circuits to have
a unique fanout ratio that is optimal for speed in that particular
configuration. The delay across the feeding inverter shown in
Fig. 1 is used to monitor and limit the input capacitance of each
of the circuits. This 2X drive inverter is also used to model a
typical gate feeding the input of the circuit under study. The
delay target given to the optimizer is set between the input
of this inverter and output node to prevent sizing the input
transistors of the circuit under study arbitrarily large. All circuits
are simulated at a load capacitance of 17 fF (accounting for
wiring capacitance as well as the next stage input capacitance).
This load is representative of the input capacitance of four 2X
drive inverters as well as a typical wirelength of 35 m. The
minimum device width in this process is 0.25 m. Energy is
measured using a 2-ns period (Tcycle) and switching activity
of 10% to represent typical on-chip signal behavior and capture
the impact of both leakage and switching energy. In a separate
analysis, we also use a 20 ns period with the same switching
activity to compare the energy consumption of these circuits
when operating at low frequencies. The energy consumed by

Fig. 1. Simulation setup.

the feeding inverter (neglecting its own input capacitance) is
included in the reported energy values. Thus, the loading of
these circuits on the previous stage has been considered.

III. ASYNCHRONOUS LEVEL CONVERTER

DESIGN AND ANALYSIS

A. Circuit Topologies

Fig. 2(a) and (b) shows two level converters that have been
presented previously and the new level converters that we pro-
pose, Fig. 2 (c)–(h). Fig. 2(a) shows a traditional level converter,
which is a differential cascode voltage switched (DCVS) logic
gate [3]. Here, the input arrives at and is up-converted
to through the cross-coupled pMOS device pair formed
by transistors M4 and M6. This converter consumes significant
energy due to the contention at the points of connection of the
cross-coupled pair and the pull-down nMOS network formed by
M3 and M5. Fig. 2(b) [labeled PG] shows a level converter de-
scribed in [14] that is based on a weak feedback pull-up device
(M4) and an nMOS pass gate (M1). The purpose of the pass
gate device is to isolate the input of the pMOS M3 from the pre-
vious logic stage. The feedback device M4 can then pull-up the
internal node without consequence to the prior logic that is run-
ning at . This level converter consumes less energy than
the DCVS level converter due to its fewer devices and reduced
contention. All new level converters that we propose are based
on this level converter.

Fig. 2(c) [STR1] shows the first new level converter that
we propose. As seen in the figure, the feedback device M4
(keeper) from Fig. 2(b) is split into two devices M4 and M5.
This is a known high-performance dynamic design technique
and the advantage of this change is to reduce the capacitive
load (gate capacitance of the keeper device) on node N [in
Fig. 2(c)]. When sized properly, M5 is larger than M4 (which
tends to minimum width and length) thus reducing the loading
on transistors M2 and M3 by the keeper. This allows M2 and
M3 to be sized smaller, reducing the total energy consumption.
Fig. 2(d) STR2, is an extension of STR1, where inverter INV
(supplied by ) is added to drive the keeper device M5.
The goal is to turn off the feedback path faster (as soon as the
input starts falling) in order to speed the falling transition at the
output since a falling transition at the input defines the critical
path for the basic PG level conversion circuit. The addition
of INV reduces the contention caused by the keeper when the
input is going low as the keeper M5 is substantially weakened,
though not completely turned OFF (INV which is driven by
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Fig. 2. Existing and proposed asynchronous level converter topologies. Transistor labeled with ( ) indicate low-VTH devices.

cannot completely turn OFF M5 since its source is
connected to ). In Fig. 2(e) STR3, we propose another
structure targeted at speeding the critical path. Here, transistor
M6 is added to augment the efforts of M3. In this case, the
inverter INV is used to drive M6 rather than the keeper device
M5 as in STR2. The techniques used in STR2 and 3 can be used
together and the resultant structure is seen in Fig. 2(f) STR4.

Fig. 2(g) STR5, shows another level converter that we pro-
pose. In order to understand the functioning of this circuit, it
is important to reemphasize that the pass transistor M1 in the
PG level converter exists solely to isolate the previous logic
stage from the power supply of the level converter cir-
cuit. In the absence of this protective transistor, a reverse cur-
rent will flow which originates in the supply of the level
converter, passes through M4, and then through the ON pMOS
transistor of the previous stage gate (assumed to be an inverter)
into the supply of the previous stage gate ( ). This reverse
current will be a source of leakage power for this circuit and
hence must be controlled. This current will flow even if the gate
voltage of M1, in Fig. 2(g), exceeds . To
illustrate, Fig. 3 depicts the reverse current, , flowing if

. Given this constraint, we can raise
up to while maintaining this property

of circuit isolation. The PG level converter is a special case of
this circuit, where is fixed at , and thus results in
suboptimal performance of both M1 and the entire circuit.

This concept is exploited in STR5 with transistors M5 and
M6 added to realize a higher . Transistor M5 acts as a
pull-up device and raises to . Clearly
the number of such (series-connected) transistors (and their re-
spective threshold voltages) needed to pull-up to the max-
imum value of depends on the actual values
of , , and used in the circuit. In practice
it will not always be possible to meet this exact value. How-
ever, can be set to a level close to the target value by an
appropriate choice of the pull-up devices. In particular, it will
always be possible to raise this voltage above , which is
the value of in level converter PG and all previously dis-
cussed variants. This larger gate voltage provides an improve-

Fig. 3. Reverse current flow mechanism in pass-gate based level converters if
the gate voltage of M1 becomes too large.

ment in the performance of M1 and reduces the contention at
node C. The final result is better overall performance for the
level converter. Transistor M6 is added to prevent from
rising above its allowed maximum value of .
This is easily achieved by connecting M6 as seen in the figure
and assigning its threshold voltage to the same value as for M1.
Without M6 could rise above its allowed value due to the
leakage current of M5 and hence M6 is essential. A buffer ca-
pacitance, Cbuf, is added to stabilize to its designed value.
This is needed since the gate-drain overlap capacitance of M1
can cause node G to spike as node IN transitions. We use a value
of 8 fF for Cbuf in our analyses—this corresponds to roughly
0.5 of gate area in this process. In this circuit a leakage cur-
rent can potentially flow into through M6 (when
rises above ). However, this current can be limited to a
negligible value by proper choice of the pull-up transistors that
set . The value of thus represents a tradeoff between
leakage power and the circuit speed. We have ensured that this
leakage current is small in all our designs. The added devices
M5 and M6 in Fig. 2(g) for STR5 are minimum sized and their
intrinsic capacitances do not toggle making the energy and area
overhead small.

Finally, Fig. 2(h) STR6 shows the last level converter that we
propose. This level converter combines the techniques used in
STR1 and 5. By investigating the split keeper structure (STR1)
and the boosted gate voltage technique (STR5) independently
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Fig. 4. Energy versus delay design space for the various level converters.

we can assess their relative contributions. Then, in STR6 we
can evaluate the total improvement expected by using both the
proposed techniques.

In all the above circuits, we assign the lower threshold voltage
to a selected subset of transistors to balance performance and
power dissipation. Devices set to the lower threshold voltage
are marked with a ( ) in Fig. 2.

B. Simulation Results

Fig. 4 shows the energy-delay behavior of the different level
converters in Fig. 2. The leftmost data point for each curve re-
flects the energy-delay values for the fastest possible delays
of each circuit. The reported energy does not include that of
the load capacitance or the input capacitance of the input in-
verter that are held fixed over all simulations. The energy-delay
analysis was carried out at different values of and low
threshold voltages ( and ) as indicated on the
respective plots.

While STR1, 5, and 6 perform better than both the existing
LCs (DCVS and PG) for all combinations of the studied
and , STR2, 3, and 4 were found to be appre-
ciably better in certain select conditions (in the remaining cases
they either performed as well as DCVS and PG, or marginally
better). In order to improve the readability of the paper, we have
hence included the energy-delay plots of STR2, 3, and 4 only
for these select cases.

Under a common scenario ( V, or
2/3 of the nominal power supply) with dual thresholds, the
level converters can achieve delays of which is
less than 2 FO4 inverter delays in the reference 1.2 V tech-
nology. The fastest structures under all scenarios are STR5

and 6 due to the larger gate voltage applied to the pass tran-
sistor. As observed in the plots, STR1, STR5, and STR6
have the best overall energy-delay performance over all com-
binations of and . In particular,
the improved energy consumption and delay performance
of all the new circuits is best seen in the V,

V scenario. In these
conditions, STR1 and 3 consume 40%–50% less energy than
existing level converters at their minimal delay points [
in Fig. 4(d)] while STR2 and 4 are only slightly less efficient.

STR5 and 6 are most effective in cases where is low
and is high [e.g., Fig. 4(d) and (f)]. This is as expected,
since the technique used in these level converters will be most
effective in cases where the gate overdrive ( – ) for
M1 is small. In highly scaled sub-1 V technologies [15], the
threshold voltage is not expected to be scaled as aggressively as
the supply voltage due to leakage constraints. This leads to re-
duced ratios and greatly penalized gate overdrive.
In these cases, and in cases where a second is not avail-
able or is conservatively set, STR5, and 6 are the ideal choices
for level conversion despite their higher design complexity.

Indeed, all the new level converters perform best in cases
with small gate overdrive making them suitable for future tech-
nologies. As evidence, the PG and DCVS level converters are
seen to become much less efficient in the and

case [Fig. 4(d)], while
the proposed circuits provide excellent delay and energy prop-
erties in this case.

At larger values of , the STR1 level converter con-
sumes 40% less energy than the DCVS structure and 15%
less energy than the PG level converter [e.g., Fig. 4(a) at
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TABLE I
COMPARISON OF STR5 AND STR6 TO THE DCVS AND PG LEVEL CONVERTERS FROM LITERATURE

NOTATION: “SPD+” GIVES THE DEGREE TO WHICH STR5/STR6 OUTPERFORM DCVS/PG IN MINIMAL DELAY. “SAME EN.” REPRESENTS THE DELAY

IMPROVEMENT OF STR5/STR6 OVER DCVS/PG FOR THE SAME ENERGY. THE ENERGY AT WHICH THIS COMPARISON IS MADE IS REPORTED IN BRACKETS.
SIMILARLY, “SAME DEL.” REPRESENTS THE ENERGY CONSUMPTION IMPROVEMENT OF STR5/STR6 COMPARED TO DCVS/PG FOR THE SAME DELAY.

THE DELAY AT WHICH THIS COMPARISON IS MADE IS REPORTED IN BRACKETS

a fixed delay of ps]. At lower values of with
high , STR1 consumes 31%–33% less
energy and is 3%–4% faster than the DCVS and PG level
converters [Fig. 4(d)]. At lower values of with low

[Fig. 4(e)], it consumes 37% and 15% less
energy than the DCVS and PG level converters, respectively,
for the same delay ( 105 ps).

We emphasize the significant improvement enabled by the in-
clusion of the split keeper topology to the PG LC (15%–31% en-
ergy reduction at fixed delay). Since there is little quantitative
analysis of how much performance benefit the split keeper of-
fers in traditional domino circuits, we performed a similar anal-
ysis as the above with a simple footless domino buffer replacing
the level converter. Conditions on the input and output capaci-
tance as well as switching activity were maintained. We found
zero energy improvement for the split keeper topology for two
different delay points indicating that the PG LC topology is par-
ticularly well suited to the use of the split keeper technique.

The boosted gate voltage approach of STR5 provides excel-
lent results overall. Table I(a) summarizes the performance ben-
efits of this LC. At higher values of it operates 5%–13%
faster than the DCVS and PG level converters. At lower values
of this performance improvement varies from 3%–17%
as inferred from the plots. At a fixed delay, and at high values of

and , STR5 consumes 50% and 26%
less energy than DCVS and PG, respectively.

Table I(b) summarizes our results for STR6. This level
converter (and also STR5) provides excellent energy and
delay properties for all the studied and s.
In particular, STR6 provides up to a 25% speed-up
over the existing level converters ( V,

). It also provides
up to 61% lower energy consumption for the same delay
( , ).

While the presented circuits offer the maximum benefit at
lower values, there are signal integrity concerns when

TABLE II
COMPARISON OF LEVEL CONVERTERS AT DIFFERENT CLOCK FREQUENCIES

(Tcycle = 2 ns AND Tcycle = 20 ns). THE ENERGIES ARE

COMPARED AT A FIXED DELAY OF � 100 ps FOR VDDL = 0:8 V,
VTHLP=VTHLN = �0:21 V=0:23 V

such low-voltage signals are exposed to generated
noise. Since the use of values on the order of 50% of

appear to provide minimum power consumption at the
system level [2], [9], the use of conservative design guidelines
such as increased spacing rules between and
signals or aggressive shielding policies may be required. The
increased area and power due to such guidelines would need to
be weighed against the power savings achievable by ultra-low

values.
In Section III-A, it was pointed out that the pass transistor

gate voltage creates a tradeoff between leakage and
speed for STR5 (and similarly STR6). We have constrained
the leakage current to a small value by appropriately control-
ling . However, with longer clock cycles, this leakage
power will diminish the energy savings of STR5 and STR6.
Table II compares STR1, STR5, STR6, DCVS, and PG under
such conditions ( ns compared to the original

ns). The reported energies for all level con-
verters are at a fixed delay of ps ( ,

). STR5 continues to
outperform DCVS while consuming about 10% more energy
than PG. On the other hand, STR6 also outperforms DCVS but
consumes almost the same energy as PG. However, we point
out that STR5 and STR6 may continue to save more energy at
the system level if they are designed for minimum delay, since
they will potentially allow greater cell assignment due
to their speed improvement. Also, the remaining new level con-
verters (STR1, 2, 3, 4), which do not use a raised gate voltage



KULKARNI AND SYLVESTER: HIGH PERFORMANCE LEVEL CONVERSION FOR DUAL DESIGN 931

TABLE III
COMPARISON OF THE DIFFERENT LEVEL CONVERTERS WITH RESPECT TO THE ED METRIC

THE MINIMAL ED FOR EACH CIRCUIT IS REPORTED HERE (NORMALIZED TO THE DCVS LEVEL CONVERTER). VALUES IN BRACKETS ARE THE

DELAYS OF EACH CIRCUIT AT THE MINIMAL ED POINT OF OPERATION. VALUES ARE REPORTED FOR THE DIFFERENT CHOICES OF VDDL,
VTHLP=VTHLN STUDIED IN THIS WORK

on the pass transistor continue to provide the same energy
saving trends and compatible/faster speeds for a larger Tcycle.
The numbers for STR1 in this table confirm this. The value
of in STR5 and 6 can be appropriately set to tradeoff
leakage power for speed at the expected circuit activity level.

In [16], the authors suggested that a of
and a of (i.e., a single process)

minimize the power dissipation of the dual system. Hence,
in Fig. 4(f) we report results obtained for these values of
and . STR1, STR5, and STR6 continue to
provide highly improved results as in the cases described earlier.
In particular, STR6 provides a 20%–25% speed-up over DCVS
and PG. It also enables a 42% and 53% reduction in energy con-
sumption at a fixed delay compared to PG and DCVS, respec-
tively. In addition, STR2, 3, and 4 also provide energy and speed
improvements over DCVS and PG at this supply and threshold
voltage combination.

When comparing energy-delay products (EDP) [17], a pop-
ular metric for low-power design, we find that STR1 provides
8%–22% lower EDP than the PG design and 40% lower EDP
than the DCVS structure. Other designs (STR2, STR3, STR4,
STR5, and STR6) yield EDP values that are up to 29% smaller
than PG and 15%–46% lower than DCVS. However, we suggest
that the use of EDP as a metric or design guide for level con-
verters is somewhat misleading as level converters with smaller
delays will allow more logic gates to be assigned to and
lead to lower total power. Since optimizing EDP leads to design
points that are far from the minimal delay point, a minimal EDP
level converter is undesirable. Instead, a metric that weights
delay more heavily than energy could be particularly useful for
level converter comparisons. In [18] and [19], the authors sug-
gest a metric based on energy multiplied by delay to a power .
As gets very large (e.g., ), the product approaches a
delay-only metric. It is shown in [18] that is most
properly suited for trading off between the switching power and
the standby power of a design. In Table III, we show the resulting
minimal products for each of the level converter structures.
Minimal EDP design points typically correspond to 10%–20%
larger delays compared to the minimal design. Overall,
the new structures result in 25%–56% lower compared to
DCVS and up to 45% lower than the PG structure. The new
structures provide lower products at all design points with
STR1 and STR6 showing excellent performance throughout due
to their low energy/delay properties.

As observed from the data, these level converters can achieve
delays as low as 1.75 times the FO4 inverter delay in the refer-
ence technology. This indicates that it will be prohibitive to use

Fig. 5. Level converter supply and process variation sensitivity. (s1 = %

spread of delay at�10% V corners measured from nominal (typical) corner.
s2 = % spread of delay at fast and slow process corners from typical corner.).

several such level converters on a single logic path in a design
with a small clock cycle time on the order of 10–15 FO4 delays
(e.g., heavily pipelined microprocessors). Thus, we suggest that
these circuits and asynchronous level conversion in general, are
most appropriate for high-performance ASIC designs with tight
power budgets (in which clock cycles are more on the order of
50–70 FO4 delays [20]).

C. Robustness Analysis

Maintaining robustness is an important concern when cir-
cuits are operated at low voltages such as those we have con-
sidered. Also, the circuits we proposed have a pass transistor
at the input. They may thus appear to have more susceptibility
to noise because of the lack of input isolation. However, as we
explain below, this is not the case with these circuits since the
exposed pass transistor is always tied high. The proposed cir-
cuits were found to be closely comparable in robustness to the
DCVS circuit and other standard logic gates such as inverters.
While typical pass-transistor circuits require input isolation as
they may pass erroneous values that are sampled on the output,
the PG-based level converters in this work only use their pass
transistor to pass the input voltage to an internal node that is
connected to the gate of another MOSFET. Since the pass tran-
sistor is always ON, there is no chance of a noisy signal being
sampled (i.e., disconnected from the input) and stored on the in-
ternal node. Thus, from a noise perspective the circuit becomes
similar to the case where the input is tied directly to the gate
of the pull-up pMOS [e.g., M3 in Fig. 2(b)]. In particular, the
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Fig. 6. Circuit robustness analysis.

problematic “Pass 0” noise source [21] where a negative noise
pulse on the input can turn ON an nMOS device with 0 V at its
gate and mistakenly pass a 0 to the output, cannot occur here
since the input to the pass transistor is tied high. We studied and
compared the robustness of the various LCs by adopting the fol-
lowing methods to represent typical on-chip switching behavior.

We first studied the performance of the level converters
at different process corners and with varying power supply
voltage and temperature. This study gives insight into the sen-
sitivity of each of the circuits to such variations. Results using

V and V are
shown in Fig. 5. We studied the susceptibility of all level con-
verters to dc supply noise on both and
and across worst-case 130 nm fast–slow process corners. The
delay variation is nearly the same for all level converters and
shows acceptable spread. For comparison, the FO4 inverter
delay in this technology varies by 18% and 51% for
variation and fast/slow process respectively with these numbers
rising to 20% and 56% at reduced voltages ( and

V).
In addition, triangular noise pulses with base width of 80 ps

(2 FO4 inverter delays) and peak magnitude of 0.3 V (25% of
and 37.5% of in this case) were applied as inputs

to each of the level converters when they were sized for optimal
speed. In all cases, there was no output glitching whatsoever,
implying that these asynchronous level converters are tolerant
of substantial input noise. The static voltage transfer character-
istics all show large gain in their transition regions which are
within 50 mV of in all cases.

Since circuit robustness is expected to be worst for the
lowest supply voltages ( V), we further in-
vestigated the robustness at such low voltages. We ap-
plied more pessimistic triangular noise pulses of width
equaling 120 ps (twice the FO4 delay at V) and
varied the amplitude ( ) until the circuit failed (i.e., the
output reaches nominal output high voltage; the nom-
inal_output_high_voltage for the level converters in our studies
is 1.2 V, while for the inverter being studied for comparison
here, it is 0.6 V). Fig. 6(a) shows this setup. We compared the
DCVS and STR5 level converters to an inverter (with similar
input and output capacitance) and observed that the circuit
robustness of these circuits compares closely to standard logic

TABLE IV
CIRCUIT ROBUSTNESS ANALYSIS

[VDDL = 0:6 V; VTHLP=VTHLN = �0:09 V=0:11 V] (A) THE

FAILURE VOLTAGE OF THE CIRCUITS IS FOR BOTH POLARITIES OF NOISE

GLITCHES AT THE INPUT (POSITIVE GLITCH STARTING AND SETTLING AT

0 V AND NEGATIVE GLITCH STARTING AND SETTLING AT VDDL).
(B) THE FAILURE COUPLING CAPACITANCE IS TABULATED BELOW

FOR BOTH SWING DIRECTIONS (VDDH TO 0 AND 0 TO VDDH)
OF THE AGGRESSOR. (C) THE ANALYSIS IN (A) ABOVE IS

REPEATED IN THE PRESENCE OF +10% VDDL

AND VDDH VARIATION

gates such as inverters. Table IV(a) reports our results for this
study. Here we have only reported numbers for STR5, since
STR5 is expected to be more susceptible to noise among the
PG based LCs because of the raised pass transistor voltage.
Robustness of PG, STR1, STR2, STR3, STR4, and STR6 is
expected to be comparable or better than that for STR5.

We also studied a scenario where the level converter is a part
of a larger dynamic circuit [Fig. 6(b)]. The input of the cir-
cuit under test acts as the victim line (a dynamic node with a
weak keeper) and a capacitively coupled aggressor (operating at
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) is considered as the coupling noise source. For a fixed
ground capacitance of the victim line (10 fF), the coupling ca-
pacitance was increased until the circuit failed. Table IV(b) sum-
marizes our results for this study. The capacitance reported in
the table is the coupling capacitance at which the circuit failed.
A higher capacitance thus implies superior robustness. Under
this scenario too, we found the level converters to be at least as
robust as the inverter (i.e., required a larger amount of coupling
capacitance and hence coupled noise).

The scenario described by Fig. 6(a) was also examined in the
presence of dc supply noise on both and
to test the circuits under even more aggravated noise conditions.
Table IVc reports results for this study. Again, we observe that
the level converters are comparable in robustness to the inverter.

D. Level Converter Area

Table V compares the areas (calculated using total transistor
width) of the level converter circuits for the V,

case. All new level
converters, except STR5 and STR6, have less total device
width than DCVS. As compared to PG, STR1, and STR2
have comparable area, while STR3, STR4, STR5,and STR6
have higher area. The sharp rise in the area of STR5 and STR6
is due to the added buffer capacitance, Cbuf, of approximately
0.5 (estimated for the 8 fF Cbuf based on the use of a
gate-oxide capacitor). It is important to note that PG, STR1,
STR5, and STR6 have the added advantage that they have
no pMOS devices with sources tied to , thus allowing
for a single n-well in the cell. This is in contrast to DCVS,
STR2, 3, and 4, which require this added N-well spacing due
to the inverters at their inputs. This will ameliorate the area
penalty of STR5 and STR6 in particular, such that the relative
reported areas are very conservative for STR1, STR5, and
STR6 (and also PG).

E. Impact of Level Converter Performance on System Level
Power Dissipation

To investigate how the new faster and lower energy LCs will
benefit overall chip-level (or system) power consumption, we
first point to empirical results reported in [3], [22], in which
level converters in earlier multi- designs (using ECVS)
contributed to an 8%–10% power overhead. Extrapolating from
this data point, a LC with identical delay properties and 40%
lower energy could reduce overall system power by 4%. In
[3], DCVS-based level converters were used; in this case the
energy reduction due to the newly proposed LCs can approach
55% and the system power reduction could be as much as
5.5%. Alternatively, the proposed LCs, by virtue of their speed
improvement, could save timing slack and thus allow a greater
portion of the logic cells to be assigned to . Without
implementing a complete ECVS infrastructure it is difficult to
precisely determine how much impact a faster or lower power
LC will have.

To address this, the authors of [23] extended their tool
to implement an ECVS approach, allowing us to study
the system-level impact of the level converters for various
ISCAS85 benchmark circuits [24]. This optimization tool is
a linear programming based approach that minimizes total

TABLE V
LEVEL CONVERTER AREA

Fig. 7. Sensitivity of total power savings to LC delay and energy for c880 and
c1908 benchmarks. Reported power saving is with respect to the initial single
V optimized design.

(static + dynamic) power under delay constraints (i.e., holds the
circuit’s total delay fixed) using dual supplies, dual threshold
voltages, and gate resizing simultaneously (while considering



934 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 12, NO. 9, SEPTEMBER 2004

Fig. 8. Concept of embedded logic level converting circuits.

Fig. 9. Level converting NAND circuit. (a) DCVS implementation. (b) STR1 implementation.

the level converter power–delay penalties). The sensitivity of
the system level power dissipation to level converter perfor-
mance was obtained by sweeping the level converter power and
delay overheads. Fig. 7 shows this sensitivity for two sample cir-
cuits (c1908 and c880) [ , ].1

The reported power saving in this figure is the power saved
compared to an initially optimized design that uses a single

. The level converter energy and delay were swept staying
within the improvement levels promised by the proposed level
converters. The energy and delay are shown normalized with
respect to the DCVS level converter in this figure. Thus, in this
figure, the data point corresponding to a normalized LC energy
and LC delay of 1.0 represents the design obtained when the
DCVS level converter is used.

Given a maximum expected improvement of 50% energy at
a fixed delay, the total system power can be reduced by 3.8%
[e.g., moving from a normalized LC energy of 1.0 to 0.5 in
Fig. 7(a)]. Using the STR6 topology, which provides
faster speeds than traditional LCs at constant energy, the total
system power can be cut by up to 7.3% [e.g., moving from a
normalized LC delay of 1.0 to 0.8 in Fig. 7(b)]. These results
also support the position that faster LCs are potentially more
beneficial to total system power than are lower energy designs.
Furthermore, these appreciable total system power reductions
do not incur any tradeoffs as the new LCs can simply be used in
a standard cell library to replace the traditional LC designs.

1Although, theVDDH used here is different from the remainder of the paper,
we expect the general trends to be unaffected by this small discrepancy.

IV. EMBEDDED LOGIC LEVEL CONVERTING CIRCUITS

A. Concept

Fig. 8 shows the possible -driven/ -driven cell
placement scenarios that may arise in a dual system. In
Fig. 8(a), level conversion is done at the output of the logic gate
(NAND in this case) before the next gate is fed. The level con-
version is implemented by a dedicated LC as seen in the figure.
Fig. 8(b) shows the case where level conversion is done prior
to the logic gate. Both these scenarios will be nonoptimal from
the standpoint of energy as well as delay as the level conversion
will impose penalties on both these metrics. In Fig. 8(c), we see
that the circuit acts as a logic gate as well as a level converter. It
thus behaves as a “level converting NAND gate” as depicted by
the signal waveforms. The level converting functionality of such
embedded logic circuits can be built using any of the circuits we
discussed earlier. We studied the performance of such a level
converting 2-input NAND using the standard DCVS level con-
verter and the level converter STR1. The circuits that actually
implement this level converting NAND functionality are shown
in Fig. 9.

B. Simulation Results

We studied the performance of these circuits with the
value of set to 0.6 V and 0.8 V and the value of

set at . All three config-
urations shown in Fig. 8 were optimized using the HSPICE
optimizer to draw comparisons among the three circuits.
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Fig. 10. Energy versus delay characteristics for embedded NAND

configurations compared to traditional implementations.

Fig. 10 shows the energy-delay design space of the embedded
logic circuits of Fig. 9(a) and (b). The leftmost data point
for each curve reflects the energy-delay values for the fastest
possible delays of each circuit.

These plots show that appreciable gains in both energy and
delay are possible by the use of the embedded logic circuits es-
pecially at higher values of . The NAND-LC configura-
tions are considerably slower than the corresponding LC-NAND

as well as the embedded NAND configurations for both types of
level converters. This degradation in performance happens be-
cause of the combination of two logic stages plus slow stacked
nMOS devices when operating at low voltage. The embedded
NAND structure also has stacked nMOS devices at low voltages
but there is only one logic stage.

At 0.8 V [Fig. 10(a)], the embedded STR1 circuit is 4% faster
with 55% lower energy consumption than the embedded NAND

DCVS structure. The embedded STR1 circuit is the best choice
at from the standpoint of speed as well as en-
ergy. The embedded DCVS circuit is 17% faster than the corre-
sponding LC-NAND circuit, but at 56% higher energy. However,
at the same energy ( ) it is still 10% faster. Thus, it is
desirable to use embedded logic structures for level conversion
whenever possible at this value of . In comparison, the
embedded STR1 circuit is 15% faster than the corresponding
LC-NAND circuit at the same energy ( )

At 0.6 V [Fig. 10(b)], the LC-NAND (STR1) circuit out-
performs the embedded circuits. This configuration is 8%
faster than the corresponding DCVS circuit at the same energy

( ), due to the superiority of STR1. In contrast to the
case, the embedded DCVS circuit is the faster

circuit among the two embedded circuits. It is 8% faster than
the embedded STR1 circuit at a 32% energy penalty. Most
existing multi- designs use a value of of

, similar to the 0.8 V case in our analyses [16], [25],
[26]. However, recent work has shown that total power is min-
imized by using a very low second supply voltage of roughly
half of or 0.6 V in our studies [2], [9]. Our results
imply that the usefulness of embedded logic level converters is
a strong function of the voltage levels used in a particular multi

design.
We point out that for the 0.6 V study [Fig. 10(b)], while

the embedded DCVS circuit is faster than the corresponding
LC-NAND circuit, the contrary holds for the STR1 circuits. This
is due to the fact that the DCVS embedded circuit has an output
buffer while the STR1 embedded circuit does not. We have used
these specific circuit structures in order to perform a comparison
for the NAND logic functionality (precluding the possibility of
adding an output buffer to the STR1 case). The absence of the
buffer results in a high load on the output node [node “out” in
Fig. 9(b)] for the STR1 circuit which considerably slows it down
(a high load on this node results in bigger pull-down and pull-up
stacks aggravating the problem of contention). The DCVS em-
bedded circuit, on the other hand, has an output buffer that re-
duces the load on the analogous node (the buffer’s input), thus
resulting in superior performance. This behavior is aggravated
by the fact that the pull-down stack consists of two nMOS tran-
sistors in series, with their gates at 0.6 V thus leading to a gate
overdrive ( – ) of only
(this overdrive is further reduced due to the body effect). The
nMOS stack also explains why the embedded DCVS circuit is
16% faster than the corresponding LC-NAND configuration for

, while being only 5% faster at .
In comparison, the LC-NAND circuits do not have -driven
nMOS stacks. With further voltage and process scaling, we ex-
pect these observations to become more pronounced. This is
mainly due to the strongly reduced gate overdrive (because of
leakage-imposed limitations on scaling).

V. CONCLUSIONS

In this paper, we presented six new asynchronous level con-
verters that are 10%–61% more energy efficient than previously
presented level converters. We described a level converter that
can be designed up to 25% faster than existing level converters.
The superiority of the new level converters compared to those
previously proposed is enhanced when the second power supply
is aggressively scaled (e.g., 0.6 V in a 130 nm process) and gate
overdrive is small which is the case in sub-1 V technologies. The
impact on total system power of these improved level converters
is estimated using an ECVS-based algorithm; we find that im-
proving delay by 20% can reduce total power by up to 7.3%
while an energy savings of 50% per LC yields savings of 3.8%.
Our study also indicates that the delay of an asynchronous level
converter can be reduced to less than two FO4 delays of the tech-
nology being used. Finally, we described a new class of circuits
that embed the functionality of standard logic gates into the level
converting circuit. These circuits promise major improvements
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in performance (15% faster or 30% lower energy) and help mit-
igate the cost of level conversion in multi designs.
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