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Abstract Multiple supply voltage based (Vdd) Systems on Chip (SoCs) allow designers to
implement large, complex systems for diverse applications. However, the need for level con-
version imposes penalties and often results in non-optimal SoCs. Thus, the level converters
are overhead for the circuits in which they are being used. If power consumption of the level
converters continues to grow, then they will fail to serve the very purpose for which they
were built. This paper proposes the power (leakage)-delay optimization of a DC to DC Uni-
versal voltage Level Converter (ULC) using a dual-Tox (dual-oxide CMOS or DOXCMOS)
technique and exploiting transistor geometry. The proposed ULC is a novel circuit proposed
here for the first time and performs level-up, level-down conversion, or blocking of the input
signal, based on the requirements. The paper further proposes a novel design methodology
accompanied by an optimization algorithm for the parasitic-aware power-delay optimization
of the ULC circuit. The entire design has been implemented in 90 nm CMOS up to layout,
including DRC/LVS and parasitic (RC) re-simulation, and was subjected to process varia-
tion of 10 process parameters. The optimal ULC with 20 transistors yields power savings of
87.5%, delay improvement of 87.3% and area savings of 21% over the baseline design. It
is a robust design performing a stable voltage level conversion for voltages as low as 0.6 V
(50% of Vdd) and loads varying from 10 fF to 200 fF.

Keywords Low-power design, nanoscale CMOS, subthreshold leakage, gate-oxide
leakage, dual-oxide techniques, multi-Vdd based circuits, system-on-chip (SoC)
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1 Introduction

The major components of power dissipation in a CMOS circuit can be identified as the
switching power dissipation, the short-circuit power dissipation, and the leakage power from
various sources. Each one of these dissipation sources is dependent on supply voltage; some
linearly, some quadratically and some even exponentially (gate tunneling). For example,
switching power has a quadratic dependence on power-supply voltage (Vdd). Power manage-
ment is one of the most critical design constraints in integrated circuit (IC) design. Presently
available nanoscale CMOS (nano-CMOS) processes deliver greater silicon performance and
integration, but battery technology is still lagging. To compensate for this, new design tech-
niques are being developed to address the need for low-power silicon.

Dynamic voltage scaling (DVS) is a power management technique, where the supply
voltage of a system is increased or decreased, depending upon circumstances. DVS used to
decrease voltage is known as undervolting and DVS used to increase voltage is known as
overvolting. Undervolting is done in order to conserve power, particularly in laptops and
other mobile devices, where energy comes from a battery and thus is limited. Overvolting is
done in order to increase performance.

In a multiple supply voltage (MSV) design, the circuit is partitioned into voltage is-
lands or voltage domains. Each island operates at a different supply voltage depending on
its timing characteristics. Since lowering the supply voltage reduces the speed at which the
transistors can switch, the designer must be selective in determining which parts of the de-
sign should have the voltage reduced. The blocks that are timing critical are grouped in one
island that operates at the nominal supply voltage. The non-critical blocks are aggregated
into another island, with the voltage scaled down.

A challenge with multiple-voltage based circuits is the need to translate the voltage
levels for signals that interface between voltage domains. This is accomplished by inserting
level converters (or shifters), which are special cells that perform voltage translation [11].
Essentially, there are two types of voltage conversion: level-up and level-down. A level-
up converter is used as an interface where low-Vdd cells drive high-Vdd cells in order to
reduce the short-circuit power dissipation [34]. One application is the dual-Vdd FPGA fabric
[21]. Level down conversions are not commonly used but are required for switching power
reduction, where non-critical blocks of the circuit operate at a lower power supply voltage
[11]. In the standby mode of a circuit, no active switching occurs and all power dissipation
is due to standby leakage. A simple power-saving scheme could be to shut off unused blocks
in the standby mode. Thus, we propose a voltage level converter that can perform all these
functions: step-up, step-down, and blocking of signals (signal gating). We call it a Universal
voltage Level Converter (ULC) which can find utility in the above applications. Moreover,
there is a need for the design of efficient level converters that have minimal area and power
overhead. The ULC could be used as a standard library cell which could relieve the designer
from some of the burden of optimizing power dissipation.

The rest of this paper is organized in the following manner. Section 2 highlights the novel
contributions of this paper. Section 3 discusses prior related research. Section 4 presents the
leakage, power, and delay models and discusses the proposed optimal design flow. The 24-
and 20-transistor design of the ULC is presented in Section 5. The parasitic-aware power
and delay optimal design of the ULC is discussed in Section 6. Thorough characterization
of the ULC is discussed in Section 7. A brief discussion of possible applications of the ULC
is provided in Section 8. The paper is concluded in Section 9 with a discussion of related
research and applications.
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2 Novel Contributions of this Paper

The novel and manifold contributions of this paper to the state of the art are as follows:

1. The design of a key component, the Universal Level Converter (ULC), to be used for
power management in multi-Vdd based SoCs is presented.

2. The paper introduces a design methodology for power and delay tradeoff of the ULC
circuit. A conjugate gradient based optimization algorithm is discussed for this purpose.

3. The ULC is capable of up-conversion, down-conversion and blocking of signals, and
hence can be programmed for power management and reconfigurability.

4. The physical design (layout) of the ULC is presented for state of the art nanoscale
CMOS technology (90 nm).

5. The ULC is subjected to parasitic-aware power and delay optimization using dual-oxide
(dual-Tox or DOXCMOS) technology and the power and delay optimal physical designs
are presented. It may be noted that dual-Tox has been used for digital circuits in the
current literature; however, in this paper this technique is explored for mixed-signal
circuits such as the ULC.

6. The entire characterization of the ULC has been performed using a parasitic extracted
netlist of the physical design, hence the simulation results are of comparable accuracy
to the silicon results.

7. Process variation study of the ULC is presented considering 10 important parameters to
analyze its robust operation against variability and fluctuations.

3 Related Prior Research

Prior research on dual-Tox techniques focus on either synthesis techniques [13,25] or archi-
tecture level optimization [20,16], and are applied to digital circuits only. The application
of such optimization techniques to mixed-signal circuits at transistor level is a unique con-
tribution of this paper.

Selected related prior research works on level converters are presented in a taxonomy
chart in Fig. 1. These existing works are diverse in terms of functionality, CMOS technology
node, and circuit features; implementation of these circuits for the purpose of comparison
are involved engineering tasks. The level converters are classified under functionality, level-
up conversion, level-down conversion and level-up/level-down conversion. They are further
classified under design technique as either multi-threshold or feedback based designs.

Feedback

Level Up Level Down

[Ishihara2004]

Level Down/Up

[Kuo2010]

[Tawfik2009, Naik2010]

Multi−Threshold

LC−LG LCFF Keeper Transistor

[Kulkarni2003, Yu2001, Yuan2005]

DCVS

[Ishihara2004] [Kulkarni2004, Sadeghi2006]

Level Converters

[This  paper]

Fig. 1 A taxonomy of related level converter designs.
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Two common techniques of level converter design are feedback based and multi-threshold
voltage based topologies [14]. Examples of different level converter designs based on feed-
back techniques are presented in [11,15,33,34,18]. The performance of converters solely
based on feedback circuitry, however, is significantly affected due to the increased response
time from the feedback circuits [32]. Feedback based circuits also incur increased power
consumption due to significant short circuit current. In [11], level-up converters and level
down converters in flip-flops have been used to minimize energy and delay.

In [30], only short-circuit power dissipation is included. In [15], new level converting
circuits that consume 8−50% less energy compared to traditional techniques are proposed.
In [22], a ULC using 32 nm high-κ/metal-gate nano-CMOS technology with dual-Vth is
discussed, but no physical-design optimization is presented. In [33], a symmetrical dual
cascode voltage switch (SDCVS) is proposed which achieves 50% reduction in short-circuit
power and 60% speed increase. A level-up converter using a Dual Cascode Voltage Switch
(DCVS) is also presented in [34]. In [4], a design is presented that uses thicker oxide to allow
for a wider range of level up conversion (0.36 V to 1.32 V ). In [18], dynamic level converters
that combine level conversion with logic gates (LC-LG) are presented. This design improves
the power delay product and is applicable to asynchronous level conversion. A level-down
converter with differential input pair operation is presented in [12].

The design of level converters using multi-threshold based techniques present an advan-
tage over feedback converters by significantly reducing short circuit current with the use
of multi-threshold devices [32]. Selected level converters based on multi-threshold devices
are presented in [32,27]. In [27], power dissipation is decreased by approximately 47% in
comparison to conventional feedback based level converters.

The current paper is based on preliminary research presented in a conference publication
of the authors [6]. This archival journal publications has the following additional materials
included to substantially enhance the presentation, scope and applicability of the ULC: (1)
The optimal design flow is formally presented as an algorithm. (2) The design process with
24-transistor and 20-transistor circuits is presented. (3) The optimization algorithm is dis-
cussed in detail. (4) The ULC characterization is expanded. (5) The physical design is shown
for 4 different ULC circuits. (6) The conclusions are expanded with discussion on prior re-
search and applications.

4 The Proposed Methodology for Parasitic-Aware Power (Leakage) and Delay
Optimal ULC Design

A high level representation of the ULC is shown in Fig. 2. The ULC is driven by an input
voltage signal called Vin, two control signals S1 and S0, two supply voltages Vddl (Vdd low),
Vddh (Vdd high), and provides an output voltage signal Vout . It may be noted that Vin, S1 and
S0 are user inputs, whereas Vddh and Vddl are designer parameters. The values of the control
signals determine the preformed functionality and depending on them, the input voltage Vin
is transformed to the output voltage Vout . The ULC performs the functions defined in Table 1.

4.1 Leakage and Power Models for ULC

Aggressive scaling of oxide thickness [3] has resulted in significant increase in gate-oxide
leakage in both active and standby modes of operation [23]. Scaling of threshold voltages
with successive technology nodes has caused an alarming increase in subthreshold leakage
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Vddl Vddh

Universal Voltage Level
Converter

(ULC)

VoutVin

S0 S1

Fig. 2 High level representation of the universal voltage level converter.

Table 1 Signal table for functionality of the proposed ULC.

Select Signal
S0 S1 Type of Operation

0 0 Block Signal
0 1 Up Conversion
1 0 Down Conversion

[19]. In nano-CMOS, gate-oxide leakage grows faster than subthreshold leakage since oxide
thicknesses are scaled at a much faster rate than supply or threshold voltages [3]. Gate-
oxide leakage is an issue when the transistor is in either the on or off state [23], whereas
subthreshold leakage is an issue only when the transistor is off.

4.1.1 Gate-Oxide Leakage Dissipation

Gate-oxide leakage arises due to tunneling current through the gate dielectric. The tunneling
between substrate and gate can be either direct tunneling or Fowler-Nordheim tunneling. The
tunneling probability of an electron is affected by the barrier height, structure and thickness
of the oxide. For short channel and ultra-thin oxide transistors, Fowler-Nordheim tunneling
is negligible. The gate-oxide leakage current which is due to direct tunneling current is
expressed as follows [25,29,5]:

Igate−oxide = αWL
(

Vox

Tox

)2

exp

−β

(
1−
(

1− Vox
φox

) 3
2
)

(
Vox
Tox

)
 , (1)

where Igate−oxide is the direct-tunneling current, W is the width of the transistor, L is the
channel length, Vox is the potential drop across the thin oxide, Tox is the oxide thickness,
φox is the barrier height for the tunneling particle (hole or electron), and α and β are
physical parameters. These parameters are described as follows: α = q3/

(
16π2h̄φox

)
and

β =
(
4
√

2me f f φox
1.5)/(3h̄q); q is electronic charge, h̄ is Plancks constant, and me f f is the

effective mass of the tunneling particle.
From Eqn. 1, it is evident that gate-oxide leakage is exponentially dependent on the

change in Tox. This motivates the use of different oxide thicknesses for gate-oxide leakage
reduction. In other words, to fabricate some transistors with high Tox and other transistors
with low Tox. The high-Tox transistors have less gate-oxide leakage dissipation but also have
a larger delay (as evident from Eqn. 7) as compared to the low-Tox transistors.
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4.1.2 Subthreshold Leakage Dissipation

The subthreshold leakage current through a device is modeled as follows [1,17]:

Isubthreshold = γ exp
(

Vgs−Vth

τvtherm

)(
1− exp

(
−Vds

vtherm

))
, (2)

where Vth is the threshold voltage, τ is the subthreshold swing factor, Vgs is the gate-to-
source voltage, Vds is the drain-to-source voltage, and vtherm is the thermal voltage. The
physical parameter γ is calculated using the following expression:

γ = µ0

(
εox

Tox

)(
W
L

)
v2

therme1.8, (3)

where µ0 is the zero-bias mobility and εox is the oxide dielectric constant or relative permit-
tivity.

As the subthreshold leakage current is exponentially dependent on the threshold voltage,
increasing Vth would decrease subthreshold leakage current substantially. In addition, the
threshold voltage Vth is affected by the gate-oxide thickness Tox as described in the following
expression [23]:

Vth =Vf b +2φF +

(
Tox

εox

)√
2qεSiNsub (2φF +Vbs), (4)

where Vf b is the flat-band voltage, Vbs is the body bias, γbody is the body effect coefficient,
and φF is the Fermi level. VT h and Tox have a linear relationship. Thus, an increase in Tox
increases VT h and consequently decreases the subthreshold leakage.

4.1.3 Dynamic Power Consumption

The dynamic power consumption of a circuit is given as follows [28]:

Pdynamic = ηCLV 2
dd f , (5)

where η is the activity factor, CL is the total capacitive load, Vdd is the supply voltage, and
f is the clock frequency.

4.1.4 Total Power Dissipation of the ULC

The total power of the ULC circuit accounting for all major sources is quantified using the
following expression:

PULC = Pgate−oxide +Psubthreshold +Pdynamic, (6)

where Pgate−oxide, Psubthreshold, and Pdynamic are calculated from Eqns. (1), (2), and (5), re-
spectively.
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4.2 Delay Model of the ULC

The propagation delay of a CMOS circuit is described as follows [31]:

Td = κ

 CLVdd

µ

(
εox
Tox

)(W
L

)
(Vdd−Vth)α

 , (7)

where κ is a technology dependant constant, µ is the electron surface mobility, and α is the
velocity saturation index (varies from 1.4 to 2 for nano-CMOS). For the ULC that performs
both up-conversion and down-conversion, the delay is defined as the maximum of the up-
conversion or down-conversion delays and is given as follows:

TdULC = max{Tdup ,Tddown}, (8)

where Tdup and Tddown are the level-up conversion and level-down conversion delays, respec-
tively.

In summary, it is observed that Tox and the geometry of the transistors (W and L) play
a crucial role in determining the power (leakage) dissipation and delay of the ULC circuit
[24,7,22] and need to be optimally chosen, which the proposed design flow and optimization
algorithm perform.

4.3 The Parasitic-Aware Power(Leakage)-Delay Optimal ULC Design Methodology

In order to obtain a power (including leakage) and delay optimal circuit this paper investi-
gates the dual-Tox circuit level technique for the mixed-signal circuit ULC. In this approach,
the power dissipations of individual transistors are identified and the circuit is subjected to
DOXCMOS techniques to reduce the total power consumption while not compromising the
delay. Power and delay optimization is performed by sizing the following parameters: Tox
and W . It may be noted that power, delay and area are three classic axes of optimization. In
the automatic design optimization methodology, power and delay are estimated from simu-
lation of the parameterized netlist. However, the area is calculated from the physical design
(layout) of the circuit which is a time consuming manual step. The automatic methodology
is formulated based on these facts. The proposed optimal design methodology for the ULC
design is outlined in Algorithm 1.

For an estimation of the parasitics present in the ULC circuit, a physical design of the
baseline ULC is performed and then the netlist with parasitics is extracted. The parasitic-
aware netlist obtained from this design is then parameterized for Tox and W . The parameters
(W and Tox) are considered to be independent of each other. The length of the transistors (L)
is fixed at the nominal process length to reduce the complexity of the optimization process.
The widths of all transistors involved in level-up conversion and level-down conversion are
considered for optimization. The average power consumed by each transistor in the ULC
is recorded during a full functional simulation, considering all functions of the ULC (up-
conversion, down-conversion, and blocking).

The transistors are then ranked in the order of their power dissipation, compared to
the total power dissipation. This ranking is useful to identify the power-hungry transistors
which collectively consume a designer-defined percentage of total power. For effective Tox
assignment, only these power-hungry devices are subjected to a high Tox, and the other
transistors operate at low (nominal) Tox. In other words, the higher the power dissipation of a
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Algorithm 1 Parasitic-aware, power (leakage) - delay optimized ULC design methodology

1: Design and simulate level-up conversion circuit.
2: Design and simulate level-down conversion circuit.
3: Stitch the partial circuits to design the overall ULC.
4: Perform functional simulation of ULC to verify level-up, level-down, and block operations.
5: Perform transistor reduction by eliminating any redundancy.
6: Perform physical design of the baseline ULC circuit that uses nominal L, W , Tox.
7: Perform characterization of the parasitic (RC) extracted baseline physical design.
8: Obtain parasitic-aware netlist from the parasitic extracted physical design.
9: Parameterize the netlist for transistor width (W ) and gate-oxide thickness (Tox).

10: Rank the individual transistors of the ULC according to total power dissipation, including leakage.
11: Identify the power-hungry transistors which collectively consume a designer-defined percentage of total

power.
12: Call the conjugate gradient algorithm (presented in Algorithm 2) to select optimal Tox for power-hungry

transistors and W for all transistors.
13: Assign high-Tox to the power-hungry transistors and new W to all transistors.
14: Perform final physical design with new transistor sizes.
15: Obtain the parasitic aware netlist of the final physical design of the ULC.
16: Perform parametric power and load characterization of the final physical design.
17: Perform process variation analysis to ensure robustness of the final physical design of ULC.

transistor, the thicker is the gate oxide assigned to it, and the higher the priority to get thicker
oxide. As thick oxide assignment leads to a larger delay [17], a selective Tox assignment is
essential so that the delay of the ULC is not compromised. To perform the optimization of
power and delay a conjugate-gradient based optimization algorithm is presented in Section
6 [7]. Once the optimal values of Tox and W are obtained using this algorithm (presented in
Algorithm 2), the final physical design of the ULC is performed and characterized. This is
followed by a process variation analysis of the final ULC design to ensure that the voltage
conversion process is process-variation tolerant.

5 Design of the Proposed Universal Voltage-Level Converter (ULC)

Fig. 3 presents the ULC with the logical floor plan and placement of the overall circuit.
The circuit has been designed with built-in programmability using switches. In the rest of
this section, the baseline and the reduced transistor designs of the ULC are presented, fol-
lowed by the power-delay optimal design. This is followed by the full characterization of
the optimized ULC design.

5.1 Level-Up Conversion Circuit

The level-up conversion circuit is shown in Fig. 4. It converts a signal at a lower voltage
(Vddl) level to a higher voltage (Vddh). A cross coupled level converting (CCLC) circuit is
used to achieve the up conversion functionality [10]. The CCLC circuit is an asynchronous
level converter, which means that it can be inserted anywhere in the circuit where level
conversion is necessary. Because of this flexibility, CCLC is one of the most commonly
used designs [11]. In this circuit, there are two cross-coupled PMOS transistors that form the
circuit load. Thus, when the output at one side is pulled low, the opposite PMOS transistor
will be turned on. The output on that side will be pulled high. Below the PMOS load, there
are two NMOS transistors that are controlled by the input signal Vin. The cross-coupled
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Vin
Vout

Converter
Level−down

Vout

Converter
Level−up

Vin

Vddl

S1

Vin

Vddh
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Switch Vout

Vout_up

Vin

S0

Vin

Select
Switch Vout

Vout_down

Fig. 3 Schematic logical block diagram of the ULC.

PMOS pair acts as a differential pair and the two NMOS transistors help in the operation of
this pair.

 

NMOS
W=500nm
L=100nm

PMOS
W=1000nm
L=100nm

PMOS
W=1000nm

L=100nm

NMOS
W=500nm
L=100nm

Vin

PMOS
W=1000nm
L=100nm

NMOS
W=500nm
L=100nm

W=1000nm
PMOS

L=100nm

NMOS
W=500nm
L=100nm

Vout

Gnd Buffer

Vddh

Fig. 4 Level-up conversion circuit with baseline sizes indicated for a 90 nm CMOS technology node.

5.2 Level-Down Conversion Circuit

The level-down conversion circuit is responsible for converting the high voltage (Vddh) input
signal to a lower voltage level (Vddl). Fig. 5 shows the circuit diagram of a differential input
level-down converter with an inverter as an output buffer. A differential pair level converter
is used for achieving the functionality of level down conversion [10]. The differential input
enables high speed use and a stable operation at low voltages, compared to conventional
level-down converters consisting of several cascaded inverters [12]. The differential input
also provides high noise immunity compared to conventional level-down converters.

5.3 The 24-Transistor Baseline ULC Circuit Design

The 24-transistor baseline circuit design of the ULC is shown in Fig. 6. Switches constructed
using transmission gates are cascaded to the up-level converter and down-converter. The
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Fig. 5 Level-down converter circuit with baseline sizes indicated for a 90 nm CMOS technology node.

output of the level converters is controlled by the switches S0 and S1. The average power
consumption of this 24-transistor baseline ULC design is 97.72 µW for Vddl = 1.0 V and
Vddh = 1.2 V. The Vddl and Vddh values are based on the mid-point range of [32].
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Fig. 6 Transistor level realization of the 24-transistor design of the ULC. The 5 circled transistors collectively
consume approximately 50% of the total power.

The physical design of the 24-transistor baseline ULC is shown in Fig. 7. The physical
design of the ULC has been performed using a generic 90 nm salicide 1.2V/2.5V/1P/9M
process design kit. In this layout it is necessary to supply both Vddh and Vddl to the cell.
The two supply rails travel side-by-side to provide the two voltages. Such a layout does
not comply with conventional power routing, but is more robust [11]. The post-parasitic
re-simulations matched the simulation results of the schematic level simulation. The use of
additional vias has been made in the design wherever possible to improve fault tolerance
[9]. The metal lines have been spread out wherever possible to control the capacitance and
crosstalk. This approach is followed for all the physical designs of the ULC presented in this
paper.
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Fig. 7 Physical design of the baseline 24-transistor ULC for 90 nm CMOS.

5.4 The 20-Transistor ULC Circuit Design

The number of transistors of the ULC is reduced to 20 by eliminating some transistors of
the level-up conversion (Fig. 4) and level-down conversion (Fig. 5) circuitry. Also, the level-
down conversion has been buffered, which is not the case in the baseline design. The 20-
transistor circuit of the ULC is shown in Fig. 8. The 20-transistor physical design of the ULC
is shown in Fig. 9. The functional simulation of the proposed ULC is shown in Fig. 10. The
overall ULC circuit is tested for functionality and characterized through parametric, load,
and power analysis. For Vddl = 1.0 V and Vddh = 1.2 V, the average power consumption of
the 20-transistor nominal ULC is 73.70 µW.

  

Vddh

S0

Vddh

Vout_down

Vddh

Vddh

Vout_up

S1

  Vin

W=1000nm

W=500nm

L=100nm

L=100nm

W=1000nm
L=100nm

W=1000nm
L=100nm

W=500nm
L=100nm

L=100nm
W=1000nm

W=500nm
L=100nm

W=1000nm
L=100nm

W=500nm
L=100nm

W=1000nm
L=100nm

W=500nm
L=100nm

W=1000nm
L=100nm

W=500nm
L=100nm

W=1000nm
L=100nm

W=500nm
L=100nm

W=500nm
L=100nm

Vddl

W=1000nm
L=100nm

W=500nm
L=100nm

Level−up conversion

Level−down conversion 
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Fig. 8 Transistor level realization of the 20-transistor design of the ULC. The 4 circled transistors collectively
consume 50% of the total power consumption.
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Fig. 9 Physical design of the 20-transistor ULC for 90 nm CMOS.

Input Voltage

Upconverted Voltage

Downconverted Voltage

1.0 V

1.2 V

Fig. 10 Functional simulation of the 20-transistor ULC. This waveform follows the truth table given in Table
1. The sequence of operations is block, step-down, and step-up. The 24-transistor ULC also has the same
functional function simulation, but is not presented for brevity.

6 Optimization of the Proposed ULC

In this section, the optimization step of Algorithm 1 is presented to select Tox and W such
that the ULC circuit is optimized. First the conjugate-gradient-based algorithm is discussed,
and is followed by the optimal physical design.

6.1 Conjugate-Gradient Based Optimization Algorithm

The physical design of the unoptimized ULC circuit is performed and the parasitic-aware
(RC) netlist is obtained. This netlist is parameterized for W and Tox of the various tran-
sistors. To minimize power, the power-hungry transistors are identified by measuring the
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power consumed by each transistor of the circuit. The power estimation includes dynamic
power, subthreshold leakage, and gate-oxide leakage, as presented in Section 4. A conjugate-
gradient based algorithm (presented in Algorithm 2) is used to obtain the optimal Tox and W
values for the ULC circuit.

The conjugate-gradient method is an algorithm for the numerical solution of systems of
linear equations whose matrix is symmetric and positive-definite. The main advantages of
the conjugate gradient method are its low memory requirements, and its convergence speed
[8]. This benefits the optimization process for mixed-signal circuits such as the ULC which
may have very complex netlists when extracted with parasitics.

Algorithm 2 Conjugate-Gradient algorithm for DOXCMOS-based power and delay opti-
mization of ULC.

1: Input: Parasitic-extracted netlist of the unoptimized ULC layout with nominal L, W , and Tox, Target Ob-
jective Set Ftarget = [PULC , TdULC ], Termination Criterion S, Design Variable Set D = [ToxNMOS, ToxPMOS,
WPMOSdown, WPMOSup, WNMOSdown, WNMOSup], Lower Design Constraint Clower , Upper Design Constraint
Cupper .

2: Output: Foptimized and Doptimal for specified stopping criterion S ≤ ε (where ε is designer defined error
margin) and resulting optimal ULC.

3: Perform first iteration with initial guess of D = D0.
4: while (Clower < D <Cupper) do
5: Using conjugate gradients generate new design guesses D∗ in the range from (D−∆D) to

(D+∆D), based on design error margin by simultaneously varying design parameters as:
(a) (Tox−∆Tox) to (Tox +∆Tox) for power-hungry transistors, and
(b) (W −∆W ) to (W +∆W ) for all transistors.

6: Compute F(D∗) = [PULC,TdULC ].
7: Compute S = Ftarget −F(D∗).
8: if (S≤ ε) then
9: {Stopping criterion is in the error margin.}

10: return Doptimal = D∗.
11: end if
12: end while
13: Using D = Doptimal , design and simulate ULC.
14: Compute optimized objective set Foptimized = F(Doptimal) for the ULC.

The inputs to the algorithm are comprised of the parasitic-extracted netlist, the target ob-
jective set Ftarget with a termination or stopping criterion (S), the design variable set (D) with
its lower design constraint Clower and upper design constraint Cupper. The design variable set
(D) for the ULC are the following, which are varied for optimization:

– Power-hungry NMOS transistors Tox (ToxNMOS).
– Power-hungry PMOS transistors Tox (ToxPMOS).
– NMOS device width for down converter (WNMOSdown).
– PMOS device width for down converter (WPMOSdown).
– NMOS device width for up converter (WNMOSup).
– PMOS device width for up converter (WPMOSup).

The lower design constraint Clower is (D−∆D) i.e. (Tox−∆Tox) and (W −∆W ). The
upper design constraint Cupper is (D+∆D) i.e. (Tox +∆Tox) and (W +∆W ). The precision
of these design parameters depends on the designer. The smaller the precision (or the smaller
the steps of the increment) of the design parameters, the slower the algorithm converges. S
is the stopping criterion for the optimization to terminate within ±ε of the target objective
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set (Ftarget ) (where ε is a designer specified error margin). F is the objective set which for
the case of ULC is PULC and TdULC .

The outputs of the algorithm are the optimized objective set Foptimized satisfying the
termination criterion S (Foptimized = Ftarget ± S), and the optimal values of the design variable
set Doptimal within the upper and lower design constraints. Once the optimal values of W and
Tox, are obtained the final layout is constructed.

The algorithm starts out with a guess of D (D0), and then iterates improving the guess
each time until the target objective set Ftarget is met with the termination criterion S. For
example, Tox is varied between 110% to 200% of its nominal value in steps of 0.5 nm, where
nominal ToxNMOS = 2.33 nm and nominal ToxPMOS = 2.48 nm. The width of the transistors
is varied from 120 nm to 1 µm, in steps of 10 nm. All transistors are assumed to have an
effective length of 100 nm. For this experiment, ε is chosen as 5%.

6.2 The 24-Transistor ULC Circuit

For the 24-transistor ULC optimization, the optimal values of circuit parameters are given
in Table 2. A preliminary power analysis of the ULC design identifies the circled transistors
in Fig. 6 as the power hungry transistors. The optimized values of delay and power (as in
section 5) at Vddl = 1.0 V, Vddh = 1.2 V are obtained as follows:

– Optimized average power (PULC) = 17.67 µW.
– Delay of up conversion (Tdup ) = 147.72 ps.
– Delay of down conversion (Tddown ) = 136.5 ps.
– Delay of ULC (TdULC ) = 147.72 ps.

The algorithm achieves 81.9% power savings and 86.6% delay savings as compared to
the baseline design. The DOXCMOS optimal physical design is presented in Fig. 12. The
conjugate-gradient optimization converged in 8 iterations, with each iteration typically last-
ing 4 minutes.

Table 2 Optimal parameter 24-Transistor DOXCMOS ULC.

D Clower Cupper Doptimal

ToxNMOS 2.563 nm 4.66 nm 2.667 nm
ToxPMOS 2.728 nm 4.96 nm 3.624 nm
WPMOSup 120 nm 1 µm 220 nm
WNMOSup 120 nm 1 µm 430 nm
WPMOSdown 120 nm 1 µm 300 nm
WNMOSdown 120 nm 1 µm 120 nm

6.3 The 20-Transistor ULC Circuit

For the 20-transistor ULC optimization, the optimal values of the circuit parameters are
given in Table 3. Fig. 8 shows the power hungry transistors for the design. The optimized
values of the delay and power at Vddl = 1.0 V, Vddh = 1.2 V are obtained as follows:

– Optimized average power (PULC) = 12.26 µW.
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Fig. 11 DOXCMOS physical design of the power and delay optimal 24-transistor ULC for 90 nm CMOS.

– Delay of up conversion (Tdup ) = 113.8 ps.
– Delay of down conversion (Tddown ) = 108.8 ps.
– Delay of ULC (TdULC ) = 113.8 ps.

The algorithm achieves 87.5% power savings and 89.5% delay savings as compared to the
baseline design. The DOXCMOS optimal physical design is presented in Fig. 12. In this
case, the optimization algorithm converged in 8 iterations each approximately lasting 4 min-
utes.

Table 3 Optimal parameters for 20-Transistor DOXCMOS ULC.

D Clower Cupper Doptimal

ToxNMOS 2.563 nm 4.66 nm 2.617 nm
ToxPMOS 2.728 nm 4.96 nm 4.997 nm
WPMOSup 120 nm 1 µm 380 nm
WNMOSup 120 nm 1 µm 365 nm
WPMOSdown 120 nm 1 µm 120 nm
WNMOSdown 120 nm 1 µm 550 nm

6.4 Discussion of the results

The power and delay results of various versions of the ULC circuit are summarized in Ta-
ble 4. As evident from the table, the optimization approach results in significant reduction
in both power (including leakage) and delay. In the case of the 24-transistor DOXCMOS
ULC and the 20-transistor DOXCMOS ULC, it is observed that the power savings are more
than 50%. This is due to judicious use of oxide thickness and transistor size through their
optimal selection using the algorithm. As evident from Eqns. (1) - (8), both oxide thickness
and transistor size affect the power dissipation and delay of the ULC. First the increase in
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Fig. 12 DOXCMOS physical design of the power and delay optimal 20-transistor ULC for 90 nm CMOS.

oxide thickness (ToxNMOS and ToxPMOS) reduces power dissipation. This reduction is further
supplemented by the reduction in the power dissipation due to the decrease of the widths of
transistors (WPMOSup, WNMOSup, WPMOSdown, and WNMOSdown).

Table 4 Results of optimization for different ULC circuits.

ULC PULC TdULC Area
Circuits PULC Savings TdULC Reduction Area Savings

24T baseline ULC 97.72 µW – 1058.0 ps – 146.5 µm2 –
20T baseline ULC 73.70 µW 25.0 % 894.0 ps 15.5 % 118.6 µm2 19.0 %
24T DOXCMOS ULC 17.67 µW 81.9 % 142.7 ps 86.5 % 141.5 µm2 3.4 %
20T DOXCMOS ULC 12.26 µW 87.5 % 113.8 ps 87.3 % 115.7 µm2 21.0 %

The results presented in Table 4 are due to different aspects: the number of transistors,
the oxide thickness, and the device geometry. It may be noted that while all transistors
contribute to the power (including leakage) dissipation, not all transistors contribute to the
delay. The transistors that propagate signals in the critical path contribute to delay. It has also
been observed that the results are different if the channel L is changed for constant (L/Tox)
ratio or it is not changed [25]. The threshold voltage Vth which has exponential effect on
subthreshold leakage is dependent on Tox. The scenario is further involved with the sizing
of W . Thus, in summary it is difficult to isolate the effect of one parameter on the overall
power (including leakage) dissipation and delay.

A comparative perspective of the proposed ULC and design methodology along with
selected related research works on level converters is presented in Table 5. These existing
works are presented for a broad perspective, without direct comparison. Such a direct com-
parison may not be fair due to various differences among the designs, including topology
and technology node.
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Table 5 Comparative perspective with selected related prior research.

Research Technology Power Delay Conversion Design

Dissipation Type Approach

Ishihara [11] 130 nm – 127 ps Level-up and
down

Level converting flip
flops

Kulkarni [15] 130 nm – – Level-up DCVS and Keeper
transistor

Yu [33] 350 nm 220.57 µW – Level-up SDCVS

Sadeghi [30] 100 nm 10 µW 1 ns Level-up Pass transistor and
Keeper transistor

Kanno [12] 140 nm – 5 ns Level-down Differential input pair
operation

Yuan [34] 180 nm – – Level-up DCVS

Naik [27] 180 nm 158.92 µW 177 ps Level-up Multi-threshold

Tawfik [32] 180 nm 4.53 µW 137 ps Level-up Multi-threshold

Mohanty [22] 32 nm High-κ 5 µW 1.6 ns Level-up/Level-
down

Multi-threshold

This Paper 90 nm 12.26 µW 113.8 ps Level-up,
Level-down,

Block

DOXCMOS and
Programmability

7 Characterization of the Parasitic-Aware Power (Leakage) and Delay Optimal ULC

In low-power designs, it is essential to consider various constraints concerning power con-
sumption, lower-voltage level, and fan-out. The design of the proposed ULC mainly focuses
on low-power multi-voltage circuit applications. Thus, it is essential to consider these de-
sign issues. The ULC circuit is characterized by performing three types of analysis: (1)
Parametric, (2) Load, and (3) Power. The characterization results for only the 20-transistor
power and delay optimal ULC are presented for brevity. These results are obtained from the
parasitic netlist extracted from the physical design of the ULC, making them accurate and
comparable to experimental or silicon results.

7.1 Parametric Analysis

Parametric analysis of the ULC is performed to demonstrate that the ULC provides stable
output voltage, even when the input voltage fluctuates. In the parametric analysis, a transient
analysis is performed wherein the output voltage is observed for a varying input voltage.
For the down conversion parametric analysis, the values for the control signals (S1,S0) are
kept at (0,1). In this case, Vin is varied from 0.1 V to 1.2 V (Vddh) with an increasing step
size of 0.1 V. The output plot for the level-down conversion parametric analysis is shown
in Fig. 13(a). Thus, the ULC produce a stable output even for Vin as low as 0.6 V during
the down conversion. However, the operation of the ULC as a down converter in the 0.6
V to 1.0 V range is inefficient because the voltage below (Vddl) leads to increased power
consumption.
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Downconverted Voltage

Upconverted Voltage

Input Voltage

Fig. 13 Parametric analysis with input voltage sweep. The ULC provides stable (a) down-conversion and (b)
up-conversion for minimum Vin = 0.6 V.

For testing the level-up conversion of the ULC, Vin is varied from 0.1 V to 1.0 V (Vddl)
with an increasing step of 0.1 V. The value of control signals (S1,S0) is kept at (1,0) to
achieve the level up conversion functionality. The output signal is observed at the output
terminal Vout of the ULC. The plot for the parametric analysis for up conversion is shown in
Fig. 13(b). Thus, the ULC produces a stable output even for Vin as low as 0.6 V.

7.2 Load Analysis

When the ULC is used as an interface between two circuits or islands operating at different
voltage levels, situations may arise where the output load of the level converting circuit is
changing often. In another scenario, different ULCs placed in different parts of the SoC
can be subjected to different loads. Thus, it is important that the ULC produces the desired
results under varying load conditions. A load analysis on the ULC is performed where the
output load capacitance of the circuit is varied and its effect on the output signal is observed.
During the load analysis, the capacitive load (modeled with capacitors) at the output is varied
from 10 fF to 200 fF. From this analysis it can be concluded that the ULC produces a stable
output under varying load conditions. The output plot for the load analysis on the complete
ULC is shown in Fig. 14.

7.3 Power Analysis

Power analysis includes determining the total power consumed (Eqn.6) by the ULC circuit.
During the power analysis, the total power (including leakage) dissipation of the ULC at
three different loads of 10 fF, 45 fF and 90 fF is calculated. The operating conditions are:
Vddh = 1.2 V, Vddl = 1.0 V. The instantaneous power plot of the level converter at a capac-
itive load of 45 fF is shown in Fig. 15. The power peaks are different at different times, as
different parts of the circuit are operational depending on the functionality. The power esti-
mation results are reported in Table 6. It is observed that there is not significant difference
in the average power dissipation with varying capacitive loads. This is due to the small time
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Downconverted Voltage

Upconverted Voltage

Input Voltage

Fig. 14 Performance of the DOXCMOS ULC under varying output capacitive load (10 fF to 200 fF).

window for which the current flows which is evident from the instantaneous power plot and
at the same time the leakage component of the circuit is not affected by the capacitive load.
Also, the effects of the varying capacitive load are seen at the output, whereas all transistors
also contribute to the dynamic power.

Table 6 Power consumption of the ULC for different loads.

Capacitive Load (fF) Average Power (including leakage) Dissipation (µW)

10 11.3
45 12.26
90 13.6

7.4 Process-Variation Analysis of ULC to Demonstrate Reliable Voltage Conversion Under
Fluctuations

Process variation is an important effect for nano-CMOS based circuit design which severely
affects yield. Thus, we analyze the performance of the ULC against such variations in this
section. The 10 process parameters considered for statistical process variation are as fol-
lows: (1) ToxNMOS (nm), (2) ToxPMOS (nm), (3) LNMOS: NMOS transistor channel length
(nm), (4) LPMOS: PMOS transistor channel length (nm), (5) WNMOSup, (6) WPMOSup, (7)
WNMOSdown, (8) WPMOSdown, (9) Nchn: NMOS channel doping concentration (cm−3), (10)
Nchp: PMOS channel doping concentration (cm−3). All these parameters are not indepen-
dent. A correlation coefficient of 0.9 between ToxNMOS and ToxPMOS is assumed. Each of the
input parameters is assumed to have a normal distribution, with mean (µ) as the nominal
value specified in the technology file for the generic 90 nm process design kit used. The
nominal values for the transistor length and widths are the same as the baseline design val-
ues shown in Fig. 8 The 3-sigma (3−σ ) values are equal to 10% of the mean, where σ is
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Instantaneous power

Input Voltage

Fig. 15 Instantaneous power plot of the DOXCMOS ULC at a load capacitance of 45 fF. Average power
consumed = 12.26 muW.

the standard deviation. For 1000 Monte-Carlo runs, Voutdown is observed to have a uniform
distribution with µ = 1 V , and σ = 202.53 µV . Voutup is observed to have a uniform dis-
tribution with µ = 1.2 V and σ = 112.27 µV . Thus, the DOXCMOS based optimal ULC is
process variation tolerant and can produce reliable voltage-levels even in the presence of
process variations which is a major concern for nano-CMOS.

8 Applications of the Proposed ULC

The proposed ULC will be used in designs presented in [26], where the chip is implemented
with dual voltage and dual frequency supplies. The ULC can be designed as a standard cell
and added to existing standard cell libraries. The overall chip layout consists of two separate
voltage islands, one low voltage and one high voltage. The ULC can be used for connecting
these voltage islands. The delay caused by the ULC will be added to the clock period of the
faster clock. The features provided in the ULC (up/down conversion and block) also make
the interaction between these two islands more flexible. In addition, the same ULC can be
used between an island and a power supply whose block operation can perform power gating
to reduce standby leakage power.

An example of using the ULC is shown in Fig. 16. Consider any two different process-
ing elements of the SoC, DC-1 operating at Vddl and DC-2 operating at Vddh. A step-down
converted voltage from Vddh to Vddl is provided to DC-1 using a ULC. Also, a step-up con-
version is required between DC-1 and DC-2 for signaling between two blocks. Now consider
the case where DC-1 operates at Vddh, and DC-2 operates at Vddl . A step-down converted
voltage is provided to DC-2. Here, a step-down conversion is required for the interaction
between DC-2 and DC-1. The blocking feature of the ULC disconnects DC-1 from DC-2 to
reduce static power dissipation when a processing unit is in an idle state.

The ULC functionality can find application in microprocessors such as the ARM1136,
where a large number (3400) of level converters are required [2]. The ULC can be used
as an interface where low-Vdd cells drive high-Vdd cells to reduce the short-circuit power
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Fig. 16 Use of ULC in a multi-Vdd SoC to reduce dynamic and standby power dissipation. ULC-1 and ULC-2
are responsible for standby power and ULC-3 is responsible for connecting two different processing elements
of cores of an SoC operating are different supply voltages.

dissipation [34] in the case of a dual-Vdd FPGA fabric [21]. In general, the ULC will be
applicable to any multi-Vdd , DVS operated AMS-SoC and multi-Vdd chip.

9 Conclusions

In this paper, a dual-Tox (DOXCMOS) approach along with transistor geometry sizing is
investigated to reduce the power and delay overhead of a Universal Voltage-level Converter
(ULC). 24-transistor and a 20-transistor versions (with area reduction of 21%) of the ULC
circuit are presented. The DOXCMOS physical designs of the ULC are presented for both
versions based on optimal sizing. The ULC is characterized using parametric, load, and
power analysis. It is observed that a stable output is obtained for voltages as low as 0.6 V
and capacitive loads varying from 10 fF to 200 fF. The average power consumption of the
final ULC is 12.26 µW, which makes it suitable for low-power applications.

This paper presents a feedback based topology using dual-oxide devices. The dual-oxide
technology improves the performance by using thicker oxide to reduce power consumption
on non critical paths. The proposed design achieves power savings up to 87.5 % and delay
reduction up to 89.5 % as compared to the original baseline design (refer Table 4). For fair
comparison of power dissipation, the baseline design is used because the other designs pre-
sented are implemented in different technologies and are functionally different. Compared
to the closest of the related research works [30], which is implemented at the 100 nm node,
the proposed ULC is implemented at the 90 nm node, has much lower delay (i.e. higher per-
formance) with similar amount of power dissipation while supporting more functionality.
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