
 

Abstract-- this paper presents a novel ultra-low voltage level 

shifter for fast and energy-efficient wide-range voltage conversion 

from sub-threshold to I/O voltage. By addressing the voltage drop 

and non-optimal feedback control in a state-of-the-art level shifter 

based on Wilson current mirror, the proposed level shifter with 

revised Wilson current mirror significantly improves the delay 

and power consumption while achieving a wide voltage conversion 

range.  It also employs mixed-Vt device and device sizing aware of 

inverse narrow width effect to further improve the delay and 

power consumption. Measurement results at 0.18µm show that 

compared with the Wilson current mirror based level shifter, the 

proposed level shifter improves the delay, switching energy and 

leakage power by up to 3×, 19×, 29× respectively, when converting 

0.3V to a voltage between 0.6V and 3.3V. More specifically, it 

achieves 1.03 (or 1.15) FO4 delay, 39 (or 954) fJ/transition and 160 

(or 970) pW leakage power, when converting 0.3V to 1.8V (or 

3.3V), which is better than several state-of-the-art level shifters 

for similar range voltage conversion.  The measurement results 

also show that the proposed level shifter has good delay scalability 

with supply voltage scaling and low sensitivity to process and 

temperature variations. 
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I. INTRODUCTION 

In the past, voltage scaling has been widely used to reduce 

the power consumption in digital circuits and systems. 

Conventional voltage scaling is performed in the 

super-threshold region, well above the threshold voltage of 

transistors, resulting in limited power reduction. Recent studies 

have shown that the supply voltage can be further scaled to near 

or below the threshold voltage to achieve significant power 

reduction when high performance is not needed [1-9]. As the 

complexity and flexibility of Systems on Chips (SoCs) increase, 

in the future, SoCs are likely to consist of many power domains 

with significantly different supply voltages to achieve high 

energy-efficiency for tasks that require substantially different 

performance. Therefore, level shifters with wide voltage 

conversion range from near/sub-threshold voltage to nominal 

voltage or I/O voltage are needed to enable data exchange 

between different power domains. As the number of power 

domains or data width in the SoC increases, the number of level 

shifters increase dramatically and can be as many as tens of 

thousands. The delay, power and area overhead incurred by the 

level shifters has significant impact on the overall system [9]. 

To address this, level shifters with small delay, low power 

consumption, small area or wide voltage conversion range have 

been proposed in the past, including low voltage level shifters 

and ultra-low voltage level shifters [11-22]. As low voltage 

level shifters have been extensively studied, the ultra-low 

voltage level shifters are the study focus of this paper. Most of 

the existing ultra-low voltage level shifters are based on two 

types of topologies: cross-coupled PMOS based (Type I) and 

current mirror based (Type II). They have their own advantages 

and disadvantages as will be discussed later in Section II. Some 

level shifters achieve small delay at the cost of switching 

energy and/or area. Some level shifters have large standby 

power which is problematic for long clock period or low duty 

cycle applications. Some can only operate with limited voltage 

conversion range. In addition, the delay of some level shifters 

does not scale well with supply voltage, making them not 

suitable for dynamic voltage scaling (DVS).  

In this paper, state-of-the-art ultra-low voltage level shifters 

based on both Type I and Type II topologies have been 

reviewed. By investigating their advantages and disadvantages, 

we proposed a ultra-low voltage level shifter for fast and 

energy-efficient wide-range voltage conversion from 

sub-threshold up to I/O voltage. The proposed level shifter is 

based on Type II topology (i.e. current mirror based). By 

addressing the voltage drop and non-optimal feedback control 

in a state-of-the-art Type II level shifter - Wilson current mirror 

based level shifter (WCMLS) [18], the delay and power 

consumption are significantly reduced for a wide voltage 

conversion range. In addition, the proposed level shifter has 

good delay scalability with supply voltage scaling, making it 

suitable for DVS applications. It also shows low sensitivity to 

process & temperature variations.  

The rest of the paper is organized as follows. Section II 

discusses the advantages and disadvantages of state-of-the-art 

ultra-low voltage level shifters based on Type I and II. Section 

III discuss the voltage drop and non-optimal feedback control 

issues in the WCMLS. Section IV presents the proposed level 

shifter. Section V shows the measurement results and 
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comparison between the proposed level shifter and other 

state-of-the-art ultra-low voltage level shifters, and Section VI 

draws the conclusions. 

II. STATE-OF-THE-ART ULTRA-LOW VOLTAGE LEVEL 

SHIFTERS 

Fig. 1 (a) shows the topology of the Type I level shifter 

which uses cross-coupled PMOS devices to achieve full-swing 

conversion from input voltage (VDDL) to output voltage 

(VDDH). It has close-to-zero standby power due to 

complementary pull-up and pull-down network. The major 

drawback is the strong contention between the pull-up and 

pull-down network during switching. when IN and VDDL are 

lowered to around threshold voltage, the pull-down transistors 

(M1, M2) become extremely weak and cannot overcome the 

strength of the pull-up transistors (M3, M4) when VDDH is in 

super-threshold region. As a result, the output fails to flip. A 

way to increase the strength of pull-down transistors is to 

upsize the transistors. However, previous studies [14][18] show 

that the pull-down transistors need to be upsized by several 

orders of magnitude in order to overcome the strength of 

pull-up for converting sub-threshold voltages to 

super-threshold voltages, which is impractical. Another way is 

to use low Vt transistors for pull-down and high Vt transistors 

for pull-up. However, the effect is limited as the voltage 

difference between VDDL and VDDH is far larger than the 

voltage difference between high Vt and low Vt. As a result the 

pull-down transistors still need to be heavily upsized, leading to 

large area and load capacitance which increases the energy 

consumption and limits the reduction of the delay.  

In the past, several ultra-low voltage level shifter based on 

Type I topology have been proposed [11-17]. In [11][16][17] 

the pull-up network is weakened by using reduced swing 

inverter (RSI) or weak keeper with pulsed control. These 

mechanisms facilitate wide-range voltage conversion while 

increasing switching energy and complexity substantially. 

Also, the pull-up network is constantly weakened. This causes 

delay scalability issue with supply voltage scaling, making 

them unsuitable for DVS.  In [13][14], multi-stage level shifters 

with intermediate supply voltages are proposed to facilitate 

wide-range voltage conversion. However, [13] need additional 

circuits to generate the intermediate supply voltage, resulting in 

increased power consumption and area. [14] eliminates the 

voltage generation circuits by using a diode-connected NMOS. 

A problem is that the voltage across the diode is constant, 

causing a delay scalability issue similar to [11][16]. Another 

problem of multi-stage level shifters is that their delay is 

relatively larger than the single-stage structure. In [12][15], 

forward body bias is applied to the pull-down transistors to 

reduce the transition delay. While achieving improved 

performance, the designs increase the power consumption and 

complexity due to body-bias control. 

Type II topology is based on the current mirror structure as 

shown in Fig. 1 (b).  The advantage of this type of topology is 

that it has low contention because there is almost no overlap 

between the pull-up and pull-down. So there is no need to 

weaken the pull-up for fast wide-range voltage conversion. It is 

easy to achieve small delay and switching energy as well as 

delay scalability. However, the problem of this type of topology 

is that the static current flowing through M1 & M3 causes large 

standby power for high output, and the standby power increases 

as the VDDL increases. 

To address this issue, several modified Type II level shifter 

have been proposed [18-20]. [18] proposed the WCMLS. It 

uses a feedback transistor to cut off the static current after the 

output goes high. This reduces the standby power significantly 

with the lowest complexity. However, the delay and power 

consumption are not optimal due to several issues including 

output voltage drop and non-optimal feedback control as will 

be discussed later in section III. [19] proposed a Type II level 

shifter based on logic error correction. The basic idea is to 

control the current mirror by sensing the logic error between 

input and output so that the current is enabled during switching 

and disabled after the output flips. It significantly reduces the 

standby power. However, this results in increased delay and 

switching energy due to the operation of the logic error 

correction circuits. In [20] a level shifter with a modified 

Wilson current mirror hybrid buffer is proposed. It uses a delay 

balancing path and a NOR gate to balance the rise and fall delay 

for close range voltage conversion. However, the PMOS 

devices in the NOR gate cannot be switched off completely 

 

(a) 

 

(b) 
Fig. 1 Conventional level shifter topologies: (a) Type I: cross-coupled 

structure, (b) Type II: current mirror structure. 
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causing large static current and thus standby power in the NOR 

gate. The static current can be reduced by reducing the size of 

the PMOS and NMOS in the NOR gate, but this will increase 

the delay. In addition, the stacking PMOS devices in the NOR 

gate will slow down the output fall transition, leading to 

increased average delay and switching energy especially for 

wide-range voltage conversion.  

After investigating the advantages and disadvantages of the 

Type I & II ultra-low voltage level shifters, we chose type II as 

the topology of the proposed level shifter as it has less 

contention which provides potential for achieving small delay, 

low switching energy, and delay scalability. We chose 

WCMLS as a starting point due to its relatively low standby 

power and small area. 

III. WILSON CURRENT-MIRROR BASED LEVEL SHIFTER 

Fig. 2 shows the schematic of the WCMLS. It uses a 

feedback PMOS (M5) to cut off the static current flowing 

through M1 & M3 after switching. This reduces the standby 

power in the conventional type II level shifter. However, as the 

source current is cut off, the mirror current flowing through M4 

is largely reduced, resulting in weakened pull-up strength and a 

voltage drop at node A. Although the voltage drop in turn 

increases the source current through the feedback control, the 

current increase is too small to pull the voltage at node A back 

to VDDH. The output finally stabilizes at a voltage below 

VDDH, which causes large static current and standby power in 

the output buffer of the level shifter. To study this, we have 

re-implemented the WCMLS at a 0.18 µm CMOS technology.  

Fig. 3 shows the simulated voltage drop at node A of 

WCMLS. A voltage drop of more than 250mV can be observed 

when voltage at node A stabilizes. Fig. 4 shows the values of 

voltage drop against VDDH, as well as the resultant standby 

power in the output buffer, which reaches to around 4 nW at 

VDDH of 1.8V. For ultra-low voltage operation, the clock 

period is relatively long due to exponentially increasing delay 

with decreasing supply voltage, so the standby energy can be 

significant and dominates the overall energy consumption of 

the level shifter. By simulation, we found that upsizing M4 in 

WCMLS will increase the pull-up strength and reduce the 

voltage drop at node A to some extent. However, this has a limit 

in the reduction of voltage drop. More importantly, it causes 

significantly increasing switching energy. As shown in Fig. 5. 

By increasing the transistor width from 0.2µm to 1µm, the 

voltage drop is reduced to around 50 mV, but the switching 

energy is increased by nearly 3×. 

 
Fig. 2 Wilson Current Mirror Level Shifter (WCMLS) [18]. 
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Fig. 3 After the rise transition the feedback control cuts off the source current 

and causes voltage drop at node A of the WCMLS (VDDL=0.3V, 

VDDH=1.8V). 

 
Fig. 5 Increasing the transistor width of M4 in WCMLS can reduce the voltage 
drop at node A to some extent, however, this significantly increases the 

switching energy, and has a limit in the reduction of voltage drop 

(VDDL=0.3V, VDDH=1.8V). 

 
Fig. 4 The voltage drop at node A of WCMLS causes standby power in the 

output buffer, which increase with increasing VDDH. 



Another issue of WCMLS is that during the output fall 

transition the feedback control turns on M5 causing charge 

sharing from node B to node C. As node C is at ground level, 

this results in a pull-down of the voltage at node B and cause a 

sudden increase in the fall delay. Fig. 6 shows the simulated fall 

transition of WCMLS for converting 0.3V to 1.8V. It can be 

seen that the delay increase due to charge sharing is around 60 

ns. This also causes large switching current, as shown in Fig. 6.   

In addition, while the feedback control from node A cut off 

the source current, it significantly slows down the rise 

transition at A as the charging of A becomes weaker and 

weaker with reduced source current. The feedback also 

increases the load capacitance at A which further slows down 

the transition. Fig. 7 shows the simulated rise transition at node 

A of the WCMLS. It can be seen that the rise transition at A is 

significantly slow down by the feedback, which results in a 

large rise delay as well as large switching current. 

IV. PROPOSED LEVEL SHIFTER 

To address the above mentioned issues, a novel ultra-low 

voltage level shifter with revised Wilson current mirror is 

proposed as shown in Fig. 8. First, an input-controlled diode 

chain is proposed to prevent the voltage drop at node A. As a 

result the static current in internal output buffer is eliminated, 

which reduces the standby power in the WCMLS. Second, a 

revised feedback control is proposed to address the charge 

sharing issue and slow rise transition at A in the WCMLS, 

which reduces the delay and switching energy. Third, to further 

reduce the delay and power consumption, a device  sizing 

technique utilizing inverse narrow width effect (INWE) is 

adopted in the proposed level shifter. In addition, the proposed 

level shifter utilizes mixed-Vt devices (1.8V normal, 3.3V 

normal, 3.3V native) to extend the voltage conversion range to 

I/O voltage while maintaining small delay. The proposed 

techniques are described in details in the following sections. 

A. Input Controlled Diode Chain 

An input-controlled diode chain (M8-M12) is proposed to 

address the voltage drop issue in the WCMLS. With the rise 

transition at IN, M1 & M5 are turned on, pulling node B down 

and generating pull-up current through M4 to charge node A. 

At the same time, the input-controlled diode chain is activated 

to help pull node B down. After A is charged to high, the 

inverted output D turns off M7 to cut off the source current so 

as to reduce the standby power in the conventional type II level 

shifter. This tends to raise the voltage at node B and generate a 

voltage drop at node A. However, in the proposed level shifter, 

the input-controlled diode chain and the diode-connected 

PMOS M3 will form a voltage divider to keep the voltage at 

node B lower than VDDH with sufficient margin. This will 

maintain sufficient pull- up strength at node A and eliminate the 

voltage drop. As shown in Fig. 9, when converting 0.3V to 

1.8V, node A successfully reaches 1.8V full VDDH in the 

 
Fig. 6 Fall transient behavior of WCMLS. It shows large fall delay and 

switching current are caused by the charge sharing effect. 

 
Fig. 7 Rise transient behavior of WCMLS. It shows that the feedback control in 

WCMLS slows down the rise transition and increases the switching current. 

 

Fig. 8 Proposed LS for fast and energy-efficient wide-range voltage conversion 

from near/sub-threshold up to I/O voltage. 

 
Fig. 9 Voltage drop eliminated at node A in proposed LS (VDDL=0.3V, 

VDDLH=1.8V). 
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proposed level shifter. The voltage level at B depends on the 

number of stacking NMOS in the diode chain and varies with 

VDDH. Fig. 10 shows the simulated voltage levels at node B 

for both WCMLS and the proposed level shifter against 

VDDH. It can be seen that the  voltage level at B of the 

proposed level shifter scales well with VDDH and is always 

lower than that of the WCMLS by around 200 mV. The voltage 

difference between B and VDDH of the proposed level shifter 

is around 350mV. In this case the 3.3V PMOS M4 (with a 

threshold voltage of around 750mV) is still in the sub-threshold 

region. However, the gate voltages of NMOS M2 and M6 are 

only zero. Due to the fact that current is exponentially 

dependent on the voltage in the sub-threshold region as well as 

the stacking effect in the pull-down path, the pull-up current is 

much larger than the pull-down current, which provides 

sufficient strength to maintain the node A at VDDH after rise 

transition. We have also simulated the leakage current of the 

input-controlled diode chain against VDDH. As shown in Fig. 

11, the leakage current through the diode chain is extremely 

low (< 10 pA) and the resultant leakage power is negligible. 

This is mainly due to the large threshold voltage (~750mV) of 

the 3.3V devices (M3, M9, M10, M11 and M12) which makes 

the sum of the threshold voltage of these transistors larger than 

VDDH. In addition, the small gate voltage of the controlling 

transistor M8 also helps limit the leakage current.  

B. Revised Feedback Control 

In order to address the charge sharing and slow rise transition 

issues in the WCMLS, we revised the feedback control by 

replacing the feedback PMOS with NMOS (M7) and using the 

inverted output (node D) to control its gate in the proposed level 

shifter. In addition, the feedback NMOS is placed below the 

input transistor M1 instead of above it. During fall transition, 

node D goes from low to high, which turns on the M7. 

However, M1 is off as the input is low. Therefore there is no 

charge sharing from node B to node C. This prevents the 

sudden increase in fall delay and significantly reduces the 

switching current as shown in Fig. 12. 

Another advantage of the revised feedback control is that the 

feedback now is from the node D instead of node A, which adds 

a delay in cutting off the source current. This maintains 

sufficient charging strength in the most time of the rise 

transition. Also, the load capacitance at node A is reduced, 

resulting in a faster rise transition. Fig. 13 shows the rise delay 

and switching current in the proposed level shifter, which is 

much smaller compared with WCMLS (Fig. 7). 

C. Device Selection and Sizing 

In the design of ultra-low voltage level shifter, in addition to 

the topology, device selection and sizing are important in 

achieving co-optimized delay, power and area.  

 
Fig. 10 Due to the input-controlled diode chain, the voltage at node B of 

proposed LS is lower than that of WCMLS, providing sufficient pull-up 

strength and eliminating the voltage drop at node A. 

 

Fig. 12 Fall transition of the proposed LS. The delay and switching current are 

significantly reduced, compared to WCMLS. 

 
Fig. 13 Rise transition of the proposed LS. The revised feedback control 

significantly reduces rise delay and switching current, compared to WCMLS. 

 
Fig. 11 Leakage current through the diode chain is less than 10pA in the 

proposed LS. 



In order to extend the voltage conversion range to I/O 

voltage, 3.3 V devices need to be used. However, they have 

large threshold voltage which is not good for fast voltage 

conversion. In the proposed level shifter, 3.3 V native devices 

and 1.8 V devices with connected gates are used for the input 

transistors while 3.3 V normal devices are used in the high 

voltage portion as in [17].  The combination of mixed-Vt device 

helps achieve I/O voltage tolerance while maintaining 

relatively small delay. It is noted that in the used 0.18 µm 

process technology there is no multi-Vt transistors available for 

1.8 V devices, otherwise they can be used to further optimize 

the performance as suggested in [14]. 

Inverse narrow width effect (INWE) [10] has been reported 

as a parasitic effect which causes the transistor threshold 

voltage to decrease with decreasing transistor width in the 

narrow width   region. To take advantage of lower threshold 

voltage at smaller width, we size the transistors in the level 

shifter by using multiple minimum-width fingers. In this way, 

the required current is achieved with smaller width. Fig. 14 

shows the simulated current of a NMOS with conventional 

sizing and with INWE-aware sizing at different corners, where 

the current is normalized against the current of minimum-width 

transistor at the typical corner, and the transistor width is 

normalized against minimum-width. Compared with the 

conventional sizing, the INWE-aware sizing provides larger 

current with the same width, or the same current can be 

delivered with smaller width, which helps reduce the delay and 

power consumption due to reduced load capacitance. It is noted 

that as the INWE-aware sizing boosts the transistor current, the 

current variation also increases as shown in Fig. 14. This is 

similar to using low VT transistors. The tradeoff need to be 

considered during the design optimization.     

 

Fig. 15 Architecture of the testing chip. 

 

Fig. 14 INWE-aware sizing gives larger transistor current than conventional 
sizing due to reduced threshold voltage. In other words, to deliver the same 

current, INWE-aware sizing requires smaller transistor width than 

conventional sizing, leading to reduced delay and power consumption. 

     

Fig. 16 Micrograph of the testing chip and the standard cell layout of the 

proposed LS. 

Table 1. Device types and sizes in WCMLS and proposed LS 

 M1 M2 M3 M4 M5 Input Inverter Output Inverter #1 Output Inverter #2 

Device Type 1.8V 

Width/Length 220nm 

/180nm 
220nm3 

/180nm 

220nm 

/1µm 

220nm 

/180nm 

220nm 

/180nm 
P: 220 nm 5 

/180 nm 

N: 220 nm 

/180 nm 

P: 220 nm2 

/180 nm 

N: 220 nm 

/180 nm 

P: 220 nm4 

/180 nm 

N: 220 nm 

/180 nm 

Total Layout Area 99.79 µm2 

  (a) WCMLS 

 M1 M2 M7 & 

M8 

M3 M4 M9-M12 M5 & 

 M6 

Input 

Inverter 

Output 

Inverter #1 

Output 

Inverter #2 

Device Type 1.8V 3.3V normal 3.3V native 1.8V 3.3V normal 3.3V normal 

Width/Length 220nm 

/180nm 
220nm3 

/180nm 

220nm 

/180nm 

220nm 

/1µm 

220nm 

/300nm 

220nm 

/350nm 

220nm 

/1.2µm 

P: 220 nm 

5 

/180 nm 

N: 220 nm 

/180 nm 

P: 220 nm 

/300 nm 

N: 220 nm 

/350 nm 

P: 220 nm2 

/300nm 

N: 220 nm 

/350nm 

Total Layout Area 153.01 µm2 

(b) Proposed LS 



   

V. EXPERIMENTAL RESULTS AND COMPARISON 

The proposed level shifter is implemented as double-row 

standard cell and fabricated with the 0.18 µm CMOS process 

technology. For comparison, the WCMLS from [18] is also 

re-implemented on the same technology with optimized device 

sizes through extensive simulation. The device types and sizes 

in the two level shifters are shown in Table 1. The WCMLS 

comprises only 1.8V devices for being consistent with [18] 

while the proposed level shifter comprises mixed-Vt devices 

(1.8V, 3.3V normal and 3.3V native). We applied INWE-aware 

sizing to both level shifters for optimized delay and power 

consumption. The total layout area numbers are also shown in 

Table 1 for comparison. 

Fig. 15 shows the architecture of the testing chip. The input 

signal is from an external function generator. As the input 

signal is powered by VDDL, to avoid long delay, it is directly 

fed into the tested level shifters without buffering. The slope of 

the input is set to FO4 slope simulated at VDDL. The outputs of 

the level shifters are buffered to drive the output pad. Here the 

buffers for both level shifters are implemented with 3.3V 

device for fair comparison. In the rest of the paper, we name 

these buffers as external buffers to differentiate with the 

internal buffers in the level shifters. The power supplies of the 

level shifters and the external buffers are separated to facilitate 

power measurement.  

Fig. 16 shows the micrograph of the testing chip and the 

double-row standard cell layout of the proposed level shifter. It  

can be seen that in the layout of the proposed level shifter large 

area is occupied by the spacing between the 3.3 V native 

devices and other devices due to well separation rule. For 

applications which only need voltage conversion from 

sub-threshold to core voltage (i.e. 1.8V), 3.3 V normal devices 

should be avoided to reduce the delay. Also, the 3.3 V native 

devices in series with the 1.8V devices are not needed. As a 

result, this large spacing can be reduced to make the standard 

cell layout much more compact. 

For the proposed level shifter, the measured widest voltage 

conversion range is 0.21V to 3.3V, while for the 

re-implemented WCMLS it is 0.23V to 1.8V. To compare the 

performance of the two level shifters for typical ultra-low 

voltage applications targeting at hundreds of KHz to MHz 

range operating frequencies, we set VDDL to 0.3V, and vary 

VDDH from 0.6V to 3.3V. The delay of the level shifter is 

measured by subtracting the delay of the external buffer 

(post-layout simulation result) from the total delay measured 

between the input pad and the output pad. In most of the testing 

cases VDDH is much higher than VDDL, so the delay of the 

external buffer is much smaller than the delay of the level 

shifter. Therefore the delay variation of the external buffer will 

 
Fig. 17 Measured delay against VDDH. 

 
Fig. 19 Measured leakage power and total power. 

 
Fig. 20 Measured switching energy per transition. 

 

Fig. 18 Measured delay against VDDL. The simulated delay and FO4 delay 

are also plotted, showing that the delay of the proposed LS tracks the FO4 

delay better than WCMLS with increasing VDDL. 



not affect the delay measurement of the level shifters. The only 

exceptional testing cases are when VDDH is very low (i.e. 

0.6V-0.8V), where the delay of the external buffer becomes 

comparable to the delay of the level shifter. In these cases, the 

delay variation of the external buffer may cause some 

inaccuracy in the delay measurement, but this should not affect 

the comparison as the delay subtraction is the same for the two 

level shifters. Fig. 17 shows the measured average delay against 

VDDH. To remove the impact of process technology, the 

measured delay is also displayed using the FO4 delay at 0.3V. 

The proposed level shifter shows much smaller delay than the 

WCMLS for all VDDHs. The maximum delay reduction is 3×, 

measured at VDDH of 0.6V. The WCMLS is measured up to 

1.8V as it does not use 3.3V device while the proposed level 

shifter is measured up to 3.3V. An interesting phenomenon 

observed here is that as VDDH is increased from 0.6V to 3.3V, 

the delay of the two level shifters decreases first and then 

increases. This is because the delay of the level shifter is 

composed of the delay of shifting stage and the delay of internal 

buffer. When VDDH is increased, the delay of shifting stage 

increases while the delay of internal buffer decreases, resulting 

in a turning point for the total delay. 

Fig. 18 shows the measured average delay of the two level 

shifters against VDDL, where the VDDH is fixed to 1.8V. It 

can be seen that the delay of the proposal level shifter is smaller 

than that of WCMLS for VDDL below 0.7V, but larger than 

WCMLS for VDDL above 0.7V. This is because the internal 

buffer of the WCMLS is implemented with 1.8V devices while 

the internal buffer of the proposed level shifter is implemented 

with 3.3V devices for I/O voltage conversion. When VDDL is 

low, the delay of the internal buffer has negligible contribution 

to the delay of the level shifter. However, when VDDL gets 

close to VDDH, the delay of the internal buffer becomes 

comparable or larger than the delay of the level shifter. As 3.3V 

device has higher threshold voltage than 1.8V device, the delay 

of the proposed level shifter becomes larger than that of 

WCMLS for high VDDLs.  To confirm this, we replaced the 

3.3V devices in the internal buffer of the proposed level shifter 

with 1.8V devices, and plotted the simulated delay. The 

simulated delay for WCMLS and FO4 are also plotted for 

comparison. As can be seen in Fig. 18, the delay of proposed 

level shifter using 1.8V devices for the internal buffer is much 

smaller than that of WCMLS at all VDDLs. In addition, its 

delay tracks the FO4 delay very well even when the VDDL is 

very close to VDDH. This indicates that the proposed level 

shifter is suitable for DVS. 

Fig. 19 shows the measured leakage power consumption and 

total power consumption of the two level shifters with an input 

of 100 kHz.  The average switching energy per transition 

calculated from the measured total power and leakage power is 

shown in Fig. 20. As depicted in the Fig. 19 and 20, the 

proposed level shifter consumes much less leakage and 

dynamic power than the WCMLS for all VDDH due to the 

input-controlled diode chain which reduces standby power in 

the internal buffer and revised feedback control which reduces 

switching energy. The maximum reduction on leakage power 

and switching energy are 29 and 19, measured at VDDH of 

1.8V and 1.6V, respectively.  

To investigate the robustness of the two level shifters, we 

have simulated them at different corners. Fig. 21 shows the 

delay of the two level shifters at different corners (FF, SS, FS 

and SF). Both level shifter operates well at FF, SS and SF 

corners when VDDH is scaled from 0.6V to 1.8V/3.3V. 

However, at FS corner the WCMLS stops working when 

VDDH is below 1V, while the proposed level shifter continue 

operating for VDDH down to 0.6V. The observed phenomenon 

is that for rise transition the output of WCMLS is unable to 

reach to even half VDDH. This is because at FS corner the 

PMOS becomes very weak. When node A in the WCMLS has 

not reached half VDDH, the feedback PMOS M5 is already cut 

off which prevents A being continuously charged. In the 

proposed level shifter, the feedback is delayed by a inverter 

which allows more charging time for A. Also, the source of M7 

is ground, unlike in the WCMLS where the source of M5 is 

lower than VDD for around VT. These makes the output of 

proposed level shifter able to reach close to VDDH at FS corner. 

As the feedback control is done with NMOS M7, the proposed 

level shifter is slightly slower than WCMLS at SF corner for 

VDDH below 0.9V. For all other voltages and corners, the 

proposed level shifter is faster than WCMLS. In Fig. 21 we 

have also added the measured delay of the two level shifters. 

The results indicate that the fabricated chip has fast NMOS 

devices and median speed PMOS devices between the fast and 

slow PMOS corners. 

 

Fig. 22 Simulated delay against temperature. 

 

Fig. 21 Simulated delay at different process corners (VDDL=0.3V). 



   

Table 2 Comparison with state-of-the-art ultra-low voltage level shifters 

Parameters 
VLSI Circuits 2011 

[17] 

TCAS-I 2014 

[20] 

JSSC 2012 

[19] 

TCAS-II 2010  

[18]  

(simulation results) 

Re-implementation  

of [18] 

This work 

[23] 

Process 130nm 65nm 0.35µm 90nm 0.18µm 0.18µm 

Conversion 

range 
0.3V - 2.5V 0.2V – 1.2V 0.23V - 3V 0.1V - 1V 0.23V - 1.8V 0.21V - 3.3V 

Delay 
2.38 FO4  

(0.3V  2.5V) 

< 1 FO4 

(0.3V  1.2V) 

10 µs (0.4V  3V) 

(FO4 delay not 

available) 

7 ns (0.3V  1V) 

(FO4 delay not 

available) 

1.40 FO4  

(0.3V  1.8V) 

1.15 FO4 (0.3V  3.3V) 

1.04 FO4 (0.3V  2.5V) 

1.03 FO4 (0.3V  1.8V) 

Energy 

per 

transition 

(fJ)  

229  

(0.3V  2.5V) 

136  

(0.3V  1.2V) 

(calculated 

from 5.44 nW 

@ 20 KHz) 

5,800 (0.4V  

3V) 
22 (0.3V  1V) 588 (0.3V  1.8V) 

954 (0.3V  3.3V) 

188 (0.3V  2.5V) 

39 (0.3V  1.8V) 

Leakage 

power 

(pW) 

475  

(0.3V  2.5V) 

 

N/A 230 (0.4V  3V) 7,000 (0.3  1V) 4,650 (0.3V  1.8V) 

970 (0.3V  3.3V) 

340 (0.3V  2.5V) 

160 (0.3V  1.8V) 

Delay with 

3σ 

variation 

4.76 FO4  

(0.3V  2.5V) 
N/A N/A N/A 

3.14 FO4   

(0.3V  1.8V) 

(simulation results) 

2.31 FO4 (0.3V  3.3V) 

2.19 FO4 (0.3V  2.5V) 

2.27 FO4 (0.3V  1.8V) 

(simulation results) 

Area (µm2) 102.26 16.8 1880 1.38 99.79 153.01 

 

 Fig. 22 shows the simulated delay (normalized against FO4 

delay at VDDL) of the two level shifters over temperature from 

-40C to 125C. The maximum delay variation over the 

temperature range is 1.23×/1.16× for the proposed level shifter 

and is 2.96×/1.27× for the WCMLS, when converting 0.3V to 

0.6/1.8V. For both level shifters, the delay variation is less 

when converting to 1.8V than converting to 0.6V, because the 

current dependence on temperature is less when VDDH is in 

the super-threshold region. Compared with the WCMLS, the 

proposed level shifter has less sensitivity to temperature 

variation, especially when converting 0.3V to 0.6V. This is 

because the current and thus the delay is significantly 

dependent on temperature when VDDH is in the near-threshold 

region which amplifies the difference between the two level 

shifters. Also, in this case, as the temperature decreases, the 

delay of WCMLS increase faster than FO4 increases due to the 

weak feedback, resulting in an increase in the normalized delay.  

 Table 2 compares the performance and power consumption 

of the proposed level shifter with several state-of-the-art 

ultra-low-voltage level shifters. The delay of the proposed level 

shifter is 1.03 FO4, 1.04 FO4 and 1.15 FO4 for converting 0.3V 

to 1.8V, 2.5V and 3.3V respectively, which is the smallest 

among the compared level shifters for similar range voltage 

conversion. The proposed level shifter also shows the lowest 

switching energy and the second lowest leakage power among 

the compared level shifters for similar range voltage 

conversion. Regarding the leakage power, the level shifter with 

logic error correction [19] is the lowest. However, this is 

achieved in the price of delay and switching energy. We have 

also performed 2k-point Monte-Carlo simulation, which shows 

that the delay of the proposed level shifter under 3σ variation is 

small compared with other compared level shifters. A 

drawback of the proposed level shifter is that it has relatively 

large area, however, this can be reduced by using advanced 

technology nodes. Also, as previously discussed, the area can 

be reduced by eliminating the native devices if the application 

does not need I/O voltage conversion. 

VI. CONCLUSIONS 

In this paper a novel ultra-low voltage level shifter is 

proposed. The proposed level shifter achieves small delay and 

low power consumption for wide-range voltage conversion 

from sub-threshold to I/O voltage by using revised Wilson 

current mirror which comprises an input-controlled diode chain 

and revised feedback control. It also employs mixed-Vt device 

and INWE-aware device sizing to further improve the delay 

and power consumption. Measurement results at 0.18µm show 

that the proposed level shifter has significantly improved delay, 

switching energy and leakage power for wide-range voltage 

conversion, compared with the Wilson current mirror based 

level shifter. It achieves 1.03 (or 1.15) FO4 delay, 39 (or 954) 

fJ/transition and 160 (or 970) pW leakage power, when 

converting 0.3V to 1.8V (or 3.3V), which is better than several 

state-of-the-art level shifters for similar range voltage 

conversion.  In addition, the measurement results show that the 

proposed level shifter has good delay scalability with supply 

voltage scaling and low sensitivity to process and temperature 

variations. 

REFERENCES 

[1] A. Wang, A. Chandrakasan, "A 180-mV subthreshold FFT processor 
using a minimum energy design methodology," Solid-State Circuits, 
IEEE Journal of , vol.40, no.1, pp.310,319, Jan. 2005. 

[2] A. Raychowdhury, B. C. Paul, S. Bhunia, K. Roy, "Computing with 
subthreshold leakage: device/circuit/architecture co-design for 
ultralow-power subthreshold operation," Very Large Scale Integration 
(VLSI) Systems, IEEE Transactions on , vol.13, no.11, pp.1213,1224, 
Nov. 2005 

[3] D. Markovic, C. C. Wang, L. P. Alarcon, T. T. Liu, , J. M. Rabaey, 
"Ultralow-Power Design in Near-Threshold Region," Proceedings of the 
IEEE , vol.98, no.2, pp.237,252, Feb. 2010 

[4] M. Seok, D. Jeon, C. Chakrabarti, D. Blaauw, D. Sylvester, "A 0.27V 
30MHz 17.7nJ/transform 1024-pt complex FFT core with 
super-pipelining," Solid-State Circuits Conference Digest of Technical 
Papers (ISSCC), 2011 IEEE International , pp.342,344, 20-24 Feb. 2011. 



[5] M. Alioto, "Ultra-Low Power VLSI Circuit Design Demystified and 
Explained: A Tutorial," Circuits and Systems I: Regular Papers, IEEE 
Transactions on , vol.59, no.1, pp.3,29, Jan. 2012. 

[6] D. Jeon, M. Seok, Z. Zhang, D. Blaauw; D. Sylvester, "Design 
Methodology for Voltage-Overscaled Ultra-Low-Power Systems," 
Circuits and Systems II: Express Briefs, IEEE Transactions on , vol.59, 
no.12, pp.952,956, Dec. 2012.  

[7] A. Klinefelter, Y. Zhang, B. Otis, and B. H. Calhoun, "A Programmable 
34 nW/Channel Sub-Threshold Signal Band Power Extractor on a Body 
Sensor Node SoC", Circuits and Systems II: Express Briefs, IEEE 
Transactions on , vol. 59, issue 12, pp. 941, Dec. 2012. 

[8] D. Jeon, Y. Kim, I. Lee, Z. Zhang, D. Blaauw, D. Sylvester, "A 470mV 
2.7mW feature extraction-accelerator for micro-autonomous vehicle 
navigation in 28nm CMOS," Solid-State Circuits Conference Digest of 
Technical Papers (ISSCC), 2013 IEEE International, pp.166,167, 17-21 
Feb. 2013. 

[9] K. Craig. Y. Shakhsheer, S. Arrabi, S. Khanna, J. Lach, B.H. Calhoun, "A 
32 b 90 nm Processor Implementing Panoptic DVS Achieving Energy 
Efficient Operation From Sub-Threshold to High Performance," 
Solid-State Circuits, IEEE Journal of , vol.49, no.2, pp.545,552, Feb. 
2014. 

[10] J. Zhou, S. Jayapal, B. Busze, L. Huang, J. Stuyt, "A 40 nm 
inverse-narrow-width-effect-aware sub-threshold standard cell library," 
Design Automation Conference (DAC), 2011 48th ACM/EDAC/IEEE , 
pp.441,446, 5-9 June 2011. 

[11] Y. S. Lin, D. Sylvester, "Single stage static level shifter design for 
subthreshold to I/O voltage conversion," Low Power Electronics and 
Design (ISLPED), 2008 ACM/IEEE International Symposium on , 
pp.197,200, 11-13 Aug. 2008. 

[12] A. Chavan, E. MacDonald, "Ultra Low Voltage Level Shifters to 
Interface Sub and Super Threshold Reconfigurable Logic Cells," 
Aerospace Conference, 2008 IEEE , pp.1,6, 1-8 March 2008. 

[13] B. Zhai, S. Pant, L. Nazhandali, S. Hanson, J. Olson, A. Reeves, M. 
Minuth, R. Helfand, T. Austin, D. Sylvester, and D. Blaauw, 
“Energy-efficient subthreshold processor design,” Very Large Scale 
Integration (VLSI) Systems, IEEE Transactions on , vol. 17, no. 8, pp. 
1127–1137, Aug. 2009. 

[14] S. N. Wooters, B. H. Calhoun, and T. N. Blalock, “An energy-efficient 
subthreshold level converter in 130-nm CMOS,” Circuits and Systems II: 
Express Briefs, IEEE Transactions on , vol. 57, no. 4, pp. 290–294, Apr. 
2010. Syst. II, Exp. Briefs , vol. 57, no. 4, pp. 290–294, Apr. 2010. 

[15] US patent 7924080, Toshiba, “Level shifter circuit”, 2011. 

[16] I.  J.  Chang,  J.  Kim,  K.  Kim,  and  K.  Roy,  "Robust  level  converter  
for subthreshold/super-threshold  operation:  100mV to 2.5V," Very 
Large Scale Integration (VLSI) Systems, IEEE Transactions on , vol. 19, 
no. 8, pp. 1429-1437, Aug. 2011. 

[17] Y. Kim, D. Sylvester, D. Blaauw, "LC2: Limited contention level 
converter for robust wide-range voltage conversion," VLSI Circuits 
(VLSIC), 2011 Symposium on , vol., no., pp.188,189, 15-17 June 2011. 

[18] S. Lütkemeier and U. Rückert, “A subthreshold to above-threshold level 
shifter comprising a wilson current mirror,” Circuits and Systems II: 
Express Briefs, IEEE Transactions on , vol. 57, no. 9, pp. 721–724, Sept. 
2010. 

[19] Y. Osaki, T. Hirose, N. Kuroki, M. Numa, "A Low-Power Level Shifter 
With Logic Error Correction for Extremely Low-Voltage Digital CMOS 
LSIs," Solid-State Circuits, IEEE Journal of , vol.47, no.7, pp.1776-1783, 
July 2012. 

[20] S. C. Luo, C. J. Huang, Y. H. Chu, "A Wide-Range Level Shifter Using a 
Modified Wilson Current Mirror Hybrid Buffer," Circuits and Systems I: 
Regular Papers, IEEE Transactions on , vol.61, no.6, pp.1656,1665, June 
2014. 

[21] K. H. Koo, J. H. Seo, M. L. Ko, J. W. Kim, "A new level shifter in ultra 
deep sub-micron for low to wide range voltage applications," SOC 
Conference, 2004. Proceedings. IEEE International , pp.155,156, 12-15 
Sept. 2004 

[22] A. Gupta, R. Chauhan, V. Menezes, V. Narang, H. M. Roopashree, "A 
Robust Level-Shifter Design for Adaptive Voltage Scaling," VLSI 
Design, 2008. VLSID 2008. 21st International Conference on , 
pp.383,388, 4-8 Jan. 2008 

[23] J. Zhou, C. Wang, X. Liu, X. Zhang, M. Je, "A fast and energy-efficient 
level shifter with wide shifting range from sub-threshold up to I/O 

voltage," Solid-State Circuits Conference (A-SSCC), 2013 IEEE Asian , 
pp.137,140, 11-13 Nov. 2013. 

Jun Zhou (S’06-M’07-SM’14) received the dual 
B.S. degree from University of Electronic Science 
and Technology of China in 2004, and the Ph.D. 
degree from Newcastle University (UK) in 2008. He 
was a research scientist at IMEC Netherlands. Now 
he is with the Institute of Microelectronics (IME), 
A*STAR, Singapore, where he leads projects and 
supervises Ph.D. students on energy-efficient digital 
IC design. His research interests include 
energy-efficient digital signal processor design, 

ultra-low voltage & variation-resilient circuit design and 3DIC design.  
 

Chao Wang (S’06-M’10) received his B.Eng. and 
PhD degrees from Huazhong University of Science 
and Technology, China in 2000, and Nanyang 
Technological University (NTU), Singapore in 
2008, respectively. He was an IC Design Engineer 
with the Imaging Division, STMicroelectronics. 
Now He is a Research Scientist with the Institute of 
Microelectronics (IME), A*STAR, Singapore, 
where he leads projects on wearable medical 
devices for cardio-engineering applications. His 

research interests include energy-efficient circuits and systems design, 
ultra-low-voltage CMOS circuit design, MEMS sensor ASIC design, and 
3D-IC design..  

 
Xin Liu (M’12) received the B. Eng. Degree from 
Tianjin University, Tianjin, China, and the Ph. D. 
degree from Nanyang Technological University 
(NTU), Singapore, in 2000 and 2007 respectively. 
He is the Principal Investigator of Digital-IC group, 
Integrated Circuits & System (ICS) Lab, Institute of 
Microelectroncs, A*STAR, Singapore. He leads the 
DIC group’s research activities in the areas of 
energy-efficient digital signal processor 
architecture, reliable ultra-low voltage digital 

circuit design, hardware-oriented algorithm development for on-chip signal 
processing, cognitive wireless radio baseband, advanced 2.5D/3D TSV/TSI 
design, and digital-assisted mixed-signal circuit design.  

 
Xin Zhang (S'06-M'08-SM'13) received the B.S. 
degree from Xi’an Jiaotong University, Xi’an, 
China, in 2003, and the Ph.D. degree from Peking 
University, Beijing, China, in 2008. Since 2014, he is 
now a research staff member at IBM T. J. Watson 
Research Center, Yorktown Heights, NY, where he 
works on fully integrated voltage converters for 
server CPUs. Dr. Zhang has authored or co-authored 
over 30 technical papers and holds two Japanese 
patents. His research interests include power 

management ICs, wireless power transmission, energy harvesting circuits, and 
low-voltage low-power CMOS analog circuits. 
 

Minkyu Je (S’97-M’03-SM’12) received the M.S. 
and Ph.D. degrees, both in Electrical Engineering 
and Computer Science, from Korea Advanced 
Institute of Science and Technology (KAIST), 
Daejeon, Korea, in 1998 and 2003, respectively. In 
2003, he joined Samsung Electronics as a Senior 
Engineer and worked on multi-mode multi-band RF 
transceiver SoCs for cellular standards. From 2006 
to 2013, he was with Institute of Microelectronics 
(IME), Agency for Science, Technology and 
Research (A*STAR), Singapore. From 2011 to 2013, 

he led the Integrated Circuits and Systems Laboratory at IME as a Department 
Head, and was also a Program Director of NeuroDevices Program under 
A*STAR. From 2010 to 2013, he was an Adjunct Assistant Professor at 
National University of Singapore (NUS). Since 2014, he has been an Associate 
Professor at Daegu Gyeongbuk Institute of Science & Technology (DGIST), 
Korea. His main research areas are smart sensor interface ICs, ultra-low-power 
wireless communication ICs, and microsystem integration for emerging 
applications. He has more than 200 peer-reviewed international conference and 
journal publicationsas well as more than 30 patents issued or filed. 

 

 

 

 

 


