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Abstract—This paper examine the effect of subthreshold voltage 

in function, delay, power and energy. Benchmark circuit c6288 in 

45 nm technology is used in this design. The focus of this work is to 

find the optimal power delay product of benchmark circuit at 

subthreshold operation. The simulation was done using HSPICE. 

Results show that the 45nm cell libraries support the subthreshold 

operation of electronic circuits while providing reasonable power 

and energy savings. The result shows 87% of energy reduction 

with subthreshold voltage operation 
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I. INTRODUCTION 

Steady scaling down of CMOS technology has been the 

driving factor for the realization of high-performance very-large 

scale integration (VLSI) system. Traditional CMOS circuit 

operates at above threshold voltage as shown in Fig.1, and the 

surface of channel is strong inversion.  However, with the rapid 

scaling of technology, low power technology has catch the 

attention of many researchers.  

 
Fig.1, transition in above threshold cmos gate 

 

The motivation of low power design is to reduce the 

increasing power consumption of high performance circuit 

owing to technology scaling. In this case, lower power supply 

voltage can be used to achieve better power-delay product with 

slower but acceptable operation speed [2]. The extreme case in  

subthreshold circuit, which uses a supply voltage (Vdd ) lower 

than the threshold voltage (Vth) of transistor [3]–[7]. With the 

reduction of supply voltage, it is guaranteed that the dynamic 

power is reduced.  However, Vth scales down with Vdd for the  

purpose of keeping electric field of device constant. In this way, 
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the leakage current would increase. Also, with the reduction in 

power, delay is assumed to be increased because subthreshold 

circuit is operated with off-state (below threshold) current, as  

shown in Fig.2, which is very small compared with on-state 

(above threshold) current.  

 
Fig.2 off-state current 

 

While the scaling down of transistors causes a reduction in 

dynamic power due to faster switching of the circuit, there is an 

increase in leakage current flowing through the circuit due to 

scaling down of the threshold voltages hence causing a 

significant increase in static power dissipation. Hence, there is a 

significant interest in developing techniques for more power 

and energy efficient circuits at high leakage technologies. One  

of the possible solutions for is subthreshold voltage operation of 

circuits. For circuit operations where execution speed is not the 

primary motive, the circuits can be operated at voltage below 

the threshold voltages of the transistors making up the circuit 

without losing the functionality of the circuit. We find that 

scaling down the voltage gradually reduces short circuit power 

dissipation and it is completely eliminated at Vdd ≤ |Vtp| + Vtn. 

Dynamic power is also almost completely eliminated because 

circuit switching is caused by leakage current flowing in the 

circuit and not due to the transition current. 

Subthreshold digital circuits will be suitable only for 

specific applications which do not need high performance, but 

require extremely low power consumptions. This type of 

applications include medical equipments such as hearing 

aids and pace-maker, wearable wrist-watch computation, and 

self-powered devices. Subthreshold circuits is also applied to 

applications with bursty characteristics in which the circuits 

remain idle for an extended period of time at Fig.3. The original 
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active time period T in strong inversion region (top halo is being 

extended throughout the idle time period T running in 

subthreshold region (bottom half). The same number of 

operations is performed in both cases, but with much lower 

power consumption in the subthreshold operation. 

 

 
Fig.3. Subthreshold Circuit in Bursty Computation [5] 

 

II. CIRCUIT OPERATIONS 

A. Normal Operation 

At voltage above the threshold voltage, Circuit operates with 

on-state current either through pull-up network or pull-down 

network, when the input switch from 1-0, then the output will 

connected to the pull up network to charge the output 

capacitance. When input is from 1-0, then the output is 

connected to the pull down networks. These charge or discharge 

of output capacitor leads to increase or decrease of output node 

value.  For example, Fig. 1 shows a basic CMOS inverter which 

has a signal transition 1→ 0 at the input. 

In the above figure 1, when the input changes from a 1 to a 0, 

the nMOS transistor turns off while the pMOS turns on. Hence, 

the output capacitor charges to Vdd due to the current flowing 

ic(t) flowing through the channel formed in the pMOS transistor. 

Dynamic power dissipation occurs till the capacitor is 

completely charged to 0.5CV2. However, there is a continuous 

leakage current flowing through the circuit which causes a 

steady static power dissipation. 

Hence, the total power dissipated in the circuit is the sum of 

the dynamic power and the static power dissipated in the circuit 

which can become significant at high leakage technologies. 

Subthreshold voltage operation is therefore being recognized as 

a new way to reduce power consumption. 

 

 
Fig. 4 Components of Leakage current [1] 

B. Subthreshold operation 

Take an NMOS device as an example, channel cuts off when 

the voltage shunt on channel is not enough to attract channel 

electron, therefore, the circuit works on subthreshold region, in  

which Vgs<Vth, Vdd<Vth, Vds>0. However, the circuits still 

maintain some sort of functionality and can operate under the 

threshold voltage with a huge reduction in power dissipation 

along with a certain delay. 

The above figure.4 shows the various components of leakage 

current [1]: 

 Subthreshold current, Isub 

 Drain Source Punch through, IPT 

 Gate tunneling, IG 

 Gate Induced Drain Leakage IGIDL 

 Reverse Bias pn junction conduction, ID 

 

In the subthreshold region, all components of leakage current 

except subthreshold current are negligible. 

In this region, the transitions occur mainly due to the 

subthreshold current flowing in the transistors, whose equation 

is given by, 

Isub= μ0 Cox(W/L)Vt
2 exp {(VGS –VTH + ηVDS)/nVt}  

 

Where  

VDS = drain to source voltage 

η: a proportionality factor 

n = sub threshold slope factor (1 + Cd/Cox) 

III. CIRCUIT MODELING 

Subthreshold voltage operation was performed on a 

benchmark circuit c6288 which is a 16 bit multiplier. 

The circuit design was written in verilog and the verilog file 

was synthesized with Leonardo Spectrum.The synthesized file 

was then imported into Design Architect which gave the 

schematic of 16 bit multiplier as shown in Fig.5 and 6.Finally, 

after the spice netlist is generated by Design Architect, 45nm 

mosfet file from Predictive technology modeling (PTM)made 

by Arizona State University 

 

 
Fig.5. top levels of benchmark circuit, pins and multipler 

Block is shown. 
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Fig.6. circuit inside the multiplier block is shown 

SIMULATION RESULTS 

A. Power Delay Product 

The c6288 benchmark circuit multiplies two 16 bit inputs and 

B and gives a 32 bit result. The following vectors were applied 

in sequence to the inputs, these vector pairs contain a vector that 

could activate the critical path delay, which is the second vector 

pairs below: 

 

A –0000000110000000  B –0000000011000000 

1101101101101101            1111111111111111 

   0011111111001101     0000000111100111 

   0011000011001111     0000110000001011 

   0011001111001001     0000110111001011 

 

Before tabulating the power and delay of the circuit which 

was got from hspice, the output of each vector was verified to 

check whether the circuit functions as intended or not. 

 

Voltage Power(uw) Delay(ns) Power*delay 

(fj) 
1.1 2022083 0.28 566.18 

0.8 558360 0.79 441.1 

0.5 4647.4 36.84 171.2 

0.4 365.2 316.52 115.4 

0.3 26.183 3182.9 83.3 

0.25 6.75 10076 68.01 

0.2 2.7 30551 82.4 

0.12 0.624 163020 101.7 

0.1 0.50 246320 121.0 

0.09 0.43 304900 131.1 

 

Table1. Power delay information of benchmark circuit 

 

Table 1 shows the power and delay information of 

benchmark circuit. The 45nm technology from PTM has 0.62v 

as its threshold voltage, therefore, 1.1 and 0.8 voltages are 

above threshold operation while voltage below 0.6 is defined as 

subthreshold operation. It is observable that when the voltage 

decrease, power will decrease while the delay will increase. 

However, we reach an optimum power delay product at 0.25v. 

The reason is as the voltage decrease, power saving overweigh 

the increase of delay at some voltage region. It is found that 

when circuit operates at 0.25v, it reaches the maximal energy 

saving of circuit. 

Fig. 7 shows the power delay curve plotted on a graph using 

the data from Table 1 which graphically shows the optimum 

voltage points for both normal mode and subthreshold mode of 

circuit operation.  It is shown that 87% of power reduction is 

achieved while operate at the optimal subthreshold voltage 

region of 0.25v. However, delay is also a major concerns in 

circuit design. As we could see from the table 1, delay increase 

from 0.28ns from nominal voltage (1.1v) to 10076ns at 0.25v, 

which may be unacceptable for circuit that is required to operate 

at fast speed. However, this is applicable for some application 

that doesn’t require fast speed but needs low power 

consumption. For instance, this low power technique is 

applicable to pace makers. Therefore, the choice of operation 

voltage depends on the users need. 

 

 
Fig.7. plots the power delay product vs. the voltage for the c6288 

circuit and gives the points of maximum energy savings. 

 

B. Timing and Function 

 

 
Fig. 8 shows the timing diagram When the circuit runs at 0.25v. 

 

     Fig. 8 shows the critical path delay of this benchmark 

circuit. When the second pair of vector sets are applied, critical 
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path is activated. By examine the critical path delay, we can 

infer that if this circuit satisfy the speed specification. Also, it is 

important to see if this circuit still functions at this voltage level. 

In this work, we define the circuit as correctly functions by 

examining if the output could rise to more than 90% of its input 

value. Take the optimal voltage level 0.25v as an example, it is 

shown that the benchmark circuit is able to rise 0.25v at the 

output, which satisfy our requirement.  

IV. CONCLUSION 

This project has examined the operation of a circuit in a 

subthreshold region. We have shown that a circuit can still 

function as its intended design when operated below the 

threshold voltage. We have also shown that the subthreshold 

operation provide us better power and energy savings compared 

to a normal mode of operation. Hence, this mode may be very 

useful for operating circuits where timing and speed is not a 

major concern. 

One of the biggest advantages is that this subthreshold 

operation doesn’t require area overhead. As we could see from 

other low power techniques including pipeline or parallelism, 

power reduction is achieved with the increase of area overhead. 

Another advantages is that this subthreshold voltage operation 

has enormous energy reduction which is up to 87%. It is a good 

sign for those applications doesn’t need fast speed but eagers for 

low power, low energy device. Pace maker is a good example in 

this case.  

In terms of the further work, author believes that more 

advanced technology could be examined. Because the leakage 

current would be more significant in smaller devices.  Hence, a 

possible future research involves modeling circuits in high 

leakage technologies like 14nm and below and verifying the 

functioning of the circuits at subthreshold voltages and checking 

the energy savings got at those levels. 

This area has other numerous future research prospects.We 

have verified the operation of a combinational circuit in 

subthreshold mode. Future work could be done towards 

verifying and checking the operations of sequential circuits in 

subthreshold operation mode as the results drawn from this 

project is still about combinational circuit. Sequential circuit 

needs to have this examination to determine if this subthreshold 

voltage is applicable. But the author believes that subthreshold 

operation in sequential circuit would still be a good fit. 

Moreover, more detailed tests need to be conducted on these 

circuits to more accurately understand the working in the 

subthreshold region. 
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