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Abstract - This work aims at operating the benchmark circuit 

c6288 in subthreshold region. Subthreshold operation is an 

emerging approach for low power applications where operating 

speed is not a major concern. In this project, the power dissipation 

and critical path delay of the circuit were measured using Spice 

simulation at different voltages. An optimum voltage of operation 

below threshold voltage was obtained where we can get minimum 

energy dissipation i.e. minimum power delay product. 

Keywords - subthreshold operation, c6288 benchmark circuit, 

low power design. 

I. INTRODUCTION 

HE need for ultra-low power applications is growing 

rapidly with scaling down of transistors and increasing use 

of portable devices. In devices that require constant power 

supply like sensors, hearing aids and cardiac pacemakers, 

where high performance is not a primary concern, there is a high 

demand of low power operation [1]. The battery size and 

capacity of such circuits is very small. Hence, the device can’t 

operate for a longer period without replacement of batteries. 

The total power dissipation in a circuit consists of static and 

dynamic power. With the decreasing supply voltage, dynamic 

power decreases. However, due to scaling down of threshold 

voltage, the leakage current increases causing significant 

increase in static power dissipation. So, there is a need of 

developing techniques to reduce power and build energy 

efficient devices. Operation of a circuit in subthreshold (below 

the threshold voltage) region in high leakage technologies can 

prove to be quite useful to overcome this problem. 

Short circuit power decreases with voltage scaling and 

becomes zero when Vdd ≤ |Vtp| + Vtn. Dynamic power also 

becomes zero because the change in the logic values in the 

subthreshold region is by the leakage current and not by the 

transition current. 

We get a significant power reduction by operating the circuit 

in subthreshold region. This project focuses on determining the 

optimum supply voltage for a given threshold voltage where 

minimizing energy is the major concern. We simulate the 

circuit to find the optimum subthreshold voltage at which the 

energy dissipation is minimum. Energy reduction of 86% can 

be obtained by operating the circuit at optimum voltage 

compared to normal operation at 1 V.  

 
 

II. CIRCUIT OPERATION 

A. Normal Operation 

In normal operation of any circuit, the supply voltage (VDD) 

is above the threshold voltage. So the transition of the logic 

level takes place due to charging and discharging of capacitance 

by transition current flowing through the channel of nMOS and 

pMOS devices. 

Fig. 1 shows the signal transition from 1→ 0 in a CMOS 

inverter. 

 
Fig. 1 CMOS Inverter with 1→ 0 signal transition 

 

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

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

output capacitor charges to Vdd due to the current flowing 

through the channel formed in the pMOS transistor. 

Dynamic power continues to dissipate till the capacitor is 

completely charged to ½ CV2. But there will be a continuous 

leakage current flowing through the circuit which causes a 

steady static power dissipation [2]. 

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. 

B. Subthreshold operation 

At the voltage levels below the threshold voltage (VDD < Vth) 

of the transistors, the channel between the drain and source 

region cuts off. The circuit can still operate correctly due to 

steady flow of leakage current through the transistor. As the 

leakage current is too small compared to the transition current, 

the power dissipation in the circuit is greatly reduced along with 

a certain delay. 
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Fig. 2 Components of Leakage current 

Fig. 2 shows various components of leakage current in a 

MOSFET [3]: 

a) Subthreshold current, Isub 

b) Drain Source Punch through, IPT 

c) Gate tunneling, IG 

d) Gate Induced Drain Leakage IGIDL 

e) Reverse Bias pn junction conduction, ID 

In this region, the transitions occur mainly due to the 

subthreshold current, whose equation is given by, 

Isub= μ0 Cox(W/L)Vt
2×exp {(VGS –VTH + ηVDS)/nVt}      (1) 

where 

  VDS = drain to source voltage 

η: a proportionality factor 

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

III. CIRCUIT MODELING AND PROCESS FLOW 

In this project, c6288 benchmark circuit was used to operate 

in subthreshold region. It is a 16 bit × 16 bit multiplier whose 

output consists of 32 bits. Fig. 3 shows the logic structure of 

ISCA85 c6288 circuit. 

 
 

Fig. 3. ISCA85 c6288 benchmark circuit 

This circuit consists of 15 half adders and 225 full adders 

arranged in a 15×16 matrix. There are 2406 logic gates in total 

in this circuit. The gate level circuit diagram of a full adder 

circuit is shown in Fig. 4 

 
Fig. 4. Gate level circuit diagram of Full adder 

The implementation of the project is described below [4]:- 

STEP I - The entire circuit was modeled in ModelSim using 

Verilog. Its operation was verified by simulating the verilog file 

by giving different input vectors and observing the output to 

check whether the circuit functions as intended or not. 

Fig. 5 shows the simulation results for three random inputs. By 

observing the binary output, we can say that it is the binary 

multiplication of two inputs and the circuit works correctly. 

 

Fig. 5. Simulation of the verilog file in ModelSim 

STEP II - The verilog behavioral model was synthesized in 180 

nm TSMC technology using Leonardo Spectrum to generate the 

gate-level netlist. It also generates Delay and Area report using 

which we can know the critical path delay. 

STEP III - The gate level netlist was imported into Design 

Architect to generate the transistor-level netlist. It also 

generates the schematic of the circuit as shown in Fig. 6. 

 

 Fig. 6. Circuit schematics of c6288 in Design Architect 
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Fig. 7. Process flow of the project 

STEP IV - The spice-level netlist generated by Design Architect 

was used to simulate the circuit in Hspice. Fig. 7 shows the 

complete flow of the process used in this project. 

IV. SIMULATION RESULTS 

Synopsys Hspice was used to simulate the c6288 benchmark 

circuit for different supply voltages. 32 nm PTM low power 

model was used in this project and the threshold voltage in this 

technology is 0.63 V. So the spice netlist was modified 

according to 32 nm technology. Thirty input vectors were 

applied to both A and B inputs in sequence with some delay 

between them. 16-bit random numbers were used as input 

vectors. 

Average power dissipation of the circuit was calculated in 

Hspice for different VDD values ranging from 1.1 V to 0.4 V. 

The critical path of this circuit is from 15th bit of input A (or 0th 

bit of input B) to 30th (or 31st) bit of output [5]. The critical path 

delay of the circuit was also obtained using Hspice for the above 

mentioned voltage values. The delay was calculated between 

the 50% of input and output voltages during their transition. 

Fig. 8 shows the timing diagram in EZwave after simulating 

the circuit in Hspice. At VDD = 0.4 V, transition in an input bit 

causes transition in the output bit which proves that circuit can 

still function below threshold voltage but with added delay. 

 

Fig. 8. Change in output voltage when input voltage changes from 

low to high 

The rise time of input is set to 0.01 ns. Waveforms of input 

(A15) and output (P31) voltage were obtained for both normal 

and subthreshold modes. The transient wave forms for 1 V 

(normal operation) and 0.5 V (subthreshold operation) are 

shown in Fig. 9 and Fig.10 respectively. The values of average 

power dissipation, circuit delay and the power delay product for 

various voltage levels is tabulated in Table 1. 

 

Fig. 9. Input and Output waveforms at 1 V (normal operation) 

 

Fig. 10. Input and Output waveforms at 0.5 V (subthreshold) 

From Fig. 9 and 10, we can say that the benchmark circuit 

functions correctly below the threshold voltage. We also get 

reduced energy operation compared to normal operation. From 

Fig.10, we can also infer that the output is almost glitch free. 

Table 1. Simulated results of Power, Delay and Power Delay 

product for various voltage values 

 

Voltage 

(V) 

Power 

(μW) 

Delay 

(ns) 

Power × Delay 

(fJ) 

1 640.16 0.0761 48.716 

0.9 301.48 0.1042 31.414 

0.8 113.53 0.1739 19.743 

0.7 41.799 0.4017 16.791 

0.6 6.0377 1.6605 10.026 

0.55 1.6945 4.0005 6.7788 

0.5 1.4050 11.815 16.600 

0.45 0.6368 34.717 22.108 

0.4 0.1535 111.81 17.164 

0.3 0.1051 1170.7 123.04 

From Table 1, we can observe that the value of power 

decreases but the delay of the circuit increases with the 

decreasing supply voltage. The optimum voltage at which we 

obtain the maximum energy savings is highlighted in Table 1. 

The circuit slows down at this voltage but the delay is not too 

large for practical purposes. Fig. 11 shows the plot of power 

delay product vs supply voltage (VDD). It gives the operating 

points for minimum energy savings. 
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Fig. 11. Plot of Power Delay product vs Voltage (VDD) for c6288 

The optimum voltage of c6288 benchmark circuit obtained 

for minimum energy operation was 0.55 V which was just 

below the threshold voltage. The power dissipation was 1.6945 

µW and the product of power and delay was 6.7788 fJ at the 

optimum voltage. 

From the data in the table, it can be inferred that we get 90% 

of energy savings by operating the benchmark circuit at 

optimum voltage in the subthreshold region compared to its 

operation in the normal mode at 1V. 

V. CONCLUSION 

From this project, it can be shown that the circuit can 

function correctly in the subthreshold region. We can conclude 

that operating the circuit below the threshold voltage can help 

us in saving lot of power and energy compared to its operation 

in normal mode. 

As there will be a tradeoff between power and delay, the 

delay of the circuit in subthreshold region will be large 

compared to non-subthreshold region. So, this can be quite 

useful in applications where the execution speed is not a 

primary concern. 

One other good thing about this technique is that there is no 

requirement of extra circuitry in reducing power dissipation. 

So, there will not be any area overhead for subthreshold 

operation. 

We saw that there is a significant reduction in the average 

power of the circuit in the subthreshold region. We get around 

80% of power savings compared to normal operation. 

VI. FUTURE WORK 

This area has many future research possibilities. More 

detailed tests need to be conducted to accurately understand the 

working of this circuit in subthreshold region. 

The functionality of a combinational circuit has been verified 

in the subthreshold region. But the future work could be done 

in verifying the correct operation of sequential circuits as well 

as the energy savings in subthreshold mode. 
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