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Abstract—This project examines the operations of an electronic circuit in the subthreshold region. Subthreshold operation is emerging as a good technique for low power design of circuits where speed of execution is not a primary concern.

In this project, we aim to reduce the power and power delay product of a benchmark circuit, study the effect of voltage reduction on power dissipation and the change in delay in the circuit and find the optimum subthreshold voltage where we get the maximum power and energy savings.

The c6288 benchmark circuit was used for this project which is a 16 bit multiplier. The circuit was designed in 0.18μm technology and the simulation was done using ELDO SPICE.

Results show that the 0.18μm cell libraries support the subthreshold operation of electronic circuits while providing reasonable power and energy savings.
Index Terms—c6288, low voltage operation, very low power design, subthreshold operation.
I. INTRODUCTION
T
Here is a growing concern with the increase in power dissipation with the scaling down of transistors. We know that Total Power (Ptotal) dissipated in a transistor consists of Static Power (Pstatic) and Dynamic Power (Pdynamic).
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 this conundrum 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.

Hence, subthreshold operation of circuits has tremendous potential in designing watches and hearing aids and in emerging ultra-low applications like distributed sensor networks [2].
II. Circuit operations
A. Normal Operation
At voltages above the threshold voltage of the transistor, the transitions in the circuit occur due to charging or discharging of the output capacitance by the transition current or drift current flowing through the channels formed in the transistors.

Fig. 1 shows a basic CMOS inverter which has a signal transition 1→ 0 [1].
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Fig. 1 CMOS Inverter with 1→ 0 signal transition

In the above figure, 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.

B. Subthreshold operation
[image: image1]When we approach voltage levels which are below the threshold voltage of the transistors, we find that the channel current cuts off. 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.
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Fig. 2 Components of Leakage current [1]
The above figure 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)Vt2 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 in 0.18μm using LeonardoSpectrum.

The synthesized file was then imported into Design Architect which gave the schematic of 16 bit multiplier as shown in Fig. 3 and 4.

Finally, the Timing and power analysis was done using ELDO SPICE and the results were tabulated

Fig. 3 (Top) and Fig. 4 (Bottom) shows the schematic of a 16bit multiplier when the synthesized verilog file is imported into Design Architect.

IV. simulation results
A. Inverter

Before simulating the operation of the benchmark circuit at subthreshold voltage, we verified the operations of a basic CMOS inverter in the subthreshold region. 

The CMOS inverter was designed in Design Architect using 0.18μm technology cell libraries and the timing and power analysis done using ELDO.
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To verify the timing and power analysis, an input vector of 01 was applied to the circuit to check for the 1→0 and 0→1 of the output.
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Fig. 5 shows the basic schematic of a CMOS inverter
The operations of the circuit at various Vdd levels are tabulated below along with the power dissipation and delay at that voltage level.

	Voltage (V)
	Power (μW)
	Delay (ns)
	Power x Delay (fJ)

	3
	99.6
	0.427
	42.55

	2
	44.9
	0.575
	25.82

	1.5
	8.97
	0.964
	8.64

	1.1
	2.77
	1.11
	3.069

	0.9
	1.78
	21.6
	38.311

	0.8
	0.275
	2.01
	0.553

	0.6
	0.139
	4.82
	0.671

	0.5
	0.0827
	12.9
	1.066

	0.4
	9.67 x 10-4
	65.1
	0.063

	0.3
	4.16 x 10-4
	500
	0.21

	0.2
	2.76 x 10-6
	4120
	0.0113

	0.1
	8.36 x 10-7
	27100
	0.0226


Table 1 The shaded regions show the voltages where we get the maximum energy savings for both modes of operations for the CMOS inverter.
From the table and the graph plotted in Fig. 6, we can infer that the circuit not only works below the threshold voltage but gives us sufficient energy savings as well.

Furthermore, the timing plot in Fig. 7 shows that the output is relatively glitch free when compared with the input signal. The rise time and fall time of the input wave was set to 1ns.

The optimum voltage in normal operation mode to get the maximum energy savings is a value just above 1.1 V.
The optimum voltage at subthreshold operations for maximum energy savings is 0.2 V.

Hence, we can see that we get a higher energy savings by operating the circuit at subthreshold region.

Fig. 6 plots the power x delay points given in Table 1 with respect to the voltage levels to find the optimum voltage point where we get the maximum energy savings for the CMOS inverter.
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Fig. 7 shows the change in the output when there is a 0→1 signal transition at the input for the CMOS inverter.
B. c6288 Benchmark Circuit
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 with a reasonable delay between each vector: -

A – 0000000000000010

B – 0000000000001110


   0000000000000011


   0000000000010011


   0000000000000110


   0000000000000111


   0000000000001111


   0000000000000101

Before tabulating the power and delay of the circuit which was got from ELDO, the output of each vector was verified to check whether the circuit functions as intended or not.
	Voltage (V)
	Power (μW)
	Delay (ns)
	Power x Delay (fJ)

	3
	304.9
	0.122
	37.296

	2
	92.3
	0.129
	11.83

	1.5
	32.8
	0.148
	4.839

	1.1
	14.7
	0.290
	4.244

	0.85
	8.34
	0.527
	4.392

	0.6
	1.50
	1.50
	2.239

	0.4
	4.06 x 10-3
	49.5
	0.2006

	0.3
	2.78 x 10-3
	461.3
	1.2824

	0.2
	1.41 x 10-3
	4017
	5.63

	0.1
	0.64 x 10-3
	33450
	21.39


Table 2 The shaded regions show the optimum voltage values where we get the maximum energy savings for the benchmark circuit.
Fig. 8 shows the power delay curve plotted on a graph using the data from Table 2 which graphically shows the optimum voltage points for both normal mode and subthreshold mode of circuit operation.
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Fig. 8 plots the power delay product vs. the voltage for the c6288 circuit and gives the points of maximum energy savings.
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Fig. 9 shows the timing diagram of a 1 bit input pin and the corresponding output bit at 0.3 V for the benchmark circuit.

Fig. 9 shows the timing diagram of a one bit input and the corresponding out bit at a subthreshold voltage which proves that the circuit can still function successfully with a certain delay below the threshold voltage.

From Fig. 8 and Fig. 9, we can infer that the benchmark circuit runs successfully at voltages below the threshold voltage of the circuit and we can achieve energy savings which are better than the savings got from the normal mode of operation.

From the data in the table, the maximum energy savings we are able to achieve is almost 95%.
V. 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 this technique has over other low power designs is that there is no area overhead. Some designs incorporate the addition of extra circuitry to achieve power savings which increases the area overhead. 

Another advantage we have seen is the huge power and energy savings. We have achieved power and energy savings of over 95% when comparing the optimum operating points of both modes. However, the results have to be checked again to find the static and dynamic power dissipated in the circuits.
From the graphs, we inferred that the optimum voltage point for energy savings is 0.4V which is just above the threshold voltage. But, since we are getting close energy savings below the threshold voltage point, we need the operations of different circuits.

Another reason that we might not be getting better savings in the subthreshold region is because the circuit has been modeled in the 0.18μm technology where the leakage current is very less.

Hence, a possible future research involves modeling circuits in high leakage technologies like 65nm 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 inconclusive whether subthreshold voltage operation provides us better savings or not.
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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