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Abstract – This project aims at lowering the power consumption of a 32-bit adder, implemented with 45nm technology, by reducing the voltage of operation. The power dissipation and delay of the circuit at different voltages were studied and an optimal voltage of operation was chosen, based on the power-delay product. A level converter circuit was designed, in order to make the circuit compatible with other circuits implemented with the same technology and operating at nominal voltage of 1.1 V. The optimal voltage of operation, taking into consideration the power dissipated by the level converters, was found to be 0.5V. A power saving of 94.12% with a power-delay product of 0.09pWs was obtained at this voltage. 
Index Terms – Dynamic power, delay, power-delay product. 
I.      INTRODUCTION
Adders find application in a variety of circuits ranging from multipliers to Arithmetic Logic Units in microprocessors. The wide usage of adders necessitates an investigation to improve the performance of these circuits.  
With the increasing usage of portable devices, there are severe restrictions being placed on the size, weight and power of batteries. Circuits consuming more power require batteries to be charged more frequently. It has therefore become important not only to optimize circuits for delay and area, but also for power. This has led to a growing interest in finding newer and more effective power reduction techniques. 
The power dissipation of a circuit can be lowered in a number of ways, including lowering the supply voltage, reducing the frequency of operation and scaling threshold voltage. This project investigates the possibility of reducing the power consumption of the widely used adder circuit, by reducing the supply voltage. 
When the supply voltage is reduced, the voltage outputs from the adder circuit will also reduce. In fact, they will take values lesser than or equal to the supply voltage. In a typical application, the adder circuit will receive its inputs from other circuits and other circuits will receive inputs from the adder circuit. It therefore becomes important to convert the voltage outputs of the adder to voltages that can be recognized by other circuits implemented with the same technology.

Level converters are circuits that convert one level of voltage into another. Low to High Level converters have been used in this project in order to step up the voltage outputs of the adder circuit.

This project takes into consideration the power dissipated by the level converters also, in order to decide the operating voltage. 
II.      TOOLS USED

Tools that were crucial for the completion of this project were ModelSim, Leonardo Spectrum, MATLAB, DesignArchitect, LTSpice and PowerSim. 
The VHDL behavioral model was initially simulated in ModelSim for verification of functionality. Due to the lack of a tool that converts the VHDL behavioral model into a gate level netlist for 45nm technology, the Leonardo Spectrum tool was used to generate a gate level netlist corresponding to the 180nm technology. 
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Fig. 1. Usage of mentioned tools 

However, since this netlist is not compatible with PowerSim, the conversion code that is provided with the PowerSim tool was run in MATLAB to obtain the Rutgers Mode compatible netlist. 
The transistor level implementation of the gates used in the design was extracted using the DesignArchitect tool. LTSpice was then used to find the delay of different gates. The information about the delay was provided to PowerSim through a file with a .randlf extension. The vectors required to simulate the circuit were generated by the randomgen.cpp function provided with the PowerSim tool. These input vectors along with the 45nm technology file were given as inputs to PowerSim. Powersim generated the required values of worst case delay and average power.

Fig. 1. shows a flowchart indicating how the tools were used.

III.     OPERATION AT LOW VOLTAGE
The power dissipation and delay of a CMOS circuit largely depend on the supply voltage. Reducing the supply voltage decreases power consumption with an increase in delay. 
A. Variation of Dynamic Power with Voltage

 The power dissipation in CMOS circuits is mainly due to two components of power, namely static and dynamic power. The static power dissipation of a circuit is due to the leakage current in transistors. This power dissipation can be reduced by scaling the threshold voltage of transistors. The static power dissipation in a circuit is negligible when compared to the dynamic power dissipation. This component of power dissipation of a circuit varies with changes in the input vectors. It is not affected by the supply voltage reduction.
The dynamic component of power is due to short-circuit current and switching activity in circuits. Short-circuit current flows through the circuit when a path exists between the power supply and ground i.e. when both PMOS and NMOS transistors of a gate are simultaneously ON.  This power is very small as compared to the power dissipation due to logic activity.
The dynamic power dissipation in a circuit is given by
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where α is the activity factor, C is the total capacitance of the output node, V is the supply voltage and f is the operating frequency [1].
If the circuit performs one operation per cycle, the energy per operation is 
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Thus, it is evident that the dynamic power dissipation in a circuit reduces as the supply voltage is reduced. Dynamic power dissipation falls very quickly when supply voltage is reduced since it is a quadratic function of the supply voltage. This is the main motivation behind this project.

B. Variation of Delay with Voltage

When the supply voltage reduces, the drain-source voltage decreases, and hence the charge carriers slow down due to a decrease in the potential responsible for their movement. This leads to an increase in the time taken to charge the output capacitance to the required value.
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where I is the drain current, K is a transistor parameter that is constant for a transistor, VGS is the gate-source voltage of the transistor and Vth is the threshold voltage of the transistor.  
A drop in supply voltage causes a reduction in VGS and hence, the drain current drops quadratically. 
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where R is the resistance of the transistor, and I is the drain current. 

The drop in drain current can be viewed as an increase in resistance of the transistor. The time constant is given by the formula
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where τ is the time constant for charging and discharging of the capacitor, R is the resistance of the transistor and C is the capacitance seen at the output of the gate.

The increase in resistance increases the time constant of the circuit and hence, the delay of the circuit increases. Thus, reducing the supply voltage has a negative effect on the delay of the circuit.

C. Variation of Power-Delay product with Voltage
The power-delay product of a circuit is a measure of the energy consumed by it. When the supply voltage is decreased, the power dissipated by the circuit decreases. However, the delay of the circuit increases. Therefore, the power-delay product is used as the parameter to find the operating voltage of the circuit at which energy dissipation is minimal.
The quadratic decrease in power and linear increase in delay with reduction in supply voltage, lead to an initial decrease in the power delay-product and later to an increase in the parameter, below a certain supply voltage. This supply voltage, at which the power-delay product is minimal, is chosen as the operating voltage of the circuit. 
IV.     THEORETICAL RESULTS
The values of power and delay were calculated using mathematical equations, in order to verify the results of the simulation.
A. Calculation of Dynamic Power
As seen in the previous section, the dynamic power is a function of the supply voltage and operating frequency.
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From PowerSim simulation results, the dynamic power dissipated by the adder circuit at a supply voltage of 1.1V and a clock period of 650ps was found to be 232.72µW. The value of K calculated from these results is 0.125 pmho.
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This formula was used to calculate the dynamic power dissipation at different voltages. The simulated and calculated values of dynamic power, and the power savings due to voltage reduction are indicated in Table I.
TABLE I
DYNAMIC POWER DISSIPATION IN ADDER CIRUCUIT MEASURED IN µW
	
	From Simulation
	Calculated value
	% decrease in power

	1.1 V
	232.72
	232.72
	-

	1.0 V
	200.61
	192.33
	13.56

	0.9 V
	142.47
	135.02
	38.38

	0.8 V
	89.86
	84.22
	60.86

	0.7 V
	51.45
	47.12
	77.26

	0.6 V
	27.11
	25.00
	87.66

	0.5 V
	11.27
	10.42
	94.43

	0.4 V
	3.94
	3.64
	97.56
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Fig. 2. Calculated and Simulated values of Dynamic Power versus supply voltage

Fig. 2. shows the calculated and simulated values of dynamic power dissipation at different supply voltages. It can be seen that the calculated value is almost the same as the simulated value.
B. Calculation of Delay
The variation of delay with operating conditions can be represented by the formula
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                              (10)
where T is the delay, K and α are constants, V is the supply voltage and Vth is the threshold voltage [2].
From results obtained from PowerSim, the delay of the adder circuit at a supply voltage of 1.1V is 625ps and the delay at a supply voltage of 1.0V is 640ps. These values were used to calculate the values of K and α. The values of K and α were found to be 420 and 0.73 respectively. The formula used to calculate the delay at different voltages was
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The calculated and simulated values of delay at different supply voltages are tabulated in Table II. At a voltage of 0.4V, the supply voltage is lesser than the threshold voltage of 0.44V. (V – Vth) assumes a negative value and hence, the delay cannot be calculated at a supply voltage of 0.4V.
Fig. 3. is a plot of the calculated and simulated values of delay versus the supply voltage. When the voltage is reduced, the delays of individual gates increase and hence, the critical paths vary with voltage. 
TABLE II
DELAY IN ADDER CIRUCUIT MEASURED IN PS
	
	From Simulation
	Calculated value
	% increase in delay

	1.1 V
	625
	625
	-

	1.0 V
	640
	640
	2.4

	0.9 V
	727
	665
	16.32

	0.8 V
	932
	706
	49.12

	0.7 V
	1263
	784
	102.11

	0.6 V
	1775
	955.48
	184

	0.5 V
	2728
	1616
	336.48

	0.4 V
	5110
	-
	717.6
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Fig. 3. Calculated and Simulated values of Delay versus supply voltage

Hence, the calculated and simulated values of delay do not match due to the variation of K with different critical paths. 
V.     LEVEL CONVERTERS

As mentioned earlier in Section I, level converter circuits are necessary to step up the output voltages of the adder circuit to 1.1V, which is the nominal voltage for 45nm technology. However, it is not necessary to use a High to Low converter to step down the input voltage to the adder circuit from 1.1V to the operating voltage of the adder. This is because, a 1.1V input will appropriately turn ON and turn OFF the transistors operating at a lower voltage. However, a low voltage input will not be sufficient to turn ON and turn OFF transistors operating at 1.1V. This may lead to unnecessary short-circuit power and may even affect the functionality of the circuit.
[3] Fig. 4. shows the level converter circuit used in this project.  It is important to note that VDD2 should equal 1.1V, and that the inverter has to be supplied a low voltage i.e. VDD1 should equal the operating voltage of the adder. 

Fig. 5. shows how the level converter circuit functions. A high output from the adder circuit turns on transistor TN1 and hence node OUT1 would assume a low value. This turns on transistor TP2. The low output from the inverter turns off transistor TN2 and hence node OUT2 assumes a high value of 1.1V. This in turn would turn off transistor TP1. Thus, a high input at a lower voltage level is converted into a high output of 1.1V. 
These level converters lead to an increase in the area of the circuit and, they also add to the power consumption of the circuit.
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Fig. 4. Level Converter circuit
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Fig. 5. Working of Level Converter circuit

TABLE III
PERFORMANCE OF CIRCUIT AT DIFFERENT SUPPLY VOLTAGES
	
	1.1 V
	1.0 V
	0.9 V
	0.8 V
	0.7 V
	0.6 V
	0.5 V
	0.4 V

	Average power (µW)
	467.9
	404.5
	288.38
	183.2
	106.4
	57.7
	26.1
	11.4

	Power per converter (nW)
	-
	58.5
	52.5
	48.8
	47
	46
	45
	44

	Total power (µW)
	467.9
	406.42
	290.11
	184.77
	107.95
	59.26
	27.54
	12.86

	% decrease in power
	-
	13.15
	38.01
	60.52
	76.93
	87.34
	94.12
	97.25

	Adder delay (ps)
	625
	640
	727
	932
	1263
	1775
	2728
	5110

	Converter delay (ps)
	-
	75
	97
	125
	172
	260
	658
	3494

	Total Delay (ps)
	625
	715
	824
	1057
	1435
	2035
	3386
	8604

	% increase in delay
	-
	11.72
	28.75
	65.16
	124.22
	217.97
	429.06
	1244.38

	Power-Delay product (pWs)
	0.29
	0.29
	0.23
	0.19
	0.15
	0.12
	0.09
	0.11


VI.     RESULTS
The power dissipation and delay of the circuit at different supply voltages have been tabulated in Table III. The power dissipation indicated corresponds to the sum of the power dissipation in the 32-bit adder circuit and the power dissipation in the 33 level converter circuits added at each output node of the adder circuit. The delay corresponds to the sum of the delay of the critical path in the circuit and the delay of one level converter placed at the end of the critical path.

The power-delay product of the circuit at different voltages is also shown in Table III. It can be seen that the power-delay product decreases as the voltage is decreased from 1.1V to 0.5V. However, it starts increasing once the supply voltage is reduced below 0.4V. 0.5V is therefore chosen as the operating voltage of the circuit.

This can be seen more clearly in Fig. 6. The power delay product has a point of minima at 0.5V. This point corresponds to the point of minimum energy consumption.
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Fig. 3. Power-delay product versus supply voltage
VII.     CONCLUSIONS
The performance of the adder circuit was measured at different voltages. It was found that reduction of supply voltage reduces power dissipation, but, increases delay of the circuit. Based on the power-delay product at different voltages, it was found that the circuit should be operated at 0.5V for minimum energy consumption. While this design minimizes the energy consumption of the circuit, it also increases the delay of the circuit by a large amount (429%). Another tradeoff for the reduced power dissipation is the increase in area by about 25% because of the introduction of 33 level converters in the circuit. 
It would be an interesting experiment to find out how the circuit performs when a few chains of gates that do not lie in the critical path are operated at reduced voltages. However, the tradeoff in this case would be the increase in the number of level converters used. Power minimization can also be done by using high threshold gates in the non-critical paths.
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