PROJECT REPORT
ON
Effect of Variation of threshold voltage on power consumption, delay and area of a 32x32 bit array Multiplier

FOR
ELEC 6970: Low Power Design

Sachin Dhingra

Objective:

To reduce the leakage current by varying the threshold voltage of the transistors and observe its effect on the overall power consumption, delay and area of the circuit 
Background:

This section gives a brief description of the concepts required for understanding the project.
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Threshold Voltage: It is the minimum voltage required to turn on a transistor. Threshold voltage is given by: 

Vt = Vt0 + γ[(Φs+Vsb)½- Φs½]

Where,

Vt0 – Threshold voltage when source is at body potential (i.e. Vsb = 0 V) 

γ – Body effect parameter, a function of doping level, permittivity and oxide thickness

Φs – Surface potential, a function of thermal voltage and doping level

Vsb – Source to Body voltage

So, Threshold Voltage is a function of Doping concentration, Thickness of oxide and Source to Body Voltage (Body bias voltage).
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Leakage Power: CMOS circuits mostly consume power only during transitions; the power consumed by CMOS circuits during steady state is known as Static power also known as Leakage power. One of the biggest contributors of the leakage power is the sub-threshold conduction of a transistor. The leakage current is given by
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Where,

Vt – Threshold voltage

I0 – Ids @ cutoff i.e. Vgs = Vt

n – experimentally derived constant

Delay: The switching time of a transistor decides the delay of a gate. Delay is inversely proportional to the threshold voltage of a transistor.
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α ~1, for short channel devices

Critical Path: It is the path in the circuit which has the longest delay from the input to the output.

From 1 and 2 we deduce that the Delay of a circuit increases as the threshold voltage increases and the leakage power reduces.
Multiplier design:

The multiplier was design using VHDL. Following is the generate statement which creates a multiplier using cells as a component.

gen1: for i in 1 to n generate


gen2: for j in 1 to n generate



cond0: if ( (j=1)and(i<n) ) generate




cel: cell port map( A(i),B(j),si((i-1)*n+j),ci((i-1)*n+j),Y(i),ci((i-1)*n+j+1) );



end generate;



cond1: if ( (j>1)and(j<n)and(i<n) ) generate




cel: cell port map( A(i),B(j),si((i-1)*n+j),ci((i-1)*n+j),si(i*n+j-1),ci((i-1)*n+j+1) );



end generate;



cond2: if ( (j=n)and(i<n) ) generate




cel: cell port map( A(i),B(j),si((i-1)*n+j),ci((i-1)*n+j),si(i*n+j-1),si(i*n+j) );



end generate;



cond3: if ( (j<n)and(i=n) ) generate




cel: cell port map( A(i),B(j),si((i-1)*n+j),ci((i-1)*n+j),Y(i+j-1),ci((i-1)*n+j+1) );



end generate;



cond4: if ( (j=n)and(i=n) ) generate




cel: cell port map( A(i),B(j),si((i-1)*n+j),ci((i-1)*n+j),Y(i+j-1),Y(i+j) );
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end generate;


end generate;

end generate;

gen3: for i in 1 to n generate


si(i) <= '0';


ci(n*(i-1)+1) <= '0';

end generate;

Procedure:

1. The multiplier is designed and verified using Mentor Graphics ModelSim.
2. Boundary condition numbers like 0, 1, 232…. and some prime numbers are multiplied to verify the design.
3. Leonardo is used to synthesize the circuit using the TSMC 0.25 µm technology.

4. The area of the circuit in terms of number of gates and the critical delay paths along with the delays are found using Leonardo.
5. For Power and Delay analysis of the circuit with varying threshold voltages we use a tool by Mentor Graphics known as ADK Design Architect.
6. The Threshold voltage can be varied by either changing the Vsb or by changing the physical parameters of the transistor. In my case I discovered that the parameters given in model file for a given technology can be changed. So by simply editing the ‘.mod’ file of the technology library the threshold voltage of the PMOS and NMOS transistor could be changed.

7. As the simulation times of the CAD tool (Design Architect) were large, the detailed analysis was done for a multiplier cell and 2 x 2 multiplier only

8. The effect of threshold voltage variation was analyzed for 2 x 2, 4 x 4, 8 x 8 and 16 x 16 bit multipliers. The values can be extrapolated for 32 x 32 bit multiplier
Results and Observation:
Area and Critical Delays
	Multiplier size
	# Cells
	N (# bits)
	Area (# gates)
	Critical Delay (ns)

	Cell
	1
	1
	7
	0.67

	2x2*
	4
	2
	13
	0.56

	4x4
	16
	4
	82
	3.25

	8x8
	64
	8
	400
	7.84

	16x16
	256
	16
	1708
	17.4

	32x32
	1024
	32
	6995
	36.52


* The hierarchy was flattened which led to smaller area and lower delay as compared to a Cell

[image: image1]
If we maintain hierarchy for synthesis we see a linear increase in the area as the size of the multiplier increases, whereas the delay increases linearly with the number of input bits.
Effect of Vt on Leakage Power, Total Power and Delay
- CELL Analysis
	∆Vt (V)
	Vt (NMOS)
	Vt (PMOS)
	Leakage Power (pW)
	Average Power (µW)
	Delay 

(ps)
	Power Delay 

Product

	-0.35
	0.15
	-0.16
	4082400.00
	36.38
	60.97
	2217.9

	-0.30
	0.18
	-0.19
	1176200.00
	32.17
	62.21
	2001.6

	-0.20
	0.28
	-0.29
	794795.00
	29.52
	65.36
	1929.4

	-0.10
	0.38
	-0.39
	4772.00
	28.62
	69.80
	1997.7

	-0.05
	0.43
	-0.44
	1204.10
	27.51
	72.12
	1984.0

	0.00
	0.48
	-0.49
	351.62
	26.39
	74.33
	1961.6

	0.10
	0.58
	-0.59
	100.91
	25.57
	80.07
	2047.4

	0.20
	0.68
	-0.69
	86.16
	24.34
	87.01
	2117.8

	0.40
	0.88
	-0.89
	84.30
	22.83
	106.79
	2438.0

	0.60
	1.08
	-1.09
	83.46
	21.93
	137.02
	3004.8

	1.00
	1.48
	-1.49
	81.74
	20.25
	253.84
	5140.3

	1.20
	1.68
	-1.69
	80.89
	19.61
	379.88
	7449.4

	1.60
	2.08
	-2.09
	79.20
	18.54
	1335.96
	24768.7


Note: Red color indicates default value and Blue color indicates optimum value for min power delay product
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From the product Delay graph we can see that the default value of the threshold value actually provides the best tradeoff between delay and power while keeping leakage current low. From the graphs we can observe that the Leakage Power increases exponentially as we decrease Vt and the delay value is increases (∝ 1/(Vdd-Vt)) as Vt increases. Leakage Power appears to be a very small percentage of the actual of the total power hence leakage power reduction has a small effect on the overall Power reduction.
- Multiplier Analysis
	Multiplier
	∆Vt (V)
	Leakage power (pW)
	Average Power (µW)
	Delay (ps)
	Power Delay Product

	2 x 2*
	-0.30
	13419.00
	80.71
	276.51
	22317.12

	
	-0.10
	5722.60
	74.32
	306.93
	22811.04

	
	0.00
	462.50
	69.76
	328.54
	22918.95

	
	0.20
	142.60
	66.56
	388.82
	25879.86

	
	0.50
	137.40
	61.79
	546.65
	33777.50

	
	1.00
	131.20
	58.43
	1215.00
	70992.45

	
	∆Vt (V)
	Leakage power (nW)
	Average Power (µW)
	Delay (ps)
	Power Delay Product

	4 x 4
	-0.30
	11620.90
	1085.50
	728.60
	790895.30

	
	-0.20
	689.90
	997.60
	775.00
	773140.00

	
	-0.10
	41.75
	926.06
	830.20
	768815.01

	
	0.00
	3.39
	864.40
	896.65
	775064.26

	
	0.20
	1.08
	779.54
	1075.70
	838551.18

	
	∆Vt (V)
	Leakage power (nW)
	Average Power (mW)
	Delay (ns)
	Power Delay Product

	8 x 8
	-0.10
	233.87
	8.46
	3.28
	27.75

	
	0.00
	18.63
	7.92
	3.47
	27.48

	
	0.20
	5.69
	7.14
	4.39
	31.34

	
	∆Vt (V)
	Leakage power (nW)
	Average Power** (mW)
	Delay** (ns)
	Power Delay Product**

	16 x 16
	-0.10
	1046.80
	6.63
	6.32
	41.86

	
	0.00
	82.87
	6.45
	6.48
	41.80

	
	0.20
	24.98
	5.87
	8.89
	52.16


* Simulated for comprehensive vectors using rise/fall times = 10 ps for W/L = 1.5/1 @ 2.5V
** Unsure of the Simulation results
A trend similar to the cell for all the multipliers for Leakage Power and Delay is observed
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It is observed that the Leakage power increases linearly with the device size

Conclusion:

· The Leakage Power reduces as the threshold voltage increases
· The Delay increased as we increased Vt 
· An optimum value of the Threshold voltage can be evaluated using Power –Delay product
· The percentage of leakage power is very small for 0.25 µm technology using typical Vt , hence an investigation of smaller technology node should result in an increase in the percentage of total power
· Some of the cells on the non-critical path can assigned higher threshold to reduce the leakage power while maintaining the required delay (dual threshold)
· Evaluation of Average Power and Critical path delay for large circuits require detailed analysis and good estimation techniques based on the characteristics of its sub-circuits
· Area of the circuit remains unaffected if Body bias voltage is varied for changing Vt
Future Work:

· Variation of threshold using Body bias Voltage (require redesign of an existing library)
· Dual threshold design can be implemented using a threshold assignment algorithm keeping constraints on the increase in circuit delay
· More accurate and detailed analysis of Delay and Average Power

· Analysis of Power and Delay for different technology nodes
· Detailed study of power estimation and timing analysis tools
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		4		1.9230769231		9.49611942060245E+19

		5		2		3.49342710574851E+19

		6		2.0833333333		1.28516001143593E+19

		7		2.1739130435		4.72783946822935E+18

		8		2.2727272727		1.7392749415205E+18

		9		2.380952381		6.39843493530055E+17

		10		2.5		2.3538526683702E+17

		11		2.6315789474		8.65934004239937E+16

		12		2.7777777778		3.18559317571138E+16

		13		2.9411764706		1.17191423728026E+16

		14		3.125		4.3112315471152E+15

		15		3.3333333333		1.58601345231343E+15

		16		3.5714285714		583461742527455

		17		3.8461538462		214643579785916

		18		4.1666666667		78962960182680.7

		19		4.5454545455		29048849665247.4

		20		5		10686474581524.5

		21		5.5555555556		3931334297144.04

		22		6.25		1446257064291.48

		23		7.1428571429		532048240601.799
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Eldo

		Mul		Cells		Area		Delay				n

		Cell		1		7		0.67		recalculate		1

		2x2		4		13		0.56				2

		4x4		16		82		3.25				4

		8x8		64		400		7.84				8

		16x16		256		1708		17.4				16

		32x32		1024		6995		36.52				32
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		Critical Path dalay

		rise and fall time = 10 ps

		anaylysing 16 vectors for 170 ns

		W/L = .36/.24 = 1.5/1

		Cell		1

		Vt (NMOS)		Vt (PMOS)				Leakage power (pW)		Average Power (µW)		Delay (ps)		Power Delay Product				%power change		%delay change		%avg power change

		0.15		-0.16		-0.35		4082400.00		36.38		60.97		2217.9

		0.18		-0.19		-0.30		1176200.00		32.17		62.21		2001.6

		0.28		-0.29		-0.20		794795.00		29.52		65.36		1929.4		optimum		-2259.3805244298		0.1206780573		-0.1186055324

		0.38		-0.39		-0.10		4772.00		28.62		69.80		1997.7

		0.43		-0.44		-0.05		1204.10		27.51		72.12		1984.0

		0.48		-0.49		0.00		351.62		26.39		74.33		1961.6		default

		0.58		-0.59		0.10		100.91		25.57		80.07		2047.4

		0.68		-0.69		0.20		86.16		24.34		87.01		2117.8

		0.88		-0.89		0.40		84.30		22.83		106.79		2438.0

		1.08		-1.09		0.60		83.46		21.93		137.02		3004.8

		1.48		-1.49		1.00		81.74		20.25		253.84		5140.3

		1.68		-1.69		1.20		80.89		19.61		379.88		7449.4

		2.08		-2.09		1.60		79.20		18.54		1335.96		24768.7

		2x2		4

				Leakage power (pW)		Average Power (µW)		Delay (ps)		Power Delay Product

		-0.30		13419.00		80.71		276.51		22317.12

		-0.10		5722.60		74.32		306.93		22811.04

		0.00		462.50		69.76		328.54		22918.95

		0.20		142.60		66.56		388.82		25879.86

		0.50		137.40		61.79		546.65		33777.50

		1.00		131.20		58.43		1215.00		70992.45

		4x4		16

				Leakage power (nW)		Average Power (µW)		Delay (ps)		Power Delay Product

		-0.30		11620.90		1085.50		728.60		790895.30

		-0.20		689.90		997.60		775.00		773140.00

		-0.10		41.75		926.06		830.20		768815.01

		0.00		3.39		864.40		896.65		775064.26

		0.20		1.08		779.54		1075.70		838551.18

		8x8		64

				Leakage power (nW)		Average Power (mW)		Delay (ns)		Power Delay Product

		-0.10		233.87		8.46		3.28		27.75

		0.00		18.63		7.92		3.47		27.48

		0.20		5.69		7.14		4.39		31.34

		16x16		256		frequency/10

				Leakage power (nW)		Average Power (mW)		Delay (ns)		Power Delay Product

		-0.10		1046.80		6.63		6.32		41.86

		0.00		82.87		6.45		6.48		41.80

		0.20		24.98		5.87		8.89		52.16

		# of Cells		Leakage power (nW)		Average Power (uW)

		4		0.46		69.76		0.115

		16		3.39		864.40		0.211875

		64		18.63		7920.00		0.291109375

		256		82.87		6450.00		0.3236953125
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