ELEC 5270/ELEC 6270 Low-Power Design of Electronic Circuits
Final Exam, May 7, 2009





Total 25 points
Broun 125, 4:00-6:30PM
Instructions: Please read all problems before writing your answers. Attempt all five problems. Be sure to revise your answers before turning them in. Please number your answer sheets, and on the first page identify the test as shown above, write your name and the total number of pages, and staple them before submitting. One point is reserved for neatness. Thank you.
Problem 1:








6 points

For the power management techniques listed in table below, specify the influence on power and energy as “reduced”, “increased” or “unchanged”.

	Power management technique
	Power
	Energy per clock cycle

	
	Dynamic
	Static (leakage)
	Dynamic
	Static (leakage)

	Clock gating
	
	
	
	

	Clock frequency down-scaling
	
	
	
	

	Power gating (sleep mode)
	
	
	
	

	Voltage down-scaling
	
	
	
	

	Parallelism with voltage scaling
	
	
	
	


Solution: Power and energy are affected as follows:

	Power management technique
	Power
	Energy per clock cycle

	
	Dynamic
	Static (leakage)
	Dynamic
	Static (leakage)

	Clock gating
	reduced
	unchanged
	reduced
	unchanged

	Clock frequency down-scaling
	reduced
	unchanged
	unchanged
	increased

	Power gating (sleep mode)
	reduced
	reduced
	reduced
	reduced

	Voltage down-scaling
	reduced
	reduced
	reduced
	reduced

	Parallelism with voltage scaling
	reduced
	reduced
	reduced
	reduced


Problem 2:








6 points

Following data are given for a CMOS processor whose supply voltage is V (greater than the threshold voltage of 0.4 volt) and clock frequency is f:
(a) Dynamic power = CV2f/2 watt, where C = 50nF is the average capacitance switched per cycle and f is in GHz.

(b) Leakage power = GV2 watt, where G = 25 mho is the total leakage conductance.

(c) The alpha-power law for maximum frequency gives f = (V – 0.4)/V GHz.

(d) Short circuit power is negligible.

Find the supply voltage and clock frequency for minimum per cycle energy consumption.

What is the energy saving that this operating condition provides over the rated 1 volt maximum clock frequency operation of the processor?

Solution:

Total energy consumption per cycle is given by,


E
=
(Dynamic power)/f + (Leakage power)/f



=
CV2/2 + GV3/ (V – 0.4) nJ/cycle, when f is in GHz
To minimize E, we set ∂E/∂V = 0 and verify that ∂2E/∂V2 > 0, Thus



CV + G [(V – 0.4) 3V2 – V3]/ (V – 0.4)2 = 0

This simplifies to,



(C + 2G)V2 – (0.8C + 1.2G) V + 0.16C = 0
Substituting, C = 50nF and G = 25 mho, we get

100V2 – 70V + 8 = 0
or
V = [70 ± (4900 – 3200)1/2]/200

Taking the root that is greater than the 0.4 volt threshold voltage,





V = 0.556 volt



f = (0.556 – 0.4)/0.556 = 0.2806 GHz = 280.6 MHz


E   = 
CV2/2 + GV3/ (V – 0.4) = 50 (0.556)2/2 + 25 (0.556)3/ (0.556 – 0.4)

     =
7.73 + 27.55 = 35.28 nJ/cycle
Power
     =
E.f = 35.28 × 0.2806 = 9.9 watt

For rated voltage operation, V = 1 volt, f = (1.0 – 0.4)/1.0 = 600 MHz


E   =
CV2/2 + GV3/ (V – 0.4) = 50 (1.0)2/2 + 25 (1.0)3/ (1.0 – 0.4)


     =
25.0 + 41.67 = 66.67 nJ/cycle

Power
     =
E.f = 66.67 × 0.6 = 40.0 watt

For optimum voltage and frequency operation,

Energy saving = 
100(66.67 – 35.28)/66.67 
= 
47%
Power saving = 
100(40.0 – 9.9)/40.0

=
75%

Problem 3:








6 points

The processor of problem 2 is redesigned in a low leakage technology, such that G ≈ 0 and the alpha-power law for maximum clock frequency gives, f = (V – 0.5)2/V GHz. The rated supply voltage is 2.0 volt. What should be the supply voltages for (a) dual core, (b) quad core and (c) eight-core designs? What are respective power ratios with respect to the rated-voltage design? Neglect short circuit power and leakage and assume 10% overhead for each additional core.
Solution:

For the rated operation, V = 2.0 volt, f = (2.0 – 0.5)2/2.0 = 1.125 GHz

The maximum clock frequency and voltage relation can be expressed as:


V2 – V + 0.25 = fV
or
V2 – (1 + f) V + 0.25 = 0

(a) Dual core: core frequency is 1.125/2 = 0.5625 GHz and voltage is given by the quadratic equation:





V2 – 1.5625V + 0.25 = 0

Selecting the root that is greater than 0.5 volt threshold voltage, we get V = 1.381 volt.

If the power consumption of the original design is P1 and that of n-core design is Pn, then the power ratio for an overhead δ is,




Pn/P1
=
[1 + δ (n – 1)] (Vn/V1)2
For n = 2 and δ = 0.1,
P2/P1
=
1.1(1.381/2.0)2
=
0.525
(b) Quad core: core frequency is 1.125/4 = 0.28125 GHz and voltage is given by the equation:





V2 – 1.28125V + 0.25 = 0

Selecting the root that is greater than 0.5 volt threshold voltage, we get V = 1.04 volt. Power ratio for n = 4 and δ = 0.1 is given by,




P4/P1
=
1.3(1.04/2.0)2

= 
0.352
(c) Eight cores: core frequency is 1.125/8 = 0.140625 GHz and voltage is given by equation:





V2 – 1.140625V + 0.25 = 0

Selecting the root that is greater than 0.5 volt threshold voltage, we get V = 0.85 volt. Power ratio for n = 8 and δ = 0.1 is given by,




P8/P1
=
1.7(0.85/2.0)2

= 
0.31
Problem 4:









6 points

(a) In a CMOS technology all pMOS and nMOS transistors are designed to have identical “off” resistance of 1MΩ. In comparison, their “on” resistances are negligible. For a supply voltage of 1 volt, find the leakage current of a two-input NAND gate as a function of its input logic states.

(b) Construct a 2-to-1 multiplexer using four two-input NAND gates. Tabulate all input vectors and their leakage currents. Identify a minimum leakage vector (MLV) and a maximum leakage vector and specify their corresponding leakage currents.

Solution:

(a) A CMOS NAND gate is shown below:

















For the 01 pattern at the input as shown, the leakage resistance is 1 MΩ and the leakage current is 1 μA. Leakage currents for all input patterns are shown in the following table:
	Input pattern
	Leakage current in μA

	00
	0.5

	01
	1

	10
	1

	11
	2


(b) A NAND multiplexer is shown below:

Following table lists all input vectors and their leakage currents:
	Input vector
	Leakage current in μA

	000
	4.0

	001
	4.0

	010
	5.5

	011
	6.0

	100
	4.5

	101
	4.5

	110
	5.5

	111
	6.0

	Average
	5.0


One of the minimum leakage vectors (MLV) is 000 and its leakage current is 4 μA. It is shown above diagram. One of the maximum leakage vectors is 011 with a leakage of 6 μA as shown below.












Problem 6 (Bonus Question):





2 points

Explain what purpose the CMOS transmission gate serves in the following implementation of exclusive-OR function. Can the circuit work without the CMOS transmission gate?
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