ELEC 5970-001/6970-001 Special Topics in Electrical Engineering
Low-Power Design of Electronic Circuits 
Fall 2005
Exam 1

Assigned 10/18/05, due 10/25/05

Attempt all three problems.





Total points 30
Problem 1: Determine the activity factor α, the average probability of transitions per clock per gate output, for a four NAND gate exclusive-OR circuit. Assume that all gates have delays proportional to their fanout, the output gate has a fanout of 1, and all primary input vectors are equally likely. How will the activity factor change if 00 input pattern did not occur and the other three patterns occurred with equal probability. Use event-driven simulation for this problem.
Solution:


[image: image1]
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The above input state transition graph (STG) has 16 state transitions. If all vectors occur with equal probability, then for each vector the next vector can be any of the four vectors (including itself). A minimal length input vector sequence that traverses each arc exactly once is the following Euler tour:

	Vector number
	PI Vector (A, B)
	State transition in STG

	1
	00
	Initial state

	2
	00
	1

	3
	11
	2

	4
	10
	3

	5
	10
	4

	6
	01
	5

	7
	10
	6

	8
	11
	7

	9
	00
	8

	10
	11
	9

	11
	01
	10

	12
	01
	11

	13
	00
	12

	14
	01
	13

	15
	11
	14

	16
	10
	15

	17
	00
	16


The following table shows the event-driven simulation of the above 17 vectors, starting all four gates in the unknown state. Since the critical path delay is 4 units, a vector period of 5 units is used. Gate transitions are shown in boldface.
	PI vector
(A, B)
	Time stack
	Event list
	Signal values
	Activity list

	
	
	
	A
	B
	C
	D
	E
	F
	

	00
	0
	A, X→0
	B, X→0
	0
	0
	X
	X
	X
	X
	C, D, E

	
	1
	D, X→1
	E, X→1
	0
	0
	X
	1
	1
	X
	F

	
	2
	C, X→1
	F, X→0
	0
	0
	1
	1
	1
	0
	D, E

	
	3
	
	
	0
	0
	1
	1
	1
	0
	

	
	4
	
	
	0
	0
	1
	1
	1
	0
	

	00
	5
	
	
	0
	0
	1
	1
	1
	0
	

	
	6
	
	
	0
	0
	1
	1
	1
	0
	

	
	7
	
	
	0
	0
	1
	1
	1
	0
	

	
	8
	
	
	0
	0
	1
	1
	1
	0
	

	
	9
	
	
	0
	0
	1
	1
	1
	0
	

	10
	10
	A, 0→1
	
	1
	0
	1
	1
	1
	0
	C, D

	
	11
	D, 1→0
	
	1
	0
	1
	0
	1
	0
	F

	
	12
	F, 0→1
	
	1
	0
	1
	0
	1
	1
	

	
	13
	
	
	1
	0
	1
	0
	1
	1
	

	
	14
	
	
	1
	0
	1
	0
	1
	1
	

	10
	15
	
	
	1
	0
	1
	0
	1
	1
	

	
	16
	
	
	1
	0
	1
	0
	1
	1
	

	
	17
	
	
	1
	0
	1
	0
	1
	1
	

	
	18
	
	
	1
	0
	1
	0
	1
	1
	

	
	19
	
	
	1
	0
	1
	0
	1
	1
	

	01
	20
	A, 1→0
	B, 0→1
	0
	1
	1
	0
	1
	1
	C, D, E

	
	21
	D, 0→1
	E, 1→0
	0
	1
	1
	1
	0
	1
	F

	
	22
	
	
	0
	1
	1
	1
	0
	1
	

	
	23
	
	
	0
	1
	1
	1
	0
	1
	

	
	24
	
	
	0
	1
	1
	1
	0
	1
	

	10
	25
	A, 0→1
	B, 1→0
	1
	0
	1
	1
	0
	1
	C, D, E

	
	26
	D, 1→0
	E, 0→1
	1
	0
	1
	0
	1
	1
	F

	
	27
	
	
	1
	0
	1
	0
	1
	1
	

	
	28
	
	
	1
	0
	1
	0
	1
	1
	

	
	29
	
	
	1
	0
	1
	0
	1
	1
	

	11
	30
	B, 0→1
	
	1
	1
	1
	0
	1
	1
	C, E

	
	31
	E, 1→0
	
	1
	1
	1
	0
	0
	1
	F

	
	32
	C, 1→0
	
	1
	1
	0
	0
	0
	1
	D, E

	
	33
	D, 0→1
	E, 0→1
	1
	1
	0
	1
	1
	1
	F

	
	34
	F, 1→0
	
	1
	1
	0
	1
	1
	0
	

	11
	35
	
	
	1
	1
	0
	1
	1
	0
	

	
	36
	
	
	1
	1
	0
	1
	1
	0
	

	
	37
	
	
	1
	1
	0
	1
	1
	0
	

	
	38
	
	
	1
	1
	0
	1
	1
	0
	

	
	39
	
	
	1
	1
	0
	1
	1
	0
	

	00
	40
	A, 1→0
	B, 1→0
	0
	0
	0
	1
	1
	0
	C, D, E

	
	41
	
	
	0
	0
	0
	1
	1
	0
	

	
	42
	C, 0→1
	
	0
	0
	1
	1
	1
	0
	D, E

	
	43
	
	
	0
	0
	1
	1
	1
	0
	

	
	44
	
	
	0
	0
	1
	1
	1
	0
	

	11
	45
	A, 0→1
	B, 0→1
	1
	1
	1
	1
	1
	0
	C, D, E

	
	46
	D, 1→0
	E, 1→0
	1
	1
	1
	0
	0
	0
	F

	
	47
	C, 1→0
	F, 0→1
	1
	1
	0
	0
	0
	1
	D, E

	
	48
	D, 0→1
	E, 0→1
	1
	1
	0
	1
	1
	1
	F

	
	49
	F, 1→0
	
	1
	1
	0
	1
	1
	0
	

	01
	50
	A, 1→0
	
	0
	1
	0
	1
	1
	0
	C, D

	
	51
	
	
	0
	1
	0
	1
	1
	0
	

	
	52
	C, 0→1
	
	0
	1
	1
	1
	1
	0
	D, E

	
	53
	E, 1→0
	
	0
	1
	1
	1
	0
	0
	F

	
	54
	F, 0→1
	
	0
	1
	1
	1
	0
	1
	

	01
	55
	
	
	0
	1
	1
	1
	0
	1
	

	
	56
	
	
	0
	1
	1
	1
	0
	1
	

	
	57
	
	
	0
	1
	1
	1
	0
	1
	

	
	5 8
	
	
	0
	1
	1
	1
	0
	1
	

	
	59
	
	
	0
	1
	1
	1
	0
	1
	

	00
	60
	B, 1→0
	
	0
	0
	1
	1
	0
	1
	C, E

	
	61
	E, 0→1
	
	0
	0
	1
	1
	1
	1
	F

	
	62
	F, 1→0
	
	0
	0
	1
	1
	1
	0
	

	
	63
	
	
	0
	0
	1
	1
	1
	0
	

	
	64
	
	
	0
	0
	1
	1
	1
	0
	

	01
	65
	B, 0→1
	
	0
	1
	1
	1
	1
	0
	C, E

	
	66
	E, 1→0
	
	0
	1
	1
	1
	0
	0
	F

	
	67
	F, 0→1
	
	0
	1
	1
	1
	0
	1
	

	
	68
	
	
	0
	1
	1
	1
	0
	1
	

	
	69
	
	
	0
	1
	1
	1
	0
	1
	

	11
	70
	A, 0→1
	
	1
	1
	1
	1
	0
	1
	C, D

	
	71
	D, 1→0
	
	1
	1
	1
	0
	0
	1
	F

	
	72
	C, 1→0
	
	1
	1
	0
	0
	0
	1
	D, E

	
	73
	D, 0→1
	E, 0→1
	1
	1
	0
	1
	1
	1
	F

	
	74
	F, 1→0
	
	1
	1
	0
	1
	1
	0
	

	10
	75
	B, 1→0
	
	1
	0
	0
	1
	1
	0
	C, E

	
	76
	
	
	1
	0
	0
	1
	1
	0
	

	
	77
	C, 0→1
	
	1
	0
	1
	1
	1
	0
	D, E

	
	78
	D, 1→0
	
	1
	0
	1
	0
	1
	0
	F

	
	79
	F, 0→1
	
	1
	0
	1
	0
	1
	1
	


	00
	80
	A, 1→0
	
	0
	0
	1
	0
	1
	1
	C, D

	
	81
	D, 0→1
	
	0
	0
	1
	1
	1
	1
	F

	
	82
	F, 1→0
	
	0
	0
	1
	1
	1
	0
	

	
	83
	
	
	0
	0
	1
	1
	1
	0
	

	
	84
	
	
	0
	0
	1
	1
	1
	0
	


For 16 vector-pairs, counting all transitions made by the four gates (shown in boldface), we get 36 transitions. Therefore,

Average gate activity factor, α = 36/(16×4) = 9/16 = 0.5625

When 00 pattern does not occur, the STG is as follows. It contains 9 arcs and an Euler tour that traverses each arc exactly once is shown.

[image: image3]
The following table gives the vectors according to the above Euler’s tour of the STG and the corresponding gate transitions as taken from the event-driven simulation table:
	Vector number
	PI vector (A,B)
	Transition no.  in STG
	Gate transitions from simulation

	1
	10
	Initial state
	

	2
	10
	1
	0

	3
	01
	2
	2

	4
	10
	3
	2

	5
	11
	4
	5

	6
	11
	5
	0

	7
	01
	6
	3

	8
	01
	7
	0

	9
	11
	8
	5

	10
	10
	9
	3


For 9 vector-pairs, adding all transitions made by the four gates (shown in the last column), we get 20 transitions. Therefore,


Average gate activity factor, α = 20/(9×4) = 5/9 = 0.556

Problem 2: A long interconnect of length L has a total resistance R = rL and total capacitance C = cL, where r and c are the distributed per unit length resistance and capacitance, respectively. Show that:

a. The delay time constant of the distributed interconnect is one half of that for a short interconnect having a lumped resistance R and a lumped capacitance C.
b. Delay of the distributed interconnect is a quadratic function of its length.

Use Elmore delay formula for this problem.
Solution:
a. We partition the length L into N identical segments, each having a resistance rL/N and capacitance cL/N:



[image: image4]

From Elmore formula, the delay time constant of the distributed interconnect is:


Τ
= R1C1 + (R1+R2)C2 + . . . + (R1+R2+ . . . +RN)CN




= (rc + 2rc + 3rc + . . . + Nrc)(L/N)2



= rc[N(N+1)/2](L/N)2 = RC(N+1)/(2N)  → RC/2 as N → ∞

This is half of the time constant RC for a short interconnect with lumped 
resistance R and capacitance C.

b. The above Elmore formula for large N can also be written as:


T
=       RC/2
=      rcL2/2


showing that the delay will increase as a quadratic function of the length of the 
interconnect.
Problem 3: A 65nm digital CMOS device is found to consume equal amounts (P) of dynamic power and leakage power while the short-circuit power is negligible. The energy consumed by a computing task, that takes T seconds, is 2PT. The following strategies are being considered to reduce the power consumption. Determine the energy that the computing task will consume in each case:
a. Clock frequency is reduced to half, keeping all other parameters constant.

b. Supply voltage is reduced to half. This slows the gates down and forces the clock frequency to be lowered to half of its original (full voltage) value. Assume that leakage current is held unchanged by modifying the design of transistors.
Solution:
a. Reducing the clock frequency will reduce dynamic power to P/2, keep the static power the same as P, and double the execution time of the task. Therefore, the energy consumption will be,



Energy = (P/2 + P) 2T = 3PT

b. When the supply voltage and clock frequency are reduced to half their values, dynamic power is reduced to P/8 and static power to P/2. The time of task is doubled and the total energy consumption is,



Energy = (P/8 + P/2) 2T = 5PT/4 =1.25PT

The voltage reduction strategy reduces the energy consumption while a simple frequency reduction consumes more energy.
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Input state transition graph (STG).











Circuit schematic
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State transition graph (STG) without 00 input.
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