ELEC 5270-001/6270-001 Low-Power Design of Electronic Circuits 
Spring 2009
Homework 2 Solution
Assigned 3/27/09, due 4/10/09
Problem 1: A CMOS processor has a rated supply voltage of 1 volt and maximum clock frequency of 3GHz. Its average power consumption is 100W, which consists of 50W dynamic power and 50W static power. Assume that the delay of a gate in the technology is proportional to V/(V – Vt), where V is the supply voltage and threshold voltage Vt = 0.5 volt. A low energy mode uses reduced supply voltage and a reduced frequency clock. Determine the voltage and clock frequency that will minimize the average energy consumption per cycle. Compare the power consumption and energy per cycle for the rated and low energy modes.

Solution:
We use the given data to establish the following for a supply voltage V:

(a) Dynamic power, 

Pdyn
=
C V2f

where C is the total average capacitance switched per cycle. At the rated voltage and frequency, we have


Pdyn
=
C (1)2 3
=
50 nJ

or
C = 16.67 nF

Therefore


Pdyn
=
16.67 V2f
watts
(b) Dynamic energy per cycle, Edyn
=
Pdyn / f
=
16.67 V2
nJ
(c) Clock frequency, f, is inversely proportional to gate delay:



f
=
k(V – Vt)/V, where k is a constant of proportionality

Using rated voltage and frequency, we get
k = 6 GHz. Therefore,



f
=
6 (V – Vt)/V
GHz

(d) Static power is proportional to the square of supply voltage:



Pstat
=
k’ V2, where k’ is a constant of proportionality

Using the rated voltage data, we get
k’ = 50/1.02   = 50
mho
Therefore,
Pstat
=
50 ×V2

watts
Static energy per cycle is obtained by dividing Pstat by clock frequency (f). Thus,



Estat
=
(50/6) V3/(V – Vt)
=
8.33 V3/(V – 0.5)
nJ
(e) Total energy per cycle is given by,



Etotal
=
16.67 V2 + 8.33 V3/(V – 0.5)

nJ
To minimize this, we set its derivative to 0 and obtain the following quadratic equation:



6 V2 – 5.5 V + 1.0 
=
0

There are two roots, V = 0.67 and 0.25. We discard the second root, which is lower than the threshold voltage. The following table compares the two modes of operation. Voltage, clock frequency, power and energy per cycle are highlighted.

	
	Rated mode
	Low energy mode
	Reduction (%)

	Voltage
	1.0 V
	0.67 V
	33%

	Clock frequency
	3 GHz
	1.5 GHz
	16.7%

	Dynamic energy/cycle
	16.67 nJ
	7.41 nJ
	55.54%

	Static energy/cycle
	16.67 nJ
	14.82 nJ
	11.09%

	Total energy/cycle
	33.33 nJ
	22.23 nJ
	33.32%

	Dynamic power
	50.0 W
	11.11 W
	34.22%

	Static power
	50.0 W
	22.22 W
	55.58%

	Total power
	100.0 W
	33.32 W
	66.67%


Problem 2: Devise a procedure to order the given test vectors of a combinational logic circuit for minimum number of total input transitions when the maximum number of allowable transitions between consecutive vectors is specified. Apply your procedure to derive a minimum energy test sequence from four given vectors when the number of transitions between vectors is not to exceed 1. The vectors are:





V1
V2
V3
V4 





0
1
0
1





0
1
0
1





0
1
0
1





0
1
1
0





0
1
1
0





0
1
1
0





0
1
1
0

Solution:
We construct a distance graph for the given vectors. To obtain the shortest distance open-loop tour, we add a node V0 at 0 distance from each node. A solution of the TSP problem is found (in this case manually) as V0, V2, V3, V1, V4, V0, shown by bold arcs in the graph. This has a total length of 10. Dropping the node V0, we get a sequence V2 V3 V1 V4, which has the smallest number (10) of total transitions.


[image: image1]
This solution, however, does not satisfy the condition that the maximum transitions between vectors must not exceed 1. We reduce these transitions by inserting vectors such that the number of bit changes between any vector pair does not exceed 1. This only increases the number of vectors and not the total transitions. The new eleven-vector sequence is given below, with given vectors shown in bold.

V2
V21
V22
V3
V31
V32
V33
V1
V11
V12
V4 


1
0
0
0
0
0
0
0
1
1
1

1
1
0
0
0
0
0
0
0
1
1

1
1
1
0
0
0
0
0
0
0
1

1
1
1
1
0
0
0
0
0
0
0

1
1
1
1
1
0
0
0
0
0
0

1
1
1
1
1
1
0
0
0
0
0

1
1
1
1
1
1
1
0
0
0
0

Because all four given vectors are included, the fault coverage cannot be less than that for the given vectors. Total number of transition is 10 (reduced from 17 in the original sequence and between vectors only a single transition occurs.

Problem 3: A two-input AND gate has the transient regions as shown. If the numbers of actual transitions in the two transient regions are N1 and N2, respectively, then prove that the number of transitions at the output cannot exceed N1 + N2 – 2.










Solution:

Assume, N1, N2 ≠ 0, because otherwise one of the transient regions will not exist.

An upper bound on the number of output transitions is N1 + N2.

Consider the first transition at the output, which is a 0 to 1 transition. For output to change to 1, necessary and sufficient condition is that both inputs have completed their 0 to 1 transitions. Thus, the first output transition is caused by two input transitions, one on each input. This subtracts 1 from the above upper bound.
Next, consider the last transition at the output. The last transition at any output is a sufficient condition for this. Thus, the first one of the last input transitions will cause an output transition and the other input transition will be ignored. Of the two last input transitions, only one causes an output transition. This subtracts 1 from the previous upper bound.

Problem 4: The following circuit is implemented in 45 nm CMOS technology, which suffers from high leakage. For high speed, only low threshold transistors have been used. Each gate has a delay of 5ps and a leakage current of 100nA. 


[image: image2]
(a) Given that a gate with high threshold transistors has a delay of 12ps and leakage of 1nA, optimally assign thresholds to gates to minimize the leakage current without increasing the critical path delay for Carry output. Assume that delay of Sum output is not critical. What is the percentage reduction in leakage power?
(b) Resynthesize Carry output using two-input NAND gates directly as a function of A and B. Is it possible to further reduce leakage now? If yes, show how much reduction you can obtain.

(c) Is the dual threshold design in (a) better or worse than the original all low threshold design for glitch power?

Solution:

(a) Given that the critical path delay to the carry output must not increase, only three gates (shown shaded in the following diagram) can have high threshold. Therefore,

Leakage reduction
=
100 [9×100 – (6×100 + 3×1)] / (9×100)




=
33%


[image: image3]
(b) The carry signal can be resynthesized from its truth table. Thus,



Carry
=
AB + BC + CA
=
[ (AB)’{(BC)’ (CA)’}]’

The following circuit implements this using only two-input NAND gates:


[image: image4]
Leakage reduction
=
100 [9×100 – (5×100 + 8×1)] / (9×10)




=
43.6%

Although a slightly higher leakage reduction is achieved, this circuit will have more dynamic power dissipated because it contains 44.4% more gates. This design can be much improved if a three-input NAND gate with similar delay (5ps) is available.

(c) To analyze the glitch power, we examine the glitch suppression condition, i.e., differential path delay at a gate < inertial delay of the gate, for all gates. In the original circuit, all gates have 5ps delay. The maximum differential delay is shown for every gate in the following diagram:


[image: image5]
Five gates that can potentially produce glitches are shown in bold. The dual-threshold circuit is shown below. The number of gates with potential glitches is reduced to four. In general, we can assume that the dual threshold circuit will, because of larger inertial delays, produce fewer glitches.


[image: image6]
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