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Gray code (or reflected binary code) was publicized by Frank Gray at Bell Labs in 1947 with a patent being granted in 1953.  Gray code can be used for buses that are incremented sequentially due to instruction locality such as the memory access register (MAR) and the program counter (PC) to significantly reduce the number of bit switches.  Such buses are often highly capacitive and therefore consume large amounts of power per transition.  By reducing the number of transitions, the power consumption of the circuit can be reduced.
Decimal Encoding

State encoding for binary counter with decimal encoding and the number of transitions are as follows:
	000
	--

	001
	1

	010
	2

	011
	1

	100
	3

	101
	1

	110
	2

	111
	1

	000
	3


There are 14 transitions in 8 clock cycles.  The average number of transitions per cycle is 14/8 = 1.75.  Number of transitions continues to increase as the number of bits in the counter increases, described by the equation 2(2N-1) for an N-bit counter.  When N approaches infinity, the Average number of transitions per clock approaches 2.  The following demonstrates how quickly the number of transitions per clock approaches this limiting value.  A 9-bit counter differs from the limiting value of 2 by less than 0.5%.
4-bit 
1.875 transitions/clock
5-bit 
1.9375

6-bit 
1.96875

7-bit 
1.984375
8-bit 
1.9921875

9-bit 
1.99609375

…

The state diagram for the 3-bit decimal encoded binary counter is as follows:
	
	Present State
	
	
	Next State
	

	a
	b
	c
	A
	B
	C

	0
	0
	0
	0
	0
	1

	0
	0
	1
	0
	1
	0

	0
	1
	0
	0
	1
	1

	0
	1
	1
	1
	0
	0

	1
	0
	0
	1
	0
	1

	1
	0
	1
	1
	1
	0

	1
	1
	0
	1
	1
	1

	1
	1
	1
	0
	0
	0


This state machine can be implemented with the following logic

A = [image: image2.png]a @ bc




B = [image: image4.png]b®Dc




C = [image: image6.png]



I constructed a VHDL model of the circuit and synthesized it using the Mentor Graphics Leonardo tool.  The RTL schematic of the logic can be seen in Figure 1 (a synchronous reset signal has been added).
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Figure 1: Synthesized decimal encoded binary counter

Power analysis of this circuit was completed using the powersim tool.  The result of this analysis simulated as .18μm technology and 1.8V supply follows:
max glitches 3122 caused by vector pair (2,3). logic events for this pair is 4 and events 3126

maxtime 0 maxtimecount 0

worst case delay 10000 

total analysis period in nano secs 160640

number of gates 10 

the number of events/node transitions 50036 logic events 84 

average short circuit power in micro Watts: 0.000000 

average leakage power consumption in pico Watts: 914450.652090

average dynamic power consumption in micro Watts : 1.855127

average logic power consumption in micro Watts : 0.002820

average glitch power consumption in micro Watts : 1.852307

average flip flop cell power in micro Watts : 5.263807

average clock power in micro Watts : 0.737213

total average power consumption 2.769578 

minimum leakage 825490.531042 and vector causing 17 

maximum leakage 914967.927201 and vector causing 31 

minimum dynamic power 0.000000 and vector pair causing (1,2) 

maximum dynamic power 1.861885 and vector pair causing (29,30) 

minimum logic power 0.000000 and vector pair causing (1,2) 

maximum logic power 0.494563 and vector pair causing (3,4) 

minimum glitch power 0.000000 and vector pair causing (1,2) 

maximum glitch power 1.859777 and vector pair causing (18,19) 

maximum Ps 0.000000 

 max total power 2.776547
Gray Encoding
State encoding for a binary counter with gray encoding and the number of transitions are as follows:
	000
	--

	001
	1

	011
	1

	010
	1

	110
	1

	111
	1

	101
	1

	100
	1

	000
	1


There are 8 transitions in 8 clock cycles.  The average number of transitions per cycle is 8/8 = 1.  The number of transitions per cycle for the grey counter is always 1 regardless of the size of the counter.  Therefore in the limiting case, the ratio of the number of transitions of the decimal encoding to the gray encoding is 2:1.  For the 3-bit case that we are studying here, the transition ratio should be 1.75:1.  Due to the linear relationship between activity factor and power consumption, we would receive power savings of ≈ (1.75 – 1)/1.75 = 43%.
The state table for the gray encoded binary counter is as follows:

	
	Present State
	
	
	Next State
	

	a
	b
	c
	A
	B
	C

	0
	0
	0
	0
	0
	1

	0
	0
	1
	0
	1
	1

	0
	1
	1
	0
	1
	0

	0
	1
	0
	1
	1
	0

	1
	1
	0
	1
	1
	1

	1
	1
	1
	1
	0
	1

	1
	0
	1
	1
	0
	0

	1
	0
	0
	0
	0
	0


This state machine can be synthesized using the following logic.
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C = [image: image13.png]ab + ab




Another possibility for a implementing a gray counter is to create a decimal encoded counter and use a decimal to gray converter. The decimal counter will still have the same number of transitions however they will feed only low capacitance lines.  The output of the gray converter will feed the higher capacitance buses.  A decimal to gray converter can be constructed using two XOR gates as in Figure 2.  
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Figure 2: Decimal to Gray Converter

The gray counter constructed from the combination of a decimal encoded binary counter and a decimal to gray converter was synthesized to the circuit in Figure 3 (again including a synchronous reset).
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Figure 3: Synthesized decimal to gray counter

The powersim results for this circuit are as follows.

max glitches 3496 caused by vector pair (2,3). logic events for this pair is 5 and events 3501

maxtime 0 maxtimecount 0

worst case delay 10000 

total analysis period in nano secs 160640

number of gates 10 

the number of events/node transitions 56043 logic events 107 

average short circuit power in micro Watts: 0.000000 

average leakage power consumption in pico Watts: 986150.439530

average dynamic power consumption in micro Watts : 1.587364

average logic power consumption in micro Watts : 0.003955

average glitch power consumption in micro Watts : 1.583410

average flip flop cell power in micro Watts : 5.263807

average clock power in micro Watts : 0.737213

total average power consumption 2.573515 

minimum leakage 886714.474291 and vector causing 1 

maximum leakage 986783.788903 and vector causing 19 

minimum dynamic power 0.000000 and vector pair causing (1,2) 

maximum dynamic power 1.592712 and vector pair causing (2,3) 

minimum logic power 0.000000 and vector pair causing (1,2) 

maximum logic power 0.685106 and vector pair causing (3,4) 

minimum glitch power 0.000000 and vector pair causing (1,2) 

maximum glitch power 1.589804 and vector pair causing (18,19) 

maximum Ps 0.000000 

 max total power 2.579079
An alternative method of constructed a gray counter is to directly implement a gray counter with logic.  This method uses the most gates of the three designs.  The synthesized logic design of this gray counter is shown in Figure 4.
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Figure 4: Synthesized gray counter

The powersim analysis of this circuit is as follows:

max glitches 1744 caused by vector pair (2,3). logic events for this pair is 8 and events 1752

maxtime 0 maxtimecount 0

worst case delay 10000 

total analysis period in nano secs 160660

number of gates 12 

the number of events/node transitions 28072 logic events 184 

average short circuit power in micro Watts: 0.000000 

average leakage power consumption in pico Watts: 967606.410995

average dynamic power consumption in micro Watts : 1.212633

average logic power consumption in micro Watts : 0.007503

average glitch power consumption in micro Watts : 1.205130

average flip flop cell power in micro Watts : 5.264357

average clock power in micro Watts : 0.737213

total average power consumption 2.180239 

minimum leakage 871120.107604 and vector causing 1 

maximum leakage 999766.712084 and vector causing 4 

minimum dynamic power 0.000000 and vector pair causing (1,2) 

maximum dynamic power 1.289604 and vector pair causing (3,4) 

minimum logic power 0.000000 and vector pair causing (1,2) 

maximum logic power 1.244616 and vector pair causing (28,29) 

minimum glitch power 0.000000 and vector pair causing (1,2) 

maximum glitch power 1.211097 and vector pair causing (30,31) 

maximum Ps 0.000000 

 max total power 2.289371
There is power saving for the gray counter, however some of the power saving is lost due to the increase in the number of gates, which is 7 more than for the decimal counter.  If the number of gates were reduced, there would be an even greater power reduction.  After studying the circuit for some time, I found an alternate configuration whose behavior was the same but the number of logic gates used was reduced by using an XNOR gate for LSB of the counter.  The schematic for this circuit is shown in Figure 5.
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Figure 5: Synthesized revised gray counter

The total number of logic gates is now 12, which is only 4 greater than the decimal counter.  The powersim results for this circuit are shown below.

max glitches 1618 caused by vector pair (2,3). logic events for this pair is 8 and events 1626

maxtime 0 maxtimecount 0

worst case delay 10000 

total analysis period in nano secs 160640

number of gates 9 

the number of events/node transitions 26064 logic events 176 

average short circuit power in micro Watts: 0.000000 

average leakage power consumption in pico Watts: 889597.231435

average dynamic power consumption in micro Watts : 0.940320

average logic power consumption in micro Watts : 0.006024

average glitch power consumption in micro Watts : 0.934297

average flip flop cell power in micro Watts : 5.264657

average clock power in micro Watts : 0.737213

total average power consumption 1.829918 

minimum leakage 801710.996257 and vector causing 1 

maximum leakage 890059.027370 and vector causing 31 

minimum dynamic power 0.000000 and vector pair causing (1,2) 

maximum dynamic power 1.076509 and vector pair causing (3,4) 

minimum logic power 0.000000 and vector pair causing (1,2) 

maximum logic power 1.052738 and vector pair causing (3,4) 

minimum glitch power 0.000000 and vector pair causing (1,2) 

maximum glitch power 0.938078 and vector pair causing (30,31) 

maximum Ps 0.000000 

 max total power 1.959932

This circuit provides even greater glitch reduction and power savings than any of the previous counters.
Analysis
The high number of transitions in the decimal encoded binary counter creates a large number of glitches in the circuit.  Adding a decimal to gray converter actually increases the number of glitches because the transitions in the counter are still present and propagate through the additional logic.  Only by directly synthesizing the gray counter can the number of glitches be reduced, thereby reducing both the dynamic power and the total power consumption.  However, this does come at some cost, which is increased leakage and logic power consumption due to the number of extra gates required to synthesize the gray counter.  I believe that this is the reason that the power reduction is not closer to 43%, which is the transition reduction in the circuit.  
The following table summarizes the results of the analysis (with the decimal encoded counter taken as the reference).
	
	Decimal Encoding 
	Decimal to Gray 
	% Reduction 
	Gray Encoding[1]
	% Reduction 
	Gray Encoding[2]
	% Reduction

	# of Gates 
	8 
	9 
	-12.5% 
	15 
	-87.5% 
	12
	-50%

	# of Glitches 
	3122 
	3496 
	-11.97% 
	1744 
	44.14% 
	1618
	48.17%

	Glitch Power (μW) 
	1.852307 
	1.583410 
	14.52% 
	1.205130 
	34.94% 
	0.934297
	49.56%

	Dynamic Power (μW) 
	1.855127 
	1.587364 
	14.43% 
	1.212633 
	34.63% 
	0.940320
	49.31%

	Leakage Power (μW) 
	.914450 
	.986150 
	-7.84% 
	.967606 
	-5.81% 
	.889597
	2.72%

	Logic Power (μW) 
	.002820 
	.003955 
	-40.25% 
	.007503 
	-166.06% 
	.006024
	-113.62%

	Total Power (μW) 
	2.769578 
	2.573515 
	7.08% 
	2.180239 
	21.07% 
	1.829918
	34.18%


In each of these circuits, the dynamic power consumption is almost entirely composed of glitch power.  If glitch reducing techniques were applied to these circuits, such as adding gates with higher inertial delays on non critical paths and path balancing, the total power consumption of each of these circuits could be significantly reduced.  
Further study on this topic could be related to reducing the number of glitches in the circuit and extending the findings of this study to counters larger than 3-bits.
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