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One possible solution for the 

challenges faced by electronics is 

to introduce a Third Dimension

for tradeoff
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Turbo Boost Technology

Approximate Arithmetic Circuits

Energy Accuracy Tradeoff Techniques

Inexact Circuits Conventional Circuit Design

Value of Information
BIased Voltage Supply (BIVOS) Versus 

Uniform Voltage Supply (UVOS)
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For a CMOS circuit
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Delay of the circuit
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We observe the output after 3 tics

even though it would take 6 tics EnergySpeed
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Caused error because not taken into account

= Error of 110
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Hence violating the principle

Breaking the conventional design principle

Error due to this carry is 10Error due to this carry is 100
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Applications

Trajectory of a 

missile Splitting the 

check in a 

restaurant

High value of information

Low value of information

Lesson Learnt 

Designing circuits based on value of information improves 

efficiency

1-digit 
Adder 

(2) 

1-digit 
Adder 

(2)

1-digit 
Adder 

(2)

8 69 41 1

4

1

3

1

2

1 2 3

1-digit 
Adder 

(3) 

1-digit 
Adder 

(2)

1-digit 
Adder 

(1)

8 69 41 1

4

1

3

1

3

1 2 3

Total Energy

Investment

Total Energy

Investment

Equal

Uniform 

investment of 

energy

Biased investment 

of energy

Error of 110

Error of 10

Conventional

Consider a new design

Non-uniform investment 

of energy*

Biased towards 

Most Significant 

digits

Non-uniform delay

Problem Statement

•Given

• A circuit of an n-bit adder at the gate level

• Clock cycle time (T)

• Energy Consumption Budget (E)

•Determine supply voltage for each gate in the adder

• Based on value of information

•To minimize the average error at the output of the adder 

for given clock cycle time (T)

• Such that the total energy consumption ≤ E

•Given

• A circuit of an n-bit adder at the gate level

• Clock cycle time (T)

• Energy Consumption Budget (E)

•Determine supply voltage for each gate in the adder

• Based on value of information

•To minimize the average error at the output of the adder 

for given clock cycle time (T)

• Such that the total energy consumption ≤ E

Optimization Challenge

As an example consider, a 3-bit Ripple Carry Adder (RCA) at the gate level.
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These gates are in the critical path of the adder
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position n-2position n-1position n position 1

Time it takes for carry to come from 

position ‘1’ to position ‘n’ = d
1,n

Assuming that the clock cycle time for the adder = T

If d
1,n

> T then there is a chance of error at position ‘n’ else there will be no error

Essentially the difference between the time when the 

inputs are given and the time when the correct output 

at position ‘n’ is computed

Carry Chains and Approximate Adders

Error Model

• Consider specific n-bit inputs A and B

– For these specific inputs define a Boolean variable

– Define an indicator function as follows

• Where d is the set of delays of all possible sum paths 

– The error at the output for two specific inputs A and B is

– The average error is the average over all possible input cases
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p(A,B) is the probability of the input pair A and B given a benchmark

•There are 22n different 

input combinations. 

• Becomes 

computationally very 

intensive for large n.
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The space of all possible inputs

A particular input case

A carry chain

Computing the average error over all possible inputs

As only carry chains result in errors

Computing the average error over all possible carry chains

ADVANTAGE : The total number of possible carry chains is only O(n2) as opposed to O(22n)

Is equivalent to 

Energy Model

Solution using Geometric Programming

& Supply Voltage Binning

Minimize 
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Where d is a function of the propagation delays of the gates (ε
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� We model this optimization problem as a geometric program*

� The objective function and constraints in a geometric program have to be posynomials

� A posynomial is a special kind of positive polynomial

� We use certain well known approximations to represent our objective function as a posynomial

� We have to perform iterative geometric programming until the solution converges

� Geometric programming is a special case of convex optimization 

� Therefore there are very efficient algorithms which solve a geometric program

� We use a standard geometric programming toolbox to find the solution to our problem

� There is another constraint to the optimization problem

� Limit the propagation delays of the gates to be between the permissible limits allowed by the process technology 

� In our case, this is 90nm

� Given

� The 3-bit RCA circuit with XOR and MUX gates

� Clock cycle time (T) = 120 ps

� Energy Budget (E) = 11.1 fJ

From the geometric program
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Error and 

Energy 
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SPICE simulations of the 
circuit with the resulting 
supply voltage values

SPICE simulations of the 
circuit with the resulting 
supply voltage values

Supply voltage binning

•Three cases of comparison

• UVoS – Uniform voltage scaled approximate adder

• N-BiVoS – Naïve Biased Voltage Scaling 

• Current best in literature :  Ad-hoc assignment of voltages

• BGPS – Binned Geometric Program Solution

16-bit RCA
32-bit RCA

Simulation Methodology Simulation Results
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Switching energy 

consumption of gate “l”

at voltage “v
l
”

Average switching activity of 

gate “l” – calculated through 

simulations
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Average leakage power of 

gate “l” at voltage “v
l
”

Clock cycle time of 

the adder

For an approximate adder, the main difference is in the switching activities while 

computing the dynamic energy consumption

Because of over-clocking, the switching activities might reduce for certain gates
We use the same indicator function to check if the outputs of the gates switched for a given carry chain and clock cycle time. 
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Corrected switching activity for gate “l”
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