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Abstract
To insure that a product will meet the customer’s requirements it is necessary to perform circuit analysis which will be able to predict the product’s worst case performance. This can be done using circuit simulation tools like Analog Workbench in conjunction with statistical device models.  This paper will attempt to show how a worst case analysis can be done using Analog Workbench and how to develop a statistical device model library.

The Questions:

What is Worst Case Analysis (WCA)? 

Ans. The WCA of a circuit is a statistical analysis of performance of a circuit with the use of toleranced device models. Typically, WCA falls into three categories; Extreme Value Analysis (EVA), RSS and Monte Carlo.

How do you measure WCA performance?

Ans.  The proposed approach uses the Sensitivity and Monte Carlo Analysis tools of Analog Workbench to predict worst case performance. The Sensitivity tool displays a Worst Case result, which correlates somewhat to the EVA.  The Monte Carlo results should be displayed as a Cumulative Distribution Function with markers set at the minimum and maximum performance limits.

Why do WCA? 

Ans.  WCA is performed to insure the design when built will meet the performance requirements. Typically, it is more prudent to check expected performance before the full production of the product.

Where do you get toleranced device models?

Ans.  The user needs to develop statistical models for each device type based on either measured or data book parameters. 

Analog Workbench Tools Review:

AWB has three basic types of tools that are used in worst case analysis. They are the Input, Output and Multi-Simulation tools.  The Input tools include the Function Generator for time domain simulations and the Frequency Sweeper for frequency domain analysis. The purpose of the input tools is to define the duration of analysis to be performed and where the input waveforms will be applied. The Output tools include the DC Meter for DC analysis, Oscilloscope for time domain simulation and Network Analyzer for frequency domain analysis. The output tools will simple measure the performance of interest. This is typically done with a Marker Function. 

The marker function is a powerful feature in AWB that allows the designer to measure the performance of a circuit, i.e. phase margin would be measured with a phase margin marker function in the Network Analyzer Tool. Numerous marker functions exist for the various output tools but it may be necessary to create a new marker. The marker functions are globally accessible through the function button for each channel of the output tools.
Sensitivity Analysis: The Sensitivity Analysis tool is used to perform sensitivity and worst case analysis. This tool is linked to the output tool’s channel marker function as a reference, i.e. Oscilloscope channel 1 can be linked to channel 1 of the Sensitivity Analysis tool. A relative sensitivity is typically performed in association with the marker function used on the output tool, i.e. a gain margin sensitivity analysis would be performed by keying off of the channel on the Network Analyzer tool that measures gain margin. The Sensitivity Tool is added through the AWB Controller window. 

Monte Carlo: The Monte Carlo tool is used to perform the actual worst case analysis. This tool is linked to the output tool’s channel marker function as a reference, i.e. Oscilloscope channel 1 can be linked to channel 1 of the Monte Carlo tool. A Cumulative Distribution Function (CDF) display of the sampled results is preferred with a sample size equal to ten times the number of variables that have defined in the circuit as a rule of thumb. The Monte Carlo tool is added through the AWB Controller window.

Parameteric Plotter: The Parameteric Plotter tool is used to perform multiple simulation. The tool is linked to the same channels of various output tools which are being used, i.e. Oscilloscope channel 1 will be linked to channel 1 of the Parameteric Plotter tool. The Parameteric Plotter is added through the AWB Controller window. The Parametric Plotter tool is used to evaluate how individual component variations would modify the circuit’s performance.  The tool is linked to the output tool’s channel marker function as a reference.  The Parametric Plotter tool is used when it is necessary to evaluate the variation of single parameter over its ranges.

A measure of robustness:

In a general sense, there is a measure of robustness that is a result of the WCA.

1.  If the Monte Carlo and Sensitivity analyzes predicts that the circuit’s performance will meet the requirements, the design is considered to be robust.  

2.  If the Monte Carlo and Sensitivity analyzes predicts that the circuit’s performance will meet the requirements after using linked parameter tolerances then the design is considered to be acceptable.

3.  If the Monte Carlo and Sensitivity analyzes predicts that the circuit’s performance will not meet the requirements, then the design, analysis or requirements must be modified.

General Guidelines 

Consider the following guidelines for performing a WCA using Analog Workbench. 

1. You must assume a distribution for the component parameters. A flat or uniform distribution can be used if the specific distribution is not known. 

2. Temperature affects, purchase tolerance, and aging variations and radiation degradation can be RSS’ed together to form the tolerance for a component or parameter.

3.  The test data for a circuit is assumed to be representative of the circuit’s performance.

4.  Exact tailor values are of less significance than correlating the circuit model to the test data.  However, the component value used in the analysis must be within the tailor range for that component.

5.  The worst case analysis is limited to the capabilities of SPICE to accurately model the part’s performance.

6.  A Sensitivity analysis is used to predict which toleranced parameters the circuit is most sensitive to.  The Sensitivity analysis assumes that all toleranced parameters are both independent and vary monotonically. This is not always true.

7.  A Monte Carlo analysis is used to predict the worst case performance.  Typically, ten samples are taken for every toleranced parameter.  The Monte Carlo assumes that all parameters are independent which is also not always true.

WCA Flow:

There are some specific steps you should consider when doing a WCA analysis. 

Step #1 - Enter schematics “as is”. You should first enter the entire schematic because it will be easier for you to extract the circuit models from the overall schematic. Also, it will be easier to include the input and output loads if you draw the entire schematic.

Step #2 - Review the performance requirements. The question is what performance is to be measured.  If the performance cannot be measured with Analog Workbench’s standard marker functions then it will be necessary to create a new one.

Step #3 - Collect Test Data on circuit. If test data exists it should be collected and used to correlate the model against. Remember that the collected data may not be nominal because you may not have nominal components. 

Step #4 - Determine actual inputs and loads. This include the characteristics of the loads, source impedances, test equipment and cables.

Step #5 - Subdivide schematics into circuit models. This can be easily done if the entire circuit schematic has been drawn. There may also be multiple circuit models of the same section of the electronics if more than one type of analysis is to be performed. 

Step #6 – Develop worksheets that define how components will vary as a function to purchased tolerance, aging, temperature and radiation.  The worksheet can be used to trace how the combined parameter tolerances were defined. 

Step #7 - Identify what type of simulations will be performed. This may be somewhat obvious but it may be necessary for you to develop special tools such as marker function that can measure the circuit’s performance. 

Step #8 - Correlate circuit model against test data.  It may be necessary to measure some of the more critical parts and it may not be possible to get an exact fit to the data. But you should be able to correlate within the expected WCA performance. 

Step #9 - Perform Multi-Simulation Analysis.

Using the correlated circuit model the multi-simulation analysis can begin.  This would include a Sensitivity Analysis and Monte Carlo Analysis to determine the WCA performance. 

Step #10 - Save and document results. Repeating multi-simulation analysis can be very painful so it is a good idea to document your results.

Model Development:

The development of statistical device models is a real problem area for several reasons.  First, electronic manufactures are not providing enough information on part performance to predict worst case performance and the models they do provide are not toleranced.  It should be pointed out that typical performance for a part may not be represented by the nominal component parameter for a part. Second, the inclusion of aging and radiation effects are not typically defined for a part. There are MIL-Specs and NASA documents that are available which can provide some insight into how parts vary as a function of radiation and aging. Third, to establish the “exact” variation of a part parameter it is necessary to differential between biased and unbiased variations. Data sheets do not always separate these terms. As a result variations are typically assumed to be random. Fourth, large variations of independent variables within a SPICE model can lead to significant simulation problems.  

To overcome these problems there are two fundamental approaches. First, an educated guess can be made on how part parameters will vary. Care must be given when guessing because of obvious problems but it is still a viable approach. 

Second, statistical data can be collected on parts and models can be extracted from the data. This approach can be costly and still not contain the total set of possible parameter values. However, it does show interactions and provides models that represent real parts.

Regardless of the approach used the part parameters must be translated into toleranced device models.  For example, suppose a resistor’s purchased tolerance is (1%, its variation over 10 years is (1.5% and it variation due to temperature is (0.5%. The resulting RSS tolerance would be 
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Thus the tolerance on resistance of a resistor with these types of variations would be (1.87%. For active parts ICCAP a model extraction software package could be used.  ICCAP will measure the characteristic curve for a particular device, extract the SPICE parameters for this device, simulate the device model using SPICE, and plot the measured vs. simulated curves.  The extracted models can then be used and a statistical model developed from them.

WCA Example:

Consider the following example; a 4th order Transitional Butterworth-Thompson Low Pass Filter design. The LPF exhibits the characteristics of maximally flat time delays and maximally flat magnitude response. 

The transfer function for the LPF is 


[image: image3.wmf]2

2

0

0

2

2

0

)

(

ú

ú

û

ù

ê

ê

ë

é

+

+

=

w

aw

w

s

s

s

H

           eq#3

Suppose the requirements state that ( 0 and ( are equal to


[image: image4.wmf]750

,

15

0

=

w

                                               eq#4

and
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Also, suppose the requirements for the performance of the LPF are as follows:
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Verify through WCA that the requirements will be met.
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[image: image8.wmf]First, simulation of the transfer function is performed and shows that the required performance can be achieved using ( 0 and (. 
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As can be seen the (0 and ( provide the required performance.

[image: image11.wmf]Second, a circuit design is proposed and simulated. 

[image: image12.wmf][image: image13.wmf][image: image14.wmf][image: image15.wmf]The frequency response of the circuit implementation matches closely the requirements.

Third, device models are developed for all of the components. For our example we will assume a (2% tolerance for the resistors, a (5% tolerance for the capacitors and the TL064 parameters will be extracted from the data sheet for the part.

[image: image16.wmf][image: image17.wmf]
[image: image18.wmf][image: image19.wmf][image: image20.wmf]Fourth, perform a sensitivity analysis at the four frequencies. The Sensitivity analysis will also determine the “sensitivity” worst case performance. 

[image: image21.wmf]As can be seen from the Sensitivity/Worst Case Analysis results the circuit does not meet the (0.1dB tolerance at all four frequencies. 
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A Monte Carlo Analysis will still be performed to determine the extent of the problem. There are about 40 variables so a 400 sample Monte Carlo will be taken. 

There is a 100% probability that the 390Hz requirement will be met. 

There is a 84.77% probability that the 780Hz requirement will be met.


There is a 54.25% probability that the 1.17KHz requirement will be met.

There is a 33.75% probability that the 1.57KHz requirement will be met.

A problem exists with the circuit that must be corrected. The approach to use is to first determine, based upon the Sensitivity Analysis results, which parameter may be causing the problem. As can be seen the circuit performance is most sensitive to variations in C2 and C4, which have a (5% tolerance. A parametric plot would show the contributions of variation. As a simple solution it may be possible to use tighter tolerance parts or widening the requirements as a function of frequency. It is also possible to link parameters and make them dependent, i.e. make C2 and C4 dependent variables so that they vary together by the same percentage and same direction. Another possible solution could be to control the part variations by controlling the temperature or using tailored parts.


Conclusion:

Analog Workbench is a very powerful tool that can be used in the WCA of circuits. Much work is still needed in the development of statistical device libraries but the fundamental tool to perform WCA already exists. 
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Figure 10 - 390Hz Monte Carlo
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Figure 5 TL064 Op Amp Model





Figure1 Transfer Function Model





Figure 4  Circuit  Model Response





Figure 2 Transfer Function Response





Figure3 Circuit Model
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Figure 9 - 1570Hz Sensitivity





Figure 7 - 780Hz Sensitivity





Figure 11 - 780Hz Monte Carlo





Figure 8 - 1170Hz Sensitivity





Figure 6 - 390Hz Sensitivity





Figure 12 - 1170Hz Monte Carlo





Figure 13 - 1570Hz Monte Carlo
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Requirement = -0.200mdB to 0mdB





Requirement = -0.6 dB to -0.4dB





Requirement = -1.3 dB to -1.1dB





Requirement = -2.6 dB to –2.4dB
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