Analog Fault Detection based on Statistical Analysis

Abdelhakim Khouas and Anne Derieux

ASIM/LIP6, Université Pierre et Marie Curie Couloir 55-65, 2ème étage, 4 place Jussieu, 75252 Paris Cedex 05, France. tel : (33) 1 44 27 71 23 , fax : (33) 1 44 27 72 80 e-mail: Abdelhakim.Khouas@lip6.fr Anne.Derieux@lip6.fr

Keywords: Analog Testing, Parameter variations, Fault Detection, Fault Simulation.

ABSTRACT: In analog circuits, process variations result in physical parameter variations. Simulated values must then be considered with there tolerance intervals. Consequently, contrarily to digital circuits where the outputs are either ’0’ or ’1’ such that we can decide without ambiguity whether a fault is detectable or not, for analog circuits the fault detectability is a vague problem as the fault can either be completely detectable, partially detectable or completely undetectable which makes it very difficult to take a decision. In order to solve this decision problem, we have introduced the probability to detect fault (PDF) function which allows to formalize the problem of analog fault detection under parameter variations.

1. Introduction

The growing need of analog and mixed analog-digital circuits has motivated the research in design and test tools of complex analog circuits. Even if the area of the analog part in a mixed circuit represents less than 15% of the global area, the test of this analog part contributes significantly to the global manufacturing cost of the mixed circuit. Traditionally, analog circuits are tested by functional testing which is known to be costly and not efficient. In order to improve the quality and reduce the cost of analog circuit testing, recent research addresses the area of structural testing of analog circuits [1] and [2].

Usually, we use a fault-based technique to test analog circuits [3] and [4]. But due to process parameter deviations, measured performances are to be considered with their tolerance intervals. Deviations from the nominal value are caused by many factors such as manufacturing processes, model approximations, aging and surrounding environment. Using only the nominal values to compute analog fault coverage and evaluate the effectiveness of such a set of stimuli can result in a significant difference with the reality. So to have an accurate analog fault detection, we need to consider the effect of tolerances on the circuit specifications. The most widely used approach to take into account parameter variations is the Monte Carlo simulation [5], [6] and [7]. The other approaches are : interval simulations [8] and [9] and constraint logic programming [10]. With those approaches, we compute the intervals of good and faulty circuits and then we compare the two intervals to decide if the fault is detectable or not. Until now, there is no proposed method to quantify by a real number how much a given fault can be detected by a given test with a certain risk α of error probability.

In this work we propose a new approach of fault detection and fault coverage based on the probability to detect a fault (PDF) function. We will also use the PDF function to improve the speed of our fault simulation algorithm [11] by using 2 early stop rules to reduce the number of simulations needed to compute PDF and fault coverage. In this paper we introduce a probability to detect a fault (PDF) function, which is used to get accurate fault detection. This paper is organized as follow : Section II gives some definitions and theorems of the statistical and the probability theory used in this paper. In section III, we introduce the probability to detect a fault (PDF) function, and section IV describes the new analog fault simulation based on PDF function. The results and conclusions are given in sections V and VI.

2. Statistical and Probability theory

2.1 Normal distribution

The normal or Gauss distribution is defined as the distribution with the density f(x) = 1 √ 2πσ exp −(x − μ)^2 2σ^2 (1) Here, μ is the mean and σ is the standard deviation. For a risk α (α = 95%, 99%, · · · ) or confidence level 1−α, we define the corresponding confidence interval I_x = [μ − k_ασ, μ + k_ασ] as the interval satisfying P (μ − k_ασ < X ≤ μ + k_ασ) = 1 − α (2) 1

Figure 1: Normal or Gauss distribution.

For a normal distribution, table 1 gives the values of k_α for different risks α (see figure 1). Practically speaking, for a given risk α, this means that all the values will lie between μ − k_ασ and μ + k_ασ.

risk α confidence level 1 − α k_α 0.10 90% 1.645 0.05 95% 1.960 0.01 99% 2.576

Table 1: k_σ for different risks α.

2.2 Confidence intervals for¯

As an approximation of the mean μ and standard deviation σ, we may take the mean x̄ and standard deviation S of a corresponding sample:

x̄ = ∑_n i=1 x_i n and s = √ ( ∑_n i=1 (x_i − x̄)^2 n − 1 (3) where n is the size of the sample. Using the knowledge of the t-distribution of Student, the confidence interval for μ of the normal distribution with unknown σ is I_μ = [x̄ − t_{α[n−1]} s √ n , x̄ + t_{α[n−1]} s √ n ] (4)

where t_{α[n−1]} is the Student parameter of the tdistribution with risk α and (n − 1) degrees of freedom. Table 2 gives some values of t_{α[n−1]} for different values of α and n.

risk t_{α[n−1]} of Student α (n = 5) (n = 10) (n = 20) (n = 30) 0.10 2.132 1.833 1.729 1.699 0.05 2.776 2.262 2.093 2.045 0.01 4.604 3.250 2.861 2.756

Table 2: t_{α[n−1]} for different values of α and n.

Figure 2: Definition of the probability to detect a fault (PDF).

3. Probability to detect a fault PDF function

3.1 Definition

The main idea behind the probability to detect a fault (PDF) function is to quantify by a number ∈ [0, 1] how much a fault can be detected by a given test. Let’s consider D_{ref} and D_f are the distributions of the output values of the good circuit (reference) and the faulty circuit respectively, and I_{ref} and I_f their correspondent confidence intervals. The PDF function must satisfy the follow three conditions ( see figure 3 ) :

1. If I_f ⊂ I_{ref} then the fault is completely undetectable and the PDF must be equal to 0.

2. If I_f ∩ I_{ref} = 0 the fault is completely detectable and the PDF must be equal to 1.

3. Else the fault is partially detectable (or partially undetectable) and 0 < PDF < 1.

The PDF function is defined as follows: P DF_f = 1 − ∫ I_{ref} Df (x) dx (5) with I_f = [μ_{ref} − k_ασ_{ref} , μ_{ref} + k_ασ_{ref} ]. Since ∫ I_{ref} Df (x) dx represents the probability that a faulty

value V_f be inside the good distribution D_{ref} , P DF_f represents the probability that a faulty value be outside the good distribution D_{ref} , which is equivalent to the probability that a fault f will be detected (see figure 2). We can easily show that P DF_f verifies the above three conditions. If we assume that a faulty distribution D_f follows a normal distribution with a mean value x̄_f and standard deviation s_f , the PDF function becomes :

P DF = 1 − ∫ I_{ref} 1 √ 2πs_f exp (−

(x−x̄_f )2 2s2_f ) dx (6) 2

Figure 3: Different PDF values.

3.2 Computation of PDF

The problem of formulation 5 is that we need to compute a large number of simulations for each faulty circuit to get the distribution D_f used in 5. In order to reduce the number of simulations, we propose two early stop rules.

3.2.1 First rule

Let V_f represents the current simulated value of the faulty circuit. According to (2) we know that V_f ∈ I_f (I_f = [μ_f −k_ασ_f , μ_f +k_ασ_f ] is the confidence interval of the faulty distribution D_f ), and if we assume that σ_f = σ_{ref} , we can show that if

|μ_{ref} − V_f | ≥ 3k_ασ_{ref} =⇒ P DF_f = 1 (7) So if the simulated value V_f verifies the condition |μ_{ref} − V_f | ≥ 3k_ασ_{ref} , then we can stop simulations and put P DF_f = 1 (see figure 4).

3.2.1 Second rule

If now, we consider the estimated mean v_f of the n first simulations. According to (4), we know that

Figure 4: Computation of PDF : case |μ_{ref} − V_f | ≥ 3k_ασ_{ref} .

Figure 5: Computation of PDF : case |μ_{ref} − v_f | ≥ 2k_ασ_{ref} + |t|^{Sf}√_n .

μ_f ∈ I_{μf} = [μ_{fm}, μ_{fM} ] with μ_{fm} = v_f − |t|^{Sf√}_n , μ_{fM} = v_f + |t|^{Sf}√_n and t = t_{α[n−1]} is the student parameter, so we can show that if

|μ_{ref} − v_f | ≥ 2k_ασ_{ref} + |t|^{Sf}√_n =⇒ P DF_f = 1 (8) As for the first rule, if the estimated mean v_f verifies the condition |μ_{ref} − v_f | ≥ 2k_ασ_{ref} + |t|^{Sf}√_n , then we can stop the simulations and put P DF_f = 1 (see figure 5).

3.3 Fault coverage using the PDF function

Let’s consider a set T = {T_1, T_2, · · · T_n} of n test patterns and a set F = {F_1, F_2, · · · F_m} of m faults. To get an accurate fault coverage F C of the set T , we used the PDF function as follows:

F C = P_{mj=1 Max{P DFi,j |Ti∈T }} m (9)

where P DF_{i,j} represents the probability that the test T_i detects the fault F_j and Max{P DF_{i,j}|T_i ∈ T } 3

Figure 6: Fault simulation algorithm.

represents the best probability that can be obtained from all tests of the set T .

4. Analog fault simulation using the PDF function

Using the definition in (6) and the two rules corresponding to the assumptions (7) and (8), we improved our fault simulation algorithm presented in [11]. The new fault simulation algorithm is shown in figure 6.

For each faulty circuit, the algorithm starts simulations with nominal parameter values. If the simulated value v_f satisfies assumption (7) we have P DF_f = 1 and the simulation is stopped, else we proceed to parameter variations and re-evaluate the simulated value v_f . If the new v_f satisfies (7) then P DF_f = 1, else we compute the estimated v̄_f and s_f , if v̄_f satisfies assumption (8) then P DF_f = 1, else we repeat the above steps until the fault is detected or n = Nmax, where Nmax represents the maximum number of simulations needed to compute the P DF value using definition (6).

5.Results

We applied our approach to the current mode integrator shown in figure 7, designed for a 0.6μ CMOS

Figure 7: Current mode integrator.

type fault coverage of classic Monte Carlo our faults approach approach approach catas.(54) 90.2% 85.5% 85.5% param.(540) 84.3% 69.6% 70.4%

Table 3: Comparative fault coverage results.

process [12]. All design parameters (W and L of the transistors and capacitance values) are assigned 5% of statistical variations.

We considered both catastrophic and parametric faults for transistors and capacitors. For catastrophic faults, we considered only the short faults and for parametric faults we considered 10 deviations per parameter from 10% to 100% by a step of 10%. For all transistors, we considered the occurrence of the 2 probable short faults : Gate Source Short (GSS) and Gate Drain Short (GDS) defined in [13]. So for the 26 transistors and 2 capacitors of the circuit, we have 54 catastrophic faults and 540 parametric faults. The current gain (^{iop−ion}_{iip−iin} ) has been simulated using AC simulations in the frequency range [0, 3Mhz].

Tables 3 and 4 give the comparison results of our approach to both the Monte Carlo (MC) and the classical fault simulation CS approaches considering both fault coverage and CP U time. For MC and our approach we took Nmax = 10 and the risk α = 0.05. In the CS fault simulation approach, for each fault f, we make only one simulation to get the simulated value v_f of the faulty circuit, if v_f is outside the confidence interval I_{ref} of the good circuit then the fault f is detectable P DF_f = 1, otherwise f is undetectable P DF_f = 0. It can be seen from the table 3 that our method is as accurate as the MC method, while the CS method is the less accurate one. For parametric faults, the small difference in the fault 4 type CPU time (s) of classic Monte Carlo our faults approach approach approach catas. (54) 63 632 170 param. (540) 632 6325 3426

Table 4: Comparative CP U time results.

coverage between MC approach (F C = 69.6%) and our approach (F C = 70.4%) is due to the fact, that for some parametric faults, the standard deviation σ_f of the faulty circuit is not equal to the standard deviation σ_{ref} of the good circuit. For the speedup, we can see from the table 4 that our approach is faster than the MC method, but the speed-up is more significant for catastrophic faults (3.71 times faster) than for parametric faults (1.85 times faster). This is due to the fact that parametric faults are more difficult to detect than catastrophic faults.

6. Conclusion

We propose a new approach for accurate fault detection for analog ICs. To include the effect of deviation of parameters, the fault detection and fault coverage problems were formulated using the probability to detect a fault P DF function. We have shown the benefit of our approach on the CMOS current mode integrator by computing the fault coverage of catastrophic and parametric faults with an average of 2.5 times speed-up with respect to Monte Carlo approach. This method is currently being studied for the implementation of a fully automated fault simulation for large analog circuits.

Acknowledgment

We would like to thank H. Aboushady and M. Dessouky for their beneficial contribution to this work.

This research is supported by the European Project under grant MEDEA-A406.

References

[1] Linda Milor. A Tutorial Iintroduction to Research on Analog and Mixed-Signal Circuit Testing. IEEE Trans. on Circuits and Systems˘II: Analog and Digital Signal Processing, 45(10):1389–1407, October 1998.

[2] Bapiraju Vinnakota. Analog and Mixed-Signal Test. Prentice HALL PTR. Upper Saddle River, NJ 07458, 1998.

[3] R. J. Harvey, A. M. D. Richardson, E. M. J. G.

Bruls, and K. Baker. Analogue Fault Simulation Based on Layout Dependent Fault Models.

In Proc. International Test Conference, 641–649 1994.

[4] Naveena Nagi, Abhijit Chatterjee, Ashok Balivada, and Jacob A. Abraham. Fault-Based Automatic Test Generator for Linear Analog Circuits. In Proc. IEEE International Conference on Computer-Aided-Design, pages 88–91, 1993.

[5] Georges Gielen, Zhihua Wang, and Willy Sansen. Fault Detection and Imput Stimulus Determination for the Testing of Analog Integrated Circuits Based on Power-Supply Current Monitoring. In Proc. IEEE International Conference on Computer-Aided-Design, pages 495– 498, 1999.

[6] Zwolinski M. Spinks S.J., Chalk C.D. and Bell I.M. Generation and Verification of Tests for Analogue Circuits Subject to Process Parameter Deviations. In IEEE Int. Symp. Defect and Fault Tolerance in VLSI Systems, Paris, France, October 1997.

[7] Naim Ben-Hamida, Khaled Saab, David Marche, and Bozena Kaminska. A perturbation based fault modeling and simulation for mixedsignal circuits. In Proc. IEEE Asian Test Symposium, pages 182–187, 1997.

[8] Giri Devarayanadurg, Mani Soma, Prashant Goteti, and D. Huynh. Test set selevtion for structural faults in analog ic’s. IEEE Trans. Computer-Aided Design, 18(7):1026–1039, July 1999.

[9] Michael W. Tian and C.-J. Richard Shi. Worstcase analysis of linear analog circuits using sensitivity bands. In Proc. IEEE International Symposium on Circuits and Systems, volume 6, pages 110–113, 1998.

[10] Abdessatar Abderrahman, Eduard Cerny, and Bozena Kaminska. Worst case tolerance analysis and clp-based multifrequency test generation for analog circuits. IEEE Trans. Computer-Aided Design, 18(3):332–345, March 1999.

[11] A. Khouas and A. Derieux. Methodology for Fast and Accurate Analog production Test Optimisation. In Proc. IEEE International Mixed- Signal Testing Workshop, pages 215–219, June 1999.

[12] H. Aboushady, M. Dessouky, E. de Lira Mendes, and P. Loumeau. A third-order current-mode continuous-time sigma-delta modulator. In Proc. IEEE International Conference on Electronics, Circuits, and Systems, September 1999.

[13] C. Toumazou, J. B. Hughes, and N. C. Battersby. SWITCHED-CURRENTS an analogue technique for digital technology. Peter Peregrinus Ltd. on behalf of the Institution of Electrical Engineers, London, United Kingdom, 1993. 5