11...1 outA/Db2VinbN00...0VinVmaxb1

0Fig. 1. Symbol and transfer characteristic of aconventional A/D converter.ADF

Vr11

B2VinBNB1

11...1out00...0Vr12Vr21Vr22VinVmax0Fig. 2. Symbol and transfer characteristic of an�A/D fuzzifier� (ADF).A/D CONVERSION WITH FUZZY MEMBERSHIP FUNCTIONGiuseppe Di Cataldo (1), Valentino Liberali (2), Franco Maloberti (2), and Gaetano Palumbo (1)(1) Dipartimento Elettrico Elettronico e SistemisticoUniversit� di CataniaViale Andrea Doria 695125 Catania, ItalyPhone +39.95.339535 - Fax +39.95.330793E-mail: gdicata@ns2.cdc.unict.it,gpalumbo@ns2.cdc.unict.it(2) Dipartimento di ElettronicaUniversit� di PaviaVia Ferrata 127100 Pavia, ItalyPhone +39.382.505205 - Fax +39.382.505677E-mail: valent@ipvsp4.unipv.it,franco@franco.unipv.itABSTRACTThis paper presents a general architecture of an A/Dconverter whose input-output transfer characteristic has theshape of a typical fuzzy membership function. Indeed, theproposed A/D converter performs a fuzzification operationfrom input to output through a programmable trapezoidalfunction. The proposed architecture requires a conventionalA/D converter, a comparator, some inverters and switches,thus allowing to save silicon area while maintaining goodflexibility and programmability. Moreover, it does notdepend on the converter architecture and can be applied toevery A/D converter.1INTRODUCTIONFuzzy inference was developed to handle impreciseknowledge using common sense rule, like humanreasoning [1—3]. Started in late 70s, fuzzy logic controllersare becoming a practical reality, with more and moreapplications in consumer electronics. Research is devotedto implement fuzzy logic using both digital and analoghardware [4—16], to realise fast and efficient systems forreal-time application.Membership function is a key element in a fuzzycontroller. Also called �fuzzification�, it is a non-linearfunction that measures the compatibility of an object withthe concept represented by a fuzzy set [3]. When the inputof a fuzzy controller is an analog signal and processing isin digital domain, an A/D converter is required at the inputfront-end. Then the fuzzification can be obtained through alook-up table or with suitable digital circuitry. In bothcases the required silicon area is not negligible even forlow-resolution signals.This communication presents a novel approach toachieve the fuzzification of input signals (i.˚e., theirmembership function). The basic idea is to combine A/Dconversion and membership function into a singlefunctional block. The proposed solution allows us to savea significant amount of silicon area, while maintaininggood flexibility and programmability. Moreover, theproposed approach does not depend on the converterarchitecture and can be applied to every A/D converter.2SYSTEM DESCRIPTIONFig.˚1 shows the transfer characteristic of an A/Dconverter. Design parameters are: the full-scale range,Vmax, and the number of bits, N. From this, we canobtain an �A/D Fuzzifier� (ADF) through a non-lineartransfer function, whose shape is triangular or trapezoidal.Fig.˚2 illustrates an example of trapezoidal ADF

A/D

Vr11 b2VinbNb1

11...1out00...0Vr12VinVmax0Vr11Vr12

A/Db2VinbNb1

11...1out00...0Vr21Vr22VinVmax0Vr21Vr22

(a)(b)

Fig. 3. Implementation of the membership function with two A/D converters.

+A/DCOD—Vr11Vr12Vr21Vr22VinVr12

B2BNB1

Fig. 4. General architecture of the A/D fuzzifier.COD

CB2BNB1 b2bNb1

Fig. 5. Scheme of the COD block.characteristic. Instead of the full-scale range Vmax, theADF has four parameters, Vr11, Vr12, Vr21 and Vr22, thatdefine the slope and the offset of the two oblique edges, asshown in Fig.˚2.The first part (i.˚e., the rising edge) of the non-linearfunction can be obtained through a shifting and acompression of the A/D transfer characteristic in theinterval [Vr11,˚Vr12], as illustrated in Fig.˚3(a). In thesame way, through a compression in the interval[Vr21,˚Vr22] and through a mirroring, we can obtain thesecond part (i.˚e., the falling edge) of the transfercharacteristic shown in Fig.˚3(b).The ADF in Fig.˚2 can be implemented with the generalarchitecture shown in Fig.˚4. Main blocks are: aconventional A/D converter with two reference inputs, theoutput block (COD), and a comparator that selects the A/Dconverter reference inputs and controls the COD. TheCOD inverts all bits according to the control signal C, andit can be as simple as shown in Fig.˚5. When the inputsignal is lower than Vr12, reference voltages for the A/Dconverter are Vr11 and Vr12, and the COD output is theA/D converter output unchanged; otherwise, the A/Dconverter reference voltages are Vr21 and Vr22, and theCOD complements the A/D converter output.3RESOLUTION IN FUZZY MEMBERSHIPFUNCTIONLet us suppose that the basic A/D converter is characterisedby the following parameters: number of bits (N); inputrange (V max); nominal quantisation step (Q ) anddifferential non-linearity (D). The DNL D is the maximumdifference between a real quantisation step and the ideal one,and is expressed in LSB units. Parameters N, Vmax and Qare related through the relationship:Q = Vmax2N˚—˚1

.(1)In an ideal A/D converter, an input variation equal orlarger than Q produces a change in the output code. On theother hand, in a real A/D converter the minimumresolution D V in is limited by the error D Q in thequantisation step:DVin = Q + DQ .(2)

Fig. 6. Transfer characteristic of an ideal 4-bit A/Dconverter.Fig. 7. Simulated transfer characteristic of the ADF madeup with the ideal A/D converter.The term DQ is related to component non-idealities such asoffset, noise, etc. and is independent on Q. DQ can beexpressed as a function of the DNL D, according to thefollowing relationship:DQ = D Æ Vmax2N˚—˚1

.(3)Combining (2) and (3), we obtain:DVin = Q Æ (1 + D).(4)In the ADF, the maximum slope in the input-outputcharacteristics is achieved when the input voltage range isDVr˚=˚min()Vr12˚—˚Vr11,˚Vr22˚—˚Vr2 1 . In this case,the nominal quantisation step would be:q = DVr2N˚—˚1

.(5)However, due to non-idealities of the A/D converter, tocause a change in the ADF digital output, the inputvariation should be:DVin = q + DQ = q Æ Ł� ł�1˚+˚D ˚Vm a x DVr

.(6)By comparing (4) and (6), the differential non-linearity d ofthe ADF results to be:d = D VmaxDVr

.(7)For example, when an 8-bit converter with a DNLD˚=˚0.5 is used to build an ADF with VmaxDVr

˚=˚6, theresulting DNL for the ADF is d˚=˚3. Since d is largerthan 1˚LSB, the effective resolution of the ADF is lessthat the number of bits N.From (6), we can see that the minimum quantisation stepof the ADF, qmin, is limited by DQ:qmin ‡ DQ (8)and the maximum resolution in bit of the ADF, Nmax, isrelated to qmin according to:qmin = DVr2Nmax˚—˚1

.(9)Substituting (3) and (9) in (8), we get:Nmax £ ln˚ Ł� ł�1D

˚DVrVmax

()2N˚—˚1˚ + ˚ 1 ln˚2

== ln˚()2N˚—˚1d

˚ + ˚ 1 ln˚2

(10)It is apparent that the maximum number of bits islimited by the DNL of the conventional A/D converter.Hence, the effective number of bit of the ADF, n, is:n =˚min()N,˚Nmax.(11)In the above example, we get Nmax = 6. Hence, theADF equivalent resolution is limited to 6 bits, loosing twobits of resolution.4SIMULATION RESULTSThe proposed architecture of the ADF has been described inAHDL and simulated.An ideal 4-bit A/D converter with Vmax˚=˚5˚V, havingthe transfer characteristic shown in Fig.˚6, has been usedinto an ADF with V r 1 1 ˚=˚0.5˚V, V r 1 2 ˚ = ˚ 2 ˚ V , V r21˚=˚3˚V and V r22˚=˚3.75˚V. Fig.˚7 shows theresulting transfer characteristic of the ADF.To illustrate the effects due to the converter non-linearity,we have introduced a DNL D ˚=˚0.5 into the A/Dconverter, whose transfer characteristic is shown in Fig.˚8.In this case, the resulting transfer characteristic of the ADFis shown in Fig.˚9. According to (7), the DNL of theADF is d˚=˚3.33. From (10) we obtain Nmax˚=˚2, which

Fig. 8. Transfer characteristic of a 4-bit A/D converterwith a DNL D = 0.5.Fig. 9. Simulated transfer characteristic of the ADF madeup with the A/D converter of Fig. 8.means that the analog input signal is converted with only 2bits of resolution when is lies of the ramp with maximumslope. For this ADF, only the two most significant bitsshould be taken into account for the fuzzy processing.5CONCLUSIONThis paper has demonstrated that A/D conversion and fuzzymembership function can be merged into a single block,the A/D fuzzifier. A general and simple architecture toperform ADF has been presented. It is based on aconventional A/D converter and few other components, andis programmable by setting four reference voltages.The use of this block reduces area and powerconsumption. A further saving in area and powerconsumption is possible by using only one ADF andmultiplexing inputs and outputs in the realization of afuzzy system.The achievable resolution of the ADF has also beenevaluated. The DNL and the effective number of bits of theresulting ADF have been related to the parameters of theconventional A/D converter adopted.REFERENCES[1]L.˚Zadeh, �Outline of a new approach to the analysis ofcomplex systems and decision processes,� IEEE Trans.on Systems, Men, and Cybernetics, vol. SMC-3, pp. 28-44, Jan. 1973.[2]R.˚Tong, �A control engineering review of fuzzysystems,� Automatica, vol. 13, pp. 559-569, 1977.[3]L.˚Zadeh, �Making computers think like people,� IEEESpectrum, pp. 26-32, Aug. 1984.[4]T.˚Yamakawa and T.˚Miki, �The current mode fuzzylogic integrated circuits fabricated by the standard CMOSprocess,� IEEE Trans. on Computers, vol. C-35, pp. 161-167, Feb. 1986.[5]T.˚Inoue, F.˚Ueno, and S.˚Sonobe, �Switched-capacitorbuilding blocks for fuzzy logic and neural networks,�Trans. of IEICE, vol. E-71, No. 12, Dec. 1988.[6]L.˚Zhijian and J.˚Hong, �CMOS fuzzy logic circuits incurrent-mode toward large scale integration,� Proc. Int.Conf. on Fuzzy Logic & Neural Network, Iizuka, Japan,pp. 155-158, 1990.[7]M.˚Sasaki, T.˚Inoue, Y.˚Shirai, and F.˚Ueno, �Fuzzymultiple-input maximum and minimum circuits in currentmode and their analyses using bounded-differenceequations,� IEEE Trans. on Computers, vol. 39, pp. 768-778, June 1990.[8]T.˚Inoue, F.˚Ueno, T.˚Montoro, O.˚Setoguchi, andR.˚Matsuo, �New high-speed analogue max and mincircuits using OTA-based bounded-difference operations,�Electronics Letters, vol. 27, pp. 1034-1035, June 1991.[9]J.˚Chen, C.˚Chen, and H.˚Tsao, �Tunable membershipfunction circuit for fuzzy control systems using CMOStechnology,� Electronics Letters, vol. 28, pp. 2101-2103, Oct. 1992.[10]F.˚Pelayo, I.˚Roas, J.˚Ortega, and A.˚Prieto, �Current-mode analogue defuzzifier,� Electronics Letters, vol. 29,pp. 743-744, Apr. 1993.[11]T.˚Kettner, C.˚Heite, and K.˚Schumacher, �AnalogCMOS realization of fuzzy logic membership functions,�IEEE J. Solid-State Circuits, vol. 28, pp. 857-861, July1993.[12]L.˚Peters, S.˚Guo, and R.˚Camposano, �An analogfuzzy logic inference engine,� Proc. ECCTD’93, Davos,Switzerland, pp. 891-894, 1993.[13]L.˚Lemaitre, M.˚Patyra, and D.˚Mlynek, �Analysis anddesign of CMOS fuzzy logic controller in current mode,�IEEE J. Solid-State Circuits, vol. 29, pp. 317-322,March 1994.[14]J.˚Fattaruso, S.˚Mahant-Shetti, and J.˚Barton, �A fuzzylogic inference processor,� IEEE J. Solid-State Circuits,vol. 29, pp. 397-402, Apr. 1994.[15]V.˚Catania, A.˚Puliafito, M.˚Russo, and L.˚Vita, �AVLSI fuzzy inference processor based on a discrete analogapproach,� IEEE Trans. on Fuzzy Systems, vol. 2,pp.˚93-106, May 1994.[16]J.˚Ramirez-Angulo, �Building blocks for fuzzyprocessor,� IEEE Circuits & Devices, pp. 48-50, July1994.