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Abstract—In this paper a new current-mode circuit to realize 

the center-of gravity (COG) defuzzifier is presented. The circuit 
employs floating-gate MOS (FG-MOS) transistors that operate in 
weak inversion region. Compared to the other proposed circuit, 
this circuit features severe reduction of the elements number, low 
supply voltage (0.7V), low power consumption (<1uW), immunity 
from body effect and wide input dynamic range (>60dB). 
Simulation results by Hspice confirm the validity of the proposed 
design technique and show high performance of the circuit. 

I. INTRODUCTION 
Fuzzy systems have drawn a great attention for their 

capability of translating expert knowledge expressed by 
linguistic rules into a mathematical frame work [1]. Fuzzy 
systems can be implemented with software on standard digital 
processors [2]. However, when real-time operation or low-area 
and low-power/low-voltage are required, it is suitable to 
implement them with hardware (fuzzy chips). A fuzzy logic 
controller consists of four fundamental units: fuzzifier unit, 
decision-making logic unit, defuzzifier unit and knowledge 
unit. One hardware realization method for fuzzy logic 
controller is using digital circuits [3]. However, digital 
implementation of center-of-gravity (COG) defuzzifier needs 
digital multiplier and divider circuits which lead to a large chip 
area and high power consumption [3]. Afterwards, to overcome 
these shortcomings some analog circuit designs based on 
current-mode approach have been proposed [4-6]. Current-
mode approach gives their design more advantages, such as 
simple addition/subtraction and low circuit complexity 
compared with conventional digital and voltage-mode analog 
signal processing. One attempt is to employ BiCMOS 
translinear multipliers and dividers for COG defuzzifier 
implementation [4]. Despite of the advantages, this circuit 
needs complicated fabrication processes. Following this 
technique, a current-mode defuzzifier by employing geometric-
mean and squarer-divider functions is presented [5, 6]. For 
design of these functions stacked translinear loops has been 
employed. The main drawbacks of this proposed design are as 
follows: firstly, the extra needed functions lead to a large 
number of transistors and high power consumption; secondly, 
in this circuit, the MOS transistors are operating in strong 
inversion, thus employing low-voltage supply restricts dynamic 
range; and finally, in the circuit of stacked translinear 
MOSFET loops, the body effect decrease the accuracy [8].  

In this paper, a new circuit design to overcome the above 
problems is presented. In the proposed circuit, which is 
employed by FG-MOS transistors, circuit complexity is much 

less than those reported before [2-6]. This circuit is immune to 
the body effect, because the source of transistors is connected 
to the substrate. Also due the fact that the transistors are 
operating in weak inversion, the proposed circuit features low-
power, low-voltage and wide dynamic range.  

The paper is organized as follows. In section 2 the basic 
principle of current-mode defuzzifier is discussed. Section 3 
explains the proposed circuit design for the COG defuzzifier. 
Simulation results are presented and discussed in section 4 and 
concluding remarks are provided in section 5. 

II. CURRENT-MODE COG DEFUZZIFER 
To implement fuzzy logic controller, Fuzzy sets are 

mathematically described through membership functions, 
which return a value between 0 and 1 representing the 
membership degree of a given variable to the corresponding 
fuzzy sets. A typical fuzzy processing should be completed 
with fuzzy inference process that consists of a number of rules. 
A generic fuzzy rule can be written in the form: 

If (a set of conditions are satisfied), Then (a set of consequents 
can be inferred). 

In the inference process the degree of truth of the rule premise 
is evaluated. This value is carried out to the consequent. Fuzzy 
values produced by a fuzzy inference process are used to 
produce a crisp value by a COG defuzzifier as follows: 
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where 
iyμ is the activation degree of each rule, iy  is the fuzzy 

label corresponding to the output fuzzy set iY  and N  is the 
number of rules. 

By rearranging the definition of the function in order to 
hardware implementation of the defuzzifier circuit, each 
membership degree of the fuzzy set in this work is represented 
by a continuous current signal within [0nA, 300nA] to indicate 
the degree of membership belonging to the corresponding 
fuzzy sets in the universe of discourse. Employing current-
mode approach and using (1), the output crisp signal of 
defuzzifier can be expressed in current-domain as follows: 
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where 
iy

I μ , 
iyI  and COGI  are the current representation of 

signals 
iyμ , iy  and COG , respectively. 

By breaking out the weighted summation of the numerator 

terms of (2), and also using the fact that
z
y

z
x

z
yx +=+ , it can 

be rewritten as: 
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Fig. 1 shows block diagram of the current-mode COG 
defuzzifier based on (3). It consists of N  multiplier/divider 
unit, as the fundamental units of the COG defuzzifier, which 
are connected in parallel form. 

III. PROPOSED CIRCUIT DESIGN 

A. Multiplier/Divider 
A good choice for circuit design of multiplier/divider is 

using FG-MOS transistors that operate in weak inversion [9]. A 
FG-MOS transistor has an isolated gate that capacitively 
coupled to the input gates. Fig. 2 shows the symbol diagram 
and equivalent circuit of the transistor with 2 input voltages. 
The drain current of a N-type FG-MOS transistor, with 2 input 
gates, in weak inversion is given by [10]: 

   

xI
Multiplier/Divider

IyI t

Iz

xI
Multiplier/Divider

IyI t

zI

xI
Multiplier/Divider

I tIy

zI

 Current 
Repeater

 

Figure 1.  Block diagram of the current-mode COG defuzzifer   
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where TU  stands for the thermal potential, sI  is a device 
dependent coefficient, n represents the subthreshold slope, iV  
is the i-th input gate voltage { }( )21,i ∈  and iw  is the i-th input 
capacitance ratio defined as: 

t

i
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in which iC  is the input capacitance between the floating gate 
and the i-th input gate and tC  is the sum of these input 
capacitances.  

Fig. 3 shows the circuit of a one-quadrant multiplier/divider 
that consists of four FG-MOSs operating in weak inversion [9]. 
Using (4), the I-V relationships for transistors M1, M2, M3 and 
M4 are expressed as follows: 
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It is assumed that the areas of the floating gates for all 
transistors are twice of the areas of the external gates, i.e., 

2
1

4241323122211211 ======== wwwwwwww . In such 

case, it can be shown multiplication (6) by (7) and (8) by (9) 
and then comparing the results, it is obtained as follows: 
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Therefore, a one-quadrant multiplier/divider circuit is obtained 
by taking a copy of 4I  as the output, and copies of  1I  , 2I  
and 3I  as the inputs. 
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Figure 2.  Symbol diagram (left) and equavalent circuit of FG-MOS (right)  
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Figure 3.  A FG-MOS based one-quadrant multiplier/divider[9] 

As Fig. 3 shows, the number of components in the proposed 
circuit is much less than those reported before [2-6]. Also the 
source of transistors is connected to the substrate, so the body 
effect is eliminated. In addition, as the transistors are operating 
in weak inversion, these circuits can work in low-power, low-
voltage and wide dynamic range. This Figure reveals that, the 
minimum supply voltage of the circuit is one Vgs plus one Vds. 

B. Case Study: One-Dimensional Defuzzifier 
In this subsection, the proposed multiplier/divider is 

employed for circuit design of a one-dimensional (one input 
control signal and one output signal) current-mode defuzzifier. 
In such case, the input signal should fire two rules each time 
[5]. The membership functions associated with these two fired 
rules are adjacent and complementary to each other. By this 
assumption, using (2), the output crisp signal of COG 
defuzzifier can be expressed as follows: 
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Fig. 4 shows the complete circuit of the proposed 
defuzzifier, which consists of two multiplier/divider unit. In 
this circuit, transistors M1-M4 form first multiplier/divider 
unit, transistors M3, M5-M7 are employed for second 
multiplier/divider unit and remaining transistors are employed 
for injecting the proper currents into these units. It should be 
pointed out that transistor M3 is common element for both 
multiplier/divider units and are merged, which it results 
reduction of elements number. 

IV. SIMULATION RESULTS 
The proposed circuits of Fig. 3 and Fig. 4 were simulated using 
Hspice with 0.18um TSMC CMOS process parameters. The 
supply voltage of 0.7V was employed. The aspect ratios of the 
N-type and P-type transistors were chosen 10um/10um and 
20um/10um, respectively. For FG-MOS transistors the model 
of reference [11] is used. To verify the function of the 
multiplier/divider circuit of Fig. 3, the triangle membership 
functions with amplitude of 400nA is applied for the input 
current 1I . Fig. 5 shows the output signal 4I  versus input 
response 1I , where the input current 2I  was stepped from 
30nA to 300nA in 30nA steps and also the input current 3I  
was set to 300nA (plot down to up). The power consumption of 
this circuit is less than 200nW and the maximum absolute error 
is within 0.7%.  
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Figure 4.  The complete circuit diagram of the proposed current-mode COG 
defuzzifer  

In order to confirm the accuracy of the proposed 
defuzzifier, the circuit of Fig. 4 was simulated. The simulation 
results are shown in Fig. 6. In this simulation, input signals are 
applied the triangle membership function, which are frequently 
used in fuzzy control system, and ∈iy [0, 1] are mapped to 

∈μ iy
I [0nA, 300nA]. Also, the value of 

1yI  and 
2yI  were set 

to 400nA and 200nA, respectively. The results show that the 
output of the proposed circuit is almost consistent with the 
ideal case. Therefore, this circuit can perform the function of 
COG defuzzifier. Simulation results showed the power 
consumption of defuzzifier circuit is less than 1uW and the 
maximum absolute error is within 1.3%. Also, the dynamic 
range is more than 60dB. A comparison was made with 
formerly reported one-dimensional defuzzifier circuits. Table I 
summarizes this comparison by showing some important 
parameters of the circuits. 

 

Figure 5.  Output current 4I  versus input current 1I  for multiplier/divider  
circuit of Fig. 3 at different values of input current 2I   
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Figure 6.   Output current (bolded)  and input currents  for defuzzifier circuit 
of Fig. 4 

TABLE I.  A COMPARIISION BETWEEN DIFFERENT ONE-DIMENSIONAL 
DEFUZZIFIER 

Parameter Ref. [5] Ref. [6] Ref. [7] This Work 

Technology 0.8u 0.35u 0.35u 0.18u 

Supply Voltage 3.3V 3.3V 3.3V 0.7V 

Power Consump. >1mW Expected 
>1mW >1mW <1uW 

Transistor Count >70 >70 >31 13 

Input Range Expected 
<24dB 

Expected 
<24dB 

Expected 
<26dB >60dB 

Body Effect Yes Yes Yes No 
 

V. CONCLUSION 
A new COG defuzzifier circuit design based on 

multiplier/divider is presented. The circuit employs FG-MOS 
transistors that operate in weak inversion region, is with low 
circuit complexity, is immune from body effect and works at 
low-voltage/low-power. Simulation results of the circuit show 
that the technique is promising and can be used in the fuzzy 
logic controller integrated circuits. 

REFERENCES 
[1] L. A. Zadeh, “Outline of a new approach to the analysis of complex 

systems and decision processes,” IEEE Trans. Syst. Man Cybern., vol. 
SMC-3, pp. 28–44, Jan. 1973. 

[2] M. Togai and H. Watanabe, “An inference engine for real-time 
approximate reasoning: Toward an expert on a chip, ” IEEE Expert, vol. 
1, no. 3, pp. 55-62, Aug. 1986. 

[3] H. Watanabe, W. D. Dettloff and K. E. Yount, “A VLSI fuzzy logic 
controller with reconfigurable, cascadable architecture, ” IEEE J. Solid-
state Circuits, vol. 25, no. 2, pp. 376-382, Apr. 1990. 

[4] K. Tsukano, T. Inoue and F. Ueno, “A design of current-mode analog 
circuits for fuzzy inference hardware systems, ” in Proc. 1999 IEEE Int. 
Symp. Circuit and Int. Symp. Circuit and System, Chicago, IL, USA, vol. 
2, pp. 1385-1388, May 1993. 

[5] C. Y. Chen,C. Y. Huang, B. D. Liu, “current- mode defuzzifrer circuit to 
realise the centroid strategy,” IEE Proc-Circuit Devices Syst, vol. 144, 
no. 5, October 1997. 

[6] C. Y. Chen, Y. T. Hsieh, and B.D. Liu, “Circuit implementation of 
linguistic-hedge fuzzy logic controller in current-mode approach,” IEEE 
Trans. Fuzzy Syst., vol. 11, no. 5, pp. 624–646, Oct. 2003. 

[7] M. Sadollahy, A. Khoei and K h. Hadidi, “An Analogue Defuzzifier 
Circuit to Realize the Centroid Strategy for Fuzzy Logic Control 
Systems,” in 15th Proceedings of Iranian Conference of Electrical 
Engineering, ICEE’07, vol. 1, pp. 1-5, 2007. 

[8] C. A. D. L Cruz-Blas, A. J. Lopez-Martin, and A. Carlosena, “1.5v 
square-root domain second-order filter with on-chip tuning,” IEEE 
Trans .Circuits Syst. I: Regular Paper, vol. 52, no. 10, pp. 1996-2006, 
Oct. 2005. 

[9] E. Farshidi, Analysis and Design of Current-Mode Companding 
Circuits, Examining their Nonlinear Behavior and Application in Data 
Converters, Ph.D. Thesis, Isfahan University of Technology, Iran, Mar. 
2008. 

[10] C. A. DE La Croz-Blas, A. J. Lopez-Martin and A. Carlosena, “1.2v 
5 Wμ  class-AB CMOS log-domain integrator with multidecade 
tuninig,” IEEE.Trans. Circuits Syst.II, Analog Digit. Signal process, vol. 
52, no. 10, pp. 665-668, Oct. 2005. 

[11] J. Ramirez-Angulo, G. Gonzalez-Atamirano, S. C. Choi, “Modeling 
multiple-Input floating gate transistors for analog signal processing,” in 
IEEE Int. Symp. Circuits Syst., ISCAS’97, vol. 4, pp. 2020-2023, 1997. 

 

1y
Iμ

2y
Iμ

COGI

2008 International Conference on Signals, Circuits and Systems

-4-



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
    /FRA (ieeepdf)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


