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ABSTRACT 

 

 A CMOS integrated circuit implementation of a programmable membership function generator (MFG) for a fuzzy logic controller 
(FLC)is presented in this paper. This MFG accepts differential input voltages and generates differential output currents and implements 

gausian functions with all parameters (slope, position, width and height) independently and continuously adjustable. Higher Power Supply 

Rejection Ratio is also achieved by the lise of differential structure. Designed circuits to implement these types of membership functions 
are simulated using HSPICE by level 49 parameters (BSIM3v3) in 0.35μm standard CMOS technology. Power consumption of circuit is 

about 100µW and the chip occupies an area of 400 µm2. 

 

Keywords: Fuzzifier; Current rectifier; Low power consumption; Analog, Current mode; Membership Function; Programmable current 

mirror. 

 

 

INTRODUCTION 

 

 In the recent years, fuzzy logic controllers have 

been utilized in a vast range of applications such as 

automotive industry, robotics and home appliances 

[1,2]. A fuzzy controller consists of three principle 

units: fuzzifier (membership function generator 

(MFG», fuzzy inference engine and defuzzifier 

(Fig.1). Fuzzifier block, which converts a nonfuzzy 

(crisp) variable into a fuzzy variable, is the first stage 

in a fuzzy controller and can be designed to generate 

triangular, trapezoidal, s-shape, z-shape and 

Gaussian waveforms[3]. A MFG can be designed in 

one of the following approaches: analog [3, 7, 10], 

digital [8] and mixed analog\ digital [9]. To have a 

general purpose fuzzifier which is applicable in 

different kinds of applications, a fully programmable 

fuzzifier is required. We call a fuzzifier fully 

programmable when it can adjust the features of the 

generated membership functions such as height, 

position and slope for various conditions that exist in 

different applications. In a fuzzifier the input-output 

mode can be voltage-voltage [4], voltage-current [5] 

or current-current [6]. Considering that fuzzifier will 

work in current-mode [9,3] or voltage-mode [8],the 

height, position and slope of membership functions 

can be adjusted by using current or voltage control 

signals. In order to obtain a fully programmable 

fuzzifier these control signals should be chosen 

analog signals so that the features of membership 

functions vary continuously in height, position and 

slope. Circuit designing in current mode is easier 

than voltage mode so that by applying analog current 

signals to specific nodes to sum or subtract with data 

signal(input current) the height and position of 

generated membership functions can be changed to 

desired values [9,3]. In this work, analog techniques 

are applied through the current-mode method to 

implement Gaussian-shaped MF. Indeed, analog 

current-mode design techniques provide simple and 

efficient solutions for implementation the MFGs. 

Differential structure is also used to increase Power 

Supply Rejection Ratio (PSRR).The present study is 

organized in the following sections. Section II 

describes the basics of a differential pair circuit. The 

proposed circuit design as well as theoretical 

evaluations is proposed in Section III. Section IV 

contains simulation results. Finally the conclusion is 

presented in the last section. 

 

Circuit description: 

 A simple CMOS differential pair is shown in 

fig.2. Independent of Vi, summation of 11 and 12is 

constant and equal to Iref. Regarding this, the each 

branch current of the differential pair can be obtained 

as:  
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𝐼1 =  
1

2
𝐼𝑟𝑒𝑓 −  

1

2
𝑉𝑖 2𝑘𝐼𝑟𝑒𝑓 − 𝑘2𝑉𝑖2          (1) 

𝐼2 =  
1

2
𝐼𝑟𝑒𝑓 + 

1

2
𝑉𝑖 2𝑘𝐼𝑟𝑒𝑓 − 𝑘2𝑉𝑖2          (2) 

 

 Where k is equal to 0.5 µ𝑝𝐶𝑜𝑥𝑊/𝐿. The 

equations (1) and (2) are valid for  𝑉𝑖 ≤  2𝐼𝑟𝑒𝑓/𝑘. 

For the input amplitude greater than  2𝐼𝑟𝑒𝑓/𝑘 , one 

of the transistors goes off and another transistor 

current is equal to Iref. 

 

 
 

Fig. 1: Fuzzy logic controller block diagram. 

 

 
 

Fig. 2: CMOS differential pair. 

 

 Fig. 3 shows the differential pair branch 

currents as a function of the input voltage. As it is 

depicted, I1 is Zshaped and 12 is S-shaped. Thus, 

the simple differential pair derives S-shaped and Z-

shaped currents from constant current (Iref). 

 

 
 

Fig. 3: CMOS differential pair currents. 

 

 In design of band pass filters, one solution is to 

use two low pass and high pass filters in series. 

Similar method can be utilized to generate Gaussian 

function. To serialize two S- shaped and Z- shaped 

functions, the constant current source (Iref) is 

replaced by an S-shaped or Z-shaped current. In this 

way one of the output branches will generate a 

second order S-shaped or second order Z-shaped 

current and another will be a Bell-shaped current.  

 

The proposed MFG structure: 

 The proposed Gaussian-shaped MFG circuit, 

which is implemented in current mode, is illustrated 

in fig. 3. It consists of three differential pairs (M I-

M6) and four current mirrors (M7-MI4). Primary 

MFG that consists of M I and M2 converts the input 

differential voltage to the Z-shaped and S-shapcd 

currents. The currents are applied to the secondary 

two differential pairs (M3-M6) via current mirrors.  

Iref 

Vi+ Vi- 

I1 I2 
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Fig. 4: Proposed Gaussian-shaped MFG circuit. 

 

 Regarding to the preceding discussions, IM2 

(IMi is the current of the transistor Mi.) is a second 

order Z-shaped and IM6 is a second order S-shaped 

current. IM3 and IM5 are also Bell-shaped. By 

adding IM3 to IM5 at node 0+, inverse Gaussian-

shaped current is generated and by adding IM2 to 

IM6 at node 0-, Gaussian-shaped Current is 

generated. Output currents can be calculated by 

substituting equations (1) and (2) instead of Iref in 

these equations.  

 

𝐼𝑜−=  𝐼𝑀2 + 𝐼𝑀6 

 

𝐼𝑜−=  
1

4
𝐼𝑟𝑒𝑓 −  

1

4
𝑉𝑖 𝑋 −  

1

4
𝑉𝑖  𝑌 − 𝑘𝑋𝑉𝑖 + 

1

4
𝐼𝑟𝑒𝑓 +  

1

4
𝑉𝑖 𝑋 +  

1

4
𝑉𝑖  𝑌 + 𝑘𝑋𝑉𝑖 

 

𝐼𝑜−=   
1

2
𝐼𝑟𝑒𝑓 +  

1

4
𝑉𝑖   𝑌 + 𝑘𝑋𝑉𝑖 −    𝑌 − 𝑘𝑋𝑉𝑖        (3) 

 

Where 𝑋 =  2𝑘𝐼𝑟𝑒𝑓 − 𝑘2𝑉𝑖2and𝐵 = 𝑘𝐼𝑟𝑒𝑓 − 𝑘2𝑉𝑖2. I0+ is also calculated in the similar way: 

 

𝐼𝑜+=  𝐼𝑀3 + 𝐼𝑀5 
 

𝐼𝑜+=   
1

2
𝐼𝑟𝑒𝑓 +  

1

4
𝑉𝑖   𝑌 − 𝑘𝑋𝑉𝑖 −    𝑌 + 𝑘𝑋𝑉𝑖        (4) 

 

the differential output current, (I0+ - I0-), which is a Bell-shaped current can be calculated as follow: 

 

𝐼𝑜𝑢𝑡 =    
1

2
𝑉𝑖   𝑌 + 𝑘𝑋𝑉𝑖 −    𝑌 − 𝑘𝑋𝑉𝑖         (5) 

 

The equations (7), (8) and (9) are depicted in fig. 5.  

 

Programmabllity of standard deviation and mean 

value:  

 Programmable systems become more and more 

important because of their flexibility. The novelty of 

the proposed MFG is its ability to be modified 

according to the application. For making it possible, 

some transistors are added in the sources of the 

differential pair transistors. They are biased in the 

triode region and act as variable resistors. Their gate 

voltages are used as control voltages to change drain 

to source resistance value. This allows controlling 

the linearity range of the differential pair transfer-

function. Consequently the slope of the MFG 

becomes reconfigurable according to desired value. 

The proposed circuit is illustrated in fig. 6.  
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Fig. 5: Waveforms of I0-, I0+ and Iout. 

 

 If resistors with different value are added in the 

sources of the simple differential pair (fig.7), in a 

non-zero voltage value the current of the two 

branches will become the same. So, the mean value 

or the peak of the Gaussian-shaped MF will occur m 

a non- zero input voltage. 

 This looks like the differential pair transfer-

function shifting and consequently shifting mean 

value of Gaussian function. Transistors in the sources 

of differential pair transistors with different control 

voltages of their gates have the same effect. Fig. 7 

illustrates a simple non-symmetrical differential pair 

circuit (Rs1 ≠Rs2)· 

 

 
Fig. 6: Proposed programmable MF generator circuit. 
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 To verify the allegation, differential output 

current for the unbalanced circuit is calculated as 

follow:  

 

𝐺𝑚1 =
𝐼1

𝑉𝑖1
=  

𝑔𝑚 1

1+(𝑔𝑚1+𝑔𝑚𝑏 1)(𝑅𝑠1+𝑅𝑠2+
1

𝑔𝑚 2+𝑔𝑚𝑏 2

     (6) 

 

𝐺𝑚2 =
𝐼2

𝑉𝑖2
=  

𝑔𝑚 2

1+(𝑔𝑚2+𝑔𝑚𝑏 2)(𝑅𝑠1+𝑅𝑠2+
1

𝑔𝑚 1+𝑔𝑚𝑏 1

      (7) 

 

 Where Gm1 and Gm2 is transconductance of the 

circuit, when Vi2 and Vi1 are equal to zero, 

respectively. 

 

𝐼𝑜1 =  𝐼1 − 𝐼2 

 

𝐼𝑜2 =  𝐼2 − 𝐼1 

 

𝐼𝑜2 − 𝐼𝑜1 = 2  𝐼2 − 𝐼1 = 2(𝐺𝑚2𝑉𝑖2 −  𝐺𝑚1𝑉𝑖1)
            (8) 

Or equivalently: 

 

Δ𝐼𝑜 =  𝐺𝑚1 + 𝐺𝑚2  𝑉𝑖1 − 𝑉𝑖2 +  𝐺𝑚1 −
𝐺𝑚2𝑉𝑖1+𝑉𝑖2          (9) 

 

 For differential input voltage equal to zero, Δlo 

is equal to (Gm1-Gm2)(Vi1+ Vi2). This generates a 

shifted MF. Fig. 8 shows the effects of adding 

resistors in the sources of the simple differential pair 

transistors.  

 
 

Fig. 7: A simple differential pair with the resistors in the transistor sources. 

 

Simulation results: 

 Simulations have been performed to 

qualitatively verify the operation of the Gaussian 

MFG. To consider the parasitic effects the circuit is 

laid out in O.35µm standard CMOS technology. The 

performance of the MFG is verified with post-layout 

simulations. Fig. 9 shows the Hspice simulation run 

for different values of control voltages. Fig.10shows 

MFG layout which occupies an area of 400 µm
2
.  

 In the proposed circuit bias current is fixed at 

10µA and input differential voltage is swept across 

from -1v to 1v. With the power supply voltage of 

2.2v, the power consumption is about 100µW.  

 The proposed MFG is achieved a considerable 

reduction in power and area. 

 

Monte Carlo analysis: 

 Monte Carlo simulation is carried out to test the 

design robustness. In this simulation various non-

ideal characteristic of the circuit components is 

considered. Transistor mismatches influence speed, 

accuracy and power consumption of the circuit. In a 

differential structure, the main source of error comes 

from mismatches between the transistor threshold 

voltages. These mismatches transfer into the 

mismatches in the current divisions between the 

differential pair branches. Monte-Carlo simulation is 

done by simulating different MFGs with Gaussian 

random variations in their threshold voltages. 

 Fig. 11 is a composite plot of 60 Monte Carlo 

transient analyses. In these simulations transistor 

threshold voltages have Gaussian distribution with 

standard deviation of 0.1 Vth0' (Vth0 represents the 

mean value of Gaussian function). A comparison 

with a Monte Carlo simulation indicates that, the 

proposed MFG output does not suffer from random 

variations included. 

 
Table 1: Compare Ref11 & Proposed circuit. 

No. Subject Ref11 Proposed circuit 

1 Number of Transistors 61 21 

2 Voltage power supply 1.5V 1.5V 

3 Power consumption 200µW 100  
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Fig. 8: Effect of adding transistors in the sources on the characteristic ofthe differential pair. 

 

 
 

Fig. 9: Simulation results of the MFG output current for different control voltages. 
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Fig. 10: Micrograph of the MFG chip. 

 

 
 

Fig. 11: Monte Carlo simulation. 

 

Conclusion: 

 A new Gaussian-shaped MF generator is 

presented in this paper. The standard deviation and 

mean value of the  Gaussian function is adjustable by 

the control voltages. The current-mode design 

techniques are utilized to achieve low-voltage 

operation and reduced power dissipation. Moreover, 

the MF can easily adapt itself with other blocks of 

FLCs which are in current-mode. The analytical 

evaluations of the output currents are taken into 

account. Simulation results support the analysis and 

good performance of the MF generator is proved. 
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