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Abstract— The design and simulation of a multi-input fuzzy MIN and MAX circuits based on a new strategy taking analog design 
advantages such as low die area, high speed, and simplicity is considered in this paper.  Modular current-mode circuits to obtain the 
minimum and maximum of N analog inputs are described.  For implementing this idea, new current mode circuits are proposed which is 
based on the Wilson current mirror. The proposed circuit has a very sharp transfer characteristic and can be used for the hardware 
realization of real-time fuzzy inference system. The realization method is suitable for fabrication using CMOS technology. The 
performances of the proposed circuit were studied by the use of the spice analog simulation program. The circuit shows the merit of having 
high accuracy and a large dynamic range. Its operation is discussed and illustrated with simulation results. 

Index Terms— Fuzzy Inference System, Analog Fuzzy Processor, CMOS circuits, Current-mode circuits, Fuzzy operators, Minimum 
circuit, Maximum circuit. 

——————————      —————————— 

1 INTRODUCTION 
UZZY logic is developed by Lotfi Zadeh to deal with 
uncertainty in system representation [1]. In the last few 
years, fuzzy controllers have found a large number of 

applications in fields such as expert system, pattern 
recognition, robotics, industrial control, automotive industry, 
power drives and home appliances [2]. Recently, the rapid 
growth in the field of fuzzy logic and neural network had led 
to the design and development of high precision and high 
frequency circuits for the hardware realization of these 
systems. For these applications current-mode techniques to 
design them is currently the subject of intense research 
activities since offering advantages in terms of power 
efficiency, chip area and simplicity [3],[ 4].  

Even though, fuzzy systems were implemented using 
software or hardware, the conventional software approach is 
large in size and its operation speed is low particularly in real-
time applications. It always needs analog to digital and digital 
to analog converter interface for input and output to deal with 
real-time problems. This interface slows down the whole 
system and makes its accuracy dependent on this analog to 
digital and digital to analog converter. For this reason, 
hardware implementation of fuzzy systems with high speed 
and high efficiency is needed for real-time applications [5], [6]. 
The fuzzy hardware implementation proposed so far can be 

categorized into the digital approach and the analog approach. 
The digital approach is superior to the analog approach in 
extension and ease of design. On the other hand, the analog 
circuits have higher speed and lower power consumption than 
their digital counterparts [7], [8]. Analog implementation has 
two commonly used process techniques – voltage mode and 
current mode. Current mode has an advantage over voltage 
mode as we do not require any adder or differentiator circuits 
so few number of transistors is used [9], [10]. Hence, in the 
proposed design, an analog current mode implementation of 
multiple inputs minimum and maximum circuit is presented.  
In fuzzy systems there are three main steps: (1) fuzzification, 
(2) fuzzy inference or fuzzy rule evaluation and (3) 
defuzzification. Membership function circuits in the form of a 
Gaussian or triangular function is normally used in the 
fuzzification process. The most significant circuit used in the 
second step is fuzzy logic functions for realizing the maximum 
(MAX) and minimum (MIN) functions. Fuzzy systems 
employing these two functions are used in many applications. 
So far, the realizations of MAX and MIN functions in analog 
circuit form have been implemented using either a second 
generation current conveyor or an operational 
transconductance amplifier as a basic active circuit element 
[11], [12], [13]. Multi-input MAX and MIN circuits are basic 
building blocks in many advanced computational systems, 
such as Fuzzy Inference System (FIS) or Artificial Neural 
Networks (ANN). MAX and MIN operators are typically 
employed to define the sentence connectives in any kind of 
FIS. In other words, these operators are used for connection of 
the antecedents of a rule to compute its activation degree. In a 
Mamdani’s type FIS they also define the fuzzy implication and 
aggregation mechanism. The defuzzification is carried out 
using a multiplier-divider circuit.  

Among these fundamental fuzzy logic circuits, MAX and 
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MIN circuits are most frequently used. The multi-inputs MAX 
and MIN are essential parts in making use of minimum and 
maximum operations to construct a fuzzy inference system. 
Before the development of fuzzy hardware, MAX and MIN 
circuits were already required in signal processing/analysis 
(to perform operations such as median or normalization). 
ANNs with unsupervised learning also utilize them [14], [15]. 
In these applications it is not the activity level of the 
dominating neuron that is to be known, but only to identify it.  

For implementing a FIS or fuzzy processor by employing 
maximum and minimum functions, the multiple-input MAX 
and MIN circuits are needed. The problems associated with 
the current-mode multi-input MAX and MIN circuit for fuzzy 
inference system are accumulated error and low operation 
speed as a result of using the binary tree structure [16]. To 
reduce the accumulated error, the one-stage “n” input MAX 
and MIN circuits have been proposed in the literature. These 
approaches are taking the advantage of the fact that MOS 
transistor operated in saturation region conducts the 
maximum current for a given gate-to-source voltage. 
Although the circuit structure reported in [17] seems to exhibit 
a superior performance compared to other current-mode 
counterparts, it requires the use of 5n+1 transistor to 
implement an “n” input Max operator. This paper aims to 
present another hardware realization of the multi-input MAX 
and MIN circuit based on the same principle.  The proposed 
designs have high accuracy, high speed and wide dynamic 
range. Simulation results confirming the characteristics of the 
proposed maximum and minimum circuits are included in the 
section 3.  

This paper is organized into four sections: section 2 
describes the architecture of the proposed MAX and MIN 
circuits and the simulation results are graphically described in 
section 3 and conclusions are relegated to section 4. 

2 THE PROPOSED CIRCUITS 
Triangular Norms and CoNorms are operations which 
generalize the logical conjunction and logical disjunction to 
fuzzy logic. They are a natural interpretation of the 
conjunction and disjunction in the semantics of mathematical 
fuzzy logics and they are used to combine criteria in multi-
criteria decision making. Triangular Norm (T – Norm) is 
intermediate fuzzy operator taking care of the computation of 
firing degree of the rules in an inference scheme. The 
Triangular CoNorm (or S – Norm) is the dual operator of the T 
– Norm performing the opposite logical operation. In the most 
general case, there is one T- Norm (or T – CoNorm) per rule 
connecting N fuzzy membership function outputs, where N is 
the number of inputs of the FIS. For this reason, circuits 
allowing multiple inputs are well adapted for multiple-input 
FIS. One important issue to consider while designing multi-
input operator concerns its complexity as a function of the 
number of inputs N. The membership functions preceding the 
T – Norms or T – CoNorms deliver current signals and also 
the stage following the T – Norm or T – CoNorm (the 
aggregation of the rule’s consequents) can be easily 

implemented in current domain. It turns out that current 
mode is a practical choice for the input-output interface 
requirements of these circuits. In this way, intermediate 
current-to-voltage and/or voltage-to-current converters can be 
avoided. The most widely used operator for the T – Norm and 
T- CoNorm is the minimum (MIN) and maximum (MAX) 
functions respectively.  

This session explain the hardware implementation of two 
input and three input MIN and MAX circuits. These circuits 
have the provision for modification to n-input MIN and n-
input MAX circuits. These circuits has the following features: 
(i) the number of transistors needed for n-input MIN circuit is 
only n(n+3) and n-input MAX is only 3(n+1), (ii) the problem 
of accumulated errors can be solved by using the one stage 
structure, (iii) the dynamic range of this circuit is large, and 
(iv) the speed of operation of this circuit is high. This work 
presents a new structure based on Wilson current mirror 
which decreases the occupied area and power consumption 
without any complexity. It does not need any subtraction of 
currents for implementing MAX or MIN circuit; hence 
precision of the circuits is preserved.  

2.1 Minimum (MIN) circuit 
In FIS the connective for compounding antecedents is “AND” 
operator which is implemented with MIN circuit. Fig. 1 shows 
the circuit diagram of the proposed current-mode 2 input MIN 
circuit. All the transistors are equally sized with respect to 
their homologues at each layer (row). The output branch 
(column) at the right comprises the PMOS transistors M3 and 
M6. For the other cells not carrying the minimum input 
current, their current mirror will lose the normal mirror 
function owing to the source currents in the current limiters 
being less than the sink currents of the current mirrors. As a 
result, their generative effect between the minimum current 
and the common voltage will make the currents flowing 
through the current limiters equal to the minimum input 
current. In this case the circuit makes the comparison between 
the input currents I1 and I2. Here Imin is the minimum of I1 
and I2. The smaller input current is mirrored to the output 
branch. Since the circuit performs an exhaustive comparison 
between all of their inputs simultaneously, the parallel 
processing mode is sustained. Since the circuit structure being 
regular and modular, we can extend the circuit by connecting 
more basic minimum cells in parallel if the number of input 
variables increases. This circuit can be modified to work as 
three inputs MIN circuit, as shown in Fig. 2, or as n-input MIN 
circuit. 

The proposed structure needs fewer transistors than those 
of previous designs. More importantly, because the proposed 
circuit is in a one-stage structure, not only is the problem of 
accumulated errors solved, but the speed of circuit operation 
is also increased. Because the accuracy of this circuit is mainly 
dominated by the input current mirror, the output current 
errors can be reduced by substituting the cascode current 
mirror for the basic current mirror. The circuit is simulated for 
two inputs and three inputs and the results verified. 
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Fig. 1. Two input MIN circuit 

 

Fig. 2. Three input MIN circuit 

2.2 Maximum (MAX) circuit 
A two input MAX circuit which is used as OR operator in the 
fuzzy systems is shown in Fig. 3. The operation of the 
proposed circuit can be explained as follows. This circuit takes 
advantage that the winner transistor M3 and M6 transfers the 
current from low impedance to a high impedance node. A 
diode-connected transistor M9 in place of current source 
forces the current to be the winner of the input currents, that is 
Imax. The drain current of the diode connected transistor M9 
is used as the current source for this circuit. The MAX 
operation of this circuit is based on the shared gate-to-source 
voltage corresponding to the saturation value imposed by the 
maximum input current. In the design of the MAX circuit, the 
transistors are all matched and operated in their saturation 
regions. The drain current of a MOS transistor operated in 

saturation region is expressed as  

푖 = 	 (푣 −	푉 ) = 퐾	(푣 −	푉 )           (1) 

where K, vGS and VT are the device transconductance 
parameter, the gate-to-source voltage and the threshold voltage, 
respectively. Suppose that I1 is the largest input current among 
the two of currents, Imax = max (I1, I2). At steady state, the output 
current Imax is a replica of the maximum input current, in this 
case I1. The above discussion confirms the maximum operation. 
The simplicity of our circuit is responsible for its high speed 
operation. This circuit can be modified to work as three inputs 
MAX circuit, as shown in Fig. 4, or as n-input MAX circuit. 

 

Fig. 3. Two input MAX circuit 

 
 

Fig. 4. Three input MAX circuit 

3 SIMULATION RESULT 
To illustrate the above analysis, the performance of the circuit 
has been simulated using spice. The proposed MIN circuits 
shown in Fig. 1 & Fig. 2 and MAX circuits shown in Fig. 3 & 
Fig. 4 can be modified to compute the minimum / maximum 
current of any number of input currents by increasing the 
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number of column cells. 

3.1 Minimum (MIN) circuit 
The DC transfer characteristic of the proposed two input MIN 
circuit with the input current I1 continuously changing from 
0µA to 10µA and the other input current I2 changing in steps 
of 2µA from 0µA to 10µA is shown in Fig. 5. It confirms that 
there is no distortion on the output signal. Fig. 6 and Fig. 7 
show the simulated transient response of the proposed two-
input and three-input minimum circuits, respectively. The 
supply voltage VDD is equal to 3.3V. 
 

 

Fig. 5. DC transfer characteristic of two input MIN circuit 

 
 

Fig. 6. Transient response of two input MIN circuit 

 
 

Fig. 7. Transient response of three input MIN circuit 

3.2 Maximum (MAX) circuit 
In a similar manner, the DC transfer characteristic analysis 
and the transient response for the proposed two input MAX 
circuit is carried out. The DC transfer characteristic response 

for a two-input MAX circuit is as shown in Fig. 8. Similarly, 
the transient response of the two-input MAX circuit and three-
input MAX circuit are as shown in Fig. 9 & Fig. 10, 
respectively. The supply voltage VDD is equal to 3.3V. 
 

 
 

Fig. 8. DC transfer characteristic of two input MAX circuit 

 
 

Fig. 9. Transient response of two input MAX circuit 

 
 

Fig. 10. Transient response of three input MAX circuit 

4 CONCLUSION  
We have presented a very simple current-mode multiple-input 
minimum and maximum circuit for fuzzy inference system. 
The multiple input minimum circuits are one-stage circuit 
with high accuracy and have a large dynamic range. The 
number of transistors needed for implementing an n-input 
MIN circuit is only n(n+3) and n-input MAX is only 3(n+1) 
which is less than the number of transistors used in previous 
designs. These structures are simple and modular, so it can be 
easily expanded to meet the requirement of multi-input 
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signals MIN and MAX circuits. From the simulation results, it 
is evident that the proposed circuit has the correct function 
and reasonable degree of precision. 
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