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Absfract- A novel mixed~signal CMOS membership func
tion generator (MFG) is presented. It is based on an en
hanced version of a linear tunable transeonductor proposed 
in [1] and implements trapezoidal/triangular functions with 
all parameters (slope, position, width and height) indepen
dentlyand continuously adjustable~ It is suitable to be used 
in analog and mixed~signaI fuzzy circuIts working in current 
mode. The computer simulations that verify the cha.racter~ 
istics and performances of this circuit are given, showing 
high speed operation (up to 10 MHz input signals, working 
in continuous time) with low power consumption (about 80 
itA per MFG). The MIN-MAX rule of composition has been 
selected for th-e inference process. An innovative method for 
limiting power consumption has been devised for this kind 
of MFG. To this purpose, the winner-take:-all circuit that 
makes the MIN operator J periodically deactivates its non
winning inputs. For non~fast varying input signa.ls, consid
erable power saving Can be achieved. 
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1. INTRODUCTION 
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Fig. 1. Basic OTA circuit 

In the last few years several implementations of analog 
fuzzy controllers have been proposed using either, a 
voltage-mode [2J, [3J or a current-mode approach (3), [4J, 
[5]. [6]. The advantages of the current-mode approach 
are a great and flexible range of values and high speed. 
Most of the CMOS current-mode circuits proposed to 
build a MFG are based on the differential pair. This 
circuit produces sigmoidal type shapes and has good 
programming properties, But triangular/trapezoidal are 
the most used shapes in fuzzy literature. 

Some of the circuits proposed in the literature have been 
used in the design of mixed-signal fuzzy controllers [6], 
[14J, [13J to reduce the complexity of the controller. In 
this paper a novel mixed-signal CMOS MFG is presented. 
It is based on an enhanced version of a linear tunable 
transconductor proposed in [lJ and the piecewise-linear 
approximation to function synthesis proposed in [7), This 
OTA has excellent properties in terms of linearity and 
tunability. FUrthennore, with the help of MAX-MIN cir
cuits, it is possible to generate any type of piecewise linear 
(PWL) function, The MFGs obtained with this method 
are fully and continuously progra.nunable. The MAX-MIN 
circuits can also be used to reduce the power consumption 
of the MFG. The bias current of the membership function 
generators, which are the most power demanding part 
in our fuzzy controllers, can be periodically switched off 
depending on the result of the inference process, achieving 
COI)siderable power saving for non-fast varying input 
signals. 
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Flg. 3. Membership fWlction shapes 

This paper is organized as follows. Section II describes 
the architecture of the MFG and the way to generate tri
angular, trapezoidal and PWL shapes. The mixed-signal 
scheme is detailed in Section III. Section IV presents some 
results and advances future research. 

II. ARCHITECTURE OF THE MFG 

Figure 1 shows the OTA circuit used to build the MFG. 
Compared to the OTA proposed in [1], this circuit presents 
two differences that enhance the performances obtained in 
a previous implementation [8J: 
• Power consumption is limited by means of the current 
source [bias" In its absence, power consumption would in
crease with the common mode input voltage. 
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Fig. 2. Z-function generator 
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Fig. 4. Membership Function Generator (MFG) 

• The bias voltage v" is generated by means of a replica 
biasing circuit, making the current output independent on 
the threshold voltages of MOS transistors. In figure 1, the 
output current lout is given by: 

(1) 

Note that the output transconductance only depends on 
technological parameter k". Even this dependence can be 
canceled using two OTA's and a multiplier/divider block, 
as proposed in [9]. 

To build a Z-function it is necessary to saturate the OTA 
response, This operation is carried out by means of a cur
rent rectifier and current mirrors as shown in figure 2. Note 
that class AB current mirrors have been used to achieve 
high speed of operation. The fuzzy controller input di
rectly drives one OTA input, while the other defines the 
position of the Z-function on the X-axis. The amplitude 

of the Z-function can be programmed by the I.mp current 
source, while I,lope changes the slope. 

A. Use of the Z-function 

The functions shown in figure 3a (Z-functions) can be 
generated with the circuit in figure 2. Note that if the 
position and slope of the Z-functions can are selected, any 
type of triangular/trapezoidal shapes can be constructed 
with the help of one MIN(MAX) operator (see figure 3b, 
and figure 4 for ite hardware implementation). 

However, as MIN operators are also required to per
form the inference process, this type of MFG only 
duplicates the number of inputs of the MIN circuits that 
perform the inference process. This is not a high price to 
be paid, because each additional input to a MIN circuit 
only requires two transistors. 

The MIN operator can be built by means of a MAX 
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function using complementary logic and the De Morgan's 
Law: 

lMFG = MlN(lMFG1,!MFGZ) =? (2) 

iMFG = MAX(iMFG1,IMFGZ) (3) 

where i is the complement of I, i.e., i = l.mp - I 

Fig. 5. Max Circuit 
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Fig. 6. An example of PWL function generation 

The MAX circuit proposed in [10] and later improved 
in [11] for fuzzy hardware applications, is shown in figure 5. 

Changing the MIN circuit of figure 4 by a MAX circuit, 
the complementary shape can be produced. Furthermore, 
it is easy to see that we can construct any PWL function 
by combining several Z-fWlctions with MAX/MIN circuits 
(figure 6). 

III. MIXED-SIGNAL SCHEME 

In this section a novel scheme to reduce power consump
tion of the fuzzifier previously defined is presented. This 

5 have a low voltage value except in the node with the 
winning current. The information stored in those nodes 
can be sampled to periodically tum off the lOOSing MFGs 
that are not adding information to the circuit output. 

In our mixed-signal fuzzifier (figure 7) we need to turn 
orr the bias current of the non-winning MFG circuits that 
form a rule, It is obvious that this process slows down the 
operation of the fuzzifier and the resulting fuzzy controller 
has a lower bandwidth, If a higher bandwidth is needed it 
is possible to partially turn off the current sources making 
the turn on process faster, The achieved power saving 
will depend the sampling frequency. For example, if a 
sample frecuency of 100kHz is selected, the measured 
power consumption is the 15% of the fuzzifier's power 
consumption working in continuous time. This important 
power saving (around 85%) can be programmable if low 
sample frequency is selected. 
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scheme is also sultable to be used with MFGs implemented Fig, 1. Mixed.signaJ Fuzzifier Schem •. 

with diferent transconductors. 
Lazzaro's circuit needs to be redefined for mixed-signal 

In the previous section we used Lazzaro's circuit to operation (figure 8) as the output signal doesn't need to 
perform inference process (min-max operator). This be copied from the winning (maximum) current. Using 
circuit is a mixed-signal circnit as all nodes N, in figure analog switches and simple digital circuit it is possible 
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Fig. g, Mixed-Signal MAX circuit. 

to take the winning current to the output. This novel 
technique reduces noise and offset as only one MFG is 
adding signal to the output. Also there is no copy error 
as the winning value is directly passed to the output. 
This scheme can be also used in neural networks with 
winner-take all circuits to reduce power consumption. 

IV. SIMULATION RESULTS 

The membership function generator depicted in figure 
4 has been designed using a 0.8 p.m CMOS technology. 
The area of the complete MFG is 0.07 mm2 , and the 
static power consumption is 80 p.A. Figures 9 to 13 show 
postlayout simulation of the MFG. 

In figures 9 and 10 the position and width tunability 
of the MFG is shown. Note that the position of the 
Z·functions is controlled by means of Vpos! and V"".2 OTA 
inputs. 

Figure 11 shows the gain tunability of the OTA circuit. 
This figure has been obtained changing the lSi"'" current 
SOUIce~ 

The transient response of the MFG circuit is shown 
in Figure 12. In this figure, the MFG input is a voltage 
ramp. Note that the maximum delay is less than lOOns 
(about 70ns). 

Finally, figure 13 shows an example of a PWL func
tion generated using OTA's and MAX/MIN circuits. 

Presently, the mixed-signal version of the MFG cir
cuit is being sent to fabrication and experimental results 
will be provided in the final version of the manuscript. 
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Fig. 13. PWL function generated with OTA's and one MIN circuit 
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