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Abstract— Limits  to precision  impose  limits  to the  complexity  of  analog circuits,  hence fuzzy analog controllers are usually 
oriented to fast low-power systems with low medium complexity. This paper presents a strategy to preserve most of the advantages 
of an analog implementation, while allowing a marked increment in system complexity. A digitally - programmable analogue 
Fuzzy Logic  Controller  (FLC)  is presented. are usually oriented to fast low-power systems with low medium complexity. This 
paper presents a strategy to preserve most of the advantages of an analog implementation, while allowing a marked increment in 
system complexity. A digitally - programmable analogue Fuzzy Logic  Controller  (FLC)  is presented. The circuits have been 
simulated using Tanner Tools. 
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I. INTRODUCTION  
In the recent times the application of Fuzzy Logic has 

been extended beyond the classical Process Control area   
where   it   has   been employed from the beginning. 
Signal Processing, Image Processing, Power Electronics, 
seem to be other niches where this soft-computing 
technique can meet broad range of applications. As real 
time processing mode need ever faster, more autonomous 
and less power consuming circuits, the choice of on-chip 
controllers become an interesting option. Digital Fuzzy 
Logic chips provide enough performance for general 
applications but their speed is limited, if compared with 
their analogue counterparts. Furthermore,   in    real-time 
applications digital fuzzy processors need A/D and D/A 
converters to interface sensors and actuators, respectively. 
On the other hand, pure analog processors suffer the 
lack of suppleness since full analog programmability is 
only feasible in special technologies allowing analog 
storage devices (i.e.: floating gate transistors). However, 
in the frame of standard CMOS technologies, a trade-off 
between accuracy and flexibility is achieved when a 
finite discrete set of analogue parameters is provided. For 
instance, a voltage parameter can be settled by binary- 
scaled set of currents sources yielding a discrete set of 
voltage drops through a linear resistor. In such a case, it 
is possible to use a digital memory to store a given binary 
combination of the set of currents. This technique gives 
rise to the so-called Mixed-Signal analogue computation 
circuits [2]. On the other hand, to reduce die silicon   area   
and   power   consumption   some building blocks can be 

shared without altering functionality. As a result a 
relatively low-complexity layout can be obtained which 
leads to an additional gain of speed. A digitally - 
programmable analogue Fuzzy Logic Controller (FLC) is 
to be designed. Input and output signals are to be   
processed in the analog domain whereas the parameters 
of the controller are to be stored in a built-in digital 
memory[2][3]. 

Low power fuzzy controllers need relatively low 
transconductance values for their membership function 
circuits. Consequently, CMOS triode transconductors can 
be used to meet that requirement smartly [4]. 

II. ARCHITECTURE OF THE CONTROLLER 
 A zero order Sugeno architecture (consequents are 
singletons) will be used   because it offers a good trade-
off between simplicity and accuracy. Figure 1 shows the 
block  diagram  of  a  two- inputs one-output controller, 
highlighting the three    well-known  basic    fuzzy operations 
(fuzzification, rules-evaluation and defuzzification) being 
performed concurrently. 
 The MIN inference method may be also stated as: 
MIN (A, B,...) = 1 - MAX ( 1-A, 1-B,…). Therefore, 
for the general case of a q-inputs, m rules controller, a 
set of Complementary Fuzzy Membership Functions 
(CFMF) per input, being shared by several rules, 
followed by m q-inputs MAX operators perform the two 
first operations. After complementing the outputs of the 
MAX operators the firing degree of each rule is provided 
in the   form of a current signal  Ii.   
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Fig 1. Block Diagram of the Controller 
 

 At the l ast stage, each Ii current is replicated (n+1) 
times via unit gain mirrors, where n stands for the 
resolution of the singleton discrete-value αi of the 
consequents of the rules. This last is codified accordingly 
with the state of the switches: Cn-1…C0. Finally a 
common current-mode   Digital to Analogue converter 
(D/A), used as a weighting operator, together with an 
analogue divider takes care of the computation of the 
Averaged-Weighted Sum (AWS), rendering the 
defuzzified output value Vo equal to: 
 

                        
where k is a voltage-dimension constant defined by the 
transfer function of the divider itself. The main 
requirement for any network on a CMOS VLSI chip is that 
its basic building block should be   MOSFETs.   TANNER 
Tool is efficient software for the VLSI design and is to be 
utilized. Schematic of the circuit should be designed on S-
edit and then its respective output waveform viewed with 
W-edit. Utilizing Layer edit IC design is fabricated and   
simulation is successfully done with T-Spice. However, 
fuzzy logic is intrinsically more like the multi-valued and 
continuous analog world than the digital one. In addition, 
fuzzy systems process this continuous information in a 
massively parallel way.  Regarding these features, adapted 
to solve a control problem by defining its rule base, that is, 
the parameters describing each antecedent’s membership 
function and the parameter representing the singleton 
consequent. In the case of analog fuzzy chips, these 
parameters can be fixed prior to chip fabrication or 
afterwards through programming. Hardware realizations of 
fuzzy controllers (fuzzy chips) are demanded in those 
applications which need real-time control and/or low area 
occupation and power consumption. Many real-world 
applications require advanced fuzzy systems, known as 
adaptive fuzzy controllers, able to cope with dynamically 
changing environment. In particular, it is worthwhile that 
the fuzzy chip accepts analog input signals to directly 
communicate with the real world. Besides, a flexible fuzzy 

chip should also admit analog programming signals 
because the tuning mechanism can be implemented with 
analog circuitry, as happens in analog neural networks. 

A. Complementary Fuzzy Membership Functions 
Low power fuzzy controllers need relatively low 

transconductance values for their membership function 
circuits. Consequently, CMOS triode transconductors can 
be used to meet that requirement smartly. The circuit of 
the complementary fuzzifier is depicted in figure 2 (a). It is 
composed by two almost linear regulated-cascode 
transconductors (ML1, ML3, DAL - MR1, MR3, DAR) 
each one controlling one edge of the CFMF whose shape 
is nearly an inverted trapezoid. Transistors ML2, MR2 
have fixed large sizes, so that their gate- voltage over drive 
(Vgs-VTn) can be neglected. Reference voltages VKL, 
VKR define the knees where conduction begins falling 
towards zero or rising towards Io respectively in each 
transconductor. Slopes and knees are independently 
programmable. The drain-to- source voltage drops Vds of 
transistors ML1, MR1 are kept constant over a wide range 
of the input voltage Vin, and their magnitudes are fixed by 
means of the artificially increased offset voltages of the 
differential amplifiers DAL, DAR. Since these offsets are 
smaller than the saturation drain-source voltage Vdssa of 
transistors ML1, MR1, the same are constrained to operate 
in the triode region. Thus, their transconductance gm, 
defining the slopes of the trapezoid, is given by: 

 
             gm= ∂ Id/∂Vgs =  µCox (W/L) Vds  
 

 
 

Fig.2 (a). Complementary Fuzzy Membership Function 
 

 
   

Fig 2(b)   Differential Amplifiers 
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Fig 2(c). Design in Schematic mode(SEdit) 
 

 
                                                

Fig 2(d) 
 

 In this way, slopes can be electrically tuned, which is 
an advantage when analogue storage is available   
compared   to   the   typical   four transistors CFMF 
operators. In the last, input transistors are saturated 
and tail current Io must be fixed (Io = logical '1'). Even if 
in both cases slopes are discretely programmed via a set 
of different sized input transistors, calling N the ratio   
between the maximum and minimum desirable slopes, the 
ratio between the maximum and minimum transistor size 
needed in our case, from (2), becomes N. For the second 
case the last ratio is equal to N2, thus, for a given 
range of slopes, the whole set of saturated input 
transistors would demand an increased amount of 
silicon surface. For Vs in the range of 3.5V, 
VKR=1.5V, VKL=2V, the above results are obtained. 
Moreover, in this version of the controller we have 
performed a combination between a few discrete values of 
Vs and input transistor sizes in order to optimize the 
slopes range capability at a low cost in terms of silicon 
area. In the actual implementation each knee voltage 
VKR and VKL are obtained by means of a set of binary 
scaled currents yielding 32 equally spaced voltage drops 
through a MOST-only grounded linear   resistor, each 

knee voltage VKR and VKL are obtained by means of a 
set of binary scaled currents yielding 32   equally spaced 
voltage drops through a MOST-only grounded linear 
resistor. 

B. Multiple Input Max Operator 
 Figure 3(a) shows the complete schematic of the 
operator including the circuit that complements its 
output.  The latter comprises Mio1, Mio2, which convey 
Io, and replicas of transistors M4 and M5 that convey 
Imax. This is needed for transforming the maximum 
into the minimum. It can be noticed that two extra diode-
connected transistors M2 and M3 have been connected in 
series at each input. Without these diodes, the gate 
voltage of transistor M1 would fall more deeply under 
the loser condition of the corresponding cell. This is 
because, in a loser cell, transistors M4 and M5 are kept 
in the triode region whereas transistor M1 is switched off. 
To avoid this effect, those diodes introduce a 
supplementary voltage drop of at least 2VTn that boosts 
up the voltage level at the gate of transistors M1 of the 
loser cell. In this way, the recovery time of the cell (when 
the cell passes from loser to winner) is improved. This is 
now possible because the voltage swing needed to reach 
the voltage level that switch M1 on is considerably 
reduced.  

 

 
Fig,3(a). multiple Input Max Operator 

 
 The improvement introduced in this circuit can be 
appreciated in Figure 3(b). It shows several transient 
SPICE simulations that have been performed by 
replacing the diodes by an ideal voltage source E whose 
value is allowed to change. Notice that a reduction of 
60ns in the recovery delay together with a smaller 
undershoot can be achieved if E is set high enough. A 
practical limit for the maximum tolerable E value is 
determined by the threshold voltage VTn of M1, taking 
also into account the spreading of the latter parameter. As 
shown in Figure 3(b), in the loser cells, the gate-to-source 
voltage drop of M1 must remain smaller than VTn   
Transistors   size   and   bias   should   be correctly set in 
view of the proper operation circuit   over   the   whole   
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range   of   the   input currents. This is accomplished if 
the following relation is held for any value of the input 
current Iin where n accounts for the Body effect whereas 
all transistors are assumed being biased in strong 
inversion. Notice that M5 does not take part in the 
above relation. Its aspect ratio can be chosen so as to 
keep its active area (W×L) considerably large. This 
warrants small mirroring mismatch errors. However, an 
upper limit for the size of M5 is imposed by the 
transient performance desired for the cell. The output 
common node of the MAX circuit is loaded with the gate-
to- source capacitance of transistors M5 When the 
number of inputs of the circuit is large (i.e. N- input   
MAX), this node results considerably loaded and the 
transient behavior of the circuit deteriorated. Transistor 
M4 must h old a relatively small saturation drain-to-source 
voltage that allows maximizing the signal swing. This 
transistor is aimed for cascoding in order to improve the 
systematic mirroring error. Diode transistors M2 and 
M3 should be sized as large as possible in order to 
minimize their gate- voltage overdrive. This ensures the   
desired signal swing at the input branches in accordance 
with the drain-to-source voltage drops demanded by 
transistors M4 and M5. However, an upper limit for the 
size of those diode transistors is given by their time 
constant (the ratio between their gate-to-source 
capacitance and their transconductance) that must remain 
smaller than the maximum delay expected for the cell. 
Finally, the size of transistor M1 must be chosen in order 
to satisfy for every value of the input signal Iin within 
its range. 
 

 
 

Fig 3(b) WTA Maximum Circuit 
 

 
 

Fig 3 (c) S-Edit Implementation of Maximum circuit 
 

 
Fig. 3(d) shows S-Edit implementation of WTA 
Maximum Circuit. 

 

 
          Fig. 3(d)Result of WTA Maximum circuit in 

            W-Edit 
 

C. Consequents and Defuzzifiers 
Singletons: for the consequent of each rule a discrete 

singleton αi smaller than 1 is given by: 
 

             αi = (Cn-1)i2-1+(Cn-2)i2-2+…….+(C0)i2-n
 

 
where i ranges from 1 to m and coefficients (Cn-
1)i…..(C0)i adopt binary values. In figure 1, the outputs 
of the (n+1) current mirrors of the whole m-consequents 
set are column-wise     summed    to  give   the   following 
(n+1)  values:  
 
( ∑ Ii ) ; ( .(Cn-1)i Ii ) ;........; (∑ (C0)i Ii ). 
 
Therefore, the output current Iout of the D/A is equal 
to: 

( ∑ (Cn-1)i 2-1  Ii ) +...+ (∑ C0)i 2-n  Ii ) = ∑ αi * Ii . 
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 Most approaches found in the literature to perform 
this operation use one individual weighting operator per   
rule [2][6]. With the common D/A used here, a big 
saving of silicon area can be obtained compared to the 
local D/A approach. On the other hand, also in our 
case, the input capacitance of each consequent is reduced 
by a factor (2n/n+1). Additionally, since the layout of the 
whole defuzzifier becomes smaller routing capacitances 
are also diminished. As a result, a considerable gain 
of speed can be achieved. Moreover, in order to improve 
the matching properties and consequently the accuracy 
of the converter, the same can be built using non-
minimum size transistors   without expending too much 
of silicon area. Analogue Divider: a novel current- 
input voltage-output divider was specially designed to 
carry out the division operation in formula. The 
circuit is shown in figure 4 (a). With equal sized 
transistors in each row of the circuit, the division is 
actually performed by transistors M1, M2, M3 at the 
bottom layer, all of them being constrained to operate 
in the triode region. The drain-to-source voltage drops 
Vds of those transistors are matched thanks to common- 
gate connected transistors M4, M5, M6 that convey the 
same current. This is guaranteed by the upper PMOS 
cascode-mirror (M7 to M12). While Vb1 and Vbo are 
fixed bias voltages, transistor M3 gate voltage Vout is 
self-adjusted so that the drain current of M6 matches the 
current imposed by the PMOS cascoded-mirror branch 
M9, M12. In this way, the following relation holds [4]:  
 

            (Vout-Vbo)=Vo=(Vb1-Vbo)IN/ID 
  
Thus, if Vout is referred to Vbo a two-quadrant 

divider is obtained. Since this divider behaves as a   
transresistor, there is no need for extra interface   
converter circuits neither at the inputs[6] nor at the 
output[7,8] Figure 4 (c) displays some measured 
characteristics. For Idin the range of 5 micro ampere, IIn  
in the range of 1A,Vb1= 5V & Vb0=1.5 V the results as 
shown, in fig 4(c) are obtained. 

 

III. EXPERIMENTAL RESULTS 
 

In the fabricated two-inputs, one-output, nine- fixed 
rules controller, there are three fuzzy labels available per 
input. Each four-parameters CFMF is 18-bits 
programmable (2x5 bits for knees and 2x4 bits for 
slopes). Consequents' singletons are 5-bits 
programmable. Tail current Io was set to10µA. Input 
voltages range from 1.5V to 4.5V. With   Vbo=1.7V   and   
Vb1=2.7V   the   output voltage ranges between those two 
values. Experimental results confirm that this controller 
is suitable for low-power embedded subsystems for 
applications with bandwidths below 8Mhz. 

 
                                 

Fig 4(a) Defuzzifier circuit 

 
     Fig 4(b) Defuzzifier circuit in Schematic Edit 

 
 

         
 

Fig 4(c) 
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IV. THE FUZZY CONTROLLER 
 

Figure 5 shows 9 rules, 2 inputs and one output 
controller. Here also 6 different CFMF circuits with 
different W/L ratios are connected in symbolic mode. All 
the other reference voltage and current sources terminals 
are taken out. Here 6 different CFMF circuits are used 
where one input is provided to a set of three CFMF 
circuits and second input is provided to a set of another 
three CFMF circuits. By this connection, we are setting 9 
rules. Thus 18 inputs are given to two-input one-output 
WTA maximum circuits (9 circuits). Then Maximum of 
these inputs are given to 9 defuzzifier circuits and 
accordingly output is collected. As shown in F i g . 5 , first 
from two CFMF circuits, all inputs and outputs are taken 
out. The symbols of all the circuits are made and then 
they are connected together. By taking out the input and 
output modes, we can vary the inputs and can control the 
output. A single input is provided to the two CFMF 
circuits to form one rule. Both the CFMF circuits are 
varying in their W/L ratios. Also when all the blocks are 
connected in symbolic mode, the dc supply of 5V is to 
be provided externally instead of placing it individually 
in each of the circuits. We can give either analog input 
or digital input. All the other reference voltages and 
current values we can change as per our requirement.  

 

 
             

Fig 5 S-Edit Implementation of fuzzy controller 
 

V. CONCLUSIONS 
 

The proposed architecture has improved flexibility of 
controllers allowing using them in wide range of 
applications. Here programmable controllers with medium 
accuracy are desired. While the architecture was 
developed for VLSI implementation, the proposed 
approach is more general. This circuit is very flexible, and 
any desired trapezoidal or inverted trapezoidal shape can 

be implemented. I have used a small Takagi-Sugeno’s 
Controller. Here only antecedent and consequent 
parameters can be programmed whereas the number of   
rules, inputs and outputs are fixed. The obtained 
performance measured in terms of power consumption 
turns this controller attractive to be used as an on-chip 
subsystem. Besides its simplicity, this controller fulfils the 
requirements needed for several real-time applications. We 
know that current mode processing lends to simple rule-
evaluation that can work at reasonable speed. But most 
reported real-time applications work in a voltage-mode 
environment. So if some of the unwanted current-to-
voltage and/or voltage-to-current intermediate converters 
can be avoided, the delay through cascaded operators may 
be shortened and higher accuracy can be achieved. So the 
same point is taken into consideration. And fuzzifier and 
defuzzifier circuits are observed because these are found at 
the controller’s input/output interfaces. Thus the circuits 
developed for fuzzifiers (transconductors) and the output 
divider (transresistance) of the defuzzifier do not need 
extra signal conversion. Thus they are able to directly 
interface the current mode core of the controller with the 
voltage mode environment. In the fuzzifier circuit (CFMF 
circuit), by varying the W/L ratio and changing the knee 
voltages, VKR, VKL, the average power consumed by the 
circuit is calculated and the analysis is made accordingly. 
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Enlarged Versions of Detailed Figures 
 
 

  
                 

 
Fig 1. Block Diagram of the Controller 
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Fig,3(a). multiple Input Max Operator 
 

 
 
 

   


