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Neuro-Fuzzy Architecture for CMOS Implementation
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Abstract—In this paper, a nonconventional structure for a

“fuzzy” controller is proposed. It does not require signal divi- 5 N

sion, and it produces control surfaces similar to classical fuzzy XE > 0 »
controllers. The structure combines fuzzification, MIN operators, N o ie] o
normalization, and weighted sum blocks. The fuzzy architecture w N e o > =
is implemented as a VLSI chip using 2¢m n-well technology. — 8_ 8_ <IN Qut
A new fuzzification circuit, which requires only one differential ] o o =
pair per membership function is proposed. Eight equally spaced Y 2 y 2 é 8
membership functions are used in the VLSI implementation. Sim- - N y s s

ple voltage MIN circuits are used for rule selection. A modified L >

Takagi—Sugeno approach with normalization and weighted sum L

is used in the defuzzification circuit. Weights in the defuzzifier

are digitally programmable with 6-bits resolution. Fig. 1. Classical Zadeh-type fuzzy controller.

Index Terms—Control, fuzzy, VLSI.
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speed limited only by the delay of signals through the network.
However, the classical approach to fuzzy systems presented
by Zadeh [14] is difficult to implement in analog hardware™™ 7
Particularly difficult is the defuzzifier where signal division
must be implemented. Division can be avoided through use
of feedback "?OPS [5]' [6]’ [9]’ [12]’ [13],’ _bUt this approacr.‘:ig. 2. Architecture of fuzzy controller suitable for VLSI implementation.
can lead to limited accuracy and stability problems. Also,
in the case of the classical fuzzy system shown in Fig. 1,
the information about the required control surface is encoded Il. FuzzIFIER
in three places: in the fuzzifier, in the defuzzifier, and in various fuzzifier circuits that can be implemented in bipolar
the prewired connections between MIN and MAX operatorgy MOS technology have already been proposed [1], [3],
Although the architecture is relatiVEly Simple, it is not SUitablF]], [9] Most approaches use two source- or emitter-coup|ed
for custom programming. differential pairs for a single membership function. The ap-
The concept of the proposed circuit is shown in Fig. yroach proposed here differs from the previous techniques
Fuzzification is done in a traditional manner with additionah two ways: 1) it is simpler—only one differential pair is
normalization which leads to a linear interpolation of theequired per membership function and 2) the fuzzy outputs are
output between stored points. The second stage is an array@fomatically normalized; therefore, the sum of all the signals
cluster cells with fuzzy AND” operators. Instead of classicalrepresenting the fuzzy variables of a single input is constant.
defuzzification, simplified Takagi—Sugeno singleton inference The fuzzifier circuit is presented in Fig. 3. This design re-
rules [12] with normalization are used. The output is theguires only one differential pair for each membership function,
normalized and calculated as a weighted sum of the signgiscontrast to earlier designs, where at least two differential
approaching from all selected areas. pairs were required [2], [4], [6]. Also, the output currents are
automatically normalized because the sumlofthrough I
) ) ) ) ~is always equal tdy. Thus, the normalization circuit is inte-
on'\fﬁglﬁg'rﬂgte;ﬁgﬁsdtAz’ér"ll%glggw; revised May 8, 1998. Abstract published . within the fuzzifier. Using a simple Shichman-Hodges
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Fig. 4. An example of six output currents from a fuzzifier with five differ-
[ ential pairs obtained using SPICE simulation with the following parameters:
o K =24 uAVZ, Vg = 0.75 V, Io = 0.05 mA, andW/ L for transistors
M1-M5 and M6-M10 are 3, 20, 3, 10, and 10.

Fig. 3. Fuzzifier circuit with five differential pairs creating five membership positive battery o
functions: three Gaussian-like in the center and two sigmoidal types at the
ends of the input range. Z keth fuzzy voltageo
Y j-th fuzzy voltage o——
while on the ends of the input range the above equation — —
simplifies to X i-th fuzzy voltage o—-{l M1 | M2 | M3
b L oupu
O
I; = 0510 (1 + iy /28 — a2 7) (2 for selected area the
output signal is low
®
where ln
o — VIN — VREF: 4 = KW;Vrn 3) negative battery o
‘ Vra ’ 2L 1o

Fig. 5. Rule selection circuit—AND/MIN operator for inverted signal con-
vention.
and I is the source currentyyy is the input voltage K

is the MOS transistor transconductance parameéteg; is

the MOS transistor threshold voltag&rrr; are reference SPaced symmetrical membership functions were chosen in
voltages, andW; and L; are widths and lengths of theVLS! implementation presented here.

transistor channels. There are six output currents for a fuzzifier

containing five differential pairs, as shown in Fig. 3. Examples Ill. ARRAY OF RULE SELECTION CIRCUITS

of these currents for arbitrarily choseé¥i/ L ratios are shown  g5.h ryle selection circuit is connected to one fuzzy variable
in Fig. 4. Note the wide range of flexibility in adjusting shapeg,m each fuzzifier. Therefore, the number of these circuits
and slopes by choosing prop#r/L ratios in reference and jg equal ton; = n,, wheren; andn, are numbers of fuzzy
differential pair transistors. variables for each fuzzifier. The rule selection circuit cell is
By choosing different reference voltages and diffeléftL.  activated only if both fuzzy inputs have nonzero values. Due
ratios, any trapezoidal type of membership function can e the specific shapes of the fuzzifier membership functions,
accomplished. The circuit can also create Gaussian-type shapRgre only two membership functions can overlap, a maxi-
of membership functions. See currdptin Fig. 4 for example. mum of four cluster cells are active at a time. Although current
The corners of the trapezoids are rounded by parabolic funaede MIN and MAX operators are possible [3], [5], it is much
tions if the transistors operate in the strong inversion modeasier to convert currents from the fuzzifiers into voltages and
or by exponential functions if they operate in the weak inveuse the simple rule selection circuits shown in Fig. 5. The
sion mode. Even though the circuit is very flexible, equallsule selection circuit requires the fuzzy conjunctiemg) or
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fgzzy MIN oper.ator. It is implemented using source follower V@A_Sl M16 V@A_S{l MA7 Vg'A_S{I M18
circuits shown in Fig. 5. The voltage on the common node of
all sources always follows the highest potential of any of the - ﬁ i ﬁ
transistor gates, so it operates as a MAX/OR circuit. However, 1 }| , 1 |, 2 |, 4
using the negative signal convention (lower voltages for higher M5 | Lﬁ’”o |L","11 |L'¥”2
signals), this circuit performs the MIN/AND function. This | | |

means that the output signal is low only when all inputs

are low. A cluster is selected when all fuzzy signals are

significantly lower than the positive battery voltage. Selectivityi; 7. weignt circuit—digitally programmable current source with 6-bits
of the circuit increases with largé¥’/L ratios. TransistoA/3  accuracy.

would be required only if three fuzzifier circuits were used

with three inputs.

+
IV. NORMALIZATION CIRCUIT Z k-th fuzzy : e

In order to obtain proper outputs, it is essential that nor- voltage : I

malization occurs before weights are applied to the summed ~ Yithfuzzy

currents. The normalization circuit can be implemented using X\i'i:iijz — Lo common

the same concept as the rule selection circuit. For the negative voltage y»—{\ M1— M2—! M3 node

signal convention, PMOS transistors supplied by a common - b e

current source are required. The normalization circuit is shown 1 *—1 M4

in Fig. 5. The voltage on the common nodefollows the

lowest input potential. The normalization circuit consists of GD

transistorsM 1, M2, -- -, M connected to a single common o

current source. This means that the sum of all drain currents normalization

of transistorsM 1, M2, ---, My is always constant and equal circuit

to Ip. The W/L ratios in current mirrors can determine the =
output value for each cluster. Currents from all cluster cells

. 8. The cluster cell with rule selection (transistdrl1-)4) and nor-
are summed to form the output current.

mallzatlon (sourcdy and transistors\/4—M6).

V. WEIGHT CIRCUIT . )
.current branches. Transistord 5—A/12 form two multiple

The weights for different clusters can be ?‘SSig”Ed_ by _Sett'Bﬂtput current mirrors with current multiplication factors being
properW/L ratios for current sources on Fig. 6. This simpl 2, 4, 8, 16, and 32 dependent on &L ratio chosen

approach can be used only when a dedicated fuzzy contro 5n3|storsM13—M16 work as digitally controlled current

is designed on the mask level. The purpose of this study WaSitches.

to develop a digitally programmable fuzzy controller for any

required control surface. This task can be accomplished by

introducing a digitally programmable current mirror shown in

Fig. 7. The rule selection and normalization circuits shown in
The cascode current mirrod{1-A4) splits its input current Figs. 5 and 6 would require a prohibitive number of intercon-

with a 4-to-1 ratio using differen /L ratios for the two nections, and they are not practically realizable on a VLSI

VI. VLSI | MPLEMENTATION
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spaced reference voltages. This results in eight membership
functions for each input ang 8 = 64 cluster cells. Sixty-four
adjustable current mirrors for setting weights of output signals
(Fig. 7) are programmed with 6-b accuracy. For an arbitrary
two-dimensional function, onlg « 64 = 384 bits are required

for programming. A test chip has been implemented in the
2-um n-well MOSIS process using more than 2000 transistors
to perform the analog signal processing. To simplify the test
chip implementation, current sources were programmed at the
contact mask level. Fig. 10 shows a comparison between the
desired and the actually measured control surface from the
fuzzy chip.

VII. CONCLUSION

An universal nonlinear VLSI approximator using the con-
cepts of fuzzy logic was developed. The current chip is
designed with two analog inputs, but it is possible to increase

10, the number of inputs. The proposed architecture is a further

8. simplification of fuzzy controllers. With this architecture, any
< required control surface can be digitally programmed. While

5 §;‘:\\:\\:§:\:\§\\ the architecture was developed for VLSI implementation, the

4. \\‘\“)‘\3‘%;‘\? proposed approach is more general, and it can also be used in

N a microprocessor-based fuzzy system.
1 .,,,,:,:".‘:‘l:'::';":"l.',é?;?. 10 A new fuzzifier c_:ircm_Jit \_/vit_h fewer tr_ansistors has als_o
0, R L LT RS been presented. This circuit is very flexible, and any desired
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28
g
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trapezoidal or Gaussian-type shape can be implemented. It
also has a built-in normalization feature. A simple voltage-type
MIN circuit was used for fuzzy inference. Instead of a classical
defuzzifier, which requires signal division, normalization and
weighted sum circuits were used.
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