
25-29 Jury, 2004 * Budapest, Hungary 

A CMOS Implementation of Current-Mode Min- 
Max Circuits and A Sample Fuzzy Application 

Behzad Mesgarzadeh 
Electronic Devices Division 

Department of Electrical Engineering 
Linkoping University 

581 83 Linkoping, Sweden 
E-mail: Behzad@isy.liu.se 

Abstrucl- A new design of CMOS Min-Max circuits in dynamic range with acceptable accuracy in their 
current-mode is presented. These kinds of circuits have a filnrtinnnlitv rnno 

i - .._ . 
growing number of fuuy applications in fuzzy logic To show the performance of these circuits, an 

Function Generator (MFG) based on Min circuit, is presented. output mode is presented. Comparing other circuitry for this The proposed circuits have wide input and output dynamic 
range. A 3.3 v power supply has been applied and simulation kind Of circuits in different application, proposed 
results are presented in 0.35 pm CMOS process. circuit has better input and output variation range and 

slopes of each side can be changed independently to form 

controllem. As a sample f u w  application. Membership implementation of MFG circuit in current-current input- 

1. INTRODUCTION trapezoidal and triangular Membership Functions. 

In last decade a growing number of fuzzy applications in 
hardware level implementations, such as fuzzy logic 
controllers [1]-[5] has been proposed. In these kinds of 
application, basic operations and their implementations play 
a great role. Any improvement in circuit level realization of 
these basic operations, can lead us to have an efficient 
circuitry for such an application. There are two different 
perspectives in implementation of this operation: Digital 
and Analog implementations [I]. In digital approaches low 
cost, fast and easy design flow and accuracy are some of 
important advantages. On the other hand the output of 
implementation for a simple basic operation can be a huge 
VLSI circuit with area and power consumption problems. 
In Analog perspective, basic operations can be 
implemented with smaller circuits but accuracy and range 
of functionality are serious items, which should be 
considered carefully. 

11. CURRENT MIRRORS 

The basic element of our proposed Min-Max circuits is 
Current Mirror (CM). There are different implementations 
for CMs for example: Simple Current Mirror (SCM), 
Cascade Current Mirror (CCM) and Wilson Current Mirror 
(WCM). These three structures are shown in Fig. I. The 
important difference between SCM and the other two ones 
is accuracy and minimum voltage in headroom. To gain a 
better view, we compare SCM and CCM in these two facts 
but the principles are the same for WCM also. In SCM, 
since the gate-source voltage of MI and M2 are equal, the 
current of two transistors can be equal but because of 
channel length modulation (k) and since MI and M2 might 
have unequal drain-source voltage; output current does not 
accurately track IEF. We can write: 

(1) 
Among basic operations, Min-Max operations in circuit 1 W 

level are used in many hardware implementations of fuzzy ImF = ~ p n c " x ( ~ ) l ( v G ~  -vry('+nvDsl) - - 

(2) 
logic applications. In fuzzy processors [6] and fuzzy logic 1 W 
controllers [7], [8] these basic operations play a crucial role. 
On the other hand, Membership Function Generator (MFG) 
circuits, which are constructed based on basic operations, 
are used to calculate fuzzy membership value of input 
variable. Fuzzy circuit designers are interested in designing 
efficient and accurate MFGs to use in fuzzy logic 
applications 191, [IO]. In MFGs the input-output mode can I ,  (w/L)1 ~ + ~ V D S ,  
be voltage-voltage [4], voltage-current [ 1 I] or current- 
current [2], [9], 1121. Our proposed Min-Max circuits which 
are built using current mirrors, have a wide input and output 

Iour = 5PncOx(y)> @'GS -vi- ( I + A V D S ~ )  

Dividing (2) by (1): 

k=L.  W I L ) ,  I+,IV,,, 
(3) 

In this structure the minimum voltage at node X can be 
one overdrive voltage (AV= VGS - vTN). According to (3) 
to have accurate current mirroring we must have equal 
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drain-source voltage for MI and M2. In CCM structure, M,, 
& cause to have equal voltages at X and Y assuming 
proper transistor sizing ((W/L)J(W/L)3=(W/L)I/(W/L)2) 
[13]. On the other hand minimum voltage at node Z is two 
overdrive voltages plus one threshold voltage [13], [14] 
then it can be concluded that this structure consumes more 
voltage in headroom but it is more accurate than SCM. 

can be equal. In Fig. 3 the same principle has been used but 
MI5 and MI6 are eliminated to have sum operation between 
currents at output node. In this case the output can be equal 
to the maximum value of I I  and 12. In these circuits using 
SCM can increase the input and output current range and 
also can decrease the active area of whole circuit but in this 
case the accuracy of circuit will be decreased. As we 
discussed, in Fig. 2 the currents can be increased until the 
voltage of output node does not come to less than two 
overdrive voltage plus one threshold voltage (2AV + VTN) 
and for upper band of voltage at output node it is obvious 
that MI5 and MI6 need at least 2AV + V m  to be in saturate 
region. To summarize our discussion about voltage 
limitation at output node of circuit shown in Fig.2 
neglecting body effect and assuming equal threshold 
voltage for all NMOS transistors (V,) and also for all 
PMOS transistors (VTp), we can write: 

(6) ~AVI+VTN< Vom< Vdd- [~AV,+VTP] ~ i g .  1, CCM, WCM and SCM Structures 

According tn these considerations we choose CCM to use 
in our Min-Max circuits. With this choice, voltage swing at 

circuit is decreased hut more accuracy is achieved. 

As it was mentioned, in (6) AV= VGS - VT and VGS is 

and by considering general current equation for CMOS 
transistors (expressed in (1) and (2)) the limitation for input 
and output current ranges can be achieved. The principle is 
the same for Max Circuit shown in Fig. 3. 

output is limited and therefore functionality range for whole equal for Of four transistors in CCM From (6) 

111. PROPOSED MIWMAX CIRCUITS 

The principle of our proposed Min-Max circuits comes 
vt4 VU 

from following expressions: T r 

a + b  la-4 Min(a, b) =--- 
2 2 

2 2 ( 5 )  rh&yz fiAM8 a + b  10-4 
Mm(a, b) =-+- 

M, 

If we assume a>b then the second terms of rieht - 
statement in expressions above will he equal to (a-b)/2 and 
(4) and (5) reflect b and U respectively which are minimum 
and maximum values between them. Otherwise the absolute 
value for a-b will be equal to b-a and (4) and ( 5 )  will reflect 
a and b respectively. 

To realize (4) and ( 5 )  in circuit level. circuits shown in ~, ~I 

Fig. 2. and Fig. 3. are proposed. In Fig. 2 the CCM 
consisting of MI-& is responsible for producing the term 
of (11+12)/2. The size of MI  and M2 are twice as much as the 
size of MI and M4. Two similar CCM stmcture consisting 
of M5-Ms and M9-MI2 are producing the second term at the 
right side of expressions (4) and (5). When 11>12 in the 

(wIL)$(wIL)~=(wIL)I(WiL), 

(WIL),I(W'L),a=(WR.)~~I(wIL), 
( W q 5  =(WW,, 3 (W/L),,=(W/L),, 

upper CCM all of four transistors go to cut-off region. In 
this case CCM consisting of M9-MlZ sinks a current equal 
to absolute value of (11-12)/2 from MI] and MI4. Otherwise 

PMOS CCM only mirror the same current to output node. It 
means the size for all of transistors in this CCM (MlI-Ml6) 

- - - - the other CCM will have the responsibility to conduct. 

Fig. 2. Proposed Min Circuit 
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V. t 
I I I  Fig. 4. A Trapezoidal MF 

. . # J + ~ M ,  I M $ 4 k M 7  As mentioned. to show the nerformance of our nronosed . .  
Min-Max circuits, a CMOS 'implementation of MFG in 
current mode based on Min circuit is presented. In this 
MFG, algorithm in order to build a typical MF is as 
following. 

First of all, Ii, is compared with IL and IH. If Ii,< IL or 
Iin>IH the value of output current will be zero. Otherwise 
two currents according to right and left slopes are produced. 
Mathematically these two currents are Kl.(Iin-IL) and 
K2.(IH-Iin). Then these currents are compared with I,, The 
minimum value among these currents will be the output 
current. Therefore proposed MFG needs a circuit to 
generate currents according to right and left slopes and also 
three Min circuits to compare generated currents with ImX. 

I - - A. Slope Definition 

Fig. 3. Proposed Man Circuit 

IV. MEMBERSHIP FUNCTION GENERATOR 

In fuzzy applications Membership Functions (MFs) are 
used for determination of fuzzy membership value for input 
variable. Each input should be translated to a specified 
fuzzy membership value. Typical MFs are defined in 
trapezoidal or triangular approximations when sketching 
output versus input variable. In current-current mode input 
and output values are defined as currents. In this case MF 
can be specified by five different values. These values are 
shown in Fig. 4. By using these values, position and shape 
of MF are specified. IL and IH are defined as lowest and 
highest input currents which has nonzero ftzzy membership 
values. I,, represents maximum membership value and KI 
and K2 are slope values of each side. To form a triangular 
MF these five values should be defined in such a way that 
two slops can meet each other before reaching to ImX, We 
will call "left slope" to the slope beginning at IL and "right 
slope" to the slope ending at IH. 

In order to generate currents according to K,, K2 the 
circuits shown in Fig. 5 is used. These circuits are 
consisting of two CCMs, which multiply incoming current 
by value of the slopes. As we mentioned, if ti, does not 
satisfy IL<I,,<IH the output current will be zero. In this case, 
in the circuits shown in Fig. 5 ,  all transistors will be entered 
in cut-off region and no current will be reflected to ILc* and 
Iloghf. This means there will be a comparison between I,, 
and 0, which obviously will have the result of zero current 
at the output of MFG circuit. 

Fig. S .  Circuits for Generating Currents According to KI and R 
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In Fig. 5 the values of generated currents will he: 

(7) 

B. Realization ofMFG Using Min Circuits 

In the last step of implementation of MFG, the generated 
currents by slope defining circuits (IRlp, IhR) should he 
compared with I,, which is one of the characteristics of 
MF. To do this, three Min circuits are required in order to 
determine the minimum value among these three currents. 
The proposed circuit to construct our current mode MFG is 
shown in Fig. 6. 

current. In this figure, in the lower window two input 
currents of this circuit are shown and in the upper window 
resulted output current from this circuit is shown. The 
sinusoidal current is limited by constant 230pA dc current. 
In Fig. 8 a pulse shape current has been compared with a 
sinusoidal current. The resulted minimum current in the 
output of the circuit has been shown in the upper window. 

............... 

MIN I,"%' 

"3 
- . , , , , . , . , . - . , , 

P 1- 7- m *1 
-c,,-* MIN 

Fig. 7. Simulation Result of Min Circuit 

Fig. 6. Pmposed MFG Stmcfure 

In circuitry of MFG in order to transfer current to 
different parts of circuit CCM structure has been used as 1 
discussed in previous sections 

v. SIMULATION RESULTS 

To check the functionality of Min-Max and MFG circuits 
different simulations have been performed using Hspice 
simulator and 0.35pm CMOS process transistor models. 
These simulations have been done in two steps. First of all 
the circuits shown in Fig. 2 and 3 have been simulated and 
then structure shown in Fig. 6 using three Min circuits and 
other related circuits shown in Fig. 5 have been checked by 
proper simulations. 

A. Min-Max Circuits Simulation Results 

The proposed Min circuit shown in Fig. 2, has been 
simulated using Hspice simulator. For this circuit two 
different simulation results are shown in Fig. 7 and 8. In 
Fig. 7 a sinusoidal current with 200pA dc level and 50pA 
amplitude has been compared with a dc constant 230pA 

- m I _  a. 2% 
"-(.l,ImYE, 

.................................. .... - il~~k - ........................................................... ........................................ .......i--------, 

Fig. 8. Another Simulation for Min Circuit 

In Fig. 9 the simulation result related to Max circuit is 
presented. In this simulation circuit shown in Fig. 3 has 
been simulated using a sinusoidal current with 290pA dc 
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level and 40pA amplitude and a dc constant 280pA current. 
In this figure the lower window shows input currents and in 
the upper one, resulted current in the output of this circuit 
has been shown. In the resulted current sinusoidal part 
cannot be less than 280pA. 

............... ~ ~ ~ ~ ~ . .  

,* m - P, In*, 

Fig. 9. Simulalion Result for Max Cinuil 

In these kinds of circuits the difference between the ideal 
expected output current after comparison and the actual 
resulted current in circuit level simulation, can be defined 
as error and determines accuracy of circuit. From different 
simulations it can be concluded that by proper transistor 
sizing, in a 150yA input current range proposed Min-Max 
circuits can be operate with less than 1% error in defining 
output current. 

B. MFG Circuit Simulation Results and Comparison 

In the second step in order to check the functionality and 
the performance of MFG circuit, which has been built using 
proposed Min circuit, structure of Fig. 6 has been 
simulated. As mentioned, ILen and IRish, are produced using 
circuits shown in Fig. 5 and current transfer is done using 
CCM structure. To form desired MFs, according to 
definition of MF, after applying five quantities discussed in 
section IV, a varying input current (like sinusoidal 
waveform) has been applied and output current of MFG 
circuit has been formed versus its input current. The 
simulation results of this circuit are shown in Fig. 10 and 
1 I .  In these simulations two different MF is produced using 
proposed scheme. In Fig. I O  a trapezoidal MF has been 
shown. In this MF, I,=llOpA IH=240yA and I,= 85pA 
and two slopes has been defined unequal. In Fig. 11 by 

decreasing let? side slope for trapezoidal MF a triangular 
one is obtained. 

Fig. I O .  A Trapezoidal MF IL=I IOWA I~=240pA and Imll= 85pA 

The proposed MFG circuit has a 130pA input current 
range and IOOyA output current range. The slopes of both 
sides in MF can be defined independently and can be 
unequal. Comparing previous MFG circuits in current- 
mode, input and output ranges for this MFG circuit are 
quite wide. To have a comparison, input and output ranges 
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for three different previous designs have been compared 
with our proposed MFG circuit in Table I. In these three 
designs, proposed MFG circuits are in the current-current 
input-output mode. 

TABLE I 

A Cumprtiron Amon3 Previous Work & Pmposed MFG C~muir 

Reference No. 

100pA 100 pA 
50 pA 

Proposed Design 130pA IOOpA 

VI. CONCLUSIONS 

A new implementation for Min-Max circuits in CMOS 
process has been presented. These circuits are based on 
current mirrors. According to results obtained from 
simulations in 0.351111 CMOS process, these circuits can 
operate in a 150pA input current range with less than 1% 
error. As a fuzzy application a Membership Function 
Generator circuit based on these basic operations has been 
presented. This circuit can produce different trapezoidal 
and triangular MFs in a 1301A input and 100pA output 
range. These ranges are quite wide comparing previous 
works. 
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