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ABSTRACT

CMOS-based near zero-offset multiple inputs maximum circuit and minimum circuits are
proposed. The analog signal building blocks including shunt-feedback buffer, voltage-subtraction
circuits and current mirrors are deployed for obtained the good performances. This achieved
circuits is a simply scheme and able to work with low power supplies. The input range is obtained
around + 600mV within £ 1.5V power supplies. Near zero-offset and low output impedance are
provided by proposed circuit. The delay of output is less than 5 ns for THD less than 1% and
frequency response up to 815 MHz. Half-wave, full-wave rectifiers and 4 bits linear combination
Digital-to-Analog Converter (DAC) are raised up to confirm the realistic applications. All
performances including the DC-charactristic, frequency response, high-frequency wave output are

simulated by PSpice.
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.MODEL NMOS1 NMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17
+GAMMA=0.4317311 PHI=0.7 VT0=0.4238252 DELTA=0
+U0=425.6466519 ETA=0 THETA=0.1754054 KP=2.501048E-4
+VMAX=8.287851E4 KAPPA=0.1686779 RSH=4.062439E-3
+NFS=1E12 TPG=1 XJ=3E-7 LD=3.162278E-11
+WD=1.232881E-8 CGDO=6.2E-10 CGSO=6.2E-10 CGBO=1E-10
+CJ=1.81211E-3 PB=0.5 MJ=0.3282553 CIJISW=5.341337E-10
+MJSW=0.5)

.MODEL PMOS1 PMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17
+GAMMA=0.6348369 PHI=0.7 VTO=-0.5536085 DELTA=0
+U0O=250 ETA=0 THETA=0.1573195 KP=5.194153E-5
+VMAX=2.295325E5 KAPPA=0.7448494 RSH=30.0776952
+NFS=1E12 TPG=-1 XJ=2E-7 LD=9.968346E-13
+WD=5.475113E-9 CGDO=6.66E-10 CGS0O=6.66E-10
+CGBO=1E-10 CJ=1.893569E-3 PB=0.9906013 MJ=0.4664287
+CISW=3.625544E-10 MJISW=0.5)
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ABSTRACT

The new CMOS low-voltage Maximum and
Minimum (Max/Min) circuits are described. The
proposed circuits are realized by different sub-circuits
such as voltage level-shifter and shunt-feedback buffer
circuits. The proposed circuits can be used a low-power
supply with 4 simply scheme. The +500 mV input
dynamic range is obtained under the 1.5V power
supplies, The outpat ¢orner érror is lass than 0.01us. The
full-wave rectifier building block is raised for such
application. All performances including the DC-
characteristic, high-frequency wave output are carried out
by PSpice.

Keywords: Maximum, Minimum, WTA, CMOS, Analog
signal processing

1. INTRODUCTION

Maximum and minimum circuits are building blocks
for the analogue signal processing areas. The applications
have been found in particufar areas as well as
telecommunications, instrumentations and etc. The
previous works have been introduced in different
approaches. The OPAMP, CCII are employed by a few
diodes and resistors [6-8]. The max-min circuits were
able to use: the multiple inputs by series connection that is
a majer problem for a delay. The' OTA has been uvsed [5]
for reduced that problem that contains with (ntl)
transistors connected with n-diodes for n-inputs. The
other problems in order-to operation of diodes are found.
The several winner-take-all (WTA) circuits [2-4] are a
presently favourite method to implement for the multiple
(n) inputs.

The WTA method is used for implement the
proposed circuits, The different sub-circuits. are realized
such as level-shifter; shunt-feedback buffer for off-set
adjustment in order to obtain an accurate output. The
simple construction and low-voltage are proposed that
suitable for further IC fabrication. The high-frequency
operation can be operated with the wide-input range and
simply adjustments.

2. CIRCUIT DESCRIPTION

The transistors are opetated in saturation region. The
drain current of PMOS and NMOS is yxeld to describe in
Eq. (1) and (2), respectively

‘K.P(VSG "|V"r.ul)2 ([J
Iy =Ky(Fes _Vm)z (2)

Iym—iy=

Where g, - “PCaY(TJ K, =£h€£x_(%] Ve and

V,» are a threshold voltage of NMOS and PMOS,
respectively.

Vop

(a (b)
Fig. 1 Voltage level-shifter circuit

Fig.1 shows a voltage level-shifter circuit that used
for an off-set adjustment. The voltage level-shifier circuit
is based on a basic subtraction circuit. The Fig.1 (a)-and
(b) are positive and negative level-shifter, respectively.
The outputs can be express as:

(3a)
(3b)

Vo=V, +V1-J.a'_ Vs
Vs =V t Vs~V

Fig.2 shows a CMOS shunt-feedback buffer circuit
[1]. The output is obtained from source-voltsage of M.

‘The current source I; is a constant bias current of M;. The

current source I; and M are used for supply positive and
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negative current. The output of shunt-feedback buffer can
be written as

Yoo

Fig.2 Shunt-feedback buffer

i ‘
Vn =Va-=Vx‘."K_;‘P3w

The complete. shunt-feedback buffer can be realized by
the combination of Fig. 1 and Fig. 2 as shown in Fig.3.
¥bp

(4)

Fig. 3 Complete shunt-feedback buffer with an off-set
adjustment

So, the output of Fig.3 can be expressed as

Vo '-'V;.*'Vm‘ys""él‘“ym
Ay

Suppose that, the constant curtent sources [; and [

®

are defined to
T, '
’E’; +¥pe=Fo =V, (6}
The output of Fig.3 becomes
Vo =V, N

The maximum circuit can be implemented using &
parallel form in n-stages of shunt-feedback buffers as
shown in Fig.4. The® dominant input (highest) will
affected to particolar stage accordingly: That stage will
take the highest current by M, that means which output
will appear according with-a soiirce voltage of M. The
output has been clarify to

Voo
My wly {_Ju.
S F s &L
‘—HH 'u' Mg CD
'l 1. v
o
¥,
;J—-r__lfn Fim O—E‘Hh GD
,,, [, [
r' L] Vas

Fig.4 Proposed maximum circuit

Vout =Max{fﬂ,,,)

The minimum circuit can be easily implemented
using some modification a shont-feedback buffer in Fig.3
to Fig.5. From Fig:3 and Fig.5, the outputs are quife
similar analysis. The output of Fig.3 is varied in positive
term using M, that the maximum function is achieved.
Otherwise, the output of Fig.5 is varied in negative term
using M, that the ‘minimum function is achieved. The

®

" transistor My is biased from shift-down circuit M, and M.

The current which supplied by M, is cooperated with [,
for supply the output current,

. Voo
Es_‘Ej M, DI 2

™ Jo
Vi —°
o—-ﬂ"__ M; pg, Vo

. Vs
& yss
Fig.5 Complete shunt-feedback buffer for minimum

circuit

Fig.6 shows a proposed minimum circuit that
constructed from a parallel of Fig.5. The analysis of
minimum circuit is mostly the same with maximum
circuit. The output also has been clarify to

Vou = Mi f'l(ﬂ.a) ®

o,
=

Fig.6 Proposed minimum circuit
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3. SIMULATION RESULTS

All simulation results have been carried out by
PSpice simulation prograih base on T14Y MOSIS
0.25pm model CMOS technology with F=0.423V and
Vp=-0.55V. The transistor aspect ratios of proposed
cireuits in Fig.4 and 6 are shown in tablel. The power
dissipation of proposed circuits is 0.6mW with 10k2 load
resistances (RL),. The supply voltage 1.5V is used for
simulation with the shifting voltage Fsis 0.9 volts. The
current sources I; and I, are set to 21.3pA and 100pA,
respectively, The output characteristics of maximum and
minimum ¢ircuits are carried out in terms of DC and
signal output characteristics.

The 2-input Max and Min circuit are employed for
such simulation. The DC-characteristic is performed by
vatied both of inputs ¥, and V., within 0.5V and vice
versa have been-shown in Fig.7. The outputs of proposed
circuits have shown an accurate output according to the
above theoretical.

Trangistors Aspect Ratio
Maximum Minimum W/L (pm/pm)
My My, My | My, My, My My, 2/0.5
' My
My, Mg M; Mg, My, Myo 30/0.5
Ms;, Mg M, M, 10/0.5

Tablel. The transistor aspect ratio of Fig.3

300m¥

S0unl /,E
T
L] /
7/ ¥, 506
b e e e :
-5 pnnl) L Sl
N FO P.t
(@)
e 0wk ...,
i P
5 // . i
| -
N
s
§
P o
Rt w Sonm
o¥, Vo
(b)
Fig.7 DC-characteristic of

(a) Maximum circuit (b) Minimum circuit

The wvoltage output results of maximum and
minimum circuits also have been shown in Fig. 8. The
IMHz and 5 MHz triafigular waves are applied to ¥},; and
Vin2. The outputs of Max and Min circuits aré achieved as

94

shown in Fig 8(a) and (b), respectively. The corner etror

observation in terms of delay time is illustrated less than
0.01us.

5000 -
H

®)
Fig.8 Voltage output while inputs are: IMHz and SMHz
triangular wave (a) Maximum circuit (b) Minimum
circnit

4, AN APPLICATION

The proposed max/min circuits can be confirmed that
for ensure in realistic appliéd. An application of max/min
circuit is-a full-wave rectifier as shown in Fig. 9 by using
a 1MHz sine wave signal and grounded to-be applied.in
input of min and max circuit ¥;,; and V,,,, respectively.

MAX

MIN

Voraw
v

Fig.9 An application for full-wave rectifier

ECYTI-CON 2006
The 2006 ECTI International Conference




Fig.10 shows different point signals of Max/Min
circuits that connegtéd for a full-wave building block.
The different half-wave functions can be obtained by max
and min circuits. The positive and negative inputs. are
captured by max and min circuit, respectively. The
certain full-wave is achieved by subtraction of the both
outputs of min and max circuits.

-samny - -~

Fig.10 signals at different point of Max/Min application

5. CONCLUSION

A new CMOS low-voltage Maximum/Minimiim
circuits' are proposed. The several basic sub-circuits are
employed. A simply scheme with a low-power supply are
obtained that suitable to further IC fabrication, The wide
input dynamic range, high-frequency operation and low
corner error are obtained. The full-wave rectifier building
block is used for such an application.

6. REFERENCES

1] T. R. Visawanathan, “CMOS Transconductance
Element,” Proc. JEEE , VoL74(1), pp.222-224, 1986.
[2] I. Baturone, J. L.. Huertas, A. Barriga and S. Sanchez-
Solano, “Current-mode mulfiple-input Max circuit,”
Electron. Lens., vol. 30, no. 9, pp. 678-680, April
1994, . :
B, D, Liuy, and C.Y. Hung, “Current-mode multiple
input minimurh circuit for Fuzzy Logic controllers,”
Electron. Letts., vol. 30, no. 23, pp. 1924-1925,Nov
1994,
R. G. Carvajal, J. Martinez-Héredia and J. Ramirez-
Angulo, “High-speed high-precision min/max circuits
in CMOS technology,” Electron. Letts., vol. 36, no. 8,
pp. 697-699, April 2000. _
[. Takahiro, M. Tetsuo, M. Ryoko, “New OTA-based
Analog Circuits for Fuzzy Membership Functions and
Max/Min Operations,” JEICE, Transactions., vol.E 74,
no, 11, Nov. 1991.
S. I, Liy, Y. S. Hwang, and J. H. Tsay, “CCIl-Based
Fuzzy Membership Function and Max/Min Circuit,”
Electron. Letss., vol. 29, no. 1, pp. 116-118, 1993.
Robert F. Coughlin and Frederick F. Driscoll,
“Operational Amplifier and Linear Intégrated
Circuit,” Prentice-Hall, Inc., 1987.

B3]

(4]

5]

[6]

(71

[8] C.Toumazou, C. Lidgey, and D. G. Haigh, Analogue
IC design: the current mode approach, Peter
peregrinus Itd., 1990.

ECTI-CON 2006
The 2006 ECTI International Conference

95




Was Fah Luang University, Chiang Rai, Thalland
Moy 912, 2007

96




97

CMOS Digital-to-Analog Converter

Pipat Prommee’, Krit Angkeaw', Kobchai Dejhan', Montri Somdunyakanok’ and Jirasak Chanwutitum’
'Faculty of Engineering and Research Center for Communication and Information Technology
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand
Tel: +66-2326-4238, +66-2326-4242, Fax: +66-2326-4554
Faculty of Engineering, Siam University, Bangkok 10160, Thailand.
Tel: +66-2457-0068 Fax: +66-2457-3982
*Industrial Electrical Technology Department, Faculty of Engineering
King Mongkut’s Institute of Technology North Bangkok, Bangkok 10800, Thailand
Email: pipat@telemamlmill.ac.th

Abstract— This paper presents a CMOS Digital-to-Analog
Converter (D/A) Circuit. The voltage clipping circuit building
blocks based on minimum circuit and electronic resistor are
deployed. The proposed circuit uses a worth of current-mode
signal processing for minimized circuitry. The clipping circuit
can be obtained the current cutput according to its voltage
output and the electronic resistor. The clipping voltage output is
achieved by input clipping voltage and input voltage relations.
The D/A currents output can be simply obtained by summing of
their currents. The direct connection method and n-bits
expandable without any restrictions can be obtained that is an
advantage of current-mode approach. The integrity analog
output can be obtained either current or voltage. The
simulation results are performed hy PSpice based on MOSIS
CMOS process 0.25pm. The analog integrity output can be
obtained.

L INTRODUCTION

In a.naloguc 51gnal processing [1], [3], digital-to-analog
converter (D/A) is an important part for interpret a digital
word to an analog signal. The familiar OPAMP D/As [2] have
been found in very long time ago such as linear combination
and 2-2R ladder [4], [5]. The complicated resistors design has
been found and slow responsc behavior cause of the OPAMP
bandwidth.

The clipping circuit based on OPAMP and zener diode has
been introduced [4-6] that operates in voltage-mode. The
clipping voltages are set by each zener diode across voltage.
The mention clipping circuit is not practical because zener
diodes are complicated to find out. The OPAMP-based is used
a large die area in fabrication and the frequency response is
also limited by its gain-bandwidth (GBW).

‘This paper is focused on the components reduction and -

without the resistor. This paper describes a CMOS D/A based
on voltage-clipping circuit. The voltage clipping circuit is
modified by a minimum circuit [8]. The current mirrors and
electronic resistors have been added for obtained a current
output. The D/A circuit is constructed by n-clipping circuits
for n-bits digital signal. The reference voltage can be simply
adjusted by a particular voltage weighting assignment. The
number of digital bit inputs can be flexible increased and
decreased without changing of the topology that is a benefit of
proposed D/A. The output current is quite accurate according
to the input signal and clipping reference voltage. The

expected analog signal output can be obtained either in current
or voltage.

Il. THEORY AND PRINCIPLE -

The proposed circuit is constructed by n-parts of clipping
circuit. The CMOS transistors are realized for a clipping
circuit. The minimum circuit and electronic resistor are
deployed for obtained the current output.

A.  Shunt-Feedback Buffer Circuit

Fig. 1 shows shunt-feedback buffer circuit [7]. It contains
the 2 current sources and 3 transistors. The transistor A is
using for supply its source voltage, M, using for supply
current at node Vp and Mj; is done for output current. All
transistors are operatcd in saturation rcglon So, the voltage
output can be written as follows :

Ji
¥, =V.m fk—l-Vm
N

(1

Fig. 1 The Shunt-Feedback Buffer Circuit

The output current I, equals [;-I; obtaining from current
mirror M. However, the bias /; can be cancelled by symmetry
scheme because [, is constant; while the transistors of both
sides must be identical. The current source J; is a drain current
of M) and /; is a total current source of circuit. While input
voltage (V¢) is applied in pate of M,, source voltage is
appeared. The enough current should be supplied in case of
load connected at node V. Thus, M; and I, are deployed to
supply such current.
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B. Minimum Circuit
The minimum circuit [8] as shown in fig.2 can be realized

by the 2 shunt-feedback buffer circuits with a swapping of .

bias transistor M, and /;. Suppose that, the input section 1 and
2 are perfectly matched. The transistor My, and Ms; will
operate according to which the gate voltage input is lower.
" The source voltages (Vour) are connected together that take
care the current output by the negative current sources Mg,
Mgz.and positive current source ;. The output voltage is
appeared according to the Vpy; and Fp; that can be written as:

Vour = Vain|va s @
Py Jn,;J
— e
M., :
M % My Mg CD A
l'"’ I M Maz
M 4 Msr
Your
" () "'.:"_ﬁu,, "2
""cMa." ""l:Mu
Va gJMn i M
Ll ‘_l ¥
Fig.2 CMOS Minimum Circuit .

C. MOS Electronic Resistor
The MOS electronic resistor circuit [9] as shown in Fig.3
has been introduced in 1990. This electronic resistor circuit is

performed as a grounded resistor. The resistance can be

adjusted by its supply voltage and its aspect ratio (W7L). The
transresistance of the electronic resistor circuit can be

" expressed in Eq.(3).

Voo

Electronic
Resistor

I

Fig.3 MOS Electronic Resistor Circuit

ulo o L @A
R,., B lm 2JuC0XW(VDD_VT) & -

D. Clipping Circuit
For clipping building block, the above minimum circuit

.and electronic resistor are deployed. The clipping voltage

“input is applied in a particular port and ¥}, is applied in the

rest port as shown in Fig.4. The transistors My and M are .

connected as an electronic resistor. The resistor current based
on the clipping and input voltage conveyed to the output by
the current mirrors Mgy - Mgs. The simplify building block can
be described in fig. 5. The current output of clipping circuit
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according to the input, clipping voltage and electronic resistor
can be expressed as:

V
Togr =221, & 0)
R’q N1TCLIP
Voo

ny
= i ’:J i
My M Mo C)],

e

Fig.4 Complete Clipping Circuit

Vp, o—| Clipping| four
Veip ] Circuit

Fig. 5 Simplify Clipping Circuit Building Block

III. DIGITAL-TO-ANALOG CONVERTER -
The D/A is a useful building block and found in analog
signal processing aréa. The variety mix-signal processing
integrated circuits can be processed in digital or analog

_approaches. Although, the analog can be process perhaps a

digital process can be also well done. The natural signal input
always analog that should be convert to digital for taking some
process and finalized output in analog again. So the A/D and
/A are very important parts to carry out this point. :
"The CMOS D/A has been reported [10] that used CMOS
based diode connection for clipped a signal. That circuit was -
worked seem to be a rectifier function. The low-output.

_impedance is a problem of current mode that giving the errors
when the summation current outputs are connected. '

v o, LSB 7
Vm(bl) o0 £
v Clip #1 —=—
7 o
V(b)) 0— I | lour
5 Clip#2 F—+4—o
foro
|
! |
! MSB
Vi (ba) In
Clip #n =r
143
20
Fig.6 The D/A Block Diagram

The proposed D/A scheme has been shown in fig.6 using
connection of n-stages clipping circuits. The current output
can be obtained by the summing of several clipping circuit
outputs. Each signal output is controlled by particular data
digital bit input (0 or 1) that applied by V;,. The current output
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is weighted by the clipping voltage according to the bit
significant.

The summation of their current can be simply direct
connection cause of worth in current-mode processing. From
the current-mode approach, the data bit inputs enjoy more
expandable without any restriction. The voltage output can be
also easily obtained using R, connected. The b, and b, are
least significant bit (LSB) and most significant bit (MSB),
respectively. The current output of D/A can be obtained as:

V(b by b,)
= Ly 2+ 5
4] qu [2#—1 2n—2 20 ( )

or Vi Z o (6)

q i=!

From Eg. (6), the linear combination algorithm can be seen
without the complicate resistor design. The full-scale current
output is given by all bits set to ‘1. Supposed that n is
approach to infinite. The current output will become:

Ioﬁ—)ﬂ; (row) @
Ry

The only LSB is ‘I’ that the output can be obtained to

Vin

T 8
2II-|' .R'q ( )

Ioliss =

IV. SIMULATION RESULTS
The proposed D/A in fig.6 can be assumed for 4 bits by
identical 4-stages of clipping circuit. The performances have
been confirmed by PSpice. The level 3 model T14Y MOSIS
0.25um with the following parameters, Vpy = 0.42V, Vip = -
0.55V, ityCox = 250.1048uA/V* and ppCoy = 51.94153. pd/V’

- is assumed. The aspect ratio of transistors is shown in table 1
. and CMOS model is listed in table 2

TABLE 1. THE ASPECT RATIO OF TRANSISTORS

Transistors WL ({m/lim)
My, My, M- My, 20,5
My 3005
M, My, 100.5
Mo, Myo 0.50.5

The bias currents, /; and /; equal to 21.4pA and 100pA,
respectively. The bias voltages, ¥, and V3 are 0.9 Volts. The
supply voltage, +1.5 volts is used. The voltage reference of
various clipping circuit are given in the rule of Eq. (5). The
minimum circuit carries out the input range of 0.5 volts for
Viv. The clipping reference voltages of LSB to MSB are
achieved as 0.0625, 0.125, 0.25 and 0.5, respectively.
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TABLE 2. MOSIS LEVEL 3 MODEL 0.25pum

MODEL NMOS1 NMOS (LEVEL=3 TOX=5.T7E-9 NSUB=1E17
+GAMMA=0.4317311 PHI=0.7 VT0=0,4238252 DELTA=0
+U0=425.6466519 ETA=0 THETA=(0.1754054 KP=2.501048E-4
+VMAX~8 ,287851E4 KAPPA=0.1686779 RSH=4.062439E-3
+NFS=1E12 TPG=1 XJ=3E-7 LD=3.162278E-11
+WD=1.232881E-8 'CGDO=6.2E-10 CGS0O=6.2E-10 CGBO=1E-10
+CJ=1.61211E-3 PB=0.5 MJ=0.3282553 CJSW=5,341337E-10
+MISH=0.5)

.MODEL PMOS1 PMOS (LEVEL=3 TOX=5.7E~9 NSUB=1El7
+GAMMA=0.6348369 PHI=0.7 VT0=-0.5536085 DELTA=0
+U0=250 ETA=0 THETA~0.1573195 KP=5.194153E-5
+VMAX=2 , 29532585 KAPPA=0.744849%94 RSH=30.0776952
+NF5=1E12 TPG=-1 XJ=2E-7 LD=9.968346E-13
+HD=5.475113E-9 CGDO=6.66E-10 CGSO=6.66E-10
+CGBO=1E~10 CJ=1.893569E-3 PB=0.9906013 MJ=0.4664287
+CJSW=3,625544E-10 MJSW=0.5)

m"/\/\/\/\/\

NN NN

ov
o Vv o Veur
100uA
S0ui-
oa ¢ ¥ ¥ Y
os ) D.2Zus 0.4us 0.6us 0.8us. 1.0us
o lour '

. Time
Fig.7 The current output of clipping circuit in fig. 4

The electronic resistors that used in this paper are
performed by My and M;, with aspect ratio in table.1.. The
resistance can be obtained about 5kQ. The clipping
performance can be confirmed by applying saw-tooth signal of
0.5 V,, with 0.25 volts offset for Vi and clipping voltage is
set at 03 volts. The current output can be obtamed the
accurate clipping as shown in fig. 7.

s00mv
ov
Vi (br)
3008V
v
Vin (b2)
S00nV
Pov (bs)
5000V
ov
as dus Sur © 12w 16us
Vv (ba) Time

Fig 8 Digital input signal for proposed 4 bits D/A

The 4 bits D/A performance can be simulated by giving
the data input as different consecutive pulses trains as shown
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in fig. 8. The sampling frequency of digital input is supposed
at | MHz

The full scale current output due to 4 bits inputs can be
roughly calculated using Eq. (7) about .187.5u4. The 1LSB
current output using Eq. (8) can be also found about 12,5u4.
The simulation results are confirmed the current outputs are in
agreement with the calculation about 172.64p4 and 12.22u4
for full scale and 1LSB current output, respectively. The
output signal that seems to be a ramp signal can be obtained in
fig. 9.

200ul
100uAd
oa-+—— o - .
os dus fus 1Zus 16us
‘e lour - Time

Fig.9 Analog output current of proposed D/A

For voltage output, the 5kQ resistor is connected to the
output port of proposed D/A circuit. The full scale voltage
output due to 4 bits inputs can be mughly calculated using Eq.
(7) about 937.5mV The 1LSB current output using Eq. (8) can
be also found about 62.5mV. The simulation results are
confirmed the current oufputs are in agreement with the
calculation about 784.52mV and 53.54mV for full scale and

_1LSB voltage output, respectively. The output signal that
seems to be a ramp signal can be obtained in fig. 10. The
achieved output -voltage has some error due to the load
resistance connection.

800aYV
4007
ov . .
os dus Sus 1Zus Ll6us
o o
Vour Time

Fig.10 Analog output voltage of proposed D/A while ;= 5k connected

V. CONCLUSION
The CMOS Digital-to-Analog Converter (D/A) Circuit
based on clipping circuits is proposed. The signal of proposed
circuit is processed in current-mode for minimized a circuitry.
The minimum circuit and electronic resistor are implemented

100

for a clipping circuit. The current output of D/A can be simply
obtained by summing of their clipping current outputs. This
algorithm can be flexibly increased and decreased the number
of digital bits input. The reference voltage can be simply
calculated by basic mathematical. The anaiog output can be
obtained either current or voltage.
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Abstract CMOS-based near zero-offset multiple inputs
maximum circuit and minimum circuits are proposed. The
analog signal building blocks including shunt-feedback
buffer, voltage-subtraction circuits and current mirrors
are deployed for obtained the good performances. This
achieved circuit is a simply scheme and able to work with low-
power supplies. The input range is obtained around +600 mV
within +1.5 V power supplies. Near zero-offset and low-
output impedance are provided by proposed circuit. The delay
of outputisless than 5 ns for THD less than 1% and frequency
response up to 500 MHz. Half-wave, full-wave rectifiers and
4 bits linear combination Digital-to-Analog Converter (DAC)
are raised up to confirm the realistic applications. All perfor-
mances including the DC-characteristic, frequency response,
high-frequency wave output are simulated by PSpice.

Keywords Maximum circuit - Minimum circuit -
Rectifier - DAC

1 Introduction

Maximum circuit (max-circuit) and minimum circuits
(min-circuit) are building blocks which are useful in the
analog signal processing areas. The applications were
found in particular area as much as telecommunications,
instrumentations and, etc. The previous works have been
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introduced in different approaches. The CCIIs are employed
with a few MOS transistors and a diode [1]. Asymmetric
inputs that are applied become a problem for multiple inputs.
OTAs and diodes structure which produce symmetric inputs
was reported [2] to solve the problem. Other problems that
have been found are over switching time and voltage across
of diodes affects to inputs. Using many components is
another problem with (n + 1) OTAs for n-input. The win-
ner-take-all is a famously method for implement max-circuit
and min-circuit. The CMOS-based max-circuit and min-
circuit using winner-take-all (WTA) principle have been
introduced. Symmetry of inputs was realized and multiple
inputs can be operated, but using too many transistors and
complexity structure [3, 4]. Another CMOS-based com-
pactness max-circuit and min-circuit were also proposed
with a good performance [5]. The source couple pairs-based
is used as a voltage-follower of input-stage. The small offset
voltage output is always suffered without any adjustments.

This paper proposed new configuration of CMOS-based
multiple inputs max-circuit and min-circuit are based on WTA
principle. The results of realization are compactness and the
lowest output offset is adjustable. High-performances
including fast-response, high-frequency operation, low-offset
output and low-distortion are obtained from a simple structure
which uses low-power supplies. Additionally, full-wave rec-
tifier and Digital-to-Analog (DAC) are easily to realize based
on a proposed max-circuit and min-circuit basis.

2 Basic subcircuit principles
2.1 Voltage-subtraction circuit

The Voltage-subtraction circuit is utilized for maintain the
offset voltage. N-type and P-type transistors are used in the
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circuits which are respectively shown in Fig. 1(a), (b). All
transistors are operated in saturation region. The output
voltage of N-type transistor is expressed as

Vo=V4—Vg+ Vg (la)
Likewise, output voltage of P-type transistor is expressed
as

Vo=V4—Vg+Vpp (1b)
2.2 Electronic resistor
An electronic resistor [6] was introduced by using dual

supplies which is shown in Fig. 2. Two transistors are
connected as active loads with the power supplies

Vopr = — Vgsr. Therefore, transresistance of the electronic
resistor circuit is expressed as Eq. 2

Vo L
R, = (2)

L 2p0CoxW(Vop — V1)

3 Near zero-offset voltage follower

The proposed CMOS near zero-offset voltage follower
circuit which is shown in Fig. 3. The circuit only consists
of 6 transistors and it is modified by biasing 3 voltage
sources. This circuit works as a basic shunt feedback buffer
[7]. These transistors are operated in saturation region
which shown in Eq. 3 for NMOS transistors and Eq. 4 for
PMOS transistors.

Vo Voo
gL‘ M; f,n_i M;
Vo Vo
‘éﬂ_| M, “:}—l M,
| Vs 4 Vss
(a) (b)

Fig. 1 Voltage-subtraction circuits

Fig. 2 CMOS electronic
resistor circuit

@_ Springer

. Voo
VB 2
w5 ——o
Vi

Vo
—0
o
Vin
Va3
M;s
Il Vss
Fig. 3 Near zero-offset voltage follower circuit
Ipn = kn(Vasny — Vaw)? (3)
Ipp = kp(Vsgp — |Vrp|)? 4)

where kp = egox (W) = Eﬂ%(%), Von and Vrp are
threshold voltage of NMOS and PMOS transistors. The
voltage-subtraction circuit consists of 2 PMOS transistors
which are M, and M,. The shunt feedback buffer circuit
consists of 4 transistors which are M;-My. Transistors M,,
Ms and Mg are operated as shunt current and constant
current sources. This proposed scheme enjoys a near zero-
offset adjustable approach. The source voltage of M, is
written as Eq. 5

1
VO=VIN—VBI+VDD_\/E21_V'HV3 (5)
N3

Drain current of M, is biased by a constant current
source of Ms. Output voltage is rewritten to Eq. 6

k
Vo=V — Vg + Vpp — Vﬁ(‘fw — Vi — |Vies|)

= Vins
(6)
Suppose the biased voltage Vp, is set to
Ver = Vpp — J:‘%(VDD = V2 — [Vres|) — Viwa (7
Output voltage becomes
Vo=V (8)

Output is obtained totally identical to the input. This
approach is achieved based on a biased voltage Vg, and
Via.
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4 Proposed CMOS-based multiple inputs max and min . Vo
circuits '__] My, Vi
o — - == MZH Mﬂ
; o Vi M

4.1 Maximum circuit M ———- - o
My; My, Ve
N-stages of CMOS near zero-offset voltage follower are Msi Msn Vo
directly parallel connected as shown in Fig. 4. Various v, My TV M [ 2

input waveforms are applied to the max-circuit and it 3’—[[': Mai g"—{[ Msn Vi

produces single maximum output waveform. The dominant
input (highest) will affected to particular stage output
according to the WTA method. That stage will take over
the highest current by M,; this means maximum input will
appear in the output according with a source voltage of Ms;.
The output is clarified to

Vo=Max(Vy); i=12,3,...,n (9)
From the principle above, the max-circuit can be

implemented by using parallel connection of near zero-
offset voltage follower.

4.2 Minimum circuit

The minimum circuit as shown in Fig. 5 can be easily
implemented using some modification of max-circuit. The
voltage output is similar analysis to max-circuit counterpart,
but it has different operated in current biased for multiple
inputs named Looser-Take-All (LTA). The output in Fig. 4
is varied in positive term by using My; then the maximum
function is achieved. Otherwise, the output in Fig. 5 is
varied in negative term by using Mg; the minimum function
is obtained. The transistor Mg; is biased from shift-down
circuit My; and Ms;. The current is supplied with Mg; and
cooperated with the constant current of Mg which produce
output current in negative and positive, respectively.

. & Voo
57 Ms,,l_." V2
Vm | . e M, : °
L. == My »_{EMH_ T _'l‘—_ l: M,
-—u:M 7] +— M
Vo
s o
0—‘|EM 1 o_r: M In
Vin! V‘

Mg
Vs v
55

Fig. 4 Maximum circuit modification based on near zero-offset
voltage follower circuit

Ms, l:" _____ Mo, —}—o
. [J Vss

Fig. 5 Minimum circuit modification based on near zero-offset
voltage follower circuit

Likewise, the analysis of min-circuit is mostly the same
with max-circuit. The output becomes

Vo =Min(V); i=1,2,3,...,n (10)

5 Performance analysis
5.1 Impedances

The impedance approximation can be derived by small
signal model analysis of Fig. 3. Due to input port (r,) is the
gate of MOS transistor, impedance at input port (r;,) is
extremely high. Then input port impedance is expressed as
Eq. 11

Tin &2 00 (11)

Output port impedance (r,,) performed as voltage
source output, which should be as low as possible. The
approximately calculation obtained from the transistors My
and Mg can be expressed as Eq. 12

Towr =

Vo 8d3
e - 08 12
io Em3(8ma + gaa) (12)

From Eq. 12, the following parameters are given as
gm3 = 1.65 x 107* A/V, g4 =286 x 107* A/V and
gss =121 x 107 A/V.  Output port impedances
calculation is obtained around 25.53 Q agreed with the
theoretical.

5.2 Offset voltage

From Eq. 6, near zero-offset adjustable of proposed max-
circuit and min-circuit can be observed by adjusting Vp;.
Output voltage is accurately transferred from input voltage.
The very low offset of proposed circuit can be neglected
and it operates as a precise voltage follower. Near zero-
offset adjustable is suitable for many applications such as
rectifier and DAC.
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5.3 Body-effect

In order to the body-effect consideration, body-source
voltage affects to the threshold voltage which can be
depicted in Eq. 13.

Vr = Vro + AVy = Vro +(v/Vss + 267 — /205
(13)

where Vr is the threshold voltage when substrate bias is
presented, Vgp is source-to-body substrate bias, 2¢ is
surface potential, and Vo is threshold voltage for zero

substrate bias, ¥ = (f,x/e0x)V/2qeaNy is body effect
parameter, t,, is oxide thickness, &,, is oxide permitivity, &

Positive OE”D—
Half-wave
fV\J Rectifier
L
Negative
Half-wave
= P Rectifier | —O-0

Fig. 6 Full-wave rectifier application

VDH
M L‘i ] M SJL’i oVn2
& G- | " —
— M, l'—| My, i Ma [
M.
Vai p — ME,_ 1
— Mo M My s
%Mm Iop
® -0

1
gt [ L
in =

Fig. 7 Positive half-wave rectifier

is permitivity of silicon, N, is doping concentration and g
is charge of an electron

In this case, each bodies of every MOS transistors is
connected to its source (Vgg =0) then V¢ = Vo except
transistor M3. The body of transistor M3 is actually con-
nected to Vgg while its source is providing the voltage
output. From Eq. 6, suppose the bias voltages Vi, and Vp,
are given in Eq. 7. Output offset voltage is unable to
eliminate. The small deviation offset is occurred then the
output can be rewritten to

Vo=V +AVr (14)

5.4 Effect of transistors mismatched

The mismatch of transistors directly affects to the off-set
voltage. From voltage follower in Fig. 3 and Eq. 6, matching
condition of transistors M; and M, was assumed. Output
voltage achieves the minimum offset voltage. If transistors
M, and M, are mismatched, the Eq. 6 is rewritten to

k
Vo = Vv + |Vrpi| — \/ﬁ(vﬂl + |Vzea| = Vob)
k.
- \/é(VoD — Va2 — |Vaes|) — Viwa (15)

Using the same condition of biased voltages Vg, and Vg,
as Eq. 7, the offset output voltage equation becomes

k k
VOf.re! == |VTP1| - Jg(VDD + JE(VDD = V32 - |VTP5|)

— Vs + |Vipa| — VDD)

k
= &(VDD — Vga — |Vars|) — Viws
(16)

From Eq. 16, offset voltage deviates obviously small by
the mismatch of transistors M; and M,.

Fig. 8 Negative half-wave i e Voo
rectifier !
Y .«JM H-[
B s 21 it M;; Mo M
Ve O M M7 | My ) Ms = | fon
Vi
My, My 5
y
1 M3, M3, [
Mk
(- M = LM
12 Mh 1, Ms:
= = = N Mg
Las Ms; e Wi
Vi M.
b ;‘__1 = "_—TMsz Mg
V.\'S
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Fig. 9 Clipping circuit Voo
modification based on minimum . * . *— * T
circuit J I—g__! L
Var ﬂJMEJ Moy, M Vs
— — LIS | M, Maz—l‘
Vi = M7, M7, e H‘J
£ =
My, My M3\ M7,
1 M3, 1 M3,
loyr
_’.
- O
V, V
’0——"’ My cuo_'r M, [: K Mgy
M62
5 {5 Ma:
Mﬂf
V, M
g‘ — 51 '_Mﬂ
L’l 10 Vss
Vv o— Clipping| four
—1
Vewpo— Circuit
LSB modification can be done by adding an electronic resistor
Vin(bs) 0— ‘ ’0, [7] for obtained current then transferred to current output
Vi Clip #1 by current mirrors. Simply parallel connection between
Pl i max-circuit and min-circuit can be done by benefits of
input voltage and output current. An algorithm of full-wave
Vin(bs) o Iy | lour rectifier is shown in Fig. 6. Positive and negative half-wave
. Clip #2 o] rectifiers are depicted in Figs. 7 and 8. Voltage signal is
5:’_“—;0— applied to input port and another input port is grounded.
I | Positive half-wave rectifier as shown in Fig. 7 consists
: [ of 2 cells which are M;~Mg; of max-circuit. Transistors
. MSB Mpg, and Mg, are constructed as an electronic resistor (Req).
Vin(ba) 0— ) Iﬂ, Due to input of second cell is assigned to be zero, positive
Vy Clip #n half-wave voltage (Vp) of V,, at node X is obtained from
20 =] the first cell. Positive half-wave currents are also obtained

Fig. 10 Digital-to-Analog Converter (DAC) based on clipping circuit

6 Applications

As above mentioned of proposed max-circuit and min-
circuit which shown in Figs. 4 and 5, low-offset output is
obtained with a compact structure. It can be applied into
other variety function circuit building blocks. Two circuit
applications are depicted to confirm the benefits of the
proposed max-circuit and min-circuit.

6.1 Full-wave rectifier

The proposed max-circuit and min-circuit are con-
firmed that they ensure in realistic application. A small

by Vp/R,., and conveyed them to output section (My3, Mgy
and Mﬁz) by M4| and M42.

Likewise, negative half-wave rectifier as shown in
Fig. 8 consists of 2 cells which are M;~Mg; of min-circuit.
Transistors Mg, and Mg, are constructed as an electronic
resistor (R,). Due to input of second cell is assigned to be
zero, negative half-wave voltage (Vi) of V;, at node Y is
obtained from the first cell. Negative half-wave currents are
also obtained by Vi/R,, and conveyed them to output
section (Mga, Mg, Mga, Mg and M) by Mg, and Mg,.

6.2 Digital-to-Analog Converter (DAC)
Normally, DAC circuits are always designed by using an

input combination algorithm based on different resistors
[8, 9]. Complicated structure and many resistors are the

@ Springer
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Table 1 Model parameter of
MOS transistors used for SPICE
simulation

.MODEL NMOSI1 NMOS (LEVEL = 3 TOX = 5.7E-9 NSUB = 1E17
+GAMMA = 0.4317311 PHI = 0.7 VTO = 0.4238252 DELTA =0

+UO = 425.6466519 ETA = 0 THETA = 0.1754054 KP = 2.501048E—4
+VMAX = 8.287851E4 KAPPA = 0.1686779 RSH = 4.062439E—3

+NFS = 1E12 TPG = 1 XJ = 3E-7 LD = 3.162278E—11

+WD = 1.232881E—8 CGDO = 6.2E-10 CGSO = 6.2E—10 CGBO = 1E-10
+CJ = 1.81211E-3 PB = 0.5 MJ = 0.3282553 CISW = 5.341337E-10

+MISW = 0.5)

.MODEL PMOS1 PMOS (LEVEL = 3 TOX = 5.7E-9 NSUB = 1EI7
+GAMMA = 0.6348369 PHI = 0.7 VTO = —0.5536085 DELTA =0
+UO = 250 ETA = 0 THETA = 0.1573195 KP = 5.194153E-5
+VMAX = 2.295325E5 KAPPA = 0.7448494 RSH = 30.0776952

+NFS = 1E12 TPG = —1 XJ = 2E—7 LD = 9.968346E—13

+WD = 5.475113E-9 CGDO = 6.66E—10 CGSO = 6.66E—10

+CGBO = 1E-10 CJ = 1.893569E—3 PB = 0.9906013 MJ = 0.4664287
+CISW = 3.625544E—10 MISW = 0.5)

major problem of D/A. Large die area is also achieved
cause from many resistors. Proposed DAC circuit is real-
ized by clipping building blocks based on min-circuit and
electronic resistor. The clipping voltage input (Vergp) is
applied into a particular port and Vyy is applied into the rest
port as shown in Fig. 9. The transistors My and My, are

Table 2 Aspect ratio of near zero-offset voltage follower circuit

connected as an electronic resistor. The electronic resistor
current is based on the clipping voltage and its resistance.
An electronic resistor current is conveyed to the output
current mirrors Mgz, Mgq, M3, M4 and Mg, by Mg, and
Meg,. The current output of clipping circuit is according to
the input, clipping voltage and electronic resistor is
expressed as

Vi

=
Transistors W (um) L (um) IOUT - Req |VI'N.VCU.P (17)
My, My, My P 0.5 The proposed DAC algorithm is shown in Fig. 10 by
Ma, M 30 05 using a connection of n-stages clipping circuits. Current
Ms 20 05 output can be obtained by the summing of several clipping
circuit outputs. Each signal output is controlled by
Fig. 11 Voltage output and 600mV 10mV
output tracking error against
varied voltage input
300mV 5mV
e
© omv{ E ov
> @ Vo error
o
> Vo \\ e
-300mV - -5mVv
N
-600mV - -10mV
-600mV -300mV ov 300mV 600mV
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particular data digital bit input (0 or 1) which applied by Vin [ b by b,
Vin. The current output is weighted by the clipping voltage loyr = R_eq (2n—l + n-2 o ey 2_0) (18)
accord with such bit significant.
The summation of output currents can be simply direct ~ OF
connected according to familiar benefits of a current- Viv o b;
mode processing approach. From the current-mode lour = R_eq — (19)

approach, the data bit inputs enjoy more expandable
without any restriction. The voltage output can be also
easily obtained by using R; connected. The b, and b, are
the least significant bit (LSB) and the most significant bit
(MSB), respectively. The current output of DAC is
obtained as

Rour (Ohms)
50

40 /

/

20
-10uA -5uA 0A SuA

lour

10uA

Fig. 12 Output port resistance for different Ipyr

Fig. 13 Voltage follower Vo/Vin (dB)
frequency response 20

From Eq. 19, the linear combination algorithm can be
seen without the complicate resistor designed. The full-
scale current output is obtained by setting all bits to ‘1.
Supposed that n is approach to infinite. The current output
becomes

2V,
lour|ss — Rm; (n — o0) (20)
eq
The only LSB is ‘1’ that the output can be obtained as
Vin
I — 21
our|iLss — 1R, (21)

7 Simulation results

All proposed circuits are separated by 4 parts which are
voltage follower, max/min, rectifier and DAC circuits,
respectively. All circuits are simulated based on Level 3
model TSMC MOSIS 0.25 pm as listed in Table 1 and
+1.5 V power supplies.

Firstly, near zero-offset voltage follower circuit as
shown in Fig. 3 has been simulated by PSpice with aspect
ratio in Table 2. The biased voltage, Vg, Vs and Vps are

S

-40

10KHz 100KHz

1.0MHz 10MHz

Frequency

100MHz 1.0GHz 10GHz
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set to 0.8571, 0.6 and —1.067 V, respectively. Figure 11
shows voltage follower behavior of obtained output around
+0.6 V against varied input with a very small tracking
error voltage around 0.075%. Figure 12 shows an output
resistance that changed around 25-50 Q within 410 pA of
varied of output current (Ioyr). The frequency response of
near zero-offset voltage follower is illustrated in Fig. 13.
The frequency response of proposed circuit is obtained up

12 . . :
H —a— @1MHz
8 \ —O— @5MHz
- \ P
£ |y i
a 6 -ofe-
I \ i
r= i
4 4 R S ik
\dl ‘i i H :f
2 5 2 242
X
D N 906 |

01 03 05 07 09 11 13 15 17 19
VIN (p-p)

Fig. 14 Total Harmonic Distortion (THD) of proposed max-min
circuit

Volts
1.0V

L

b - L "V‘"“‘

I..k,—-r-n

-1.ov
0s 10ns 20ns 30ns 40ns 50ns

Time

Fig. 15 Transient response of near zero-offset voltage follower
circuit

Table 3 Aspect ratio of proposed max-circuit and min-circuit

Transistors W (pm) L (pm)
Maximum Minimum

My, My, M; My, My, M3y, My, Ms; 2 05

- Ma; 4 0.5
Ms,;, - 20 0.5
Mg, Mg Mg, Mg 30 0.5

_@_ Springer

to 500 MHz. The total harmonic distortion (THD) of pro-
posed max-circuit and min-circuit are also illustrated by
applying 2 different frequency inputs. The THDs are less
than 1% while input lower than 1.5Vp-p as shown in
Fig. 14. The delay characteristic is confirmed by using
2.5 MHz pulse signal applied at input. Delay at output
obtains around 5 ns as shown in Fig. 15.

Secondly, proposed max-circuit and min-circuit as
shown in Figs. 4 and 5 which are based on some modifi-
cations of near zero-offset voltage follower have been also
simulated by PSpice. For the lowest-offset of max-circuit,
biased voltages which are Vg, Vps, Vg3 have been set to
1.0882, 1 and —1.067 V, respectively. For min-circuit,
biased voltages which are Vg, Vg,, Vs and Vg4 have been
set to 1.0882, 1, 0.862 and 0.95 V, respectively. Aspect
ratios of several devices are listed in Table 3. The DC-
characteristic of max-circuit and min-circuit are illustrated
in Figs. 16 and 17, respectively. Output waveform is
obtained by applied 2 triangular inputs Vpy, and Vj, which

Vo
600mV

300mV 7

OomV

-300mV 4

Vinz = -60pmV

-600mV

-600mv -300mV ov

Vin1

300mV 600mV

Fig. 16 DC-characteristic of maximum circuit

Vo
600mV

600mV
A

300mV

ov

-300mV

Vine # -600mV

-600mVv

-600mV -300mV ov 300mV

Vin1t

600mV

Fig. 17 DC-characteristic of minimum circuit
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VMNP IN

ov VK

“TRANUA

-600mV
Os 0.5us

1.0us 1.5us 2.0us

Time

Fig. 18 Maximum circuit voltage output with 1 and 5 MHz triangu-
600mV

lar wave inputs
BN YEIY 1

MY VIV
I N AN
v-f\/\/V\V/VV\/

Os 0.5us 1.0us 1.5us
Time

-600mV

2.0us

Fig. 19 Minimum circuit voltage output with 1 and 5 MHz triangular
wave inputs

600mvV

/)

600mV
100uA
0A v
lour
-100uA
Os 10us 20us 30us

Time

Fig. 20 Full-wave rectifier circuit application with 100 kHz inputs

Table 4 Aspect ratio of proposed positive and negative half-wave
rectifiers and DAC circuits

Transistors W L
Positive Negative DAC (hm)  (um)
My, My, My, Moy, May;, My, My, Moy, My, My, 2 0.5
My; Ms; Ms;

- My, My, 4 0.5
Ms;, o= - 20 0.5
Mgy, Mg; Mg, Mg, Mg, Mg Mgi, My; 30 0.5
Mgy, Mga Mgy, Mgy Mg, Myp 1 3

are set to 1 MHz and 5 MHz, respectively. The signal
output of max-circuit and min-circuit are obtained and
illustrated in Figs. 18 and 19, respectively.

Thirdly, Fig. 20 shows current full-wave rectifier output
based on positive and negative half-wave rectifier circuits.

Fig. 21 Digital input signal for 600mV
proposed 4 bits DAC

300mV

ov
Vin (b4)

600mV

300mV

ov
Vin (b3)

600mV

300mVv

ov
Vin (b2)

600mV

300mV

ov
Os

Vin (b1)

4us 8us

12us 16us

Time
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Aspect ratios of proposed full-wave rectifier circuit are
listed in Table 4. The reference voltages of positive and
negative half-wave rectifiers are assigned same as max and
min circuits, respectively. The different period half-wave
outputs can be obtained by each result of max-circuit and
min-circuit. The positive and negative inputs are captured
by max-circuit and min-circuit, respectively. The certain
full-wave is achieved by subtracting both of min and max
current outputs.

Finally, for proposed DAC circuit as shown in Fig. 10 is
based on some modifications in n-stage of clipping circuits
in Fig. 9. The voltage references of various clipping cir-
cuits are given in the rule of Eq. 19. The clipping reference

200uA
Iouﬁl (Expect)
100uA _‘_:?—4'{!- Jr'dd_.—r-
Tout
0A NS + bt }

Quagg?m 7

Os 4us

12us

Bus
Time

Fig. 22 Analog current output of proposed DAC

bs-6E

voltages of LSB to MSB are achieved as 0.075, 0.15, 0.3
and 0.6, respectively. Electronic resistors used in this paper
are performed by My and M, which their resistances are
98 kQ) and they are used to generate current from
achieving voltage. The achieved current is conveyed to the
output by several transistors Mg—Mgy. Aspect ratios of
proposed DAC circuit are listed in Table 4. The 4 bits DAC
performance is assumed by giving the data input in dif-
ferent consecutive pulses trains as shown in Fig. 21. The
highest frequency of digital input is supposed at 1 MHz.
The full scale current output with 4 bits inputs can be
roughly calculated by using Eq. 20 is 122.45 pA. The 1
LSB current output by using Eq. 21 is 7.65 pA. The sim-
ulation results are confirmed the current outputs are in
agreement with the calculation which are 106.56 pA for
full scale and 8.04 pA for 1 LSB. The output signal that
seems to be a ramp signal can be obtained in Fig. 22 with a
aliasing error around 10 pA.

Moreover, sample layout by using L-EDIT based on
0.25 pm design rule and TSMC MOSIS technology are
used to design proposed circuits, for example, near zero-
offset voltage follower, max-circuit and min-circuit which
are respectively depicted in Fig. 23(a)—(c). Multiple inputs
max-circuit is easily to construct by connecting the iden-
tical of the near zero-offset voltage follower cells in
parallel. Post-layout simulation by using T-Spice of max-
circuit and min-circuit with TSMC MOSIS level49 is also
respectively exhibited in Figs. 24 and 25 based on £1.5 V
power supplies. For max-circuit, bias voltages are given by

Fig. 23 Cell layout of (a) near zero-offset voltage follower (b) maximum circuit (¢) minimum circuit
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Fig. 24 Post-layout simulation result of max-circuit with 1 and 5 MHz triangular inputs

the following conditions; Vg = 0.76 V, Vg =1V and
Vgs = —0.93 V. For min-circuit, bias voltages are given
by the following conditions; Vg; = 0.65 V, Vg = 0.8 V,
Vgs = 1 Vand Vgq = 1.1 V. Two triangular wave inputs 1
and 5 MHz are applied with identical amplitude =600 mV.
Output waveform is corresponding with the maximum and
minimum values but amplitude output are smaller than
input (500 mV) or roughly 16.6% decreasing of ampli-
tude input.

The comparison between previous max/min-circuits and
proposed circuits are listed in Table 5. Previous voltage-
mode max/min-circuits are designed in active devices
building blocks (OTA or CCII) and WTA-based transistors
are only designed for 2 inputs with many transistors. Some
circuit has produced delay times in several hundred nano-
seconds. Multiple inputs in previous max/min-circuits are
used at least 13 transistors. All mentioned previous works
are used high-power supplies and unable to adjust output
offset. Proposed circuits provide low number of transistors,

low-delay time, low-power supplies and output offset
adjustable.

8 Conclusion

A near zero-offset adjustable of max-circuit and min-cir-
cuit with +1.5 V power supplies are proposed. The voltage
followers characteristics including near zero-offset, low-
delay, low THD and wide bandwidth are obtained with a
simply configuration. The low delay time is achieved
around 5 ns. Moreover, proposed max-circuit and min-
circuit can be modified to applications, for example, full-
wave rectifier and DAC circuits. The characteristic of
proposed applications are shown and discussed in order to
confirm their good performances. The results of max-cir-
cuit and min-circuit are in agreement with the theory based
on winner-take-all algorithm. The applications are raised in
order to confirm the realistic of full-wave rectifier and
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Fig. 25 Post-layout simulation result of min-circuit with 1 and 5 MHz triangular inputs

Table 5 Comparison of previous max-circuit and min-circuit and proposed circuits

Devices (min) Devices (max) Inputs Delay t Power Zero-offset

ime (ns) supplies (V) adjustment
m 1 CClIls, 2 MOS and 1 Diode 1 CCII, 2 MOS and 1 Diode 2 37 e =i No
3] 3 OTAs, and 1 Diode -3 OTAs, and 2 Diodes 2 20 +5 No
4] - >31 MOS 2 200 +5 No
[5] >15 MOS 13 MOS >2 20 +5 No
Proposed 15 MOS 11 MOS >2 5 +1.5 Yes
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