4. CONCLUSION

The realization of current-mode squarer and full-wave
rectifier in the same circuit based on the use of a modified
CMOS class AB amplifier has been proposed. Their
performances have been demonstrated by the HSPICE
program.
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ABSTRACT

A systematic realization of continuous-time current-mode ladder
filter using multi-output second gencration current controlled
conveyor (MCCCI) has been presented. The proposed
technique is based on leapfrog simulation of RLC ladder filter
using only MCCCIIs and capacitors that lead to simple structure,
easy o design and suitable for IC fabrication. A fifth-order
Buticrworth low-pass filter and a sixth-order Chebyshev band-
pass filter which retain a minimum requirement of passive
elements and have an advantage of electronically tunable will be
introduced. The feasibility of rcalization strategy is confirmed
through HSPICE circuit simulations.

1. INTRODUCTION

Double terminated passive RLC ladder filters are well known on
having an inherent advantage over active filier in terms of their
sensilivity 10 component telerances. These are several methods to
extract this benefit from the prototype passive {ilter using the op-
amp-based RC-active and OTA-C-based circuits [1]. The
leapfrog structure seem to receive more popular due te it share
all the low sensitivity characteristic and low component spread
of the precedent RLC filter. Traditionally, the simulafion is based
on modeling all circuit equations as voltage signals [1]. Recently,
current-mode signal processing has been received substantial
consideration owing 10 its higher performance propertics.
Consequently, many suggestions of current-mode leapfrog ladder
filter had been published employing OTAs [2] and CClls (3] as
the active building blocks. However, all of them are established
from simulating the operation of the ladder by mean of realizing
the transfer function, which require a Jot of active and passive
elements and sometime the sensitivity may not necessitate being
low. In very receni, the implementation of lcapfrog filter using
current  differential buffered amplifies or CDBAs has been
proposed 4], which can perform high frequency and low voltage
supply operation. This scheme can simplify the signal flow graph
of leapfrog filter and then realize each circuit element one by
one, hence the low seasitivity basis is promised. Unfortunately,
several floating resistors are required for voltage to current
conversion and the utilized frequency is exactly fixed by
determined passive clements.

This paper follows the idea of realizing the voltage-current
relutionships of each element corresponding fo the prototype
RLC! tilters one by one. Current cantroiled conveyor is chosen to
function as a V-le-l1 converter cell regenerating all voltage

0-7803-7762-1/03/$17.00 €:2003 ICEC

many advantages. Firstly, the structure is very simple and easy to
design. No any external resister is required, which can safe the
arca in case of fabricating in a silicon chip. Moreover, the center
frequency can be tuned electronically by adjusting the bias
current of MCOCCIIs. This will be useful in redeeming when the
values of passive devices are deviated; including changing the
system’s characteristic is also very comfortable.

2. CURRENT CONTROLLED CONVEYOR

Second generation current conveyors (CCILs) have found useful
applications especially in current-mode world. Based on a
complementary translincar loop, the current conveyor will be
possibie o operate at high frequency in class AB. In addition, the
translinear current conveyor has a struclure as simple as basic
OTA bul take less power consumption [5]. Despite this, it has
only one output termimal and a current signal is available only
once for each signal feed back. Therefore, in the multi-loop
feedback path wpelogy like leapitog, multi-output characterislic
seem to play an important role. The circuit symbol of multi-
outpul current controlled conveyor is shown in figurel, which
l:as both positive output 1erminal represented by + Z and negalive
output terminal by -Z.

+Z

McccH

Figure 1. Circuit symbol of MCCCII

The schematic implementation of BiICMOS (ranstinear MCCCIl
is shown in figure 2, which the ports relation can be described by
the following matrix equatien:

/,.] 0000 [V,
vel v R 0 of 17,

1_,J"0 1o ol v,
| Jo-10 0] |,

(m

where Ry = ¥r/2fy; is an intrinsic small signal resistance of the
equivalent voltage follower. It is possible 10 control Ry by
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Figure 2. BICMOS implementation of MCCCH

varying the bias current /g, MNote that since the main contribu-
tion in noise is coming from current mirrors, the employment of
MOS transistors in the biasing circuil is to minimize noisc [5].
The multi-output topology can be easily implemented by adding
the further output transistors. MOS transistors, M,-M,, are used
fa supply base current to all output transistors for accurate
current transfer.

3. FILTER DESIGN METHODOLOGY

in order 10 develop the simulation procedure, consider the
general ladder structure in figure 3. Here we focus on the
realizing of the doubly terminated RLC filter. The characteristic
ol this structure can be expressed as following:

/= x'—_I'_ )
[/l :lel
"z _yz(Vl—V1)1

and

where Z; and Y, stand for the impedance and admittance,
respectively. These equations can be represented with block
diagram in form of icapfrog structure as shown in figure 4. It can
be observed thar the diagram comprises of 2 operations, current
1o voltage and vollage to current conversion, as skeiched in
figure 5(a) and 5(c). Then if we convert the variables to be
processed in only one type, the current variable, the execution
would be simpler and case in design. As seen in figure 5(b) and
5(d), with transforiming all voltage to its current counierpart
using MCCCIfs, these two operators can then be implemented
using the same circuil. it should be noted that Ry is intrinsic
resistance at port X of MCCCII imroduced in the previous
section. Since after the transformation, all variables are related to
Ry, allering on Ry can also varying the characteristic of the filter
that is the key of ¢lectronically tunable property.

4 +Z
AFCCCH
-Z

—;,l = -IYZA/RX

L=VY,/R,

—>
¥ +Z
MCCCH
Y -Z
—>
=V ¥,

R, -1

(d)

AR

Figure 5. Basic blocks and the rcalization using
MCCClls

A current-mode fifth-order Butter-worth low-pass RLC Jadder
filter shown in figure 6 is adopted as an example and the
consequent circuit is shown in figure 7. It comprises of the
minimum requirement of MCCClls and capacitors. As 1t is
clearty seen that only five MCCClls and five capacitors are
needed for realizing the fifih-order filter. There is no obligation
of any external rusistor, even the wrminated resistor, Ry and Ro.
are also implementing using MCCClls. Not only the attempt o
climinate the passive components, it is the nccessary for tuning
center frequency feature. Then, in general, merely n+ 2 MCCClIs
and »n capacitors are required for the n™-order filters
implementation. Furthermore, this composition has several high
impedance outputs, which allow to be easily cascaded without
any additional matching circuits.

Figure 6. Prototype current-mode fifth-order Butterworth
low-pass RLC ladder filter
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¥ +Z
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X @ -z
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MCCCH L_‘ _LJ MOCCH

¥ L4
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i

1 Y'MCCCH ’
CcI ﬁ X @ -z —1_
L_“ i

-
MECCH

X @ oz

Figure 8. Currcat-modg sixth-order RLC band-pass filter

[n addition, deriving the RLC ladder band-pass filter with this
procedure 15 also possibie. Consider a current-mode sixth-order
band-pass filter in figure 8. In 1his case, the parallel and series
LC branches can be realized using the basic block as shown in
figure 9. And then the full icapfrog filter is obiained as in figure
10,

4. SIMULATION RESULTS AND
DESIGN EXAMPLE

The periormance of the proposed filter is verified (hrough
HSPICE circuit simulation based on 0.8-pm BICMOS process
technology supplicd by AMS. The emitter arcas for bipolar
transistors are ail equaled while set the W/L ratio of CMOS bias
circuit. My, - My, 1o 10um/Tum and current mirror CMOS
transistors, M, - M, 1o 3pm/1pm. The bias current is set to lg, =
100 pA under the voliage supply of £V = 2 V. The basic
characteristics of the MCCCII as a transconductance cell are
tisted in tablel.

To picture oul the feasibility of the proposed filter technique, a
current-modce fifth-order Butterworth jow-pass filter has been
designed with a half-power frequency .z of 100 Mrad/s (15.9
MHz}. The ternunated resistances are chosen to 1 & in prototype
RLC filter. Then afier scaling with MCCCII’s intrinsic resistance

WRON O

MCCCH

x @ +z

]
F

ul—]

—» V.
y e
MGCCH .z —0
x o= Y
RX
-Z Y
AfCCCH
X +Z X
Vi=Zoll-Y V) A1
Ry I Gy
(a) (b) L 4
. ¢z:>o li
(Z.,) AMCOCH H
A (Yl{ C.Ci X +Z — -l;.
Ly i z
I X
+ A
-z ¥
Moo
L= YV Zgh) N ¥
R C
g -
(©) @ L1

Figure 9. Basic blocks of filter in fig. 8 using MCCClls

Tablel. Transconduclance cell characteristic of MCCCIHI

Parameter Simulated val. Unit
Open toop G, 5 mAN
-3 dB Bandwidth 306 Mz

[nput resistance 572 k2

Output resistance 140 9]

Ry (1/G,,), the capacitances’ values are Cpy = Cos = 30.9 pF, Cy,
= Crs = 80.9 pF and C; = 100 pF. The simulated frequency

Iy
—
O— ¥ +Z ¥ +Z ¥ +Z
Aixeil.gz MOOCI .7 MCCCT .z
Y Q| ul

6" i o
z | C(-:-E;\@z

C

¥ -Z
AfroecH

x Oz

. - ¥
MCCCH I
sz O v :-f C,, f z & x

2

: MoveH
J_J*Z o] \—lI

Wi

T =

Figure 10. Current-mode sixth-order Chebyshev band-pass filter using MCCClls
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response of the designed circuit and prototype R_.LC filter are
compared in figure 11. Tuning ability is also simulated and
shown in figure 12 by varying bias current to 25 pA and 400 pA.

CCLII-based
Fitter

Magnitude (dB)
g
[-]

. Protatype
-ao.u“ 7 RLC Fitter
-100.0*‘
il
-120.0- ——— e —— =y =
1meg 1lmeg 100meg
Frequency(Hertz)

Figure 11. Simulated frequency response of the fifth-
order low-pass filter

00 1 e e

-50.0 1(

[
-mo.oﬂ _
1b = 25 pA 4’
.150.04 — Ib = 100 pA

— Ib=400 ;LAJ

Magnitude (dB)

-200.0.|

-250.0 — — T —

100.0% 1meg 10meg 100meg 1g
Frequency(Hertz)

Figure 12. Simulated response of tuning cutoff frequency

A sixth-order Chebyshev band-pass filter deriving from RLC
grouping as shown in figure 8 has been designed as well with the
center frequency of 100 Mrad/s (15.9 MHz). The passive
components are set ta Cey = Coy o V14.5pF, Cpy = Cp5=21.8 pF,
Crr = 19.6 pF and C;, = 127.5 pF. Adjust the bias current to 10
HA and 30 pA as the example of tunable ability. The simulated
results are shown in figure 13.

It can be observed the wetl agreement with the passive prototype
in low-pass filter implementation. Hewever, there are some
deviations in realizing band-puss filter especially in the higher
frequency range. This is due lo the conversion resistance Ry is
not pure resistance but combined from both RLC, since the
simulation using ideal MCCCIL with genvine Ry have the exaci
response to the passive filter one as shown in dash line of figure
13. The high frequency compensation can be worked out to
imprave the efficiency in the future work.

Magnitude (dB)

. J / d N iy
100.0 ||__4_ —— ——— >

=10

T v T 0 i
300.0k 1meg Imeqg 10meg 30meg 100meg
Frequency(Herte)

Figure 13. Simulated frequency response of tuning the
sixth-order band-pass filter

5. SUMMARY

A realization of leapfrog ladder filter using multi-output current
controlled conveyor is proposed. The desipn strategy is very
simple and requires the minimum passive components. The
center frequency can be tuned clectronically by controlling the
bias current of current conveyor, which is very helpful in
cempensating unmatched components as well as varying the
characteristic without changing any device. Fifth-order Bufter-
worth low-pass filter and sixth-order Chebyshev band-pass filter
are derived as examples. HSPICE simulation results give a good
agreement with the theoretical expeciation. Nevertheless, the
frequency compensation should be done on implementing current
conveyor for serving the fillers’ responses much maore perfect.
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Abstract

An alternative CMOS implementation scheme of a mult-output four-terminal floating nullor (MFTF&?B
propased. The presented scheme is based on the advantages of a complementary transconductance amplifier and adm
AB translinear cell type circuit that comes up with extremely high gain and wide bandwidth. The MFTFN is 3
useful building block that can be used to substitute the other well-known blocks in every applicauon. The characteristiey w
of the proposed universal active circuit element are confirmed through HSPICE simulations. Current-mode band-m
filter and rmultifunction biquadratic filter are determined to exhibit the potentiality of this proposed scheme.

Keywords: Universal Active element, FYEN, Translinear, CMOS analog circuit. Current-mode fitter

I, Introduction

Current-mode circuits  have gained essential
consideration recently, This arises from their significant
advantages over the voltage-mode, especially for higher
frequency operation and simpler structure. The regular
active devices that have been used in current-mode are a
second-generation current conveyor (CCII). a current
feedback op-amp (CFOA), an operational transconduc-
tance amplifier (OTA) and a four-terminal floating
nullor (FTFN). However, it has been recently shown
that the FTFN is more flexible and versatile than the
other building blocks. These iead up to the increasing
interest in using FTFNs to design current-mode circuits:
for example. filters, gyrators, simulated f{loating
impedance and sinusoidal oscillator [1-3]. FTFN-based
stuctures provide a number of influential advantages
such as minimum number of employed elements.
complete absence of passive component-matching
requirement and endowing high frequency character-
istic. Although FTFN-based and CClI-based current-
mode circuits can simply be designed through a
svstematic transforrration, based on the use of 2 nuller
which consist of a nullator and a norator, from a regular
RC acuive circuit. However, the CCll-based implemen-
Ltations are more complex and require the additional
number of the active elements. This owes to the fact that
when using the transiormed nuilor equivalent circuit the
nullator/norator pair can simple be represented by an
FTFN without nopasng any restricuons, Morcover. by

designing through a dual transform technique, the
uansformed current-mode FTFN-based circuit fum1si::cs
a high output impedance source. This property enablcs
the circuit (o be used in cascade form.

There are many FTFN realisations that have been
recently reporied in literatures [4-3]. this
paper shows an alternative form to realise an integrable
multiple-cutput port FTFN in CMOS technology, with
offers higher gain and bandwidth. The proposed scheme
realises through the combination of a complementary

However,

transconductance  amplifier, a translinear cell and
current mirrors. In addition. the number of output ports
can easily be expanded t0 support the designer

apphcations. recently, there are some
interests on realising and using the FTFN which has

For example.,

been extended more than four terminal such as the so-
called a five-terminal floating nullor (FiTFN) {2, 6l
which are good basic applications for cur multi-output
FIFN idea. The current-mode band-pass filter is
adopted to demonstrate the FTFN-based circuit
capability. While the universal current-mode biquadrauc
filter is employed to demonstrate the proposed muitiple-
cutput FTFN application example.

2. Basic idea
[n zeneral. FTFN is ecuivalent o an ideal nullor-

which can imply to be a high gam transconductance

amplificr wuth independenily floauny characternisiac 3



imput and ocutput terminals. Fig. 1{(a) shows a nullor
podel of an FTFN that can be described by its pont
pelation characteristics as:

fy (1)

ﬂgbm it should be noted that the output impedance of
. w and Z ports are generaly arbimary. Usually, the
a? -cations of FTFN are based on the use of the
ational op-amps as the basis parts. One of the

B famous realisation techniques of the FIFNs is
{ up from a basic type shown in Fig. 1 (b) [1,2.6]. It
gsing one op-amp and supply current sensing
_""'.. ique. where the output impedance of port Wis very

g}(a) A nullor model (b) radiuonal implementation.

amately, op-amp based realisaton schemes are
opriate for high frequency applications due o
gency limitation of op-amp iself. In addition,

Imtegrated circuit form. each op-amp will require
ntial chip area. Another well-known structure is
CCIl’s, where ports X are connected together
Although this coatiguravon  affords  high
mcy applications, it can aot vield the really high
rement. On the other hand. the appropriate
schemes for implementing in monolithic
form have been reporied [5-6] but even so
complicated.

is done by adding the new output termunals as shown in
Fig. 2. Fig. 2 (a) shows the schematic diagram of the
MFTEN, where its characteristics can be point out by
the following port relations:

fga = =lyy =—hyy == =iy (2)

where n is number of the output pors. The
implementation scheme of the MFTEN will be shown in
the section 3 and the application of the MFTFN will be
outlined in the section 5.

Fig.2 (a) Muiti-output FTEN symbol
{b) possible implementation.

3. Circuit description

From the drawback of previous warks, there is
a mouvation o find out a simple realisauon struciure,
which has simultaneously high gain and bandwidth. The
circuit diagramn of the proposed multi-output FTFN is
shown in Fig. 3. This circuit basically comprises of a
complementary tansconductance amplifier, a basic
translinear cell and some of current mirrors. Transistors
M; 1o M, and the bias curremt sources fg, and fp:
perform a complementary differental amplifier, which

Fre.  Schemaue deagram ol the muolb-output FTFN,



are connected with active loads, current mircors My - Ms
and M; - M, Tt should be noted that a Pchannel input
pair, M, — M, is employed to be able to reach the
negative supply rail while an N-channel input pair, M; -
M., is able to reach the positive supply rail. As a result,
the common-mode input range of this circuit extends
nearly from rail to rail. This complementary input stage
feed a differential output voltage, which is continuously
enlarged by the gain stage, transistors My and Mg The
converted current signal from the gain stage is injected
to the translinear cell, M;; — M, and then summing tc
be output current at port W, This configuration
provides very high transconductance gain over a wide
frequency range. Ideally, it is required that the pairs of
cransistors M;;, M;; and Mz, M, are closely matched
and all current mirrors have the exact unity gain. This
translinear cell act as a current-follower that allows
output current iy lo sources and sinks at port W, and
will be reflected and inverted 1o be cument iz at
terminal Z,. With this cross-coupled current micror
technique, it can be easily kept up iz = -iw;. The
ransisiors having boxes as gales are CoOmposile
transistors with high output impedance such as normal
cascodes. low-voltage cascodes. or regulated cascodes
[8]. The mulu-output concept can be easily adapted by
adding wansistors 10 the output cuirent murcer sel.
Transistors M4, — M4, and My — My, are used to
perform the output terminals W. 10 W,, respectively.
Similarly. ransistors My, — My, and Moy, — Moy, are
used o periorm the gutpul termunals Z; 10 Z,.

4 Simulation results

The performance of the proposed circuit is verified
by HSPICE circuit simulauon program based on the
SCN2 level-2 CMOS model obtained through MOSIS
[93. All transisior dimensions are fisted in Table 1,

Tabie | Transistors dimensicn

Transistors W (um) L (um)
M. M, 300 \ 2
Ma. M, B s [ 2
Ms. Me, Mia 40 2
M. Mq 20 2
M. _ T &0 2
MM — 100 2
Moy Mo, 200 2
Mis. Miga = Myia Moz, My, 70 | T
M = M
Mg, My = Mys o Mg, My, | a3 1
May = My, = =

where W is chiannel width and L is channel length, The
bias currents are set 10 [, = {52 = 2mA. Supply voltaa

are taken as Ve = +5V and Vg = -5V. The Siﬁlulauc
characteristic of open loop wtansconductance pgajy i
given in Fig. 4 showing a significamt Ereate.
amplification circuits both gain and bandwidth thag eve:

published {4-6].
\ﬁ——j
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Fig. 4 Simulated open loop transconductance gain.

From the response. it ¢an be estimated the -3 dB
handwidth in a very high frequency as nearly as 5 MHz
and the ransconductance gain of over 12 A/V is
obtained. This gain is exceptionally high especially
comparing to the preceding proposed circuit, which
have the transcenductance gain not exceeding a few
hundred of milliampere per volt [4-53}. The simulated
DC offset voltage beiween inpul port is approximately
90 uV and the offset current of the ouput port is about
I uA. The input voltage swing and the output current
swing are in the range of #3.5 ¥V and *TmA.
respectively. The current follower operation proves the
linear identity over a very wide current range as shown
in Fig. 5 where fy, and /z, are the currents from port W,
and Z,, n=1,2,..., respectively.
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Fre. 3 Current foilowing operation at sutput port.



Con Examples

~ ealisation of a current-mode band-pass

from reference 4 is chosen as an illustrative
FTEN-based circuit and is shown in Fig.

~5/3C,R,

(3)
i 1 1 l !
: —tr +
by \,‘CIR, iC.R, 3R, | 3CCRAR,
i T angular frequency and quality factor
. iﬂven by
o, = 1 (4)
" JCCRR,
JIC,C.RR,
TRy (5)

0= C R +CR -CR,

— frequency is set to 100 kHz. Therefore. the
components are chosen as R; = 3 k. Ry = k£

3 @
/ . ;
/ &
. i
—Or—iimaia o,
_.—*.. 1] i
- !
L= — = ——— =
Iy [L1N Lk L [t
Froapene. Ha
R -
&7 Simulane norespdt ol FTTM hased cureni-mode

hand-pass filer and plesl tunction.

using the proposed multi-output FTFN, function as a
traditional FTFN, and using ideal transter function are
compared in Fig. 7. It is clearly seen the perfect match
between the two cases over a very wide frequency
range. This is due to the tuly high gain and wide
bandwidth of the proposed device.

The other interesting application that demonsraed the
availability of multi-output panciple is the current-mode
rmultifunction  biquadratic  filter. This filter can
simultaneously realise three types of cument-mode
filtering function i.e. low-pass, band-pass and high-pass
in the same configuration without changing any circuit
topology or elements. Moreover, its primary parameters,
the natural angular frequency ap and the quality factor
Q, can be orthogonally tuned and both of its actve and
passive sensitivities are quite small {2].

The accomplishment design of the filter using MFTFNs
is shown in Fig, 8, It has all passive components reaily
grounded. By routine circuit analysis, the following
current transfer funciions yielded

e 3) i

T o (s)=-2"l == (6]
e L5y Disi
{1
S
P AL kil (N
105 D(s)
R» Y
C.C.R.R.R,
T:_p(f):luu] S e (8)
(5] D{s)
. 10 R.
and D(sy=5"+s

A, ;
C\R, KC,C:RWRJRJJ
where Typ(s), Tge(s) and T (s} are the high-pass. band-
pass and low-pass current transfer funclions,
respectively. These transfer functions can be contempo-
raneously oblained from the original circuit without
changing any configuration and elements. The natural
angular  frequency @y and the Q-factor of this
configuraton can be given by

| R.
g = —_— (91
C.C.RRR,
RR.
and Q= = —i— L
VO R,



)

Fig. 8 Current-mode multifunction biguadratic filter using MFTFN.

The grounded resistor values are setto R, = Ry = Ry = R,
= 1k while the grounded capacitor values ate C; = G,
= 0.1 nF. The setting was designed to acquire the natural
frequency @y /2t = 1.59 MHz at Q-factor = 1. Fig. 9
shows the simulated frequency responses of the
multifunction biquadratic filter using the proposed
MFTFN. The simulated nawral frequency measured
from the HSPICE is approximately equal 10 1.55 MHz,
which attained 10 be in a very good agreement with the
predicted value.

Current gain (4133

10k 100% I 10N 100N
Frequency iHz)
Fig. 9 Simulation resuit of the current-mode
multifunction filter using MEFTFN,

6. Summary

We have proposed a2 simple scheme for
implementing FTFN circuit with additional extended
output porl. The proposed scheme 15 suitable for CMOS
process manolithic integrated circuit form. and has been
realised through the wuse of a complementary
transconductance amplifier, a ranslinear cell and some
of current mirrors. Simulation results from HSPICE
program are used to contirm the high performance of
our presented structure. The current-mode band-pass
filter is an cxample o idenify the feasibility of the
FTFN-based airewit. The curreni-mode  mulutunction
bDiquudratic filter 15 also used 1o demonstrale  the

usefulress of the multi-output topology. Detail anat
of the device and additional useful appiications wi
the subjects of the further publications.
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Abstract

A simple integrable CMOS circuit design technique to realize a grounded-capacitor true mms-1o-de converier is
described in this paper. The conversion circuit consists of a squarer circuit, a low-pass filter and current mirrors and
does not require a full-wave rectifier circuit. In order to reduce the value of the capacitor suitable for monolithic
integration, a capacitance multiplier circuit that can multiply the value of the capacitance for the order of 1,000 time is
also incorporated. The performance of the proposed cirenit is studied through PSPICE and Cadence simulation results.

Keywords: True RMS-te-DC Converter, Capacitance multipliers, Analog VLSI

circuit is studied from PSPICE and Cadence IC circuit
design systems simulation results.

1. Introduction

1t is well accepted that a true rms-to-dc converter,
which is used for measuring the average energy content
in an electrical signal, is found useful in the fields of

2. Conversion Circuit

The proposed grounded-capacitor true rms-to-de
converter 1s shown in Fig I. The operation of the circuit
is based on the square law characteristic of MOS
transistors biased in the strong inversion region [5,6].
Transistors M, through M, function as a current squarer
circuit, where My and Mg and the current /5 form the
current-controlled bias circut, and the current fg, can be
written as

instrumentation, communication and display systems.
Many true rms-to-dc converters are avaitable. However,
these design methods are based on bi-polar integrated
cucuit technolopy and the mms-to-dc conversions are
performed through the use of a full-wave rectifier and a
multiplier/divider circuits employing a log-antiog
principle[1-3]. Due to the bandwidth and the slew-rate
of the full-wave rectifiers, the useful frequency range of
these converters are limited.  Although, a design fo, = lfN 181y +21, (H
technique for a tue mms-to-de converter based on the

use of a dual translinear loop have been proposed where the currents /iy and [ are the input and the bias

recently [4]. However, the implementation scheme is cun.'cms, r&sp.ectivcly. Due to we design such that the
suitable for bipolar technology. As more and more drain of transistor M; sources the current 2/, at point A,
electronic systems are implemented using CMOS then the current /sy can be expressed as

technology, the purpose of this paper is to present a 2

CMOS circuit technique for the realization of a true Iso =1 /810 (2)

rms-to-dc converter, where a grounded capacitor is
used. A full-wave rectifier is not required by the
proposed realization scheme. The conversion circuif Is
simple, suitable for implementing in monolithic
integrated form, and can be readily integrated as part of
a larger system. The performance of the conversion

The current /5y passes through the first-arder current-
mode low-pass filter, which is consisting of the current
mirror (formed by transistors M, and M) and the
grounded capacitor Cyp connected parallel to the musror
input. The current [y, can be written as
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—— 1y
81T

for =

()

where T = C,/gm; is the time constant of the fiiter and
gm; 1s the transconductance of the transistor M,. Due to
the unity gain current mirrors of (M; and Mg ) and of
(M, and M, ), the bias current fois driving by {g, such
that

/ I

o=l {4)

At the ouftput, since we set the transistor chaonel widths

as Wy; = '\/E W,;, this means the output current

NI (5)

Then, from egns. (2),{3) and (4) and solving {or /pys, We
get
(6)

!

Tams = —I’ffvdf
T

It is clearly seen that the output current [ggs is in the

form of the root-mean-square value as required. It

should be noted that, for a sinusoidal signal, the circuit

can be easily modified to alse measure the average

value of the signa) by using the method of the reference
7.

However, in order that the proposed ms-to-dc
converter give a good performance in the required
frequency range, the value of the capacitor Cyp must be
chosen such that [4]

Cay 22 Euaeatax )’ o) (7
where [y is the lower end of the frequency range of
interest.  For example, for Kp= 2.226x10°% A/V, then
gmngax) €an be given by

-3
Funre ) = 298000 J1, 40w (8)
where /y, is the peak amplitude of the mput signal.  In
this case C must be chosen such that
-3
Cop >> (237210 JJM}/;’(MM,) (N

If a sinusoidal mput signal with £, = 1 mA and fum =
100 Hz, the averaging capacitance must be chosen such
that C,p >> 0.75 uF. For example, Cyp = 7.5 pF must
be employed. It is well accepted that this valuc of
capacitance is not suitable for monolithic integration.
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To reduce the size of the capacitor used, a current-
controlled C-multiplier as shown in the Fig. 2 is
presented, where the current conveyors (CClls) that
reported in reference 9 have been used. The cument-
controlled C-multiplier, which is composed of two CCII
(CCII+ and CCII-), is similar to the voltage-controlled
C-multiplier proposed in the reference &. But, in this
case, the input signal is a current signal that injected
into port X, and the capacitor C,p is connected at the
port Yy. If we let n = R+/R,, the value of the capacitance
that appéared at the port B to ground or Cgqy will be
equaled to

Cow =nC, =(R,/R)C,, (1)

3. Simulation results

The characteristics of the converter were studied
through the simulation results using PSPICE [10]). The
transistor dimensions of the circuit in Fig.l are in
micron and are listed in the Table 1, where W is channel
width and L is channel length, and the dimensions of all
the transistor of the circuait wn Fig 2 are W=50um and
L=5um. The simulation was camried out using the
transistor parameter of the 0.35-um CMOS TSMC
process.  Therefore, the simulation results were listed
in the Table II.  Note that the circuit exhibits the
bandwidth of 200 MHz at /;y = 1 mA,. The maximum
conversion nonlinearity, for the input signal in the range
from 2 uA 10 1 mA, of about 0.8 % was achieved.
The simulation for the frequency response for the sine
wave input current signal with the amplitude of 20, 50
and 90 percents of the full scale current (Jjypa0=1mA)
was also carried out. The resulis show the bandwidth of
about 30 MHz, 80 MHz and 100 MHz, respectively.
Fig. 3(a) shows the plot of the percent ripple of the Jays
versus frequency. The simulation results demonstrate
that the percent ripple 1s small for high value of Cav,
such as, for example, for the case of Cay = 2.5 pF and
Cav = 5 uF. Fig. 3(b) shows the plot of the percent
ripple of the feus versus frequency for the case that Cay
has been replaced by the C-multiplier circuit of the
Fig.2, where port B is connected to point A of the Fig.
I. In order to compare with the plot in the Fig. 3(a),
Cav and R, are kept constant at 0.5 nF and 10 Q,
respectively, and n is varied by varying the value of the
resistor R,, for n=100, 500 and 1,000, respectively.
From the Fig. 3(b}, it is demonstrated that the percent
ripple for the case of n=100, 500 and 1000 are quite in
good agreecment with the percent ripple for the casc



Cav=50nF, 250nF, and 500nF, respectively, of the Fig.
3{za). But, however, we found that for larger value of n,
the percent ripples for the case of C-multiplier are larger
than the percent ripples of the circuit in Fig.l,
particularly for the high frequency range. This 1s due to
that for large value of n the offset of the CCIls have also
been multiplied and cause the value of Cggv deviated
from the value predicted from the eqn. (10).

However, the simulation performance of the circuit
using PSPICE is much depending on the chosen
transistor parameters. Therefore, in order to test for the
circuit workability, the performance of the ms-to-de
converter circuit and the C-multiplier circuit will be
further studied through the layout by vsing Cadence’s
IC Circuit Design Systems, which is an integrated
circuit design software running on Workstation {11).
The layout in a 0.35 um TSMC CMOS process was
drawn by using Virtuoso Layout Editor of Cadence’s
system.  Fig. 4 shows the layout of the C-multiplier
circuit. The Diva interactive Electrical Rules Checker
program, which is the fayout extractor in the Cadence
program, was then employed to twanslate the layout
drawing 1nto the SPICE-compatible text file for the
simulation. Then Anpalog  Acdist Design
Eavironment 1s used to simulation the C-multipher

the

characicristic. Table I shows the effective
capacitances of the layour circuit of the Fig. 4, where for
n =1, Cay = 100 pF. Further investigation for the

performance of the circuit for a large value of n and also
the rms-to-de converter will be repornted.

4. Conclusion

We have developed a simple grounded-capacitor
true rms-to-de conversion circuit.For 2 more suitable for
monolithic integration, the capacitance multiplier circuit
has been used in order to reduce the value of the
capacitor.  The realization scheme is suitable for
implemented in a standard CMOS process. The circuit
has been fully sirmulated, through the use of PSPICE
simulation program, and the characteristics of the
conversion circuit have been reported. The circuit
characteristic studied from Cadence IC circuit design
systems is also included.
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Table I Transistors dimension

Transistors

W(pm) L{pim)
M1,M2 M3, M4 M6,M7,M8§ 40 B
M9,M10,M11,M12 100 5
M5 80 5
- |
M13 I 283 5 '

Table II Summary of the characteristics of the circuit of Fig. 1

Parameters ]

Simulated results

Supply voltage (rated)

3V o 15V B

.

Input current range(max)

ImA

Gain error

Peak amplitude value
].’N =10 ;JAA ( 1.0% Of[/,v(/,,{m)
[]N = 100 MA ( 10% Of[IN(MAX))
]IN = 200 }lA ( 20% Of].WWW)
[IN = 500 HA ( 50% Of[fN(MAX))
IIN = 900 ]JA ( 90% Of!IN(MAX))
]lN = 1000 }.LA ( 100% Of[]N(MAX))

l_

2% Max. nonlinearity,
10pA to 1lmA input

—

-3dB bandwidth
450 kHz
5 MHz
10 MHz
20 MHz
40 MHz
45 MHz

Table III Equivalent Capacitances of the Fig. 4

n Expected Capacitance

(F)

100

1000

170

Equivalent Capacitance

(F)
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Figure 2. A current-controlled capacitance multiplier circuit.
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Figure 3. Plots of percent nipple versus frequency for (a) difference values of Cav and (b) difference values of n.
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differential, input voltage V .y is applied to the bases of
Q1 and Q2 across nodes A and B, and the small-signal,
differential, output voltage Vg is laken across the
emitters of Q9 and Q10 between nodes G and F. The
current 1 /2 biases ihe (Q3, Q9) and the (Q4, Q10)
branches, whilst the frequency setting current Ip biases
the (Q1, Q8, Q7) and the (Q2, Q5, Q6) branches. The
differential pair (Q21 and Q22), functioning as a
voltage-to-current converter, constitutes the required
loop gain controllable by the loop-gain setting current Iy
to initiate and to sustain steady-stead oscillations.

Similarly, for the second stage, the phase-lead
all-pass filter is formed by ten matched transistors (Q11
10 Q20}, a capactter C and cwrrent sinks 1 and [, where
the small-signal, differential, input voltage Vg is
applied to the bases of Q11 and Q12 across nodes M
and N, and the small-signal, differenual, output voltage
Vor is taken across the emitters of Q19 and Q20
between node O and P, The current [/2 biases the (Q13,
Q1%) and the (Q14, Q20)branches, whilst the frequency
seiting current Ig biases the (Q11, Q18&, Q17) and the
(Q12, Q15, Q16) branches. The differential pair (Q23
and Q24) constitutes the required loop gain controllable
by the loop-gain setung current Ig to initate and (0
sustain steady-stead oscillatons.

The input of the first stage V,p, across nodes A
and B, is connected to the output of the second stage
Vap, across nodes A’and B, but they possess the
opposite polarities. On the other hand, the input of the
second stage Vg, across nedes M and N, is connected
to the output of the first stage, and they possess the
same polarities. The circuit is fully differental so as to
enable accwrate quadrature signals with symmetry.
There are other significant, well understood, advantages
in employing a fully differendal realizauion [17]. The
ctreuit 1s also relatdvely simple and integrable as devices
can be fabricated on-chip.

3. Ideal analysis

The analysis of Fig. 1 assumes that each
transistor acts as an idealized voltage-controlled current
source (VCCS}, where the collector curent is simply
cqual to the small-signal voltage across the base-emitter
nodes divided by r., where r, is the usual ratio of the
thermal voltage and the emitter bias current. The
comumon-emitier current gain factors (B's) are also
assumed to be infinite. As the two stages of Fig. 1 are
identical, only the first stage will be described. For
clarity, the phase-lead all-pass filter of the first stage can
be described by the isolaton from other connections
such that the inputs of the phase-lead all-pass filter at
nodes A and B are disconnected from the outputs of the
sccond stage at nodes A" and B, respectively, and that
the outputs of the phase-tead all-pass filter at nodes G
and F are disconnected from the mputs of the
differential amplifier at nodes G' and F, respectively.

For such isolation, it can be assumed for the
moment that the bases of Q9 and Q10 at nodes D’ and
E' are temporarily disconnected from nodes D and E,
respectively. As a result the bases of Q9 and Q10 at
nodes D’ and E’ are then temporarily connected together
to appropriate bias voltage say Vews. In such temporary
cases, let Vg, be the small-signal, differential, output
voltage at node D with respect to node E, and Vo, be the
small-signal, differential, output voltage at node F with
respect 1o node G. The input voltage Vg resulls in a
small-signal, differential, output current ig, = SCV,5 /
(1+s7) passing through nodes D and E and the loading
resistance 4r,, where ry, = (Vr / Ip) is the emitter
resistance of either Q1, Q2, Q5, Q6, Q7 or Q8, V1 is the
usual thermal voltage of approximately 25 mV
associated with a pn junction at room temperature, 3
time constant T = 2Cr,;. Therefore the transfer funct
Vor / Vag = 28t/ (1+s7) represents a first-order hig!
pass filter, In addition, Vg also results in another small-
signal, differential, output cument ip = Vap / 20y,
passing through nodes F and G and the loading
resistance 2r,, where ry; = (2Vy / 1) is the emitter
resistance of either Q3, Q4, Q9 or Q10. Therefore th
transfer function Vo, / Vg = 1 represents a buffer,

By reconnecting the bases of Q9 and Q10 at
nodes D" and E’ to nodes D and E, respectively {(as
shown in Fig. 1}, the total output voltage Vgr at node G
with respect to node F, is obtained through
superposition, i.e. Vg = Vg, -Vg; and hence the name
‘signal differencing’. Consequendy, the transfer
function Vgr/ Vag represents a phase-lead all-pass filter
with phase angle 6 of the forms

Yor _ _(1-st) (1)
Vag | \1+st )
8=2twn"’ (@) )

where 8 =rw/2atw= l/t1=1;/(2CVy).

As mentioned earlier, Vg across nodes A and B
and the resulung small-signal, differenual, output
voltage Vep across nodes A’ and B’ possess the
opposite polarities. By reconneciing the phase-iead ail-
pass filter to the original connections as shown in Fig. 1,
the relationship between Vg and V4 p- can be writien as

el o

Vs 1+ sT
where G = R /1., is the gain of each differential
amplifier and ry = 2V / 15) is the emitter resistance of
either Q21 or Q22 of the first stage, or cither Q23 or
Q24 of the second stage. For steady-state sinusoidal

oscillations to be sustained, the ratio Vg / Vap must be
unity. Seuing (3) to unity and rearranging yields




4)

Upon substituting s in (4) with jao, and setting the real
and the complex parts to zero simultaneously, the
required value of G to sustain steady-state sinusoidal
oscillations and the angular frequency of oscillagons oy
can be written as

GoR _ple )
r, 2V,

)y l = IF (6)
T 2CV;

Equation (5) shows that the required condition
for steady-state oscillations can be set by adjustments of
Ig. Equaton (6) indicates that the frequencies of
oscillations are linearly proportional to the blas current
I¢ and hence the name ‘current-tunable’. By substituting
(6} in {2) for w= ay, it follows that the pbase angle 6, of
Vi of the second stage is different from the phase
angle 8, of V4 of the first stage by 86-9; = w/2. In order
words, Vage and Vg provide quadrature oscillation of
values cos By and sin 8, respectively, and hence the
name ‘stnusoidal quadrature oscillator’.

4, Simulation results

The performance of the circuit shown in Fig. 1
has been simulated through PSPICE. (Q2N3904 and
QMPS3640 modei the npn and pnp transistors, where
the average transition frequencies (fy) are at 300 and
500 MHz, respectively. As an example, the values of
capacitor C is equal to 1000 pF, R = 50 0, bias current [
and g are approximately 200 pA and 1.2 mA,
respectively. Figure 2 shows the resulting sine and
cosine oscillograms of the quadrature waveforms V,p
and Vg, respectively, at Ip = 700 pA where the
oscillation frequency is measured to be 2 MHz, Figure 3
illustrates comparisons of the plots of oscillation
frequencies and amplitudes versus bias current I for
cases of ideal analysis and PSPICE analysis. As shown
in Fig. 3, the oscillation frequencies are wunable by the
bias current lp over approximately three orders of
magnitude, It can be seen from Fig. 3 that the maximum
useful frequency of oscillation is approximately 19
MHz.

Figure 4 depicts the amplitude matching (dB)
in terms of the ratio V,.p/Vun, as well as the phase
matching (deg) in tesms of [(phase of Vap) — (phase of
Vuwi] of the gquadrature signals versus frequency. The
amplitade matching 15 as near as 0.004 dB, whilst the
phase matching for 90° is better than 0.17°.

5. Conclusions

A fully-differential current-tumable sinusoidal
quadrature oscillator has been presented using r, tunable
phase-lead all-pass filters as the frequency-selective
network. The filter is realized through the use of a
signal-differencing technique. The oscillation frequency
is current-tunable over a wide-frequency sweep range of
approximately three orders of magnitude. The amplitude
matching and the quadrature phase matching are better
than 0.004 dB and 0.17°, respectively. The maxicoum
useful frequency of oscillation is approximately 19
MHz.
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ABSTRACT

This paper nreposes a circuit configuration for
the realization of a four-terminal floating nullor
(FTFN) with electronically tunabie current gain. It
mainly employs a transconductance amplifier, an
improved translinear cell, two complementary
current mirrors with variable current gain and five
improved Wilson current mirrors, which provides
wide bandwidth and suitability to implementation
in monolithic bipolar technology. The validity of
the performance of the scheme is verified through
PSPICE simulation results. Some example
applications employing the proposed tunable FTFN
as a tunable active element show that the circuit
properties can be varied by electronic means are
also included.

1. INTRODUCTION

Presently, current-mode circuits have drawn a
considerable owing to their significant advantages,
which are elementary wide bandwidth, wider
dynamic range, simpler circuitry and low power
coasumption [1]. The reatizations of current-mode
circuits using high performance active devices such
as, a second-generation current conveyor (CCII), a
current feedback op-amp (CFA) and a four-
terminal floating nutlor (FTFN), have been recently
reported. However, it has been demonstrated that
the FTFN is more. flexible and versatile building
block than other active devices [2-3]. These lead
up to the growing interest in designing current-
mode circuits based on the use of FTFN as an
active element, for instance, filters, gyrators,
sinusoidal oscillators and floating immittances {2-
5]. This is due to the fact that the FTFN-based
structures provide a number of poteutial advantages
such as, complete absence of passive component-
matching requirement, minimum number of
employed passive elements and improvement of
high frequency characteristic [6]. Although there
are many FTFN realizations that have becn
available in the literatures [7-9], the realization
scheme of an electronically tunable FTFN that is
suitable for implementing monolithic integrated
circuit form has not yet been reported.  The FTFN
whose the cwrent gain can be twned by electronic

means seems 0 be more attractive, flexible and
sultable for design and implementation of the
frequency selective systems, such as, biguads,
oscillators and so forth.

Therefore, this paper proposes an alternative
scheme for realizing a monolithically integrable
FTFN that can provide variable cuirent gain. The
proposed circult is simple and based on the use of a
transconductance amplifier, an improved
translinear cell and some current mirrors. Some
applications using the proposed tunable FTFN are
given with the simulation results and will show that
the characteristics of the resulting circuit become
an electronically tunable.

2. CIRCUIT DESCRIPTION

2.1 Nullor Model of the FTFN

e By
“_,ﬁ%) e ;L@J)\—a}‘
)

(a)
Fig.1: Model of the FTFN
(2) an ideal nullor mode!
(b) possible implementation model

An FTFN 15 a high gain transconductance
amplifier with floating input and output terminals
or can be called as an operational floating
amplifiers {OFAs) [6]. The nullor model of an
ideal FTFN is shown in Fig.}(a), where the pon
characterisiics can be described as ¢

le =1‘X:0,VX:VV and iZ EJIW (l)

It should be noted that the output impedance of the
W- and Z-ports are generally arbitrary. However,
most of the FTFNs are traditionally realized from
the basic type shown in Fig.1(b), where the output
impedance of the W-port is very low and that uf tie
Z-port 1s very high. This type of FTEN is also
called as operational mirrored amplifiers (OMAs)
[7].  In addition, the usefulness of the FTFN can
be extended if eqn.{1) is implemented in such a
way that the current transfer ratio between iy and
iz can be varied by electronic mears, in which casc
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a more pgeneralized tunable FTFN should be
investigated.

Fig.2 : Cascode npn current mirror
with adjustable current gain

)
Fig.3 : The proposed tunable FTFN
{a) ¢ircuit diagram (b) its symbo!

2.2 Current Mirror with Adjustable Current
Gain

Fig.2 shows the cascode npn current mirror that
can adjustable the current gain by the external bias
currents, where /i, and /gy are the inpul and
output signal currents.  Transistors Q, to Q,
function as a classical translinear loop, and the
currents /7 and [ are the external dc¢ bias currents
with controllable values [10}. In addition, the
cascode stages @ and Q, provide the high output
impedance and also lead to minimize the severe
peaking of the frequency responses. Applying the
translinear principle and assuming that all the
transistors are well matched with the common-
emitter current gains f# are >> |, then the
relationship of the collector currenis can be
characterized by the following equation :

icvles =1cica (2)

where icy =1y, icy =17 ,1c3=1;y and Icg =
fous . Therefore, the output current /5y, of this
circuil becomes
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Low = kdin (3)

where k is the current gain of the mirror and equals
to the ratio of the external bias currents /4/73.

2.3 Proposed Tunable FTFN

The circuit implementation and representation of
the proposed tunable FTFN, namely TFTFN, with
variable current gain is shown in Fig.3, which is
suitable for the implementation in bipolar
integrated circuit form. The proposed circuit
consists of a transconductance amplifier Q,-Q,, an
improved translinear cell Q,-Q,;, two
compiemeniary cuirent mirrors with controlled
current gain CM1-CM2 and five standard improved
Wilson current mirrors CM3-CM7. Transistors Q,-
Q, and the bias currents Iy -l;, function as a
transconductance amplifier with very high input
impedance so that iy = iy = 0. If Q-Q, are
perfectly matched, then the voltage at node X will
follow the voltage at the pert Y, or vy = vy. Group
of transistors Q,-Q,, forms an improved translinear
cell, which Q,;-Q,, functions as a dual translinear
loop. It should be noted that the so calied “piled-
stage structure” [11] consisting of eight transistors
which ‘can improve performance and accuracy of
the basic loop is employed, where the standard
ranslinear condition Vg = 0 are forced by the
additive cascode transistors Qs, Qq, Q,, and Q,,.

Ideally, 1t is required that the pair of transistors
Q,-Q; and QQ, are closely matched and the
cascode current murors CM3, CM4 and CM35 have
the exactly unity gain. Consequently, for vy = vy =
0, the guiescent currents through Q,, Q. and Q,,,
Q,, are respectively equal to the quiescent current
of the diode-connected transistors Q, and Q,,, and
are equal to 13,/2. This translinear cell performs as
a current follower, where its allow an input current
i to source and sink at terminal W. By two
complementary variable-gain current mirrors CM1-
CM2 and assuming that the current gain of the
current mirrors CM6-CM7 are equal to unity, the
current iy flowing through the nort W will be
reflected and inveiied to the port Z, which has the
currént transfer ratio as k& = izfig~.  The output
impedance at the port W is low since it is looking
into the emitters of translinear cell's transistors
while the output impedance of the pont Z is very
high due to the effective parallel combination of
output impedances of the cascode cusrent mirrors
CMé6 and CM7.  Therefore, this TEFTFN will
provide a unity voltage transfer between ports ¥
and X, and a current transfer between ports W and
Z that the gain value is equal to k. The voluage-
current characteristics of this device can be
characterized as follows:



;y :fX=0,UX=VY and I;z=k.l.”_l (4)
we can see that the proposed FTFN in Fig.3 can be
tuned electronically by adjusting the ratio of the
external bias currents //1).

3. SIMULATION RESULTS

The performance of the proposed TFTEN in
Fig.3 has been verified by PSPICE simulation
resuits.  The simulation results were obtained
employing the AT&T ALA400-CBIC-R process
parameters of NRICON and PR1OON for npa and
pnp transistors, respectively [12]. The bias currents
were set to /gy = 1 mA, /gy =1g3 =50 pA and the
supply voltages were set to +V = -V = 5V. Fig 4
shows the characteristic of the open loop
transconductance gain of the proposed circuit.
From the response, it can be measured that the
—3dB bandwidth in a high frequency as nearly as
14 MHz and the transconductance gain of about
1.3 A/V is obtained.

[N}

BN

1

] 11N 1ok Lo [[ETANY

Froquency (Hx)
Fig.4: Simulated open loop transconductance gain
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Fig.6 : Voltage transfer characteristic vy /vy
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In order to demonstrate the tunable
performances of the proposed circuit, the TFTEN
was used to construct the voltage-to-current
converter shown in Fig.5 with R = 1 kQ and
output Z short-circuited. The voltage transfer
characteristic from the port Y to the port X is
shown in Fig.6. Fig.7 represents the frequency
responses of the current gain & , for three different
values of the dc bias current /; whereby /7 is set to
100 uA The simulated current transfer
characteristic proves that the circuit can exhibit an
electronically tunable current gain over a very wide
currcnt range.

&0 R S
1
: 0O :1' - 400 pA
40! Q100 A
V= s0pa
g i
Z z0:
=1 H
PO —o
¢ L —— -——
B ¢
20
40- IR —— —— ;
10k 100k M 1054 1o

Frequency {(Hz)
Fig.7 : Current transfer characteristic i7/i )y
when.the extenal bias current {; was varied.

=0 A
— - v — —
\1,. <@ Y Fl -0
TFIFH |
Yy © = X WJ,,
i |

Fig.9 : Current-mode allpass filter using TFTFN

4. APPLICATION EXAMPLES

In this section, the outlines of some examples on
the application of the proposed TI'TFN as a tunable
aclive element will be described, demonstrating the
wide-ranging usefulness of this device. The first
one is an electronically tunable current conveyor.
It can be slightly modified from the circuit of Fig.3
by connecting the tow-output-itnpedance port W (o
the port X as shown in Fig.8, then the circuit
behaves as an electronically tunable negative
currcnt conveyor. From direct inspection of the
circuit readity shows that the port relations of the
runable current conveyor of this case can be written



Vy =Vy , ‘;Y =0 and fz=ij (5)
As the secoud example of the proposed TFTFN,
it was constructed an electronically tunable current-
mode allpass filter shown in Fig.9. The circuit is
based on a current-mode allpass filter by using
FTEN with grounded capacitor (3], routine analysis

yields the current transfer function expressed by

! o1 (5) _ : _(IR%)

(6)
‘,in (5) 1+ SRC/;J
and 8, =2 Lan-[(iui:E} M

where 8y is the phase angle of the filter. As an
example, the simulation results of a current-mode
allpass filter in Fig.9 were presented with R = 1
kQ2, C = | nF, this phase shifter was designed for a
90° phase shift at wy/2xr =159 kHz when k=1 (f
= [7 = 100 pA). Fig.10 shows the frequency
responses of the filter of Fig.9 for three different
values of the control currents, /7. In the figure, it
can be seen that the parameter 8y can be adjusted
by controlling the current gain & = 7y /3. This
confirms the wvalidity of the results of the
theoretical analysis.
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Fig.10 : Frequency responses of the TFTFN-based
current-mede allpass {ilter

5. CONCLUSIONS

A generalized electronically tunable FTFN,
which is suitable for realizing in bipolar monolithic
integrated circuit form, has been presented.
Simulation results obtained from PSPICE program
verify the high qualification performances of the
proposed circuit. Some application examples have
been demonstrated that the use of the proposed
scheme is attractive in that the obtained
characteristic of the circuit will become
electronically mnable.
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ABSTRACT

This paper shows that the current-mode FTFN-
based lowpass filter obtained from the optimal
voltage-mode op-amp-based Sallen and Key
lowpass filter (Saraga Design) using driving point
impedance and signal-flow graph (DPI/SFG)
method preserves the optimal passive sensitivities
and has better active sensitivities.

1. INTRODUCTION

Analog circuits are always requested to work at
nigh frequencies where digital signal processing
faces difficulties with implementation. In particular
recent increasing needs of wireless
communications, such as W-CDMA, Bluetooth,
ITS. etc., require analog circuits which process
signals in a giga-heniz frequency range [1].
Nowadays, Semiconductor Industry Association
needs low power consumption chip and analog and
digital circuits are implemented on the same chip
using the same dc power supply that is less than
1.5V and will decrease to 0.5V an 2011 [1]. In
order to correspond to the severe demands for high
frequency and low power-supply voltage operation
on analog circuits, current is found to be a key
ward in the 1990’s. So, current signal processing is
one of the most promising solutions. Circuits with
current input and output signals are often called a
‘curtent-mode’ circuit. Reduction in power-supply
vollage restricts voltage-signal swings extremely.
To avoid this problem, current-mode circuits are
used because cumeni-signal swings are
restricted by power supply voltages.

Because passive and active RC circuits are
already excellent abulated, if we can use some
transformation 1o obtain their current-mode circuit
counterparts and use proper active devices. They
may have betier performances. In this paper, we
use the optimal voltage-mode op-amp-based Sallen

not

Mixed-Signal Laboratory
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King Mongkut’s Institute of Technology
Ladkrabang
Ladkrabang , Bangkok 10520 Thailand
Phone; (662}-(02)-326-7723
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and key lowpass filter (Saraga Design) as the
prototype because it is still popular to use in many
fields such as wireless communications [2}. We use
driving point mmpedance and signal-flow graph
(DPI/SFG) method [3-4] to obtain its current-mode
circuit counterpart. We use four-terminal floating
nullor (FTFN) as an active device because of its
versatility [5-7].

2. REALIZATION

The prototype of a volltage-mode op-amp-based
Sallen and Kev lowpass filter (8] is shown in figure
]

Ci

RF = RG(k-U

—

Fiz. 1 A voltage-mode op-amp-based Sallen

and Key lowpass {ilter

The vohage transfer function of the circuit in
Figure 1 is as follows :

v k /RR,C,C,
B = = == (1)
4 3 / I (I—k_) i
P o e o i e
RC, RC, RC, R R,C,C,



where
R . . .
k, =1+— = noninverting voltage gain
R

(2)
G

K, = k /R,R,C,C, voltage gain constant (3)

w, = 1/1/R,R?CIC2 =pole angular frequency(4)
VIR R,CC,

0, = = pole 0 (5)
! ! I—k,
—_+ = +
RIC{ RZC! R2C2
Saraga Design equations are as follows :
4
i=2c =0 ¢ =1
3 F
(6)
i Y
R, = = =—

oo, r, s

Follow the proposed procedure of DPI/SFG
method in References [3-4), the obtained current-
mode Sallen and Key lowpass filter is shown
below.

VCrs

'i[ (op-amp)

- T 1

Fig. 2 A voltage-mode op-amp-based Sallen
and Key low pass filter

Vou

i= O(fdea{)
; r\\“ ’

% ST

Fig. 3 The same filter as shown in Fig.2 with
auxiliary sources (v7 and v3)

184

I 2L
NIRRT Ry z LN
V,-,., l; pl I V; 13 f 4 Tou .
kv
IR,
Fig. 4 Signal - flow graph of the

circuit in Fig. 3
Some notations in Figure 4 are described below.

I, = the sum of currents contributed by all
valtage sources except the auxiliary
voltage source V,

Z,=the driving point impedance at node 2

i
= == {7
! ]
-— 4+ — +5C,
R, R,
V=1Z, (8)

I, = the sum of currents contributed by all
voltage sources except the auxiliary
voltage source ¥

Z,= the driving point impedance at node 3

e (9)

(10)

Apply Mason's gain formula [9] to the signal-
flow graph in Figure 4, we get the voltage transfer
funciion shown in equation (71/).

v k/RRCC,
o = il_??_ {3 -(11)
V. 2 I I (I=k) i
s Ay +—+ —= [ =
R.‘ C.f RJ‘CI R?C" R} RZCI C2

Equation (717} is exactly the same as equation

(1.

amp) -
Fig. 5 The obtained current-mode Sallen
and Key lowpass filter
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Again, apply Mason's gain formula [9] to the
signal-flow graph in Figure 6, we get the current
transfer function shown in equation (12).

Iour — kl /&RPCIC}

= (12)
) ! (F—*,) !

SH—+ +—L |t

T
RG ARG ARG | RRCG

Vin = -
i (4) t: — ' Ry
in (] L

J:__ Re = Rgtkp 1) jRG

Fig. 7 FTFN-based current amplifier

The circuit in Figure 7 is proposed in Reference
| 7] for ideal FTFN-based current amplifier. So that
the noninverting current gairt (k,) 1s given in
equation (73).

ko= 14— (13)

Since k, is equal to k, , hence the right-hand side
of equation (/2) is equal to the right-hand side of
equatian (/7) for the ideal active devices.

In the case of real FTFN, we consider non-
linearities of voltage and current too. Let

a=1-¢, |d<<] (14}
and  B=1-8 18 << (15)

where o = vollage tracking coefficient
£ = voltage tracking error
3 = current tracking coefficient
& = current tracking error
Given
ve = avy (16)
And

iz =Py - (17)

For the circuit 1n Figure 7,
Vin =vy = vy =0 {18)

From routine circuit analysis of Figure 7 that
incorporated nonlinearities, we get

kx = real noninverting current gain = gk, (/9)
Thus, the transfer function of current-mode real

FTFN-based Sallen and Key lowpass filter is as
follows :

I, Bk /RRCC,
Zour _. — 20
Lo, [ Iooroap)|

5 T *‘I’—‘_}‘; i ——

RG, RG RG] RRCG

3. SENSITIVITY ANALYSIS

Since the RHS of equation (72) is exactly the
same as the RHS of equation (/7) because &; = k.,
then, all biquad parameters are the same. Thus, all
the passive sensitivitics are preserved.

Active sensitivities are found from equation
(20}

Given

Ky = ky/RR,C;Cy = current gain constant  (21)

and
Kig = BK, (22)
Thus
KIR —_— C()p —_— QJ‘ J— (ul' J—
S =S =S8y =5y =00 (23

If equations (/4) and (/5) hold, then

Ik
1SN

e,
Sg (24)

And

K:‘ﬁ — ﬂK-‘ —
Sgt =Sp =1 (25)

All active sensitivities are very low. Thus, the
current-mode circuit is better than its voltage-mode
counterpart.

4. CONCLUSIONS

This paper shows that using DPI/SFG method
with the optimal voltage-mode op-amp-based
Sallen and Key lowpass filter (Saraga Design) to
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obtain the current-mode FTFN-based lowpass filter
can preserve the optimal passive sensilivities, has
better active sensitivities and added condition is not
needed.

REFERENCES

[11 S.Takag: : “Analog Circuit Designs in the Last
Decade and Their Trends toward the 21
Century,” [EICE Trans. Fundamentals, Vol
E84-A, No. 1, pp. 68-79, January 2001.

{2] H. Elwan, H. Alzaher and M. Ismail : “A New
Generation of Global Wireless Compatibility,”
IEEE Circuits & Devices Magazine, Vol.17,
No.l, pp. 7-19, January 2001.

{31 A.Ochoa, Ir. : “A Systematic Approach to the
Analysis of General and Feedback Circuits and
Systems Using Signal Flow Graphs and
Driving-Point  Impedance,” 1EEE Trans.
Circuits and Systems-Il, Vol. 45No. 2,
pp.187-195, February 1998.

{4] H. Schmid Single-Amplifier Biquadratic
MOSFET-C Filters, Ph. D. Dissertation, Swiss
Federal Institute of Technology (ETH), Zurich,
Switzerland, 2000. {(Diss. ETH No. 13878).

(5] B. Chipipop, W. Surakempontom and K.
Watanabe : “On the Realization of Curent-
Mode FTFN-Based Lowpass and Highpass
Filters and Their Inverse Filters,” KMUTT
Research and Development Journal, Vol. 22,
No. 3, pp. 3-15, September — December 1999.

[6] A. liraseri-amormnkun, B. Chipipop and W.
Surakampontom : “Novel Translinear-Based
Multi-Output FTFN,” Proc. [EEE Intemnational
Symposium on Circuits and Systems 2001,
Vol. [, pp. I-180 10 1-183, May 6-9, 2001.

(1) A. liraseri-amornkun : On the Design of
Translinear-Based Four-Terminal  Floating
Nullor and Its Applications, M. Eng. Thesis,
King Mongkut's Institute of Technology
Ladkrabang, Bangkok, Thailand, 2000. (In
Thai)

(8] G. Daryanani : Principles of Active Network
Synthesis and Design, John Wiley & Sons,
New York, U.S. A, 1976.

[9] R.C. Dorfand R. H. Bishop : Modern Control
Systems, 7" Edition, Addison-Wesley,
Massachusetts, U.S.A ., 1995.

ACKNOWLEDGEMENTS
This work is partly funded by the Thailand
Research Fund (TRF) under the Senior Research
Scholar Program, grant number RTA/04/2543. The
support provided by the Japan International

186

Cooperation Agency (JCA) is also acknowledged.
Besides, the first author would like 1o thank Miss
Trungjai Tangsakul, Miss Nopparat Wongsinhirun
Mr. Roungsan Chaisricharoen, Mr. Prapong
Prechaprapranwong  and Mr. Amom Jiraseri-
amomkun for their supports.



o InRMtay n.17

PROCE

2001 International Symposium on
Communications and Information Technology

ISCIT 2001

The Merging Decade of
Communication Systeme and Information Technology

November 14 - 16, 2001

Chiang Mai Orchid Hetel, Chiang Mai, Thailand

IT , \
6% %00 (15¢)

e

EiC i $IEEE

Thailand Section



ISCIT 2001 __

_FABI-02

AN INTEGRABLE CMOS-BASED TRUE RMS-TO-DC CONVERTER
USING CLASS AB AMPLIFIER

K Kaewdang, C. Fongsamut, K Kumwachara and
W. Surakampontorn

Faculty of Engineering and Research Center for Communication and [nformation Technology (ReCCIT),
King Mongkut's [nstitute of Technology Ladkrabang (KMITL),
Ladkrabang, Bangkok 10520, THAILAND
E-mail: s3061304@kmitl.ac.th

AESTRACT

In this paper, a new integrable CMOS circuit
designs technique to realize a grounded-capacitor true
RMS-to-DC converter is described. The true RMS-to-
DC converter does not require a full-wave rectifier and
is implemented using a low-pass filter and squarer
circuits. The conversion circuit consists of a class AB
amplifier circuit, five simple current mirrors and a grounded
capacitor. The circuit is suitable for many input waveforms
of both voltage and current inputs. In order to reduce the
value of the capacitor suitable for monolithic iutegration, a
capacitance muftiplier circuit that can multiply the value of
the capacitance for the order of 1,000 time 1s also presented.
The performance of the proposed circuit and the Layout is
studied through SPICE and Cadence simulation results.

1. INTRODUCTION

A true RMS-t0-DC converter, that is able to convert
an AC signal into the DC signal in the RMS value, is
usually used for measuring the average energy content
in an electrical signal [1}]. The true RMS to DC
converter is found wuseful in the fields of
instrumentation, communication and display system,
for example, thermal RMS-t0-DC converter automatic
gain control and zero mean random signal etc. {1].
Many true-RMS-to DC converter circuits do exit in
the literature [2-4). However, their design methods are
based on bi-polar integrated circuit technology and the
RMS-t0-DC  conversions are mostly performed
through the use of a full-wave rectifier and-a
multiplier/divider circuits employing a log-antilog
principle. Due to the bandwidth and the slew-rate of
the full-wave rectifiers, the accuracy and the useful
frequency range of the converters are limited. And the
size of the circuit is quite large, because the design
methods are based of the use of OP-AMPs
(Operational Amplifiers)[5]. The purpose of this paper
is to present a CMOS circuit design technique for the
realization of a true RMS-to-DC converter, where a
grounded capacitor is used. A full-wave rectifier is not
require for this realization scheme. The conversion
circuit is simple, suitable for implementing 1in
monolithic integrated form. The performances of the
conversion circuit are studied from SPICE of Cadence
simulation results.
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Fig. 1 A Squaring circuit

2. CIRCUIT DESCIRPTION

2.1 The Class AB squaring circuit

Consider the schematic diagram of the squaring
cireuit in Fig.1. Transistors M, through M. function
as a class AB amplifier circuit. The transistors M, and
My are biased by the bias current Ipand Ipy=1ip3=
Ip. Assuming that all the MOSFET transistors are
biased in the swrong inversion region, an input signal
current /i, is injected into point B, then the currents
Ip2 and Ipy4can be respectively written as

(41,-1,)
Im:T foc  |[a|S4D, (1)
and
(4, +1) :
Io, _T for an’s‘”a (2)

Since transistors M and M, form the negative

current mirror (CM,) that reflects the current Ip;
(current transfer ratio of 1:1) in order to add with the
current /74, then the output current I s¢ becomes
. Il
Isg=dpy 1y, =2, +2 (3)
&

We can see that the current ISQ consists of the DC

curreat 27, and the signal current that is the squaring
of the input signal I;,.

For a voltage mode, the input voltage V,,, will
applied at port A and the conversion resistance R, that
convert the input veltage ¥;, in to the input current
1jn , is connected at port B, By assuming the voltage at



port A is accurately transformed to port B, where
1, =V, /R [6], then in this case the current Isg can
be expre.sscd as
VZ
From the egns. (3) and (4), if the DC currents 2/,
can be compensated, the circuit will be functioned as a
squaring circuit. This class AB current squaring circuit

will be the key circuit building block to realize the true
RMS-to-DC converter.

—2I+

Fig.2 Schematic diagram of true RMS-to-DC converter

2.2 The Proposed True RVS-to-DC converter

The proposed true RMS-t0-DC converter circuit is
shown in the Fig.2, where the circuit is composed of
the class AB squaring circuit in the Fig.l in
combination with four current mirrars (CM; through
CM;). From the circuit of Fig.2 and from the eqn.
(3), since the drain current of the transistor M of the

current mirror CM; sources the current 2/ from the
current [SQ , the current 5o can be expressed as

]J

o ™ 2

81,

(5

By the reflection of the current mirror CM,
formed by transistors M,, and Mu, the current Isq
is injected into the first-order current mode low-pass
filter or the averaging circuit, which is formed by the
current mirror CM; and the capacitor Cor that
connected in parailel to the current mirror input. Then
the current {4} can be wriuen as

I

[ i

81, T,

1' dt 6)

where 7 = is the time constant of the filter and

19
&my is the transconductance of the transistor My
Noting that the capacitor Car is a grounded capacitor. We
design the current mirror CM s such that: the drain current
of the transistor M, sources to compensated the bias

current 2/p, and the bias current passes through the class
AB amplifier cicuit Ib I4y. The drain current of the
wansistor M. Ing = I4y is the input aurent of the
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tegative current mirror M, | If we sct the dimension of
the transister M7 equal to 3 times of the dimeasion of
the transistor Ms, then the output current IgaAsS can be
expressed as

RMS JEIAV = \lgla N
From the eqn. (6), by setting [y = /4 and solving for
141, we can write

1, =

4‘

Andfruntheeqm(’?)and(S)mdsotvingforIan,weget

If di )

Iys = —ji dr

9

We can see from the equ. (9) that the output current
is in the form of the root-mean-square value as
required. For the voltage input mode, ¥}, is applied at
port A. Similar to the calculation of /gass, from the
eqns. (4) and (9) with R,= R, the output voltage Vrass
can be expressed as

]
VM=IMS>‘R4:\FEK:O,“ L))

However, in order that the proposed rms-to-dc
converter give a good performance in the required
frequency range, the value of the capacitor C4p must
be chosen such that
8-”'!0(«&:!
4 f(m.")

where fimip) is the lower end of the frequency range
of interest, and

Cow >>

(n

Mgy = 2K W /L AV (12}

For example, when Kp = 4.4927% 107 AV?, W=50
HE L =5HM and Ipjg = Ty, where Jpz1s the peak
amphtude of the input signal. Then gm;g(mm) can be
given by EMigmey = 29.98x10”7 J1, AV
C 4 must be chosen such that

2.39%107 1,

{min)

If a sinusoidal mput signal with [37 = | mA and fAIN)
= 100 Hz, the averaging capacitance must be chosen such
that Cqp >> 0.75 HF. Therefore, C4qp = / HF must be
employed.

It should be noted that, although, the output of the
circuit of the figure 2 is in the form of the root-mean-
square values, Vpass or JRpss. The circuit can be
casily modified to provide the output in the form of
the average values Vavg or [ayg , where

== ﬂvm| dr

. In this case

Cp >> (13)

(14)

Loy =? J]J(:)| di (15)

From the relation between Vpass and Vg and
between fppss and [avg, we get



Vop = 0V (16)

In this case, we will set the dimension of the transistor M7
equal to 0.9 8 times of the dimv.ension of the transistor M

YI
ccir- z,
x’ CA\’
nE oSl I

Fig.3 Block diagram of C-mulitiplier cireuit

23 A Current-Controlled Capacitance Multiplier

From the equ. (13), 1t is indicated that, for an /gpgs with
low ripple, a larpe capacitance is required. This value of
capacitance is not suitable for monolithic integration. To
reduce the size of the capacitor used, a current-controlled C-
multiplier as shown in the Fig. 3 is presented, where the
current conveyors (CCIIs) that reported in reference 7 have
been used. The current-controlled C-multiplier, which is
compased of two CCII (CCI+ and CCI-), is similar to the
voltage-controlled C-multiplier proposed in the reference 8.
But, in this case, the input signal is a current signal that
injected into port X, and the capacitor C 4/ is connected at
the pot Y, If we let n = RyR;, the value of the
capacitance that appeared at the pert B to ground or Cpop
will be equaled to

CBQV =nC,, = (RJ/RI)CAV

(13)

Table.l Transistors dimension

Transistors Wum) | L{um) 1
M1 M2,M3,M4, T 200 5
M5, M6, M8, M9, Mi0,M11, 100 5
MI12. MI3,M14.MI5.M17
M7 283 5,
Mi6 200 5
R

Table.2 Summary of the characteristics of the cireuit of Fig. 2

T 1
| Parameters Simulated results

Supply voltage (rated)

+3V o F 5V
1A

3 Input current ranpe{max)

2%Max. nonlincarity,

LGam ror 10pA to ImA input
Peak amptitude value -3dB bandwidth
Iv =10 pA (L% M vatey) I MHz
=100 A (10% 0T v x) ) 5 MHz
IV = 200 pA QO% O IvLAY) ) 10 MHz
Iy = 500 A (509 Of {pvndaxy ) 20 MHz
Ipv= 900 yA (0% 0T IvLa)) 40 MHz

Ixy = 1000 pAL100% Of fivadAx) )

L 45
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Table.3 Equivalent capacitance of C-multiplier cireuit,

n Expected Equivalent
Capacitance (F) Capacitance (F)

1 InF 0.983nF

10 10nF 9.73 InF

109 100nF 1 96.73nF

1000 TuF 0.955uF

3. SIMULATION RESULTS

The characteristics of the converter were studied
through the simulation results using SPICE and
cadence simulation results. The transistor dimensions
of the circuit in Fig.2 are in micron and are listed in
the Table 1. The dimensions of all the transistor of the
circuit in Fig.3 are W=50Hm and L=5Mm. The
simulation was carried out using the transistor
parameter of the 0.5 microns SCNOSH Technology
MOSIS process. The simulation characteristics were
listed in the Table 2. Note that the circuit exhibits the
bandwidth of 45 MHz at {7y = | mA,,,. The maximum
conversion nonlinearity, for the input signal in the
range from 10 HAnL, to 1 mA.,,, of about 2 % was
achieved. The simulation for the frequency responses
for the sine wave input current signal with the
amplitude of I, 10, 20, 50, 90 and 100 percents of the
full scale current (/jy(Ar4X)=1mA) were also carried
out. The results show the bandwidth of about 1 MHz,
5 MHz 10 MHz, 20 MHz, 40 MHz and 45 MHz,
respectively.  Fig.4 shows the plots of the percent
ripple of {aus versus frequency of the circuit in Fig.2.
The percent ripple of {aus versus frequency, simulated
from the SPICE-compatible text file that extracted
from the Layout in the Fig.5 by using the Layout
extractor of the Cadence program, is also plofted in the
Fig4. The simulation results demonstrate that the percent
ripple is small for high value of Cav . To reduce the size of
capacitor suitable for monolithic integration the C-
muitiplier circuit is incorporated in the true RMS-to-DC
converter. The Analog Artist Design Environment 1s used
to similation the C-multiplier characteristic. Table.3
shows the Cav of the C-multiplier circuit of Fig.3

Fig.6 shows the /aus of the triangular input signal from
the circuit in Fig2, when tnput signal is a tiangular
waveform with the amplitude of ImA, f= lkHz The result
shows the DC signal with the amplitude is 0.577V. The
circuit is also able to convert the square-wave AC signal
into the DC signal in the RMS value.

However, the simulation performance of the circuit
using SPICE is much depending on the chaosen
transistor parameters. Therefore, in order to test for the



circuit workability, the performance of the true RMS-
t0-DC converter circuit and the C-multiplier circuit
will be further studied through the layout by using
Cadence’s IC Circuit Design Systems, which is an
integrated circuit design software running on
Workstation, Using the Virtuoso Layout Editor of
Cadence's system drew the layout. Fig. 5 shows the
layout of the RMS-o-DC converter. The Diva
interactive Electrical Rules Checker program, which is
the layout extractor in the Cadence program, was then
employed to translate the layout drawing into the
SPICE-compatible text file for the simulation.

[ Roole
0%

I~

l&lo éoa \d'm 5000 wocba

o

Froguancy (M1}

Fig.4 Plots of percent ripple versus frequency for
difference value of Cuy

Fig.6 The output current of the true RMS-to-DC converter.

4. CONCLUSIONS
The wtue RMS-to-DC converter that 15 more
suitable for meonolithic integration is proposed. In
order to teduce the value of the capacitor, the

capacitance multiplier circuit has been used. The
realization scheme is suitable for implemented in
standard CMOS process. The characteristics of the
proposed are confim from SPICE and Cadence
simulation results.
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Abstract

In this paper, a novel CMOS circuit configuration for the realization of a four-quad_ranl analog mul_u'plier is
presented. It is based on a source-coupled pair which is modified to work as a voltage squaring and a sun_lldlffe‘rence
circuit. The proposed multiplier has been simulated with HSPICE, where —3dB bandwidth of 100MHz is achieved.

The power consumption is about 1.5mW , from a +2.5V supply, and the total harmonic distortion is less than 0.8% ,

with a 1V peak-lo-peak SMHz input signal.

Key word: Four-quadrant analog multiplier. Squarer, MOS analog integrated circuits

1. Introduction

An analog muldplier is an imporlance basic
puilding block for whe design of analog nonlinear
funcuon circuits, for examples, frequency (ransiation,
waveform  generation, lnear meodulation, neural
networks, and other signal processing circuits. Usually,
the variable ransconductance technique which operates
on Gilbert's translinear circuit is widely used for the
design of multiplier circuits in Bipolar and CMOS
technoiogies. The other approaches in CMOS
technology are that based on square-law characteristics
of MOS transistor which are biased in saturation region
(1], [2], [S], |6], and that on the current-voliage
charactenistics of MOS (ransistor in tbe nonsaturation
region f4]. While the common source diffcrential-input
squaring circuit with resistance load is always used for
the quarter-square technique [2}. The  muliplier
proposed in this paper also uses the square-law of the
MOS transistor based upon the quarter-square algebraic
identity, But, however, the proposed circuit does not
require resistors to obtain the cutput signal in voltage.

2. Circuit description
2.1 MOS Differenual Squaring Circuit

Fig. 1 shows the voltage squaring circuits
which are made up of a differental-input source-
coupled pair. Assuming that all NMOS devices in Fig, 1

(a) are biased in the saturation region with individual
wells connected to their sources 10 eliminate the body

effect [3]. If the differential-input vollage V| with the
same common-mode dec voltage Vi is applied. the drain
currents of MOS wansistors can be expressed as

4 2
[dlerl(VCf*_-_;——Vol—VT)_ ()

|4 2
1, :Kg(vc——ii—vol ~V,) @)
[d3:K3(VG3_—VSS_VT)2 (3
Ly +1ay =14 @
where K = 1,C, W, /2L is  wansconductance

parameter, g, is the effective surface mobility, C,, is

the gate capacitance per unit area , and Vr
threshold voltage of the transistor, respectvely.

“'41 ,}"Jz
*c M, v M,
Vv, !
- o—
I
VGJo—[ M,
V.

Fig.! (a). Source-coupled pair circuit

‘f“ ¢[‘“

M, v, M, T
C_
|l
I:{L__‘M]

VS

5

Fig. 1 (b). Voltage squaring circait

is the



 Let M, and M, are identical, and the aspect ratio of
M, be wwice that of M. Substituing eqns. (1), (2},
and (3) into eqn.(4), the output voltage V,, of the

squaring circuit in Fig. 1{a) can be given by

where Vi — Vg is the gate-to-source voltage of M;.
On the other hand V,; can be rewritien as

z

V. /2
Viss "VT
{6)
1
If the approximation of the form 1+ x '_«'H--ix for

Vo=Ve Ve = (Voo = V1), [ 1-

le <<] is employed, then egn.(6) can be approximately
writien as

2

Vv, =V, -V Ve 7
= — -+ —
ol C GA3

S(Vcsa “VT)
where, for good approximauon, the value of the
differential-input voitage V, should be resmicled to

(Vi f2(Vgs5 —Vr) << 1. It should be noted from eqn.

(7) that the output voltage V,, includes a component
that is proporuonal to the square of the differenual-input
voltage V. Therefore, the source-coupled pair circuit
as shown in Fig. 1{a) can be used as a squaring circuit
for quarter-square multiplier.

Fig. 1(b) shows the voltage squaring circuit
which is medified from the differential-input source-
coupled pair. Let M, and M, are identical, the aspect
ratio of M; be twice that of M, and M, . Assuming
that all transistors operate in tbeir saturation region, the
drain currents of M, - M, can be written as

1% )
[d‘l ZK,(VC+—21—V02—VT)' (8)
v, 2
!y :K'z(vc—’“z_"voz_vr) 9
1d3 = K:& V. =V _Vr)z (1%

where, n this case, tie output voltage V,, becomes
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V.= (Vc _VT)2 _(Vss +VT)2
o UV, — Vg —2V,)
2
+__,i,_~ (1
S(Vc - Vss “ZVT)

The output voliage V,, is related to the square of the
differential-input voltage V,. The eqns. (8)-(11) are
valid if (Ve — Vg5 =V, /2) > 2Vr, where all devices are

biased in the saturation mode. However, it should be
noted that the linearity of the circuit in Fig, 1(b) is better
than Fig.1 (a) and more suitable to design a squaring
circuit.

2.2 Sum/difference circuit

Fig. 2. Sum/difference circuit

Fig. 2 shows a sum/difference circuit based on
source-coupled pair M, M, with M, ~-M, act as an
acuive foad. Assuming that the ransistors M, ~ M, are
identical with transconductance parameter K and are
biased in saluration region, the differental voltage
(V| —V,) can be expressed as

V,-V,=V_ -V (12)

g5l gs2

where V., and V,,, are the voltage drop from gate-(o-

source of transistors M, and M, , respectively, which
can be given by

I
Vor =g T
and
!,
Vo= ra +V, (13)

By substituting eqn.(13) into eqn.(12). we get



-V +

ouf

l [ss [:J]Ei{ M, M,
. 7

Fig. 3. The proposed four-quadrant analog multiplier

JEW, -v)y =1, -1, 14)

And the differential-output voltage V,, is given by

V,, =V, .-V

o5 253 gsd

NSAENTENIN (16)

From the circuit in the Fig. 2, the drain current of
ransistor M, is equal to the drain current of A ; and

(15)
or

the drain current of M, is the drain current of transistor
M, . Therefore, from egn. (14) and eqn. (16), the
differential-output voltage V. can be written as

V.=V, -V, an

where the common-mode dc voltage V- at the drain of
Uransistors M, and M, are written by

V.=V, - JLS—S—+V EIS)
¢~ YDpD IZ)%T T

From eqn.(17), we can see that the output voltage V__ is
a linear function of the differential-input vollage
(V} —V,) . This means that the circuit is function as a
unity-gain linear amplifier, where the operation range of

the circuit is limited by [V, —V,| < {1 /K .

2.3 Quarter-Square Multiplier

By combining the source-coupled palr circuit
or voltage squaring cucuit with the sum/difference
circuit which are shown in Fig. 1 (a) - (by and Fig. 2,
respectively, the complete four-quadrant analog
multiplier is shown in Fg. 3. For good lincarty, the
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voltage squaring circuit of the Fig. 1(b) is selected. The
multiplication is achieved by subtracting the square of
the difference from the square of the sum of two inputs,
where the output voltage V_, is obtained as

!

_ V4V -, -V
(Ve ~ Vs —2V,)

= (19)
2V, -V = 2V;)

our

where V- 1s the common-mode dec voltage of voltage
squaring circuit which is shown in eqn.(18).

3. Simulation Results

The proposed multiplier circuit of Fig. 3 has
been simulated by HSPICE using the model parameters
of HPG.5u level 49 CMOS process. The aspect ratios
of transistors M;—M, and Mg;-M; are 5/5, M,
and M,, are 10/5, respecively. The power supply
voltage is +2.5V and the bias current [ is 1004 .

The dc characteristic curves of the proposed
muluplier are shown in Fig. 4, where it should be noted
that the linear input voltage range is almost the same as
the range of the sum/difference circuit.

Fig. 5 shows the application of the multiplier (0
work as a modulator. ¥, and V, are sinusoidal signals
with peak amplitude of 0.5V, and the frequencies are
IMHz and 15MH?z .

The total barmonic distortion against input
voltages is shown in Fig. 6, where the input voltage V,
is dc voltage and V; is the sinusoidal input voltage with
the frequency of SMH7 . The maximum THD at both
the input voltages of 0.5V is about 0.73% . and the
power consumpton is about 1.5mW .

To measure the frequency characteristic of the
multiphier, a 0.5V dc voltage is applied to V, wiule V,



~ is the variable frequency sinusoidal input voltage with
peak amplitude of 0.5V . From the simulation, the
—3dB bandwidth up to 115MHz is achieved.

Vou(V)

100m

som -

-50m

-100m ]

V(W)
Fig. 4. The uansfer characteristc curves of the
multiplier

Vour(V)
toom AT ST TR

Tiune(S) .
Fig. 5. Amplitude modulator with two sinusoidal inputs

4 Conclusion

A new NMOS (our-quadrant analog multiplier
base on the differential-input source-coupled pair has
been presented. To obtain the differential-output
voltage, the proposed circuit is performed by using two
squaring circuits. There performances have been
demonstrated by using HSPICE simulations.
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ABSTRACT

This paper shows that the current-mode FTEN-
based lowpass filter and its inverse filter obiained
from the optimal voltage-inode op-amp-based
Sallen and Key lowpass filter (Saraga Design)
using RC:CR dual transformation preserve the
optimal passive sensitivities and have better active
sensitivities.

1. INTRODUCTION

Analog circuits are always requested to work
at high frequencies where digital signal processing
faces difficulties with implementation. In particular
recent increasing needs of wireless
communications, such as W-CDMA, Bluetooth,
ITS, etc., require analog circuits which process
signals in a giga-hertz frequency range [l].
Nowadays, Semiconductor Industry Association
needs low power consumption chip and analog and
digital circuits are implemented on the same chip
using the same dc power supply that is less than
1.5 V and will decrease to 0.5 V in 2011 [I]. In
order to correspond to the severe demands for high
frequency and low power-supply voltage operation
on analog circuits, current is found to be a key
word in the 1990°s. So, current signal processing is
one of the most promising solutions. Circuits With
current input and output signals are often called a
‘current-mode’ circuit. Reduction in power—supply
voliage restricts voltage-signal swings extremely.
Te avoid this problem, current-mode circuits are
used because current-signal swings are not
restricted by power supply voltages.

Because passive and active RC circuits are
already excellent tabulated, if we can use some
transformation to obtain their current-mode circuit
counterparts and use proper active devices. They
may have better performances. In this paper, we
use the optimal voltage-mode op-amp-based Sallen
and Key lowpass filter (Saraga Design) as the
prototype because it is still popular 1o use in many
fields such as wireless communications [2}. We,
also, use RC:CR dual transformation and nullor

Mixed-Signal Laboratory
Department of Electronics
Faculty of Engineering
King Mongkut's Institute of Technology
Ladkrabang
Ladkrabang, Bangkok 10520 Thailand
Phone: (662)-(02)-326-7723
Fax: (662)-(02)-326-9968
E-mail: kswanlop@kmitl.ac.th

network analysis as design tools to obtain its
current-mode circuit- counterpart both lowpass and
inverse lowpass filters [3-8]. We use four-terminal
floating nullor (FTFN) as an active device because
of its versaulity (3], [6-9].

2. REALIZATION

The prototype of a {Joltage-modc op-amp-
based Sallen and Key lowpass filter [10] is shown
in Figure 1.

Fig. | A voltage-mode op-amp-based Sallen and
Keay lowpass filter

The voltage wansfer function of the circuvit in
Figure | is as follows:

kiR R, C,C
§ J{ (L‘L)]J,_ !
< chr RC5 ) RRCIC,

where

Ry . . ;
k=14 e noninverting voltage gain (2)

G

K =k{R,R,C,C; - voliage ain constant (3)

I/R,R;C?Z ::polc angular frequency (4)
JI/R,R; (", )
i I
+ —_—

R

o = pole (5)
RC, Rza, Y

P1e
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Saraga Design equations are as follows:

k= %.C, =\30,.C, =1,

! ! R, O ©

pa’p, ’ \E&JP'R: \E

Follow the proposed procedure in Reference [8],
the obtained current-mode FTFN-based Sallen and
Key lowpass filter is shown in Figure 2 and its
inverse lowpass filter is shown in Figure 3,
respectively.

R, =

Fig.2 The current-mode FTFN-based Sallen and
Key lowpass filter

Fig.3 The current-mode FTFN-based Sallen and
Key inverse lowpass filter

For ideal FTFN, the current transfer function
of the circuit in Figure 2 1s as follows:

1 KR RCiCy

i, i I (1K) i
SoAs  Tr Tt o | e
RiCy RIC,  RyCh | RIRCIC

where

(7}

. R . . .
k'=1+—Y - noninverting current gain (8)
v
K' = k'/R;R,CC, = current gain constant  (9)

o', = JI/R/RYCC (10)
VI/RIR,CIC

Qr=-7 Y (1)
R +
RiC, T R)Cy | RLCH

498

Equation (7) is equal to equation (/) if one set
of the following added important conditions is
satisfied. )

The first set of added important conditions are:

R, =C,C, =R,.R, =C,.C,=R,,
{ 1 l' FAEAY; 2 2 2 (]2)
Ry = Rg.R; = Ry

The second set of added important conditions

.R; :R;,C; =C],R:? = R2,C3 :CZ'

' ' {13
Rp = Rg. R = R, R, Gy = Ry)C, )

But for Saraga Design, the equation (J3) is
impossible. So, equation ({2} is used in this case.
We get the following relations:

K=k K =Ko, =0,0,=0, (4
So thag, .

I v,
o ¢ 15
Y (15)

’
For real FTFN, we consider nonlinearities of
voltage and current too. Let

I-¢|e|<< I (16)

o
and

g

Ii

1-8 06| << 1 (17)
where

a = voltage tracking coefficient

£ = volage tracking error

S = current tracking coefficient

& = current tracking error
So that,
= av, (18)
and

L=, (19)

The real current transfer function of the circuit in
Figure 2 will be:

, ﬂ{kus{(a ~ I)C}R}[ré + %; +k']H

1 RCy+ K,
{SZ(R." R}C}C}) + S{R;Cf(; f;} + }':|+
(71—
FSJ(R}:?CICEZ)_'_
Rlz
)
2|3 G CiCaRi+|
GIR - CCRY

((1—-/ q£+q&}%

LR R * Lo
G5B (14K CyR)
Re
R
Re

R
L b ] R s



If equations (76) and (17} hold, then equation (20)
reduces to

-

I, _ (BRYRIRLCIC) o
L, { 1 (l—k'):\ !
55+ + + +

RiCi RC RG] RRCG

For Saraga Design, equations (/2) and (14} hold,
the equation {27) changes to

ﬂ k/RI RZCIC?

; J_[ ) ! (1~k)}
s+ + + +
RC, RC, RG | RRCC
where

k, K, oy and O, are the same as in equations (2)
to (5).

The same analysis is done for the circuit in
Figure 3. For Saraga Design and ideal FTFN, the
inverse current transfer function is the inverse of
the right-hand side of equation (7). And the same
analysis is done for real FTFN, we get the mverse
current transfer function as the inverse of the right-
hand side of equation (22).

(22)

2=

3. SENSITIVITY ANALYSIS
Since equation (22) is equal to equation
{1) multiplied by £, then all biquad parameters are

the same. Thus, all the passive sensitivities are
preserved.

The active sensitivities are as follows:
SHK =spr =5% =50 =59 =0 (23)
and

SE¥ =1 (for I-mode, LP filter) (24)
and

sg" = ~I (for I-mode, inverse LP filter) (25)

All active sensitivities are very low. Hence, the
current-made circuit is better than its voltage-mode
counterpart. .

-

4. CONCLUSIONS

This paper shows that using RC:CR dual
transformation with the optimal voltage-mode op-
amp-based Sallen and Key lowpass filter (Saraga
Design) to obtain the current-mode FTFN-based
lowpass filter and its inverse filter can preserve the
optimal passive sensitivities and have better active
sensitivities,
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ABSTRACT

In this paper, a four-quadrant current multiplier
circuit configuration based or the linear MOS
resistor which the output current is independent
from the power supply voltage is presented. The
proposed multiplier has been simulated with
HSPICE, where -34B bandwidth of 10AMHz is

achieved. The power consumption is about
2800 | from a x1.5V supply. The total harmonic

distortion is less than 1.2% , with a 204 peak-to-
peak 1MHz input signal.

1. INTRODUCTION

An analog multiplier provides useful importance
basic building block to design many analog signal
processing systems, e.g,., correlators, adaptive filter,
and curve-fitting generators. It is also applied to
amplitude modulation, frequency translation,
automatic gain control, squaring, square rooting
and neural networks, Many four-quadrant analog
multiplier design techniques have been reported in
Bipolar and CMOS technologies. They are, for
examples, the variable transconductance technique
[1], the wvoltage-controlled transconductance
technique [2], the technique based on linear
transconductor [3], the bias feedback technique [4],
and the use of square-law characteristic of MOS
transistor which are biased in saturation or
nonsaturation region [5], {6], [7]. However most of
those reported multiplier circuits require gresistors
in order to obtain the output signal. The multiplier
proposed in this paper also uses the square-law
characteristic of MOS transistor that is based on
linear MOS resistor, but achieves the single-ended
current/voltage output signal,

2. CIRCUIT DESCRIPTION

2.1 Linear MOS resistor
Fig. 1 shows the linear MOS resistor [9].
Assuming that transistors A, — M, are matched

pair transistors and biased in saturation region with
individual wells ccnnected to their sources.

Faculty of Engineering and Research Center for
Communication and Information Technology,
King Mongkut’s Institute of Technology
Ladkrabang
Ladkrabang, Bangkok 10520, Thailand.
Phone: (662) 326-9968, Fax: (662) 739-2398
Email: kswanlop@kmitl.ac.th

5.,
T
1‘“@1\42

Vss
Fig. 1. Linear MOS resistor.

Applying the input current [, we can express the
following equations
Vo Ve =Voo + sz

(D)

sl

where ¥, ., and V., are the voltage drop from

gate-to-source of transistors A/, and M,
respectively, and can be given by
L
I/?A_\I = Kl + V-’h
and
fay .
Vgx:! =7 tVu (2)
2
where K, =u4,C, W, /2L, is transconductance

parameter of transistor M;, u, is the effective
surface mobility, C,. ts the gate capacitance per
unit area , and ¥, is the threshold voltage of the

transistor. Substituting eqn.(2} into egn.(1), we can
write

\}K!(VDD_VS—ZVrh)=J[dl+ L (3)
From the circuit in Fig. 1, we find that
Ty =dg + 1, (4
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By substituting eqn.{4) into eqn.(3), we can express
the drain currents /,, , I4, and V, in the term of

the input current J, as

1 2 i
Ly =ZK1(VDD ‘Vss‘zV:h) —_2—

1,2
+ 2 ) (5)
4Kl (VDD - VSS _2V1h)

1 2 [n
1y :ZKE(VDD ~Ves -2V, ) + ."7.

;2
+ = 7 (6)
4K2(VDD —rss ‘2Vm)
and
]
Vo= u 7
° 4KV @

i"x

where ¥V, =(VDD ~Vy)=~Vs +V,). The eqns.
(1«(7) are valid when the transistors stay in their
saturation mode which is true if | V,| < V.

VJ"-D
5 !
—Vp+} fas 17
y M( ._*l M’,a L8
=t — &; g Vin
1:3 r 114 (

P

Fig. 2. Proposed current multiplier.

2.2 Four-Quadrant Current Multiplier

Fig. 2 shows the fourquadrant curent
multiplier which is modified from the linear MOS
resistor of the Fig. 1. Let M| — My are identical,

with transconductance parameter K,, and are
biased in saturation region. /) to [, are the input

currents of the multiplier. We obtain the outpul
voltage V| as

Vo = RITgy + 103) = ys + 1)) ®)

Let the input cumrents 7, =/, +{,, /,,=0,
ly=10, and [ =1,. From eqns.(5)-(8), this

output voltage becomes

R

V. =
2 Kl (VDD - V.‘S'S - ZV”, )1

al

fihy  {9)

180

The output voltage is equal to the multiplication of
the two input currents and a factor which 15 in the
form of the power supply voltage.

Fig. 3. Four-transistor linear MOS resistor.

2.3 Four-Transistor Linear MOS Resistor

Fig. 3 shows a fow-transistor linear MOS
resistor or a current-to-voltage converter [10].
Compared with the circuit structure of Fig. 1, the
differences are that the gate of transistor M, is not

connected to the positive supply. Transistors M,
M, and [p,, provide the bias voltage while
transistors M, M, perform the current-to-voltage

conversion.  Assuming that the transistors

M, - M, are identical with transconductance
parameter K and are biased in saturation region,
we can write the following equations

V,Q\‘I +Vgx1 = Vg.\'3 + Vpxd, (10)

f.f
V‘L-.-;i = Vg.vZ = ‘;)(—D + V.'.'r
7
S A
!
Vo =“—:ci + ¥, (1)

Substituting eqn.(11) into eqn.(10), we get

2'J"DD=\/}¢!3-+‘\/7¢J4 (12)

From the circuit in Fig. 3, we can see that
{46 =1, +1,. By substituting in eqn.(12), the

where

drain currents /5 and [, are written by

/ j:
Dowmd oy, — iy (13
d3 Do 9 1611)” )
! %
!’( :[ + " + L (]4)
14 = ton T -—_lél,,”



The total harmonic distortion is measured by
sefting the input current /; to 1044 dc current. /|

is the sinusoidal signal with peak amplitude of
10p4 and the frequency is 1AMHz. The simulated

maximum THD is about 1.2%, and the power
consumption is about 280K .

To measure the frequency characteristic of the
multiplier, a 104 dc current is applied to [,

while /, 15 the variable frequency sinusoidal input
current with peak amplitude of 10u4 . From the
simulation, the -34B bandwidth up to 10MHz is
achieved.

Vour (V)
e

-10u -Bu -u -4 -2u 0
1A
Fig. 6. Transfer characteristic curves.

26 fu Gu Bu 10w

Vout(V)
§0m
240m

20m
0

-20m

sl I EWRUE NPWDS S
‘ ! '

-l

i

-60m

Time(S)
Fig. 7. Amplitude modulation of sinusoidal signal
with triangle signal.

4. CONCLUSIONS

A new low-voltape current-mode CMOS four-
guadrant analog muitiplier based on the square-law
characteristic  of MOS  transistor has been
presented. The proposed circuit obtain the single-
ended current/voltape output that is performed by
using current mirrors and linear MOS resistor.

182

Their performances have been demonstrated by
using HSPICE simuiations.
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ABSTRACT

A novel continuous-time current-mode
differentiator, which is composed only of internally
compensated type operational amplifier (OA) and
operational transconductance amplifiers (OTAs), is
proposed.  The differentiator is suitable for
integrated circuit implementation in either bipolar
or CMOS technologies, since it does not require
any external passive clements. Moreover, the
differentiator gain can be eclectronically tuned
through adjusting the bias currents of the OTAs.
The performances of the proposed differentiator
and its applications to realize current-mode transfer
functions and driving-point impedance functions
have been demonstrated.

1. INTRODUCTION

Presently, their has been a strong motivation to
design resistor-less and capacitor-less filter circuits
utilizing the finite and complex gain natures of
internally compensated OAs and OTAs. This is due to
the fact that they are very suitable for high-frequency
operation and for monolithic integration [1]. Some
implementations in active-only filter design based on
OTAs and OAs are available in the literature [2-3]. It
is well accepted that a differentiater is an important
circuit building block that is widely useful in many
applications, such as, in automatic control systerns,
communication ard instrumentation systems [4].
Although some differentiator circuits have been
reported [5-6], the implementation of a continuous-
time cwrent-mode differentiator that employs only
active elements is not yet available.

Therefore, a new circuit configuration for
realizing an active-only current-mode differentiator is
proposed in this paper. The proposed current-
mode differentiator consists solely of the active OA
and OTAs. The differentiator can be implemented
in integrated circuit form with small chip area,
since no passive element is required. The ctrcuit
characteristic can be wned by adjusting the
transconductance gains of the OTAs. In addition,
since this circuit provide high outpur irhpcda.ncc,
filter networks in cascading form can be easily
implemented. The workability of the proposed
differentiator and some applications in the
realization of active transfer functions have been
demonstrated by simulation resuits.
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2. THE PROPOSED CURRENT-MODE
DIFFERENTIATOR

Fig. 1 : The proposed active-only

current-mode differentiator

Figl shows the proposed current-mode
differentiator. 1t 1s constructed only with an OA and
duat-current output OTAs, where the plus and minus
current outputs of the dual-current output OTA indicate
the positive and negative polarity, respectively. If ey, is
the 3-dB bandwidth of the OA and by considering the
OA for the frequencies @ >> gy, the open-loop gain
A 4(s) of the OA can be approximately given by

A, _ B

A

Apal(s)=

(1y
S,
where £ denotes the gain-bandwidth product

{GBP) of the OA, which is the product of the dc
gain A, and the 3-dB bandwidth w,. For the
OTAs, let gy and g2 denote the
transconductance gains of the OTA1 and OTAZ,
respectively. Therefore from the elementary circuit
analysis, the cument transfer function of the
current-mede differentiator shown in Fig.1 can be

derived as

I, (s) _ 5| B2 :s[i]

L(s) Bl g 8
where A denotes the differentiator gain, which 1 the
ratio between g2 and g, 7. Equation (2) indicates that
the relationship of the currents /, and f; is in the fomm
of the differentating action as required. It should be
noted that, for the bipotar OTAs, gy = Ig/2V T and
gm2 = Igx2VT, where V7 is the thermal voltage and
igt and Ipy are the bias currents of the OTAL and
OTA2, respectively. [n this case, the temperature

(2)



dependence of the transconductance gains g f and gm?
are also compensated.

In case of the non-ideal performance of the current-
mode differentiator, the parasitic effects of the OA and
OTAs are taken into consideration. Therefore, the
frequency response of the cumrent-mode differentiator
in Fig.1 that including the second dominant pole of the
OA and the transconductance internal-pole of the
OTAs can now be given by

1,(s) =S[1+rbs:||:l+rds}|: L ] 3)

1.(s) B Eoor | 1H7T.8
where 13, (= 1/@p) is the second dominant pole of
the OA, and 75 (= Vaog) and gpp are the
transconductance internal-poles and the low
frequency transconductance gains of the i-th OTA
(i = 1, 2), respectively. Since these poles are
usually equaled (ot 707 = 72) and let us define that

AGO = gmo2/gmoi 1s the dc differentiator gain,
then equation (3) can be reduced to

L) _ [ Aoy,
1 0) -s[ R :|(I+ +5) (4)

The frequency charactenistic of the propesed current-
mode differendator has a de current gain equaled to
equation (2) and has a high-frequency domirant zero
located at wp.  For example, the commercially
available LF356N OA has the gain-bandwidth product
B = 2m(4.5)x 10° rad/s and the second dominant pole is
@p = 2r(9)x10° rad/s {7]. Hence, the major high-
frequency limitation of the proposed differentiator is
approximately located at 9 MEHz.

3. APPLICATION EXAMPLES

In the following sections, we will demonstrate the
usefulness of the proposed current-mode
differentiator. An application to realize current-tnode
transfer functions employing the proposed
differentiator as an active element is infroduced. Some
application examples to simulate driving-point
impedance function elements are also presented.

3.1 General first-o1 ler active-only current-mode
filter

Fig.2(a) shows the basic block diagram used to
penerate the general first-order transfer functon {8].
Based on the use of the proposed differentiator, the
guueral first-order active-only current-mode filter can
be implemented and shown 1n Fig.2(b} with the gains
Kt = gm78m6, K2 = AGB = gm2/gmiB, K3 =
gms/&m3 and K4 = gma/gm3. The cwment transfer
function of this configuration can be given by

g0

L,(s) _ _[sK,K, +K,J )

I.(s) sK,K, +1

The natural frequency @, for this case can be
written by

gnfguJB
w8 ms

w, =

(6)

Clearly, the natural frequency g, can be properly adjusted
ttrough the transconductance gains of the OTAs. In
addition, for the bipolar OTAs, the termperatire sensitive
on the parameter ey, 1s also compensated.

o

Fig. 2: General first-order building block
(a) block diagram representation
(b) circuit implementation

3.2 Capacitance multiplier

Fig. 3(a) shows the circuit diagram for the
application of the current-mode differentiater to
realize a grounded capacitance multiplier circuit Tte
analysis vields the dnving—point” impedance function
as follows :

1 B
Z ()=~ (7
S[gmﬁc}

where the magnitude of the grounded simulated
capacitance can be given by

Sy (8)

RS A



1t is seen from equation (8) that the magnitude of the
equivalent capacitance Ceq can be electronically
controlled by the cument ratio AG and/or the
transconductance gain g, 3. Moreover, the grounded
capacitance multiplier of Fig.3(a) can ccnveniently be
converted into a corresponding floating capacitance
multiplier by using only an additional dual-current
output OTA2 as shown in Fig 3(b).

Fig. 3 : (a) grounded capacitance multiplier

(b) floating capacitance multiplier

3.3 Inductance simulation

An application of the proposed current
differentiator to simulate a tunable grounded
inductance simulation circuit is shown in Fig.4. In

this case, the magnitude of the simulated
inductance can be given by
L, :[M] (9)
EniBnsB

Since the ratio of the bias cument 4G and the
transconductance gams, g,y (i =3, 4, 5), are electronically
vanable, the smrulated-grounded mductance magnitude
will also be electrorucally varizble.

Fig. 4: Inductance simulation

4. SIMULATION RESULTS

PSPICE simulation has been carded out to
verify the performance of the proposed current-
mode differentiator, In this simmlation, the OTA is
modeled by employing CA3080 type OTA with a
macro model, whercas the dual-cumrent output
OTA is constructed by using paralleled-connected
single-ended OTAs [9]. The nA741 type QA with
the gain-bandwidth product B = 5906 Mrad/s is
used {2]. Fig.5 shows the simulated frequency
responses of the proposed differentiator. The
obtained results prove that the circuit acts as
differentiator with a slope +20 dB per decade from
10 Hz to 1 MHz and has 10% phase error from
about 30 Hz to 500 kHz.

]
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i
™
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o

g %
B N R 80
< 3
m 40 r
oo | =
= i o
E .-
= H I40
© 80 | T

120 ¢ R fy

10 100 1k 10x 100k M S
' Frequency (Hz}

Fig. 5 : Frequency responses of the proposed
current-mode differentiator

To verify the characteristic of the first-order
active-only current-mode filter, the filter of Fig.2
(a) was constructed as the high-pass filter with the
transconductance gains having the following values
1gm2=10mS and gm3 = gmd = EmS = &mé& = 8m8
=1 mS. The simulated responses for the high-pass
output are shown in Fig.6 with gy, 7 varying from |
mS, 0.5 mS and 0.1 mS. The filter cut-off
frequencies are obtained from 103.69 kHz, 52.43
kHz and 10.56 kHz, respectively, which is the
same as the expected values given by equation (0).

2

Currest gain {dB}

Frequeacy (Hz)
Fig. 6 : Simulated frequency responses of the

current-mede filter in Fig.2(b)
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The tunable active RC low-pass filter of Fig.7(a)
has been chosen to demonstrate the performance of
the grounded capacitance multiplier in Fig.3(a).
The filter was built with Ry = 1 kQ, gps = 1 mS
and gm;m3 = 10 mS. The simulation results when
the bias current ratic AG (= gm2igm?) is
respectively adjusted to 1, 5 and 10 are shown in
Fig.7(b). The theoretical cut-off frequencies are
100 kHz, 20 kHz and 10 kHz, where the simulated
cut-off frequencies are approximately equal to
106.75 kHz, 20.38 kHz and 10.13 kHz,
respectively.

(a)
127 e ”
08 i
= 1
‘s
(1)
[+
(4]
=2
204 4
o o i :
100 1% 1ok 100k M M
Frequency (Hz)

Fig. 7 : (a) first-order RC low-pass filter
(b) frequency responses of the RC low-pass filter

5. CONCLUSIONS ’

An alternative scheme for realizing a
continuecus-time active-only current-mode
differentiator is presented. The proposed
differsntiator is realizable with only internally
compensated type OA ard OTAs and does not
require any external passive elements. Because of
1ts active-only nature and provides high output
impedance, the circuit is cascadable stucture and is
very compatible with integrated circuit
implementation in both bipolar or CMOS
technoiogies. Siuce the proposed circuit utilizes an
OA pole, it is also suitable for high frequency
operatien. The simulation results that agree well
with the theoretical analysis are proved to
demonstrate the feasibility of the proposed
differentiator.
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cos26=2cos -1 (1}
ABSTRACT :
_ A sinusoidal frequency multiplication by any c0s30 =2¢0s28 cos & — cos O )
integer factor based on OTA temperature-
insensitive is presented. The conception of circuit _ _
designs from relationship of trigonometry function. cos4d =2cos30 cos§ —cos 20 @)
The proposed circuit consists of multiplier and
voltage to current which it has temperature 0850 = 2c0s 46 cos g —cos 30 (4)
insensitive stability and improves dynamic range of X
signal input. All of these are this circuit advantage From above equation we can express a general
in practice. To illustrate this approach, the circuit is building blo‘fk m Fig. 1. The _FlB- I composes of
simulated in HSPICE. analog multiplier and summing amplifier. The
frequency multiplying is straightforward and with
1. INTRODUCTION out any mathematical approximation.

Recently, frequency multiplication is received
considerable attention because it’s used in analogue -
signal processing, communications and control cosd
system design. There appear researches to "1 -
frequency multiplication base on application of
analogue multiplier{1]}-[5], translinear principle(6]- ' -
[7]and fundamental-rejecting feedback[8].Most of c0s28 cos38 sl 1 <038

researches realize the frequency multipliers that are _ ) )
primarily used to extend the output frequency by Fig. 1 Block diagram of n-time frequency

multiplying the source’s fundamental frequency by multiplier
a specific factor. And it exactly, the output contain
besides the desired harmonic output, unwanted 3. PRINCIPLE OF OPERATION

signal. These unwanted signals consist of the
fundamental input signal leakage, and lower and
higher order harmenics generated in the multiplier.
Frequency multiplier is typically include of
OPAMP and transistor and very few approaches
include of OTA[8]. Notice that designed frequency
multiplier circuits has disadvantage. The design
circuits depend on the absolute temperature.

The major intention of this paper is to present an
approach for realizing frequency multiplier using
OTA. The proposed circuit can be generate output
at n times the input frequency. Trigonometric
identities are used to design circuit{2]. In addition,
we know that the characteristic of the OTA
dependent on the temperature and input voltage is
limited to less than 5¢ mV for linear operation.
Thus, the circuit is improved dynamic range and it
has temperature insensitive stability[9]

2. REALIZATION OF SINUSOIDAL

FREQUENCY MULTIPLIERS _ _ -

Using the trigonometric identity of cosine term Fig. 3 Temperature-insensitive OTA-based
analogue multiplier
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am, gm ————

Fig. 4 Proposed circuit of n-time frequency multiplier

Fig. 2 is temperature-insensitive voltage to
current comverter. We let gmZ >>} then output
current can be approximately given by [9]

1,V

Y 2 Y
Z’X

tz

= )
IB

1

From eqn.(5}, the output current I, can be settled
by bizs current ratio between Iy, and Ig;. The g,
and g.; which vary according to the temperature
change is compensated its value in the equation. In
addition, the dynamic range of input voltage can
approximately be given by V_ <|2V,+[,Z, | .So the
dynamic range can be improved by increasing I,
or Z .

Apply wput voltage V, to provide current bias
gz and adding OTA3 which acts as OTA2 , we get
the analog multiplier in Fig. 3

The output voltage can be expressed as[9]

va={102+InZ}Ro (6)
R vy oo
IB|RXR'A -
V,=kV,V, (8)
R
Therefore k= L=
IHlRXRA

From eqn. (8) shows that the circuit of Fig. 3

provides the function of analog multiplier and k is
the multiplication constant
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4. CIRCUIT DESCRIPTION
In the Fig. 4, the circuit is relationship of
tigoopometry function eqn. (1) to eqn. (4) and
building block in Fig. 1, we let express cos28,
cos38, cosd48 and cos50 .

VM:&Viz_l (9)
Ii,R\R,
R R,,1
v02=¢ olvvi'ﬂvi (10)
R R, IR,
vo=to vy Reb., g
IgsR,R IR,
R R..I
M=—O‘4 o3 Vv~ B V, 12)
Ia‘.'R-zRo IBS 4

5. SIMULATION RESULT

The performance of the proposed circuit is
verified by HSPICE circuit simulation program.
CA3080-type OTA’s is used to construct schematic
diagram of OTA. From eqn. (1) to eqn. (4) define
Roi/Tg 1 R{Ry=Ro2/lg3R3Rp=Rsa/lgsRiRe=
Rod/InfRRp =2 and Ralp/IaiRi= Raled/InsRo=
Rodlps/TasRe= 1. So we set Ig=Ip;=Ig=Ig=100uA,
IBZ=IB4=IB¢5=[BE=1OIJ.A,R,\:RB:R(::RDﬂlOkQ,
Roi=Ro2 =Ry =R = 100k and I,= 10puA. The
response of tie n-times frequency multiplier of
Fig. 4 is shown in Fig. 5. For 2V, with 1 kHz
frequency input signal, the output signal with
nearly to 2Vp.p amplitude and 2kHz, 3kHz, 4kHz
and 5kHz sinusoidal frequency can be simulated.
The spectrum of the output Vol Vo2 Vo3 and Vod



are shown in Fig. 6. The total harmonic distortion
(THD) of output signal (Vol, Vo2, Vo3 and Vod)
was calculated by program HSPICE. It was shown
in table 1. In Fig. 7 shows the amplitude of output
which vary according to the change of temperature
-30°% to 100%. It is clearly seen that the
temperature insensitive for the armplitude output
signal.

6 100w 300w 300w 400e 500w 600w 700w 800w 500 Lm
TDME(s)

Fig. 5 Input and output signal of the frequency
multiplier

S & T & Sk 10k

FREQUENCY (hartx)

PO U P U I

Fig. 6 Spectrum of the output of the frequency

multiplier
Frequency % THD
2xHz 0.57%
IkHz 1.09%
4kHz 0.95%
5kHz 1.4%

Table 1. Total harmonic distortion

AMPLI'I'UBE Vp-p)

W

- Vol — Vo3 % Expect
—+ Vo2 —— Vo4

V3020 00 10 20 30 4b 50 &b 70 &b 9% 1k

TEMPERATURE (°c)
Fig.7 Amplitude of output versus temperature

6. CONCLUSION

OTA-based temperature-Insensitive Sinusoidal
n-time frequency multiplier can be builded by
using relationship of trigonometry function. This
principle is exploited by employing the temperature
insensitive stability and wide dynamic range of
voltage to current converter circuit, based on OTA.
In addition, dynamic range of signal input can be
increased by increasing In or R.The dynamic range
of this eircuit was designed approximately +1V for
Ig=100uA and R=10k€). Simulation results have
been used to confirm the performance of the
proposed circuit
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ABSTRACT

Sitmple configuration of full-wave rectifier circuits
that using operational transconductance amplifiers
(OTAs) as only active circuit elements are
described in this report. The proposed method is
realized through the use of the differential pair,
which is the input stage of the OTA. The
realization method  that  suitable  for  the
commercially avatlable CA3280 OTA 1s also
proposed. [t is worth to note that the full-wave
rectifier implementation circuits consist only of
three OTAs. Performance of the scheme is
confimed thrcugh PSPICE  simulation  and
experimental results.

1. INTRODUCTION
A rectifier 15 one of important circuit building

- block in  analog signal processing, signal
conditioning and instrumentation systems. For
examples, it 15 employed to implement

agemodulators, peak amplitude detectors and RMS
converters. Usually, the rsctifiers can be realized
by using diedes and active circuit building block
such as operational amplifier and current conveyor
[1-2]. And the full-wave rectifier circuil that widely
used is operational amplifiers with diodes and
resistors. 1t should be noted that, diodes are the key
clements that provide the rectifying action.
Recently, in sicad of using diodes, several circuit
etements have been cmployed, such as, a single
transistor [3], the complementary transistor push-
pull ampiifiers [4-5), the class AB amplifier [6], the
operational amplifier supply-cusrent sensing [7;8],
and the translinear current conveyor [9]. However,
1t seems that none of them have been build by
using only OTA. In this paper, we proposed the
design of a simple and versatile full-wave rectifier
circuits using only OTA, which avoids the use of
diode. The circuit rectifier action is exploited from
the characteristic of the differential pair inside
OTA. Further, the proposed scheme pravide very
low distortion and high frequency response,

2. CIRCUIT DESCRIPTION

2.1 Basic principlc

Consider  the  differential pair  circuit
configuration that is shown in Fig, 1. It consists of
two closely match {ransisiors, Q, and @, whose
cmitters are joined topether and are biased by
current source fg, and the differential voltage V, is
applied between the base of the transistors. It is

well known that, if the differential voltage ¥, is

much greater than 2Fy, where Vr is the usual

thermal voltage, the circuit is saturate, the collector

currents become independent of ¥, and the current
Ig 15 flowing 1n only one of the transistors.

+ Q ¢
Y
Iy
Ver

Fig. | Differential pair configuration.

cC

L__4 out

T
o

Iy T—H

CM,

Fig. 2 Equivalent circuit of the CA3280 OTA.

ED
T

Ver

This action is similar to a rectification function and
will be particularly useful if we can use the
differential amplifier for the design of a
rectification circuit. Since the nput siage of the



OTA is the differential amplifier, therefore, in the
following sections rectifier circuits that make use
of the differential amplifier inside the OTA will be
proposed. Fig. 2 shows the equivalent circuit of ths
commercially available OTA CAJ280. It should be
noted that the equivalent circuit 15 similar to most
of the OTA. However, for the CA3280, it allows us
to access to the eminters of the differential pair,
which is a special feature of this OTA. We can see
that the terminal X is directly access to the emitters
of the differential pair. A rectifier circuit that using
this speciat feature of the CA3280 OTA is also
presented.

2.2 Half-wave rectifiers

In this section two new topclogies for the design
of half-wave rectifiers using OTAs are developed.
The first design method is shown 1n the Fig. 3. Let
¥i, 1s an input signal voltage and g., is the
transconductance gain of the OTA A, where
&m = {2/2Vr and [ 1s the bias current. The output
curyent of the OTA A, is equaled to J, = gV}, and
the current /; is fed as the bias current of the OTA
Az From the Fig. 3, if Ve >> 2Vg the output
current f; of the circuit can flow only in one
direction and can be expressed as

J’gmllfin for V:n>0
/ (D
0 for ¥, <0

n

Then the circuit is functioned as a half-wave
rectifier.

Fig. 3. The proposed OTA-based half-wave
rectifier circuit.

The alternative scheme for the realization of the
half-wave rectifier is shown in Fig. 4. This
configuration uses the advantage of the
cemmercially avaifable CA3280 OTA that the
emitters of the differential pair are accessible. The
OTA A, is the CA3280 OTA and the cutput current
I of the OTA A, is fed into the terminal X of the
OTA A, If /g 15 small, then there is the output
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current /; only for the case ¥, < 0 and flow out to
the output terminal of the OTA A,, where

0 Jor V., >0
I, = @

gmlI/in for I/m<0

fﬂ'l

Vin B li
-
VC + X l ) [2
A

Fig. 4 The haif-wave rectifier using CA3280 OTA.

2.3 Full-wave rectifiers

The positive half-wave rectifiers in the Fig. 3
and 4 can now be extended o form a full-wave
rectifier. Fig. 5 shows the circuit diagram of the
propased - full-wave rectifier that using the half-
wave rectifier of the Fig. 3. The OTA A, and the
OTA Aj; are biased such that fg, = 25y = 2/, where
21 = 283 = 22, The operation of the circuit can be
explained as follow. For V;, > 0, the current /, and
Iy of OTAs A, and A; can respectively be
expressed as

}rl = glefn = zgm[/iu (33)
and

j} = 7gm]lll‘n = —-gm[/:'n (3b)
Since the current [, is the bias current of the OTA

Ay, for Ve >> 2Fp then the relationship of the
current fy and /, are

12 = ll = 2801[/;:1 (4)

From eqns. (3) and (4), the output curent /.,
which is the summation of the currents f; and fy,
can be given by

[nur - 12+‘[] :ng:'n f()r I/fn>0 (5)
Simitarly, from the egn. (1} and for ¥, < 0, the

current /3 = 0. The output current /,,, can be given
as

Jrqu.' = J(3 = grﬂI/Jn fO!' I/I'n < 0 (6)



From eqns. (5) and (6), we can summarize that the
output current are in the form of full-wave rectifier
action and can be expressed as

]B

I irt (7)

jour = gleml =

2V,

Fig. 5. The proposed full-wave rectifier ¢circuit,

Alternatively, the full-wave rectifier can be realized
from the CA3280 OTA. As shown in the Fig. 6, the
OTA A, is the CA3280 OTA, the current ], input at
the terminal X of the OTA A, and the inputl signal
V.. 1s fed at the positive terminal of the OTA A;. It
can easily be shown that the output cumrent /,,,
becomes a full-wave rectification function as same
as eqn.(7).

Fig. & The full-wave rectifier using CA3280 OTA.

[t should be noted that the dynamic ranges of these
rectifiers are approximately equal to ¥, = Fr. Using
the lincarizing diodes inside the OTAS A, and
OTA A, can increase the dynamic range.

3. SIMULATION AND EXPERIMENT
RESULTS

To verify the performance, the circuits in Fig. 5
and 6 werc simulated with the PSPICE simulation
program. The OTA 3280 type is used 1o construct
schematic using bipolar transistor parameter for
NPN and PNP transistors, respectively {10]. The OTAs
bias cwrrents [y and [g were set 1mA and 0.5mA,
respectively, for g,,, = 0.02A/V and g, = 0.01A/V,
respectively. The power supply voltages were set
VCC= 'VE.E: 15V and VC =1V. Flg 7 shows the
simulated result for dc transfer charactenistic of the
proposed circuits. It is shown that the circuit
exhibits high accuracy and linearity for ¥, as small
as +20mV. The simulation result of the Fig. 8
shows the superpositon trances of the sinusoidal
input signal with fuli-wave recufiers signal. The
sine wave input amplitude is 10mV,, for the
frequency of 1K Hz and a toad resistance of Ry = 100¢0
It is seen that the circuit response is a very good
full-wave rectifiers. The experimental circuit is
constructed by utilizing the commercially available
dual CA3280 OTAs. The experimental result of the
Fig. 9 shows that the circuil exhibited very low
distortion for low-level input signal as full-wave
rectifiers.

" Fig. 7 DC transfer charactenistic of the proposed
circuits.,

Valtage (mv)

Time ()

Fig. 8 Simulation result,

"nd



Fig. 9 Experiment result.
Vertical scale : SmV/division
Horizontal scale ; 0.2ms/division

4. CONCLUSION

The use of commercially available OTA
CA3280 as full-wave rectifier circuits has been
shown in this paper. The rectifiers have a simple
configuration and can be implementing using only
OTA. The realization method comprises three
OTAs. The basic performance of the circuits have
been venfied through PSPICE simulation and
experimental results.
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md: An*alterpative CMOS implementation of a
afti-output four-termunal floating nullor (FTEN) with
t-ga rail-torail input stage is proposed. This
ied circuit is based on the advantages of a
complementary transconductance amplifier and class AB
trapslinear cell circuit that comes up with wide
pendwidth. The constant-g,, characteristic is controlled by
#$¢ maximum-current selection circuits, maintaining the
goooth response over the change of input common mode
e The circuit performances are confirmed through
HSPICE simulations. A current-mode multifunction filter is
gsed to exhibit the potentiality of this proposed scheme,

- 1. Introduction

Recently, there are many atlempts to design a high
poformance four-termeinal floating nullor (FTFN), which
tas been stood out as a more flexible and versatile than the
other building blocks [1-4], especially, in current-mode
arcuits. This work shows the other choice to achieve an
mlegrable multiple-output port FTFN in CMOS technology,
which offers high bandwidth and low-voltage operation.
This proposed circuit scheme is the combination of a low-
voltage P-N complementary transconductance amplifier, a
doal transhinear cell and some of current mirrors. The
sufferings from transconductance variation and degradation
of common mode rejection ratio (CMRR) [5] have been
reduced by vsing the current-selector circuit technique. In
sddition, the number of output ports can be expanded to
fupport the designer applications. The characteristics of the
FIFN are explained by mean of simulation results using
HSPICE program. The current-mode multifunction filter is

lerplcd to demonstrate the performance of this proposed
crrenit.

2. Multi-output FTFN
ETFN is an active device that equivalent to an ideal nullor,
Mich can imply to be a high gain transconductance
mplifier with floating characteristic al inpul and output
kminals. Fig. 1(a) shows a nullor model of an FTFN that

“an be described by its port relation characteristics as:
v, =, i =i, =0 iy = =i, (1}

Onc

of the most famous realisation techniques is built up
2 basic type shown in Fig. 1 (b) [1, 2]. It is using one
°P-2mp and supply current sensing techmgue, where the

z‘[ftm“ wnpedance of port W is very low and the impedance

POC Z 15 very high.

Counstant-g,, Rail-to-Rail CMOS Multi-Output FTFN

Amorn Jiraseree-amornkun and Wanlop Surakampontorn
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Tel. +66-2-739-1362, Fax.: +66-2-326-9989
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Fig. 1 (a) A nuller model (b) traditional implementation

A modification from the original FTFN to be a multi-output
FTFN is done by adding the new output terminals as shown
n Fig. 2, where its characteristics can be point out by the
following port relations:

Ve =V, 0y =i =0

Igg Sy = m Sy, = —hyy S =y, == =y, (2)

where n is number of the outpul ports.

Fig.2 {a) Mulu-output FTFN symbel (b) implementation

3. Circuif Description
The proposed circuit can be divided into 2 main sections,
the conslant-g,, low-voltage P-N complementary input stage
and the dual translinear loop output stage, that will be
described below.

3.1 Input stage

For lowering supply voltage in an amplifer, it is highly
desirable 1o have a rail-to-rail input vollage swing. The P-N
complementary differential pairs have been widely used in
the input stage of low-voltage op-amp to achieve this
requirement  [6]. However, the P-N complementary
structure 1s known to suffer from low common mode
rejection ralio (CMRR) due to mismaich errors and the tail
current switching between the P and N input stage [5].
Several techniques are invented to resolve this problem.
Most of them are usually based on controlling the
summation of the tail currents [5-6]. This work, in contrast,
uses the maximum current selector circuits to choose only
one current frorn P and N differential pairs, which has the
highest magnitude at that time, preventing doubleo utput
current when P and N pairs are both turned-cn.
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