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Abstract

This project, the Rescarch on Integrated Circuits and Design Techmques for Signal Processing, is
researching in the areas of analog and digital signal processing with maimly emphasis i integrated circuit (IC)
design. The objectives are to produce high quality researca papers in international journals, to produce human
resources (under graduate and postgraduate students) in the area of integrated circuit design, to form a forum
n IC design, to promote research work that can be related with the Microelectronics industry and to upgrade
the human resource for the Microelectronics industry. The circuit designs that can be fabricated in three
technologies, i.e. bi-polar technology, MOS technology and GaAs technology, are investigated.

For analog integrated circuits, we focus on the research and design of analog circuit building
blocks, sine they are the basic units for signal processing systems. The research works thaf can be published in
the international journal and international conferences are as follows; the design of Four Terminal Floating
Nullor (FTFN), the realization of RMS through DC converter suitable for CMQOS technology, wide-band
analog multiplier and divider, oscillator and rectifier circuits based on CMOS and bipolar technologies, the
realization of multifunctional current mode filter by using active circuits such as CDBA (Current Differencing
Buffered Amplifier), OTA (Operational Transconductance Amplifier), FTFNs and CCII (Second Generation
Current Conveyor), and the design of frequency doubler and rectifier circuits by using active circuit such as
OTA and CCII. For digial signal processing, we focus on the implememtation of distributed arithmetic
structure digital filter using Field Programmable Gate Array (FPGA), where a method for the reduction of
round-off noise 1s also included.

The outputs from this research project are as follows. We can publish 2 articles in international
journal and 2 national journals, Thirty three (33) technical papers have been presented in international
conferences. Four (4) research articles are submitted for possible publication. Furthermore, five (5) analog
building block 1C prototypes have been under fabrication, with the cooperation from NECTEC and Silicon
Craft Co, Lid. For the research staff, two (2) doctoral degree and 5 master degree students are graduated
under the support of this project. Moreover, we can produce 3 new researchers in the same institute and 1 new

researcher from the other institute.
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7. ﬂcymﬁ'ﬁ]mﬁ%’ﬂ pazANNSIAYveIlym

In the field of digital signal processing, from the last [0 years, the technology on the design of
integrated circuit, particularly VLSI technology, has been rapidly developed. We can implement a very high-
complicated circuit such as, for examples, a Personal Computer (PC) or a communication system, into a very
small size silicon chip. This cause the electronic equipment in the future gets smaller and smaller but with
cheaper price, high reliability, and with highly sophisticated functions. It 1s well accepted that the IC design
and fabrication technology is the wnfrastructure and contributes greatly to the development of science and
technology, the advancement of the electronic industry, and also the development of information technology
(IT). Today we utilize a lot of electronic products and our daily activities are influence by electronic
equipment, since most of the today consumer products are well equipped with electronic circuits and
components. The IC technology is also very mmportant for the That economy and Thai industry. This is due
to that we export guite a large number of electronic products. For example, for the year 1994/1995, the
electronics industry exports about Bht. 200,000 million, which is about 10% of the export of the country, and
keeps growing rapidly every year. However, we can gain only 5% of that amount, which is for the labor-
intensive cost, since most of these products are imported.  In order to gain more benefit, we must have our
own technology for the design and production of electronic product, with highly competitive and low price.
This means we need to have, apart from the local microelectronic industry, a large number of high-educated
researcher and engineer for this area. In order that in the future, we will have many design houses that are to
specialize in intellectual properties and in developing news design. And these engineers can do the IC design
that matched with the set of design rules and device-characteristics provided by the Foundry Company.

It should be noted that, the research and development in VLSI design requires a lot of investment on
the software design tools and fabrication facilities. In the other hand, the software design tools and fabrication
facilities are very expensive and most of the universities can not effort to have their own design tools and
fabrication facilities. This is the main reason that the research activity in IC design has been limited to the
study level of senior projects.  In order to stimulate the VLSI design and research activities in Thailand, in
1989, the National Electronics and Computer center (NECTEC) has launched a project on Microelectronic
design by joining the ASEAN-Australian project. From this project, many integrated circuits were sent for
fabrication. The ASIC chip development project, which aimed to design the VLSI for telecommunication,
micro-controller core and digital signal processing (DSP) core, are created [1]. Also the Thailand
Microelectronic center, which equipped with IC fabrication facilities and IC software design tool, will be
established. However the research activities and the number of researcher in this area until now is quite

limited (not more than 15). in addition, unlike other major industry, the microelectronics industry relies



heavily on research and development (R&D). Thus, for an advanced 1C company that will be installed in
Thailand in the future, high quality manpower 1s the key of success.

For the research in analog signal processing, there are three main technologies that have been usually
employed to design the analog integrated circuits, namely, Bipolar technology, MOS technology and GaAs
(gallium arsenide) technology [2-5]. The brief background on the development of these technologies is as
follows. Since the early of 1960, the designs for most of analog integrated circuits have been dominated by
the bipolar technology. While for the MOS technology, with its superior device density, was used mostly for
digital logic and memory applications. Later on, in the early of 1970, there has been strong motivation to
develop a novel MOS circuit that can perform an analog function. This is due to the rapid progress in MQOS
technology which made it possible to design analog circuits by utilizing standard digital MOS technology, and
can also be placed in the same chip with digital circuitry. However, both the bipolar and MOS technologies
circuits are appropriate for the frequency range lower than the GHz band. Therefore, for the very high
frequency applications or the high speed analog circuits, the GaAs technology will offers unigque and
significant advantages [6]. The term analog IC design will generally refer to the circuit designs based on the
use of analog actlive circuit building blocks, such as for example, a current mirror, a differential amphfier, a
differential amplifier with active load, an operational amplifier (op-amp), an operational transconductance
amplifier (OTA), a current conveyor (CCII), and an four terminal floating nolior {FTFN). This also includes
the use of analog active building blocks to realize system transfer function such as voltage-mode and cusrent-
mode filter functions [7].

Comparing with analog discrete circuits, the main limitations for the analog IC design are due to the
inherent limitations of monolithic device structures such as lack of monolithic inductors, limited choice of
components values, poor absolute value tolerances and large temperature coefficients. But, on the other hand,
the IC technologies provides some powerful advantages such as the availability of large number of active
devices, good matching and good thermal tracking of component values. Therefore, the design approaches for
analog IC circuit, functions, and building blocks will mainly based on the advantages offered the monolithic
integrated circuit. It should be emphasized that for the analog integrated circuit, there is no general design
method that can be applicd to the design of IC circuit in all the IC technology, i.e. bipolar, MOS or GaAs
technology. Difference technology will require difference design approach. In addition, even in the same
technology but with difference transistor size, the design approach will be also quite different. This means
that, 10 design an analog integrated circuit with low price, high efficiency and reliability, and matched with the
technology, we need to have the rcsearcher and engineer with high experience and close in touch with the

development in analog IC design and technology.



Therefore, this project, which under the Thailand Research Fund (TRF) senior research scholarship
and has the objective to form and upgrade the forum for IC design, will not only help in stimulating the
research in this area, but also promoting the collaborative research with the researchers in the universities and
the microelectronic center. In addition, this project will also help in preparing and upgrading the human
resource for the microelectronic industry, which is one of the major exporting industries of Thailand, in the
near future.
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8. Jagiszasnveslnsems

8.1 To conduct research in the areas of analog and digital (mixed) signal processing with mainly
emphasis in VLSI integrated circuit design

82 To pr(;duce high quality technical research papers in international journals such as the Institute of
Electrical and Electronics Engineers (IEEE) transactions, and the Institution of Electrical Engineers
(IEE) journals.

8.3 To form a forum in [C design and conduct joint coliaborative research with the researches in the
other universities.

8.4 To promote research work that can be related with the Microelectronics industry and to upgrade the

human resource for the Microelectrontes industry.



9. Fuisu3IsIvn
The research will be conducted in 4 areas, with two subjects in each area, where the activities can be
described step by step as follows:
9.1 The design of analog circuit building blocks in bipelar and MOS technology
9.1.1 The realization of translinear four terminal floating nullor (FTFN)
a. Literature review
b. Design the bipolar-based FTFN circuits
c. Circuit simulation using PSPICE to evaluate the circuit performance
d. Comparing with the exiting circuit, if the perforimance ot ine circuit 1s not
excellent enough then go back to step b
e. Complete circuit diagram for the final integrable translinear based FTFN
f. Work out for the circuit characteristic and applications
g. Prepare for the report and publication
9.1.2 The Design of CMOS-based true RMS-to-DC Converter
a. Literature review
b. Design the CMOS circuits
¢. Circuit simulation using PSPICE to evaluate the circuit performance
d. Comparing with the exiting circuit, if the performance of the circuit is not
excellent enough then go back to step b
e. Circuit diagram for the integrable CMOS-based RMS-10-DC converter
f. Design the circuit layout using L-Edit
g. Design and modify the layout of the RMS-10-DC using CADENCE
h. Layout prototype for the CMOS circuit and evaluate the circuit performance
by simulation using CADENCE
1. Prepare and sent for fabnication
j. Performance test

k. Prepare for report and publication

9.2 The realization of integrable current-mode transfer functions
9.2.1 On the realization of current-mode multifunctional filters using OTAs
a. Literature review
b. Investigate, realize and develop current-mode filters that using OTAs and

grounded capacitors
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¢. Simulate the filters response using PSPICE

d. Optimize and design the filter that provides low sensitivity and that can be
electronically tuned

e. Work out for the filter characteristic and applications

f. Prepare for the report and publication

9.2.2 Realization of current-mode FTFN-based filters and inverse filters

a. Literature review

b. Study on the network transformation using nullor mode!, RC:CR
transformation and dual transformation

c. Develop the systematically transformation procedure to transform the op-
amp-based filters to stable current-mode FTFN-based filters with preserve
the filter response

d. Develop the systematically transformation procedure to transform the FTFN-
based filters to stable current-mode inverse FTFN-based filters with
preserve the filler response

e. Simulate and test for the filters characteristics

f. Prepare for the report and publication

9.3 Integrable GaAs-based high frequency circuit design
9.3.1 GaAs-based second-generation current conveyor (CCII)
a. Literature review
b. Design the GaAs-based CClI circuits
¢. Circuit simulation using PSPICE and GaAs transistor model to evajuate the
circuit performance
d. Comparing with the exiting circuit, if the performance of the circuit is not
excellent enough then go back to step b
e. Design the final integrable GaAs-based CCII
f. Work out for the circuit characteristic and applications
g. Prepare for the report and publication
9.3.2 GaAs-based voltage-to-current (V/I) converter
a. Literature review
b. Design the GaAs-based V/I circuits

¢. Circuit siimulation using PSPICE and GaAs transistor model to evaluate the



circuit performance

d. Comparing with the exiting circuit,If the performance of the circuit is not
excellent enough then go back to step b

e. Design the final integrable GaAs-based V/1

f. Work out for the circuit characteristic and applications

g. Prepare for the report and publication

9.4 Integrable circuit design for digital signal processing
9.4.1 FPGA realization of recursive digitaf filter

a. Literature review

b. Study on the realization of recursive digital filters using FPGAs

c. Filter simulation using ASIC design tool and evaluate the filter performance
using XACT or MAX-plusll

d. Go back to step b and develop the filters until get the filter with expectable
response

e. Implement the FPGA-based filter using FPGA chip such as Xilinx XC3000

f. Wark out for the circuit characteristic and applications

g. Prepare for the report and publication

9.4.2 VLSI implementation of logarithmic A/D converter
a. Literature review
b. Study and investigation of logarithmic A/D
¢. Circuit simulation using HSPICE to evaluate the circuit performance
d. Comparing with the exiting circuit, if the performance of the circuit Is not
excellent enough then go back to step b
e. Circuit diagram for the integrable CMOS-based V/1 converter
f. Design of the layout using CADENCE Layout prototype for the CMOS circuit
g. Perfonnance test

h. Prepare for report and publication
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5) B. Chipipop and W. Surakampontorn, “Realization of Current-Mode FTFN-Based Lowpass Filler
and Its Inverse Filter from the Optimal Sallen and Key Lowpass filter (Saraga Design) Using RC:CR Dual
Transformation 10 Preserve the sensitivities of the Original Circnit, Infernational Symposium on Communications and
Information Technology, Chiang Mai, Thailand, November 14-16, 2001, pp.497-499. (l9NA15HUNEY 11.19)

6) A Jiraseree-amomkun and W. Surakamponiom, "Constant-grn Rail-to-Rail CMOS Muli-Output FTEN”, The
2002 nternational Technical Conference On Circuits/Systems,Computers and Communications, Phuket, Thailand,
July 16-19, 2002, pp.333-336.(10NT 1T VNLAY N.24)

) A. Jiraseree-amornkun and W, Swrakampontom, "Dual Translinear loop Multi-Quiput FTFN", The
2002 [EEJ Internaiional Analog VLSI Workshop, Singapore, September 11-12, 2002, pp.94-98. (19015 vHuI0ay
f1.29)

8) W. Tangsnrat, T. Dumawipala, S. Unhavanich and W. Surakampontorn, “On the Realization of

FTFN with a Vanable Voltage and Curent Gains”, The 2003 Iwernational Technical Conference On
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Circuits/Systems, Compulers and Communications, Kang Won Do, Korea, July 7-9, 2003, pp.884-887. (lane1sMing

1% N.32)
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9) A, Jiraseri-Amornkun and W .Surakampontorn, “Multi-Output FTEN" (1I9A@17AUN0IGY 4.1)

A15199 1.1.1

Item Activity Yearl Year 2 Year 3
1-6 | 7-12 | 1-6 |7-12 ] 1-6 | 7-12

1.1.1 | The Realization of Translinear Four Terminal
Floating Nullor (FTFN)

a. Literature review -
Design the bipolar-based/CMOS based FTEN -
¢. | Circuit simulation using PSPICE/CADENCE
Spectre Lo evaluate the circuit performance

d. Go back tostep b N
e. Complete circuit diagram for the final integrable
translinear based FTFN

f. Work out for the circuit characleristic and - | — - | —

=

applications
g Layout prototype for the CMOS circuit _
h. Prepare and sent for fabrication _
i Performance test
J. Prepare for the report and publication L _
1.1.2 missenuuiesalassng Mihoridseadudndddimansdunisadsdadueamalulad

>
. a Y e

(The Design of CMOS-Based True RMS-to-DC Converter) luiitegeuil 1N FNY AL BNLLLINDT

[ Qs oot sy o o aw a A a F ar
aiasdnd Ihesiduemiudniag  TaevinsdSudssninauisuduineinaue Bheonuuulimnziu
msarieluluinarfimalulad (Bipolar-Based RMS-to-DC Converer) i lWimunzandunisadailuduea
waluladgld laofupumsdfiRouaiuilduaad 13 lums i 112 swazBeavoins it ldas tidiuumanu
oo £=% a = o o) = v 1 1=
FoeruoumsdszpinMszAuumnnd 2 wany uaztuumanuiuunanufiegszniemsnesan
frui i sszauuInIng 1 unanw malassmsdatanunanuia il lunisesnuuinaesuasding 1

o o o Y- o= o a ¥ ] < . =) 1 =
Woseuemindndaduuyluivarsimama lulatlaoldn s ugmma 51U npn (npn transistors) WY@ HUHYD?
A v oA A 91 o . = ulsa o A A gy o o o
Fafiyamudonu Ivlieguazamisovhauluguaruigeld  wanmsawaniu ldagdineusiluunaiuni
e WuumaufiegsenhenisinsadRiud lunsasssduununasn 1 unanu uag usnnnilfieen

a9 g Y A F) o A
!.L'U'UW‘IE]?(T"I\?HJU'Nﬁ]’j533Jﬂuklﬂu1ﬂ'€)§iuﬂ‘§zu3uﬂ'l‘5ﬁﬁ"N 1 7995 AdU

NN TIDAIEAULININA

1). K.Kaewdang, K.Kumwachara and W.Surakampontom,” A Simple Wide Band CMOS Based
True RMS te DC Converter”, International Journals of Electronics (Submitted) (IBAT T3 WUNDIAY 91.2)

2). C. Jongkunstidchai, C. Fongsamut, K. Kumwachara and W. Surakampontom,” A Traslincar-Based
True RMS3-16-DC Converter Using Only npn BITs", JEEE Trans. Instrmentation and Measurémenfs. {Submitied)

(BNATHUTLAY 7.4)
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3). K. Kaewdang, K. Kumwachara, A. Jiraseri-amomkun and W. Surakampontorn, “An Integrable
CMOS-Based Grounded-Capacitor True RMS-10-DC Converter,” Proc. 2001 [EEJ Iniernational Symposium on
Analog VLSI, Bangkok, Thailand, May 14-15, 2001, pp. 167-172. (l@na3vildiae n.13)

4). K. Kaewdang, K. Kumwachara, C. Fongsamut and W. Surakampontorn, “An Integrabie CMOS-
Based True RMS-to-DC Converter Using Class AB Amplifier,” International Symposium on Communications and
Information Technology, Chiang Mai, Thailand, November 14-16, 2001, pp.606-619. (lanasHngay n.17)

esnnsmuyisgiuszrhamsaiudiuisson 1w 1 ashe

5) K. Kaewdang, K. Kumwachara and W. Surakampontorn, “True RMS to DC Converter”

(IBAFEITHMALEY 4.3)

<
191NN 1.1.2

Ilemj Activity Year1 Year 2 Year 3
1-6 [ 7-12 | 1-6 | 7-12| 1-6 [ 7-12

1.1.2 | The Design of CMOS-based true RMS-to-DC
Converter.

a. Literature review _
b. Design the CMOS circuits -
c. Circuit  simulation using PSPICE/CADENCE
Spectre to evaluate the circuit performance

Go back to the step b. S
Circuit diagram for the integrable CMOS-based
RMS-10-DC converler

Design the circuit layout using L-Edit

Design of the layout using CADENCE

Layout prototype for the CMOS circuil

Prepare and sent for fabrication

Performance test

Prepare for report and publication

oo

= e

o
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1.1.3 N1588ALUY 903N TAYNIMTIBUIRGN 1SIANUATUY N HALIIDTLTUINTSUL
{On the Design of Analog Multiplier, Divider, Squarer, Oscillator and Rectifier Circuits) cluﬁ’}%@eﬁo))ﬂﬁﬁmi
fuatn Aaf LAZIAUBLUINIINIDBNULLNITAUUATMISAYQNN 2930nMdrsIuAzB N EUa 1AZI993
o A o @ wmel o a ° o ! 4 Vo o
fuiiadyany Tesgiuguant@mmemhdmuenszue Aulvdy wagdsuugiunidge Tévnsaautas

ar a’ WQﬂJ Cs‘ B o bl

Pz Wann uflusaautidaiunmesian 113 udragdeaiiuumanad inivaueuasdszasian
391U 8 UnAIL Al

msUsgpdnmsunnnaieglugiudesa IEEE XPlore

1) B. Boonchu and W. Surakampontom, "A CMOS Current-Mode Squarer/Rectifier Circuit”, The 2003

JEEE International Symposium on Circuits  and Systems, Thaland, May 25-28, 2003., pp.405-408. (1@na1ivuIoiay
n.10)
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2). K. Kaewdang, C. Fongsamut and W. Surakampontom, "A Wide-Band Current-Mode OTA-Based
Analog Multiplier-Divider”®, The 2003 IEEE International Symposium on Cireuits and Systems, Thailand, May 25-28,
2003 ,pp.349-352. (1BNETVNILAY N.9)

131329301 IIsAUUINTIA

3). B. Boonchu, P. Phadungkul and W. Surakampontomn, “A 100-MHz 1.5-mW Quarter-Square Four-
Quadrant Analog Multiplier,” Proc. 200! 1EEJS International Sympasium on Analog VLSI, Bangkok, Thailand, May
14-15, 2001, pp.68-71. (1@NEIVN LAY 11.18)

4). B. Srsuchinwong, 1. Seedadan and W. Surakampontom, “Fully differental sinusoidal osciilator
using cwrent-tunable phase-lead all-pass fillers”, Proc. 2001 [EE/ International Symposium on Analog VLSI,
Bangkok, Thailand, May 14-15, 2001, pp. 62-67. (19N HWI2EY N.14)

5). B. Boonchu, P. Phadungkul and W. Surakampentomn, “Low Voltage Current  Multiplier Using
Linear MOS Resistors,” International Symposium on Communications and Information Technology, Chiang Mai,
Thailand, November 14-16, 2001, pp.179-182. (BATIVHIUAY N.20)

6). W. Surakampontom, K. Kaewdang and C. Fongsamut, "A Simple Curent-Mode Aralog Multiplier-Divider
Circuit Using OTASs", The 2002 International Technical Conference On Clrcuits/Systers, Computers and Communications,
Phuket, Thailand, July 16-19, 2002, pp.658-661. (IBNATHINLIAY N.25)

7). B. Boonchu and W. Surakampontorn,*Voltage-Mode CMOS Squarer/Multiplier Circuit”, The
2002 International Technical Conference On Circuits/Systems, Computers and Communications, Phukel, Thailand,
July 16-19, 2002, pp.646-649. (19NETHUIOAY N.26)

8). K. Kaewdang, C. Fongsamut and W. Surakamponiom,” A Wide-Band Current-Mode Analog
Multiplier-Divider Using OTASs", The 2002 [EEJ International Analog VISI Workshop, Singapore, Septerber 11-12,
2002, pp.90-93. (IBATIITHWILLIEY N.30)

$1314 1.1.3

Item Activity Year I Year2 Year 3
1-6 | 7-12  1-6 |7-12 ]| 1-6 | 7-12

1.1.3 | On the Design of Analog Multiplier -Divider,
Squarer and Rectifier Circuits _ | —

a. Literature review
. Design the CMOS circuits . _
c. Circuit simulation using using PSPICE/CADENCE -
Spectre to evaluate the circuit performance - —_
d. Go back Lo the step b,
e. Circuit diagram tor the Analog Multiplier- o
Divider, Squarer and Rectifier Circuits I
f. Design the circuit layoul using L-Edit
g Design of the layout using CADENCE
h Layout prototype for the CMOS circuit
i. Prepare and sent for fabrication
J- Performance test ) S=2
k. Prepare for report and publication iy ===
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{On the Realization of Integrable Current-Mode Transfer Function) Faluitetithinsfefunasaenuuuiens
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1.2.1 msdamnzsisnsealnuanszumarnvlinrulaalivilaseiuentiviuuy 0TA, FTFN, CCII

¥39 CDBA {On the Realization of Current-Mode Multifunctional Filter Using OTA, FTEN CCII or CDBA)
oo avc:{ d‘ b4 e s da o e
adtelitunmmeolunsssnuuuissnses meld ldsernsesitianmamnsalunisdansevidladdu
' Q@ e o LY g 9 a = o ' ' J=1 =
neTou lemanefsfiuneluaseadeadu Taohldadnsalientiniios mstiuwenessiw uaslinmihudadug
ot o g v L4 a
Tasmssonuuuiiiunisszgnd ldgdnseifiug wu gUnsel CDBA, silnsel ccm, gilnsal OTA uaz pUnyel
a A = ~ =] a o @

FTFN 91NA15AUHUNISIAMWAIT N 1.2.1 annsoiuvanuanuiiunsasuinIsa | unanu unaitu
WRIUNMIATIEALYA 2 uman umaruiuaus lun1s hisarnIs TEATUILTE 11 UMANY LATI9TS
k4 = ' ' LY 3 F=1
AULUDTNYILIEITAESE 1 2997 AD

N5EFIVINSIZAVNINIFIA

1) W. Tangsrirat, W, Surakampontorn and N. Fuju, "Realization of Leapfrog Filters using Current
Differential Buffered Amplifiers", The IEICE Trans on Fundamental, Special Section on Analog Circuits and Related
Topics, February 2003, Vol. ER6-A, No.2, pp.318-326. impact factor 0.27 (185 HyI0L8Y N.1)

= s =
ATV INITISAUTIA

2) 1. Seedadan and W. Surakampontom and B. Snsuchinwong “A Fully Balanced Wide-Frequency
Current-Tunable Phase-Lead All-Pass Filter ", KMUTT Research and Development Journal, Vol. 24, Januvary-Apn|
2002, pp. 31-4L. (1@NETHUUEY N.2)

3YK. Klahan, W. Tangsrirat, W. Surakampontom and T. Dumawipata “Current-Mode Integrator using
OA and OTAs and lts Applications”, Thammasat International Journal on Science and Technology, Vol .§, No. 2,
2003, pp. 26-32. (IBDATIIHULAY 1.3)

malsypdnmnawunndfeglugiydeya IEEE XPlore

4). W. Tangsrirat, S. Unhavanich, T. Dumawipata and W. Surakampontorn, “A Realization of Current-
Mode Biguadratic Filters Using Multiple-Output FTFNs, ™ Proc. 2000 IEEE Asia Pacific Conference on Circuils
and Systems, Tianjin, China, Dec. 4-6, 2000. , pp. 571-574, ((IBAF1THINUAY N.4)
5). W. Tangsrirat, N. Fujil and W. Surakampontorn,” Current-Mode Leapfrog Ladder Filters Using
CDBAs", The 2002 IEEE Inlernational Sympusium on Circuits and Systems, USA, May 26-29, 2002, vol.5 . pp.V-57
-V-60. (19N MUY n.7)
6). A. Jiraseri-amomkun, N. Fuyii and W, Surakampontomn, "Realization of Electronically Tunable
Ladder filters using Multi-Output Current Controlled Conveyors”, The 2003 JEEE International Symposium on

Circuits and Systems, Thailand, May 25-28, 2003, pp.180-183. (lanansvunu@y n.11}
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7). W. Tangsrirat, S. Unhavanich, T. Dumawipata and W. Surakampontorn, "Single-Input and Three-
Output Current-Mode Biquadratic Filters Using Multiple Output OMAS”, Asia Pacific Conference on Circuits and
System 2002, Indonesia, October 28-31, 2002, pp.399-404. (12NATMIVUILIEY N.8)

1319 y3INN IZAVRIINIE

8). K. Klahan, W. Tangsrirat and W. Surakampontorn, “An Active-Only Curreni-Mode Differentiator
and lis Applications,” International Symposium on Communication and Information Technology, Chiang Mai,
Thailand, November 14-16, 2001, pp.79-82. (lanmisviuioiay n.21)

9). K. Klahan, W. Tangsrirat, T. Dumawipata and W. Surakampontorn, "Current-Mode Integrator
Using OA and OTAs and Its Applications”, The 2002 International Technical Conference On Circuits/Sysiems, Computers
and Communications, Phuket, Thailand, Tuly 16-19, 2002, pp.747-750. (180T TWNELDY N.27)

10). S. Prakobnoppakao, B. Chipipop, W. Surakampontomn and K. Watanabe, "Destgn of a Current-Mode
CCTI-Based Bandpass Filter from Immittance Function Simulator Using Commercial Available CCII (AD844)"
. The 2002 Diternational Technical Conference On Circuits/Systemns,Computers and Communications, Phuket,
Thailand, July 16-19, 2002, pp.743-746. (19NTIVUIBDY 1.28)

11). W. Tangsnrat, S. Unhavanich, T. Dumawipala and W. Surakampontorn, "Electrornically Tunable
Vollage-Mode and Current-Mode Biquadratic Filter without External Passive Elements”, The 2002 International
Symposium on Noulinear theory and ifs Applications, China, Oclober 7-11,2002., pp.727-730. (@A 15sHuIEY
n.31)

12). W. Tangsrirat, T.Dumawipata, S. Unhavanich and W. Surakampontorn, “Realization of Lowpass
and Bandpass Leapfrog Filters Using OA and OTAs", The 2003 Society of Instrument and Control Engineer Annual
Conference, August 4-6, 2003, Fukui, Japan , pp.1046-1051. (i9NIHVI0I0Y 0.32)

13). K. Klahan, W. Tangsrirat and W. Surakampontorn, " Current-mode Universal Biquadratic Filter
Using Current Differencing Buffered Amplifiers “, Juternational Symposium on Communication and Information
Technology, September 3-5, Songkhla, Thailand, 2003, Vol 1, pp.110-113. (19N VIN0LAY 11.34)

14). W. Tangsrirat, K. Klahan, K. Kaewdang, and W. Surakampontorn, " Low-Voltage CMOS Current
Differencing Buffered Amplifier and Its Application ", International Symposium on Communication and Information
Technology, Seplernber 3-5, Songkhla, Thailand, 2003, Vol.2, pp.795-798. (l@NNIHMUILIAY N.35)

w < ' y g o "
aﬁﬂﬁsjuﬂulkﬂﬁﬂagjuigﬁa13ﬂ]5?"51\3“.]“3453“ ATUIU 1 1903AB

15) K. Klahan, W. Tangsrirat and W. Surakampontom, “Low-Voltage CMQS CDBA"” (18Ng13HvNY

18 3.2)



MMIN1.2.1

Item Activity Year1l Year 2 Year 3
1-6 |7-12| 1-6 |7-12 | 1-6 | 7-12

1.21 | On  the Realization of Current-Mode
Multifunctional Filters using FTFN, CCII,

CDBA and OTA
a. Literature review -
b. Investigate, realize and develop current-mode filters |
that using FTEN, CCII, CDBA, and OTA
c. Simulate the filters response using
PSPICE/CADENCE Spectre S _ -

d. Optimize and design the filter that provides low | _____ | — - -
sensitivity and that can be electronically tuned
Work out for the filter characteristics and
applications

Layout prototype for the CMOS circuit

Prepare and sent for fabrication

Performance test

Prepare for the report and publication L L*

o

b= ]

122 nrseenUFan sy Inwataesten szl lvan sz (On the Realization of
Sinusoidal Frequency Doubler and Full-Wave Rectifier Circuits) dedevitumsirueuuifalumsseniuy
JvsninnfuazaeesiSusnTzid cﬁaﬁJuN%imﬂJszmaNaﬁtgmumﬁﬁwﬁ’mu Tasmssenuuuiluniyefugo
quianetuveteinsalmafiviiadefundt Translinear Current Controlled Conveyor W3aiiuntada CCCIT uay
gunsel OTA msAuiiunsmuasd 12, Teeinaendied IR uns seaduiarmilunsasiens sy
WA 1 unew was ldRuiiEume s feue s s 3w sE  uumYIA 2 vnanu (glu
FEMIALA 1Y 1 UNATINIAZBYIEHINHTLY 1 unany)  dnauslunisdiesginmssgauuiuig 3 un
A1 ineinssdunuyiiegiusenitiandieio 2 e ail

NFNTIFINISTLALNINBIA

13. Kiattisak Kumwachara and Wanlop Surakampontom, “An Integrable Temperature-Insensitive g_-
RC Quadrature Oscillator, International Journals of Electronics. (Accepted) (1I9NMTHUNGIEY 2.1)

2). K. Anuntahirunrat, W, Tangsnirat, V. Riewruja and W. Surakampontorn, “Sinusoidal Frequency
Doubler and Full-Wave Rectifier Using Transiinear Current Controlled Conveyor,” International Journals of
Electronics. (Revised) (19N HUNBLHY A.1)

3). C. Fongsamut, K. Kumwachara and W. Surekampontom, "Full-wave Rectifier Based on Operational
Transconductance Amplifiers™, International Journal of Electronics. (Submitted) (\8NTTHNTELAV A1.3)

arslszginnsunyeaieglug udeya IEEE XPlore

4). K. Anuntahirurrat, W. Tangsnirat, V.Riewruja and W. Surakampontorn, “Sinusoidal Frequency
Doubler and Full-Wave Rectificr Using Translinear Current Controlled Conveyor,” Proc. 2000 IEEE Asia Pacific

Conference on Circuits and Systems, Tianjin, China, pp. 166-169, Dec. 4-6, 2000. (1\9n&13 1WA £1.5)
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5). P. Nipathahathapong, K. Kumwachara and W. Surakampontorn, “OTA-Based Temperature-
Insensitive Sinusoidal N-Times Frequency Multiplier,” International Svmposium on Communications and
Information Technology, Chiang Mai, Thailand, November 14-16, 2001, pp.163-166. (ianesviuigiay n.22)
6). C. Fongsamut, K. Kumwachara and W, Surakampontorn, “ The Implementation of OTA-Based Full-
Wave Rectifiers” International Symposium on Communications and Information Technology, Chiang Mai, Thailand,

November 14-16, 2001, pp.171-174, ((l@na13veay n.23)

sssndunnfeglusznhansahuiiuzsmn S 2 2esie
7) K. Kaewdang, K. Kumwacharz and W, Surakampontorn, “Positive Current Conveyor™ (1908 15¥18
189 $.4)
8) K. Kaewdang, K. Kumwachara and W. Surakampontom, “Negative Cuwrrent Conveyor” (19N#75
HWULRAY 4.5)

M1I9 1.2.2

Item Activity Year 1 Year 2 Year 3 |
1-6 |7-12| 1-6 |7-12 | 1-6 | 7-12

1.2.2 | Sinusoidal Frequency Doubler and Full-Wave
Rectifier Using Second-Generation Current
Conveyors (CCllIs) and OTA

a. | Literature review -_
b. Investigate, rcalize and develop translinear based | —
sinusoidal frequency doubler and full-wave rectifier
circuits

c. Simulate the filters response using PSPICE - | —
d. Optimize and design the proposed sinusoidal - | — N
frequency doubler and full-wave rectifier circuits
e. Work out for the circuit characteristics - - | —
f. Prepare for the report and publication L - -

y = Y J d .
13 MIBBNUUYNDTIINGIMAIINDgesIsundaefialurmalulad (Incgrable GaAs-Based High

. . . o o S 1 ¥ a Y Y P o =y
Frequency Integrated Circuit Design) Wiiadoiideli1dninisise feusmielasanmsseiivszaunsalnmsitelu
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1.4 N39BAULL9D T3 NIV Tr UV 583 Tanada 10uT 90 @Y (Integrable Circuit Design for Digital
. . L. = a -
Signal  Processing)  laumwizatiA B nLULRa s s s AU niuees saunuuiad udvgUnsel
R 1 o + =1 ' I =y = oar
FPGA (Field Programmable Gate Array) w3s #asiailunssssawvuialve (VLSD d7mduiiunisidvie
ar o = oar 4 ar @ o
#1035 Ja80 g5EAMATs WINRANAUT Wasams wisuyny duniznia uag uwesad Tudruzna Tasmelasans
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1.4.1 mMaFuasizyesnsestiounduBuaad s FPGA (On the FPGA Realization of Recursive
Digital Filter) ms%%’U”lué’fméagﬂu%gumaumuﬁ'l%’uaﬂa'l%"lumﬁN“fr"\ 141 dafhmsanmdeaiinasnspauda
1% (digital filter) U1 semi-custom IC 7510130031 FPGA (Field Programmable Gate Armay) lao ¥ fiifefitoofi
frmusrumsszuanage wnzamnsnaaveudygusuniuld Taensfinuziiulnssrdiessnse
AUATIALOALTY (distributed arthmetic) HhumandiosnnihiTareadaunuibhide el 299380 (multiplier) HAII
S8 nauohuimauma3nms imstsradems szaumnned 1 unam wennnfee 1aTma e
SnuRRAATIN (paging) 53UY POGSAG (Post Office Code Standardization Advisory Group) fiad19asin FPGA 13
& it Idiauetums Uszapdanmes s 1 unaa

0152 323NN I TLAVUINBIA

1). M.Santawakoop, C.Fongsamut, A Kantichanakul and W. Surakampoatomn. " A Programmable
FPGA-based Distributed Arithmetic Digital Filter", fnternational Symposium on Cormunication and Information
Technology, September 3-5, Songkhla, Thailand, 2003, Vol.2, pp.813-817. (18NN HUUIAY 1.36)

15l 9eya3 s TsEaumIA

2). oAal TuArLNE AU UE Wedayws uazdaan gszimass, msRALIMEAea ATy
52Ul POCSAG Taulfowiiie (On the Implementation of Pocsag Paging Using FPGA)", msifszyndnisnn
Sranssu e ASIR 25, A IMIAEAUAIATUNS, 21-22 WORSNIU 2545, MY 119-123. (I9NAIINHIBAT
f.37)

-
1191490 1.4.1

Ite:ﬂ Activity Year 1 Year 2 Year 3
1-6 [6-12] 1-6 |7-12 | 1-6 | 7-12

1.4.1 | FPGA Realization of Recursive Digital Filter

a. Literature review -
b. Study on the realization of recursive digital filters
using FPGAs

C. Filter simulation using ASIC design tool and -
evaluate the filter performance using XACT or
MAX-plus 1l

d. | Go back to step b and develop the fitter until get the S
filter with expectable response
e Implement the FPGA-based filter using FPGA chip - -
such as Xilinx XC3000
f. Work out for the circuit characteristic and -
applications ‘ ‘
g Prepare for the report and publication -

1.4.2 marnaesulasfygnaewaeniludineadoleduvuIneawals (VLSI Implemen
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{PAPER Special Section on Anan‘og_Cim_u;: Techaiques and Related Topics 1

Realization of Leapfrog Filters Using Current Differential

Buffered Amplifiers

Wofapong TANGSRIRAT!?), Nonmember, Wanlop SURAKAMPONTORN', Regular Member,

SUMMARY In this paper, is shown an approach to realize
leapfrog structures obtained from proto-type passive RLC ladder
filters using current differencing buffered amplifiers (CDBA) as
active elements. The use of the CDBA's provides advantages that
the realization procedure is simplified and the number of active
components required is reduced. The approach is quite suitable
for the reahization of band-pass ladder filters, which generally re-
quires a complicated structure to simulate LC series and for par-
allel resonant branches by the conventional opasnp-based leapfrog
filters. A simple circuit configuration of the CDBA svitable for
high frequency and low power supply voliage applications is also
presented. As design examples, a fifth-order Butterworth low-
pass ladder filter and a sinth-order Chebyshev bandpass ladder
filter are designed. The cflectiveness and the correctness of the
proposed approach and the characteristics of the proposed filters
are verified and examined through computer simulation.

key words: current differencing buffered amplifier, CDBA, low-
voltage circutl, leapfrog filler, active fitter

1. Introduction

Recent advanced technologies of integrated circuits
make devices in an 1C so simall that the internal electric
field max become extremely high. thus the power sup-
ply voliage of circuits must be restricted to 4 low value.
In addition. with the popularization of portable equip-
ments, single hattery operation of eguipnients 15 pow
most essential. High frequency operation of circuits is
also a key word tedav. In these respecis. realization
of low-voliage ligh-frequency active filters s one of 1he
most atiractive and nportamt issucs in many signal
processing felds.

Active RC filter is one of the candidates of filiers
that mayv have possibilities of integration and Ligh fre-
quency and low voltage operation. Leapfroy siructare
that simulates doubly tenuinated LC filters has been
highlv appreciated sinee 1oinhoerss the Jow sensitivity
natures of the proto-type LC filers [ Active RO fil-
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ters including the leapfrog filters require active build-
ing blocks such as operational amplifiers, transconduc-
tance amplifies, etc. From the view points of high fre-
guency and low voltage application of the filters, low
gain amplifiers such as unity gain voltage buffer and
unity gain current buffer would be the most reasonable
active blocks that could have a wide gain bandwidth
and operate at a low power supply voltage. Current
conveyor {CC) is a building block that only consists
of a unity gain current bufler and a unity gain voltage
buffer and many realization of active filters using CC's
have been proposed |2, [3]-

Recently, a new active building block, current dif-
ferencing buffered amplifier (CDBA), has been pro-
posed [4].[5]. The CDBA is a kind of extended CC
and composed of a unity gain current differential am-
plifier and a unity gain valtage buffer. Acar and Qzoguz
showed a realization of filters using the CDBAs that is
based on the signal flow graph representation of trans-
fer functions [6). As this method only realizes the given
transfer function. the filiers have no direct relation to
low sensitivity LCR filters, thus the sensitivity may not
be necessarily low.

lir this paper. an extension of the methed to the
leapfrog simulation is shown. Using the CDBA's. the
signal flow graph of leapfrog filters can be simply re-
alized and each element of the proposed filters corre-
sponds 10 an element of the prototype LCR filters one
by one. thus the low sensitivity nature can be guaran-
tecd. Especially. the structure is quite suitable for the
realization of bandpass filters that generally require a
complicated feedback and feedfvrward paths and onc
I oue correspondence between the elements will 1o
Lie guaranteed by the corventional leapfrog reatizations
Together with the filter realization. a bipolar tyansistor
restization of the CDBA s also presented. The crount
can vperale at a low power supply voltage of 200 and
has a wide frequency bandwidth of over hundreds M1z
As design exaiaples. a 3th order lowpass and 2 Gth or-
der bandpass filters are simulated by SPICE 16 show
the availability of the realization.
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2. CDBA-Based Leapfrog Structure

2.1 Leapfrog Realization of Ladder Structures by
CDBA’s

Figure 1(a} shows the symbol of the CDBA, which has
four terminals. The current and voltage relations be-
tween these terminals are defined by [4],

vp=0, va=0, i, =i, -1, and v, =uv, (1)

From Eq. (1), we can obtain the equivalent representa-
tion of the CDBA shown in Fig. 1{h) that consists of
a unity gain differential current amplifier and a unity
gain voltage buffer. It must be noted that the input
impedances of the terminals p and n are zero. The dif-
ferential input current i, —1, is converted to the outhut
voltage v, through an impedance connected at the ter-
minal z. A realization of a wide band and low voltage
CDBA will be presented in Sect. 3.

To illustrate the leapfrog realization based on the
CDBA, let us consider the ladder structure circuit of
Fig. 2. Here we concentrate the discussion on the re-
alization of doubly terminated L.C filters and thus two
resistors, g and Ky, are connected at the input and
output terminals, however, these two elements can be
arbitrary for general cases. This structure is character-
ized by the following expressions:

5y =Jg— —- — I,
1 5 RS 2
Vy = 2,1y,

Ia :)/Q(\"'] *V\;).
Vo Zally — 1)

[’21: = );Zn("/‘?n—l - ‘/2:44:))-

"’:.’n*l = Z?r1+l(l?|z - }0) (2)

i — i: S + 1,
'Upo—-.-—"p 7 b ~—U, U, i i .

! CDBA {w Voo | H i

" Rkl
Vqpo—s—n w VY, Yn | @;’_,n

(a) (h)

Fig. 1 {a) Symbolol CDBA. (b) Equivalent circuit of CDBA

1 I,

|
4
Ly

e
gy
~1,
|

Y, 1 1
™z R

-

Fig.2 Doubly terminsated ladder network.
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where Z; and Y; are the impedance and admittance of
the elements, respectively.

Using the above expressions, the current and voit-
age relations of the ladder network can be represented
by a block diagram shown in Fig.3. Figure 3 indicates
that the circuit repeatedly uses two basic structures
shown in Figs.4(a) and 4(c). Using the current and
voltage relations of the CDBA. given by Eq. (1), we eas-
ily find that these two basic structures can be realized
using CDBA by the circuits shown Figs. 4(b) and 4(d),
respectively, where R is a resistor having an arbitrary
value.

To illustrate the method, a fifth-order LC Jadder
low-pass filter shown in Fig. 5 is employed as an exam-
ple. The resulting CDBA-RC structure of the filter is
shown in Fig 6, where Cp; = L;/R?. The inductors
in the prototype LCR filter are converted to capacitors
through the CDBA of Fig. 4(d).

2.2 Effects Caused by Non-ideal Characteristics of
CDhBA

There are some non-ideal characteristics in the param-
eters of CDBA. One of them is the gain of amplifiers.
CDBA consists of o current differential amplifier and a

MR al ]
S {
I vy g E - 4
0 ) = ,‘_{/\-—[ —_——
h Z1 ¥ [T %
O - T
-1 -1 SR,

Fig.3 Block diagram representation of leapfrog structure.

I" — i <l Z,
T ~"coBa
i Zif— ¥y sl I
-1 1 h |
[ /l
(a) (L)
I, =yv
B R == —
\'l 1 V| =i w
R J CDBA R T
é\’l I a1 T 2l
v Fef—= L —
< -
. RE
{c} 1dy
Fig.4 Sub-ciicuits and their realization using CLIBAS.
v, Ly ¥y i v =V
= Sy B AGA T AR e
) 1y "-: oy
arn, Ry Ck C « R,
' | l |
; = | -
Fig‘. 5 Fifth-order LC adder foawpass llter
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Fig.6 CDBA-based leapfrog realization of Fig. 5.

voltage buffer which should have unity gain. However,
in general case, the gain is not necessarily unity due to
parasitic elements and non-ideal characteristics of ac-
tive devices. If the gain is not unity, the output current
and voltage of CDBA are written as,

and
Vo = kv, (4)

where k; and k,. are the gains of the current differential
buffer and the voltage buffer, respectively. Substituting
Eqs. (3) and (4) into the output current and voltage of
Fig. 4. we can easily find that the gain errors of &; and
k. change the values of Z; or ¥;, which correspond to
the change of element values of the filter. Since the
change in the reactance values of doubly terminated
LCR filters will not much affect the filter characteristics
in the passband. the errors of the gains will not be a
serious problem.

Another non-ideal effects should be resulted from
the errors of the value R in Fig. 4(d). The errors of
the conversion factor /72 of the impedance R?Y, at the
terminal z and the value of the resistor R connected
to the terminal w lead to a change of the value of the
inductor in the prototyvpe LCR filters. thus the effects
caused by these errors would bre small in the passband.
However. the matching between the two vesistors in the
input terminals p and n must be accurate enough.

The iput impedances at the terminal p and n can
be included in the resistors R connected in series 1o the
terminals. The output impedances at the terminal w
and z become a loss of the impedances connected 1o the
terminals. thus the output impedance of the terminal
w must be small encugh and that of z must be large
enough compared to the impedances comiected 1o the
terminals.

2.3 Bandpass Filter Realization

In this section. the proposed technique will be extended
ta realize LC bandpass filters. In the case of bandpass
filters. paraliel and series LC resonant branches are fun-
damental as shown in Fig 7. We cazmot. directlv apply
the structures of Fig. 4 to these braches, since the ol
cments camected Lo the terminal 2 may not be real-
ired without inductors, The parallel and series reso-
nant branches of Figs. 8(a) and 8{c) arc characterized

Iy
3
Vi
v
Vi=Z o Ui Y, ) ICLf
Ky &)
'f} LJ C}

——— \’}«—#

L LA Y

() I

Fig.8 Realization of resonant branches by CDBAs.

oy

by the following equations:

1 Vv
‘l - Z ) ’{) *—}",i‘/? Ealr— [1"‘ ! 3
cilh — Vi) sc,( SL{) (3)
i=1.3.5.--.2n+1
) 1

J=2,4,6.---,2n.

Tlie second terms in the parenthesis must be converted
again using ar additional CDBA as shown in Figs. 8(b)
and 8(d). Thus, the doubly terminated LC bandpass
filter of Fig. 7 can be shmulated as shown in Fig. 9 us
ing Figs. 8(L) and 8(d). The proposed method is quite
suitable for the realization of bandpass filters. All the
clements of the filter correspond 1o the elements of the
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[

Fig.9 The sixth-order bandpass filer using CDBAs.

prototvpe LC filter. thus we can expect low sensitivity
natures in the passband.

3. Realization of Low-Voltage Wide-Band-
width CDBA

In this section, is discussed a realization of the CDBA
using bipolar transistors that has a wide frequency
bandwidth and can operate at a low power supply volt-
age. CDDBA basically consists of two building blacks;
a unity gain current differential amplifier {unity gain
current subtractor) and a voltage fotlower.

3.1 Low-Tuput Impedance Current Subtractor

Figure 10 shows a low-input resistance input stage of
the current subtractor |7]. where Vi, and /g, are the
bias voltage and current, respectively. Assuming that
all transistors have a same size and ignoring the base
current, we obtain the lollowing relations;

=7, - 32?'@: {?)

l?'l
and
Ty = Telie. (8)

wliere 4 1s the current gain of the transistor Q. From
these relations, we obtain the input impedance given
by,

L (9)

Ty = e
tin [t

where 7. iz the small signal emitter resistance which
15 given by re = f_b(;IT and Vr is the thermal valiage.
Eguation {9} shows that the circuit has a low input
impedance.

The unity gain current amplifier based on the
above input stage is shown in Fig. 11, A biasing cir-
cuit composed of the transistor Qg and the bias current
source fy,, are adeed to provide the bias voltage Vi,
The current mirror transistors Qy and Qg provide the
ouipul curro iy, which is given by,

3.
{3 ’ilng_?’an (10)

four = 7!‘32ir~ = i
.A}i‘ i
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z —
ICLS
I
Sk,

Fig.11

Unity gain current amplifier.

Figure 12 shows the current subtractor clicuit.
which consists of Lwo unity gain current amplifiers:Q, —
Qs and Q; — @)y, and a current mirror of Q12 and Qys
that provides the outpul with a difference of the two
output currents of the current amplifiers. Thus the out-
put current of the circuit can now be expressed as

fout = iy — Tn- (11}

3.2 Voltap Buffer

The high-input impedance voltage buflfer based on a
simple emitler follower is presented in Fig. 13, where
s complementary pair of two-stage emitter follower is
ntilized o maintain a high input impedance. The mput
mipedance an the terminal 7 is approximately given by,

T = ﬁn-‘fjjﬂ (% = ]?u-) - (}Q)
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Fig. 12

-V

Unity gain voltage amplificr.

Fig. 13

where 3, = 514 = B > 1.0, ﬁp = Fiy = By B
1.0, 7o = Te14 = Te1s = 7o = Tar- and Ry is a load
resistance connected to the terminal w. The output
npedance at the terminal w is fow and given by

. R

L= = — . 13
T 2+5“5P (13)

-~

where [, is a converting resistor conuected o the ter-
minal z. For example. if B, = 1k, A, = 10kQ.
Vi@ 26mV. Jpy = Fgy = 100uA and 4, — 3, = 160.
then 7, and r, are approximately equal to 0.1 M2 and
130 §2. respectively

3.3  Low-Voltage CDBA

The hole circuit of the low-voltage CDBA is shown
i Fig. 314, which consisis of a current subtractor of
Fig. 12 and a voliage bufler of Tig. 13, All bias cur-
rent sources of the circuit are reatized by current mir-
ror circuits and set to be equal to fp. Since the circuit
uses only two transistors and two bias current sources
between the positive and the nepative supply voltages.
this circuit can operate atl a low power supply voltage of
2HVpe + Vp( ) where 1]_13,5‘ and Ve geor are the base-
citler voltage and eollector-emittor saturation volage
of transistors. respectively.

Assuming all the transistors have the =ame parnm-
cters, Lhe carrent differential gain of 1ig. 14 can be ap-
proximately expreseed by,

Current subtracior.

i H
" — = 2 T (1‘1)
ip—tn (14 a1s){1 + a5+ azs?)
where
H= Gmpfdmn
(g"lP + 29“33) [g?nn + Ganlgmn + gWN)l l
205+ Chup
a] = _—_1
gmp ¥ 2Gnp
a (chrn"i—c,un)g‘n’n +(Cnn+zc,un)(grnn +29:.'u)
2 = :
GmnlQGmn+gan)
and

ay = (B + Cun)(Crn + 2Cyn) (15)
Gmn(Gmn + 2G0n)

In the.above expressions. guma(gmp) and gur(G=p) de-
note the transconductance and the conductance be-
tween the base and the emitter of npn {pnp) tran-ictors
and C-,(Chp) and C,{C,p) denote the emitter-base
and the collector-base capacitances of npn {pnp) tran-
sistors. respectively. The denominaror of Eq. (14} has
three poles and can be exprosad as

5 | ] 52 ‘
Y R L
m/ [ 23

where p, is the pole of Eq.(14). Usually the poles o
and gy are widely separated and if we assume p3 - p2.
Eq. (16} becones as

Dl(.s)“:‘(lﬁh){l—iJr } (7
I 12 L2 2R

By eqguating the coefficients of Eq. {17) with those
of Eq. (14). the poles can be obtained ax lollows:

3); — r-!nl!’] +-2gzil ) (.]I\
'fr. 5] + Cfl_]a
"{."}mw T Yam
Pp = — — — = ——
(2C0n4+Cua) (‘J’L—) + (Coy +2C,0) (1 4 = )
AL
and

_ Dare Qo 4 202 i
e = ((_‘ﬂll o 2(\;.';4 1 ‘2(_;”,, + C‘r.u) ’ =
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currenl sublractor buffer

Fig. 14

The gain of the voltage buffer with a load of A,
can be approximately given by,

ve . H N{s)

. 1+b;3+bg$2’ ( )
where
_ Gn 8y
(Gu' i _‘]pl)yn ot ng:p).
Cﬂﬂ CK‘
Nis) = (1 + s) (1 + —Ps) .
Gn 9p
b] — (Gu + 9P),C£‘ + {Gu, +gn)cnp
(Gw+ 9p)gn + Gugnp '
and
by — GG
- (o + gyl + Gulen
In thie above expressions. g, = gmp + Gap: G = Gmn +

Gon-and G, = 1/R,,.

The denomninator of Eq. (21) can be rewritten as

! ] 52
Dafe) = 1 —.S(-——-i——) +
T 25 Papa
¥ 52
e i {22}
114 Papn

where we assumed that ps 2 pg. The poles py and py
can now be obtained by comparing the cocfficients of
Eqs (21) and (22). Thus we have:

Py = ((l..;l “_gp}.(jni"-‘_c_l:ﬁip“ : (ZJ)
(L’u- - .'-"n)(/wn P ((Ju ig gn)(/‘r.p

and

G+ G
P = - (~ g ;—"). (24)

Lan

lu order 1o fignre out the high frequeney -
ition. det us assume that ., = ».25 = 1077 §
(o = & 107MEF CL, = 4014 x 1007 and
Cop = 122 207" T The potes py and py are non-
dominant ‘and can e neglected in the caleulation. The
poles propz and gy approximately locate at 1.00, 2.67.

Circuit diagram of the proposed low-voltage CDBA.

and 2.14 GHz, respectively. Thus the high frequency
limitation of the circuit is due to the lowest pole p
that is determined by the parameters of the pnp tran-
sistors consisting of the current mirror, Q2 — Q3. The
pole p; locates at a high frequency, though, for higher
frequency applications of the filters, these pnp transis-
tors must have smatler parasitic capacitors.

H of Eqs.(14) and (21) gives the DC gain of the
amplifiers, and il the transconductances gmn and gm,
are not large enough compared with g, and g.p, there
may be errors in the gains of amplifiers. The current
gain of current differential amplifier and voltage gain of
the buffer at DC are given by,

. 1
= (25)
ip —in 1+£
and
) 1
foi Y , (26)
; 1 4+£,

where ¢; and €, are the gain errors of current and volt-
age amplifiers, respectively. ¢; and ¢, are derived from
Egs. (14) and (21) as.

 2G. 2 xri -
o= Yoyt 20my {gmn+g“ (Hﬂ. —)]—1, (27)
Ynpliven ymn
and
- ("n-(ﬂmr; * Gea + gr.‘p) (28)

By (gmn 4 grn)(gmp +g'np}‘

When 0.7 BiCMOS process paranelers arc eimn-
ploved under the blas current fg = 100 uyA, gpyw =
223 % 1073 A/V gy, = 214 x 107F A/, grp = 417 X
107% A/V and g., = 4.38 x 1073 A/V. ¢, of aboul
6.12% is expected and £, under a load resistance R,
of 10k is approximately 4.65%. As mentioned in 2.2,
these errors directly aftect che values o1 capacitances
of Lthe Alter. however. the change of transter charac-
teristics in the passband remains smiall due 1o the low
sensitivity nature of the prototype doubly terminaled
LCR filters.

The performances of the CDBA of Fig 14 were
sinntlated nsing PSPICE with 0.7 g 11CMOS process
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Fig. 15  Freguency responses of the gains of CDBA. (a)
Current gain, {b) voltage gain.

parameters. The power supply voltage is &1V and the
bias current I is 100 A, Figurc 15 shows the simu-
lated gain-frequency characteristics of the CDBA. It is
clearly seen from the figures that the gain bandwidth s
wide and reaches around 1 GHz. The frequency depen-
dencies of the impedances rp, Ty, and r, at the termi-
nals p. n, and 2z are shown in Fig. 16. The impedances
begin to change al about 1 MHz, however, they stil]
hinve satisfactorily good values at the frequencies of
1 MUz, The DC offset current at the port z with a
iwad of R, = L k§2 was 3.23 A and the DC offset voli-
age at the terminal w with a load of R, = 10k was
1 98 mV. The total power consumption was 1.684 W,

4.  Design Examples and Computer Simulation

To illustrate the effeciiveness of the method. two ex-
amples, 5th order lowpass and 6th order bandpass fil-
wers were designed using the CDBA’s. The CDBA-
based filter of Fig 6 that simulates the 5th order fil-
ter shawn  Fig. D was designed at the —3dD3 fre-
auency of w_zqg = JU0Mrad/s (15.9 MHz). Scleciing
He =Ry = 1R L ki1, we obtzin the passive elemon
values as: Cy = Cq = 6.18pF. Cpa = Cpy = 1618l
A O3 = 20pF. The samulated responses of the fitier
are shown in Fig. 17,

Sixtli-order Chobyshev bandpass filter of Fig. 9
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was alo designed to have the center frequency of
100 Mrad/s {(15.9MHz), the bandwidth ratio of 045,
and the passband ripple of 0.1 dB. Selecting Rg = Ry =
R =1kl weobtain; C) = Cy =2249pl, Cy = 3.92plF.
Gy = = 4.36pF, and Cpo = 25.5pF. The simu-
lated yonpomses of the bandpass filter 1ogether with the
protowes LCR filwer tesponses are shown in Iy, 18
Joth simulation results reveal thin the fregquenes
ol the Gliers shifis about 10%. This is resulied {rom
the errors of the amplifier gains Lthat change the values
of capacitances of the filters. The capacitance value
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Fig. 18 Frequency responses of the sixth-order bandpass filter.

changes correspond the value changes of the reactance
clements of the prototype LCR filters resulting in the
shiit of the frequency and not in the gain change in the
passband. Therefore, we cannot observe gain errors in
the passband as shown in Figs. 17 and 18.

5. Conclusions

A realization of leapfrog ladder filters using current dif-
ferencing buffered amplifiers (CDBA) has been shown.
CDBA basically consists of a unity gain current differ-
ential amplifier and a unity gain voltage buffer and does
not require high gain amplifiers. thus high frequency
performances can be expected. CDBA is quite suitable
for the realization of fillers with a leapfrog structure.
especially bandpass filters that contain paralle] and se-
ries LC resonant branches can be well simulated with a
simple configuration. Since each clement of the CDBA
baszed filters corresponds to a reactance element of the
prototype LCR flters, the sensitivities in the passband
become quite low. Two examples of CDBA based fil-
ters simulated bv PSPICE showed a =mall error only
m the filler cutoff or center frequency. even though the
amplifiers in the CDBA have errorz of several percents.

The method propused in this paper requires n
CDBA's o realize an n-thy order filter. We need to
consider how o reduce the. number of CDBA's withowt
loosing the features of the CDBA based filters. The
CDBA used in this paper can aperales al a power sup-
ply voltage of 2.0V (£1 V) that is limited by the num-
ber of transistors between the power supply and the
ground. We may nced 10 consider the operation of ¢ir-
cuits at a lower voltage than 1.0V for some applica-
tions. These will be cur Tutures works.
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1. Introduction

All-pass filters are utilised in many applications such as in sinusoidal quadrature oscillators
in an integrated receiver. It is usually desirable that the architecture of such devices is fully
balanced with differential signals so as to enable, for example, accurate quadrature outputs with
maximum symmetry over a wide tunable-frequency sweep range. There are other significant, well
understood advantages in employing a fully balanced realisation [1]. However several techniques
of all-pass filters have not been fully balanced [2]-[4]. Recently, a fully balanced wide-frequency
current—tunable phase-lag all-pass filter has been reported with the maximum useful frequency of

approximately 112 MHz [5]-[7].

In this paper, an integrable fully balanced wide-frequency current-tunable phase-lead
all-pass filter is presented. The architecture of the circuit is relatively simple and symmetry with
differential signals. The frequency (1)0 where the magnitude and phase shift of the transfer function
are approximately O dB and +90 degrees, respectively, is linearly current-tunable using a tunable
r, network where s, is the small-signal dynamic resistance of a forward biased base-emitter

junction of a bipolar transistor. The maximum useful frequency is approximately 220 MHz.

2. Circuit Descriptions

Fig. 1 shows the basic circuit configuration of the fully balanced curreni~tunable phase-
lead all-pass filter consisting of ten matched npn transistors Q1 to Q10, a capacitor C and current
sinks [, and /. The differential, small-signal, input voltage V,, is applied to the bases of two
differential pairs {Q1-Q2) and (Q3-Q4), between nodes A and B. The resulting differential,

small-signal, output voltage V, is taken across the emitters of Q9 and 10, between nodes G and F,

The current sinks {, and If may be implemented through the conventional Wilson current
mirrors. Current { /2 biases the (Q3, Q9) and the (Q4, Q10) branches, whilst a frequency
setting current [, biases the {(Q1, Q8, Q7) and the (Q2, Q5 and Q6) branches. It can be seen

from Fig. 1 that the architecture of the circuit is symmetry and fully-balanced. The circuit 1s also

refatively simple and is “integrable” as all active devices can be fabricated on-chip.

3. Ideal Analysis

Referring to Fig. 1, assuming that the bases of Q9 and QL0 at nodes D’ and E” are
temporarily disconnected with nodes D and E, and as a result the bases of Q9 and Q10 at D’ and

E’ are then temporarily connected together with an appropriate bias voltage say V Such a

brets -
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temporary case is illustrated in Fig. 2 and 3, where the resulting differential, small-signal, output
voltage across nodes D and E be V,, a5 shuwn in Fig. 2, and that across nodes F and G be V..,

respectively. The differential, small-signal, input voltage V. results in a differential output current

I, as shown in Fig. 2 and therefore

QaLL ‘JQ?
")

. D ) E'
1 1;J1-1 1 4
‘—.37 5 0 0ok
d < A { 4 E {
) Q3 ){—‘—j—'—m Q1 Q2 M*—?——L Q4
$V2 . 4 c 4 )
4 4 11 ¢ 4 4

vml(; ;LIf @ E@ Cvmz

Fig. 1 Schematic diagram of the fully-balanced wide-frequency current-lunable phase-iead all-pass filter.
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Fig. 2 Differential outpul current 7, resulting from V. .
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Fig. 3 Differential output current {  resulting from V..
. Cs
‘“AI—FSIVM (1)
T=2rC 2‘;L (2)

¥, is the usual thermal voltage associated with a pn junction and is approximately equal

1o 25 mV at room temperature. As shown in Fig. 2, the current 7, passes through the loading
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resistance 4r :4VT/Ir formed by 5, Q6, Q7 and Q8 between nodes D and E. The output voltage
el

vV =(i‘“)(4r l). The 1st-order transfer function V,, [V, therefore represents a high-pass filter of
ol <

the form

‘/rll 251'-

Y/’,— 1+sT

(3)

In addition, V, also results in a differential output current t;» as shown in Fig. 3 and

therefore
; 'V."n ‘/."n [l
I == 4
T2, 2V, 2 (4)
As shown in Fig. 3, the curtent {,, passes through the loading resistance 2r 2=2VT(2/1])
formed by Q9 and Q10 between nodes F and G. The output voltage Vﬂzz(idz)(2r 2). The transfer
function V,,/V,, therefore represents a buffer of the form

Vz
—2e = (5
" )

i

By reconnecting the bases of Q9 and Q10 with nodes D and E (as shown in Fig. 1), the
resulting differential, small-signal, output voltage V , taken across nodes G and F, is obtained

through superposition and therefore vV, =V, -V, ,. Consequently, the transfer function v, /V, is

of 1the form

v, l—s’r} (6)
vV I+sT

Il

[t can be seen that equation (6) represents the transfer function of a phase-lead all-pass
filter [8]. The frequency @, of the phase-lead all-pass filter where the magnitude and phase shift

of the transfer function V, /v, are approximately O dB and +90 degrees, respectively, is of the

form

1 !

— — i

o
Y (7)

it can be seen from equation (7) that the frequency ), is tunable through the bias current

I, and hence the name “current-tunable phase-lead all-pass filter”.
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4., Simulation Results

The performance of the circuit shown in Fig. 1 has been simulated using PSpice. The npn
transistors are modeled by Q2N3904, where the transition frequency f, is at 300 MHz. [9]. Fig.
4 illustrates magnitude (dB) and phase shift (degree) of V,/V,. versus frequency (Hz) obtained
from the simulation using, as an example, capacitor C = 0.01 [LF, [ = 200 WA, 7,= 40 UA,
200 MA, 1mA and 5 mA. It can be seen from Fig. 4 that, for the phase shift a1 +90 degrees, the
corresponding frequencies f, =@, /27 for individual values of {, are at 12.7 kHz, 65 kHz, 320

kHz and 1.6 MHz, respectively, with the corresponding magnitude of approximately 0 dB.
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Fig. 4 Magnitude (dB) and phase shift (degree) of V¥, [V, versus frequency (Hz) using the
capacitance C = 0.01 UF, | =200 A and I, =40 A, 200 UA, 1 mA, and 5 mA.
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Fig. 5 depicts the simulation results of both the frequency f, = w, /27 and the corresponding
magnitude (dB) of V, /v, , at the phase shift of +90 degrees, versus the bias current /, using
capacitor C = 0.01 [LF and /,= 200 {LA. For purposes of comparison, the expected (ideal) results
are also included. It can be seen from Fig. 5 that both the expected and the simulated results are
consistent, and the frequency f, is linearly current-tunable over a “wide-frequency” sweep range

of approximately three orders of magnitude.

Magnitude (dB)

1.00E+08 60
" -
1.00t+07 L 50
Frequency
1.O0E+06 -] b
~ 40
w0 1L.00E+0S
= - 30
o Tdeal
s 1.00E+04 e
% A > D Simulated - 20
& 100E+3 4
) J - 10
1,001 42 Magnitude at +90 Degrees
L00E+gL 4 &% . el — mo
1.00E+Q0 —T T T T T T—T T TTTTT T T T T T T T T T T 17T -10
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01

Current I, (A)

Fig. 5 Frequency ftl and the corresponding magnitude {dB) of V.,Ns , for the phase shift al +80 degrees
versus the bias current | (A) . using a capacitance C = 0.01 [UF and 1 =200 pA.

Fig. 6 shows the simulation results of both the frequency f; = wy /2 and the corresponding
magnitude (dB) of V,/V,, , at the phase shift of +30 degrees, versus the capacitance C, using bias
current / ;= 4 mA and / = 200 WA. For purposes of comparison, the expected (ideal) results are
also included. It can be seen from Fig. 6 that both the expected and the simulated results are linear

and consistent. By using a minimum frequency setting capacitance of 20 pF, the upper frequency

Jo can be expected at 220 MHz,
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Fig. 6 Frequency f0 and the comesponding magnitude (dB) of VnNh. for the phase shift at +90 degrees,

versus the capacilance C (F}, using a bias current ! = 4 mA and I| = 200 pA,

5. Discussion and Conclusions

A new integrable fully-balanced wide-frequency current-tunable phase-lead all-pass
filter has been presented. The architecture of the circuit is symmetry with differential signals. The
circuit is also relatively simple and integrable on-chip. Beth simulated and expected results are
consistent. The frequency f, where the magnitude and phase shift of the transfer function are
approximately 0 dB and +90 degrees, respectively, is linearly current-tunable over a wide-
frequency sweep range of approximately three orders of magnitude. The maximum useful frequency
fo 15 approximately 220 MHz. Eq. (7) suggests that if much smaller value of C (e.g. using stray
capacitance) and better transistors of much higher f, (e.g. in the region of several GHz) are

used, then much higher and more useful frequency f,, could be expected.
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Abstract

A cireuit building black for realizing & conlinuous-time aclive-only current-mode integrator is
presented. The proposed integrator is camposed only ol an internally compensated rype operational
amplifier (OA) and operational transconductance amphfiers (OTAs). The integrator is suitable for
integrated circuit implementation in either bipolar or CMOS techuologies, since it does nol require any
external passive elements. Moreover, the integrator gain can be luned through the transconductance
gains of the OTAs. Somc application examples in the realization of currenl-mode nelwark functions
using the propesed curreni-mode mitcprator as an active clement are also given

Keywords: current-mode integrator riving-point impedance fnclions | correntmode (illers

1. Introduction
In the last
various  aclive

decade, the iealizations of

cieats hy the
operational amplificr (OA)}) pele have rece o
considerable  atiention
advanlages,  such atirachve
monehthic 1C imcpration, case 1o design, and
suitability for hipli frequency operation |[1-27.
Several  OA-based  aclive-R - capacitor-less
circuits for realizing analog transfer functions
have been reported [3-4]. Presently, there 15 a
strong molivation lo design resistor-less and
capacitor-fess filter circuits utilizing the finite
and  complex pain  namges ol internally
compensaled OAs and OUTAs. Due to ifs active
only nature, the resistor-less and  capacitor-less
active  filter  would attractive  for  its

programmability and wide [lrequency ranpe of

uilizing

for Aheir  polential

as  being for

e

operation.  Many mplementations al aciive-
only filter designs are available i the hteralure
[5-7].

An mlegrator is an important  circuit

Luilding biock, which is widely used in analog

filter
design, wavelorm shaping, process controller
design, and calibration cirenits, e, However,
the implementation ol a
cinrent-muode

sirnal processing applications, such as.

continuaus-tine
wtegrator  that  emplovs  only
achive elements has not vel been reported.
Therefore, a circuil configuration for realizing
aclive-only current-mode integrator is proposed
in this paper. The propased integratar consists of
onc OA and two (OTAs. Morcover. 11 can he
iplemented i integrated circuit form in both
bipolar and CMOS technologics. The integrator
gain can be electronically uned by adjusting the
transcondirctance pains of the OTAs. Various
accamplishment analog  signal
processing  circuits  emplaying the  proposed
infegrator will alse be presented. Finally, the
warkabilities of (he proposed integrator and its
applications have been simulated based vpon an
LM74] type 1C OA and a CAIRD type 1C
OTA.

aclive-only
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Fig. 1 : The preposed active-only current-mode integrator
(ay circuit implementation {b) circuil representation

2. Circuit Description

The proposed active-only  dual-output
current-mode integrator and its representation
are shown in Fig. 1. The mtegrator consists only
of an QA and OTAs, where the dual-output-
currents are implemented by using single-ended
output OTAs in parallet connection (8]. 1f a, is
the 3-dB bandwidth of the OA and by
considering the QA for the frequencies w >> w,,
the open-loop gain An,fs) of the OA can be
approximately given by

(1

where B represents the gain-bandwidth product
{GBP) of the OA, which is the product of the de
gain 4, and the 3-dB bandwidth w, assuming
that g, and g., denofe the transconductance
gains of the OTA1 and OTA2Z, respectively.
Then the current transfer function of the current-
node integrator can be expressed as:

Joks) P By
GO I

in 3

_8

- A (2)

G

where A is the ratio between g, and g,y and
denotes the intcgralor gain. Eqn. (2) indicates
that the relationship of the currents /. aud 7, is
in the form of the integrating action. I{ should be
noted that for ordinary bipolar OTAs, g =
In/2Vy and g., Ii/2Vy, where Py is (he
thermal voltage and fp and 1 are the bias
currents of the OTAL and OTA2, respectively,
Thus, egn_ (2} becomes

[\QI
fﬂi
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Ae; is the current gain, that is the current ralio
between the bias current gy and fg).
the  temperature  dependence
fransconductance gains g, and
bipelar OTAs are campensaled.

Deviabion  from  the ideal  perfoimance
predicted from eqo.(2) 1s duc Lo parasitic effects
of the non-ideality characteristics of the OA and
OTAs. If the second dominant pote @, of the
OA is taken for consideration, the OA open-loop
gam A0} can be rewsillen as

In this case,
of the
Zay of the

173
A(M(_;):ﬁ__,b_ o w
§ (s+mb) s (14 rh_c)
where 7, = Vay, For ithe OTAs, let m, — Vg,

represent  the  effective  transconductance
inlernal-pole of the OFTA and g is the low
fiequency transconductance gain - The OTA
open-loop gain g,.(s) Tor the general case can be
deseribed by

g
Go om0 s/ (%)
g’"(\);(' o :;‘m()[l /mL.J
,{, B -
e mc.)
Therclore, the frequency response  of  the

current-mode infegrator in Fig, | (includmg the
second dominant pole of the OA) and the
transconductance internal-poles of the OTAs
can now he given by

Ll BR Y N Bam | Pas g (6)
1,05} sV s [ B L W e -
where @, and  m,; are  the effective

transconductance internal-poles of OTAL and
OFAZ, respectively. Tt can be seen that if the
conditions mey = @y and . > a1,y T aare
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satisfied, (hen cqu. (6) becomes  frequency

independent.  As a result, i we deling Agg =

Fonrlgant . €qn. (6) can be reasonably reduced (o
Tol) | g ” A (M
f,,'(.v) I 5 I )3

{One can sce that the (requency characteristic off
ihe proposied current-mode integrator has a de
current gain egual to eqn. (2} and a Ingh
frequency dominant pole focated at e« lence,
the OA pole ay should be the major high-
frequency limitaiion of the proposed current-
mode integrator. For example, the commercially
available LF356N QA has the gan-handwidih
product 3 = 27{A.5)<10% radfs and its second
dominant pate is an = 219 10" rad/s 9]
Hence, the major high-frequency haitation of
the proposed integrator is approximalely located
al9 Milz.

3. Application Examples

The following scetions will concentraie on
the wseluiness of the proposed current-modle
integrator. Some applicaiion examples to reahize
driving-point fimpedance functions and current-
mode biquadratic fitters will be considered.

3.1, Driving-point impedance funclions

FF et sinndarions

|
Y
s‘:—
A
.
=
3
:
§
— I
%’
f—— s

(b
Fig. 2 - Active-ouly mnductance sinulations

Fig. 2(a} and Fig. 2(b) show the circuit
diagram of a tunable Mosting and a prounsded

inductance simulations, respectively. From thie
cirenils, il can casily be shown that the value of
the simulated inductance is

oo -l (%)
S

RAFTTR S P

11 should be noted that the eqnivalent indoctance
Loy can properly be tuned by clectronic means
throngh  tie  corrent ratio A,
transconduclnee gain @i,

and/or  the

312 Capacitenice sintudations

An application of the proposed current-
maxle integrator lo simulatc an clectranically
tunabie capacitance simulation circuit 15 shown

i Fegdo o this case. the magnitude of the
simulated capacitance can be given by
. b
¢ By = s (9}

od —
1 ‘s_m}.l( ,‘H

Simce A, and g, (7~ 3.4, 5) can be
clectronically variable, the magpitude of (he
simubated capacitance can also be clectranically
variable. In the same manner, the groumded
capacitance  multiplier  of Figo 3 can be
conveniently converled nte o corresponding
Noating capacitance by adding an additional
dual-current autput 1A

J 4 Frequency-dependent negative resistunce
(IFDNR)

The schente for simulating a freguency-
dependent negative resistance (FDNIQ) elemcent
1s shown v Fig 40 Also, nate that the cireui
behaves as a grounded FDNR ¢lement with

f xmﬁjeyr? {1m

n-
', I P L)

where A, and £, are the gain and the OA s GI3P
of the sl integratar unit (7= 1, 2). In conlrast
to conventional cirenils, s circuil docs nol
requite any external passive clements and (s

clhipracicristic  can be  electronically  tuned.
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Fig. 5 Active-only cervent-made biquadratic filter

3.2, Electronically tunable active-only current-
mose higuadratie filter

lig. 5 shows the circuit diagram ol the
tunable current-mode filter based on the proposed
curreni-mode integrator, where £, g, and i
are the lowpass, bandpass and highpass current-
output  lerminals,  respectively.  The  circuit
paramelers @, and Q-factor of this filler can be
writlen as

R ! Ll
o, \/,lhlzlﬁzﬂlh‘z (D

and () - B 22 E

et ‘\‘ Ay

One can see that the Nlier also enjoys orthogonal
tning of e, and O-factor via the transconductance
pains of the OTAs aud it is also temperature
independent.

To discuss the non-ideal effect ol 1he
proposed inteprator on the filler's  [requency
characteristics, the parasitic second  dominant
pole of the OA [ram equation (7) is taken info
account, As a resull, the percentage inaccuracics
al (-lacror
respectively found 1o be

the a2, and m thie ease we
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and
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where @y = ity , sy = Yy and any and e,
are the second dominant poles of the OAL and
QA2 respectively. It is found that undesirable
factors, which are yielded by the parasitic
cffects of OAs, can be made negligible if such
factors are considered as the condition:

A, B,
| >>(g-"ff- KA ](rm "TM) (1%)

Bt

4. Design Examples And Simulation Results

In order to verify the theoretical study of
the proposed current-mode integrator, PSPICHE
simulation results are included. In  this
simulation, the OTA is madeled by employing a
CA3080 type OTA with a macro model [R] and
an LM741 type OA with the gain-bandwidth
product B = Z2rx 10" rad/s. Fig. 6 shows the
simulated {requency responses of the proposcd
carrent-mode integrator. The resulls show that
the circuil acts as an integraling function vl a
slope -20 dB per decade lor the

] l-(A(;!B\."m)(A{;zﬂirw _ gm..l
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frequency range from 10 Hz to 1 MHz and has
less than 10% phase error in the frequency range
ol 30 Hz o 500 kiiz

The performance of the floating inductance
circuit of Fig. 2(a) is demonsirated 1hrough the
use of an clectronically tunable active R, fow-
pass Nilter in Fig. 7(a) with the external resistor
Ry = 1 k€. The bias current ratio A¢; = I/l
(= Lo/ is sel to 05, 1 and 2, while g,,; and
gy are respeclively set to | mS and 0.4 S
thus the cut-off frequencies f- are approximalely
cqual to 200 kiHz, 400 kilz and 800 kiiz.
respectively.  The frequency responses ol the
low-pass Tilter are shown in Fig. 7(b).

Fig. 8 shows simulated responses of the wnable
current-made mualtifunctional Nlter of g 5, when
Ay = Ay — 005 and g, /e, = 0010 Thas filter s
designed Tor e /2m = SO Kz at the onily (-factor,
All the simuolated results shown above imply that
the proposcd integrator exhibits reasonably good
agrecment willy the predicted values,

L
Phase o
e &
) ]
T 4 ; —_
. RERS v §
R ™. : <]
. N s
. ™, -
e :
\\_ o
AN H
e o N on
o Fht Y]

frequency (32

Fig. G @ Frequency responses of the proposed integratar
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1 Nullor model of IFTEN

The FTEN bs gguivalent 1o an adeal nallor as shown
i Fig.1(a), where the port characierishies cn be deseribed
by the following cquations - |2-7]
ey =00 and r, (1)
Althonpl the oulpul simpedance of the We and Z-poits al
an FEEN are arbateary, o this paper an UHERN ol the type
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Observing tiat all ol the scassivitics we small,

1V, Elfeets of the FTEN non-idealines

Assnning that the port relations ol the non-iden
perfonmance of the ¥ HFN are considered by 170 = 11 1y
=0,y L= w, (]~
voltage tracking crrov snd o = 1 - BOU8] - - ) represeals
the curvent tracking error of the F7TFN
rontine st analysis of cicuit as shown in Fig 3 yiclds
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V. Stmuktfion results
fhe chimractesistic al the praposed circost of tie Fig 3
conlirmed by  PSPICE simulvion resulis
Although several lechmgues o aaplement an 7FEN have
[2.3.8], the simulation results were
obiained by using the possihle realization of the multiple-
oraput FTEN shown i Fig 40 The 1PN was constrncted
willi an aperational amphlicr AD704 from Analog Device
[9] sl the power-supply current-sensing technique [10]
using bipela taosistors of 2ZN2907A and 2N22272 [ar pnp
auel npn uansistors, respectively,
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Sinusoidal Frequency Doubler and Full-wave Rectificr Using Ueanslinear Current

Confrolled Conveyors

IC Anuntahiraneal, W Tangsrivat, V. Riewraja and W, Surakampontorn
Faculty of Engineering and The Research Center for Communication and Infanation Technalogy (ReCC1TY,
King Mangkut's [nstitute of Technelogy Ladkiabang, Dangkok 10530, Thailand

Alstrace

An alternative  technique  for rcalizing hoth o«
sinusaidal frequency dadhler aimd a fullavave rectifier,
using translinear currend controlicd comeerars as active
circuit elements, is presented. The frequency douhling and
the rectifping actinn are exploired from the translinear
characteristic af the current canvevor Sinudation resuits
are given to confirm the theorctical pucdictions

. Infroduction

Sinusawdal frequency doubler and {ull-wave rechilicer
find a wide range of applications o inslaamentation and
communicalion systems. 1t has beea demonstrated that o
dual Aranslinear loop, which works as a class ATY
amplifier, can be used o implement bath a <iusoudal
frequency doubler and Millawave cectifier [V In recent
years, a Wranshinear current controlled convevar (CCCT
has  received much  attention  in the  design and
implementation of current-mode Tunclion circuits with
clectronically tunable characieristic such as oscillators,
multiplicts and filters [21-[5] e to the dual transtincar
charactetistic ol bipolar junclion Lansisters associnted
within the current conveyor, il has also been recently
demonstraled  thal  a translinear  corrent confralled
conveyor incarparales both a sinusodal Gegnency Joubles
and full-wave reetificr fuuctions [6]. However, the circais
requires the external currenl mirrors, Theiefore, the
purpose of this article is to propose a liequency doubler
and full-wave rectifier ciicuit that omployimg only three
CCCls and external resistors,

L Clircuit description
A. Basic principle )

The schematic «iagrmn of  the  tanslinean -bascd
sccand-generation current-cantrolled conveyor s shown
in Fig. |, where groups of transistors (-0}, consliluic a
dual franstineac mput cell, £, is the mpul corrent at port X
and [, is the DC bias current Assunusng (that the
transisler’s  common-cmitier curvent gain /1 ~~1 the
expression far the cucrents 7, and 7, can he stated az [ 7] R]

(1'7' 3 415]1/2 -

[y o= i Lo (1)
: 2
/2
Ql;:l + 4”.2 ! T
Iy = A—"r s (th)
’ 2
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Fig 1 Schematic dingeanm of he transtinear catient

cantialled conveyar

Phe peoposed siusoidal fregquess v doobler aond 1ol
winve reclhiler employing COCT which corvesponds 1o the
cucmd digram of the tonsbines conveyor i g bome
showen o Fipe 20 The curvents ¢ oand £ denote tenpeciove
the  positive-supply cunrent aned the negative supply
cirent ol the convevor CCCL £y and Fyy tepierent
respective the cuntents oand £oal the conveson ©E0L

Fhus, the expressions for fg and Focue

Pag = 2002y [RRY|
el
fo; My (i)

Lo this schease, the convertimg resistar £, canverls ihe
inpuel sipial veltage v, to an inpuy signal covent o, 1604,
“ i Accanding to cquation (1), the cotrent f, anud 74y can
he prven by
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Fhe supply coreents £ and Toome sepsed by remstas 12
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Fig 2. The proposed stousoidal ficquency double ad full-wave rectificr

W Ke, respectively. The voliage dropped acress the
sistoes that are delivered wo input terminal Yy and Yy that
vequal potential will appear on the mput terminal X, and
yof the CUCHE and CCCTL

wpression . o Voand Ve

tespectively, Then, the

a=Vor Q42 Ry, (4a)
P R S 1A 2 S e (i)
nd

ey = Va4V (5)

) Ve
‘ H.Sl:R.Y?:I\‘\" Rllz"{t}:'r(x ) |

|
1z inpul impedance at terminal X of the CCCly and Vi is
e thersnal voltage al room temperatiie (approximaely
6 mV). The signal current 7 ; will be conveyed 10 the

. where I s

ulput tecminal Zy o suche that ferminal  Z; has the

haracteristics  of  a  current source, ol value
Vi -V . .

g=—-——= —— ., with high output 1mpedance,
Rey 4 2R

hen the output current 1, of the CCCIL- arc

(mn‘ -

VA VH

_. {0)
Ry 1 2R,
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ruul =

2
2k Vg 1 Sk Ry r-2k,1"_\-(41,2 ,;,f,)' (7

!
Whoe k) = ——
Reg VIR

voltage. From cquation (73, 101% clemly seen thad the thid
et is in the form ol a root-suin of a square relation 1L is

andd Ve 1l power suappity

thus e thas performi te fiequency doubling action

I Sinusoidat frequency doubler

For o stousondal  anput sipnal vahage
vi, =V st the inpal signal curtent 4, i
: v
cquiled 1o g, =1 s, wheie S, =0 U we
Reey
seleet the signal smplitude such tha (imi' a4l
ky= =2k Ve v 5k 0, Rg 0 then the  cquation (7)
bheoomes
o = Ky =4 kR f*‘fif““"')w (B}
’2
where ky=—%— ' (he power scuiics of the oo
(@)

- { !
(H =t = (v - e ewployed, then the
Ji) [7] [P_ ploy

couabion () can be rewaitien ax

i

went

=k, JIC)]

ARGy Do vos Daon vy cos At



CCCHs is prescoted. Vhe frequency donbhing and ihe
wctifying  acuon are  cxploited by employtng  the
translincar characteristic  associated  within the cureeid
“eomveyor, where this chwacteristic has heen monitored
fom supply-live currents. PSPICE simolation results bave
been nsed o venfy the palvimance of the proposed
ireail and have been demonstrated 10 agree very well
with the theonetical predictions,
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ABSTRACT

A novel circuit configuration for realizing multi-outpul four-
lerminal foating nullor in hipolar monolithic integrated circuil
(orm is described. The circuil is simple and based on the usc of an
improved translinear cefl (ype circuil, which provide wide
pandwidth and dynamic range. The characteristics of this chcuit
are confirmed by HSPICE simulation results. The performance of
the FTFN-based current-mode aund inverse fillers e also
weluded.

1. INTRODUCTION

Al present, current-made ciecuils have drawn i coosiderable
attention due to their definile advantages, which are clementarcy
witle bandwidth, wider dynamic range, simpler circuitry and low
power consumption (1], Recently. active devices widely used in
current-made cirevil are usually o sccond-gencration curront
conveyor (CCID, 2 cureent feedback op-amp (CTFGA), a luir
terminal [loating nullor (FIT7E) and an operatonal trapscondu

tance amplifier (OTA). However, it has been showi that the FTTN
ix more Mexible and versatile building block than oiher aclive
devices [2]03]. Intercst in vsing FIFNs o design curent-mode
circuits has increased recently; for example. lillees, pyrators,
simulated floating impedances and sinusoidal oscillators based on
thesc ¢'ements have been reported [31{4]. This is due to the lact
that the FTT'N-based structures provide a numbher ol palential
advantages such as: complete ahsence of passive conmponent-
matching requirement, minimum number ol emnployed passive
clements and improvement of high frequency chareteistic,
Although, in gencral, TTTTN-based and CCl-hased corrent-mode
circuits  can  simply  be  desipned  throngh  a systematic
transformation, based on the vse of a avlior which consist of a
nullatar and a norator, from a regubar RC active circuit, However,
it owe to the fact that when using the (ranslormed nailor
equivalent circutt the nullator/noratos pair can simple be replaced
by an FTTN witlioul imposing any restrictions. In addition. by
designing through a dual transform technique, the transformed
current-mode  FITN-based circuit requires a  high  oulpt
impedance sonrce, for which a cusrent source 15 suitable. This aiso
conables (he cirenil to be used in cascade form.

Al first, many FTTN realization schenes arc based on the use of
the conventional op-amps as the major active clement [3]]5]
These reatization schemes are less appropriate far bigh {frequency
applications and arc uncconomical [or applying to an integraled
ciccuil form, since cach ap-amp witl requice 3 substantial chip area
by itsell. On the other hand, the realization schemes snilable for
implementing in monalithic integrated form have been available
161171 T8] bul cven so they are oo camplicated. This paper shows
an alternative form for realizing a monohithically iategrable

mulfiple-output FTTN, which alfuids dngher pam and  wider
dynamic range. The prepused scheme i< hased on the use of an
improved bipolar (ranslincar cell (9. In addition, the nnmbec of
oulput ports can be additionally expanded to support the <designer
appiicaiions. For exanmple, receatly, there are same intlerests on
realizing FTEN, which has exiended more than four terminals
such as the so called a hive terminal Naating nullor (FYTN) [ 10].
Therelare, the realization of the TOTM and itz applications wil!
also be discussed. The anrent-mode filier and inverse il
transforimed from Satlen-Key DHilier 13, are adopted fon itlusiiting
the performance of the projesed ¢hrouit,

2. CIRCUTT DESCRIPTION

Generally, FITN a= a high gain transconducionee wmnplilics with
floating input and output {erminals or can be ealled o< an
apcrational Noafing amplilicis (OFAY |71 Fig. Ha) shows a
nullar madel of o FUEN wiich s equivalent o an ideal nulion

The port relatinnz of tha TN ¢an be characterized ae

VomVo = =00 T i

wherc, it should bepoted that the ontpt tmpedance of the Woan i
Z ports are gencially ahitcuy, However, most of the PITPNS ae
traditionally reabized from the basic type shown in g 1),
where the output mipedance of the W-port is very low while the
impedance of the Z-poitis very lugh This type of FIVN is also
eatled as operntional wminored amplificrs (OMA=) |61

NS

Figure 1. Madel of a TTTTN {a) An ideal sullor model
(1Y Traditional boplemeniation model.

(a} (h)

Figure 2. (2) Symbot of mmli-outpot FFITN, (1) Possible
unplementation ol olli-oaipul FYTN



4. SIMULATION RESULTS

The performance of the proposed circuit in Fig. 3 is verilicd by
HSPICE analogue circuit simulation program, All NPN and PNP2
bipelar transistors are ALA400's NX1 and PX1, respectively,
obtained for AT&T s CBIC-R process {) []. The bias currenls arc
set10 fg; = 2 mA, Ty = 15 = 50 gA and (he power supply vollages
arelaken as Ve = +5V and Vg = -5V, The simulated D.C. offset
voltage between port X and port ¥ is approxinrately 200 pV, the
output offsel currents at port Z- and port Z+ are aboul 3 A and
13 wA, respectively. The output impedances at ports W, Z- and Z+
are 10.7 k€2, 1.4 MQ and 1.43 MQ, respectively. The simulaled
cusrent following operalion of the Fig. 6 shows that the circuit can
cxhibit the linear response over a very wide current range. Fig, 7
shows the characteristic of the epen loop transconductance gain of
the proposed circuit. The transcanductance gain of about 1.8 AV
is achieved, where this value s much greater (han the transcon-
ductance gains of the circuits in (0], [7] and {8). This is owing 1o
the advanlage of the high current gain of hipolar transistor. From
lhe responsc it can be estimated the -3 dB bandwidth in a very
high frequency as nearly as 2.8 Milz.
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Figure 7. Simulated open loop transconductance gan.

The valtage and currcint transfer characteristic af the CClls are
chosen as cxamples (o denote the performance of the active
devices prescuted in Fig, 5. Tig. 8{a) shows the vollage transler
charactesistic from poit ¥ 1o port X whereas Fig. &(b) shows he

current transler characteristic from port X to port Z. Noting (hat
anly tire characteristics of the Tig. %) and Fig. 8(h) arc
demonstrated. It can be expected that the other aclive devices are
also giving a good achicvement.
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Figure & (a)} Voltage transfer characteristic from port ¥ {o
port X (o) Current transfer charactenstic from pori X o
port 7. “O— CCl+ from Tig 5(h}

O CCN- from Fig 3(c}

~o= CCH- hom Fig, 5(d)

In the Levciuc's work [12], it has been specificd that an
mappropriate implamentation of the pullors can lead Lo crrors i
the realization of inverse circuil. Therefore, a cuirent-muocle
inverse filter is a good example to demonsirate the correctness and
the uselulness of the proposed. ciceuil. The TTUTN-based cuneit-
mele filter and s inverse filter, (ransformed [rom the Sallen-Key
vollage-mode 2™ order low-pass filter through the using RC:CR
dual transformagion technique [31, are shown in Fig. 9(a) and Fig.
9(13), respectively. The transfer funciion of the currenl-mode

Sallen-key tow-pass {ilter and (he current-megle  Satlen-Key
inverse tow-pass Nilter are:

P
fe RIGCLC,
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ABSTRACT

In this paper, a possible realization of a curent differcacing
buffered amplifiecc (CDBA) in the low-voitage operation is
proposed. A leapfrog simulation of the cumrent-mode ladder
actwork using the CDBA 25 active circuit building blocks is then
introduced. In order to demonstrate that the CDBA considerably
simplifics the leapfrog structure of the current-mode ladder
filters, a fifth-order Butterworth low-pass filter and a sixti-order
Chebyshev bandpass: filter which require a minimum of active
components will be presented. PSPICE stmulation results are
employed to verify the correctness of the realization procedure.

1. INTRODUCTION

During the past few years, comparing with voltage-mode
techniques, current-mode signal processing techniques have
been received a wide attention due to its wide bandwadth, low-
voltage operation and simple implementation of signal
operations such as addition and subtraction [1]. At present, a
number of cwrent-mode circuit techniques, such as second-
generation curtent conveyors (CClIs), “current feedback
amplifiers (CFAs) and current mirror-based circuits, have been
developed. Among these topologics, the CCII has been proved
to be a flexible and versatile current-mode building block, which
can be widely found in many realizations of the active network
synthesis.  However, CCll-based circuits in voltage-mode
designs require some additional devices when they are used for
cascading sections duc to the high-output impedance of its
output port {7]. Also pote that it may require a large number of
active components in some ¢ireuit implementations.

Recently, a current differencing buffered amplifier (CDBA)
has been first proposed {2}, which is particularly suitable for the
current-mode operation and realization of continuous-time
filters. The CDBA can offer such as high-slew rate, wide
bandwidth and simple implementation (3]. Therefore, the goal
of this paper is 1o proposc & simple design procedure for the
mmplementation of the geperal current-mode ladder filters,
widcly used in analog signal processing systems, by using
CDBAs. The realization is derived based on the use of leapfrog
simulation corresponding to the passive RLC ladder prototypes.
The .presented method shows that the CDBA-based leapfrog
simulation is simple and suitable for realizing of the current-
mode ladder filters. Most importantly, current-mode ladder
filters with CDBAs employ less active componeats than compare
with CClls-based ladder filter implementations.

2. CIRCUIT DESCRIPTION
The circuit representation of the CDBA is shown in Fig.1 and its
current and voltage characteristics can be described by the

following relations [2-3] :

a and vw =v2 (])

current subtractor

buffer amplifer

Fig.2 : Proposed realization of CDBA in the low-voltage operation

3-7803-7448-7/02/517.00 ©2002 IEEE



It should be noted from the above expression that the differential
input current i,-i, is converted to the output voltage v,, through
an impedance connected at the port 2. Thus the CDBA basically
consists of two blocks, current differencing circuit (currcot
subtractor) and voltage foliower. The proposed realization of the

Jow-volage CDBA in bipolar technology is shown in Fig.2,-

where group of transistors Q;-Qq and Qr-Qyo function as low-
input resistance input stages [4], and complementary NPNs and
PNPs Q,,-Q s form the buffer stage that forces the w terminal to
the potential of the z terminal.

3. CURRENT-MODE LEAPFROG LADDER
FILTERS USING CDBAs

An approach to derive CDBA-based current-mode ladder filters
from passive RLC ladder prototypes is presented in this section.
Duc to the doubly terminated RLC ladder filters share alt the low
sensitivity and low component spread of the RLC prototypes [5-
6}, this configuration has been rocciving considerable attention
and popular. - These active implementations arc conventionally
designed by based on the representation of signals as voltages.
But in thc current-mode based implementation, the ioput,
intermediate and output signals are usually represented as
clectrical currents that seem to be recognized to offer potential
advantage for useful both in continuous-time and in sample-data
signat processing. To demonstrate the procedure far the design
of a CDBA-based curent-mode ladder filter by the leapfrog,
consider a popular ladder structure that uses to realize the doubly
termminated RLC ladder filter shown in Fig.3. This structure can
be characterized by the following expression :

¥

L=lg——-1, , W=4Z
1 N RS 2 1 141
V2 iVI—V:,; IZ=V2Y2
13212—[4 y V3=l323 (2)
Vn = Vn-l _Vn-i-l In = VnYn

and Jn'zln—l“[rﬁl ' Vnzlnzn

As shown in Fig3, a LC ladder filter structure can be
represented by the block diagram of a leapfrog realization as
shown in Fig.4. Observe that in this figure the repeated use of
two operations of Fig.5(a) and 5(c) makes up the complete

circuit By using these operations, it can easily be realized by
the active-RC circuit involving CDBAs, For the CDBA-based
realization, it can readily obtain the CDBA-RC circuit by
interconnecting the corresponding sub-circuits of Fig.5(b) and §
(d) according 1o the overall block diagram representation of
Fig.4.

() (d)

Fig.5 : Sub-circuits and their realizing operation using CDBAs

Fig.6 : Current-mode fifth-order Butterworth
RLC ladder lowpass filler




As an appiication of this proposcd design procedure, a
cusrent-maode fifth-order Butterworth RLC ladder lowpass fiiter
shown in Fig.6 is realized as an example and the resulting circuit
is shown in Fig.7. It can be scen that only five CDBAs are
employed for implementation of the fifth-order filter. Therefore,
in general, n CDBAs are required for realizing of the sth-order
filters. This means that the circuits using CDBAs can reduce the
nuraber of active components by 50% comparing with the CCH-
based circuit implementation (7).

|4~ = —»|

ChBA

Fy= 280, - 1Y) IL'

ry ()

/ i, <

b ¥, ——

IS LAY S7]

(b :
Fig.9 : Sub-circuits of the filter of Fig.8 involving CDBAs

Furthermore, this method can also be used o apply in the
desipn of RLC bandpass filier. Consider a current-mode sixth-
order RLC bandpass filter shown in Fig.B. The corresponding
sub-circuits of the filter using CDBAs arc shown in Fig9.
Based on their realizing operation using CDBAs, the nbtaiied
circuit can be shown in Fig.10.

4. SIMULATION RESULTS AND
DESIGN EXAMPLES

In order to verify the correctness of the above given filter
realization procedure, the low-voltage CDBA of Fig2 was
simulated by PSPICE simulation using the 0.7um BiCMOS
process parameters. The power supply voltage is +V = +1 volts
and all bias cumrents [, which is realized by current mirror
circuits, were set to be 200 pA. Fig.i1 shows the simulated
current and vollage transfcr characteristics with R, = 1 k2 and
R., = 10 kLi, which is clearly seen that the cutoff frequencics in
the order of a hundred MHz are obtained. The simulated
responses demonstrate that the circuit behaves the linear
response over a wide operating range.

o

Current gaim,/, (1, ); (48)
@
]
]
1

Yoluge sin,v_fv_. (dB)

EL !
10k ([ M 198 100N (L) oG 100G

Frequency (Hz)
Fig.1! : Simulated frequency responses of the CDBA of Fig.2

IL.

Fig.10 : Current-modc sixth-order bandpass filicr using CDBAs



As an illustration of a current-mode fifth-order Buticrworth
lowpass filter, the filter of Fig.7 with a hzlf-!)::)wa frequency
@55 Of 100 Mrad/s was designed. This ¢condition leads to the
passive clement values chosen as follows, Re= R, =R =1 K],

C; = Cy = 6.18 pF, L3 = Ly = 16.18 pF, Cy = 20 pF. The

simulated and theoretical responses are shown in Fig.12.

L]
50
{im \
s
i
—0--0~1 Thowretical visher .
4% | o0 Semudatonvesitta ) T 77T
.ml- 100k i [ -1 G
Froquoocy (Hz)
Fig.12 : Simulated response of fifth-onder
Butterworth lowpass filter of Fig.7

For demonstration purpases 2 sixth-order Chebyshev
bandpass filter according to the circuit configuration shown in
Fig.10 was designed with the following specifications : @ ym =
100 Mrad/s, bandwidth (BW) = 0.45, and ripple width = 0.1 dB.
The approximation of this filter resulted in the following
components values : Rg=R; =R=1¥KQ, C, = Gy = 22.923 pF,
C; = 3921 pF, L; = L, = 4362 pF, L; = 25498 pF. The
simulated response of the designed filter venifying the theoretical
value is shown in Fig.13.

Magninade {dB)

0% Theoretical valuc Ty
-0-0r : Simulation resully

e
Fig.i3 : Simulated response of sixth-order
Chebyshev bandpass filler of Fig. 10

5. CONCLUSION

A design technique to realize continuous—time current-modc
fiiters employing CDBAs is proposed.  Minimum active
component counts have been obtained from the simulation of the
passive LC ladder network. As an example, a fifth-order
Butterworih lowpass filter and a sixth-order Chebyshev bandpass
filter are designed and simulated using the PSPICE simulation
program. The usefulness and commectness of the proposcd design
procedures have been confirmed by the simalation results.
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ABSTRACT

A novel circuit configuration for the reahization of the
single-input  and  three-output  (SITO) curreni-mode
biquadratic filters employing only three muliiple-output
OMAs is  presenied. The proposed circuil  can
sumultaneously realize lowpass, bandpass and highpass
filter functions at three high-impedance outputs without
changing the circwit  configuration  and  efements.
Moreover, the resultant current-mode [2lier provides jow
passive and active sensilivities, uses of only grounded
passive clements and can be orthogonal tuned of the
parameters a1, and O-faclor.

L INTRODUCTION

Owing 1o the usefulness and advantages of operational
mirrored amplifiers (OMAs) and four-terminal floating-
nullors (FTFNs) over current conveyors (CCs) [1]-[4],
there has been great emphasis in ihe design and
implementation of analog signal processing circuits using
OMAs and FTFNs as active elements. In the recent past.
several techniques for reslizing floating yimminances and
current-mede filters using OMAs and FTFNs have been
described by various authors [1)-[2], [5]-[8]. One of these
filters known as a current-mode singie-input and three-
output (SITQ) type multfunciion filier which offers
particularly auractive features, such as. simultincously
reahizes lowpass (LY, bandpass (3P) 2and highpass {(HP)
filter  charactenstics  withowt

chansng the  circunl

contrnraton amd clements. prosides hechaimpedance

current outputs [9]-[12]. Only SITO cumrent-mode
biquadratic filter that obtains the mentioned advantages
using OMAs as actlive elements has been recently
presented [12]. However, 1t requires four OMAs, fioating
passive elements and, more importantly, its pararmeters i,
and Q-factor are interdependent.

The major goal of this paper 1s to present the SITO
current-mode  biquadratic filter employing only three
mulupie-output OMAS with all grounded elements. The
number of active elements proposed herc is less than that
required by the previous SITO filter proposed in reference
[12], when the filter provides three high output impedance
current outpul. The proposed filler realizes three current
transfer functiens simultancously and all pussive and
aclive sensilivities are quite low, Morcover, it offers the
altractive feature of independent grounded-element
control of the parameters w, and Q-facior

2. FPROPOSED CONFIGURATION

2.1 Operational mirrored amplifiers (OMAs)

Fig.] shows the cireuit implementation and
representation of the operational nurrored amplifiers
(OMAs). The negabve OMA (OMA-), comprising an op-
amp and two pairs of current mirrors as shown in Fig. 1(a),
15 a more general and Dexible device owing to it can be
equivalent 1o anadeal nullor or FTFN {3],[13). Whereas
the ather type of OMA which requires only one pars ol
current mirars s nomed the positivie OMA TOMA- ) ind



is shown in Fig.1(b). Therefore, it can be concluded from
the Fig.1 that the port characteristics of the OMA, can be
characterized as :

vy =¥ R "l '—'l‘z =0 and f‘4 -'——1.3 (])
e,
4 By
-

(a)

(&)
Figure { : Circurt implementation and
circult representation of the OMAs
(a) negative OMA. (b} positive OMA

2.2 Muitiple-output OMAs

For realizing the multiple-output OMA, 1t can casily be
modified from the conventional OMA realization of the
Fig.1 by adding n-output current numror {enminals as
shown n Fig2.  Thus, the resulting bwlding blocks
become the multiple-output OMAs,
descnibed by the following port reiations :

which can be

Vo =y

f!=fz =0 and P, o=

" Sy ThaTn

(2)

2.3 Proposcd SITO current-mode filter

Fig.3 shows the proposed current-mode filter with
single-input and threc-output terminals using three
multiple-output OMAs, four grounded-resistors and two
grounded-capacitors. According 1o the pont relations of
the multiple-output OMA from equation (2}, a elementary
circuit analysis shows that the current transfer funciions
of this circuit can be expressed as .

(b)
Figure 2 : Multiple-output OMASs
{a) negative multiple-output OMA
(b) positive multiple-output OMA
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where  Di(s)= 57 4 4 — |+ = = -
RyR L, Ry Ra R 4CyCy

The equations (3) 10 (5) show that Uns filter can realize
the highpass Tue(s). bandpass Tep(s), and lowpass Tppf).
current transfer functions simultaneously witlout
changing the circuit configuration and elements.
Moreover, it can also provide a high-impedance output
port that is suitable for cascadable systems and it conlaing
only grounded elements. Noting that the advantage lor
filiers that employ grounded capacitors is the ease of the
integrated circuit implementation {14,



in

o= * oomar
4 f——o
2 ® — 2
- 3 j
al

=
s
Py
o
1 3l
! I

Figure 3 - Proposed SITO current-mode biquadratic filters using muitiple-output OMAs

The natural angular frequency ., and the Q-factar of
this configuration can be given by :

= (6)

RR4C
and 0=~ _“_} (73
YR R3O,

Then the passive sensitivities of w, and J-factor are

Wy cWg oWy _ oW _ oty | o 1

Sh S:’\’z ‘S"“_"s 5.'?4 SC] SCE 5 {8)
o ¥, 0 Q e, 0

§ = =, 5 =5 ==-8= - G

TR Sﬁz S‘.J-J_; Ry S‘Cl SC: A =

11 can be found that all of the sensitivities with respect 10
the passive elements ae fess than unity.

Furthermore, by setting R, = Ry = Ry, R = R = Ry and
C; = = . then the parameters w, and @-factor of this
filter, from equations (6) and (7). will be rewriten as

m, = . {10)
R
R
and O=c4 (n
iy,

It is unportant to neted from equanons (10) and (1) that
the natural angular frequency @, can be varied by wning
ie value of the grounded resistor R,y and/or the grounded
capacitor ¢ without disturbing the value of O-factor.
Maorcover, the Q-{actor can be independently controlled
through o singic vrounded resistor Ky Therefore, the

proposcd lier provides onthogonal grounded-clement

control of the parameters «w, and Q-factor.

3. EFFECTS OF THE NON-IDEALITIES OF

THE MULTIPLE-OUTPUT OMAs

By taking into consider the non-ideal performance of
the multiple-output OMA, 1ts characteristics can be
modeled as v, =By, [ iy=..=is=i;= @i;, where B = |
- £, {[g] << 1), denotes the input voltage tracking error and
o =1- 8 (/6 << 1), represents the output current
tracking error of the multiple-output OMA. In this case,
reanalysis of the configuration in Fig.3 shows that the
current transfer functions become :

o Byo Ry
3 —_—
R
el (12)

THr(s) - L (3)
{in () L (s}

TRIs) - o2(5) 17446 (13
/m{"‘.) D”(X)
Lits R Ry R4 CC

Trogsy =43 L H1fRaCCa i
fatt) D,(s)

and D, ()= 5%+ (ﬁ_ .’M'(Q‘f"f;]

RiCy | | RiRsRaGIC,

where B, and ox, . (7 = 1.2, 3), are the voliage- and the
curcent-tracking errors ol the i-th muluple-output OMA
By using the =<ame condiion mentioned above, the
parameters . ad Qu-foctor for the non-ideal ¢ases can
be given. respecuvely . by



1
W, = RACJﬁl'Bzﬁz.alazas (15)
Q”___RA i%___ (16)

Rp Y8\ B0n0,

Hence, its active sensitivities for this case are obtained as

Won = & Wen :l (17N
B1.82.83 #.02,05 )
Qn - 'er __;F__l, 18
Sﬁ] §ip) ) ;2 2 t18)
and s 259 ! (19)
i a9

all of which are cgual to 0.5 in magnitude.

Nermalized

I

fized

KY
(b}
Figure 4 : Posaible realizauons of multiple-output OMAs
using power-supply current-sensing technique
() negative multiple-output OMA
{hy positive multiple-output OMA

4. SIMULATION RESULTS

To venfy the validity of the proposed configuration, the
filter of Fig.3 has been simulated through the use of a
PSPICE simulation program. In the simulation, possible
realizations of multiple-output OMAS using power-supply
current-sensing technique {15] are shown 1 Fig.d. The
OMAs were built by employing AD704 operational
amplifier together with improved Wilson current mirrors
composed of pnp 2N2907A and apn 2N2222A
transistors. The biasing power supplies used were taken
as +V = +15V and the capaciior values were C; = C; = 5
nF.

Fig.5 represents the frequency responses, all the three
current functions, obtained with the following values for
passive components : Ry = Kg = 10 k€2, designed for 0 =
1 and f,=3.18 kHz.
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“ipure 3 0 Frequency responses of LP, BP and HP filiers
obtained from the eircuit of Fig.3 with
R‘.‘ = R;,- = ]0 kQ and C.f = C‘_I =5 HF.
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Frgure 6 - Stmulanion results of BP response
for various values ol ay,



As an illustration of the controllabihity of the natural
frequency @, Fip.6 shows bandpass output responses for
three different values of R; =R,y =Ry ;1. R,=35 k{2, 10
kO and 20 kQ. The comesponding natural frequency
obtained by simulation are 6.45 kHz, 3.23 kHz and 1.62
kHz, respectively, which are in good agreement with
theoretical values calculated from equation {10} : 6.36
kHz, 3.18 kHz and 1.59 kHz, respectively.

Noarmahzed
current , an

Frequeney (Hz}

Figure 7 Simulatien results of BP response
for various values of Q-factor

The obtained responses of the bandpass cutput for
variable Q-factor (i.e.; Q-factor = 1, 2, 10) are shown in
Fig 7, while R, set io constant at 10 K2, This Hgure
shows that the various vaiues of O-factor can be obtamed
Iy varying Rp without disturbing the parameter ¢, It can
he concluded from above mentioned that in beth cases the
filter characteristics are very close 10 the theoretical
analysis which is deduced from equations (10) and (! 1),

5. CONCLUSIONS

A variety of new single-input and three-output (S1TO)
current-mode  biguadratic  filters uwsing  only three
muluiple-output OMAs has been proposed. The proposed
filter provides the following advantages :

(1} simultaneous realization of iowpass. bandpass and
Inghpass current transfer functions without changing the
circuit configuration and elements.

(11} employment of anly grounded clements.

(311} cascadable sinucture.

{iv} independent control of the parameters o, and Q-
factor through grounded elements. and

(v) low passive and active sensitivitics.

The validity of the proposed filter has been confirmed by
the sinuelation results.
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ABSTRACT

A cyrrent-mode analog multiplier-divider circuit that realized
through the use of operational transconductance amplitiers (OTAs)
15 proposed in this paper. The proposed schewne is realized in such
a way that employs only OTAs as active circuit elements and does
not require external passive circuil elements. The circuit is simple
and can be easily constructed trom commercially available IC. The
circujt is temperature compensaied and (he circuit bandwidth is
approximately close to the bandwidth of pnp current mirrors or
f1¥2. The performance of the multiplier-divider cireuit is discussed
and confirmed by simulation resulis.

1. INTRODUCTION

Analog. mulupliers and dividers are important nonlinear building
blocks  that  have Tound  useful in wide range
applications.particularly.in the fields of control, instrumentation,
measurement,  signal processing and  tclecommunication. At
present, because of the main featuring of wider bandwidth, greater
linearily, wider dynamic range and simple circuitry compared with
their voltage-mode counterparts, curreni-mode citcuits have been
received growing interest in analog signal processing. Many
techniques to  design  current-mode  analog  mulliptier-divider
circuits have been presented in the literatures. For examples, the
methads that are suitable for CMOS integrated technology [1-3],
and the methods that are implemented through the use of active
circuit elements such as. for examples, current feedback amplifiers
(CTAS) (4] nnd second-generation current-controlled current-
conveyors (CCClls) [5].

It is well accepted that an OTA is one of the essential active
building blocks in the design of analog circuits such as, for
example, active filters, active networks and oscillators [6,7]. This
is due to the fact that an OTA is a Jow-cost device that has only a
single high-impedance node and its transcondeuctance gain g, can
be linearly contrelled over mose than four decades by means of an
external bias current. The implementation of analog circuits in
such a way that cmploys only OTA as standard cells will not only
be easily constructed from readily commercial available I1C, but
alsa significantiy simplificd the design. In addition, the OTA-based
circuit that requires no external passive clement would facilitate jts
incgratability and programmability |8]. Although, in the past.
circvit techniques that employ OTAs to implement analog
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multiplier have been presented {7,9). However, they are voltage-
mode circuits, only multiplication funciions are realized, and the
circuit bardwidths are only about 2 MHz. In this paper, a curren
mode temperature compensated multiplier-divider circuit wsing
only OTAs as active circuit clements has been presented. The
realization scheme does not require cxtemnal passive elements.
PSPICE simulation results will be used 10 demonstrate the
perfermance of the proposed realization scheme.

2. BASIC PRINCIPLE

In this work, a bipolar-based OTA will be employed as an aclive
circuit element, where its schematic diagram is shown in the Fig. 1.
The commercially available OTAs of this type are such as
LMI13600 and CA3280. By assuming thal the OTAs are operaled
in the  hinear  range, the OTA  transconductance pain
isgn=/,/2V.  which can be wned by the DC bias current ( )

The circuit diagram of the proposed current mulliplier-divider
circuit using OTAS is shows in Fig. 2. The input signal current i,
is ijected inlo the operational transconductance amplifier OTAI,
which is connected as a current-controlled grounded resistar. The
voltage across the OTA is then uscd as the input voltage for the
OTAZ and OTA3. The input signal current i, is added with the
bias current [ of the OTAZ. Let g,y g and gn; be the
transconductance  gains of the OTAL. OTA2 and OTA3Z
respectively. Then, {rom routine circuit analysis, the output
currents /o, and /yy; of the OTA2 and OTA3, respectively, can be
writlen us

L= Bz iy = f/ﬂ; '{m] I n
Zm I
and
la= —&i'm = _Mf‘ml {2)
i I

where g, = I 2V5 @ = (Upatiy2) 12V and Loy = g/ 2Vyand V-
is the usual thermal vollage. If we sct the bias current such (hat Tys
= Iy = ly e oulpui current [, of the circuit. that is the
summalion of the currents fy; and /5, can be expressed as



tmf IIH'.
gm.’ ] anf
L lr}f
= OT4l

OTA3

Figure 2. The proposed current-mode multiplier-divider cuicui
using U1 As.

{on =1

N 3
which is in the form of a current-mode analog multiplication-
division function. The circuit is performed as a four-quadrant
muktiplier if i,,; and i,,; are the input current signals. On the other
hand, the circuit is performed as a divider circuit if i, (or [;,,) and
1y, are the inpul signal currcnis. Tt should be noted from the eqns.
{1)-(3) that, since the output current /,, is in the form of the ratio
of OTAs transconductance gains, therefore, the thermal voltages
Ve's of the OTAs are compensated. This means that the ontput
current /,,, 13 l&ss sensitive to lemperaturc.

3. CIRCUIT PERFORMANCE

The mujor (aclors that contribute 1o the error and non-linearity in
the circuit can be identified as follows. The first factor is due to the

offset current at the output port of the OTAL. From eqn. (3), if 1,
is the offset current at the output port of the OTAL, the oulput
current [, can be rewritten as

SRR
I = (£ ', s M2 )
al

We can sec that, apart from the multiplication-division result, this
offsel current produces a signal current that is proportional to the
signal current i,» te teak through the output. This effect can be
reduced if iyl => f and the bias current [y, >> /.. While the
offset currents at the output ports of the OTA2 and OTA3 are not
conicibute to the multiplication error, but wil} produce a DC
current at the oulput of the circuit.

The second factor that causes the non-lincarity at the output of the
circuit is due to the limited linear range of the input stages of the
OTA2 and OTA3, where their input stages arc counveniional
differential pairs. For linear operaiion, the input differential voltage
of the bipolar-based OTA s restricted to be less than 26 mV.
Therefore, to minimize this error, the voitage swing across the
OTAT1 should be kept to be less than 26 mV. On the other hand. &
is means that the signal current £,,,, should be limited to {i,y) < fy,.

For the high trequency response, consider the schematic diagram
shown in the Fig.1. The OTA is comprised of three major building
blocks, the common-base differential pairs (Q, and Q). the n-p-n
current mirror (CM3) and the pnp current mirrors (CM 1 and CM2).
The bandwidth of the differential pair will be equal to £, which is
approximately close 1o fr of the n-p-n transisior or fry. For the
current mirror. the bandwidih of Wilson's current mirror is
approximately equal f7/2. And, usually. the npn transistor fiy 1s
much higher than the lateral pnp transistor /7. Thus, the limitation
1o the high [requency performance of the proposed multiplier-
divider circuit is mainly due 1o the bandwidth of the current
mirrors CM2 and CM3, which is approximately cqual 1o fop /2.

4. SIMULATION RESULTS

The performance of the preposed multiplier-divider circuit of Fig.2
was verified through the use of SPICE simulation resulis. All the
OTA was simulated by using the bipolar transistor parameters of
the 2N3904 and 2N3906 for the npn and pnp (ransisiors,
respectively, where £, =416 and /1, =180. The {ransistors fr and

Sy were 400MHz and 300MHz, respectively. Since the DC offset
current will distort the output signal, a DC current of about 5pA
was injected at the output of the OTAI to adjusi the offsel to be
less than +0. IpA. Noting that this offset can be reduced by using
transistors with high value of beta, specially pnp transistors. The
power supply voltages were setic Voo = 10V and Vi = - 10V,

The multiplicr function was tested by multiplying two sinusoidal
signals. The resulls obtained are shown in Fig. 3 fer 4, =
0.55in(2 10000 mA . i,,, = 0.3sin(2x300000) mA and /g, = |mA. Fig4
shows the simulated DC transfer characteristics for the multipler
function, where the bias currents werc se1 10 fy, = fr; = Iy =1mA.
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Figure 7. Simulated transicnt response of 1o, versus Temperature.

The figure shows the plot of the output current 1, against the input
signal eurrent §,,; from —1mA 10 ImA and the mput signal curment i,y
from ~ImA to ImA with 0.5mA per step. The simulation and
calculated data are agreed very well over the 20.8mA inpul range with
esror of less than 0.1%. We can see large non-linearity for i, close
ImA this is due to that the voliage across the OTAI is closed to the
limited linear range. Fig.5 shows the simuiated transient response of
the circuit that is functioned as a divider. In this case. the outpul
current /., 15 an inverting function of a trianguiar wave signal. where
fyg and i, are DC currents, i.e. £, = S0pA, i, = 900pA, and iy, is a
500Hz triangular wave with ampliude of 200pA and with DC
component of equal to 1mA. To demonstrate the error, Fig.6 shows the
comparison of {he simulated and the calculated values of the ougut
current L, The output current £, is ploted agamst fa; with i, laking
values from ~0.9nA to 0.9mA with 0.45mA steps. For i, Is positive, we
found that the relative errar is decrease if i, is increase, for exanptes, lor
ImA<lg<2mA, i,, = 0.3, 0.6 and 0.5mA the error are 7.36. 6.17 and
5.0%, respectively. However for i, is negalive, the relalive error is igh,
such as the error is about 12 % for i,,, = -0.9mA, since the bias current off
the OTA2 in this case is small {JyAi, ). The hneanty of the divider
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A CMOS CURRENT-MODE SQUARER/RECTIFIER CIRCUIT

Boonchai Boonchu and Wanlop Surakampontorn
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Ladkrabang, Bangkok 10520, Thailand.
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Email: 54610008 @kmitl.ac.th, kswanlopi@kmitl.ac.th

ABSTRACT

In this paper, a new current squarer and precision full-wave
rectifier based on a CMOS class AB amplifier that modified
to receive a differential input cwrent has been presented.
The proposed circuits are simulated with HSPICE level 49,
From a +1.5V supply voltage, the power consumption of the
rectifier and the squarer at the quiescent point are about
210nW and 120pW, respectively. The total harmonics
distortion of the squarer is less than 1%, with a input signal
of 24uA.
1. INTRODUCTION

Squarer and full-wave rectifier are useful importance basic
building block for the design of many analog signal
processing  applications,  communications,  frequency
translation and instrumentation systems.

Usually, a squarer circuit can be realized by through the use
of the square-law characteristics of MOS transistor
[1][21[3]. Fer a full-wave rectifier circuit, it can be realized
by some arrangement of diode-operational amplifier, diode-
current conveyor, CMOS class AB amplifier and translinear
current coriveyor {8][6][4][5]. The main disadvantages of
the mentioned methods are that they require a large power
supply voltage, high power dissipation and large circuit
implementations. Another problem is the accuracy. Fer the
rectification, an interesting circuit, which is based on the
class AB amplifier has been proposed [4], where it needs a
large magnitude of the input current supphied by the input
voltage and a resistor that cause an error for very low input
current.

In this paper, a low voltage, current-mode and compact
circuit structure precision squarer/full-wave rectifier have
been introduced.

2. CIRCUIT DESCRIPTION

2.1 Class AB Amplificr

Consider a CMQS class AB amplifier formed by transistors
M, M, M; and M, shown in Fig.l, where the current
source lpp provides the bias current for the circuit.
Assuming that all transistors M,, M;, M; and M, are

0-7803-7762- 1,0 517,00 02003 IEEE

matched and are biased in saturation region with individual
wells connected to their sources to eliminate the body effect
[31. Connecting the input node Y to a constant voltage and

- applying the input current i,, we can express the drain

I-405

currents of the transistors M; and M, as [4][7]

(41, -1

Iﬂzﬁ;g_ for IX‘SMDD (N
4], +1)°

,M=£L‘)~ for’]rlﬁ‘ﬂm (2)

16/,

The expressions (1)-(2} are valid when the four transistors
stay in saturation mode. However, if we apply the
magnitude of the input current |1, | = 41pp, the drain current
Ips close to zero and the transistor M; will be cut off, Then,
the input current flows through the transistor M. This
means that this circuit functions as a half-wave rectifier.

Fig. I CMOS class AB amplifier,

2.2 Current-Mode Squarer/Rectifier Circuit

Fig. 2 shows the cumrent squarer/rectifier circuit. The
proposed circuit consists of the CMOS class AB ampilifier
which is modified to receive the differential input current
*hi,. The current gain of the p-type current mirror M;-M; is
unity. Assuming that the complementary pair of transistors
M-M,, Ms-M, and Ms-M, are identical. Neglecting the
body effect and if all of the transistors are biased in



saturation region, by applying eqns.(1)-(2), we can express
the drain currentis 13 and Iys as

2

! I
13 =150 ‘_,;”‘“L —— )
2 167 5
;2
Tas =1y + 204 — (4)

2 161,y

The summation of the drain currents l4; and lgs is copied by
the p-type current mirror My and Mg, then the output current
1, can be written as

]n=(]d3+[ds)*211)0 (5)
I
= | |Sa, (©)
8]!).’)

It is clearly seen that the output current I, is related to the
square of the input cusrent §,, where the squarer factor can
be controlled by the bias cument lpp, as indicated by

eqn.(G).
On the other hand, if we select the bias current lpp < 1i/4,

then the circuit will operate in class B mode. This means
that [4]

=i, =1 for 1 >0 (7

Io=1,, =1, for 1, <0 (8)
Therefore, the output current /| becomes

=] (9)

[n this case, the circuit represents a current full-wave
rectifier.
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Fig. 2 Current squarer/rectifier circuit.

The complete current-mode squarer and full-wave rectifier
circuit is shown in Fig.3, Where, the current sources Ipp and
2lpp were replaced by the transistors Mg, My and M,
respectively. The trarsistors M;-M,s and M5 generate the
bias current for the class AB cell M-Mg.

From the proposed circust of Fig.3, the squarer and rectifier
functions can be achieved by connecting or by opening the
drain-to-source of the transistor Mys. If the drain-to-source
of Ms is not connected together and (Vpp-Veg) € (Vs +
[Vrpidl + Vet [Vresl), where Vg and Vep are the
threshold voltage of NMOS and PMOS transistors,
respectively. The circuit works as a full-wave rectifier.

Finally, by connecting the drain-to-source of the transistor
M5 together, the value of (Mpp-Vss) < (Vyua + [Vipig +
iVrpal), and all the transistors are biased in saturation region,
the preposed circuit becomes a squarer.

Fig. 3 Complete current squarer/rectifier circuit.

j W(um) L( um)
10 5
.
74, 60
M 17 73
40
30

MOS transistior ]

MMM

tal Ln| Lnl LAy Lh

Table |. Transistor sizes used in the squarer/rectifier circuit.

3. SIMULATION RESULTS

The proposed squarer/rectifier circuit of Fig3  was
simulated by HSPICE using the model parameter of HP
0.5um CMOS process level 49. The transistor dimensions



are given in Table 1. To cancel out the dc output offset
current, the aspect ratio of the transistor M, must be
adjusted. The bulks(body) of all transistors are connected to
respective power supply Vpp and Vs, that is £1.5V.
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Fig. 4 Triangular differential input current.
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Fig. 5 Simulated current squarer response.

Fig.d shows the response for the use of rectification
function, by applying the triangular differential input
current with peak amplitude of 25pA and the frequency is
1kHz, the drain of Ms is not connected to source. The bias
currents of the transistors M;-M, that the value of 12nA
have been measured and the power dissipation at the bias
point is about 210nW.

1-407

By connecting the drain-to-source of M, the bias currents
of M;-M, is set to 6.6pA and, the power consumption is
about 120pW, respectively. Now the circuit works as a
squarer and the output current waveform can be observed in
Fig.5.

The total harmonics distortion {THD) against a 1kHz input
cwrrent is shown m Fig.6 and has been calculated as the
harmonic content of the fundamental frequency at 2kHz [1].
THD value less than 1% 15 achieved for the input current
<24pA. The THD versus the output frequency with a 24uA
input current signal is shown in Fig.7. It is lower than 1.1%
up to [MHz.
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Fig. 6 THD against input current.
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Fig. 7 THD against output frequency.



