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SUMMARY

The current conveyor is one of the most versatile active elements which can potentially
provide the high accuracy, wide bandwidth, low input impedance and high output
impedance characteristics needed for many current domain signal processing
applications. Since its first proposal in 1968 and its reformulation named as the second
generation current conveyor in 1970 this circuit element continues to receive a great deal
of attention and find numerous applications. This growing interest to current-mode
approach, has led us to focus on this basic building block of current-mode design, and its
widely used application of active filters. In active filters, the performance of the active
element plays an important role in the overall performance of the filter, besides the filter
configuration itself. It is obvious that the non-idealities of the current conveyor will
result in deviations in filter parameters such as the cutoff frequency, quality factor and
filter gain. Therefore the derivation of analytical expressions for the deviations in the
filter parameters in terms of current conveyor non-idealities may be of vital importance.
This will enable one to realize the effect of each non-ideality term on the filter
parameters and help design or choose a suitable current conveyor configuration for a
specified filter performance.

After an introduction in Chapter 1, Chapter 2 starts with a complete macromodel, which
fully represents both the small and large-signal behavior of the current conveyor, which
is especially suitable for the simulation of active filter applications. Results show that
the simple and yet accurate model provides a relative amount of simulation speedup. The
studies made on eight current conveyor configurations found in literature are given in
Chapter 3. Both bipolar and MOS structures, as well as one of the commercially
available current conveyors, namely the AD844 circuit has been covered and compared
results of the current conveyor performance characteristics are given. In Chapter 4 and 5,
provided that a certain filter configuration is given, we will investigate the effects of
current conveyor non-idealities on both voltage and current-mode active filter examples,
and derive analytical expressions for the filter parameter deviations in terms of non-
ideality terms. We will determine the requirements for the current conveyor non-ideality
terms in order to obtain a specified filter performance. The filter configurations chosen,
actually represent certain classes of active filters, which enables us to generalize the
results obtained. A comparable demonstration of the filter transfer function and large-
signal behavior for each current conveyor will be given. Simulations including three
types of filters, namely, the bandpass, lowpass and highpass filters, confirm the analytical
expressions obtained. In Chapter 6, current conveyors suitable for continuous-time filter
applications will be proposed, taking the results obtained previously under consideration.
Performance characteristics of the current conveyors and comparable demonstration of
the voltage and current-mode filter performances will be given. The results show that
acceptable performance has been obtained for the filters.
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OZET

AKIM TASIYICININ iDEAL OLMAMASININ AKTIiF
FILTRELER UZERINDEKI ETKILERININ INCELENMESI VE YENI

AKIM TASIYICI YAPILARININ ELDE EDILMESI

709, ayrik elemanlarin performansini yakalayabilen ilk monolitik kuvvetlendirici
devresi olarak ortaya ¢ikti. LM 101 tiimdevresi bundan sonraki ilk kayda deger
agamadir. Genel olarak 709 ile aym Ozelliklere sahip olup bazi uygulama
sorunlarim1 ortadan kaldirmugtir. Islemsel kuvvetlendiricinin tiimdevre olarak
ortaya ¢tkmasi ve kabul gbrmesi sonucu 1960’li yillar boyunca lineer analog
tiimdevre uygulamalar1 biiyiik bir ilerleme kaydetmistir. Bunun sonucu olarak,
ayrik benzerleri kadar, hatta daha iyi performansh tiimdevre islemsel
kuvvetlendirici tasarimlari, daha ekonomik fiyatlarla ortaya ¢ikmistir. Maliyet,
1965’te 70$’dan 1970’te 2$’dan daha az bir rakama inmigtir. O zamandan beri,
islemsel kuvvetlendirici tiimdevreleri, piyasada iiretilen iiriinler igerisinde en fazla
kullanilan lineer elemanlar olmuglardir.  Analog/sayisal ve sayisal/analog
geviriciler, gerilim referans kaynaklari, analog c¢arpma devreleri, dalga
sekillendirici devreler, osilatérler ve dalga iiretegleri gibi pek gok alanda uygulama
imkam1 bulmuglardir. Isaret islemenin gerilim degiskenleri araciligiyla
diisiiniilmesi aligkanlifinin sonucu olarak, gerilim kuvvetlendiricileri, gerilim
integratorleri, gerilim transfer fonksiyonu gergekleyen filtreler gibi gerilim modlu
igaret isleme devreleri ortaya c¢ikmugtir.  Bugiin, yiiksek kaliteli iglemsel
kuvvetlendirici devreleri 0.1$ mertebelerinde maliyete sahiptir. Bunun sonucu
olarak, yapisindan kaynaklanan yiikselme egimi - kazang bant genisligi ikilemine
ragmen, kullanigh olmasi, islemsel kuvvetlendiriciyi gerilim modlu tasarimlarin
vazge¢ilmez elemanlarindan birisi yapmugtir.

Ayni dénemlerde, bu gelismelere paralel olarak tiimdevre tasariminda da énemli
agamalar kaydedilmistir. Islemsel kuvvetlendiricinin ortaya ¢ikip yaygmn bir hal
almaya bagladig1 donemlerde, analog devre tasarimi, ¢ogunlukia bipolar ve hibrit
teknolojileriyle gergeklestirilmekteydi. 1980’lerin baglarnda NMOS teknolojisi
ortaya ¢ikti; ancak eglenik elemanlarin olmamasi, CMOS teknolojisini, sayisal
oldugu kadar analog tasarimlar igin de temel iiretim teknolojisi haline getirdi. Son
on yilda, tasarimctya bipolar ve MOS teknolojilerinin avantajlarimi birlegtirme
olanag: saglayan BiCMOS teknolojisi ortaya ¢ikmugtir. Bu sekilde, bugiiniin
yliksek performansli, gok genis Olgekli tiimlestirilmig, analog ve sayisal devre
tasanimlart miimkiin hale gelebilmektedir. Ote yandan, heniiz nispeten pahali ve
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az rastlanilir olmasina ragmen GaAs teknolojisi, bazi ticari olmayan tasarimlarda
kullanilmaktadir.

Son donemde, elektronik devre tasarim, yiiksek performansh islemsel
kuvvetlendiricilere her zamankinden daha ¢ok ihtiyag duymustur. Baz
alisilmadik yontemlerle elemanin galigma frekansinin yiikseltilmesi amaci
dogrultusunda ¢aligmalar yapilmigtir. Bu arada, isaretlerin islendikleri ortamin
empedans seviyesinin, yeni ortaya gikan teknolojilerin olanaklarindan hakkiyla
yararlanabilmek agisindan Onem tagidigi fark edilmigtir. Ayrica, bugiiniin en
yaygin teknolojisi olan CMOS teknolojisi, mikronalt1 boyutlara inmekte ve 3.3 V
ve 1.8 V standartlarimin ortaya ¢ikmalarinda goriildiigli gibi disiik besleme
gerilimlerine egilim gdstermektedir. Bu faktérler, yliksek lineerlikte ve genis
dinamik aralikli gerilim modlu devrelerin tasarimim zorlagtirdigindan, gerilim
yerine akimin temel igaret ortami oldugu diisiik empedansh analog devreler dikkat
¢ekmeye baglamiglardir. Bu tiir akim modlu devreler, diisiik empedansh
diigtimlerdeki diigiik gerilim salinimlar1 nedeniyle, diiiik besleme gerilimlerinde
caligabilmektedirler. Bu sayede, kiiciik igaret gegis frekansina yakin genis banth
frekans cevaplari elde edilebilmektedir.

Biitlin bu gelismelerin dogal sonucu olarak, gerilim modlu devrelerin temel
eleman1 olan iglemsel kuvvetlendirici yerine akim modlu devrelere ait bir temel
islem blogu ihtiyac1 ortaya ¢ikmaktadir. Buna yonelik ¢aligmalar yirmi yildir
stirmektedir. Ses bandmin iizerindeki frekanslarda galigan tiimdevre aktif RC
filtrelerin tasarimmina yonelik ¢aligmalar, onceleri ilgiyi islemsel gegis
kuvvetlendiricisine yoneltmistir. Islemsel kuvvetlendirici girig katinin gekirdegini
olusturdugu bu eleman, bir gerilim kontrollii akim kaynag: olarak diigiiniilebilir.
Daha sonraki donemlerde en Onemli rakiplerden akim geribeslemeli
kuvvetlendirici ve akim tasiyici ortaya ¢ikmig ve tiimdevre olarak piyasaya
stiriilmiiglerdir. Bugiiniin aktif elemanlari, kuvvetlendirmeyi saglamak iizere
empedans doniigiimii yaparak isareti ileten, kontrollii ¢ikig akimina sahip gegis
iletkenligi elemanlar1 olarak disiiniilebilir. Bunun sonucu olarak, pek ¢ok isaret
isleme dalinda, gerilim modlu devreler yerlerini akim modlu tasarimlara
birakmaktadirlar. Dinamik akim aynalari, analog/sayisal geviriciler, anahtarlamali
MOS isaret isleme devreleri, analog hesaplama ve noral devreler, su anda
uygulama alan1 bulduklan tasarim drneklerinden sadece bazilanidir. Yiiksek hizli
GaAs devrelerdeki son gelismeler, akim modlu devrelerin uygulama alanlarini
mikrodalga ve optik haberlesmeye kadar genisletmistir. Goriinen o ki, monolitik
islemsel kuvvetlendirici elemani yeni ve gelismis gekillerde ortaya ¢gikmaya devam
edecektir.

Bu yeni yapilar arasinda akum tagiyict, potansiyel olarak pek ¢ok akim modlu
isaret isleme uygulamasmin gerektirdigi yiiksek dogruluk ve bant genigligi, diigiik
giriy empedans1 ve yiiksek ¢ikis empedansi karakteristiklerini saglayacak
yetenektedir. 1968°de ilk ortaya atilmasi ve 1970’te yeniden formiile edilerek
ikinci kugak akim tagiyici olarak adlandirilmasindan beri bu eleman oldukga
dikkat gekmis ve sayisiz uygulamada rol almustir. Islemsel esneklik ve basitligi
nedeniyle akim tagtyiciyr akim modlu devrelerin temel islem blogu olarak
diigtinmek yerinde olur. Oysa yiiksek performansli devre 8rmekleri sadece son on
yilda ortaya ¢ikmig ve akim tasiyicilarin; aktif filtreler, kuvvetlendiriciler,
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osilatorler ve imitans simulatérleri gibi klasik iglemsel kuvvetlendirici
uygulamalarinda bu elemana meydan okumasina olanak saglamislardir.

Akim modlu devrelere gosterilen bu ilginin bir sonucu olarak bu ¢aligmada, akim
tagtyici elemani ve en ¢ok uygulama alani buldugu alanlardan biri olan aktif
filtreler ele alinmgtir. Aktif filtreler, adindan da anlasilacag: iizere yapisinda aktif
eleman bulunduran devrelerdir. Tipik olarak, boyle bir filtrede aktif eleman,
indiiktans elemaninin islevini gérmek iizere devreye konur. Indiiktans elemanmin
yoklugu, frekans secici devrelerin tasariminda 6nemli bir eksikliktir. Pek ¢ok
uygulamada bu eksiklik, geleneksel aktif RC filtre tasarim teknikleri kullanilarak
giderilebilir. Inditktans elemanina gereksinim gostermeyecek sekilde frekans
segici devre tasarlamak amaciyla direng, kondansatér ve lineer geribesleme
¢evrimleri iginde kazang bloklar1 kullanilir.

Ik ortaya gikiglarindan itibaren aktif filtreler gesitli derecelere varan oranlarda
timlestirilmiglerdir. Son yillarda, ¢ok yiiksek kaliteli ve tamamen tiimlegtirilmis
aktif filtreler tasarlanmasina olanak saglayan mikroelektronik teknolojileri, filtre
mimarileri ve tasarim teknikleri ortaya ¢ikmustir, Bu gelismeler sonucunda,
onemli alt bloklardan birini aktif filtrelerin olugturdugu, tek kirmik iizerinde hem
analog hem sayisal sistemlerin bulundufu devreler tasarlanabilmigtir. Bilgi
tanima ve ses/veri iletimi, bu tiir filtrelere en fazla gereksinim gosteren uygulama
alanlaridir. Cogu tiimlestirilmis filtre, diigiik gii¢ harcamasi, analog ve sayisal
islem bloklarim1 beraber ayni kirmukta bulundurabilme ve ideale yakin
kondansator ve analog anahtar elemam olugturabilme 6zelliklerine sahip CMOS
teknolojisiyle gergeklestirilmektedir. Ozellikle yiiksek frekanslarda calisan siirekli
zaman filtreleri, bipolar ve CMOS teknolojileri kullanilarak tasarlanmaktadirlar.

Bu caligmada aktif eleman olarak akim tagtyiciy:r kullanan aktif filtreler ele
alinmigtir. Iyi bir filtre performansinin saglanabilmesi igin, iyi tasarlanmig bir
filtre yapisinin yanisira, kullanilacak akim tagiyici da nemli bir rol oynar. Ideale
yakin eleman karakteristikleri, belirli bir filtre yapisindan en iyi performansin
alinmasim saglar. Agiktir ki, akim tagiyicinin ideal olmamasi; filtre kesim
frekansi, kalite faktorii ve filtre kazanci gibi filtre parametrelerinde ideal
degerlerden sapmalar olugturacak ve filtre karakteristiklerini etkileyecektir. Bu
nedenle, filtre parametrelerindeki bagil degisimlerin akim tagtyicty1 karakterize
eden bliyiikliiklere bagli olarak incelenmesi ve gerekirse analitik bagntilarin
¢ikarilmas: &nemlidir. Bu gekilde, filtre parametrelerinin hangi akim tasiyici
karakteristik degerlerine ne gekilde bagli oldugu bulunabilir ve 6ngdriilecek
herhangi bir filtre performansim1 saglamak {izere tasarlanacak ya da segilecek akim
tagtyicimin hangi 6zellikleri saflamas: gerektigi belirlenebilir.

Dogaldir ki, herhangi bir eleman iizerinde ve onun kullantmina dayali olarak
yapilacak g¢aligmalar, o elemanin davranisina miimkiin olan en iyi 6lgiide hakim
olmay: gerektirir. Hem bu amaca yonelik olarak hem de yapilacak baz
simiilasyonlarin yapilmasina getirecegi kolaylik agisindan, g¢aligmaya, akim
tasiyicmin hem lineer hem de lineer olmayan davramigim modelleyen bir
makromodel gelistirilerek baglanmistir. Sekil 1°de gériilen model, 6zellikle aktif
filtrelerin simiilasyonunda biiyiik kolayliklar saglamakta, analizler olduk¢a yakin
dogrulukla ¢ok daha kisa siirede tamamlanabilmektedir.
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Sekil 1 Akim tagiyici i¢in Gnerilen makromodel

Yapilan caligmada, literatiirde bulunan devreler arasindan sekiz tanesi segilerek
eleman karakterizasyonlar: yapilmigtir. Bu sekilde hem akim tagiyicinin yakindan
taninmasi1 amaglanmig hem de gesitli devrelerin performanslarinin kargilagtirtimasi
olanagi saglanmugtir.

Akim tastyicinin ideal olmamasinin filtre parametreleri ve karakteristikleri
tizerindeki etkilerini incelemek {iizere gerilim ve akim transfer fonksiyonu
saglayan iki adet filtre yapis: segilmigtir. Bu devreler Sekil 2 ve 3’te verilmistir.
Ancak bu segim yapilirken, bu devrelerin belli grup filtre yapilarini temsil
etmelerine dikkat edilmig, boylece elde edilecek sonuglarin bu 6zellikteki tiim
filtrelere uygulanabilir olmasi1 saglanmigtir. Her iki filtre devresi igin, akim
tagiyictyt  karakterize eden  Dbilylikliikklerin tek - baglarina filtre transfer
fonksiyonlarina nasil etki ettikleri ve yeni durumdaki filtre parametre degerleri
analitik olarak ¢ikarilmigtir. Yapilan analizler; bant gegiren, algak gegiren ve
yilksek gegiren olmak {izere U¢ tiirde filtre yapisim kapsamug ve filtre
parametrelerinde 6nceden 6ngoriilen bagil degisimlerin saglanabilmesi i¢in akim
tagtyiciy1 karakterize eden biiyiikliiklerin saglamas: gereken kosullar ¢ikarlmigtir.
Caligmada, akim tasiyiciyr karakterize eden biiyiikliikler olarak; x ucundan
goriilen direng, y ve z noktalarindaki empedanslar ve akim ile gerilim transfer
oranlar1 segilmistir. Biitiin bu bilyiiklilkler en genel halde frekansa bagli olup
analizlerde bu durum dikkate alinmigtir.



Analitik bagintilarin elde edilmesinden sonra, elde edilen sonuglarin dogrulanmast
ve performanslarin sergilenmesi agisindan, daha once incelenen sekiz akim
tagtyic1 devresi igin filtrelerin transfer fonksiyonlar1 ve biiyiik isaret davramiglari
elde edilmigtir. Bu sekilde, belli 6zellikteki akim tasiyicilarin hangi tiir ve hangi
modda galigan filtreleri ne gekilde etkiledikleri g6zlemlenmigtir.

Biitlin bu incelemeler dogrultusunda, yapilan galigmanin son agamasini, elde
edilen sonuglari dikkate alan yeni akim tagiyici yapilarimin Snerilmesi
olusturmugtur. Bu yapilarin eleman karakteristikleri gikarilmig ve daha once
incelenen iki filtrenin tig tiirli tizerindeki performanslar incelenmigtir. Elde edilen
sonuglar, bu yapilarin aktif filtre uygulamalarinda kullanilmalarinin uygunlugunu
dogrulamaktadir.

L-
c:; 64

Sekil 2 Gerilim modunda ¢aligan filtre yapisi
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Sekil 3 Akim modunda galigan filtre yapisi
a) Bant gegiren filtre yapis1 b) Yiiksek ve algak geciren filtre yapisi



CHAPTER 1

INTRODUCTION

The 709 was the first monolithic operational amplifier circuit which approached
discrete designs in general performance and usefulness [1]. The LMIOI,
announced in 1967, was the next major advance in monolithic amplifiers [2]. It
had essentially the same specifications as the 709, but eliminated most of the
application problems. The late 1960s experienced a tremendous growth in the
application of linear analog integrated circuits, due largely to the development and
acceptance of the integrated operational amplifier. This gave boost to many
operational amplifier designs providing circuit performance as good as, or even
better than, discrete component realizations, at a cost lower than that of individual
components. Prices dropped from $70 in 1965 to less than $2 in 1970. Since
then, the integrated circuit operational amplifier has been the most widely used of
all linear circuits in production. It has found application in virtually every analog
area such as analog/digital and digital/analog convertors, voltage reference
sources, analog multipliers, waveshaping circuits, oscillators and waveform
generators. It has become customary to think of signal processing in terms of
voltage variables which has resulted in voltage signal processing circuits such as
voltage amplifiers, voltage integrators, filters which realize voltage transfer
functions, etc. Today, high quality operational amplifiers can be obtained at price
levels on the order of $0.1. As a result, despite its inherent limitations, namely
slew-rate and gain-bandwidth tradeoff, the versatility of the operational amplifier
has made it a ubiquitous element of voltage-mode design, present in most

electronic systems and in many integrated circuits.



This same period has experienced some major developments in integrated circuit
design as well. During the time the operational amplifier had emerged and had
become a popular component, analog circuit design was mostly done in bipolar
and hybrid technologies. In the 1980s, analog design techniques were initially
developed around NMOS technology. However, limited performances due to lack
of complimentary devices made CMOS the principal technology for digital as well
as analog designs. In the last decade, we have seen the BiCMOS technology,
which allows the designer to use both bipolar and MOS devices to their best
advantage. This gives the opportunity to design today’s high performance mixed
analog and digital very large scale integrated circuits and systems. Moreover, the
GaAs fabrication technology has been used in some non-commercial designs,

which still remains to be relatively expensive and unavailable.

In the last decade, innovative electronic circuit design has suffered from high
performance operational amplifiers more than ever. Some researchers have been
trying, by means of clever and rather unconventional design techniques, to push
the limits of classical operational amplifiers looking forward to increasing their
frequency of operation. Meanwhile, it has been recognized that the impedance
level of the signal handling environment is of fundamental importance in order to
obtain many of the benefits promised by new technologies. = Moreover,
scaling/reliability considerations are driving the currently dominant CMOS
process technology towards submicron feature sizes and low power supply
voltages as evidenced by the 3.3 V and 1.8 V standards. Since these factors make
it considerably more difficult to design voltage-mode circuits with high linearity
and wide dynamic range, the class of low impedance analog circuits wherein
current rather than voltage is the primary signal medium, is receiving considerable
attention as an alternative to conventional high impedance analog circuitry. Such
current-mode circuits can operate with low power supply voltages because of the
small voltage swings associated with the low impedance nodes. Wideband
frequency responses approaching the small-signal transition frequency also resuit

from the low impedance characteristics of current-mode circuits.



Since the operational amplifier is the basic circuit in voltage-mode design, it
follows that an analogous building block is needed for current-mode applications.
Efforts toward this objective span more than two decades. The recent attention
given to the realization of integrated active RC filters at frequencies above the
audio band had initially focused the interest on the operational conductance
amplifier (OTA). This component of which the operational amplifier input stage
forms the core of it, can be considered as a voltage controlled current source. The
next stages has faced the most important competitors; the current feedback
amplifier [3] and the current conveyor [4] are now commercially available as
integrated circuits. Nowadays, active devices are regarded as transconductance
elements with a controlled output current, carrying signals by impedance
transformation to achieve amplification. Consequently, current-mode circuits in
which current is the active variable rather than voltage, have started to replace
voltage-mode configurations in many branches of signal processing. They have
been introduced to main areas such as dynamic current mirrors, analog/digital
convertors, switched signal processing in MOS, analog computing and neural
networks. Recent developments in high speed GaAs circuits have extended the
scope of current-mode circuits to microwave and optical communications. The
trend shows that the monolithic operational amplifier will continue to evolve in

new and improved forms.

Among these, the current conveyor can potentially provide the high accuracy,
wide bandwidth, low input impedance and high output impedance characteristics
needed for many current domain signal processing applications. Since its first
proposal in 1968 [5], and its reformulation named as the second generation current
conveyor in 1970 [6], this circuit element continues to receive a great deal of
attention and find numerous applications. It would be appropiate to consider the
current conveyor as being the basic building block of current-mode design, due to
its favorable balance of operational flexibility and simplicity, giving it a similar
role of the operational amplifier in voltage-mode operation. However, high
performance implementations have emerged only in the last decade, and has
enabled current conveyors to challenge traditional voltage operational amplifier

applications such as active filters, amplifiers, oscillators and immitance simulators



[6-18]. Up to date reviews concerning the current conveyor and its applications

have been made available by various authors [19-23].

This growing interest to current-mode approach, has led us to focus on this basic
building block of current-mode design, the current conveyor, and its widely used
application of active filters. The term active filter refers to a filter that
incorporates active devices in its schematic. Typically, in such a filter, active
circuits replace the function of inductors. The lack of inductors is a serious
disadvantage in the design of frequency selective integrated circuits. In many
applications, this drawback can be overcome by the use of conventional active RC
filter techniques. In designing active RC filters, one uses a combination of
resistors, capacitors and gain blocks in linear feedback loops to obtain the desired

frequency selectivity without the need for inductors.

Historically, active filters have been implemented with various degrees of
integration. In recent years, the microelectronic technologies, filter architectures
and design techniques have emerged that allow the realization of very high quality
fully integrated active filters. The developments have resulted in the
implementation of single chip mixed analog/digital systems of which the
integrated active filter forms one of the several important subsystems.
Information acquisition and voice/data telecommunications are among the areas of
highest demand for such filter circuits. Most integrated filters are implemented in
CMOS due to the advantages of low power dissipation, the ability to mix analog
and digital subsystems on the same die and the near ideal quality of such
components as capacitors and analog switches. Some filters, particularly high
frequency continuous-time filters, have been realized in bipolar and in CMOS.
The BiCMOS technology, combining CMOS and bipolar transistors, is being used
for some high-peformance analog systems. However, given the relative simplicity
of the CMOS process, CMOS continues to be the dominant fabrication
technology.

In this study, active filters using the current conveyor as the active component,

will be covered. In active filters, the performance of the active element, of which



here the current conveyor is of our concern, plays an important role in the overall
performance of the filter, besides the filter configuration itself. Device
characteristics close to ideal case, help provide the best performance for a certain
filter configuration. It is obvious that the non-idealities of the current conveyor
will result in deviations in filter parameters such as the cutoff frequency, quality
factor and filter gain, and affect the filter characteristics. Therefore the derivation
of analytical expressions for the deviations in the filter parameters in terms of
current conveyor non-idealities may be of vital importance. This will enable one
to realize the effect of each non-ideality term on the filter parameters and help
design or choose a suitable current conveyor configuration for a specified filter

performance.

We believe that for studies on a certain circuit element and any application based
on this device, an improved understanding of the element is essential. Therefore,
Chapter 2 starts with a complete macromodel, which fully represents both the
small and large-signal behavior of the current conveyor, which is especially
suitable for the simulation of active filter applications [24-32]. results show that
the simple and yet accurate model provides a relative amount of simulation

speedup.

The studies made on eight current conveyor configurations found in literature are
given in Chapter 3 [8-16]. Both bipolar and MOS structures, as well as one of the
commercially available current conveyors, namely the AD844 circuit has been
covered and compared results of the current conveyor performance characteristics

are given.

In active filters, as mentioned before, the performance of the active element plays
an important role in the overall performance of the filter, besides the filter
configuration itself. In Chapter 4 and 5, provided that a certain filter configuration
is given, we will investigate the effects of current conveyor non-idealities on both
voltage and current-mode active filter examples [17,18], and derive analytical
expressions for the filter parameter deviations in terms of non-ideality terms. This

will enable us to determine the requirements for the current conveyor non-ideality



terms in order to obtain a specified filter performance. The filter configurations
chosen, actually represent certain classes of active filters, which enables us to
generalize the results obtained. A comparable demonstration of the filter transfer
function and large-signal behavior for each current conveyor circuit studied in
Chapter 3 will be given. Simulations including three types of filters, namely, the
bandpass, lowpass and highpass filters, confirm the analytical expressions

obtained.

In Chapter 6, a number of current conveyor structures suitable for continuous-time
active filter applications will be proposed, taking the results obtained previously
under consideration. Performance characteristics of the current conveyors and
comparable demonstration of the voltage and current-mode filter performances

will be given.



CHAPTER 2

CURRENT CONVEYOR NON-IDEALITIES

The vast amount of studies in literature, which explain the behavior of the
operational amplifier in a simplified and understandable manner, has played an
important role in the wide usage of this component. For a long time, voltage-
mode design has dominated in analog circuitry, due to the simple behavioral
modeling of the operational amplifier. The trend towards current-mode design
techniques, thus requires an improved understanding of its related building blocks,
of which here the current conveyor is of our concern. Macromodels are widely
used for the investigation and modeling of the non-idealities of electronic
components such as operational amplifiers and OTAs. This study aims to
investigate the effects of current conveyor non-idealities on certain filter structures
and to develop new current conveyor configurations in order to reduce these
effects. So, in this chapter we will investigate and specify the current conveyor
non-idealities and develop a complete macromodel, which will fully represent
both the small and large-signal behavior of the current conveyor. The next section
describes a simple and accurate non-linear current conveyor macromodel which
will be used for introducing the non-idealities of a current conveyor into the filter
transfer functions in Chapters 4 and 5, and will enable us to obtain analytical
expressions for the filter parameter deviations in terms of non-ideality terms.

2.1 THE CURRENT CONVEYOR MACROMODEL

Integrated circuit simulators have proven to be useful tools for integrated circuit
design engineers. With the increasing popularity of VLSI systems, the demand for
simplified but still accurate models that handle analog circuit blocks is
continuously growing to combine as much accuracy as possible with a maximum

simulation speedup. Resorting to macromodels instead of device-level models is a



widely used strategy which allows the designer to reduce the high computation

time when simulating complex systems [24-26].

Contrary to operational amplifier and OTA applications where non-linear
macromodels of different complexity and éccuracy levels are available, there are
only few linear and non-linear equivalent models for current conveyors [27-32].
In this study, we aim to fulfill the needs for a simple and accurate current
conveyor macromodel which is especially suitable for the simulation of active

filter applications.

2.2 BEHAVIOR OF IDEAL AND NON-IDEAL CURRENT CONVEYORS

As mentioned earlier, it would be appropiate to consider the current conveyor as
being the basic building block of current-mode design, due to its favorable balance
of operational flexibility and simplicity, giving it a similar role of the operational
amplifier in voltage-mode operation. After its first proposal in 1968 [S] named as
the first generation current conveyor (CCI), the second generation current
conveyor (CCII), which is proved to be by far the more useful of two types, was
introduced in 1970 [6]. A block diagram is given in Fig. 2.1a, and the behavior of

the ideal current conveyor is characterized by

LY (0 0o 0\(¥
V. |=[1 0 ol]1, @.1)
,) Lo #1 0/\y,

The device relies upon the ability to act as a voltage buffer between its inputs and
the ability to convey current between two ports which show extremely different
impedance levels. The output current Iz depends only on the current at terminal x.
This current may be injected directly at x, or may be produced by the copy of the
input voltage Vy which will appear across the impedance connected at terminal x.
No current is drawn from terminal y. The + sign indicates whether the element is

of non-inverting (CCII+) or inverting type (CCII-), which has the conventional



meaning as the output current Iy flowing the same or the opposite direction of the

input current I, respectively.

However, the behavior of an actual current conveyor differs from the ideal case

and can be represented by the following equations in the linear region;

Iy Y, (s) 0 0 Yy
Vel=1k,(8) Z,(s) 0 [.[1, 2.2)
) Lo the) B6)\7,

where Zy is the impedance of terminal x, Yy and Yz are the admittances of
terminal y and z, respectively. ky is the voltage transfer ratio from terminal y to x,

and k; is the current transfer ratio from terminal x to z.

Comparison of Egs. 2.1 and 2.2 yields that, in contrary to the ideal case where
Zx=0, Yy=0 and Yz = 0, the actual current conveyor shows non-zero values for
these parameters. kv and k; also differ from the ideal case which results in values
other than 1 and *1, respectively. In general case, all of these parameters are
frequency dependent. Furthermore, the boundaries of the linear operation region
of the current conveyor is determined by the voltage and current limitings at
terminals x and z. Eq. 2.2 represents the current conveyor in the linear operating
region. However, the physical component is non-linear and behaves linearly only

if the conditions of

Lymin < ix®l STy
Viemin V@ S Vo (2.3)

V min S I Vz(“)| SV

I

Xmax? v

\%

are satisfied; where I Xmax®

min® Vomin a0d V,  denote the

Xmin?
maximum and minimum current and voltage values of terminal x and voltage

values of terminal z, respectively.
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It can be easily observed that the macromodel to be derived must represent the

conditions described above as accurately as possible.

Fig. 2.1b depicts the non-ideal current conveyor represented by Eq. 2.2. A

Z,

detailed circuit of this representation is given in Fig. 2.1c where k,'= 7 17
+
I4 S

k,,

Zr=Rp //(I/SCP), Zs=sLptry and Zx=Zp /! Zs.

2.3 MACROMODEL DEVELOPMENT

The proposed macromodel for the current conveyor is shown in Fig. 2.1c. With a
proper choice of model parameters and elements, the non-linear equivalent circuit
represents the circuit behavior for non-linear dc, ac and large signal transient
responses of the current conveyor accurately. The macromodel consists of nine
resistors, three capacitors, one inductor, one dependent current and five dependent
voltage sources, five independent voltage sources and six diodes. The derived
macromodel is subdivided into three sections, namely, the input stage (terminal
y), the intermediate stage (terminal x) and the output stage (terminal z).

The input impedan'ce at y is represented by the resistor ry and the capacitor Cy.
The independent voltage source Vopr is introduced for the modeling of the offset
voltage. The input impedance at x is represented by the resistors rxi, rxz, Rp, the
inductor Lp and the capacitor Cp, where ryx = rx; + rx2. In conventional models
derived for the current conveyor, the impedance at terminal x ‘is represented by a
simple lowpass RC circuit [27]. However, the behavior of an actual current
conveyor differs from this simple model and shows a second order character. An
accurate representation of this second order character is very important, because it
is the primary factor which determines the frequency response of the current
conveyor. This is achieved by the use of a novel approximation introducing the
inductor L, which forms a resonant circuit with the capacitor Cp. The resistors R,,
and rx are intended to adjust the bandwidth of the resonant circuit. The voltage

dependent voltage source ky’(s).Vy reflects the input voltage Vy to terminal x.
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Figure 2.1 a) Block diagram of the current conveyor b) The non-ideal current
conveyor c¢) A detailed circuit of the non-ideal current conveyor d) Proposed
macromodel for current conveyor
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The macromodel yields the impedance Zx as
: s+ 2
Zy(s)=— £

Cr 2 H( CoRpry Ly ] LTt R

CpL,R, C,L,R,) C,L,R,

which can be rewritten as

1 s+w
Zy(9)= .
Postas—Eaw,’
P
. . CpL,R,(ry + R
wherewz=£‘—,w,,= ry + R, andQ,,:‘/PPP(x P).
L, CrLyR, CpRpry + L,

The transfer function H(s) = Vx/Vy is given by

R +ry
C,L,R;

s? 4 S( CoRery , Lp __] 4 Retry
CplpRy CpLyR;) CoLpRy

H(s) = H(0)

where H(0) =k, Ry

gtry

(2.4)

2.5)

(2.6)

and Rg = Rp // Rx, Rx denoting the external resistor.

The non-linearity of the current conveyor caused by the voltage and current

limiting at terminal x is modeled by introducing additional elements.

The voltage swing is limited by the voltage source-resistor-diode combinations

Ve1, D2, Rey and Vgy, Dy, Rg; [26]. To represent the current limiting, the voltage

dependent voltage sources ki1 Vx, ki2Vx, kaVix1, k3Vix1 and the diodes D3, Dy are

incorporated to the circuit where Vi is the voltage across the resistor rx;. In

contrary to conventional macromodels for operational amplifiers, where a single

dependent voltage source is used to sense a short-circuit at the output, two

separate dependent voltage sources k;;Vx and k;3Vx are introduced into the new
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model to provide flexibility in representing the non-linear current limiting
behavior of terminal x for both short-circuited and resistive loaded operating
conditions, where in case of a single dependent voltage source, as used in

conventional operational amplifier macromodels, the error increases.

The output impedance at z is modeled by the resistor rz and the capacitor Cz. The
current controlled current source I; = k(s).Ix produces a current output at z which
is proportional to the current Ix. The output voltage excursion is limited by the

voltage source-resistor-diode combinations V3, D¢, Rez and Vi, Ds, Rga [26].

The resistors Rey, Re1, Rez and Rg; are newly introduced resistive elements to the
circuit model which adjust the slope of the dc voltage transfer characteristics
Vx= Vx(Vy) and Vz= Vz(Vy) at the boundaries of the linear operating region by
using a piecewise linear approximation and which are not represented in the

conventional macromodels for operational amplifiers [24,25].

Although piecewise linear approximations find a place in conventional
macromodel methodology, it is not being used in current operational amplifier
models [24-25]. It has been proved in a recent study that the use of piecewise
linear approximation techniques is necessary and improves the characteristics

[26]. The same technique has been also used in this study.

2.4. COMPARISON WITH SEMICONDUCTOR DEVICE-LEVEL MODELS

The accuracy of the current conveyor macromodel is demonstrated by comparing
the simulated current conveyor characteristics with simulation results obtained
from the semiconductor device model. The non-inverting current conveyor
topology shown in Fig. 2.2a was chosen for the demonstration [7]. The SPICE
device model parameters and dimensions for the NMOS and PMOS transistors are
given in Appendix A. The macromodel parameters of the derived macromodel
were determined from SPICE simulations using device models and are given in

Table 2.1. The supply voltages were taken as £10V.
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Figure 2.2 Circuit examples for CMOS realization of current conveyors
a) Non-inverting type current conveyor b) Inverting type current conveyor

Table 2.1 Macromodel parameters (* for inverting current conveyor k; = -1)

Parameter | Value Parameter | Value
Vi 35V rxi 327 Q
VE] 0.5V I'x2 400 Q
Rei 833 Q Rp 26 kQ
RE] 1Q Cp 0.1 pF
Vo 245V [ Lp 31.2mH
Vg2 09V Iy 1E12 Q
Re2 640 Q Cy 0.0489 pF
Re2 1750Q |1z 805 kQ
kv 1 Cz 0.16 pF
ki 1* Ist 2E-14 A
ki1 1 Is 10E-14 A
kiz 1 Is3 2E-14 A
ks -9 Iss 10E-14 A
ks 045  |Iss 2E-14 A
Vo]:p -63 mV Is5 2E-14 A
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To demonstrate the accurate representation of the non-linear behavior of the
current conveyor, the voltage and current dc transfer characteristics obtained from
SPICE simulations with device-level models and newly introduced macromodel
are illustrated in Fig. 2.3. The voltage transfer characteristics Vx = Vx(Vy) for
open-circuited terminal x are given in Fig. 2.3a. The voltage clipping limits at
terminal X were obtained as Vxmax =7.64 V and Vymin = -10 V. Fig. 2.3b shows
the dc voltage transfer characteristics Vz = Vz(Vy) for open-circuited terminal z
and short-circuited terminal x. The voltage clipping limits were determined as
Vzmax =8.88 V and Vzy,in=-9.97 V. Fig. 2.3c illustrates Ix = Ix(Vy) characteristics
for short-circuited terminal x. The lower and upper boundaries of the current Ix

were determined as Ixmin =204 mA and Ixpax =-1.45 mA.

The frequency responses of the currents i, and iy, voltage gains v,/vy and v,/vy are

shown in Fig. 2.4.

The frequency dependencies of the impedances Zx, Zy (1/Yy) and Zz (1/Yz) are
given in Fig. 2.5. It can be easily observed from Fig. 2.5a that the impedance Zy
has a value of 727 Q at low frequencies, increases with increasing frequency and
shows a maximum of 26 kQ at a resonant frequency of 89.5 MHz. Simulated
variations of the impedance Zy with frequency are given in Fig. 2.5b. Since the
input resistance of a MOS transistor is very large and of the order of 10'2 Q, the
resistive component ry of the impedance Zy can be assumed to be practically
infinite. Therefore, the input impedance Zy is capacitive which results in an input
capacitance of Cy = 0.0489 pF. Fig. 2.5¢c shows that the output impedance Z; at
the terminal z has a value of 805 kQ at low frequencies and decreases with
increasing frequency. The cut-off frequency of the frequency response is

determined as fz3¢g =1.22 MHz which results in rz=805 kQ and Cz=0.16 pF.

It can be observed from Figs. 2.3 through 2.5 that the non-linear dc transfer
characteristics and the frequency responses obtained from SPICE simulations by
using device models and the newly introduced current conveyor macromodel are

in well agreement with each other.
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To compare the accuracy of the SPICE simulations with the macromodel and with
the device models, an example of a second order lowpass active filter topology
was chosen [17]. The complete filter circuit containing three current conveyors is

shown in Fig. 2.6. The cut-off frequency of the filter was 159 kHz.

The filter was constructed with the inverting and non-inverting CMOS current
conveyor topologies shown in Fig. 2.2. SPICE simulations for ac and transient

analyses were performed using device models and macromodels. The frequency
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response of the filter obtained from SPICE simulation with two models is shown
in Fig. 2.7a. The transient analysis results of the same filter for a 100 kHz
sinusoidal input voltage with an amplitude of Vp = 1V are illustrated in Fig. 2.7b.
As can be observed from Fig. 2.7b, the slew-rate limiting of the current conveyors
causes a distorted waveform at the output for high frequency operation. The total
harmonic distortion (THD) of the output signal was found to be 3.4% from the
SPICE simulation with the device-level model, and 2.8% from the macromodel

representation, respectively.

Simulations to obtain the frequency and transient responses of the lowpass filter
were performed for two different CMOS current conveyor topologies [7,22] by
using two models on a 486-based 50 MHz computer, and the resulting computer
times are given in Table 2.2. It is obvious that the computer time needed for
SPICE simulations was considerably reduced by the use of the proposed

macromodel.

2.5 PARAMETER DETERMINATION

The model parameters of the derived current conveyor macromodel can be
determined from measurements on an actual current conveyor or from SPICE

simulation results obtained by using semiconductor device models.

Equations to calculate the model parameters for representation of the current

conveyor are given in Table 2.3.

Basic static model parameters representing the non-linear current conveyor
behavior can be easily determined from dc transfer characteristics Vx =Vx(Vy),

Vz=Vz(Vy), Ix=Ix(Vy) shown in Fig. 2.3a, b and c, respectively.
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The model parameters Is;, Isy, ki1, kiz, ka, ks represent the current limiting
behavior at terminal x of the current conveyor and can be determined from the

measured or simulated Ix =Ix(Vy) characteristic. The maximum and minimum
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Figure 2.7 a) Simulated frequency response of the filter b) Transient analysis
results of the filter



21

values of the current Iy are specifed as Ixmax and Ixmin. The forward-biasing
voltage of the diodes is fixed at a value of Vp =0.62 V, the diode currents are

assumed to be equal to Ixmax and Ixmin, respectively.

Model parameters V), Rci, Ve and Rg; are introduced to represent the
boundaries of the voltage swing region at terminal x and can be obtained from the
Vx = Vx(Vy) characteristic. The two boundaries of linear operation are denoted as
Vxmi and Vxmz ,while the maximum and minimum values of the voltage Vx are

specifed as Vymax and Vxmin.

Similarly, model parameters V¢, Rea, Viz and Rg; are introduced to represent the
boundaries of the voltage swing region at terminal z and can be obtained from the
Vz= Vz(Vy) characteristic. The boundaries of linear operating region are denoted
as Vzuy and Vzup, while the maximum and minimum values are specifed as Vzyax

and VZmin.

The model parameters ry, Cy, rz and Cz represent the input and output impedances
of the current conveyor and can be specified from measured or simulated plots of
input and output impedances against frequency. fysgs and fzigg are cut-off

frequencies.

The model parameters rx;, rx2, Rp, Lp and the capacitor Cp can be extracted from
measured and simulated plots of the input impedance at terminal x against
frequency. The resonant frequency is denoted with fp and B represents the 3dB
bandwidth of the frequency response. As shown in Fig. 2.5a, at low frequencies
the impedance is resistive and has a value of Rp //rx where rx = rx; + rx2. At the
resonant frequency, the impedance becomes Zx = rx + Rp = ®pQpLp. The fraction
ratio of rx; /rx; has no physical meaning and can be taken as ryx; /rx; =1 for
simplicity, though it is a well known technique in the modeling of current limiting

[24-26].
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Table 2.2 Computer times in seconds needed for SPICE simulations

Type of analysis ac transient

Current conveyor 1 (Device model) | 20.70 | 34.99
Current conveyor 1 (Macromodel) | 1.92 6.59
Current conveyor 2 (Device model) | 60.25 | 72.18
Current conveyor 2 (Macromodel) | 2.03 6.32

Table 2.3 Equations to calculate the macromodel parameters

Ver =Vop =Vian +7, Ig=-1,.¢e""
Ver =Vss “Isz, V| Iy = Lype™™"
VC2=VDD—VZMI+V7 ko=1- Yo
2Ty |I
X114 X max
Ve =Vss — Vo + 7, b=1-_ b
3 r,I
X1* X min
V -V I
R. = X max XMl =JP
Cl ll){maxl QP B
V min| V Q
2 O
IXmin Z#PRP
Vimex =V R
RC2 - _Z ZM1 LP = P
I]Zmaxl 270“PQP
vV, .-V, 1
Rgz = | Zmin l ZMZI Cy -
I 27 ysany
1
z 27 734872




CHAPTER 3

STUDIES ON THE PERFORMANCE CHARACTERISTICS OF VARIOUS
CURRENT CONVEYOR TOPOLOGIES

As mentioned earlier, the trend towards current-mode design techniques requires
an improved understanding of its related building blocks, of which here the
current conveyor is of our concern. So, as a part of this strategy, we find it
necessary to investigate some basic current conveyor structures. This chapter
includes the studies made on various current conveyor configurations found in
literature [8-16]. Both bipolar and MOS structures, as well as one of the
commercially available current conveyors, namely the AD844 circuit will be
covered. Compared results of the current conveyor performance characteristics
and non-ideality terms mentioned in Chapter 2 will be given for each current
conveyor. These results will be used in Chapter 4 and 5, in order to compare the
voltage and current-mode filter performances. Also, a perspective will be
established for the basic design considerations of the current conveyors proposed

in Chapter 6.

For the SPICE simulation of bipolar implementations, XR B101 and XR B102
device model parameters have been used for the npn and pnp transistors,
respectively; whereas Alcate] Mietec 2 um HBiMOS process parameters have
been used for MOS implementations, except for current conveyor CC6. A more
suitable parameter set for low voltage applications of the AMS 0.8 um CMOS
process has been used for this circuit. A list of the device model parameters, as
well as the MOS transistor dimensions of the current conveyors, are given in
Appendix A. The above mentioned npn and pnp transistors have been used for

the measurements on bipolar current conveyors as well.
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3.1 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 1

In this section, the current conveyor circuit given in Fig. 3.1a will be studied [8].
The circuit basically consists of complementary emitter followers. Transistors Q1
and Q3 are used to bias the emitter followers Q2 and Q4. The circuit requires a
very precise matching of the bias current sources for Q1 and Q3. Otherwise an
input error current will result at terminal y. However, an advantage of the circuit
is that it does not require a very close matching between npn and pnp transistors.
Q5-Q8 form the current mirrors needed to generate output z. Measurements have
been made in order to check the performance of the current conveyor. Supply
voltages were chosen to be +10 V and I as 600 pA. Simple current mirrors have

been used to implement the current sources.

The voltage transfer characteristics Vx= Vx(Vy) for open-circuited terminal x and
Vz= Vz(Vy) for open-circuited terminal z, are given in Figs. 3.2a and b,
respectively. The voltage clipping limits at terminal x and terminal z were
obtained as Vymax=9.53 V, Vxmin= -9.50 V, Vzna=9.28 V and Vzuin= -9.92 V.
Fig. 3.2c illustrates Ix= Ix(Vy) characteristic for short-circuited terminal x. The
lower and upper boundaries of current Ix were determined as Ixyin= -6.41 mA and
Ixmax=62.6 mA. The Ix= Ix(Vy) and Iz= Iz(Vy) characteristics for terminal loads
of Rx=1 kQ and Rz=1 kQ are given in Fig. 3.2d. The frequency responses of the
voltage gain vy /vy and current gain i, /i are shown in Fig. 3.2e. We obtain the
values of the voltage and current transfer functions at low frequencies as
kv=0.9966 and k;=0.873, respectively, for terminal loads of Rx=10 kQ and Rz=10
kQ. The 3 dB bandwidth value for the voltage transfer function is above 100
MHz, while fi=3.5 MHz. Fig. 3.2f shows that the impedance Zx has a value of 29
Q at low frequencies and shows a maximum of 32 Q at a resonant frequency of 25
MHz. Variations of the impedance Zy with frequency is given in Fig. 3.2g.
Values of ry=64 kQ and Cy=6.3 pF are obtained. Fig. 3.2h showing the output

impedance Z; at terminal z, gives the values of rz=55 kQ and Cz=5.5 pF.
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b)

Figure 3.1 a) Circuit diagram of current conveyor 1 b) Inverting type current
conveyor derived from a)

The characteristic values of the current conveyor are given in Table 3.1. An
inverting type current conveyor has been derived from the circuit above, to be

used for later purposes. This circuit is given in Fig. 3.1b.

3.2 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 2

The current conveyor circuit in Fig. 3.3a has been studied in this section [9,10].
The circuit is fully symmetrical, with Q1-Q4 comprising the input stage. The base
terminals of Q1 and Q2, connected together, form node y, while the emitters
connected together, form node x, which exhibit high and low impedances,
respectively. A voltage applied to input y, is followed by input x. The collector
currents of Q3 and Q4 are reflected through Q5 and Q6 to the high output
impedance z node. Thus, any current into node x is conveyed with unity gain

through to node z.



26

10 0
54 —104
I~ o 0]
2 0 3
> = —_—
-5 x;—;so-q s by
~10 T T . = 40T T T T T TR T TR T Ty,
-10 -5 [¢] 10 i 10 10’ 10* 10* 10° 10* 0’ 10°
vy (V) f (Hz)
a) e)
101 [ 40
54 30 /\
_
~ Y E
= §201
7 o
104
-10
15 . - O-—nwm—rrnnu,—rrnm—rrn-ml—mmq—.rrmr—'nwm;—,nwm..
-0 -5 ) 10 T 10 10' 10° 10°_ 10° 10° 10’ 10
Vy (V) f (Hz)
70 7E+004
60 6E +004
50 SE+004
~ 9 “E 4£+004
E % s
= 2 364004
T >
= 0 N 2£+004
od 1E+004-
-1 OE+000
ArS g 1 3 10 1 101 10’ 10‘ 10° 10° 107 10°
Ve (V)
c) g)
10 BE+004
SE+004
5
4E+004-]
—
— —_— E
‘Ef a4 s g fg:suocu-
£
B N3 264004
. -5
5 1€+004 ]
_ OE +000
jars 5 ) 3 10 1 10° o’ 10‘ 10° 10* 10’ 10°
W (V)

Figure 3.2 Measured device characteristics of current conveyor 1

a) Vx = Vx(Vy) for Rx =00 b) Vz = Vz(Vy) for Rz =0 C) Ix = Ix(Vy) for Rx 0
d) Ix=Ix(Vy), Iz=Iz(Vy) for Rx =Rz =1 kQ e) The frequency responses of v, vy
and i, /iy for Rx =Rz =10 kQ f) The frequency response of Zx g) The frequency
response of Zy h) The frequency response of Z;
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Supply voltages were chosen to be £15 V during measurements in order to check '
the performance of the current conveyor. The performance characteristics are
given in Fig. 3.4, whereas the characteristic values of the current conveyor are
given in Table 3.1. The inverting type current conveyor given in Fig. 3.3b, will be

used for later purposes [9,10].

» vece

> vCcC

v

-VEE

b)

Figure 3.3 a) Circuit diagram of current conveyor 2 b) Inverting type current
conveyor derived from a)



29

20+ 0
104 —304
< o
> o B -201
> = —_—
~104 }.__30_ ——a—a
-20 y ~40+
~20 ~10 ) 10 20 110 10° 10° 10°_10* 10* 10’ 10°
vy (V) f (Hz)
a) e)
151 BO-
70
10
60
54 ’é\so—
-
2, a- -540..
st
g 230
20
—101 .
-15 T T T 1 0
-1  -10 -5 [ 10 15 1t 10 10° 10’ 10°' 10° 10' 107 10°
Vy (V) f (Hz)
20+ BE+004
15 SE+004-]
107 4E+004 4
~~
~ 5 €
< £ 3E+004
E S
~ 0+ =
x o 26+004
_.5_
10 1E+004
~15 » = ) 0E+000 e
~15 -0 -5 ) 10 15 110 10® 10° 10° 10* 10°* 10’ 10°
v (V) f (H2)
c) 8)
84 3E4005+
5_
a _ZE+005
T =t %
E o] L
-~ 2 3 1E+005
x
-4
6 = : , . . 0E+000 - ~ e
-5 -10 <5 o 15 110 10 10° 10* 10° 10° 10’ 10°
Vy (V) f (Hz)

Figure 3.4 Measured device characteristics of current conveyor 2

a) Vx= Vx(Vy) for Ry =0 b) Vz= Vz(Vy) for Rz=o C) Ix= Ix(Vy) forRx=0
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and i, /iy for Ry =Rz =10 kQ f) The frequency response of Zx g) The frequency
response of Zy h) The frequency response of Z
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3.3 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 3

The current conveyor circuit given in Fig. 3.5a, consists of an operational
amplifier, and a pair of current mirrors which form a voltage/current convertor
[11,12]. The transistors Q4 and QS5, together with the diodes, may be thought of
as a class AB output stage for the operational amplifier. The positive signal swing
of terminal x, is determined by Q4, while the negative swing is determined by Q5.
The two current mirrors convert the output voltage of the operational amplifier to
current and provide the high impedance output node of the current conveyor. Care
should be taken in the choice of current mirrors, since they determine the

allowable signal swing at terminal x.

> vecc

Dt

» vce
R R10

Q10

Q11

13

R11 Ri2

> VEE

b)

Figure 3.5 a) Circuit diagram of current conveyor 3 b) Inverting type current
conveyor derived from a)
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The LF351 operational amplifier has been used during the measurements. Supply
voltages were chosen to be £15 V. The performance characteristics are given in
Fig. 3.6, whereas the characteristic values of the current conveyor are given in
Table 3.1. An inverting type current conveyor has been derived from the circuit

above, to be used for later purposes. This circuit is given in Fig. 3.5b.

3.4 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 4

The current controlled current conveyor described in this section [13] uses a
mixed translinear loop at the input and two complementary current mirrors with
adjustable gains to form output z. The circuit configuration is given in Fig. 3.7a.
The currents I, and I, allow control of the gain, which can be varied by modifying
the value of I,. However, the value of I, cannot be chosen arbitrarily whereas the

following two equations need to be satisfied;

1 Gl
o Iy 3.1
B . G-

1,0

where G =, / I is the gain of the current mirror, B3 and P4 are the current gains
of transistors Q;s and Qa4, respectively. The circuit contains the mixed translinear
loop in its voltage follower configuration. This loop is dc biased by two identical
currents in such a way that input y is a high impedance port. The current flowing
through port x is reproduced on output z by the two complementary current
mirrors with controlled gain, in such a way that I;=G.Ix. The input transistors of
these two current mirrors are biased by I,. I, is applied to the controlled mirrors
by means of two supplementary current mirrors arranged in such a way as to
reduce the current differences as much as possible. The circuit which controls the

gain of the conveyor only acts on the output currents of the mixed loop.
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Figure 3.6 Measured device characteristics of current conveyor 3

a) Vx = Vx(Vy) for Rx =00 b) Vz = Vz(Vy) for RZ =00 C) Ix = Ix(Vy) for Rx =0
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and i, /ix for Rx =Rz =10 kQ f) The frequency response of Zx g) The frequency
response of Zy h) The frequency response of Zy



33

~ VCC

Q12
an
z
Q23
Q24
a)
cC-
|
X T
{ CC+
Y CC+ z

- = am h mm em  E— mm e e - = = e

Figure 3.7 a) Circuit diagram of current conveyor 4 b) Inverting type current

conveyor derived from a)

SPICE simulations have been carried out to check the performance of the current
conveyor. Supply voltages were chosen to be +5 V. Currents I,, I, and I, have
chosen to be equal with a value of 50 pA. The performance characteristics are
given in Fig. 3.8, and the characteristic values of the current conveyor are given in
Table 3.1. The inverting type current conveyor to be used for later purposes, has

been implemented by using two non-inverting type conveyors as shown in Fig.

3.7b.
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3.5 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 5

In this section, we will deal with one of the commercially available current
conveyors, namely the AD844 circuit [4]. This circuit which belongs to a
category of amplifiers known as transimpedance amplifiers or current feedback
operational amplifiers (CFOA), may be regarded as a current conveyor buffered by
a voltage follower, and enables the use of an internal node as an output to form a
current conveyor. It overcomes the gain-bandwidth trade-off problem of a
conventional operational amplifier and provides a constant bandwidth independent
of the closed-loop gain. A simplified schematic of the circuit is shown in Fig. 3.9.
In contrary to a conventional operational amplifier, the signal inputs have
extremely different impedance levels. The non-inverting input presents the usual
high impedance. The voltage at this input is transferred to the inverting input,
which is the common emitter node of a complementary pair of grounded base
stages and behaves like a current summing node. Ideally, the impedance of this
node would be zero. It is important to understand that this low impedance is
locally generated, and does not depend on feedback. This is very different from
the “virtual ground” concept in a conventional operational amplifier used in the

current summing mode which is essentially an open-circuit until the loop settles.

A current applied to the inverting input is transferred to a complementary pair of
unity gain current mirrors which deliver the same current to an internal node of

which forms the output of the current conveyor.

Basic characteristics of the current conveyor have been obtained by using the
device macromodel of AD844 in SPICE simulations. A list of the macromodel is
given in Appendix A. Power supply voltages have been chosen as 10 V. The
performance characteristics are given in Fig. 3.10, and the characteristic values of
the current conveyor are given in Table 3.1. The inverting type current conveyor
to be used for later purposes, has been implemented by using two non-inverting

type conveyors as shown previously in Fig. 3.7b.
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Figure 3.9 Circuit diagram of current conveyor 5

3.6 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 6

In this section, a class A current conveyor will be investigated [14]. The circuit is
given in Fig. 3.11a. M1 is a source follower, M2 is a level shifter, M4 and M6 are
common source transistors and M3, M5, M7 are current sources. If the drain
current of M3 is set to be equal to half of the drain current of MS and M1 and M2
have the same dimensions, then the gate-source voltages of M1 and M2 will be
equal and fixed to their quiescent value, which yields the voltages of terminals x
and y to be equal. The current of terminal x is supplied by M4, since the drain

currents of M1-M3 are fixed at their quiescent value.

SPICE simulations have been carried out to check the performance of the current
conveyor. Supply voltages were chosen to be £5 V and Ig as 100 pA. The value
of the compensation capacitor is 0.5 pF. The performance characteristics are
given in Fig. 3.12, whereas the characteristic values are given in Table 3.1. The
inverting type current conveyor derived from the circuit above, to be used for later

purposes is given in Fig. 3.11b.
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Figure 3.10 SPICE simulated device characteristics of current conveyor 5

a) Vx=Vx(Vy) for Ry =0 b) Vz=Vz(Vy) for Rz=o ¢) Ix=Ix(Vy) forRx =0
d) Ix = Ix(Vy), Iz=Iz(Vy) for Rx = Rz = 1k e) The frequency responses of vy /vy
and i, /ix for Rx =Rz =10 kQ f) The frequency response of Zx g) The frequency
response of Zy h) The frequency response of Z;
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Figure 3.11 a) Circuit diagram of current conveyor 6 b) Inverting type current
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3.7 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 7

The circuit diagram of the wideband CMOS current conveyor investigated in this
section is given in Fig. 3.13 [15]. Transistors M2-M4 and M6 form the regulated
current cell for the current input and M1 forms the source follower for the voltage
input. M3, M5 and M7 form the cascode current mirror which reflects the current
of node x to node z. iz=ix is obtained, provided that transistors M3-M$5 are well
matched. The input impedance at node x can be made small by designing the
aspect ratios of M1 and M2 accordingly. The offset voltage due to the mismatch
in the threshold voltage between M1 and M2, can be nulled by adjusting the bias
voltage of M1.
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Figure 3.12 SPICE simulated device characteristics of current conveyor 6

a) Vx= Vx(Vy) for Rx =00 b) Vz= Vz(VY) for Rz =00 C) Ix= Ix(Vy) for Rx =0
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and i, /ix for Rx =Rz =10 kQ f) The frequency response of Zx g) The frequency
response of Zy h) The frequency response of Z;
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SPICE simulations have been carried out to check the performance of the current
conveyor. Supply voltages were £5 V and V= -2.5 V, while I=300 pA. The
performance characteristics are given in Fig. 3.14, whereas the characteristic
values are given in Table 3.1. The inverting type current conveyor to be used for
later purposes, has been implemented by using two non-inverting type conveyors

as shown previously in Fig. 3.7b.

3.8 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 8

In this section, a class AB current conveyor using a floating voltage source is
investigated [16]. The circuit is given in Fig. 3.15. The transistors M3 and M4
form two grounded-gate amplifiers, and isolate the gates of M5 and M6. This
introduces a negative feedback at the input which reduces the input resistance and
also makes it possible to connect a floating voltage source between the gates of
M5 and M6. The transistors M1-M4 form a translinear loop, thus they have equal
currents, which means the current Ig; —Ig; flows in M9. The input offset current is
determined by the current difference between the current sources Ig;. It is
suggested that M9 be isolated in its own well, in order to avoid any threshold

voltage variation problems.
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Figure 3.14 SPICE simulated device characteristics of current conveyor 7

a) Vx = Vx(Vy) for Rx = 00 b) Vz= Vz(Vy) for Rz = 00 C) Ix = Ix(Vy) for Rx =0
d) Ix = Ix(Vy), Iz = Iz(Vy) for Rx = Rz =10 kQ e) The frequency responses of vx
vy and i, /iy for Rx =Rz =10 kQ f) The frequency response of Zx g) The
frequency response of Zy h) The frequency response of Zz
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SPICE simulations have been carried out to obtain the device characteristics.
Supply voltages were chosen to be £1.8 V and Ig;=50 pA, I5>=100 pA. The
performance characteristics are given in Fig. 3.16, whereas the characteristic
values are given in Table 3.1. The inverting type current conveyor derived from

the circuit above, to be used for later purposes is given in Fig. 3.15b.
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Figure 3.15 a) Circuit diagram of current conveyor 8 b) Inverting type current
conveyor derived from a)
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Figure 3.16 SPICE simulated device characteristics of current conveyor 8

a) Vx = Vx(VY) for Rx =00 b) Vz = Vz(Vy) for RZ = o0 C) Ix = Ix(Vy) for Rx = 0
d) Ix= Ix(Vy), Iz= Iz(Vy) for Rx = Rz =1 kQ ¢) The frequency responses of vy /vy
and i, /i, for Rx=Rz=10 kQ f) The frequency response of Zx g) The frequency
response of Zy h) The frequency response ofZz



CHAPTER 4

THE EFFECTS OF CURRENT CONVEYOR NON-IDEALITIES ON A
VOLTAGE-MODE ACTIVE FILTER

The function of a filter is to provide a frequency-weighted transmission of analog
signals. Signals falling within selected regions of the frequency spectrum are
attenuated or amplified selectively, relative to those in other parts of the spectrum.
The term active filter refers to a filter that incorporates active devices in its
schematic. Typically, in such a filter, active circuits replace the function of
inductors in what would otherwise be a RLC circuit. In the design of frequency
selective integrated circuits, the lack of inductors is a serious disadvantage. In
many applications, this drawback can be overcome by using conventional active
RC filter techniques. In designing active RC filters, one uses a combination of
resistors, capacitors and gain blocks in linear feedback loops to obtain the desired

frequency selectivity without the need for inductors.

In this study, active filters using the current conveyor as the active component,
will be covered. Effects of current conveyor non-idealities on both voltage and
current-mode active filters will be investigated. Limit values of non-ideality
terms will be determinedT This chapter will be devoted to the effects on voltage-
mode filters. The first section will discover the effect of each non-ideality term on
the filter characteristics. A comparable demonstration of the filter performances
for each current conveyor circuit studied in Chapter 3, will be given in the second

section. Chapter 5 will include the same analysis for current-mode filters.
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4.1 THE EFFECTS OF CURRENT CONVEYOR NON-IDEALITIES ON
FILTER CHARACTERISTICS

In this section, the effects of current conveyor non-idealities on voltage-mode
filter characteristics will be investigated. The biquadratic filter configuration
chosen for this purpose has been given in Fig. 4.1 [17]. The ideal transfer

function of the filter given in terms of circuit components is as follows:

Vo _ CGGs* +CGus+ GG, @1
V, CCs*+CGys+G,G, '

It is apparent that the bandpass, lowpass and highpass configurations of the filter
are obtained for G| =0, C; =0; G, =0, G4 =0 and C; =0, G4 =0, respectively. The

filter parameters are given by the following expressions;

w, = |25 (4.2)
GG
1 [G,G,C,
= 43
o G, C. 4.3)
G G C
H,, =2 H,, =2 Hyp =2 44
8P G, P G, HP c, 4.4)
z % ;
vi G2

ccC-

Y occ 2
== X
c1 ;
G1 l 3 G5 c3
cc+
c2 I § G4

Figure 4.1 A voltage-mode biquadratic filter configuration
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where wo denotes the angular cutoff frequency (in case of bandpass filter the
resonant frequency), Qo the quality factor, and H the gain of the related type of
filter.

The component values for all three filters have been considered for a maximally
flat Butterworth filter, with unity gain; thus Qo =1/¥2 and H=1. For fo =10 kHz;
the component values are R; =R3 =R4 =Rs =10 kQ, C, =2.25 nF, C;=1.125 nF for
the bandpass filter, R; =R; =R; =Rs =10 kQ, C; =2.25 nF, C; =1.125 nF for the
lowpass filter and R; =R; =Rs =10 kQ, C; =2.25 nF, C; =C3 =1.125 nF for the
highpass filter.

By using the results obtained in Chapter 2, one can express the non-ideality terms

of a current conveyor as follows;

as+a,
Z.=Z, — "0 4.5
X O sz + b‘S + bo ( )
1
k, =k, 4.6
v = %o T (4.6)
1
k, =k 4.7)
! o l+s7,
Y, =5C,+g, (4.8)
where
2
a =25 (4.9a)
W zy
Gy =by, =y (4.9b)
7))
b = L% (4.9¢)
l QI’.\'
T, = I (4.9d)
Y2, '
|
T, =——0 (4.9¢)
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In the above equations; Zxo, kvo and ko denote their corresponding low
frequency values, wpx and wzx the angular pole and zero frequencies, respectively,
and Qpx the quality factor of the frequency dependent impedance of terminal x,
whereas fy and f; denote the 3 dB bandwidths of the voltage and current transfer

functions, respectively.

Although Eq. 2.6 indicates a second order characteristic for the voltage transfer
function of a current conveyor, in the analysis below, it will be reduced to a first
order approximation for simplicity reasons. Also, various investigations have
shown that the high impedance of terminal y is one of the easiest requirements to
be met in the design of a current conveyor, which has led the way to this term to

be neglected.

If we introduce the above four non-ideality terms into Eq. 4.1, the first step gives

us the non-ideal voltage transfer function of the filter as follows;

2
Rrerresv 10
where

m, =C,C,G;k, k. ABD (4.11a)
m, =G,k k, B(LAD(G,C, +C,Y, )+ C,Z,G,G;k,k,) (4.11b)
my = Gk, k, B(ADG,Y, + G,G,k,k, E) (4.11c)
ny = CG,CG,Z, ABD (4.11d)
n, = C,C;G,ABDE + C,G,Z,, ABD(C\F + C,Y;) (4.11e)
n, =C,G,Z, A(BDFY, +G,G,(k,k,)*)+G,ABDE(C,F +C,Y;) (4.119)
n, = G, AE(BDFY, +G,G,(k,k,)*) (4.11g)
and

A=2Z,G +1 (4.122)

B=Z2,G,+1 (4.12b)
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C=2,G,+1 (4.12¢)
D=Z,G,+1 (4.12d)
F=G+%, (4.12¢)

Substituting Eqgs. (4.5) and (4.8) into expressions A, B, D, E, F, and then together
with Egs. (4.6) and (4.7) into Eq. (4.10) yields the final transfer function in the

form of

Vo _ PS4+ pys' 4 o+ pst + pst + p st 4+ pis+ p, @.13)
Vi @ st g8t 4458 +qp8" Hgis g,

It is clear that the transfer function above will give us no information about how
the filter characteristics and parameters will be affected. Therefore, each non-
ideality term will be analyzed independently. Now, let us investigate the

contribution of each non-ideality term to the transfer function above.

4.1.1 The Effect of rx

The effect of the resistive component of the impedance of terminal x has been
studied in this section. First, our analysis will focus on the bandpass type filter.

Arrangements on Eq. 4.10 gives us the effect of rx on the transfer function as

G, 1
— s
ol _ C, G, +1
(v) =, G, GG i (419
1gp 5 Pgp L2

C,~ CC, (r,G,+ )(r,G, +1)

The relative deviation in each filter parameter can be derived from Eq. 4.14 as

IAWOBPI__:\/ 1 1= rXG (415)
| @gsp | V (4G, + DG, +1) r,G+1
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|80 | _ 1 _1=_1G (4.16)
| Qe | V(4G + 1)(r,G, +1) r,G +1

= = (4.17)

for G=G, =G3.=G,. It is apparent from Eqs. 4.15 through 4.17 that the condition
of rxG << 1 should be satisfied for small deviations in the resonant frequency,

quality factor and filter gain.

The repetition of the above analysis for the lowpass filter yields the following

transfer function and filter parameter deviations

1

(r¢G, +D(ryG; +1)

VO) 1 1 3
Yo| _ . (4.18)
(V, w 2.0, G0 I

G, CC, (ryG, +D(r,G; +1)

©
C

lAwo,,p = 15C 4.19)
| 0o | VG, +1)(rXG +1) G+l

80| \/ 1 1= 22 (4.20)
Ooir | V(74G, +1)(ry G, +1) r,G+1

AH,p| 146Gy +1 _1=0 421)
H,, | ryG, +1

for G=G; =G, =Gj. As in the case of a bandpass filter, the condition of rxG << 1
should be satisfied for small deviations in the cutoff frequency and quality factor.

Eq. 4.21 yields that the filter gain is not affected by the resistance of terminal x.
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However, the results obtained for the highpass filter are somewhat different than
that of the previous type of filters. In this case, the analysis yields a third order
transfer function as follows:

v C1 s
(_0—) = X 4.22)
HP

( 1 ) , G, G,G, 1
s+ s+ =5+
C,ry C,” CC, (ryG, +1)ryG, +1)

It is obvious that an extra pole has emerged in the transfer function. However,
provided that the corresponding frequency is high enough with respect to the filter
cutoff frequency, the relative deviations in the filter parameters will be determined

by the following expressions

A®gp| _ 1 -G (4.23)
o | N (4G, +1)(7,G, +1) rG+1
AQowe| _ f 1 _1=_"NC (4.24)
Do | V(4G + D), G, +1) ryG+1

for G=G; =G;. Again, the condition of ryG << 1 should be satisfied for small

deviations in the cutoff frequency and quality factor.

SPICE simulations have been carried out in order to prove the results obtained
above. Results for four different values of ry, namely, rx =10 Q, 100 Q, 1 kQ, 10
kQ and two different cutoff frequencies of fo =10 kHz, 10 MHz have been
demonstrated in Fig. 4.2.

4.1.2 The Effect of Yz

The effect of the admittance of terminal z has been studied in this section. We
will start our analysis with the bandpass type filter. Arrangements on Eq. 4.10

gives us the effect of Yz on the transfer function as
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Vo

)

Vi

- (C,+C,)G,s+g,G,
d,s* +d\s+d,

[

BP

(4.25)
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where

d,=C,C,+C,(C, +C,+C,) (4.26a)
d,=CG,+g,(C, +C;)+C,(Gs+2g,) (4.26b)
dy = G,G; +g,(g; +Gs) (4.26c)

The relative deviation in each filter parameter can be derived from Eq. 4.25 as

1+ g,(g; +05)
Awgpp G,G,
2Bose| -1 427
@ opp 1+ G (G +C+Cy) (4.27)
GG,
|AQom | _ 1 (H £:(e; +Gs))(1+ GG +G, +cz)) .
l Oor l 1+ gz(C, +GC,) +Cy(Gs +2g,) GzG3 G
GG
(4.28)
AH 1+ Ez_
s = = — gy A . (4. o
NHa |~ 1, 284G+ T+ G (G, +2g7) @2
CGs

Eqgs. 4.27 through 4.29 yields that, an adjustment in the values of Gs, C; and C3

can help reducing the filter parameter deviations.

The repetition of the above analysis for the lowpass filter gives us the following

transfer function:

14 GG
(), %
1/ p ,8° +d,s+d,

where the denominator coefficients are as given in Eq. 4.26. Since the
denominator of the transfer functions in Eqgs. 4.25 and 4.30 are the same, the

relative deviations in the cutoff frequency and quality factor for the lowpass filter
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can be given as in Egs. 4.27 and 4.28, respectively. The relative deviation in the

filter gain is obtained as follows:

= -1 4.31
l H,p I 1+gz(Gs+gz) @31

G,G;

Eq. 4.31 yields that the filter gain is only affected by the resistive part of the

impedance of terminal z.

The transfer function of the highpass filter is obtained as follows:

(V_O) = C2 (CI + CZ )S2 + gZCZS (432)
HP

v, d,s* +d,s+d,
The denominator coefficients are as given in Eq. 4.26. Since the above equation
has the same denominator as the previous filter types, the relative deviations in the
cutoff frequency and quality factor will be as given in Eqs. 4.27 and 4.28,

respectively. The relative deviation in the filter gain can be expressed as follows:

C

it
|AH,, | _ " G -1 (4.33)
l Hy, l 1+CZ(CI +CG +C,)

e

It is apparent that only the capacitive part of the output impedance has an affect on

the filter gain.

SPICE simulations have been carried out in order to check the results obtained
above. Results for four different values of rz, namely, rz =100 kQ, 1 MQ, 10 MQ,
100 MQ; four different values of Cz, namely Cz= 1 pF, 10 pF, 100 pF, 1 nF and
four different cutoff frequencies of fo =10 kHz, 100 kHz, 1 MHz, 10 MHz have
been demonstrated in Figs. 4.3, 4.4 and 4.5.
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4.1.3 The Effect of k; (ky)

Since the effects of the voltage and current transfer functions of a current
conveyor on the filter characteristics are identical, only the current transfer
function has been studied in this section. Once again, we will start our analysis
with the bandpass type filter. Arrangements on Eq. 4.10 gives us the effect of k;

on the transfer function as

(VO) _ C,Gkps(1+57,)
Vilw 27,C,Cis*+(C,C,+27,C,G,)s* +C,Gys+G,G k)’

(4.34)

provided that the condition of sty << 1 is satisfied. It is obvious that an extra pole
determined by t; appears in the filter characteristic and a shift occurs in the
location of the complex pole pair. Now, let us consider the effect of 1; on the filter
parameters. The third order polynomial of the denominator given in Eq. 4.34 can

be written in terms of the ideal resonant frequency and quality factor as below:

D(s)=27,5* +(1+27, 22)s2 + 29 51 00 2k, (4.35)
0 0

Application of the Routh-Hurwitz test to Eq. 4.35 shows that there is no stability
problem caused by the poles. The deviation in the pole can be estimated by the

following expression [33,34]:

axs)
d__ ;' 7, (4.36)
p D)
sp, 7,50

where the pole can be expressed as
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1 1
=@, - +Jj [1- 4.37
p 0( 2Q0 J 4Q02J ( )

Substituting the related polynomials into Eq. 4.36 yields the deviation in the pole

as below, provided that k;o=1:

AP Qo

(4.38)
p 40, -1

The deviations in the cutoff frequency and quality factor can be estimated by

[33,34];

Aw, _ Re{éé’} =0 (4.39)
a4 14
%o- = 10,71 m{%’} = 20,040, (440)

The above analysis shows that the deviation in the resonant frequency is zero,
whereas the deviation in the quality factor is dependent on the resonant frequency

as well as itself. This yields that this filter is not so attractive for high Q designs.

The effect of kj on the lowpass and highpass transfer functions is given by

(_Vi) = G|G3k102(1+5'71) @.41)
Vi), 27,C,Cys*+(C,Cy+27,C,Gy)s* +C,Gys+ G, Gk, '
(Ko_) _ C,C,k s (1+5T,) @42
Vi) 27,C,Cis* +(C,C,+27,C,G,)s* +C,Gys+G,Gk '

provided that the condition of sty << 1 is satisfied. Since the denominator of all
three types of filters are identical, the above analysis remains valid for the lowpass

and highpass filters as well.
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MATLAB simulations have been carried out in order to check the effect of the

pole of the current conveyor current transfer function. Results are demonstrated in
Fig. 4.6, for fo =100 kHz and the ratio of f;/fo =1, 10, 100, 1000.

4.1.4 The Effect of Yy

Although not analyzed above in detail for simplicity reasons, the effect of the
admittance at terminal y has been given in Figs. 4.7, 4.8 and 4.9 for demonstration
purposes. Not surprisingly, this admittance has a similar affect as the output

admittance on the filter characteristics.

Section 4.1 has covered the effects of current conveyor non-idealities on a voltage-
mode active filter. The filter parameters in terms of non-ideality terms have been
derived. Table 4.1 summarizes the minimum/maximum values for the non-
ideality terms, provided that 10% deviations in the filter cutoff frequency
(resonant frequency) and quality factor is acceptable. Please note that the results

obtained are valid for the three types of filters.

Table 4.1 Limits of non-ideality terms for a deviation of 10% in filter parameters

0o Qo

rx <R/9 <R/9

rz >561R {>11.83R
Cz <0.12C |<053C
() |0 < 1

20w,0,
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4.2 THE FILTER PERFORMANCE FOR VARIOUS CURRENT CONVEYOR
CIRCUITS

This section will include a comparable demonstration of the filter performance for
each current conveyor circuit studied in Chapter 3. Discussions will be made on
how the non-ideality terms of the current conveyors affect the filter characteristics,
based on the previous section. Figs. 4.10 through 4.15 depict the performance of
the three types of filters when current conveyors CC1-CC8 are employed in the
filter, for four different filter frequencies of fo =10 kHz, 100 kHz, 1 MHz and 10
MHz.

In the previous section, the effect of each non-ideality term on the ideal voltage-
mode filter transfer functions has been analyzed independently. Egs. 4.15 through
4.17, 4.19 through 4.21, 4.23 and 4.24 demonstrate the results obtained for the
relative deviations in the filter parameters when the effect of the resistive
component of the impedance of terminal x is introduced into the ideal filter
transfer functions. Eqs. 4.14 and 4.18 show that the rearranged bandpass and

lowpass filter transfer functions preserve their second order characteristic forms,

whereas an extra pole given by [y, = emerges in the highpass filter

27 Cyry

transfer function. However, provided that the corresponding pole is high enough
with respect to the filter cutoff frequency, Eqs. 4.23 and 4.24 remain valid. The
results show that the effect of the resistive component of the impedance of

terminal x on the relative deviations of the filter cutoff (resonant) frequency and

quality factor for all three types of filters can be given as G E provided that
Fy

G= G, =G, =G3 =Gy. It is apparent from this expression that the condition of rxG
<< 1 should be satisfied for small deviations in the filter cutoff (resonant)
frequency and quality factor. The deviation in the bandpass filter gain can also be
given as above, whereas Eq. 4.21 yields that the lowpass filter gain is not affected
by the resistance of terminal x. Table 3.1 shows that even the highest value of rx
= 637 Q for current conveyor CC7 satisfies the condition above. As a result, no

significant effect can be observed on the filter characteristics given in Figs. 4.10
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through 4.15, caused by this non-ideality term. Although the voltage and current
transfer functions for CC7 show wideband characteristics, the highpass filter

characteristics given in 4.15e through h, suffer from the low values of fipple.

Eqgs. 4.27 through 4.29, 4.31 and 4.33 exhibit the results obtained for the relative
deviations in the filter parameters when the effect of the admittance of terminal z
is introduced into the ideal filter transfer functions. Although Eq. 4.30 shows that
the rearranged lowpass filter transfer funtion preserves its second order
characteristic form, non-ideality terms dominant in the low frequency range
appear in the bandpass and highpass filter functions as observed in Egs. 4.25 and
4.32. However, the effect is more notable on the bandpass filter characteristics,
due to the ineffectiveness of C, in the low frequency range. Therefore, low values
of terminal z resistances remain less critical for highpass filter applications. This
can be proved by comparing Figs. 4.10 and 4.11 with 4.14 and 4.15, respectively.
The poor performances in the low frequency range observed in Figs. 4.10a through
d and 4.11a through d, can be devoted to the fairly low terminal z resistance
values of current conveyors CC1, CC2 and CC6. Since the values of C,, C; and
Gs can be adjusted to make the corresponding sum terms given in Egs. 4.27
through 4.29, 4.31 and 4.33 constant, the values of gz and Cz remain less critical
and the deviations in the filter cutoff (resonant) frequency, quality factor and filter
gains can easily be minimized. The conditions of gz << G? and Cz << C? should
be satisfied for small deviations in the filter parameters, provided that G=G; =G,
=G3 =Gy and C; = 2C; =2C; =2C. All values of terminal z impedances given in
Table 3.1 satisfy the conditions above. Eq. 4.31 yields that the lowpass filter gain
is only affected by the resistive part of the impedance of terminal z, whereas Eq.
4.33 yields that only the capacitive part of the output impedance has an effect on
the highpass filter gain. No significant effect on the highpass filter gains can be
observed on the filter characteristics given in Figs. 4.14 and 4.15, caused by this
non-ideality term, whereas the lowpass filter gains of the characteristics given in
Figs. 4.12a through d suffer from the low terminal z resistance values of current
conveyors CC1 and CC2.
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The results obtained for the relative deviations in the filter parameters, when the
voltage and current transfer functions of a current conveyor are introduced, are
given in Eqgs. 4.39 and 4.40. Analyses show that the effects of the voltage and
current transfer functions of a current conveyor on the filter characteristics are
identical. Since the denominators of Eqs. 4.34, 4.41 and 4.42 are identical, we
obtain the same expressions for the relative deviations in the filter cutoff
(resonant) frequency and quality factor for all three types of filters, provided that
the condition of sty << 1 is satisfied. It is obvious that an extra pole determined by
1; appears in the filter characteristics and a shift occurs in the location of the
complex pole pair. The deviation in the resonant frequency is zero, whereas the
deviation in the quality factor is dependent on the resonant frequency as well as
itself. This yields that this filter configuration is not so attractive for high Q
designs. The high frequency behavior of the filter characteristics is greatly
determined by the voltage and current transfer characteristics of the current
conveyors. The relatively low values of f; and fy of current conveyors CC1-CCS5,
yield acceptable filter performances upto 100 kHz, whereas for CC6 and CCS8 the
range extends to 1 MHz, and for CC7 even to 10 MHz.

Since various investigations have shown that the high impedance of terminal y is
one of the easiest requirements to be met in the design of a current conveyor, the
effect of this term has not been analyzed in detail. However, it can be shown that,
this admittance has a similar effect as the output admittance on the filter
characteristics. Fairly low terminal y resistance values of CCl and CC2,

contribute to poor bandpass filter performance observed in Figs. 4.10a through d.

The results obtained in the previous section have been used to determine the
minimum/maximum values for the non-ideality terms, provided that 10%
deviations in the filter frequency and quality factor is acceptable. These values are
given in Table 4.1. Analyses show that the deviation in filter parameters remain
within the specified limit of 10% for current conveyors CC3, CC5, CC7 and CCS,
whereas the others extend beyond this limit, dominantly due to poor values of
terminal y and z resistances. Figs. 4.10 through 4.15 yield that CC7 exhibits the

best filter performances in all aspects. The relatively bad performance of CC1 and
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CC2, can be attributed to the insufficient terminal y and z impedances, which play
an important role especially in the bandpass filter performance. As a result, the
above mentioned impedances remain as the most critical non-ideality terms which
determine the performance of the voltage-mode filter. The related figures prove
that the lowpass filter is the most tolerable filter type to active component non-

idealities.

The large-signal behavior of the three types of filters for a cutoff (resonant)
frequency of 10 kHz have been demonstrated in Figs. 4.16 through 4.18. The
frequency of the input signal for the highpass filter is 100 kHz, whereas a
frequency of 100 Hz has been chosen for the lowpass filter input signal. The
maximum input signal amplitude for each current conveyor has been listed in
Table 4.2, provided that a distortion of 1% for the output signal is acceptable.
Please note that these values are not necessarily the optimum values which
requires a thorough analysis, and remain valid for the set of filter component

values chosen.

Table 4.2 The maximum input signal amplitude for various current conveyors

VIBP viLp vigp
cC1 |8V 8V 9V
CC2 |8V 8V 8V
CC4 {25V 21V 1.8V
CCs |11V 11V 5V
CCé6 |2V 1.8V 02V
CC7 |42V 37V 37V
CC8 |06V 05V 03V
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CHAPTER §

THE EFFECTS OF CURRENT CONVEYOR NON-IDEALITIES ON A
CURRENT-MODE ACTIVE FILTER

This chapter will include a thorough study on a current-mode active filter with the
same procedure followed as in Chapter 4 [35]. The first section will be devoted to
analyzing the effect of each non-idealitiy term on the filter characteristics. A
comparable demonstration of the filter performances for each current conveyor

circuit studied in Chapter 3, will be given in the second section.

5.1 THE EFFECTS OF CURRENT CONVEYOR NON-IDEALITIES ON
FILTER CHARACTERISTICS

In this section, the effects of current conveyor non-idealities on current-mode filter
characteristics will be investigated. The circuit configuration for realizing a
bandpass filter transfer function is given in Fig. 5.1a, whereas Fig. 5.1b depicts the
configuration for the lowpass and highpass filters [18]. A proper choice of the
admittances in Fig. 5.1 gives the ideal transfer functions of the three types of

filters in terms of circuit components as follows:

1

S

(1“2 - o 5.1
], , R +R, 1 '
P s+ s+ -
R,RC, CRRC,
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1
(12_) _ C,R,C,R, 52)
L), 2, C +C, 1
C,C,R,”  C,R,C,R,
12) s’
2] - (5.3)
(11 Y 1

RGR,  RGR(C,

The filter parameters of the bandpass, lowpass and highpass filters can be derived
from Egs. 5.1, 5.2 and 5.3, respectively, as below:

f 1
= f———— 54
@ opp C.R,R,C, (5.4)

1 [RR,C,

- 5.5
Qosp K&\ C (5.5)
Hy =25 (5.6)
C, R, +R,
{ 1

@y = |———— 5.7

OoLP C] Rz C3 R4 ( )

1 [CCR,
- 5.8

Qour C,+C,\ R, ©8)
Hy, =1 (5.9)

’ 1
0 = S 5.10
orp R, C,R,C, ( )
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The substitution of corresponding admittances into the equations above, yields the

non-ideal filter transfer functions in the form of

1, u,st +u,s® +u,s® vus+uy (5.15)
I, v.s" +vsS+v s’ +v st vt +v,5t Hvs+y,

As in the previous chapter, since Eq. 5.15 will give us no clear information about
how the filter characteristics and parameters will be affected, each non-ideality

term will be analyzed independently.

5.1.1 The Effect of rx

The effect of the resistive component of the impedance of terminal x has been
studied in this section. First, our analysis will focus on the bandpass type filter.

Arrangements on Eq. 5.13 gives us the effect of rx on the transfer function as

(1—2) - BiCis (5.16)
L), (CRR,C,+CCy(Ry + Rry)s® +(Ci(R, + Ry)+Cyry)s+1

The relative deviation in each filter parameter can be derived from Eq. 5.16 as

'A“’OBPL‘/ oL —1=/ R (5.17)
| @opr | VRoR, +74(Ry +R;) R+2r,

|80 | _ 1 \/1+”X(R2+R3)_1= R ’ R 1 (518
IQOBP' 1+__€‘1£«_"____ R, R, Retry Y R+2ry

Ci(R, +Ry)
|AH | 1 7y
= -1= 5.19
| o | 14 Cofx  Rery G-

Cl (R2 + RS)
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for R=R;=R; and 2C=2C, =C4. It is apparent from Eqgs. 5.17 through 5.19 that the
condition of 2rx << R should be satisfied for small deviations in the resonant

frequency, quality factor and filter gain.

The repetition of the above analysis for the lowpass filter yields the following

transfer function and filter parameter deviations:

1, 1

= o (5.20)
1),  (CR,CR, +C,C,R,ry)s” +(C, +Cy R, +ry)s+1
Ao0e| | B (5.21)
| @ o1 p | R, +ry
IAQoz.p|= ’ R, 4 (5.22)
I Oovr l R, +ry

AH

i) _g (5.23)

Hy,

It can be observed that the condition of ry << R, should be satisfied for small
deviations in the cutoff frequency and quality factor. Eq. 5.23 yields that the filter

gain is not affected by the resistance of terminal x.

The transfer function obtained for the highpass filter can be given as follows:

(12) _ R,C,R,C,s (5.24)
HP

1. T (R,C,R,C, +C,C, (R, + Ry )s® +(C, (R, + Ry) +Cyry s +1

The relative deviation in each filter parameter can be derived from Eq. 5.24 as

lAwom":\f R, R, _1=/ R, (5.25)
| @omr | YRR, +74 (R, +Ry) R+2r,




82

|AQ0ur | _ ! \/1+P,Y(R.+R3)_1= R ’ R_ 1 (526)
I Oour I It C,ry R,R, R+ry, VR+2r,
C,(R, +R,)
|AH, | _ ! 1= 2y (5.27)
| H,p | 1+r,((Rl+R3) R+2r,
RR,

for R=R; =R3 and C; =2C4=2C. It is apparent from Eqgs. 5.25 through 5.27 that
the condition of 2rx << R should be satisfied for small deviations in the cutoff

frequency, quality factor and filter gain.

SPICE simulations have been carried out in order to prove the results obtained
above. Results for four different values of ry, namely, rx =10 Q, 100 Q, 1 kQ, 10
kQ and two different cutoff frequencies of fo =10 kHz, 10 MHz have been

demonstrated in Fig. 5.2. The load resistance was chosen to be 100 Q.

5.1.2 The Effect of Yz

The effect of the admittance of terminal z has been studied in this section. We

will start our analysis with the bandpass type filter. Arrangements on Eq. 5.13

gives us the effect of Y on the transfer function as

1

S

(1—2) = Ciky : (5.28)
L), S2+R2+R3 s+ 1 (sC, +g,)R, +1
R,R,C,”  C,R,R,C,

where Ry denotes the resistive load. It is apparent that gz has no effect on the
resonant frequency and quality factor, whereas the deviation in filter gain can be

given as follows:
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}f”"!: g% (5.29)
BP

L
l+g,R,
However, the effect of Cz yields a third order transfer function and an extra pole
determined by Cz, as well as gz and R;, appears in the filter characteristic. A
thorough analysis shows that the relative deviations in the cutoff frequency and

quality factor are zero. The Routh-Hurwitz test yields that, the poles of Eq. 5.28

causes no stability problem.

The repetition of the above analysis for the lowpass and highpass filters yields that
Eq. 5.29 remains valid and the output capacitance has the same effect on the filter

transfer functions.

SPICE simulations have been carried out in order to check the results obtained
above. Results for four different values of rz, namely, rz=100 kQ, 1 MQ, 10 MQ,
100 MQ; four different values of Cz, namely Cz= 1 pF, 10 pF, 100 pF, 1 nF and
four different cutoff frequencies of fo =10 kHz, 100 kHz, 1 MHz, 10 MHz have
been demonstrated in Figs. 5.3, 5.4 and 5.5, for a load resistance of R, =100 Q.

5.1.3 The Effect of k;

The effect of the current transfer function of a current conveyor on the filter
characteristics has been studied in this section. Arrangements on Egs. 5.13 and
5.14 gives us the effect of k; on the ideal bandpass, lowpass and highpass transfer

functions, respectively, as

(1-2) = LY ki (5.30)
ap g2




85

0 ideal 0 —— ideal

—eee 1= 100k swawe Cp=1pF
ceona r;=1M seoo0 cl=1ogr
ovec0 ry= 1OM osees Cy=100pF
=20 s r;=100M =20 eeses Cp=1nf
m m
k) °
N2 A
.E ~404 . -40-
Q
& &
[ —
£ _s0+ 2 _ap
-804 -804
1 10 10% 10°* 10* 10® 1Q°® 0’ 10° 10° 1 10 10" 10* 10°* 10° 1Q° 10" 10* 10°
frequency (Hz frequency (Hz
a) b)
¢ — ideal 0 ideat
-\ vaaa e 100K -I aeaas Cp=1pf
seoeo r=1M sssos Cp=10pF
00000 ry=10M seose Cp=100pF
L —20 e 132 100M 20 eees Cp=1n
m m
Z 2
€ ~40- & -40-
=] Q
o o>
i L
.._“_’.—50- g_so-
-80 -80 —
10 10" 10° 10* 10® 10° 19’ 10°® 10°* 10" 10 10' 10° 10* 10 10° 1) 10° 10° 10"
frequency (Hz% frequency (Hz
c) d)
0 —— ideal 0 ideal
W ass =100k W =1pF
oo = 1M swoss Cym10pF
06000 ry= 10M osoee C,=100pF
~—20] o~ rz=100M —20] s Cy=1nF
m m
0 ©
A A
. —404 £ -40
o o
o o
o ]
- —BO“ -~ —60-
-80- ~B0-
10* 10° 10* 10® 10° 10’ 1Q° 10* 10" 10" 107 10° 10° 10° 10* 107 1Q° 10° 10 10"
frequency (Hz frequency (Hz
€) D
04 — ideal 01 ideat
seess 1y § 00K wease Cp=1pF
sooca rpm 1M asaas Co=riOpF
o000 rz= 1OM eooee o= 100pF
20 e 1= 100M =20 e Co=tinf
m m
T O
~ St
€ ~40- £ ~404
Q o
o o
— —
2 80+ S 6o+
& =
~B0-] -804
10* 10' 10* 10° 107 10° 10* 10" 0" 10° t0* 10° 10° 107 j0° 10° 10% 10"
frequency (Hz frequency (Hz)

g) h)

Figure 5.3 The effect of rz and C; on the bandpass filter characteristics
a) and b) fo =10 kHz c) and d) fo =100 kHz e) and f) fo =1 MHz g) and h) fo
=10 MHz



86

0 0
—20-
—40- ideal .
eeett =100k
o080 r=1M
seooo r;=10M
— 60 oeee 1= 100M —604

|
N
o

I

filter gain (dB)
filter gain (dB)
5

—BO~ T T Tt -804
1 10 to’ 10° 10° 1 10 10? 10° 1 10° 0°
frequency (Hz frequency (Hz
a) b)
o )
~20 ~204
~~ ~~
m )
© ©
~ -40] = -404
.g ideat .g
el 100k
@ 601 seess rim1M & 60
[ ooeoe = 10M .
o e rz=100M ]
£ -804 E -804
L A L e ) -100
1090 10° 10° 10° 10 107 10 0 107 10° 10* 10 10°* 10’ 10°
frequency (Hz) frequency (Hz)
c) d)
0
~20
P -~
m m
T °
~ ~40- ~—
R ideal £
o seate =100 Q
o -0 20000 r.-=1M o
w >6000 ry= 10M "
8 e 17=100M 2
& -804 =
= 100 At T et Ty —rrem
107 10° ‘10 10! ' 0 16* 10°* 10' 10* 10°' w0’ 100° 10°
frequency (Hz) frequency (Hz)
€) 1)
0 0
-20 ~204
~~ 7~~~
m a1}
© O
~ -404 ~— —40-
.5 'dechOk "E:;
s f=
© g0 soosea .'-:=m o -60
- ooes0 rpe: 10M [
2 e ;= 100M 8
E -so0d £ -80
= 100~ Y =100+
10’ 10 0° 0% 10 10* 10* 10 10’ 10" 10* 0%
frequency (Hz) frequency (Hz)

g) h)

Figure 5.4 The effect of rz and Cz on the lowpass filter characteristics
a) and b) fo =10 kHz c) and d) fo =100 kHz e) and f) fo =1 MHz g) and h) fo
=10 MHz



idea)
aass ry=100k
seeos ;= iIM
0000 rp=x IOM
eee 1y= 100M

fitter gain (dB)

0+
-20-
—40
—-604
-804
= 1 00—~ T T TR T e e T T

10 o 10* 10’ 10' o' 10° 10°
frequency (Hz
a)
Q4
~20
—~
w
R
= —40
"6: idaal'cmu
———as rpm
o - 60- ovooo rim 1M
v 00050 £,= 10M
8 seee 17 10OM
= -804
~1004
0" 10° 10* 10° 10° 10 1° 10°
frequency (Hz)
c)
0.‘
_20_
—
m
©
= —40
.g —— ide 1'00k
reeaa rpm
O 60~ mer:sﬂu
v oe000 1= 10M
2 ~eeee 3= 100M
= -804
—100+
10° 10 10° 10° 10’ j0° 10° 10" 10"
frequency (Hz
e)
o_
..20«
~
[1a]
©
N _40..
% |dtmll‘mk
PSR
& -60- hopondad v
“ o800 rp= 10M
2o oo 122 100M
= -80
_100_.
10 10®* 10 o' w0® 10"

frequency (Hz)

8)

87

U
n
<

1

filter gain (dB)
i
e

{ {
& N
o S
hy 1

filter gain (dB)
3

~40-

~60-

filter gain (dB)

~B0

~1004
10°

filter gain (dB)

o' 1w* 10°' 10’ 10°
frequency (Hz)

b)

osven Czminf

10 10° 10* 10’ 10°
frequency (Hz)

d

0* 10"

——eae Cz=|gF
ve-woo Cy=10pF
20000 Cp= 100pF
o=ee Ca=1nF

gt 10° 10°

10° 10° 10’
frequency (Hz)

e 10"

)

10* 10° 107 10" 10°
frequency (Hz)

” 10"

h)

Figure 5.5 The effect of rz and Cz on the highpass filter characteristics
a) and b) fo =10 kHz c) and d) fo =100 kHz e) and f) fo =1 MHz g) and h) fo

=10 MHz



88

1
(1_2) - CIR2C3R4 klO (531)
1, LP 2+C1+C3s+ 1 1+S‘[,
CC,R,~ CR,C,R,
12) s° ki
2l = (5.32)
(ll HP S2+R|+R3 + 1 1+STI

S
R|C2 RS RICZ R3C4

It is obvious that an extra pole determined by 1, appears in the filter characteristics
and the cutoff frequency and quality factor remains unchanged, provided that the

condition of st; << 1 is satisfied.

MATLAB simulations have been carried out in order to check the effect of the
pole of the current conveyor current transfer function. Results are demonstrated in
Fig. 5.6, for fo =100 kHz and the ratio of f; /fo =1, 10, 100, 1000. The load

resistance was chosen to be 100 Q.

5.1.4 The Effect of ky
This section will include the effect of the voltage transfer function of a current
conveyor on the filter characteristics. Arrangements on Eq. 5.13 gives us the

effect of kv on the ideal bandpass transfer function as

( kvo Ty )s

(_{z_) _ C,R, C,RC,
L/ g z-,,s:‘+(1+(R2-'-R3 o )r,,)s’+(R’+R3 ‘v +1_k"")s+ !
R,R,C, CR, R,RC, CRRC, CR," CRRC,
(5.33)

It is obvious that an extra pole determined by 1y appears in the filter characteristic

and a shift occurs in the location of the complex pole pair. Now, let us consider
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the effect of tv on the filter parameters. The third order polynomial of the
denominator in Eq. 5.33 can be written in terms of the ideal resonant frequency

and quality factor as below;

" [7)) 1 @ 2 2
D =7,8 +(1+7,(=2 +—))s* +(—2Z + + 5.34
ap (8) = T,8" +( TV(QO CR, ))s (Qo T,@y )S+a, ( )

provided that kyo=1.
Application of the Routh-Hurwitz test to Eq. 5.34 shows that there is no stability

problem caused by the poles. Substituting the related polynomials into Eq. 4.36

yields the deviations in the pole, resonant frequency and quality factor as

A , 1 T
(_P) =—jz, Qf; (0, + )— ==~ (5.35)
D/ 40," -1 20,CiR," 2GR,

(__A“’OJ =Re{é£} - (5.36)
Do BP P g 2CIR3

(AQOJ = “\/4Qo2 -1 -Im{%} =7,05(@, +;) (5.37)

QO 2QO C] R3

The results obtained yields that the deviation in the quality factor caused by tv is

more notable than that of the resonant frequency.

The effect of ky on the lowpass transfer function is given by

T, 82+(z’,,+(1-k,,o)C,R4)s+ 1
(1_) _ C\R, C,R,C,R, C,R,C;R,
We rerqr 2GS, Ly e (GG, o Ik 1
C,C,R, C,R, C,C;R, CRC,R, CR,  CR,C,R,

(5.38)
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A similar analysis yields the third order denominator of the lowpass filter transfer
function and deviations in the cutoff frequency and quality factor as below,

provided that kyo=1;

A o 1 w
D — 3 + 1+ _0+— 2 + -—Q—-l- 2 + 2 5.39
() =17,5 +( TV(QO C R, ))s (Qo Ty@p )S+@, ( )
(Aa’o) =tV (5.40)
@o / 2C\R,
AQO) 1
N (5.41)
( QO LP e ° 2QOC:IRZ

The effect of kv on the highpass transfer function can be expressed as below:

7,80+ (14— )s’+l_k”°s
(1&) = RI R3 C4 Rl R3 C4
Wi rerqectB, Ly o Bth, o ok |
RC,R, RC, RCR, RGRC, RC, RC,RC,
(5.42)

The denominator and deviations in the cutoff frequency and quality factor can be

expressed as

Dyp(s)=1,8 +(1+ T, (9—0— + —-1——)).5'2 + (2‘1 +T,0, )5+ w, (5.43)
9 R, o
Aa)oj Ty
- (5.44)

( 0o ), 2RC,

A 1
( QO) =7, 0p(@o + ) (5.45)

QO HP 2QOR3C4



92

provided that kyo=1.

The results obtained for the lowpass and highpass filters show that the effect of tv

on the filter parameters are somewhat similar to the case observed on the bandpass

type.

MATLAB simulations have been carried out in order to check the effect of the
pole of the current conveyor voltage transfer function. Results are demonstrated
in Fig. 5.7, for fo =100 kHz and the ratio of f; /fop =1, 10, 100, 1000. The load

resistance was chosen to be 100 Q.

5.1.5 The Effect of Yy

The effect of the admittance of terminal y has been studied in this section. First,
our analysis will focus on the bandpass type filter. Arrangements on Eq. 5.13

gives us the effect of Yy on the transfer function as

(ﬁ) _ R.C,s
L), RRC(C + C,)s2 +((C +C )Ry + R) + RyR,C,gy )5+ g,(R, + Ry) +11

(5.46)

The relative deviation in each filter parameter can be derived from Eq. 5.46 as

|A®gs| _ [1+2g,R _

1 (547)
@ opp 1+Q
C
|AQp|_ 1 \/ | G
= (1+2g,R)(1+—) -1 (5.48)
| QOBP l 1+§_Y_§Y_Ri , C

C 4
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|AH, | _ 1 _1 (5.49)

C
1+?"+gyR

for R=R,=R; and 2C=2C, =C4. It is apparent from Eqgs. 5.47 through 5.49 that the
conditions of 2gyR << 1 and Cy << C should be satisfied for small deviations in
the resonant frequency, quality factor and filter gain.

The repetition of the above analysis for the lowpass filter yields the transfer

function and filter parameter deviations as;

(_{_z_) =__R‘ICyzs+ R,g, +1 (5.50)
L/, e,s” +es+e,

where

e, =C\R,C;R, +R,R,C,(C, +C,) (5.51a)
e, =R,(C,+C,)+R,Cy +R,R,g,(C, +C;) (5.51v)
e, =R,g, +1 (5.51¢)
and

|Aco0u,| 1+2g,R

- 1 (5.52)
| @ oLp | 1_,_2&

A

1800 | _ - \/(1+zg,R)(1+zﬂ)—1 (5.53)
IQOLP | 1+_y+2g R ¢

C |4
AH,,
0 (5.54)

H,
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for 2R=2R; =R4 and C=C, =C;. The conditions of 2gyR << 1 and 2Cy << C
should be satisfied for small deviations in the cutoff frequency and quality factor.

Eq. 5.54 yields that the filter gain is not affected by the admittance of terminal y.

The transfer function obtained for the highpass filter can be given as follows:

I RC,R,(C, +Cy)s* + RC,R, g5
20 =- . (5.55)
5L h,s® +hs+h
where
h, = R,C,R,(C, +C,) (5.562)
h = (R, + R)C, +C,)+ RC,R,g, (5.56b)
hy = (R, +Ry)gy +1 (5.56¢)
Eq. 5.55 yields the filter parameters for the highpass filter as;
[Bogu| _ [1+2g,R 5:57)
@ onp | 1_,_&
C
|20 | = L \[(1 +2g,RX(1 +9L) -1 (5.58)
QOHP 1 + QY_ + __Y__R_ C
c 2
Aty 0 (5.59)
HHP

for R=R; =R3 and 2C=C; =2C,4. The conditions of gyR << 1 and Cy << C should
be satisfied for small deviations in the cutoff frequency and quality factor. Eq.

5.59 yields that the filter gain is not affected by the admittance of terminal y.

The effect of the admittance at terminal y has been given in Figs. 5.8, 5.9 and 5.10

for demonstration purposes. Results for four different values of ry, namely,
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ry =100 kQ, 1 MQ, 10 MQ, 100 MQ; four different values of Cy, namely
Cy=1 pF, 10 pF, 100 pF, 1 nF and four different cutoff frequencies of fo =10 kHz,
100 kHz, 1 MHz, 10 MHz have been demonstrated.

Section 5.1 has covered the effects of current conveyor non-idealities on a current-
mode active filter. The filter parameters in terms of non-ideality terms have been
derived. Table 5.1 summarizes the minimum/maximum values for the non-
ideality terms, provided that a 10% deviation in the filter cutoff frequency
(resonant frequency) and quality factor is acceptable. Please note that the results

obtained are valid for the three types of filters unless specified otherwise.

Table 5.1 Limits of non-ideality terms for a deviation of 10% in filter parameters

o QO
rx |<0.12R forBPand HP | <0.12 R for BP
<0.23 R for LP <0.23 R for LP
< 0.05 R for HP
ry |>952R > 6.59 R for BP
>8.53 R for LP
>3.33 R for HP
Cy |<0.23Cfor BPand HP | <0.23 C for BP and HP
<0.12C for LP <0.77 C for LP
Xz 0 0
Cz |0 0
Tx 0 0
w |<02RC - 1 1
100,(w, + 2Q0RC)

5.2 THE FILTER PERFORMANCE FOR VARIOUS CURRENT CONVEYOR
CIRCUITS

In this section, a comparable demonstration of the filter performance for each

current conveyor circuit studied in Chapter 3 has been given. Figs. 5.11 through
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5.16 depict the performance of the three types of filters when current conveyors
CC1-CC8 are employed in the filter, for four different filter frequencies of
fo=10 kHz, 100 kHz, 1 MHz and 10 MHz.

The current-mode filter studied in the previous section appears to be the current
conveyor based counterpart of filters classified as “multi-feedback filters using a
single infinite gain operational amplifier”. Therefore the results obtained in this

chapter apply to all filters under this class which form a great deal of amount.

Eqgs. 5.17 through 5.19, 5.21 through 5.23, 5.25 through 5.27, demonstrate the
results obtained for the relative deviations in the filter parameters when the effect
of the resistive component of the impedance of terminal x is introduced into the
ideal current-mode filter transfer functions. Egs. 5.16, 5.20 and 5.24 show that the
rearranged bandpass, lowpass and highpass filter transfer functions preserve their
second order characteristic forms. The related equations show that small relative
deviations of the filter cutoff (resonant) frequency and quality factor for all three
types of filters require the condition of 2rx <<R to be satisfied, where R= 10 kQ.
Eq. 5.23 yields that the lowpass filter gain is not affected by the resistance of
terminal x. Table 3.1 shows that only the value of ry = 637 Q for current
conveyor CC7 slightly exceeds the condition above. However, no significant
effect can be observed on the filter characteristics given in Figs. 5.11 through

5.16, caused by this non-ideality term.

Section 5.1.2 summarizes the results obtained for the relative deviations in the
filter parameters when the effect of the admittance of terminal z is introduced into
the ideal filter transfer functions. Eq. 5.28 yields a third order transfer function
g:R, +1

and an extra pole of f,,, =2—1— C.R
T i

appears in all three filter characteristics.

Introduction of the corresponding values in Table 3.1 into this expression gives
pole frequencies above 1 GHz even for the worst values of CC1. Analysis of Eq.
5.28 shows that the relative deviations in the cutoff (resonant) frequency and
quality factor are zero. Therefore, no significant effect of this non-ideality term

can be observed on the filter characteristics given in Figs. 5.11 through 5.16.
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Egs. 5.30 through 5.32 demonstrate the filter transfer functions obtained, when the
current transfer function of a current conveyor is introduced into their ideal
counterparts. It is obvious that an extra pole determined by 1; appears in the filter
characteristics, and the cutoff (resonant) frequency and quality factor remains
unchanged, provided that the condition of sty <<1 is satisfied. Table 3.1 shows
that this condition is well satisfied for CC1-CC3 and CCS5 upto filter frequencies
of 100 kHz, whereas for CC4 and CC6-CC8 upto 10 MHz.

The results obtained for the relative deviations in the filter parameters, when the
voltage transfer function of a current conveyor is introduced, are expressed in Egs.
5.36, 5.37, 5.40, 5.41, 5.44, 5.45. Eqgs. 5.33, 5.38 and 5.42 yield that additional
zeros caused by this non-ideality term are introduced to the transfer functions,
which results with the poor performances in the low frequency range observed in
Figs. 5.11 through 5.16. Table 3.1 shows that CC3 demonstrates the worst
performance in terms of voltage transfer function bandwidth, enabling use for
filters upto 300-400 kHz, whereas the others allow filter cutoff (resonant)
frequencies upto 1 MHz and even 10 MHz.

Egs. 5.47 through 5.49, 5.52 through 5.54, 5.57 through 5.59 demonstrate the
results obtained for the relative deviations in the filter parameters when the effect
of the admittance of terminal y is introduced into the ideal filter transfer functions.
Eq. 5.46 yields that while the rearranged bandpass filter transfer function
preserves its second order form, additional zeros are introduced into the lowpass
and highpass filter transfer functions, which are clearly demonstrated in Figs. 5.9
and 5.10. It is apparent that care should be taken that these zeros given by the

+
LgRtl gy L &
2r  CyR, 2n C,+C,

expressions of f,p,.. = , lie well beyond

the filter cutoff frequencies. The related equations dictate that the conditions of
2gyR << 1 and 2Cy << C should be satisfied for small deviations in the filter
cutoff (resonant) frequency and quality factor. All eight current conveyors prove

to satisfy these equations.
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The results obtained in the previous section have been used to determine the
minimum/maximum values for the non-ideality terms, provided that 10%
deviations in the filter cutoff (resonant) frequency and quality factor is acceptable.
These values are given in Table 5.1. Analyses show that the deviation in filter
parameters remain within the specified limit of 10% for all current conveyors
listed. Once again, Figs. 5.11 through 5.16 yield that CC7 exhibits the best filter
performances in all aspects. The relatively bad performance of CC1-CC2, CC6
and CC8, in the bandpass and of CC6 and CCS8 in the highpass configurations can
be attributed to the terminal z impedance and voltage transfer function of the
current conveyors, which introduce additional zeros. As a result, the above
mentioned impedance and transfer ratio, remain as the most critical non-ideality
terms which determine the performance of the current-mode filter. The related
figures once more prove that the lowpass filter is the most tolerable filter type to

active component non-idealities.

The large-signal behavior of the three types of filters for a cutoff (resonant)
frequency of 10 kHz have been demonstrated in Figs. 5.17 through 5.19. The
frequency of the input signal for the highpass filter is 500 kHz, whereas a
frequency of 100 Hz has been chosen for the lowpass filter input signal. The
maximum input signal amplitude for each current conveyor has been listed in
Table 5.2, provided that a distortion of 1% for the output signal is acceptable.

Once again, please note that these values are not necessarily the optimum values.

Table 5.2 The maximum input signal amplitude for various current conveyors

igp ipLp ipp

CC1 |550pA |[550pA | 15mA
cCc2 |700pA [8mA | 8mA
CC3 [800pA |[10mA |[10mA
CC4 {170pA |2mA  |12mA

'CC5 |[900pA |11mA |12mA
CC6 |180pA |200pA | 180 pA
CC7 |240pA |300pA | 300 pA
CC8 [35pA [2mA |s0pA
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CHAPTER 6

NOVEL CURRENT CONVEYOR STRUCTURES SUITABLE FOR
CONTINUOUS-TIME ACTIVE FILTERS

An extensive study on the effects of current conveyor non-idealities on active
filters has been given in the previous chapters. Tables 4.1 and 5.1 summarize the
results obtained and demonstrate the limitations for the non-ideality terms. It is
apparent that careful consideration should be given if a specified filter
performance is to be obtained. This chapter includes some current conveyor
proposals which satisfy the conditions obtained previously and offers new

opportunities to be used in analog circuit design.

As in Chapter 3, XR B101 and XR B102 device model parameters have been used
for the npn and pnp transistors, respectively, during the SPICE simulation of the
bipolar current conveyor, whereas Alcatel Mietec 2 um HBiMOS process
parameters have been used for the MOS implementations. MOS transistor

dimensions of the current conveyors are given in Appendix A.

6.1 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR IN

In this section, the current conveyor circuit given in Fig. 6.1a will be studied. Two
simple current mirrors, two modified Wilson current mirrors and four current
~mirrors based on the modified Wilson current mirror [36] have been combined to
form a translinear current conveyor [37]. In Fig. 6.1b, Q1-Q9 form the circuit
based on the modified Wilson current mirror, where Q1-Q2 and Q4-Q5 act as the

modified Wilson circuit and the remaining transistors form a negative feedback
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vce

b)

Figure 6.1 a) Circuit diagram of current conveyor 1n b) Two-output mirror
based on the modified Wilson current mirror

loop which returns the base currents of Q7 and Q8 to the modified Wilson current
mirror to provide I; + Iy & I3 +les. The equal base-emitter voltages of Q3 and Q6
which forces their emitter currents to be equal, together with the modified Wilson
current mirror, yields I, = Ii. Since I; + Iy + Ipy = Ie3 + Ieg + Loy, then Ip; = I;. The
translinear current equation and mirror arrangements force the currents of terminal
zl and x to be in the same direction, whereas the currents of terminals z2 and z3
will be identically in opposite directions. It is clear that the voltage of terminal x
will track terminal y. Thus, a combined structure of an inverting and non-
inverting current conveyor will be obtained, which offers an advantage for certain

filter structures.

Supply voltages were chosen to be £10 V and I as 100 pA. The voltage transfer

~ characteristics Vx= Vx(Vy) for open-circuited terminal x and Vz= Vz(Vy) for

open-circuited terminal z1 (z2), are given in Figs. 6.2a and b, respectively. The
voltage clipping limits at terminal x and terminal z1 (z2) were obtained as Vxpa=

8.96 V, Vmin= -8.96 V, Vzma=7.07 V (8.21 V) and Vzmin=-8.36 V (-8.32 V).
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Fig. 6.2¢c illustrates Ix= Ix(Vy) characteristic for short-circuited terminal x. The
lower and upper boundaries of the current Ix were determined as Ixmin= -2.10 mA
and Ixmax=20.67 mA. The Ix= Ix(Vy) and Iz= Iz(Vy) characteristics for terminal
loads of Rx=10 kQ and Rz=10 kQ are given in Fig. 6.2d.

The frequency responses of the voltage gain vx /vy and current gain i, /iy are shown
in Fig. 6.2e. We obtain the values of the voltage and current transfer functions at
low frequencies as kv=0.985 and k;=0.992 (0.996), respectively, for terminal loads
of Rx=10 kQ and Rz=10 kQ. The 3 dB bandwidth values are fy=30 MHz and
fi=41 MHz (6.2 MHz), respectively.

Fig. 6.2f shows that the impedance Zy has a value of 145 Q) at low frequencies and
shows a maximum of 227 Q at a resonant frequency of 31.6 MHz. Simulated
variations of the impedance Zy with frequency are given in Fig. 6.2g. Values of
1y=209 kQ and Cy=16.9 pF are obtained. Fig. 6.2h showing the output impedance
Zz at terminal z, gives the values of 1,=8.4 MQ (8.45 MQ) and Cz=5.4 pF
(5.38 pF). The results obtained are summarized in Table 6.1.

6.2 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 2N

Figs. 4.11, 4.13, 4.15 and 5.12, 5.14, 5.16 show that the current conveyor circuit
of CC6 investigated in Chapter 3 exhibits poor performance for frequencies below
the cutoff (resonant) frequency. Efforts have been made towards an improved
current conveyor circuit which overcomes this problem mainly caused by the
unsatisfactory output characteristic. The circuit is given in Fig. 6.3. M44 and
M66 have been added in order to increase the output impedances of M4 and M6,
whereas M55, M77 and M88 together with the related transistors, form cascode
current mitrors which also contribute to an improved output impedance. Results
show that the goal of satisfying the conditions in Table 4.1, and an improved

performance in the filter characteristics have been achieved.
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Figure 6.3 Circuit diagram of current conveyor 2n

SPICE simulations have been carried out to check the performance of the
improved current conveyor. Supply voltages were chosen to be £5 V and Ip as
100 pA. The value of the compensation capacitor is 0.5 pF. The performance

characteristics are given in Fig. 6.4, whereas the characteristic values are given in
Table 6.1.

6.3 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 3N

Fig. 6.5 depicts another improved circuit configuration derived from the current
conveyor circuit of CC6 investigated in Chapter 3. Cascode current mirrors were
introduced to the circuit to provide low capacitance nodes. Low impedance nodes

appear except the output stage which helps improve the frequency behavior.

SPICE simulations have been carried out to check the performance of the
improved current conveyor. Supply voltages were chosen to be £5 V and I as
100 pA. Capacitor values were chosen to be 0.5 pF. The performance

characteristics are given in Fig. 6.6 and the characteristic values are given in Table
6.1.
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Figure 6.5 Circuit diagram of current conveyor 3n

6.4 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 4N

Circuits employing operational amplifiers have been used to realize current
conveyors. One of the most successful configurations, relies on the operational
amplifier supply current sensing technique, in which current mirrors are used to
sense the output current of the operational amplifier via its power supply rails
[23,38]. This provides a voltage transfer function close to unity and small values
of input error currents and offset voltages. A current conveyor based on this
technique has been developed. The current conveyor circuit is given in Fig. 6.7a.
Complementary cascode current mirrors which have been used in order to sense
the output current of the operational amplifier enable a high output impedance.
The high performance operational amplifier (OA1) depicted in Fig. 6.8 has been
used in unity gain configuration to obtain the voltage transfer function between
terminals y and x. M10-M13 and Q1-Q2 form the output stage to obtain a low
output impedance. Fig 6.9a and b demonstrate the dc voltage transfer
characteristic and the unity gain frequency response of the output voltage,

respectively. Supply voltages were chosen as £5 V and R=1 kQ. Simulation

results yield the output voltage clipping hmlts as\{omax=351 V and Vomin= -5 V, e

whereas the maximum output current is Iomax= 3.38 mA. The 3 dB bandwidth of
the operational amplifier was obtained as fgw=130 MHz, while the open-loop gain

is K=56.5dB. The input and output resistances are 872GQ and 8 Q,



120

6 'O—‘
5-
4-
0
27 -5
—~~
—
[
a o+ 3—1ﬁ"
% - 151
> 24 &F
’ xs—zo—
] —25—
6 -30—
-6 -2 1 10 10*10° 1o |o 1o 107 10" 10* 10"
Vy (V)
a) e)
64 4000 4
4-
3000
2- ~~
= £
S 04 S 2000
L
~N
>_z.1 '\’l‘
1000
-4
"6 7 10 10*10? 10 10 so 107 10° 10° |o‘°
Vv (V)
100 2E+012
50
o- N
— £
< 50 < 1E4012+
3 [+
S —~—
X100 N
_.150..
-200 CE+000+

1
o
-

t 10 1w?0? 10 m 10 107 10° 10 10"

VY (V)
c) g)
50+ r‘-——— 3E+006
0- e
———ly
AZE+005-
-50+ €
< 5
3 Nt
~ 1004
o~ ,\‘?lE"'OOE'
1504
=200 T T T T | OE-+000-]
-8 -4 -2 0 2 4 8 1 0 10* 10° 10 10 10 187 10° 10 10"
Vy (V)

__Figure 6.6 SPICE simulated device characteristics of current conveyor 3n

a) Vx Vx(VY) for Rx 0 b) Vz Vz(Vy) for Rz 0 C) Ix Ix(Vy) for Rx =0
d) Ix = Ix(Vy), Iz = Iz(Vy) for Rx = Rz =1 kQ e) The frequency responses of
Vx /vy and i, /ix for Rx = Rz =10 kQ f) The frequency response of Zx g) The
frequency response of Zy h) The frequency response of Z;



121

VDD
M1 tlmz
M3 [ s

Y * .

X
M5 L: M8

M7 QMB

> V§s

a)
> vpp
M3 M12
Y _____1*
x —1 2
M5 M14
M7 [;lme
> .vss

b)

Figure 6.7 a) Circuit diagram of current conveyor 4n b) Inverting type current
conveyor derived from a)

' -> vop
) #m Ma M4
£ mo
- il Mt w2 olFne
af
Q2
w g Lg I: et
T T M5 = w1 Miz2 ™ M3
R

> vss

- Figure 6.8 Circuit diagram of operational amplifier 1 o



122

44 1a
2 0
0+ —~
s @ _104
o-24 -
= 5
N 3201
6 . S —
6 -4 -2 [ 2 1 8 110 10° 10° 10° 10° 10° 10’ 10* 10°
Vi (V)  (HD)
a) b)

Figure 6.9 Device characteristics of operational amplifier 1
a) Dc voltage transfer characteristic b) The unity gain frequency response of the
output voltage

respectively, whereas the related capacitances can be neglected. The characteristic
values of the operational amplifier are summarized in Table 6.2.

SPICE simulations have been carried out in order to check the performance of the
current conveyor. Supply voltages were chosen to be 10 V, which provides
biasing the operational amplifier section of the circuit as previously mentioned.
The performance characteristics are given in Fig. 6.10, whereas Table 6.1
summarizes the characteristic values. The inverting type current conveyor given

in Fig. 6.7b, will be used for later purposes.

Table 6.2 Characteristic values of operational amplifiers OA1 and QA2

0Al 0A2
VOomasx 3.51 4.21
VOmin SV S5V
IOnmx 338 mA 3 mA
faw 130 MHz 134 MHz
K 56.5dB 56.6 dB
n 872 GQ 874 GQ
{ro 8§Q 261.5Q
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6.5 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 5N

It can be observed from Table 6.1 that the current conveyor circuit given in Fig
6.7a will appreciate an improvement in the maximum attainable voltage from the
output. The output stage of the operational amplifier as well as the
complementary cascode current mirrors contribute to the result obtained from the
previous configuration. The structure given in Fig. 6.11a uses simple current
mirrors to sense the output current of the operational amplifier and enables higher
voltage clipping limits at the output to a price of low output impedance. M13 and
Q2 were left out of the operational amplifier (OA2) for higher output voltages to
be obtained. Simulation results for this case yield the output voltage clipping
limits as Vomax=4.21 V and Vopis= -5 V, whereas the maximum output current is
Iomax=3 mA. The 3 dB bandwidth of the operational amplifier was obtained as
fsw=134 MHz, while the output resistance is 261.5 Q. The open-loop gain and
input resistance of the operational amplifier remain unchanged. The characteristic

values of the operational amplifier are summarized in Table 6.2.

> vbp
M1 M2
Y + -
X
~3 M4
> vss
a)
> VDD
M1 M2 Ms M8
Y A————
' z
X
M3 M4 M7 M8
> .vsS

Figure 6.11 a) Circuit diagram of current conveyor 5n b) Inverting type current
conveyor derived from a)
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SPICE simulations have been carried out in order to check the performance of the
current conveyor. Supply voltages were chosen to be £10 V. The performance
characteristics are given in Fig. 6.12, and the characteristic values are given in
Table 6.1. Fig. 6.11b depicts the inverting type current conveyor which will be

used for later purposes.

6.6 PERFORMANCE CHARACTERISTICS OF CURRENT CONVEYOR 6N

An alternative current conveyor configuration realized from operational amplifiers
is based on the output current sensing technique [23,39]. An operational amplifier
exists as the main gain block and is provided with two equal but opposite output
currents via complementary current mirrors. The circuit configuration is given in
Fig. 6.13a. Transistors M1-M4 and M5-M8 serve as the complementary modified
Wilson current mirrors which enable high output impedance and accurate current
transfer performance, whereas M9-M10 form a class B connection. The
operational amplifier OA2 has been used in unity gain configuration which

contributes to a high performance voltage transfer characteristic.

Supply voltages were chosen to be £5 V for the SPICE simulations. The
performance characteristics are given in Fig. 6.14, whereas the characteristic
values are given in Table 6.1. The inverting type current conveyor given in Fig.

6.13b, will be used for later purposes.
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6.7 THE VOLTAGE-MODE FILTER PERFORMANCE FOR THE PROPOSED
CURRENT CONVEYORS

In this section, a comparable demonstration of the voltage-mode filter
performance for example current conveyor circuits proposed in the previous
section has been given. Figs. 6.15 through 6.20 depict the performance of the
three types of filters when current conveyors CCIN-CC6N are employed in the
filter, for four different filter frequencies of fo =10 kHz, 100 kHz, 1 MHz and 10
MHz. The figures show that these circuits offer an opportunity to be used in filter

designs which exhibit well performance.

The large-signal behavior of the three types of filters for a cutoff (resonant)
frequency of 10 kHz have been demonstrated in Figs. 6.21 and 6.22. The
frequency of the input signal for the highpass filter is 100 kHz, whereas a
frequency of 100 Hz has been chosen for the lowpass filter input signal. The
maximum input signal amplitude for the current conveyors has been listed in

Table 6.3, provided that a distortion of 1% for the output signal is acceptable.

Table 6.3 The maximum input signal amplitude for example current conveyors

ViBp viLp vmp

CC2N |3V 25V |25V
CC3N [4V 3V 41V
CC4N |5V 4V 4V

CC5N |1V 01V




»eeee CCIN
peeeu CC2N
"]
_20.4
— ]
()
R
—~ 40+
£
©
o —§04
-
jod
=
T -80
- 100+
001 10 10 10° 10° 1Q°® t0* w07 W0° 10*
f (Hz%
a)
osoaeo ldaal
aeoee CCIN
snnoe CC2N
]
-20
—~
[ia)
0O
~ 40
£
o
o —g0
B s
ol
~
= -804
-100-Fw v oy Y vy
10 16 10° 10 10° 10° 107 10° 10° 10" 10"
t (Hz)
c)
oeeoo ideal
——— CCJN
oeees CCAN
0
~20
—~
o
©
S _40_
£
o
& g0+
-
[0}
=
& -804
~100
110 10 10° 10° 1Q* t0° 10’ 10° 10°
f (Hz
e)
eoooe idagl
~eewve COIN
seoee CCAN
]
-20+
—
)
o
~ —40
£
Q
o —g0
.
o
=
T -850
~-100-

e T e 18+ 16 % 10 10 ® 10 *
10 10101010810 107 10° 107 10% 10
t (Hz)

g)

130

fitter gain (d8)

~-100:

filter gain (dB)

filter gain (dB)

0 T seaas CCIN

~20
~40
_m-
-804

~ 100 AT
1

wessa CCIN
seseo CC2N
ow
~—20-
()
N
.€ 404
©
&>
—
2 -804
[
-804

10° 10 10° 10'

d

O' to* 10° 0% 10"

soeeo [dagl

aeaes CCIN

o002 CCAN
i
_20_
_40.
_50_
B0

10 10° 107 0° 10° 10° 107 30° 10° 10°
f (Hz

-““ Ideal

° _l "“" CCGN
~20-
401
80

-80

i 10* 10° 10'

h)

o' 10* 10* 10° m"

Figure 6.15 The voltage-mode bandpass filter performance for CCIN-CCAN at

four different resonant frequencies of 2) and€) fo = 10kHz b) and f) fo = 100

kHz c)and g) fo=1MHz d) and h) fo=10 MHz



~204

filter gain (dB)

filter gain (dB8)

&
?

-1004

10 10° 10° 10 10* 10* 10’ 10* 10°
f (Hz

10 0107 10 10* 10" 10" 10* 10" 100"
¢ (Hz)

¢)

131

evwes CCON
0
_20.
~
[)
o
A _40..
£
o
O 60
1%
2
£ -807
_100_
10 10" 10° 10* 10° 1Q° 10" 10° 10° 10"
f (Hz%
sese0 {dual
MCC&N
eesec CCEN
o-]
8-20‘
R
S
c .
§ -0
o
o~
2 6o
&
-80+

RAL I R LA R AL R e e ) i e ]
10° 10* 10°* 10° 10’ 10° 10* 10Y 10"
ftHz)

d)

Figure 6.16 The voltage-mode bandpass filter performance for CCSN-CC6N at
four different resonant frequencies of a) and e) fo =10 kHz b) and f) fo = 100
kHz c)and g) fo=1MHz d) and h) fo= 10 MHz



-20
— 40

~B0

filter gain (dB)

~20]
~40

—60-

filter gain (dB)

—80-

~100-]

-20

—40

B0+

-804

filter gain {dB)

—100+

)
N
(=]

1

filter gain (dB)
) )
g8 3

]
o
-0
o
"

sooea CCAN
10? 10°¢ 10° 10° 10’ 10°* 10°
f (Hz)
g)

132

0
~20
P
[12]
o
~ 404
£
o
o ~604 oeceee idagl
(. awees CCIN
9 eeees CC2N
= -804
~ 1001
10 ' 107 10, 10° 10° 107 10°
f (Hz)
0
=204
~~
m
o
= -0
£
<]
o 604 soveo idegl
- ssaoa CCIN
8 sesss CCIN
& -804
=~ 100~ T TR T ey
10° 10* 10 19 107 10 10° 10%
f (Hz)
0
-204
—
23]
)
~ -0
£
o
o -804 oeves idpgl
I awaws CCIN
a sevse CC4N
E -804
~100-1
10 107 10* 10* 10° 10° 10’ 10°
f (Hz)
[+]
-20-
~~
o
o
~ ~an
£
)
o —504 seo0es ideol
e ooses CCAN
= —804
~ 100
10° 10* 0* 10°% 10’ 106° 100° 10"
£ (Hz)

Figure 6.17 The voltage-mode lowpass filter performance for CCIN-CC4N at
- four different resonant frequencies of -a)-and-e) fo = 10 kHz b) and f) fo =100

kHz c)andg) fo=1MHz d)and h) fo= 10 MHz



133

0

—20
~~ P
i) i)
© 0
~ ~40+ ~
£ £
o Q
o 604 o
. b
(3] Q
= =
T 807 B

~100

1

[+}
o2 o
O ©
2 =2
€ _aod £
g 40 o
o oo0e0 ideal o
. wwees CCBN -
2 _go seess CCBN 3
= &=
= 80— TR T TR T T
10° t0° 10° 10° 10* 107 10* 10° 10 10 10* 10° 197 10° 10° 10%
f (Hz) f (Hz)
c) d)

Figure 6.18 The voltage-mode lowpass filter performance for CCSN-CC6N at
four different resonant frequencies of a) and e) fo = 10 kHz b) and f) fo = 100
kHz c) and g) fo=1 MHz d) and h) fo= 10 MHz



134

0+ 0.1

3—20- 8-—20-
I A

[ £ _ag4

£ 401 € -0
o seowo ideal >

2 _s04 »esoe CCIN S a0
w =

= B0t T ARLoaaal ~80-

116 107 105 10° 1Q* 10° 107 10° 10° 10 10' 10° 10° 10° 1Q* 10 10° 10° 107
f (Hz f (Hz

a) b)

0+
- 204
P
g 2
3 ~— _40-
€ £
‘B o
o O 60~
. [
2 =
& = -B0-
~100
10° 10° 10® 10° 10’ 10° 10° 10° w0"
f (Hz)
0 0
-20 —20
- P
[ia) [19)
T -401 B _ap
< €
' ~60- ‘5 604
o o
[T & -804
£ 2
= 100+ = —100-
-1204 = 1 20Ty T T Ry ey ¥ T TR T T
110 18t 10° 10 * 10* 10’ 10° 10° 10 10" 10¢ 10* 10° 1Q® 107 10° 10° 10%
f (Hz f (Hz
€) 1Y)
o-
@ "2 [
© ©
N —
£ ™ £
g )
o -8 Ny
k] P
E -0 =
— 100D T TR T T T T Ty T B vl el e e L e s e L e e
10? 10 10* 10° 10° 1Q’ 10® 10° 10" 10" 10 10°* 100% 10°* 107 10° 10° 10" 10"
f (Hz f (Hz)

g) h)

~ Figure 6.19 The voltage-mode highpass filter performance for CCIN-CC4N at -
-~ four different resonant frequencies of a) and e) fo = 10 kHz b)and f) fo=100
kHz c)and g) fo=1MHz d)andh) fo=10 MHz



135

filter gain (dB)
fitter goin (dB)

10 10* 10* 10 0% 10® 107 10° 10° 10"
f (Hz

0 0 ceeee ideal
B "% @ -20
© )
N A
£ ™ £ -40
& DJ 8 l
_ -6 . —60
5] [}
2 =
= ~804 = -804
~100 ~100-
10* 10 10 10" 10° 13' 10° 10* 10" 10% 10 10* 10* 10* 107 10° 10' 10'% 10"
f (Hz f (Hz)
c) d)

Figure 6.20 The voltage-mode highpass filter performance for CCSN-CC6N at
four different resonant frequencies of a) and e) fo= 10 kHz b) and f) fo = 100
kHz c) and g) fo=1MHz d) and h) fo= 10 MHz



136

o066 v
3- st - ——
24
Z-
14
= P
< % & o
4 £
s -2
-2
QE+000 1E-004 2E-004 OE+000 1E-004 2E-004
time (s time (s)
a) b)
see0a v, sessoy,
6- v 1.5 - v
4] 1.0
2] 0.5 -
< =
S od S 004
P o %05
i 5
—4] ~1.04
& T T -1.5 T T 1
0E+000 1E-004 26-004 OE-+000 1E-004. 26004 3E-004
time (s) time (s)
c) d)
ovood oo v,
3 reaee vy 3- aaaa g
2 2
14 1
= =
2 0 Z 0
>° _.1— >° = 1-—
5 5
_2— -2
—“' T T T L _3 T T T 1
00E+000 5.0E-003 1.0E-002 1.5E-00Z 2.0E-002 0.0E+000 5.0E-003 1.0E-002 1.5£-002 2.0£-002
time (s time (s
€) D
covoo vy
4- OOV
2—
04
£
o
>
5y
OOE+00D SOE-003 1.E-D02  1.5E-002 2.0E-002
time (s

8)

B ~_Figure 6.21 The large-signal behavior of the bandpass and lowpass filters for
- ~~—-various current conveyors a) BP-CC2N b) BP-CC3N ¢) BP-CC4N d) BP-CC5N -
e) LP-CC2N f) LP-CC3N g) LP-CC4N



seeon v,
bt Vg

oE+00D

1E~005, 2E-005 3e-005
time (s)

a)

sovae v,

0E+000

1E-005, 2€-005 3E-005
time (s)

c)

sweno v,
5 booosl
4
2+
So
£y
3
-4
0E+000 1E-0D5, 26-005 3£-005
time (s)
oeossy,
0.2 4 asais o
0.1
<
= 00
$
$£-0.1

-0.2
5.0E~006 1,06~005 1.5E~-DD5 2.0E-005 2.5E-005 3.0E-005
time (s

d

Figure 6.22 The large-signal behavior of the highpass filter for various current
conveyors a) CC2N b) CC3N c) CC4N d) CC5N



138

6.8 THE CURRENT-MODE FILTER PERFORMANCE FOR THE PROPOSED
CURRENT CONVEYORS

In this section, a comparable demonstration of the current-mode filter performance
for example current conveyor circuits proposed in the previous section has been
given. Figs. 6.23 through 6.28 depict the performance of the three types of filters
when current conveyors CC1N-CC6N are employed in the filter, for four different
filter frequencies of fo =10 kHz, 100 kHz, 1 MHz and 10 MHz. The figures show

that acceptable performance has been obtained for the filters.

The large-signal behavior of the three types of filters for a cutoff (resonant)
frequency of 10 kHz have been demonstrated in Figs. 6.29 through 6.31. The
frequency of the input signal for the highpass filter is 500 kHz, whereas a
frequency of 100 Hz has been chosen for the lowpass filter input signal. The
maximum input signal amplitude for the current conveyors has been listed in

Table 6.4, provided that a distortion of 1% for the output signal is acceptable.

Table 6.4 The maximum input signal amplitude for example current conveyors

i1gp iiLp i1pP

CCIN |450pA |3mA |2mA
CC2N |90pA | 100pA | 110pA
CC3N [20pA  [20pA  [25pA
CC4N |130pA [130pA | 150 pA
CC5N |80pA  |130pA | 100 pA
CC6N |360pA |SmA |7mA
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6.9 DISCUSSIONS ON THE CURRENT CONVEYOR PERFORMANCES

All factors mentioned in Chapter 4 and 5, were taken under consideration in the
design of the current conveyors proposed in the previous sections. Comparison of
Table 3.1 and 6.1, proves that the proposed current conveyors have wider voltage
and current transfer function bandwidths, much higher terminal y and terminal z
output resistances and lower capacitance values. The input resistance values of
terminal x are sufficiently low and remain to be within the limits required.
Comparison of Figs 6.15 through 6.20 and 6.23 through 6.28 with their
counterparts in Chapter 4 and 5, respectively, yields that much better
performances are obtained especially for the low frequency ranges of the bandpass
and highpass filter characteristics. This owes to the comparably higher terminal y
and terminal z output resistance values obtained by operational amplifiers used at
the input stages and high performance current mirrors used at the output stages.
Care was taken for the additional zero and pole values not to conflict with the
cutoff frequency of the filter, providing a wider operating frequency range. As a
result, the current conveyor circuits designed, fulfill the requirements obtained in
Chapter 4 and 5, and the corresponding figures show that acceptable and better

filter performances have been obtained.
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CHAPTER 7

CONCLUSION

The current conveyor can potentially provide the high accuracy, wide bandwidth,
low input impedance and high output impedance characteristics needed for many
current domain signal processing applications. Since its first proposal in 1968 and
its reformulation named as the second generation current conveyor in 1970, this
circuit element continues to receive a great deal of attention and find numerous
applications. However, high performance implementations have emerged only in
the last decade, and has enabled current conveyors to challenge traditional voltage
operational amplifier applications such as active filters, amplifiers, oscillators and

immitance simulators.

In this study, active filters using the current conveyor as the active component, has
been covered. In active filters, the performance of the active element, of which
here the current conveyor is of our concern, plays an important role in the overall
performance of the filter, besides the filter configuration itself. Device
characteristics close to ideal case, help provide the best performance for a certain
filter configuration. It is obvious that the non-idealities of the current conveyor
will result in deviations in filter parameters such as the cutoff frequency, quality
factor and filter gain, and affect the filter characteristics. Therefore the derivation
of analytical expressions for the deviations in the filter parameters in terms of

current conveyor non-idealities may be of vital importance. This enables one to

~ realize the effect of each non-ideality term on the filter parameters and help design =~~~ .

or choose a suitable current conveyor configuration for a specified filter

performance.
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Early stages of this study, include a complete macromodel, which fully represents
both the small and large-signal behavior of the current conveyor, which is
especially suitable for the simulation of active filter applications. Results show
that the simple and yet accurate model provides a relative amount of simulation

speedup.

Studies on eight current conveyor configurations found in literature in order to
obtain the device characteristics have been made. Both bipolar and MOS
structures, as well as one of the commercially available current conveyors, namely
the AD844 circuit has been covered and compared results of the current conveyor

performance characteristics have been given.

Provided that a certain filter configuration is given, the effects of current conveyor
non-idealities on both voltage and current-mode active filter examples have been
investigated. Analytical expressions for the filter parameter deviations in terms of
non-ideality terms were derived, which enables one to determine the requirements
for the current conveyor non-ideality terms in order to obtain a specified filter
performance. The filter configurations chosen, actually represent certain classes
of active filters and makes it possible to generalize the results obtained. A
comparable demonstration of the filter transfer function and large-signal behavior
for the current conveyor circuits has been given. Simulations including three
types of filters, namely, the bandpass, lowpass and highpass filters, confirm the

analytical expressions obtained.

The final stage of the study includes a number of current conveyor circuit
proposals suitable for continuous-time active filter applications, under the
guidance of the results obtained previously. Comparison of Table 3.1 and 6.1,
proves that the proposed current conveyors have wider voltage and current transfer
function bandwidths, much higher terminal y and terminal z output resistances and
lower capacitance values. The input resistance values of terminal x are
sufficiently low and remain to be within the limits required. Comparison of Figs

6.15 through 6.17 and 6.20 through 6.22 with their counterparts in Chapter 4 and
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5, respectively, yields that much better performances are obtained especially for
the low frequency ranges of the bandpass and highpass filter characteristics. This
owes to the comparably higher terminal y and terminal z output resistance values
obtained by operational amplifiers used at the input stages and high performance
current mirrors used at the output stages. Care was taken for the additional zero
and pole values not to conflict with the cutoff frequency of the filter, providing a
wider operating frequency range. As a result, the current conveyor circuits
designed, fulfill the requirements obtained in Chapter 4 and 5, and the
corresponding figures show that acceptable and better filter performances have

been obtained.

Device characteristics of the current conveyors and the comparable demonstration
of the voltage and current-mode filter performances show that these circuits offer
a good opportunity to be used in filter designs which exhibit well performance, as

well as in other analog circuit design applications.
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APPENDIX A

A.1 MOS device model parameters used for SPICE simulations in Chapter 2

MODEL N NMOS LEVEL=2 LD=0.414747U0 TOX=505.0E-10
NSUB=1.35634E16 VTO=0.864893 KP=44.9E-6 GAMMA=0.981 PHI=0.6
UO=656 UEXP=0.211012 UCRIT=107603 DELTA=3.53172 VMAX=100000
XJ=0.4U LAMBDA=0.0107351 NFS=1E11 NEFF=1.001 NSS=1E12 TPG=1
RSH=9.925 CGDO=2.83588E-10 CGSO=2.83588E-10 CGBO=7.968E-10
CJ=0.0003924 MJ=0.456300 CJISW=5.284E-10 MISW=0.3199 PB=0.7 XQC=1

.MODEL P PMOS LEVEL=2 LD=0.580687U TOX=432.0E-10 NSUB=1E16
VTO0=-0.944048 KP=18.5E-6 GAMMA=0.435 PHI=0.6 U0=271
UEXP=0.242315 UCRIT=20581.4 DELTA=4.32096E-5 VMAX=33274.4
XJ=0.4U LAMBDA=0.0620118 NFS=1E11 NEFF=1.001 NSS=1E12 TPG=-1
RSH=10.25 CGDO=4.83117E-10 CGSO=4.83117E-10 CGBO=1.293E-9
CJ=0.0001307 MJ=0.4247 CISW=4.613E-10 MISW=0.2185 PB=0.75 XQC=1

A.2 XR B101 and XR B102 device model parameters used for SPICE
simulations

.MODEL XRB101 NPN IS=5.24E-16 BF=384.5 BR=2.345 NF=1.06 VAF=79.5
IKF=.025 ISE=8.3E-14 NE=1.935 NR=1.005 VAR=9.64 IKR=1.845E-4
ISC=7.5E-15 NC=1.22 RE=2.85 RC=30.15 RB=7.5 CJC=.6E-12 VJC=.85
MIC=.475 CJE=.94E-12 VJE=.75 MJE=.32 CJS=1.883E-12 VJ§=.7 MJS=.333
XTB=.213 XTI=4.71 TF=.64E-9 TR=3E-9

.MODEL XRB102 PNP IS=6.2E-16 BF=98.1 BR=1.005 NF=1.155 VAF=50.3
IKF=9.15E-4 ISE=2.55E-15 NE=1.46 NR=1.03 VAR=12.2 IKR=3.86E-5
ISC=1.35E-14 NC=1.22 RE~=16.4 RC=225 RB=5 CJC=9471E-12 VIC=.5
MIJC=.471 CJE=.21E-12 VJE=.5 MJE=.439 CJS=2.51E-12 VJS=.5 MJS=.315
XTB=.0737 XTI=5.39 TF=6.4E-9 TR=30E-9
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A3 AMS 0.8 um CMOS process parameters

.MODEL N NMOS LEVEL=2 U0=462 VTO=.844 NFS=.835E12 TOX=15.5E-9
NSUB=63.8E15 UCRIT=37.7E4 UEXP=0.324 VMAX=61.9E3 RSH=25
XJ=0.08E-6 LD=0.000E-6 DELTA=0.237 PB=.860 JS=0.01E-3 NEFF=10
CJ=0.290E-3 MIJ=460E-3 CJSW=0.230E-9 MISW=33 CGSO=.035E-9
CGDO=35E-9 CGBO=0.15E-9 UTRA=0 WD=0.580E-6 KF=0.276E-25
AF=1.53

.MODEL P PMOS LEVEL=2 UO=160 VTO=-,734 NFS=.483E12 TOX=15.5E-9
NSUB=32.8E16 UCRIT=30.8E4 UEXP=0.336 VMAX=61.3E3 RSH=47
XJ=0.087E-6 LD=-0.076E-6 DELTA=0.949 PB=.8 JS=0.04E-3 NEFF=2.57
CJ=49E-3 MJ=047 CISW=0.21E-9 MISW=29  CGSO=0.350E-9
CGDO=0.350E-9 CGBO=0.15E-9 UTRA=0 WD=0.331E-6 KF=0.466E-26
AF=1.61

A.4 Alcatel Mietec 2 pm HBiMOS process parameters

.MODEL N NMOS LEVEL=2 TOX=750E-10 XJ=.3U VTO=1.1 NSUB=7.5E14
DELTA=2.2 NFS=1.5E11 UO=730 UCRIT=6E4 UEXP=.166 LD=.45U
WD=.15U RSH=275 JS=1E-3 DELL=0U CGSO=2.8E-10 CGDO=2.8E-10 PB=.8
FC=.5 CJ=1E-4 MJ=.5 CJSW=4E-10 MJSW=.33 AF=1 KF=5E-28

.MODEL P PMOS LEVEL=2 TOX=750E-10 XJ=.1U VTO=-1.1 NSUB=6.6E15
DELTA=1.5 NFS=.86E11 UO=240 UCRIT=5E4 UEXP=.25 LD=48U WD=.25U
RSH=565 JS=1E-3 DELL=0U CGSO=2.9E-10 CGDO=2.9E-10 PB=.8 FC=.5
CJ=2.5E-4 MJ=.5 CJSW=4.5E-10 MJSW=.33 AF=1 KF=2E-30

A.5 ADS844 device macromodel

* Node assignments
non-inverting input
| inverting input
| | positive supply
| || negative supply
[1] | output . .
“111'| | compensation node
HNEER
.SUBCKT AD844/AD 12995028 12

X F* % X ¥ X %
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* INPUT STAGE
Rl 99 8 1E3

R2 1050 1E3
Vi 999 11

DI 9 8 DX

V2 1150 11

D2 1011 DX

11 995 258E-6
12 450 258E-6
Ql 50 3 5 QP

Q2 99 3 4 QN

Q3 8 630 QN
Q4 10 730 QP

R3 5 6 300E3
R4 4 7 300E3
*Cl 99 6 8.8E-15
*C2 50 7 8.8E-1S

* INPUT ERROR SOURCES

GB1 99 1 POLY(1) 1 22 150E-9 90E-9
GB2 9930 POLY(1) 1 22 200E-9 90E-9
VOS 3 1 50E-6

LS1 30 2 1E-8

CS1 99 2 1E-12

CS2 50 2 1E-12

EREF97 0 22 01

* GAIN STAGE & DOMINANT POLE
RS 1297 3E6

C3 1297 5.5E-12

Gl 9712 99 8 1E-3

G2 1297 1050 1E-3

V3 9913 43

V4 1450 43

D3 1213 DX

D4 1412 DX

*POLE AT 70 MHZ
R8 1797 1E6

C4 1797 3.18E-15
G4 9717 1222 1E-6

* POLE AT 300 MHZ
R122197 1E6
C8 2197 0.318E-15

~G8 97211722 1E-6
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* OUTPUT STAGE

ISY 9950 S5.1E-3
R132299 16.7E3
R142250 16.7E3
R152799 30

R162750 30

L2 2728 6E-8

G9 2550 2127 33.33E-3
G1026 50 2721 33.33E-3
G112799 9921 33.33E-3
G125027 2150 33.33E-3
V52327 0.5

V6 2724 0.5

D5 2123 DX

D6 2421 DX

D7 9925 DX

D8 9926 DX

D9 5025 DY

D105026 DY

* MODELS USED

MODEL QN NPN(BF=1E9 IS=1E-15)
.MODEL QP PNP(BF=1E9 IS=1E-15)
MODEL DX D(IS=1E-15)

MODEL DY D(IS=1E-15 BV=50)
ENDS AD844/AD

A.6 Transistor dimensions of the current conveyor given in Fig, 2.2a

Ml N W=17U L=10U
M2 N W=17U L=10U
M3 N W=17U L=10U
M4 N W=17U L=10U
M5 P W=24U L=5U

M6 P W=24U L=5U
M7 N W=40U L=5U
M8 N W=40U L=5U
M9 P W=24U L=5U
MI10 P W=24U L=5U
M1l P W=24U L=5U
MI2 P W=24U L=5U
MI3 N W=40U L=5U
M14 N-W=40U L=5U — —
MI15 N W=40U L=5U
Ml16 N W=40U L=5U
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A.7 Transistor dimensions of the current conveyor given in Fig. 2.2b

M1 N W=17U0 L=10U
M2 N W=17U L=10U
M3 N W=17U L=10U
M4 N W=17U L=10U

M5 P W=24U L=5U
M6 P W=24U L=5U
M7 N W=40U L=5U
M8 N W=40U L=5U
M9 P W=24U L=5U
M10 P W=24U L=5U
Ml1l P W=24U L=5U
Mi2 P W=24U L=5U
MI13 N W=23U L=5U
M14 N wW=23U L=5U
MI15 N W=23U L=5U
Mi6é N W=23U L=5U
MI17 P W=24U L=5U
MI18 P W=24U L=5U
MI9 N W=23U L=5U
M20 N W=23U L=5U
M21 P W=24U L=5U
M22 P W=24U L=5U
M23 N W=23U L=5U
M24 N W=23U L=5U

A.8 Transistor dimensions of CC6

Ml N W=200U L=2U AD=1300P AS=1300P PD=413U PS=413U
M2 N W=200U L=2U AD=1300P AS=1300P PD=413U PS=413U
M3 P W=200U L=4U AD=1300P AS=1300P PD=413U PS=413U
M4 P W=200U L=4U AD=1300P AS=1300P PD=413U PS=413U
M5 N W=400U L=4U AD=2600P AS=2600P PD=813U PS=813U
M6 P W=200U L=4U AD=1300P AS=1300P PD=413U PS=413U
M7 N W=200U L=4U AD=1300P AS=1300P PD=413U PS=413U
M8 N W=200U L=4U AD=1300P AS=1300P PD=413U PS=413U
M9 P W=200U L=4U AD=1300P AS=1300P PD=413U PS=413U
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A.9 Transistor dimensions of CC7

Ml N W=270U L=2U AD=1755P AS=1755P PD=553U PS=553U
M2 P W=840U L=2U AD=5460P AS=5460P PD=1693U PS=1693U
M3 N W=210U L=4U AD=1365P AS=1365P PD=433U PS=433U
M4 N W=210U L=4U AD=1365P AS=1365P PD=433U PS=433U
M5 N W=210U L=4U AD=1365P AS=1365P PD=433U PS=433U
M6 N W=210U L=4U AD=1365P AS=1365P PD=433U PS=433U
M7 N W=210U L=4U AD=1365P AS=1365P PD=433U PS=433U
M8 N W=210U L=4U AD=1365P AS=1365P PD=433U PS=433U

A.10 Transistor dimensions of CC8

Ml N W=60U L=3U AD=390P AS=390P PD=133U PS=133U
M2 P W=240U L=3U AD=1560P AS=1560P PD=493U PS=493U
M3 N W=60U L=3U AD=390P AS=390P PD=133U PS=133U
M4 P W=240U L=3U AD=1560P AS=1560P PD=493U PS=493U
M5 P W=126U L=3U AD=819P AS=819P PD=265U PS=265U
Mé N W=60U L=6U AD=390P AS=390P PD=133U PS=133U
M7 P W=126U L=3U AD=819P AS=819P PD 265U PS=265U
M8 N W=60U L=6U AD=390P AS=390P PD=133U PS=133U
M9 P W=25U L=3U AD=162.5P AS=162.5P PD=63U PS=63U

A.11 Transistor dimensions of CC2N

M1 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
M2 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
M3 P

4 P
4

W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M44 P W=400U L=4U AD=2600P AS=2600P PD=813U PS=813U
M5 N W=100U L=4U AD=650P AS=650P PD=213U PS=213U
M6 P W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M66 P W=400U L=4U AD=2600P AS=2600P PD=813U PS=813U
M7 N W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M8 N W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M9 P W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M88 N W=20U L=4U AD=130P AS=130P PD=53U PS=53U
M55 N W=40U L=4U AD=260P AS=260P PD=93U PS=93U
~-M77N W=20U L=4U AD=130P AS=130P PD=53U PS=53U —
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A.12 Transistor dimensions of CC3N

Ml N W=200u L=2u AD=1300P AS=1300P PD=413U PS=413U
M2 N W=200u L=2u AD=1300P AS=1300P PD=413U PS=413U
M3 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M33 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M4 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M44 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M6 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M66 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
MS N W=400u L=4u AD=2600P AS=2600P PD=813U PS=813U
M55 N W=400u L=4u AD=2600P AS=2600P PD=813U PS=813U
M7 N W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M77N W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M9 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M99 P W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M8 N W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U
M88 N W=200u L=4u AD=1300P AS=1300P PD=413U PS=413U

A.13 Transistor dimensions of CC4N

Ml P W=80U L=2U AD=520P AS=520P PD=173U PS=173U
M2 P W=80U L=2U AD=520P AS=520P PD=173U PS=173U
M3 P W=80U L=2U AD=520P AS=520P PD=173U PS=173U
M4 P W=80U L=2U AD=520P AS=520P PD=173U PS=173U
M5 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
M6 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
M7 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
M8 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U

A.14 Transistor dimensions of CCSN

M1 P W=80UL=2U AD=520P AS=520P PD=173U PS=173U
M2 P W=80U L=2U AD=520P AS=520P PD=173U PS=173U
M3 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
M4 N W=20U L=2U AD=130P AS=130P PD=53U PS=53U



A.15

Ml
M2
M3
M4
M5
Mé
M7
M8
M9
M10

A.16

Ml
M2
M3
M4
M5
M6
M7
M8
M9
M10
Ml1
MI12
M13

A.17

Ml
M2
M3
M4
M5
M6
M7
M8
M9
M10
MIl1
Mi2
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Transistor dimensions of CC6N

P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U

Transistor dimensions of OA1l

N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
N W=20U L=2U AD=130P AS=130P PD=53U PS=53U

P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
P W=100U L=2U AD=650P AS=650P PD=213U PS=213U
P W=100U L=2U AD=650P AS=650P PD=213U PS=213U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
P W=100U L=2U AD=650P AS=650P PD=213U PS=213U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U

Transistor dimensions of OA2

N W=20U L=2U AD=130P AS=130P PD=53U PS=53U
N W=20U L=2U AD=130P AS=130P PD=353U PS=53U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
P W=50U L=2U AD=325P AS=325P PD=113U PS=113U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
P W=100U L=2U AD=650P AS=650P PD=213U P§=213U
P W=100U L=2U AD=650P AS=650P PD=213U PS=213U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
P W=100U L=2U AD=650P AS=650P PD=213U PS=213U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
N W=40U L=2U AD=260P AS=260P PD=93U PS=93U
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