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Abstract. In the paper, an analysis of the state-of-the-artoptimizing the interface between the sub-blocksicivtare
of active elements for analog signal processing isvorking in different modes. The mixed-mode operatmd
presented which support — in contrast to the cotivaal  even the comeback to the conventional voltage nadsiz
operational amplifiers — not only the voltage-mdue: also  have another justification: it appears that someegaly
the current- and mixed-mode operations. Severdbleros  accepted statements about the advantages of thentur
are addressed which are associated with the utibmaof = mode probably have no real basis [3].

these elements in linear applications, particularig o ) )
frequency filters. A methodology is proposed which However, the criticism of [3] not withstanding, the

generates a number of fundamentally new active asiggn Current-mode techniques have given way to a nurober
with their potential utilization in various aread signal ~IMmportant analog signal processing/signal ~genegatin
processing. circuits as is evident from a vast amount of litera on

current-mode circuits and techniques published ha t

recent past (see[1]-[110] and references citecethgrDue

to the advances made in integrated circuit (IChnetogy
Keywords during the last two decades, circuit designers hgiée
often exploited the potential of current-mode agalo
techniques for evolving elegant and efficient dohs to
several circuit design problems. As a consequettze,
current-mode approach to signal processing has bien
) claimed to provide one or more of the following
1. Introduction advantages: higher frequency range of operatiowero

T . power consumption, higher slew rates, improvedaliitg,
The demand for electronic circuits with extremedw| and better accuracy.

supply voltages and power consumption belongs to
important and long-term trends which affect the Approximately since 2000, the number of papers,
development of microelectronic technologies [1].niany particularly in high-impact international journgi®m the
applications, additional requirements appear, @aeily  field, dealing with new circuit principles of activblocks
the extreme speed or the accuracy of signal press for fast analog signal processing, has continuotilgn
Simultaneous fulfillment of the above demands isgrowing. Besides classical active filters, the ¢rg
problematic and the trade-off solution should bedus  applications of the blocks include advanced futiiegrated
practice. input blocks of modern communication circuits. Witre
r§xc:eption of DC-precise low-pass filters, the regmients

In the last two decades, the evolution of moder DC - f th block i by
applications of analog signal processing has faibwhe on precision ot the new blocks are not so reieva
comparison with the requirements on their speed.

trends of so-called current mode [2], when signals,
representing the information being processed, ar¢he In the case of oscillators and other generatonsieso
form of electric currents. In contrast to the cami@nal  aqditional requirements regarding their precisiamegrity,
voltage mode, which utilizes electric voltages, duerent-  offset, etc.) have appeared. For non-linear ciscsitch as
mode circuits can exhibit under certain conditiersmong  rectifiers of weak signals, precise comparators Sclimitt

other things — higher bandwidth and better sigmeddrity. triggers, shaping networks, etc., the demands douracy
Since they are designed for lower voltage swing®ll®r 51 pe considerable.

supply voltages can be used. Simultaneously with th
development of current-mode applications, the mixedie The initial set of active elements for analog signa
circuits are also analyzed because of the necesdity processing is currently evolving in two directions.

Active element, current conveyor, operational
amplifier, OTA, CDBA, CDTA, filter.
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The first direction is represented by modifying thecurrent and the mixed modes. The principle of theent
basic elements such as VFA (Voltage Feedback Araplif conveyor of the first generation was published 968& by
CFA (Current Feedback Amplifier), OTA (Operational K. C. Smith and A. S. Sedra [4]. Two years lateday’s
Transconductance Amplifier), and particularly cuatre widely used second-generation CCIl was describelb]in
conveyors (CC). The important motivations for suchand in 1995 the third-generation CCIIlI [6]. However
modifications consist in the effort to increase theinitially, during that time, the current conveyadahot find
application potential of the element. Simultanegughis  many applications because its advantages comparttet
element should have a simple internal structurerder to  classical operational amplifier (OpAmp) were nodely
retain low power consumption and high-speed opmmati appreciated and any IC implementation of Current
The electronic control requirements can also be a@onveyors was not available commercially as anthaff-
important motivation for modifying the circuit pdiple. shelf item. An IC CC, namely PA630, was introdudsd

The second direction of the evolution of the activewadS'Worth [7] in 1989 (mass produced by Phototsnic

elements is characterized by the appearance oéntiew Ltd. of Canada) and about the same fime, the noll we

elements which extend the original VFA-CFA-OTA-CC known AD844 (operational transimpedance amplifier o
set more popularly known as a current feedback op-angy

recognized to be internally a CCll+ followed by altage
There are three motivation objectives for this pape follower (for instance, see [8]). An excellent rewi of the

1. Mapping the state-of-the-art of the active elememgtate-of-the-art of current-mode circuits priorl#@90, was

for analog signal processing. Today, there is sucHrOVi.ded by Wilsc_)n in [9]. Today, the. current CONvE is
an amount of fundamentélly diff;arent active considered a u_mver;al analog building block wltlde/v
elements that it may be often confusing also forspread applications in the current-, voltage-, amded-
workers in the field mode signal processing. Its_features find mosnaqmbljs
' in the current mode, when its so-called voltageuinpis

2. Addressing several technical problems notgrounded and the current, flowing into the low-irdaece
frequently analyzed in the literature which areinput x, is copied by a simple current mirror into the
connected with the implementation of current-output.

mode circuits. Since 1995 in particular, we have witnessed many

3. Outlining another potential direction of generatingsuccessive madifications and generalizations of lthsic
active elements which would combine the featuregrinciple of CCII in order to use this circuit elent more
of basic elements from the VFA-CFA-OTA-CC efficiently in various applications. A summary ofiet
set. behavioral models of selected conveyors is in Fig.

The paper layout corresponds to the above objective The demand for a multiple-output current conveyor

Section 2, which follows this Introduction, contsira led to the DO-CCII (Dua_l—Output cci, VYh_iCh proeis!
summary of hitherto developed and employed types Oq:urrentslZ of both directions, thus combining both the

current conveyors, combinations of conveyors artterot positive and the negative CCII in a single devitg |f
analog blocks, and elements which extend the agin both currents are of the same polarity, the congegoe of

VFA-CFA-OTA-CC set. Ommited in the text, except for the CFCCllp or CFCCIIn types (Q_urrent Folloyver A
one clause in Section 2.2, is the well-known infation where the symbgb or n means positive or negative current
about conventional operational amplifiers (OpAmpS)_conveyor [10]. Anoth_er gengrahzatlon is represerifg the
Section 3 addresses the problem of “analog” comtfdhe so-ca!led D.VCC” (lefgrentlal VoItag(_e Currgnt C‘.“W)
parameters of active elements as well as the prolug [11],-|n W_h'Ch the original “voltage” inpuy is spl!t mtp
utilizing current signals, flowing through the worg & Par _Of inputsy; andys. Thg voltage of the ter”_"“a' IS
impedances of the circuit. Also errors which takEeat thgn given by the voltage dlfference of t_he voltagaLts.
throughout the process of replicating the curreats Th's offers more f.reeSjom during thg design of \gitaand
discussed. In Section 4, with the utilization ofeth m|>.<ed-mode appllcatlons.. DVCC, with the complementar
conclusions from Section 3, a practicable method foPalr of z and 2 terminals is known as DVCCC

generating novel active elements is suggestedreard to (Differential Voltage Complementary CC) [11]. As
several simple criteria. a special case of DVCCII foy, grounded, the ICCII

(Inverting CCII) is described in [12]. On the canty,
DDCC (Differential Diference CCII) [13] is an ext@on of
DVCCII: Voltage at the x terminal is given by
2. The Sate-of-the-Art a combination of voltages at three terminalsy,, andysa.
Splitting thez terminal of DDCC into a pair af terminals
with currents I, = I, yields DDCCC (Differential
Diference  Complementary CC) [14].  Another
The current conveyor (CC) is the basic buildingcklo generalization of the classical CCIl is DCC (Di#etial
of a number of contemporary applications both ie th Current Conveyor) [15], in which theinput is replaced by

2.1 Current Conveyors
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Fig. 1. Survey of current conveyors.
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the pair ofx; andx,. The current through theterminal is Another method for controlling electronically the
given by the difference of currents through theandx,  parameters of applications employing current cooveys
terminals. MDCC (Modified Differential Current based on conveyors with variable current daip. In [1],
Conveyor) [15] is a simplification of DCC on the such a conveyor is identified by the abbreviatidBGTII
assumption that signal (voltage) at theerminal is zero. (Current Gain CCIl). The current conveyor of suctye,
concretely CClI-, was formerly manufactured by Héan
‘under the code EL2717 [28]. In [29], the variabkingis
implemented via transforming curreht into voltage by
means of resistors, and via back transformatioxotthge
into current by means of electronicatjy-controlled OTA.

In [16], Zeki and Toker proposed the Dual-X Second
Generation Current Conveyor (DXCCII) which s
a combination of CCIl and ICCII. Instead of a sangt
terminal, DXCCII has two terminalg andxn as outputs of

_non—inverting and inverting gnity—gainlamplifiersr;tlwtheir The most recent solution is characterized by digitatrol

mput.s Iconnected ty ter_rgw(ljal. C3p|es ofxpland XN of the gain, utilizing the so-called CDN (CurreniviSion

terminal currents are providedztandznterminals. Network) [82] and DCCF (Digitally Controlled Currien
FDCCII (Fully Differential CCIl) [17] is an importgz  Follower) [30].

generalization of the conventional CCIl. They, andz

terminals occur here in pairs. The basic circuitatipns of 2.2 Operational Amplifiers (OpAmps), FTFN,

the CCIl are now valid for differences of voltages i -

currents which correspond to these pairs. FDCClhis and Hybrid OpAmp-CC Elements

designed for applications with fully differentiaichitecture 68 years have elapsed since the design of the first
for fast signal processing. In [18], this type ohueyor is  operational amplifier (OpAmp) [31] and 56 yearscsinthe
called FBCCII (Fully Balanced CCIl). manufacture of the first commercial OpAmp [32]. ©ve

- ) ) . time, the OpAmp internal structure has been madiifiad
The so-called modified CCII (MCCI) is published in 4,6 pasic OpAmp types — Voltage Feedback Amplifier

[19]. Its special internal structure provides sueh  (y/pay and Current Feedback Amplifier (CFA) have bee
operation that the current through théerminal does not . tined. However. the well-known input-output beioa

depend on the direction of currégti.e.l, = abs(y). This ot the ideal OpAmp in the linear regime is stilbtbame:
feature can be used with advantage to implemenfe, gifferential input voltage, zero input curenand

economically full-wave rectifiers [19]. Joining_ twaurrent extremely high signal gain. Such characteristicpprties
conveyors CClI- yields the so-called Operationaldihg 5, pe smartly modeled via a pair of nullator andator,

Conveyor (OFC) [20]. OFC is a universal differeRtiout  ¢5)1eqd nullor [33]. According to [34], the amplifiés called
differential-output building block, enabling curten “operational” if it can simulate — with the assista of the

voltage-, and mixed-mode applications. An extremg,eqative feedback — the nullor action at its irsnd output
embodiment of universality is the so-called UCC igénsal gates.

Current Conveyor) [21]. By means of this elemeng can . . .

implement all the above types of current conveyor. F_Ig. 2 gives the behaworal models of well-known
However, such universality is at the cost of notiroal amplifiers and related hybrid elements.

parameters for a concrete application. In modern mixed systems, which combine analog and
digital parts on a chip, the question of the imyit analog
circuits to digital noise is of much importance.eTéanalog
subsystems should therefore be designed with & full

: - ‘ balanced architecture. Such architecture is atfaiire
terminals. Currents through these terminals areppiosite  gq\/eral steps which can be characterized by the
directions and the following equalities holti = -2, gppreviations DDA (Differential Diference Amplifigr

_Izz =l _Unequa! vallues of the currents enable the desfign 1N (Four Terminal Floating Nullor), OFA (Operaia
interesting applications [22]. Floating Amplifier), DDOFA (Differential Diferenc®FA),

The non-zerox-terminal impedance is an important and FBFTFEN (Fully Balanced FTFN).

parasitic parameter of the current conveyor, which The principle of the DDA was published for the ffirs
negatively affects its behavior, particularly inteéiing time by Sackinger in 1987 [35]. In contrast to the
applications [2], [23]. However, this phenomenon isconventional OpAmp, DDA has four high-impedance
paradoxically utilized in a new type of conveyoanmely inputspp, pn, np, andnn. Whereas the OpAmp amplifies
CCCII (Current Controlled Conveyor) [24-26], whettee  the difference voltageV,-V, and provides the equality
resistance ok terminal is controlled electronically via the V=V, with the help of negative feedback, the DDA
bias current. It can be shown that this active @®wan be responds to the “generalized” difference voltagg-Vpn) —
used in filters whose parameters may be controlle@V,,V,,), and maintains the equalityy;Vor= Vip-Van Via
electronically [27]. Such a feature has been intiieirethe  the feedback. Among other things, this principlatd@es an
so-calledg,C filters, i.e. filters, compounded only of OTAs implementation of applications with high signal dymics
and capacitors. with a minimum number of additional elements anthauit

A modification of the third-generation current
conveyor is described in [22]. The so-called MCCIII
(Modified CCIll) is equipped with a couple af and z
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Fig. 2 (a)-(0). Operational amplifiers and hybrid elements (camthon the next page).
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Fig. 2 (p)-(q). Operational amplifiers and hybrid elements (camth from the previous page).
the necessity of satisfying the limiting matchiranditions Combining the advantages of the fully balanced tinpu
between the parameters of such elements [36]. of DDA and the symmetrical output of OFA resultstlie

DDOFA (Differential Difference Operational Floating
Amplifier) [51] element, which has four high-impett
voltage inputs and two high-impedance current dstpu
The FBFTFN (Fully Balanced Four Terminal Floating
Nullor) [52] with inputsX,, Xn, Yp, Yn and outputsz,, z,, w,
andw, represents the completion of the balanced streictur
Circuit equations of the FBFTFN are analogous to
equations of common FTFN but the differential viblés
Vi VgV Vyd =VypVyn 1= 25l zne Twa=! worlwn figure here

A number of papers have dealt with the FTFNinstead of the original variableg,, Vy, 1, andl, An
implementation [37, 39, 40]. A general implememtathas exshaustive bibliography on FTFNs and their apfibces
been described by Huijsing in [41] under the notati in circuit analysis and design, covering the pericib1-
Operational Floating Amplifier (OFA). Compared toet 2000, has been presented in [53].
conventional OpAmp, OFA has a pair of output teatsn
The current, coming into one of them, flows outtbé
other. In the ideal case, this element can be septed by a
bipolar-output operational transconductance anaplifi
(BOTA) with the transconductance approaching ityinin
this case, the output impedances are theoretiadilyite.
However, most FTFN implementations are based on t
conventional OpAmp with the output terminal labeled b
and the current, flowing through this terminalyeplicated

The need for the floating output in some appligatio
led to the design of monolithic floating nullor [3#From
the point of view of classical works of Telleger8]3nd
Carlin [33], it is a four-terminal floating nullofFTFN).
Considering the output voltage and current to qeeddent
on the external circuits, the FTFN output impedaisceot
specified and it is given secondarily by the cotefeTFN
implementation.

OTA (Operational Transconductance Amplifier) [54]
belongs to the most widespread active elementsrfarhip
implementation of fast frequency filters. It acssaavoltage-
controlled current source with the possibility déaronic
adjustment of transconductang,g Recently, the MO-OTA

Multiple Output OTA) has appeared as a generatinatf
OTA (Bipolar OTA) and its applications in economiic
iquadratic filters [55], [56]. However, the dravefia of
such applications are not sufficiently emphasiZzaine of

by current mirrors to another output terminal, lede [42, . A
) X them are referred to in [57]: the MO-OTA applicatio
43]. The outputs are then asymmetrical, with lovy gnd embody relatively high sensitivities to the attdilea

high @ impedances. The difference, compared to the

. 4 ) Lo u matching error of the current gains of the curnetrors
BOTA _concept, IS obv.|ous. in the case of BOTMDth that form the multiple output of the OTA. An ermirabout
output signals are derived symmetrically from tinguit

0 o , .
difference voltage. Now only the signal of tvgerminal is 1%, which is common for today's CMOS technologies,

. . . often causes unacceptable deviations of circuit
derived from the input voltage, whereas the sigrighe z - .

o : characteristics from those that were designed.
terminal is a consequence — current replica — efsilgnal
of thew terminal. Such an FTFN implementation is called Another building block for current- and mixed- mode
OFA (Operational Floating Amplifier, see above)tife  signal processing, the conventional Transimpedance
current copy is in opposite direction to the or@iourrent, Operational Amplifier (TOA) [2], is a combinatiorf the
or OMA (Operational Mirrored Amplifier) [44], poddy  CCIl and the voltage buffer amplifier. The well-kmo
PFTFN (Positive FTFN) [45] if both directions are CFA (Current Feedback Amplifier) has an identicaéinal
identical. Increasing the universality can be aahieby structure. In a popular CFA from Analog Devices.|nc
increasing the number of current copies. This kofd namely AD844, thezterminal of the internal CCII+ is
circuits is called FiTFN (Five Terminal Floating ) brought out which provides more flexibility in itsse in
[46] or, more generally, MO-FTFN (Multi-Output FTEN several applications [58]. However, in CFAs fronheat
[47]. For example, the extension to a couple ofoldp manufacturers (for instance [59]), tteeterminal of the
currentsz+ az- is done in [48]. Other attempts to increaseinternal CCIl is not led out of the device in order
the universality resulted in the TFTFN element (@le maximize the parasitic transimpedance and thus the
current gain FTFN) [49, 50]. bandwidth. In slower applications, where higheb#ity is
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Fig. 3. Other active elements.




22

D. BIOLEK, R. SENANI, V. BIOLKOVA, Z. KOLKA, ACTIVE ELEMENTS FOR ANALOG SIGNAL PROCESSING

required, the VFAs (Voltage Feedback Amplifiersh dze
preferably employed.

Requests for the electronic control of conventiona

OpAmp parameters enforced designing the CC-CF
(Current-Controlled CFA) [60]. The parasiticterminal
resistance of the current conveyor, which forms itiput
part of the CFA, is controlled electronically viaet bias
current. Some interesting variants of CFAs have hksen
proposed such as Differential Voltage CFA (DVCFAL]
and its further generalized form, namely the Défgral

CCIll to the inverting OpAmp input. As a result, the
influence of the nonzero resistance »fterminal is

pAmp bandwidth. In order to minimize the problemith
stability, the OpAmp should be of the voltage-featb
type. The advantages of such an integration ofdifferent
circuit principles are demonstrated in several pagder
circuits in the small-signal linear regime such as
instrumentation amplifiers and filters [67-69], aaldo for
nonlinear applications, namely rectifiers [70].

E)uppressed. In reality, this effect works only wittthe

Difference Complementary Current Feedback Amplifier
(DDCCFA), as in [62]. Note that DVCFA and DDCCFA 2.3 Other Active Circuit Elements
are DVCC+ and DDCCC elements, complemented by

unity-gain voltage buffers.

A special OpAmp type, which is not commercially

available, is the so-called TCOA (True Current Qgienal
Amplifier) [63, 64]. It works analogously to the
conventional voltage-feedback amplifier but withrremts,
not voltages. It consists of two low-impedance tspu and

Models of active elements described in this Section
are shown in Fig. 3.

In 1992 and 1999, two papers were published which
introduced new circuit elements OTRA (Operational
Transresistance Amplifier) [71] and CDBA (Current
Differencing Buffered Amplifier) [72]. The lattersialso

- and an arbitrary number of high-impedance currenyown as DCVC (Differential Current Voltage Conveyo
outputs. The output currents, which can be of botrp73]_ CDBA, a generalization of OTRA, is a universa

polarities, have identical values, which are giumnthe
formulalyy = A (1. - 1.). For ideal TCOA, the current gain
A is infinite. Due to the negative feedback, the uinp
difference current is adjusted to zero analogousiythe
difference input voltage of VFA. The TCOA can besiga
obtained, e.g. from the CDTA element (see Secti@®) 2
with openz terminal.

element for filter design, primarily for voltage-o®
operation. Numerous papers were published aboutACDB
applications [74-80]. Some of the applications prisbm
the basic CDBA feature, i.e. the non-problematic
implementation of both noninverting and inverting
integrator as a building block of filters of arlity order.

CDBA contains the so-called CDU (Current

Note that the TCOA concept was published already iifferencing Unit) and the voltage unity-gain buffe

the eighties of the last century. Details are givef65] by
Bruun. In addition, the difference-input doublemutt
current amplifier is described here, consistingaafurrent
differencing unit and of a highs, OTA. Thus the amplifier
structure corresponds to the CDTA element (seeid@ect
2.3).

A systematic OpAmp classification according to the

types of signal at their input and output gatedtéges,
currents, voltage and current) is proposed in [qMihe
types of OpAmps are assigned to nine existin
combinations. Eight of them are represented by retec
already defined types of active element. A spetyipé of
operational amplifier, called CFB OTA (Current-Fbadk
Operational Transconductance Amplifier) [66], isigaed
to the combination of hybrid input (voltage and rent)

and current output. In fact, this OpAmp is a seeond

generation current conveyor with double currenpatiz+
andz-, thus DO-CCII.

Basically, CDU is a current conveyor of the MDCQ@dy It
has two low-impedance terminafs,andn. The difference
of currentsl, and |, flows out of thez terminal and the
corresponding voltage drop on the external impegldac
copied by the buffer to thev output. That is why the
additional impedances are necessary for implenmgritia
feedbacks from the voltage output to the curreptii. It is
inconvenient from the point of view of simplicitye low
power consumption. Another drawback is the impadkisib

f direct electronic control of circuit parametesgch as
hat for the OTA-based applications. This problesn i
solved via two different approaches. The CC-CDBA
(Current Controlled CDBA) is described in [81]. Then-
zero parasitic resistances pfandn terminals of the CDU
are controlled electronically via bias currentse phandn
terminals thus act as voltage input terminals. €hedtages
are then transformed into currents, whose values ar
electronically controlled. In fact, this approadprresents
a transition to a “pure” voltage mode. Another $olu is

The fact that the advantages of the current conveyalescribed in [82] from 2008 in the form of a newcait

consist in the speed, caused by a simple circdaititecture,
whereas the strong point of the conventional OpAsnihe

element called DC-CDBA (Digitally Controlled CDBA).
The output current of the current differencing uist

accuracy, which is caused by the effect of negativenodified in the CDN (Current Division Network), wb®

feedback, is utilized in the circuit element call&C

(Operational Conveyor) [23], [67], [68], which is

current output is connected to théerminal of the voltage
buffer input. The CDN block works as a current raftgtor

compounded of one OpAmp and one CCIl. The OpAmpvith digitally controlled attenuation. Such a coptef

feedback is fed from its output through th& gate of the

controlling the parameters seems to be optimalalsee —
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in contrast to the analog control — a greater aaguof the an arbitrary branch to its copy, which flows to an
parameter race of more active elements in the eatn  independent load for subsequent processing.

can be guaranteed. The CTU can be theoretically synthesized from the

In the paper [83] from 2003, the CDTA (Current FTFN after connecting its input and output gategarallel.
Differencing Transconductance Amplifier) active re@nt However, among other things, the parasitic gate
was described for the first time. The input parttbé impedances as well as impedances of the individual
CDTA is formed — much like for the CDBA — by the terminals can cause a serious realization probbeoause
current differencing unit (CDU). It is followed bthe a part of the current sensed can leak through therof the
multiple-output OTA. The difference of curreritsandl,  CTU.

flows out of thez terminal, causing a voltage drop on the In respect of the difficulty of practical implemation
external impedance. This voltage is then transfdrvia o the CTTA, a simplified version called CCTA (Cent-
the internal OTA back into the curreint From the point of  conveyor Transconductance Amplifier) has been dgsdr
view of currentsly, I, and |, the circuit operates as a jn [105]. Instead of the CTU, the well-known CCIII
current-mode amplifier. Its gain is given by theguct of  (cyrrent Conveyor of the third generation) is usee,
external impedance and internal transconductandeerW' enapling also the current sensing. In [106], a geization
the zterminal voltage is maintained within relativelwt g the so-called CCCCTA (Current Controlled CCTA) i
levels, then the circuit operation approaches fitheali given, where the above principle of electronic ngnof the

current mode. In principle, CDTA applications dotno parasitic resistance of therminal is utilized.
require the use of external resistors, which atestiuted

by internal transconductors. Analogously to thelskebwn

“gnC" applications, the “CDTA-C” circuits are formed by . .
CDTA elements and grounded capacitors. Such stegtu 3. Several Appllcatlon Problems

are well-suited for on-chip implementation. Exploiing modern active elements in concrete

applications can bring several problems. Below,edhr

problems will be noted which occur in varying dexgén

linear frequency filters: The problem of the soledl

s parameter racing, the problem of output current® in
working impedances, and the problem of the so-dalle
impedance effect of current mirrors.

In the last decade, lots of papers about the CDiidh a
its applications have been published in internation
journals and at conferences [84-97]. Within themigaof
EUROPRACTICE, the very first CDTA chip in CMO
technology has been fabricated [98].

The authors of papers [99-101] performed
a generalization of the CDTA element. Their modifion
is called CCCDTA (Current Controlled CDTA). It imna
analogy to CCCDBA, where the electronic contrdbésed This problem appears in the course of electronic
on the dependence of parasitic input resistancéeed€DU  control of filter parameters. The control can befgened,
on the bias current. The above mentioned drawbador example, by modifying the OTA transconductamce
consists in moving the circuit operation to thetagé the x-resistance of current conveyor via the bias cdrren
mode. Typical representatives of active elements whiclabén
uch analog control are OTA, CDTA, CCCIl, CCCDTA,
CCCBA, and CCCCTA. The quality of the control of
filter parameters such ag andQ of a biquad depends on
the accuracy of the agreement of the charactesisiic
GCMI (Generalized Current Mirror and Inverter) controlling elements, e.qg. tigg, versus the bias current etc.
[102] is an element which is — in a certain sensedual Analog control methods often lead to unacceptable
element to the CDU. GMCI has z, andz terminals and inaccuracies.
its equations are as follows; = aly, 1, = bl Usually An implementation of digitally controlled elemerts
a=1, b=-1. Then GMCI is reduced to current mirror andthe chip or an implementation of such a methodctlie
current inverter, jointly excited from the low-ingemncex into the active element seems to be a good soluton
terminal. This element has been published formengler  typical example is the DC-CDBA, in which the CDN
the name DOCF (Double Output Current Follower) [L03  (Current Division Network) [82] is used for the gai
N control. We can analogously define, for instanbe, DC-
A novel circuit element, CTTA (Current-Through CDTA element with digitally controlled current olfie z

Transconductance Amplifier), is described in [104]. : - i ) i
contrast to the CDTA, its input block is the soleadlCTU g:igrrr]:gﬁtllsigllgg)aégﬁe?jisgglg DSC(gC):C(}I)'?m)(;r DC-ac

(Current Through Unit). The pair of input terminaksrves
as a voltage short circuit. The terminal currentapied to The above mentioned DCCF [30] in Fig. 3 (0) appears
the output terminal. The CTU is designed as anlidedo be a perspective independent active element with
current sensor because it converts a current fipehirough  digitally controlled parameters.

3.1 Problem of Parameter Racing

Note that the CDU, which is an important componen
of the above elements, is a special case of DC(Hil they
terminal grounded, i.e. MDCC with terminal omitted.
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3.2 Problem of Output Currentsinto produced. 2) Théyp current is reconstructed with an error
Working Impedances which depends on the concordance rate of the output

currents of each of the multiple-output OTAs, ad &® on

This problem will be illustrated on examples of twothe error of the copy of the input current. As asaguence
universal 2*order filters with OTAs and CDTAs. of the first drawback, the circuit must be exteneéth an
auxiliary circuitry for making the copy df, current, and
thus the original feature of only a two-element con
figuration is lost. The second factor results irraséic
transfer zeros appearing in the HP transfer functad
thus in frequency response degradation in the low-
frequency region [57].

A universalg,C current-mode biquad, based on two
integrators in the feedback loop, can be made utwof
OTAs [55]. Fig. 4 shows the flow graph which copesds
to the well-known KHN (Kerwin, Huelsman, Newcomb)
filter structure. The appropriate implementationnig-ig. 5
(a). It is obvious that the node, to which the morerting
input of the first OTA is connected, serves assihi@aming Note that thd s current into an independent load can
node for adding up the currents according to theadta be obtained after augmenting the circuit in Figabby one
) more OTA, which will serve for summing the currents

according to (1) [56].

The next circuit in Fig. 6 (a) is a modification thie
two-CDTA biquad from [96]. A problematic availalbyliof
the output currentyp is again the case. THgp current
flows also through the working capacitor, but itnche
sensed and conveyed into an independent load fhem t
additionalx+ output of CDTA No. 1.

lvp = lin — lgp— Ip.

The problem consists in that when currdgtsandl, p
can flow from the OTA outputs directly into indejgiemt
loads without affecting the filter parameters, terentl,p
flows through the working capacit@; into the ground and
thus it cannot be directly sensed for additiondization
without disturbing the circuit parameters.

-1
1 I_ CDTAL | CDTAzbJ
1 n xt+ P x+
o
X+H>— ILp
L lp 91 | Omz | lin lgp
BP — X- X-
sC, sC “>—p 7z X-ft——n 7 X-}<+

Fig. 4. Flow graph of KHN structure. ClJ_ G,
|Hpi : |BF’i: (a)

I_ CDTA1 | CDTA2‘>J
n X+ Isp P x+

Xt —>— x+h>— Ip

——p z X- =<t

(@) IH;

(b)

I_ CDTA1 | ImLCDTAZbJ
n x+ T P x+

X+
(b) ——p z X <t—N zZ X" =<t

Fig. 5. (a) OTA biquad designed from the flow graph in.FHg C1J_ C J_

(b) method of providing HP output.
]: i (©)

Such a problem is commonly solved by an auxiliary
circuit which reconstructs thie,s current according to Eqg.
(1). The solution is in Fig. 5 (b). However, it haso Fig. 6. (a) CDTA-based biquad [9€], (b), (c) two methods o
drawbacks: 1) A copy of the input curreht must be providing HP output.
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A solution, consisting in the reconstruction kfs  a concrete application, these sources generally wark i
current according to (1), is shown in Fig. 6 (b). &xcthat different load admittance¥ and Y_'. Currents through
it is sensitive to the accuracy of acquired copiesuofents  these loads will thus be different. The resulting eisarow
Igp, I p, @andl;y, it calls for the utilization of another, already determined not only by the tracking errors of curren
the fourth current output of the CDTAL. mirror, but also by the different character of thads of
individual current outputs. The frequency dependeoice

Another method of obtaininigye current for supplying such an error is evident

an independent load, described in [89], is givenim B
(c). Now, however, two copies of input current are Analyses of OTA and CDTA filters in Fig. 5 (a) and 6
required. The circuit analysis also confirms largedfan (a) lead to the conclusion that multiple currentpotg of
function sensitivity to the matching errors of thespies. a concrete element work partly into a pure capaibad,
artly into low-impedance andn inputs of the CDTA or

o an unspecified independent load which is usuafly
low-impedance in the current mode. The case of agfai
identical current sources working into the capacitvad

Note that the Zcurrent copy” technique cannot be and into the short circuit is illustrated in Fig. 7).(kt is

used for circuits with OTAs. Obtaining the currentsttee  obvious that currents into both loads will be virtyall
independent loads can be implemented via increasiag tidentical only at frequencies above the cutoff frmry
number of active elements in the feedback loop. Hewe f, = GJ/(2nC,). For frequencies approaching zero in the
this is accompanied — among other things — by addinfjiter in Fig. 6 (a), the attenuation of currentahghC; will
undesirable parasitic poles to the transfer functiath layn ~ increase indefinitely (the high-pass filter), but pyof this
a deterioration of the dynamic properties of thérerfilter.  current, which would be performed via the convemdio
In this case, a possible solution can be high-impedanairrent mirror, will exhibit finite attenuation ket the
sensing of voltage across the working impedance and thm@rasitic cutoff frequency.
following reconstruction of the current flowing thugh
another impedance by means of an auxiliary cird@f].

It seems that a more advantageous method could
making a copy of the-current directly on the chip within
the CDTA. This option is discussed in Section 4.

The above effect of low-frequency parasitic transfers
to HP and BP outputs can be inferred from the sirmulat
results in a number of papers dealing with universal
3.3 Problem of Impedance Effect of Current biguads. Let us mention [108] at least. This effectibar

Mirrors hidden in frequency plots with linear vertical axiore
evident modifications can be observed in phase responses

This effect appears when current mirrors delivelllog]'
multiple copies of current to different parts of ttiecuit.
Current outputs of MO-OTA or CDTA or the above capie
of thez terminal are typical examples.

Fig. 8. Alternative method of providing the copy aterminal
current.

For g.C filters, the impedance effect of current
mirrors can be reduced only by means of careful design
current mirrors with extremely high output resistances.
Outstanding results can however, be achieved in dilter
employing CDBAs or CDTAs, utilizing the principle in

A simplified small-signal model of a pair of Fig. 8. The currentl, is flowing through an auxiliary
simultaneously controlled sources is shown in Fig. 7Ifa). resistor R, and the corresponding voltage drop is
the ideal case, both sources have identical valuegevhal  transformed into a current via an OTA. ResistaRa&hould
currentsl, = I, and internal admittance¥, = Y,. In  be sufficiently small. Otherwise, its voltage drop webul

Fig. 7. Problem of impedance effect of current mirrors.
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decrease the voltage dynamic range of the activeezie The CDCC (Current Differencing Current Conveyor)
The current copy now is tracking the original cutrenis proposed as a generalization of the CDeTA. The basic
because it is directly derived from it. More implenation  idea starts from the observation that OTA can be
problems, associated with the voltage and currenttsffsfe implemented by the ":generation current conveyor and
the auxiliary OTA, with the influence of the commomde one resistor. The admittance of a two-pole connected
parasitics, and with providing the equalify = 1R need to  between the terminal of the CCIl and the ground serves as
be solved. the generalized transconductance. In this case, the
operations of the CDCC and the CdeTA are similar.
However, CDCC is more universal because of it5s “

4. Sear ching for Novd Circuit Elements terminal, which can be used as an additional curnguit.

Comparing the CDBA and the CDTA, both containing
a CDU, from the point of view of the universality tife
input/output configurations, we can conclude thaé th
Efforts to increase the universality of a circuit difference inputs are a necessity for the CDBA whde f
the CDTA they only improve its universality: For the
CDBA, which has only a single-polarity output, the T3
the only instrument for the choice of the sign ohsfar
» Elimination of parasitic effects, some of which function and of the feedback type (positive, neggtihe
were discussed in Section 3. CDTA has a difference input and also a two-polarity
outputs, such that thp and n inputs need not be used
simultaneously in a number of applications: the negati
feedback from thex+ output to then terminal can be
+ Efforts to design elements, enabling applicationssubstituted by connecting the andp terminals. Then the
with @ minimum number of these elements andCDTA structure can be simplified, replacing the CDWab
with a minimum number of other additional simple current follower or inverter. For most appliicas,
elements. a pragmatic requirement of such a simplification is
- Efforts to have a trade-off between required spee sufficient number of current outputs, x-, because some
and accuracy. of them_ are necessary_for |_mplc_ament!ng_the feedback
connections. The appropriate simplified circuit elataere
called MO-CFTA (Multiple-Output Current Follower
Fig. 9 summarizes several suggested principles ofransconductance Amplifier) and MO-CITA (Multiple-
novel circuit elements which reflect the above matitn ~ Output Current Inverter Transconductance Amplifidifie
factors. general notation of these elements, MO-CCTA (Multiple

The ZC-CDBA and ZC-CDTA (Z Copy CDBA and z CutPut Current Copy Transconductance Amplifier), ahhi
Copy CDTA) elements reflect the demand for highercr?mes Into c_on3|derat|on r\]/vh_en I IS notf srp])eqfled et
universality of the conventional CDBAs and CDTAs. Now.t e_z-currem_ IS a copy or the INVersion o the input ent_r
a copy of the current through tkderminal is available at 'S in_collision with the formerly mtroduce(_j_ n“otatlon
the zc terminal. This copy can be implemented either by(_:urrent Conveyor Tr_an_sconductance Amplifier” [105]
a current mirror with high-impedanae terminal or by the W'th thle _sanl"ne abbre_waucfm. Ford example, _ﬁne CS” show
technique from Fig. 8. An example of the utilizatiof ZC- ?S|mpde |mp”emente?||on ° _ahqual rature (I)\/ISS g:geAaon
CDTA is in Fig. 10. Thanks to thg current copy, the irst-order all-pass filter with only one MO- , one
problem of the output current of high-pass sectiorthef reS|_st(_)r, a_nd one grou_nded_capacnor. Itis well k“‘“‘“‘?‘
universal biquad from Fig. 6 (a) is easily resolved. a similar implementation with CDTA or CDBA requires

a floating capacitor [95].

Why search for other circuit elements? Currentlygher
are at least five different rational motivation farst

element while preserving the simplicity of its
topology.

* Need for analog or digital control of element
parameters.

The CDeTA (Current Differencing external . . .
Transconductance Amplifier) is based on the CDTA, but The universality of th(_ase elements can be m_creased by
now the transconductance of the internal OTA is @efiby means of the above described methods: completiored] th
an external two-terminal circuit. The CdeTA is inspiy ~ C°PY: thedm control by an external two-pole, and OTA
commercial OTA MAX435 [110], which works on replacement by the CCII. The last option is shownlgs_lg
a similar principle. Considering the external twoepol (9), (h) in the form of MO-CFCC and MO-CICC (Multép

impedanceZ, and the impedancg, connected between the Output Current Follower/Inverter Current Conveyor).

z terminal and the ground, the circuit current gaiti be The methodology described, which uses the CDU or
given by the raticZ/Z.. CdeTA can be used, for example, CF or CI as the input unit, and the following simplecks

for the synthesis of generalized immitance converters asuch as voltage buffer, OTA, and CCIl, represents &mop
atypical filters, when the two-pol&. can be a SMD-type system: Let us continue with the variation that thputrunit
coil, X-tal, etc. Replacing. by short connection arnd, by  will now implement voltage and not current diffeces.
open connection yields the TCOA (True-CurrentThe differential-input OTA is a simple element foalizing
Operational Amplifier). the voltage difference. Simultaneously, it can pdevihe
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ZC-CDBA A l&l1, ZC-CDTA A l:l;

MO-CClI
y

ZH I
| X
X ...
|
|
z-h<+
X |
77777 l
Ix
I, =9m (Vo —Vh)

(k) (I

CDDOBA

Fig. 9 (a)-(0). Proposed novel circuit elements (continued omthe page).
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(@)

(®)

Fig. 9 (p)-(u). Proposed novel circuit elements (continued froemgtevious page).

‘}'BP

P zc x+

|

ILp
-<-

n z X-

i

y

Fig. 10. Universal biquad employing ZC-CDTA elements.

possibility of electronic control. The behavioral natslof

negative high-impedance input of buffered amplifier
Similarly, CDDITA (Current Differencing Differentia
Input Transconductance Amplifier) uses a differeritiplit
OTA instead of a single-input OTA employed in the
conventional CDTA. CDDOBA (Current Differencing
Differential Output Buffered Amplifier) provides
differential output voltages whereas CDDIDOBA (Cutren
Differencing Differential Input Differential Output
Buffered Amplifier) is a combination of the CDDIBAd
CDDOBA elements. Note that this methodology can also
be applied to other circuit elements such as CFA, OTRA
CTTA, CCTA, CFTA, CITA, VDBA, VDTA, etc.

The last four circuit principles, indicated in Fig¢§m,
(q), (n), (s), represent attempts to find a tradebeffiveen
speed and accuracy. That is why they combine theafaist

the suggested elements VDBA (Voltage Differencingaccurate elements, namely OTA, CCIl, and CDU, wligh t

Buffered Amplifier), VDTA (Voltage Differencing
Transconductance Amplifier), and VDCC (Voltage
Differencing Current Conveyor) are shown in Figs)9((),
and (k) . Multiple copies of, currents are indicated here in
order to increase the universality of these elemeritas,T
according to the proposed methodology,
elements should have the “ZC* (Z Copy) attributem8af
them have an interesting application potential:eieample,
the floating loss-less inductor can be simulated oxlpie
VDTA and one grounded capacitor.

The universality of the above elements, which utiliz
OTAs or voltage buffers as output devices, can b
increased by using the availability of differentiaput or
output. Examples are given in Fig. 9 (l)-(0). CDDIBA
(Current  Differencing Differential Input Buffered
Amplifier) is an extension of CDBA obtained by addihg

e

conventional OpAmp in order to achieve their optima
interaction. The CVTA (Current Voltage Transconduct
Amplifier) is primarily designed for current excitati into
thei input. Connecting andi terminals via a two-pole and
thus closing the negative feedback loop will maintéia

the aboveero potential of théterminal. If a capacitor serves as such

a two-pole, the circuit will operate, regarding theutputs,
as a current integrator with electronically congdlitime
constant. The user can also utilize a copy of thetinpu
current via the current sensing technique. A voltage
equivalent of the output current is available at -

|empedance/ terminal.

CVCC (Current Voltage Current Conveyor) increases
the application range of the CVTA, replacing the OBy
the multiple-output CCII. In the CVBA (Current Valje
Buffered Amplifier), the voltage at the terminal is only
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buffered and its copy appears at theterminal. There is References

a difference between connecting the load to terlsinand
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by the load in the first/second case.
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