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ABSTRACT

This doctoral thesis focuses on research in the field of frequency filters. The main goal
is to propose and analyze fully-differential current-mode frequency filters employing modern
active elements. Presented filters are proposed using current followers, operational
transconductance amplifiers, digitally adjustable current amplifiers and transresistance
amplifiers. The proposal is focusing on ability to control some of the typical filter parameter
or parameters using controllable active elements suitably placed in the circuit structure.
Individual presented filters are proposed in their single-ended and fully-differential forms.
Great emphasis is paid to a comparison of the fully-differential structures and their
corresponding single-ended forms. The functionality of each proposal is verified
by simulations and in some cases also by experimental measurements.
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ABSTRAKT

Tato disertacni prace se zaméiuje na vyzkum v oblasti frekvencnich filtr. Hlavnim cilem je
navrhnout a analyzovat plné diferen¢ni kmitoctové filtry pracujici v proudovém moédu a
vyuzivajici moderni aktivni prvky. Prezentované filtry jsou navrzeny za pouziti proudovych
sledovacti, operacnich transkonduktancnich zesilovact, pln€¢ diferenc¢nich proudovych
zesilovacli a transrezistancnich zesilovacli. Navrh se zaméfuje na moznost fidit néktery
z typickych parametrt filtru pomoci fiditelnych aktivnich prvki, které jsou vhodné umistnény
do obvodové struktury. Jednotlivé prezentované filtry jsou navrzeny v nediferencni a
diferenéni verzi. Velky duraz je vénovan srovnani plné¢ diferencnich struktur s jejich
odpovidajicimi nediferencnimi formami. Funkc¢nost jednotlivych navrhii je ovéfena
simulacemi a v n¢kterych piipadech i experimentalnim métenim.
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transkonduktanéni zesilovac, transrezistan¢ni zesilovac
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List of Abbreviations

ACA Adjustable Current Amplifier

AP All Pass

BOTA Balanced Operational Transconductance Amplifier
BP Band Pass

BS Band Stop

CC Current Conveyor

CCII Second Generation Current Conveyor
CCII+/- Second Generation Current Conveyor with balanced output
CDBA Current Differencing Buffered Amplifier
CDTA Current Differencing Transconductance Amplifier
CF Current Follower

CFTA Current Follower Transconductance Amplifier
CITA Current Inverter Transconductance Amplifier
CMOS Complementary Metal Oxide Semiconductor
CTR control

DACA Digitally Adjustable Current Amplifier

DC Direct Current

DO-CF Double-Output Current Follower

DVCC Differencing Voltage Current Conveyor

F-D Fully-Differential

FDCC Fully-Differential Current Conveyor

FD-CF Fully-Differential Current Follower

FLF Follow-the-Leader Feedback

FOE Fractional-Order Element

HP High Pass

IFLF Inverse Follow-the-Leader Feedback

/A% Current to Voltage

LP Low Pass

M-C Mason-Coates

MCDU Modified Current Differencing Unit

MIMO Multiple-Input Multiple-Output

MISO Multiple-Input Single-Output

MO-CF Multiple-Output Current Follower

MOTA Multi-Output Transconductance Amplifier
OTA Operational Transconductance Amplifier
OTRA Operational Transresistance Amplifier

PCB Printed Circuit Board

S-E Single-Ended

SFGs Signal-Flow Graphs

SIMO Single-Input Multiple-Output

SISO Single-Input Single-Output

SITO Single-Input Triple-Output

SNAP Symbolic Network Analysis Program

TISO Triple-Input Single-Output

uccC Universal Current Conveyor

uvcC Universal Voltage Conveyor

VCCS Voltage-Controlled Current Source

V/1 Voltage to Current



List of Used Symbols

A current gain

as, ay, A coefficients

o fractional-order

ARgaL actual obtained gain of the DACA element
AthEOR theoretical value of actual gain of the DACA element
B current gain

b,, by, by terms of the denominator

C capacitor

C capacitance

D denominator

4 determinant

E voltage control current source

F current control current source

7o pole frequency

G conductance

m transconductance

i1 current

1 current (complex variable)

icm common-mode signal (current)

Lip, Iup, Ip, Igs, LP,HP, BP, BS, AP current responses
IAP

iy current of n input terminal of the OTRA

IIN DIF, D differential input current

1, current of p input terminal of the OTRA

10UT DIF, LOD differential output current

Iser, I bias DC current

K transfer

ki, ko, k3 coefficients

Ki current transfer

L inductor

L inductance

N numerator

n controllable parameter

P; gain of i-th forward path

0 quality factor

qi i-th parameter

R resistor

R resistance

Ry transresistance

Rx intrinsic resistance

S relative sensitivity
Laplacian operator

T time constant

v,V voltage

Y admittance
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Introduction

Despite the fact that the technology is working with digital signals these days, analog
frequency filters are a vital part of electronic circuits which we can encounter in a broad range
of industry such as measurement technology, radio-technology, telecommunication, electro-
acoustics etc. Analog frequency filters are required in cases when digital filters cannot be used
e. g. the preprocessing of the analog signals before the digital signal processing. Digital filters
also have some drawbacks such as the fact that the signals must be converted to digital form
which always entails loss of information, bandwidth limitations, causes quantizing noise.
The conversion process consists of sampling quantization and encoding. Each this task
requires significant amount of time in comparison to analogue filters. Analogue frequency
filters can be divided into passive and active ones depending on whether the structure contains
active elements. By active element we understand for example a classical operational
amplifier which is a typical voltage-mode active element. In case that the processed signal is
represented by the voltage amplitude, the filter operates in the voltage mode. Lately, we can
experience tendency of reducing the size of integrated circuits in order to decrease their
requirements of power supply voltage and energy consumption which decreases the level
of processed signals. This subsequently results in a reduction of signal-to-noise ratio and
limits the dynamic range of the circuit. Therefore, the design of electrical circuits is currently
focused on active elements operating in the current mode due to its advantages which can
be in particular cases achieved. The advantages which can be achieved when we use
the current amplitude to represent information of processed signals are mentioned in chapter
1. The design of frequency filters is also more and more focused on the design of these filters
in the fully-differential form because of the advantages that the differential signal processing
brings in comparison to single-ended structures as further on described in chapter 1.
Furthermore, we can mention controllable active elements which allow us to adjust
the characteristic frequency filter parameters, such as the pole frequency, quality factor,
bandwidth and gain in the pass band area of any filter, or sometimes only of particular type
of the filter. Fractional-order frequency filters are another interesting topic related to analogue
frequency filters that is getting to the forefront of interest of many scientific teams lately.
The fractional-order circuits can find practical use in precision measurement and modeling
of various biological signals. Another use may be in control and electrical engineering,
telecommunication and also agriculture.
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1 State of the Art Review

The ever-increasing demands on the properties of electronic circuits lead
to the development of new non-standard active elements with properties permitting signal
processing in a wider frequency range and requiring a lower supply voltage than in case
of standard operational amplifiers. Despite the proposal of voltage-mode frequency filters [1-
10], the development is more and more focused on the design of either mixed-mode frequency
filters [11-13], or current-mode frequency filters [14-91]. Circuits operating in the current
mode can provide better signal-to-noise ratio, greater dynamic range, wider frequency
bandwidth and lower power consumption in particular cases [92].

In case of the proposal of frequency filters, there are two basic trends. The first one is
the proposal of more complex filtering structures using simpler active elements. Among
the filters that use simpler active elements, we can mention filters employing Current
Followers (CFs) [14-21], Fully-Differential Current Followers (FD-CFs) [22-25], a variety
of Current Conveyors (CCs) [12], [13], [26-38], Differencing Voltage Current Conveyors
(DVCCs) [2], [39-41] and Fully-Differential Current Conveyors (FDCCs) [1], [6], [42-46],
Digitally Adjustable Current Amplifiers (DACAs) [14], [17], [22], [23], [45], [47] and basic
Operational Transconductance Amplifiers (OTAs) [10], [11], [19], [25], [48-52]. A Current
Conveyor operates in the mixed mode(it has both voltage and current terminals). It was firstly
introduced in 1968. In retrospect, it was the first-generation current conveyor. There are
totally three generations of current conveyors. Individual generations are, from the outside,
only distinguished by orientation and derivation of the currents at the Y gate of this element.
The second-generation is the most frequently used. Slightly different variants of the current
conveyor such as current conveyors with various amount and orientation of the input and
output terminals e.g. [12], [13], [27], [30], [38], inverting versions [28], [29] and current
controlled versions [26], [31], [32], [35], [36] etc gradually emerged. Current follower is
the simplest current-mode active element. Filters employing current followers can have
a large bandwidth range thanks to a simple internal structure of these elements. Active
elements with a higher number of outputs can reduce the number of used active elements
in the circuit structure (in case of circuits working in the current mode). Therefore, we can
frequently encounter current followers with two outputs (double-output current followers
(DO-CFs)) [17-20] and three and more outputs (multiple-output current followers (MO-CFs))
[14], [16], [17], [21]. A operational transconductance amplifier has voltage and current
terminals thus, it operates in the mixed mode. Depending on the number of outputs of this
active element it is possible to come across OTA [11], [48] (having one output), balanced
operational transconductance amplifier (BOTA) [10], [19], [51], (having two outputs
of mutually opposite polarities) and multiple-output transconductance amplifier (MOTA)
[19], [25], [49-52] with three or more outputs. The structure of these filters is characterized
by higher circuit complexity and higher number of used active elements, but provide a greater
variability of the proposal. The other approach is opposite to the first one when we use more
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complex active elements so the number of used active elements can be lower and
the proposed filtering structures appear to be simpler. These active elements are usually
a particular composition of the simpler elements mentioned above. The disadvantage of this
approach is more complex and more expensive proposal and implementation of given active
elements on a chip. The literature presents filters which use different types of active elements
based on Transconductance Amplifiers such as filters with Current Controlled
Transconductance Amplifiers (CCTAs) [53-57], Current Differencing Transconductance
Amplifiers (CDTAs) [58-64], Current Follower Transconductance Amplifiers (CFTAs) [5],
[65-70] and Current Inverter Transconductance Amplifier (CITA) [71], [72]. Among other
filtering structures which are employing this type of active elements there are filters using
Current Differencing Buffered Amplifiers (CDBAs) [9], [73-77], Modified Current
Differencing Unit (MCDU) [78], [79] and Operational Transresistance Amplifier (OTRA) [3],
for instance.

A wide range of scientific papers, for example [12], [23], [44], [62], [80-85], focus
on the proposal of universal filters allowing to obtain all standard transfer functions (low pass
(LP), band pass (BP), high pass (HP), band stop (BS) and all pass (AP)) from the same circuit
structure by suitable selection of used input and output terminals, or by reconfiguration
of the filtering structure. Some of the works [7], [24], [29], [45], [47], [56], [70], [73], [78],
[86] focus on the design of filters which provide only some types of transfer functions. These
filtering structures are referred to as multifunctional filters. We can also come across filters
which can provide only one type of transfer function [9], [17], [38], [65], [72], [75], [87-90].

Some filtering structures can provide all standard transfer functions without a necessity
to change the circuit structure or position of the input voltage/current and at the same time
take output responses directly from high-impedance output terminals of used active elements.
These structures are often referred to as SIMO (Single-Input Multiple-Output) [22], [29], [47],
[49], [50], [71], [80], [91], or SITO (Single-Input Triple-Output) [15], [21], [34], [41], [54],
[66], [67], [74] because we theoretically need only three transfer functions (high pass, band
pass, low pass) to implement all five standard filtering functions. Band-stop and all-pass
transfer functions can be easily obtained by summing particular outputs of the circuit (in case
of the current-mode signal processing). Other frequent structures are referred to as MISO
(Multiple-Input Single-Output) [27], [30], [53], [55], [82], [85], [86], or TISO (Triple-Input
Single-Output) [31], [33], [35], [37], [43], [44], [68]. These types of structures typically
require either copies of the input voltage/current signal, or the structure must be reconfigured
in order to provide a different function. These structures can provide one transfer function
at the same time. Structures with more inputs and outputs are designated as MIMO (Multiple-
Input Multiple-Output) [16], [24], [32], [40], [69], [81]. The last possible type is SISO
(Single-Input Single-Output) [73], [75], [88], [90]. The structure of these filters must
be physically adjusted to obtain different functions, or there are also so-called reconfigurable

12



filters [78], [79] when the transfer function can be switched electronically using controllable
elements suitably placed in the structure.

The controllability of some characteristic filter parameters such as the pole frequency, quality
factor, bandwidth, or gain in the pass-band area provides higher variability of use
in the industry, or possibility to fineadjust or autoadjust the particular parameter in the final
application. Thus, the frequency filters with the ability to control some of these parameters are
highly advantageous. The controllability can be divided depending on how the control is
achieved. The controllability of the filter can be achieved electronically by adjusting one
or more parameters of active element(s) for example [19], [36], [38], [55], [57], [64], [84],
[85], partly electronically by adjusting one parameter of used active element(s) and value
of some passive part(s) [37], [63] for instance, or solely passively by changing values
of passive elements, e.g. [40], [43], [46], [77]. Typical adjustable parameters of active
elements used to control some of the characteristic filter parameters are transconductance g,
[19], [37], [55], [57], [63], [64], [84], and current gain B (A4) [37], [38], [84], [85]. These
parameters are usually controlled by DC voltage/current. Other possible parameter used for
adjustability is intrinsic resistance Rx of used active element controlled by DC current [36].
If we are talking about a passive control, an adjustment of values of resistors (capacitors) [40],
[43], [46], [63], [77] is also being used.

Some of the papers [17], [22], [25], [47], [69] are aimed at a comparison of single ended (S-E)
and fully-differential (F-D) structures, single-ended and fully-differential filters respectively.
The F-D structures in comparison to the S-E structures benefit from the advantages such as
greater dynamic range of the processed signals, better power supply rejection ratio, lower
harmonic distortions and greater attenuation of common-mode signals. The F-D structures
have also a few drawbacks such as the larger area taken on the chip which results in higher
power consumption. Also, the design of the F-D circuits is more complex than in case of S-E
structures [91]. We can also mention so-called pseudo-differential filters [93-96]. The pseudo-
differential structures consist of both differential input and output, but the inner structure
of the filter is single-ended. These structures still can provide high attenuation of common-
mode signals when their inner structure is less complex in comparison to the F-D structures
[93]. However, other benefits of F-D structures are not applicable in case of the pseudo-
differential filters.

There are multiple methods how to design single-ended frequency filters. One of the basic
ways how to propose frequency filters is using autonomous circuit design method [7], [10],
[97-100]. Autonomous circuits can be described as circuits of passive and active elements
having no excitation source and no input or output terminals. These circuits are solely
described by a determinant of their admittance matrix which represents the left part
of the characteristic equation of the analyzed circuit. Such a circuit can be then used as a base
element to design various types of frequency filters. The proposal can be intuitive when
an experienced designer proposes these circuits directly, or the proposal can be generalized
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when using a full admittance network connected to a desired number of generalized active
elements. There is also a method based on extension of autonomous circuits [99] which is
related to autonomous circuit design. This method is usually used to design filters of higher
orders. Other method frequently used for the proposal of frequency filters is synthetic
immittance system method [8], [88], [89], [99], [101] based on the fact it is possible to design
synthetic elements of higher orders. These elements consist of serial or parallel combinations
of D or E type two-port network which can be suitably connected to the circuitry
of frequency-dependent voltage or current dividers in order to create filters of the demanded
order. We can also mention signal-flow graphs (SFGs) method [65], [81], [90], [99], [102]
which is based on so-called Mason-Coates (M-C) graphs. Using this method represents an
easy approach to solve the transfer functions of relatively complex circuits. We can directly
propose circuits of frequency filters using this method when following the rules of M-C
graphs. This method was used to design filters presented in this thesis. SFGs method is
described in chapter 4 in more detail.

There are two general ways how to propose fully-differential frequency filters. The first one is
to directly propose the filter in its F-D form. Such a procedure requires an experienced
designer who designs the F-D structures intuitively. To do this, signal-flow graphs method
can be suitably used. However, a mathematical calculation of the F-D structures is far more
complex than the proposal of the S-E structures due to the higher number of loops
of the analyzed circuit. The other easier way how to propose the F-D filters is
by transformation of the S-E filters into their F-D form by mirroring passive components
around the active elements based on particular transformation method. The number of passive
components will increase approximately two times in comparison to the number of passive
components used in the S-E structure. Active elements are either replaced by their F-D
equivalents with differential inputs and outputs, or they are also being mirrored which will
again increase their number by twice. The values of the passive components after they were
mirrored have to be determined all over when this is dependent on what type
of transformation is used. This method is divided into the transformation of vertical structures
and transformation of horizontal structures [103]. If we use the transformation of horizontal
structures, the passive components of the horizontal branches of the circuit are being
mirrored. In this case, the values of the horizontal components are dependent on the type
of given passive element. The values of capacitors are doubled, while the values of resistors
are halved. Inductors are replaced by transformers with mutually opposite winding when
the number of windings is even. The values and positions of vertical components stay
unchanged. In case of the vertical transformation, those passive components which are located
in the horizontal branches are being mirrored. The values of capacitors located in the vertical
branches have the half values of those capacitors used in the S-E structures, values of resistor
are doubled. The mirroring of inductors follows the same rules as in the previous
transformation. An example of the transformation of vertical and horizontal structures can
be seen in Figure 1.1.
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Figure 1.1 Examples of the transformation of S-E to F-D structures: a) horizontal structures, b) vertical structures

As already mentioned some active elements can be also transformed into their F-D
equivalents. By a fully-differential active element we understand an element which has
at least one differential input and output and the processed signal is then given
by the difference of two input signals, output signals respectively. An example of such
transformation is the transformation of a Current Follower (CF) into its F-D form as shown
in Figure 1.2. In order to obtain a fully-differential current follower, additional input and
output terminal which will have the opposite polarity in comparison to the original terminals
must be added. The resulting active element is called Fully-Differential Current Follower
(FD-CF).

FD-CF
MO-CF

Figure 1.2 Principle of the transformation of an active device from S-E to F-D form: MO-CF transformed into FD-CF

In comparison to standard (integer-order) filters, the slope of attenuation of the fractional-
order filters is given by the equation 20-(n + @), where n is an unsigned non-zero integer
number and « is a real number in the range 0 < a <1 [104]. The design of fractional-order
filters is rather more complicated than the proposal of standard (integer-order) filters. There
are two basic ways how to propose a fractional-order filter.

The first way is based on creation of a special fractional-order element (FOE) [105-109].
Usually it is a capacitor. These fractional-order elements are then used in a conventional filter
structure. The one of the most common method how to create a fractional-order capacitor is
using an RC ladder network [106], [110] thanks to its easy implementation. The disadvantage
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of this general way how to create fractional-order filters is that the order of created filter has
a fixed value and cannot be electronically controlled.

The other possible way is an approximation of fractional-order Laplacian operator s* using
an integer-order transfer function of higher order. The second-order approximation is most
commonly used [104], [106], [111], but it is also possible to use an approximation of higher
orders than the second-order approximation [104]. To create a (l+a)-order filter,
a conventional third-order filter is then used. Due to reasons of stability, it is necessary
to design a filtering structure with the order lower than 2 [104]. In case we want to create
a fractional-order filter of higher orders, a cascade combination of an integer-order and fractal
1 + o filter is implemented. The advantage of this design method in comparison to using
FOEs is that filters which are consisting of tunable active elements can be capable
of electronic control of their order, or some other parameter such as the pole frequency,
or quality factor [112], [113]. The disadvantage of this approach is complexity and higher
number of active elements in the filtering structure.

Most commonly proposed type of fractional-order filter is a low-pass transfer function filter
with Butterworth characteristics [104], [107], [108] [111-116]. It is also possible to come
across papers proposing high-pass fractional-order filters [111], [117], or band-pass filters
[104], [118]. A fractional-order filter with Chebyshev characteristics can be found for
example in [109], [112].
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2 Thesis Goals

The main aim of the work is the proposal and analysis of fully-differential frequency
filters operating in the current-mode. Great emphasis will be paid to a comparison of the F-D
structures and their corresponding S-E forms. The thesis is possible to divide into three parts.

The first part is to propose new second-order current-mode filtering structures especially
fully-differential ones using non-standard active elements such as current conveyors,
operational transconductance amplifiers, current amplifiers, current followers and their fully-
differential equivalents. The proposed filters are going to be firstly designed in their S-E form
using signal-flow graphs method and then transformed into the F-D structures using
the transformation of horizontal structures so a mutual comparison of the S-E and F-D
structures is possible. One of the main goals of this thesis is the emphasis laid upon
the versatility of the proposed filters and the ability to control some of the typical filter
parameters such as the pole frequency, or the quality factor of the filter by suitable use
of controllable active elements. The design correctness and functionality of the proposed
filters are going to be supported by simulations and in some cases also by experimental
measurements. The simulations will be carried out using accurate second and third level
simulation models of used active elements which are based on the measurement
of characteristics of the real elements. The experimental measurements will be performed
by measurements of implemented filters in a form of printed circuit boards (PCBs) using
simple V/I, I/V converters [119] and chips of available active elements, in particular
the universal current conveyor which can be used to implement a variety of active elements
such as the current follower and operational transconductance amplifier, for instance.
Subsequently, a comparison of the properties of S-E and F-D filters will be made. Each S-E
filter and corresponding F-D filter will be presented together in the same chapter because
of their easier comparison. Furthermore, the sensitivity [120] and parasitic [19] analysis
of chosen proposal is going to be carried out.

The second part is the proposal and analysis of fractional-order frequency filters when also
the possibility of creation of these filters in their fully-differential forms and following
comparison of the S-E and F-D structures will be analyzed. One of the chosen conditions is
again the ability to control some of the characteristic filter parameter, in this case, its order
and pole frequency. The design procedure is the same as for the previous part. The filters are
firstly designed in their S-E forms and then transformed into the F-D structures.

The last part consist of the analysis of existing design methods used for the proposal
of frequency filters especially differential filters and subsequent modification of a chosen
existing design method with respect to the specific needs and characteristics of differential
structures. A practical applicability and versatility of this method is going to be also analyzed.
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3 Definition of Single-Ended and Fully-Differential Current Transfers

This chapter describes relations of single-ended and fully-differential current transfers.
A comparison of the ability of S-E and F-D structures to suppress the influence of common-
mode signals is also included.

3.1 Definition of Single-Ended Current Transfers

The single-ended current transfer is defined as the proportion of the output and input
current. There are two basic convention how to represent the direction of the currents.
According to the convention in [121], the currents flow inside a block both at input and
output. In this case, the output current is presented flowing inside a block however,
the current transfer contains a minus sign, which means that the output current is actually
flowing out which is in consistency with the representation of the current transfer used
by signal-flow graphs where the transfer from the input to the output is always considered
going in one direction. The other definition [122] represents the output currents flowing
outside a block when the current transfer is positive. This definition of the current transfer is
also consistent with signal-flow graphs. This particular representation of the current transfer is
used in this thesis.

Figure 3.1 shows the second of above mentioned definitions of the simple current transfer.

i louT
IN S
o—| —o

N aall

Your

Figure 3.1 Structure used to illustrate the single-ended general current transfer

The current transfer from Figure 3.1 is given by:

Kﬂ:?ﬁl. (3.1)

i
l[N

One of the disadvantages of the single-ended transfer in comparison to the fully-differential
transfer is that any common-mode signal (icy) which is added to the input current is being
reflected to the output as well as shown in Figure 3.2.
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Figure 3.2 Influence of a common-mode signal added to the input current on the output current of the S-E structure
with gain A4.
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3.2 Definition of Fully-Differential Current Transfers

The fully-differential current transfer is defined as the proportion of the differential
output and differential input current. The direction of the currents can be represented
according to the same conventions mentioned in the previous section. Figure 3.3 shows
the definition from [122] when the output currents flow outside the block which respects
the current transfer of the signal-flow graphs method where the transfer from the input
to the output is, as already mentioned, always considered going in one direction.

IIN+ LOUT+
S —
o—| —O

iIN- Oo—
VIN+ VIN-\L >

T X 1

o loUT- v

Figure 3.3 Structure used to illustrate the fully-differential general current transfer

If the differential input and output current are described by:

Iy =lve ~ iy (3.2)

Lour pir = tour+ ~ tour-> (3.3)

then the differential current transfer is given as:
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iOUT DIF
K, =— : (3.4)

Iy pir

As already mentioned in chapter 1, the F-D structures provide, besides others, theoretically
infinite attenuation of common-mode signals. Figure 3.4 demonstrates the ability of the F-D
structures to suppress common-mode signals.

l v l
IN S OUT+
L 4 ——O
VIN+ ZIN‘_> . _O—>iOUT' VouT+
VIN- \l/VOUT—
j— lCM/zT OT lCM/z —Ol— j)—

Figure 3.4 Influence of a common-mode signal added to the input differential current on the output differential
current of the F-D structure.

In case of that both inputs have the same properties, the common-mode signal can
be completely canceled as demonstrated by the following equations:

iOUT+ = B((ilN+ + iCM /2) - (iIN— + iCM /2)) = B(i//v+ _i//v—)a (3.5)

lour- = —B((y, ticy /2)—(ip_ +igy, 12))==By, —iy_). (3.6)
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4 Signal-Flow Graphs Design Method

This well recognized method was used in the proposal of filters presented in chapter 6.
Therefore, it would be appropriate to describe this method in more detail.

Signal-flow graphs were originally proposed by S. J. Mason in 1953 in order to describe and
solve linear algebraic equations [123]. Later on, generalized Coates graphs [124] have
appeared. Mixed Mason-Coates' (M-C) graphs [125] can be used for the analysis and
synthesis of linear electrical networks. These graphs can be understood as diagrams of nodes
which represent variables and directed branches defining mutual relationships between nodes
of the analyzed structure. There is a parallel between signal-flow graphs and block diagrams.
Nevertheless, the transformation of a block diagram into a transfer function requires
successive application of fundamental relationships. In case of the signal-flow graphs, only
Mason formula is required to obtain the transfer function. Thus, using this method represents
an easy approach to solve the transfer functions of relatively complex circuits.

Manson's gain formula is given by the following relation:

1
K=—2.PA, @.1)

where P; is gain of i-th forward path and A stands for the determinant of the graph.
The determinant is given by the following equation:

A=P=3 PA +Y PA, —;P,Ak +ees (4.2)
i J

where P represents self-loop products, P; stands for individual loop gains, 4; are then loop
gain terms which do not touch the i-th forward path, P; are products of two non-touching
loops, 4; symbolizes loop gain terms which do not touch the j-th forward path, Py interprets
products of three non-touching loops, 4 represents loop gain terms which do not touch the -
th forward path etc.

The proposed filters were designed using simplified M-C graphs. These simplified graphs are
used for easier and more transparent presentation especially of the F-D structures which
would be rather complex and difficult to follow in case of using modified M-C graphs.
To show the design process when proposing a filter using signal-flow graphs let us have
an example. The aim of the proposal is to design a second-order universal current-mode
frequency filter which employs current followers as basic building blocks. The next condition
of the proposal is that the proposed filter possesses ability to electronically control its pole
frequency by changing values of unspecified adjustable active elements. The denominator
(in its general form) of all transfer functions of the proposed filter takes form of:
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D(s)=s2C1C2 +5C,G,n, +G,G,nn,, (4.3)

where C), C, define values of used capacitances of the filter and G, G, define values of used
condunctances which determine the pole frequency of the filter and »; and n, are controllable
parameters of used adjustable active elements. Based on the rules of SFGs, the pole frequency
of the filter having the denominator stated in (4.3) can be changed without disturbing
the quality factor of the filter when n; = n,. In this particular case, digitally adjustable current
amplifiers were selected as controllable active elements. The pole frequency can be then
controlled without the disturbance of the quality factor by adjusting current gains 4 of
the DACA elements when A, = A,. The denominator of the filter turns into:

D(s)=s"C,C, +sC,G, A, +G,G, A A,. (4.4)
Equation (4.4) shows the final desired form of the denominator of the filter we want
to propose. From this point, we can start designing the filter according to the rules of signal-

flow graphs. The proposed filter is the second-order frequency filter thus, we are supposed
to start with two self-loops as is shown in Figure 4.1.

S C] +G1 S C2 +G2

Figure 4.1 Starting point of the design of the 2nd-order filter — Two non-touching self-loops (simplified M-C graph)

The denominator of the graph from Figure 4.1 is equal to:

D(s)=5°C,C, +5C,G, +sC,G, +G,G,. (4.5)

As can be seen the denominator contains some undesired terms. These terms can
be eliminated by adding non-touching loops as demonstrated in Figure 4.2.

SC1+Gl SC2+G2

Gy 1

Figure 4.2 Second step of the design - Two loops (simplified M-C graph)
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The denominator of the signal-flow graph from Figure 4.2 is:

D(s)=5C,C,. (4.6)

The next step involves adding the main loop in order to obtain the next term of the chosen
denominator. This graph modification can be seen in Figure 4.3.

Figure 4.3 Third step of the design — Addition of main loop (simplified M-C graph)

The denominator of the filter turns into:

D(s)=s"C,C, +G,G, 4, 4,. (4.7)

The final step is adding the last loop in order to acquire the remaining term
of the denominator. The resulting graph is depicted in Figure 4.4.

Figure 4.4 Resulting simplified M-C graph of the proposed filter

The denominator of the graph from Figure 4.4 is equal to:

D(s)=5°C,C, +5C,G, 4, + G,G, 4 4. (4.8)
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As can be seen the denominator from equation (4.8) is identical with the desired form
of the denominator stated at the beginning of the proposal. The resulting M-C graph can
be complemented with input and output terminals suitably placed in the graph as shown
in Figure 4.5. The M-C graph of the proposed filter can be easily transformed into
a corresponding circuit structure. This particular proposal is consistent with the proposed filter
from chapter 6.4.

I BP2+{¥Q
A

Figure 4.5 Resulting simplified M-C graph of the proposed filter with designated input and output terminals
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5 Description of Used Active Elements

Active elements used to design filters that are included in this work are CFs [126],
OTAs [127], ACAs [128] and OTRAs [129]. The voltage of each terminal of every presented
active element is in relation to the ground as demonstrated in Figure 5.1, for instance.

The proposed filters in chapter 6 are simulated using behavioral simulation models which are
described in this chapter. For simulations of current followers, operational transconductance
amplifiers and operational transresistance amplifiers, the second-level and third-level
behavioral simulation model of a universal current conveyor (UCC) with suitably connected
terminals so it is able to emulate these active elements was used. The DACA has its own
second-level and third-level behavioral simulation models.

Proposed fractional-order filters in chapter 7 were simulated using transistor-level simulation
models. These models of active elements are described in this chapter as well. Simulation
models of all these used active elements are implemented with 0.18 um CMOS technology.
The supply voltage for these models is £1 V. The number of outputs of all these active
elements can be easily changed depending on current requirements of individual circuit
structures of proposed filters.

5.1 Universal Current Conveyor

A universal current conveyor (UCC) [130] was developed in cooperation of Brno
University of Technology and ON Semiconductor design center in CMOS 0.35 pm
technology with designation UCC-N1B_0520. One UCC-N1B_0520 chip contains one UCC
and one second-generation current conveyor with balanced output (CCII+/-). A schematic
symbol of the UCC element is shows in Figure 5.1 a). Figure 5.1 b) illustrates a schematic
symbol of the CCII+/-.

in UCC iZH
i o—Y1l Z1+—>o°

17]-
iy3 o—|Y2ZI9—>° i22+ iYS
iy o— Y3 Zz+—_o>l~zz_ ixg O—1YS Z8+ i
o= x 72-F—=" o= XS ZS-F—o"
Vyi| Vy2 | Vy3 VXJ/ l/\’zz- Vz2+ | Vz1- | Vz1+ Vys VXSJ/ J_ J/st. Vzs+
L %
A S S ) 111 R b) 11
a

CCII+/-

iZS+

Figure 5.1 Schematic symbol of: a) UCC, b) CCII+/-

The UCC allows to realize all known types of current conveyors by appropriate connection
of he terminals of this active element. The UCC can be also used to implement some other
active elements such as OTA, or CF. The current followers, operational transconductance
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amplifiers and operational transresistance amplifiers used in this work were implemented
by the UCC.

Terminals Y1, Y2 and Y3 are high-impedance voltage inputs, X is a low-impedance current
input and Z terminals are high-impedance current outputs which copy the current from
terminal X with positive or negative polarity. The UCC can be described by hybrid matrix:

i, 1 [o 0 0 00 0 0][u,
i, | 100 0 0 000 0]]|u,
iy | 100 0 0 00 0 0f]u,
‘uXZI—llOOOOO.iX 5
i,.| 10 0 0 1 000 0||u,,
i, | 10 0 01000 0||u,
i | 10 00 1 000 0]u,
i ] 00 01000 0f|u,

As it was already stated above, the UCC-N1B 0520 chip also contains CCII+/- element
which can be described by:

Iy 0 0 0 O] uy
Uys | _ 1 0 00 | ixs 52)
Is, 0 1 0 0fug,
I 0 =1 0 O] |uy,.

A second-level simulation macromodel of the UCC is depicted in Figure 5.2. This
macromodel has been used in simulations of the filters from chapters 6.2 - 6.5. As obvious,
this simulation model imitates non-ideal input and output impedances of individual terminals
of the UCC element. The parameters of the components within the simulation model are
designed that way so the impedances of individual terminals correspond with the real element
[131].

For simulations of filter in chapter 6.6 and on, a third-level model of universal current
conveyor (taken directly from its simulation model in PSpice) illustrated in Figure 5.3 was
used. Besides the imitation of input and output impedances, this model includes current
limitations of the inputs and outputs and also elements limiting bandwidths of inter-terminal
transfers. Detailed description of this model can be found in [131].
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Figure 5.2 Second-level simulation macromodel of the UCC
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Figure 5.3 Third-level simulation macromodel of the UCC

5.2 Current Followers

In this work, the proposed filters which are using current followers in their structure
are employing double-output current followers (DO-CFs) and multiple-output current
followers (MO-CFs). The DO-CF consists of two outputs when the MO-CF consists of three
or more outputs. Current followers are used to create either lossless or lossy integrators which
are basic building blocks used in design of frequency filters. Additional outputs of this active
element can used to create feedbacks, which allow us to cancel out undesired terms
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of the denominator of the filter, or to obtain particular transfer function right from the high-
impedance outputs of this element. The MO-CF was originally presented in [126].
A schematic symbol, M-C graph, simplified M-C graph and possible implementation
of the MO-CF element with four outputs can be seen in Figure 5.4 a), b), ¢), d) respectively.
Figure 5.4 e) shows a schematic symbol of a FD-CF. In case of the implementation
of the MO-CF by the UCC, all Y terminals are grounded, X serves as an input and Z terminals
as outputs.

MO-CF

N )
Yours Plouts 1

iout4

b)

ucc

N iouTl IiN+
G Ny
X 21+ iouT2

Yl 721-H—%
10UT3 iN-

Y2 Z72++—o0";
LOUT4
Y3 72-—=="

1
d) e)

Figure 5.4 a) schematic symbol of the MO-CF, b) modified M-C graph of the MO-CF, c¢) simplified M-C graph
of the MO-CF, d) possible implementation of the MO-CF using the UCC, e) schematic symbol of the FD-CF

The MO-CF element has one input and four output terminals. The relations between the input
and output terminals of this active element are described by the following equations:

Lourt =lours =i (5.3)

lovra =loura = I+ (5.4

The FD-CF from Figure 5.4 ¢) has a differential input and its behavior can be described by:

Lourt =lours = (s —in_)s (5.5)

lovrs = loura = _(im+ _invf)' (5.6)
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The MO-CF element in chapter 6 was either modeled by the second-level model of the UCC
from Figure 5.2, or the third-level model from Figure 5.3 depending on that if the filter was
only simulated, or also implemented.

Figure 5.5 shows the transistor-level model of MO-CF element used in chapter 7 including
the transistor dimensions. This simulation model was taken from [132].
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Figure 5.5 Used transistor-level model of the MO-CF element [132]

This particular implementation of the MO-CF consists of one input and four output terminals.
Theoretical relations between input and output terminals are described by relations (5.3) and
(5.4). The MO-CF can be easily transformed into a FD-CF when the branch between
transistors Mo and M is used as the second input instead of being grounded.

5.3 Operational Transconductance Amplifiers

This active element is not working purely in the current mode, but it is frequently used
in current-mode circuits as a basic building element. An ideal OTA element is a voltage-
controlled current source (VCCS) with transconductance gn,. The operational
transconductance amplifiers have a voltage differential input and either one current output
(OTA) two current outputs with mutually opposite polarities (balanced operational
transconductance amplifier (BOTA)), or three or more current outputs (MOTA). A schematic
symbol, modified M-C graph and simplified M-C graph of the BOTA element are shown
in Figure 5.6 a), b) and c¢). A schematic symbol and possible implementation of the MOTA
element using the UCC are depicted in Figure 5.6 d), e). In case of the implementation
of the MOTA using the UCC, Y, and Y, terminals serve as inputs, Y3 is grounded, X is
connected to a grounded resistor. Transconductance of this type of implementation is then
inversely dependent on the value of the resistor R which is connected to X terminal.
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Figure 5.6 a) schematic symbol of the BOTA, b) modified M-C graph of the BOTA, c¢) simplified M-C graph
of the BOTA, d) schematic symbol of the MOTA, e) possible implementation of the MOTA using the UCC

VIN-

The BOTA and MOTA consist of a voltage differential input and two or more current outputs.
Relations between input and output terminals are described as:

lours = “lour- = &mWivy —Viv_)- (5.7)

The MOTA element in chapter 6 was either modeled by the second-level model of the UCC
from Figure 5.2, or the third-level model from Figure 5.3.

A transistor-level model of the MOTA element used for PSpice simulations in chapter 7
including the transistor dimensions is illustrated in Figure 5.7. The transconductance of this
particular implementation of the MOTA element is controlled by bias DC current ;.
The dependence of transconductance of the used transistor-level simulation model
of the MOTA element on bias current /g is presented in Figure 5.8.

This particular implementation of the MOTA element consists of two input and four output
terminals. Relations between input and output terminals are described by equation (5.7). This
transistor-level model was taken from [133]. The dimensions of some transistors stated
in [133] were slightly adjusted in order to decrease the difference between positive and
negative outputs.
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Figure 5.7 Used transistor-level model of the MOTA element [133]
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Figure 5.8 Dependence of g,, on I of the MOTA transistor-level simulation model

5.4 Adjustable Current Amplifiers

Adjustable current amplifiers are current-mode active elements with a low-impedance
current input(s) and current high-impedance current output(s) with ability to control their
gain. The gain of these elements is being controlled by some external parameter usually DC
voltage and current. A schematic symbol of the ACA element is depicted in Figure 5.9 a).
Figure 5.9 b) ¢) and d) shows a schematic symbol of the digitally adjustable current amplifier,
modified M-C graph of this element, simplified M-C graph respectively.

The DACA element was developed in cooperation of Brno University of Technology and ON
Semiconductor design center in CMOS 0.35 pm technology. The DACA consists of
a differential input and differential output and its gain is controlled via 3-bit word in range
from 1 to 8 with step of 1. An alternative circuit solution of the DACA element is presented
in Figure 5.9 e). It consists of two inputs and four outputs and it is formed by one universal
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voltage conveyor (UVC) [55], one EL2082 [134] and one UCC. The gain of this circuit can
be controlled continuously in range of 0 to 5 by DC voltage.

The DACA element can be described by the following relations:

Ip =l —Inos (5.8)
lop = lours ~Llour-> (5.9)
iop =24i,, (5.10)
lours = Ay, —Iy_), (5.11)
lopr- = Ay, =iy, (5.12)

where 7jp is a differential input current, iop is the differential output current and A stands for

the current gain of this element.
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Figure 5.9 a) schematic symbol of the ACA, b) schematic symbol of the DACA, ¢) modified M-C graph of the DACA,
d) simplified M-C graph of the DACA, e) alternative implementation of the DACA using one UCC, UVC and EL2082
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A second-level simulation macromodel which has been used in simulations of the proposed
filters from chapters 6.2 - 6.5 and 6.8 is presented in Figure 5.10. This model is used for filters
which were proposed with the alternative circuit solution of the DACA element so the control
of its current gain is continuous instead of discrete steps of the real DACA element. This

simulation model imitates non-ideal input and output impedances of individual terminals
of the DACA element.
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1500 T

Figure 5.10 Second-level simulation macromodel of the DACA

A simulation macromodel used for simulations of the filter from chapter 6.6 is illustrated
in Figure 5.11. This simulation model is used for the filter which is implemented with the real
DACA element. It is the third-level simulation macromodel which imitates input and output
impedances of individual terminals of the DACA and also imitates current limitations of these
terminals. In this model, the values of output impedances and current limitations are depended
on the actual chosen value of gain. Detailed information about this simulation model
of the DACA element can be found in [135].

Table I summarizes values of the current gains of the DACA element depending on chosen 3-
bit word. Atnpor represents the theoretical value of actual gain when Agrgpar is the actual
obtained gain for particular word. These values are based on the worst case values obtained
from measurement of ten DACA chips.

Table I Theoretical and actual values of current gains of the DACA element

3-bit word | 000 | 001 010 | 011 100 101 110 111
Arneor [-] 1 2 3 4 5 6 7 8
Argar [-] 0.80 | 1.60 | 249 | 330 | 4.13 | 494 | 581 | 6.61
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Figure 5.11 Third-level simulation macromodel of the DACA

Figure 5.12 depicts a transistor-level model of the ACA element including the transistor
dimensions. The current gain (B label used in this case) of this particular implementation
of a transistor-level model of the ACA element is controlled by current /is. The dependence
of current gain B of the used transistor-level simulation model of the ACA element on control
current /sig 1s shown in Figure 5.13. This simulation model was taken from [14].
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Figure 5.12 Used transistor-level model of the ACA element [14]

This particular transistor-level model implementation of the ACA consists of two input and
two output terminals. This active element can be described by the following relation:

Iout+ = —lour- = B-(Iv+ — In-).
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5.5 Operational Transresistance Amplifiers

An OTRA originally presented in [129] is an active element with a current input and
voltage output(s). A schematic symbol, modified M-C graph, simplified M-C graph
of the OTRA element and its possible implementation using two UCC-N1B_0520 chips can
be seen in Figure 5.14. This particular implementation of the OTRA element consists of two
current inputs and two voltage outputs and its transresistance can be set by resistor Ry
connected between CCllIs and UCCs the way shown in Figure 5.14 d).

;  OTRA
B, p\ Vo+
ln_> Ry Vo-
T
a) c)
ip CCII+/-
i Py ucc
78- —4 Yi+ g1
J__ s T vz 214
s+ 22
i CCII+- []RT X J_Z .
%’—‘ XS
75+ ucc
Ys '-YH Z1+] V0+
J__ L v2- Z1-
|—Y3+ 72+
- X -
(= .
d) Vo-

Figure 5.14 Operational transresistance amplifier: a) schematic symbol, b) modified M-C graph, c¢) simplified M-C
graph, d) possible implementation of the OTRA using two UCC-N1B_0520 chips

35



Relations between input and output terminals of the OTRA element can be described as:

v, =R.(i,—i,), (5.13)

v, ==R.(i,-i,), (5.14)

where i, and i, are currents of p and » input terminals of this element.

5.6 Concluding Summary of the Chapter

Current followers are very simple active components which are suitable for the current-mode
circuits. The disadvantage of their usage is that the filters employing CFs require resistors
which increases the complexity of the circuit. The other disadvantage is that additional
(controllable) active elements must be placed in the circuit structure in order to achieve
electronic control of some of the typical filter parameters such as the pole frequency, quality
factor etc.

The transconductance amplifiers are also suitable for the current-mode circuits although
the circuits employing this type of active elements are not working purely in the current
mode. The advantage of this active element is the ability to control its transconductance
so it is possible to electronically control some of the filter parameters and it does not require
additional resistors in comparison to CFs. The OTAs are also suitable for use in F-D
structures because it has a voltage differential input.

The DACA amplifier can be suitably added in the circuit structure in order to enable control
of some of the filter parameters. Since they have current inputs and current outputs they are
idea to combine with current followers which do not posses electronic controllability.
The alternative circuit of the DACA element also provides a continuous control and possesses
four outputs in default which is advantageous for usage in F-D structures.

The OTRA amplifier can be also added in circuit structure in order to enable control of some
of the filter parameters. Its inclusion in the circuit structure is slightly more difficult than
in case of the DACA because of its voltage outputs which cannot be directly connected
to the current input of the filter. Thus, the OTRA element is appropriate to combine with
the OTA, or some other active element with voltage inputs.
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6 Newly Proposed Filtering Structures

This chapter contains new proposals of the fully-differential (F-D) frequency filters
working in the current mode. These filters are either firstly proposed in their single-ended (S-
E) form and then transformed into the F-D forms, or proposed in the F-D forms based
on existing structures. All presented responses are non-inverting transfer functions unless
stated otherwise. The models of particular active elements used in case of simulations are
described in chapter 5. All S-E filters are firstly design using signal-flow graph design
method. The F-D filters are then created from the corresponding S-E filters
by the transformation of horizontal structures. All the proposed filters are the second-order
current-mode filters. Band-pass and all-pass transfer functions can be easily obtained
by summing particular outputs of the circuit because the proposed structures are the SIMO
type filters. Another important feature of the proposed structures is a low input and high
output impedance which allows simple cascading of these structures in order to create higher-
order filters. Since floating capacitors are not suitable for practical implementation, all
implemented filter are designed with grounded capacitors as shown later. The proposals are
then verified using SNAP program and PSpice simulations using available simulation models
of used active elements. The actual functionality of the proposed filters is, in some cases, also
supported by experimental measurements. If the experimental measurement has been carried
out, chips of available active elements have been used the way stated in chapter 5.
The measurement has been performed using network analyzer Agilent 4395A together with
simple V/I and I/V converters. In case of F-D measurement, single-ended voltage
to differential voltage, two V/I and differential current to single-ended voltage converters
[119] were used. Figure 6.1 shows a block diagram of the measurement of the S-E filters
working in the current mode. A block diagram of the measurement of the F-D current-mode
filters is illustrated in Figure 6.2. All experimental measurements are affected by limitations
and parasitic parameters of used V/I and I/V (V/Ip, Ipir/V) converters. The magnitude
response of the S-E V/I - I/V converters is depicted in Figure 6.3 and the magnitude response
of the V/Ipir - Ipie/V converters is shown in Figure 6.4.

Analyzer
1
iIN iOUT
VI —> S-E rpeagured — v
circult
ViN converter converter VOUT
T T T

Figure 6.1 Block diagram of the measurement of the S-E filters
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Figure 6.2 Block diagram of the measurement of the F-D filters
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Figure 6.4 Magnitude response of the V/Ipg - Ip;/V converters
From the Figure 6.3 can be seen that the S-E V/I, I/V converters are suitable to use up to 30

of the converters above these frequencies is highly inconsistent. This inconsistency is

MHz. The suitability of the V/Ipr - Ipg/V converters is up to 50 MHz.



affecting measured results. All experimental measurements are also affected by parasitic
capacitances of PCBs of implemented filters and parasitic capacitances of cables used
to connect the measured filter with converters and analyzer. All these features are
significantly affecting experimental results at higher frequencies.

6.1 General Conception of a Filter with Three CFs

Figure 6.5 shows a general structure of a second-order universal filter based
on the FLF topology employing three CFs from [80]. This conception is based on the fact that
it is possible to design frequency filters by suitable setting of integrators as basic building
blocks. The structure consists of three MO-CFs creating lossy and lossless integrators.
The advantage of this is a low input and high output impedance of given structure which
in case of the current mode allows simple chaining of these blocks in cascade. In case
of the design of the current-mode frequency filters, it is advantageous that when the output
responses are taken directly from current outputs of used active elements. For this reason, it is
advantageous to use multiple-output active elements such as MO-CFs in order to have more
responses from high-impedance outputs of active element if possible in both polarities.

The denominator of the filter is:

D(s)=s"C,C, +sC,G, +G,G,. (6.1)

Figure 6.5 General conception of a filter with three MO-CFs: a) simplified M-C graph, b) circuit structure

Relations of the pole frequency and quality factor of the filter are given by the following
equations:
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o L6, G,C
"\ G, G.C,’ (6.2),(6.3)

where fj is the pole frequency and Q stands for the quality factor of the filter.

The filter can provide the following functions:

I I
K p(s)=—"=--= , (6.4)
I, I, D

I
K (s) = 103 - = = : (6.5)

KHP(S)2101I+104 :IOII+IOS :_1021"'103 _ SZC;CZ ’ (6.6)
w w n

K _Io1 +Io4 +IO6 _101 +105 +106 __Ioz +103 +Io7 _S2C1C2 +G1G2
s (8)= 1 T - 1 - D
IN IN IN

» (6.7)

I, +1,,+1,+1, s°CC,-sC,G, +GG,

K, . (s)=
ap (8) I 5

(6.8)

From obtainable transfer functions is obvious that the filter is universal because it provides all
standard transfer functions (LP, BP, HP, BS, AP). All transfer functions except all-pass
function can be obtained in both polarities. Note that the high-pass transfer function is

obtained by summing two outputs. This conception is used to propose filters in chapters 6.2,
6.3, 6.4 and 6.5.

6.2 Universal Filter with Three CFs and Two DACAs

6.2.1 Filter proposal

This proposal is based on a previously presented filter from chapter 6.1. The circuit
structure has been complemented with two digitally adjustable current amplifiers which were
suitably added in the circuit structure so it is possible to electronically control the pole
frequency. Figure 6.6 shows the proposed S-E filter. The other advantage of this new proposal
is that high-pass transfer function can be obtained directly from the outputs of the follower
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MO-CF; in comparison to the previously proposed filter when it was necessary to sum
the outputs of the two active components, in order to obtain this function. I presented
the proposal described in this chapter in [136].

I
O
1
1o IMocr, MO-CF, DACA, o MO-CF; DACA,
o ANy | — G - +A1 - Ay
C
LIHP-# LI HP- T:C ! bTiIBm LIBP- i = LILPJr LILP- 5
! 1
‘ ‘ ‘ | T ‘ i
fo e i
b)

Figure 6.6 Single-ended form of the proposed filter with three MO-CFs and two DACAs: a) simplified M-C graph, b)
circuit structure

The F-D version of the proposed filter was created from the S-E structure by mirroring

passive parts and also active elements. The F-D filter is also proposed with non-differential

current followers instead of fully differential current followers in order of easier possible

future implementation in a form of PCB. The differential structure of the proposed filter is

presented in Figure 6.7. It consists of two DO-CFs, four MO-CFs and two DACAs.

The denominator for all available transfer functions of these filters is given by:

D(s)=5°C,C, +sC,G, 4, +G,G, A A4,. (6.9)

From equation (6.9) is obvious that it is possible to control the pole frequency of the filter
without disturbing the quality factor of the filter by adjusting current gains of the DACA
elements when 4, = A4, = A.
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Figure 6.7 Fully-differential form of the proposed filter with three MO-CFs and two DACAs: a) simplified M-C
graph, b) circuit structure

The pole frequency and quality factor are defined accordingly:

f:i G1G2 Q: Gzcl
"\ e, GC, (6.10), (6.11)

In order to obtain the same particular transfer functions for the F-D form of filter, parameter 4
is replaced by 24. The values of parameters G;, G, are also twice higher in comparison
to the values used for the S-E filter which results from the method described in chapter 1.
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Obtainable transfer functions of these filters are given as follows:

= , 6.12
1, 1, D (6.12)
Ty, :_IBP— _ sC,G, (6.13)
1, I, D
1, _IHP— _ s2C1C2 (6.14)

_ Lyp, +1,p, =_IHP— + 1, _ s2C1C2 +G,G, 4,

: 6.15
I, I, D (6.13)

P T PN e S s°C,C, —5C,G, + GG, 4,

__ T HP+ _
IAP - -

I[N IIN D

(6.16)

From the equations (6.12) - (6.16) is obvious that it is possible to obtain all standard transfer
functions. From the equations it is evident that high-pass transfer function corresponds with
the particular term of the denominator and it will have unity gain in pass-band area regardless
the values of parameter 4. For these filters, the analysis of five possible inputs in order
to determinate what filter functions can obtained from individual outputs was made. For

the sake of clarity, only analysis with input /iy is included here. All analyzed variants can
be found in [136].

6.2.2 Simulation Results

For the PSpice simulations, the values of passive elements and specific filter
parameters have been chosen as follows: the starting pole frequency fy = 1 MHz, starting
quality factor Q = 0.707 (Butterworth approximation), default current gains 4, =4, = 1 (half
values in case of the F-D form of the filter) and values of capacitors were set C; = C, = 100
pF. Values of resistors were calculated accordingly: R=Q/(2zfoCi)= 1125 Q and
R=1/(47°f;’C,C3R)) = 2252 Q. These values were left unchanged instead of being rounded
to correspond with realistically obtainable values so the parasitic characteristics of the models
of used active elements are more apparent.
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As already mentioned conductances G1, G2 for the F-D filter must be of double values thus,
the resistors of the F-D filter have half the values of resistors of the S-E filter. All output
responses depicted in this chapter are inverting filtering functions. Instead of the DACA
element, an alternative circuit of the DACA presented in section 5.4 was used. Therefore, the
values chosen to verify ability to tune the pole frequency of filters are solely demonstrational
and do not necessary correspond with values which can be obtained using a real element
of the DACA.

Figure 6.8 illustrates obtained LP, BP, HP and BS transfer functions for both S-E and F-D
form of the filter. The slope of attenuation of obtained HP transfer functions (blue lines) is 39
dB per decade, 18 dB per decade for BP functions (red lines) and in case of LP transfer
functions it is 38 dB per decade. The biggest attenuation of the BS function is -40 dB.
The slope of attenuation of individual transfer functions of the F-D filter is slightly higher.
This is mainly caused by lower values of resistors used for the F-D filter in comparison
to the values of resistors of the S-E filter.
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Figure 6.8 Output responses of the S-E filter from Fig. 6.6 (solid lines) and of the F-D filter from Fig. 6.7 (dashed
lines): high-pass, band-pass, low-pass, band-stop transfer functions (simulation results)
Demonstration of the possibility to tune the pole frequency of the S-E and F-D filter
by changing the values of transfer gains of the DACA elements can be seen in Figure 6.9.
The HP transfer function was used as an example. Values of current gains 4, and A, were set
accordingly 0.5, 1, 2 (0.25, 0.5, 1 in case of the F-D structure). Values of the pole frequency
obtained from simulations can be compared in Table II. From the table can be seen that
the values of the pole frequency obtained from the F-D filter are closer to the theoretical

values.
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Figure 6.10 Output responses (simulation results) of all-pass filter characteristics (gain, group delay and phase)
of the S-E filter from Fig. 6.6 (blue lines) and of the F-D filter from Fig. 6.7 (red lines)
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6.2.3 Sensitivity Analysis

The analysis of the proposed S-E and F-D filter also includes a relative sensitivity
analysis [120]. The S-E filter from Figure 6.6 contains 17 parameters (C,, C,, G, Ga, A1, A2,
nii, N2, N3, N21, N2, N23, N24, N31, N32, N33, n34). Coefficients ni1 to nag represent individual
outputs of each current follower in the circuit structure. The change of any of these
parameters can significantly influence the characteristics of the filter. When taking all these

parameters into consideration, the denominator of the S-E filter turns into:

D, (s)= s2b2 +sb, +b,,

where

b, =-G,C, -G n,,C, —Gny ACony = CG, —C\G,ny,,

by, ==G\n, A, G,nyn,, — Gny,G, — Gny,Gyng, — GG, -G Gyng, —

= Gny A,Gyny =Gy A Gyng Ayn, .

The real transfer functions are given by the following equations:

K )=
K p rear(8) = Ig)r::l >
K=
K rear(8) = I§ i >

real
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(6.20)
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(6.22)
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where

1, = Giny A Gynyny (6.25)
1y, =5(Gny Cony)) + Giny Gynyy + Gy, Gyngony (6.26)

2
L, =5 (CConpy) + 8(CGynqon s + CGynyy + Ging,Conyy + G Congs) + 627)
+G,Gyny + G Gyngyn s + Ging,Gyngn s + Gy, Gyny,,

2
Iy, =57 (CConp3) +8(CGynypn  + CGynys + G Cynysnyy + G Cyngy) + GGyngy + 6.28)
+G,Gynsny, + G Gyngyngy + G Gyng,ngsng, + G A,Gyngny ny,.

A relation for a relative sensitivity analysis of a transfer function is given by [120]:

Sk :ql'a_K

"o T K o’ (6.29)

where g represents particular circuit parameter such as Cj, 4; etc.

The relative sensitivity of the module of transfer is then given as [120]:

St =Relsy ) 020

Figure 6.11 to Figure 6.14 gradually show the relative sensitivity of the module of transfer
to above mentioned parameters for LP, BP, HP and BS transfer functions when f, = 1 MHz.
AP transfer function was not included in this analysis because of its excessive complexity
(especially in case of the F-D filter). Mathematical expression of individual sensitivities was
performed using the program Maple. Individual calculations are not included due to their
large volume and because it brings practically no additional information. From the graphs is
obvious that all sensitivities to individual parameters are low (they are up to one). The biggest
sensitivity is around the pole frequency of the filter (1 MHz) which is well known fact.
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Figure 6.14 Relative sensitivity of the module of transfer of BS of the S-E for individual parameters depending
on the frequency (fy, =1 MHz)
The F-D filter from Figure 6.7 contains 22 parameters (Cy, Ca, G, Ga, 41, Az, ny1, 012, 113, 14,
na1, M2, N23, Naa, M25, N2e, N31, N32, N33, N3a, 135, N36) Coefficients ny; to n34 again stand for
individual outputs of each current follower in the circuit structure.

The denominator of the F-D filter has the form:

D, (s)=s"b, +sb, +b,, (6.31)

The equations of the sensitivity analysis of the F-D filter were moved to Appendices due
to their large volume. Individual terms of the denominator of the F-D filter are given
by equations (A.1) to (A.3). The real transfer functions of the F-D filter in their general form
are given by equations (6.21) to (6.24). Numerators of the transfer functions of the F-D filter
are given by equations (A.4) to (A.7).

The relative sensitivity of the module of transfer to given parameters for LP and BP, transfer
functions of the F-D filter when fy = | MHz is calculated the same way as for the S-E filter
(using equations (6.29) and (6.30)). The relative sensitivity of the module of transfer of HP
and BS transfer function was not possible to calculate in real time because of the excessive
complexity of numerator of these functions. The relative sensitivity of the module of transfer
of LP and BP transfer functions of the F-D filter are illustrated in Figure 6.15 and Figure 6.16.
As can be seen from graphs, individual sensitivities of the F-D filter are low. Both LP and BP
are the most sensitive to parameter n3 whose sensitivity reaches two at frequencies below
the pole frequency and parameter n3; when the sensitivity reaches two around the pole
frequency.
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Figure 6.15 Relative sensitivity of the module of transfer of LP of the F-D filter for individual parameters depending

on the frequency (fy, =1 MHz)
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Figure 6.16 Relative sensitivity of the module of transfer of BP of the F-D for individual parameters depending
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6.3 Universal Filter with Three CFs and Three DACASs

6.3.1 Filter proposal

This filtering structure is also based on the filter from chapter 6.1. There are three

DACA elements suitably added in the circuit structure so it is possible to electronically

control not only the pole frequency, but also the quality factor of the filter without disturbing

each other. The proposed filter is illustrated in Figure 6.17. The filter as well benefits from
the advantage that high-pass transfer function can be obtained directly from the outputs

of the follower MO-CF. I have also presented this proposal in [136].

The F-D form of the filter was again created by mirroring passive and active elements

so the F-D filter, as well, proposed with non-differential current followers in order of easier

possible implementation in a form of PCB. Figure 6.18 shows the F-D version

of the proposed filter. It consists of two DO-CFs, four MO-CFs and three DACAs.
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Figure 6.17 Single-ended form of the proposed filter with three MO-CFs and three DACAs: a) simplified M-C graph,
b) circuit structure

The denominator which is common for all transfer functions of the filter is given as:

D(s)=5C,C, +5C,G, 4,4, + G,G, A4 4,. (6.32)

From the denominator of the transfer functions of the filter can be seen that it is possible
to control the pole frequency without disturbing the quality factor by changing the values
of the current gains 4; and A, when 4; = A, = A. The quality factor of the filter can
be controlled without disturbing the pole frequency by changing current gain 4.

The relations for the pole frequency and quality factor of the filter are described
by the following equations:

foA GG, L [66
"\ G, 4, GG, (6.33), (6.34)
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Figure 6.18 Fully-differential form of the proposed filter with three MO-CFs and three DACAs: a) simplified M-C
graph, b) circuit structure

Again applies that in order to obtain the same particular pole frequency for the F-D filter,
parameters 4; and A, are replaced by 24 in comparison to the S-E form of the filter. Similarly,
the value of parameter Aqg is halved to achieve the same quality factor. The values
of parameters G, G, are also twice higher in comparison to the values used for the S-E filter.

The transfer functions of both S-E and F-D filters are described by:
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_ , (6.35)
I, 1y D
L. _ Ty _ GG (6.36)
I, 1, D
Ly __ Ly _S'CCy (637)
IIN IIN D
[BS _ IHP+ + ILP+ - IHP— + ILP— — S2C1C2 + GlGZAl , (638)
1, I, D
I,,= Lip + gy 1, Lyp A + 1, $°C.C, =5G,G + GGy 4 : (6.39)

I, 1, D

These equations show that the filter provides all standard transfer functions. High-pass
transfer function corresponds with the particular term of the denominator thus, it has unity
gain in pass band area regardless values of parameter 4. As in the previous case, the analysis
of five possible inputs was made. Only the analysis with input /iy; has been included. All
analyzed variants can be again found in [136].

6.3.2 Simulation Results

The values of passive elements and specific filter parameters were set the same way
as for the filter in subsection 6.2. That means the starting pole frequency fo = 1 MHz, starting
quality factor Q =0.707 (Butterworth approximation), capacitors were set C; = C; = 100 pF.
Resistors had again values R} = 1125 Q, R, = 2252 Q. Current gains 4; = A, = 1 (half values
in case of the F-D form of the filter) and 4q equals 1 as well (0.5 for the F-D transfer
functions).

All output responses illustrated in this chapter are inverting filtering functions. The alternative
circuit solution of the DACA element has been used. Therefore, the values chosen for
the control of the pole frequency and quality factor of proposed filters are solely
demonstrational and do not necessary correspond with values which can be obtained using
a real element of the DACA.
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Output responses of low-pass, band-pass, high-pass and band-stop transfer functions of the S-
E and F-D form of the proposed filter are shown in Figure 6.19. The slope of attenuation
of obtained HP transfer functions (blue lines) is 39 dB per decade, 19 dB per decade for BP
functions (red lines) and in case of LP transfer functions it is 37 dB per decade. The biggest
attenuation of the BS function is -40 dB. The slope of attenuation of individual transfer
functions of the F-D filter is slightly steeper which is mainly given by lower values
of resistors used for the F-D filter.
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Figure 6.19 Output responses of the S-E filter from Fig. 6.17 (solid lines) and of the F-D filter from Fig. 6.18 (dashed
lines): high-pass, band-pass, low-pass, band-stop transfer functions (simulation results)

The ability to adjust the pole frequency of the S-E and F-D filter by changing the values
of transfer gains 4; and 4, is depicted in Figure 6.20 The HP transfer function was used for
this example. Values of current gains 4; and 4, were set the same way as for the filter
in subsection 6.2 (i. e. 0.5, 1, 2 in case of the S-E filter and 0.25, 0.5, 1 for the F-D filter).
The value of parameter 4o was not changing. Table III compares the values of the pole
frequency obtained from simulations of the S-E and F-D filter. It can be seen that the values
of the pole frequency obtained from the F-D filter are closer to the theoretical values.
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Figure 6.20 Demonstration of ability to control the pole frequency (simulation results) in case of the S-E filter from
Fig. 6.17 (solid lines) and of the F-D filter from Fig. 6.18 (dashed lines) when 4, = 4, were set 0.5, 1, 2
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Table III Comparison of obtained values of the pole frequency

Ay, S-E/A;; F-D [-]
Frequency [kHz] 0.5/0.25 1/0.5 2/1
Calculated 500.0 999.9 1999.8
Simulated S-E 468.8 914.7 1805.3
Simulated F-D 477.4 945.4 1854.8

Figure 6.21 illustrates controllability of the quality factor of the filter. The ability to change
the quality factor is achieved by changing the current gain Aq. For the presentation, BP
transfer function has been selected as an example. Values of parameter Ag are selected
accordingly: 0.1, 0.5 and 1, which corresponds with values of 0.05, 0.25 and 0.5 for the F-D
filter. Values of current gains 4; and A4, remain unchanged. The theoretical and simulated
values of the quality factor for given values of A4q are summarized in Table IV.
By comparison is obvious that the values of the quality factor obtained from the F-D filter are
slightly higher than the values of the S-E filter.
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Figure 6.21 Demonstration of ability to control the quality factor (simulation results) in case of the S-E filter from
Fig. 6.17 (solid lines) and of the F-D filter from Fig. 6.18 (dashed lines) when 4, was 0.1, 0.5, 1

Table IV Comparison of obtained values of the quality factor

Ao S-E/ Ag F-D [-]
0l 0.1/0.05 0.5/0.25 1/0.5
Calculated 7.07 1.41 0.71
Simulated S-E 6.70 1.38 0.64
Simulated F-D 7.98 1.47 0.69

Figure 6.22 shows gain, group delay and phase characteristics of all pass transfer function
of the S-E and F-D filter. The blue lines represent all-pass transfer function of the S-E form
of the filter and the red lines show obtained all-pass transfer function of the F-D form
of the filter. Even this all-pass filter, as in the previous case, is usable approximately up to 10
MHz because of the bandwidth limitations and parasitic characteristics of the models used
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active elements, bandwidth limitations of used converters and parasitic capacitances of cables
and PCB.
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Figure 6.22 Output responses (simulation results) of all-pass filter characteristics (gain, group delay and phase)
of the S-E filter from Fig. 6.17 (blue lines) and of the F-D filter from Fig. 6.18 (red lines)

6.4 Universal Filter with Three CFs and Two DACAs

6.4.1 Filter proposal

Another possible circuits solution of a second-order universal filter based
on the conception from chapter 6.1 which uses three MO-CF and two DACA elements is
presented in Figure 6.23. The difference between this filter and the filter from chapter 6.1 is
that the structure from chapter 6.1 is based on Follow-the-Leader Feedback (FLF) topology
[104] in comparison to Inverse Follow-the-Leader Feedback (IFLF) topology [115] used in
this case. The DACA elements are suitably placed in the circuit structure that it is possible
to electronically control the pole frequency. The analysis of obtainable transfer functions
depending on chosen input has been made. Input placed before DACA; when the filter
provides all standard filtering functions has been chosen for further analysis. My research
described in this chapter is published in [137].

The F-D form of the filter is shown in Figure 6.24. It was created by mirroring passive and
active elements. The F-D structure of the proposed filter is designed with non-differential
current followers in order to simplify possible future implementation of the filter. In case
of practical implementation, it would be possible to use the DACA elements to substitute
fully-differential followers. The filter employs two DO-CFs, four MO-CFs and two DACAs.

The denominator of the filter is described by the following equation:

D(s)=5"C,C, + 5C,G, 4, + G,G, 4, 4,. (6.40)
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The pole frequency of the filter can be electronically controlled without disturbing the quality
factor by current gains of the DACA elements when A4, = A, =4 which is evident from
the equation (6.40).

I BP2+

=3 DACA,

AN

f %ﬂlﬁﬁwwm o

Figure 6.23 Single-ended form of the proposed filter with three MO-CFs and two DACAs:
a) simplified M-C graph, b) circuit structure

The pole frequency and quality factor of the filter are described by the following relations:

f:i Gle 0= Gzcl
"\ G, GC, (6.41), (6.42)

To obtain the same particular transfer functions of the F-D form of filter, parameter 4 is
replaced by 24. The values of parameters G|, G, must be also twice higher in comparison
to the values used for the S-E filter.

The proposed S-E and F-D filter can provide the following transfer functions:

ILP+ _ ILP— — GIGZAIAZ

- , (6.43)
1, 1, D
Iy, :_IBPI— _ sC,G, 4, (6.44)
1, 1, D ‘
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Figure 6.24 Fully-differential form of the proposed filter with three MO-CFs and two DACAs:
a) simplified M-C graph, b) circuit structure

Iy, __IBP2— _ sC G, 4,4,

3

IIN IIN D
7 s°C.C, 4,
1, 1, D
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Lp 41 Ly +1, _$°CC4 +G G, A4,

I, =—"" , (6.47)
I, I, D
I _IHP++IBP1—+ILP+__IHP—+IBP1++ILP—_
AP1 — - -
I[N I]N (6 48)
_8°CC,4, —5C,Gy 4, + GG, 44,
D b
I _IHP++IBP2—+ILP+ __IHP—+IBP2++ILP—_
AP2 T I - I -
”V n (6.49)
_8°CC, 4, —5C,G 4 4, + GG, 4,4,
5 .

We can obtain all standard transfer functions and thus, the filter is universal. The proposed
filter also provides two different band-pass and all-pass functions. BP1 function is more
advantageous since this function corresponds with the particular term of the denominator and
it will have unity gain pass band area regardless values of parameter 4. AP1 transfer function
is more advantageous for the same reason. Also, low-pass transfer function corresponds with
the particular term of the denominator therefore, it has unity gain in pass band area regardless
values of parameter A.

6.4.2 Simulation Results

Simulation results were carried out using these starting values of passive elements and
specific filter parameters: default f; has been set to 1 MHz, quality factor Q equals 0.707
(Butterworth approximation), capacitors C; = C, = 100 pF, current gains of DACA elements
are A} = A, = 1 (0.5 in case of the F-D transfer functions). Values of resistors R; and R, were
calculated accordingly: R, = 1/Q2a/,C,0) = 2252 Q and R, = 1/(47°/,’C,C1R,) = 1126 Q.
The values of resistors were not rounded for reasons mentioned in chapter 6.2.

The alternative circuit solution of the DACA element has been used. Therefore, the values
chosen for the control of the pole frequency and quality factor of proposed filters are solely
demonstrational and do not necessary correspond with values which can be obtained using
a real element of the DACA amplifier.

Figure 6.25 shows obtained low-pass, band-pass, high-pass and band-stop transfer functions
of the S-E and F-D filter. BP transfer function presented in the graph is BP1. The slope
of attenuation of obtained HP transfer functions (blue lines) is 38 dB per decade, 19 dB per
decade for BP functions (red lines) and in case of LP transfer functions it is 39 dB per decade.
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The biggest attenuation of the BS function is -40 dB. The slope of attenuation of individual
transfer functions of the F-D filter is slightly greater which is mainly given by the fact that
the values of resistors used for the S-E filter are twice as big as in case of the F-D filter.
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Figure 6.25 Output responses of the S-E filter from Fig. 6.23 (solid lines) and of the F-D filter from Fig. 6.24 (dashed

lines): high-pass, band-pass, low-pass, band-stop transfer functions (simulation results)
Figure 6.26 demonstrates the ability to control the pole frequency of the S-E and F-D filter
when changing values of current gains 4; and A,. LP transfer function was selected for
the illustration. Selected values of parameters 4 are 0.5, 1 and 2 which corresponds with
values 0.25, 0.5 and 1 in case of the F-D filter. Simulated values of the pole frequency
of the S-E and F-D filter can be compared in Table V. When comparing the values of the pole
frequency from the table it can be seen that the pole frequencies obtained from the F-D filter
are closer to the theoretical values.
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Figure 6.26 Demonstration of ability to control the pole frequency (simulation results) in case of the S-E filter from
Fig. 6.23 (solid lines) and of the F-D filter from Fig. 6.24 (dashed lines) when 4; = A, were set 0.5, 1, 2
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Table V Comparison of obtained values of the pole frequency

Ay, S-E/A;; F-D [-]
Frequency [kHz] 0.5/0.25 1/0.5 2/1
Calculated 499.7 999.5 1998.9
Simulated S-E 440.6 903.7 1836.5
Simulated F-D 474.2 963.8 1958.8

Characteristics of gain, group delay and phase of the all pass (AP1) transfer function of the S-
E and F-D filter are illustrated in Figure 6.27. All-pass transfer function of the S-E filter is
represented by blue lines when all-pass transfer function of the F-D filter is represented by red
lines. These all-pass filters are suitable to use approximately up to 30 MHz because
the transfer function at higher frequencies is already affected by bandwidth limitations and
parasitic characteristics of the models used active elements, bandwidth limitations of used
converters etc.
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Figure 6.27 Output responses (simulation results) of all-pass filter characteristics (gain, group delay and phase)
of the S-E filter from Fig. 6.23 (blue lines) and of the F-D filter from Fig. 6.24 (red lines)

6.4.3 Parasitic Analysis

The parasitic analysis [19] of the S-E and F-D filter was carried out in this case.
The parasitic analysis deals mainly with input and output characteristics of used active
elements. Significant parasitic admittances (Ys;-Yss and Yp;-Yps) of the S-E filter caused
by the non-ideal input and output characteristics of used active elements are depicted in
Figure 6.28. Typical input and output parameters of a CF are R cr ~ 2Q, Cincr ~ 3 pF,
Rourcr~ 200 kQ and Cour cr ~ 0.6 pF [19]. Characteristic input and output parameters
in case of the DACA element (R[N DACA ~ 2Q, C[N DACA ~ 2 pF, ROUT DACA ~ 100 kQ and
Courpaca ~ 5 pF) are based on its simulation model from chapter 5.4. Capacitances
of individual pins of the active elements (approximately 1 pF each) are not included because
all circuit is meant to be in its final implementation in the integrated form. Individual inputs
and outputs of each used active element are expected to have very similar characteristics,
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therefore, the positive and negative inputs/outputs are considered having the same parasitic
characteristics.

IIN¢
MO-CF; DACA
MO-CF; Eym y DACA Eym — EYM Yes 2

G Ys ;‘P | ? ) s @
a WLILH ‘ﬂy”l’* y HP-::C2 fkplmmﬁl BPI-

7]

Yes

LI BP2+ LI BP2-

Figure 6.28 S-E filter from Figure 6.23 with depicted main parasitic admittances being considered

The parasitic admittances from Figure 6.28 can be described as:

1

Y, =Gy +5C, = +SCINCF1’
IN CF,
1
Y,, = Gg, +5Cs, =—R +SC1NCF2,
IN CF,
_ _ 1
Yo =Gy +5Cg; = +5Cpy DACA, >
IN DACA,
1
Yo, =Gy +5Csy = ———+5Cpy cpy
IN CF,
B B 1
YSS_GSS+SCSS_R +SCINDACA29
IN DACA,
B 1 1
Yo =Gp +5C, = R + +5(Courcr + Courcr, )
OUT CR OUT CF,
1 1
Yo, =Gpy +5C,, = + +5(Courcr, + Covrcr)s

OUT CF, Rour CF
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1 1
Yoy =Gpy +5C; = + +5(Courcr, + Cour paca ) (6.57)
OUT CF, Rour DACA,

1
YP4 :GP4 +SCP4 :R—+SC0UTCF35 (658)
OUT CF,
1
Yps =Gps +5Cps =—————+5Cour pacy, - (6.59)
OUT DACA,

Figure 6.29 shows the F-D filter with significant parasitic admittances caused by the non-ideal
input and output characteristics of used active elements. Since the F-D structure was created
by mirroring the S-E form of the filter, all parasitic admittances have the same form as in case
of the S-E filter (equations (6.50) to (6.59)). Also as mentioned before we consider that
individual inputs and outputs of each used active element have very similar characteristics
therefore, admittances of both positive and negative branch are calculated the same way.

MO-CF», E HY:ps'_{
Y3 2G, Yu Yeu

TT

1
) {L . DACA,| Igpyr+

1 BP2- L

Yps.

Figure 6.29 F-D filter from Figure 6.24 with depicted main parasitic admittances

Admittances Yp; and Yp; have the most significant impact on the S-E and F-D circuit.
Admittance Yp; influences all transfer functions when Yp; influences mainly high-pass transfer
function. The biggest influence of serial parasitic conductances is caused by conductances Gs»
and Gss4 which cause a frequency shift because they are added to conductance G, G
respectively. The biggest influence of parallel parasitic capacitances is caused by Cp; and Cp;
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which again cause a frequency shift because they are added to capacitances C; and C,. Serial
parasitic capacitances have minimal influence. All this applies for both S-E and F-D filter.

Figure 6.30 illustrates BP1 transfer function of the S-E filter for chosen values of Rp; (10 k€,
50 kQ, 100 kQ, 200 k€, 500 kQ) when the Cp; is equal to 1.2 pF. It can be seen that smaller
values of Rp; decrease the attenuation of the BPI response in its stop band at lower
frequencies. The same can be said about S-E HP transfer function in Figure 6.32. The only
difference is that this time it is caused by influence of Rp3;. Figure 6.31 shows the influence
of parameter Cp;, (for values 0.1 pF, 1 pF, 10 pF, 50 pF and 100 pF) when Rp; was 100 kQ
on BP2 transfer function of the S-E filter. It is evident that higher values of Cp, cause
a frequency shift to lower values. The influence of Rp; the Cp; is 1.2 pF on BS transfer
function is shown in Figure 6.33. Lower values of Rp; decrease the attenuation of the stop
band area of the BS function.
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Figure 6.30 Influence of Rp; parasitic characteristic on BP1 response of the S-E filter when Cp; was 1.2 pF
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6.5 Universal Filter with Two CFs and Two DACASs

6.5.1 Filter proposal

By further analysis of the filter from chapter 6.4 has been discovered that the structure
of this filter can be simplified by removing MO-CF; (DO-CF,_; and DO-CF,.; in case of the F-
D form) because it is possible to obtain all standard transfer functions and the filter is thus
versatile without responses taken from the outputs of this omitted active element. Figure 6.38
shows the modified filter. It consists of two MO-CF and two DACA elements. For this filter,
four possible inputs were analyzed. To obtain all standard types of transfer functions, the
input of the circuit must be placed before DACA, has to be used therefore this input is
selected for subsequent presentation of the functionality of the S-E and F-D filter. I have
published the proposal presented in this chapter in [137].

-1
sCi+G, Ivp. I Tnp-

(NN

Igpy Igp;. Iip, Igp+
a) !
1, =
A\ :
:‘fl LI]_P» ihmi}wcé /‘:
. ; ¢ . i
Joo S —
b)

Figure 6.38 Single-ended form of the proposed filter with two MO-CFs and two DACAs:
a) simplified M-C graph, b) circuit structure

The F-D form of the proposed filter was again created from the S-E structure by mirroring
passive parts and active elements. The F-D filter is proposed with non-differential current for
the sake of easier possible implementation in a form of PCB. Figure 6.39 presents the F-D
structure of the proposed filter. The filter is formed by four MO-CFs and two DACAs.

The denominator of all transfer functions of the filter is given as:
D(s)=s"C,C, +sC,G, A, +G,G, A A,. (6.60)

As it can be seen it is the same denominator as for the filter in chapter 6.4. Therefore, the pole
frequency of the filter can be electronically controlled without disturbing the quality factor
by changing values of current gains when maintaining a simple condition 4, = A, =A.
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Relations for the pole frequency and quality factor of the filter are described as:

f _i GIGZ Q_ GZCI
*ar\cc,’ GC, (6.61), (6.62)

Again applies that in order to obtain the same particular transfer functions for both the S-E
and F-D form of the filter, parameter 4 is replaced by 24 The values of parameters G;, G,
must be also twice higher that it was in case of the values used for the S-E filter.

N C2+2 Gz

IBWTT

IBPZ»Li

Figure 6.39 Fully-differential form of the proposed filter with two MO-CFs and two DACAs:
a) simplified M-C graph, b) circuit structure
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The transfer functions are given by the following equations:

Lyp 41 Ly +1, _S°CC4 +GG 44,

__ T HP+ _
IBS - -

I, 1

IN

Lip, +dgp +1pp, =_IHP— F Ly, + 1 pp _

1, =

I]N I]N
_5°C,C,4, —sC,G, 4, + G,G, 4,4,

D b
I _IHP++IBP2—+ILP+ __IHP—+IBP2++ILP—_
AP2 T -

I]N IIN

_5°C,C,4, —sC,G, 4,4, + G,G, 4,4,

D

(6.63)

(6.64)

(6.65)

(6.66)

(6.67)

(6.68)

(6.69)

As in case of the filter from chapter 6.4 we can obtain all standard transfer functions.
The filter provides two different band-pass and all-pass functions. As for the previous filter,
it applies that BP1 and AP1 are more advantageous transfer functions. For each transfer
function again applies that the transfer function which corresponds with the specific term
of the denominator of the filter will always have unity gain in the pass band area regardless
the values of the parameters 4; and A,. For other transfer functions applies that their gain will

change depending on parameters 4.
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6.5.2 Simulation Results

The values of passive elements and specific filter parameters were the same as for
the filter from chapter 6.4. E. g. the starting pole frequency equals 1 MHz, starting quality
factor Q =0.707 (Butterworth approximation), the values of capacitors were C;, = C, = 100
pF. Values of resistors were R; = 2252 Q and R, = 1126 Q (without being rounded because
of previously mentioned reasons). Current gains were chosen 4; = 4, =1 (half values in case
of the F-D form of the filter).

The alternative circuit solution of the DACA element has been again used. Therefore,
the values used to control the pole frequency of proposed filter are solely demonstrational and
do not necessary correspond with values which can be obtained using a real element
of the DACA amplifier.

Simulated responses of low-pass, band-pass, high-pass and band-stop transfer functions
of the S-E and F-D filter are shown in Figure 6.40. BP1 transfer function was used for
the presentation. The slope of attenuation of obtained HP transfer functions (blue lines) is 38
dB per decade, 19 dB per decade for BP functions (red lines) and in case of LP transfer
functions it is 39 dB per decade. The biggest attenuation of the BS function is -40 dB.
Transfer functions obtained from the F-D filter have steeper slope of attenuation than
the functions of the S-E filter. This fact is mainly given by values of resistors which are twice
as big in case of the S-E filter.
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Figure 6.40 Output responses of the S-E filter from Fig. 6.38 (solid lines) and of the F-D filter from Fig. 6.39 (dashed
lines): high-pass, band-pass, low-pass, band-stop transfer functions (simulation results)
Demonstration of controllability of the pole frequency of the proposed S-E and F-D filter
by changing the values of current gains 4, and A4, is illustrated in Figure 6.41. In this case, BP
transfer function was selected for the presentation. The values of current gains 4, and 4, were
set 0.5, 1 and 2 (0.25, 0.5 and 1 for the F-D filter). The pole frequencies obtained from
simulations are compared in Table VI. From the table can be seen that the values of the pole

frequency obtained from the F-D filter are closer to the theoretical values.
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Table VI Comparison of obtained values of the pole frequency
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Figure 6.41 Demonstration of ability to control the pole frequency (simulation results) in case of the S-E filter from

A, were set 0.5, 1, 2

Fig. 6.38 (solid lines) and of the F-D filter from Fig. 6.39 (dashed lines) when A4,

Figure 6.42 depicts gain, group delay and phase of the all pass (AP1) transfer function

of the S-E and F-D filter. The blue lines are characteristics of the S-E filter and the red lines
are characteristics of the F-D filter. From the graph it can be seen that all-pass filters are

6

1xlu

suitable to use approximately up to 30 MHz because of bandwidth limitations and parasitic

characteristics of the models of used active elements.

10°
Frequency [Hz]

10

10

Figure 6.42 Output responses (simulation results) of all-pass filter characteristics (gain, group delay and phase)

of the S-E filter from Fig. 6.38 (blue lines) and of the F-D filter from Fig. 6.39 (red lines)
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6.5.3 Sensitivity Analysis

The S-E and F-D filter was subjected to the sensitivity analysis. The S-E filter from
Figure 6.38 contains 15 parameters (Cl, Cz, G], Gz, A1, AQ, nii, N2, N13, N4, N21, N22, N23, N4,
nys) where parameters » are individual outputs of each current follower in the circuit structure.
The sensitivity analysis was carried out the same way as in the chapter 6.2 using relations
(6.29) and (6.30).

The denominator of the S-E filter when considering all these parameters is:

D, (s)=s’b, +sb, +b,, (6.70)

where
b, =C,C,, (6.71)
b, =C,G, +n,CG, +CG, +n,,ACG, +C,Gn,,, (6.72)

by = ny;;4,4,G,G,n,, + GG, +n, GG, +n,GG,n, +GG,np, +

(6.73)
+n,,4,G,G,n,, +n,,4,G,G,.
The real transfer functions of the S-E filter are given as follows:
ILP real
K rea S)= . (674)
LP l( ) Dreal
IBP] real
Kop oi(s) = , (6.75)
o l( ) Dreal
IBPZ real
Kps rea(8) = D 5 (6.76)

real
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I HP real

K reat(8) = D 6.77)
K g eat(8) = Igsll : (6.78)
where
1,,..,=n,44,GG,n,, (6.79)
1, ... =5n,4CG,)+n,AGG, +n,4GG,n,,, (6.80)
I, .. =5n,,4A4,CG,)+nyA4,4,G,G, +n,,4,4,G,G,n,,, (6.81)

I P 252(A1C2C1) +5(4,C,Gny, + 4C,G, +n, 4,C G, +4,CG,)+ 4,GG, +

(6.82)
+A4,G,Gyny, +ny,4,GGyny, + 0y 4,G,G,,

Iy, = 52(A1C2C1) +8(4,C,Gn, + 4 C,G, +ny 4,CG, + 4,CG,)+ 4,6 Gyny, — 683)
—n,,4,4,G,Gynyy + A,G\G, +ny 4,G,G, +n,y 4G G,ny,.

Figure 6.43 to Figure 6.47 depict the relative sensitivity of the module of transfer to given
parameters for LP, BP1, BP2, HP and BS transfer functions when f, = 1 MHz. From
the graphs can be seen that all sensitivities to individual parameters are low (they are
up to one) except BS transfer function (up to eight in case of parameters Ci, Co, Gy, Ga, A2,
n14 and np3). The biggest sensitivity is again around the pole frequency. Higher sensitivity
in case of BS transfer function is mainly given because of higher complexity of the numerator
of this function.
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Figure 6.43 Relative sensitivity of the module of transfer of LP of the S-E filter for individual parameters depending
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Figure 6.44 Relative sensitivity of the module of transfer of BP1 of the S-E for individual parameters depending
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on the frequency (f,
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Figure 6.45 Relative sensitivity of the module of transfer of BP2 of the S-E for individual parameters depending

on the frequency (fy = 1 MHz)
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Figure 6.46 Relative sensitivity of the module of transfer of HP of the S-E for individual parameters depending

on the frequency (fy, =1 MHz)
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Figure 6.47 Relative sensitivity of the module of transfer of BS of the S-E for individual parameters depending

1 MHz)

on the frequency (f,

The F-D filter from Figure 6.39 contains 20 parameters (C;, Cs, Gy, G, 41, A2, n11, n12, N13,

ni4, N5, N16, N21, N2, N23, N24, N25, N2g, N27, nzg) where parameters ni to nag again stand for

individual outputs of each current follower in the circuit structure.

The denominator of the F-D filter is given as:

(6.84)

s’b, +sb, +b,,

Dreal (S)

The equations of the sensitivity analysis of the F-D filter were again moved to Appendices

due to their large volume. Individual terms of the denominator of the F-D filter are given

by equations (B.1) to (B.3). The real transfer functions of the F-D filter in their general form
are given by equations (6.74) to (6.78). Numerators of the transfer functions of the F-D filter

are given by equations (B.4) to (B.8).
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Figure 6.48 to Figure 6.52 illustrate the relative sensitivity of the module of transfer to given
parameters for LP, BP1, BP2, HP and BS transfer functions of the F-D filter when f;

1

MHz. Individual sensitivities of the F-D filter are low except BS transfer function where

the sensitivity reaches up to eight similarly to the S-E BS function. LP, BP1, BP2 and HP are
the most sensitive to parameters n;, and n,; whose sensitivity reaches two. The sensitivity

of BS transfer function reaches up to eight for parameters C, C, G, Gz, 42, n13 and ny;.
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Figure 6.48 Relative sensitivity of the module of transfer of LP of the F-D filter for individual parameters depending

on the frequency (fy = 1 MHz)
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6.6 Universal Filter with Three CFs and Two DACASs

6.6.1 Filter proposal

Figure 6.53 presents a modified version of the filtering structure from chapter 6.2.
The modification consists in that the positions of elements MO-CF, and DACA, and then
MO-CF; and DACA,; have been swapped. The modified version benefits from the fact that
used DACA elements in the F-D structure now require only up to two outputs in comparison
to the F-D filter from chapter 6.2 where DACA; required four outputs. Therefore, it is
possible to use the chips of the DACA element (which posses of two outputs) without any
requirement of additional active elements which would be necessary to multiply the number
of the outputs of the DACA elements. The other advantage is that all obtainable transfer
functions correspond with particular term of the denominator of the filter thus, all transfer
functions have the unity gain in pass-band area regardless the values of current gains A4; and
A,. This S-E and F-D filter was also implemented in form of PCBs and experimental
measurement has been made. I have published the S-E and F-D filter from this chapter
in [138].

IHP+ SC] +G1

Figure 6.53 Single-ended form of the filter with three MO-CFs and two DACAs:
a) simplified M-C graph, b) circuit structure

The F-D form of the filter from Figure 6.53 is illustrated in Figure 6.54. It is proposed with
non-differential current followers in order of easier implementation in a form of PCB. The
circuit structure of the F-D filter is created by two DO-CF, four MO-CF and two DACAs. In
case of the implementation, floating capacitors have been replaced by grounded capacitors in
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each branch as shown in Figure 6.54 c). The value of these capacitors is twice as high as
selected values of capacitors from the S-E filter in order to compensate the pole frequency of
the F-D transfer function in comparison to the S-E function.

The denominator of all transfer functions of this S-E and F-D filter is given by:
D(s)=s"C,C, +sC,G A, +G,G,AA,. (6.85)

The denominator of the filter shows that it is possible to control the pole frequency of the
filter without disturbing the quality factor by changing the values of the current gains 4; and
Az WhenA1 :Az =4.

it

In.

Ip.
MO-CF,,

-

Figure 6.54 Fully-differential form of the filter with three MO-CFs and two DACAs: a) simplified M-C graph, b)
circuit structure, c) implementation of non-floating capacitors

The relations of the pole frequency and quality factor of the filter are represented
by the following equations:
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f:i GIGZ Q= GZCI
"\ cG,’ GC, (6.86), (6.87)

Again applies that values parameters G, G, of the F-D filter are twice higher in comparison
to the values used for the S-E filter.

Obtainable transfer functions of both S-E and F-D filter are given as:

ILP+ _ ILP— — GIGZAIAZ

= : 6.88
I, I, D (6.88)
Lo _ Ao _ GG (6.89)

IIN I[N D
L., =_IHP— _ s2C1C2 i (6.90)

I, I, D
I, = Ly, +1,p, =_IHP— +1 _ s2C1C2 +G,G,4,4, , (6.91)

I, I, D
_ Lip, + g +1pp, __IHP— AL, +1p _ 32C1C2 —5C,G 4, + GG, 4,4,

1, = = = . (6.92)

I, I, D

From the equations (6.88) - (6.92) can be seen that the proposed S-E and F-D filter provides
all standard transfer functions. All transfer functions correspond with particular term
of the denominator and thus, they have the unity gain in pass band area regardless values
of current gains of the DACA elements. In case of the S-E filter, LP, HP and BS transfer
functions can be obtained either positive or negative. As it is for the F-D filter, all available
transfer functions can be obtained in both polarities.

6.6.2 Simulation and Experimental Results

Values of passive elements and specific filter parameters selected for PSpice simulations and
experimental measurement are following: values of capacitors were set C; = C, = 330 pF,
the quality factor of the filter Q = 0.707 (Butterworth approximation), starting values
of current gains 4; = A, = 1, Gy equals 0.909 mS which corresponds with a resistor value
of 1100 Q. The starting pole frequency was set to 300 kHz. Remaining G, was calculated
according to the relation: G, = 2zfoCoQ = 0.4398 mS which is approximately 2274 Q.
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A resistor of value 2200 Q was used which results in f, = 310.0 kHz (241.5 kHz when taking
real values of gain of the DACA element into consideration).

A comparison of the simulation and experimental results of LP, BP, HP and BS transfer
functions of the S-E filter are shown in Figure 6.55. HP transfer functions (blue lines) have
the slope of attenuation of 39 dB per decade, BP functions (red lines) have 17 dB per decade
and LP functions have 36 dB per decade. The slope of attenuation of simulated and measured
functions is almost the same. The biggest attenuation of the BS function is 32 dB in case
of the simulations and 37 dB for the measured filter. The biggest difference between
simulation and experimental results is at lower and higher frequencies. The difference
at lower frequencies is given mainly by that the output-impedances of actual used active
elements are not high enough. The difference at higher frequencies is given mainly because
of bandwidth limitations and parasitic characteristics of used V/I, I/V converters and active
elements and also parasitic capacitances of cables and PCB. That also applies for the F-D
filter.
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Figure 6.55 Comparison of transfer functions high-pass, band-pass, low-pass and band-stop of the S-E proposed filter

from Fig. 6.53: simulation (solid lines) and experimental results (dashed lines)
Figure 6.56 shows the ability to control the pole frequency of the S-E filter without disturbing
its quality factor by changing the values of current gains 4; and A,. LP transfer function was
used for the illustration. The values of current gains were set 1, 2, 3, 4. The pole frequencies
obtained from simulations and measurement are summarized in Table VII. The simulation
results are closer to the theory nevertheless, the measured results also prove design
correctness.
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Table VII Comparison of obtained values of the pole frequency

transfer functions (blue lines) is 35 dB per decade, 17 dB per decade for BP functions (red
lines) and in case of LP transfer functions it is 39 dB per decade. The biggest attenuation

of the BS function is 43 dB in case of the simulated results and 11 dB for the measured

results. The slope of attenuation of independent transfer functions is almost the same for both
simulation and experimental results. From this graph, we can see bigger differences between

simulated and measured results which are given mainly because individual chips
of the DACA elements have a rather wide range of their parameters such as the current gain

functions of the F-D filter is depicted in Figure 6.57. The slope of attenuation of obtained HP
and output impedance.

A comparison of the simulation and experimental results of LP, BP, HP and BS transfer

Figure 6.57 Comparison of transfer functions high-pass,

from Fig. 6.54: simulation (solid lines) and experimental results (dashed lines)
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The ability to control the pole frequency of the F-D filter without disturbing its quality factor
by changing the values of current gains 4, and A4, is illustrated in Figure 6.58. LP transfer
function was chosen as an example. The values of current gains were set 1, 2, 3, 4. The values
of pole frequencies obtained from simulations and measurement can be compared in Table
VIII. By comparison can be seen that the values obtained from simulations are closer
to the calculated values. The values of the pole frequency of the F-D filter are slightly higher.
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Figure 6.58 Demonstration of ability to control the pole frequency in case of the F-D filter from Fig. 6.54:
simulation (solid lines) and experimental (dashed lines) results when parameter 4 was set to 1, 2, 3, 4

Table VIII Comparison of obtained values of the pole frequency

A [-]
Frequency [kHz]| 1 2 3 4
Calculated 241.5 494.2 771.7 1022.8
Simulated 244.6 513.7 822.8 1108.5
Measured 366.0 711.2 839.1 1420.5

Figure 6.59 and Figure 6.60 compare experimental results of the S-E and F-D filter. Bigger
differences between the S-E and F-D filter can be seen. This is given mainly because
of arather wide range of parameters such as the current gain and output impedance
of individual chips of the DACA element. A comparison of measured pole frequencies
of the S-E and F-D filter can be made from Table IX. The pole frequencies of the S-E filter
are closer to the calculated values. The values of the pole frequency of the F-D filter are
higher than the theoretical values which is again given by a wide range of parameters
of individual DACA chips.
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Figure 6.59 Comparison of transfer functions high-pass, band-pass, low-pass and band-stop of experimental results:
the S-E filter from Fig. 6.53 (solid lines) and the F-D filter from Fig. 6.54 (dashed lines)
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Figure 6.60 Demonstration of ability to control the pole frequency in case of experimental results:
the S-E filter from Fig. 6.53 (solid lines) and the F-D filter from Fig. 6.54 (dashed lines)

Table IX Comparison of obtained values of the pole frequency

A1,2 [']
Frequency [kHz] 1 2 3 4
Calculated 241.5 494.2 771.7 1022.8
Measured S-E 252.6 551.0 859.2 1157.4
Measured F D 366.0 711.2 839.1 1420.5

6.7 General Conception of a Filter with Two OTAs and One CF

Figure 6.61 shows a second-order universal filter with minimal number of used active
elements taken from [51]. The filter consists of two OTA elements (BOTA and MOTA) and
one CF (DO-CF). Even though the filter has a current input and output, it contains mixed-
mode active elements so, it is not working purely in the current-mode. Nevertheless, the filter
has a low input and high output impedance allowing simple chaining in cascade. The filter
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possesses ability to control the pole frequency by changing values of transconductances
of OTAs. All output responses are taken directly from current outputs of used active elements.

The denominator which is common for all obtainable transfer functions is given as:
D(s)=s"C,C, +5C, 8, + 818y (6.93)

The pole frequency and quality factor of the filter are described by the following relations:

f:L EmEm 5 _ &l
"o\ GG, g.C, (6.94), (6.95)

Jo

Figure 6.61 General conception of a filter with two OTAs and one CF: a) simplified M-C graph, b) circuit structure

From equation (6.94) is obvious that the pole frequency can be controlled without disturbing
the quality factor of the filter by changing values of transconductances g, and g, when g
= Zm2.

The transfer functions of the filter are given by:

To; _8m&
K §) = 03 — mlSm2 , 6.96
(9) =2 = 2 (6.96
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K, (s)=—2 , 6.97
=7 (697
o1 s2C1C2
Kp(8)= = D (6.98)
N
I, +1 s’C.C + 2,18
KBS (S)z 01 03 — 1~2 1 2 , (699)

I, D

I, +1,,+1, _ 52C1C2 —5C,8,1 + &n8m

K, . (s)=
ap (8) I, 5

(6.100)

From equations (6.96) to (6.100) is obvious that the filter is universal it provides all standard
transfer functions (LP, BP, HP, BS, AP). All transfer functions excluding BP are positive.
This conception was used to propose filters in chapters 6.8, 6.9 and 6.10.

6.8 Universal Filter with Two OTAs, One CF and One DACA

6.8.1 Filter proposal

The aim of the proposal was to design a second-order universal current-mode frequency filter
using transconductance amplifiers (one BOTA and one MOTA elements) as basic building
blocks. The DACA element was added in the circuit structure to control the quality factor
of the filter. The proposed filter enables to control the pole frequency without disturbing
the quality factor of the filter by simultaneous change of transconductances gmi, gma2-
The quality factor of the filter can be electronically controlled by adjusting the current gain
of the DACA element. I have presented the research from this chapter in [139]. The S-E form
of the filter is shown in Figure 6.62.

The F-D form of the filter can be seen in Figure 6.63. The filter consists of two MOTAs, one
DACA and one FD-CF. The FD-CF is implemented by the DACA element. Floating

capacitors are replaced by grounded capacitors the way shown in Figure 6.63 c). These
capacitors are, similarly to previous cases, twice as high as capacitors used in the S-E filter.

The denominator of transfer functions of the S-E and F-D filter is described by:
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D(s)=s’C,C, +sC,g,, A+ &,.&,,- (6.101)

As it can be seen the pole frequency can be controlled electronically without disturbing the
quality factor by adjusting values of transconductances g, and gn, when gn; = gm2. The
quality factor of the filter can be electronically controlled without disturbing its pole
frequency by changing the current gain 4.

The pole frequency and the quality factor can be described by the following relations:

f:i Em&m Q:l &€
"o\ GG, AV g, C, (6.102), (6.103)

IIN

b)

Figure 6.62 Single-ended form of the filter with two OTAs, one DACA and one MO-CF:
a) simplified M-C graph, b) circuit structure

In order to obtain the same transfer functions for both the S-E and F-D filter, factor 4 used for
the F-D structure is replaced by 24. The values of gni, gm2 of the F-D filter must be twice
higher than in case of S-E transconductances.

The proposed S-E and F-D filter provides the following transfer functions:
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Figure 6.63 Fully-differential form of the filter with two OTAs, one DACA and one CF:
a) simplified M-C graph, b) circuit structure, ¢) implementation of non-floating capacitors
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+1,p, =_IHP— AL, +1,p _ SZC1C2 —5C,8,, A+ &u8m
I, I, D

(6.108)

As can be seen the proposed S-E and F-D filter provides all standard transfer functions. All
transfer functions correspond with particular term of the denominator and they have the unity
gain in pass band area regardless values of transconductances gn,; and g, and current gain A4
of the DACA element. All obtainable transfer functions of the S-E and F-D filter can
be obtained in both polarities.

6.8.2 Simulation and Experimental Results

The values of passive elements and specific filter parameters were set as follows: the starting
pole frequency equals 500 kHz, the starting quality factor QO = 0.707 (Butterworth
approximation), values of conductances g,,;, gn> were set to 1 mS, the starting current gain
of DACA element has been chosen 4 = 1. Only values of capacitors C; and C, remain to
be determined. These values were calculated as follows: C; = (gmi1QA4)/(2xfy) = 225 pF,
Cr = gmd/2nfoAQ) = 450 pF. Hence, for the simulations and experimental measurement
Cy =220 pF and C, = 440 pF have been used.

The alternative circuit solution of the DACA element has been used. Therefore, the values
used to control the quality factor of the S-E and F-D filter are solely demonstrational and do
not necessary correspond with values which can be obtained using a real element
of the DACA amplifier. The reason why the alternative solution of the DACA element is used
instead of the DACA chip is that in case of the F-D we need 4 outputs otherwise it would not
be possible to obtain the band-pass transfer function. It would be possible to use a current
follower in order to copy and multiply the output signal of the DACA element, but that would
increase the number of active elements on the PCB. Another advantage is that the quality
factor of the filters can be controlled continuously instead of being limited by discrete steps.

Simulation and experimental results of low-pass, band-pass, high-pass and band-stop transfer
functions of the S-E form of the proposed filter are depicted in Figure 6.64. High-pass transfer
function (blue lines) has the slope of attenuation 38 dB per decade. The slope of attenuation
of band-pass function (red lines) is 19 dB per decade. Low-pass transfer function (green lines)
was 39 dB per decade. The highest attenuation of band-pass function is at -35 dB in case
of simulations and -25 dB of measured function. The transfer functions obtained from
experimental measurement have slightly lower attenuation than simulated transfer functions.
Differences between simulated and measured results at higher frequencies are mainly given
by bandwidth limitations of used real active elements and also by limitations of used
converters etc. The measured results are also affected by input/output impedances (they are
not low/high enough) of the active elements in the structure. The input impedance
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of the DACA element is the most dominant parasitic element at higher frequencies. That
applies for all measured results.

Possibility to control the pole frequency of the S-E filter without disturbing its quality factor
by changing values of transconductances when g1 = gm2 = gm 1s presented in Figure 6.65. LP
transfer function has been selected as an example. The values of transconductances were set
0.5 mS (resistor 2000 Q has been used), 1 mS (1000 Q) and 1.96 mS (510 Q).

Table X compares obtained values of the pole frequency. It can be seen that the pole
frequencies obtained from simulations are closer to the theoretical values. Nonetheless,

measured results are also satisfactory and confirm design correctness and correct operation of
both filters.
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Figure 6.64 Comparison of transfer functions high-pass, band-pass, low-pass and band-stop of the S-E proposed filter
from Fig. 6.62: simulation (solid lines) and experimental results (dashed lines)
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Figure 6.65 Demonstration of ability to control the pole frequency in case of the S-E filter from Fig. 6.62:
simulation (solid lines) and experimental (dashed lines) results when g, and g, were set to 0.5 mS, 1 mS, 1.96 mS
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Table X Comparison of obtained values of the pole frequency

Sm1,.2 [mS]
Frequency [kHz] 0.5 1 1.96
Calculated 255.8 511.5 1003.0
Simulated 246.6 501.2 999.8
Measured 228.8 456.4 1085.4

Figure 6.66 illustrates possibility to control the quality factor of the filter without disturbing
the pole frequency by adjusting current gain 4. For the presentation, BP transfer function was
chosen to be the example. Values of parameter 4 were selected accordingly: 0.25, 0.5 and 1.
Table XI compares obtained values of the quality factor. Both simulated and measured values
of the quality factor are in good agreement with the theory. There are slightly bigger
differences for higher values of the quality factor.

Table XI Comparison of obtained values of the quality factor

A [-]
01 0.25 0.5 1
Calculated 2.83 1.41 0.71
Simulated 3.08 1.49 0.73
Measured 3.26 1.39 0.67
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Figure 6.66 Demonstration of ability to control the quality factor in case of the S-E filter from Fig. 6.62:
simulation (solid lines) and experimental (dashed lines) results when 4 was set to 0.5 mS, 1 mS, 1.96 mS
Low-pass, band-pass, high-pass and band-stop transfer functions of the F-D form obtained
from simulations and experimental measurement are shown in Figure 6.67. The slope
of attenuation of high-pass transfer functions (blue lines) is 39 dB per decade, in case of band-
pass functions (red lines), it is 20 dB per decade and 40 dB per decade for low-pass functions
(green lines). The highest attenuation of band-stop transfer functions (turquoise lines) is at -47
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dB in case of simulations and -35 dB in case of measured function. The measured function
of high-pass function has slightly lower attenuation than the simulated function,
approximately the same slope in case of band-pass and slightly higher slope for low-pass
function.

Figure 6.68 illustrates ability to control the pole frequency of the F-D filter without disturbing
the quality factor by changing values of transconductances gmi, gm2. LP transfer function was
again selected as an example. The values of transconductances of the F-D filter were set 1 mS
(1000 €), 1.96 mS (510 Q) and 3.92 mS (parallel combination of two 510 € resistors).

Table XII summarizes values of the pole frequency obtained from simulations and
experimental measurement. The values obtained from the experimental measurement are
slightly higher than the calculated values. The difference is becoming more obvious at higher
frequencies.
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Figure 6.67 Comparison of transfer functions high-pass, band-pass, low-pass and band-stop of the F-D proposed filter
from Fig. 6.63: simulation (solid lines) and experimental results (dashed lines)
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Figure 6.68 Demonstration of ability to control the pole frequency in case of the F-D filter from Fig. 6.63:
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simulation (solid lines) and experimental (dashed lines) results when g, and g, were set to 1 mS, 1.96 mS and
3.92 mS

Table XII Comparison of obtained values of the pole frequency

Zmi12 [MS]
Frequency [kHz] 1 1.96 3.92
Calculated 255.8 511.5 1003.0
Simulated 251.2 505.8 1018.6
Measured 259.0 525.9 1305.4

Possibility to control the quality factor of the filter without disturbing the pole frequency
by changing the value of the current gain of the DACA element can be seen in Figure 6.69.
BP transfer function has been chosen for the presentation. Values of parameter 4 are halved
in comparison to the values used for the S-E filter (e. g. 0.125, 0.25, 0.5). A comparison
of simulated and measured values of the quality factor is given in Table XIII. The values
of the quality factor obtained from experimental measurement are significantly higher than
the theoretical values. Also the pole frequency is slightly shifting when the quality factor
changes. Nevertheless, the experimental measurement of the F-D filter proves the correctness
and functionality of the proposed filter.

Table XIII Comparison of obtained values of the quality factor

A[-]
0 0.125 0.25 0.5
Calculated 2.83 1.41 0.71
Simulated 2.87 1.41 0.71
Measured 342 2.02 0.91
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Figure 6.69 Demonstration of ability to control the quality factor in case of the F-D filter from Fig. 6.63:
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simulation (solid lines) and experimental (dashed lines) results when 4 was set to 0.5 mS, 1 mS, 1.96 mS

A comparison of the experimental measurement of low-pass, band-pass, high-pass and band-
stop transfer functions of the S-E and F-D filter are shown in Figure 6.70. From the graph can
be seen that the F-D transfer functions have slightly higher attenuation than in case of the S-E
functions, which is mainly given by that the values of conductances used in F-D structures
must be twice the values used in case of S-E structures in order to obtain the same pole
frequency for both filters. It can be seen that the filters can be suitably used approximately
up to frequency of 6 MHz because of bandwidth limitations and parasitic characteristics
of used active elements. Results are also affected by limitations of used converters and
parasitic capacitances of cables and PCB. Obtained slopes of attenuation of individual transfer
functions are compared in text above.
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Figure 6.70 Comparison of transfer functions high-pass, band-pass, low-pass and band-stop of experimental results:
the S-E filter from Fig. 6.62 (solid lines) and the F-D filter from Fig. 6.63 (dashed lines)

Figure 6.71 compares the experimental results of the ability to control the pole frequency
ofthe S-E and F-D filter without disturbing the quality factor by changing values
of transconductances g1, gm2. Obtained values of measured pole frequencies can
be compared in Table XIV. The values of transconductances used in the S-E filter (before
the slash) and the F-D filter (after the slash) are given in the table. The pole frequencies
of the F-D filter are at lower frequencies closer to calculated values than values obtained from
the S-E filter. The slopes of attenuation are greater in case of the F-D filter.
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Figure 6.71 Comparison of possibility to control the pole frequency when comparing experimental results:
S-E filter from Fig. 6.62 (solid lines), F-D filter from Fig. 6.63 (dashed lines)

Table XIV Comparison of obtained values of the pole frequency

8gmi2 S-E/ g1z F-D [mS]
Frequency [kHz] 0.5/1 1/1.96 1.96/3.92
Calculated 255.8 511.5 1003.0
Mesured S-E 228.8 456.4 1085.4
Measured F-D 259.0 525.9 1305.4

The experimental results showing the ability to control the quality factor of the S-E and F-D
filter without disturbing the pole frequency by changing the value of the current gain A4 are
illustrated in Figure 6.72. Table XV provides a comparison of measured quality factors
obtained from the S-E and F-D filter. The values of the quality factor obtained from the S-E
are closer to the theoretical values. The values obtained from the F-D filter are significantly
higher than the calculated values. Also the pole frequency of the F-D is slightly shifting for
higher values of the quality factor.

Table XV Comparison of obtained values of the quality factor

A S-E/A F-D [-]
0l 0.25/0.125 0.5/0.25 1/0.5
Calculated 2.83 1.41 0.71
Mesured S-E 3.26 1.39 0.67
Measured F-D 342 2.02 0.91
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Figure 6.72 Comparison of possibility to adjust the quality factor when comparing experimental results: S-E filter

from Fig. 6.62 (solid lines), F-D filter from Fig. 6.63 (dashed lines)
The analysis of this proposal also includes a comparison of the dynamic range of the proposed
S-E and F-D filter. For this matter, measurement of the DC transfer function of the all-pass S-
E and F-D filter was carried out. This comparison is shown in Figure 6.73. The input DC
current was set in range from -3 mA to 3 mA with 5 uA step using current source Agilent
B2902A and multimeters Agilent 34410A. From the graph it can be seen that the dynamic
range of the F-D filter (from -1.1 mA to 1.3 mA) is significantly greater than the dynamic
range of the S-E filter (from -0.8 mA to 0.55 mA).
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Figure 6.73 Comparison of the dynamic range of proposed S-E and F-D filter (experimental results): S-E filter from
Fig. 6.62 (blue line), F-D filter from Fig. 6.63 (red line)

6.9 Multifunctional Filter with Three OTAs and One OTRA

6.9.1 Filter proposal

The proposed filter is a second-order multifunctional current-mode frequency filter
employing three OTAs and one OTRA. The proposed filter possesses ability to control
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the pole frequency and the quality factor of the filter without disturbing each other. The pole
frequency can be electronically controlled by simultaneous change of the values
of transconductances gn; and gn,. The quality factor can be electronically controlled
by transconductance g3 or/and transresistance Rr. The filter provides low-pass and band-pass
transfer functions. The S-E form of the filter is shown in Figure 6.74. It consists of one
BOTA, two MOTA and one OTRA elements. The MOTA, element has been added to the
circuit structure because the voltage output of the OTRA cannot be directly connected to the
current input of the filter. That increases the number of active elements used in the circuit
structure and it would be possible to use one current-input current-output active element
instead. Nonetheless, used active elements (OTRA, MOTA) are relatively simple circuits
thus, their use is not so critical to complexity of the whole circuit. Moreover, the quality factor
of the filter can be controlled by two different parameters (gm3 and Rr), so it is possible
to adjust the quality factor in a wider range without reaching the parameter limitations.
My proposal from this chapter is presented in [140].
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Figure 6.74 Single-ended form of the filter with three OTAs and one OTRA:
a) simplified M-C graph, b) circuit structure

The S-E form of the filter was transferred into its F-D form by mirroring passive parts around
active elements. The F-D form of the filter is depicted in Figure 6.75. The filter consists of
three MOTAs and one OTRA. Floating capacitors were replaced by grounded capacitors the
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way shown in Figure 6.75 c¢). These capacitors have double the value of capacitors used in the
S-E filter.

The denominator which is common for all obtainable transfer functions of these filters is
given by:

D(S)ZSZCICZ +SC2gm1RTgm3 +gmlgm2' (6109)

From equation (6.109) can be seen that it is possible to control the pole frequency of the filter
without disturbing the quality factor by changing values of transconductances gn; and gm»
simultaneously. The quality factor can be controlled without disturbing the pole frequency by
changing values of transconductance g, 3 or/and transresistance Rr.
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Figure 6.75 Fully-differential form of the proposed filter with three OTAs and one OTRA:
a) simplified M-C graph, b) circuit structure, ¢) implementation of non-floating capacitors
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The relations describing the pole frequency and quality factor of the filter are given as:

f =L gmlng Q: 1 gm2C1 .
"o\ Cc, ¢ R \g. C, (6.110), (6.111)

To obtain the same transfer functions for the S-E and F-D filter, the values
of transconductances gn1, gm2 of the F-D filter must be twice higher than in case of S-E
transconductances in order to obtain the same pole frequencies. The values
of transconductance g3 of the F-D filter must be twice higher than the values used for the S-
E filter and the values of transresistance Rt in case of the F-D filter must be 1/4 of the values
of the S-E filter. However, the values of transresistance Rt used for the F-D structure would
be already rather small. To avoid reaching the parameter limitations, the values of g,,; were
left unchanged resulting in that the values of Rt will decrease only with the ratio 1:2 instead
of 1:4.

The proposed S-E and F-D filter provides the following transfer functions:

ILP+ :_ILP— — Em8m2 (6 112)
1, I, D |

Iy, :_IBP— _ SC, 8 R8s (6.113)
1, 1, D '

From the equation (6.112) and (6.113) can be seen that the proposed filter provides low-pass
and band-pass transfer functions. Both transfer functions of the S-E and F-D filter can
be obtained in both polarities. The nominator of each of transfer function corresponds with
particular term of the denominator, thus, these functions have the unity gain in pass-band area
regardless the values of transconductances gmi, gm2, gm3 and transresistance Rr.

6.9.2 Simulation and Experimental Results

The starting values of passive elements and specific filter parameters for
the simulations and experimental measurement were selected accordingly: values
of transconductances g1, gmz were set to 0.5 mS (resistors of value 2 kQ (1 kQ in case
of the F-D structure)), capacitors C; = C, = 470 pF. Depending on these values
of transconductances and capacitors, the starting pole frequency equals 169.3 kHz. The staring
value of the quality factor of the filter was Q = 0.707 (Butterworth approximation).
The starting value of transconductance g3 is equal to 1.96 mS (resistor of value 510 Q was

used). Transresistance Rt was calculated as follows: Ry = 1/ (gm3Q)\/ (C19m2)/(Cagm1)=

99



721.36 Q. Therefore, a resistor of value 680 Q (340 Q in case of the F-D structure) has been
used which results in QO = 0.75.

A comparison of the simulation and experimental results of LP transfer function of the S-E
filter when changing the pole frequency is presented in Figure 6.76. The slope of attenuation
of obtained LP transfer functions is 40 dB per decade and it is slightly steeper in case
of the experimental results. The biggest difference between the simulation and experimental
results can be seen at higher frequencies. This difference is given mainly because
of the bandwidth limitations and parasitic characteristics of used active elements and
bandwidth limitations of converters etc. That also applies for results of the F-D filter. Values
of transconductances gn1, gm2 Were selected 0.5 mS (2000 Q), 1 mS (1000 Q) and 1.96 mS
(510 Q). Values of the pole frequencies obtained from the simulations and experimental
measurement are compared in Table XVI. The simulated values of the quality factor are
closer to theoretical values nevertheless, the measured results also prove design correctness
of the proposed S-E filter.
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Figure 6.76 Demonstration of ability to control the pole frequency in case of the S-E filter from Fig. 6.74:
simulation (solid lines) and experimental (dashed lines) results when g, and g, were set to 0.5 mS, 1 mS, 1.96 mS.

Table XVI Comparison of obtained values of the pole frequency

Zmi2 [mS]
Frequency [kHz] 0.5 1 1.96
Calculated 169.3 338.6 677.3
Simulated 172.8 358.5 796.1
Measured 143.8 378.6 749.6

The simulation and experimental results of band-pass transfer function of the S-E filter when
changing the quality factor are shown in Figure 6.77. In this case, the control of the quality
factor is done through changing values of transconductance g3 when Ry is fixed to value 680
Q. The difference between simulation and experimental results at lower frequencies is mainly
given by that the output-impedances of actual used active elements are not high enough. That
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0l
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(1000 ) and 1.96 mS (510 Q). Table XVII summarizes obtained values of the quality factor
of the S-E filter. The obtained values of the quality factor are relatively close to the theoretical

also applies for the remaining results. The values of g3 were set to 0.5 mS (2000 Q), I mS

Table XVII Comparison of obtained values of the quality factor
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Figure 6.78 Demonstration of ability to control the quality factor in case of the S-E filter from Fig. 6.74:
simulation (solid lines) and experimental (dashed lines) results when R was set to 680 Q, 510 Q, 330 Q



Table XVIII Comparison of obtained values of the quality factor

Ry [Q]
0[] 680 510 330
Calculated 0.75 1.00 1.55
Simulated 0.74 1.01 1.58
Measured 0.82 1.06 1.60

Figure 6.79 shows simulation and experimental results of LP transfer function of the F-D
filter when changing the pole frequency by changing values of transconductances gmi, gmo2-
The slope of attenuation of obtained LP transfer functions is 40 dB per decade and it is
slightly steeper in case of the experimental results. Transconductances gmi, gm>» Were set to 1
mS (1000 Q), 1.96 mS (510 Q) and 3.92 mS (parallel combination of two 510 Q resistors).
The obtained values of the pole frequency can be compared in Table XIX. The values
obtained from simulations are slightly higher than the measured results.
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Figure 6.79 Demonstration of ability to control the pole frequency in case of the F-D filter from Fig. 6.75:
simulation (solid lines) and experimental (dashed lines) results when g,,; and g, were set to 1 mS, 1.96 mS, 3.92 mS.

Table XIX Comparison of obtained values of the pole frequency

Zmi2 [ms]
Frequency [kHz] 1 1.96 3.92
Calculated 169.3 338.6 677.3
Simulated 176.8 366.7 796.1
Measured 153.1 351.1 792.0

Output responses of band-pass transfer function of the F-D filter obtained from
the simulations and experimental measurement are depicted in Figure 6.80. The control
of the quality factor is achieved by changing values of transconductance g3 when Ry is fixed
to value 340 Q. Used values of transconductance g3 are 0.5 mS (2000 ), 1 mS (1000 Q)
and 1.96 mS (510 Q). A comparison of obtained values of the quality factor can be made from
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Table XX. It can be seen that the measured values of the quality factor are rather higher than
the expected values.
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Figure 6.80 Demonstration of ability to control the quality factor in case of the F-D filter from Fig. 6.75:
simulation (solid lines) and experimental (dashed lines) results when g,,; was set to 0.5 mS, 1 mS, 1.96 mS

Table XX Comparison of obtained values of the quality factor

gm3 [mS]
0[] 1.96 1 0.5
Calculated 0.75 1.47 2.94
Simulated 0.74 1.50 3.12
Measured 1.02 2.04 3.48

Figure 6.81 compares simulation and experimental results of band-pass transfer function
ofthe F-D filter when changing the quality factor of the filter by changing values
of transresistance Rt (gm3 1s fixed to 1.96 mS). The values of Rt were set to 340 Q (parallel
combination of two 680 € resistors), 255 Q (parallel combination of two 510 € resistors) and
165 Q (parallel combination of two 330 Q resistors). The values of obtained quality factors
are summarized in Table XXI. The measured values are again higher than the calculated
values. The simulated values are almost the same as the theoretical values.
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Figure 6.81 Demonstration of ability to control the quality factor in case of the F-D filter from Fig. 6.75:
simulation (solid lines) and experimental (dashed lines) results when R was set to 340 Q, 255 Q, 165 Q

Table XXI Comparison of obtained values of the quality factor

Ry [Q]
0l 340 255 165
Calculated 0.75 1.00 1.55
Simulated 0.74 1.01 1.62
Measured 1.02 1.42 1.91

A comparison experimental results of LP transfer function of the S-E and F-D filter when
changing the pole frequency by changing values of transconductances gmi, gm2 1S given
in Figure 6.82. Transconductances gmi, gm2 Were set to 0.5 mS, 1 mS and 1.96 mS (1 mS, 1.96
mS and 3.92 mS in case of the F-D structure). The obtained values of the pole frequency can
be compared in Table XXII. From the table can be seen that the measured values
of the quality factor of the F-D filter are for lower quality factors closer to the calculated

values.
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Figure 6.82 Comparison of possibility to control the pole frequency when comparing experimental results:
S-E filter from Fig. 6.74 (solid lines), F-D filter from Fig. 6.75 (dashed lines)
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Table XXII Comparison of obtained values of the pole frequency

Figure 6.83 illustrates a comparison of the experimental results of band-pass transfer function
of the S-E and F-D filter. Transconductances gy, gm2 were set to 0.5 mS, 1 mS and 1.96 mS
in both cases when Rt was 680 Q in case of the S-E filter and 340 Q for the F-D filter. Table
XXIII compares values of measured quality factors of the S-E and F-D filter. By comparison
it can be seen that the values of the F-D filter are rather higher than the expected values.

8mi2 S'E/gml,Z F-D [mS]
Frequency [kHz] 0.5/1 1/1.96 1.96/3.92
Calculated 169.3 338.6 677.3
Measured S- 143.8 378.6 749.6
Measured F-D 153.1 351.1 792.0
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Table XXIII Comparison of obtained values of the quality factor

The experimental results of band-pass transfer function of the S-E and F-D filter are
compared in Figure 6.84. The values of Rt when changing the quality factor of the S-E filter
were set to 680 Q, 510 Q and 330 Q and the values of resistors used for the F-D filter were
340 Q (parallel combination of two 680 Q resistors), 255 Q (parallel combination of two 510
Q resistors) and 165 Q (parallel combination of two 330 Q resistors). Obtained values
of the quality factor are summarized in Table XXIV. Even in this case, the values of the S-E
filter are closer to calculated values when the values of the F-D filter are higher.

Em3 S'E/gmii F-D mS]
01 1.96 1 0.5
Calculated 0.75 1.47 2.94
Measured S-E 0.82 1.65 2.92
Measured F-D 1.02 2.04 3.48
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Figure 6.84 Comparison of possibility to control the quality factor when comparing experimental results:
S-E filter from Fig. 6.74 (solid lines), F-D filter from Fig. 6.75 (dashed lines)

Table XXIV Comparison of obtained values of the quality factor

Ry S-E/ Ry F-D [Q]
0l 680/340 510/255 330/165
Calculated 0.75 1.00 1.55
Measured S-E 0.82 1.06 1.60
Measured F-D 1.02 1.42 1.91

6.9.3 Parasitic Analysis

The analysis of the proposed S-E and F-D filter also includes their parasitic analysis
with input and output characteristics of used active elements. Figure 6.85 and Figure 6.86
show the proposed S-E and F-D filter with significant parasitic admittances (Yp;-Yps4 and Y-
Ys2). As stated before all parasitic admittances of the F-D filter are the same as in case of the
S-E filter. Since we consider that individual inputs and outputs of each used active element
have very similar characteristics, admittances of both positive and negative branch of the F-
D filter are calculated the same way. Characteristic input and output parameters of the OTA
element are RIN OTA ™~ 1 GQ, CIN OTA ™~ 1 pF, ROUT OTA ™~ 200 kQ and COUT OTA ™~ 0.6 pF [19]
Characteristic input and output parameters of the OTRA element are Rixortra ~ 1 Q, CivotrA
~ 2 pF, Rour otra ~ 2 Q and Cour orra ~ 2 pF. As mentioned before capacitances
of individual pins of the active elements (approximately 1 pF each) are not included because
all circuit is meant to be in its final implementation in the integrated form. Individual inputs
and outputs of each used active element are expected to have very similar characteristics.
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Figure 6.85 S-E filter from Figure 6.74 with depicted parasitic admittances

The parasitic admittances from can be described as:

1 1 1

YP1=YP17=GP1+SCP1=R +R +R +5(Chy yory, +
IN MOT4, OUT MOTA4, OUT MOT4, (6.114)
+Cour mor4, T Cour MOTA, ),
1 1
Y, =Y., =Gp, +5Cp, = + +5(Cour mors, + Civ mora, )» (6.115)

ROUT MOTA4, RIN MOTA,

1
Yo=Y, =Gpy+5Cp, = R +5Cour mors, » (6.116)
OUT MOTA,
1
YP4:YP4—:GP4+SCP4:—+SC17VM0TA3’ (6.117)
IN MOTA,
1
Y, =Y, =G +5Cq, =R—+SC,N OTRA> (6.118)
IN OTRA
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1
Yo, =Yg, =Gy, +5Cs; =————+5Cour o4, - (6.119)

OUT OTRA

o

o

LILP- i ILP+

Figure 6.86 F-D filter from Figure 6.75 with depicted parasitic admittances

The most significant parasitic characteristic is admittance Yp,. The influence of serial
admittances is minimal. The biggest influence of parallel parasitic capacitances is caused
by Cp; and Cp; which cause a frequency shift because they are added to capacitances C; and
Co.

Figure 6.87 shows band-pass transfer function of the S-E filter for selected values of Rp, (10
kQ, 50 kQ, 100 kQ, 200 kQ, 500 k€,) when the value of Cp, was 1.6 pF. Smaller values
of Rp; decrease the attenuation of the BP transfer function in the stop band at lower
frequencies. The influence of parameter Cp, (1 pF, 10 pF, 50 pF, 100 pF and 200 pF) when
Rp; equals 200 k€ on LP transfer function of the S-E filter is presented in Figure 6.88. Higher
values of Cp; cause a frequency shift because they are summed up with Cs.
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Figure 6.87 Influence of Rp, parasitic characteristic on BP response of the S-E filter when Cp, was 1.6 pF
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Figure 6.88 Influence of Cp, parasitic characteristic on LP response of the S-E filter when Rp, was 200 kQ

Figure 6.89 illustrates the influence of Rp, on BP transfer function of the F-D filter when
Figure 6.90 shows the influence of Cp, on LP transfer function of the F-D filter. It can be seen
that the influence of parasitic parameters is slightly less significant than in case of the S-E
filter. In case of the influence of Cp; it is because the capacitors C;, C, have twice the value
of the capacitors of the S-E filter.
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Figure 6.89 Influence of Rp, parasitic characteristic on BP response of the F-D filter when Cp, was 1.6 pF
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Figure 6.90 Influence of Cp, parasitic characteristic on LP response of the F-D filter when Rp, was 200 kQ

6.10 Universal Filter with Three OTAs, One CF and One OTRA

6.10.1 Filter proposal

The last proposed filter of this chapter is based on the proposal from chapter 6.9.
The circuit structure from chapter 6.9 has been complemented by one additional CF element,
so the filter can provide all standard transfer functions and behaves as universal. It is still
possible to electronically control the pole frequency and quality factor of the filter without
disturbing each other. The proposed filter is shown in Figure 6.91. It employs one BOTA, two
MOTAs one MO-CF and one OTRA.I have published the proposal in this chapter in [141].

The F-D form of the proposed filter can be seen in Figure 6.92. It was created by mirroring
passive parts around active elements. It consists of three MOTAs, one fully-differential
OTRA and one FD-CF. In case of implementation, the floating capacitors are replaced
by grounded capacitors as it is shown in Figure 6.92 c¢). The values of these capacitors must
be again twice as much as the value of capacitors used in the S-E filter.
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Figure 6.91 Single-ended form of the proposed filter with three OTAs, one CF and one OTRA:
a) simplified M-C graph, b) circuit structure

The denominator for all transfer functions is given by:

D(s) = s2C1C2 +5C, 2,8 R +8,.8- (6.120)

From equation (6.120) is obvious that it is possible to control the pole frequency of the filter
without disturbing the quality factor by changing values of transconductances g1, gm2 When
gm1 = gmz- It is also possible to control the quality factor of the filter without disturbing
the pole frequency by changing values of transconductance gn3; or/and transresistance Rr.

The pole frequency and quality factor are defined according to the following relations:

f :L gmlng Q: 1 ngCl .
‘oz CC T T 2R\ gnC, (6.121), (6.122)
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Figure 6.92 Fully-differential form of the proposed filter with three OTAs, one CF and one OTRA:
a) simplified M-C graph, b) circuit structure, ¢) implementation of non-floating capacitors
In order to obtain the same pole frequency of particular transfer functions for the F-D form
of filter, transconductances gmi gm2 must be twice higher than transconductances used for the
S-E filter. To obtain the same quality factor of the filter for both S-E and F-D filter, values
of transconductance gn3 used in case of the F-D filter must be twice the values of the S-E
filter. The values of transresistance Rt of the F-D filter must be four times lower.

All obtainable transfer functions of these filters are given as follows:

I, 1 _EmEm
I, 1, D

, (6.123)

Iy, T _ $C,8,&mRr
IIN IIN D

, (6.124)
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) (6.125)
1, I, D
I = Iyp, +1,, __IHP— +1,, _ s2C1C2 + 88 m (6.126)
BS — - - 9 .
1, 1, D
I = Lyp, +1p +1 . __IHP— A1, +1,p _
v 1 - I B
w w (6.127)

_ SZCICZ —5C, 8,188 + 2,18
D .

The equation (6.123) up to (6.127) prove that the proposed filter is universal because
it provides all standard transfer functions. All transfer functions correspond with particular
term of the denominator and they have the unity gain in pass band area regardless values
of transconductances gy, and gn» gm3 and transresistance Rt. Also, all transfer functions can
be obtained for both polarities.

6.10.2 Simulation and Experimental Results

In this particular case, the F-D form of the filter was not implemented. Therefore,
the simulation and experimental results were carried out to verify appropriate function of the S-E
proposed filter only.

Values of the specific filter parameters and passive parts for the PSpice simulations and
experimental measurements have been stated accordingly: the starting pole frequency
fo =500 kHz, the starting value of the quality factor Q = 0.707 (Butterworth approximation),
values of capacitors were chosen to be C; = 470 pF and C, = 47 pF. The values
of the capacitances were set like this in order to acquire the same value of transconductance
gmi, Zm2, SO it 1is easier to control the pole frequency of the filter. The values
of transconductances gn; and g, were calculated accordingly: g,,1, = 2mfy/C1C, = 0.467
mS. Thus, resistors of value of 2 kQ which corresponds with transconductances of value 0.5
mS were selected. The starting pole frequency is then equal to 535.4 kHz. The starting value
of transresistance Rt is equal to 510 Q. Only transconductance gn,3 remains to be determined.
This parameter is calculated as follows: g,,3 = 1/(QRT)\/(gm2C1)/(gm1C2) = 8.77 mS
which is approximately 114 Q. Therefore, a resistor of value 110 Q has been used.
Recalculated quality factor for these values is 0.682.
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Figure 6.93 shows the simulation and experimental results of low-pass, band-pass, high-pass
and band-stop transfer functions of the S-E filter. High-pass transfer functions (blue lines)
have the slope of attenuation of 38 dB per decade, band-pass functions (red lines) have 19 dB
per decade and in case of low-pass transfer functions it is 40 dB per decade. The biggest
attenuation of the band-stop function is -27 dB in case of the simulated results and -35 dB for
the measured results. The slope of attenuation of independent transfer functions is almost
the same for both simulation and measurement of the S-E filter. The measured results are
affected mostly by input/output impedances (they are not low/high enough) of the active
elements in the structure. The output impedance of the BOTA is the most dominant parasitic
element mainly at lower frequencies because it is connected to node with C,. Internal node
ofthe OTRA with Rr connected also significantly affects measured results at higher
frequencies because output impedance of the first stage (CCII) is not high enough with
respect to Ry values. The results are also affected by bandwidth limitations of used converters
and parasitic capacitances of cables and PCB. That applies for all presented results.
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Figure 6.93 Comparison of transfer functions high-pass, band-pass, low-pass and band-stop of the S-E proposed filter
from Fig. 6.91: simulation (solid lines) and experimental results (dashed lines)

The ability to control the pole frequency of the S-E filter is illustrated in Figure 6.94. LP

transfer function was chosen as the example. The values of transconductances g and gm»

were chosen 0.256 mS (3900 Q), 0.5 mS (2000 Q), 1 mS (1000 Q). Table XXV summarizes

values of simulated and measured pole frequencies. The values of pole frequencies obtained

from simulations are closer to the theoretical values.

Table XXV Comparison of obtained values of the pole frequency

Zmi2 [mS]
Frequency [kHz] 0.256 0.5 1
Calculated 274.6 535.4 1070.8
Simulated 232.2 464.2 1140.2
Measured 197.1 369.5 1335.2
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Figure 6.94 Demonstration of ability to control the pole frequency in case of the S-E filter from Fig. 6.91:
simulation (solid lines) and experimental (dashed lines) results when g,,; and g, were set to 0.256 mS, 0.5 mS, 1 mS.
The simulation and experimental results of the ability to control the quality factor of the filter
by changing the values of transconductance g3 are shown in Figure 6.95. BP transfer
function was chosen for the illustration. The values of transconductance g,,; were 9.09 mS
(110 Q), 4.55 mS (220 Q) and 2.33 mS (430 Q). The values of transresistance Ry is fixed to
510 Q. Obtained values of the quality factor are included in Table XXVI. The measured
results show slightly lower values of the quality factor than values obtained from simulations.

Table XXVI Comparison of obtained values of the quality factor

gm3 [mS]
0l 9.09 4.55 2.33
Calculated 0.68 1.36 2.67
Simulated 0.50 1.37 322
Measured 0.47 1.10 2.83
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Figure 6.95 Demonstration of ability to control the quality factor in case of the S-E filter from Fig. 6.91:
simulation (solid lines) and experimental (dashed lines) results when g,,; was set to 2.33 mS, 4.55 mS, 9.09 mS
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Figure 6.96 illustrates the simulation and experimental results of band-pass transfer function
of the S-E filter when adjusting the quality factor by changing values of transresistance Rt
(gm3 1s fixed to 9.09 mS). The values of Rt were 510 Q, 255 Q (parallel combination of two
510 Q resistors) and 120 Q. Table XXVII compares obtained values of the quality factor
of the filter. It can be seen that the simulation results are closer to the theory for lower values
of the quality factor.
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Figure 6.96 Demonstration of ability to control the quality factor in case of the S-E filter from Fig. 6.91:
simulation (solid lines) and experimental (dashed lines) results when R was set to 510 Q, 255 Q, 120 Q

Table XXVII Comparison of obtained values of the quality factor

Ry [Q]
0l 510 255 120
Calculated 0.68 1.36 2.90
Simulated 0.50 1.35 3.60
Measured 0.47 1.24 2.77

6.11 Concluding Summary of the Chapter

In this chapter, eight proposed second-order current-mode filtering structures in their S-E and
also F-D form using CFs and OTAs as basic building blocks have been presented. Four
proposals are supported by simulations and the rest four proposals are supported
by simulations and also by experimental measurement of implemented filters. The first
proposed S-E and F-D filter is supported by simulations and complemented with
the sensitivity analysis of both S-E and F-D filter. The second S-E and F-D filter is supported
by simulations. Simulations and parasitic analysis were carried out in case of the S-E and F-D
filter from chapter 6.4. The next proposal contains simulations and sensitivity analysis of the
S-E and F-D filter. The design correctness and functionality of the S-E and F-D filter from
chapter 6.6 and 6.8 are proved by simulations and also experimental measurement. Chapter
6.9 contains simulations, experimental results and parasitic analysis of the S-E and F-D

116



proposed filter. The last presented filter is supported by simulations and experimental
measurement of the S-E filter.

When comparing the S-E and F-D structures, the transfer functions of the F-D filters have
a slightly steeper slope of attenuation than the S-E filters. This is given mainly because
of halved values of resistors of the F-D structures in comparison to the S-E structures. From
the schemes it is obvious that the F-D filters have a more complex circuit structure. From
tables it can be seen that obtained pole frequencies of the F-D filters are usually closer
to the theoretical values and the quality factors of F-D structures are closer to the theoretical
values when the quality factors of F-D transfer functions are usually higher.
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7 Proposal of Fractional-Order Filters

The proposed filters in this chapter were simulated using the transistor-level
simulation models presented in chapter 5. Simulation models of all used active elements are
implemented with 0.18 um CMOS technology and the supply voltage for all these models is
+1 V.

7.1 (1+a)-Order Low-Pass Filter with Three MO-CF's and Five ACAs

7.1.1 Filter proposal

The proposed filter is a fractional (1+a)-order low-pass filter with Butterworth characteristics
using multi-output current followers and adjustable current amplifiers. The second-order
approximation of Laplacian operator was used to propose the filter. The filter possesses
ability to electronically control its order and also the pole frequency. It is based on Follow-
the-Leader Feedback topology. It would be also possible to obtain high-pass transfer function
by adding one MO-CF at the beginning of the circuit structure. Note that all parameters would
have to be recalculated to obtain high-pass function. The section presents only the F-D
fractional-order filter which is based on the previously presented S-E fractional-order filter
from [142]. The description of the S-E filter and all made design steps are included only
because of a comparison with the F-D structure and due to the fact that the reader can
understand how the proposal of this filter in its S-E form was made.

The transfer function of a (1+a)-order low-pass Butterworth filter is given as [117]:

Kfff.(S)=sa(s+km, (7.1)
where
k =1, (7.2)
k, =1.0683a” +0.161a +0.3324, (7.3)
ky; =0.2937a +0.71216. (7.4)

Coefficients kj, k> and k3 are used in order to shape the pass band region while keeping
the desired fractional-order slope of attenuation of the stop band region [117].
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Using the second-order approximation of fractional Laplacian operator, a (1+a)-order low-

pass transfer function turns into [117]:

a,s’ +a,s+a, 75)

k
(s)=—

KLP
a S3+b s2+bs+b ’
0 2 1 0

1+a

where

a,=a’ +3a+2
a, =8-2a’ | (7.6)

a,=a’ -3a+2

and

_agk; +a,k,
a,
a (k,+k)+a
bl — 1( 2 3) 2 . (77)
a,
_a, +agk, +a,k;

a,

Using the transfer function given in (7.5), it is possible to create a block diagram
of a fractional-order low-pass filter. Figure 7.1 illustrates a resulting block diagram of given

filter when Follow-the-Leader Feedback topology has been used.

1
1
-1
e Tl I Y
TS S 73S
G, Gs
O
G, lour

Figure 7.1 Block diagram of the third-order FLF topology filter leading to (1 + a)-order low-pass filter
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Figure 7.2 Initial circuit structure of the proposed S-E (1 + a)-order low-pass filter
The transfer function of this block diagram is:
G G G
K(s) = 1 oyr __h 0L 17,7, (7.8)
1 ;s 1, 1 1 '
N s+ —s"+——s5+
7 0, 117,75

The values of G and 7 parameters can be determined when comparing particular terms
of equations (7.5) and (7.8). These values then define transfers of individual branches of
the proposed filter.

The circuit structure of the fractional (1+a)-order low-pass filter can be then designed based
on the block diagram in Figure 7.1. The designed S-E filter constructed by three MO-CF
elements with designated transfers of individual branches (from 7, to n3;) is shown in Figure
7.2.

Transfers (n;; to n3;) can be calculated the same way as parameters G and 7. These transfers
then determine the resulting order of the transfer function.

The transfer function of the filter is described by the following relation:

K(s)zl()l_w

IIN _D(S)’ (79)

where
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N(s) = G1C2C3n1332 +G,G,Csny iy, + G G, Gy iy g, (7.10)

D(s)=C,C,C,s’ + G,C,Cyn,,s* + G,G,Cyn, \n,,5 + G,G,G,n, 1y s, (7.11)

In MO-CF, ACA;

G, n2

C 1
I 2 ACA4

Iour

Figure 7.3 Modified circuit structure of the S-E proposed (1 + a)-order low-pass filter

There are multiple ways how to set transfers of individual branches of the proposed filter, for
example, by combination of resistors of specific values using current dividers (when the value
of each transfer is smaller than 1), or different types of current amplifiers (if we do not want
to be restricted by values smaller than 1 and consequently, being restricted in values of orders
and pole frequencies which can be obtained). As it is obvious from equations (7.10) and
(7.11) it would be necessary to use eight current amplifiers for this particular design.
Therefore, the calculation of the transfers has been made that way so some transfers (n;; with
ni3, np With ny, and n3; with n32, respectively) have the same value and can be combined
in order to decrease number of active elements in the final circuit structure. This modified
circuit structure of the proposed filter is presented in Figure 7.3. It consists of three MO-CFs,
three resistors, three grounded capacitors and five ACAs.

The F-D form of the proposed (1 + «)-order low-pass filter is shown in Figure 7.4. It consists
of three FD-CFs and five ACAs. It was created from the S-E structure by mirroring passive
parts. The values of current gains B of the F-D filter must be a half of the values used for the
S-E filter. The F-D filter was proposed with grounder capacitors which must have twice
the value of capacitors used in the S-E filter. The values of parameters G, G, and Gjs are also
twice higher in comparison to the values used for the S-E filter.
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Figure 7.4 Circuit structure of the F-D proposed (1 + a)-order low-pass filter

7.1.2 Simulation results

To verify functionality of the proposed S-E and F-D filter, Pspice simulations using transistor-
level models described in chapter 5 were carried out. Selected starting values of passive parts
and parameters of the filter were set as follows: the starting pole frequency equals 100 kHz,
default order 1.5 (a = 0.5), values of resistors R; = R, = R3 = 2 kQ and capacitors C; =75 pF,
C, =43 pF and C5 =390 pF.

The proposed filter possesses ability to electronically control its order by changing values
of transfers n;; to n3,. This ability was tested for three different values of parameter a (0.2,
0.5, 0.8). Table XXVIII summarizes values of used passive parts and calculated values
of transfers n;; to n3; for selected values of parameter a.

Table XXVIII Used values of passive parts and transfers n{-ns, for selected values of parameter a

a[] 02 | 05 | o8
Ci [pF] 75
C; [pF] 43
C; [pF] 390
R, =R,=R; [kQ] 2
ny = ng [ 0.0483 0.0177 0.0042
ny |- 0.3387 0.2500 0.2234
Ny = Ny [] 0.3799 0.8300 3.0248
nys |- 0.2794 0.5080 1.4217
ny = ny [ 0.1121 0.1398 0.1628

Figure 7.5 shows a comparison of the simulation results of the S-E filter and the theory for
these chosen values. The values of passive parts and transfers n;,-n3, were taken from Table
XXVIII. Theoretical values of the slope of attenuation (dashed lines) for chosen values
of o and values of the slope of attenuation obtained from simulations (solid lines)
corresponding with these chosen values of parameter a are compared in Table XXIX. From
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the table it is obvious that the values of the slope of attenuation obtained from simulations are
in good agreement with the theory except the value for order 1.8 where the slope

of attenuation was steeper than the theoretical expectations. That is mainly given by already
too small value of transfer n,;, n3 respectively. Nonetheless, the simulation results confirm

the proper design of the S-E (1 + a)-order low-pass filter.

Table XXIX Theoretical and simulated values of the slope of attenuation of the proposed S-E filter

0.8
36.0

37.9

0.5
30.0

29.4

0.2
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Theoretical slope of attenuation [dB/dec]
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Figure 7.5 Comparison of theoretical and simulated S-E transfer functions when a was set to 0.2, 0.5 and 0.8

A comparison of simulation results of the S-E and F-D filter when changing its order is

depicted in Figure 7.6. The values of parameter a were set as stated above. The obtained

slopes of attenuation of the transfer function of the S-E and F-D filter for these chosen values

are summarized in Table XXX. The values of the slope of attenuation of the F-D are almost

E filter.

the same as values obtained from the S
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Figure 7.6 Comparison of simulated transfer functions of the S-E filter from Fig. 7.3 (solid lines) and the F-D filter

from Fig. 7.4 (dashed lines) when « was set to 0.2, 0.5, and 0.8
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Table XXX Comparison of obtained slopes of attenuation

a -] 0.2 0.5 0.8
Simulated slope of attenuation S-E [dB/dec] 23.8 29.4 37.9
Simulated slope of attenuation F-D [dB/dec] 23.1 29.9 37.6

Figure 7.7 compares simulation results of the S-E and F-D filter when changing the pole
frequency. The pole frequency of the S-E and F-D filter can be either controlled electronically
by changing values of transfers n;-n3,, or it can be controlled by changing values of passive
parts. Ability to control the pole frequency electronically was chosen for the illustration since
the electronic control is more advantageous. The selected values of the pole frequency are
50 kHz, 100 kHz and 200 kHz when the order of the filter is fixed to 1.5 (a = 0.5). The used
values of passive parts and transfers n;; to n3, are stated in Table XXXI. Obtained values
of the pole frequency are compared in Table XXXII. From the table can be seen that
the obtained values of the pole frequency are close to the theoretical values.
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Figure 7.7 Comparison of ability to control the pole frequency of the S-E filter from Fig. 7.3 (solid lines) and the F-D
filter from Fig. 7.4 (dashed lines)

Table XXXI Used values of passive parts and transfers n,-n3, for selected values of f;

fo [kHz] 50 | 100 | 200
G [pF] 75
G [pF] 43
G, [pF] 390
R, =R,=R; [kQ] 2
ny = ng |- 0.0089 | 0.0177 [ 0.0354
ny [l 0.1250 | 0.2500 | 0.5000
Ny = Ny [] 0.4150 | 0.8300 | 1.6600
1y |- 0.2540 | 0.5080 | 1.0160
ny = ny [ 0.0699 | 0.1398 | 0.2796
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Table XXXII Comparison of obtained pole frequencies

fo [kHz] 50 100 200
Simulated pole frequency S-E [kHz 55.3 102.3 193.7
Simulated pole frequency F-D [kHz] 57.9 109.6 198.2

7.2 (1+a)-Order Low-Pass Filter with Three OTAs Two ACAs and One

CF

7.2.1 Filter proposal

The proposal is focused on the design of a S-E and F-D (1+a)-order low-pass filter with

Butterworth characteristics which employs three OTAs two ACAs and one CF. I present this
research in [143]. The proposed filter is based on Inverse Follow-the-Leader Feedback
topology. The initial design procedure of this filter is the same as for the filter in chapter 7.1

(all the way from equation (7.1) to equation (7.7)). A possible block diagram of a (1+a)-order

low-pass filter based on IFLF topology is illustrated in Figure 7.8.

-1
1
-1
I 1 1 1 1 1 1
g n 1 |-l 7 1| -y 1 Tour
718 78 738 —>
-B,
B,
Figure 7.8 Block diagram of the third-order IFLF topology filter leading to (1 + a)-order low-pass filter
The transfer function of this block diagram is given as:
B B 1
2t g+
K(s) = 1, _ 5 7,7, T,T,T, 7.12)
1 1 '
LV L SR

73 7,73

117,75

The values of B and 7 parameters can be determined when comparing particular terms

of equations (7.5) and (7.12).

125



Figure 7.9 shows the circuit structure of the fractional (1+a)-order low-pass filter which is
based on the block diagram from Figure 7.8. It consists of two OTAs, two ACAs, one MOTA
and one MO-CF. Thus, the proposed filter contains of six active elements. It would
be possible to reduce the number of active elements by two in case the parameters B, and B,
were set solely passively (by current dividers), however that would narrow the range
of the adjustability of these parameters and also it would not be possible to control order
of the filter electronically as shown later.

MO-CF MOTA
In I [
-
—»
——q
IRrs
B —»
ITour

+

B,

Figure 7.9 Single-ended form of the proposed S-E (1 + a)-order low-pass filter

The transfer function of the proposed S-E and F-D filter is given by the following relation:

1 N(s
I, D(s)
where
N(S) = C1C2gm3B2s2 + Clgngm3Bls +gm1gm2gm39 (714)
D(s) = C1C2C3s3 + CICng3S2 +C12,28 S+ & & &l (7.15)

The F-D form of the proposed (1 + a)-order low-pass filter is presented in Figure 7.10. The F-
D filter was created from the S-E filter by mirroring of passive parts. It consists of two
BOTAs, one MOTA, two ACAs and one FD-CF. The values of current gains B of the F-D
filter must be half of the values used for the S-E filter. The F-D filter is proposed with
grounded capacitors instead of floating ones. These capacitors must have twice the value of
capacitors of the S-E filter.
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Figure 7.10 Fully-differential form of the proposed (1 + a)-order low-pass filter

7.2.2 Simulation results

Pspice simulations of the S-E and F-D filter were performed using transistor-level
models described in chapter 5. The values of passive and active elements were selected
accordingly: capacitors C; = 820 pF, C; = C3 = 560 pF, the starting pole frequency is equal
to 100 kHz, starting value of the filter order is 1.5 (a = 0.5), transconductances gy, = 146 uS,

gm2 =376 uS, gm3 = 934 uS and current gains B; = 0.6 and B, = 0.068.

The proposed S-E and F-D filter possesses ability to electronically control the order
of the filter by changing values of transconductances gmi, gm2, gm3 and transfers B; and B,.
This ability was simulated for five values of parameter « (0.1, 0.3, 0.5, 0.7, 0.9). Calculated
values of passive and active elements for chosen values of parameter o are given in Table

XXXIV.

Table XXXIII Used values of passive and active elements for selected values of parameter a

a -] 01 [ 03 | 05 | 07 | 09
C: [pF] 820
G, = G; [pF] 560
Zm1 [1S] 112 133 147 174 210
Zm2 [1S] 340 370 370 417 417
23 [1S] 1499 1181 909 909 954
B [] 0.76 0.7 0.61 0515 | 0.428
B, | 0.17 0.117 0.07 0.033 | 0.008
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Figure 7.11 shows a comparison of the simulation results of the S-E and F-D filter when
changing its order. The values of passive and active elements used for the simulations are
summarized in Table XXXIII. The obtained slopes of attenuation of the transfer function
ofthe S-E and F-D filter for selected values of parameter o can be compared in Table
XXXIV. The values of the slope of attenuation of the F-D filter are closer to the theoretical
values.

Table XXXIV Comparison of obtained slopes of attenuation

a -] 0.1 0.3 0.5 0.7 0.9
Theoretical slope of attenuation [dB/dec] 22.0 26.0 30.0 34.0 38.0
Simulated slope of attenuation S-E [dB/dec] 20.8 25.5 30.2 34.5 36.6
Simulated slope of attenuation F-D [dB/dec] 21.2 26.0 30.6 34.4 37.0
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Figure 7.11 Comparison of simulated transfer functions of the S-E filter from Fig. 7.9 (solid lines) and the F-D filter
from Fig. 7.10 (dashed lines) when a was set to 0.1, 0.3, 0.5, 0.7 and 0.9
A comparison of phase responses of the transfer functions from Figure 7.11 are illustrated
in Figure 7.12. It can be seen that the phase responses correspond with the particular order.
For example, the phase response of 1.1 order ends slightly above 90 degrees, or the phase
response of 1.3 order is getting close to 117 degrees etc.

A comparison of the simulation results of the S-E and F-D filter when changing the pole
frequency can be seen in Figure 7.13. The values of the pole frequency selected for the
illustration are 50 kHz, 75 kHz, 100 kHz, 150 kHz and 200 kHz when the order of the filter is
fixed to 1.5 («=0.5). The used values of passive and active elements are stated in Table
XXXV. Obtained values of the pole frequency are compared in Table XXXVI. The obtained
pole frequencies of the F-D filter are closer to the theoretical values. The values of the pole
frequency of the F-D filter are slightly above the theoretical values when the values of the S-E
filter are lower. This fact is being more evident with increasing frequency.
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Figure 7.12 Comparison of phase responses of the S-E filter from Fig. 7.9 (solid lines) and the F-D filter from Fig. 7.10
(dashed lines) when controlling the order
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Figure 7.13 Comparison of ability to control the pole frequency of the S-E filter from Fig. 7.9 (solid lines) and the F-D
filter from Fig. 7.10 (dashed lines)

Table XXXV Used values of passive parts and transfers n,;-n;, for selected values of f;

fo [kHz] 50 [ 75 | 100 | 150 [ 200
G [pF] 820
C2 = C3 [pF] 560
Zm [nS] 74 110 147 220 294
Zmz2 [1S] 182 278 370 556 769
Zms [1S] 465 667 909 1333 1818
B, |-] 0.61
B, |-] 0.07
Table XXXVI Comparison of obtained pole frequencies
fo |kHz] 50 75 100 150 200
Simulated slope of attenuation S-E [dB/dec] 47.8 71.5 90.9 132.0 165.7
Simulated slope of attenuation F-D [dB/dec] 49.7 77.5 103.2 159.2 217.8
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Figure 7.14 shows phase responses corresponding with the transfer functions from Figure
7.13. Bigger differences between the responses of the S-E and F-D filter can be seen at higher
frequencies.
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Figure 7.14 Comparison of phase responses of the S-E filter from Fig. 7.9 (solid lines) and the F-D filter from Fig. 7.10
(dashed lines) when controlling the pole frequency

7.3 Concluding Summary of the Chapter

This chapter includes two structures of a fractional-order LP frequency filters. The first filter
is proposed in its F-D form based on the previously proposed fractional-order filter.
The second filter is proposed in the S-E and F-D variant. The filters are proposed with CFs,
OTAs and ACAs as active elements. Both filters posses ability to electronically control their
order and pole frequency. The simulation results were obtained using transistor-level
simulation models of used active elements.

The obtained results confirm the possibility to propose this type of filters in their F-D form.
Furthermore, the obtained results of F-D structures show that both pole frequencies and orders
of the F-D filters are closer to the theoretical values than in case of the S-E filters.
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8 Modified Design Method

This chapter presents a modified version of the horizontal structures transformation
method described in chapter 1. This modified design method is intended for frequency filters
using current followers as basic building blocks. An adjustment of the method so it is suitable
for filters employing OTAs can be easily made. To transform for example a partial structure
from Figure 8.1 a) into a corresponding F-D structure using the transformation of horizontal
structures, the passive components placed in the horizontal branches of the circuit are being
mirrored. In this case it means the resistor (conductance G) is mirrored around the CF.
As mentioned before if the horizontal components are resistors, the values of these resistors
of a resulting F-D circuit have half the value (that is 2G if the resistors are denoted
as conductances) of the resistors of the S-E circuit when the values and positions of vertical
components (capacitor C) stay unchanged as shown in Figure 8.1 b). The disadvantage of this
method is that originally grounded capacitor C turns into a floating capacitor which is not
suitable for implementation and integrability of such a circuit. Therefore, the next logical step
of the transformation into the F-D structure is to replace the floating capacitor by grounded
capacitors (one for each branch of the F-D structure) as used in case of implementation
of proposed filters in chapters 6.6, 6.8, 6.9 and 6.10 and as demonstrated in Figure 8.1 c). This
is one additional step of the design which must be taken into consideration. The values of
these capacitors are twice as high as used values of capacitors of the S-E structure. Note that
we have ended up with doubled values of conductances and capacitances to compensate the
F-D transfer function in comparison to the initial values of passive components of the S-E
structure. Thus the slope of attenuation of individual transfer functions of the F-D structure is
going to be slightly steeper because of lower values of resistors used for the S-E and F-D
structures. In case of a comparison of S-E and F-D structures when this approach is used we
are actually trying to compare a slightly different transfer functions and consequently receive
less information when comparing the S-E and F-D structures.

Figure 8.1 Design steps: a) initial S-E structure, b) the F-D structure created by the transformation of horizontal
structures, c) the F-D structure with grounded capacitors
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When using the transformation of horizontal structures, the values of the mirrored resistors
of the F-D structure must have halved values to compensate the pole frequency of the F-D.
Then again when splitting the floating capacitor into two grounded ones, the values of these
capacitors need to be adjusted due to halved values of resistors of the F-D structure
in comparison to the S-E structure so the pole frequency of the resulting F-D transfer function
stays the same as the pole frequency of the S-E function. The modified transformation method
takes these facts into consideration. The modified method is considering the grounded
capacitors of the F-D structure right from the beginning and thus, the values of resistors and
capacitors of the F-D structure can stay the same as values of passive elements of the S-E
structure. Figure 8.2 illustrates the transformation of the same S-E structure from Figure 8.1
using the modified method. The transformation consists of one step when the resulting F-D
structure in Figure 8.2 b) already contains the grounded capacitors and all passive components
have the same values as the passive components of the S-E structure. This way, it is possible
that the slope of attenuation of the F-D transfer functions is more like the slope of attenuation
of the S-E transfer functions than it is in case of the original transformation of horizontal
structures as shown later. The modified method was tested in case of ten simulated filters and
six implemented filters and in each case proved to be more suitable for the design of F-D
filters than the original transformation of horizontal structures. Chosen results are included for
the illustration.

Tc
- — :5 I
G g
T s .
]c
a) b)

Figure 8.2 Design steps: a) initial S-E structure, b) the F-D structure created by the modified design method

That the transfer function of the F-D structure from Figure 8.1 c) created based on the
horizontal structures transformation method and the F-D structure from Figure 8.2 b) based on
the modified method is the same is supported mathematically using M-C graphs. Figure 8.3
depicts simplified M-C graphs of the F-D structure from Figure 8.1 ¢) and the F-D structure
from Figure 8.2 b).
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Figure 8.3 Simplified M-C graph: a) of the F-D structure from Figure 8.1 c), b) of the F-D structure from Figure 8.2
b)

The denominator of the simplified M-C graph from Figure 8.3 a) is calculated as:

D(s) =(s2C +2G) - (s2C+2G)—(0.5-2G - (s2C +2G))—(0.5-2G - (s2C + 2G)) —
—(-0.5--0.5-2G-2G)+0.5-0.5-2G-2G = 45°C* + 4sCG + 4sCG +4G* —2sCG—  (8.1)
—2G? -2sCG-2G* - G* + G* =4s’C* +4sCG.

The numerator of the corresponding F-D structure (when taking the response from the outputs
of the FD-CF) is:

N(s) =4sCG +4G”. (8.2)

As can be seen all terms of the denominator and numerator contain "4" which will cancel each
other and the resulting transfer of the F-D structure from Figure 8.1 c) is given as:

sCG + G?

K(s)=——.
() s’C? +sCG

(8.3)

The denominator of the simplified M-C graph of the F-D structure from Figure 8.2 b) shown
in Figure 8.3 b) is calculated as:

D(s) = (sC+G)-(sC+G)—(0.5-G-(sC+G))—(0.5-G - (sC + G)) -
—(-0.5--0.5-G-G)+0.5-0.5-G-G = s*C” + sCG + sCG + G*> — 0.5sCG (8.4)
—0.5G* —0.55CG — 0.5G* —0.25G +0.25G> = s°C* + sCG.

133



The numerator of the corresponding F-D structure (when taking the response from the outputs
of the FD-CF) is:

N(s) =sCG +G*. (8.5)

The resulting transfer of this F-D structure is given as:

CG +G*
K(s)= " (8.6)
s C”+sCG

It can be seen that the transfers of the F-D structure from Figure 8.1 c¢) created using
the horizontal structures transformation method and the F-D structure from Figure 8.2 b)
based on the modified method presented in the equations (8.3) and (8.6) are identical and
the modified design method can be used instead of the transformation of horizontal structures
without any change in the transfer of the resulting F-D structure.

Figure 8.4 shows a comparison of the simulations of BP transfer function of the filter from
chapter 6.2. The values of passive elements and filter parameters were the same as stated
in chapter 6.2. The S-E transfer function is presented by blue line, the transfer function
of the F-D structure created by the transformation of horizontal structures (conductances
of the S-E filter were replaced by 2G) when the F-D structures contains floating capacitors
as show in Figure 8.1 b) is represented by green line, the function of the same structure with
grounded capacitors (having the twice the value of the floating capacitors) is presented
by cyan line, the red line represents the transfer function obtained when using the modified
design method. From the graph can be seen that the function obtained when using
the modified design method better follows the S-E transfer function. Also the attenuation
of the this transfer function at lower frequencies is better than in case of the transfer function
of the F-D created by the transformation of horizontal structures.

134



T TTT T ! T T T Tl
R R o 1 P
AR L e 1 b
_____ el i | It | Elbil. o LA g
¢ R P B S S
1 11 |- L / 1 \ (B E R 1 B4
| R (| | I iy \'IS 10 i Lh
T PSRN . G 5 /0 SR R0 I 5% L X1 SRS =bdd gl S R
I 1 Ed 1 I 1y TS 4 &
R R i UG |
i RN R . i R G
T i | ] ) | | [BEH 1T e i
14 N i 1 L L ETg gt |
%. {2 1 ! i 11 |——S-E function g1l i: N\ i
i
= '30______T_r'_"'f:—___ il ! T ==F-D floating capacitors [~ r I G | '"_:_"__
S ! : kg e F-D horizontal structures | | | 111} 1 11t
L (| | : g 1
O o= ‘_%J LT = —H 1L { ——F-D modified method -4 H —-—1N Ll
A T T P 1N
— A1 O O IERNEH .. Vi
- i R TN
1 | 1 1 I I I 11y | |
| i pon] b | 10 by R
I [ | | /) i
e B T 1 3 B 417 B
| I ! |
RUT R botidl o
70 I |I4 () !Hls H L1 - L Py !l7 = ! |Hs
10 10 10 10 10 10
Frequency [Hz]

Figure 8.4 Comparison of simulated BP function of the proposed filter from chapter 6.2: S-E transfer function (blue
line), F-D function obtained after the transformation of horizontal structures with floating capacitors (green line), F-
D function obtained after the transformation of horizontal structures with grounded capacitors (cyan line), F-D
function obtained using the modified method (red line)

Figure 8.5 compares the DC function of obtained BP transfer functions from Figure 8.4. The
DC function of the BP transfer function of the F-D filter created using the modified method

better follows the DC function of the S-E BP function. Also the linearity of this DC function
is greater than in case of other two F-D structures.
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Figure 8.5 Comparison of simulated DC function of BP function of the proposed filter from chapter 6.2: S-E transfer
function (blue line), F-D function obtained after the transformation of horizontal structures with floating capacitors
(green line), F-D function obtained after the transformation of horizontal structures with grounded capacitors (cyan
line), F-D function obtained using the modified method (red line)
A comparison of the simulation results of HP transfer function of the proposed filter from
chapter 6.4 is depicted in Figure 8.6. The values of passive elements and specific filter
parameters correspond with those used in chapter 6.4. The representation of individual
transfer functions is the same as for Figure 8.4. It can be seen that the F-D transfer function
obtained when using the modified method can better follow the S-E transfer function and
it has greater attenuation at lower frequencies.
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Figure 8.6 Comparison of simulated HP function of the proposed filter from chapter 6.4: S-E transfer function (blue
line), F-D function obtained after the transformation of horizontal structures with floating capacitors (green line), F-
D function obtained after the transformation of horizontal structures with grounded capacitors (cyan line), F-D
function obtained using the modified method (red line)

Figure 8.7 compares the simulation results of LP transfer function of the proposed filter from
chapter 6.6. The values of passive elements and specific filter parameters have the same
values as stated in chapter 6.6. The transfer functions are represented the same way as in case
of Figure 8.4 and Figure 8.6. By comparison, the transfer function obtained from the F-D
structure created by the modified method has slightly lower attenuation at higher frequencies
that the transfer function from the F-D structure when using the transformation of the
horizontal structures, but it is more consistent with the slope of attenuation of the S-E transfer
function. Figure 8.8 shows phases of the illustrated LP transfer functions from Figure 8.7. It
can be seen that the phase of LP function which is obtained from the F-D structure created

by the modified method can better follow the phase of the S-E structure.
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Figure 8.7 Comparison of simulated LP function of the proposed filter from chapter 6.6: S-E transfer function (blue
line), F-D function obtained after the transformation of horizontal structures with floating capacitors (green line), F-
D function obtained after the transformation of horizontal structures with grounded capacitors (cyan line), F-D
function obtained using the modified method (red line)
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Figure 8.8 Comparison of phases of simulated LP function of the proposed filter from chapter 6.6: S-E transfer
function (blue line), F-D function obtained after the transformation of horizontal structures with floating capacitors
(green line), F-D function obtained after the transformation of horizontal structures with grounded capacitors (cyan

line), F-D function obtained using the modified method (red line)
The simulation results of LP transfer functions of the filter from chapter 6.5 are compared
in Figure 8.9. The values of passive elements and specific filter parameters have the same
values as described in chapter 6.5 except the values of current gains of the DACA elements
which were in case of the S-E filter set to A; = 4, = 2 (half values for the F-D structure). From
the graph can be seen that the transfer function obtained when using the modified design
method better follows the S-E transfer function.
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Figure 8.9 Comparison of simulated LP functions of the proposed filter from chapter 6.5: S-E transfer function (blue
line), F-D function obtained after the transformation of horizontal structures with floating capacitors (green line), F-
D function obtained after the transformation of horizontal structures with grounded capacitors (cyan line), F-D
function obtained using the modified method (red line)

Figure 8.10 shows a comparison of measured LP transfer functions of the filter from chapter
6.5. The values of passive elements and specific filter parameters are the same as stated for
transfer functions in Figure 8.9. The transfer function of the S-E filter is represented by blue
line, the transfer function of the F-D structure created by the transformation of horizontal
structures with grounded capacitors by green line and the transfer function obtained from

the F-D structure created by the modified method is represented by red line. It can be seen
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that the transfer function obtained from the F-D structure created by the transformation
of horizontal structures has a slightly higher slope of attenuation than the S-E transfer
function. The slopes of attenuation of the S-E transfer function and the transfer function
obtained when using the modified method are nearly identical.
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Figure 8.10 Comparison of measured LP functions of the proposed filter from chapter 6.5: S-E transfer function (blue
line), F-D function obtained after the transformation of horizontal structures with grounded capacitors (green line),
F-D function obtained using the modified method (red line)

9 Conclusion

The thesis was mainly aimed at the proposal of fully-differential frequency filters
working in the current mode and employing non-standard active elements. Great emphasis
was paid to a comparison of the F-D structures and their corresponding S-E forms. The work
was divided into three main parts namely the proposal of new second-order current-mode
filtering structures especially fully-differential ones, the proposal of fractional-order
frequency filters in both single-ended and fully-differential forms and finally a modification
of the transformation of horizontal structures design method with respect to the specific needs
and characteristics of differential structures. The design correctness and functionality
of the proposed filters are verified by SNAP program, PSpice simulations and in some cases
also by experimental measurement. Chapter 1 gives an overview of the basics and
development in the field of analogue filtering structures. The main goals of the thesis are
stated in chapter 2. Chapter 3 provides definition of single-ended and fully-differential current
transfers. Chapter 4 describes signal-flow graphs (SFGs) design method which was used
to propose the presented filters. Used active elements are described in chapter 5. Chapters 6
and 7 present the proposed filtering structures. The last chapter presents the modified design
method and gives a comparison of obtained results together with horizontal structures
transformation method.

Chapter 6 contains eight proposed second-order current-mode filtering structures in their S-E
and also F-D form. In principle, all proposed filters are SIMO type filters which can provide
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all (or at least more than one) transfer functions without a necessity to change the circuit
structure or position of the input current. The first five filters based on current followers.
The remaining three filtering structures are based on operational transconductance amplifiers
as basic building blocks allowing to control the pole frequency and quality factor of the filter.
The determinants of proposed filters have been chosen that way it is possible to control
the pole frequency, quality factor of the filter, or both by suitable placement of digitally
adjustable current amplifiers or operational transresistance amplifiers in the circuit structure
as graphically demonstrated in the thesis. Differential structures were transformed from
single-ended structures using the transformation of horizontal structures by mirroring passive
components around the active elements, or in some cases also by mirroring active elements.
The output response are always obtained directly from high-impedance outputs of used active
elements so it is not necessary to obtain any of the output responses that would flow through
the passive components, which is not, in case of implementation, appropriate. Since
the floating capacitors are not suitable for implementation, all F-D filters are proposed with
grounded capacitors. From the graphs it is obvious that the transfer functions
of the differential filters have slightly higher slope of attenuation than in case of single-ended
filters. This is mainly due to the fact that the F-D filters are using resistors of half values than
the S-E filters. This fact then leads to the modification of the horizontal structures
transformation method presented in chapter 8. From the measurement results of the possibility
to control the pole frequency and quality factor of the S-E and F-D filter is possible to observe
that the obtained pole frequencies of the F-D filters are usually closer to the theoretical values
than in case of the S-E filters. Furthermore, the quality factors of F-D transfer functions are
higher than the quality factors of S-E transfer function which are closer to the theoretical
values. From the perspective of the author, the filter from chapter 6.8 is the most
advantageous in case of implementation of the proposed filter in an integrated form because
it can provide all standard transfer functions in both polarities, requires only four active
elements and allows to electronic control its pole frequency and quality factor. Furthermore,
the terms of each transfer function correspond with particular terms of the denominator thus,
the individual transfer functions have the unity gain regardless the values of adjustable
parameters. Filters from chapter 6.9 and 6.10 are advantageous because they posses of dual
parameter control of their quality factors so it is possible to adjust the quality factor in a wider
range without reaching the parameter limitations. The filters based on current followers
require additional active elements in order to provide the controllability of some of the filter
parameter(s) which increases the number of used active elements and resulting circuit
complexity. Therefore these filters are less advantageous in case of implementation
of the proposed filters in an integrated form. All filters can seem rather complex, but
the circuit structure of each filter can be adjusted for particular application (unused terminals
can be removed, the number of active elements can be lowered in case of requirement of only
some transfer function etc.).

139



Chapter 7 presents the proposal of two fractional order filters. One in its F-D and the second
one in its S-E and F-D form. The first proposed filter is based on current followers and
the second one on operational transconductance amplifiers. The proposal of the F-D structures
is made the same way as in chapter 6. The possibility to propose these filters in their F-D form
has been proved and the proposed F-D structures provide better properties as shown in case
of controllability of the order and pole frequency of the filters when both slope of attenuation
for individual values of parameter a and pole frequency of the F-D filter are closer
to the theoretical values.

Finally chapter 8 presents the modified horizontal structures transformation method which
was adjusted with respect to the specific needs and characteristics of differential structures.
The modified method is intended for filtering structures using current followers. Its practical
applicability was tested on ten simulated filters and six implemented filters and then
compared with results obtained from the corresponding F-D structures created using
the original horizontal structures transformation method and the corresponding S-E forms
of these filters.

The research described in this work was adequately presented to the scientific community,
as an author or coauthor I have published:

e 4 papers in impact factor journals (Advances in Electrical and Computer Engineering,
Indian Journal of Engineering and Materials Sciences, Circuits Systems and Signal
Processing, Journal of Circuits, Systems, and Computers)

e 4 papers in proceedings of international conferences (WSEAS Circuits, Systems,
Control, Signals, Telecommunications and Signal Processing, Applied Electronics)

e | paper in international non-impact journal (WSEAS Transactions on Circuits)

e 7 papers in national non-impact journals (Elektrorevue, International Journal of
Advances in Telecommunications, Electrotechnics, Signals and Systems)

e (6 papers in proceedings of national conferences (student IEEE)

e furthermore, I'm an author of 2 pedagogical texts.

140



References

[1] CHANG C. M., AL-HASHIMI B. M., WANG C. L., HUNG C. W., Single fully differential current
conveyor biquad filters, In Proc. IEE Circuits, Devices and Systems, 2003, vol. 150, Issue 5, pp. 394-398.

[2] SOLIMAN A. M., Generation and classification of Ker-win—Huelsman—Newcomb circuits using the DVCC,
Int. J. Circ. Theor. Appl., 2009, vol. 37, pp. 835-855.

[3] GHOSH M., PAUL S. K., RANJAN R. K., RANJAN A., Third Order Universal Filter Using Single
Operational Transresistance Amplifier, Journal of Engineering, 2013, vol. 2013, pp 1-6.

[4] BEG P., KHAN I. A, MAHESHWARI S., SIDDIQI M. A., Digitally Programmable Fully Differential
Filter, Radioengineering, 2011, vol. 20, no. 4, pp. 917-925.

[5] TANGSRITAT W., Novel current-mode and voltage-mode universal biquad filters using single CFTA,
Indian Journal of Engineering and Materials Sciences, 2010, vol. 17, pp. 99-104.

[6] KACAR F., YESIL A., FDCCII-based electronically tunable voltage-mode biquad filter, Int. J. Circ. Theor.
Appl., 2012, vol. 40, pp. 377-383.

[7] HERENCSAR N., VRBA K., Obecny pfistup k navrhu kmito¢tovych filtri pomoci autonomnich obvodi"
(The Common Approach to Frequency Filters Design Based on Autonomous Circuits), Elektrorevue, 2006,
no. 40, pp. 40-1 - 40-17.

[8] KOTON 1J., VRBA K., Electronically Tunable Frequency Filters Based on Transformation Cells, In Proc.
The 3" International Conference Systems, 2008, Cancun, Mexico, pp. 260-264.

[9] KACAR F., MENEKAY 8., Realization of a CMOS Current Differencing Buffer Amplifier and Its Filter
Application, In Proc. The 7" International Conference Electrical and Electronics Engineering, 2011, Bursa,
Turkey, pp. 337-340.

[T0]JHERENCSAR N., VRBA K., Current conveyors-based circuits using novel transformation method, /EICE
Electronics Express, 2007, vol. 4, no. 21, pp. 650-656.

[T1JABUELMA'ATTI M. T., BENTRCIA A., A novel mixed-mode OTA-C universal filter, International
Journal of Electronics, 2005, vol. 92, issue 7, pp. 375-383.

[12JHORNG J. W., Current-Mode and Transimpedance-Mode Universal Biquadratic Filter using Multiple-
Output CCIL, Indian Journal of Engineering and Materials Sciences, 2010, vol. 17, no. 3, pp. 169-174.

[13]PANDEY N., PAUL S. K., BHATTACHARYYA A., JAIN S. B., A new mixed mode biquad using reduced
number of active and passive elements, IEICE Electronics Express, 2006, vol. 3, no. 6, pp. 115-121.

[14]JERABEK J., KOTON J., SOTNER R., VRBA K., Adjustable band-pass filter with current active elements:
two fully-differential and single-ended solutions, Analog integrated circuits and signal processing, 2013,
vol. 74, no. 1, pp. 129-139.

[I5]SENANI R., GUPTA S. S., Current-Mode Universal Biquad Using Current Followers: A Minimal
Realization, Radioengineering, 2011, vol. 20, no. 4, pp. 898-904.

[16]JERABEK J., VRBA K., Riditelny univerzalni filtr s vicevystupovymi proudovymi sledovadi (A

Controllable Universal Filter Using Multi-Output Current Followers), Elektrorevue, 2008, no. 35, pp. 35-1 -
35-10.

141



[17]KOTON 1J., HERENCSAR N., VRBA K., JERABEK J., Digitally Adjustable Current Amplifier and its
Application in Fully Differential Current-Mode Band-Pass Filter Design, Elektrorevue, 2010, no. 90, pp. 47-
52.

[18]PRASERTSOM D., TANGSRIRAT W., CMOS Digitally Controlled Current Follower and Its Application,
In Proc. of the 12" International Symposium on Integrated Circuits, ISIC '09, 2009, Singapore, Republic of
Singapore, pp. 486-489.

[19]JERABEK J., SOTNER R., VRBA K., Tunable universal filter with current follower and transconductance
amplifiers and study of parasitic influences, Journal of Electrical Engineering, 2011, vol. 62, no. 6, pp. 317-
326.

[20]TANGSRIRAT W., PRASERTSOM D., Electronically tunable low-component-count current-mode
biquadratic filter using dual-output current followers, Electr. Eng., 2007, vol. 90, pp. 33-37.

[217JERABEK J., SOTNER R., VRBA K., Comparison of the SITO Current-Mode Universal Filters Using
Multiple-Output Current Followers, In Proc. of The 35" International Conference on Telecommunications
and Signal Processing, 2012, Prague, Czech Republic, pp. 406-410.

[22]1JERABEK J., SOTNER R., VRBA K., KOUDAR I., PIln¢ diferen¢ni univerzalni a fiditelny filtr s
proudovymi aktivnimi prvky", (A Fully-Differential Universal Tunable Filter with Current Active Elements)
Elektrorevue, 2010, no. 7, pp. 7-1 - 7-6.

[23]JERABEK J., SOTNER R., VRBA K., Fully-differential current amplifier and its application to universal
and adjustable filter, In Proc. International Conference Applied Electronics (AE), 2010, Pilsen, Czech
Republic, pp. 1-4.

[24]KUBANEK D., VRBA K., Second-Order Multifunction Filter with Fully Differential Current Follower, In
Proc. International Conference Electrical and Electronics Engineering. 2009 ELECO, 2009, Bursa, Turkey,
pp. 11-252 - 11-255.

[25]JERABEK J., VRBA K., Design of Fully Differential Filters with Basic Active Elements Working in the
Current Mode, Elektrorevue, 2010, vol. 2010, no. 87, pp. 1-5.

[26] YUCE E., Current-mode electronically tunable biquadratic filters consisting of only CCCIIs and grounded
capacitors, Microelectronics Journal, 2009, vol. 40, issue, pp. 1719-1725.

[27]KUMNGERN M., Multiple-input single-output current-mode universal filter using translinear current
conveyors, Journal of Electrical and Electronics Engineering Research, 2011, vol. 3, no. 9, pp. 162-170.

[28]CHEN H., Current-mode dual-output ICCII-based tunable universal biquadratic filter with low-input and
high-output impedances, International Journal of Circuit Theory and Applications, 2014, vol. 42, issue 4,
pp- 376-393.

[29]SOLIMAN A. M., Current mode filters using two output inverting CCII, Int. J. Circ. Theor. Appl., 2008,
vol. 36, pp. 875-881.

[30]CHUNHUA W., HAIGUANG L., YAN Z., Universal current-mode filter with multiple inputs and one
output using MOCCII and MO-CCCA, International Journal of Electronics and Communications (AEU),
2009, vol. 63, pp. 448-453.

[31]YUCE E., KIRCAY A., TOKAT S., Universal resistorless current-mode filters employing CCClls, Int. J.
Circ. Theor. Appl., 2008, vol. 36, pp.739-755.

[32]CHEN H. P., CHU P. L., Versatile Universal Electronically Tunable Current-Mode Filter Using CCCII,
IEICE Electronic Express, 2009, vol. 6, no. 2, pp. 122-128.

142



[33]HORNG J. W., WU C. M., HERENCSAR N., Three-Input-One-Output Current-Mode Universal
Biquadratic Filter Using One Differential Difference Current Conveyor, Indian Journal of Pure and Applied
Physics, 2014, vol. 52, pp. 556-562.

[34]KOTON 1J., HERENCSAR N., VRBA K., Single-Input Three-Output Current-Mode Filter Using Dual-
Output Current Conveyors, In Proc. Int. Conference on Electrical and Electronics Engineering - ELECO
2009, 2009, Bursa, Turkey, pp. 11-263-11-266.

[35]CHANG C., HUANG T., TU S., HOU C., HORNG J., Universal Active Current Filter Using Single
Second-Generation Current Controlled Conveyor, Circuits Systems and Signal Processing, 2008, vol. 1 no.
2, pp. 129-133.

[36]SAGBAS M., FIDABOYLU K., Electronically tunable current-mode second order universal filter using
minimum elements, Electronics Letters, 2004, vol. 40, issue 1, pp. 2-4.

[371JERABEK J., SOTNER R., VRBA K., Tiso Adjustable Filter with Controllable Controlled—Gain Voltage
Differencing Current Conveyor, Journal of Electrical Engineering, 2014, vol. 65, issue 3, pp. 137-143.

[38]SOTNER R., JERABEK J., SEVCIK B., DOSTAL T., VRBA K., Novel Solution of Notch/All-pass Filter
with Special Electronic Adjusting of Attenuation in the Stop Band, Elektronika ir Elektrotechnika, 2011,
vol. 113, no.7, pp. 37-42, 2011.

[39]MINAET' S., IBRAHIP M. A., KUNTUAN H., A New Current-Mode KHN-Biquad Using Differential
Voltage Current Conveyor Suitable for IF Stages, In Proc. The 7" International Symposium Signal
Processing and Its Applications, 2003, Paris, France, Vol. 1, pp. 249-252.

[40]CHEN H., Tunable versatile current-mode universal filter based on plus-type DVCCs, International Journal
of Electronics and Communications (AEU), 2012, vol. 66, issue 4, pp. 332-339.

[411TEMIZYUREK C., MYDERRIZI I., Current-Mode Universal Filter Implemented with DVCCs, In Proc. of
The International Conference on Electrical and Electronics Engineering, 2003, Bursa, Turkey, pp. 3-7.

[42]1JERABEK J., VRBA K., JELINEK M., Universal Fully-Differential Adjustable Filter with Current
Conveyors and Current Amplifier in Comparison with Single-Ended Solution, In Proc. of The 2011
International Conference on Applied Electronics, 2011, Pilsen, Czech Republic, pp. 189-192.

[43]CHEN H., WANG S., LI P., CHOU N., CHANG C., Single FDCCII-based current-mode universal
biquadratic filter, In Proc. The 2" International Conference Consumer Electronics, Communications and
Networks (CECNet), 2012, Yichang, China, pp. 2076-2079.

[44]GUR F., ANDAY F., Simulation of a novel current-mode universal filter using FDCCIIs, Analog
Integrated Circuits and Signal Processing, 2009, vol. 60, no. 3, pp. 231-236.

[45]KACAR F., METIN B., KUNTAM H., CICEKOGLU O., Current-Mode Multifunction Filters Using a
Single FDCCII, In Proc. International Conference Electrical and Electronics Engineering (ELECO), 2009,
Bursa, Turkey, pp. 11-54 - 11-57.

[46]KACAR F., KUNTMAN H., OZCAN S., New High Performance CMOS Fully Differential Current
Conveyor, Electroscope Applied Electronics 2008, vol. 2008, no. IIL, pp. 1-4.

[471KOTON J., HERENCSAR N., VRBA K., KOUDAR 1., Fully differential current-mode filters using
digitally adjustable current amplifier, Elektrorevue, 2009, no. 45, pp. 45-1-45-4.

[48]LEE CH., Multiple-Mode OTA-C Universal Biquad Filters, Circuits, Systems and Signal Processing, 2010,
vol. 29, issue 2, pp. 263-274.

143



[49]CHUNHUA W., LING Z., TAO L., A newOTA-C current-mode biquad filter with single input and multiple
outputs, International Journal of Electronics and Communications (AEU), 2008, vol. 62, pp. 232-234.

[S0]QADIR A., ALTAF T., Current Mode Canonic OTA-C Universal Filter with Single Input and Multiple
Outputs, In Proc. The 2" International Conference Electronic Computer Technology (ICECT), 2010, Kuala
Lumpur, Malaysia, pp. 32-24.

[ST]JJERABEK, J., VRBA, K., JELINEK, M., Univerzalni a fiditelny filtr s proudovymi sledovaci,
transkonduktan¢nimi zesilovaci a minimalnim po¢tem komponent (A Universal Controllable filter with CFs,
OTAs and Minimal Number of Components), Elektrorevue, 2010, vol. 2010, no. 46, pp. 1-5.

[52]BIOLEK D., BIOLKOVA V., KOLKA Z., Universal current-mode OTA-C KHN biquad, International
Journal of Electronics, Circuits & Systems, 2007, vol.1, no. 4, pp. 214.

[S3]JAIKLA W., SIRTPONGDEE S., SUWANJAN P., MISO current-mode biquad filter with independent
control of pole frequency and quality factor, Radioengineering, 2012, vol. 21, no. 3, pp. 886-891.

[54]SINGH S. V., MAHESHWARI S., MOHAN 1J., CHAUHAN D. S., Electronically tunable current-mode
universal biquad filter based on the CCCCTA, In Proc. of IEEE Int. Conf. on Advances in Recent
Technologies in Comm. and Computing (ARTCOM), 2009, Kottayam, Kerala, pp. 424-429.

[55]TOMAR R., SINGH S., CHAUHAN D., Current Processing Current Tunable Universal Biquad Filter
Employing Two CCTAs and Two Grounded Capacitors, Circuits and Systems, 2013, vol. 4, no. 6, pp 443-
450.

[S6]KUMNGERN M., TORTEANCHAI U., SARSITTHITHUM K., Current-Tunable Current-Mode
Multifunction Filter Employing a Modified CCCCTA, In Proc. 7" IEEE Conference Industrial Electronics
and Applications (ICIEA), 2012, Singapore, Republic of Singapore, pp. 1794 - 1797.

[57]SINGH S., MAHESHWARI S., CHAUHAN D., Universal Current-Controlled Current-Mode Biquad Filter
Employing MO-CCCCTAs and Grounded Capacitors, Circuits and Systems, 2010, vol. 1, no. 2, pp. 35-40.

[58]PRASAD D., BHASKAR D. R., SINGH A. K., Universal current-mode biquad filter using dual output
current differencing transconductance amplifier, International Journal of Electronics and Communications
(AEU), 2009, vol. 63, issue 6, pp. 497-501.

[S9] TANGSRIRAT W., PUKKALANUN T., Structural generation of two integrator loop filters using CDTAs
and grounded capacitors, International Journal of Circuit Theory and Applications, 2011, vol. 39, Issue 1,
pp- 31-45.

[60]KESKIN A. U., BIOLEK D., HANCIOGLU E., BIOLKOVA V., Current-mode KHN filter employing
current differencing transconductance amplifiers, International Journal of Electronics and Communications

(AET), 2006, vol. 60, pp. 443-446.

[61]SHAH N. A., QUADRI M., IQUBAL S. Z., Realization of CDTA based current-mode universal filter,
Indian J. pure & applied physics, 2008, vol. 46, pp. 283-285.

[62] BIOLEK D., BIOLKOVA V., CDTA-C current-mode universal 2nd-order filter, In Proc. of the 5" WSEAS
Int. Conf. on Applied Informatics and Communications, 2005, Malta, pp. 411-414.

[63]DEHRAN M., SINGH I. P., SINGH K., SINGH R. K., Switched Capacitor Biquad Filter Using CDTA,
Circuits and Systems, 2013, vol. 4, no. 6, pp. 438-442.

[64]KACAR F., KUNTMAN H., A new, improved CMOS realization of CDTA and its filter applications,
Turkish Journal of Electrical Engineering & Computer Sciences, 2011, vol. 19, issue 4, pp. 631.

144



[65]INTAWICHAI K., TANGSRIRAT W., Signal-Flow Graph Realization of nth-Order Current-Mode Allpass
Filters Using CFTAs, In Proc. The 10™ International Conference Electrical Engineering/Electronics,
Computer, Telecommunications and Information Technology (ECTI-CON), 2013, Krabi, Thailand, pp. 1-6.

[66]HERENCSAR N., KOTON J., VRBA K., LAHIRI A., CICEKOGLU O., Current-Controlled CFTA-Based
Current-Mode SITO Universal Filter and Quadrature Oscillator, In Proc. International Conference Applied
Electronics (AE), 2010, Pilsen, Czech Republic, pp. 1-4.

[67]TANGSRIRAT W., Single-input three-output electronically tunable universal current-mode filter using
current follower transconductance amplifiers, International Journal of Electronics and Communications
(AEU), 2011, vol. 65, pp. 783-787.

[68]TOMAR R. S., SINGH S. V., CHAUHAN C., Fully Integrated Electronically Tunable Universal Biquad
Filter Operating in Current-Mode, In Proc. the international Conference Signal Processing and Integrated
Networks (SPIN), 2014, Noida, India, pp. 549-554.

[69]TOMAR R. S., SINGH S. V., CHAUHAN D. S., Cascadable Low Voltage Operated Current-Mode
Universal Biquad Filter, WSEAS Transactions on Signal Processing, 2014, vol. 10, pp. 345-353.

[70]LAWANWISUT S., SIRIPRUCHYANUN M., A Current-Mode Multifunction Biquadratic Filter Using
CFTAs, Journal of KMUTNB, 2012, vol. 22, no. 3, pp 479-485.

[711BIOLEK D., BIOLKOVA V., KOLKA Z., BAJER J., Single-Input Multi-Output Resistorless Current-Mode
Biquad, In proc. of the European Conference on Circuit Theory and Design ECCTD 2009, 2009, Antalya,
Turkey, pp. 225-228.

[72] BIOLEK D., BIOLKOVA V., Current-Input Current-Output 2nd-Order All-Pass Filter Employing Two ZC-
CITAs, In Proc. of the 20" International Conference Radioelektronika (RADIOELEKTRONIKA), 2010,
Brno, Czech Republic, pp. 1-4.

[73]KESKIN A. U., HANCIOGLU E., Current mode multifunction filter using two CDBAs, International
Journal of Electronics and Communications (AEU), 2005, vol. 59, issue 8, pp. 495-498.

[74]TSUKUTANI T., SUMI Y., YABUKI N., Electronically tunable current-mode universal biquadratic filter
using CCCDBAs, In Proc. International Symposium Intelligent Signal Processing and Communications
Systems ISPACS, 2008, Bangkok, Thailand, pp. 1-4.

[75] TANGSRIRAT W., SURAKAMPONTORN W., Design of Electronically Tunable Ladder Filters Using
Current-Controlled Current Differential Buffered Amplifiers, In Proc. 2004 IEEE Region 10" Conference
TENCON, 2004, pp. 368-371 Vol. 4.

[76] SIRIPRUCHYANUN M., JAIKLA W., Current-mode biquadratic filter using DO-CCCDBAs, International
Journal of Circuit Theory and Applications, 2010, vol. 38, no. 3, pp. 321-330.

[771PAL R., TIWARI R. C., PANDEY R., Single CDBA Based Current Mode First Order Multifunctional
Filter, International Journal of Engineering Science and Technology (IJEST), 2014, vol. 6, no. 7, pp. 444-
451.

[78]SOTNER R., JERABEK J., HERENCSAR N., ZAK T., JAIKLA W., VRBA K., Modified Current
Differencing Unit and its Application for Electronically Reconfigurable Simple First-order Transfer
Function, Advances in Electrical and Computer Engineering, 2015, vol. 15, no. 1, pp. 3—-10.

[79]SOTNER R., JERABEK J., HERENCSAR N., PROKOP R., VRBA K., DOSTAL T., First-order
Reconfigurable Reconnection- less Filters Using Modified Current Differencing Unit, In Proc. of 25"

145



International Conference RADIOELEKTRONIKA, 2015, Pardubice: University of Pardubice, Faculty of
Electrical Engineering and Informatics, Czech Republic, pp. 46-50.

[80]JERABEK J., VRBA K., Navrh kmitoctovych filtri pomoci integrac¢nich clankt s proudovymi aktivnimi
prvky (The Proposal of Frequency Filters With Current Active Elements Based on Integrators),
Elektrorevue, 2009, No. 9, pp. 9-1 - 9-7.

[81TKOTON J., MINARCIK M., Vyuziti grafii signalovych tokl pro analyzu obvodl s proudovymi konvejory
(Usage of Signal-Flow Graphs to Analyze Electrical Networks With Current Conveyors), Elektrorevue
2006, no. 10, pp. 1.

[82]CHAICHANA A., KUMNGERN M., JAIKLA W., Electronically Tunable Versatile Current-Mode MISO
Universal Filter Including Minimum Component Count Circuits, In Proc. The 11" International Conference
Electrical Engineering/Electronics, Computer, Telecommunications and Information Technology (ECTI-
CON), 2014, Nakhon Ratchasima, Thailand, pp. 1-4.

[83]ALZAHER H. A., A CMOS Digitally Programmable Universal Current-Mode Filter, I[EEE Transactions on
circuits and systems—II: Express briefs, 2008, vol. 55, no. 8, pp. 758-762.

[84]JERABEK J., DVORAK J., SOTNER R., METIN B., VRBA K., Multifunctional current-mode filter with
dual-parameter control of the pole frequency, Advances in Electrical and Computer Engineering, 2016, vol.
16, issue 3, pp. 31-36.

[85]JERABEK J., SOTNER R., HERENCSAR N., POLAK J., DVORAK J., KOTON J., MISO Universal
Frequency Filter with Dual-Parameter Control of the Pole Frequency, In. Proc. ELECO 2015 9"
International Conference on Electrical and Electronics Engineering, 2015, Bursa, Turkey, pp. 24-28.

[86] TANGSRIRAT W., DUMAWIPATA T., SURAKAMPONTORN W., Multiple-input single-output current-
mode multifunction filter using current differencing transconductance amplifiers, International Journal of
Electronics and Communications (AEU), 2007, vol. 61, issue 4, pp. 209-214.

[87IMAHESHWARI S., Current-mode filters with high output impedance and employing only grounded
components, WSEAS transaction on electronics, 2008, Vol. 5, Issue 6, pp. 238-243.

[88]JERABEK J., VRBA K., Design of Fully-Differential Filters with nth-order Synthetic Elements and
Comparison with Single-Ended Solution, In Proc. IEEE The 3™ International Conference Communication
Software and Networks (ICCSN), 2011, Xi'an, China, pp. 437-441.

[89]BRANDSTETTER P., KLEIN L., Third Order Low-Pass Filter Using Synthetic Immittance Elements With
Current Conveyors, Advances in Electrical and Electronic Engineering, 2012, vol. 10, no. 2, pp. 89-94.

[90]INTAWICHAI K., TANGSRIRAT W., Signal Flow Graph Realization of nth-Order Current-Mode Allpass
Filters Using CFTAs, In Proc. Electrical Engineering/Electronics, Computer, Telecommunications and
Information Technology (ECTI-CON), 2013, Krabi, Thailand, pp. 1-6.

[911JERABEK J., VRBA K., Comparison of the Fully-Differential and Single-Ended Solutions of the Frequency
Filter with Current Followers and Adjustable Current Amplifier, In Proc. ICN2012 The 11" International
Conference on Networks, 2012, Reunion, France: IARIA, pp. 50-54.

[92]TOUMAZOU C., LIDGEY F. J., HAIGH D. G., Analog IC design: the current-mode approach, Institution
of Electrical Engineers, London, 1996, 646 pages.

[93]KOTON 1J., HERENCSAR N., SLADOK O., HORNG 1J., Pseudo-differential second-order band- reject

filter using current conveyors. International Journal of Electronics and Communications (AEU), 2016, vol.
70, no. 6, pp. 814-821.

146



[94]IBRAHIM M. A., MINAEI S., KUNTMAN H., DVCC based differential-mode all-pass and notch filters
with high CMRR. Int J Electron, 2006, vol. 93, pp. 231-240.

[95STHORNG J., WU C., HERENCSAR N. Fully differential first-order allpass filters using a DDCC, Indian J.
Eng. Mater. Sci., 2014, vol. 21, pp. 345-350.

[96] ANSARI M. S., SONI G. S., Digitally-programmable fully-differential current-mode first-order LP, HP and
AP filter sections, In Proc. of 2014 international conference on signal propagation and computer
technology (ICSPCT), 2014, Ajmer, India, pp. 524-528.

[971JERABEK J., KOTON J., VRBA K., Zobecnénd metoda nadvrhu multifunkénich kmitoctovych filtri (A
Generalized Method of Multifunctional Frequency Filter Design), Elektrorevue, 2007, no. 41, pp. 41-1 - 41-
10.

[98]KOTON J., VRBA K., Navrh kmitoc¢tovych filtri pomoci autonomniho obvodu s tplnou siti admitanci
(Designing of Frequency Filters Using Autonomous Circuit With a Full Admittance Network),
Elektrorevue, 2005, no. 33, pp. 1.

[99]KOTON J., VRBA K., Zobecnéné metody navrhu kmitoctovych filtrii (Generalized Methods of Frequency
Filter Design), Elektrorevue, 2008, no. 26, pp. 26-1 - 26-17.

[100] HERENCSAR N., KOTON J.,, VRBA K., LATTENBERG 1., MISUREC J., Generalized Design
Method for Voltage-Controlled Current-Mode Multifunction Filters, Telfor Journal, 2009, vol. 1, no. 2, pp.
49-52.

[101] BRANDSTETTER P., KLEIN L., Design of Frequency Filters by Method of Synthetic Immittance
Elements with Current Conveyors, In Proc. International Conference Applied Electronics (AE), 2012,
Pilsen, Czech Republic, pp. 37-40.

[102] JERABEK J., VRBA K., Navrh pfeladitelného kmitoctového filtru s proudovymi aktivnimi prvky za
pomoci metody grafu signalovych tokti (The Proposal of Tunable Frequency Filter With Current Active
Elements Using Signal-Flow Graphs Method), Elektrorevue, 2009, no. 42, pp. 42-1 - 42-7.

[103] KUBANEK D., Teoreticky navrh ADSL Splitterii. Studijni zprdava pro STROM telecom, (Theoretical
Design of ADSL Splitters. Report for STROM telecom) Department of Telecommunication, FEKT, BUT,
Brno, 2003. 119 pages.

[104] MAUNDY B., ELWAKIL A., FREEBORN T., On the practical realization of higher-order filters with
fractional stepping, Signal Processing, 2011, vol. 91, no. 3, pp. 484-491.

[105] KRISHNA M. S., DAS S., BISWAS K., GOSWAMI B., Fabrication of a fractional order capacitor with
desired specifications: A study on process identification and characterization, /EEE Transactions on
Electron Devices, 2011, vol. 58, no.11, pp. 4067-4073.

[106] FREEBORN T., A Survey of Fractional-Order Circuit Models for Biology and Biomedicine, /EEE
Circuits and Systems Magazine, 2013, vol. 3, no. 3, pp. 416-424.

[107] ELWAKIL A., Fractional-order circuits and systems: An emerging interdisciplinary research area,
IEEE Circuits and Systems Magazine, 2010, vol. 10, no. 4, pp. 40-50.

[108] ALI A. S., RADVAN A., SOLIMAN A. M., Fractional Order Butterworth Filter: Active and Passive
Realizations, IEEE Journal on Emerging and Selected Topics in Circuits and Systems, 2013, vol. 3, no. 3,
pp- 346-354.

[109] FREEBORN T., MAUNDY B., ELWAKIL A., Approximated Fractional Order Chebyshev Lowpass
Filters. Mathematical Problems in Engineering, 2015, vol. 2015, pp. 1-7.

147



[110] RADWAN A., SALAMA K., Fractional-order RC and RL circuits, Circuits Systems and Signal
Processing, 2012, vol. 31, no. 6, pp. 1901-1915.

[111]  TSIRIMOKOU G., LAOUDIAS C., PSYCHALINOS C., 0.5-V fractional-order companding filters,
International Journal of Circuit Theory and Applications, 2015, vol. 43, no. 9, pp. 1105-1126.

[112] TSIRIMOKOU G., PSYCHALINOS C., ELWAKIL A., Digitally Programmed Fractional-Order
Chebyshev Filters Realizations Using Current-Mirrors, In. Proc. of IEEE International Symposium on
Circuits and Systems (ISCAS 2015), 2015, Lisbon, Portugal, pp. 2337-2340.

[113] JERABEK J., SOTNER R., KUBANEK D., DVORAK J., LANGHAMMER L., HERENCSAR N.,
VRBA K., Fractional-Order Low-Pass Filter with Electronically Adjustable Parameters, /n Proc. of 2016
39™ ternational Conference on Telecommunications and Signal Processing (TSP), 2016, Vienna, Austria,
pp- 569-574.

[114] FREEBORN T., Comparison of (1+a) Fractional-Order Transfer Functions to Approximate Lowpass
Butterworth Magnitude Responses, Circuits, Systems, and Signal Processing, 2016, vol. 35, no. 6, pp. 1983-
2002.

[115] KHATEB F., KUBANEK D., TSIRIMOKOU G., PSYCHALINOS C., Fractional-order filters based on
low-voltage DDCCs, Microelectronics Journal, 2016, vol. 50, no. 1, pp. 50-59.

[116] TSIRIMOKOU G., PSYCHALINOS C., Ultra-low voltage fractional-order circuits using current
mirrors, International Journal of Circuit Theory and Applications, 2016, vol. 44, no. 1, pp. 109-126.

[117] FREEBORN T., MAUNDY B., ELWAKIL A., Field programmable analogue array implementation of
fractional step filters, IET Circuits Devices, 2010, vol. 4, no. 9, pp. 514-524.

[118] AHMADI P., MAUNDY B., ELWAKIL A., BELOSTOTSKI L., High-quality factor asymmetric-slope
band-pass filters: a fractional-order capacitor approach, IET Circuits, Devices and Systems, 2012, vol. 6, no.
3, pp- 187-197.

[119] JERABEK J., VRBA K., Diferen¢ni pievodniky U/l a I/ U pro méfeni obvodli v proudovém modu
(Differential V/I I/V converters for measurement of current-mode circuits ), Elektrorevue, 2011, vol. 2011,
no. 40, pp. 1-5.

[120] MATEJICEK L., VRBA K., Srovnani citlivosti aktivnich kmito¢tovych filtrdi s OZ, CC a OTA (A
Comparison of the Sensitivity of Active Frequency Filters with OA, CC and OTA), Elektrorevue, 2002, no.
2, pp- 1-9.

[121] CAJKA J., KVASIL I., Teorie linedrnich obvodii (Theory of linear circuits), 1 ed. SNTL, 1979, 355
pages.

[122] CHEN W., The circuits and filters handbook, 3™ ed. CRC Press, 2003, 3364 pages.

[123] MASON 8. J., Feedback Theory: Some Properties of Signal Flow Graphs, In Proc. IRE, 1953, vol 41,
no. 9, pp. 1144-1156.

[124] COATES C. L., Flow graph solutions of linear algebraic equations, /n Proc. IRE, 1959, vol. 6, no. 2,
pp. 170-187.

[125] NISE N. S., The Control Hand-book, IEEE Press, 1996, 1566 pages.

[126] VRBA K., JERABEK J., Filters Based on Active Elements with Current Mirrors and Inverters,
International Transactions Communication and Signal Processing, 2006, vol. 1, issue 8, pp. 1-8.

148



[127] CZARNIAK A., SZCZEPANSKI S., The convergence of Volterra series describing lowpass OTA-
capacitor (OTA-C) filters,. In Proc. Circuit Theory and Design, Brighton, England, 1989, pp. 661-664.

[128] KOTON J., HERENCSAR N., JERABEK J., VRBA K., Fully Differential Current-Mode Band-Pass
Filter: Two Design Solutions, In Proc. 33" International conference on Telecommun. and Signal Procesing
(TSP), 2010, Vienna, Austria, p. 1-4.

[129] BIOLEK D., SENANI R., BIOLKOVA V., KOLKA Z., Active Elements for Analog Signal
Processing: Classification, Review, and New Proposals, Radioengineering, 2008, vol. 17, no. 4, pp. 15-32.

[130] Datasheet UCC-N1B, Universal current conveyor (UCC) and second-generation current conveyor
(CCII+/-), rev. 1. Brno University of Technology, On Semiconductor Ltd., 2012.

[131] SPONAR R., VRBA K., Measurements and Behavioral Modelling of Modern Conveyors,
International Journal of Computer Science and Network Security, 2006, vol. 3A, issue 6, pp. 57-63.

[132] JERABEKJ.,, SOTNER R., VRBA K., Electronically Adjustable Triple-Input Single-Output Filter with
Voltage Differencing Transconductance Amplifier, Revue Roumaine des Sciences Techniques - Serie
Electrotechnique et Energétique, 2015, vol. 59, no. 2, pp. 163-172.

[133] SOTNER R., HERENCSAR N., JERABEK J., PROKOP R., KARTCI A., DOSTAL T., VRBA K., Z-
Copy Controlled-Gain Voltage Differencing Current Conveyor: Advanced Possibilities in Direct Electronic
Control of First-Order Filter, Elektronika ir Elektrotechnika, 2014, vol. 20, no. 6, pp. 77-83.

[134] EL2082 Current Mode Amplifier, Intersil [online], 1996, [cited 22.8.2016], available online
<http://www.intersil.com/data/fn/fn7152.pdf>.

Own Papers Relevant to Content of the Thesis

[135] POLAK J.,, LANGHAMMER L., JERABEK J., Behavioral modeling of Digitally Adjustable Current
Amplifier, International Journal of Advances in Telecommunications, Electrotechnics, Signals and Systems,
2015, vol. 4, no. 1, pp. 1-7.

[136] LANGHAMMER L., JERABEK J., Fully Differential Universal Current-Mode Frequency Filters
Based on Signal-Flow Graphs Method, International Journal of Advances in Telecommunications,
Electrotechnics, Signals and Systems, 2014, vol. 3, no. 1, pp. 1-12.

[137] LANGHAMMER L., JERABEK J., POLAK J., Tunable Fully-Differential Filters Designed Using
Signal- Flow Graphs Method, Elektrorevue, 2015, vol. 6, no. 3, pp. 38-48.

[138] LANGHAMMER L., JERABEK J., POLAK J., PANEK D., A Single-Ended and Fully-Differential
Universal Current-Mode Frequency Filter with MO-CF and DACA Elements, Advances in Electrical and
Computer Engineering, 2016, vol. 16, issue 3, pp. 43-48.

[139] LANGHAMMER L., JERABEK J., POLAK J., SOTNER R., STORK P., Tunable fully-differential
filter employing MOTA and DACA elements, Indian Journal of Engineering and Materials Sciences, 2016,
paper accepted for publication on 25.04.2016.

[140] LANGHAMMER L., JERABEK J., POLAK J., Single-Ended and Fully-Differential Multifunctional

Current-Mode Frequency Filter Employing Operational Transconductance Amplifiers and Tranresistance
Amplifier, Elektronika ir Elektrotechnika, in review, paper submitted on 12.11.2015.

149



[141] LANGHAMMER L., JERABEK J., POLAK J., CIKA P., Single-Ended and Fully-Differential Current-
Input Current-Output, Universal Frequency Filter with Transconductace and Transresistance, Amplifiers,
WSEAS Transactions on Circuits, 2015, vol. 14, no. 2015, pp. 56-67.

[142] DVORAK J., LANGHAMMER L., JERABEK J., KOTON J., SOTNER R., POLAK J., Electronically
Tunable Fractional-Order Low-Pass Filter with Current Followers, In Proc. of 2016 39" International
Conference on Telecommunications and Signal Processing (TSP), 2016, Vienna, Austria, pp. 587-592.

[143] LANGHAMMER L., DVORAK J., JERABEK J., KOTON J., SOTNER R., Fractional-Order Low-Pass

Filter with Electronic Tunability of Its Order and Cut-Off Frequency, International Journal of Electronics
and Communications (AEU), in review, paper submitted on 21.06.2016.

150



APPENDICES

A EQUATIONS OF THE SENSITIVITY ANALYSIS OF THE F-
D FILTER FROM CHAPTER 6.2

by =-1 (4n23n35C1G1G2C2 =24 n04n3n1,C1G1 G, G, +4naenssCi GG, C, +16C,GLGLC, -
-Ainyn;3C GG +H4C GG, H4C,G G, +24n51n35n,,C1G1GLC, +C G, H2n03C G Crt
+8n35C1G1GLC, H8np3C GG Cy -24 1m01m35113C1 G GL Cr +2n06C Gy Cy 24 1n5in30n1,C1 G GL.Cy

-441n24n1,C1G1 G2 C, +441n31n1,C1 G GL G -Ainoany C G Gy +41miny  Ci G Cot
+4A41124113C1G1GLC,, +2n35C1GL.Cy +A1124013C1 G Cy +4npsnsn CiGL G Gy
+24,n34n3n13C, GG, C; -

-241n01n3n13C1G1GL Gy Hnaegns; C1GLGLCy +8n3,CL G GLCh H8156CLGLGLC -

44 \Ny1ni3C G\ GrCot +2n3,C GGy -241m04n3501 C1 G G2 Cr 124 1m04n35013.C1 G G, (),

(A.1)

by = -1 (241134131 45115C1 G, Gy* +8133135C1 G1 Gy +4n33126G > Cy +2G Cot
+241134m3113545113C1 G Gy +1613,C1G1 Gy +81y3m3, G GoCy +441m31n35n1,C1GL Gy +2C,G, -
-4A 11’1247’[11C1G1G22 +2I’l32C1G2 +16}’l35C1G1G22 +16}’l26G12G2C2 +4C1G22 +4}’l23}’l35G1G2C2 -
“4411403501,C, G\ Gy +841121m11G 1’ GoCs +44,1124n30115C1 GGy +16C,G Gy’ +8133 GG Cort
+24,12111Gy > Cy H16133126G1> G2 Cy +2A41134113C, G\ Gy +4n3,Cy Gy +44,n5n,C1 GGy '+
2412113111 C1G1 G, +841123124113G* G2 Cr +4A411m34113C, GGy +441m4m35015G 1> GoCort
+813,G 1’ Go.Cs +4n,CiG1 Gy +4A41m53m54135113G1° G2 Cy -241m04m3on 1 C1 G G +4n3sG L GLCot
+16123G>GoCy +4n36113:C1 GGy 4133013, G1 GoCs 423Gy C +2123G1 Cy +8nma61130135C1 GGy +
+4G\*Cy 24 myanonsgdon C1 G Gy +4411y4n3nssnsCr GGy +81y3135Gy > G Co +4n3sC Gy ™+
+24 12113111 GGy C +A4 124131 45115C1 G Gy 41303, Cy GG 835Gy Go.C -
241541314501, C1G1 Gy +8G1GoCy -24 15 1n30m3445m13C1 GGy +8n3,C G G+
+24,n24131334511,C1 G Gy +8ny3n3n3sCi GGy +4A4 1y nzanssny C1 GGy +8ny3C GGy +
+8C1GG, 44 nyn3nssnisC1G LGy +413,G Gy Co -Ainyinz Aoni3CiG Gy +16n3m35C1 GGy ™+
+44,12312413113G 1 Go.Cs +4n3yn35Cy Gy -A1maunz Aony  C1GL G +16G G Cy + (A.2)
+4A1n24n32n13G12G2C2 —2A1n21n31n35Azn13C1G1G22 +4ny6C, GG, -241n31n13C,G1G; -
2A4113401,C\ GG 424115111, C1 GGy +8A411m31m36111G1> G2 Ca +4126G > Cs +8my63sC1 G Gy +
+8112313,C1G1 Gy +841124113G1 > GorCs +81g1135G > GoCy +2A41124m13G1°C +

A nonaehaon 1 G2 GoCy +A 1y, G Cy +8my63, G 1> GoCy 24 maan3adan C1Gi Gy +
+41‘11'1217132’111(:16‘1(;22 '4141’124'1357111ClG1G22 -2141”21’734/127113C1G1G22

+24 121134451, C1 G Gy + +2A41123124113G1 > Cs -241m3113145113C, G Gy +2A41m01m0601, G C
+24 131131451, C1 G Gy ™+ +A,n31m51. 4511, C1 G Gy +8153156135Gr> G2 Cy +2A1m04m135013,C1 G G
24 ny1n35n1, G GLC; -

—4A1n21n35n13C1G1G22 +2A1’1217132’134/12’111C1G1G22 -2A1”24”31”35A2”11C1G1G22+
+21‘11”217131”351‘12”11C1G1Gz2 —4A1n21n32n13C1G1G22 —4A1n24n32n35n11C1G1G22 -
24,n5113915C1 Gy Got +4A1m1m3011,Gr> G2 Cy +8156C1 GGy -441m31n1,C1 GGy’
+44,121m1 G GoCot +241134113445113C1 G Gy +81y6130CL G Gy +44,m m35m1, G 1> G2 Cy

A ny1naehasig G GoCot +8n23nagn3nGi> G2 Cy +4 4 maunssn s Ci GGy,

by = -4A1n2|n261’l31l’l35A2n1]G12G22 -16n26n32n35G12G22 -8A|n24n35n13G12G22 '4'14]7'1217’134142"11lGlzc;Z2 -
—2A1n21n34Azn“G1G22 -87’132G12G2 -167’!23G12G22 -87’123G1G22 -16G12G22 -8G1G22 - (AS)
—8A1n24n32n13G12G22 -4ny3G1 Gy -8G12G2 -4G,G, —4A1n24n32n34A2n13G12G22 -167126G12G22 -
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-16n23n35G12G22 -8’1231’135G1G22 -8A1n24n32n35n13G12G22 -44,n51n1,G, G22 -16’135G12G22 -81’135G1G22 -

-2A1n24n3|A2n13G12G2 -1671237132G12G22 -8n23n32G1G22 '4Aln21n26n32n11G12G2 -
—4A1n24n31n35A2n13G12G22 -8”237132G12G2 —8A1n23n24n13G12G22 -21‘11’1217’l32”34x‘127’l11G1G22 -
-167132G12G22 -8”32(;1G22 -41‘11”l2371247’l34x‘12n13G12G22 —8A1n23n24n35n13G12G22 -871237126G12G2 -
-“Anp GG, -16’123’126”35G12G22 '4141’123”24’132”13G12G2 -16”32’735G12G22 '871321135G1G22 -
'4141”23’1247131/12”13G12G22 -2A1n23n24n31A2n13G12G2 '4141’1237124'1317135142”13(;12(;22 -
'4141”21’131’135142”11G12G22 -2141”21’1317135142”11G1G22 -8141'1217126’111G12G22 '87126G12G2 -

2.~ 2 2 2~2 2,2 2
-841n1n11G" G, -4141”21”32”11(;1(;22 -241‘117121’12627134142”11G1 G, 2-16271267135G1 G, —4A1n21n1%G12G2 -
241n01n11 GG -84 1na1mashon |G Gy -8n23Gy Gy -16ma6n3 G "Gy -84 1mainagnsanssn GGy -

-8’1267132G12G2 -2A1n21"26”31A2n11G12G2 -167123”32”35G12G22 -8’123’132’135G1G22 '16”23”26G12G22 -
—4A1n21n32n35n11G1G22 -4A1”21n26”11G12G2 -4141”21”32"11G12G2 -81‘111123’124’1327113G1ZG22 -
-4141”21”35”11G1G22 -16”23”26”32G12G22 -8A1”21”35”11G12G22 -87123”26’132G12G2 -
-16n231’l26n32n35G12G22 -4A1n24n32n13G12G2 -4ny3ns3 GGy -4A 1ny naenz Aon, 1G|2G22-
-41411’12171327134»421’111G12G22 '81411’12171327111G12G22 -8A1n21n32n35n1]G12G22 -4A1n24n34A2n13G12G22 -
-41‘11’12171267132”34/12”11G12G22 24 \ny1n3n,,G G, —4A1n24n31A2n13G12G22 —4A1n24n13G12G2 -
—4A1n23n24n13G12G2 —2A1n21n31A2n11G12G2 -81‘117123712471327’!35”13G12G22 -A\nynzAon GiG; -
'21‘111’121’1311‘127111G1G22 '81‘11”24’713G12G22 '41‘11’72171311‘12’711G12G22 '81‘111’121'126’135”11G12G22 -
'4A1”23”24”32”34A2n13G12G22-

Ip = s ( 21‘11”24’1337135"11ClG1G22 -Anyans3nizCiG Gy -21‘11’12171331111ClG1G22 -

Ainynyng C,G, Gy -21‘11”24’133’113C1G1G22 +2A1n21n33n35n13C1G1G22 '21‘11"21’7337135’111C1G1G22 -
24 n24n3313511,C1G1 Gy +24,1m24n3311,Ci G Gy +A1myansyny 1 C1Gi Gy +2A41myim33n13C1 G Gy
+Anyn33n3C,G1G) -41‘1171211’126713371357111G12G22 —4A1n24n33n35n13G12G22 -414171247’1337113(;12(;22 -
2A1n24n33n13G12G2 -2/11”217’1337111G1G22 —2A1n21n33n11G12G2 -A\nynzng GG, -
2A1n23n24n33n13G12G2 -4A1”23”24”33”35”13G12G22 —4A1n23n24n33n13G12G22 -4141”21”33”11G12G22 -
21‘117121’1337135’111(;1(;22 -2A1n21n26”33n11G12G2 —4A1n21n33n35n11G12G22 -4A1n21n26n33”11G12G22,

Igpica = § 2( noh Ci1GCy +4npn,  Ci1G i GoCy -4nyon 3Ci GGGy -nppn s Ci G Cot
+2n2n3on11C1G1GLC, F2noon3sn C1GiGLCy -2n50n35n13C,GL GGy -2n22n32n13C1G1G2C2) - s(

2 2 2 2
2nyn3n13C GGy -4noonssn | C1Gi Gy -4nypnspn GGGy -4npnson C GGy -4nypn CiGi G,

-“Anypn; GGG, +47122”13(?1(;1(;22 -47122”32”357111C1G1G22 +2nn13C1G1Gy —2n22n11G12C2+
+47122113571136'1(;1G22 2npnypn; C1G1Gy +4n22n32n35n13C1G1G22 2npn,CGG; -

8nyonyy G12G2C2 -

2non3n1,G1GLC, -nypny GGy '8n22n26n11G12G2C2 -2n25n35111G G2 C,, +npnpnisCiG G22 -
'4n22n26n32n11G12G2C2 '4n22n26n35n11G12G2C2 —4n22n35n11G12G2C2 '2n22n26n11G12C2) +
a4y G’ Gy F2nyn1 GGy Hnpnsnssiny Gi Gy +8nynaeni GGy +2myumsony GGyt
+81ponon |G’ Gy +npnin GiGy” +8nynaenzsni Gi° Gy +8nmyun GGy +nyn GGy +
+Hnpnn, G’ Gy +4nynnysnznn Gy Gy +8napnaghsonysing G Gy” +8nynagnsn G Gy +
81y GGy Hnpnssn GGy +4nynyeni Gi* Gy +8nypnssny G° Gy,

Lip rear = - 87 (411,C,G,Cy +1611,C1G1G2Cs +113C,Cy +411,C1GoCs +2n53n1,C1 G Cort
+8ny3n1,C1G1GLCo H8n3n 2 CiG1GLC +4nysnsn »nCiGyGLCh +8n3sn rCi GGGy
+2n3611,C1G1Cot +2n3511,C1GrCo Hnagnann ,CiG1GrCy +2n35n1,C1GoCo H8na6n ,C1 G GLC
+4ny33511,C1 GG Cot +Hamaghssn s CiGLGHCy) - s (411,Ci Gy +811,GL GG
+816113511,G1” G2 Ca 8133 1,C1Gi Gy '+ +16135112C1 GGy +8112C1 GGy +8n33n1,G1 GoCo
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(A4)

(A.5)

(A.6)



41y 1,G 1 Ca +813ym1,C1 Gy Gyt +isgn nGGoCo +813511,Gi> G2 Cy +2n3511,C1 Gy
+4n35112G1GLCs +4n3on35m1,Ci Gy '+ +161n1,C1 GGy +4n35m1,C1 Gy’ +8magnspn »nCi GGy’
+16123126112G1 > G2 Cy +4n361130112C1 G Gt +415313011,C1 GG +211,C1 Gy +1615611,G1* G2 C
+813om3511,C1GI Gy +211,G Cot +1611,G1° G2 Cy +16n35m3511,C1 GGy +4nysnnCi GG,
+812313511,G1> G2 Ca +4nyn 1,G 1’ Cot +4nysnssnnG1GoCa +16m53013Gi* G2 Co +4my6n1,C GGy
+4n3511,C1 Gy’ +813on1,G 1> GoCort 8135 1,C1Gi Gy +4nagn1nGyCy +8ny3nssninCiGi Gy’
+812311,C1G1 Gy +16n30112C1 GGy ™+ +8153130m35112C1 G Gy +8153156130112Gy* G2 C
+4111,G1” Cy +81111,C1G1 Gy +81y3an1nG 1 GoCot +81agian1nG1 Gy Co
+811y31161135112G1> G2 Ca +HAnsnon 1,G1GoCo +2n5311,GL Cs ) -

'16n26n35n12G12G22 -4n GG, -16’123”12G12G22 -8’1237112G1G22 -16”237126”12G12G22 -
-167126’132’112(;12(;22 -8’132”12G1G22 -87126”32”12G12G2 -16’112G12G22 -8’112G1G22 -“4n3nnGi G, -
-“Anynypn; GGy -8’112G12G2 —8n23n35n12G1G22 —16n32n35n12G12G22 -8”327135"12G1G22 -
-8na3n3on35n1,G) G22 -81’123"26”12G12G2 -8’123”12G12G2 -4ny3n GG, -1671351412(;12(;22 -

8n3sn Gy G22 -

—8n32n12G12G2 -8’123”267132”12G12G2 -167123”357412(;12G22 -16”123”26’132’135”12G12G22 -
8nay3n3nnGi1Gy” -

'16’123’132’135'112(;12G22 -8’726’112G12G2 -8'123'132”12G12G2 '16”32”12G12G22 -16’123'132'112G12G22 -
'16’1267112G12G22 '16”23”26"35”12G12G22 '16”26’7327135’112G12G22 '16"23n26n32n12G12G22,

Igs et = - 8 °(4112C1 G Cs +8n3511,C1G1 G2 Cy +4naghissin:C1GiG2Ca +4n1,C, G2 Co +112C1Cy
+8ny611,C1G1GLC, +16n1,C1G1 GGy HngznssnrCoG1GLCy +8n3on ,C G GLCo +2n35n1,C GGy
+2n3611,C1G1Cy +2n35n1,C1Go Gy H4naensnn nCoG1GrCy +8nys3n, C1GiGr Gy
+4n5313011,C1G1GHCo +2153n1,C1 G Gy ) - 5 ((16n2311,G1° G2 Cr +nsonssn > GGy
+24,124133135C1 G G2 13 +8nagissn1nG 1 GoCa +4nysnsn nCiGi Gy -241m0in33C1G Gy s
+4n1,C1 Gy +8magpnssn1nC1GiGy” +16n23136112G) > GoCo +4n5311,Gi°Cy +1611,G1* GoCo
+16130112C1 GGy +8130112G> G2 Cy +81331m361135112G> G2 Cy +811,C1 G G
+811y316113511,G 1> G2 Ca 81t 1nC1G1 Gy +16m30m3511,C1 GGy +211,C1 G
+A11m24133C, G Ganys -241m24n33m11 C1Gy Gy +4n3611,C1 G Gy +81a63on 2G> G2 Cy +8n1,G1GoCo
+411,G1” Cy +211,G1 C +4ny3n3511,G L GoCy +1613511,C1Gi G+ ,G17Cs
+816113511,C1G1 Gy +4n3511,C1 Gy’ -A1mins3CiGiGanys +8nynsnn nGi’ GoCa

+4ny3n30112G1 G Cs +8n3511,G 1 GrCy +4n3511,G G2 Co +8n33n35n12C1 GGy +8my6ninCi GGy’
+8133112,C1 GGy +4n3011,C1 Gy +16m36511,G1> G2 Cy +2n311,C1 Gy +H4nynagn Gy C;
+1611,C,G Gy’ +413311,C GGy +4n33n1,G L GoCy 2A41154133C, GGy iy +813311,G1 GoCo
+2A1n21n33n11C1G1G22 "’8”23”32”35”12C1G1G22 —2A1n24n33n35n11C1G1G22 F2np3n1,G1C,
+2A1n21n33n35n11C1G1G22 +8n23n35n12G12G2C2 -Anynszng CG G, +8n23n32n12C1G1G22
+HAngnpn ,CiGiGa +A1nynsn, C1Gi Gy -241n01n33n35C1G LGy s +8ny3nnCr G GyY) -
41417121”26’1331135’111G12G22 -167123”12G12G22 '8’1237112G1G22 '87132”12G12G2 -“4npn; GG, -
8”23”12G12G2 -“4nynin GGy -167’13271357112(;12G22 -161’112G12G22 —8n12G1G22 -16”23"32”35"12G12G22
-16712314357’112(;12(;22 -81’112G12G2 -4n GG, —4A1n24n33n35G12G22n13 '8n26n12G12G2 -
2A1n23n24n33G12G2n13 -4A1N23n24n33n35G12G22n13 -16n23n32n12G12G22 -8n23n32n12G1G22 -
167135’112G12G22 —8n35n12G1G22 —8n23n32n12G12G2 -“4nynpn GGy -16’126”32"12G12G22 -
2A1n24n33G12G2n13 -8’123”32’135”12G1G22 -16’12311267’112G12G22 -16”26”32”35”12(;12G22 -
8”23”26”12G12G2 -16n32n12G12G22 -8n3,n1,G G22 -16n23n26n35’l12G12G22 '16n23n26n32nl2G12G22 -
Anynszng GG, -16n26’135n12G12G22 -16’123’1261’132’135”12G12G22 '8n23n26n32n12G12G2 -
4A1’l211’l33’lnG12G22 -8n32n35n12G1G22 -4A1n23n24n33G12G22n13 =24 111561330, 1G12G2 -
8”26”32”12G12G2 —2A1n21n33n11G12G2 -1671267’112G12G22 —2A1n21n33n35n11G1G22 -
41‘117121712671337111G12G22 —2A1n21n33n11G1G22 —4A1n21n33n35n11G12G22 —4A1n24n33G12G22n13 -
8”23”35”12G1G22-
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B EQUATIONS OF THE SENSITIVITY ANALYSIS OF THE F-
D FILTER FROM CHAPTER 6.5

b2 = 2C2C1G17l12 +16G2C2C1G1 +C2C1 +4C2C1G1 +4G2C2C1G1n15n21 +4G2C2C1 +2G2C2C1n21+
T2C,C1Ginys F8GLGLC1Gingg H4GLCLC Gingngg H4GrCoC Ginysngg +2GrCoCrnggt+

+8G,C,C G nyy +8GLC,C 1 Giny, H4GHCoC G inyang H8GLCLC Ghnys, (B.1)

by = 8G,"C\Gninyingg +16G,CoGy> +16Gy°C1Gingynag +8G5"Ci Gy +
+84,G,"CiGinyinyst +84,Gy°C1 G +8Gy"C Gy +8G5 CiGinnag 441Gy CiGinysiag
+4Gy Cinyinagt +8GrCaGi*nyy +44,Gy*CiGinianag +44,Gy"CiGinanyiag +16G,CiGinay
+16G,"C G nygt +24,Gy°Cings +24,Gy” Cingzigg +16G,Ci Gy +4GoCaG g +4GoCaGyanag
+2G,Cy +2GoCiny+ +16G,CoGr’nys +8Gy CiGinys +8Gy CiGnysiag +8Gy CiGymysia

+8Gy CiGinyshyinagt 4Gy Cr+ +4Gy Cingg +4Gy Cingy +84,Gy°C1G iy +84,G5°C i Ginasnag
+4A1G22C1G1n12n23+ +4A1G22C1G1n12n23n28 +4A1G22C1 G1n15n23 +4A1G22C1 G1n15n23n23 (B2)
+8GLC1 Gy +8GLCoGy agt +8GHCrGy ysiiag +8GHCrGy*nipnag +8GHCoGy*nyany s
+8GLCy G nianysny) +8GhCrG i+ +44,Gy* CiGinyshaingg 241Gy’ Cingg +4C2Gy +4C2Gynys
+4CyG i1y +4C,Gi nians 20, G+ 12CoGinyy +4GoCiGinysny +44,GoC 1 Giny, +4G,CoGinyy
+8GLCyG i1y +4GLCrGinony + +8GHC\ Gy +24,Gy > Ciigingg +4GoCi Gy, +4GoC L Ginany,
+4G,C\Ginys +16G,CoG o s+ +24,G2CiGinysioy +24,GoCiGinangs +8GLCaGy*nysnay
+4,G,Ciny3 +8GCoG nigny+ +16G,CG iy,

by = 44,G,°G\* Aonianignainyg +16Gy° G’ mysny +16Gy G nisnainag +16Gy°Gy’nyrt+

+16G,°G\ nianag +16Gy* G nyonyy +16G5 G nignyinyg +16Gy° Gy’ nianys +84,Gy’ G mog+
+84,Gy G 1o +8A41 Gy G nysiag +841Gy G nisiaiiog +84,Gy” G oo +84, Gy’ G nianyinast+
+84,Gy° G nionisiag +84,Gy* G i shiangg +16Gy°Gy* +16G5* G nag +16Gy° Gy ny +
+16Gy°G\*nainag +16Gy° G *nis +16G5 G nisnag +44,Gy* G Ao gy 4A4,Gy* Gy Aanyinysnort
+44,Gy G Aoy i stopng 24,Gy” Gy Asn inay +8GhGy +8GhG i’y +8GHGy s+
+16Gy°G\*miamisiag +16Gy G’ nionysiay +16Gy* G nianysiying +8Gy* Gy +8Gy Gy +8Gy Gy +
+8Gy’ G 1y11ag +8Gy* Gy +8Gy’ Gioiag +8Gy*Gianyy +8 Gy Giyanaiinag +4A4,G2 G *nyonyshyzt+
+24,G,Ginys +241GoGinonys +4A4,Gy* G Aany inganag +8GarGy o sy +84,Gy° G nyst
+84,G,° G naziag +84,Gy" Gy *nysnys +84,Gy Gy sasiog +84,Gy* Gy nianays +8GLG i ny s+
+8GhG\ 112 +8GH G 1oy +8GHrGy nin s +44,Gy Gy Ao gty s 4GHG +4Go Gy +
+4GyGinyy 4G, Gingny, +44,Gy* Gingg 441Gy Ginaings 44, Gy’ Ginnas +44,Gy” Ginany naet
+44,Gy° G > Aoy iny +44,Gy*Gingy +44,Gy’ Ginysnag +44,Gy* Giniangy 441Gy Ginpangznogt
+24,Gy* G Aanynyy 241Gy’ G Aoy iy +4A4,Gy’ G2 Ao gy +84,Gy” Gy nyanaysnag+
+84,Gy° Gy nion iy +84,Gy” Gy nignyshiysiag 441Gy’ G Aoighag +4,GrGrAany inort+
+44,Gy’ G\ Aoy iny H4A4,Gy° Gy Aonyinainyy +44,Gy° G Aoy sy 4A4,Gy* Gy Aony inysnonart
+44,G,G\ oy 441Gy G Aonyanighaonag +24,GoGy > Aanigna +24,GoGy > Aynionygnoyt
+24,GyG\ Ayny sy 241Gy’ G iAo inoaiog 44,Gy° Gy Aanygny +44,GoGy s+
+24,GyG\*Ayny iy +44,GoG oy +44,Gy* Gy Aanygnanag.

(B.3)

Iipca= -4A1G22G12A2n13n22 '4A1G22G12A2n13n22n28 -4A1G22G12A2n13n15n22 -
—4A1G22G12A2n13n15n22n28 —2A1G22G1A2n13n22 -2A1G22G1A2”13n22”28 —2A1G2G12A2n13n22 -
—2A1G2G12A2n13n15n22 -4,G,G A 3ny, —4A1G22G12A2n13n27 —4A1G22G12A2n13n21n27 -
—4A1G22G12A2n13n15n27 —4A1G22G12A2n13n15n21n27 —2A1G22G1A2n13n27 —2A1G22G1A2n13n21n27,

(B.4)
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Inp1 o = - 8 ( 84,Gy°CiGinaging +44,Gy*C Gy sipaiag +24, Gy Cingg 241Gy Cinganag+
+84,G,°C\Ginyy +4,GoCingy +44,Gy* C\Ginigngg +44,GyCiGinignagnagg +44,Gy"C\Ginysiog+
+44,G,C1Ginps +24,G,C Grhyanas +24,GoCiGingsigg ) -84,Gy> G nygnysiaaiog -44,Gy Gy -
-4A1G22G1n24’l28 -4A1G22G1n12n24 -4A1G22G1’l12n24’128 -8A1G22G12n12n24 -8A1G22G12n12n24n28 - (B-5)
-8A]G22G12n12n|5n24 -8A1G22G12n24 -8A1G22G12n241’128 -8A1G22G12n15n24 -8A1G22G12n15nz4’128 -
—4A1G2G12n12n24 —4A1G2G12n12n15n24 -24,G,Gings -24,1G,Ginioho —4A1G2G12n24 -

4A1G2G12n15n24,

Igps e = 8 ( 24,Gy°CiAsny, +24,Gy"CrAonnnag +44,Gy> CiGyAanysnypnaog+
+44,Gy*C1GiAsn onaingg +44,Gy"C1 G Ay snyy +44,Gy CLGiAsn siaingg +24,Gy°CrAynyy+
+84,G,°C1G1Asnyy +84,Gy" C G Aynynng +44,Gy” C1GiAsnyangy +44,Gy°C G Ayn pnynag+
+44,G,*C1GiAxn sy +84,Gy" C G Aanyy +84,Gy*CiG Aoy +44,Gy* C G Aanianyrt
+44,G,C G Ay +24,GoC G Ayniony, +24,GCiGiAonsnyy +A4,GoCiAong, +
+24,Gy*CiAsnaingg ) + 44,GoG > Asnysigy 4A4,G2 G > Asniong, +44,G2Gy > Aanyanysnart
+24,GrGAanyy +24,GoGrAsnang, +44,Gy* G Aynynag +44,Gy’ G Ay oy, +
+44,Gy* G Aynpnniag +84,Gy’ G Az, +84,G5° Gy Aanpiag +84,Gy> Gy > Ay s+
+84,Gy° G\ Aot stioing +84,Gy° Gy* Aaniang, +84,Gy* Gy Ananiag +84,Gy° Gy* Aanyanysnayt+
+84,GyG Aot shiphng +4A4,Gy* GiAsnyy +84,Gy* G Aanysnainyg 841Gy’ G Asnonort
+84,Gy G Aoy +84,Gy° Gy Aanianysnainy +44,Gy* G Aany, +44,Gy’ G Ayny nyrt
+44,Gy* G Ayngny; +44,G2 G Aoy +44,Gy* G Az iy +84,Gy° Gy Aanyy +
+84,Gy°G*Asnyiny, +84,Gy°Gy*Aan sy +84,Gy "Gy Aanyany iy,

(B.6)

Liprcat = S 2( 24,G,C,Cinas +84,GLCL.C Ginyy H4A4,GoCL.C L Ginyangy +84,GrCoCGing +
+4A1G2C2C1G1n15n23 +16A1G2C2C1G1 +4A1C2C1G1 +2A1C2C1G1n12 +8A1G2C2C1G1l’128+
+44,G,C,CGinyangg +84,GrCoCi Gings +44,GLCoCi Ginsng +44,G,CoC +24,G,CoCingy+
+24,C,C Ginys +4,G.Cr ) + s ( 44,Gy*Cinyingg +84,Gy* CiGinipngg +44,Gy*Cingg
+44,Gy*Ciny 1+ +44,G,C G insnyy +24,GoCy +24,GoCing +84,Gy* C Gy
+84,G,°C\Ginygny nogt +84,Gy>C1Ginys +84,Gy* Ci Gy sigg +84,Gy>CiGimysiy
+8A1G22C1G1n15n21n28 +4A1G22C1+ +16A1G22C1 G] +16A1G22C1G1n23 +16A1G22C1G1n21
+164,Gy°C G nyinag 841Gy CiGiniyt +84,GoCaGy nianysnyy +84,GoCrG +44,G2CoGiny
+841Gr2G 11y T4A4,GLCoGnppny + +84,GrCi Gy +84,GHrC Gingy +44,G,C G iy,
+44,G,C1 G yony; +44,G2C\Ginst+164,G2CoG*nyy +84,GoCaGy nany,
+16A1G2C2G12n12n15 +8A1G2C2G12n2] +4A1C2G12+ +4A1C2G12n15 +4A1C2G12n12
+44,C, G’ nianis +164,G2CoGy +84,GoCaG nisnag+ +164,G2CoGy*nys +84,GoCa G *nysnay
+44,GoCoG 115005 +8A41GoCa Gy nag +841GrCoG P mysmogt +2A4,CoGy +841GrCaG P nanysiog
+44,GoCyG g 24,CoGinny ) + 164Gy G nianag+ +164,G5° G’ niony, +164,Gy° Gy nyona g
+164,G5°G\*nipnys +164,Gy° G nyom siagt +164,Gy° Gy o snay 164Gy G nany snainag
+84,G,° G +84,Gy’Ginag +84,Gy’ Gimyr+ +84,Gy*Ginyinag +84,Gy°Ginyy +84,Gy* Gimyanag
+84,G,* G niony; +84,Gy°Ginpanyinagt +44,G,Ginyy +1641Gy°Gy* +164,G5* G g
+16A1G22G127’l21 +16A1G22G12n21n28 +

+164,Gy°G’nyis +164,Gy> Gy *mysiag +164,Gy* G’y +164,Gy’ G’ nysnyinag
+164,Gy°G\* 11yt +84,GoG\*Nionysnay +44,GoGy +84,GorGy ' nys +44,GoG iy +44,GoGimony,
+84,G,G\ nony+ +84,G2Gy” +84,G2Gy’nyy +84,GoG i nysny +84,GoG i’ nys
+84,G,G\*nonys,

(B.7)
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Ins e = 8 °(44,C,C\G) +164,G2CC1 G +84,G,CoC1Ginys +44,G,CoC i Gimysny,
+4A1G2C2C1+ +2A1G2C2C1l’l21 +2A1C2C1 G]I’l]z +2A1C2C1 G1n15 +A1C2C] +8A1G2C2C] Glnzg +
+4A4,G,C,C G inangg +4A4,GrCo.C Ginysig +24,GrCoCingg +84,GHrCoC G iy
+8A1G2C2C1G1n12+ +4A1G2C2C1G1n12n2| )+ S( 16A1G22C1G1n21 +8A1G22C1G|n15n21
+16A]G22C1G1n23+ +4A1C2G12n12n15 +2A]C2G] +2A|C2G11’Z]2 +16A1G22C1G] +8A]G2C2G1I’l]2
+164,G,°Ci G 1nyinygt+84,G5°CiGinyy +84,GyCiGinygnag +84,Gy°CiGinpany
+84,G,°CiGinyanyinag +

+84,G,"C1Ginys +84,Gy"C1Gimysiag +24,G2C +24,G2Cinyy +84,G5”CLGimysnyinag
+44,G,’Cr+ +44,Gy*Cimgg +44,Gy*Cinyy +44,Gy* Cinyinag +44,G2CoGinpang, +84,G,Ci G,
+84,G,C1Gnyt +44,G,CGinyn H4A4,GrC Gingany H4A4,GrCiGings 44,62 CiGnysngg
+84,GrCoG *nysmyr+ +164,GoCoG*nyy +841GoCaGi*nanay +164,GoCaGynions
+84,GrCoG 1 1oy +84,G2Co Gy siagt +841G2CrGy iy +841GorCaG nianysiag
+4A1G2C2G1n2g +4A1G2C2G1n12n23 +16A1G2C2G12n15+ +16A1G2C2G12 +8A1G2C2G121’l21
+44,C, G ’nyy +44,C,G)” +44,CoG 15 +84,GoCaGr+ +44,G2CoGinyy +84,GoCaGy nianysna,
) -41G2G 1 Aynsng +164,Gy* Gy nion snagt +164,Gy’ G nyanysnay +164,G5* Gy’ nianysnyinag
+84,G,° G, +84,Gy°Ginag +84,Gy* Ginyy+ 841Gy’ Ginyyag +84,G5°Ginys +84,Gy*Gimyanag
+84,G5°Ginyony; +84,GrGy’ +84,GoGy ny+ +84,GoG’nys +84,GoG i nysny +84,GAG i’ nyy
+164,G,°G)” +16A,Gy° G\ *nyg +164,G Gy *nyi+ +164,Gy° Gy nyingg +164,G Gy 'nys
+164,G5°G\*nysnyg +164,Gy° G *mysny+ +164,Gy° Gy snoynag +164,Gy° Gy *ny
+16A1G22G12n12n28 +16A1G22G12n12n21+ +16A1G22G127’l127’l211’l28 +16A1G22G12n12n= -
4A1G22G12A2n13n27 —4A1G22G12A2n13n21n27 -

-4A1G22G12A2n13n15n27 -4A1G22G12A2n13n15n21n27 -4A1G22G12A2n13n22 '4A1G22G12A2”13n22”28 -
-4A1G22G12A2n13n15n22 '4A1G22G12A2n13n15n22n28 -2A1G22G1A2n13n27 -2A1G22G1A2n13n21n27+
+8A1G22G17’l12n21n28 '2A1G22G1A2n13n22n28 —2A1G2G12A2n13n22 —2A1G2G12A2n13n15n22 +
+44,GyGnyy +44,GoyGinany, +84,GoG i nionyy +84,GoG nianys +84,GyGy nynysna,
+4A1G2G1+ +4A1G2G11’l21 —2A1G22G1A2n13n22.

156

(B.8)



Curriculum Vitae

Lukas Langhammer

OSOBNI INFORMACE

Adresa: Pratecka 229, 66451 Kobylnice
Narozen: 10. 02. 1987, Brno
E-mail: langhammer.lukas@gmail.com

Jazykové znalosti:  Anglictina (pokrocild znalost)
VZDELAN({

2012 - 2016: Vysoké uceni technické v Brn¢, Fakulta elektrotechniky a
komunikaénich technologii
e Doktorské studium - obor Teleinformatika

2010 - 2012: Vysoké uceni technické v Brné, Fakulta elektrotechniky a
komunikacnich technologii
e Navazujici magisterské studium - obor Telekomunikacni a informacni

technika

2007 - 2010: Vysoké uceni technické v Brn¢, Fakulta elektrotechniky a
komunikaénich technologii
e Bakalafské studium - obor Teleinformatika

2003 - 2007: ISS - COP Olomouck4
e stfedni vzd€lani s maturitou - obor mechanik elektrotechnik (26-41-L/01)

PEDAGOGICKA PRAXE

- vyuka laboratornich cvi¢eni kurzu Komunika¢ni technologie a Pokrocilé komunikaéni
techniky na tstavu teleinformatiky

- vedeni 6 diplomovych a 4 bakalafskych praci
UCAST NA PROJEKTECH
Projekty podporované Grantovou Agenturou Ceské Republiky:

e GA16-06175S Syntéza a analyza systému fraktalniho fadu vyuzivajici
netradi¢ni aktivni prvky

157



e GA102/09/1681 Pocitacové automatizovani metod syntézy linearnich
funk¢nich bloki a vyzkum novych aktivnich prvka

Projekty Ministerstva Skolstvi, mladeze a télovychovy
e LO1401 Interdisciplinarni vyzkum bezdratovych technologii (INWITE)
e ED2.1.00/03.0072 Centrum senzorickych, informacnich a komunika¢nich
systému (SIX)

Projekty Evropské Unie
e (Z.1.07/2.2.00/28.0096 Ptiprava specialisti pro telekomunikace a informatiku
- magisterské studium telekomunikacni a informacni technika
e (CZ.1.07/2.2.00/28.0193 Komplexni inovace studijnich programil a zvySovani
kvality vyuky na FEKT VUT v Brné
e (CZ.1.07/2.2.00/28.0062 Spole¢né aktivity VUT a VSB - TUO pii vytvateni
obsahu a napIné odbornych akreditovanych kurzt ICT

Projekty Vysokého uceni technického v Brné

e FEKT-S-14-2352 Vyzkum elektronickych komunikacnich a informac¢nich
systémul
e FEKT-S-11-15 Vyzkum elektronickych komunikacnich systémi

PUBLIKACE
Celkovy pocet publikaci: 24
Pocet publikovanych ¢i ptijatych ptispévkii v ¢asopisech s impaktnim faktorem: 4
Pocet prezentovanych ¢i pfijatych piispévkit na mezinarodnich konferencich
indexovanych databazi Thomson Reuters (ISI WoS): 4

158



