i:;l?é electronics

Article

Current-Mode First-Order Versatile Filter Using Translinear
Current Conveyors with Controlled Current Gain

Montree Kumngern !
Fabian Khateb 5:6/7-*

check for
updates

Citation: Kumngern, M;
Jongchanachavawat, W.; Phatsornsiri,
P.; Wongprommoon, N.; Khateb, F.;
Kulej, T. Current-Mode First-Order
Versatile Filter Using Translinear
Current Conveyors with Controlled
Current Gain. Electronics 2023, 12,
2828. https://doi.org/10.3390/
electronics12132828

Academic Editors: Gaetano Palumbo
and Esteban Tlelo-Cuautle

Received: 16 May 2023
Revised: 15 June 2023
Accepted: 23 June 2023
Published: 26 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Wirote Jongchanachavawat 2 Punnavich Phatsornsiri 3, Natapong Wongprommoon *,
and Tomasz Kulej 8

4

Department of Telecommunications Engineering, School of Engineering, King Mongkut'’s Institute of
Technology Ladkrabang, Bangkok 10520, Thailand; montree. ku@kmitl.ac.th

2 Faculty of Engineering and Industrial, Phetchaburi Rajabhat University, Phetchaburi 76000, Thailand;
wirote.jon@mail.pbru.ac.th

Faculty of Engineering, Pathumwan Institute of Technology, Bangkok 10330, Thailand; ppunnavich@pit.ac.th
Faculty of Engineering and Industrial Technology, Silpakorn University, Nakhon Pathom 73000, Thailand;
w.natapong@gmail.com

Department of Microelectronics, Brno University of Technology, Technicka 10, 601 90 Brno, Czech Republic
Faculty of Biomedical Engineering, Czech Technical University in Prague, Nam. Sitna 3105, 272 01 Kladno,
Czech Republic

Department of Electrical Engineering, Brno University of Defence, Kounicova 65, 662 10 Brno, Czech Republic
Department of Electrical Engineering, Czestochowa University of Technology, 42-201 Czestochowa, Poland;
kulej@el.pcz.czest.pl

*  Correspondence: khateb@vutbr.cz

Abstract: This paper offers a new current-mode first-order versatile filter employing two translinear
current conveyors with controlled current gain and one grounded capacitor. The proposed filter offers
the following features: realization of first-order transfer functions of low-pass, high-pass, and all-pass
current responses from single topology, availability of non-inverting and inverting transfer functions
for all current responses, electronic control of current gain for all current responses, no requirement
of component-matching conditions for realizing all current responses, low-input impedance and
high-output impedance which are required for current-mode circuits, and electronic control of the
pole frequency for all current responses. The proposed first-order versatile filter is used to realize
a quadrature sinusoidal oscillator to confirm the advantage of the new topology. To confirm the
functionality and workability of new circuits, the proposed circuit and its application are simulated
by the SPICE program using transistor model process parameters NR100N (NPN) and PR100N (PNP)
of bipolar arrays ALA400-CBIC-R from AT&T.

Keywords: current-mode circuit; first-order filter; second-generation current conveyor; translinear
current conveyor

1. Introduction

Second-generation current conveyor (CCII) has been widely accepted to realize current-
mode filters because the CCII offers better signal bandwidth, linearity, and dynamic range
performances compared with operational amplifier (op-amp) based [1,2]. First-order filters
are important sub-circuits for applications such as quadrature oscillators [3], multiphase
oscillators [4], and high-order filters [5]. Usually, universal first-order filters are the circuits
that can realize three filtering functions such as low-pass (LP), high-pass (HP), and all-pass
(AP), into a single topology. Several universal first-order filters are available in the open
literature [6-34]. It should be noted that the universal first-order filter is an interesting
topic for publications because many papers on this topic were published in a few years
ago [28-34]. Considering the mode of operations, these first-order filters can be classified
as voltage-mode (VM) filters [6-14], current-mode (CM) filters [15-30], and mixed-mode
(MM) filters [31-34]. This work is focused on CM filters that should provide low-input and
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high-output impedances, which is ideal for CM circuits because they can be connected to
applications without buffer circuit requirements. Single-input three-output current filters
are required because, when a single input signal is used, variant filtering functions can be
obtained at the outputs without additional circuitry requirements, such as a current splitter
circuit used to split a single currency into multiple currents for multi-input current filters.

Considering CM and MM filters in [15-34], only the circuits in [15,24] can realize six
transfer functions into a single topology, namely, both non-inverting and inverting transfer
functions of LP, HP, and AP are obtained. However, the current gain of these transfer
functions cannot be controlled. The first-order filter that can adjust the current gain of
transfer functions has been proposed in [16], but only three transfer functions of LP, HP,
and AP filters are obtained. The circuits that offer low-input and high-output impedances
have been reported in [15,21,25,26,29], and several filters offer electronic control of the pole
frequency [17,25-27,30-32,34]. However, these first-order filters cannot control the gain of
transfer functions, and some of these filters offer only three transfer functions LP, HP, and
AP filters. The circuits in [16,19,24] use a floating capacitor, which is not ideal for integrated
circuits. The circuits in [29,34] require two identical input signals, so an additional current
splitter circuit is needed.

Filters that can provide current gains of transfer functions are required because they
can be used as a parameter for applications such as the condition of oscillation for oscillator
circuits, which will be demonstrated in this paper. In addition, filters that offer the ability to
electronically tune the pole frequency can provide advantages in case of easy compensation
when the pole frequency deviates due to temperature, power supply, and process variations.
Moreover, filters that can tune the pole frequency using a single parameter, such as a single
bias current without matching conditions for any parameter during the tuning process, are
of interest because they can be easily controlled in practice.

In this paper, a new current-mode current-controlled versatile first-order filter em-
ploying two translinear current conveyors with controlled current gain and one grounded
capacitor is proposed. The circuit can simultaneously realize non-inverting and inverting
transfer functions of LP, HP, and AP current answers with low-input and high-output
impedances; hence six transfer functions can be obtained. The current gain and pole fre-
quency of all transfer functions can be electronically controlled. To the best of the authors’
knowledge, there is no first-order current filter published in the literature that works sim-
ilarly to this work. The non-ideal analysis of the proposed filter is further investigated.
The HP filter is chosen for application to the quadrature oscillator by incorporating a lossy
integrator. The proposed first-order filter and quadrature oscillator are simulated using the
SPICE program to validate the theoretical formulations. The paper is organized as follows:
Section 2 describes the structure of the second-generation current-controlled current con-
veyor (CCCII) and the proposed current-mode versatile first-order filter. Section 3 provides
the non-ideality analysis for the proposed circuit. Section 4 presents an application of a
current-mode quadrature oscillator. The simulation results of the CCCI], the filter, and the
oscillator are shown in Section 5. Section 6 concludes the paper.

2. Circuit Description

The second-generation current-controlled current conveyor (CCCII) was first intro-
duced in [35]. Compared with the conventional second-generation current conveyors (CCII)
that have three terminals (y-, X-, and z-terminals), CCCII has parasitic resistance Ry at the
x-terminal that usually can be controlled by bias current, and its ideal characteristic can be
given by

I, 0 0 0 vy
Vil=1(1 R, 0] =11 1)
I 0 1 0 Vv,

The y- and z-terminals possess high impedances (infinite for ideal), and the x-terminal
has the parasitic resistance Ry.
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It should be noted that the CCCII has a unity voltage gain between the y- and x-
terminals and a unity current gain between the x- and z-terminals. To increase the per-
formance of CCCII or CCII by controlling the current gain between x- and z-terminals,
the CCCII/CCII with controlled current gain has been proposed [36—41]. Thus, a CCCII
with controlled current gain has a limited resistance Ry at x-terminal and the current gain
between the x- and z-terminals. Therefore, there are two parameters (R and current gain)
available for user applications in the single CCCII with controlled current gain.

Figure 1 shows the proposed translinear current conveyors with controlled current
gain, which was realized using bipolar junction transistors (BJTs). It was modified from [35]
by adding current mirrors with adjustable gain (Q2—Q>5 and Q26—Q29) [2,36].

VCC
often ot fohE L [ 1© @n o, | Lo
Q13 QlS Q Q Q26>|_' ‘_I‘\/_I‘\/QZBE'I:QSS

Qy;
o Ko e
i Yy o—9 o X —o0 7. o 7_ >< : : —o kz, —o kz_
L Qsﬁli Q4 _ (075 0
Qus Qi Q7 sz‘\/l—' '—L/‘—I:Qsoﬂ'l\/AQsz
Qs QG Q o Qis I, ‘D GD I, Qa5 Qax
Ve
(a)
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— I
o—Z Z, —0 1+
Vy y z =% |
Kz, o1
&— kz+
Vx 03 X kz_ :o Ikz_
I,
(b)

Figure 1. Translinear current conveyors with controlled current gain, (a) schematic, (b) electrical symbol.

To obtain the required plus and minus current outputs of the translinear current
conveyor, adding additional current mirrors and cross-coupled current mirrors [42] are
used. Consider a translinear-mixed loop (Q; to Q4) and assume Qs5-Qg and Q;9p—Q;2 around
the loop are identical; the limited resistance Ry at x-terminal can be given by [35]

_Vr
21t

Ry ()
where I is the bias current, and V' is the thermal voltage (V1 = 25.8 mV at room tempera-
ture). It should be noted that the resistance Ry can be controlled by the dc bias current Iget.
Consider positive and negative current mirrors with adjustable gain by assuming that
Q2—Qys5 and Qp—Qy9 are identical; the current gain k of the current conveyor in Figure 1
can be given by [2,36]
J— Iﬂ
b
Thus, the signal current from x- to kz-terminals is amplified by the factor k, which
can be given by I,/ (k = I,/L;). It should be noted that the factor k can be linearly
controlled, which can only be obtained using BJT-based CCCII in Figure 1. Therefore,

k 3)
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the port characteristics of the translinear current conveyor with controlled current gain in
Figure 1 can be expressed by

I, 0 0 00 vy
Ve | _ |1 Re 00| _[L @
I, 0 £1 00 V.
I, 0 +k 00 Vi

The proposed current-mode versatile first-order filter is shown in Figure 2. It consists
of two translinear current conveyors with controlled current gains and one grounded
capacitor. The use of grounded capacitors is advantageous for integrated circuits because
their behavior is less affected by noise and stray capacitance effects compared to circuits
using floating capacitors. It should be noted that the input signal is applied to the low-
impedance (x-terminal) of CCCII, while the output signals are obtained from the high-
impedance (z-terminal) of CCCIIL. Thus, the proposed filter provides low-input and high-
output impedances.

Lol

in

Cccc1yL,

X z_
kz_

CCClIl1,

y Z
kz_

]

° Io3

%

iR kz, —o 01} X Kzifol,,

Figure 2. Proposed current-mode versatile first-order filter.

Using (4) and nodal analysis, the current outputs Iy, Ly, I3, and L4 of the proposed
filter in Figure 2 can be given by

sC1Ry
Igy=-Ip=ki| —————— |
ol 02 l<SC1Rx2—|—1) in (5)
Ty = — Iy = ko [ —1— )1, (6)
03 — 04 — A2 Scleg +1 in

Thus, the proposed filter offers both non-inverting and inverting first-order transfer
functions of HP and LP filters. The current gains of the HP and LP filters can be controlled
by ki and ky, respectively, where ki = 1,1/I1, ko =11 /Ipp, and 141, Lao, Iy, Ipo are the bias
currents of the current mirrors with an adjustable gain of the CCClls. The non-inverting
first-order AP filter (phase lag) can be obtained by connecting I, and I3 (I + Iy3) and
the inverting first-order AP filter (phase lead) can be obtained by connecting I,; and
Ioa (o1 + Io4). Their transfer functions can be expressed by

Iapy _ I+ 1lz _ 1-5CiRyp  sCiRp —1 @
I, I, 14+ sCiRy sC1Ry +1
Iap— _ Ion+1Tos _ 5CiR —1 ®)
I; I; sC1Ryp +1

where k; = ky = k. Thus, the current gains of the AP filters can be controlled by k
(k =Ta1/Tp1 = La2/Tp2)-

Equations (5)—(8) confirm that that the proposed filter offers six transfer functions of
LP, HP, and AP filters from a single topology.

The pole frequency of all filters can be calculated as

1
Wy = sCiRp )
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Thus, the pole frequency can be electronically controlled by Ry, through the dc bias
current I of the CCCII,. It should be noted that the pole frequency can be adjusted by
the single bias current Istp without matching conditions for any parameter during the
tuning process.

3. Non-Ideality Analysis

The relationship of the voltages and currents by taking the non-idealities of the translin-
ear current conveyor with controlled current gain can be described as

I, 0 0 00 vy
Vo | [ &« Re 00| [L
L |- |o 400 | [ (10)
Ik 0 +Bxk 00 Vi

where a= 1 — &y and &y (ey « 1) is the voltage tracking error from y- to x-terminals,
B1=1—¢; and ¢; (g; « 1) is the output current tracking error from x- to z-terminals,
B2 =1 — gy and g;i (e « 1) is the output current tracking error from x- to kz-terminals.

The various parasitic elements in the non-ideal CCCII symbol are shown in Figure 3.
It shows that the x-terminal illustrates limited parasitic serial resistance Ry, the y-terminal
illustrates high-value parasitic resistance Ry in parallel with low-value parasitic capacitance
Cy, the z-terminal illustrates high-value parasitic resistance R, in parallel with low-value
parasitic capacitance C;, and the kz-terminal illustrates high-value parasitic resistance Ry,
in parallel with low-value parasitic capacitance Cy.

Figure 3. CCCII with its parasitic components.

Using (10) and Figure 3, the current outputs I,1, L2, I3, and Ios can be rewritten as

B1(sCTRx2 + GTRy2) )
Iy =—1p= k i 11
ol 02 ﬁkl 1((SCTRx2+GTRx2) +,BLBZ(X2 n ( )
B1paux, >
=~ = ke e )l 12)
The transfer functions of APFs become
Iap+ _ lo+1ls _ B1Pak (SCTRx2 + GrRxa) — B1Pot, Proks (13)
I I; (SCTsz + GTsz) + ,31[52062
Iap— _ In+1Ios _ P1Piaki(sSCTRx2 + GrRx2) — B1fotyProks (14)
I; I; (sCTRy2 + GTRy2) + B1B24%,
where Ct = Cy + Cy1 + Cyo, Gr = (1/R1)//(1/Ry1).
All filters have a pole frequency that can be calculated as
w, = —P1P2%2 (15)

o SCTRyy + GTRy»
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It should be noted that the impact of the parasitic capacitances C,; + Cy can be
eliminated if the large value of C; is used, and the impact of the parasitic resistances
R;1//Ry1 can be eliminated if the low value of Ry, is given. However, the voltage and
current gains of CCClIs change the pole frequency.

4. Application to Quadrature Oscillator

Figure 4 shows the application of the proposed versatile filter as a current-mode
quadrature oscillator. The current-mode high-pass filter has been selected, and it cascaded
with a current-mode lossy integrator. When the circuit is connected as a feedback loop, the
characteristic equation of the system can be stated by

SC1RX2 1 .
h(aQRﬂ+1)<u3Rﬁ+4)“o (16)
High-Pass Filter Lossy Integrator
CCCIl, CCClIl, J CCClIl,
L1 x z y Z X
I,
kz, —o Cll kz_ :20 CZ-- y/
o BT =i 9T
Lot Lo

Figure 4. Current-mode quadrature oscillator.
The characteristic equation of the oscillator can be stated by
s?C1C2R 2R3 +5(C1Ry2 + CoRys — k1C1Rx2) +1 =0 (17)

The system will generate the sinusoidal signal under the condition of oscillation

(CO) as

C1Ry2 + CoRy3
k= ——o—"= 1
1 CiRa (18)
Letting C; = C and Ryp = Ry3, the CO becomes
ki =2 (19)

where Ry, and Ry3 are, respectively, the parasitic resistances at x-terminals of CCCII, and
CCC(lI3, ki is the current gain of CCCII;.
The frequency of oscillation (FO) is

1
VC1CGRR 3
The CO is controlled by current gain kj and the FO is controlled by Ry, and Ry3
(Ry2 = Ry3). Thus, the CO and FO can be controlled electronically and independently.

Consider Figure 4, the CCCII, and C, work as a lossless integrator, and the input is I,
where I,- = —kl,;. Thus, the relationship of I,; and I,y can be given by

k1
=1 (e ) ‘21)

Wy =

(20)
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Thus, the phase difference between 1,1 and I, is 90°, the phase difference between I,
and I3 is 180°, and the phase of I, leads the phase of I,; for 90°. Therefore, the proposed
current-mode quadrature oscillator provides three output currents with a phase shift of 90°.

It could be noted that output currents I3, I», and I3 are supplied from z-terminals of
CCClII, so they have a high impedance level that can be fed to the load without the use of
buffer circuits.

5. Simulation Results

SPICE simulations were performed to verify the characteristics of the proposed ver-
satile filter in Figure 2. The CCCII in Figure 1 was performed with the transistor model
parameters of AT&T’s ALA400 CBIC-R process [43]. The DC supply voltage was £2.5V,
and the capacitors C; and C, were 10 nF. The bias currents Ise¢; and Ip,; were equal to 25 pA,
and the bias current I; was used to control the current gain k; (i = 1, 2). The summarized
performance of the CCCII used in this paper is shown in Table 1. Figure 5 illustrates the
magnitude (a) and phase (b) responses of the LP and HP filters when the bias current Isetp
was given as 10 nA, and the bias currents I,; and I, were given 25 nA. The simulated pole
frequency was 12.8 kHz, and the power consumption was 2.72 mW, whereas the theoretical
value of the pole frequency was 12.24 kHz. Thus, the percent error of simulated pole
frequency was 1.96%. The high-frequency limitation of the filter is approximately 10 MHz,
and the magnitude of filters such as HP and AP responses will be slowly decreased when
the frequency is higher than appropriately 5 MHz.

Table 1. Summarized performances of used CCCIL

Parameters Value

Supply voltage 25V
Technology BJT (ALA400 CBIC-R)
DC voltage range —-1.7Vtol7V
Voltage gain 0.999
Current gain:

I, /1 1.01

L,/ Ic (k=1) 1.02
—3 dB bandwidth VF 37.4 MHz
—3 dB bandwidth CF:

I- /1 14.6 MHz

Lyt /Ix k=1) 14.6 MHz
Power consumption (Iset = Io = I, =25 pA) 1.84 mW
R« (I, = 1-100 pA) 13.27 k()-0.134 kQ)
Ry//Cy 1.48 MQ)/ /5 pF
Rz //Cs- 375kQ0/ /6 pF
Ryzt/ /Cran 373.7kQ)/ /4.2 pF

Figure 6 shows the magnitude and phase responses of the AP filters. Figure 6a shows
the magnitude and phase responses of the non-inverting AP filter (phase lag) obtained
by summing up I, and I3, and Figure 6b shows the magnitude and phase responses of
the inverting AP filter (phase lead) obtained by summing up I, and Ly4. It is clear from
Figures 5 and 6 that the proposed filter can provide both non-inverting and inverting
transfer functions of LP, HP, and AP filters in the same topology.

The non-inverting AP filter has been used by applying the input frequency of 1 kHz
and varying the amplitude to test the linearity of the proposed filter. The total harmonic
distortion (THD) with different amplitudes of I;, is shown in Figure 7, which shows that
the THD was 1% for the amplitude of 40 pAp.p.
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Figure 5. Frequency responses of LP and HP filters, (a) magnitude, (b) phase.
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Figure 6. Magnitude and phase frequency responses of AP filters, (a) non-inverting (phase-lag),
(b) inverting (phase-lead).
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Figure 8 showed the frequency responses when the pole frequency was varied by Ry,
via the bias current Isetp. Figure 8a shows the variant magnitude frequency response of the
LP filter, (b) variant magnitude frequency response of the HP filter, (c) variant phase fre-
quency response of the non-inverting AP filter (phase-lag), (d) phase frequency response of
the inverting AP filter (phase-lead), when the bias current Iget» was changed as 5 pA, 10 pA,
25 puA, 50 uA, and 100 pA and the obtaining pole frequency were, respectively, 6.33 kHz,
12.8 kHz, 31.13 kHz, 60.98 kHz, and 117.61 kHz. This result is used to confirm that the
proposed filter can tune the pole frequency using the single bias current Isp without
matching conditions for other parameters.

Figure 9 shows the magnitude frequency responses for (a) LP filter, (b) HP filter, and
(c) AP filter when the gains were varied by k; and/or k; via the bias currents I,; and/or
L» (Iy; and I, were set to 25 pA). The current gains were —0.36 dB, 0.3 dB, 6.1 dB, 9.6 dB,
and 11.8 dB when the bias currents I,;; and/or I, were set to 15 pA (k = 0.6), 25 pA (k=1),
50 pA (k =2), 75 pA (k = 3), and 100 pA (k = 4), respectively.
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Figure 8. Cont.
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Figure 8. Magnitude and phase frequency responses when pole frequency is varied by I for (a) LP
filter, (b) HP filter, (c) non-inverting AP filter (phase-lag), (d) inverting AP filter (phase-lead).
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Figure 9. Magnitude frequency responses when magnitude is varied for (a) LP filter, (b) HP filter,
(c) AP filter.
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The simulated magnitude frequency responses of the LP, HP, and AP filters for pro-
cess, voltage, and temperature (PVT) corners were investigated. Figures 10 and 11 show,
respectively, the results of the Monte-Carlo (MC) analysis were variations of the beta (§) in
BJT by 10% (LOT tolerance) and supply voltages by £10%. Figure 12 shows the magnitude
frequency responses when the temperature was changed from —20 to 85 °C. It can be noted
that the magnitude frequency responses were slightly changed when the process, voltage,
and temperature were varied. From Figure 10, the maximum variations of passband gains
of LP, HP, and AP filters were, respectively, about 0.07 dB, 0.15 dB, and 0.06 dB, while the
maximum variations of the passband gains of LP, HP, and AP filters were respectively
about 0.14 dB, 0.11 dB, and 0.19 dB for Figure 11, and the maximum variations of pass-
band gains of LP, HP, and AP filters were, respectively, about 0.32 dB, 0.69 dB, 0.53 dB for
Figure 12. Since temperature also affects the pole frequency via Ry1 and Ry, (2), considering
the temperatures of —20° and 85°, the pole frequencies were respectively 14.37 kHz and
11.14 kHz, which differed by 3.23 kHz.

-5

Process corner [

—
=)

—
n

|
N
=]
%

Magnitude (dB)

|
N
(9]

ue,/ A\ LP

10 100 1.0k 10k 100k 1.0M 10M
Frequency (Hz)

(@)

3.0 Process corner

-
(=}
T[T

Magnitude (dB)
o
<

-2.0
-3.0
-4.0
10 100 1.0k 10k 100k 1.0M 10M
Frequency (Hz)
(b)

Figure 10. Magnitude frequency responses for process corner, (a) LP and HP filters, (b) AP filter.
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Figure 12. Magnitude frequency responses when temperature is varied from —20 to 85 °C, (a) LP,
and HP filters, (b) AP filter.

The LP response was simulated by setting 5% tolerances of the capacitor C; at the pole
frequency of 12.8 kHz and 200 Gaussian distribution runs. Figure 13 shows the derived
histogram of the cut-off frequency, which expressed that the standard deviation (¢) of f,
was 0.631 kHz, and the maximum and minimum values of f, were, respectively, 14.496 kHz
and 11.518 kHz. It is worth noting that thanks to the electronic tunability of the filter, the
deviation of the cut-off frequency and the gain could be easily readjusted by the Igt; and I,
respectively.
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Figure 13. The histogram of the cut-off frequency of the LP filter with 200 runs of MC analysis.

The comparison of the proposed filter with the previous works is in Table 2. The
VM first-order filter in [10], mixed-mode (MM) first-order filters [11,34], and CM first-
order filters in [11,24,26,29] have been used to compare. Compared with [10,11,26,29], the
proposed filter offers six transfer functions similar to [24], but for the filter in [24], the gain
of the transfer functions cannot be controlled. The MM first-order filter in [34] offers VM,
trans-admittance mode (TAM), CM, and trans-impedance mode (TIM) operation from the
same circuit structure, but each operation mode provides only three transfer functions of
LP, HP, and AP filters whereas the proposed filter offers six transfer functions of LP, HP, AP
filters. Compared to [10,11,24,34], this realization uses only grounded capacitors and does
not require a passive resistor. Finally, compared to [11,24,34], the proposed current-mode
filter offers low-input and high-output impedances.

Table 2. Comparison with previous first-order filters.

Features Proposed [10] 2022 [11] 2021 [24] 2017 [26] 2019 [29] 2022 [34] 2023
Active and
passive 2 CCC1, 11LT1228, 2 CV(I, 2 1CC1], 1 DXCCTA, 1 MOCDTA, 1 VDGA,
elements 2C 2R, 1C, 1C, 2C 1C 1C,
1C 2R 1 MOS 1R
(Figure 2)
BJT process Commercial CMOS CMOS CMOS CMOS CMOS
Realization (ALA400 IC structure structure structure structure structure
CBIC-R) (0.18 pum) (0.13 um) (0.18 pum) (0.13 um) (0.18 pum)
Mode cM VM CM, TIM cM cM cM MM
operation
Type of filter SIMO MISO SIMO SIMO SIMO MIMO MIMO
Number of
filtering 6 (LP+,LP-, 4 (LP+,HP+, 2(LP+, AP+) 6 (LP+ LP-, 4 (LP-,HP+, 3 (LP+, HP+, 3(LP-, HP+,
functions HP+, HP-, AP+, AP-) HP+, HP-, AP-) AP+) AP-)
AP+, AP-) AP+, AP-)
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Table 2. Cont.

Features

Proposed

[10] 2022 [11] 2021 [24] 2017 [26] 2019 [29] 2022 [34] 2023

Electronic
control of
gain

Yes

LP+, HP+ Yes No No No Yes

Low-input
and
high-output
impedance

Yes

- No No Yes Yes No

Using
grounded
capaci-
tor/resistor

Yes

No No No Yes Yes No

Pole
frequency
(kHz)

12.3

90 89-1000 2600 10,000 1590 1590

Electronic
control of
parameter w,

Yes

Yes Yes Yes Yes Yes Yes

Total
harmonic
distortion (%)

1@40 pApp

2030 1A,y <1.5@90 ) ) ]

1@200 mV
pp n App

Power

supply
voltages (V)

+2.5

+5 +0.9 +0.75 +1.25 +1 +0.9

Power
consumption
(mW)

2.72

57.6 1.057 4.08 1.75 2.5 1.31

Verification
of result

Sim.

Exp. Sim./Exp. Sim. Sim./Exp. Sim./Exp. Sim./Exp.

Note: MOCDTA = multiple-output current differencing transconductance amplifier, DXCCTA = dual-X current
conveyor transconductance amplifier, VDGA = voltage differencing gain amplifier, CVCII = Electronically control-
lable second-generation voltage conveyors, TIM = trans-impedance mode, SIMO = single-input multiple-output,
MISO = multiple-input single-output, MIMO = multiple-input multiple-output, MM = mixed-mode.

The current-mode quadrature oscillator in Figure 4 was simulated, and the CCCII
with controlled current gain in Figure 1a was used. The bias current I;,; and I, of CCCII
and CCCII;, were set to 25 pA, and the bias current I,; of CCCII; was 36 pA for controlling
the condition of oscillation. Figure 14 shows the simulated outputs of the oscillator when
C; and C, were set to 10 nF, the bias current Iy of CCCII; and the bias current I3 of
CCCII, were given as 25 pA, and the bias current I, of CCCII, was given as 10 pA.
The oscillating frequency of 20.8 kHz was obtained, whereas the theoretical value of the
oscillating frequency was 19.35 kHz. It could be noted that the amplitudes of output
currents Iy, Iy, and I,z were almost equal. In this case, the bias current I, of CCCII,
of 50 pA was used to control the currents I,, and I3. It can also be noted that when the
condition of oscillation was varied by Ry, and Ry3 and led to the difference of amplitudes of
Io1 and Iy, Ly3, the problem can be solved by adjusting k, of CCCII; via the bias current I,
to achieve the same amplitudes. This option of tuning is available thanks to the advantage
of the CCCII circuit with controlled gain.
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Figure 14. Simulated outputs of oscillator, (a) running oscillation, (b) steady state, (c) quadrature
relationship between I,; and Iy, I51, and Ios.
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6. Conclusions

A new current-mode first-order versatile filter using two translinear current conveyors
with controlled current gain and one grounded capacitor is presented in this paper. The
proposed filter offers the following features: (1) realizations of non-inverting and inverting
transfer functions of low-pass, high-pass, and all-pass filters into single topology, (2) control
of the current gain for all transfer functions of the filters, (3) electronic control of a pole
frequency, (4) no requirement of component-matching conditions for realizing all filter
responses, (5) low-input impedance and high-output impedance. The proposed first-order
filter has been applied to realize the current-mode quadrature sinusoidal oscillator. The
proposed filter and its application were simulated with SPICE to confirm characteristics
and workability.
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