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Abstract: This paper presents a new multiple-input single-output voltage-mode universal filter em-
ploying four multiple-input operational transconductance amplifiers (MI-OTAs) and three grounded
capacitors suitable for low-voltage low-frequency applications. The quality factor (Q) of the filter
functions can be tuned by both the capacitance ratio and the transconductance ratio. The multiple
inputs of the OTA are realized using the bulk-driven multiple-input MOS transistor technique. The
MI-OTA-based filter can also offer many filtering functions without additional circuitry requirements,
such as an inverting amplifier to generate an inverted input signal. The proposed filter can simul-
taneously realize low-pass, high-pass, band-pass, band-stop, and all-pass responses, covering both
non-inverting and inverting transfer functions in a single topology. The natural frequency and the
quality factors of all the filtering functions can be controlled independently. The natural frequency
can also be electronically controlled by tuning the transconductances of the OTAs. The proposed
filter uses a 1 V supply voltage, consumes 120 uW of power for a 5 ©A setting current, offers 40 dB
of dynamic range and has a third intermodulation distortion of —43.6 dB. The performances of the
proposed circuit were simulated using a 0.18 pm TSMC CMOS process in the Cadence Virtuoso
System Design Platform to confirm the performance of the topology.

Keywords: universal filter; voltage-mode circuit; operational transconductance amplifier

1. Introduction

An operational transconductance amplifier (OTA) is a voltage-controlled current
source that offers numerous advantages in circuit design, such as providing electronic
tuning capability, easy implementation of the OTA structure, and the powerful ability
to realize various applications. In addition, OTA-based circuits are usually absent from
resistor requirements, making them suitable for integrated circuit (IC) implementation [1,2].

Biquad filters are very useful blocks for applications in measurement, communication,
and control systems. From the general form of second-order filter functions [3], there are
five frequency responses that are possible to obtain, namely low-pass filter (LPF), high-pass
filter (HPF), band-pass filter (BPF), band-stop filter (BSF), and all-pass filter (APF). These
are the so-called five standard filtering functions. A biquad filter can be used to realize
high-order filters by cascading multiple first-order and second-order sections, as used in
phase-lock loops (PLL) for loop filtering (usually an LP filter), FM stereo demodulators
(usually LP and BP filters), and crossover networks in three-way high fidelity (usually LP,
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BP, and HP filters) [3]. A filter that can provide several second-order filters in a single
topology is classified as a universal filter. There are many universal filters available in
the literature using varying active devices, such as second-generation current conveyors
(CClIs) [4-6] and current feedback operational amplifiers (CFOAs) [7-9]. Unfortunately,
these filters lack electronic tuning capabilities, which is important when parameters such
as the natural frequency and quality factor deviate by process—voltage-temperature (PVT)
variations. Some universal filters that offer the possibility of electronic tuning and minimal
active elements have been introduced by using the voltage differencing inverting buffered
amplifier (VDIBA) [10,11] and inverters [12]. However, these filters supply the input
signals through capacitors, and therefore, an additional buffer circuit is required, and these
capacitors become floating.

This work is focused on a universal filter with electronic tuning capability that utilizes
an operational transconductance amplifier (OTA) as the active element. There are many
universal filters using OTAs as active elements available in the literature; for example,
see [13-49]. The circuits in [13-16] are current-mode filters, the circuits in [17-35] are
voltage-mode filters, and the circuits in [35-42] are mixed-mode filters. Considering the
input and output terminals, the circuits in [17-22,39] are single-input multiple-output
(SIMO) filters, the circuits in [15,16,23-29,40,41] are multiple-input single-output (MISO)
filters, and the circuits in [13,14,30-38,42] are multiple-input multiple-output (MIMO) fil-
ters. Compared with SIMO filters, MISO and MIMO filters usually employ fewer active
devices because the variant filtering functions of these filters can be obtained by appropri-
ately selecting the input and/or output terminals. This work is focused on utilizing the
MISO filter so that parameters such as the natural frequency and the quality factor can
be electronically and independently controlled. Considering the MIMO and MISO filters
in [13-16,23-38,40-42], these filters suffer from some drawbacks:

(i) They require additional circuits at the input, such as a SIMO current follower cir-
cuit [13-16].

(ii) They use a floating capacitor or floating resistor [23,28,31,32].

(iii) They do not provide the non-inverting and inverting transfer functions of LP, HP, BP,
BS, and AP filters [23-38,40,41].

(iv) They do not provide independent tunable control of the natural frequency and the
quality factor [23-25,27,29-33,38,40,41].

(v) They require inverted input signals to obtain some transfer functions [24,31,37,38].

It should be noted that these universal filters are not designed for low-voltage low-
power signal-processing applications. Nowadays, low-voltage low-power filters are re-
quired for biomedical applications, such as biosensors [3]. Universal filters using OTAs
operating with a low supply voltage and with low power consumption are available in
the literature [42-47]. However, these configurations cannot benefit from independent and
electronic control of the quality factor and the natural frequency and cannot provide a
high-quality (high-Q) filter. In modern applications, high-Q filters are strictly desirable
for processing weak signals, such as the detection, measurement, and quantification of
biomedical signals [48,49]. The bio-signal has the attributes of a low amplitude and a low
frequency (<10 kHz).

This paper presents a low-voltage low-power universal biquadratic filter that allows
the natural frequency and quality factor to be independently and electronically controlled.
A high-Q filter can also be obtained. The filter is realized using multiple-input operational
transconductance amplifiers (MI-OTAs). In the filter’s input differential stage, the MI-OTAs
are realized using the multiple-input MOS transistor technique (MI-MOST), which obtains
a minimal differential pair and minimal power consumption. Using an MI-OTA-based
filter shows that both the non-inverting and the inverting transfer functions of LP, HP, BP,
BS, and AP filters can be obtained without inverted input signals. The proposed filter uses
a1V supply voltage and 120 pW of power consumption for a 5 pA setting current. The
filter was designed and simulated in the Cadence Virtuoso environment using 0.18 um
TSMC CMOS technology.
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2. Circuit Description
2.1. Multiple-Input OTA

The multiple-input OTA is used to realize the filter application. Its circuit symbol is shown
in Figure 1. Ideally, the transfer characteristic of this OTA is given by the following equation:

Io:gnl(V+1+V+2+...+V+n—V_l—sz—...—an) (1)

where I, is the output current, and g, is the small-signal transconductance. Note that the
circuit in the general case has # non-inverting and 7 inverting inputs; thus, its input voltage
can be considered as the difference of two sums of voltages applied to the non-inverting
Vi1, +n and inverting V_;  _, inputs, respectively.

Figure 1. Electrical symbol of the MI-OTA.

The transistor-level schematic of the OTA proposed in this work with n = 3 is shown
in Figure 2. The circuit consists of an OTA with folded-cascode topology with a linearized
input stage consisting of the transistors M;—M; and M;sp, Magp, and biased by the current
sinks M3 and M,. The transistors Mj3—M;jg were used for biasing. The multiple inputs
were realized in a simple way by adding a capacitive voltage divider to the transistors M;
and M,, thus creating a multiple-input device, as shown in Figure 3. The input capacitors
Cpg; were bypassed by large Ryjos; resistances, which were realized as an anti-parallel
connection of MOS transistors operating in a cutoff region. The large resistances provided
the DC biasing of the M; and M, gates.
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Figure 3. The MIBD-MOST technique: (a) symbol, (b) realization, and (c) Ryjog realization.

The linearization technique used in this work is similar to the technique with gate-
driven input stages operating in strong inversion introduced in [50]. However, in this work,
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the bulk-driven devices operating in weak inversion were applied to the proposed structure.
Operation in weak inversion generally leads to a narrower linear range compared to the
strong inversion version of the circuit. On the contrary, the use of bulk-driven terminals
extends the linear range compared to the gate-driven realization. Moreover, the input
capacitive divider further extends the linear range. The result is the relatively large linear
range of the OTA, even for weakly inverted devices biased with very low currents. A
similar input stage was first described and verified experimentally in [51,52]. The M;sp
and Mygp transistors operate in a triode region, introducing negative feedback to the input
pair M; and M,. Controlling their characteristics by the signals seen at the gates of the main
transistors of the pair M; and M, further improves the linearity of the input stage [51].

Assuming that all the capacitances Cg; are identical, the small-signal transconductance
of the OTA is given by:

4k L
8m = a1 npUr @

where 17 = g,,512/8m1,2 is the bulk to gate transconductance ratio at the operating point,
n is the number of input terminals, n;, is the subthreshold slope factor for the p-channel
transistors, Ut is the thermal potential, Ise is the biasing current and k is the ratio of aspect
ratios of the triode-region transistors Mjsp, Masp and the main transistors of the input pair

M; and M5:
o — (W/L)lsD,st
(W/L),

Note that the best linearity performance is obtained for k = 0.5 [51]. In such a case, the
circuit transconductance can be expressed as:

)

o % . Iset
8m = 30 (4)

The use of an input capacitive divider and bulk-driven devices extends the linear
range of the OTA, but on the other hand, it increases the input noise and decreases the
voltage gain. For instance, with # = 1/3 and 3 inputs, the circuit transconductance is
lowered 9 times as compared to a gate-driven input pair. Consequently, the low-frequency
voltage gain of the circuit is decreased by around 19 dB. To counteract this effect, we applied
a cascode high-impedance output stage, composed of the transistors Ms—Mj,. With the
applied output stage, the low-frequency gain of the OTA can be approximated as:

Ay = g [(gmsTassTase) || (m107as107ds12)] 5)

Consequently, this gain is improved by the factor of g,,74, (intrinsic voltage gain of an
MOS transistor), which for the applied technology and operating point exceeds 30 dB.

As was already mentioned, the applied technique increases the linear range of the
OTA. On the other hand, however, it increases its input noise due to signal attenuation.
Since the input noise is increased in the same proportion, the dynamic range (DR) of the
OTA remains unchanged and is equal to the DR of the GD OTA with a single differential
input and the applied linearization technique. Nevertheless, the larger linear range allows
for avoiding hard nonlinearities for the large voltage swings and Vpp, as applied in the
considered design.

2.2. Proposed Tunable High-Q Voltage-Mode Universal Filter

Figure 4 shows the proposed tunable high-Q voltage-mode universal filter using OTAs.
Figure 4a shows the proposed voltage-mode universal filter using conventional OTAs and
Figure 4b shows the proposed voltage-mode universal filter using MI-OTAs. It should be
noted from Figure 4a,b that the universal filter using MI-OTAs has a significantly reduced
number of OTAs (10 OTAs vs. 4 MI-OTAs). The input terminals of the universal filter
in Figure 4b are connected to the high-input impedance of the OTA; thus, the proposed
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universal filter offers high input impedance, which is ideal for voltage-mode circuits. The
output impedance can be givenby 1/g, ,.

-oV.
5
gm3c "
+ Vin7
- V.
Zm3b in6 Vinto o =
+ o Vs Vi o] +gm4b
m

o Vout

Vout

(b)

Figure 4. Proposed tunable high-Q voltage-mode universal filter using (a) conventional OTAs and
(b) MI-OTAs.

Letting $m1a = Smiv = Smi, §m2a = Sm2b = Sm2s Sm3a = &m3b = Smdc = m3»
Smaa = §mab = §mac = §ma, and using nodal analysis, the output voltage of Figure 4a,b can

be given by:
8m&m2(Vim1 — Vinz) + 5C18m2(Ving — Vina)
+5 LB (Vs + Vins — Viny — Vins)
+D(S)(Vin9 - VinlO)
D(s)

Vout = (6)
where D(s) = $2C,C + 5918 4 ¢ 10,

The variant filtering functions are shown in Table 1. It should be noted that the variant
non-inverting and inverting transfer functions of the LPF, BPF, HPFE, BSF, and APF can be
obtained without inverted input signal requirements. For the BPF, if the input signals are
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Vins and V4, varying the quality factor will increase the gain of the transfer functions.
Conversely, if the input signals are V;,5 or Vj,¢ and Vj,7 or V;, 3, varying the quality factor
will not affect the gain of the transfer functions.

Table 1. Obtaining the variant filtering functions of the proposed universal filter.

Filtering Function Input
Non-inverting Vim
LPF .
Inverting Vinz
Non-inverting Vins
BPF Inverting Vina
Non-inverting Vins or Vine
Inverting Vinz or Viug
Non-inverting Vinz = Vinz = Ving
HPF .
Inverting Vin1 = Vins = Vinio
Non-inverting Vinz = Ving
BSF .
Inverting Vins = Vinto
Non-inverting Vinz = Ving = Ving
APF .
Inverting Vins = Vine = Vinto

Letting Vi,7 = Vins = Ving = Vi, Vour = V 4p+, the transfer function of the non-inverting
APF can be expressed as in (7), and letting Vi,5 = Viys = Vigio = Vin, Vour = Vap—, the
transfer function of the inverting APF can be expressed as in (8).

C1Cogm
Vapy s°C1C —s lngg 2+ §m18m2 7)
‘/l' SZC’lCZ + 54(:1%5”13 + gm]ng
C1Cogm
Vap. —S°C1C +S%3g3 — 8m18m2

(®)

Vi s2C1Cy + 57C1CC23gm3 + &m18m2

These transfer functions can be used to express the magnitudes and phase responses
of APFs.
The natural frequency (w,) and the quality factor (Q) can be given by:

_ [8m18m2
Wy = C1Co (9)
G [gmi&m2
= —, /2= 10
Q gV GG (10

The parameter w, can be controlled electronically by g1 and g2 and the parameter
Q can be controlled by C3 and/or gu3. If C3 is used as a parameter, C; and C, could
be constant (C; = Cy), and if g3 is used as a parameter, g,,1 and g,;» could be constant
(gm1 = &mz2)- Thus, the parameter Q can be tuned by varying the values of the capacitance
and resistance.

2.3. Effects of the Nonidealities of the MI-OTA

Figure 5 shows the nonideal model of the OTA [53]. There are three components that
have been considered: (i) the input capacitances C,, C_, and input resistances R, R_;
(ii) the output capacitance C, and output resistance R, (or conductance g,); and (iii) the
frequency-dependent transconductance gy;.
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Figure 5. Nonideal structure of the OTA.
The frequency-dependence of g, ($mn) can be approximated [54] as:
§mn = &m(1 —s7) (11)

where T = 1/wy and w), denotes the second pole of the OTA.
The first consideration can be rewritten by using (9) and the denominator of (6) as:

2 _ 8m3T3 Sm18m2T1 2
5C1Cy (1 G + e )

+s C1%8m3 (1 _ C3gmigme

(12)
3 C1Cogms (- TZ)) + &m18m2

It can be seen that the parasitic poles (t;) of the i-th OTA affect the filter performance.
The influence of the parasitic pole can be neglected if the following conditions are met:

13
C38m18m2 (Tl _ T2) <1 ( )

Sm3T3 8m18m2T1 T2
G t7cg < 1}
Clczng

Next, the parasitic capacitances and resistances (or conductance) have been con-
sidered by letting the transconductance g, be ideal. Considering Figure 4b, the values
of the capacitors Cq, Cp, and C3 can be represented, respectively, by C}, Cj, and Cj,
where Ci = C +Cy1 +Cqo, Cé = Cy+Cpp+C_1+Cy3+ Chy, and Cé = C3+Cp3 +
Cy1 + C—3 + C_4, where C,; is the output capacitance of the j-th g;;, and C; and C_; are
the input capacitances of the j-th g, (j =1, 2, 3, 4).

When the parasitic resistances are considered, the capacitors C}, Cj, and C} are ex-
pressed, respectively, by C;, C,, and C;, where C; = C{//Rop//Rya,
C, = Cy//Rp//R_1//Ry3//Rys, C5 = C4//Re3//Ri1//R_3//R_4, where Ry is the
output resistance of the j-th g, Ry and R_j are the input resistances of the j-th g, (j=1, 2, 3, 4).

The parasitic effects on the natural frequency and the quality factor of the proposed
universal filter can be avoided by choosing:

Co>» (Cp+C1+C3+Chy)
C3> (C3+Ci1+C3+C_y)

Cy > (Co1 + Cy2) }
(14)

3. Simulation Results

The proposed MI-OTA and the filter application were simulated in the Cadence
Virtuoso System Design Platform using the 0.18 um CMOS technology from TSMC (Tai-
wan Semiconductor Manufacturing Company, Taiwan). The aspect ratio of the MOS
transistors of the MI-OTA in Figure 1 is listed in Table 2. The voltage supply was 1 V
(Vbp = —Vss = 0.5 V). The proposed MI-OTA consumed 30 uW for a 5 pA setting current.
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I, (nA)

2
4

-6 -

-8

Table 2. Parameters of the components of the MI-OTA.

Transistor W/L (um/um)
Mi1-My, M13-M1g 10/0.5
Misp, Masp 5/0.5
M;5-My; 20/0.5
Mg 4/5

Cg =0.5pF

Vi1 = —300 mV, Vg, = 200 mV

The parasitic impedances of the MI-OTA are shown in Figure 6, where R, _ =42 GQ),
C,,— =0.25 pF for the input terminal, and R, = 32.4 MQ), C,, = 52.8 {F for the output terminal.

220
210 A
A 200 1

Zo

= 190 A
< 180 4 7+,7-

N 170
- 160 -

+ 150
N 140 4 \
130 4
120 4

110
100 A
90 1
80 +
70 T T T T T
1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6

Frequency (Hz)

Figure 6. The parasitic impedances of the MI-OTA.

To obtain the dynamic characteristic of the MI-OTA, a sine wave of 1 kHz was applied
to the input of the OTA. The extended linearity of the MI-OTA with various setting currents
Let = (2.5, 5,10, 20) pA is shown in Figure 7a. The transconductance AC characteristic of
the MI-OTA with various setting currents Iset = (2.5, 5, 10, 20) pA is shown in Figure 7b.
The transconductance was (2.9, 4.9, 7.9, 12.6) uS, respectively. The transconductance AC
characteristic with Iget = 5 LA was repeated for the Monte Carlo (MC) analysis with 200 runs
and process, voltage, and temperature (PVT) corners, as shown in Figure 8.

16
Iset=2.5uA | 14
Iset=SuA

Iset=10uA

Iset=2.5uA Iset=SuA
Iset=10uA Iset=20uA

12 1

gn (uS)

10 A

y &

- =) =)
M

05 04 -03 02 01 0 01 02 03 04 05 LE+3 LE+6 LE+9
Vi, (V) Frequency (Hz)
(a) (b)

Figure 7. The I, versus Vi, (a) and the transconductance AC characteristic (b) with different
setting currents.
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6 6
] MC process corners
~ ~
n s
= =
N’ N’
o of4 1
3 4
2
1 - 1 1
0 : 0 T
1LE+3 1.E+6 1LE+9 LE+3 LE+6 LE+9
Frequency (Hz) Frequency (Hz)
(a) (b)
6 6
—_
N N’
54 1 054
31 —v 31 ——-30°C
2 0.9V 21 27°C
1 TR Voltage corners 11 70°C Temp. corners
0 T 0 .
1.E+3 LE+6 L.E+9 1.E+3 1.LE+6 1.E+9
Frequency (Hz) Frequency (Hz)
() (d)

Figure 8. The transconductance AC characteristic of the MI-OTA: (a) MC, (b) process, (c) voltage and
(d) temperature corners.

The process corners of the transistor were fast—fast, fast-slow, slow—fast, and slow-
slow. For the input MIM capacitor Cg, they were fast—fast and slow—slow. The voltage
corners were Vpp £ 10%, and the temperature corners were —30 °C and 70 °C. The MC
showed min. 4.5 puS and max. 5.4 uS. The process corners showed min. 4.91 uS and max.
5 uS. The temperature corners showed min. 4.66 uS and max. 5.36 uS. The voltage corners
showed min. 4.94 uS and max. 4.97 uS. All the transconductance variations were in the
acceptable range. The frequency and phase characteristics of the filter with Igey14 =5 pA
and C;_3 = 100 pF are shown in Figure 9. The cutoff frequency was 7.85 kHz. The simulation
of the LPF was repeated with MC and PVT corners analyses, as shown in Figure 10. While
the curves for the PVT overlapped, for the MC, the gain variation at low frequencies was
in the range of —3.1 dB to 1.6 dB and the cutoff frequency variation was in the range of
0.72 kHz to 9.3 kHz, which can be realigned by adjusting the setting current.

To demonstrate the tuning capability of the Q, Figure 11 shows the frequency charac-
teristics of the BPF with: (a) Lset1—4 = 5 pA, Cq 2 = 100 pF and tuning C3 = (25, 50, 100, 200,
400, 800) pF and (b) with Iget1 24 =5 HA, Ci_3 = 100 pF and tuning Isets = (0.3125, 0.625, 1.25,
2.5,5,10) pA. To demonstrate the tuning capability of the w, Figure 12 shows the frequency
characteristics of the BPF with C;_3 = 100 pF and tuning Iset = Iget1-4 = (0.3125, 0.625, 1.25,
2.5,5,10) pA. The natural frequency was (0.767, 1.44, 2.63, 4.62, 7.85, 12.7) kHz, respectively.
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Figure 9. The frequency and phase characteristics of the filter.
10 10
2 0 LPF-MC = ol — LPF-PVT
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Figure 10. The frequency characteristics of the LP filter with (a) MC analysis and (b) PVT corners.
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Figure 11. The frequency characteristic of the BPF with different values for (a) the capacitor C3 and
(b) the setting current Ige3.
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o
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Figure 12. The frequency characteristic of the BPF with different Iset; 4.

To determine the third intermodulation distortion (IMD3) of the BPF, two closed tones
were applied to the input of the BPF. Both tones were a sine wave with an amplitude of
25 mV but with different frequencies: 7.5 kHz and 8.2 kHz. The transient analyses of the
input and output signal are shown in Figure 13a and the spectrum of the output signal is
shown in Figure 13b. The IMD3 was —43.6 dB, which indicates a 0.66% THD.

The equivalent output noise is shown in Figure 14. The integrated noise in the
filter bandwidth of 4.8 kHz to 12.5 kHz was 485.7 nV; hence, the dynamic range DR was
calculated to be 40 dB for 1% IMD3.

The OTA-based universal filters in [16,34,41,45,46] were used as a comparison, as
shown in Table 3. Compared with the filters in [16,34], which offer independent/electronic
control of the w, and Q as well as a high-Q filter, the proposed filter offers larger transfer
functions that cover both the non-inverting and the inverting transfer functions of the LPF,
HPF, BPFE BSF, and APF. Compared with the filters in [41,45,46], which provide sub-volt
supply voltage, the proposed filter offers independent/electronic control of the w, and Q
and a high-Q filter. Compared with the filters in [16,34,41], the proposed filter offers low
voltage and low power consumption.
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Figure 13. (a) The transient characteristic of the BPF and (b) the spectrum of the output signal.
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Table 3. Comparison of the properties of this work with those of high-Q universal filters.
Factor Proposed [16] 2010 [34]1 2019 [41] 2020 [45] 2022 [46] 2022
Number of active devices 4-OTA 3-OTA 5-OTA 5-OTA 8-OTA 3-0OTA
Realization 0.18 pm BJT (AT&T Commercial 0.18 um 0.18 pm 0.18 um
CMOS CBIC-R) IC (LT1228) CMOS CMOS CMOS
Number passive devices 3-C 3-C 2-C 2-C 2-C 2-C
Type of filter MISO MISO MIMO MISO MIMO MIMO
Total number of offered 12 (VM) 5 (CM) 7 (VM) 20 (MM) 20 (MM) 22 (VM)
responses
Electronic control of w, Yes Yes Yes Yes Yes Yes
Independent control of Q Yes Yes Yes No No No
High-Q filter Yes Yes Yes No No No
All—grounded passtve Yes Yes Yes Yes Yes Yes
devices
High input impedances Yes - Yes Yes Yes Yes
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Table 3. Cont.
Factor Proposed [16] 2010 [34] 2019 [41] 2020 [45] 2022 [46] 2022
Unnecessary .\ Yes No Yes Yes Yes Yes
input-matching conditions
Unnece:ssary inverted Yes No Yes Yes Yes Yes
input signal
Achievable range of 0.26t09.7 2 lto64 ¢ e
O-factor 0.62 t09.7b 1to64d 1.02t03.03 - - -
Power supply (V) 1 +2 +15 +0.9 +0.3 0.5
Power dissipation (nW) 120 x 103 - 861 x 10° 177.3 x 103 5770 37
Natural frequency (kHz) 7.85 1000 159.16 3.39 x 10° 5 0.153
Total harmonic distortion
(%) 1@140mVpyp - - - <2@200mVpp  0.33@100mVpyp
IMD3 —43.6 dB - —43.6 dBc - - -
Output integrated noise 485.7 ) ) ) 115 220
(LVrms)
Dynamic range (dB) 40 - - - 53.2 50
Verification of result Sim Sim Sim/Exp Sim Sim Sim

Note: @ = the capacitance varies from 25 to 800 pF, P = the biasing current varies from 0.312 to 10 pA, © = the
capacitance varies from 2 to 128 nF, d = the biasing current varies from 1 to 70 pA, ¢ = the gn, varies from 1 to
3 mS.

4. Conclusions

In this paper, a new multiple-input single-output voltage-mode universal filter using
MI-OTAs is proposed. In this filter, the pole-Q can be tuned by varying the capacitance and
setting current. The natural frequency can also be electronically controlled. The proposed
filter uses four MI-OTAs that its differential pair realizes using the multiple-input MOS
transistor technique, which does not increase the power consumption of the OTA. This work
shows that an MI-OTA-based filter with 10 transfer functions, namely the non-inverting and
inverting transfer functions of the LPF, HPF, BPF, BSF, and APF, can be obtained without
changing the circuit topology. The proposed filter is suitable for low-voltage-supply, low-
power-consumption and low-frequency applications like the biomedical one, since it is
capable of operating with a 1 V supply voltage and consumes 120 pW of power for a 5 nA
setting current.
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Abbreviations

MI-OTA  multiple-input operational transconductance amplifier
ccn second-generation current conveyor

CFOA current feedback operational amplifier

VDIBA  voltage differencing inverting buffered amplifier
SIMO single-input multiple-output

MISO multiple-input single-output

MIMO multiple-input multiple-output

MOS metal oxide semiconductor
MOST metal oxide semiconductor transistor
CMOS complementary metal oxide semiconductor
GD gate-driven
MIBD multiple-input bulk-driven
TSMC Taiwan Semiconductor Manufacturing Company
VM voltage-mode
M current-mode
MM mixed-mode
LPF low-pass filter
HPF high-pass filter
BPF band-pass filter
BSF band-stop filter
APF all-pass filter
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