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ABSTRACT This paper presents a novel mixed-mode, low-power, 1 V analog filter that uses multiple-
input multiple-output operational transconductance amplifiers (MIMO-OTAs). This filter uses four OTAs,
two grounded capacitors, and one grounded resistor and offers four modes, namely voltage, current,
transconductance, and transimpedance modes. Each mode of operation provides non-inverting and inverting
low-pass, high-pass, band-pass, band-stop, and all-pass filter transfer functions (10 transfer functions). Thus,
in four operating modes, the designed filter offers 40 transfer functions, which is the full capability of a
mixed universal filter. The natural frequency of all filter functions can be electronically controlled. To obtain
the multi-input OTA, the multiple-input bulk-driven MOS transistor (MIBD-MOST) technique is used.
This technique can reduce the number of MOS input differential pairs and the supply voltage. The active
mixed-mode filter was simulated using a CMOS TSMC 0.18 um process in the Cadence Virtuoso ADE
Suite. The simulation results confirm the performance of the proposed filter.

INDEX TERMS Active filter, mixed-mode filter, operational transconductance amplifier, low-power circuit,
analog circuit.

I. INTRODUCTION

Low-voltage and low-power integrated circuits are an
extremely challenging topic for researchers nowadays as low
supply voltages and very low power consumption are required
for modern portable electronics, biomedical devices and sen-
sors. Minimal circuit power consumption can reduce the size
of the device and can also save battery lifetime (for recharg-
ing). Portable and wearable devices utilize active filters to
filter the out-of-band interference and noise (low-pass filter),
select desired signals (band-pass filter), or reject 50 Hz power
line interference (band-pass filter).
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Universal filters are circuits that can usually realize five
standard filtering responses in the same circuit. These are
the low-pass filter (LPF), high-pass filter (HPF), band-pass
filter (BPF), band-stop filter (BSF), and all-pass filter (APF).
Regarding the nature of input and output signals, universal
filters are classified as current-mode (CM), voltage-mode
(VM), transadmittance-mode (TAM), and transimpedance-
mode (TIM). In a VM filter, both input and output signals
are voltages; in a CM filter, both input and output signals are
currents; in a TAM filter, input signals are voltages and output
signals are currents; in a TIM filter, input signals are currents
and output signals are voltages. Therefore, a mixed-mode
filter is a versatile and flexible circuit. Many mixed-mode
filters have been introduced using variant active devices such
as current feedback operational amplifiers (CFOAs) [1], [2],
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FIGURE 1. Electrical symbol of the MIMO-OTA.

second-generation current conveyors (CCIIs) [3], [4], and
differential difference current conveyors (DDCC) [5], [6].
However, these mixed-mode filters do not provide electronic
tuning capabilities.

The operational transconductance amplifier (OTA) is a
basic building block of analog and mixed signal circuits. This
active building block is a voltage controlled current source
because the differential input voltage produces an output
current by using its transconductance gain (g, ). Thus, OTA-
based circuits usually do not require passive resistors. Many
mixed-mode universal filters using OTAs as active devices
have been reported [7], [8], [9], [10], [11]. However, these
mixed-mode universal filters are rather high-power consump-
tion. Low-voltage low-power mixed-mode universal filters
have been proposed in [12], [13], [14], [15], and [16]. How-
ever, these mixed-mode universal filters do not provide full
capability of mixed-mode universal filters, namely each VM,
CM, TAM, and TIM does not provide both non-inverting and
inverting transfer functions of LPF, HPF, BPF, BSF, and APF.

The input and output signals in the voltage and/or current
forms of mixed-mode filters can offer some advantages in
the design of modern integrated circuit systems. For exam-
ple, some applications in integrated circuits may require a
connection between voltage-mode circuits and current-mode
circuits. The TAM, which has a voltage input and a current
output, or TIM, which has a current input and a voltage
output, can be used to convert between voltage and current
modes [17]. In addition, the availability of both non-inverting
and inverting output signals may be advantageous for connec-
tion to the next stages without additional circuit requirements,
such as non-inverting or inverting amplifiers. Thus, mixed-
mode filters, which support input and output signals as
voltage or current and provide both non-inverting and invert-
ing filtering functions, are valuable subjects of research and
development for various filtering applications compatible
with modern integrated circuit systems.

This paper presents a new multiple-input multiple-
output (MIMO) mixed-mode active filter employing
three multiple-input OTAs (MI-OTAs), one multiple-input
multiple-output OTA (MIMO-OTA), two grounded capac-
itors, and one grounded resistor. Both non-inverting and
inverting second-order LPF, HPF, BPF, BSP, APF can be
obtained in VM, CM, TIM, and TAM by selecting appropriate
input and output signals. Thus, the proposed mixed-mode
filter offers 40 transfer functions in a single topology. The nat-
ural frequency of all filtering functions can be electronically
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controlled. The input voltages and output currents possess
a high impedance. To the best of the authors’ knowledge,
a mixed-mode filter operating similarly to this proposed filter
is not available in the literature, likely due to the use of cir-
cuits based on multiple-input and multiple-output OTAs. The
proposed filter was simulated and designed using the Cadence
Virtuoso ADE Suite and 0.18 um CMOS technology from
TSMC.

Il. PROPOSED CMOS TOPOLOGY OF THE MIMO-0OTA

Fig. 1 shows the symbol of the 3-input MIMO-OTA. Its ideal
input and output characteristics can be determined by the
formula:

loy = —lo- =gn (Vi1 + Vo + Vi3 =V = Voo = V_3)
(€]

where g, is the transconductance gain, V; and V_; are the
non-inverting and inverting input voltages (j = 1, 2, 3), and
I,+ and I,_ are the output currents.

Fig. 2 shows the CMOS schematic of the proposed MIMO-
OTA. The circuit consists of the linearized differential input
stage (transistors M|-M», biased by the current sources real-
ized by the transistors M3 and My), and two folded cascode
output stages Ms-Mj> and Msc.-Mjy., which organize the
high-impedance outputs I+ and I,—. To realize the multiple
inputs of the OTA, the input transistors M; and M, were
replaced by multiple-input bulk-driven transistors shown in
Fig. 3 (the so-called MIBD-MOST technique [18], [19]).

A capacitive voltage divider/voltage summing circuit is
created by the capacitors Cg;. The capacitors are shunted
by very large resistances Ryos;, created by an anti-parallel
connection of two minimum-size MOS transistors operat-
ing in the cutoff region. The additional resistors provide
proper biasing of the MOS transistor’s bulk-terminal for dc.
Using the capacitive voltage divider instead of multiplied
input stages simplifies the overall structure and saves power.
For frequencies much larger than f, = 1/CgijRmosi, the
transfer function from a single differential input V;-V_;
to the bulk terminals of M; and Mj, (Vp1-Vp2), can be
expressed as:

Vi1 () = Via(s) _ Cai _ 5 @)
Vii(9) =V_i(s) Cs
where Cy = Cp1+Cp2+Cp3+Cip, and Cjp, is the input capac-
itance of the differential stage, seen from its bulk terminals.
Note that full symmetry of the input stage has been assumed.

For three inputs, and assuming 81 = 8, = B3 = B and Cj,
is much smaller than the capacitances of the input divider,
we obtain § = 1/3; thus, the AC signal is attenuated three
times. In this case, the differential signal at the bulk terminals
of the input transistors M and M; can be expressed as:

Vi () = Vo1 () + Via (5) )
—V_2(s) +Viz () = V_3(s)
3

BVb1 (s) = V2 (5) = (

VOLUME 12, 2024



M. Kumngern et al.: Low-Voltage Mixed-Mode Analog Filter Using MIMO-OTAs

IEEE Access

Vop

My H— My, Misc I__I Miz.
M, I__I_| My Moc I——I—| M.
VBl VB]

- 15 1,

Mis I——i—l My,

Vi o \Y% Vv,
v | VeSS
cl>33 3 M, M; Va1 M,

VBZ VBZ

Mu_-"_i_"—_» Ms M7°:"_i_"—_> M.

M;s

e R (O

S
M Mg
Vi 0B I_G W =
V o+ Ryos
M
D R
(a) ©

FIGURE 3. MIBD-MOST technique, (a) symbol, (b) realization, (c) Ryos
realization.

The core of the differential input stage (M1, Mic, M2, My,
Misp and Mjsp) can be treated as a bulk-driven version
of a source degenerative input stage. Its gate-driven strong-
inversion version was first described in [20]. Transistors
Misp, Masp operate in a triode region as resistors controlled
by an input signal, which improves linearity. Here, the bulk
terminal is used as the signal input, and all transistors operate
in weak inversion. Such a version of the input stage was previ-
ously proposed and verified experimentally in [19]; however,
in the circuit proposed in this work, the input transistors M
(My) are split into two identical devices, M| and M. (M>,
Mpj.). Their drain currents are transferred to different cascode
output stages, thus creating the high-impedance outputs of
the OTA, I+ and I,—. The use of bulk terminals instead
of gates extends the linear range of the OTA, as well as its
common-mode range, which is especially advantageous in a
low-voltage environment.

Using the results provided in [19], for frequencies above
fe, with M1 = My, My = My, and Ip3 = Ips = Iy, the
quasi-static transfer characteristic of the OTA from the i-th
input with other inputs grounded can be expressed as:

Vii—V_;
Ioy = =1, = Istanh (ﬂﬂ%

1 Vii— V.
—tanh™! ( tanh (nﬂg
dm+1 2nyUr

“
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where n = (np-1) = gmp1,2/gm1,2 is the bulk to gate transcon-
ductance ratio at the operating point for the input transistors
M; Mic, M; and My, np is the subthreshold slope fac-
tor for p-channel devices and Ur is the thermal potential.
Assuming M| = M|, and My = My, the coefficient m =
(W1,2sp/L1,2sp)/2(W1,2/L1 2) is the relative aspect ratio of
the two matched transistor pairs M, M, and Msp, Masp.
For optimum linearity, m = 1/2, i.e., all the transistors M,
Mic, M3, My, Misp and Mjsp can be identical.

From (4), the small-signal transconductance of the OTA,
as defined by (1), is given by:

_ ﬂ 2m Iset (5)
Em =1 4m + 1 n,Ur
and for the case of optimum linearity (m = 1/2)
B Lset
= — e — 6
8m 3 myUr (6)

As we can conclude from (6), the small-signal transconduc-
tance of the OTA is attenuated 1 times by using the bulk
terminal of the device rather than the gate, and § times by
the input capacitive divider. Typically, for a weak-inversion
region, three inputs, and the used technology node, the prod-
uct of nB is around 1/10. However, the input linear range
and the input referred noise are increased proportionally.
The dynamic range remains unchanged and is the same as
for the gate-driven counterpart of the circuit with source
degeneration.

The low transconductance value affects the DC voltage
gain of the OTA; therefore, a folded-cascode topology is used
to boost the gain. The DC voltage gain of the OTA can be
approximated as:

Avo = gm (rass (1 + gmsrss) [Irasio (1 + gmiorasiz))  (7)

where 18 = rase|(ras2(14+-gm2ras2sp/4).-
Thus, as can be concluded from (7), the DC voltage gain of
the OTA is significantly improved, thus compensating for the
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TABLE 1. Obtained variant filtering functions of the proposed mixed-mode universal filter.

Mode Function Input Output
VM LPF Non-inverting Vis Vo
Inverting Vi Vo
BPF Non-inverting Vi Vo
Inverting Vis Vai
HPF Non-inverting Vi Vai
Inverting Vi Vo
BSF Non-inverting Viu=Vis Vo
Inverting Vii=Vis Vo
APF Non-inverting Vii=Vii=Vis Vo
Inverting Vii=Vis=Vis Vai
TAM LPF Non-inverting Vis Lo
Inverting Vie Lo
BPF Non-inverting Vis I
Inverting Vi Loy
HPF Non-inverting Vi I
Inverting Vi Loy
BSF Non-inverting Vii=Vis Lo
Inverting Via=Vis Lo
APF Non-inverting Vii=Vii=Vis 8!
Inverting Vi=Vi5=Vis Loy
CM LPF Inverting Iis To1
Non-inverting I;; L
BPF Inverting Ipp Lo
Non-inverting I Ly
HPF Inverting I Lo
Non-inverting Iy L
BSF Inverting I;=1;s Ly
Non-inverting Lii=li3 153
APF Inverting L;i=1p=l; Ly
Non-inverting Li=T=lI; Lo
TIM LPF Inverting Iis Vo
Non-inverting I3 Vo
BPF Inverting I Vo
Non-inverting I Vo
HPF Inverting I Vai
Non-inverting I Vo
BSF Inverting 1=l Vo
Non-inverting ) Vo
APF Inverting Li=1p=1; A
Non-inverting Li=lp=Iis Vo

gain loss from the input capacitive divider and the bulk-driven

technique.

IIl. PROPOSED MIXED-MODE ACTIVE FILTER

Fig. 4 shows the proposed mixed-mode active filter employ-
ing three MI-OTAs, one MIMO-OTA, two grounded capaci-
tors, and one grounded resistor. The multiple-input voltage
mode of the OTA offers many non-inverting and inverting
voltage-mode transfer functions, and the multiple-output of
the OTA offers easy non-inverting and inverting current-mode
transfer functions. The use of grounded passive components
is ideal for integrated circuits.

Using (1) and nodal analysis, the outputs V1, I51, Vy2, 152
can be given by

s2C1Cy (Vi1 — Vi) + sC1gma (Vi3 — Vig)
+gm1&m2 (Vis — Vie)
s2C1Cy + 5Cigm + &m18m2

Vo1 = ®)
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FIGURE 4. Proposed mixed-mode active filter.
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FIGURE 10. VM filter magnitude and phase responses with setting current I;o; = 4 pA for: a) LPF, b) HPF, c) BPF, d) BSF and e) APF.
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§2C1Cy + $C18m2 + gm18&m2

Vip = gmaR1 (szcl Coliy — sCigm3lio + gngm31i3)
s2C1C + sC18m2 + gm18&m2

13)

Letting g4 = 1 / R1, the obtained variant filtering functions
are given in Table 1. It is evident that both non-inverting
and inverting filtering functions of LPF, HPF, BPF, BSF, and
APF can be obtained in VM, CM, TAM, and TIM in single
topology by selecting appropriate input and output signals.

51078

Thus, 40 transfer function can be obtained, providing full
capability of the mixed-mode filter.

The natural frequency (w,) and the quality factor (Q) can
be respectively expressed by

Em18m2
— [smlSm2 14
o C.C) (14)
C
0= 8&m1C2 (15)
V gm2C1

The parameter w, can be electronically controlled by g
and g,» and the parameter Q can be given by C; / Ci. The
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FIGURE 11. TAM filter magnitude (solid line) and phase (dashed line) responses with It = 4 pA for: a) LPF, b) HPF, c) BPF, d) BSF and e) APF.
study of the effect of the OTA’s non-idealities on the pro- The frequency-dependent transconductance in (17)
posed filter’s (Fig. 4) performance is shown below. Using the has been included in this consideration. The

practical small signal OTA model in [21], there are three com-
ponents taken into consideration: (i) the differential-mode
capacitance Cy4, and common-mode capacitance C,, (ii) the
output capacitance C, and output conductance g,, and (iii) the
frequency-dependent transconductance that can be given [21]
by

gm () X gmo (1 — 57) (16)

where g, is the transconductance of the ideal OTA, v =
1 /wg, and wg is the second pole of the OTA which is given
by the cut-off frequency of the OTA.
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denominator of the proposed filter can be expressed
by

SZC1C2 (1 _ Ci18mnT2 — gmolgmo27-'1t2)

1
8mo18mo2T1 + 8mol8mo2T2
Clgmo2

+ 5C18mo2 (1 - ) + &mo18mo2
(17)

The effect of frequency-dependent transconductance can be
made  negligible by  satisfying the  following
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FIGURE 12. CM filter magnitude (solid line) and phase (dashed line) responses with I = 4 1A for: a) LPF, b) HPF, c) BPF, d) BSF and e) APF.

conditions:
C T — T
18mo2712 — 8mo18mo2T 172 <1 (18)
C1C;
T T
8mo18mo2T1 + &mo18&mo2T2 <1 (19)
Clgm02

Considering the parasitic parameters in Fig. 4, the parasitic
capacitances C,1, C¢ and parasitic conductance g, are par-
allel with Cy, and the parasitic capacitances C,y, C.3 and
parasitic conductance g,» are parallel with C>. C,1 and Cpp
are respectively the output capacitances of g,,1 and g2, C.1
and C,, are respectively the common-mode capacitances of
gm1 and gnp, and g,1 and g, are respectively the output
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conductances of g, and g,2. The parasitic capacitances
and conductances can be neglected by choosing appropriate
values, suchas C; > Co1+Ce2, C2 > Co2+Ce3, 8m1 > ol
&m2 > 802

IV. SIMULATION RESULTS

The Cadence Virtuoso System Design Platform using
0.18 um CMOS technology from TSMC (Taiwan Semi-
conductor Manufacturing Company) was used for designing
and simulating the proposed MIMO-OTA and the filter.
The aspect ratio of the MOS transistors of the MIMO-OTA
shown in Fig. 2 is listed in Table 2. The supply voltage was
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Vpp = —Vss = 0.5 V and the power consumption of the TABLE 2. Parameters of the MIMO-OTA's components.

MIMO-OTA with two current outputs (Io4, [o—) was 39.2 uW
for Isey = 4 HA.

The output currents I, Io— versus input voltage Vi, of
the proposed MIMO-OTA for different setting currents I =
0.5, 1, 2, 4, 8, 16) nA are shown in Fig. 5 (a). These
curves are obtained by applying an input sine wave signal
with a 500 mV amplitude and 10 kHz frequency. Operation
capability with a wide input voltage range is evident. The
transconductance frequency characteristics for different set-
ting currents are shown in Fig. 5 (b).
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Transistor W/L (um/ pm)
M, My, My, My, 10/0.5

Misp, Masp 2.5/0.5

M- Mg 10/0.5
M;s-Mig, Mse-Miae 20/0.5

My, My 4/5

Cb:O.S pF

VBI= 7300mV, VBZ=200mV

The transconductance values at 10 kHz frequency obtained
from Fig. 5 (b) versus setting current I is shown in Fig. 6.
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FIGURE 14. VM filter magnitude (solid line) and phase (dashed line) responses with various setting current Igo; = (0.5, 1, 2, 4, 8) uA for: a) LPF, b) HPF, c)

BPF, d) BSF and e) APF.

As is evident, the wide turnability of the transconductance is
confirmed.

The process, voltage, and temperature corners analysis
(PVT) show an acceptable variance of the transconductance
value, where the nominal value at 10 kHz is 1.84 uS for Ig¢; =
4 pA as shown in Fig. 5 (b). The process corners take into
account the variation of the MOS transistor (fast-fast, fast-
slow, slow-fast, slow-slow) and also the variation of the MIM
capacitor (fast-fast, slow-slow). The value of the transconduc-
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tance varied from 1.84 uS to 1.93 uS. For the voltage corners
(Vpp*x10%Vpp), the value of the transconductance varied
from 1.901 uS to 1.907 uS. For the temperature corners
(=20° C, 70° C), the value of the transconductance varied
from 1.62 uS to 2.07 uS. All these variances are acceptable.

The frequency characteristics of the input and output
impedance of the proposed MIMO-OTA with setting current
It = 4 nA are shown in Fig. 7. The input impedance at
low frequencies was high at 330 G2. The output impedance
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TABLE 3. Properties comparison of this work with those of mixed-mode universal filters.

Factor Proposed [11] [12] [13] [15] [16]
Number of active devices 4-0TA 5-0TA 8-0OTA 4-0TA 5-0OTA 6-OTA
Realization 0.18 um CMOS | 0.18 pm CMOS | 0.18 pm CMOS | 0.18 pm CMOS Commercial IC 0.18 pm
(LT1228) CMOS
Number passive devices 2-C, 1-R 2-C 2-C 2-C 2-C 2-C
Type of filter MIMO MISO MIMO MIMO MIMO SIMO
Total number of offered 40 20 20 35 7 20
responses
Each mode offered non- Yes No No No No No
inverting and inverting
responses
Power supply (V) +0.5 +0.9 +0.3 0.5 - +0.5
Power dissipation (uW) 156.8 177.3 5.77 58 - 75
Natural frequency (kHz) 5.95 3.39x10° 5 114x103 159.16 1.5x10°
Total harmonic distortion (%) 1@220mV - <2@200mV,, l@170mV,, - 4@310mV
Dynamic range (dB) 40.2 - 53.2 53.2 - -
Verification of result Sim Sim Sim Sim Sim/Exp Sim
1.1 10,000.00
1.0 <
==
0.9 1 iZ
) >
~ 2 100.00
c\ 0.8 1 -
N’ -Zl)
=}
g 07 2
= =
0.6 - =
S 1.00
=
0.5 1 s
[
0.4 1 E
=
0.3 y " T N B o . . . d .
0 50 100 150 200 250 1 10 100 1,000 10,000 100,000 1,000,000
Vin-amp. (MV) Frequency (Hz)

FIGURE 15. The THD versus the amplitude of input signal at 1 kHz for Igq¢
= 4 yA of the VM LPF.

value reached 35.9 M2 due to the cascode structure. The
transient response of the output currents I, and I, of the
MIMO-OTA with the setting current Ige; = 4 A is shown in
Fig. 8. A sine wave signal with an amplitude of 500 mV at
a frequency of 10 kHz was applied to the MIMO-OTA input.
The THD the output currents I+ and I,— was approximately
0.8 %. The histogram of the THD of the output current
obtained by Monte-Carlo (MC) process and mismatch analy-
sis at 200 runs and at setting current Ise; = 4 1A is shown in
Fig. 9. The mean value of the THD was 1.02 %, the minimum
value was 0.7 %, the maximum value was 2.3 % and the
standard deviation was 0.25 %. The simulation was obtained
for applied input sine signal with a 500 mV amplitude and
10 kHz frequency. This indicates that the MIMO-OTA can
operate with rail-to-rail signal and low THD at around 1 %.
The functionality of the filter was confirmed by simu-
lation. The simulation results of the mixed-mode filter are
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FIGURE 16. The equivalent output noise of the VM LPF for Io; = 4 pA.

presented in Figs. 10-13. Fig. 10 shows the magnitude and
phase responses of the non-inverting VM filter with C; =
C, = 50 pF and setting current Iy = [gei1—4 = 4 © A for
a) LPF, b) HPF, ¢) BPF, d) BSF and e¢) APF. The cutoff
frequency was 5.95 kHz. The power consumption of the
filter was 4 x 39.2 uW = 156.8 u'W. Under the same input
conditions used to obtain the results in Fig. 10, the magnitude
and phase responses of the non-inverting TAM filter can be
seen Fig. 11. Thus, the non-inverting mode of the LPF, HPF,
BPF, BSP, APF can be obtained in VM/TAM. If the opposite
input conditions are used, the magnitude and phase responses
of the inverting VM/TAM can be obtained. This is already
expressed in Table 1. Thanks to the multiple-input OTA (i.e.,
gmls 8m2,> Em3), non-inverting/inverting VM/TAM filters can
be easily obtained.

Figs. 12 and 13 show the magnitude and phase responses,
respectively, of the non-inverting CM/TAM with I = 4 nA
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for a) LPF, b) HPF, c) BPF, d) BSF and ¢) APF. Thanks to the
multiple-output OTA (i.e., gma), the output Ly is the inverted
signal of output I, and the output V; is the inverted signal
of the output V. Thus, if the output conditions are opposite
to those used to obtain the results in Figs. 12 and 13, the
magnitude and phase responses of the inverting VM/TAM can
be obtained. This is already expressed in Table 1. When V»
is used, gma = 1/R can be used to obtain Voy = —V1.

To demonstrate the filter’s tuning capabilities, Fig. 14
shows the magnitude and phase responses for different setting
currents Iy = (0.5, 1, 2, 4, 8) nwA. The cutoff frequencies
were (1.12, 1.99, 3.54, 5.95, 10) kHz, respectively. This
frequency range is sufficient for low frequency applications,
such as bio-signal processing.

The total harmonic distortion (THD) versus the amplitude
of the input sine wave signal at 1 kHz for I;e; = 4 nA for
the VM LPF is shown in Fig. 15. The THD was 1% for the
220 mV input signal. The equivalent output noise of the VM
LPF for It = 4 1A is shown in Fig. 16. The integrated output
noise in the 1Hz-5.95kHz band was 1.528mV. This results in
a dynamic range (DR) of 40.2 dB for 1 % THD.

The proposed mixed-mode active filter is compared with
some previous works in Table 3. The mixed-mode universal
filters using OTA as active elements in [11], [12], [13], [15],
and [16] were used to compare. It is clear that the multiple-
input multiple-output OTA based mixed-mode filter can offer
maximum transfer functions. Compared with [11], [12], [13],
[15], and [16], the proposed filter offers the full capability of a
mixed-mode filter, namely all VM, TAM, CM, and TIM offer
both non-inverting and inverting transfer functions of LP, HP,
BP, BS, and AP filters. Compared with [11], [12], [15], and
[16], the proposed filter employs a minimum number of active
OTA:s.

V. CONCLUSION

This work introduces a new mixed-mode active filter using
multiple-input multiple-output OTAs as active devices. The
OTA with multiple non-inverting/inverting input voltage ter-
minals facilitates the attainment of non-inverting/inverting
filtering functions without additional circuitry (i.e., inverting
amplifiers) when used in active filters. Furthermore, the OTA
with multiple plus/minus current output terminals enables
easy to obtain non-inverting/inverting current-mode transfer
functions. The proposed mixed-mode active filter employs
three MI-OTAs, one MIMO-OTA, two grounded capacitors,
and one grounded resistor. The proposed mixed-mode filter
offers VM, CM, TAM, and TIM in the same circuit and each
mode of operation provides both non-inverting and inverting
transfer functions of LPF, HPF, BPF, BSF, APF. Thus, the
proposed filter offers 40 transfer functions, which is the full
capability of a mixed universal filter. The natural frequency
of all filtering functions can be electronically controlled. The
filter uses 1-V of supply voltage, consumes 156.8 uW of
power, and has a 40.2 dB dynamic range.
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