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ABSTRACT This paper presents a mixed-mode universal filter using a multiple-input multiple-output
operational transconductance amplifier (MIMO-OTA). The multiple-input OTA is designed using the
multiple-input MOS transistor technique (MI-MOST), resulting in a single differential pair and minimal
power consumption. The MIMO-OTA is used to design a universal mixed-mode filter that provides input and
output in voltage and current form. In a single topology, second order filters with low-pass (LP), high-pass
(HP), band-pass (BP), band-stop (BS) and all-pass (AP) transfer functions can be obtained in voltage-mode
(VM), current-mode (CM), transadmittance-mode (TAM) and transimpedance-mode (TIM). In addition,
VM, CM, and TAM offer non-inverting and inverting transfer functions of LP, HP, BP, BS, and AP filters. The
natural frequency and quality factor of all filter functions can be orthogonally controlled. Electronic tuning
of the natural frequency is provided. The supply voltage is 0.5 V and the power consumption of the filter is
58 nW for 4 nA setting current. The filter was designed and simulated in the Cadence Virtuoso environment
using TSMC 0.18um CMOS technology. The simulation results including Monte-Carlo analysis and
process, voltage, and temperature corners are presented.

INDEX TERMS Universal filter, analog filter, operational transconductance amplifiers, multiple-input MOS
transistor.

I. INTRODUCTION
Mixed-mode analog circuits are electronic circuits that pro-
cess signals in both current and voltage modes. The input of
the circuit can be supplied by a current or voltage signal and
the output of the circuit offers a voltage or current signal.
Such circuits are needed for example when voltage-mode
(VM) circuits are combined with current-mode (CM) circuits.
These circuits may operate in transadmittance-mode (TAM)
when a voltage signal is supplied to the input and the output
is a current signal. They may also operate in transimpedance-
mode (TIM) when a current signal is supplied to the input and
the output is a voltage signal.

In the field of universal filters, mixed-mode universal fil-
ters are circuits that can provide four modes - VM, CM, TAM
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and TIM - in one circuit, with each mode offering five filter
responses: low-pass (LP), high-pass (HP), band-pass (BP),
band-stop (BS), and all-pass (AP). Thus, a perfect universal
mixed-mode filter could have a total of twenty transfer func-
tions in a single circuit. Mixed-mode universal filters such as
TAM and TIM can be easily connected to realize higher order
filters and they can offer many filter transfer functions if they
are fabricated as integrated circuits (ICs). Many mixed-mode
universal filters based on different active devices are available
in open literature [1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
(111, [12], [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], 23], [24], [25], [26], [27], [28], [29], [301, [31], [32],
[33], [34], [35], [36], [37], [38]. The circuits in [1], [2], [3],
[4], [5], [6], [7], [8], [9], and [10] use current conveyors,
the circuits in [11], [12], and [13] use a current feedback
amplifier (CFA), and the circuit in [14] uses a four-terminal
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floating nullor (FTFN). However, these filters lack electronic
tuning capability.

Circuits with electronic tuning capabilities have been
designed using current-controlled current conveyors [15],
[16], [17], [18], voltage-differencing transconductance
amplifiers (VDTA) [19], current-conveyor transconductance
amplifiers (CCTA) [20], [21], [22], [23], or voltage differenc-
ing differential voltage current conveyors (VD-DVCC) [24],
[25]. With respect to the input and output terminals, several
circuits, such as those in [15], [17], [18], [24], and [25], are
classified as multiple-input multiple-output (MIMO) filters
that use fewer active devices. However, these filters suffer
from certain disadvantages, e.g., they do not provide twenty
transfer functions in the same circuit [15], [16], [18], [19],
[20], [21], [23], they use input signal or passive components
matching conditions [17], [18], [21], [24], [25], or they apply
the input signal through a capacitor or resistor, requiring an
additional buffer circuit [18], [19], [21], [24].

In the last decade, many universal filters using an opera-
tional transconductance amplifier (OTA) as the active element
have been proposed. This device offers some advantages in
circuit design, such as the possibility of electronic tuning
and design simplicity. OTA-based circuits do not require any
resistors, making them suitable for monolithic integration.
Many OTA-based universal mixed-mode filters have been
introduced [26], [27], [28], [29], [30], [31], [32], [33], [34],
[35]. However, the filters in [26], [27], [28], [29], [30],
and [31] do not provide the full capability of a universal
mixed-mode filter, namely twenty transfer functions in the
same circuit. The circuits in [32], [33], [34], and [35] offer
twenty transfer functions, but these OTA structures are not
designed for low-voltage and low-power applications. New
active devices, such as the voltage differencing buffered
amplifier (VDBA), the voltage differencing gain amplifier
(VDGA) and the differential difference transconductance
amplifier (DDTA) [36], [37], [38], and [39], have been used
to implement universal mixed-mode filters, but the filters in
[36], [37], [38], and [39] use supply voltages of £1.25 V,
+0.75 V, £0.9 V, and 1.2 V, respectively. Nowadays, low-
power consumption is important for circuit designers because
low power consumption circuits are required for applications
in portable electronics, sensors and biomedical systems.

Multiple-input active analog building blocks, such the dif-
ferential difference amplifier (DDA) [40], [41], [42], [43],
[44], the differential difference current conveyor (DDCC)
[45], [46], the differential difference operational floating
amplifier (DDOFA) [47] and the multiple-input operational
transconductance amplifier (MI-OTA) [48], [49], [50], [51],
have been found to be attractive solutions for reducing the
number of applications blocks and thus power consumption.
They are used for signal processing and analog computa-
tion and are designed to handle differential and difference
signals. Therefore, they are widely used in instrumentation,
analog computing circuits, active filters, sensor interfaces,
and communication systems. However, the internal transistor
structures of the multiple-input blocks are more complex

130346

FIGURE 1. Electrical symbol of the MIMO-OTA.

due to the increased number of differential pairs and current
branches, which leads to an increase in power consumption
and chip area compared to the standard design using a single
differential pair. To maintain a single differential pair with
multiple-inputs, a MOS transistor with multiple inputs (MI-
MOST) is the solution [52], [53], [54], [55], [56], [57], [58],
[59], [60], [61], [62], [63], [64], [65], [66]. The first experi-
mental results of MI-MOST implementation were presented
in [52], [53], [54], and [55] and its various applications were
presented in [56], [57], [58], [59], [60], [61], [62], [63], [64],
and [65].

This paper presents a new application of a mixed-mode
universal filter using multiple-input multiple-output opera-
tional transconductance amplifiers. The MIMO-OTA gives
extended capability of a mixed mode filter by offering the
five standard filtering functions in four modes: VM, CM,
TIM, and TAM. The filter is suitable for low frequency
applications that require extremely low-voltage supply and
low-power consumption, such as portable biomedical and
energy harvesting sensor devices.

This paper is organized as follows: Section II describes
the multiple-input/output OTA, the applications of the
mixed-mode universal filter and non-ideality analysis. Sec-
tions III presents the simulation results. Finally, the conclu-
sion is given in Section IV.

Il. PROPOSED CIRCUIT

A. THE MULTIPLE-INPUT MULTIPLE-OUTPUT OTA

The circuit symbol and the CMOS realization of the MIMO-
OTA, used to realize the universal filter proposed in this work,
are shown in Figs. 1 and 2, respectively. Its characteristic
behavior, in an ideal case, is described by:

n n
loe =8, (30 Vi D0 Vo) )

where n is the number of inputs of the MIMO-OTA. For the
purposes of this work, n = 2.

The multiple-input OTA, with one positive current output,
was first presented and experimentally verified in [55]. The
structure was then used in several applications [56], [57],
[58]. In this work, for the aim of the presented application, the
circuit was equipped with an extra negative current output.
Thus, the OTA possessed a differential current output that
extended its universality.

Overall, the circuit can be seen as a current mirror OTA,
with the input bulk-driven (BD) pair M;-M;. In order
to increase its linear range, the BD transistors Mj1-Mj»,
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FIGURE 2. CMOS structure of the MIMO-OTA.
S g ©Cm with such a divider can be seen as a new active device called
Vi My a multiple-input BD MOS transistor [52]. The large resistors
G _I Bli—o V' G_l B %MOSI P = Rmos, formed through the anti-parallel connection of two
v, E°  Ruos minimum-size MOS transistors operating in the cutoff region
Va Mg . . ..
D D Rues with Vgs = 0, are used to provide proper biasing of the bulk
(a) (b) " © terminal for DC. For larger frequencies, the voltages at the

FIGURE 3. MI-BD MOST technique: (a) symbol, (b) realization,
(c) implementation of Rygs-

operating in the triode region, were added. The input stage
can therefore be seen as a BD counterpart of the Krumme-
naher and Joehl transconductor [67] but operating in weak
inversion. Note that with the use of BD transistors, both the
input differential range and the input common-mode range
are extended in comparison to the gate-driven counterpart of
the presented structure [55].

The large-signal differential output current of the input
stage, operating in weak inversion, can be expressed as [55]:

Vba _
Ip1 — Ipy = 2Lsestanh | n — tanh
2I’lpUT

1 Vi
x [4m+ fanh ("2n,,UT)]) @

where h = (np-1) = gmp1,2/gm1,2 at the operating point, ny,
is the subthreshold slope factor for the p-channel transistors,
Ur is the thermal potential, I is the quiescent drain current
od M; and M», gm and gnp is the gate and the bulk transcon-
ductance respectively, m = (W11, 12/L11,12)/(W1 2/L1 2) is the
relative aspect ratio of the two matched transistor pairs My 12
and M 2, and Vyq is the differential voltage between the bulk
terminals of the input transistors M and M.

The linearity of the input stage depends on the coefficient
m, which for optimum linearity should be equal to 0.5 [55].
This result does not depend on the biasing current L.

The bulk terminals of the input transistors are connected
to the inputs of the OTA via the capacitive voltage divider
shown in Fig. 3. Note that the BD MOS transistor equipped
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bulk terminals of the input transistors M and M; can be
expressed as:

n
Vb2 = Zi:l BiVy i 3

where bj is the voltage gain of the input capacitive divider, for
a general case given as:

_ Cai
2.ic1 Cai

Note that in this paper, by = by =b.

Utilizing MI-BD MOS transistors simplifies the MI-OTA
structure, i.€., it realizes the needed arithmetic function with-
out applying an additional differential pair. This leads to
power reduction as well.

The output currents of the input pair are conveyed to the
non-inverting (Io+) and inverting (I,—) outputs via the current
mirrors based on transistors M3-Mjg. In order to increase
their output resistances, and consequently the DC voltage
gain of the MIMO-OTA, while not limiting the output voltage
range in an ultra-low-voltage environment, the mirrors are
based on self-cascode transistors.

Using (2) and (4) and assuming unity-gain current mirrors,
the small-signal transconductance of the MIMO-OTA can be
expressed as:

Bi 4

4m ISGI
dm+1 nyUr

Bgm="n" (5)

while its DC differential voltage gain can be approximated
as:

Avo = 28, [(gmorasorasoc) || (§meraserasee)] (6)
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FIGURE 4. Proposed mixed-mode universal filter using MIMO-OTAs.

Assuming identity of all current mirrors of the same type, the
output noise currents of the MIMO-OTA can be expressed as:

= 2G 2 = gml,2 :

2, =2, ———— 202 | ——

no+ nl.2 (gml,Z + 2G) * " (gml,Z +2G
IT 8m1,2

nG 8gm1,2 + 2G

__ 26 2 2

2 =22, (—=—) 22 (52
"2\ gm1,2 +2G P\ gmi2 +2G
IT 8m1,2

nG 8gm1,2 + 2G

2
) + 417, + 217, @)

2 E— E—
) + 612, + 412, 8)

where IfGis the noise current of the triode operating transis-
tors M1, Mja:

_ ng
12, = TG + 22— L2
fCoxWL11,12

©))
where G is the drain-source conductance of M1 and M, at
the operating point, and /2, and I,%p are the noise currents
of the self-cascode transistors of the n- and p-type current
mirrors respectively. These are approximately equal to the
noise of their upper transistors in weak inversion:

- 1 Kg?
12, , = 24lp +@ (W_Zl) (10)

where Ip is the drain current (in this design it is equal to Ige;),
q is the electron charge, Cox is the oxide capacitance per unit
area and K is the flicker noise constant (different for n- and
p-channel transistors). Note that the same equation describes
the noise currents of the transistors M; and M, (/ 31’2).
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The input referred noise, with respect to the corresponding
output, can be calculated as:

- I 12
,BV%_,,_’_ — no;,f — no+,— > (11)
8m . Am | Ly
(77 4m—+1 npUT)

As can be concluded from (4)-(11), the input capacitive
divider decreases both the input transconductance and the DC
voltage gain of the OTA. The input capacitive divider also
extends the linear range and input noise by the same amount;
therefore, the dynamic range remains the same for the OTA
with and without the input capacitive divider [55].

To sum up, the proposed technique simplifies the struc-
ture and reduces its dissipation power while maintaining its
dynamic range. The above advantages are achieved at the cost
of a lower voltage gain. However, thanks to the application
of other low-voltage techniques, like the self-cascode tech-
nique, the achieved voltage gain is sufficient for the proposed
application.

B. MIXED-MODE UNIVERSAL FILTER USING MIMO-OTA
Fig. 4 shows the proposed mixed-mode universal filter
using MIMO-OTA. The circuit uses four MIMO-OTAs and
two grounded capacitors. All input voltage terminals and
all output current terminals have a high impedance level,;
hence, no additional buffering circuitry is needed. The output
impedance of the voltage terminal V,, can be given by 1/gma.
Using (1) and nodal analysis, the outputs V,, I,; and Iy can
be specified as:

y, = &ml
8m4
s2C1Ca (V) — V) +5C1gma (V3—Va) + gmogms (Vs— Vi)

52C1C2 4 sC1gm1 + gmigm2

(12)
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TABLE 1. Obtaining variant filtering functions of the proposed mixed-mode universal filter.

Mode Operation Filtering Function Input Output
VM HP Non-inverting A I’A
Inverting v, V,
BP Non-inverting V3 Vo
Inverting Va Vo
LpP Non-inverting Vs Vo
Inverting Vs Vo
BS Non-inverting V,=Vs Vo
Inverting Vy, =Vq Vs
AP Non-inverting V=V, =V V,
Inverting Vo=V, =V, V,
CM HP Inverting I Iy
Non-inverting I Iy
BP Non-inverting I, Iy
Inverting I, Iy
LpP Inverting I3 Iy
Non-inverting I3 Iy,
BS Inverting I =1 Ip1
Non-inverting L =1 Iy
AP Inverting L=L=1I Iy
Non-inverting L=5L=1I Iy
TAM HP Non-inverting A Ip1
Inverting V, Ip1
BP Non-inverting Vs Iy
Inverting Vs Iy
LP Non-inverting Vs Ip1
Inverting Ve Ip1
BS Non-inverting V,=Vs Ip1
Inverting V, =Vq Iy
AP Non-inverting Vi=V,=Vs Iy
Inverting V,=V; =V, Ip1
TIM HP Inverting I v,
BP Non-inverting I, 1A
LP Inverting I3 1A
BS Inverting L =1 Vo
AP Inverting L=L=1I V,
TABLE 2. Transistor aspect ratio of the MIMO-OTA. L= —1, —s? C1G 1 +Sclgm112_gmlgm213 (14)
s2C1C + 5C18m1 + gm1gm2
Component WL g pon) 1 —22C1Caly+5Crgmbs — gmigmals
M, M, 2x15/1 Vo= —. 3 (15)
My-Me, My Mg x10/1 gma §7C1C2 + 5C18m1 + Em18m2
MMy MiacMiee 101 The voltage gain of the VM filter can be given by gu1/gma-
M7-Mig, M17-Myg, M3 2x15/1 . .
The g1 is used to convert the input voltages to the output
M7C_M]005 Ml7c'Ml9c, M13C3 M]la M]Z 15/1 . 3
current for the TAM filter, and the g4 is used to convert
M S/ the input current to the output voltage for the TIM. It is
Cy=0.5pF worth mentioning that when a single OTA can provide plus-
and minus-type multiple-input and multiple-output terminals,
o1 = gmi the non-inverting and inverting transfer functions of LP, HP,

s2C1C (Vi —V2)+5C1gma (V3= Vi) + gmogm3 (Vs — Vo)
S2C1C2 +5C18m1 + &m18m2

(13)
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BP, BS, and AP filters of VM, CM, and TAM can be easily
obtained. Variant filtering functions of LP, HP, BP, BS, and
AP filters of VM, CM, TAM, and TIM are obtained according
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FIGURE 5. The DC characteristics of the MIMO-OTA: Output currents lo, lo— (a,b) and small-signal transconductance Gm4, Gm- (c.d) for different Igg4.

TABLE 3. Comparison of the proposed filter's properties with those of mixed-mode universal filters.

Features Proposed [5] [17] [18] [23] [35] [37] [39]
Number of active devices 4-0TA 3-DDCC 4-CCCIl | I-EX-CCCII | 3-CCCCTA 8-OTA 2-VDBA 5-DDTA
Realization 0.18 um 0.25 pm 0.35 pm 0.18 pm 0.18 pm 0.18 pm 0.18 pm 0.18 pm
CMOS CMOS CMOS CMOS CMOS CMOS CMOS CMOS
Number passive devices 2-C 2-C, 3-R 2-C 2-C, 1-C 2-C 2-C 2-C,2-R 2-C
Type of filter MIMO MISO MIMO MISO SIMO MIMO MIMO MIMO
Total number of offered 35 30 20 17 22 20 17 36
responses
Each mode offered five Yes Yes Yes No (TIM) No (TIM) Yes No (TIM) Yes
standard responses
Orthogonal control of w, and Q Yes Yes Yes Yes Yes Yes Yes Yes
Electronic control of w, Yes No Yes Yes Yes Yes Yes Yes
All passive devices grounded Yes Yes Yes No Yes Yes No Yes
High input impedances for VM Yes Yes Yes No Yes Yes No Yes
Input matching conditions not Yes Yes No No Yes Yes Yes Yes
needed
Inverting input conditions not Yes Yes Yes No Yes Yes Yes Yes
needed
Power supply (V) 0.5 +1.25 +1.25 +0.5 +0.9 +0.3 +0.75 1.2
Power dissipation (mW) 58107 - - 1.35 1.99 5.77x107 0.373 0.33
Natural frequency (kHz) 114x10° 3.315x10° - 23x10° 3.183x10° 5 1.44x10° 1.04
Total harmonic distortion (%) 1@170mV, | 0.723@60 0.5@150pn | <0.2@100 2.16@500 |2@120mV,, | 2.2@200m 1.09@650
o LA App mVy, mVy, (LP) Vi mVy,
Dynamic range (dB) 53.2 - - - - 53.2 - -
Verification of result Sim Sim Sim Sim/Exp Sim Sim Sim/Exp Sim/Exp

to Table 1. It can be seen that the filter offers 35 transfer
functions without inverting input signal requirements. If the

130350

circuit operates as VM and TAM, the input current terminals
I} and I, can be floating and the input current I, must be
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FIGURE 6. The frequency characteristics of gains (lines) and phases (points) for the VM filter: LPF (a), HPF (b), BPF (c), BSF (d), and APF (e).

connected to ground, while the input voltage terminals that
are not used can be grounded.

The natural frequency (w,) and the quality factor (Q) can
be given respectively as:

8m18m2
= [=—= 16
o C.C, (16)
|C
Q _ CngZ (17)
18m1

Thus, the natural frequency can be electronically controlled

by gm1 and gnp (i-e., gm1 = gm2) and the quality factor can
be given by C,/Cj.

VOLUME 11, 2023

C. NON-IDEALITY ANALYSIS
A practical small signal OTA model in [68] is used to analyze
the filter performance characterization. Three components
should be characterized: (i) the differential-mode capaci-
tance Cq and common-mode capacitance Ce, (ii) the output
capacitance C, and output conductance g,, and (iii) the
frequency-dependent transconductance that can be given [68]
by:

8m (8) X gmo (1 — 57) (18)

where g, is the transconductance of the ideal OTA, T =
1 / wyg, and wy is the second pole of the OTA, which is given
by the cut-off frequency of the OTA.
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FIGURE 7. The frequency characteristics of gains (lines) and phases (points) for the CM filter: LPF (a), HPF (b), BPF (c), BSF (d), and APF (e).

From Fig. 4, the parasitic capacitances Cy3, Coa, Ccp and
parasitic conductances go3 and go4 are parallel with C;. The
parasitic capacitances Cqo, Cos, Cc1 and parasitic conduc-
tances gy and go4 are parallel with Cp, where Cyz, Co3, Coa
are respectively the output capacitances of gm2, gm3, Ema;
C,1 and C; are respectively the common-mode capacitances
of gmiand gmo; and gy2, o3, Zoa are respectively the output
conductances of gm», gm3, gma. The parasitic capacitances
can be neglected by choosing appropriate values, such as Cy,
Co > Cyj, C¢j and gmj > goj, Where j =1, 2, 3, 4 of gpy;.

The frequency-dependent transconductance in (17) was
also considered; thus, the denominator of the proposed filter
can be expressed by:

SZC] C2 1 — Clng] T1 — 8mol18mo2T1T2
(O18)
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2T]
+ 5C18mol (1 - gmco,—l) + (&mo18mo2) (19)

The effect of frequency-dependent transconductance can
be made negligible by satisfying the following condition:

C18molT1 — gmol&mo2T1T2
C1Cy

<1 (20)

8mo2T1

<1
Ci

(2D
Ill. SIMULATION RESULTS

The MIMO-OTA and the filter were designed and simu-
lated in the Cadence program using 0.18um TSMC CMOS
technology. The voltage supply was 0.5V (Vpp = —Vss =
250mV) and the bias voltage Vg = —100mV. The estimated
chip area of the MIMO-OTA with one positive and one

VOLUME 11, 2023



F. Khateb et al.: 58-nW 0.5-V Mixed-Mode Universal Filter Using MIMO OTAs

IEEE Access

10 10
~~ - ~ o
m — m
c =
=10 =10
= =]
T 20 = 20
o &
-30 -30
-40 40
-50 -50
-60 -60
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Frequency (Hz) Frequency (Hz)
(a) (b)
10 10
~ 0 ~
=) =)
E-lo i 3 0 -=7==§
= > =
< 220 4 <
Q _— Q 210
=30 4
-40 1 20
-50 4
-60 -30
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Frequency (Hz) Frequency (Hz)
(©) (d)
10
_
=)
Z 0 —
= —
- p—
=
O 10
=20 4
-30
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Frequency (Hz)
(e)

FIGURE 8. The 200 runs MC frequency characteristics of the gains for the VM filter: LPF (a), HPF (b), BPF (c), BSF (d), and APF (e).

negative output (i.e., Io4, [o—) was 116.3 x 140 um2 and
its power consumption was 16nW at a setting current of
Iset = 4nA. Each additional output required by the filter
increased the power consumption by only 2nW at Ii¢; = 4nA.
The transistor aspect ratios are shown in table 2. The input
capacitor Cp was realized by a high linear and precision
metal-insulator-metal capacitor (MIM) available in TSMC
technology.

The DC transfer characteristics of the MIMO-OTA output
currents (a) and small-signal transconductances (b) for differ-
ent Iyt = (2,4, 8, 16, 32)nA are shown in Fig. 5. The extended
linearity is evident and the transconductance values ranged
from 6.7 nS to 100nS.
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The value of capacitors C; = C, = 20pF was chosen for
the filter application. The frequency responses for the VM
and CM filter were selected to be presented. The frequency
responses of the LP, HP, BP, BS, AP gains and phases for VM
and CM are shown in Figs. 6 and 7, respectively. The wide
tunability of the filter was achieved by varying the setting
current Ige1—a = (2, 4, 8, 16, 32)nA. The cutoff frequency
was (58.8, 114,222,434, 840)Hz, respectively, and the power
consumption was in range of 29nW to 464 nW.

Monte Carlo (MC) analysis was used to perform the sta-
tistical analysis to estimate the parametric yield and generate
information about the performance characteristics of the VM
filter. The gains frequency responses of the LP, HP, BP, BS,
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FIGURE 10. The transient response of the VM LPF (a) and the spectrum of the output signal (b).

and AP with 200 runs MC are shown in Fig. 8. The curves are
overlapping or close to each other.

The process, voltage, temperature (PVT) corners were also
used to confirm the robustness of the design. The process
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transistor corners were fast-fast, fast-slow, slow-fast and
slow-slow. The process MIM capacitor corners were fast-
fast, slow-slow. The voltage supply corners were = +10%
(VDD-VSS) and the temperature corners were —20°C and
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70°C. The results for the gains frequency responses of the
LP, HP, BP, BS, AP with PVT are shown in Fig. 9. The curves
are again overlapping or close to each other that confirm the
robustness of the filter design.

The transient response of the VM LPF with the applied
input sinusoidal signal Vi, p, = 40mV @10Hz is shown in
Fig. 10 (a). The spectrum of the output signal is shown in
Fig. 10 (b), where the total harmonic distortion (THD) of
0.29% is indicated.

The THD for the VM LPF with different peak-to-peak
input signal values @ 10Hz is shown in Fig. 11. The 1%
THD was achieved for Vi,_pp = 270mV. The output voltage
noise for the VM LPF is shown in Fig. 12. The root-mean
square (RMS) output noise integrated in the bandwidth of
1 to 114 Hz was 208 ©V; thus, the dynamic range (DR) of
the VM LPF filter was 53.23dB @ 1% THD.

In table 3, the proposed mixed-mode universal filter is
compared to previous works in [5], [17], [18], [23], [35],
[37], and [39]. Compared with [5], [17], [18], [23], [35],
and [37], the proposed filter offers more transfer functions.
Compared with [18], [23], and [37], the proposed filter offers
five standard filtering functions of VM, CM, TAM, and TIM.
The proposed filter offers electronic tuning ability when com-
pared to [5] and uses fewer active devices when compared
to [35] and [39]. Although the filters in [18] and [37] use
fewer active devices when compared with the proposed filter,
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these filters apply the voltage input signals via the capac-
itors, thus requiring buffer circuits. Moreover, the filter in
[18] requires input matching conditions and inverting input
signals, and some output currents of the filter in [37] are
supplied via the capacitor and resistor, requiring additional
active devices such as a current follower for sensing the
currents from these passive devices. Finally, the proposed
filter has very low-supply and low-power consumption when
compared with [5], [17], [18], [23], [37], and [39].

IV. CONCLUSION

This paper presents an extremely low-voltage low-power
mixed-mode universal filter using four MIMO-OTAs and
two grounded capacitors. The filter offers VM, CM, TAM,
and TIM for LP, HP, BP, BS, and AP responses. This work
show that the MIMO-OTA based mixed-mode universal fil-
ter offers 35 transfer functions of LP, HP, BP, BS, and
AP responses, and thus provides the full capability of a
mixed-mode universal filter. Namely, each mode of VM,
CM, TAM, and TIM offers five filtering functions. The input
voltage terminals and output current terminals of the cir-
cuit possess a high-impedance level which is absent from
buffer circuit requirements. Moreover, the filter is exempt
from inverting input signal requirements; namely, there is no
need for additional inverting amplifiers to generate invert-
ing signals. The natural frequency can also be electronically
controlled. The voltage supply is 0.5 V and the power con-
sumption of the filter is 58 nW for 4nA setting current. The
THD is 1% for Vippp = 270mV and the dynamic range is
53.23dB for the VM LPF. The intensive simulation results
confirm the functionality of the filter.
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