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Abstract: This paper presents a multiple-input fully differential operational transconductance am-
plifier (MI-FD OTA) with very low power consumption. To obtain a differential MOS pair with
minimum supply voltage and minimum power consumption, the multiple-input bulk-driven MOS
transistor operating in the subthreshold region is used. To show the advantage of the MI-FD OTA,
a fifth-order Chebyshev filter was used to realize a low-pass filter capable of operating with a supply
voltage of 0.5 V and consuming 60 nW at a nominal setup current of 3 nA. The proposed filter uses
five MI-FD OTAs and five capacitors. The total harmonic distortion (THD) was 0.97% for a rail-to-rail
sinusoidal input signal. The MI-FD OTA and the filter application were designed and simulated in
the Cadence environment using a 0.18 um CMOS process from TSMC. The robustness of the design
was confirmed by Monte Carlo analysis and process, voltage, and temperature corner analysis.

Keywords: bulk-driven; multiple input MOS transistor; low-pass filter; low-voltage low-power CMOS

1. Introduction

The operational transconductance amplifier (OTA) is a fundamental building block in
analog signal processing. It has been used in a wide variety of applications, such as analog
filters, audio amplifiers, data converters (D/A and A /D), modulators, instrumentation,
etc. Extremely low-voltage supply and low-power integrated circuits are essential for
battery-powered devices, portable and wearable biomedical electronics, IoT (Internet of
Things) devices, and energy-autonomous integrated systems [1-9].

In the widely used bulk CMOS technology, several design techniques have been
developed by designers to maintain acceptable circuit performance while the supply
voltage (Vpp) moves toward the threshold voltage (Vtp) of the MOS transistor and even
much lower, i.e., Vpp < Vry [1]. The most degraded parameter is the input voltage range,
so techniques such as bulk-driven (BD), floating-gate (FG), quasi-floating gate (QFG), and
multiple-input MOS transistors (MI-MOST) are good solutions to extend the input voltage
range up to rail-to-rail at extremely low supply voltage [1-9].

OTA-C filters are widely used in signal processing applications and provide flexi-
bility and electronic tunability compared to passive filters [10-20]. However, they have
higher power consumption, and their structure is more complex. Therefore, special de-
sign considerations must be taken into account when using these filters for biosignal
processing. Biosignals have the attributes of low amplitudes (WV-mV range) and low
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frequencies <10 kHz. Thus, a high dynamic range (DR) and a high linearity are required
to enhance the signal-to-noise ratio and to minimize the harmonic distortion of filters,
respectively. A fully differential structure of the filter is required to obtain improved signal
voltage swing and noise immunity.

Therefore, in this paper, a multiple-input fully differential OTA-C filter for biosignal
processing is presented. The multiple-input MOS transistor is used to reduce the design
complexity and to keep the number of active blocks as small as possible. The circuit operates
in the subthreshold regime to enable reduced voltage supply and power consumption of
the proposed OTA. In addition, to avoid increasing the chip area and power consumption,
a simple bulk-driven common-mode feedback circuit (CMFB) is incorporated into the OTA
current mirror structure. All this makes the circuit simple and capable of operating from
a low-voltage supply with low power consumption and extended input voltage range.

The paper is organized as follows: Section 2 describes the circuit of the proposed
MI-FD OTA, and the application of the proposed OTA in a fifth-order Chebyshev low-pass
filter, Section 3 presents the simulation results, and Section 4 concludes the paper.

2. Circuit Description
2.1. Multiple-Input Fully-Differential OTA

The circuit symbol of the multiple-input fully differential OTA (MI-FD OTA) is shown
in Figure 1. Compared to the standard circuit (Figure 1a), the MI-OTA possess N dif-
ferential inputs; thus, its output current is a superposition of responses from each dif-
ferential input, as expressed by (1). In other words, the output current is a sum of N
currents, which are products of differential voltages at each differential input and the same

transconductance g,.
N

I = ng(vﬂ' - V) )

(b)

Figure 1. Electrical symbol of (a) fully differential OTA and (b) multiple-input fully differential.

The use of multiple-input OTAs increases the circuit versatility and reduces the number
of active blocks used in some applications [8-10]. For instance, its application is especially
advantageous in the design of OTA-C active filters.

The CMOS schematic of the multiple-input fully differential OTA proposed in this
work is shown in Figure 2. In Figure 2a, a single-input (N = 1) core of the OTA is shown,
while Figure 2b shows a complete version of the circuit with multiple inputs. Let us first
consider the single-input core of Figure 2a. The proposed OTA exploits a classical current-
mirror configuration, where the output currents of the differential stage (M1, My, M11, M)
are transferred to the outputs O, and O_ via the set of unity-gain current mirrors (M3-Mj,
M3, Myy).

The input stage exploits the concept of a non-tailed differential pair [21]. The gates of
the input transistors M; and M, are biased by the diode-connected transistors M1, M».
All transistors have their bulk terminals connected to the input terminals V, and V_. Note
that in this configuration, Vgs1 = Vgsi11, Visi = Vesi1, Ves2 = Vgsiz, and Vs = Vpsio.
Assuming perfect symmetry and that Mg = Mp and V, = V_, the drain currents of M; and
M; are equal to Ip; p = (Iset/2)[(W/L)1,2/(W/L)11,12]. This means that for common-mode
signals (V, = V_), while neglecting the second-order effects associated with the non-zero
g4s conductances of MOS devices, the currents Ip; = Ipp remain constant, and the circuit is
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insensitive to such signals. On the other hand, for differential signals, the circuit behaves as
a classical long-tailed bulk-driven (BD) differential pair [15]. In the weak inversion region,
assuming Ip; = Lt /2 at the operating point, its large-signal transfer characteristic can be
expressed as follows [15]:

(2)

Ipp — Ipy = Isgttanh<’7(v+_v_)>

an UT

where 1 = g,p1,2/8m1,2 is the bulk to gate transconductance ratio of the input transistors M;
and M, at the operating point, 1, is the subthreshold slope factor for p-channel transistors
and Uy is the thermal potential. As can be concluded from (2), the linear range of the input
pair is extended by a factor of 1/7, as compared to the classical GD differential pair.
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Figure 2. CMOS implementation of (a) fully differential OTA and (b) multiple-input fully
differential OTA.

The small-signal transconductance of the input stage, g,,;, is equal to the bulk transcon-
ductance of the input transistors M; and M; and is given by:

I
Smi = §mb12 = 772;1;76{& 3)

Thus, the transistors M1; and Mi, do not affect the input transconductance.
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The unity-gain current mirrors of the OTA are based on self-cascode transistors M;-
M;. (i = 3-10, 13, 14). The transistors M. operate in the triode region, with a relatively
small voltage drop Vgs. Such a solution increases the output resistance of the OTA, and
consequently its dc voltage gain, while not limiting its output voltage swing.

In order to stabilize the common-mode output level of this fully differential OTA,
a simple BD common-mode feedback circuit (CMFB) is built into the structure of the p-
channel current mirrors. Transistors Mo and M4, are split into two identical devices (c;
and ¢y), and their bulk terminals are connected to the outputs of the OTA. At the same time,
the bulk terminals of Mg, and M;3. are connected to a reference voltage (GND in this case).
When the output common-mode level of the OTA is increasing/decreasing with respect to
GND, the drain currents of My and M4 are decreasing/increasing, thus compensating for
the initial change of the common-mode level. Neglecting second-order effects, the CMFB
does not affect the differential gain of the OTA. However, for large output amplitudes,
such a simple CMFB introduces some distortion because variations of 4.1 and 747 are not
symmetrical. Nevertheless, this effect is relatively weak for low Vpp (limited amplitude)
and bulk-controlled transistors. Thanks to the proposed approach, we obtain a simple and
sufficiently effective CMFB that does not consume additional power, does not increase
the silicon area of the circuit, and, at the same time, does not limit the output voltage swing
because it uses elements already existing in the circuit.

The output resistance of the OTA, determined for each single output, can be approxi-
mated by:

out+/— — \&m8/5"ds8/5"ds8¢/rc m10/14"ds10/14"ds10c/14c
r = (§ms/5rdss /5" I8 r r ) (4)

where 74510/14c = (*4s10/14c1) | | ("4s10/14c2)- Thus, the output resistance of the OTA based
on self-cascode transistors is increased by a factor of g,,;74s.i, where i denotes the index of
the MOS transistors associated with the output nodes O, and O_.

The dc differential voltage gain of the OTA in Figure 2a can be expressed as:

Apo = 2gmirout+/f (5)

Thanks to the increased value of the output resistance 7.,/ _, the value of A, is also
increased, as opposed to the version with simple current mirrors.

The input-referred noise of the OTA is the same as for an OTA with the same topology,
but with a BD differential pair, composed of transistors M;, M; at the input, and biased
with the same currents. Note that transistors M1 and Mj, do not contribute to the output
noise because their noise appears as a common-mode signal at the gates of M; and M.

Figure 2b shows the MI version of the proposed circuit. The multiple input is created
by a capacitive divider composed of the capacitors Cg;. Their values should be signifi-
cantly larger than the parasitic capacitances of the MOS transistors but much lower than
the external capacitances used, for example, to provide a required frequency characteristic
of a filter. In this way, the MI-OTA can be realized without the use of additional differential
amplifiers, thus simplifying the overall structure and saving power. Moreover, the input
signal range is extended since the input signal is attenuated by the capacitive divider.
The input terminals of the internal OTA, i.e., the bulk terminals of M; and M;, must be
properly biased for dc, which is conducted by the MOS transistors My, and My,,. Since the
transistors operate in a triode-cutoff region, with Vgg = 0, their r,, resistances are very high;
thus, together with the capacitances Cg;, they create a high-pass (HP) filter with a very low
cutoff frequency. Such a filter allows the dc component of a bio-signal to be removed as
well. Further, at the operating point, Vpgi1,12 is approximately equal to zero, which means
Vgs1,2 and Vggyi,12 are equal to zero as well. This lowers the bulk currents of the input
transistors Mj » and My 1.

The transmittance of the input HP filter from a single input can be expressed as:
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where wy, is the cutoff frequency of the filter, given as:
1
Pwp = H———rm )
RparGeCs

where Ry argr is the 7y, resistance of My; and My, Cx = Cg; + Cpp + ... + Cagn + G
is the sum of all capacitances Cp; of the input capacitive divider, and C;j is the input
capacitance of the internal OTA, seen from the bulk of M; (M>).
The high-frequency gain B, from the i-th input, with other inputs grounded, is
given by:
Cai
o=, (®)

For N = 3, and neglecting C;, 8, =1/3.

Taking into account the above considerations, the quasi-static transfer characteristic of
the MI-OTA from the i-th input, with other inputs shorted to ground, and for frequencies
higher than wy, can be expressed as:

©)

Vi, —=Vi_
Ioy = —Ip- = Isettanh (IBOU(H_))

2npUr

thus, the linear range of the OTA is enlarged 1/, times, as compared to the BD differential
pair operating in a weak inversion, and 1/ 8,7 times as compared to a GD pair. Assuming
N =3, and 0.18 um technology, 1/, = 3 and 1/, is typically around 10.

The small-signal transconductance of the MI-OTA from one differential input is conse-
quently given by:

I
st = Bo 1, 0 (10)

and is also lowered by the input capacitive divider, which also decreases the dc voltage gain.
The input capacitive divider also increases the input-referred noise of the MI OTA,
which above the cutoff frequency wj, can be expressed as:

2= [3120% (11)
0

where v2, . is the input noise of the MI-OTA determined from one differential input and v2
is the input-referred noise of the single-input OTA of Figure 2a, which is equal to the input
noise of the OTA with the same topology and biasing currents, but with the input stage
based on a classical BD differential pair. Note that the transistors My and My, (RLARGE)
do not contribute to the total input noise since above wy, their noise is suppressed by
the capacitances Cg;.

As can be concluded from (11) and (9), due to the input capacitive divider, the in-
put noise increases in the same proportion as the input linear range. This means that
the dynamic range (DR) is the same with and without the input divider.

Concluding the above considerations, it is clear that the proposed MI-OTA shows
increased versatility associated with the increased number of inputs. In addition, the input
capacitive divider increases linear range, decreases the transconductance and dc voltage
gain of the OTA, while its DR remains unchanged. At the same time, it performs the role
of a HP filter, required in many biomedical applications to remove the dc component of
the input signal.

2.2. Fifth-Order Chebyshev Low-Pass Filter
Figure 3 shows the fifth-order doubly terminated RLC ladder filter. The fifth-order
Chebyshev low-pass prototype filter with 0.5 dB ripple was designed. Thus, the element

values for the doubly terminated Chebyshev low-pass filter can be given as Rg =R, =1 (),
L; =L, =12296 H, C; = C5 = 1.7058 F, and C3 = 2.5408 F. To design the 250 Hz cut-off
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frequency, the prototype element values of Figure 3 could be chosen as L1 = L, = 54.74 kH,
Cy =C5 =15.529 pE, C3 = 23.131 pF, while letting Rg = R, = 69.93 MQ).

RS Ll L2

+ L L +
Va Cy C; Cs Ry Vou
T T T )

Figure 3. Fifth-order doubly terminated RLC ladder filter.

The proposed fifth-order Chebyshev low-pass filter using multiple-input OTAs is
shown in Figure 4. By using multiple-input OTAs, five OTAs, and five capacitors are
used. The resistors Rg and Ry, can be implemented using the OTA, and their resistance
values are given by Rg = 1/g,,1 and Ry, = 1/gy5, respectively. The floating inductors L;
and L, are realized using gyrators and capacitors. Inductance values can be determined
respectively by L1 = C; /gzm2 and L, = Cy4 /g2m4. The g1 — C1, gm3 — C3, and g5 — Cs work
as integrators. It should be noted that the structure of the filter is fully differential, which
offers a high voltage swing compared with a single-ended filter, and the OTA-based circuit
offers electronic tuning capability.
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Figure 4. Proposed fifth-order Chebyshev low-pass filter.

The proposed fifth-order Chebyshev low-pass filter in Figure 4 is designed to ob-
tain the cut-off frequency of 250 Hz; thus, the active and passive values are given by
gmi—5="7.54nS,Cy = C5 =7.764 pF, C; = C4 = 5.597 pF, and C3 = 11.565 pF.

3. Simulation Results

The MI-FD OTA and the filter application were designed and simulated in the Cadence
environment using a 0.18 um CMOS process from TSMC. A supply voltage of 0.5 V
(Vbp = —Vss = 0.25 V) was employed in the simulation, and the nominal static power
consumption of the transconductor with Iset = 3 nA was 12 nW. The transistor aspect ratio
is shown in Table 1.

Table 1. Component parameters of the BD-OTA and MI-BD-OTA.

Transistor W/L (um/pm)

M, My 2 x20/3
My, My, 20/3
My, Mg 5/1
M;3-Mg, Mg-My, 20/1
Ms—Msc 20/2

Mo, M1 2 x10/3
Mioc1, Mioc2, Miic1, Miie2 10/3
Mp1, Mpy 5/6

CB =05 pF
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The output current versus input voltage over the tuning range is shown in Figure 5.
To obtain the dynamic characteristics of the BD-OTA and MIBD-OTA, a sine wave of
amplitude 0.5 V at 200 Hz was applied to their inputs. Figure 5 shows the improved
linearity of the MIBD-OTA compared with the BD-OTA with various setting currents
Let = (3, 6,12, 24) nA.

90 Iset=3nA Iset=6nA 50 Iset=3nA Iset=6nA
—_ Iset=12nA Iset=24nA —— Iset=12nA —— Iset=24nA
< 70 ceeeessene JgEt=3NA  seeeeeeees Iset=6nA 2 40 4 e Iset=3nA  ceeeeeeens Iset=6nA
£ bree ISet=12nA [ rreeshrrecy, Iset=24nA = 30 JEEEEes Tset=12nAEEE e Iset=24nA

50 - ~
- 30 b 20

% < 10
10 5

ik BD-OTA 40 MI-BD-OTA
90 -50
0.6 0.5 -04 03 02 0.1 0 0.1 02 03 04 05 0.6 0.6 -05 -04 03 02 01 0 01 02 03 04 05 06
Vi (V) Vi V)
(@ (b)

Figure 5. The output current I, and I, (dashed line) versus input voltage Vj, over the tuning range
of the (a) BD-OTA and (b) MIBD-OTA with different setting currents.

Figure 6 shows the transconductance AC characteristics of the BD-OTA and MI-BD-
OTA with different tuning currents Iset = (3, 6, 12, 24) nA. The transconductances were
(—149, —144, —137.8, —132.2) dB and (—162.4, —156.7, —150.9, —139.6) dB, respectively.
As can be seen, due to the high-pass filter created at the input of the MI-BD-OTA, the low
cutoff frequency is around 1.5 Hz. This can be further reduced if needed by increasing
the M, resistance.

-120 -140

- BD-OTA _ MI-BD-OTA

=) =]
-130

i T 150

=

. =

= -140 £

°0 &0

é = -160

g 150 —Iset=3nA H ——— Iset=3nA

= ——— Iset=6nA ; -170 ——— Iset=6nA
-160 —— Iset=12nA —— Iset=12nA

Iset=24nA Iset=24nA

-170 -180

1E-1  1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E-1  1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency (Hz) Frequency (Hz)

@ (b)

Figure 6. The transconductance AC characteristic of the (a) BD-OTA and (b) MIBD-OTA with different
setting currents.

The equivalent input noise (uV/+/Hz) of the (a) BD-OTA and (b) MI-BD-OTA is
shown in Figure 7. The noise value was 2.51 uV and 11.5 nV at 100 Hz for the BD-OTA and
MI-BD-OTA, respectively.

10 100
o BD-OTA o MI-BD-OTA
2 2
£ £
= H]
= -
25 23
]
£z 5%
< = =
2 2
El El
= =5
= )
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)
@ (b)

Figure 7. The equivalent input noise (1tV/+/Hz) of the (a) BD-OTA and (b) MIBD-OTA.

The AC transconductance characteristic from Figure 6b with Lt = 3 nA was replicated
using 200 Monte-Carlo (MC) runs and process, voltage, and temperature (PVT) corners. The
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transconductance value at 100 Hz varied from —163.6 to —161.2 dB using MC. The MOS
transistor process corners were fast-fast, fast-slow, slow-fast, and slow-slow. The MIM
capacitor corners were fast-fast and slow-slow, and the transconductance varied from
—162.9 to —161.9 dB. The low cutoff frequency varied from 0.5 to 6.7 Hz. For the voltage
supply corners Vpp + 10%Vpp, the transconductance was —162.4 dB. The temperature
corners were —10 °C and 60 °C, and the transconductance varied from —163 to —161.5 dB,
while the low cutoff frequency varied from 0.16 to 11 Hz. These results are shown re-
spectively in Figure 8a—d. All these variations are acceptable and expected, given the
subthreshold operation. In addition, thanks to the circuit’s tunability, the desired transcon-
ductance value can be readjusted.

-160 -160
~ — ~
= , MC| | g
) Z
g -170 = -170
S = FF MOS, FF MIM
g _ —
2 4
s =
< -180 E -180 FS_MOS, SS_MIM
= =
S Process corners
-190 T r T r r r -190 A r . r . r T
1E-1  1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E-1  1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency (Hz) Frequency (Hz)
(@) (b)
-160 -160
g )
) )
= -170 = -170 —-10C
S S 27C
2 2 60C
g -180 - g -180
= =
Voltage corners Temp. corners
-190 -190 . . . . . T
1E1 1E+0 1E+1 1E+2 1E+3 1E+  1E+5  1E+6 1E-1  1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency (Hz) Frequency (Hz)
(0) (d)

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

The power consumption of the filter for Iset = 3 nA was 5 x 12 nW = 60 nW. Figure 9a
shows the frequency response of the LPF based on the RLC and the MI-BD-OTA with
Let = 3 nA. As can be seen, the two LP characteristics are close to each other, except
for the low cut-off frequency at the sub-hertz level (50 mHz) created by the MI-BD-OTA
input. This is an advantage in applications such as biosignals that require the removal
of the DC component of the signal. The high cutoff frequencies are 242 Hz and 259 Hz,
and the gain in the passband is —6 dB and —7.2 dB for the RLC and the filter based
on MI-BD-OTA, respectively. Figure 9b shows the tuning capability of the filter with
different Lset = (3, 6, 12, 24) nA. The high cutoff frequency was (259, 5094, 985, 1880) Hz,
while the low cutoff frequency was around 50 mHz.
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Figure 9. (a) The frequency response of the LPF and (b) the tuning capability of the LPF.

Figure 10a shows the transient response of the LPF, where the input signal was
a sinewave with a rail-to-rail amplitude at 50 Hz. The spectrum of the output voltage is
shown in Figure 10b and shows 0.97% total harmonic distortion (THD). Hence, the input
signal can be rail-to-rail with less than 1% THD.

0.7 -10 4
Vin Vout = 20 - 50Hz,—13.257dB
0.5 £
=] -30
0.3 s
@ -40 150Hz, -55.431dB
0.1 &
@ — 50
o0 oA 2 -
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e | EEE
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-0.7 5 94—
0 0.02 0.04 0.06 0.08 0.1 = 0 100 200 300 400 500 600 700 800 900 1,000
Time (s) Frequency (Hz)
(a) (b)

Figure 10. (a) The transient response of the LPF and (b) the output spectrum.

Figure 11 shows the total harmonic distortion of the output signal for different am-
plitudes of the input sine signals at 50 Hz. With an input amplitude of 400 mV and less,
the THD was around 0.4%. The circuit can even operate beyond the rail-to-rail level with
3% THD for 600 mV amplitude.

4.0

3.5 4
—o— @50Hz
3.0 -

THD (%)

2.5 4
2.0 1
1.5 A
1.0 A
0.5 A

0.0

0 100 200 300 400 500 600 700

Vin-amp (mV)

Figure 11. The THD of the LPF with different input amplitudes.
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Figure 12 shows the equivalent output noise of the LPE. The integrated output noise in
the range of 50 mHz to 259 Hz band was calculated to be 772 1V, giving a dynamic range
of 53.2 dB.

100.0

—
e
=

Equivalent output noise
(nV/NHz)

>
>

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Frequency (Hz)

Figure 12. The equivalent output noise of the LPF.

To demonstrate the filtering function of the LPF with an ECG signal, Figure 13a shows
the noisy input signal obtained by a clean ECG signal combined with 3 mV signals at
10 mHz and 500 Hz. Figure 13b shows the output signal of the filter where the low and
high frequency signals have been filtered out.

Vin (mV)

40

-30

Vou (V)

-5 4

0.5

r r -10 r r r
1 1.5 2 0 0.5 1 1.5 2
Time (s) Time (s)
(@) (b)

Figure 13. The transient response of the LPF to an ECG signal: (a) noisy input signal and (b) filtered
output signal.

The proposed low-pass filter was compared with some previous works, as shown in
Table 2. The fifth-order filters in [8,9,19,20,22,23] have been selected for comparison. It is
clear that the MI-OTA-based filter offers a minimum number of active OTAs with a fully
differential structure compared with [19,20,22,23]. Compared with [19,22,23], the proposed
filter has low power consumption compared with [19,20,23], the proposed filter obtains low
voltage capability, and compared with [8,19,20,22,23], the proposed filter provides LPF/BPF.
Finally, compared with the BPF in [9], the proposed filter provides fully differential voltages,
higher order (5 versus 3), with fewer active and passive components (5 versus 6). This is
due to the internal high-pass filter created at the input of the MI-BD-OTA.
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Table 2. Performance comparison of the proposed filter and previous fifth-order low-pass filters.

ook g PEEACCESS IEEEICASI IEEEIBOCAS g o A CE

Vpp [V] 0.5 0.5 0.5 1.0 1.0 0.25 1.0

Tech [um] 0.18 0.18 0.18 0.18 0.18 0.13 0.065

Vru [V] 0.5 0.5 0.5 0.5 0.5 0.44 0.3

Order (N) 5 5 3 5 5 5 5

Filter type Chebyshev ~ Butterworth Chebyshev Butterworth Butterworth Butterworth Butterworth

Filtering function LPF/BPF LPF BPF LPF LPF LPF LPF

No. of active device 5MI-OTAs  5-MI-OTAs 6-MI-OTAs 6 OTAs 6 OTAs 6 FDDTAs 11 OTAs

Architecture fuﬁ;/n it fucl;l;_c(l:iff. sini;ﬁe_-gnd O e fuﬁ;; it fui;‘ i

MOST technique MIBD MIGD MIBD GD GD GD GD

fr‘e"g C[I‘:I“Zt]ral 250 250 250 250 250 100 1% 10°

DR [dB] 53.2 63.24 60.4 499 61.2 57 50.54

Power (P) [nW] 60 34.65 60 350 41 603 167 x 103

}io[l;/lla): [II;]/](N x BW 0.9 0.43 1.32 0.896 0.0286 17 0.66

LV operation

capability = 100 100 100 50 50 176 30

Vra/Vpp % 100 [%]

Area [mm?] NA NA (oft fh?;ﬁcap.) 0.12 0.14 (off-c(}){gcap.) 0.0164

Obtained results Simulated Simulated Post-layout Measured Measured Measured Measured
Note: MIBD = Multiple-Input Bulk-Driven, GD = Gate-Driven, MIGD = Multiple-Input Gate-Driven,

LPF = Low-Pass Filter, BPF = Band-Pass Filter.

4. Conclusions

This paper presents a 0.5 V multiple-input fully differential OTA and its application to
a fifth-order Chebyshev low-pass filter for bio-signal processing. The circuit uses several
design techniques and operates in the subthreshold region with a 0.5 V supply. It consumes
power in the range of a few nanowatts while offering an extended input voltage range.
The fifth-order Chebyshev low-pass filter, which uses the proposed multiple-input fully
differential OTA as an active block, offers a minimum number of active devices and low
design complexity. The circuit performance and applications have been confirmed by
intensive simulation in the Cadence program.
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