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ABSTRACT This paper presents a low-voltage nano-power multiple-input operational transconductance
amplifier (MI-OTA) with high linearity performance and increased input voltage swing. The enhanced
performances are achieved thanks to employing several techniques as the bulk-driven, source-degeneration,
self-cascode and negative conductance along with the concept of the input signal attenuation formed by
multiple-input MOS transistor. The MI-OTA is widely tunable that serves for biological signals processing.
A 3"-order Butterworth band-pass filter (BPF) for electrocardiogram (ECG) signal processing with 55.8 dB
dynamic rang is presented. The MI-OTA circuit is designed for 0.5V voltage supply and offers a 0.22%
total harmonic distortion (THD) for 0.2V, input signal with total power consumption of 13.4nW. Extensive
simulation results including Monte Carlo analysis and process, voltage, temperature (PVT) corners using the
0.18um CMOS technology from TSMC confirm the characteristics of the proposed MI-OTA and the filter.

INDEX TERMS Operational transconductance amplifier (OTA), bulk-driven MOS transistor, multiple-input

OTA, high-order filters.

I. INTRODUCTION

The transconductor or the operational transconductance
amplifier (OTA) is a basic block for analog integrated circuit
design [1]-[10]. A wide range of transconductance adjust-
ment, high linear characteristic, wide input signal swing with
low distortion under low-voltage supply are the key features
for OTAs serving in modern wearable electronics, predom-
inantly the biomedical ones. The high power efficiency
is essential for these applications to minimize the battery
size and extend its lifetime. For biomedical low-frequency
applications, the operation in subthreshold region using the
bulk-driven differential pair efficiently increases its linear
range and reduces its transconductance, resulting in desirable
low time constants for Gy,-C biomedical filters [9], [10].
However, due to the low bulk transconductance g, compared
to the gate g, one the total DC gain of the OTA is
reduced [11]-[19]. Another way to increase the linear input
voltage swing is the concept of the input signal attenuation
formed by either capacitive or resistive divider [1]. In a
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capacitive divider, the multiple-input floating-gate (MIFG)
MOS transistor is used [2]-[4]. However, the MIFG, which
originally served for digital memory applications, comes with
several disadvantages. It is based on charge conservation;
hence, it cannot be used in modern nano-scale CMOS
technologies with gate leakage [5]. The realization of MIFG
MOS transistor requires technology with double poly-silicon
that obstruct its using in one poly-silicon technologies that
are widely used. In addition, although there are several
techniques to eliminate the charge trapped in the floating gate,
the MIFG based CMOS structures still suffer from higher
voltage offset compared to conventional gate-driven designs.
To eliminate the MIFG disadvantages, an alternative tech-
nique called the multiple-input MOS transistor (MI-MOST)
has been recently presented and experimentally verified by
Khateb et al. [20]-[22]. Unlike the MIFG transistor the
MI-MOST can be implemented in any standard CMOS
technology, a combination of capacitive-resistive divider
forms the attenuation and hence it has no floating-gate, nor
trapped charge or extra voltage offset [20]-[29]. It is worth
noting that due to input voltage attenuation of the multiple-
input techniques (MIFG or MI-MOST) the total equivalent
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FIGURE 1. The proposed CMOS structure of the MI-OTA.

DC gain of the OTA is reduced. In general the concept of
multiple-input active devices attracted attention of the circuit
designers since it offers the advantage of arbitrary summing
or subtracting the voltage signals at the inputs allowing
topology simplification and reducing the number of used
components [30], [31], [40], [41]. Another way to increase
the OTA’s linearity is the source degeneration technique;
however, the total DC gain is also reduced [1].

This paper presents low-voltage supply low-power con-
sumption OTA operating in subthreshold region and using the
bulk-driven MI-MOST as differential pairs, the differential
stage includes the source degeneration transistors. All these
techniques improve the linearity significantly but reduce the
DC gain of the OTA. Therefore, in order to boost the DC
gain, the OTA employs two techniques suitable for low-
voltage operation, the self-cascode transistor (SC) [32]-[33]
and the partial positive feedback [34]. These techniques
increase the output resistance of the transistors and hence
the total DC gain of the OTA. The paper is organized as
follows: in Sec. II the CMOS structure of the MI-OTA
is presented and analyzed, Sec. IIl presents application
of 3"-order Butterworth band-pass filter for ECG signal
processing, Sec. IV presents the simulation results and finally
Sec. V concludes the paper.

Il. THE PROPOSED OTA

Fig. 1. shows the proposed CMOS structure of the MI-OTA.
The circuit can be seen as a current mirror OTA, with a bulk-
driven (BD) source degenerative differential input pair M »
and M 12. The multiple input transistors M| and M, were
realized using parallel connections of capacitors and resistors.
The symbol and schematic of the MI transistor applied in this
design is shown in Fig. 2. The resistance Ryos is used to
provide proper DC biasing of the bulk terminals of M; and
M. The resistance should be large with minimum occupied
chip area; therefore, it is realized with two minimum-size
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FIGURE 2. The MI-MOS transistor: a) symbol, b) realization, c) realization
of Rmos.

PMOS transistors operating in a cut-off region, as shown
in Fig. 2(c).

For AC signals, the resistors Ryos are shunted with
capacitances Cp, that create an analog voltage divider/voltage
summing circuit. For frequencies f > 1/27RpCpg, the AC
voltage at the bulk terminal of an MI transistor (Vy,) can be

expressed as:
n
Vo= . BVi M

where n is the number of inputs of the MI transistor and B;
is the voltage gain of the capacitive divider from i-th input.
Neglecting the input capacitance of the BD MOS, the voltage
gain B; can be expressed as:

Cgi
Bi l

- YL Cai

Note, that with identical capacitors Cgj, all coefficients B;
are equal as well and equal to 1/n.

The input pair M1 2/Mj1,12 is biased by a current sources
based on the self-cascode transistors M35 p and M4s p. Itis
worth noting, that all transistors in this design, excluding
the input differential pair, are realized using self-cascode
connections that allows increasing the output resistances of
such a complex device, while not limiting the minimum
voltage drops across this element significantly. The output
resistance of the SC Mgp transistors can be expressed as:

(@)

Romsp = roms + roMp + &mMDYoMSToMD = EmMDToMSToMD

3
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Thanks to the increased output resistance, the SC transis-
tors allows increasing the overall DC voltage gain of the OTA,
with only minor limitation of the output voltage swing.

The basic topology of the input differential stage
M 2/Mi1,12 is derived from [35]. The I/'V DC transfer
characteristic of the input differential pair M; and Mj is
linearized with transistors M1 and M1, operating in a triode
region. Since the gates and the bulks of M > and M 2 are
tied together, then both the Vgs as well as the Vpg voltages
of the four transistors are equal to each other, provided that,
the voltages at the bulk terminals of M and M; are equal as
well. This means, that the linearization principle is insensitive
to the input common-mode variations, which is an advantage
of this topology.

In the original design, the transistors Mj 2, M 12
were controlled with their gate terminals. In this design,
we propose to use the bulk terminal of the devices as a signal
input, while biasing their gates with a constant potential Vg.
Such modification allows increasing the linear range of the
OTA.

Assuming the following model of a p-channel MOS
transistor operating in subthreshold:

w VsG + Vi Vsp
Ip=1I— ACCRIRELE | ~ 2P 4
p=tr(g)er (U5 [ e (52)] @

where It is the technology current, W and L are the transistor
channel width and length respectively, Vg is the threshold
voltage, np is the subthreshold slope factor and Ur is the
thermal potential, the differential output current of the input
pair Ip1-Ipy, where M and M; are biased with the current of
Ig/2 each, and the inputs are controlled with fully-differential
signals, can be expressed as:

Vidift
Ipy — Ipy = Igtanh | n——=—
D1 D2 plan <n2n,,UT

1 Viditt
———tanh 5
x |:4m+l o (’72n,,UT)D )

where n = gu1.2/8m1.2 is the ratio of the bulk to gate
transconductance of the input transistors M and M, at the
operating point respectively, Vpqifr is the voltage difference
between the bulk terminals of M| and M5, which with respect
to the inputs of the OTA can be expressed as:

Vidifp = Z; Bi (Viy — Viz) (6)

In (5) m = (Wq1/L11)/(W1/L1) is the relative aspect ratio
of the two matched transistor pairs M1; 12 and Mj 7, which
affects the circuit linearity (the shape of the transconductance
function). For optimum linearity m = 0.5. This result is
independent of the biasing current Ig. Note, that equation (5)
is nearly identical with the one derived in [36] for a gate
driven (GD) pair. The equation for a bulk-driven pair contains
an additional coefficient 5. Thus, the BD transconductor can
be considered as a GD one, with an input signal attenuated
1/n times.

Assuming a 1% variation of the first derivative of (5),
with respect to Vigifr (i.e. the small signal transconductance),

— tanh™!
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(b)

FIGURE 3. The 3" -order LPF RLC prototype (a) and the 3'd-order BPF
RLC prototype (b).

with n,Ur = 35mV, we find a linear range of 55.7mV/n.
With a typical value of n = 0.33 for the used technology in
subthreshold region, this range is extended to 167mV. Thus,
the linear range of the BD version of the source-degenerative
OTA is significantly increased, as compared to its gate driven
counterpart.

Due to the additional capacitive divider at the input, this
linear range is further increased. For instance, assuming that
only one differential input is controlled and the other ones
are grounded for AC signals, with all capacitors Cg; equal to
each other, the voltage gain from i-th differential input to the
bulk terminals of the internal pair is equal to ;i = 1/n. With
2-input OTA, as in Fig. 1, the linear range is thus increased to
334mV.

The combination of three techniques; source degeneration,
driving with bulk terminals and application of an additional
capacitive voltage divider allows increasing the linear range
of a subthreshold transconductor, but leads to degradation of
the input transconductance and consequently the DC voltage
gain. In order to overcome this issue, two other techniques
have been used. Firstly, all current mirrors were realized
with SC transistors. Secondly, a partial positive feedback has
been introduced with a cross-coupled pair Mgps and Mgpg.
The cross coupled pair generates negative conductances
—gmsD5s = —&msDe at its input ports, that decrease the total
conductances loading the differential output of the input pair
10 8ioad = 8msD3,4 ~ 8mSDS,6-

It should be pointed out that the minimum value of the
load conductance gjoqq is first of all limited by the maximum
voltage gain from inputs of the OTA to the drain terminals of
M/ and Mj3. In order to avoid additional nonlinear distortion,
introduced by this load, the value of this voltage gain
should be low enough to provide operation of all transistors
M3sp-Mgp in saturation, for the whole linear range of the
OTA, which limits the maximum voltage swing at these
points. If this condition is satisfied, then it can be assumed,
that the load of the input pair will not introduce additional
nonlinear distortion.
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FIGURE 4. The 3"-order Butterworth BPF using MI-OTA.

Assuming that Mgps = Msp7; = Msgpg and Mgpy =
Mspio, the small signal transconductance of an n-input OTA,
from one differential input, can be expressed as:

1
G, = - 8mb1,2 8mSD7 %

n 1+ gmi2(rastilrgsi2)/2  &msp3.a — &msps.6

where rgs11,12 is the rq4s resistance of M1, and Mj; operating
in a triode region. For the circuit considered in this work
n=2.

The DC voltage gain of the OTA is:

Avo = Gul(gmp1roraspiotassio) || (gmpsraspsrasss)]  (8)

Thus both, G, as well as Ay, will be a function of a
difference of transconductances of the SC transistors Msp3 .4
and Msps 6, and increase with decreasing this difference.
However, in such a case, both, the amplitude of the voltage
swing at the load of the differential pair, and the circuit
sensitivity to transistor mismatch is increasing. Therefore,
there is a tradeoff between the DC voltage gain, circuit
sensitivity to mismatch and nonlinear distortion. If the load of
the differential pair operates as linear circuit, then the large-
signal transfer characteristic of the OTA from one differential
input can be expressed as:

I Vig —Vi-
I, = B anh nu — tanh™!
n 2nUTt 4m + 1

Vig = Vi- 8mSD7
n : ©)
2nUTt 8mSD3,4 — 8mSD5,6

and, neglecting second order effects, its linear range is the
same as for an input differential pair.

tanh

Ill. THIRD-ORDER BUTTERWORTH BPF

We will start the design of the third-order BPF with
an appropriate RLC prototype. The RLC prototype is
transformed from a third-order low-pass filter (LPF) as shown
Fig. 3(a) and the corresponding third-order BPF is shown
in Fig. 3(b). The capacitor C; is transformed to a parallel
connection of capacitor C; and inductor Ly, the capacitor C;
is transformed to a parallel connection of capacitor C3 and
inductor L3 whereas inductor L, is transformed to a series
connection of inductor L, and capacitor C; [37].
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FIGURE 6. The output current (a) and the transconductance (b) versus the
input voltage for various Ig.

Letting R;;, = Ry = R, denoting the quality factor of the
BPF as Q, and its center frequency as w,, the passive values
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THD with 200 runs MC analysis.

in Fig. 3(b) can be given using Fig. 3(a) as [37]: L = L 5 (11)
QC’l Wo
C C; ! (10) G = ! ! (12)
1= 06 R, >T 0L, ” Ro,
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TABLE 1. The performance of the integrator with 200 runs MC analysis.

Min. | Mean | Max. | Std. Dev.
Gain [dB] 29.4 31.17 1 32.45 | 0.491
Phase error [°] 1.245 |15 1.89 |0.127
Cut-off frequency [Hz] | 175.5 | 213.2 | 254.8 | 13.95
CMRR [dB] 3247 [4791]81.79]193
PSRR [dB] 33.01 |36.75[41.33]1.39
THD [%] 0.0327 ] 0.147 | 0.607 | 0.102
40

Magnitude [dB]

0.1 1.0 10.0 100.0
Frequency [Hz]
(@)

1,000.0

Phase [°]

0.1 1.0 10.0 100.0
Frequency [Hz]
(b)

1,000.0 10,000.0 100,000.0

FIGURE 11. The PVT corner simulation gain (a) and phase
characteristic (b).

R
L, = QL, (;) (13)
1
G = QG (Rw ) (14)
Ly = : R 15
Toc )

To obtain a third-order Butterworth LPF, the normalized
LPF values in Fig. 3(a) can be given as C; = 1 F
L, = 2H,C§ = 1F R = 1Q where w = 1 rad/s:
thus third-order Butterworth BPF values can be obtained
using (10)-(15).

Fig. 4 shows the third-order Butterworth BPF using
MI-OTA. Thank to MI-OTA, the number of active com-
ponents can be reduced compared with previous work [7].
The inductor can be implemented using OTA-based gyrator.
Assume that all OTAs are identical, inductance value can be
givenas L; = g2, Cpri(i = 1,2, 3).
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TABLE 2. The performance of the integrator with 200 runs PVT corners
analysis.

Min. Nom. Max.
Gain [dB] 25.2 31.17 34.53
Phase error [°] 0.566 1.5 3.08
Cut-off frequency [Hz] 131.5 212.4 250.3
CMRR [dB] 37.2 90.05 89.9
PSRR [dB] 28.5 37.26 44.96
THD [%] 0.061 0.066 0.143
0
B 40
=
S
= -80
:
) 7
§ 120 / Proposed
- = =RLC
\
-160
0.001 0.100 10.000 1,000.000 100,000.000

Frequency [Hz]

FIGURE 12. The frequency characteristic of the RLC and the proposed
filter for Iz = 20nA.
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-4

-160
0.001 0.100 10.000

1,000.000
Frequency [Hz]

100,000.000

FIGURE 13. The frequency characteristic of the proposed filter for
Ig = 20nA with 200 runs MC analysis.

IV. SIMULATION RESULTS

The proposed circuit was designed and simulated using the
Cadence Spectre simulator using 0.18 um CMOS technol-
ogy from Taiwan Semiconductor Manufacturing Company
(TSMC). The transistors aspect ratios are shown in Fig. 1.
The multiple-input resistor Mg-transistor has 4um/5um
and the input capacitor Cp is created by the highly linear
metal-insulator-metal (MIM) capacitor available in TSMC
technology, each Cg = 0.5pF. The voltage supply is

0.5V (Vpbp = —Vss = 0.25V) and the bias voltage
Vg = —160mV. The estimated chip area of the MI-OTA
is 0.0088 mm?.

The OTA-C integrator based on the proposed MI-OTA
was loaded with 20pF capacitance. Fig. 5 shows the gain,
phase, common mode rejection ratio (CMRR), power supply
rejection ratio (PSRR) frequency characteristics for the
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TABLE 3. Performance comparison between proposed integrator and others.

This work [8] [9] [10]
Multiple-input Bulk- . .
Parameter Units Bulkridrivepn driven ~ Dulk-driven  Bulk-driven
. Full Single .
Single ended g fferer}lltial en dgé J Single ended
CMOS technology pm 0.18 0.18 0.13 0.35
Threshold voltage (V1u) A% 0.5 0.5 0.22 0.58
Voltage supply (Vbp) v 0.5 0.3 0.25 0.8
Power consumption nW 0.139-267.5 13-97 100 40
Bias current (Ig) nA 0.1-200 2.5-20 10 -
DC transconductance (gm) nS 0.34-383 68460 22 66
DC voltage gain (Avo) dB 31.17 333 - 61
Bandwidth Hz 2.67-3080 50-334 175 210
CMRR dB 90.05 54.5 - -
PSRR dB 37.26 50.2 - -
Input offset (Vos) mV 0.224 1 +10.82 +3
Maximum input i)vsgn(l)i (Vp) for THD < mv 430 300 100 600
. 0.15@
THD at input mVy, % 0.5 @ 480 100 0.53 @ 100 0.39 @ 600
Phase error ° 2 0.5-1 - 7
Vop/V1H - 1 0.6 1.14 1.37
Noise bandwidth Hz 0.1-200 - 0.2-200 0.2-200
Input referred noise pVrms 174 - 100 80
Linear input range [HD3 1%](V,p) \Y% 0.55 0.3 0.1 0.1
DR (for HD3 < 1 %) dB 66.98 - 56.98 58.92
Chip area mm? 0.0088 0.035 0.053 0.04
Obtained results - Sim. Exp. Exp. Exp.

proposed MI-OTA-C integrator for Is = 10 nA. The low
frequency value was 31.17 dB for gain, 90.07 dB for CMRR
and 37.26 dB for PSRR. The cut-off frequency (f.) was
212.4 Hz while the phase shift was 88.5°.

The output current I, and the transconductance value Gy,
versus one differential input voltage Vj, (while other inputs
were grounded) for different bias current Ig in range from
10nA to 80nA are shown in Fig. 6(a) and (b), respectively. It is
evident the high linear range and the wide tuning capability of
the integrator. Note, that in practice Ig can be set by a digitally
controlled current source.

Fig. 7(a) and (b) shows the relation of the cut-off frequency
and the phase error of the integrator, respectively, for various
Iz in range from 0.1nA till 200nA. The cut-off frequency is
tunable in frequency range from 2.6 Hz to 3.08 kHz that cover
most of biological signal spectrum. The phase error for all
bias currents was below 2.2°.

The transient response of the MI-OTA (with Ig = 10 nA)
for a sine wave signal with 200mV, @ 200Hz applied to the
input while the output is grounded is shown in Fig. 8(a). The
output signal spectrum in Fig. 8 (b) shows that the second

103790

harmonic HD2 = —239.9 dB and the third harmonic HD3 =
—248.16 dB that indicate very low distortion of the integrator.

The total harmonic distortion (THD) of the integrator for
different Viy—pp @ 200 Hz and for Ig = 10nA and 80nA
are shown in Fig. 9. The THD is below 1% for Viy_pp
below 550mV.

To test the performance characteristics of the integrator the
Monte Carlo analysis with mismatch and process variation
is used. The histograms of the gain, cut-off frequency,
phase error and THD with 200 runs MC analysis are
shown in Fig. 10. (a), (b), (c) and (d), respectively. The
performance is summarized in Table 1 showing acceptable
variation.

The PVT corners simulations have been performed for
temperature variations —10-60 °C, for power supply voltage
variations Vpp=£5% and for process corners for MOS
transistor: ss, sf, fs, ff, and for the MIM capacitor: ss and ff.
The results of the gain and phase characteristics are shown
in Fig. 11 (a) and (b), respectively while the results are
summarized in Table 2. It is evident that the design is robust
to PVT variations.
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FIGURE 14. The frequency characteristic of the proposed filter for
different Ig.

A performance comparison between this work and others
sub-volts bulk-driven OTAs is shown in Tab. 3. It is evident
that the proposed MI-OTA integrator offers a high dynamic
range and wide tunability compared with other circuits.

The RLC BPF filter was designed for bandwidth (BW) =
0.1-250Hz, wo = 274/0.1 x250 = 2xn5 rad/s, Q =
5/250 = 0.02,R = 16.7MX, from above, the passive
elements values of 3™-order RLC filter are: C; = 38.12pF,
L; = 26.578MH, C, = 47.65nF, L, = 21.26kH, C3 =
38.12pF, Ly = 26.578MH. The off-chip capacitors value
of the3™-order Butterworth filter based on MI-OTA are:
C1 = C3 =38.12pF, CL; = Cr3 = 95.68nF, C, = 47.65nF,
CL2 = 76.53pF where G, = 60 nS is given.

Note that the input voltage in Fig. 4 is applied to two
positive inputs of first OTA, doubling its amplitude and
achieving a passband voltage gain of 0 dB. The double
amplitude of the input voltage is applied to the RLC filter
in Fig. 3 (b) For the purpose of comparison.
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FIGURE 15. The original ECG signal (a), noisy ECG signal (b) and
recovered ECG signal (c).

Fig. 12 shows the frequency characteristic of the RLC and
the proposed filter for Ig = 20nA. Both characteristics are in
good agreement. The lower cut-off frequency of the proposed
filter is 0.1 Hz while for upper cut-off frequency is 250 Hz.
The impact of mismatch and process variation on the filter’s
frequency response is negligible as it is shown in Fig. 13.

The tuning capability of the filter BW for Iz from 5 nA
till 80 nA is shown in Fig. 14. (a), while in (b) shows the
capability of tuning the lower cut-off frequency and (c) the
upper cut-off frequency. For Fig. 14 (a) the tuning range of
the lower cut-off frequency is in range of 0.025 — 0.3 Hz while
for upper cut-off frequency is in range of 57 — 670 Hz.

The performance of the filter was tested for ECG signal,
where the original/clear ECG signal shown in Fig. 15(a), was
mixed with low noise Motion Artifact 3mV @ 0.01Hz) and
random noise at higher-frequency (3mV @ 500Hz), the result
of the noisy ECG signal is shown in Fig. 15(b). This noisy
ECG signal was applied to the input of the 3"-order BPF
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TABLE 4. Performance comparison between proposed filter and others.

Parameter This work 2007 [7] 2018 [38] 2020 [39]
Vop[V] 0.5 1 1 0.5
Vth [V] 0.5 0.7 0.5 0.5
Tech. [um] 0.18 0.35 0.18 0.18
Order 39 BP 3 BP 5"LP 4" Lp
Method ladder ladder ladder cascade of two biquad
Topology single-end MI-OTA-C single-end OTA-C fully OTA-C fully FSF
No. of device 6-OTA 8-0OTA 6-OTA -
JJ/BW [Hz] 250 670 50 200
DC gain [dB] 0 0 -6 -5.6
Input referred noise [pVrms] 198 50 100 91.9
DR [dB] 55.6 49 49.9 48.5
Power [nW] 160.8 68* 350 3.69
L 1t bilit

ow voltage capability 100 20 50 100
Vru/Vop (100%)

s 0.0528%** 0.06 0.074
Area (mm) (off chip cap.) 0.234 (off chip cap.) )
* without bias circuits.
** Estimated.
(with AC characteristic shown in Fig. 12 (Iz = 20nA)), the [2] A.E. Mourabit, G.-N. Lu, and P. Pittet, “Wide-linear-range subthreshold

recovered ECG signal is shown in Fig. 15(c).

In Table 4 the filter performance is compared with the
3'_order BPF in [7], 5" order LPF in [38] and 4™ order LPF
based on flipped source follower (FSF) in [39]. It is evident
that for 3"-order BPF the device number of the proposed
filter is 6-MI-OTAs whereas 8-OTAs are needed for [7]. The
proposed filter also offers the best DR compared with BPF
and LPF in [7], [38], [39]. Another advantage is the capability
of fine-tuning of the lower, higher cut-off frequencies and the
bandwidth of the filter.

V. CONCLUSION

This work presents a 0.5V multiple-input operational
transconductance amplifier with high linearity performance
and increased input voltage swing. Several design techniques
to improve the linearity and the DC gain of the MI-OTA
has been successful used. A 3™-order Butterworth band-pass
filter for ECG signal with 6-MIOTAs and 55.6 dB DR is
presented. The attractive features of the MI-OTA and the
filter have been confirmed by intensive simulation using the
Cadence environment.
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