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Abstract— This paper presents a low-frequency OTA featured
with a feedback loop stabilized by an OTA to auto-adjust bias
currents of other OTAs. By using a symmetrical OTA with a
degenerated MOS resistor, the proposed design results in less
than 1% gain variation for the frequency band <5 kHz. The
proposed OTA relaxes the design difficulty for biosensing in
low frequency range to make amplification and low-pass
filtering feasible.
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L INTRODUCTION

Digital signal processing systems (DSPs) play a very
important role in the recent technology trend because of the
robustness and flexibility, especially for Medicare
instruments which mainly depend on measurement of
biopotential signals such as ECG, EEG, and EMG (i.e.,
ExG). Although high performance digital systems have been
successfully  developed and implemented, analog
preamplifiers and antialiasing filters may limit the expected
high performance of those DSPs, because the sampled and
converted digital signals might lose the fidelity due to the
poor functionality of their corresponding preprocessing
stage. As a solution, digitally assisted analog amplifiers
[1-3] and filters [4—6] have been introduced to extend
capability of digital systems in controlling amplitude,
bandwidth, as well as quality of input signals. The digital
control mechanism by the DSPs could be very useful to
realize a general purpose single chip solution which is
adequate to process ExG signals or other sensor interfaces
[7—8] and generate reliable outcome.

High gain opamps (OPAs) have been successfully
implemented as basic building blocks of amplifiers and RC
filters. Using conventional negative feedback designs with
very high gain OPAs, the systems are robust to PVT
(process, voltages, temperature) variations. However, an
OPAs commonly consume, which is disadvantages for
portable applications. As an alternative, gm-C designs [4—6,
9—11] can provide low power and tunable filters. However,
these designs are sensitive to PVT variations.
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Recently, negative feedback designs of amplifier replicas
were reported to resist PVT variations. Firstly, an LPF
replica was reported to design a MOSFET C BPF for
biomedical applications [12]. A reference pulse signal to
control voltage bias of the MOSFETS to get a constant cutoff
frequency. Secondly, a push-pull opamp replica was
implemented to attain a consistent bandwidth [13]. The
system uses an opamp-based negative feedback to bias the
push-pull opamps adaptively. Thirdly, a replica of a near
sub-threshold operated LNA was demonstrated to generate a
consistent gain by comparing to a constant current source
[14].

In this paper, we propose a feedback design for low
frequency OTAs to attain a linear variable gain by using
simple current dividers and multipliers. To verify the
performance, 180 nm CMOS technology is used to carry out
the entire design with all PVT-corner simulations.

II.  OTA AND FEEDBACK SYSTEM

A. OTA Circuit Design

Fig. 1 shows the proposed two-stage OTA circuit with a
degenerated MOS resistor Ry composed of biased
transistors, M107 to M128. Without Ry, transconductance

gmi 1s derivate as Eqn. (1), where K, is PMOS
transconductance parameter, /, is the tail current, W, and
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Figure 1. Proposed symmetrical two-stage OTA circuit



Ly are wide and length of MOSI29, respectively. G = N2N3As, 3)
Therefore, total transconductance g, is derived in Eqn. (2).
High Ry, will result in a relatively wide input range (-50 to 1/I, = G/(1+G+sR,Cy) )]
50 mV) as shown in Fig. 2.
1,() = Gu(®)/(1+G) + exp(—t(1+G)/(RyCp)) (5)
gnt = (0.5K,IWi120/L129)%> 1
When temperature changes, the system auto-adjusts /, to
gn = gmi/(2+gmiRag) (2) keep I, stable. The system also adjusts tail currents of

Fig. 3 shows frequency responses of the OTA with
various tail currents. Phases of the OTA indicates that the
OTA is stable for frequency <10 kHz, which is the range of
ExG signals. The tail current is limited to 80 nA because the
output current of the OTA does not monotonically increase
for the current >80 nA as shown in Fig. 4.

B.  Feedback System for Stabilization

Fig. 5 shows the proposed feedback system for constant
gm over temperature range of —50 to 150°C. N; and N; are
scaling factors of current divider and amplifier, respectively.
N3 is a scaling factor of the second current mirror (M205 to
M224) that produces Ip. Finally, A is an approximation
gradient value estimated from Fig. 4. Reference OTA is
operated close to the mid voltage of V;, with a small constant
differential voltage aV, (the voltage division by R,; and
R2). Therefore, its output current /, is proportional to its g,.

1. is a setting current (generated by a current output DAC
attenuated by N;) to control g, linearly. The first current
mirror (M201 to M204) subtracts I, from /.. A high open
loop gain G in Eqn. (3) will steer 7, close to /.. Fig. 6 shows a
simplified diagram of the feedback system. Its transfer
function is given in Eqn. (4). R, is the input impedance of the
second current mirror, and C; is an external compensation
capacitor (10 nF). If I(¢) is a unit step u(?), I,(f) can be
attained as Eqn. (5). Because G is much higher than the unit
gain, the steady state of /,(¢) will approach /,(¢).
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Figure 2. Input range of designed OTA (=50 to 50 mV)
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Figure 3. Frequency responses of the OTA with various tail currents

controlled OTAs via bias voltage V5. Because of the same
bias circuits as in reference OTA (M201), the OTAs will be
activated with the same tail currents to generate the same
transconductances.

Mismatch on the first current mirror will result in
deviation (or offset) Al, so that Aly=Al,/A»~16Al, and then
Agn=(Aly)=4(Al)*°. This indicates that the current mirror
have to be design carefully so that Al,/1,<0.1%. On the other
hand, the other current mirrors will result in deviation AG. If
(G+AG) is much higher than the unit gain, the deviation can
be neglected. Notably, C, suppress random noise
contaminating /,, which can spread into all OTAs via V5.

C. Current Divider Design

Current dividers in Fig. 5 are classified into 2 types:
unbiased and biased current dividers as shown in Fig. 7 and
8, respectively. An NMOS current mirror circuit (M323 to
M334) divides /. by 10 and then another PMOS current
mirror circuit (M301 to M322) further divides the previous
outcome by 10. Thus, the 7,/100 is generated. Fig. 8 shows a
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Figure 5. Proposed feedback system

Figure 6. Simplified diagram block of the proposed feedback system



biased current mirror circuit (M401 to M416) performing
division by 3. Cascading one unbiased divider and two
biased dividers result in N; = 900. Notably, a bias circuit
(M417 to M426) provides all bias voltages.

D. Current Multiplier Design

Fig. 9 shows the current multiplier design in Fig. 5,
which is basically a current mirror circuit (M501 to M516) to
multiply input current by 3. The previous bias circuit
provides required bias voltages. Cascading 6 of the biased
current amplifiers will result in N> = 729.

III. SIMULATION AND COMPARISON

All of mentioned circuits are realized using 0.18 pm
CMOS process. We firstly investigate the performance of the
feedback system and then a controlled OTA in a simple gm-
C low pass filter, as shown in Fig. 10.

A. Verification of Feedback System

To verify the system stability, an input pulse current (/)
is applied to the system input such that /, becomes higher
than 80 nA as shown in Fig. 11. Considering that /, tends to
converge to /,, this indicates that the system is still stable
even I, reaches 90 nA. This agrees with the curve at 25°C in
Fig. 4, where it monotonically increases until /, = 90 nA.

I, varies nearly exponentially as predicted in Eqn. (5).
However, the rising time (about 30 ms) is nearly three times
than the falling time (about 10 ms). This is because Rj is
changed greatly by /. Low /, result in high R, or a long time
constant, which results in slow rising of /,. By contrast, high
I, results in a short time constant, and consequently, a fast
falling time of /5.
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B.  Application to Low Pass Filter

Fig. 12 shows frequency responses of the low pass filter
using a controlled OTA at two extreme conditions. The
worst gain decreasing at frequencies lower than 5 kHz is also
1%. Fig. 13 shows linear bandwidth adjustment of the filter
using 7 because of gm-C design.

Performance comparison with recent filters is
summarized in Table I. Figure of Merit (FOM) is determined
based on Eqn. (6), where B is bandwidth, AT is temperature
range, o is deviation, P is consumed power, and Vpp is
supply voltage. The previous work [15] did not claim to use
controlled OTAs so that the proposed OTAs are assumed to
be implemented in the work. According to normalized FOM
tabulated in Table I, this work is significantly better than the
previous works [12] and [15] because of wider bandwidth
and much lower power consumption. On the other hand,
although [14] has a very high FOM score because of its wide
bandwidth, it is not in the range of biosignal bandwidth. In
conclusion, the proposed design demonstrates the best
deviation and the widest temperature range for bio medical
signal processing.

FOM = B-AT/(G-P-Vpp) (6)

IV. CONCLUSION

Detailed simulation results show that the proposed
feedback system work properly as expected to result in
OTAs with controllable and consistent transconductances at
frequencies <5 kHz which is adequate for biosignal
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Figure 9. Biased current multiplier circuit (x3)
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Figure 11. Transient responses of the proposed feedback system



processing. The worse settling time of 30 ms is fast enough
to cope with temperature changes in human body
environment. Low pass filtering result in good performances
over temperature range of —50 to 150°C. This indicates that
the proposed analog systems might be embedded with a high
performance DSP to carry out very accurate biosensing.

TABLE L TABLE TYPE STYLES

[12] [15] [14] his
Year 2010 2014 2015 2019
Process (nm) 130 65 65 180
Vo (V) 1.2 2.5 0.6 3
Bandwidth 30 Hz 5 kHz* 2.14 GHz 5 kHz
Deviation 1% 0.22% 8.3% 1%
Power 200 nW SmW 402 pW 7 nW
Normalized FOM 0.263 0.007 2918 1

a. Based on an assumption
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Figure 12. Frequency response of the filter at two extreme
temperatures
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Figure 13. Linear adjustment of filter gain by input current /,
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