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Abstract

In this work, the principal aim is the design of novel signal amplification and
conditioning stages using opamps, for an intelligent gas microsensor. The design
dimensions were computed based on a small signal model of a MOSFET. The
necessary configurations for the opamp were chosen according to the
requirements of the sensor, which means, that the input signals are taken from this
one. The sensor is based on a ZnO thin film deposited on the top side of a micro
hot plate located within a micromachined pit. Thanks to the integration of signal
conditioning stages within the design, it is said that it is an intelligent sensor. The
right operation of the amplification stage and signal conditioning is supported by
means of techniques of analysis of stability like the roots locus method, and

computed Bode diagrams and simulations have been developed.

Keywords: Gas sensors, MEMS, opamp, smart sensors.

1. Introduction

Today, MEMS microsensors and smart sensors have very important and
multiple applications in industry, automotive sector, aeronautics, biomedicine,
consumer staples, etc. The most important advantages about MEMS are: their size
(they are small devices), their low power consumption, batch fabrication and very
low costs. MEMS sensors make a rich design space of networked sensors viable
[Gonzalez, 2006], [Howe, 1996].
Intelligent microsensors have a sensing stage and a conditioning stage due to the
fact that the sensing stage provides a very low current in the nanoampere range
[Gonzélez, 2006]. Such current is a nonlinear signal and, since it is extremely low,
it is hard to be manipulated by any ordinary electronic circuitry. For this reason, it is
necessary to add linearization and amplification stages within the same monolithic
integrated circuit. With these stages, undesired effects in the integrated circuit can
be eliminated, such as parasitic charges, interface problems, noise, among others.
[Vazquez, 2008]
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The signal provided by the intelligent microsensor can then be converted to digital

mode and then it be manipulated by a digital system or a digital computer.

2. Methods

Consider a gas microsensor which provides a small and nonlinear current
signal. That signal must be amplified and linearized. With this in mind, an opamp
was designed using CMOS technology.
Three-stage opamp
A three-stage opamp was proposed as is shown in figure 1, where the first stage,
A1, is a differential amplifier. The later has an input labeled Vqi. The second stage,
A2, is the gain stage, which decreases the gain at high frequencies; and the last

stage, X1, provides gain in current mode.

Decreases the gain Provides gain in
at high frequencies cutrent mode
‘ Cc
I
Vi | Al ‘ A %
Amplif diff Gain stage Power up stage

Figure 1 Three-stage opamp.

The diagram of the designed opamp is shown in figure 2. This opamp diagram was
performed using Orcad® software. Subsequently, the opamp shall be explained in
detail.

The Opamp design was developed according to AMIS 0.5 foundry technology and
the layout was developed by using the L-Edit® software by Tanner-EDA. Values of
L=2Ap, W=3Ap and A\p=1.5um/2 were proposed.
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Figure 2 Opamp schematic circuit. M1 and M2 configure a differential pair, M3 and M4
form a current source load, M5, M6 configure a current mirror, and M7 and M8 configure a

common source stage.

Differential pair (inputs)

To better understand how opamp works, it was divided in several parts, the first
one is the differential pair input.

The differential pair is formed by M1 and M2 n type transistors. It is well known that
the current across the differential pair, comes from a current mirror (M3 and M4, p
type transistors). The dimensions of the transistors were calculated under the

same conditions. That way, Iss is given by:

I OVIZLZ 55,6
2

(1)

From (1) Ws=W,=15.61[h [ER1[EkF15.75[Hh and the current Iss=10.09uA were
calculated, this current flows across M1 and Maz. For frequency compensation,
these dimensions may be increased, even when the voltage applied affects too
much adversely the current value which should be a constant value. [Vazquez,

2008], [Tsiviois, 1999], [Baker, 1997], [Gray, 2001].
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The same design rules are now applied for p type transistors. The current source
load was calculated to assure a Ilss=10.09uA current and a voltage of
Ves34=Vtrp+0.3V=1.48V, Vop=5V, Vss=0V, then W3 can be calculated using (2):

s Eo.og%@m Eh
5 )

W3=W,=52.93[h [V 1[8F53.2508h and 1ss=10.15pA were calculated. This current
parameter increases when the load potential of the current source load needs to
decrease.

Current mirror

To better understand how the differential amplifier stages work, it is necessary to
understand how the current mirror works. This configuration is frequently used in
circuit designing.

The current source was designed assuming that Vpp=5V, Vss=0V, lss=10pA
Vess,6=0.85V, with these voltage and current values both saturations of My and M2

are assured. The value of R is calculated assuming that Ips= Ipe=10pA, if

&Y =P BT
1p 300 Bss (s 2L (s By )?

Solving for R

(4)

Therefore, Ms and Mg currents have the same values; both dimensions of Ms and
Me were calculated by using

W, -
Iss d%i@ss,e VY (5)

Although there is a small increase in the power consumption and the gain

decreases, this will not affect the designed circuit.
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Output impedance is denoted by:

=1
-y ©)

/71§ calculated based on experimental data (0.06V-" typical), in this case

1 1 ;
e -—.7 .
oo 72, 0.06v 2D 23 Fsamecl]

Common source stage (output)

This stage is formed with transistors M7 and Ms. Transistor Mg is biased as current
source and the input of the amplification stage is connected to the gate of My.

The current through Mg and the current mirror (Ms and Me) must be the same.
Therefore, Mg, Ms and Ms have the same dimensions Ws=Ws= Wg=15.61[h
21[E15.7500h, whereas M; has the same dimensions than Ms, therefore, the
value of the current mirror and the differential pair is the same current.

Once the simulation is carried out, the transistor dimensions should be adjusted to
fulfill the polarization requirements, signal conditioning, power consumption,
stability and gain, among others [Vazquez, 2008], [Razavi, 2001], [Giurgiutiu, 2010],
[Schilling, 1999].

3. Results

With the objective of determining the characteristics of the opamp, the circuit
performance was simulated, 2.5V were applied to the non-inverting input (V5) with
two voltage sweeps. The first sweep is from OV to 5V and the second one from
2.47V to 2.53 with 0.001V steps in the non-inverting terminal (V4).
The diagram of opamp was simulated with Orcad® software, according to the
parameters of V3.1, level 7 of AMIS 0.5[8h technology libraries, equations have a
complexity degree of level 3. The results from simulations are shown in figure 3,
where the Iss in Ms is raised to 10.9uA due to channel modulation effects (figure

3.a), and Iss in M6 is raised to 11.1pA (figure 3.b). On the other hand, voltage Ves
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in Ms is 858mV (figure 3.c). From figure 3.d it is shown that the equation Vgss =
0.3V+Vrhn is satisfied which means that the transistors are in saturation. [Vazquez,
2008]

Gain

Gain is expressed by the next equation'

A, [ OB, B, L i L0, Ir |r, L

8

c) d)
Figure 3 Simulation plots of schematic of figure 2.

From figure 4, it can be determined that the gain is given by

‘AOL‘ tomm [E 2.93V (7,305
(7. 815 5/ (9)

Gain is modified due to body effect. Gain results in the [Fariation and, in
consequence, the variation of Eq. 8. The output current of the second stage will be

the same current of the design, this means Iss = 10.9CA.
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2 56, S9RZRG
if--81.68180, -2 933393

Figure 4 Opamp response due two voltage sweeps applied.

Small signal analysis
In a two-stage amplifier, figure 5, and considering high impedance nodes, which
determine the dominant poles, the output resistance R of the opamp is connected

to ground, is given by:

R Edr, (10)

Where both /Z/and [i/are the output impedances of Mz and M respectively.
Capacitance Cy, can be calculated using:

CTOT @L @um @gm Eunz Eguz (1 1)

Where Cror is the total capacitance of the circuit, the load capacitance Ci is Cag7 +
Cgs7, Which are drain-gate and gate-source capacitances of My, Cabsa and Cgqus are
drain-bulk and gate-drain capacitances of M4, Cab2 and Cga2 are drain-bulk and
gate-drain capacitances of Mz. Since Cqg7 is connected between the input and the
output of the amplifier, the Miller theorem can be applied to divide the capacitance
in two parts. The first capacitance is connected to the input and the second one to

the output of the amplification stage. Miller capacitances are supposed to be
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connected to the gate and to the physical ground and between the drain and the

physical ground; then, the load capacitance is now:

c (¢, [, (12)
Where Cwi is known as Miller input capacitance, Cwi is denoted by:
Cun ElLER)) (13)
and Cwo, the output miller capacitance, is denoted by
(14)

On the other hand, the drain node of My is characterized by Rz and Cz, where Rz =
R4, because the current of polarization is the same.

Cz is given by:

db7 dbS Egd&

(15)

Finally, the calculated values are R1 = R2 = 1502kQ, C1 = 1.14pF and C2 = 1.84fF.
[Vazquez, 2008], [Giurgiutiu, 2003].

MZ and My Drains M7 and MB Drains
+ + V2 Vout
vpr smvoiQ)  Ri Ci== amiVa(]) R Co=t

s - Yo

Figure 5 Small signal model of a two stages amplifier.

Frequency response analysis

The closed-loop gain of the opamp is described in terms of
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Aol

Ao B
b 1A, T (16)
where Aol is the open loop gain of the opamp.
The amplifier reaches stability when:
(Ao BT 4,y (o, £ llIBO® (7

Where B represents the amount of output signal that could be feedback and
subtracted to the input of the amplifier; the highest possible value of B with
amplification is given when B=1 and this condition is achieved in the voltage
follower configuration.

Figure 6 shows the Bode plots resulting from the simulations. These were
performed using the Orcad® software, applying an input signal of 0.01Hz up to
10GHz, with 10-decade steps. In figure 6a, the system shows a unit gain (0dB),
which corresponds to a phase angle of 45°, whereas figure 6b shows that the gain
is -25.997dB, which means that the system does not require external
compensation [Vazquez, 2008], [Razavi, 2001], [Giurgiutiu, 2010], [Schilling, 1999].
Opamp characterization

One quality of the opamp is to reject a common signal (CMRR) applied to its two

inputs and it is represented by the gain in common mode given by:

CMRR om%‘ 0|og\gm|a“r04|g];m4ros\

(18)

In figure 7 it can be noticed that CMRR=-42.92dB, which is a convenient value for
a good performance of the amplifier. On the other hand, the power supply rejection
ratio (PSRR) is used to describe the amount of noise that a voltage power supply
of a particular device can reject.

PSRR [ER, (Vo /Van) (19)
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Where Ao is the open-loop gain, vout is output voltage and vsin is input sinusoidal
voltage; for this opamp PSRR = -3.704dB. Figure 8 shows the maximum cut
frequency, where a fmax = 195 KHz can be noticed. [Vazquez, 2008].

Gas sensor-opamp connection

It is well known that electrical properties of semiconductors have a tight
dependence on temperature. In the case of semiconductor oxides, a ZnO thin film
must reach temperatures close to 300°C so the right adsorption and reduction
processes can be correctly carried out in presence of oxidizing or reducing
species. The main characteristic of a ZnO thin film is that the variation of its
resistance is not a linear in presence of a reducing species such as CO. For this
reason, the most of gas sensors are based on thin films of semiconductor oxides,
this process is explained in detail in [Gonzalez, 2005, 2006, 2013].
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Figure 7 Common mode gain (CMRR) for an input signal applied (0 through 5V, with
0.0001v steps).

Pistas Educativas Afo ##H#H#H# - ISSN 1405-1249
Certificado de Licitud de Titulo 6216; Certificado de Licitud de Contenido 4777 -Exgediente de Reserva 6 98 62
http://pistaseducativas.itc.mx

~1692~




Pistas Educativas, No. ###, ##t#iHi-#HHH 20##. México, Instituto Tecnoldgico de Celaya.

Figure 8 PSRR simulation.

In figure 9, the behavior of a gas sensor can be observed. The gas sensor
measurements were compared to simulations that were carried out using Matlab®
and Orcad® softwares. The use of a 100M[Eresistance in series (voltage divider)
with the gas sensor, allowed getting voltage values for different CO concentrations.
Due to sensor resistance variation, it cannot be measured directly. For this reason,
an opamp in voltage follower configuration is connected to the voltage divisor
output; this allows the interaction between the gas sensor and the load. In this
case, the load is a variable gain amplifier (VGA).

Since the output in voltage mode of a voltage divisor has a logarithmic behavior, an
output in a proportional voltage mode of CO concentration is desired. The VGA
provides a linear variation of output voltage of the signal conditioning stage, with
respect to a CO concentration variation. After analyzing the slope of the logarithmic
plot, there are four regions where such variation of the plot is minimum. Therefore,
the VGA has four possible changes in its gain (although there might be fifteen
changes). Each of the four regions already mentioned have different slopes that
must be interpreted. VGA lets every region to have the same slope; nevertheless,
the slope increases or decreases the voltage value in each region, which means
that it moves the whole region upwards or downwards. That is why compensation

voltages are required. Compensation voltages are different in each region and they
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depend on the gain. Voltages are added or subtracted to a whole region depending
on whether the signal is amplified or attenuated, respectively. [Vasquez, 2008]

The current follower circuit is connected to the VGA output with the purpose of
avoiding any interaction with the load. Figure 10 shows the schematic circuit. It was
designed with connections for external resistances, because external resistances
can modify the gain. First and third terminals are designed for power supply
connection. The second terminal is designed for connection of the 100M[E]
resistance, Vdiv is the output voltage of As1; an input resistance R1 is connected to
Vaiv and R terminals; Vc is the voltage that compensates the gain change of Agy;
Cv1234 are control signals which determine feedback resistance. Feedback
resistances Rr are connected between R1,234 and V. The output signal of Agy is
connected to the non-inverting output of the current follower As2. As2 avoids the
load to drain current to Agy, and finally Vout is the output voltage of the circuit.
[Vazquez, 2008]
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CO:z2 concentrations.
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Figure 10 Schematic circuit developed.

4. Discussion

The signal conditioning stage is very important, because sensor signal
linearization is needed. The sensor’s linear signal is taken to a standard range for
right measurements. Signal conditioning stages must have a right approximation of
the sensor’s behavior. The approximations were developed by Matlab® using
recursive gradient method. However, Orcad® allows designing more accurate
functions for the electrical behavior of the device, because resistive, capacitive and
inductive elements are used. Nevertheless, the functions developed in Matlab®
had problems when they were translated to Orcad®.
On the other hand, the use of PMOS instead of NMOS makes all the transistors
not to work in a saturation mode, and it was observed that their behavior was
unstable. The use of a logarithmic conditioning stage does not work because the
constants defined in this stage are different from the sensor's response
parameters; therefore, they do not eliminate each other. Finally, using a resistance
of 100M[Zn series with the gas sensor allows obtaining voltage values for different

CO concentrations. Since the sensor resistance variation cannot be measured
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directly, an opamp in current follower configuration is connected to the voltage
divisor output, and generating the possibility of interaction between the gas sensor
and the load. In this case, the load is a VGA. The realization of this on-chip device

will be developed.

5. Conclusions

A three-stage opamp was designed, such stages are three opamps called A1,
A2 and X1; since this circuit will have a special application, a lot of values were
computed.
In realizing of the opamp design, it was divided in a differential pair (formed by M
and M transistors), current load source (formed by Mz and M4 transistors), current
mirror (formed by Ms and Ms transistors) and common source stage (formed by My
and Mg transistors). Drain currents Ip and transistor dimensions as W and L were
calculated. Opamp design was developed according to 0.5(ish AMIS technology
and the layout was developed by using L-Edit software by Tanner EDA.
Simulations were developed using Matlab® and Orcad® softwares. Several
characteristics of the opamp were analyzed, such as gain, small signal analysis,
frequency response analysis; in addition, CMRR and PSRR were calculated.
Opamp design and calculations were based on basis of semiconductors, electrical
physics, magnetism concepts, modeling and transistors performance. In addition,
frequency stability was applied. Computational techniques gave us a very reliable
approximation of the performance and behavior of the opamp. The designed
Opamp was developed according to a particular gas sensor whose surface
resistance varies two orders of magnitude.
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