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CMOS Low-Noise Operational Amplifier for
Sensor Signal Amplification

Outline:

Outputs of various sensors such as optical sensors, ultrasonic sensors, and vibration sensors, which are
widely used in 10T equipment, are very small analog signals, so it requires high gain amplification by low-
noise amplifier circuits.

This application note explains the noise properties fo TC75S67TU as an example.
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1. Introduction

IoT and other applications incorporate various types of sensors to collect ambient data.

Commonly used sensors include motion sensors; pyroelectric infrared sensors for smoke alarms;
ultrasonic and light sensors for distance measurement; infrared sensors for security systems and
remote controllers; gas sensors for gas detectors; load cells for weight sensing; and shock sensors
for vibration detection. In many cases, a small signal from a sensor is amplified with an op amp
before being fed to an analog-digital converter (ADC).

Because most sensors provide a small analog signal, low-noise op amps are required for high-
precision amplification.

This application note uses Toshiba’s TC75S67TU ultra-low-noise CMOS op amp to describe how
to obtain the best performance from low-noise op amps for the amplification of a small sensor
signal.
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2. Overview of a sensor and an amplifier circuit for a small signal

Since the output of a sensor is a small signal, a low-noise op amp is required for high-precision
amplification. Figure 2.1 shows a diagram of a sensor circuit block.

Op- AD
Ultrasonic, b~ Sensor |memmgp{ ;= Converter [P MCU etc.

Tiny signal Amplified signal

(with op-amp noise)

Figure 2.1 Example of a sensor circuit block

Examples of typical sensor circuits are described below:
(1) Vibration sensor circuit
Figure 2.2 shows an example of a shock sensor circuit (charge amplifier circuit) using an op amp,
which causes the charge output (Qs) to change in proportion to the magnitude of vibration applied
to the shock sensor. This circuit consists of an op amp that amplifies a signal from the shock sensor
and a feedback capacitor (Cr).

(2) Ultrasonic sensor circuit

Figure 2.3 shows an example of an ultrasonic sensor circuit (inverting amplifier circuit) using an op
amp, which receives ultrasonic with an ultrasonic sensor and converts it into voltage. This circuit
comprises an AC-coupling capacitor (Cc), an input resistor (Rs), and a feedback resistor (Rf) in
addition to a sensor.

(3) Light sensor circuit

Figure 2.4 shows an example of a light sensor circuit (current-to-voltage converter circuit) using an
op amp, in which a small current (Is) flows in proportion to the intensity of light received by a light
sensor (photodiode, or PD for short). This circuit consists of a light sensor, an op amp that amplifies
a signal from the sensor, a resistor (Rf) for current-to-voltage conversion, and a capacitor (Cr) for
oscillation prevention.

Gf
S R -
Cc Rs
QS"’F M Ultrasanic sensor ‘I'F _VSUT IS,L _V%UT
Vibration sensor . D-
PD 2
[ [ =
Figure 2.2 Example of a Figure 2.3 Example of a typical Figure 2.4 Example of a
typical shock sensor circuit  Ultrasonic sensor circuit typical light sensor circuit
(charge amplifier circuit) (inverting amplifier circuit) (current-to-voltage

converter circuit)

The next section discusses the performance required for op amps for major sensor applications.
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3. Performance requirements for op amps for sensor signal

amplification
3.1 Impact of the noise of op amp circuits on sensing accuracy
Circuit using a low- Circuit ith
Sensor | MV . System ircuitry wi
— noise op-amp > y high accuracy
Small signal
ANAN/\ | Circuit using a noisy MW\/\ Circuitry with
Sensor . op-amp | System | 6w accuracy
Small signal i

Figure 3.1.1 Impact of the noise of op amp circuits on sensing accuracy

Figure 3.1.1 shows the impact of op amps on sensing accuracy. When a small signal from a sensor
is amplified by a noisy op amp, its noise is superimposed on the amplified sensor signal, degrading
sensing accuracy. Resistors in the sensor circuit also affect the value of noise.

Op amp noise can be classified into external or internal noise, depending on its source. Internal
noise is generated in the op amp whereas external noise is caused by a feedback resistor and
other external components. Figure 3.1.2 shows the sources and types of op amp noise.

Figure 3.1.3 shows the noise frequency characteristics of an op amp. 1/f noise is present in the
low-frequency region whereas white noise is present across the whole frequency spectrum (see
Table 1).

¢ External noise sources (external resistors)
¢ Thermal noise dependent on the resistor value
« Flicker noise dependent on the type of resistor

[
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Figure 3.1.3 Frequency characteristics
Figure 3.1.2 Op amp circuit noise model of op amp circuit noise
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Table 1 Noise frequency characteristics

Source Frequency Region Dominant Noise Cause of Noise
) Flicker noise, Effect of lattice defects in
Internal 1/f region . .
. Burst noise semiconductor
(low-frequency region) - - -
External Flicker noise Resistors

. Current passing across the p-n
Internal Shot noise . . .
junction of semiconductor

White noise region

Internal (whole frequency spectrum)
External

Op amp and external resistors;
Thermal noise dependent on the resistor
value

3.1.1 What is internal noise?
Internal noise is the noise generated within an op amp circuit. There are four main sources of
internal noise.
(1) Thermal noise
Thermal noise is generated by resistors and MOSFETs that constitute an op amp circuit.
Thermally excited electrons move irregularly among the atoms in a resistor, causing noise
voltage to appear across the resistor even when there is no current flowing through it. Thermal
noise (Vnr) is expressed as:

VNT = V4kTB

where k is the Boltzmann constant (1.38 x 10723) in J/K, T is absolute temperature in K, R

is resistance in Q, and B is the frequency bandwidth in Hz.

This equation indicates that thermal noise increases with the resistor value.

(2) Flicker noise and burst noise
Flicker noise and burst noise are generated by the MOSFET and other elements in a CMOS op
amp.

(3) Shot noise
Shot noise results whenever current crosses the potential barrier of a p-n junction.

Take, for example, a shock sensor circuit that is affected by internally generated noise.
The shock sensor circuit shown in Figure 2.2 uses a charge amplifier circuit. Let the output charge
of the shock sensor be Qs coulombs and the feedback capacitor value be Cr. Then, the output voltage

of the op amp is expressed as Vyyr = s, Letting the capacitance of the shock sensor be Cj, the noise

Cr
gain (Gn) of this circuit can be expressed as Gy = % The equivalent input noise voltage of the op

amp is increased Gy times, causing a sensor error. To reduce the sensor error, a low-noise op amp
must be selected for this shock sensor circuit.
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3.1.2 What is external noise?
External noise means the noise generated by resistors external to an op amp.
(1) Flicker noise
Resistors generate 1/f noise.
(2) Thermal noise
Resistors external to an op amp generate thermal noise (Vnt), which is affected by the values
of the above resistors and the ambient temperature.
R

R 2 M 1
VWA ——

Equivalent input noise voltage ]

Input Vyin R1

Input Vi Ry
O—wv Oo—w N Qutput V,
IN(-) Qutput Vout o (1 . L 0 P ouT
IN(+
RA % Ra Equivalent input noise current ]
Figure 3.1.4(a) Example of an inverting 3.1.4(b) Example of an inverting
amplifier circuit Figure amplifier noise model

The equivalent input noise voltage (Vnin) of the inverting amplifier circuit shown in Figure
3.1.4(b) can be calculated as follows:
« Thermal noise voltage density at the output due to resistors: Vrn (Vrms/v/Hz)

R, 2 R
Van= J ((—R—l),/zume1 ) +{JakTR, (1 P+ 4KTR, |
» Output noise voltage: Ven (Vrms/vHz)
Vony = en(1 +%), where ey is the equivalent input noise voltage density of an op amp.

« Output current noise voltage density: Vin (Vrms/+/Hz)

Viy = \/{i,\, + Ry (1 + %)}2 + (iy — R,)?, where iy is the equivalent input noise current noise density.
Total noise voltage density at the output of an op amp (Vnout) is expressed as follows in Vrms/+/Hz:

Vnour = \/VRNZ + Von® + Vin®

Hence, the equivalent input noise voltage of this circuit (Vnin) is calculated as follows in Vrms/+Hz:
_ Vnour

VNin - RZ
_R_1|

For example, an ultrasonic sensor is affected by internally and externally generated noise.

The ultrasonic sensor shown in Figure 2.3 uses an inverting amplifier circuit. Let the output voltage
of the ultrasonic sensor be V¢, the input resistor value be RS, and the feedback resistor value be Rf.
Then, the output voltage of the op amp can be expressed as V,,; = —i—: - V¢. This circuit is affected

by the noise generated by external resistors in addition to the internal noise of the op amp.
It is therefore necessary to reduce both internally and externally generated noise.
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3.2 Selecting an op amp with low input bias current to reduce a sensing error
The light sensor circuit shown in Figure 2.4 uses a current-to-voltage converter circuit. Let the output
current of the sensor be IS and the feedback resistor value be Rf. Then, the output voltage of the
op amp can be expressed as Vyyr = Is - Rf. The output current of a photodiode, which varies with the
input light intensity, is small—on the order of a few nanoamperes to a few microamperes.
Consequently, if the input bias current (IB) of the op amp is large, Vyyr =I5 Ry appears as a sensing
error. It is therefore necessary to select an op amp with minimal input bias current for this light
sensor circuit.

Input Vi, IB(-)
—_—
O—wW—
IB(+)
—_—

=

Qutput VouT

Figure 3.1.5 Input bias current
Toshiba’s TC75567TU op amp provides a solution that meets all the requirements discussed in
Section 3. The next section describes the TC75567TU.

4. Op amp ideal for sensor signal amplifier circuits

4.1 Selecting an op amp with low internal noise

The TC75S67TU provides better noise performance than Toshiba’s previous CMOS op amps
because of improvements in semiconductor process technology and op amp circuitry. Its typical
equivalent input noise is 16 nV/vHz (at f = 10 Hz) in the 1/f region and 6 nV/vHz (at f = 1 kHz)
in the white noise region. The outstanding noise performance of the TC75567TU makes it ideal
for high-precision amplification of a sensor signal across the whole frequency spectrum. Equivalent
input noise voltage (Vn1) is dependent on the supply voltage (Vop). Figure 4.2 shows the Vni—Vop
curve of the TC75S67TU.

V- f
@Ta=25C. Vpp=3.3V. Rs=100Q

Noise index 1: 10 Hz Noise index: 2:1 kHz

£ 150 n — .
f 175 [ previous CMOS op amp: | p—————— The equivalent input noise voltage
§ 100 TC75S51FU I N of the TC75S67TU is roughly 86%
g 75 1T T TTIT L UL lower at 10 Hz and roughly 82%
; 50 Hnew:Tc75567TU EEREI i lower at 1 kHz than that of
g 25 b >N~ """ | [ ——— Toshiba’s previous CMOS op amp.
£ 0
g 10 100 1K 10K

Frequency f (Hz)

Figure 4.1 Typical equivalent input noise voltage-vs-frequency curve of the TC75S67TU
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Figure 4.2 Typical equivalent input noise voltage-vs-supply voltage curve of the TC75S67TU

4.2 Selecting external resistors to reduce externally generated noise

An op amp’s external noise is mainly affected by:

(1) External resistor type
Resistors generate 1/f noise caused by flicker noise, which can be reduced by using thin-film
chip resistors or metal-film resistors instead of carbon-film resistors or thick-film chip resistors.

(2) Thermal noise

The equations for the inverting amplifier circuit shown in the previous section indicate that
thermal noise can be reduced by reducing the R1 and Ry values appropriately according to an op
amp’s output current without changing their ratio (R2/R1). Equivalent input current noise causes
the equivalent input noise voltage (Ra) to be multiplied (1+R>/R1) times by the inverting amplifier
circuit. In the case of typical bipolar op amps, resistor Ra helps reduce the input offset voltage
generated by the bias current for the input pins, In+) and In¢). However, Ra has little such effect
on the TC75567TU because its input bias current is as small as roughly 1 pA. It is therefore
unnecessary to connect Ra to the TC75S67TU to reduce thermal noise. Just for reference, Figure
4.3 shows an equivalent input noise voltage (Vni)-vs-signal source resistance (Ra) curve for the
circuit shown in Figure 3.1.4.

The thermal noise (Vnt) of a resistor is affected by temperature and frequency bandwidth as
described in Section 3.1.1. Therefore, thermal noise can be reduced by: 1) reducing the resistor
value, 2) minimizing the frequency bandwidth, and 3) reducing a circuit’s operating temperature.
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Figure 4.3 Typical equivalent input noise voltage-vs-signal source resistance curve
of the TC75S67TU

4.3 CMOS op amp with low input bias current suitable for improving the

accuracy of a sensor circuit

As described in the preceding subsection, the input bias current for an op amp could greatly affect
the accuracy of a sensor circuit. Fabricated using a CMOS process, the TC75567TU op amp
provides a typical input bias current of 1 pA (at Ta=25°C), several orders of magnitude smaller
than that of typical bipolar op amps with an input bias current of a few nanoamperes. Consequently,
the TC75567TU has very little adverse effect on the accuracy of a sensor circuit and is therefore
the ideal choice for sensor circuit applications.
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5. Summary

IoT and other devices are expected to continue to drive the demand for various sensors. It is
necessary to further enhance the accuracy of sensor circuits so as to improve the performance of
the applications incorporating them. Toshiba’s TC75567TU CMOS op amp with low noise and low
input bias current is designed to amplify a small sensor signal with high precision. The TC75567TU
provides the optimum solution for various sensor signal amplifier circuits. For details of its electrical
characteristics, see its datasheet.

Ultra-low-noise op amps:
To download the datasheet for the TC75567TU— Click Here

For other op amp circuit designs, see the application note Basic Operational Amplifier and

Comparator Circuits.
To download Basic Operational Amplifier and Comparator Circuits— @@ gE5

To view the lineup of other op amps— Click Here
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TOS H I BA Low-Noise CMOS Operational Amplifier Ideal for Sensor Signal Amplification
Application Note

7. RESTRICTIONS ON PRODUCT USE

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as “TOSHIBA".
Hardware, software and systems described in this document are collectively referred to as “Product”.

TOSHIBA reserves the right to make changes to the information in this document and related Product without notice.

This document and any information herein may not be reproduced without prior written permission from TOSHIBA. Even with TOSHIBA's
written permission, reproduction is permissible only if reproduction is without alteration/omission.

Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail. Customers are responsible for
complying with safety standards and for providing adequate designs and safeguards for their hardware, software and systems which
minimize risk and avoid situations in which a malfunction or failure of Product could cause loss of human life, bodily injury or damage to
property, including data loss or corruption. Before customers use the Product, create designs including the Product, or incorporate the
Product into their own applications, customers must also refer to and comply with (a) the latest versions of all relevant TOSHIBA information,
including without limitation, this document, the specifications, the data sheets and application notes for Product and the precautions and
conditions set forth in the "TOSHIBA Semiconductor Reliability Handbook" and (b) the instructions for the application with which the Product
will be used with or for. Customers are solely responsible for all aspects of their own product design or applications, including but not limited
to (a) determining the appropriateness of the use of this Product in such design or applications; (b) evaluating and determining the
applicability of any information contained in this document, or in charts, diagrams, programs, algorithms, sample application circuits, or any
other referenced documents; and (c) validating all operating parameters for such designs and applications. TOSHIBA ASSUMES NO
LIABILITY FOR CUSTOMERS' PRODUCT DESIGN OR APPLICATIONS.

PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE
EXTRAORDINARILY HIGH LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF WHICH MAY
CAUSE LOSS OF HUMAN LIFE, BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS PUBLIC IMPACT
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