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Preface

Piezoelectric (PE) accelerometers with integral electronics, also called Integrated

Electronics Piezoelectric (IEPE) accelerometers or Integrated Circuit Piezoelectric

(ICP) accelerometers, are vibration sensors designed for measurement of dynamic

vibration signals at frequencies ranging from very low (near-dc) to 10 kHz. Their

advantages include low noise; wide dynamic, frequency, and temperature range;

low-output impedance; high sensitivity; and the availability of miniature design.

IEPE accelerometers are used in many applications, such as aircraft, automobile,

and spacecraft measurements; structure monitoring; homeland security, oil explo-

ration; seismic isolation and stabilization platforms; seismology and earthquake

measurements; and active seismic isolators for gravitational wave detectors.

This book presents IEPE accelerometer information from leading industry

experts, working on development of IEPE sensors with Meggitt—Orange County

(formerly Endevco Corporation).

This book fills in the gaps of IEPE sensor literature. Most of the existing IEPE

accelerometer literature sources are a few journal articles and conference presen-

tations. There are few, if any, books on this subject.

Chapter 1 introduces the field of IEPE accelerometers, their principle, construc-

tion, block and schematic diagrams, and types. The next two Chaps. 2 and 3

describe the two basic parts of an IEPE accelerometer, PE transducer, and

FET-input amplifier, respectively. A PE transducer is also the main part of well-

known PE accelerometers used without electronics. Therefore, subsequent chapters

focus mainly on IEPE accelerometer electronics, which is probably less familiar to

most readers. FET-input amplifier is in most cases the main noise source of an IEPE

accelerometer. Chapter 4 contains noise analysis of a common-source silicon FET

amplifier, which forms the basis of the FET-input charge and voltage amplifiers

used in IEPE sensors. Chapter 5 presents noise measurement results of different

JFET and MOSFETs, the basic active parts for the FET-input amplifier. Chapter 6

discusses the fundamental noise limit of IEPE accelerometers determined by the PE

transducer used. Chapter 7 presents noise analysis and expression for an IEPE

accelerometer noise floor showing the main noise sources contributed by both the
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FET-input amplifier and the PE transducer. Chapter 8 describes the design of ultra-

low noise seismic IEPE accelerometers featuring perhaps the lowest noise floor (for

their size and weight) combined with the lowest (near-dc) operating frequencies

perhaps ever reported to date among the IEPE sensors. Chapter 9 presents high-

temperature, up to 175 �C, miniature triaxial and single axis IEPE accelerometers

with silicon-based electronics recently designed. This chapter also includes

comparison between the designed accelerometers and the state-of-the art high-

temperature accelerometers and discussion about key factors providing high-

temperature operation.

This book is a valuable information source on IEPE accelerometers and their

electronics for engineering, manufacturing, industry, and science professionals

working in the field of IEPE accelerometers, and also for undergraduate and

graduate students working in this area.

Irvine, CA, USA Felix Levinzon
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Chapter 1

Introduction to Piezoelectric Accelerometers

with Integral Electronics (IEPE)

Keywords Amplifier: charge amplifier; based on FET-BJT; based on Op Amp;

FET-input amplifier; voltage amplifier • Amplitude response • Frequency response

• Ground loop • IEPE accelerometer: characteristics; charge mode; configuration;

single axis; triaxial; voltage mode; with ground isolation; with TEDS • PE accel-

erometer • Phase response • Piezoelectric transducer • Remote charge converter

(RCC) • Signal conditioning circuit (SCC)

This chapter introduces the reader into the world of Piezoelectric Accelerometers

with Integral Electronics (IEPE), representing the large class of dynamic vibration

sensors that incorporate into one shielded package a piezoelectric (PE) transducer

as a mechanical part and integral electronics as an electrical part. These sensors

measure acceleration signals over wide frequency range typically from 1 Hz to

10 kHz. Some of them include frequencies below 1 Hz and above 10 kHz. This

chapter focuses more on the electronics used for the IEPE accelerometers, which

may be less familiar to most readers. The IEPE accelerometers’ principle, con-

struction, block diagram, design, performance characteristics, and types are

described. Two main types of the sensors, Charge Mode and Voltage Mode IEPE

accelerometers, comprising the FET-BJT and Op Amp based amplifiers are

presented. Coverage includes description and comparison between IEPE and PE

accelerometers, sensors with ground isolation and ground loop issue, and sensors

with Transducer Electronic Data Sheet (TEDS). The topics described provide

useful information for designers of IEPE accelerometers.

1.1 Principle, Construction, and Block Diagram

of IEPE Accelerometers

Piezoelectric Accelerometers with Integral Electronics, also called Integrated

Electronic Piezoelectric Accelerometers, represent the large class of dynamic vibra-

tion sensors that incorporate into one shielded package a Piezoelectric transducer as

a mechanical part and integral electronics as an electrical part [1–21].

© Springer International Publishing Switzerland 2015
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Another well-known name for the same sensor is Integrated Circuit Piezoelectric

(ICP) [3].The advantages of an IEPE accelerometer include low noise, wide

dynamic range, wide frequency response, wide temperature range, low output

impedance, high sensitivity, and the availability of miniature design. They are

used in many applications, such as aircraft, automobiles, structure monitoring,

medical devices, homeland security, oil and mineral exploration, seismic isolation

and stabilization platforms, seismology and earthquake measurements, and such

exotic application as active isolators for gravitation wave detectors. These sensors

measure acceleration signals over wide frequency ranges typically from 1 Hz to

10 kHz. Some IEPE sensors have frequency responses from very low frequency

f� 0.001 Hz. Also, the upper corner of some IEPE sensors can be above 10 kHz.

Figure 1.1 shows the block diagram of the IEPE accelerometer and its connec-

tion with the Signal Conditioning Circuit (SCC) located outside of the acceler-

ometer and connected with a coaxial or other type of shielded cable. The PE

transducer comprises a mass m and piezoelectric (crystal) element. When input

acceleration signal a applies to the sensor, the mass imposes a force F on the

crystal element, which transforms the input acceleration signal into an output

charge electrical signal. This structure operates in accordance with Newton’s

Second law of Motion: F¼ma. For the acceleration measurements, operating

frequency range is located below the PE transducer’s resonant frequency. At these

frequencies, the PE transducer is essentially a capacitive signal source having

high impedance.

The integral electronics comprises a built-in charge or voltage amplifier which

converts charge signal going from the PE Transducer into voltage output signal. It

consists of the input stage based on a Field Effect Transistor (FET) and the output

stage based on a Bipolar Junction Transistor (BJT). The amplifier transforms the

Fig. 1.1 Block diagram of the IEPE accelerometer with the signal conditioning circuit
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PE Transducer’s high impedance into the amplifier’s low output impedance

allowing transmission of the voltage signal over long cable lengths. Therefore,

such charge or voltage amplifiers are called either a Charge or Voltage Converters

in some literature sources [18, 22]. Types of FET can be n-channel JFET,

n-channel MOSFET, or p-channel MOSFET. BJT can be PNP or NPN type.

Some amplifiers can contain additional stages between input and output stages

mentioned above. In some sensors, the amplifier is based on an Operational

Amplifier (Op Amp), which incorporates the FET-input and BJT-output stages.

In some literature sources the IEPE accelerometer is called a Voltage Output PE

accelerometer in contrast to a Charge Output PE accelerometer used without

electronics [13, 23]. Most of the IEPE accelerometers are designed with the

charge amplifier circuit built-in, and just a few have a voltage amplifier. The

reason for this is that the charge amplifier compared to the voltage amplifier has

important advantages described below.

The IEPE sensor with a charge amplifier is called a Charge Mode IEPE accel-

erometer contrary to a Voltage Mode IEPE accelerometer comprising a voltage

amplifier. The presence of low output impedance allows using conventional, not

expensive low-noise, coaxial or other type of shielded cable for transmitting the

signal to the signal conditioning circuit.

Signal from the output stage goes to the SCC, providing power for the IEPE

accelerometer, additional signal amplification, and its processing dictated by the

specific sensor applications. It can be, for example, transformation of an accelera-

tion signal into a velocity signal with the help of the integrator. In some IEPE

sensors the integrator is placed inside the IEPE sensor if its dimensions allow this.

Voltage Supply (VS) is positive and usually from+ 22 to + 30 Vdc. Current supply

is constant and provided by a Contact Current Source CCS (for example, current-

regulating diode). This configuration makes it possible for an accelerometer to have

only two wires output connection with SCC (output and circuit ground), which

carries output signal and voltage supply at the same time. A decoupling capacitor

Cd placed between the output of the accelerometer and the input of the SCC

amplifier eliminates any influence of the IEPE accelerometer’s output dc bias

voltage on the SCC amplifier’s input stage.

There are many IEPE accelerometer designs determined by performance char-

acteristics, number of channels, dimensions, weight, and mounting options. Most

popular are the sensors having single axis and three axis (triaxial) [1–5]. A variety

of applications demand IEPE accelerometers with good performance parameters,

such as low noise, high temperature, small size, and low cost. For example, one of

the modern ultra-low-noise IEPE seismic single axis accelerometers feature a noise

floor estimated at about 40 ng=
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz and about 3 ng=

ffiffiffiffiffiffi
Hz

p
at

frequency 100 Hz [21]. This sensor has a cylindrical shape with a diameter of

65 mm, a height of 56 mm, and a weight of 770 g. Another ultra-low-noise

IEPE seismic, compact accelerometer has a slightly higher noise floor, specifically,

90 ng=
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz and 10 ng=

ffiffiffiffiffiffi
Hz

p
at frequency 100 Hz, but much less
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size and weight: a diameter of 29 mm, a height of 37 mm, and a weight of 170 g

[24]. Figure 1.2 shows photographs of those two sensors.

There are also recently designed miniature triaxial high temperature accelerom-

eters featuring operating temperature up to 175 �C [25]. These sensors have a cube

shape with a side of 10 mm and a weight of 5 g. One of those triaxial sensors is

shown in Fig. 1.3.

Some of the low-noise and high-temperature sensors mentioned above will be

described in the following chapters.

There are ultra-miniature IEPE single axis sensor having a size

5.2� 2.5� 2.5 mm3 and a weight of 0.2 g [26] (Fig. 1.4) and recently designed

two triaxial sensors [27, 28] (Figs. 1.5 and 1.6). The first one is isolated from ground

and has a size 6� 6� 6 mm3 and a weight of 0.55 g [27] (Fig. 1.5). The second one

is hermetically sealed, has the same size and a weight of 0.76 g [28] (Fig. 1.6).

These tiaxial accelerometers are probably smallest and most lightweight sensors

ever developed and reported to date among the traixial IEPE sensors.

Fig. 1.2 Photographs of

ultra-low-noise seismic

accelerometers

Fig. 1.3 Photograph of a

high temperature (175 �C)
miniature (10 mm cube, 5 g)

triaxial accelerometer
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1.2 PE Accelerometer Used Without Electronics and Its

Comparison with an IEPE Accelerometer

There is a well-known conventional class of PE accelerometers using the PE

transducer without electronics [1–6, 14, 18, 23, 29–34]. They have much bigger

historical background compared to the IEPE sensors. The PE accelerometers have

been designed and used for a long time until designers started putting electronics

inside them in during the 1960s [14, 35]. There are many literature sources

describing PE accelerometers. This type of sensors is called a Charge Output PE

Accelerometer mentioned above.

Fig. 1.4 Photograph of

ultra-miniature (0.2 g) IEPE

single axis accelerometer

Fig. 1.5 Photograph of

ultra-miniature (6 mm cube

0.55 g) IEPE triaxial

accelerometer

Fig. 1.6 Photograph of

ultra-miniature (6 mm cube

0.76 g) IEPE triaxial

accelerometer
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Figure 1.7 shows the block diagram of this accelerometer with SCC. A charge

signal from a PE accelerometer goes to the charge or voltage amplifier placed inside

the SCC. This amplifier, like the amplifier inside an IEPE sensor, contains a

FET-Input stage and BJT-output stage and transforms a charge signal

(picocoulombs) into a voltage signal (millivolts), which then is amplified and

processed by the SCC. With the purpose to eliminate influence of environmental

noise on the measurement system, the shielded, low-noise coaxial cable is typically

used between the accelerometer and the SCC.

We can see that the PE sensor has a coaxial cable operating in the high

impedance zone between the PE transducer output and the amplifier input. Such

separation of a PE transducer from the electronics creates additional connection

interface, which increases noise, decreases dynamic range, reduces reliability, adds

cost, and affects signal quality when compared with the IEPE accelerometer.

Coaxial cable in this zone generates so called triboelectric noise at low frequencies,

usually below 100 Hz [1, 36, 37].

The triboelectric noise has a mechanical-electrical origin [36]. Simplified expla-

nation of this phenomenon is the following. This noise is charge fluctuations taking

place between the cable’s central wire and shield due to cable flexing, shock or

mechanical stress which momentarily separates the conductor from dielectric at

some point along the cable [36, 37]. When the cable connects low impedance

devices, the level of this noise is negligible. But in the high impedance zone it

can be significant.

The triboelectric noise decreases ability of the PE accelerometer to measure

small signals at low frequencies, and, as a result, reduces dynamic range of the

sensor. With the purpose to mitigate influence of this noise, special low-noise

coaxial cable is used between PE Transducer and SCC Amplifier. But this cable

is not capable of completely eliminating triboelectric noise. In addition, this type of

Fig. 1.7 Block diagram of the PE accelerometer with the signal conditioning circuit
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cable is relatively expensive compared to the low-cost conventional coaxial cable

used in the IEPE sensors shown in Fig. 1.1.

Another drawback is that the high impedance cable has higher sensitivity to

Electro-Magnetic Interferences (EMI) penetrating it from outside space and

through ground connections (ground loop) than the low impedance coaxial cable

used in the IEPE sensor. Therefore, the cable is usually used not more than 100 f.

(about 30 m) [38]. With the purpose to mitigate EMI and ground loop problems, the

differential PE transducer and following differential amplifier in the SCC are used.

But these measures still cannot provide the low level of noise and protection against

EMI and ground loop interference that can be attained in an IEPE accelerometer.

When applications require longer cable, the Remote Charge Converter (RCC) is

used between the PE accelerometer and the SCC. Figure 1.8 shows block diagram

of the PE accelerometer with RCC and SCC. The RCC is actually the charge

amplifier with the same function of the IEPE accelerometer’s charge amplifier:

conversion of the PE transducer’s high impedance into the amplifier’s low output

impedance. Signal from the RCC goes to the SCC through the low impedance

coaxial or other type of shielded cable.

Advantages of the PE accelerometer are the absence of power supply and ability to

operate at much higher temperatures than the IEPE accelerometer. For example, there

are piezoelectric materials that allow PE accelerometer to operate at temperature

650 �C [29, 39, 40] and reports of operational temperatures as high as 900 �C
[41]. Also, the PE accelerometer features, in principle, large dynamic range. But,

since it requires the use in the SCC or RCC the charge amplifier having limited

dynamic range, this advantage comes to nothing in practice. Table 1.1 shows com-

parison between the IEPE and PE accelerometers, their advantages and drawbacks.

Fig. 1.8 Block diagram of the PE accelerometer with the Remote Charge Converter and signal

conditioning circuit
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1.3 Characteristics of IEPE Accelerometers

1.3.1 Sensitivity

Sensitivity S is a ratio between output voltage Vout and input acceleration as

S ¼ Vout

as
: ð1:1Þ

S is usually measured at one frequency located in the middle of frequency range,

e.g. 100 Hz, and has units mV/g, or V/g, or mV/m/s2, or V/m/s2. There are

accelerometers having S from a low value of 1 mV/g to a high value of 10 V/g.

Majority of the IEPE accelerometers feature sensitivity values of 10 mV/g and

100 mV/g. S is determined by the sensitivity of the PE transducer SPE and gain GA

of the amplifier:

S ¼ SPE � GA: ð1:2Þ

For a Charge Mode IEPE accelerometer, the sensitivity S¼ Sq is given by

S ¼ Sq ¼ QPE � Gq: ð1:3Þ

In (1.3), QPE is the charge sensitivity of the PE transducer typically measured in

pC/g. GA¼Gq is the charge gain of the charge amplifier usually having an unit of

mV/pC. For aVoltageMode IEPE accelerometer, the expression (1.2) can bewritten as:

S ¼ Sv ¼ VPE � Gv: ð1:4Þ

Table 1.1 Comparison between the IEPE and PE accelerometers

IEPE accelerometers PE accelerometers

Advantages Drawbacks Advantages Drawbacks

Lower noise, more

dynamic range

Require power

supply

Do not require

power supply

Triboelectric noise generated

in cable

Use conventional not

expensive cable

Lower operating

temperature

Higher operating

temperature

Requires special higher cost

low-noise coaxial cable to

mitigate noise

Less sensitive to EMI Additional connector

(PE accelerometer + cable +

signal conditioner) reduces

reliability and increases cost

Possibility of self-test

feature

More sensitive to EMI
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In (1.4), Sv is the sensitivity of a Voltage Mode IEPE accelerometer, VPE is the

voltage sensitivity of the PE transducer typically measured in mV/g, and GV is the

gain of the voltage amplifier measured in mV/mV or V/V. VPE is related to QPE by

the following:

VPE ¼ QPE

CPE
, ð1:5Þ

where CPE is the PE transducer’s electrical capacitance. Using conventional units,

(1.5) can be rewritten as

VPE
mV

g

� �
¼

QPE
mV
pC

� �
� 1000

CPE pFð Þ : ð1:6Þ

Sensitivity is usually specified with some tolerance, e.g. �5 %, �10 %.

1.3.2 Range or Dynamic Range

The range R is the maximum amplitude of acceleration signal measured by the

accelerometer before distortion of the output signal. R is typically specified in g’s.

R is given by:

R ¼ Voutmax

S
, ð1:7Þ

In (1.7), Voutmax is the accelerometer’s maximum amplitude of the output signal

voltage before its distortion. If an input acceleration exceeds R, the accelerometer’s

amplifier becomes saturated, and as a result, it makes impossible to measure the

input signal. The low end of the dynamic range is limited by the noise floor of the

sensor.

1.3.3 Transfer Function and Frequency Response

The IEPE accelerometer, like any accelerometer, belongs to a category of linear,

time-invariant systems having linear input-output relationship. In terms of complex

arguments, s¼ σ + j*ω, using Laplace transforms, such system held σ¼ 0, that

allows to reduce the Laplace transform with those complex variables to Fourier

transforms with real argument ω [42]. As a result, for continuous-time input signal

ain(t) and output signal aout(t), having corresponding Laplace transforms Ain(s)¼ L

1.3 Characteristics of IEPE Accelerometers 9



{ain(t)} and Aout(s)¼ L{aout(t)}, the transfer function H(s) is a linear transformation

of the input Laplace transform to the output Laplace transform:

H sð Þ ¼ Aout sð Þ
Ain sð Þ ¼ L aout tð Þf g

L ain tð Þf g ð1:8Þ

Specifically, if the input signal ain(t) is a complex harmonic signal with ampli-

tude |Ain|, angular frequency ω¼ 2πf, and phase P1:

ain tð Þ ¼ Ainj jej ωtþP1ð Þ, ð1:9Þ

the corresponding output signal aout
�
t
�
will be

aout tð Þ ¼ Aoutj jej ωtþP2ð Þ ð1:10Þ

Relationship (1.8) between aout(t) and ain(t) in the frequency domain is

represented by H( jω) which is the Frequency Response FR, having the following

two components:

AR ωð Þ ¼ H jωð Þj j ¼ Aoutj j
Ainj j , PR ωð Þ ¼ P2� P1 ð1:11Þ

In (1.11), AR(ω) is the Amplitude Response describing the accelerometer’s

sensitivity changes with frequency and PR(ω) is the Phase Response, showing its

phase shift with frequency.

Figure 1.9 shows an example of the AR curve for a Charge Mode IEPE

accelerometer comprising crystal elements made of piezoceramic, lead zirconate

titanate (PZT) material commonly used in modern IEPE accelerometers [1–5]. In

Fig. 1.9, AR covers typical usable operating frequency range up to 10 kHz. AR is
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Fig. 1.9 Amplitude response of a Charge Mode IEPE accelerometer
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specified within levels of�5 %,�10 % or 1 dB, and�3 dB relative to the AR value

at the reference f R, usually located in the middle area of AR, often fR¼ 100 Hz.

From Fig. 1.9 we can see that frequency response has slope about 2.5 % per

decade from frequency 1 Hz to 1 kHz. Actually, this slope exists over the entire

frequency range, but we cannot see it below 1 Hz and above 1 kHz because it is

masked by other factors. The slope is a characteristic of the PZT crystal element and

is typical for the Charge Mode IEPE accelerometers using such crystal element.

The Voltage Mode IEPE accelerometer containing the same crystal element has flat

frequency response (Fig. 1.10). The Charge and Voltage Mode IEPE accelerome-

ters using a quartz element also have flat frequency response.

The mounted resonance frequency fn ¼40 kHz can be identified from the AR

curve in Fig. 1.11.

The example of PR curve is shown in Fig. 1.12. PR is specified within some

value, e.g. �5�, also relatively to the PR value at the same reference frequency fR.
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The lower corner fL� 3 dB of AR for a Charge Mode IEPE accelerometer is

given by

f L�3 dB ¼ 1

2πRinCf
: ð1:12Þ

In (1.12), Rin is the input resistance of the charge amplifier, and Cf is the

feedback capacitance. As it is shown in Figs. 1.9 and 1.10, AR at low frequencies

have negative deviation: fL� 3 dB¼ fL� 3 dB.

For a Voltage Mode IEPE accelerometer, fL� 3 dB equals:

f L�3 dB ¼ 1

2πRin CPE þ C1ð Þ , ð1:13Þ

where Rin is the input resistance of the voltage amplifier, CPE is the PE transducer’s

electrical capacitance, and C1 is capacitor connected in parallel with the amplifier’s

input.

The upper corner fU� 3 dB of AR is usually determined by the PE transducer’s

resonance and, therefore, often has positive deviation: fU� 3 dB¼ fU + 3 dB.

Levels +3 dB, +10 %, and +5 % correspond to the points of about
f n
2
,
f n
3
and

f n
5
,

respectively [43]. When long cables are used, more than 200 ft (� 60 m), cable

capacitance CL can cause additional limitation for the upper corner of FR

[18]. Influence of CL on FR depends on the current supply value IS flowing

through the IEPE accelerometer’s amplifier. Lager values of IS allow amplifier

loading by more values of CL (longer cable) at the same FR level. Modern IEPE

accelerometers feature FR from 1 Hz to 10 kHz at level of�5 % at CL	 10 nF.

With the purpose to extend flat area of FR at upper frequencies, amplifiers

incorporate Low-Pass-Filter (LPF) for compensation of the rolling up trend of

FR caused by the PE transducer’s resonance. Such LPF is described in following

chapters.
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FR is measured by mechanical excitation of the accelerometer on specially-

designed calibration shaker vibrated by sine-wave generator swept over specified

frequency range. Acceleration is kept constant at some level, e.g. 1 g or 5 g, over

the entire frequency range. Most accelerometers are supplied with an individual

frequency response curve. Depending on mounting conditions, there are

sub-resonances that can be observed at frequencies below and above fn.

1.3.4 Resonant Frequency

The resonant frequency of an accelerometer fn is defined by the size of inertial mass

m and stiffness k of the crystal element:

f n ¼
1

2π

ffiffiffiffi
k

m

r
: ð1:14Þ

Values of m and k depend on the PE transducer design and size. For example,

shear mode design offers a lower k than compression mode. Therefore, it should

have a lower value of fn. But, on the other hand, shear mode transducers generate

more electrical output compared to the compression design for the same input

acceleration signal. Therefore, shear design allows using less mass to produce

the same electrical output than compression mode. As a result, in accordance

with (1.14), both those designs offer about the same fn if they have the same

package size.

Two values of fn minimum and typical, are commonly presented in the sensor’s

Performance Specification. Modern IEPE accelerometers having frequency ranges

up to 10 kHz and sensitivity up to 100 mV/g feature fn about 30–40 kHz [2–5]. In

comparison, seismic accelerometers with large m and sensitivity 10 V/g may have

fn about 400 Hz [21].

1.3.5 Temperature Response

Temperature response (TR) is the deviation of an accelerometer’s sensitivity ΔST
over operating temperature range typically specified in %:

TR ¼ ΔST
SRT

:100 %ð Þ: ð1:15Þ

In (1.15), SRT is the sensitivity at room temperature.TR curve is often included in

a sensor’s Performance Specification. Temperature deviations of the two following

components provide the main contribution into an IEPE accelerometer’s TR: gain
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of amplifier and sensitivity of the PE transducer. Usually, the latter dominates over

the first one, if a PE transducer contains a PE element made of PZT. A PE element

made of quartz is much more stable with temperature than PZT. Figures 1.13

and 1.14 show typical TRs of a Charge Mode IEPE accelerometer and a Voltage

Mode accelerometer, respectively. Both accelerometers contain a PE transducer

comprising a PE element made of PZT.

Modern IEPE accelerometers using high quality PZT PE elements and having

sensitivity up to 100 mV/g features TR	 5 % over the temperature range from

�55 �C to +125 �C [1–5].
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Fig. 1.13 Temperature response of a Charge Mode IEPE accelerometer
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1.3.6 Transverse Sensitivity

Conventionally, accelerometers measure acceleration in the normal direction per-

pendicular to its mounting surface and are specified by sensitivityS in this direction.
In reality, due to some misalignment of the accelerometer’s normal axis, there are

some responses to accelerations in other orthogonal directions. Transverse Sensi-

tivity TS is given by

TS ¼ STS
S

:100 %ð Þ: ð1:16Þ

In (1.16), S and STS are sensitivities in the normal and other directions, respec-

tively. Most of IEPE accelerometers feature TS	 5 %.

1.3.7 Amplitude Linearity

Amplitude Linearity AL is a parameter characterizing how linear the sensitivity of

an accelerometer is over its entire amplitude range. AL is measured as the deviation

of sensitivity ΔSL within this range:

AL ¼ ΔSL
S

� 100 %ð Þ ð1:17Þ

In (1.17), S is the sensitivity at some medium point of the accelerometer’s range.

Sometimes AL is called amplitude non-linearity, since it determines the deviation

from ideal linearity. AL is typically measured at a single frequency, usually located

in the middle of specified frequency range, e.g. 100 Hz. In practice, AL is higher at

the maximum level of the acceleration range and at small signals closed to the

accelerometer’s noise floor. Typical value of AL	 1 % for many IEPE

accelerometers.

1.3.8 Total Harmonic Distortion

The sensor non-linearity may cause signal distortion, which in the spectral domain

develops output signals at other frequencies besides the frequency at which the

signal is applied. Therefore, another parameter related to AL is used as a measure of

the sensor’s linearity or non-linearity. This is Total Harmonic Distortion (THD).

THD is defined as:

THD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

2 þ U3
2 þ . . .

p
U1

� 100 %ð Þ: ð1:18Þ
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In (1.18), U1 is the output signal amplitude at the main frequency f1, at which
signal is applied and THD is measured. U2, U3 . . . are the output signal amplitudes

at frequencies f2¼ 2f1, f3¼ 3f1 . . . i.e. second, third and next harmonics of f1,
respectively. In practice, (U2

2 +U3
2)
U4

2 +U5
2 . . . therefore, it is sufficient to

measure not more than two-three harmonics. Typical value of THD	 1 % for the

majority of IEPE accelerometers.

1.3.9 DC Output Bias Voltage

DC Output Bias Voltage VB is determined to a great extent by the amplifier’s

schematic solution and its voltage supply VS. VB is also temperature dependent.

Most IEPE accelerometer amplifiers operate from the positive VS¼ +22 to +30

Vdc provided by the Signal Conditioning Circuit. With the purpose to provide Full

Scale Output Voltage Voutfc with THD	 1 %, VB value must be specified within

some limits. Typical value is Voutfc¼ 5 Vpk. Based on this, VB can be VB¼ 10 – 13

Vdc at room temperature and VB¼ 8 – 16 Vdc over the entire temperature range.

1.3.10 Full Scale Output Voltage

Full Scale Output Voltage Voutfc is the maximum output ac voltage the accelerom-

eter can provide within a specified linear range. Since the output ac signal oscillates

around the bias de voltage, it always has positive values. Voutfc depends on VB and

VS. Figure 1.15 illustrates the relationship between those parameters. Typical value

of Voutfc¼ 5 Vpk (10 V pk-pk) over the entire temperature range.

Fig. 1.15 Relationship

between bias voltage Vb,

full scale output voltage

Voutfc, and voltage

supply VS
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1.3.11 Output Impedance

Output impedance Rout of the IEPE accelerometer has a low value. As mentioned

above, low value of Rout is critical for using conventional, not expensive, long cable

for transmitting of signals from the accelerometer to the SCC. Also, the low value

of Rout results in lower cable noise and provides good protection against EMI

impact and other interferences induced into it from outside space and ground

connections. Typical values of Rout	 100Ω.

The amplifier’s output impedance Rout can be measured using a variable loading

resistor RL connected in parallel with the output of the amplifier through a

decoupling capacitor Cd, as shown in Fig. 1.16. In this figure, es is the signal source

electromotive force, corresponding to the output voltage of the open-circuit

(no load) amplifier. From the schematic in Fig. 1.16, it holds:

RL ¼ 1 ! Vout ¼ Voutoc ¼ es,

RL ¼ RL1 ¼ Rout ! Vout ¼ VoutL ¼ Voutoc

2
¼ es

2
:

ð1:19Þ

So, we can measure Rout by changing RL to some value RL¼RL1 until the output

voltage Vout reaches level
Voutoc

2
. At this value of Vout, the loading resistor RL¼Rout.

Expressions (1.19) valid if the value of the capacitor Cd meets the following

conditions:

2πf RL1Cd 
 1: ð1:20Þ

In (1.20), f is the frequency at which Rout is measured.

Fig. 1.16 Schematic for

measurement of the

amplifier’s output

impedance
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1.3.12 Noise Floor

Noise floor of the accelerometer is its intrinsic accelerometer’s noise. It adds error

into the measurement system and limits dynamic range. There are two main noise

sources: noise of the amplifier and noise of the PE transducer. Usually the first one

dominates over the second one. But noise of the PE transducer should be taken into

account in the design of low noise accelerometers. A more detailed noise analysis of

an IEPE accelerometer is made in following chapters.

The noise floor is typically presented in the accelerometer’s performance spec-

ification as an equivalent input noise acceleration of two types: broadband noise

and spectral noise. The broadband noise is usually measured at the frequency band

from 1 Hz to 10 kHz or from 0.1 Hz to10 kHz and has unit μg or ng rms.

The spectral noise is the equivalent input noise acceleration spectral density.

It has unit μgffiffiffiffi
Hz

p or ngffiffiffiffi
Hz

p . Figure 1.17 shows an example of the spectral noise an of

the IEPE accelerometer.

1.3.13 Warm-Up Time

Warm-up time Tw is the time interval between the moment when the power supply

is on and the moment when the sensor is operable. Tw depends on the time constant

of the RC circuits used in the IEPE accelerometers. When a charge amplifier is

comprised of FET-BJT stages shown in Fig. 1.1, Tw is mainly determined by the

time constant of the Rin�Cf circuit, where Rin is the amplifier’s input resistance

and Cf is a feedback capacitance. In the case when a charge amplifier is built based

an Op Amp, Tw depends on the time constant of RinCPE, where CPE is the PE

1

10

100

1000

1 10 100 1000 10000

a n
 (
µV

/H
z1

/2
)

Frequency (Hz)

Fig. 1.17 An example of the spectral noise an of the IEPE accelerometer
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transducer’s capacitance. The same situation occurs when a voltage amplifier is

used. Depending on the circuit design, Tw may vary from a time less than 10 ms

[44] to a time of 2 min [45].

1.3.14 Overload Recovery

Overload recovery time TOL is the time interval between the moment when the

sensor’s amplifier becomes saturated and the moment when the sensor is returned to

operable conditions. Usually TOL values are in a range of TOL< 10 μs [2, 3].

1.3.15 Temperature Range

Most IEPE accelerometers operate over temperature ranges from�55 �C to + (125–

130) �C. The temperature range is restricted by maximum and minimum operating

temperatures of the integral electronics. There are high temperature, 163–185 �C,
IEPE accelerometers with high temperature silicon-based electronics developed

[25, 46–51]. Some of them are described in the following chapters.

Figures 1.18 and 1.19 show two popular 175 �C miniature triaxial IEPE accel-

erometers [25, 46]. The first one features the sensitivity of 10 mV/g, has a cube

shape with a side of 10 mm, and a weight of 5 g. The second one has sensitivity of

100 mV/g, the same cube shape, but a side of 14 mm and a weight of 14 g.

The alternative approach that has been used for high temperature applications

for a long time is separation of a PE transducer from the electronics and connection

between those two parts with the help of a high temperature shielded differential

cable. High-temperature PE accelerometers comprising a PE transducer alone are

capable of operating at temperatures of 650 �C [29, 39, 40], even at 900 �C
[41]. These sensors which generally include an integral mineral insulated metallic

cable are placed in the hot area and connected with a remote electronic signal

conditioning module placed in the temperature conditions that it can withstand,

Fig. 1.18 175 �C, 10 mV/g

miniature (10 mm cube, 5 g)

triaxial IEPE accelerometer
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usually T	 125 �C [29].The sensors are located in a high impedance zone which

requires a low-noise shielded cable and connectors. As mentioned above, the

presence of such zone increases noise, decreases dynamic range, reduces reliability,

adds cost, and affects signal quality when compared with the IEPE accelerometer.

Another option is the use of silicon-on-insulator (SOI) or silicon carbide (SiC)

technology for the design of the IEPE accelerometer’s electronics [52, 53]. This

option permits operating temperatures between 200 and 300 �C. Usually, such
sensors are very expensive, have limited performance characteristics and big size.

There are cryogenic IEPE accelerometers operating at temperatures down to

�196 �C [54]. Most of them are designed for applications where liquid nitrogen is

present.

1.3.16 Sinusoidal Vibration Limit

The sinusoidal vibration limit SVL is the maximum acceleration sinusoidal signal

that can be applied to the accelerometer before damaging it. For most IEPE sensors,

this limit is determined by the maximum PE transducer’s output sinusoidal voltage

at which the integral electronics can survive. Typical value of SVL is not less than

1,000 g pk for most sensors [2–5].

1.3.17 Shock Limit

Shock limit SL is the maximum transient acceleration signal the accelerometer can

withstand without damage. In common practice, SL depends on maximum transient

voltage that can be applied to the input of the amplifier’s first stage. Typical values

of SL for most IEPE accelerometers are 5,000 g pk to 10,000 g pk [2–5].

Fig. 1.19 175 �C, 100 mV/

g miniature (14 mm cube,

14 g) triaxial IEPE

accelerometer
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1.3.18 Base Strain Sensitivity

Base strain sensitivity BS characterizes how much the accelerometer is susceptible to

base bending. The base deformation is transmitted though the sensor’s structure to the

PE crystal element. BS is specified as equivalent g per strain (με) at 250 με [55]. The
250 με is a general industry reference standard, set forth by the Instrument Society of

America (ISA) [55]. BS depends on a sensor’s construction. By design, shear mode

accelerometers have much less BS compared to compression mode sensors.

1.3.19 Size and Weight

Size and weight of accelerometer may play a significant role in acceleration

measurement, especially, if the test structure is small and light-weight. The test

structure to which an accelerometer is attached is affected by the sensor. As a result,

the measured acceleration will have error caused by the sensor mass effect. This

effect can be ignored if the accelerometer mass is negligible compared to the mass

of the test structure. In practice, this takes place if the weight of the sensor is not

greater than 10 % of the weight of the test structure [56]. Therefore, designers try to

develop sensors as small and light-weight as possible.

Figures 1.20 and 1.21 show two ultra-miniature accelerometers: the single axis

sensor having a weight of 0.4 g [57], and triaxial sensor having a weight of 0.55 g [27].

Fig. 1.20 Ultra-miniature

single axis IEPE light-

weight (0.4 g)

accelerometer

Fig. 1.21 Ultra-miniature

traxial light-weight (0.55 g)

IEPE accelerometer
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This accelerometer is probably smallest and most light-weight sensor ever developed

and reported to date among the traixial IEPE sensors [27].

1.4 Types of IEPE Accelerometers

1.4.1 Charge Mode IEPE Accelerometer

This type of an IEPE accelerometer is used in most vibration applications, since it

features many advantages compared to the Voltage Mode IEPE accelerometer.

Among those advantages are wide dynamic range, high sensitivity, low noise,

independence of sensitivity on a PE transducer’s capacitance, flexibility designing

small sensors with high sensitivity.

Many of those advantages are due to the use of the charge amplifier as the

sensor’s integral electronics. The charge amplifier, also called commonly the

charge converter, is more suitable for such signal source as a PE transducer. This

is because the latter’s usable frequency range is below its natural resonant fre-

quency. At this frequency range, the PE transducer is essentially a capacitive signal

source. Contrary to the voltage amplifier, the charge amplifier can provide more

gain, simpler schematic solution, which is important for miniature design. As

shown below, charge gain of the system PE transducer—charge amplifier is inde-

pendent on the PE transducer’s capacitance. Therefore, any change in PE trans-

ducer’s capacitance does not affect the accelerometer’s total sensitivity.

1.4.1.1 Configuration of Charge Mode IEPE Accelerometer

Based on FET-BJT Charge Amplifier

The charge amplifiers may have various schematic solutions. The classical charge

amplifier is essentially an operational amplifier (Op Amp) with a feedback capac-

itor. Most of the Charge Mode IEPE accelerometers are built based on a Charge

amplifier comprising direct-coupled FET-BJT stages.

Figure 1.22 shows a configuration of such an IEPE accelerometer and Signal

Conditioning Circuit. The input FET stage having high input impedance matches

the PE transducer’s impedance. The output BJT stage provides low output imped-

ance. In terms of charge amplification, this direct-coupled FET-BJT charge ampli-

fier is similar to a charge amplifier based on an Op Amp. However, contrary to the

last one, the FET-BJT amplifier can provide higher operating temperature, lower

noise, more dynamic range, and lower size. In addition, such schematic configura-

tion, in combination with signal conditioning circuit SCC shown in Fig. 1.22,

makes it possible to have only two wires (output and circuit ground) and two-pin

connector, which carries the output signal and power supply at the same time.
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The first stage is based on one of two types of FET shown in Fig. 1.22: either a

n-channel JFET or a n-channel MOSFET. The output stage is based on a PNP

bipolar transistor. There are some schematics that may include additional stages

between those two stages. Capacitance Cf creates negative ac feedback that corre-

sponds to the amplifier’s charge mode configuration.

Biasing resistor Rb is included in the negative resistive dc feedback circuit

comprising also resistors R2 and R3 and providing dc bias for FET and

corresponding bias at the output of the amplifier VB. VB depends on the FET

parameters IDSS, and VGS(off), which may change from device to device within

large limits for the same type of FET. With the purpose to provide value of VB

within the amplifier’s operating limits, one from resistors R2, R3, or both of them

are often made variable for adjustment of bias at the input of FET and

corresponding bias at the amplifier’s output.

The PE transducer simplified equivalent schematic comprises the signal source

electromotive force (EMF) ePE connected in series with capacitor CPE representing

a PE transducer’s electrical capacitance. ePE corresponds to the output voltage of

the open-circuit PE transducer:

ePE ¼ as � VPE, VPE ¼ QPE

CPE
: ð1:21Þ

In (1.21), as is the input acceleration, VPE is the PE transducer’s voltage

sensitivity, and QPE is the PE transducer’s charge sensitivity. The charge qPE at

the output of the PE transducer and at the input of the amplifier equals:

Fig. 1.22 Configuration of the Charge Mode IEPE accelerometer based on the FET-BJT charge

amplifier and the signal conditioning circuit
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qPE ¼ ePE � CPE: ð1:22Þ

Resistor R1 placed between the PE transducer and the FETs gate can be omitted.

It is usually included into the circuit when it is needed to extent flat area of

frequency response at high frequencies. For this purpose, the one-pole passive

LPF created by resistor R1 and the PE transducer’s capacitance CPE is used. Such

LPF has corner frequency

f LPF ¼ 1

2πR1CPE
ð1:23Þ

and provides suppression of the PE transducer’s resonance to some extent. Often

such a case takes place in the sensor with resonant frequency which is relatively

close to the higher end of the sensor’s frequency band. In the sensor having resonant

frequency located far enough from the sensor’s frequency band, resistor R1 can be

omitted. Also, note that resistor R1 generates thermal noise voltage applying to the

input of the amplifier. To eliminate or decrease influence of this noise source in the

case of the low-noise design, this resistor is not used or its value is chosen small

enough to make its noise contribution negligible.

The signal conditioning circuit SCC is distant from the sensor and connected to it

using a coaxial cable. SCC provides power for the charge amplifier, additional

amplification, and signal processing. Typical voltage supply VS¼ +22 to +30 Vdc,

current supply CS¼ 2 to 20 mA. Nominal values of VS and CS at which perfor-

mance characteristics are usually measured and presented in performance specifi-

cation and data sheets as typical are 24 Vdc and 4 mA, respectively. Current supply

is constant and created by a constant current source (for example, current-regulating

diode). For low-noise design, rechargeable battery can be used as a power supply.

Cd is a decoupling capacitor which eliminates any influence of the amplifier’s

output dc bias on the SCC amplifier’s first stage.

The time constant of the circuit RinSCC�Cd (RinSCC is the input resistance of the

SCC amplifier’s first stage, Cd is a decoupling capacitor) should be chosen high

enough to provide a flat frequency response and negligible contribution of the

RinSCC thermal noise at the sensor’s frequency band:

RinSCCCd 
 1

2πf
: ð1:24Þ

In practice, it is sufficient to provide

RinSCCCd � 10

2πf L�3dB

, ð1:25Þ

where fL – 3 dB is the lower corner of amplitude response of the accelerometer at the

level of –3 dB.
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1.4.1.2 Configuration of Charge Mode IEPE Accelerometer

Based on Op Amp Charge Amplifier

The IEPE Charge Mode accelerometer based on an Op Amp charge amplifier with a

single-supply (+) operation is shown in Fig. 1.23. In this case, three-wires output

and three-pin connector are used between the sensor’s output and SCC: signal

output, positive voltage supply for Op Amp, and circuit ground.

Op Amps powered by a dual power supply (�) require four wires and 4-pin

connector between the sensor and SCC. There are schematic solutions with the Op

Amp based charge amplifier having also two-wire output option. Such schematics

are much more complicated and contain more components than the FET-BJT

configuration. The Op Amp option for the charge amplifier still has its advantages

and used in some IEPE accelerometers. Among those advantages are low-power

supply, e.g. 300 μW, and low value of warm-up time, e.g. 10 ms [44]. Table 1.2

shows comparison between Charge Mode IEPE accelerometers comprising

FET-BJT charge amplifier and Op Amp charge amplifier, their advantages and

drawbacks.

1.4.1.3 Transfer Function, Frequency Response, and Sensitivity

of a Charge Mode IEPE Accelerometer

Using the Laplace transform with complex argument, s¼ jω, we can write the

transfer function H(s) of the circuit shown in Fig. 1.22:

Fig. 1.23 Configuration of the IEPE Charge Mode accelerometer based on an the Op Amp charge

amplifier
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H sð Þ ¼ Vout iωð Þ
ePE jωð Þ ¼

Rinjj 1
jωCf

R1þ 1
jωCPE

¼ jωτPE
1� ω2τf τ1 þ jω τf þ τ1

� � ,
Rin ¼ Rb � R2þ R3

R3

� �
τPE ¼ RinCPE ¼ Rb � R2þ R3

R3

� �
� CPE, ð1:26Þ

τ1 ¼ R1CPE, τf ¼ RinCf ¼ Rb � R2þ R3

R3

� �
� Cf :

In (1.26), Rin is the input resistance of the amplifier, τPE, τf, τ1 are the time

constants of the circuit RinCPE, feedback circuit RinCf, and the circuit R1CPE,

respectively. From (1.26) we can obtain expressions for two components of Fre-

quency Response, Amplitude Response AR:

AR ¼ H sð Þj j ¼ Vout ωð Þ
ePE ωð Þ ¼ ωτPEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ω2τf τ1
� �2 þ ω τf þ τ1

� �	 
2q ð1:27Þ

and Phase Response PR:

PR ¼ arc tan
1� ω2τf τ1
ω τf þ τ1
� �

" #
: ð1:28Þ

Table 1.2 Comparison between Charge Mode IEPE accelerometers comprising FET-BJT charge

amplifier and Op Amp charge amplifier

Charge Mode IEPE accelerometers with

FET-BJT charge amplifier

Charge Mode IEPE accelerometers with Op Amp

charge amplifier

Advantages Drawbacks Advantages Drawbacks

Lower noise,

more dynamic

range

Typically require

more power supply,

e.g. about 100 mW

Allow low-power

supply option,

e.g. 300 μW

Higher noise, less dynamic

range

Higher operating

temperature

Higher value of

warm-up time,

e.g. 3 s

Allow option with

low value of warm-

up time, e.g. 10 ms

Lower operating

temperature

Simpler sche-

matic, less size

More complicated sche-

matic, more size

Allow two-wires

output and

two-pin

connector

Typically require three- or

four- wires output and

corresponding connectors

26 1 Introduction to Piezoelectric Accelerometers with Integral Electronics (IEPE)



In practice,

τf 
 τ1: ð1:29Þ

Thus, we can rewrite (1.27) and (1.28)

AR ¼ ωτPEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω2τf τ1
� �2 þ ωτf

� �2q , PR ¼ arc tan
1� ω2τf τ1

ωτf

� �
: ð1:30Þ

At frequencies located inside the sensor’s frequency band such that:

1

τf
� ω � 1

τ1
, ð1:31Þ

Eq. (1.30) for AR transforms into the expression for the voltage gain Gv:

AR ¼ Gv ¼ Vout

ePE
¼ CPE

Cf
: ð1:32Þ

GV has unit mV/mV or V/V and is usually used in the circuit characteristics

measurements and noise analysis.

The charge gain Gq can be found using (1.22) and (1.32):

Gq ¼ Vout

qPE
¼ Vout

ePE � CPE
¼ Gv

CPE
¼ 1

Cf
: ð1:33Þ

Then using (1.3), we can write an expression for the total sensitivity Sq of the
Charge Mode IEPE accelerometer:

Sq ¼ QPE � Gq ¼ QPE:
1

Cf
: ð1:34Þ

Gq has unit mV/pC and commonly is specified at a reference frequency fR,

e.g. fR¼ 100 Hz.

From (1.34) we can see that the sensitivity Sq of the Charge Mode IEPE

accelerometer is determined by the Charge Sensitivity QPE of the PE transducer

and the feedback capacitance Cf of the Charge Amplifier and does not depend on

the PE transducer capacitance CPE. This is one of the important advantages of the

Charge Mode IEPE accelerometers mentioned above.

The lower corner frequency of AR fL – 3 dB at level �3 dB is determined by τf :

f L�3 dB ¼ 1

2πτf
¼ 1

2π Rb � R2þR3
R3

� � � Cf

: ð1:35Þ
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The upper corner frequency of AR fU� 3 dB at the same level of �3 dB depends

on τ1:

f U�3 dB ¼ 1

2πτ1
¼ 1

2πR1CPE
: ð1:36Þ

As mentioned above, this roll off of frequency response can be used for

suppressing the resonance to some extent.

Note that charge amplifier creates inverse, 180�, phase shift for the signal at the
sensor’s frequency band. Therefore, with the purpose to provide the positive output

for acceleration with a direction from the mounting surface into the body of the

accelerometer, the crystal element should be oriented to create the additional 180�

phase shift.

1.4.1.4 Some Practical Examples

Let us calculate the sensitivity Sq, the lower corner frequency fL� 3 dB, and upper

corner frequency fU� 3 dB of the Charge Mode IEPE accelerometer having the

following parameters: QPE¼ 1 pC/g, Cf¼ 10 pF, CpE¼ 100 pF, Rb¼ 2 GΩ,

R1¼ 10 kΩ, R2¼ 600 kΩ, R3¼ 20 kΩ. Using (1.34), (1.35), and (1.36) we will

obtain: Sq¼ 100 mV/g, fL – 3 dB � 0.26 Hz, fU – 3 dB � 160 kHz. The corresponding

lower corner frequencies at levels �5 % and �10 % will be fL – 5 % � fL – 3 dB�4�
1 Hz and fL� 10%� fL� 3 dB � 2� 0.5 Hz, respectively. The corresponding upper

corner frequencies at levels �5 % and �10 % will be fU� 5%� fU� 3 dB/4� 40 kHz

and f U�10% � f U�3 dB

2
� 80 kHz, respectively. Note, this upper corner frequency is

determined by the LPF filter R1CPE only. The final upper corner frequency is a

result of combination of the LPF filter frequency response and the sensor’s rise

caused by its resonance.

The Amplitude Response AR curve of the sensor is usually shown in its

Calibration Certificate supplied with each sensor built. An example of the Ampli-

tude response AR curve for the Charge Mode IEPE accelerometer using PZT

crystal element is shown in Fig. 1.9 above. From Fig. 1.9 we can see slope of

about 2.5 % per decade in AR typical for the Charge Mode IEPE accelerometer. As

was mentioned above, the slope is caused by PZT crystal element. Modern IEPE

accelerometers feature flat AR from 1 Hz to 10 kHz with deviation	�5 % relative

to the AR value at the reference frequency fR¼ 100 Hz.

An example of the Phase Response PR curve is shown in Fig. 1.12 above.

Typical value of PR is not more than�5� at frequency range from 1 Hz to 1 kHz

relative to its value at the same frequency fR. Figures 1.24 and 1.25 shows

photographs of two popular Charge Mode IEPE accelerometers. The first one is

the single axis 500 mv/g accelerometer with a weight of 10.5 g [58]. The second one

is the triaxial 10 mV/g (100 mV/g is also available) miniature accelerometer

(10 mm cube with a weight of 5 g) [59].
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1.4.2 Voltage Mode IEPE Accelerometers

Figure 1.26 shows configuration of the Voltage Mode IEPE accelerometer with the

voltage amplifier based on the direct-coupling FET-BJT stages. In practice, the

voltage amplifier circuit is usually designed as the source follower SF with the

voltage gain (actually, this is the coefficient of transmission, not gain) GSF	 1. This

is due to the fact that it is hard to provide amplification using direct-coupling

FET-BJT circuit configuration. The input circuit of SF is comprised of resistor

Fig. 1.24 Photograph of

single axis 500 mV/g light

weight (10.5 g) Charge

Mode IEPE accelerometer

Fig. 1.25 Photograph of

triaxial 10 mV/g (100 mV/g

is also available) miniature

(10 mm cube) light weight

(5 g) Charge Mode IEPE

accelerometer

Fig. 1.26 Configuration of the Voltage Mode IEPE accelerometer
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R1 and capacitor C1. This circuit creates LPF, which can be used for compensation

of the sensor’s frequency response rise caused by the PE transducer’s resonance.

Capacitor C1 is often used as a variable type capacitor allowing adjustment of the

circuit’s gain Gv and, therefore, in accordance with the expression (1.4), the total

sensor’s sensitivity Sv.

1.4.2.1 Transfer Function, Frequency Response, and Sensitivity

of Voltage Mode IEPE Accelerometer

From Fig. 1.26, we can write the expression for the circuit’s transfer function

H( jω):

H jωð Þ ¼ Gv � 1

1þ jωR1 C1CPE

C1þCPE

� �
þ 1

jωRin C1þCPEð Þ
, ð1:37Þ

Gv ¼ GSF

1þ C1
CPE

and Rin ¼ Rb � R2þ R3

R3
: ð1:38Þ

In (1.37) and (1.38), GSF and Rin are the gain and the input resistance of a source

follower SF mentioned above, respectively. From (1.37) we can identify the

Frequency Response FR of the circuit presented as the Amplitude Response AR

and Phase Response PR. For this, we will simplify (1.37) by restricting it to the two

most interest frequency area: frequencies below the upper corner frequency

ωU� 3 dB such that

ω � ωU�3 dB ¼ 1

R1 C1CPE

C1þCPE

ð1:39Þ

and frequencies above the lower corner frequency ωL� 3dB such that

ω 
 ωL�3 dB ¼ 1

Rin C1þ CPEð Þ : ð1:40Þ

At frequencies below upper corner frequency (1.39), H( jω) and corresponding

AR and PR become

H jωð Þ ¼ Gv � 1

1þ 1

jωRin

�
C1þCPEÞ

¼ Gv �
jωRin

�
C1þ CPEÞ

1þ jωRin

�
C1þ CPEÞ

, ð1:41Þ
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AR ¼ H jωð Þj j ¼ Gv �
ωRin

�
C1þ CPEÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ωRin

�
C1þ CPEÞ

	 
2q
¼ Gv � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1

ωRin

�
C1þCPEÞ

	 
2r
,

ð1:42Þ

PR ¼ arc tan
1

ωRin C1þ CPEð Þ�:
�

ð1:43Þ

Using (1.42), the lower corner frequency fL� 3 dB of the AR at level of �3 dB

equals

f L�3 dB ¼ 1

2πRin C1þ CPEð Þ : ð1:44Þ

At frequencies above lower corner frequency (1.40), H jωð Þ and corresponding

AR and PR become

H jωð Þ ¼ Gv � 1

1þ jωR1 C1CPE

C1þCPE

� � , ð1:45Þ

AR ¼ H jωð Þj j ¼ Gv � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ωR1 C1CPE

C1þCPE

� �h i2r , ð1:46Þ

PR ¼ arc tan ωR1
C1CPE

C1 þ CPE

� �
: ð1:47Þ

From (1.46), the upper corner frequency fU� 3 dB of the AR at level of �3 dB

equals

f U�3 dB ¼ 1

2πR1 C1CPE

C1þCPE

: ð1:48Þ

At the frequencies located inside the operating frequency band such that

1

Rin C1þ CPEð Þ � ω � 1

R1 C1CPE

C1þCPE

, ð1:49Þ

AR transforms into the expression for the voltage gain of the amplifier:

H ωð Þj j ¼ AR ¼ Gv ¼ GSF

1þ C1
CPE

: ð1:50Þ
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The final sensitivity of the Voltage Mode IEPE accelerometer Sv can be found

using (1.50) and (1.4):

Sv ¼ VPE � Gv ¼ QPE

CPE
� GSF

1þ C1
CPE

: ð1:51Þ

Note, that the voltage amplifier, in contrast to the charge amplifier, creates zero

phase shift for the signal in the frequency band of the sensor. Therefore, for positive

output for an acceleration directed along of the main sensor’s axis, the crystal

element should have opposite polarity orientation for the Voltage mode IEPE

sensor in comparison to the Charge Mode IEPE sensor.

As was in the case of a Charge Mode IEPE accelerometer, there is also the option

for the voltage amplifier based on an Op Amp. In this case, all expressions for AR,

PR, and corner frequencies will be similar to the expressions derived above. But it is

needed to use gain GOpAmp instead of GSF. When Op Amp is used, gain can be

GOpAmp> 1. Both options for the Voltage Mode IEPE accelerometer based on a

FET-BJT circuit and an Op Amp circuit, have the same advantages and drawbacks

that the similar options in a case of a Charge Mode IEPE accelerometer, shown in

Table 1.2 above.

Figures 1.27 and 1.28 show two popular triaxial miniature Voltage Mode IEPE

accelerometers [25, 27].

Table 1.3 shows comparison between Charge Mode and Voltage Mode IEPE

accelerometers, their advantages and drawbacks.

Fig. 1.27 Photograph of

175 �C 10 mV/g miniature

(10 mm cube, 5 g) triaxial

Voltage Mode IEPE

accelerometer

Fig. 1.28 Photograph of

ultra-miniature (6 mm cube,

0.55 g) 5 mV/g triaxial

Voltage Mode IEPE

accelerometer

32 1 Introduction to Piezoelectric Accelerometers with Integral Electronics (IEPE)



1.4.2.2 Some Practical Examples

Let us calculate the sensitivity Sv, the lower corner frequency fL� 3 dB, and upper

corner frequency fU� 3 dB of the Voltage Mode IEPE accelerometer having the

following parameters: QPE¼ 1.2 pC/g, CPE¼ 100 pF, GSF¼0.95, C1¼ 10 pF, Rb¼
500 MΩ, R1¼ 100 kΩ, R2¼ 100 kΩ, R1¼ 25 kΩ. Using (1.46), (1.39), and (1.43),
we will obtain: Sv� 10.4 mV/g, fL� 3 dB� 0.58 Hz, fU� 3 dB� 175 kHz. The

corresponding lower corner frequencies at levels �5 % and �10 % will be

fL� 5%� fL� 3 dB � 4� 2.3 Hz and fL� 10%� fL� 3dB � 2� 1.2 Hz, respectively. The

corresponding upper corner frequencies at levels �5 % and �10 % will be

fU� 5%� fU� 3 dB/4� 44 kHz and fU� 10%� fU� 3 dB/2� 88 kHz, respectively.

Note, this upper corner frequency is determined by the LPF filter R1(C1||CPE)

only. The final upper corner frequency is a result of combination of the LPF

filter frequency response and the sensor’s frequency response rise caused by its

resonance.

An example of AR curve for the Voltage Mode IEPE accelerometer is shown in

Fig. 1.10. The Voltage Mode IEPE has flat FR in the sensor’s operating frequency

band. It doesn’t exhibit slope 2.5 % per decade typical for the Charge Mode IEPE

sensor with PZT crystal element. This is one of the advantages of the Voltage Mode

IEPE accelerometers. An example of the Phase Response curve of the Voltage

Mode IEPE accelerometer is shown in Fig. 1.12.

Table 1.3 Comparison between Charge Mode and Voltage Mode IEPE accelerometers

Charge Mode IEPE accelerometers Voltage Mode IEPE accelerometers

Advantages Drawbacks Advantages Drawbacks

More possible values

of sensitivities for

FET-BJT options

Amplitude response

has a slope of 2.5 %

per decade in operat-

ing frequency band

when PZT PE is used

Flat amplitude

response in operating

frequency band

(absence of slope of

2.5 % per decade)

Less possible values

of sensitivities for

FET-BJT option used

as a source follower

with voltage gain 	1

Simpler circuit

schematic for

high sensitivity

options

More complicated

circuit schematic for

high sensitivity

options

Less size for high

sensitivity options

More size for high

sensitivity options

Independence of the

sensor’s sensitivity on

PE transducer’s

capacitance

Sensor’s sensitivity

depends on PE trans-

ducer’s capacitance

More range of sensi-

tivity adjustment

using variable feed-

back capacitance for

FET-BJT option

Less range of sensi-

tivity adjustment

using variable input

capacitance for

FET-BJT options

Less noise floor Higher noise floor
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1.4.3 IEPE Accelerometers with Ground Isolation. Ground
Loop Issue

Accelerometers mounted on a conductive test structure having ground potential

may cause a ground loop resulting in measurement error. Figure 1.29 shows how a

ground loop is created. The accelerometer shown in Fig. 1.29 comprises two cases:

the inner case surrounding the PE transducer and amplifier and the outer case

attached to the measurement structure. z1 is the impedance between those two

cases. z1 can be resistive, or capacitive, or combination of both. A and B are the two

ground points connected to the accelerometer’s outer case and the case of the signal

condition circuit SCC, respectively.

Different ground potentials between those ground points may create ground loop

voltage source eg having some inner resistance rg. eg is applied between sensor’s

and SCC’s cases and, can, as we see below, penetrate into the input of the sensor’s

amplifier. Commonly, eg is presented as the 60 Hz interference. In some cases, there

are also its second, third, other harmonics: 120 Hz, 180 Hz.... eg may have

significant value. Usually it takes place if the sensor operates in high power

industrial environment conditions and the coaxial cable used between the sensor’s

output and signal conditioning circuit’s input is long.

r1 and r2 are the resistances of wires between the PE transducer and the input

of the amplifier’s first stage. r3 is resistance of cable’s shield wire between the

accelerometer circuit’s common point and the SCC case. Typically, resistances r1,

Fig. 1.29 Schematic explaining ground loop issue

34 1 Introduction to Piezoelectric Accelerometers with Integral Electronics (IEPE)



r2, r3, and rg are comparable in values and have small values, e.g. 	10Ω, which is

much smaller than the value of jz1j:

r1 � r2 � r3 � rg 	 10 Ω � z1j j: ð1:52Þ

From Fig. 1.29 we can see that the input voltage of the accelerometer’s amplifier

vin equals

vin ¼ vr2 ¼ eg � r2
z1þ r2þ r3þ rg

: ð1:53Þ

If the sensor’s outer case is connected to its circuit’s common point, z1¼ 0.

Then (1.53) can be rewritten

vin ¼ vr2 ¼ eg � r2
r2þ r3þ rg

ð1:54Þ

In this case, we can see that vin can be significant. For example, vin � eg
3
, if

r1 � r2 � r3 � rg � 1 Ω:

If the sensor’s outer case is isolated from its inner case, (1.53) becomes

vin ¼ vr2 ¼ eg � r2
z1

: ð1:55Þ

To make eg sufficiently small it is needed to provide a good isolation between the

sensor’s outer and inner cases: z1
 r2. For example, if z1¼ 1 MΩ, and r2 ¼ 1Ω,

then, according to (1.55), vin� eg � 10� 6.

So, to make ground loop effect negligible it is needed to isolate the sensor case

from ground. There are several methods for that. Among them are placing PE

transducer with electronics into the inner case isolated from the outer case as shown

in Fig. 1.29. Other measures include isolated mounting base or isolated mounting

screw. Figures 1.30 and 1.31 show examples of two popular sensors isolated from

ground [60, 61].

1.4.4 IEPE Accelerometers with Transducer
Electronic Data Sheet

Some measurement systems comprise many identical sensors, single or triaxial,

placed at different locations. In such multichannel system it is needed to identify the

different sensors belonging to a particular location. Marking and tracking of sensors

and their cables made with this configuration would take much time. To solve this
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problem, designers of the IEPE sensor and the Signal Conditioning Circuit SCC

include into their electronics special circuits allowing the measuring system to

identify each sensor automatically.

This circuit is called a Transducer Electronic Data Sheet (TEDS) [13]. TEDS

provides the possibility for the measuring system reading and writing the

Fig. 1.30 Single axis

10 mV/g (100 mV/g is also

available) light-weight

(3.5 g) IEPE accelerometer

isolated from ground

Fig. 1.31 Triaxial

100 mV/g small (15 g)

IEPE accelerometer

isolated from ground
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identification and main calibration data of each sensor, such as its serial number,

sensitivity, output bias voltage, range, etc. The TEDS memory contains basic

technical specifications of the sensor that can be useful if data sheet of a sensor

gets lost. Also, the sensor self-identification allows replacing a sensor with a

minimum of time and work. But TEDS has two drawbacks: (a) requires additional

circuits in IEPE sensor and SCC, (b) its maximum operating temperature is 85 �C.
TEDS design is compatible with the IEEE 1451.4 standard, which defines the

method of encoding TEDS information [62]. This standard utilizes the concept of a

templates which define the specific properties for different sensor types [62].

Figure 1.32 shows the schematic of the circuits placed inside the IEPE sensor

and SCC illustrating the principle of TEDS [13]. The Signal Conditioning Circuit

SCC includes part of the TEDS circuit providing power supply of �5 Vdc for the

sensor’s TEDS circuit and interface for TEDS communication.

In Fig. 1.32, the SCC switch is in a position corresponding to the case when

TEDS is operating, reading or writing. In this case, the IEPE amplifier is not

operating. When the switch is in another position, the IEPE amplifier is operating,

but TEDS is not. We can see that two diodes included into the sensor’s TEDS

circuit make possible operation both the IEPE amplifier and TEDS mentioned

above.

Figures 1.33 and 1.34 show two miniature IEPE sensors with TEDS, single axis

and triaxial [63, 64].

Table 1.4 shows advantages and drawbacks of sensors with TEDS.

Fig. 1.32 Schematic showing the principle of TEDS
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Table 1.4 Advantages and drawbacks of the IEPE sensors with TEDS

Advantages Drawbacks

1. Reading and writing the sensor’s identification

and main calibration data

2. Handy available technical specification of the

sensor that can be useful in a case if data sheet

of a sensor gets lost

3. Allows identifying and replacing sensors with

a minimum of time and work

4. TEDS design is compatible with the IEEE

1451.4 standard allowing using the IEPE

sensors with TEDS like common IEPE

sensors

1. Requires additional circuits in the IEPE

sensor and the signal conditioning

circuit

2. Maximum operating temperature is

85 �C

Fig. 1.34 Photograph

of IEPE miniature

(13� 10� 10 mm3 cube,

5 g) triaxial accelerometer

with TEDS

Fig. 1.33 Photograph

of IEPE miniature

(13� 6.6� 6.4 mm3, 1 g)

single axis accelerometer

with TEDS
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Chapter 2

Piezoelectric Transducers Used

for Piezoelectric Accelerometers

with Integral Electronics

Keywords Piezoelectric transducer: bending mode; compression mode; equiva-

lent electrical schematic; flexural mode; shear mode; transfer function • Piezoelec-

tric elements: quartz; Lead Zirconate Titanate (PZT) • Piezoceramic • Pyroelectric

effect

This chapter describes the piezoelectric (PE) transducers, the mechanical parts of

piezoelectric accelerometers with integral electronics (IEPE). The function of the

PE transducer in an IEPE accelerometer, its transfer function, equivalent electrical

schematic, main electrical characteristics, construction, and types are described.

Three basic types of PE transducers used in IEPE accelerometers, compression,

shear, and flexural, their advantages and drawbacks are presented. Topics also

include description of the piezoelectric (crystal) elements, the primary sensitive

elements used in IEPE accelerometers. Two most popular piezoelectric element

materials used in IEPE sensors, quartz and lead zirconate titanate (PZT)

piezoceramic, their advantages and drawbacks are presented.

2.1 Function of a PE Transducer in an IEPE

Accelerometer

The PE transducer is an IEPE accelerometer’s mechanical part which transforms

the input acceleration signal into an output charge electrical signal. The construc-

tion, size, and key electrical parameters of the PE transducer, such as charge and

voltage sensitivities, capacitance, and resistance play an important role in the

performance of an IEPE sensor. The integral electronics is comprised of a built-in

FET-input charge or voltage amplifier which converts charge signal coming from

the PE transducer into the output voltage signal. The amplifier transforms the PE
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transducer’s high impedance into low output impedance allowing transmission of

the voltage signal over long cable lengths.

There is a well-known conventional class of PE accelerometers using the PE

transducer without electronics described in many literature sources [1–27]. This

type of sensor is also called the Charge Mode PE accelerometer (or Charge Output

PE accelerometer) in contrast to a Voltage Mode PE accelerometer (or Voltage

Output PE accelerometer), which is the other name for the IEPE accelerometer.

Design, characteristics, and construction of PE accelerometers are different in

comparison with the PE transducers used in IEPE accelerometers. The PE trans-

ducers’ function, construction, and characteristics are dictated by their operation as

a mechanical part of an IEPE accelerometer. The PE transducer and the built-in

FET-input charge or voltage amplifier should meet each other and have specific

parameters described below.

2.2 Transfer Function of a PE Transducer

The basic structure and operation of a transducer can be modeled as a damped

harmonic oscillator with mass m, spring constant k, and mechanical resistance r
[16, 17]. Figure 2.1 shows the simplified schematic diagram of a PE transducer

[16, 17].

This schematic can be described with the help of the classical second-order

differential equation of motion for the output displacement signal z [16, 17, 28]:

m
d2z

dt2
þ r

dz

dt
þ kz ¼ �m

d2y

dt2
ð2:1Þ

In (2.1), y is the input displacement signal. In the frequency domain, the input

displacement signal is Y( f ) and the response is Z( f ) The solution for (2.1) for the

output displacement signal spectral density |Z( f )| in m=
ffiffiffiffiffiffi
Hz

p
is given [28]:

Fig. 2.1 Simplified

schematic diagram of a PE

transducer
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Z fð Þj j ¼ ω

ωn

� �2

Y fð Þj jG fð Þ, ð2:2Þ

where G fð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω

ωn

� �2
� �2

þ ω
ωn

� �2
1
Q2

s : ð2:3Þ

In (2.2), (2.3), ω¼ 2πf,ωn¼ 2πfn, fn is the resonant frequency:

ωn
2 ¼ k

m
, ð2:4Þ

and Q is the quality factor (factor of amplitude increase at resonance) of the

harmonic oscillator:

Q ¼ ωnm

r
: ð2:5Þ

Since ω2|Y( f )| is the magnitude of the input acceleration signal as measured in
m

s2
ffiffiffiffi
Hz

p , the expression (2.2) can be rewritten

Z fð Þj j ¼ as H fð Þj j, ð2:6Þ

where H fð Þj j ¼ G fð Þ
ωn

2
: ð2:7Þ

H( f ) is the transfer function of the PE transducer. For an IEPE accelerometer, the

typical operating frequency range is restricted to ω< 0.3ωn. Then, according to

(2.3), G( f )� 1 and expressions (2.6) and (2.7) become

Z fð Þj j ¼ as
1

ωn

� �2

, ð2:8Þ

H fð Þj j ¼ 1

ωn
2
: ð2:9Þ

2.3 Equivalent Electrical Schematic of a PE Transducer

and Its Main Electrical Characteristics

Simplified, but sufficient for IEPE accelerometer design purposes, the equivalent

electrical schematic of a PE transducer can be presented as the voltage source

electromotive force (EMF) ePE and capacitance CPE connected in series (see

Fig. 2.2) [9]. Here ePE and CPE represent the output voltage of the open-circuit

PE transducer and its electrical capacitance, respectively:

ePE ¼ as � VPE: ð2:10Þ
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In (2.10), as is the input acceleration and VPE the PE transducer’s voltage

sensitivity typically measured in mV/g. VPE has the following obvious relationship

with the PE transducer’s charge sensitivity QPE commonly measured in pC/g:

VPE ¼ QPE

CPE
: ð2:11Þ

In practice, using conventional units, (2.11) can be rewritten as

VPE
mV

g

� �
¼

QPE
pC
g

� �
� 1000

CPE pFð Þ : ð2:12Þ

QPE, VPE, and CPE are the main electrical characteristics of the PE transducer which

are needed for design of the IEPE accelerometer. As was shown in Chap. 1,QPE and

VPE are used for finding total sensitivities of a Charge Mode IEPE and Voltage

Mode IEPE accelerometers, respectively. CPE can affect the frequency response of

a Charge Mode IEPE sensor and the total sensitivity of a Voltage Mode IEPE

sensor. One more parameter, the PE transducer insulation resistance RPE needs to

be added to these characteristics. Since the PE transducer is connected in parallel

with the input of the following FET- input amplifier, RPE value can affect bias

voltage provided for FET and, therefore, the output bias voltage of the whole

sensor. To avoid influence of RPE on the amplifier’s bias, the RPE value should

meet the following requirement:

RPE � Rin ð2:13Þ

where Rin is the input resistance of the amplifier. The requirement (2.13) must be

provided over the entire operating temperature range of the sensor. In practice, it is

sufficient to fulfill RPE� 10Rin for most cases. Typical value of RPE in an IEPE

accelerometer is RPE� 1010Ω (�10 GΩ).

Fig. 2.2 Simplified

electrical schematic of a PE

transducer
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2.4 Constructions of the PE Transducers Used

in the IEPE Accelerometers

The PE transducers placed inside IEPE accelerometers have various construction

designs dictated by the performance characteristics required for the sensors and the

built-in FET-input charge or voltage amplifier used. There are three main PE

transducer’s construction designs used in IEPE accelerometers: compression

mode, shear mode, and bending or flexural mode [1, 10, 11].

2.4.1 Compression Mode Design

The compression mode is the PE transducers’ historically earliest design explained

by its relatively simple structure. Figure 2.3 shows one of the compression mode

design options called the Single-Ended Compression (SEC) [1] or Upright Com-

pression Mode design [11].

In this design option, the piezoelectric (crystal) element is placed between a base

and an inertial mass. Typically, the crystal element is pre-stressed with the help of

the preload bolt which is torqued down to secure the mass to it. In some options, a

mass and a crystal element are torqued on a central post [1]. The crystal element

electrodes are connected with the charge or voltage amplifier board with the help of

wires. The signal from the amplifier goes to the output connector. When acceler-

ation is applied to the sensor, the mass creates force acting upon the crystal element

resulting in a proportional electrical charge signal on its electrodes. In this con-

struction, the crystal element creates charge in the same direction as the applied

force. A larger mass produces more stress on the crystal element and, hence, the

output signal has a larger value.

This design features a higher ruggedness, stiffness, and rigidity in comparison to

other designs. As a result, it exhibits high resonant frequencies, resulting in wider

Fig. 2.3 Single-ended (upright) compression mode design of the IEPE accelerometer
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frequency band. Also, this design typically can withstand high levels of vibration

transients (shock level).

But, the compression structure has the following drawbacks. From Fig. 2.3 we

can see that the piezoelectric element has good mechanical contact with mounting

base. As a result, this design is sensitive to base bending (has more base strain

sensitivity) and thermal transients (pyroelectric effect). The error in measured

signal caused by those impacts can be large and, hence, can significantly reduce

dynamic measurement range.

With the purpose to reduce the effects of base-coupled inputs, the isolated

options of the compression mode are designed [1, 11]. The mechanical isolation

of the crystal element from the mounting base is attained by implementing mechan-

ical barriers between the crystal element and the mounting base. In one of these

options called Isobase Compression design [1] or Inverted Compression design

[11], the specially countered base creates a mechanical barrier. The other option

called Isolated Compression design [11] uses an isolation washer combined with a

hollowed-out mass acting as a thermal insulation barrier [11].

Even though the mechanical enhancements mentioned above improve the con-

struction shown in Fig. 2.3 resulting in more stable performance, the compression

mode design is seldom used in modern IEPE accelerometers.

2.4.2 Shear Mode Design

This is the most popular design used in IEPE accelerometers [1–5]. This preference

is explained by its advantages in comparison to other design options. Figure 2.4

shows an example of the Shear Mode design options called an Annular Shear Mode

IEPE accelerometer [1, 2, 11].

Fig. 2.4 An example of the Annular Shear Mode design of an IEPE accelerometer
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In Fig. 2.4, the mass is attached to the periphery of the crystal element which, in

turn, is secured to the central post. With the purpose to provide a stiff, rigid, linear

structure with wide frequency band, a compression ring creates a preload force to

the mass-crystal assembly. When acceleration is applied to the sensor, the mass

causes a shear force to be applied to the crystal element. In this construction, the

crystal element generates charge in the direction perpendicular to the applied force.

There are several options for this design used in practice. Among them are the

Annular Shear design shown in Fig. 2.4 and Isoshear design using a stack of flat

crystal elements attached to the central post by a mounting bolt [1].

This structure offers high charge output and provides good mechanical isolation

of the sensing element from the base. As a result, the Shear Mode design offers the

high value of sensor’s sensitivity and the best protection against base bending and

thermal transients (pyroelectric) effects. The Isoshear design allows the use of

many crystal elements and passive temperature compensators to provide a broad

range of sensitivities, stable performance over wide temperature interval, and low

noise floor [1, 2]. Figures 2.5 and 2.6 show photographs of two recently designed

IEPE accelerometers operating in the Annular Shear Mode [29, 30]. The first one

represents a single axis two wire output sensor family featuring 100, 500, and

Fig. 2.5 Photograph of the

single axis 1 V/g Annular

Shear Mode IEPE

accelerometer

Fig. 2.6 Photograph of the

triaxial 1 V/g Annular Shear

Mode IEPE accelerometer
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1,000 mV/g sensitivity options [29]. The second one is a triaxial 4-pin connector

IEPE accelerometer representing the sensor family having the 500 and 1,000 mV/g

sensitivity options [30].

Some of the Shear Mode constructions have the center-hole mounting option

allowing the user to precisely orient the connector and cable when installing

accelerometers in close quarters [1]. Figure 2.7 shows the photograph of one such

accelerometer featuring wide bandwidth (up to 20 kHz at level of�10 %) and light

weight (1.8 g) [31].

2.4.3 Flexural or Bending Mode Design

The Flexural or Bending Mode design of an IEPE accelerometer is comprised of

piezoelectric elements attached to the seismic mass having the shape of a beam [1,

10, 11]. In practice, this beam generally has a double cantilever form. Figure 2.8

shows an example of this construction [1, 11].

Fig. 2.7 Photograph of the

Shear Mode IEPE

accelerometer with the

center-hole design

Fig. 2.8 An example of

construction of the Flexural

(Bending) Mode IEPE

accelerometer

50 2 Piezoelectric Transducers Used for Piezoelectric Accelerometers. . .



The accelerometer has a cylindrical shape and is comprised of PE elements,

mass, support, amplifier, and case. The one piece mass consists of a cylindrical and

cross-beam sections. The piezoelectric elements are bonded to the cross-beam

section in its center. Vibration axis is the same as the cylinder axis. With acceler-

ation signal in this direction, the mass bending causes the PE elements to generate

electrical signal. The signal is amplified by the amplifier and exits at the connector.

This construction features high sensitivity, low resonant frequency, good thermal

stability (low pyroelectric effect), and low noise floor [1, 10, 11, 32, 33]. The

flexural design is typical for so called IEPE seismic sensors used for applications

required the measurement of low-frequency and low-level acceleration signals.

Figures 2.9 and 2.10 show photographs of two ultra-low noise IEPE seismic sensors

having the flexural mode construction [32, 33]. The first one features sensitivity

Fig. 2.9 Ultra-low noise

10 V/g IEPE flexural mode

seismic accelerometer

Fig. 2.10 Ultra-low noise

10 V/g IEPE compact

flexural mode seismic

accelerometer
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10 V/g and a noise floor estimated at 40ng
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz and 3ng

ffiffiffiffiffiffi
Hz

p
at

frequency 100 Hz [32]. This sensor has a cylindrical shape with a diameter of

65 mm, a height of 56 mm, and a weight of 770 g. The second one is also an ultra-

low noise sensor with the same sensitivity, but it is compact having cylindrical

shape with a diameter of 29 mm, a height of 37 mm, and a weight of 170 g

[33]. This sensor has a slightly higher noise floor, specifically, 90ng
ffiffiffiffiffiffi
Hz

p
at

frequency 1 Hz and 10ng
ffiffiffiffiffiffi
Hz

p
at frequency 100 Hz. More detailed description of

these sensors will be made in the following chapters.

2.4.4 Comparison Between Compression, Shear,
and Flexural Mode Designs

Table 2.1 shows advantages and drawbacks of these three designs.

2.5 Piezoelectric Elements Used in the IEPE

Accelerometers

Piezoelectric PE (crystal) elements are the primary sensing elements which produce

electrical signal when stressed by force. The selection of the PE element materials

plays a critical role in the sensors’ performance.

2.5.1 Quartz Piezoelectric Element

Natural PE crystals, such as quartz and tourmaline, have high levels of Curie

temperatures, the temperatures at which they lose their piezoelectric properties

[20]. Specifically, quartz allows PE sensors to operate at temperatures as high as

315 �C [11]. In practice, PE accelerometers with quartz have maximum temperature

not more than 260 �C due to twinning of the quartz crystal element. But the

temperature limit for electronics does not allow using quartz potential ability in

IEPE sensors.

Quartz crystal element offers stable operation over a wide temperature range and

exhibits very low pyroelectric output [11, 20]. In addition, quartz exhibits a low

value of the charge sensitivity, a small value of the electrical capacitance CPE, and a

high value of the voltage sensitivity VPE. Typically, the single quartz crystal

element has a capacitance value of less than 10 pF. A small value of CPE and a

high value of VPE result in choosing the voltage amplifier as the preferable option

for the PE transducer with quartz. This is because, if the charge amplifier is used, it

would have, at such CPE values, a very small feedback capacitance Cf comparable
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with the hybrid circuit’s strays. That is why, in practice, the Voltage Mode IEPE is

the typical type of sensor when the PE transducer comprises the quartz PE element.

With the purpose to provide good parameters required for the sensor, such as

sensitivity at least 10 mV/g, frequency response with deviation of	5 % at fre-

quency 1 Hz, and temperature range up to 125–130 �C, the voltage amplifier should

have high value of input resistance Rin and small value of input capacitance C1 at

such small CPE values. High value of Rin can limit the temperature range of the

sensor. As a result, tradeoffs in performance of the accelerometers for different

applications are considered to optimize value of Rin. Since quartz has low charge

sensitivity and low value of electrical capacitance, it cannot be used for design of

the high sensitivity and low-noise IEPE accelerometers. The man-made ferroelec-

tric materials with artificial polarization such as PZT piezoceramic are more

appropriate for such IEPE sensors.

2.5.2 Lead Zirconate Titanate Piezoceramic Element

Ferroelectric ceramic materials such as PZT piezoceramic are known for their very

high sensitivities and possibility providing extended frequency range, smaller

noise, and smaller size when compared to the equivalent output of a natural crystals

such as quartz or tourmaline [1–3, 20]. That is why PZT piezoceramic is widely

used in the IEPE sensors. Table 2.2 shows typical charge output per unit force for

quartz, PZT, and tourmaline.

Ferroelectric ceramic materials require polarization before use. The polarization

process known as “poling” includes applying a high voltage to the material to align

polar regions within the ceramic element [7].

In principle, the crystal elements made of PZT are able to operate at tempera-

tures as high as 288 �C [20, 34]. But again, as in the case with quartz, integral

electronics temperature limitation does not allow reaching such temperatures in the

current IEPE sensors. The maximum temperature attained in the existing IEPE

accelerometers with the PZT crystal elements and the FET-input amplifiers built

using the silicon-based technology is 163–185 �C [35–41]. The IEPE accelerome-

ters comprising the silicon-on-insulator (SOI) FET-input amplifiers have maximum

operating temperature 225 �C at present.

Table 2.2 Comparison between different materials in charge output per unit force

Quartz PZT Tourmaline

Charge output per unit force, pC/N Shear mode 4 460 3.8

Compression mode 2.2 350 1.9
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2.5.3 Comparison Between IEPE Sensors Using PZT
Piezoceramic and Quartz Sensitive Elements

Table 2.3 summaries comparison between IEPE sensors using PZT piezoceramic

and quartz element.

2.5.4 The Pyroelectric Effect

The pyroelectric effect is generation of charge on the surface of a piezoelectric

element when temperature gradients occur across the element [7]. This charge signal

is mostly observed at low frequencies, typically below 10 Hz. The magnitude of the

pyroelectric output depends on material of the crystal element and construction of the

PE transducer. The piezoelectric element made of quartz lacks the pyroelectric effect.

As mentioned above, the compression mode accelerometers can produce more

pyroelectic output compared to the shear and flexural mode sensors. Since the

pyroelectric output is a low frequency event, it can be filtered out by high-pass-filter

(HPF) used in the electronics. However, if the low frequency spectrum of the

acceleration signal is to be measured, it is important to know how sensitive to

pyroelectricity the various crystal materials and constructions of the PE transducer are.
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Chapter 3

Integral Amplifiers Used for IEPE

Accelerometers

Keywords Amplifier: charge amplifier; based on FET-BJT; based on Op Amp;

FET-input amplifier; performance characteristics; voltage amplifier • Charge gain

• Hybrid circuit board: capacitors; components and materials; JFETs; MOSFETs;

resistors; technology • Performance characteristics: of charge amplifier; of voltage

amplifier • Voltage gain

The built-in FET-input amplifier is an IEPE accelerometer’s integral electronic part

which converts the charge signal going from the PE transducer into the output

voltage signal. Another important feature of the amplifier is the transformation of

the PE Transducer’s high impedance into the amplifier’s low output impedance

allowing transmission of the voltage signal over long cable lengths. Configurations

and main parameters of these amplifiers, such as gain, frequency response, noise,

input and output impedances, power supply, temperature range, and size are key

factors providing the performance characteristics required for an IEPE sensor. This

chapter describes two basic types of FET-input amplifier typically used for IEPE

sensors: a charge amplifier and a voltage amplifier. The chapter gives detailed

description of FET- input amplifiers including their configuration, main character-

istics, constructions, and used components and materials.

3.1 Charge Amplifier

The charge amplifier, also commonly called the charge converter, is more fre-

quently used in IEPE sensors because it has many advantages in comparison to the

voltage amplifier [1–15]. It is known that the charge amplifier is more suitable for a

capacitive signal source such as a PE transducer operating below its resonant

frequency. There are two types of charge amplifier typically used in IEPE acceler-

ometers: the FET-BJT type and the amplifier based on the Op Amp circuit.
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3.1.1 Configuration of a FET-BJT Charge Amplifier

Configuration of the charge amplifier based on the FET-BJT active components and

its connection with the PE transducer and the signal conditioning circuit are shown

in Fig. 3.1. The FET-BJT charge amplifier schematic solution may have various

options. The simplest option is the amplifier comprising only two direct-coupled

stages.

The input stage having high input impedance to match the PE transducer’s high

impedance is based on a n-channel JFET or a n-channel MOSFET. The output stage

providing low output impedance is based on either a PNP or a NPN bipolar

transistor. Other options may include additional stages between these two stages.

In Fig. 3.1, ePE and CPE represent the open-circuit PE transducer’s output

voltage and its electrical capacitance, respectively. ePE is directly proportional to

the PE transducer’s charge sensitivity QPE and inversely proportional to CPE [see

expression (1.21)]. Cf is the feedback capacitance, Rb is biasing resistor (typically it

has a high value, e.g., 109Ω), resistors R2 and R3 create the resistive divider. The

biasing resistor Rb together with resistive divider R2/R3 forms the negative dc

feedback circuit which provides the amplifier’s stable operation over the specified

temperature range (typically from �55 �C to 125 �C), bias for FET, and

corresponding output bias voltage Vb. Vb depends on the FET parameters IDSS and
VGS(off), which usually vary from device to device for the same type of FET.

Therefore, resistors R2 and R3 are made variable to adjust Vb within some limits

for different FET devices. This makes possible to use in the circuit all variations of

FETs without the necessity of their selection, that would be a costly alternative.

Resistor R1 is not always used in the amplifier. This resistor together with CPE

creates single pole passive low-pass filter LPF with the corner frequency given by

the expression (3.8) below. This LPF can be used for suppression to some degree of

Fig. 3.1 Configuration of a FET-BJT charge amplifier and its connection with the PE transducer

and the signal conditioning circuit
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the PE transducer’s resonance rise at the sensor’s high frequencies. When the

resonant frequency is sufficiently high, resistor R1 can be omitted.

The amplifier’s charge gain Gq depends only on the feedback capacitance Cf

value (see expression (3.1) below). The sensor’s total sensitivity Sq is determined

by the two factors: the charge sensitivity of the PE transducer QPE and the

amplifier’s charge gain Gq [see expression (1.34)]. Since QPE can be changed

within some limits, (typically, �10 %), Cf is used as a variable, or selectable,

capacitor to provide a Sq value with the required tolerance.

The signal conditioning circuit SCC provides power supply for the amplifier,

additional amplification and processing of the signal coming from the sensor. A

typical voltage supply can vary from 22 to 30 Vdc. The current supply is created by

a constant current source (e.g. current regulating diode) and can be in the range

from 2 to 20 mA. The decoupling capacitor Cd eliminates influence of the sensor’s

output bias voltage on the SCC amplifier’s input stage.

From Fig. 3.1 we can see that this configuration allows using only two output

wires (for output signal and circuit ground) and two-pin connector which carries the

output signal and power supply for the sensor at the same time. Typically, a coaxial

cable is used for connection of the sensor with the SCC. Such two-wire output

approach allows reduced cost of the sensor compared to the three-wire output

option typically used when the amplifier is based on an Op Amp. Main character-

istics of the charge amplifier are presented below.

3.1.2 Configuration of a Charge Amplifier Based
on an Op Amp

The charge amplifier based on an Op Amp with a single-supply operation and its

connection with the PE transducer and the signal conditioning circuit is shown in

Fig. 3.2.

This configuration is similar to the previous one, but the FET-BJT circuit is

replaced by an Op Amp circuit incorporating a FET-input stage and a BJT-output

stage. This schematic includes additional components R2, C1, R5, and R6 that are

typically used for balancing of impedances at the inputs of an Op Amp [16]. The

balancing of impedances provides stable operation over the temperature range and

reduces noise. We can see, that an Op Amp option requires the use of three-wire

output and three-pin connector (if an Op Amp has a single power supply) or four-

wire output and four-pin connector (if an Op Amp has a dual power supply) for

carrying of the output signal and power supply. There are schematic solutions with

an Op Amp featuring a two-wire output option. But such schematics are much more

complicated and require the use of more components than a FET-BJT configura-

tion. Also, the Op Amp option has higher noise, lower operating temperature, and a

larger size in comparison to a FET-BJT approach. An Op Amp configuration still
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has its advantages. Among them are the bigger open loop gain and the possibilities

of using low-power supply and short warm-up time, e.g. 10 ms [17]. For example,

there are Op-Amps having a voltage supply of 3 Vdc, current supply of 100 μA, and
total power consumption of 300 μW [17]. Table 3.1 shows comparison between

FET-BJT and Op Amp amplifiers options, their advantages and drawbacks.

Fig. 3.2 Configuration of a charge amplifier based on an Op Amp and its connection with the PE

transducer and the signal conditioning circuit

Table 3.1 Comparison between an FET-BJT amplifier and an amplifier based on Op Amp

FET-BJT amplifier Amplifier based on Op Amp

Advantages Drawbacks Advantages Drawbacks

Simpler sche-

matic, less size

Commonly requires more

power supply value

(e.g. 24 Vdc, 4 mA, and

48 mW)

Allows low-power

supply option (e.g. 3

Vdc, 40 μA, and
120 μW)

More complicated sche-

matic, more size

Less noise

floor

Longer warm-up time

(e.g. 3 s)

Allows option with

shorter warm-up time

(e.g. 10 ms)

Higher noise floor

Higher operat-

ing

temperature

Smaller open loop gain Bigger open loop

gain

Lower operating

temperature

Allows

two-wire out-

put and

two-pin

connector

Commonly requires

three- or four- wire out-

put and corresponding

connectors

Less cost More cost
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3.1.3 Performance Characteristics of Charge Amplifiers

3.1.3.1 Charge Gain of a Charge Amplifier

The charge amplifier is characterized by two types of gain: charge gain Gq and

voltage gain Gv. Gq is determined only by the feedback capacitance Cf according to

the expression (1.33) rewritten here for reader convenience:

Gq ¼ Vout

qPE
¼ 1

Cf
: ð3:1Þ

In (3.1), Vout and qPE are the charge amplifier’s output voltage and input charge

going from the PE transducer, respectively. Gq is commonly measured in mV/pC

and specified at the reference frequency fR. Typical value of fR is 100 Hz. Using

commonly used units, (3.1) can be expressed as

Gq
mV

pC

� �
¼ 1000

Cf pFð Þ : ð3:2Þ

What is the maximum value of the charge gain Gqmax that can be attained in real

circuits? Gqmax is limited by the minimum possible value of the feedback capaci-

tance Cfmin that can be used in the circuit. Cfmin in turn depends on the circuit’s

maximum possible open loop gain and strays. Commonly, open loop gain in the

FET-BFT circuits cannot be attained as high as it takes place in the amplifiers based

on an Op Amp. There are modern FET-BJT charge amplifier circuits featuring

Gq � 100 mV
pC

:

3.1.3.2 Voltage Gain of a Charge Amplifier

The voltage gain of a charge amplifier Gv is measured in mV/mV or V/V typically

at frequency 100 Hz. Gv is given by (1.32) rewritten here

Gv ¼ Vout

ePE
¼ CPE

Cf
: ð3:3Þ

Gv is the key parameter in the measurements of the circuit characteristics when the

circuit is tested with the input equivalent capacitance equaled CPE connected in

series with voltage signal source ePE used instead of the real PE transducer. Also,

Gv is commonly used in an amplifier noise analysis.

3.1.3.3 Frequency Response of a Charge Amplifier

Expression for the amplitude response AR(ω), the first component of frequency

response, of the charge amplifier shown in Figs. 3.1 and 3.2 is given by (1.30)

rewritten here:
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AR ωð Þ ¼ ωτPEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω2τf τ1
� �2 þ ωτf

� �2q : ð3:4Þ

In (3.4), three time constants are defined as

τPE ¼ RinCPE, τf ¼ RinCf , and τ1 ¼ R1CPE, ð3:5Þ

where Rin is the input resistance of the amplifier:

Rin ¼ Rb � R2þ R3

R3
: ð3:6Þ

The �3 dB lower corner frequency fL� 3 dB is determined by τf:

f L�3 dB ¼ 1

2πτf
¼ 1

2πRinCf
¼ 1

2π Rb
R2þR3
R3

� �
Cf

: ð3:7Þ

The �3 dB upper corner frequency fU� 3 dB is defined by τ1:

f U�3 dB ¼ 1

2πτ1
¼ 1

2πR1CPE
: ð3:8Þ

Figure 3.3 shows an example of the amplitude response curve of a charge

amplifier. A typical charge amplifier has flat amplitude response with deviations

less�5 % from 1 Hz to 30 kHz relative to its value at the reference frequency fR (the
typical value of fR¼ 100 Hz). In these amplifiers resistor R1¼ 0, and, therefore,

there is no amplitude response roll off at high frequency area caused by the LPF

created by the circuit R1�CPE:At low frequencies, the typical amplitude response

deviations are �10 %, and �3 dB at frequencies 0.5 Hz, and 0.25 Hz, respectively.

The special circuits designed for seismic accelerometers may have a frequency
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Fig. 3.3 An example of the amplitude response curve of a charge amplifier
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range extended below 1 Hz. For example, amplifiers used in seismic accelerometers

shown in Fig. 1.2 feature a frequency range from 0.007 Hz to 20 kHz at�5 % level.

The lower corner of the amplitude response of a charge amplifier determines the

same corner of the amplitude response for the whole IEPE accelerometer. At the

high frequency area, also the PE transducer resonance may affect the total ampli-

tude response of the sensor.

The phase response PR(ω) of a charge amplifier is given by expression (1.30)

rewritten here:

R ωð Þ ¼ arctan
1� ω2τf τ1

ωτf
: ð3:9Þ

An example of the phase response curve of a charge amplifier is shown in Fig. 3.4.

The typical deviation of PR is less than�5� at the frequency range from 1 Hz to

10 kHz relative to the PR value at the same reference frequency fR. A charge

amplifier exhibits phase reversal for the input signal. Therefore, with the goal to

provide the sensor’s positive response for acceleration directed along its main axis,

the crystal element should have reversed polarity orientation.

3.2 Voltage Amplifier

The voltage amplifier is used in so called Voltage Mode IEPE accelerometers. Even

though a voltage amplifier is not frequently used in IEPE sensors as a charge

amplifier, it has its advantages compared to the latter. Voltage mode configuration

creates more convenient schematic possibilities for providing signal filtration by the

use of active LPF and HPF filters combined with miniature design. Also, this option

features flat amplitude response in the operating frequency band (absence of slope
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Fig. 3.4 An example of the phase response curve of a charge amplifier
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of 2.5 % per decade characterized for a charge mode configuration) and no phase

reversal for the input signal. As in the case with the charge amplifier, the voltage

amplifier configuration has two options: the FET-BJT voltage amplifier and the

voltage amplifier based on an Op Amp circuit.

3.2.1 Configurations of the Voltage Amplifiers

Configuration of the FET-BJT voltage amplifier and its connection with the PE

transducer and signal conditioning circuit are shown in Fig. 3.5. In Fig. 3.5, the

voltage amplifier is based on the direct-coupled FET-BJT stages and has the

two-wire output option. Actually, this is the source follower with gain Gv� 1,

because it is hard to provide amplification using the direct-coupled FET-BJT stages

combined with the two-wire output connection. In the first stage, a n-channel JFET

or a p-channel MOSFET are commonly used. The output stage can be based on a

NPN or a PNP bipolar transistor.

There are some options with additional stages placed between these two stages.

Gain (or rather the transmission coefficient since there is no amplification here) of

the voltage amplifier Gv is determined by the value of the capacitive divider CPE/C1
and gain of the actual source follower GSF. Capacitor C1 is commonly used as

variable type, or selectable, for adjustment of the sensor’s sensitivity. There are

some circuits with C1¼ 0 (C1 is omitted). In this case, the input capacitance of FET

should be considered as C1.

Fig. 3.5 Configuration of a FET-BJT voltage amplifier and its connection with the PE transducer

and signal conditioning circuit
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The input circuit comprising resistor R1 and capacitor C1 creates a low-pass

filter LPF, which can be used for compensation of the sensor’s resonance rise caused

by the PE transducer. Resistor R1 can be omitted when the resonant frequency is

sufficiently far from the upper corner of the accelerometer’s frequency band.

Destination of the biasing resistors Rb and resistive divider R2/R3 is similar to

the previous circuit: to provide dc negative feedback and bias voltage for the FET

stage related to the output bias voltage VB. Commonly, resistors R2 and R3 are used

as variable resistors to adjust VB for each circuit, since FETs of the same type have

varied parameters.

Configuration of a voltage amplifier based on an Op Amp is similar to the

FET-BJTvoltage amplifier described above. Only an Op Amp is used in this

amplifier instead of the FET-BJT stage. But in this option, contrary to the latter,

gain may be Gv> 1.

3.2.2 Performance Characteristics of a Voltage Amplifier

3.2.2.1 Gain of a Voltage Amplifier

Gain Gv of the voltage amplifier based on FET-BJT stages shown in Fig. 3.5 is

measured in mV/mV or V/V and determined by the value of the capacitive divider

C1/CPE and gain of the source follower GSF:

Gv ¼ 1

1þ C1
CPE

� GSF: ð3:10Þ

From (3.10), we can see that Gv< 1 because GSF< 1. In practice, the maximum

value of gain Gvmax� 1 when C1¼ 0,GSF� 1, and a FET is chosen with a small

value of the input capacitance.

Gain of a voltage amplifier based on an Op Amp is given by

Gv ¼ 1

1þ C1
CPE

� GOpAmp, ð3:11Þ

where GOpAmp is gain of the Op Amp circuit which can be>1. Typically gain is

measured and specified at reference frequency fR, e.g. fR¼ 100 Hz.

3.2.2.2 Frequency Response of a Voltage Amplifier

The –3 dB lower corner frequency fL� 3 dB of the amplitude response is determined

by the capacitance (C1 +CPE) and the amplifier’s input resistance Rin:
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f L�3 dB ¼ 1

2πRin C1þ CPEð Þ , ð3:12Þ

Rin ¼ Rb � R2þ R3

R3
: ð3:13Þ

The –3 dB upper corner frequency fU� 3 dB of the amplitude response depends on

resistor R1 and capacitance C1CPE

C1þCPE

� �
:

f U�3 dB ¼ 1

2πR1 C1CPE

C1þCPE

: ð3:14Þ

The amplitude response AR1(ω) and phase response PR1(ω) of a voltage ampli-

fier at low frequencies f� 3fU� 3 dB is given by

AR1 ωð Þ ffi Gv � ωRin C1þ CPEð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ωRin C1þ CPEð Þ½ 	2

q , ð3:15Þ

PR1 ωð Þ ffi arctan
1

ωRin C1þ CPEð Þ : ð3:16Þ

In (3.15), Gv is the gain of an amplifier presented by the expressions (3.10) and

(3.11) above for a source follower and an Op Amp option, respectively.

The amplitude response AR2(ω) and phase response PR2(ω) of a voltage ampli-

fier at high frequencies f
 3fL� 3 dB is given by

AR2 ωð Þ ffi Gv � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ωR1 C1CPE

C1þCPE

� �h i2r , ð3:17Þ

PR2 ωð Þ ffi arctan ωR1
C1CPE

C1þ CPE
: ð3:18Þ

Figures 3.6 and 3.7 show examples of the amplitude and phase response curves

of the voltage amplifier, respectively. The typical voltage amplifiers feature flat

amplitude response at a frequency range from 1 Hz to 30 kHz with deviation less

than�5 % relative to its value at the reference frequency fR which is commonly at

100 Hz. In this amplifier it is assumed that resistor R1 is omitted. The voltage

amplifier, contrary to the charge amplifier, provides flat amplitude response for an
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IEPE sensor in its operating frequency band (does not have 2.5 % slope per decade)

and does not create phase reversal for the input signal.

Table 3.2 shows comparison between charge and voltage amplifiers, their

advantages and drawbacks.

3.3 Other Performance Characteristics of Charge

and Voltage Amplifiers

3.3.1 Noise or Noise Floor

Noise or noise floor of an amplifier in most cases dominates over other noise

sources in an IEPE accelerometer. The amplifier’s noise Vnout is measured at the

amplifier output and presented in its performance specification as two types of

noise: broadband noise and spectral noise. The first one has units μV rms or nV rms
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Fig. 3.6 An example of the amplitude response curve of a voltage amplifier
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Fig. 3.7 An example of the phase response curve of a voltage amplifier
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and is commonly measured in the frequency bands from 1 Hz to 10 kHz or from

0.1 Hz to 10 kHz. The second one is measured typically at the frequencies 1, 10,

100 Hz, 1 kHz, and 10 kHz in the frequency band of 1 Hz and has units μVffiffiffiffi
Hz

p or nVffiffiffiffi
Hz

p .

The spectral noise is also called the noise voltage spectral density. Both types of

noise are measured with equivalent capacitance CPE connected in parallel with the

amplifier input and used instead of the actual PE transducer. During noise mea-

surement, an amplifier is placed inside a shielding box to eliminate the influence of

the environmental electro-magnetic interferences. Figure 3.8 shows an example of

the amplifier output spectral noise Vnout.

3.3.2 DC Output Bias Voltage

DC output bias voltage VB depends on the amplifier’s schematic solution and the

value of voltage supply VS. Also, VB is temperature dependent. Typical values of

VB is 10–13 Vdc at room temperature and 8–16 Vdc in the sensor’s entire

Table 3.2 Comparison between charge and voltage amplifiers

Charge amplifier Voltage amplifier

Advantages Drawbacks Advantages Drawbacks

Higher possible

values of gain for

FET-BJT option

Amplitude response

has a slope of 2.5 %

per decade in oper-

ating frequency

band

Flat amplitude response

in operating frequency

band (absence of a

slope of 2.5 % per

decade)

Value of gain� 1 for

FET-BJT option

Simpler schematic

solution for high

values of gain

Less possibility for

providing LPF and

HPF in miniature

design

More schematic possi-

bilities for providing

LPF and HPF in minia-

ture design

More complicated

schematic for high

values of gain

Smaller size for high

values of gain

Phase reversal for

the input signal

No phase reversal for

the input signal

Greater size for high

values of gain

Independence of a

charge gain on the PE

transducer’s

capacitance

Sensor’s sensitivity

depends on the PE

transducer’s capaci-

tance in voltage

mode option

More range of gain

adjustment using var-

iable feedback capac-

itance for FET-BJT

option

Less range of gain

adjustment using

variable feedback

capacitance for

FET-BJT option

Less noise floor Higher noise floor
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temperature range. These values of VB correspond to VS¼ + (22–30) Vdc that is

common VS for most of IEPE sensors.

3.3.3 Full Scale or Maximum Linear Output Voltage

The full scale output voltage or maximum linear output voltage Voutfc is the

amplifier’s maximum ac output voltage within a specified linear range. Typical

value Voutfc¼ 5 Vpk (10 V pk� pk) in the entire temperature range for the FET-BJT

amplifier options. Voutfc � VS
2
when an Op Amp with single power supply is used in

an amplifier.

3.3.4 Gain Stability

Usually there are two parameters belonging to this item: gain stability with tem-

perature GST and gain stability with power supply current GSI. A typical value of

GST�� 5% is referred to room temperature, e.g. 25 �C, over the temperature

range. Commonly, GSI� 0.05% per mA of current over the supply current limits.

3.3.5 Amplitude Linearity and Total Harmonic Distortion

Amplitude linearity AL and total harmonic distortions THD are parameters related

to each other. AL characterizes how linear an amplifier is over its entire dynamic

range. AL is measured as the deviation of gain ΔG within this range:
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Fig. 3.8 An example of the amplifier output spectral noise Vnout in μV=
ffiffiffiffiffiffi
Hz
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AL ¼ ΔG

GM
� 100 %ð Þ: ð3:19Þ

In (3.19), GM is the gain at some medium point of the amplifier’s dynamic range.

AL is higher at the Voutfc of the output voltage and at small signals closed to the

amplifier’s noise. Typical value of AL� 1 % for many amplifiers. THD is another

parameter used as a measure of the amplifier’s linearity or non-linearity. THD is

defined as:

THD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

2 þ U3
2 þ . . .

p
U1

� 100 %ð Þ: ð3:20Þ

In (3.20), U1 is the amplifier output voltage at the main frequency f1, at which
signal is applied and THD is measured. U2, U3. . . are the output voltages at

frequencies f2¼ 2f1, f3¼ 3f1 . . . i.e. second, third, and next harmonics of f1, respec-
tively. In practice, it is sufficient to measure not more than two or three harmonics.

Typical value of THD � 1% for the majority of amplifiers.

3.3.6 Input and Output Impedances

Any amplifiers used in IEPE accelerometers feature high input impedance Rin and

low output impedance Rout. The first one is needed to match the high impedance of a

PE transducer. The second one allows using conventional, not expensive, long cable

for transmitting of signals from accelerometer to the SCC. Also, low Rout results in

small impact from EMI and other interferences induced into cable from outside space

and ground connections. Typical values of Rin
 5 � 109Ω (5 GΩ) and Rout� 100 Ω.

3.3.7 Power Requirements: Voltage Supply and Current
Supply

Typical voltage supply VS and current supply CS for FET-BJT amplifier configu-

ration is + (22–30) Vdc and 2–20 mA, respectively. For the amplifiers based on an

Op Amp, VS and CS can be very small, e.g. VS¼ 3 Vdc, and CS¼ 100 μA [17].

3.3.8 Temperature Range

The operating temperature range of amplifiers used usually determines the same

parameter for the whole accelerometer because a PE transducer may operate at much

wider operating temperature range. Most amplifiers used in the IEPE accelerometers

72 3 Integral Amplifiers Used for IEPE Accelerometers



have a temperature range from �55 �C to+(125–130) �C. There are high tempera-

ture, 163–185 �C, amplifiers recently designed based on silicon technology, that

allow extending temperature range for IEPE accelerometers [18–24]. Some of these

amplifiers will be described in the following chapters. Other high temperature

amplifiers are developed based on silicon-on-insulator (SOI) technology with oper-

ating temperature up to 225 �C. In comparison to the amplifiers based on silicon

technology, these amplifiers are much more expensive, have limited performance

characteristics and usually have bigger size. There are amplifiers capable of operating

at cryogenic temperatures down to �196 �C [25]. Most of them are used in IEPE

sensors developed for applications where liquid nitrogen is present.

3.3.9 Size and Shape of the Hybrid Circuit Board

The size of the circuit board often is related to the size of the whole IEPE acceler-

ometer. Therefore, with the purpose to design miniature sensors featuring small mass

effect, the circuit boards should be as small as possible. There is a variety of amplifier

circuit boards having different shapes and sizes. Figure 3.9 shows examples of some

amplifier circuit boards. The smallest one has a shape of disk with a diameter of

4.3 mm. The biggest one also disk shaped, but its diameter is 14 mm.

3.4 Technology, Components, and Materials

Used for Amplifier Circuits

Amplifiers described above are built as hybrid circuit boards, often called hybrids.

Since amplifiers feature high input impedance, they are built on ceramic sub-

strates known for their large value of resistivity. Metallization on substrate is

Fig. 3.9 Examples of

amplifier circuit boards
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made of conducting materials allowing either soldering or wirebonding connection

of the components. Components, both active (such as diodes, transistors, and Op

Amps), and passive (such as resistors and capacitors) are miniature chips packaged

as Surface Mount Technology (SMT) type or used in die form. Usually they are

attached to the substrate using conductive and insulative epoxies. Some boards may

have components soldered to them. Commonly, die components and wirebonds are

coated with epoxy to protect them against damage during sensor assembly.

3.4.1 Resistors

Resistors fall into two categories: thin-film resistors and thick-film resistors. The first

one typically covers resistors’ values� 106Ω (1 MΩ). Resistors with values>106Ω
commonly belong to the thick-film category. Thin-film resistors have superior toler-

ance, e.g. � 0.1 %, stability, small size, e.g. 0.5� 0.5� 0.08 mm3, and low TCR

values, e.g. � 25 ppm/ �C [26]. Materials commonly used for thin-film resistors

are tantalum, tantalum nitride, nickel-chromium, titanium, and cermet [26]. Nickel-

chromium resistors can be effective at temperatures well in excess of 200 �C [27].

Thick-film resistors are typically low cost, but not so precise and miniature

when compared to thin-film counterparts, especially if resistors have high values.

Common materials used for them are palladium-silver, ruthenium-silver, and

ruthenium oxide [26]. There are also thick-film resistors made by deposition of

resistive films directly on ceramic substrates. These resistors feature high reli-

ability at high temperatures [26] and allow changing their values by laser trim-

ming process.

3.4.2 Capacitors

Most capacitors used in hybrids are SMT multilayer ceramic chip capacitors

attached to the ceramic board with the help of conductive epoxy. Two types of

capacitors are most popular: NPO (COG) and X7R. NPO (COG) capacitors feature

low TCC, e.g. 30 ppm/ �C, high insulation resistance, e.g. 
10 GΩ, and high

operating temperature, e.g. >200 �C [28]. But their values are commonly�39 nF.

X7R capacitors have much higher values, e.g. up to 10 μF, but not so good TCC,

insulation resistance, and temperature range. Both types of capacitors have size

from 1.0� 0.5 mm2 to 3.2� 1.6 mm2.
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3.4.3 JFETs vs. MOSFETs in FET-Input Amplifiers

What is better to use JFET or MOSFET in a FET-input amplifier? It depends on

specific sensor parameters which should be provided by designer. Among these

parameters are frequency and temperature ranges, noise, and size of the hybrid

board. Each of these active devices has its advantages and drawbacks.

JFETs have typically lower noise than MOSFETs. Also, JFET can withstand

much higher values of ESD, EMI and any other transients and shocks coming to

their inputs. Specifically, it can withstand a pulse of an amplitude up to 2,000 V. But

JFET, contrary to MOSFET, commonly has higher leakage current IGSS, which
increases exponentially with temperature [29, 30]. Therefore, IGSS is about three

orders of magnitude higher at temperature of 125 �C compared to room temperature.

High value of IGSS creates limitation for the biasing resistor Rb value that can be put

into the circuit. This may lead to the restriction in the amplifier’s frequency band at

low frequencies. Also, JFET circuit commonly requires additional components and

negative feedback circuits for its stable operation over the specified temperature

range to 125–130 �C. It makes this circuit more complicated and bigger in size.

MOSFET has higher noise and more sensitive to input shocks and other tran-

sients. It should be protected against shocks of high value by using a protection

circuit. But MOSFETs, compared to JFETs, typically features less leakage current

Table 3.3 Comparison between JFETs and MOSFETs

JFETs MOSFETs

Advantages Drawbacks Advantages Drawbacks

Lower noise Higher leakage

current

Less leakage current Higher noise

Less sensitivity to

input transients

(do not need to be

protected against

shocks of high value)

Less suitable for high

temperature design

More suitable for high

temperature design

Higher sensitivity to

input transients

(need to be

protected against

high value of

shocks)

Typically more com-

plicated circuit

(require additional

components for stable

operation over tem-

perature range to

125–130 �C)

Typically simpler

circuit (does not

require any additional

components for stable

operation over tem-

perature range to 125–

130 �C)
Exhibits good radia-

tion resistance [31]

Exhibits less radia-

tion resistance [31]

Exhibits pure resis-

tance to cryogenic

temperatures

Exhibits good resis-

tance to cryogenic

temperatures [32]
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IGSS that makes them more suitable for high temperature design. Commonly,

MOSFET circuit does not require any additional components and negative feed-

back circuits for its stable operation over the temperature range to 125–130 �C. It
makes the MOSFET circuit simpler and smaller in size than the JFET circuit.

Table 3.3 shows comparison between JFETs and MOSFETs, their advantages and

drawbacks.
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Chapter 4

Noise of a FET Amplifier

Keywords Corner frequency f c • Equivalent input noise voltage • FET-input

amplifier: Equivalent noise circuit; JFET amplifier; MOSFET amplifier; Noise

analysis • FET 1/f noise: Empirical relations • FET shot noise • FET thermal

noise • JFET noise • Hooge’s empirical relation • Noise of FET amplifier • Noise

voltage spectral density • MOSFET noise • Parameter α

Noise of an IEPE accelerometer is an important characteristic defining its ability of

the measurement of small vibration signals demanded by a variety of applications

[1–5]. In most IEPE accelerometers, contribution of the FET-input amplifier noise

into accelerometer’s overall noise prevails over other noise sources, such as a PE

transducer and power supply.

This chapter describes noise of a common-source silicon FET amplifier, which

forms the basis of the FET-input charge and voltage amplifiers used in IEPE

sensors. Detailed analysis of the amplifier’s different noise sources is presented.

The noise analysis is made for common signal source impedance and specifically

for capacitance-type signal source impedance, to which a PE transducer belongs.

As a result of this analysis, engineering formulas for the equivalent input noise

voltage vnin of a FET amplifier are derived. These formulas allow to estimate noise

of a FET amplifier over a wide frequency band if its parameters, FET, the signal

source, and load are known. The experimental values of vnin at a frequency band

from 0.5 to 50 kHz have good correlation to the vnin theoretical values. Both

devices, JFET and MOSFET, are included in the noise analysis.

There is extensive literature about MOSFET noise. But noise of JFETs is shown

to be inadequate in the literature. Most of the literature sources on this matter

present noise analysis which includes only the intrinsic FET’s noise sources. As a

rule, they are remote from the noise measurement practice of FET amplifiers with

real signal sources and load. This chapter fills the gaps in FET amplifier noise

literature.
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4.1 Equivalent Noise Circuit of a FET Amplifier

The common-source JFET and MOSFET amplifier circuits are shown in Figs. 4.1

and 4.2, respectively [6]. In these circuits, the signal source is presented as the

signal source electromotive force EMF es and the signal source impedance Zs
connected in series. Rb is the biasing resistor for the FET, Cin is the FET input

capacitance, and Rl is the load resistance. Other components, R1, C1 in Fig. 4.1 and

R1, C1, R2, R3, C2 in Fig. 4.2 are typical for JFET and MOSFET amplifiers to keep

the FET at operating point in the linear area of the input-output characteristics.

Time-constants of circuits R1-C1 and (R2IIR3)-C2. have been chosen large enough

to provide flat frequency response from 0.5 to 50 kHz.

Figure 4.3 shows an equivalent noise circuit which is the same for both JFET and

MOSFET amplifiers [7–9]. All noise sources are presented as noise voltage or noise

current spectral densities measured in Vffiffiffiffi
Hz

p or Affiffiffiffi
Hz

p , respectively. In Fig. 4.3, en and

in are the equivalent overall FET input noise voltage and current generators,

Fig. 4.1 Schematic of

the common-source JFET

amplifier circuit

Fig. 4.2 Schematic of

the common-source

MOSFET amplifier circuit
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respectively. In general, en and in may be found to be partially correlated [8, 10].

It is assumed that the FET is an ideal noise-free device.

In Fig. 4.3, vnin is the overall equivalent noise voltage referred to the FET input

vnin2 ¼ ��en þ vnin1
��2 : ð4:1Þ

In (4.1), vnin1 is a part of this noise voltage caused by the noise current in

vnin12 ¼ in
2
��Z��2 , ð4:2Þ

Z ¼ RinIIZsII
1

jωCin

� �
¼ RinZs

Rin þ 1þ jωRinCinð ÞZs
: ð4:3Þ

In (4.3), Rin is the input resistance of the FET amplifier. For the amplifiers shown

in Figs. 4.1 and 4.2, Rin¼Rb. For the FET amplifier in which the dc bias for FET

is provided by the resistive dc feedback circuit comprising the resistive divider
R2þR3
R3

� �
, like the charge and voltage FET-input amplifiers shown in Fig. 1.22, 1.23,

and 1.26 in Chap. 1,

Rin ¼ Rb � R2þ R3

R3
: ð4:4Þ

For the common-source FET amplifiers shown in Figs. 4.1 and 4.2, the total

input capacitance equals [6]

Cin ¼ Cgs þ Cgd 1� Gð Þ, ð4:5Þ
where Cgs and Cgd are gate-source and gate-drain capacitances, respectively.

Fig. 4.3 Equivalent noise circuit for a FET amplifier
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G is the amplifier gain: G¼Vout/Vin� gfsRl. Here gfs is the FET forward

transconductance.

en is composed of the following noise voltage sources uncorrelated to each other

by definition

en2 ¼ ��ent þ enRb
þ en1=f þ enRl

��2 ¼ ent2 þ enRb
2 þ en1=f 2 þ enRl

2 : ð4:6Þ

In (4.6), ent is the FET channel thermal noise, enRb
is the thermal noise caused

by the FET biasing resistor Rb. en1/f is the FET 1/f noise, which prevails over the

FET thermal noise at frequencies f< fc. fc is the 1/f corner frequency where thermal

noise and 1/f noise are equal to each other. enRl
is the equivalent FET input thermal

noise generated by the load resistance Rl.

in, in general, consist of the two noise current sources uncorrelated to each other

in
2 ¼ ��ins þ ini

��2 ¼ ins
2 þ ini

2 : ð4:7Þ

In (4.7), ins. is the shot noise in the gate caused by the gate leakage current IGSS.
ini is the high frequency (�100 MHz) current noise induced to the gate due to the

capacitive coupling of the channel to the gate [7]. As a result of this capacitive

coupling, gate noise current inmay be found to be partially correlated with the drain

noise current ind:

c ¼ inind
�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

in
2 � ind2

q : ð4:8Þ

In (4.8), c is the correlation coefficient between in and ind. Evaluation of c made

by Van der Ziel showed that, for both, JFETs and MOSFETs, c� 0.4[7, 8, 10].

At such small value of c, the gate induced noise current can be considered ini� 0.

Thus, (4.7) and (4.2) can be rewritten

in
2 � ins

2 , vnin1
2 ¼ ins

2
��Z��2: ð4:9Þ

By substituting noise sources in (4.1) with (4.6), we can write an expression for

the overall noise voltage referred to the FET input

vnin2 ¼ ��ent þ enRb þ en1=f þ enRl þ vnin1
��2

¼ ent2 þ enRb
2 þ en1=f 2 þ enRl

2 þ vnin12 : ð4:10Þ

In (4.10), we suppose that all these noise sources are uncorrelated with each

other by definition.
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4.2 Noise Analysis and Noise Sources of the FET Amplifier

The goal of this noise analysis is to find expressions for the overall equivalent noise

voltage vnin referred to the FET input as the function of all noise sources and the

circuit parameters. For this, it is first necessary to analyze each of the noise sources

contained in (4.10).

4.2.1 FET Thermal Noise

JFETs and MOSFETs operate as resistors controlled by input voltage Vgs. There-

fore, their fundamental noise source is the channel thermal noise ent. This is in

contrast to bipolar transistors and diodes for which the fundamental noise source is

shot noise. ent is the white noise part of the FET noise spectrum. For JFETs and

MOSFETs operated in saturation region, which generally takes place in practice,

ent
Vffiffiffiffi
Hz

p
� 	

is defined by the thermal noise equation [7, 10]

ent2 ¼ ind
2

gfs
2
¼ 4kT

Γ
gfs

: ð4:11Þ

In (4.11), k is the Boltzmann’s constant (1.38� 10�23 J/K), T is the absolute

temperature in degree Kelvin, and Γ is a constant. A theoretical value of Γ� 2/3 for

long channels, having channel length L� a (a is the channel depth) and Γ� 0.8

for short channels [11–13]. Most JFETs feature Γ� 2/3.

For JFETs, ent is a function of the drain current. ent is lower in the vicinity of

the saturation drain current IDSS where VGS¼ 0 and gfs has the highest value. But

operation with a large drain current is not always acceptable. For example, this

takes place when it is needed to provide stable operation of an amplifier over a wide

temperature range. In this case, drain current ID should be close to the point where

its temperature coefficient equals zero [14]

ID ¼ IDZ � IDSS
0:6

Vgs offð Þ


 �2
: ð4:12Þ

In (4.12), Vgs(off) is the gate-source cutoff voltage.

4.2.2 Thermal Noise Caused by the Load Resistance

The load resistance Rl thermal noise contribution as the FET equivalent input noise

voltage spectral density enRl
is given by
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enRl
2 ¼ 4kT

1

gfs
2Rl

: ð4:13Þ

To make this noise contribution negligible, <10 % of the channel thermal noise

ent2
V2

Hz

� 	
, defined by (4.11) and Γ¼ 2/3, it is needed to provide Rl >

15
gfs
, or FET

voltage gain G¼ gfsRl> 15.

4.2.3 Thermal Noise Caused by the Biasing Resistor

Thermal noise enRb
caused by the biasing resistor Rb depends on the source

impedance Zs:

enRb
2 ¼ 4kTReZ1, ð4:14Þ

Z1 ¼ RbZs

Rb þ 1þ jωRbCinð ÞZs
, ð4:15Þ

where Re Z1 is the real portion of Z1 expressed by (4.15). For the capacitance-type

of signal source like a PE transducer, Zs ¼ 1
jωCs

, (4.14) becomes

enRb
2 ¼ 4kTRb

1þ ωRb Cs þ Cinð Þ½ 	2 , ð4:16Þ

where Cs is the signal source capacitance. At most frequencies of interest higher

than the low-frequency cutoff such that

ωRb Cs þ Cinð Þ½ 	2 � 1, ð4:17Þ

(4.16) can be rewritten

enRb
2 ¼ 4kT

Rb ω Cs þ Cinð Þ½ 	2 : ð4:18Þ

From (4.18) we can see that enRb
Vffiffiffiffi
Hz

p
� 	

is inversely proportional to the
ffiffiffiffiffi
Rb

p
,

frequency f, and capacitance (Cs+Cin). As a result, enRb
can give a substantial

contribution to the amplifier overall noise at low frequencies, especially when a low

value of the source capacitance takes place. This noise can be reduced by increasing

Rb. But the Rb maximum value is limited by the gate leakage current of the

particular type of FET used.
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4.2.4 1/f Noise of JFETs and MOSFETs

1/f noise defines the fundamental threshold of small signal measurements made

with the help of electronic devices at low frequencies [15]. Even though its origin

has been discussed for nearly a century, it is still one of the oldest unresolved

problems in physics.

There is an abundance of 1/f noise experimental data in MOSFETs. Since 1/f

noise is affected by differences in material quality and the fabrication process, there

is a high scatter in experimental results. Moreover, since devices have complicated

structures, it is hard to interpret their experimental results unambiguously

[16, 17]. Therefore, many experimental studies of 1/f noise were made on homo-

geneous samples of metals and semiconductors.

Most experimental studies and proposed physical models were made on the 1/f

noise origin in MOSFETs. Just a few literature sources describe 1/f noise in JFETs.

It is known that n-channel JFETs have much lower 1/f noise (by factors 103 to 105

in some cases) and its corner frequency fc value in comparison to MOSFETs

[18, 19]. This difference in 1/f noise between JFETs and MOSFETs demands

further research and explanation.

Among several physical models proposed in attempts to explain experimental

data in MOSFETs, the following two 1/f noise models dominate in discussions. One

of them (called ΔN noise) is the McWhorter model [20, 21]. This model attributes

origin of 1/f noise to fluctuations of number of free carriers caused by generation-

recombination (GR) fluctuations in the transition region of the MOSFET gate

junction. Another one (called Δμ noise or mobility noise) supposes that 1/f is

caused by fluctuations in the mobility of the free carriers [16, 17]. There are unified

models assuming both, ΔN and Δμ noise sources [21–23]. All models conclude that

1/f noise increases with decreasing of device size that is confirmed experimentally

[22, 23].

Small MOSFETs often have 1/f noise mixed with additional so-called “pop-

corn”, burst, or random telegraph signal (RTS) noise having a Lorentzian spectrum

on top of the pure 1/f noise [23].

In order to compare the level of 1/f noise in devices and materials, usually the

Hooge’s empirical relation for the 1/f noise in homogeneous semiconductors is

used. 1/f noise is caused by resistance fluctuations when current flows through

it. When a constant voltage is applied across resistance, this noise creates current

fluctuations with a spectral density SI
A2

Hz

� 	
. The Hooge’s empirical relation for the

1/f noise in MOSFETs holds [16, 17]:

SI ¼ αI2

Nf
¼ α

f

I2

nWLt
: ð4:19Þ

In (4.19), f is a frequency and N is the total number of free charge carriers. I is
current flowing through a homogeneous sample having length L, width W,
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thickness t and carrier concentration n. α is the dimensionless 1/f parameter which

depends on the quality of material and is used as a figure of merit for the 1/f noise.

For different MOSFETs and JFETs it can be in range of 10� 9< α< 10� 2 [17, 23].

In practice, FETs used for FET-input amplifiers are operated in the saturation

region:

VDS > VG
�,VG

� ¼ VGS � VTj j ð4:20Þ

where VG* is the effective gate voltage, VDS and VGS are drain-source and gate-

source voltages, respectively, VT is the threshold voltage. For this region, the

equivalent input 1/f noise voltage density en1/f can be calculated using relation [22]:

en1=f 2 ¼ αqVG
�

2Cinf
ð4:21Þ

In (4.21), q is the electron charge of 1.6� 10�19 coulomb and Cin is the FET

input capacitance.

The 1/f noise corner frequency fc in saturation region is given by [18]

f c �
1

2π

αqgfsVG
�

kTCin
: ð4:22Þ

Note that expressions (4.21) and (4.22) were originally derived for MOSFETs

using the Hooge’s empirical relation (4.19). It was experimentally confirmed in

[18] that these expressions are also valid for JFETs.

Measurement of 1/f noise in JFETs and MOSFETs showed that parameter α can

be used as a perfect figure of merit for comparison 1/f noise between different

JFETs and MOSFETs [18]. Using (4.21) or (4.22), the value of α can be calculated

from an experimentally observed 1/f noise and fc value. To select JFET or MOSFET

for low value of 1/f noise it is necessary to measure this noise of each device.

4.2.5 Shot Noise Current in the Gate

The shot noise current in the gate ins is caused by the gate leakage current IGSS.
Therefore, it is defined by the shot noise current equation for spectral density

(measured in A2

Hz) [7, 10]:

lns
2 ¼ 2qIGSS: ð4:23Þ

This is white noise current uncorrelated with other FET noise sources. This noise

current creates the equivalent FET input noise voltage spectral density vnin1 (V
2/Hz)

at the input of the FET according to (4.9):
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vnin12 ¼ 2qIGSS Zj j2 ¼ 2qIGSS
RinZs

Rin þ 1þ jωRinCinð ÞZs

����
����
2

ð4:24Þ

For the capacitance-type of signal source, Zs ¼ 1
jωCs

, (4.24) transforms into

vnin12 ¼ 2qIGSS
Rin

2

1þ ωRin Cs þ Cinð Þ½ 	2 : ð4:25Þ

For the operating frequency range of the IEPE charge and voltage amplifiers,

usually the following inequality takes place:

ωRin Cs þ Cinð Þ½ 	2 � 1: ð4:26Þ

Then (4.25) becomes

vnin12 � 2qIGSS
1

ω Cs þ Cinð Þ½ 	2 : ð4:27Þ

From (4.27) we can see that for the capacitance-type of signal source, noise

voltage vnin1
Vffiffiffiffi
Hz

p
� 	

created by the shot noise current in the gate is inversely

proportional to the capacitance (Cs+Cin) and the frequency f.

Some researchers believe that since IGSS in FETs is very small, this noise is

negligible compared to the FET thermal noise and 1/f noise. This is correct if the

signal source impedance Zs is small. But for the signal sources with large Zs, e.g. in
the case of a PE transducer, this noise cannot be ignored at low frequencies. For

example, when using a FET 2N4338 with the measured value of IGSS � 10�12A, ins
� 6 � 10�16 A=

ffiffiffiffiffiffiffiffi
Hz,

p
Rin ¼ 1010 Ω, andCs � Cin � 100 pF, vnin1 � 450 nV=

ffiffiffiffiffiffi
Hz

p
at

frequency 1 Hz and vnin1 � 45 nV=
ffiffiffiffiffiffi
Hz

p
at frequency 10 Hz. These values of noise

can prevail over other noise sources or can be comparable to them.

4.2.6 Overall Equivalent Noise Voltage Referred
to the FET Input

Now we can substitute all noise sources in the expression (4.10) for the equivalent

noise voltage spectral density vnin referred to the FET input with (4.11), (4.13),

(4.14), (4.21), and (4.24). As a result, we will obtain
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vnin2 ¼ 4kT
Γ
gfs

þ 1

gfs
2Rl

þ ReZ1

 !
þ αqVG

�

2Cinf
þ 2qIGSS Zj j2: ð4:28Þ

In the case of a capacitance-type of signal source, (4.28) transforms into the

expression:

vnin2 ¼ 4kT
Γ
gfs

þ 1

gfs
2Rl

þ Rb

1þ ωRb Cs þ Cinð Þ½ 	2

0
@

1
Aþ αqVG

�

2Cinf

þ 2qIGSS
Rin

2

1þ ωRin Cs þ Cinð Þ½ 	2 ð4:29Þ

If the inequalities (4.17) and (4.26) take place, (4.29) can be rewritten

vnin2 ¼ 4kT
Γ
gfs

þ 1

gfs
2Rl

þ 1

Rb ω Cs þ Cinð Þ½ 	2Þ þ
αqVG

�

2Cinf
þ 2qIGSS

1

ω Cs þ Cinð Þ½ 	2 :
 

ð4:30Þ

In (4.28), (4.29), and (4.30), the first term characterizes the FET thermal noise

ent, the second defines the thermal noise enRl
caused by Rl, the third shows the

thermal noise enRb
caused by the biasing resistor Rb, the fourth characterizes the 1/f

noise en1/f, and the last one represents the shot noise in the gate vnin1.
Formulas (4.28), (4.29), and (4.30) allow the designers to estimate the equivalent

input noise voltage of the FET amplifier over a wide frequency band using

parameters of the FET (gfs,Cin, IGSS), signal source impedance (Cs), load resistance

Rl, and the measured values of the 1/f noise en1/f.

4.2.7 Some Practical Examples

Let us estimate vnin for the amplifier shown in Fig. 4.1, comprising JFET 2N4338, and

amplifying a signal provided by a capacitance-type signal source. We will calculate

vnin using (4.29) and ( 4.30) at two frequencies: f¼ 1 Hz and 1 kHz. The following

parameters of JFET, signal source, load resistance are supposed to be known:

gfs¼ 1mS, IGSS¼ 10� 12A, Cgd¼ 2 pF,Cgs¼ 5 pF, Rb ¼ Rin ¼ 1010 Ω, Rl ¼ 39 kΩ,

T ¼ 300 K,G ¼ 40,Cs � Cin ¼ 100 pF,Γ � 2
3
, G ¼ gfsRl � 40, Rin ¼ Rb. For the

1/f noise contribution en1/f, we will use the measured values of 1/f noise for this JFET.

Based on these data, we will get the following results.
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A: f ¼ 1 Hz, ωRin Cs þ Cinð Þ½ 	2 � 1, ωRb Cs þ Cinð Þ½ 	2 � 1, ent � 3:3
nVffiffiffiffiffiffi
Hz

p ,

enRl
� 0:04

nVffiffiffiffiffiffi
Hz

p , enRb
� 1000

nVffiffiffiffiffiffi
Hz

p , en1=f � 27
nVffiffiffiffiffiffi
Hz

p , vnin1 � 450
nVffiffiffiffiffiffi
Hz

p ,

vnin � 1000
nVffiffiffiffiffiffi
Hz

p :

We can see that noise at frequency 1 Hz is determined mainly by the thermal

noise enRb
caused by the biasing resistor Rb.

B: f ¼ 1 kHz, ωRin Cs þ Cinð Þ½ 	2 � 1, ωRb Cs þ Cinð Þ½ 	2 � 1, ent � 3:3
nVffiffiffiffiffiffi
Hz

p ,

enRl
� 0:04

nVffiffiffiffiffiffi
Hz

p , enRb
� 1

nVffiffiffiffiffiffi
Hz

p , en1=f � 0, vnin1 � 0:45
nVffiffiffiffiffiffi
Hz

p , vnin � 3:3
nVffiffiffiffiffiffi
Hz

p :

At frequency 1 kHz noise is determined mainly by the FET thermal noise ent.

4.2.8 Comparison Between Theoretical
and Measurement Results

The overall equivalent input noise voltage spectral density vnin
nVffiffiffiffi
Hz

p
� 	

of the

common-source FET amplifier with a capacitance-type signal source was measured

at frequency band from 0.5 Hz to 50 kHz and at room temperature. The low-noise

JFET 2N4338 having parameters shown above was used as an active component

in this amplifier. The noise voltage spectral density was measured at the amplifier

output by the Hewlett Packard Dynamic Analyzer 3562A. Measurements were

made with equivalent capacitance Cs¼ 100 pF connected in parallel with the

amplifier input. Between the amplifier output and the analyzer input an additional

low-noise amplifier was included with gain large enough to make the analyzer noise

contribution negligible.

Figure 4.4 shows experimental noise curve 1 and theoretical noise curve 2 of the

vnin. In addition, there are theoretical curves 3, 4, and 5 of the noise contribution

from different noise sources. The channel thermal noise voltage ent (curve 3), the

thermal noise voltage enRb
caused by the biasing resistor Rb (curve 4), and the noise

voltage vnin1 caused by shot noise current in the gate circuit (curve 5) are shown.

The measured noise voltage spectral density en1/f of the 1/f noise is presented as

curve 6.

We can see that the experimental noise data (curve 1) and the theoretical noise

data (curve 2) have a good correlation with each other. At low frequencies
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f
 100 Hz, contribution of the noise enRb
caused by biasing resistor Rb to the overall

noise dominates over other noise sources. At frequencies f� 500 Hz, the overall

noise is determined mainly by the FET thermal noise ent. At frequencies

100 Hz
 f
 500 Hz, both these noise sources make comparable contribution to

the overall noise. Both noise voltages enRb
and noise caused by shot noise current

in the gate circuit vnin1 change inversely proportionally to the frequency. Noise

voltage vnin1 values are about two times less than the noise voltages enRb
values.

4.2.9 1/f Noise and Thermal Noise of JFET 2N4338
Measurement Results

Figure 4.5 shows the experimental curve of the combined 1/f noise and thermal

noise (curve 1) and the theoretical curve of the thermal noise (curve 2) of this JFET

at the frequency range from 0.5 to 50 kHz. At this measurement, the signal source

represented by es and Zs connected in series was replaced by shortcut (es¼ 0,

Zs¼ 0). JFET was in saturation region. The circuit components were chosen to

provide negligible contribution from all noise sources except the JFET 1/f and

thermal noise.

The measured values of the 1/f noise en1/f and the thermal noise ent combined for

this JFET were 70, 30, 8, 4, and 3 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 0.5, 1, 10, 100, and f�

1,000 Hz, respectively. The 1/f noise corner frequency obtained from measurement

was fc� 100 Hz. The experimental spectral values of 1/f noise en1/f change

inversely proportional to
ffiffiffi
f

p
at frequencies 1Hz< f< fc that corresponds to pure

1/f noise spectra. At frequencies below 1 Hz, the noise slope is somewhat steeper

than expected for pure 1/f noise. This means that 1/f noise is mixed up with some

additional noise at frequencies f< 1 Hz. This additional noise is probably due to

1

10

100

1000

0.5 5 50 500 5000 50000

E
qu

iv
al

en
t 

in
pu

t 
no

is
e 

vo
lt
ag

e
sp

ec
tr

al
 d

en
si
ty

 (
nV

/Ö
H

z)

Frequency (Hz)

1

2

3

4

5

6

Fig. 4.4 Experimental (1 and 6) and theoretical (2, 3, 4, and 5) curves of the JFET amplifier

equivalent input noise voltage spectral density: 1 and 2—overall noise vnin, 3—JFET channel

thermal noise ent, 4—thermal noise enRb
caused by the biasing resistor Rb, 5—voltage noise vnin1

caused by shot noise current in the gate circuit, and 6—JFET 1/f noise en1/f
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drift in temperature of the JFET and component values in the circuit, resulting in

gain drift of the amplifier at f< 1 Hz.

The 1/f noise voltage en1/f prevails over the thermal noise ent at frequencies f 

10 Hz. At frequencies f> 100 Hz, the thermal noise predominates over 1/f noise.

At frequencies 10 Hz< f< fc , both 1/f noise and the thermal noise make compa-

rable contributions to the overall noise. The measured values of the JFET thermal

noise agree with the theoretical values from (4.11) by using Γ¼ 2/3. Based on the

1/f measurement results and using equation (4.21), the α value was calculated:

α� 3 � 10� 6. Then this α value was used for calculation of corner frequency fc
using expression (4.22). As a result, the calculated value of fc was fc� 100 Hz that

agrees with the experimental value of fc. That confirms that the expressions (4.21)

and (4.22) derived for MOSFETs are valid for JFETs also.
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Chapter 5

Comparison of 1/f Noise and Thermal

Noise in JFETs and MOSFETs

Keywords 1/f noise and thermal noise: in FETs; in JFETs; in MOSFETs; in

n-channel JFETs; in n-channel MOSFETs; in p-channel MOSFETs • Corner

frequency f c • Low-noise measurement system • Noise measurements of FETs

• Parameter α • Preamplifiers for FET noise measurements • Ultra-low-noise JFETs

FETs, specifically JFETs and MOSFETs, are active components typically used in

the first stages of the IEPE charge and voltage amplifiers. Their parameters,

including noise, are key factor for performance of the amplifier and the whole

sensor. In most IEPE accelerometers, noise of an amplifier dominates the noise of a

PE transducer. Noise of an amplifier is caused by its several noise sources, of which

the FET intrinsic noise plays a critical role. This noise creates the fundamental

noise limit for any FET amplifier. The FET intrinsic noise is comprised of two noise

sources: 1/f noise and thermal noise. This chapter presents the measurement results

and comparison of the 1/f noise and thermal noise in different commercial

n-channel JFETs and n-channel and p-channel MOSFETs in a frequency range

from 0.1 to 100 kHz. The chapter’s content is a continuation of the previous

author’s works on experimental investigation of 1/f and thermal noise in FETs

[1–3]. In comparison to these works, more FETs of each type are measured, more

detailed information about the noise measurement system is presented, and new

results are obtained.

5.1 Introduction to 1/f Noise and Thermal Noise

in JFETs and MOSFETs

The values of FETs 1/f noise and thermal noise are important information for

designers of the IEPE sensors, especially low-noise IEPE sensors. The channel

1/f noise prevails over the thermal noise at frequencies f� fc, where fc is the corner
frequency at which 1/f noise equals the thermal noise. At frequencies f> fc, the FET
intrinsic noise is mostly the channel thermal noise only.

The FET thermal noise is defined by the FET thermal equation (4.11) and can be

estimated if the FET forward transconductance gfs is known [4, 5]. Unfortunately,
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there is no possibility to make any similar estimation of 1/f noise. 1/f noise origin is

the old problem in electronics and physics and is still not resolved. As a result, there

is no theory allowing to estimate 1/f noise in a FET based on its parameters. The

Hooge empirical relation (4.19) and following expressions (4.21) for 1/f noise value

and (4.22) for the corner frequency fc were derived for pure 1/f noise (not mixed

with any additional noise sources, e.g. RTS noise) in homogeneous semiconductors

[6–8]. These expressions do not allow estimating the 1/f noise value and fc because
the FET geometry independent parameter α in these expressions is unknown a

priori. As a result, there is only one possible option to find out the value of 1/f noise,

its corner frequency fc, and parameter α: to measure 1/f noise of each type of the

FET devices.

Unfortunately, the values of 1/f noise and the corner frequency fc for commer-

cially available FETs used in IEPE sensors are shown inadequately in literature.

Usually, the data sheets of JFETs show the value of the equivalent input noise

voltage or the noise figure at one frequency f¼ 1 kHz, seldom also at f¼ 10 Hz

[9–18]. Frequency 1 kHz is out of the 1/f noise frequency region for many modern

JFETs. Some JFET data sheets contain the plots of noise spectra. But these plots

have restricted frequency range, typically f� 10 Hz, and are only valid for some

specific operating point (i.e. drain current ID, drain-source voltage VDG) [9, 10, 13, 14].

Data sheets of MOSFETs do not have any noise information at all [11, 12, 15–18]. No

vendors of FET consider 1/f noise measurement, because they do not wish to spend

precious and costly time measuring 1/f noise.

5.2 Low-Noise Measurement System for Measurement

of 1/f Noise and Thermal Noise in JFETs

and MOSFETs

Modern ultra-low-noise JFETs feature the equivalent input noise voltage spectral

density en estimated at a few nVffiffiffiffi
Hz

p at frequency 1 Hz and <1 nVffiffiffiffi
Hz

p at frequencies

f� 100 Hz [1–3, 10]. There are a few, if any, low-noise systems allowing measuring

such low values of FETs noise at such low frequencies. With the purpose to

measure the 1/f noise and thermal noise of JFETs and MOSFETs including ultra-

low-noise JFETs, the low-noise measurement system was developed.

This system is based on the similar system designed for measurement of FETs

noise and described in the author’s works [1–3]. The present system makes possible

measurement of the equivalent input 1/f and thermal noise voltage spectral density

en of n-channel JFETs, n-channel MOSFETs, and p-channel MOSFETs at the

frequency range from 0.1 Hz to 100 kHz.

Figure 5.1 shows the block diagram of this system. It is comprised of the

preamplifier with FETs under test, low-noise major amplifier, and HP 3562A

Dynamic Signal Analyzer measuring noise spectra at the output of the major ampli-

fier. Frequency response of the system is from 0.07 Hz to 110 kHz at level—3 dB.
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5.2.1 Preamplifier

As the first stage, a common-source FET preamplifier is used. It has three different

configurations dependent on the type of FET measured: n-channel JFET, n-channel

MOSFET, and p-channel MOSFET.

In Fig. 5.1, es is a signal source used to measure the voltage gain of the amplifiers

and is then replaced by a shortcut (es¼ 0) in the noise measurement. en is the

equivalent input voltage spectral density (in nV=
ffiffiffiffiffiffi
Hz

p
) of the FET 1/f and thermal

noise combined, in supposition that the FET amplifier is an ideal noise free

amplifier. The contribution of all noise sources, such as thermal noise caused by

biasing resistors and shot noise voltage in the gate generated by the gate shot noise

current, are considered negligible in comparison to the 1/f noise and thermal noise

of the measured FETs over the entire frequency range. The nickel–cadmium (NiCd)

rechargeable battery is used as a power supply for the preamplifier. With the

purpose to reduce influence of environmental noise, the preamplifier and major

amplifier are enclosed separately in two shielding metal cases with good tempera-

ture isolation between these cases.

5.2.1.1 Preamplifier for n-Channel JFETs

Figure 5.2 shows the schematic diagram for the preamplifier used for the n-channel

JFET noise measurement. In Fig. 5.2, Q1 is the JFET under test, R1 is the load

resistor: R1¼Rl. Resistor R2 provides bias for the JFET: the dc voltage drop across

R2 creates the reverse dc gate-source voltage VGS. Resistors R1 and R2 have

variable values to change the drain current ID and drain-source voltage VDS for

each FET.

Fig. 5.1 Block diagram of the measurement system

5.2 Low-Noise Measurement System for Measurement of 1/f Noise and Thermal. . . 95



Capacitor C1 has value large enough to provide negligible ac voltage drop across

R2-C1 circuit in the measured frequency band mentioned above: ωR2C1� 1. As a

result, gain of the preamplifier G increases to the value G¼ gfsRl> 15, that is high

enough to provide negligible noise contribution of the load resistor and major

amplifier into the overall noise (see Sect. 4.2.2 in Chap. 4).

Table 5.1 shows the preamplifier circuit components and parameters for the

JFETs measured.

In Table 5.1, the effective gate-source voltage VG*¼ |VGS�VT|, where VGS is

the gate-source voltage applied and VT is the threshold voltage.

5.2.1.2 Preamplifier for n-Channel MOSFETs

The schematic diagram of the preamplifier is shown in Fig. 5.3. In this figure, Q1 is

the MOSFET under test, R3 is the load resistor, and resistors R1 and R2 provide

bias for the MOSFET. The signal source is connected to the MOSFET input

through a decoupling capacitor C1. The values of R1, R2, and R4 are chosen

small enough to make their noise contribution negligible compared to the MOSFET

noise. The values of C1 and C2 are chosen high enough to provide the flat frequency

response of the amplifier at the measured frequency band (Fig. 5.3).

Table 5.2 shows the preamplifier circuit components and parameters for the

p-channel MOSFETs measured.

Fig. 5.2 Schematic

diagram of the preamplifier

for n-channel JFETs

Table 5.1 The JFET preamplifier components, gain G, values of drain-source voltage VDS and the

effective gate-source voltage VG*, drain current ID, input capacitance Cin (obtained from JFETs

data sheets [9, 10, 13, 14]), and the forward transconductance gfs¼G/Rl for the n-channel JFETs

measured

N-channel

JFETs

VDS

(V)

VG*

(V)

ID
(mA) R1 (kΩ) R2 (Ω)

C1

(F)

G

(dB)

Cin

(pF)

gfs
(mS)

2N4338 4 0.04 0.3 66.5 41.2 0.068 36.9 7 1

2N4118A 8.4 0.7 0.08 210 8,450 0.001 27.3 3 0.1

IF9030 8 0.4 4.5 4.22 88.7 0.18 45.2 60 43

LSK389 9.4 0.4 0.25 66.5 1,780 0.068 42.8 25 2

LSK170B 11.3 0.4 0.22 66.5 1,780 0.068 43.6 30 2.3
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5.2.1.3 Preamplifier for p-Channel MOSFETs

Figure 5.4 shows the circuit diagram of the preamplifier for the p-channel

MOSFETs. In this figure, Q1 is the MOSFET under test and resistor R3 is the

load resistor. Resistors R1 and R2 create bias for the MOSFET. Similar to the

previous case, their values are chosen small enough to reduce sufficiently their

noise contribution. Table 5.3 shows the preamplifier circuit components and

parameters for the p-channel MOSFETs measured.

5.2.2 Major Amplifier

The major amplifier comprises three ac-coupled stages based on low-noise JFETs

and BJT. It features low noise, high input impedance, and low output impedance,

Rout� 100Ω. Gain of the major amplifier GM is GM¼ 32dB at frequency 1 kHz.

Figures 5.5 and 5.6 show the frequency response and noise of the major

amplifier, respectively. From Fig. 5.5 we can see that the frequency response of

the major amplifier is from 0.1 to 100 kHz at level of �0.5 %. The equivalent noise

voltage spectral density referred to the major amplifier input is 200, 30, 8, 4, and 3

nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 0.1, 1, 10, 100, and �1,000 Hz, respectively.

5.3 Measurement Results of the 1/f Noise

and Thermal Noise in JFETs and MOSFETs

Using the noise measurement system described above, the 1/f noise and thermal

noise of commercial n-channel JFETs 2N4338, 2N4118A, IF9030, LSK389, and

LSK170B, n-channel MOSFETs VN2222L, 2N7000, TN24204K, and 3N170, and

p-channel MOSFETs 3N163 and BSS84 have been measured in the frequency

range from 0.1 to 100 kHz at room temperature. All FETs operated in saturation

region (VDS>VG*). Three samples of each type of FET in chip and package forms

were tested. Deviations in values of noise between samples of the same type of

Fig. 5.3 Schematic

diagram of the preamplifier

for n-channel MOSFETs
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Fig. 5.4 Schematic

diagram of the preamplifier

for p-channel MOSFETs

Table 5.3 The p-channel MOSFET preamplifier circuit components, gain G, values of the drain-

source voltage VDS and effective gate-source voltage VG*, drain current ID the input capacitance

Cin (obtained from MOSFETs data sheets [12, 18]), and the forward transconductance gfs¼G/Rl

for the p-channel MOSFETs measured

P-channel

MOSFETs

VDS

(V)

VG*

(V)

ID
(mA)

R1

(kΩ)

R2

(kΩ)

R3

(kΩ)

C1

(μF)
G

(dB)

Cin

(pF)

gfs
(mS)

3N163 12 5 2 2.3 9.76 6.98 3,000 17 2.5 1

BSS84 5.5 2 3 1.91 23.7 6.98 3,000 70 21
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device were not more than 10 %. There was no difference observed in noise values

between chip and package forms of the same types of FETs. The noise spectra are

shown below in Figs. 5.7, 5.8, and 5.9.

5.3.1 N-Channel JFETs 1/f and Thermal Noise
Measurement Results

Figure 5.7 show the experimental curves of the equivalent input noise voltage

spectral densities en expressed in nV=
ffiffiffiffiffiffi
Hz

p
of n-channel JFETs 2N4338,

2N4118A, IF9030, LSK389, and LSK170B. JFETs performance parameters and

the circuit components are shown in Table 5.1. All JFETs noise spectra shows 1/f

noise at f< fc. JFETs 2N4338, 2N4118A, and IF9030 exhibit 1/f noise at frequen-

cies 1 Hz� f� 10 Hz that resemble smooth 1/f noise en1=f � 1=
ffiffiffi
f

p� �
. At frequen-

cies f< 1 Hz, their noise slope is somewhat steeper than expected for pure 1/f noise.

This additional noise on top of the 1/f noise is probably caused by drift of the

amplifier gain which in turn is caused by temperature fluctuation of the JFETs and

components of the circuit at such low frequencies. At frequencies f> fc, the thermal

noise is dominant. At frequencies 10 Hz< f� fc, both 1/f and thermal noise make

contribution into the overall noise.
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Fig. 5.7 Experimental curves of the equivalent input noise voltage spectral densities en of

n-channel JFETs
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JFETs LSK389 and LSK170B show approximately pure 1/f noise at frequencies

0.5 Hz� f� 1 Hz. At frequencies f< 0.5 Hz, again noise slope is steeper than

expected for pure 1/f noise and defers the same explanation that made in the

previous case. At frequencies 1 Hz< f� fc, both 1/f and thermal noise make

contribution into the overall noise. At frequencies > fc, the thermal noise prevails

over the 1/f noise.

The lowest value of 1/f and thermal noise was observed in JFET IF9030. The

measured values of en for this JFET were 22, 3.7, 1.3, and 0.6 nV=
ffiffiffiffiffiffi
Hz

p
at

frequencies f¼ 0.1, 1, 10, and f� 100 Hz, respectively. This JFET has the highest

W/L ratio (W and L are the channel width and length, respectively) and, therefore,

shows the lowest thermal noise (0.6 nVffiffiffiffi
Hz

p at frequencies f� 100 Hz), as expected and

calculated with equation (4.11) [1].

The en values for the LSK389 were 44, 6.3, 3.8, 3.1, and 2 nV=
ffiffiffiffiffiffi
Hz

p
at

frequencies f¼ 0.1, 1, 10, 100, and f� 1000 Hz, respectively. The en values for

the LSK170 were 60, 7, 2.8, and 1.8 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies f¼ 0.1, 1, 10, and

f� 100 Hz, respectively.

The JFET parameter α was calculated for each JFET using experimental values

of 1/f noise en and the expression (4.21). As a result, the following α values were

obtained (see Table 5.4).

The corner frequencies obtained from the experimental curves were fc� 100 Hz

for the 2N4338 and 2N4118A, fc� 40 Hz for the IF9030, fc� 6 Hz for the LSK389,

and fc� 10 Hz for the LSK170B. The fc theoretical values calculated for JFETs

using the experimentally obtained above α values and expression (4.22) have good

agreement with the fc values obtained above from measurements.

We can see that the LSK389 and LSK170B have fc values lower than the IF9030,
even though the latter has less 1/f and thermal noise than the LSK389 and

LSK170B. This confirms the conclusion made in [1, 19] that low fc value does

not mean low noise. The value of fc can be low but 1/f and thermal noise can be

high. Devices with the largest WL are supposed to have lowest 1/f and thermal

noise [1, 19, 20]. This was confirmed by the noise analysis made in [1] for JFETs

with available dimensions values of W and L.
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Fig. 5.9 Experimental curves of the equivalent input noise voltage spectral densities en of

p-channel MOSFETs 3N163 and BSS84
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The values of the theoretical thermal noise et calculated using the expression

(4.11) with Γ¼ 2/3 have good agreement with the experimental values of this noise

for all JFETs.

Based on the results obtained above, we can confirm the conclusion made in [1]

that empirical expressions for 1/f noise (4.21) and (4.22) derived for MOSFETs are

valid for JFETs also.

Table 5.5 summaries the values of en, fc, and parameter α for all JFETs measured.

5.3.2 N-Channel MOSFETs 1/f and Thermal Noise
Measurement Results

Figure 5.8 shows the experimental curves of the equivalent input noise voltage

spectral densities en expressed in nV=
ffiffiffiffiffiffi
Hz

p
for n-channel MOSFETs VN2222L,

2N7000, TN2404K, and 3N170. MOSFETs performance parameters and the circuit

components are shown in Table 5.2.

The MOSFETs VN2222L, 2N7000, and 3N170 noise spectra exhibit approxi-

mately smooth 1/f noise ( en1=f � 1=
ffiffiffi
f

p
) at all measured frequency range from

0.1 Hz to 100 kHz. The same spectrum takes place for the TN2404K 1/f noise at the

frequency range from 0.1 Hz to 10 kHz. At frequencies f> 25 kHz this MOSFET

noise is mostly thermal type of noise. At frequencies 10 kHz< f� fc both 1/f and

thermal noise are present.

The TN2404K exhibits the lowest value of 1/f and thermal noise among the

MOSFETs measured. The measured values of en for this device were 450, 160,

50, 20, 10, and about 3 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 0.1, 1, 10, 100, 1,000, and

f� 104 Hz, respectively. The 1/f noise values of this MOSFET is comparable to

Table 5.4 The parameter α values obtained by using experimental values of 1/f noise en and

expression (4.21)

JFETs 2N4338 2N4118A IF9030 LSK389 LSK170B

α 3∙10�6 8∙10�7 2∙10�8 3∙10�8 5∙10�8

Table 5.5 The values of en, fc, and parameter α for the JFETs measured

JFETs 2N4338 2N4118A IF9030 LSK389 LSK170B

en
nVffiffiffiffi
Hz

p
� �

0.1 Hz 200 650 22 44 60

1 Hz 27 100 3.7 6.3 7

10 Hz 7.5 34 1.3 3.8 2.8

100 Hz 4 17 0.6 3.1 1.8

� 1,000 Hz 3 10 0.6 2 1.8

fc(Hz) 100 100 40 6 10

α 3∙10-6 8∙10-7 2∙10-8 3∙10-8 5∙10-8
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the 1/f noise values of the JFET 2N4118A that has the highest values of this noise

among all JFETs measured.

The FET parameter α was calculated for each n-channel MOSFET using the

experimental values of 1/f noise en1/f and expression (4.21). As a result, the

following α values were obtained (see Table 5.6).

All n-channel MOSFETs, except the TN2404K, have values of fc located above

the frequency 100 kHz, which is out of the measured frequency range. The fc value
for the TN2404K obtained from measurement is fc� 25 kHz. This fc value is

consistent with the theoretical fc value calculated using the expression (4.22) and

the α value for this MOSFET shown above in Table 5.6.

The theoretical value of the thermal noise et calculated for the TN2404K using

the expression (4.11) with Γ¼ 2/3 has good agreement with the experimental values

of this noise for this MOSFET.

Table 5.7 summarizes 1/f and thermal noise data for all n-channel MOSFETs

measured.

5.3.3 P-Channel MOSFETs 1/f and Thermal Noise
Measurement Results

Figure 5.9 shows the experimental curves of the equivalent input noise voltage

spectral densities en expressed in nV=
ffiffiffiffiffiffi
Hz

p
of p-channel MOSFETs 3N163 and

BSS84 measured. The p-channel MOSFETs’ performance parameters and the

Table 5.6 The parameter α values calculated using the experimental values of 1/f noise en and
expression (4.21)

n-channel MOSFETs VN2222L 2N7000 TN2404K 3N170

α 10-3 3∙10-4 3∙10-5 2∙10-3

Table 5.7 The values of en, fc, and parameter α for the n-channel MOSFETs measured

n-channel MOSFETs VN2222L 2N7000 TN2404K 3N170

en
nVffiffiffiffi
Hz

p
� �

0.1 Hz 6.2∙103 5,000 450 3∙104

1 Hz 2.3∙103 1,500 160 8.6∙103

10 Hz 800 500 50 3∙103

100 Hz 300 200 20 103

1 kHz 140 70 10 300

10 kHz 50 30 4 110

100 kHz 18 10 3 40

fc(Hz) >105 >105 2.5∙104 >105

α 10-3 3∙10-4 3.4∙10-5 2∙10-3
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circuit components are shown in Table 5.3. Both MOSFETs noise spectra exhibit

approximately smooth 1/f noise (en1=f � 1=
ffiffiffi
f

p
) at frequency range from 0.1 Hz to

10 kHz. At frequencies f> fc, only thermal noise is present. At frequencies

10 kHz< f� fc, both 1/f and thermal noise make contribution into the overall noise.

The FET parameter α was calculated for each MOSFET using experimental

values of 1/f noise en1/f and the expression (4.21). As a result, the following α values

were obtained (see Table 5.8).

The fc value for the 3N163 and BSS84 obtained from measurement are fc�
100 kHz and fc� 50 kHz, respectively. These fc values are consistent with the

theoretical fc values calculated using the expression (4.22) and the α values for these
MOSFETs shown above in Table 5.8.

The theoretical value of the thermal noise et calculated using the expression

(4.11) with Γ¼ 2/3 has good agreement with the experimental values of this noise

for both MOSFETs.

Table 5.9 summarizes 1/f and thermal noise data for the p-channel MOSFETs

measured.

Table 5.8 The parameter α values

calculated using experimental values

of 1/f noise en and expression (4.21)

p-channel MOSFETs 3N163 BSS84

α 2∙10-5 10-5

Table 5.9 The values of en, fc,
and parameter α for the p-channel

MOSFETs measured

p-channel MOSFETs 3N163 BSS84

en
nVffiffiffiffi
Hz

p
� �

0.1 Hz 5,100 850

1 Hz 1,800 170

10 Hz 500 50

100 Hz 120 12

1 kHz 30 4

10 kHz 10 1.7

100 kHz 7 1

fc(Hz) 105 5∙104

α 2 10�5 10�5
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5.4 Summary and Discussion of the Measurement Results

• The 1/f noise and thermal noise in different commercial n-channel JFETs and

n-channel and p-channel MOSFETs were measured at frequency range from

0.1 Hz to 100 kHz using the designed ultra-low-noise measurement system. The

noise measurement was made in term of the FET equivalent input noise voltage

spectral density en
nVffiffiffiffi
Hz

p
� �

, which is the combination of 1/f noise en1/f and thermal

noise ent.
• The corner frequency fc was determined from measured spectra results as the

frequency at which ent2 ¼ en1=f 2 . These experimentally observed fc values for

FETs having fc in the frequency range of the measurement system (�100 kHz)

were consistent with their fc values estimated using empirical equation (4.22).

• The values of the thermal noise ent obtained from the measurement have good

agreement with the theoretical ent values calculated using expression (4.11) for

all FETs having the ent noise spectra in the frequency measurement range to

100 kHz.

• The measurement results showed that JFETs had typically much lower en1/f, ent,
and fc, in comparison to the MOSFETs.

• If one interprets en1/f and fc values using the empirical relations (4.21) and (4.22),

this difference in en1/f and the fc values is explained by the difference in the

parameter α values. JFETs have α values lower than MOSFETs by factors 10–

105. Also, JFETs often have fc values that are a few decades lower than

MOSFETs.

• Specifically, the investigated JFET IF9030 exhibited the lowest values of en
about 22, 3.7, 1.3, and 0.6 nV=

ffiffiffiffiffiffi
Hz

p
(3.6∙10�19 V2/Hz or the equivalent input

noise resistance Rn¼ 23 Ω) at frequencies 0.1, 1, 10 Hz, and f� 100 Hz,

respectively. The fc value for this JFET was fc� 40 Hz, and parameter α was

as low as α¼ 2 � 10� 8. This α value is probably the lowest value in FETs ever

observed and reported (except [1]). This JFET also showed the lowest value of

ent (0.6
nVffiffiffiffi
Hz

p at frequencies f� 100 Hz).

• Another JFET LSK389 featured the values of en about 44, 6.3, 3.8, 3.1, and 2

nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 0.1, 1, 10, 100, and f� 1000 Hz, respectively. The fc

value for this JFET was as low as fc� 6 Hz, and parameter α was as low as

α¼ 3 � 10� 8. This fc value is probably the lowest fc value in FETs ever observed
and reported.

• Noise analysis of three n-channel JFETs made in the previous author work [1]

showed that the empirical relations (4.21) and (4.22) originally derived for

MOSFETs are valid for JFETs also. Here this confirmation was made, as a result

of noise analysis of five n-channel JFETs.

• Why JFETs have much less 1/f noise, fc, and α values compared to MOSFETs?

This question is still waiting for its answer from researchers of 1/f noise in FETs.

To the best of our knowledge, there are no models of 1/f noise in FETs that can

persuasively explain this fact. The physical origin of the difference in 1/f noise

between JFETs and MOSFETs demands further investigation.
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Chapter 6

Fundamental Noise Limit of an IEPE

Accelerometer

Keywords Damped harmonic oscillator: mechanical resistance; quality factor;

resonant frequency • IEPE accelerometer noise: noise limit; fundamental noise

limit; noise expression • PE transducer noise: electrical-thermal noise; equivalent

noise schematic; loss factor; mechanical-thermal noise; noise expression; noise

limit; noise sources

One of the important advantages of IEPE accelerometers is their small noise

permitting them to measure small vibration signals at frequency range from about

0.001 Hz to 20 kHz. Specifically, some modern ultra-low-noise IEPE accelerom-

eters feature a noise floor (equivalent input noise acceleration spectral density)

estimated at a few dozenng=
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz and a fewng=

ffiffiffiffiffiffi
Hz

p
at frequency

100 Hz [1–4]. Designers of IEPE sensors try to decrease their noise more and more.

In this matter, the question about the fundamental noise limit of an IEPE acceler-

ometer becomes vital. This chapter describes noise of the PE transducer as the

fundamental noise limit of the IEPE accelerometer [5]. Most literature sources on

noise of vibration and acoustic sensors describe the mechanical-thermal noise of a

damped harmonic oscillator as the only noise source determining the sensor’s noise

limit [6–10]. A few other literature sources present the electrical-thermal noise of a

piezoelectric (PE) element (crystal) caused by its loss factor as the only noise limit

for a PE transducer [11, 12]. But a few, if any, literature sources describe the

complete noise analysis of the PE transducer. In this chapter, both noise sources of

the PE transducer mentioned above are considered for determination of the funda-

mental noise limit of the IEPE sensor. The chapter content is based on the author’s

work [5].

6.1 When and Why Noise of a PE Transducer

Should Not Be Neglected

The IEPE accelerometer incorporates the PE transducer and charge or voltage

amplifier used for the amplification of signals coming from the transducer. Each

of these parts makes its noise contribution into the overall sensor’s noise. In most
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IEPE sensors, the main noise source is noise of the amplifier and, therefore, the

noise of the PE transducer is often neglected in practice. But in the low-noise IEPE

sensors comprising a low-noise amplifier, the noise contribution of the PE trans-

ducer can be comparable with the amplifier’s noise or prevail over the amplifier’s

noise. As a result, the noise of the PE transducer should be considered in estimation

of the noise floor of these sensors.

6.2 The PE Transducer’s Noise Sources Description

The PE transducer comprises two functional parts: a mechanical damped harmonic

oscillator and a piezoelectric (PE) element (crystal) producing on its output termi-

nals a charge proportional to the mechanical motion. Each of these parts generates

noise. A damped harmonic oscillator has a mechanical resistance which creates the

mechanical-thermal noise due to the well-known mechanism of Brownian Motion

[6, 9, 10]. Another thermal type of noise, called electrical-thermal noise, is related

to the losses in the PE element material and depends on the loss factor or dissipation

factor η of this material [11, 12]. More detailed analysis of each of these types of

noise is made below.

6.3 Equivalent Electrical Noise Schematic

of a PE Transducer

Figure 6.1 shows the simplified equivalent electrical noise schematic of a PE trans-

ducer. In Fig. 6.1, enm and ene are the noise generators presented in terms of equivalent

noise voltage spectral densities (in nVffiffiffiffi
Hz

p or μVffiffiffiffi
Hz

p ). Each of the voltage generators shown

in Fig. 6.1 represents the output voltage of the open-circuit PE transducer.

enm is the PE transducer’s mechanical-thermal noise voltage determined by the

mechanical resistance of the damped harmonic oscillator:

enm ¼ anmVPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTrm

p
: ð6:1Þ

In (6.1), anm is the PE transducer’s equivalent noise acceleration spectral density

(in ngffiffiffiffi
Hz

p or μgffiffiffiffi
Hz

p ) caused by its mechanical-thermal noise. VPE a PE transducer’s

voltage sensitivity (in mV/g or V/g) having the well-known relationship with its

charge sensitivity QPE (in pC/g) and electrical capacitance CPE:

VPE ¼ QPE

CPE
ð6:2Þ
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rm is the equivalent electrical resistance related to the noise generator enm in

accordance with (6.1). kB is the Boltzmann’s coefficient (1.38� 10�23 J/K), T is

the absolute temperature (K).

ene is the PE transducer’s electrical-thermal noise voltage caused by electrical

resistance re related to the loss factor of the PE element material:

ene ¼ aneVPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTre

p
: ð6:3Þ

In (6.3), ane is the PE transducer’s equivalent noise acceleration spectral density

(in ngffiffiffiffi
Hz

p or μgffiffiffiffi
Hz

p ) caused by its electrical-thermal noise.

ePE is the signal voltage generator:

ePE ¼ asVPE, ð6:4Þ

where as is the input acceleration.
We can suppose that noise voltages enm and ene are uncorrelated to each other

by definition. As a result, the total noise of the PE transducer in terms of the

equivalent noise voltage spectral density enPE corresponding to the output voltage

of the open-circuit PE transducer can be written as a square root of the sum of these

noise sources squares:

enPE ¼ anPEVPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
enm2 þ ene2

p
¼ VPE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
anm2 þ ane2

p
ð6:5Þ

Fig. 6.1 Simplified

equivalent electrical noise

schematic of a PE

transducer
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anPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
anm2 þ ane2

p
: ð6:6Þ

In (6.5) and (6.6), anPE is the PE transducer’s total equivalent noise acceleration

spectral density. Our goal is to find expression for enPE and anPE as functions of the
PE transducer parameters. For this, we need first to analyze each of the noise

voltages enm and ene and noise accelerations anm and ane that will be made below.

6.4 The PE Transducer’s Mechanical-Thermal Noise

For the mechanical-thermal noise analysis, the PE transducer can be presented as a

simple accelerometer containing a damped harmonic oscillator with mass m, spring
constant k, and mechanical resistance Rm. Fig. 6.2 shows the schematic diagram of

such accelerometer. The mass moves relative to the case when acceleration signal

as is applied to the case. This relative displacement is transformed to the output

electrical signal by a PE element. In Fig. 6.2, Fn is the fluctuating force spectral

density (in N=
ffiffiffiffiffiffi
Hz

p
) related to the mechanical resistance Rm according to the

Nyquist’s Relation:

Fn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTRm

p
ð6:7Þ

The damped harmonic oscillator is characterized by the resonant frequency f0

f 0 ¼
ω0

2π
¼ 1

2π

ffiffiffiffi
k

m

r
ð6:8Þ

Fig. 6.2 Schematic

diagram of a simple

accelerometer with a

damped harmonic oscillator
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and quality factor Q

Q ¼ ω0m

Rm
: ð6:9Þ

In the accelerometer, the operating frequency range is limited by frequencies

located below the accelerometer resonant frequency, usually f< f0/3. For these

frequencies, we can write in the frequency domain the noise response in term of

the noise displacement spectral density Zn (in m=
ffiffiffiffiffiffi
Hz

p
) [6]:

Zn fð Þ2 ¼ 4kBTRm

k2
: ð6:10Þ

Using (6.8) and (6.9), Eq. (6.10) can be rewritten

Zn fð Þ2 ¼ 4kBT

mQω0
3
: ð6:11Þ

The signal response Zs( f ) in the frequency domain equals [6]

Zs fð Þj j2 ¼ as
2

ω0
4
: ð6:12Þ

Then, using (6.11) and (6.12), the signal-to noise ratio at any frequency can be

written as

Zs

Zn

����
����
2

¼ mQas
2

4kBTω0

: ð6:13Þ

If we suppose Zs¼ Zn, we can find the equivalent mechanical-thermal noise

acceleration spectral density (in m
s2

ffiffiffiffi
Hz

p ) of the PE transducer anm¼ as

anm
m

s2
ffiffiffiffiffiffi
Hz

p
� �

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTω0

mQ

s
: ð6:14Þ

In terms of gffiffiffiffi
Hz

p , (6.14) can be rewritten as

anm
gffiffiffiffiffiffi
Hz

p
� �

� 0:1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTω0

mQ

s
: ð6:15Þ

The noise acceleration anm creates the noise voltage spectral density enm (in

V=
ffiffiffiffiffiffi
Hz

p
) at the output of the PE transducer
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enm ¼ anmVPE ¼ 0:1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTω0VPE

2

mQ

s
¼ 0:1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTω0QPE

2

mQCPE
2

s
: ð6:16Þ

From (6.15) and (6.16) we can see that the mechanical-thermal noise is inde-

pendent of frequency at all f� f0. With the purpose to decrease this noise, it is

needed to increase the mass m and quality factor Q, or decrease the resonant

frequency f0.

6.5 The PE Transducer’s Electrical-Thermal Noise

The electrical-thermal noise ene of a PE transducer is a type of noise which is caused

by active losses in the PE crystal material. These losses are similar to active losses

which take place in any capacitor. ene is determined by the PE crystal loss factor η,
also called a dissipation factor, which is the inverse of the PE crystal material’s

quality factor [11, 13]. Figure 6.3 shows the simplified equivalent noise schematic

of the PE transducer’s electrical capacitance CPE with active losses reflected by the

resistor Re.

By definition, loss factor or dissipation factor η¼ tan δ of the capacitor CPE

equals [13]

η ¼ tan δ ¼ 1

ωReCPE
, ω ¼ 2πf : ð6:17Þ

An expression for the electrical-thermal noise ene can be found if we transform

the schematic shown in Fig. 6.3 into the equivalent noise schematic shown in

Fig. 6.1. ene is given by

ene ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTre

p
ð6:18Þ

where re is the equivalent noise resistor for the circuit shown in Fig. 6.3:

Fig. 6.3 Equivalent noise

schematic of the PE

transducer’s electrical

capacitance
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re ¼ Re

1þ ωReCPEð Þ2 : ð6:19Þ

Using (6.17), Eq. (6.19) can be rewritten

re ¼ 1

ωCPE ηþ 1
ηÞ:

� ð6:20Þ

In practice, for most PE crystals η� 1, usually in range 0.01� η� 0.05. Then,

(6.20) becomes simpler

re ¼ η

ωCPE
: ð6:21Þ

By substituting re with (6.21) into (6.18), we will find the PE transducer’s

electrical-thermal noise voltage spectral density in V=
ffiffiffiffiffiffi
Hz

p� �
ene:

ene ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTη

ωCPE

r
: ð6:22Þ

Using (6.3), we can also obtain the PE transducer’s equivalent noise acceleration

spectral density (in g=
ffiffiffiffiffiffi
Hz

p
) caused by its electrical-thermal noise

ane ¼ ene
VPE

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTη

ωCPEVPE
2

s
¼ 1

QPE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTηCPE

ω

r
: ð6:23Þ

From (6.22) and (6.23), we can see that ene and ane, in contrast to enm and anm, are

functions of frequency, specifically, they are inversely proportional to
ffiffiffiffi
ω

p
. They

also depend on frequency variations of η, if these variations take place. In order to

decrease ene and ane, we need to choose crystals with small η. But this is not always
possible because it can affect other important crystal parameters. From (6.23) we

can also see that ane is inversely proportional to the PE transducer’s charge

sensitivity QPE or voltage sensitivity VPE.

Measurement of η, and CPE of the PE element made of a PZT piezoceramic at a

frequency range from 100 Hz to 100 kHz showed that η, CPE, are practically

constant at this frequency range [5]. There was no measurement results about

frequency dependence of η at frequencies< 100 Hz, because of the frequency

limitation of the HP Impedance Analyzer 4194A used for these measurements.

We can expect η to be constant in wide frequency range [14].

Note should be taken, the equivalent schematic shown in Fig. 6.3 and expression

(6.17) for η are valid at the frequency range restricted by some frequencies

f� 107 Hz. At frequencies f> 107, the active losses in the PE crystal are affected

by multiple relaxation and resonance modes resulting in a more complicated
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equivalent schematic and expression for η [13]. At very low frequencies, f� 10 Hz,

1/f noise can also affect η [15]. The material defects, conductivity, and impurities

contribute to the increase of 1/f noise.

6.6 Complete Expression for the Fundamental Noise Limit

of an IEPE Accelerometer

As a result of the noise analysis made above, the complete expression for the

fundamental noise limits enPE and anPE can be obtained if we substitute enm, ene,
anm, and ane in (6.5) and (6.6) with (6.15), (6.16), (6.22), and (6.23). With that, the

equivalent noise voltage spectral density in V=
ffiffiffiffiffiffi
Hz

p� �
enPE at the output of the open

circuit PE transducer equals

enPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

0:01ω0QPE
2

mQCPE
2

þ η

ωCPE

� �s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

0:01ω0VPE
2

mQ
þ η

ωCPE

� �s
: ð6:24Þ

The equivalent noise acceleration spectral density in g=
ffiffiffiffiffiffi
Hz

p� �
anPE equals

anPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

0:01ω0

mQ
þ ηCPE

ωQPE
2

� �s
: ð6:25Þ

In (6.24) and (6.25), the first item represents the mechanical-thermal noise and

the second item corresponds to the electrical-thermal noise of a PE transducer.

Using these expressions, enPE and anPE can be estimated for any IEPE sensor at any

frequencies if the PE transducer parameters m,ω0,Q,QPE,CPE, and η are known or
obtained as a result of their measurement. Note that, in general, the PE transducer

parameters QPE, CPE, and η can be functions of frequency. Therefore, it is necessary
to use their values at some specific frequency for estimation of enPE and enPE.

The total noise of an IEPE accelerometer including noise of the charge or

voltage amplifier used can be written as

entot2 ¼ enPE2 þ enamp2 ¼ 4kBT
0:01ω0VPE

2

mQ
þ η

ωCPE

� �
þ enamp2 , ð6:26Þ

antot2 ¼ anPE2 þ anamp2 ¼ 4kBT
0:01ω0

mQ
þ ηCPE

ωQPE
2

� �
þ enamp2

VPE
2
: ð6:27Þ

In (6.26) and (6.27), anamp is the equivalent input noise acceleration spectral

density caused by the amplifier’s noise, enamp is the equivalent input noise voltage
spectral density caused by the amplifier’s noise. entot and antot are the total
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equivalent IEPE input noise voltage and acceleration spectral densities, respec-

tively. It is assumed in (6.26) and (6.27) that enPEwith enamp and anPEwith anamp are
not correlated to each other by definition.

6.7 Some Practical Examples

Below we will estimate the fundamental noise limits for two options of IEPE

accelerometers with some specific parameters and compare them with noise floors

of their amplifiers.

Option 1. The IEPE sensor is the seismic accelerometer comprising of a PE

transducer with the following parameters: QPE¼ 20, 000 pC/g, CPE¼ 3000pF,
VPE� 6.7V/g, f0¼ 400Hz,m¼ 500g,Q¼ 50, and η¼ 0.02. We assume that η is

constant at all frequencies. The operating frequency range is 0.01 Hz� f� 130 Hz

at a level of� 3 dB. Also, we assume this accelerometer incorporates the low-noise

charge amplifier having equivalent input noise voltage spectral density enamp of

200, 30, 10 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 1, 10, and 100 Hz, respectively. Using

Eqs. (6.15), (6.16), (6.22), and (6.23), we will obtain for T¼ 300 K:

• anm � 1:3 � 10�9 m
s2

ffiffiffiffi
Hz

p � 0:13ng=
ffiffiffiffiffiffi
Hz

p
at any frequency f� 130 Hz,

• enm � 0:9nV=
ffiffiffiffiffiffi
Hz

p
at any frequency f� 130 Hz,

• ane � 20ng=
ffiffiffiffiffiffi
Hz

p
and ene� 130 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz,

• ane � 6:3ng=
ffiffiffiffiffiffi
Hz

p
and ene � 42 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 10 Hz,

• ane � 2ng=
ffiffiffiffiffiffi
Hz

p
and ene � 13 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 100 Hz.

We can see that for this sensor, ane dominates over anm at all operating frequency

range. As a result, the total noise of the PE transducer is determined mainly by its

electrical-thermal noise: anPE� ane at all operating frequency range. The values of

the voltage noise ene at the output of the PE transducer are 130, 42, and 13 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 1, 10, and 100 Hz, respectively. These values of noise are compara-

ble to the noise contribution enamp of the low-noise amplifier at frequencies

10 and 100 Hz and, therefore, should be taken into account in design and analysis

[4, 16–19].

Option 2. The IEPE sensor is a small accelerometer comprising of a PE transducer

with the following parameters: QPE¼ 1 pC/g,CPE ¼ 100pF,VPE � 10 mV
g
, f 0 ¼ 30

kHz,m ¼ 0:3g,Q ¼ 70, and η¼ 0.02. The operating frequency range is

1 Hz� f� 10 kHz at a level of� 5 %. We assume this sensor contains the charge

amplifier having noise enamp of 3,000, 500, 200, and 20 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies

1, 10, 100 Hz, and 10 kHz, respectively. Using Eqs. (6.15), (6.16), (6.22), and

(6.23), we will obtain for T¼ 300 K:

• anm � 40ng=
ffiffiffiffiffiffi
Hz

p
and enm � 0:4nV=

ffiffiffiffiffiffi
Hz

p
at all operating frequency range,

• ane � 72μg=
ffiffiffiffiffiffi
Hz

p
and ene � 720 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz,
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• ane � 23μg=
ffiffiffiffiffiffi
Hz

p
and ene � 230 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 10 Hz,

• ane � 7:2μg=
ffiffiffiffiffiffi
Hz

p
and ene � 72 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 100 Hz,

• ane � 0:72 μg=
ffiffiffiffiffiffi
Hz

p
and ene � 7:2 nV=

ffiffiffiffiffiffi
Hz

p
at frequency 10 kHz.

We can see that for this sensor, the total noise of the PE transducer is also

determined mainly by its electrical-thermal noise: anPE� ane at all operating fre-

quency range. The values of the voltage noise ene at the output of the PE transducer

are 720, 230, 72, and 7.2 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 1, 10, 100 Hz, and 10 kHz,

respectively. These values of noise are sufficiently less than the noise contribution

of the low-noise amplifier enamp over entire frequency band and, therefore, can be

neglected in design and analysis for this sensor.
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Chapter 7

Noise of an IEPE Accelerometer

Keywords IEPE accelerometer noise: equivalent noise schematic; noise expres-

sion; noise sources; overall noise expression • FET-input amplifier noise: 1/f noise;

noise of biasing resistor; shot noise in gate; thermal noise • Noise of PE transducer:

electrical-thermal noise; mechanical-thermal noise

We described separately noise of a common-source FET amplifier, which forms the

basis for the FET-input amplifier of an IEPE accelerometer, noise in JFETs and

MOSFETs, and noise of a PE transducer, in Chaps. 4, 5, and 6, respectively. In this

chapter, a detailed noise analysis of the whole IEPE accelerometer is presented.

As a result of this analysis, the engineering equations for the noise floor of an IEPE

sensor in terms of the equivalent noise acceleration and voltage spectral densities

are obtained over a wide frequency range. The contribution of the different noise

sources, such as the mechanical-thermal and electrical-thermal noise of the PE

transducer and the main noise sources of a FET-input amplifier into the sensor’s

overall noise is shown. A comparison of the theoretical and experimental results of

noise floor obtained on the example of the IEPE accelerometer comprising the PE

transducer and FET-input amplifier with some specific parameters was made. They

showed a good correlation with each other.

7.1 Introduction

Due to recent progress achieved in reducing noise in FETs by improvement of

fabrication process and development of high-sensitivity PE transducers, noise of the

IEPE accelerometers has decreased significantly [1–15]. Indeed, some currently

manufactured low-noise seismic accelerometers feature noise floor (equivalent

input noise acceleration) estimated at a few dozen ng=
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz
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and a fewng=
ffiffiffiffiffiffi
Hz

p
at frequencies f� 100 Hz [1–3, 10]. In this regard, detailed noise

analysis of an IEPE accelerometer and deriving the engineering formula for its

noise floor has become vital.

It is known that the noise floor of most IEPE sensors is determined by the noise

of their FET-input amplifier. Noise of a FET-input amplifier depends mainly on the

contribution of FET noise and the noise created by the FET biasing resistor Rb and,

in principle, this noise can be decreased by choosing a low-noise FET and opti-

mizing the value of Rb [4, 10–12]. When noise of the amplifier is reduced to the

level comparable to the noise of the PE transducer, the latter should be considered

in the IEPE accelerometer’s noise analysis. Noise of a PE transducer is the

fundamental noise limit of an IEPE sensor [11]. In the low-noise IEPE sensors

comprising the low-noise FET amplifiers, noise of a PE transducer can be compa-

rable or can dominate noise of a FET amplifier, and, therefore, should be taken into

account in design and noise analysis [10–12].

Noise of the complete IEPE accelerometer comprising of a PE transducer and

FET-input amplifier is shown to be inadequate in the literature. There are just a few

literature sources describing noise analysis of an IEPE sensor [4, 6, 12]. In the

article [4], noise analysis does not include some major noise sources of the

FET-input amplifier and PE transducer, e.g., such as the thermal noise of the FET

and the mechanical-thermal noise of the PE transducer. In the article [6], descrip-

tion of sensor’s noise is made in general, mostly in the form of recommendations of

how to design low-noise accelerometers and measure their noise. It does not show

mathematically, in form of equation, the contribution of basic noise sources of

apiece accelerometer.

The chapter presents the noise analysis of the system PE transducer - FET-input

amplifier including contribution of all main noise sources of the PE transducer and

FET-input amplifier to the overall accelerometer noise floor. As a result of this

analysis, the engineering formula for IEPE accelerometer’s noise floor are derived.

The chapter content is based on the author’s work [12] and can be useful in

development of low-noise IEPE sensors.

7.2 Equivalent Noise Schematic of the IEPE Accelerometer

and General Noise Expressions Derivation

Configurations of the charge mode IEPE accelerometers with FET-input charge

amplifiers based on FET-BJT active components and Op Amp are shown in Fig. 3.1

and Fig. 3.2, respectively, in Chap. 3. Configuration of the Voltage-mode IEPE

accelerometer with FET-BJT voltage amplifier is shown in Fig. 3.5.

For the reader’s convenience, one of these IEPE accelerometers comprising the

FET-BJT charge amplifier, is shown in Fig. 7.1 below. The amplifier is comprised

of two or more direct-coupled stages. Resistors Rb,R2, and R3 create negative dc

feedback circuit. The feedback capacitance Cf is included in the ac feedback circuit
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and corresponds to the amplifier charge mode configuration. The first stage is

usually based on either n-channel JFET or n-channel MOSFET. The output stage

is based on a NPN or PNP bipolar transistor providing the low output impedance.

Resistor R1 creates a low-pass filter (LPF) with CPE and is present when it is needed

to use this LPF for suppression of the frequency response rising at high frequencies,

typically, around 10 kHz, caused by the PE transducer’s resonance.

The equivalent noise circuit for any IEPE accelerometers mentioned above is the

same and shown in Fig. 7.2.

Fig. 7.1 Configuration of a FET-BJT charge amplifier and its connection with the PE transducer

and signal conditioning circuit

Fig. 7.2 Equivalent noise circuit of the IEPE accelerometer
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In Fig. 7.2, all noise sources are presented in terms of the equivalent input noise

voltage spectral density (in nVffiffiffiffi
Hz

p or μVffiffiffiffi
Hz

p ) and noise current spectral density (in nAffiffiffiffi
Hz

p or

μAffiffiffiffi
Hz

p ). The voltage and current noise sources generated inside of the amplifier are

connected in serious and in parallel with its input, respectively, in a supposition that

the FET-input amplifier is an ideal noise free device.

In Fig. 7.2, ePE is the signal source (e. g., in mV) representing the output voltage

of the open-circuit PE transducer

ePE ¼ asVPE, ð7:1Þ

In (7.1), as is an input acceleration (in g) and VPE is the PE transducer’s voltage

sensitivity (in mV/g)

VPE ¼ QPE � 1000
CPE

, ð7:2Þ

Where QPE and CPE are the transducer’s charge sensitivity (in pC/g) and

electrical capacitance (in pF), respectively.

The noise of the PE transducer enPE is shown in Fig. 7.2 as a combination of two

noise sources: the electrical-thermal noise ene and mechanical-thermal noise enm
(in nV=

ffiffiffiffiffiffi
Hz

p
or μV=

ffiffiffiffiffiffi
Hz

p
) [11].

enPE2 ¼ ene2 þ enm2 , ð7:3Þ

ene ¼ aneVPE, enm ¼ anmVPE: ð7:4Þ

In (7.3) and (7.4), ane and anm are the PE transducer’s equivalent noise acceler-

ation spectral densities (in ng=
ffiffiffiffiffiffi
Hz

p
orμg=

ffiffiffiffiffiffi
Hz

p
) caused by its electrical-thermal and

mechanical-thermal noise, respectively. We can suppose that noise sources ene and
enm are not correlated to each other by definition.

The overall noise of the FET-input amplifier enamp referred to its input terminals

AA equals

enamp2 ¼ enFET2 þ enRb
2 þ enR12 : ð7:5Þ

In (7.5), enFET is the total noise voltage generated by FET, enRb
and enR1 are

thermal noise voltages generated by the FET biasing resistor Rb and resistor R1,

respectively. enFET is a sum of the FET noise sources

enFET2 ¼ ent2 þ en1=f 2 þ ins
2
��Z1

��2: ð7:6Þ

In (7.6), ent and en1/f represent the FET channel thermal noise and 1/f noise,

respectively. ins is the shot noise current in the gate circuit of FET caused by the
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gate leakage current IGSS. Z1 is the total impedance at the input of amplifier through

which current ins flows:

Z1 ¼ Rin jj 1

jωCPE

� �
¼ Rin

1þ jωRinCPE
, Z1j j ¼ Rinffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ωRinCPEð Þ2
q : ð7:7Þ

In (7.7), Rin is an input resistance of amplifier, ω¼ 2πf, f is frequency. In (7.5)

and (7.6), we suppose that all noise sources are not correlated to each other by

definition. Taking into account the negative feedback provided by the resistors Rb,

R2, and R2, the amplifier’s input resistance is given by

Rin ¼ Rb � R2þ R3

R3
: ð7:8Þ

By substituting enFET in (7.5) with (7.6), we can rewrite the expression for the

total noise of a FET amplifier

enamp2 ¼ ent2 þ en1=f 2 þ lns
2
��Z1

��2 þ enRb
2 þ enR12 : ð7:9Þ

In general, noise of other stages should be also considered and included into the

noise schematic. But, in practice, their noise contribution is negligible compared to

the FET noise because the gain of the FET stage is provided sufficiently high.

From Fig. 7.2, we can write the overall equivalent noise voltage vnin referred to

the amplifier’s input or the PE transducer output terminals AA

vnin2 ¼ enPEin2 þ enamp2 : ð7:10Þ

In (7.10), enPEin is the noise voltage of a PE transducer referred to the input

terminals AA:

enPEin2 ¼ enPE2
��Z2

��2, ð7:11Þ

where

Z2 ¼ Rin

Rin þ 1
jωCPE

¼ jωRinCPE

1þ jωRinCPE
, Z2j j ¼ ωRinCPEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ωRinCPEð Þ2
q : ð7:12Þ

For most frequencies of interest higher than the low-frequency cutoff such that

ωRinCPEð Þ2 � 1, ð7:13Þ
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expressions (7.7) and (7.12) become simpler

Z1j j ¼ 1

ωCPE
, Z2j j ¼ 1: ð7:14Þ

Then, (7.6), (7.11), (7.9), and (7.10) can be rewritten

enFET2 ¼ ent2 þ en1=f 2 þ ins
2 1

ωCPEð Þ2 , ð7:15Þ

enPEin2 ¼ enPE2 ¼ ene2 þ enm2 , ð7:16Þ

enamp2 ¼ ent2 þ en1=f 2 þ ins
2 1

ωCPEð Þ2 þ enRb
2 þ enR12 , ð7:17Þ

vnin2 ¼ ene2 þ enm2 þ ent2 þ en1=f 2 þ ins
2 1

ωCPEð Þ2 þ enRb
2 þ enR12 : ð7:18Þ

The goal of the noise analysis is to derive an equation for the total noise floor of

the IEPE accelerometer in terms of the equivalent noise acceleration spectral

density antot (in
ngffiffiffiffi
Hz

p or μgffiffiffiffi
Hz

p
�
generated by all noise sources of the PE transducer

and the FET-input amplifier. We can suppose that all these noise sources are not

correlated to each other by definition. antot and its items are given by

antot2 ¼ vnin2

VPE
2
¼ anPE2 þ anamp2 , ð7:19Þ

anPE2 ¼ ane2 þ anm2 ¼ enPE2

VPE
2
¼ 1

VPE
2

ene2 þ enm2
� �

, ð7:20Þ

anamp2 ¼ anFET2 þ anRb
2 þ anR12 ¼ enamp2

VPE
2

¼ 1

VPE
2

enFET2 þ enRb
2 þ enR12

� �
, ð7:21Þ

anFET2 ¼ ant2 þ an1=f 2 þ ans2 ¼ enFET2

VPE
2
¼ 1

VPE
2

ent2 þ en1=f 2 þ ens2
� �

, ð7:22Þ

ens2 ¼ ins
2 1

ωCPEð Þ2 : ð7:23Þ

In (7.19), anPE and anamp represent noise acceleration spectral densities of the PE
transducer and the FET-input amplifier, respectively. In (7.20), ane and anm corre-

spond to the electrical-thermal and mechanical-thermal noises of the PE transducer,

respectively. In (7.21) and (7.22), anFET, ant, an1/f, and ans represent the total FET

noise contributions, thermal noise, 1/f noise, and shot noise in the gate circuit,

respectively. anRb
and anR1 characterize noise created by the biasing resistor Rb and
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resistor R1, respectively. In (7.23), ens is the equivalent input noise voltage caused
by the noise shot current ins in the FET gate circuit.

Using (7.18) and (7.23), expression (7.19) for antot can be rewritten as a function
of noise contributions from separate noise sources

antot2 ¼ 1

VPE
2

ene2 þ enm2 þ ent2 þ en1=f 2 þ ens2 þ enRb
2 þ enR12

� �
: ð7:24Þ

To obtain an expression for, antot we need to determine each noise item in (7.24)

contributed by the PE transducer and FET-input amplifier .

7.3 Noise of the FET-Input Amplifier

In practice, noise of the FET-input amplifier is the dominant noise source in most

IEPE accelerometers. We can see from Fig. 7.2 and expressions (7.21) and (7.22),

noise sources belonging to the amplifier are ent, en1=f , ins, enRb
, and enR1. The first

three items represent noise generated by FET, and the last two items characterize

noise created by biasing resistor Rb and resistor R1, respectively. Let us analyze
each of these items. These noise sources have been already described in Chaps. 4, 5,

and 6. We will present here just their short descriptions and equations.

7.3.1 The FET Thermal Noise ent

The thermal noise in FETs is caused by thermal fluctuation in channel and belongs

to the white part of the FET noise spectrum. This is the FET’s fundamental noise

source because this device operates as a resistor controlled by the gate-source

voltage Vgs. For JFETs and MOSFETs operated in the saturation region, that

typically holds in practice, the equivalent input thermal noise voltage spectral

density entis defined by the FET thermal equation [16, 17].

ent2 ¼ 4kT
Γ
gfs

: ð7:25Þ

In (7.25), k is the Boltzmann’s constant (1.38� 10�23 J/K), T is the absolute

temperature in Kelvin, and Γ is a constant. For most JFETs and MOSFETs, Γ � 2
3

[18–20]. From (7.25) we can see that a FET with higher value of gfs has less ent. For
each FET, in the vicinity of the saturation drain current IDSS where VGS¼ 0, ent is
lower. FETs with largest dimensions WL (W and L are the channel width and

length, respectively) have lowest ent [21].
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For example, let us estimate value of ent for JFET 2N4338 operating at the

regime point with gfs¼ 1 mS at temperature T¼ 300 K. Using (7.25), we will have

ent � 3:3 nV=
ffiffiffiffiffiffi
Hz

p
.

7.3.2 The FET 1/f Noise en1=f

In contrast to the FET thermal noise ent, the en1/f noise is the type of noise that

cannot be estimated based on the parameters of the FET. This is because 1/f noise

origin is still not a resolved problem in electronics and physics.

There are the Hooge empirical relation (4.19) and expressions (4.21) and (4.22)

for the value of 1/f noise and the corner frequency fc originally derived for

MOSFETs [22–24]. fc is the frequency at which values of 1/f noise and thermal

noise are equal to each other. We will present these expressions here for the reader’s

convenience.

The Hooge’s empirical relation for the 1/f noise in MOSFETs holds [22, 23]:

SI ¼ αI2

Nf
¼ α

f

I2

nWLt
: ð7:26Þ

In (7.26), f is a frequency and N is the total number of free charge carriers. I is
current flowing through homogeneous sample having length L, width W, thickness

t and carrier concentration n. α is the dimensionless 1/f parameter which depends on

the quality of material and is used as a figure of merit for the 1/f noise. For different

MOSFETs and JFETs it can range 10�9< α < 10�2 [21, 23].

In practice, FETs used for FET-input amplifiers are operated in saturation

region:

VDS > VG
�, VG

� ¼ VGS � VTj j, ð7:27Þ

where VG* is the effective gate voltage, VDS and VGS are drain-source and gate-

source voltages, respectively, VT is the threshold voltage. For this region, the

equivalent input 1/f noise voltage density en1/f can be calculated using empirical

relation derived from (7.26) [24]:

en1=f 2 ¼ αqVG
�

2Cinf
: ð7:28Þ

In (7.28), q is the electron charge of 1.6� 10�19 coulomb and Cin is the FET

input capacitance.

The 1/f noise corner frequency fc in saturation region is given by other empirical

equation [13].
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f c �
1

2π

αqgfsVG
�

kTCin
: ð7:29Þ

Each of these empirical expressions (7.26), (7.28), and (7.29) comprises the FET

geometry independent parameter α which is unknown a priori. As a result, there is

only one possibility to find out the value of 1/f noise, its corner frequency fc, and
parameter α: to measure 1/f noise of each type of the FET devices.

The measurement results of the 1/f noise and thermal noise combined en

en2 ¼ en1=f 2 þ ent2 ð7:30Þ

in different commercial JFETs and MOSFETs at frequency range from 0.1 Hz to

100 kHz were presented in Chap. 5.

It was found that 1/f noise en1/f in JFETs and their corner frequencies fc are

typically much lower in comparison to the MOSFETs. If 1/f noise is interpreted

using expressions (7.28) and (7.29), this difference in the values of en1/f and fc is
explained mostly by the difference in parameter α value. JFETs have α values lower

than MOSFETs by factors 10–105.

Noise analysis of FETs was made in Chap. 5, based on experimental results on

five n-channel JFETs, four n-channel MOSFETs, and two p-channel MOSFETs.

It confirmed the conclusion made in [13] that empirical expressions (7.26), (7.28),

and (7.29) originally derived for MOSFETs are valid for JFETs also.

Some modern low-noise JFETs have very low values of 1/f and thermal noise.

Specifically, JFET IF9030 exhibited value of en 22, 3.7, 1.3, and 0.6 nV=
ffiffiffiffiffiffi
Hz

p
at frequencies 0.1, 1, 10, and f � 100 Hz, respectively. The fc value for this JFET
was fc� 40 Hz, and parameter α was as low as α� 2 � 10� 8 [13].

7.3.3 The FET Noise ens Caused by the Shot Noise Current
ins in the Gate Circuit

The shot noise current ins in the gate circuit is white noise caused by the gate

leakage current IGSS. It is given by the shot noise current expression [16, 17].

lns
2 ¼ 2qIGSS: ð7:31Þ

As was mentioned above, this noise current flows thought the total input

impedance Z1, which is a combination of the source impedance and the amplifier’s

input impedance connected in parallel. As a result, we have the noise voltage ens at
the input caused by shot noise ins:

ens2 ¼ ins
2 Z1j j2 ¼ ins

2 1

ωCPEð Þ2 ¼ 2qIGSS
1

ωCPEð Þ2 , ð7:32Þ
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ens ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2qIGSS

p
ωCPE

: ð7:33Þ

We can see that ens (in nV=
ffiffiffiffiffiffi
Hz

p
) is directly proportional to

ffiffiffiffiffiffiffiffi
IGSS

p
and inversely

proportional to frequency f and the transducer’s capacitance CPE. ens can be sub-

stantial in value if the capacitance CPE is small and IGSS is large. For example, FET

having IGSS� 10� 12 A, and CPE¼ 100 pF, ens� 900, 90, and 9 nV=
ffiffiffiffiffiffi
Hz

p
at fre-

quencies 1, 10, and 100 Hz, respectively. Typically, MOSFETs have less values of

IGSS and, therefore, ens, in comparison to JFETs. In addition, ens in JFETs can be

significantly increased at elevated temperatures, because their IGSS raises exponen-
tially with temperature.

7.3.4 Total Noise enFET Generated by the FET Noise Sources

By substituting all noise generators in (7.15) with (7.25), (7.28), and (7.32) we can

write expression for the total noise voltage enFET generated by the FET noise

sources

enFET2 ¼ 4kT
Γ
gfs

þ αqVG
�

2Cinf
þ 2qIGSS

1

ωCPEð Þ2 : ð7:34Þ

Then, using (7.22), the total equivalent noise acceleration spectral density anFET
caused by the FET noise sources can be expressed by

anFET2 ¼ 1

VPE
2

4kT
Γ
gfs

þ αqVG
�

2Cinf
þ 2qIGSS

1

ωCPEð Þ2
 !

: ð7:35Þ

7.3.5 Thermal Noise Sources enRb and enR1 Caused
by the FET Biasing Resistor Rb and Resistor R1,
Respectively

There are two options how the noise caused by the biasing resistor can be expressed

mathematically. It dependents on a type of an amplifier used in an IEPE acceler-

ometer: a charge amplifier or voltage amplifier.

For the option with a charge amplifier shown in Fig. 7.1, we can see that resistor

Rb is connected in parallel with the feedback capacitance Cf. Also, we need to take

into account that noise generated by Rb is present at the output of the charge

amplifier, i.e., the output of accelerometer. Then, the equivalent input thermal

noise voltage enRb
generated by the biasing resistor Rb is determined by the real
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portion ReZ3 of the circuit Z3 ¼ Rb jj 1
jωCf

� �
and depends on the voltage gain Gv of

the charge amplifier [12]:

Z3 ¼ Rb jj 1

jωCf

� �
¼ Rb

1þ jωRbCf
, ð7:36Þ

enRb
2 ¼ 4kT ReZ3ð Þ � 1

Gv
2
, ð7:37Þ

Gv ¼ Vout

Vin
¼ CPE

Cf
: ð7:38Þ

Using (7.36), (7.37) can be rewritten as

enRb
2 ¼ 4kTRb

1þ ωRbCf

	 �2h i
Gv

2
¼ 4kTRb

1þ ωRbCf

	 �2 � Cf

CPE

� �2

: ð7:39Þ

For the option with a voltage amplifier shown in Fig. 3.5 in Chap. 3, noise

voltage enRb
is given by [12].

enRb
2 ¼ 4kTRb

1þ ωRbCPEð Þ2 : ð7:40Þ

From (7.39) and (7.40) we can see that enRb
can make a substantial contribution

into the overall noise, especially at low frequencies, if Rb,Cf, and CPE are not

sufficiently big. To reduce this noise, the value of Rb should be chosen as large as

possible. But Rb value is limited by the FET’s gate leakage current IGSS. Since
MOSFETs typically have less IGSS than JFETs, they permit using larger values of

Rb, and, therefore, feature less noise enRb
.

From Fig. 7.1, noise voltage generated by the resistor R1 equals

enR12 ¼ 4kTR1: ð7:41Þ

7.3.6 Total Noise enamp Generated by the FET-Input
Amplifier Noise Sources

By substituting noise voltages in (7.17) by (7.34), (7.39), and (7.41), we will obtain

the total noise voltage contribution from FET-input charge amplifier

enamp2 ¼ 4kT
Γ
gfs

þ αqVG
�

2Cinf
þ 2qIGSS

1

ωCPEð Þ2 þ
4kTRb

1þ ωRbCf

	 �2h i
Gv

2
þ 4kTR1:

ð7:42Þ
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The corresponding expression for this noise contribution in terms of noise

acceleration spectral density in accordance with (7. 21) is

anamp2 ¼ 1

VPE
2

4kT
Γ
gfs

þαqVG
�

2Cinf
þ2qIGSS

1

ωCPEð Þ2þ
4kTRb

1þ ωRbCf

	 �2h i � Cf

CPE

� �2

þ4kTR1

8<
:

9=
;:

ð7:43Þ

For the FET-input voltage amplifier, fourth item in (7.42) and (7.43) should be

replaced by (7.40).

7.4 Noise of the PE Transducer

As was mentioned above, this noise is the fundamental noise limit of an IEPE

accelerometer and should be considered in its noise analysis when the amplifier

noise contribution is less or comparable with the PE transducer’s noise contribu-

tion. Since the PE transducer’s noise was already analyzed above in Chap. 6 and

article [11], we will show here just the main principles and final expressions.

This noise is comprised of two thermal noise sources: electrical-thermal

noise ene and mechanical-thermal noise enm. In terms of noise voltage spectral

density ( ngffiffiffiffi
Hz

p ), the PE transducer noise voltage enPE equals [11]

enPE2 ¼ ene2 þ enm2 ¼ 4kT
η

ωCPE
þ 0:01ω0VPE

2

mQ

� �
: ð7:44Þ

In (7.44), η is loss or dissipation factor of the PE crystal, ω0¼ 2πf0, f0 is the PE
transducer’s resonant frequency. m and Q are the mass and quality factor of the

PE transducer.

The two items in (7.44) represent electrical-thermal noise ene and mechanical-

thermal noise enm, respectively. The noise ene usually may have values comparable

with electronics noise in low-noise IEPE accelerometers using low-noise ampli-

fiers. Typically, ene� enm in most IEPE sensors. But in small MEMS accelerom-

eters, miniature acoustic sensors, and small pressure sensors, enm can have values

comparable with ene [5, 25].
Using (7.44) and (7.20), we can write the noise of the PE transducer anPE in

terms of the noise acceleration spectral density

anPE2 ¼ ane2 þ anm2 ¼ enPE2

VPE
2
¼ 4kT

η

ωCPEVPE
2
þ 0:01ω0

mQ

� �
: ð7:45Þ
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7.5 Overall Noise of the IEPE Accelerometer

By substituting noise sources in (7.18) with (7.41) and (7.43), we can obtain an

expression for the overall noise voltage spectral density vnin referred to the input

terminals of the FET- input amplifier

vnin2 ¼ 4kT
Γ
gfs

þ Rb

1þ ωRbCf

	 �2h i
Gv

2
þ R1þ η

ωCPE
þ 0:01ω0VPE

2

mQ

8><
>:

9>=
>;

þ αqVG
�

2Cinf
þ 2qIGSS

1

ωCPEð Þ2 : ð7:46Þ

In (7.46), we supposed that the IEPE accelerometer has a charge FET- input

amplifier. In the case of voltage amplifier, the second item should be replaced by

(7.40).

In terms of the equivalent acceleration noise spectral density, overall noise can

be written as

antot2 ¼ 4kT
Γ

gfsVPE
2
þ RbCf

2

1þ ωRbCf

	 �2h i
QPE

2
þ R1

VPE
2
þ η

ωCPEVPE
2
þ 0:01ω0

mQ

8><
>:

9>=
>;

þ αqVG
�

2Cinf VPE
2
þ 2qIGSS

ωQPEð Þ2 :

ð7:47Þ

In (7.47), the first, second, and third items represent thermal noises generated by

FET, biasing resistor Rb, and resistor R1, respectively. The fourth and fifth items

characterize the electrical-thermal and mechanical-thermal noise sources of the PE

transducer, respectively. The last two items correspond to the 1/f noise and the gate

circuit shot noise of FET.

Expressions (7.46) and (7.47) allow estimating the noise floor of the IEPE

accelerometers over wide frequency range if their parameters are known or

obtained by measurements.

7.6 Comparison Between Theoretical

and Experimental Results

The noise acceleration spectral density antot of the low-noise IEPE accelerometer was

measuredata frequencyrange from1Hzto10kHz.ThesensorhadsensitivityS¼ 100mV/

g and contained the low-noise JFET charge amplifier based on JFET 2N4338. The charge
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amplifier had the following parameters: Gv ¼ 10 mV
mV ,Gq ¼ 10mV

pC , Cf ¼ 100 pF, Rb ¼
109Ω, R1¼ 0, gfs ¼ 1 ms, Γ¼ 0:67, IGSS ¼ 10�13 A. The PE transducer had the fol-

lowingparameters:QPE ¼ 10 pC
g
, VPE ¼ 10 mV

g
, CPE ¼ 1000 pF, f 0 ¼ 30 kHz, m¼ 10

g,Q¼ 20, η¼ 0:01.
The measurement results were compared to the theoretical value of antot calcu-

lated according to the formula (7.47). The experimental value of antot was obtained
by the measurement of the noise voltage spectral density vnout at the output of the
sensor with the help of HP 3562A Dynamic Signal Analyzer. Then antot was
calculated using the expressions

antot ¼ vnout
S

, S ¼ QPEGq, Gq ¼ Gv

CPE
¼ 1

Cf
, ð7:48Þ

where S is a sensitivity of the accelerometer in mV/g, Gq and Gv are the charge gain

and voltage gain of the charge amplifier, respectively.

Also, noise of the charge amplifier enamp was measured with the equivalent

capacitance Ce¼CPE connected in parallel with its input instead of the PE

transducer.

Figure 7.3 shows the experimental and theoretical noise floor antot of the accel-
erometer represented by curve 1 and curve 2, respectively. In addition, in Fig. 7.3,

the experimental curve of the charge amplifier noise contribution anamp (curve 3) and
theoretical curve of the PE transducer noise contribution anPE (curve 4) are shown.

We can see that experimental and theoretical noise values (curves 1 and 2) have

good correlation to each other. Also, we can see that at low frequencies f< 10 Hz

and high frequencies f> 5000 Hz, contribution of the amplifier’s noise predomi-

nates over PE transducer’s noise. At frequencies 50 Hz	 f	 1000 Hz, contribution

of the PE transducer’s noise prevails over the amplifier’s noise. At other frequencies

10 Hz	 f< 50 Hz and 1000 Hz< f	 5000 Hz, both these noise sources provide

comparable contributions into the overall noise.
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Fig. 7.3 Experimental (1, 3) and theoretical (2,4) curves of the IEPE accelerometer noise: 1, 2—

antot, 3—antot, 4—anPE
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Figure 7.4 shows experimental and theoretical curves of the amplifier’s noise:

curves 1 and 2, respectively. In addition, there are noise curves representing

contributions from the amplifier’s noise sources: the FET thermal noise and 1/f

noise combined an ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
en1=f 2þent2

p
VPE

measured (curve 3), the FET shot noise in the gate

circuit ans (curve 4), and the noise caused by biasing resistor anRb
(curve 5). Curves

4 and 5 are theoretical, calculated using corresponding items in (7.47). We can see

that experimental and theoretical curves of the amplifier’s noise (curves 1 and 2)

have good correlation to each other. At low frequencies f	 100 Hz, the noise

caused by biasing resistor anRb
dominates among other amplifier’s noise sources.

At frequencies f� 500 Hz, noise of amplifier is manly determined by the FET

thermal noise ant. At frequencies 100 Hz< f< 500 Hz, both these noise sources

make comparable contributions to the overall noise.

Noise contributions from noise sources of the PE transducer are shown in

Fig. 7.5.

In Fig. 7.5, the PE transducer total noise anPE (curve 1) and its two noise

components ane (curve 2) and anm (curve 3) were calculated using the
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Fig. 7.4 Experimental (1, 3) and theoretical (2, 4, 5) curves of the FET-input amplifier noise:

1, 2—anamp 3—an, 4—ans, 5—anRb
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corresponding items of the expression (7.47). We can see that anPE� ane and

ane� anm. So the noise contribution from the mechanical-thermal noise anm is

much less than the electrical-thermal noise ane contribution over entire frequency

range.
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Chapter 8

Ultra-Low-Noise IEPE Seismic

Accelerometers

Keywords Circular bender mode • Darlington circuit • FET-input amplifier • Flex-

ural mode • IEPE seismic accelerometer: Construction; Characteristics; Key factors

for low-noise operation; Low-noise; Protection circuit; Schematic; State-of-art;

Ultra-low-noise • Low-noise accelerometer • Low-noise FET amplifier • Measure-

ment of accelerometer noise • PE transducer • Piezoelectric • Stabilization platform

• Temperature compensation circuit

This chapter presents the design of the two IEPE seismic accelerometers featuring

probably the lowest noise floor (for their size and weight) combined with the lowest

(near-dc) operating frequencies ever reported to date among the IEPE sensors. One

accelerometer with a weight of about 770 g has a noise floor (equivalent input noise

acceleration spectral density) of about 37, 7, and 3 ng=
ffiffiffiffiffiffi
Hz

p
at frequencies 1, 10, and

100Hz, respectively. Its operating frequency band at the level of�3 dB is from0.003 to

200 Hz. Another, compact seismic sensor with a weight of 170 g has noise 90, 25,

and 10 ng=
ffiffiffiffiffiffi
Hz

p
at frequencies 1, 10, and 100 Hz, respectively. Its frequency range is

from 0.02 to 500 Hz at the same level of �3 dB. The sensors comprise the ultra-low-

noiseFET-input charge amplifiers and thehigh sensitivityPE transducers. In addition to

ultra-low-noise operation, the designed accelerometers have other parameters impres-

sive for the seismic IEPE sensors: maximum operating temperature of 100 �C, output
impedance�10Ω, and the shock limit of 250 g pk for one sensor and 400 g pk for other

sensor. Key factors for low-noise operation are presented. The first sensor’s noise was

measured directly at the National Institute of Standards and Technology (NIST). The

measurement results had a good correlation with the sensor’s noise floor estimation

based on the theoretical values of the PE transducer noise and themeasured noise values

of the charge amplifier. The sensor’s ultra-low-noise floor made possible its use in the

world’smost stable laser systemused for the atomic clock research conducted byNIST.

© Springer International Publishing Switzerland 2015
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8.1 Introduction

There is a class of accelerometers among IEPE accelerometers featuring very low

noise floor (i.e., estimated at a few dozen ng=
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz and a few

ng=
ffiffiffiffiffiffi
Hz

p
at frequencies f� 100 Hz), very low operating frequencies (often includ-

ing frequencies <1 Hz), and high sensitivity (often 1 and 10 V/g), in comparison to

other IEPE sensors [1–5]. These sensors are the seismic IEPE accelerometers.

The seismic accelerometers are not only of the piezoelectric type. They can vary

on operating principle and construction, i.e., variable capacitance MEMS acceler-

ometers [6–8] and folded pendulum accelerometers [9, 10]. The latter type of

sensors features probably the lowest noise floor, but has larger size and more

complicated construction, in comparison to the other types of seismic sensors

[10]. The IEPE and MEMS seismic sensors are most used.

Seismic accelerometers are used in many applications, e.g., such as structure

monitoring [11], seismology and earthquake measurements [12, 13], isolation and

stabilization platforms carrying precise instruments and devices [5, 10], spacecraft

testing and environmental noise measurements [14], large antenna dynamic mea-

surements [15], oil exploration [8], and even such exotic applications as active

seismic isolators for gravitational wave detectors [10]. This chapter’s material is

based on the author’s work [5].

8.2 Configuration of the Designed Accelerometers

The configuration of the designed accelerometers and their connection with the

signal conditioning circuit SSC are shown in Fig. 8.1. They incorporate the ultra-

low-noise charge amplifier and high sensitivity PE transducer.

In Fig. 8.1, ePE is the signal source voltage representing the output voltage of the
open-circuit PE transducer having electrical capacitance CPE. Biasing resistor Rb

together with the resistive divider R2/R3 are included in the negative DC feedback

circuit providing the circuit stable operation and bias for the JFET. Cf is the charge

amplifier’s feedback capacitance value of which can be selected to change the gain

of the amplifier and corresponding sensitivity of the whole sensor. Resistors R2 and

R3 are variable and used for bias adjustment.

The charge amplifier is comprised of two direct-coupling stages: the input stage

based on low-noise JFET and the output stage based on the two bipolar transistors.

They are connected in the Darlington configuration that makes it possible to provide

the sensor’s output impedance Rout� 10 Ω. This value is about one order of magni-

tude less, in comparison to the best existing IEPE seismic accelerometers [2, 3].

In addition to low-noise, schematic solution of the charge amplifier provides

wide operation temperature range from�20 �C to + 100 �C, protection of the circuit
against input transients and shocks, and output impedance �10Ω.
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In order to provide stable operation in the temperature range mentioned above,

the temperature compensation circuit for the JFET temperature drift was included

in the charge amplifier. This circuit is comprised of diode D3 and resistors R2 and

R3. The JFET leakage current IGSS increases exponentially with temperature. IGSS
flows through the biasing resistor Rb having a high value. As a result, the effective

gate-source voltage VGS applied to the JFET changes with temperature. Diode D3

with resistors R2 and R3 creates for the JFET stage negative dc feedback that

changes VGS in opposite direction when temperature changes. Such a schematic

solution allowed a temperature range extension for the designed sensors up to

100 �C. In comparison, the existing IEPE seismic accelerometers have maximum

operating temperature �65 �C [2, 3].

The protection of the circuit against input shocks and transients is provided by

the circuit created by diodes D1, D2, and capacitor C. Why is it needed to make

such protection? It is known that JFETs themselves can withstand high level of

input transients [16]. In seismic accelerometers, typically, a PE transducer is

designed with high sensitivity. Therefore, it may have at its output a high value

of voltage transient signals that can damage even the JFET. In order to prevent this,

the circuit mentioned above is included in the charge amplifier. When transient

signals of positive or negative polarity apply to the input of the circuit, one of

the diodes D1 and D2 becomes open. As a result, we have a capacitive divider C
CPE

at the input of the amplifier with the coefficient of transmission Cin

Cin ¼ 1

1þ C
CPE

: ð8:1Þ

Fig. 8.1 Configuration of the designed accelerometers and their connection with the signal

conditioning circuit
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For example, if the value of capacitance C¼ 3CPE, the value of transient signals

applied to JFET reduces by a factor 4. The protection circuit allowed to provide the

shock limit of 250 g pk for the accelerometer 1 and 400 g pk for the accelerometer 2.

SSC is distant from the sensor and connected with it using a coaxial cable. SSC

provides the power supply for the charge amplifier and additional amplification and

processing of the signal. Voltage supply VS can be from 24 to 30 Vdc and current

supply is from 2 to 10 mA. The current supply is constant and created by a constant

current source CCS. In order to reduce noise from power supply, current-regulating

diodes (e.g., such as 1N5312) are used as a CCS and the rechargeable nickel-

cadmium (NiCd) battery is used as a VS. In SSC, the low-noise amplifier should be

chosen (e.g., such as the OPA227) to make its noise contribution negligible.

8.3 Construction of the Designed Accelerometers

Figures 8.2 and 8.3 show the schematic of construction and photographs of the

designed sensors, respectively. Both sensors have cylindrical shape and two-pin

connectors. The sensor number 1, larger in size and weight, has a diameter of about

65 mm, height of about 56 mm, and weight of about 770 g. The sensor number

2, compact in size and weight, has a diameter of about 30 mm, height of about

37 mm, and weight of about 170 g.

The PE transducer of each sensor operates in flexural, circular bender mode,

which is characterized by its high charge sensitivity, low resonant frequency, and

low pyroelectric effect [1–4, 17–21]. It is comprised of mass, support, PE elements

(crystals) made of PZT piezoceramic, and a case made of stainless steel. The mass

is made as one piece and consists of two sections: cylindrical and cross-beam

sections. The cross-beam section in bonded in its center to the PE elements. The

cylinder axis is the same as the vibration axis. When an acceleration signal is

applied to the case from this direction, the mass is bending causing the PE elements

to generate electrical signals. The sensor’s bender mode construction provides

mechanical amplifications of motion resulting in the high values of charge QPE

and voltage VPE sensitivities of the PE transducer

Fig. 8.2 Construction of

the designed accelerometers
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QPE ¼ VPECPE: ð8:2Þ

High values of VPE leads to the decreasing of noise contribution of the charge

amplifier into the sensor’s overall noise floor, determined as the equivalent input

noise acceleration [22, 23].

The charge amplifier of each accelerometer is built on a ceramic hybrid substrate

with gold metallization having a shape of a disk with a diameter of about 14 mm.

The components are packaged both as Surface Mount Technology (SMT) type and

in die form and attached to the substrate using conductive and insulative epoxies.

Connection of the die components with the substrate conductors are made with the

help of wire bonds. All wire bonds and die components are coated with an coating

epoxy to protect them against possible damage during sensor assembly. The

amplifier circuit is connected with the output two-pin connector and PE transducer

with the help of gold wires covered with an isolation material. The hybrid substrate

is placed into the inner shielded case isolated from the sensor’s outer case as a

precautionary measure against ground loop. Figure 8.4 shows the photograph of the

charge amplifier hybrid substrate.

8.4 Characteristics of the Designed Accelerometers

Characteristics of the designed accelerometers are shown in Table 8.1. The sensors’

noise floor an is presented in Table 8.1 as the equivalent input broadband, from 1Hz to

1 kHz, noise acceleration (in ng rms), and as the equivalent input spectral noise, which

corresponds to the equivalent input noise acceleration spectral density (in ng=
ffiffiffiffiffiffi
Hz

p
) at

frequencies 0.1, 1, 10, and 100 Hz.

It is known that direct noise measurement of an in this type of sensor is

impossible at typical laboratory conditions because of influence of environmental

Fig. 8.3 Photograph of the

designed accelerometers
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Fig. 8.4 Photograph of the

charge amplifier hybrid

substrate

Table 8.1 Characteristics of the designed accelerometers

Characteristics Units

Designed

accelerometer 1

Designed

accelerometer 2

Voltage sensitivity V/g 10 10

Max level measured g �0.5 �0.5

Frequency response at level

�1 dB

Hz 0.005 to 100 0.05 to 380

Frequency response at level

�3 dB

Hz 0.003 to 200 0.02 to 500

Resonant frequency Hz 370 1,220

Temperature range �C –20 to +100 –20 to +100

Output bias voltage Vdc +9 to +13 +9 to +13

Output impedance Ω �10 �10

Full scale output voltage V �5 �5

Noise floor (equivalent input noise

acceleration):

Broadband (from 1 Hz to 1 kHz) ng rms 100 300

Spectral: ng=
ffiffiffiffiffiffi
Hz

p

0.1 Hz 600 800

1 Hz 37 90

10 Hz 7 25

100 Hz 3 10

Supply voltage Vdc +24 to +30 +24 to +30

Supply current mA 2 to 10 2 to 10

Shock limit G pk 250 400

Dimensions:

Diameter mm (in) 64.8 (2.55) 28.6 (1.125)

Height mm (in) 55.5 (2.18) 37.3 (1.47)

Weight g (lb) 771 (1.7) 170 (6.0)
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vibration noise and interferences presented under such conditions. Therefore,

spectral noise an was estimated as a sum of the two noise sources of the IEPE

accelerometer not correlated to each other by definition [22, 23]:

an2 ¼ anamp2 þ anPE2 : ð8:3Þ

In (8.3), anPE and anamp are the noise contributions of the PE transducer and

charge amplifier, respectively. Noise of the charge amplifier anamp was measured

directly with the equivalent capacitance equaled to the PE transducer capacitance

CPE and connected in parallel with the amplifier’s input instead of the PE trans-

ducer. During this measurement, the amplifier circuit was placed into the metal

shielded box to mitigate influence of environmental electro-magnetic interferences.

Noise of the PE transducer anPEwas calculated according to the expression [22, 23].

anPE2 ¼ ane2 þ anm2 ¼ 4kT
η

ωCPEVPE
2
þ 0:01ω0

mQ

� �
: ð8:4Þ

In (8.4), ane and anm are the equivalent input noise acceleration spectral

densities (in g=
ffiffiffiffiffiffi
Hz

p
) of the PE transducer representing its electrical-thermal

noise and mechanical-thermal noise, respectively. k is the Boltzmann’s constant

(1.38� 10�23 J/K) and T is the absolute temperature (in K). ω¼ 2πf,ω0¼ 2πf0,
f is a frequency, f0 is the PE transducer’s resonant frequency, η is the loss factor,
m is the mass, and Q is the quality factor of the PE transducer.

The estimated spectral noise an of the accelerometer 1 was verified by the direct

measurement of its noise in NIST using the NIST stabilization isolation platform.

This platform provided isolation of the sensor from environmental vibration noise

sources to make this measurement possible. More detailed description of this

measurement in NIST is presented below.

The frequency response curves of the designed accelerometers 1 and 2 are shown

in Figs. 8.5 and 8.6, respectively. Frequency response roll off at low frequencies is

determined by the charge amplifier’s frequency response. At high frequencies, the

PE transducer’s resonance is the main factor for the frequency response rise. The
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Fig. 8.5 Frequency response of the designed accelerometer 1
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frequency response lower and upper corners at level of �3 dB are 0.003 and

200 Hz, respectively, for the accelerometer 1 and 0.02 and 500 Hz, respectively,

for the accelerometer 2.

Figure 8.7 shows the temperature response of the designed accelerometers.

Deviation of sensitivity is from �15 % to +10 % in the temperature range from

�20 �C to +100 �C, relative to 25 �C.
Table 8.2 shows a comparison of the performance characteristics between the

designed accelerometers and the state-of-the art seismic low-noise IEPE and

MEMS accelerometers. In Table 8.2, the IEPE accelerometers are designed accel-

erometers 1 and 2, the Wilcoxon Research (WR) model 731A, and the PCB model

393B31. The MEMS sensors are the Colibrys model SF3000L and the Kistler

servo-accelerometer 8330A3. Parameters of these sensors were obtained from

their respective data sheets [2, 3, 6, 7].

Figure 8.8 shows the noise floor curves of the designed accelerometers 1 and

2 (curves 1 and 2, respectively), and the same state-of-the art accelerometers

(curves 3–5). Specifically, curve 3 represents noise of the WR model 731A and

PCB model 393B31 (these sensors have about the same noise). Curve 4 and

5 correspond to the Colibrys model SF3000L and the Kistler model 8330A3,

respectively.
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The designed accelerometers 1 and 2 have probably the lowest noise to date for

their size and weight in comparison to existing state-of-the art IEPE seismic

accelerometers. Indeed, the accelerometer 1 has a noise value in terms of the

equivalent noise acceleration spectral density g=
ffiffiffiffiffiffi
Hz

p� �
less than the existing

IEPE accelerometers WR model 731A and PCB model 393B31 having comparable

size and weight by factor of about 1.6 at frequency 1 Hz and by factor 1.4 at

frequencies 10–100 Hz. In terms of the noise acceleration power spectral density

PSD (g2/Hz), the difference in noise is in favor of the designed accelerometer 1 by

factors 2.6 and 2 at the same frequencies. We can expect that at frequencies <1 Hz,

the noise of the designed accelerometer 1 is less than the noise of these sensors by

factor >2 in g=
ffiffiffiffiffiffi
Hz

p
(>4 in terms of PSD). The noise of the designed compact

accelerometer 2 cannot be compared to any other IEPE seismic accelerometers’

noise because they are not comparable in size and weight.

In addition to ultra-low-noise, the designed accelerometers feature lower oper-

ating frequencies (f� 3 dB¼ 0.003 Hz for the accelerometer 1 and 0.02 Hz for the

accelerometer 2 vs. 0.04 Hz and 0.05 Hz for the competitors’ accelerometers),

about one order of magnitude less output impedance (Rout� 10Ω vs. 100Ω), higher

operating temperatures (Tmax¼ 100 � C vs. 65 � C), and about 6 times higher the

shock limit (250 g pk vs. 40 and 15 g pk) [2, 3].

8.5 Key Factors Providing Ultra-Low-Noise

in the Designed Accelerometers

• The design of the accelerometers was made based on the IEPE accelerometer

noise analysis presented in Chap. 7 and in works [22, 23]. The expressions (7.46)

and (7.47) for the overall equivalent input noise voltage and acceleration spectral

1

10

100

1000

0.1 1 10 100 1000

E
qu

iv
al

en
t 
in

pu
t 
no

is
e

ac
ce

le
ra

ti
on

 s
pe

ct
ra

l
de

ns
it
y 

(n
g/
ÖH

z)

Frequency  (Hz)

1
2
3
4
5

4
2

31

5

Fig. 8.8 Comparison of noise between the designed accelerometers and the state-of-the art

low-noise seismic accelerometers. 1, 2—designed accelerometers, 3—Wilcoxon Research

model 731A and PCB model 393B31, 4—Colibrys model SF3000L, 5—Kistler model 8330A3.

Values of noise in 3–5 are data sheet values
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densities are derived in Chap. 7. These expressions show contributions from all

main noise sources of the amplifier and the PE transducer into the overall

accelerometer’s noise floor.

• The charge amplifier design was made from the standpoint to provide its noise as

low as possible. In this respect, the critical items are the charge amplifier

schematic solution, choice of low-noise active (especially JFET) and passive

components, and optimization of the biasing resistor Rb value. In the designed

sensors, in order to provide low values of the JFET’s thermal, 1/f noise, and shot

noise in gate circuit, it was chosen with the low values of en1/f and IGSS and the

high value of gfs.
• The design of the PE transducer should provide sufficiently high value of charge

sensitivity QPE which depends on the mechanical structure of the PE transducer.

The flexural, circular bender bimorph mode of the PE transducer provided high

value of QPE for its size and weight and low pyroelectric effect. PE elements

were made of PZT piezoceramic.

• In the designed charge amplifier the noises generated by the JFET and biasing

resistor predominate over other noise sources. These noise sources include

bipolar transistors, protection circuit, temperature compensation circuit, and

power supply. In this regard, the rechargeable nickel-cadmium (NiCd) battery

was used as a power supply and current-regulating diodes (e.g., such as 1N5312)

were used as a constant current source. In the signal conditioning circuit, the

low-noise amplifier should be chosen. In this design, the low-noise Op Amp

OPA227 was used.

• The electronic circuit should be shielded sufficiently to mitigate influence

of environmental electro-magnetic interferences. In the designed sensor,

the charge amplifier was placed into the inner shielded case isolated from the

sensor’s outer case as a precautionary measure against these interferences and

also ground loop noise.

8.6 Direct Measurement of the Designed

Accelerometer’s Noise

It is known that the direct measurement of low noise values of the designed seismic

accelerometers is a challenging task because of influence from environmental

vibration noise. The special, quiet, stable platform isolated from environmental

noise should be used for such measurements.

The ultra-low-noise of the designed accelerometer 1 made possible using it in

the NIST stabilization isolation platform carrying the world’s most frequency stable

laser system used for the atomic clock research conducted by NIST [5, 24]. The

intended purpose of this platform is to provide isolation of the laser system from

environmental vibration noise. This is a passive platform comprised of a heavy steel

table suspended by rubber bands of 3 m long. The isolation corner frequency is
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about 0.3 Hz. The platform suppresses most of the building and air born vibration

interferences concentrated usually above 10 Hz.

The same stabilization platform was used for the direct measurement of the noise

floor of the designed accelerometer 1 [5]. In this measurement, the following

additional measure was implemented for reducing environmental noise.

Figure 8.9 shows the block diagram of the measurement system. This system is

comprised of the two channels formed by the same designed accelerometers

1 shown in the Table 8.2 and called conventionally in Fig. 8.9 as seismic sensor

1 and seismic sensor 2 and two additional amplifiers: amplifier 1 and amplifier

2. Signals, correctly to say, noises coming from amplifiers are subtracted from each

other with the help the analog subtractor ∑. In each channel, the following two

noise voltages are present at the same time at the output of the accelerometer. One

noise voltage corresponds to the sensor’s intrinsic noise and other noise voltage

represents the environmental vibration noise.

From the construction stand point, the system is executed by the following. Two

of the same accelerometers mentioned above were bolted baseplate-to-baseplate,

placed on a small lead-foam pad, and mounted on the stabilization platform so, that

their vibration axes were in parallel with the platform surface. Noise voltages from

accelerometers were amplified by the additional SCC amplifiers which were well

matched to each other in gain and had flat frequency response at the accelerometer’s

frequency band. In this system, the noise voltages corresponding to the residual

environmental noises are correlated to each other, hold essentially common mode

and are eliminated as a result of subtraction. The sensors’ intrinsic noises are

uncorrelated to each other and, therefore, cannot be compensated.

Mathematically this process can be described by the following. The seismic

sensors 1 and 2 have at their outputs noise voltages vnout1(t) and vnout2(t), respec-
tively, that can be presented in time domain as:

vnout1 tð Þ ¼ vnenv1 tð Þ þ vnint1 tð Þ,
vnout2 tð Þ ¼ vnenv2 tð Þ þ vnint2 tð Þ: ð8:5Þ

Fig. 8.9 Block diagram of

the system for measurement

of the designed

accelerometer 1 noise

in NIST
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In (8.5), vnenv1(t) and vnenv2(t) are the noise voltages representing the environ-

mental vibration noises which are correlated with each other:

vnenv1 tð Þ ¼ vnenv2 tð Þ ¼ vnenv tð Þ: ð8:6Þ

vnint1(t) and vnint2(t) are the noise voltages corresponding to the intrinsic noises of
the sensors 1 and 2, respectively. These noise voltages are uncorrelated with each

other:

vnint1 tð Þ 6¼ vnint2 tð Þ: ð8:7Þ

As a result of subtraction of the noise voltages vnout1(t) and vnout2(t), we will

obtain only the sensors’ intrinsic noise voltages at the output of the subtractor:

vn tð Þ ¼ vnout1 tð Þ � vnout2 tð Þ ¼ vnint1 tð Þ � vnint2 tð Þ: ð8:8Þ

Let us assume the sensors have the same values of the intrinsic noise voltages

and amplifiers have the same gain values:

vnint1 tð Þ2 � vnint2 tð Þ2 � vnint tð Þ2 : ð8:9Þ

Then we will obtain the noise voltage vn at the output of the subtractor that is

related to the noise value of the single sensor

vn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vnint12 þ vnint22

� �r
¼

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffi
vnint2

q
: ð8:10Þ

In practice, correlation relations (8.6) and equality of the sensors’ and amplifiers’

gains and frequency responses are not as precise as was assumed above.

Nevertheless, the system described above combined with the NIST quiet stabi-

lization platform provided suppression of the environmental vibration noise to a

considerable extend allowing the measurement of the noise floor of the designed

accelerometer 1. Figure 8.10 shows comparison between the experimental noise
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Fig. 8.10 Experimental (1) and modeled (2) curves of the noise floor of the designed

accelerometer 1
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floor (curve 1) of this accelerometer measured in NIST and its modeled noise floor

(curve 2). The latter was estimated above according to the equation (8.3) as a sum of

the charge amplifier noise measured and the PE transducer noise calculated using

the expression (8.4). We can see that these noise values have a good correlation

with each other.
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Chapter 9

High-Temperature, Up to 175 �C, Miniature

IEPE Accelerometers

Keywords IEPE accelerometers high-temperature: Configuration; Key factors for

high-temperature operation; Miniature; Single axis; State-of-the art; Performance

characteristics; Triaxial • High-temperature electronics: Silicon-based • High-tem-

perature FET amplifier: With LPF; With 2-pole LPF • Temperature effects in FETs:

Gate leakage current; Zero temperature coefficient

This chapter describes the recently designed high temperature, up to 175 �C, IEPE
miniature, light-weight accelerometers: three families of triaxial accelerometers

and one family of the single axis accelerometers. This temperature is near the

industry’s highest operating temperature among IEPE miniature accelerometers. In

addition to the high temperature operation and miniature design, the sensors feature

wide frequency range, low noise, and some of them include the 2-pole active

low-pass filter (LPF).The triaxial accelerometers of one family have a cube shape

with a side of 14.8 mm and a weight of 14 g and feature sensitivities of 100 and

10 mV/g. The other group of triaxial accelerometers has the same cube shape, but

with a side of 10 mm, weight of 5 g, and sensitivities 10, 1, and 0.5 mV/g. The

triaxial sensors of the third group have the same shape, dimensions, and weight of

the previous sensor family, sensitivity of 10 mV/g, and, additionally, they incorporate

the 2-pole active LPF. The single axis accelerometer has size 8.1� 6.6� 6.4 mm3,

weight of 1 g, sensitivity of 10 and 100 mV/g, and also comprise the 2-pole active

LPF. This LPF is used for suppression of the PE transducer’s resonance and for

attenuation of the high frequency vibration signals that can cause saturation of

electronics. The sensors contain miniature high-temperature hybrid silicon-based

charge and voltage amplifiers. In the long-term active (with power supply on) test,

the sensors operated at a temperature of 175 �C for more than 1,000 h without any

signs of degradation.

© Springer International Publishing Switzerland 2015
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9.1 Introduction

Many applications require IEPE accelerometers to have the capability of operating at

elevated temperatures. Deep wells for oil exploration, hot areas of aircraft and

automobile, satellites, and other spacecrafts are some examples of such applications.

Most IEPE accelerometers have an operation temperature from �55 �C to

+(125–130) �C. Their maximum operating temperature is limited by the maximum

operating temperature of the integral electronics.

Since significant progress has been achieved in the design of silicon-based high

temperature, up to +(165–185) �C, miniature electronics, it has made possible the

development of the high temperature miniature IEPE accelerometers [1–9].

The PE accelerometers alone, i.e., without electronics, which are called the charge

mode PE accelerometers, are capable of operating at temperatures of 650 �C
[10–12], even at 900 �C [13]. The sensors are placed in the hot area and connected

with a remote electronic signal conditioning module placed in the temperature region

that it can withstand, usually T� 125 �C [10]. These sensors include an integral

mineral insulated metallic cable that can withstand the extreme temperatures.

Another option is the use of silicon-on-insulator (SOI) or silicon carbide (SiC)

technology for the design of the IEPE accelerometer’s electronics [14, 15]. This

option permits operating temperatures between 200 �C and 300 �C. Usually, such
sensors are very expensive, have limited performance characteristics and are larger

in size, in comparison to the silicon-based electronics. For applications reaching

operating temperature <200 �C, silicon-based electronics can be successfully used.
There are only a few recently designed state-of-the art high temperature silicon-

based IEPE accelerometers. These are the B&K triaxial accelerometers 4527 and

4527-001 [4] and single axis model 4526 having operating temperature up to

180 �C [5]. Other high temperature IEPE accelerometers are the DJB Instruments

UK Ltd single axis A/123/S and A/124/E having maximum operation temperature

185 �C [6]. The third group of sensors is PCB high temperature triaxial and single

axis accelerometers having operating temperature up to 163 �C [7]. The forth sensor

family is Wilcoxon Research single axis accelerometers models HT780A,

HT786A, and HT787A having operating temperature up to 150 �C [8].

But the designed sensors presented here, in addition to 175 �C operation and

miniature design, feature other good performance characteristics, such as wide

frequency band, low noise, small size and weight, that are better than the state-of-

the art high temperature sensors. In addition, there are not any state-of-the art high

temperature sensors incorporating the 2-pole active LPF that presents in some of the

designed high temperature accelerometers. A more detailed comparison between

the high temperature designed accelerometers and the state-of-the art accelerome-

ters is made below.
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9.2 Configuration and Performance Characteristics

of the Designed 175 �C Triaxial IEPE Accelerometers

Having Sensitivities 100 mV/g and 10 mV/g and Size

of 14.8mm3

Figure 9.1 shows the configuration of the designed family of the 175 �C, 100 and

10 mV/g triaxial accelerometers having size of 14.8 mm3 and their connection with

the signal conditioning circuit SSC. These are charge mode IEPE two wires output

accelerometers comprised of the high temperature charge amplifiers and PE

transducers.

In Fig. 9.1, ePE is the signal source voltage representing the output voltage of the
open-circuit PE transducer having electrical capacitance CPE. The charge amplifier

is comprised of two direct-coupling stages: the input stage based on a n-channel

MOSFET and the output stage based on a NPN bipolar transistor, providing low

output impedance. Biasing resistor Rb together with the resistive divider R2/R3 are

included in the negative DC feedback circuit providing the circuit stable operation

and bias for MOSFET. Cf is the charge amplifier’s feedback capacitance value of

which can be selected to change gain of the amplifier and corresponding sensitiv-

ities of 100 or 10 mV/g for the whole sensor. Resistors R2 and R3 are variable and

used for bias adjustment. Typical bias voltage is from 8 to 16 Vdc over the entire

temperature range from �55 to +175 �C.
The PE transducer operates in the annular shear mode, which is optimal for high

charge sensitivity, stability, and the possibility of miniature design. It comprises the

PE element made of PZT piezoceramic.

SCC provides power supply for the charge amplifier and additional amplification

and processing of the measured signal. SCC is distant from the accelerometer and

Fig. 9.1 Configuration of the designed 175 �C, 100 mV/g and 10 mV/g triaxial IEPE accelerom-

eters having size of 14.8 mm3 and their connection with the signal conditioning circuit
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has maximum operating temperature �125 �C. Connection between the acceler-

ometer and SCC is realized with the help of the high-temperature connector and

coaxial cable. Voltage supply can be from 24 to 30 Vdc. Current supply is constant

and created by the constant current source CCS, e.g., current-regulating diode. It

ranges from 2 to 8 mA. Decoupling capacitor Cd in the SCC eliminates the

influence of the accelerometer’s output dc bias voltage on the SCC amplifier’s

input stage. This configuration allows the connection of the accelerometer with the

SCC with only two wires (output and signal ground) for each channel and four-pin

connector, which carry output signals of three channels X, Y, and Z and voltage

supply for them at the same time.

Table 9.1 shows basic typical performance parameters of these accelerometers [2].

Table 9.1 Typical characteristics of the designed 175 �C, 100 mV/g and 10 mV/g triaxial IEPE

accelerometers

Characteristics Units

100 mV/g

Designed

accelerometer

10 mV/g

Designed

accelerometer

Voltage sensitivity V/g 100 10

Max level measured g �50 �500

Frequency response at level

�5 %

Hz X: 0.7 to 6,000

Y, Z: 0.7 to 8,000

X: 0.2 to 6,000

Y, Z: 0.2 to

8,000

Frequency response at level

�1 dB

Hz X: 0.5 to 8,000

Y, Z: 0.5 to 10,000

X: 0.15 to 8,000

Y, Z: 0.15 to

10,000

Resonant frequency kHz 35 35

Temperature range �C –55 to +175 –55 to +175

Output bias voltage Vdc +8 to +16 +8 to +16

Output impedance (4–10 mA) Ω �100 �100

Full scale output voltage V �5 �5

Noise floor (equivalent input noise

acceleration):

Broadband (from 0.1 Hz to 10 kHz) μg rms 450 1,400

Spectral: μg=
ffiffiffiffiffiffi
Hz

p

1 Hz 100 350

10 Hz 30 100

100 Hz 14 40

1000 Hz 4 15

Supply voltage Vdc +24 to +30 +24 to +30

Supply current mA 2 to 8 2 to 8

Shock limit g pk 5,000 5,000

Dimensions:

Cube with a side mm (in) 14.8 (0.58) 14.8 (0.58)

Weight g (oz) 14 (0.5) 14 (0.5)
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Figure 9.2 shows typical temperature response TR (sensitivity deviation

vs. temperature) of the designed accelerometers. TR is from �12 % at temperature

�55 �C to +17 % at temperature +175 �C.
The units are packaged in the welded titanium construction and completely

sealed against the environment. Figure 9.3 shows photograph of one of the designed

accelerometers.

9.3 Configuration and Performance Characteristics

of the Designed 175 �C Triaxial IEPE Accelerometers

Having Sensitivities 10, 1, and 0.5 mV/g and Size

of 10 mm3

Figure 9.4 shows the configuration of the other family of the 175 �C IEPE accel-

erometers and their connection with the SCC. In contrast to the pervious family

of the accelerometers, these sensors are the Voltage Mode IEPE accelerometers
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Fig. 9.2 Typical temperature response of the designed 175 �C, 100 mV/g and 10 mV/g triaxial

IEPE accelerometers

Fig. 9.3 Photograph of the

designed 175 �C, 100 mV/g

triaxial IEPE accelerometer
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which are comprised of the high temperature voltage amplifiers (source followers)

and PE transducers.

The voltage amplifier is based on the direct-coupling two stages created source

follower SF configuration with voltage gain (actually, this is the coefficient of

transmission, not gain) GSF� 1. The input stage is based on a n-channel JFET

and the output stage is based on a PNP bipolar transistor. The input circuit of SF is

comprised of resistor R1 and capacitor C1. This circuit creates LPF, which can be

used for compensation of the sensor’s frequency response rise caused by the PE

transducer’s resonance. Capacitor C1 is used as a variable type capacitor allowing

adjustment of the circuit’s gain Gv to provide the total 10, 1, and 0.5 mV/g sensor’s

sensitivities. Biasing resistor Rb together with the resistive divider R2/R3 create

bias voltage for JFET and following output bias voltage, which can vary from 8 to

16 Vdc over the entire temperature range from �55 �C to +175 �C.
The PE transducer operates in the annular shear mode and contains the PE

element made of PZT piezoceramic.

CCS provides the positive voltage supply which can be from 23 to 30 Vdc and

constant current supply from 1 to 4 mA for each channel.

The typical performance characteristics of the designed accelerometers are

shown in Table 9.2 [1]. Figure 9.5 shows their typical temperature response. The

deviation of sensitivity is from +8 % at temperature �55 �C to �17 % at temper-

ature +175 �C.
Figure 9.6 shows photograph of one of designed accelerometers. The sensors are

packaged in a 10 mm3 of welded titanium construction.

Fig. 9.4 Configuration of the designed 175 �C triaxial IEPE accelerometers having sensitivities

10, 1, and 0.5 mV/g and size of 10 mm3 and their connection with the SCC
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Table 9.2 Typical characteristics of the designed 175 �C triaxial IEPE accelerometers having

sensitivities 10, 1, and 0.5 mV/g and size of 10 mm3

Characteristics Units

10 mV/g

Designed

accelerometer

1 mV/g

Designed

accelerometer

0.5 mV/g

Designed

accelerometer

Voltage sensitivity V/g 10 1 0.5

Max level measured g �500 �5,000 10,000

Frequency response at level

�5 %

Hz 5 to 6,000 5 to 6,000 5 to 6,000

Frequency response at level

�1 dB

Hz 3 to 8,000 3 to 8,000 3 to 8,000

Resonant frequency kHz 40 40 40

Temperature range �C –55 to +175 –55 to +175 –55 to +175

Output bias voltage Vdc +8 to +16 +8 to +16 +8 to +16

Output impedance (3 to 4 mA) Ω �100 �100 �100

Full scale output voltage V �5 �5 �5

Noise floor (equivalent input

noise acceleration):

Broadband (from 1 Hz to 10 kHz) 1,400 4,000 8,000

Spectral: μg=
ffiffiffiffiffiffi
Hz

p

1 Hz 1,000 3,500 4,000

10 Hz 170 350 600

100 Hz 25 70 120

1,000 Hz 12 40 80

Supply voltage Vdc +23 to +30 +23 to +30 +23 to +30

Supply current mA 1 to 4 1 to 4 1 to 4

Shock limit g pk 10,000 10,000 15,000

Dimensions:

Cube with a side mm (in) 10 (0.39) 10 (0.39) 10 (0.39)

Weight g (oz) 5 (0.17) 5 (0.17) 5 (0.17)
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Fig. 9.5 Typical temperature response of the designed 175 �C triaxial IEPE accelerometers

having sensitivities 10, 1, and 0.5 mV/g and size of 10 mm3
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9.4 Configuration and Characteristics of the Designed

175 �C, 10 mV/g Triaxial IEPE Accelerometers

with Size of 10 mm3 and Comprising 2-Pole Active LPF

Configuration of this family of the designed accelerometers is shown in Fig. 9.7.

These are also the Voltage Mode IEPE accelerometers comprised of the high

temperature PE transducer and the voltage amplifier (source follower). The voltage

amplifier is also based on the direct-coupling two stages with voltage gain (actually,

this is the coefficient of transmission, not gain) GSF� 1. The input stage is based

on a n-channel JFET and the output stage is based on a PNP bipolar transistor.

But, in contrast to the previous design, the input circuit of SF is comprised of two

resistors R1 and R2 and two capacitors C1 and C2 connected in the 2-pole active

LPF Sallen-Key configuration [16]. The sensors have two options for the LPF

corner frequency f� 3dB at level of �3 dB: f� 3 dB¼ 2 kHz and f� 3 dB¼ 10 kHz.

These 175 �Caccelerometerswith the 2-pole active LPF can be used in applications

requiring both high temperature operation and effective attenuation of high-frequency,

high level acceleration signals or interferences that can obscure the required

low-frequency vibration information and also can cause the saturation of electronics.

In addition, this LPF provides affective suppression of the PE transducer’s resonance.

Table 9.3 shows the typical performance specifications of the designed acceler-

ometers [3]. Figure 9.8 shows the typical frequency responses of them. Figure 9.9

shows photograph of these sensors. Construction of these accelerometers is similar

to the previous sensors.

9.5 Configuration and Characteristics of the Designed

175 �C, 10 mV/g Single Axis IEPE Accelerometers

Comprising 2-Pole Active LPF

Figure 9.10 shows the configuration of the designed family of the 175 �C, 10 mV/g

single axis accelerometers comprising the 2-pole active LPF and having size of

8.1� 6.6� 6.4 mm3 and weight of 0.8 g. These are Charge Mode IEPE two wires

Fig. 9.6 Photograph one of

the 175 �C triaxial IEPE

accelerometers having

sensitivities 10, 1, and

0.5 mV/g and size of

10 mm3
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Table 9.3 Typical characteristics of the designed 175 �C, 10 mV/g triaxial IEPE accelerometers

comprising 2-pole active LPF with size of 10 mm3

Characteristics Units

Sensor with LPF

f� 3 dB¼ 2 kHz

Sensor with LPF

f� 3 dB¼ 10 kHz

Voltage sensitivity mV/g 10 10

Max level measured g � 500 � 500

Frequency response at level

�5 %

Hz 5 to 1,000 5 to 5,000

Frequency response at level

�1 dB

Hz 3 to 1,400 3 to 7,000

Resonant frequency kHz 40 40

LPF corner frequency (�3 dB) kHz 2� 0.2 10� 1

LPF roll-off dB/Octave 10–12.5 10–12.5

Temperature range �C –55 to +175 –55 to +175

Output bias voltage Vdc +8 to +16 +8 to +16

Output impedance (3 to 4 mA) Ω �100 �100

Full scale output voltage V �5 �5

Saturation level corresponding to

5 Vpk output voltage

g pk

5 kHz �5,000 �500

10 kHz �5,000 �700

40 kHz (resonant frequency ) �350 �800

Noise floor (equivalent input noise

acceleration):

Broadband (from 1 Hz to 10 kHz) μg rms 4,000 4,000

(continued)

Fig. 9.7 Configuration of the designed 175 �C, 10 mV/g triaxial IEPE accelerometers comprising

2-pole active LPF and having size of 10 mm3
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Fig. 9.8 Typical frequency responses of the designed 175 �C, 10 mV/g triaxial IEPE accelerom-

eters with size of 10 mm3 comprising 2-pole LPF: f� 3dB¼ 2 kHz (curve 1) and f� 3dB¼ 10 kHz

(curve 2)

Fig. 9.9 Photographs of the designed 175 �C, 10 mV/g triaxial IEPE accelerometers comprising

2-pole active LPF and having size of 10 mm3

Table 9.3 (continued)

Characteristics Units

Sensor with LPF

f� 3 dB¼ 2 kHz

Sensor with LPF

f� 3 dB¼ 10 kHz

Spectral: μg=
ffiffiffiffiffiffi
Hz

p

1 Hz 1,000 1,000

10 Hz 170 170

100 Hz 70 40

1,000 Hz 70 40

Supply voltage Vdc +23 to +30 +23 to +30

Supply current mA 1 to 4 1 to 4

Shock limit g pk 10,000 10,000

Dimensions:

Cube with a side mm (in) 10 (0.39) 10 (0.39)

Weight g (oz) 5 (0.17) 5 (0.17)
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output accelerometers incorporating the high temperature miniature charge ampli-

fiers and PE transducers.

The charge amplifier is comprised of two direct-coupling stages: the input stage

based on a n-channel MOSFET and the output stage based on a NPN bipolar

transistor, providing low output impedance. In addition, the charge amplifier’s

negative feedback circuit includes the bridged-T network circuit consisting of

two capacitors C2 and C3 and two resistors R4 and R5. This circuit is connected

in series with the feedback capacitance Cf and creates the 2-pole active LPF

[17]. Similarly to the previous accelerometers, there are two options for the f� 3 dB

corner of the LPF: f� 3 dB¼ 2 kHz and f� 3 dB¼ 10 kHz.

Table 9.4 shows the typical performance characteristics of the designed 175 �C
single axis IEPE accelerometers comprising 2-pole active LPF. Figure 9.11 shows

photographs of the 175 �C single axis IEPE designed accelerometers with 2-pole

active LPF.

Table 9.5 shows a comparison of the performance characteristics between the

designed 175 �C 100 mV/g triaxial IEPE accelerometer and the state-of-the art high

temperature 100 mV/g IEPE triaxial accelerometers. Data for the state-of-the art

sensors were taken from their corresponding data sheets [4, 7]. From this table we

can see that the designed 100 mV/g accelerometer has a maximum operating

temperature only 5 �C less than the B &K model 4527-001, but it features wider

frequency range, higher resonant frequency, and less broadband noise. When

compared to PCB high temperature sensor 356A15, the designed sensor has

12 �C higher maximum operating temperature and wider frequency range.

Table 9.6 shows comparison of performance characteristics between the

designed 175 �C single axis IEPE accelerometer and the state-of-the art high

Fig. 9.10 Configuration of the designed 175 �C single axis IEPE accelerometers comprising

2-pole active LPF
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temperature single axis IEPE accelerometers. Data for the state-of-the art sensors

were taken from their corresponding data sheets [5, 6]. We can see that the designed

accelerometers have a maximum operating temperature 5 �C less than B&Kmodels

and 10 �C less than DJB models. They incorporate 2-pole active LPF and have

much less weight and size, compared to those state-of-the art sensors.

Table 9.4 Typical performance characteristics of the designed 175 �C single axis IEPE acceler-

ometers comprising 2-pole active LPF

Characteristics Units

Sensor with LPF

f� 3 dB¼ 2 kHz

Sensor with LPF

f� 3 dB¼ 10 kHz

Voltage sensitivity mV/g 10 10

Max level measured g � 500 � 500

Frequency response at level

�5 %

Hz 2 to 1,000 2 to 5,000

Frequency response at level

�1 dB

Hz 1 to 1,400 1 to 7,000

Resonant frequency kHz �45 �45

Temperature range �C –55 to +175 –55 to +175

Output bias voltage Vdc +8 to +16 +8 to +16

Output impedance (4–10 mA) Ω �100 �100

Full scale output voltage V �5 �5

Saturation level corresponding to

5 Vpk output voltage

g pk

5 kHz �1,000 �500

10 kHz �1,000 �700

40 kHz �1,000 �1,000

Noise floor (equivalent input noise

acceleration):

Broadband (from 0.1 Hz to 10 kHz) μg rms 8,000 8,000

Spectral: μg=
ffiffiffiffiffiffi
Hz

p

1 Hz 2,000 2,000

10 Hz 700 700

100 Hz 300 300

1,000 Hz 200 200

Supply voltage Vdc +24 to +30 +24 to +30

Supply current mA 2 to 8 2 to 8

Shock limit g pk 5,000 5,000

Dimensions:

Length mm (in) 8.08 (0.32) 8.08 (0.32)

Width mm (in) 6.35 (0.25) 6.35 (0.25)

Height mm (in) 6.6 (0.26) 6.6 (0.26)

Weight g (oz) 0.8 (0.03) 0.8 (0.03)
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Fig. 9.11 Photographs of the 175 �C single axis IEPE designed accelerometers with 2-pole

active LPF

Table 9.5 Comparison of performance characteristics between the designed 175 �C 100 mV/g

IEPE triaxial accelerometer and the state-of-the art high temperature 100 mV/g IEPE triaxial

accelerometers

Parameters Units

Designed

accelerometer

B&K model

4527-001

PCB model

356A15

Sensitivity mV/g 100 98 100

Max level (range) � g 50 51 50

Frequency response (�10

%)

Hz X: 0.5–8,000 X, Y:0.3–5,500 7–6,500

Y, Z: 0.5–10,000 Z: 0.3–12,800

Resonant frequency kHz 35 X, Y: 30 25

Z: 42

Temperature range �C �55 to +175 �60 to +180 �54 to +163

Output bias Vdc 8-16 8.5–14 7-16

Output impedance Ω �100 <30 �200

Full scale output � V � 5 � 5 � 5

Noise floor (equivalent

input noise acceleration):

Broadband μg rms 450 600 500

(0.1 Hz–10 kHz) (0.3 Hz–10 kHz) (1 Hz–10 kHz)

Spectral: μgffiffiffiffi
Hz

p

1 Hz 100 110

10 Hz 30 20 50

100 Hz 14 4 30

1,000 Hz 4 2 10

Voltage supply Vdc 24–30 22–30 24–30

Current supply mA 2 to 8 2-20 2-20

Shock limit g pk 5,000 5,100 7,000

Dimensions: mm3 14.8� 14.8� 14.8 14.2� 12.2� 10.7 14� 14� 14

Weight g (oz) 14 (0.5) 6 (0.21) 10.5 (0.37)
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Table 9.6 Comparison of performance characteristics between the designed IEPE 175 �C single

axis accelerometers and the state-of-the art high temperature IEPE single axis accelerometers

Parameters Units

Designed

accelerometers with

2-pole active LPF

B&K

models

4526/

4526-001

DJB models

A/123/S,

A/124/E

Sensitivity mV/g 10 100 (4526) 100/10

10 (4526-

001)

Max level (range) �g 500 71 (4526)

714

(4526-

001)

Presence of 2-pole

active LPF

Yes, 2 options: No No

f� 3 dB¼ 2 kHz and

f� 3 dB¼ 10 kHz

Frequency response

(level� 5 %)

Hz 2–1,000 No data 1–8,000 (A/123/S)

( f� 3 dB¼ 2 kHz)

2–5,000 1–10,000 (A/124/E)

f� 3 dB¼ 10 kHz)

Frequency response

(level� 1 dB)

Hz 1–1,400 0.3–8,000

(4526)f� 3 dB¼ 2 kHZ)

1–7,000 0.1–8,000

(4526-

001)

(no data

for level)

f� 3 dB¼ 2 kHZ)

Resonant frequency kHz �45 25 50

Temperature range �C �55 to +175 �54 to

+180

�50 to +185

Output bias Vdc 8-16 No data 8-10

Output impedance Ω �100 (4–10 mA) No data No data

Full scale output � V � 5 No data No data

Saturation level

corresponding to 5 Vpk

output voltage

g pk No data 500–750 (A/123/S)

450 (A/124/E)

(no data for output

voltage)

5 kHz �1,000

10 kHz �1,000

40 kHz �1,000

Noise floor (equivalent

input noise

acceleration):

Broadband μg 8,000 350 3,000 (A/123/S)

rms (0.1 Hz–10 kHz) (no data

for

4,000/7,000

(A/124/E)

(continued)
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9.6 Key Factors Providing High-Temperature Operations

in the Designed Accelerometers

As was mentioned above, the operating temperature of IEPE accelerometers is

determined by the operating temperature of the integral electronics. From Figs. 9.1,

9.4, 9.7, and 9.10 we can see that the amplifiers used are the silicon-based FET-BJT

charge or voltage direct-coupled amplifiers.

The following critical factors apply for high temperature operation.

• The schematic solution of the amplifier plays the critical role for high temper-

ature operation. It should be as simple as possible and should implement strong

ac and dc feedback circuits to provide stable operation over the entire temper-

ature range.

• The components used, especially FETs, should be either rated for the sensor’s

maximum operating temperature or tested at this temperature for long-term, at

least 1,000 h.

• Silicon based JFET or MOSFET are essential components for high temperature

operation and should be chosen based on their parameters critical for high

temperature operation.

There are the following physical temperature effects in most JFETs [18–20]. The

effective value of the gate-source voltage VGS* equals

Table 9.6 (continued)

Parameters Units

Designed

accelerometers with

2-pole active LPF

B&K

models

4526/

4526-001

DJB models

A/123/S,

A/124/E

frequency

band)

(no data for fre-

quency band)

Spectral: μgffiffiffiffi
Hz

p No data No data

1 Hz 2,000

10 Hz 700

100 Hz 300

1,000 Hz 200

Voltage supply Vdc 24–30 15–35

Current supply mA 2 to 8 2 to 15

Shock limit g pk 5,000 5,100 No data

Dimensions: mm (in) No data Various

Length 8.08 (0.32)

Width 6.35 (0.25)

Height 6.6 (0.26)

Weight g 0.8 5 (4526) 2.5–5.5 (A/123/S)

6 (4526-

001)

2–2.5 (A/124/E)
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VGS
� ¼ VGS � VTj j: ð9:1Þ

In (9.1), VGS is the gate-source voltage actually applied and VT is the threshold

voltage. VT has a negative temperature coefficient (TC) of about 2 mV/�C and thus

resulting in a positive TC for the drain current ID. The temperature change in

resistivity of the channel creates the negative TC for ID. As a result, JFETs have

a zero temperature coefficient (ZTC) operating point in their transfer characteris-

tics: ID vs. VGS [18, 19, 21–23]. At a certain value of VGS, ID is constant over the

temperature range until the temperature, at which the gate current leakage IGSS
starts to influence the operation. This value of ID¼ IDZ for JFETs is [18, 19]

IDZ 	 IDSS
0:63

VGS offð Þ

� �
: ð9:2Þ

In (9.2), IDSS and VGS(off) are the saturation drain current and gate-source cutoff

voltage, respectively. ZTC operating point can be provided by adjustment of the

values of the biasing resistors R2 and R3.

In practice, the JFET operating point does not exactly correspond to ZTC.

Therefore, at some temperatures, typically, in the area of T¼ T1¼ 70� 120 �C,
expression (9.2) stops to work and at temperatures T� T1, other temperature effect

dominates in JFET: dependence on the gate current leakage IGSS. IGSS flows through
the biasing resistor Rb and, therefore, can change VGS if Rb has a high value.

Moreover, IGSS in JFETs increases exponentially with temperature. Therefore,

IGSS should be as low as possible. To mitigate influence of IGSS on JFET operation,

the Rb value should be selected not too high. On the other hand, the value of Rb

should be sufficiently high to provide a low frequency corner of the operating

frequency band. Therefore, it is necessary to choose the optimum value of Rb.

In most MOSFETs, transfer characteristics have wider area of ZTC [23]. Their

maximum operating temperature Tmax depends mostly on the gate leakage current

IGSS: lower IGSS–higher Tmax. In MOSFETs, in comparison to JFETs, IGSS typically
has less values and increases with temperature not as fast. So, MOSFETs are more

acceptable devices for high temperature operation.

The other components used in the hybrid amplifiers’ circuits such as resistors,

capacitors and other materials, such as substrate, metallization, epoxies, wirebonds,

etc., also should be selected from the standpoint of high-temperature operation. In

Chap. 3, we have already described characteristics of components and materials

generally used in the hybrid circuits including their capabilities to operate at

elevated temperatures.

In the designed accelerometers, the charge and voltage amplifiers are built on

ceramic substrates with metallization made of high-temperature gold conductor

paste allowing the use both gold and aluminum wirebonding. Figure 9.12 shows a

photograph of one of the high temperature hybrid substrate. The components are

attached to the substrate using high-temperature conductive epoxy. All die compo-

nents are coated with the high-temperature coating epoxy.
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All connections between components and the substrate are executed by the use

of either similar type of metals or materials with low TC. Such connections avoid

degradation resulting from intermetallic formations [24].

Figure 9.13 shows a microphotograph of a good wirebond between gold wire and

gold trace on the substrate. This photograph was made after aging of the hybrid at

temperature of 175 �C for 1,000 h with the help of the electronic microscope. In this

substrate, gold plating is made using gold high-temperature conductors. We can see

that this wirebond connection is clean and does not contain degradations resulting

from intermetallic reaction.

For comparison, Fig. 9.14 shows a bad wirebond between gold wire and gold

trace in substrate with plating not using high-temperature gold conductor. We can

see intermetallic formations in this wirebond connection after the 1,000-h aging

at 175 �C.
All resistors, except resistor Rb, are the thin-film die chip wirebondable type

resistors. Resistor Rb is also wirebondable, but a thick-film chip resistor.

Fig. 9.12 Photograph of

one of the high-temperature

hybrid substrate

Fig. 9.13 Microphotograph

of the good wirebond on the

substrate (gold plating is

made using high-temperature

gold conductor)
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Capacitors are of NPO or COG types packaged in SMT form and featuring low

temperature coefficient TCC¼ 30 ppm/�C.
The sensors designed were exposed at temperature 175 �C in a long-term active

(with power on) 1,000-h test. After this test, the deviation of sensitivity was less

than �3 %, in comparison with the initial value.
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