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Abstract— The integrated electronics piezoelectric (IEPE)
standard is a common interfacing strategy for industrial
accelerometers that are used for vibration and acoustic mea-
surements. The IEPE interface is an untapped resource with
opportunities for expanded sensing, including measurements with
frequency content down to dc such as temperature or pres-
sure. This article proposes a new IEPE-compatible transducer,
built around an embedded acquisition device, which supports a
wide range of sensing elements. The proposed system stretches
the range of applications for the IEPE interface. In addition,
an inexpensive IEPE-compatible microphone is presented, with
detailed modeling and experimental verification. A discussion of a
condition monitoring system and strategy highlights the benefits
of the proposed hardware.

Index Terms— Condition monitoring, current loop sensing,
industry 40, integrated electronics piezoelectric (IEPE), Internet
of Things (IoT).

I. INTRODUCTION

ADVANCES in the deployment of cyber-physical devices
or “Internet of Things” (IoT) devices are heralded as

the “Fourth Industrial Revolution” and “Industry 4.0,” akin
to previous human progress due to steam, electricity, and
early computers [1]–[3]. To fully realize the potential of
the IoT for monitoring and diagnostics, quality, not quantity,
of data must be the priority for system designers [4]–[6]. For
example, a generic current loop vibration sensor may be easy
to install but prove to be of little value if bandwidth, fre-
quency limits, or quantization prevent the collection of useful
information. Even just one “good” sensor, e.g., a piezoelectric-
based accelerometer, that provides an information-rich stream
of actionable data that can be mined with signal processing
algorithms may be worth considerably more than a collection
of inexpensive or easily manufactured, but limited, sensors.

Current loop signal transmission is a workhorse for indus-
trial process control [7]. Current loops allow for reliable trans-
mission of process variable (PV) data. The transmission of
voltage signals over long two-wire channels is unreliable due
to significant voltage drops along the line and electromagnetic
interference (EMI) introduced by harsh industrial environ-
ments. High-noise immunity, long-distance transmission, and
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the availability of a shared power and signal path over the
same two wires are some of the features that have made the
4–20-mA current loop a de facto industrial standard. Current
loops do more than just transmit PVs. A current signal is
often used as a control signal. For example, current loops
have gradually replaced the legacy 3–15-psi pneumatic control
signal standard. Several modifications have been applied to
the standard current loop, including, for instance, the High-
way Addressable Remote Transducer Protocol (HART), which
provides a means for digital communication over a two-wire
current loop [8]. A wide range of industrial equipment is
compatible with current loops due to the versatile nature of
the system.

A significant application of current loops is to interface
with piezoelectric-based accelerometers. There are two types
of piezoelectric accelereometers: charge- and voltage-mode
accelerometers [9]. Charge-mode sensors are characterized
by flexible electrical parameters, a wide range of operat-
ing temperatures, wide dynamic range, and compatibility
with remote amplifiers [10]. Remote analog front ends for
charge-mode sensors are characterized by high impedance.
Thus, they are susceptible to noise and require extra measures,
such as a low-noise cabling [11]. These limitations make
the charge-mode architecture more common in laboratory
conditions. In contrast, voltage-mode sensors, also called
low-impedance voltage mode sensors, have built-in electronics
that can make them less susceptible to noise [12]. Voltage
mode sensors commonly operate from a constant-current
source over a two-wire interface such as a coaxial cable. The
two-wire interface enables simultaneous power delivery to the
sensing element and analog signal transmission [10].

Several accelerometer manufacturers use a proprietary name
for the voltage mode architecture; however, the name “inte-
grated electronics piezoelectric (IEPE)” is commonly accepted
to characterize voltage mode solutions. IEPE is a de facto
standard for industrial accelerometers. The IEPE standard
offers higher fidelity vibration measurements compared to
vibration measurements via a conventional 4–20-mA current
loop [13]. There are relatively few IEPE standard solutions for
other types of sensors. In particular, IEPE-compatible front-
end electronics do not, unfortunately, allow for dc signal
transmission.

This article demonstrates an instrumentation and measure-
ment strategy for increasing the compatibility of the IEPE
interface to a wider range of sensors. Custom hardware extends
the IEPE interface to low-frequency and dc signal transmis-
sion via frequency modulation. Following a description of
the expanded hardware interface, this article demonstrates
the applications for temperature and strain measurements.
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Fig. 1. Typical IEPE interface.

In addition, an inexpensive IEPE-compatible microphone is
presented. The new sensor interface and microphone are
combined with an embedded device to form a condition
monitoring system with the ability to implement custom signal
processing for different sensing strategies. The embedded
device was designed to comply with the requirements of the
IEPE interface, as well as, offer remote sensing and “edge”
computing. Wireless communication minimizes the installation
burden.

II. STANDARD IEPE INTERFACE

IEPE accelerometers have built-in electronics that provide
a low-impedance output. They are commonly referred to as
(low-impedance) voltage mode/output accelerometers. This
type of sensor output does not require low-noise cabling
[9]. Standard coaxial cables and connectors such as Bayonet
Neill–Concelman Connector (BNC) or SubMiniature version
A Connector (SMA) provide great performance at a reasonable
cost for many applications. The mechanical features of coaxial
cables and connectors provide good shielding for the whole
transmission path. Another advantage of this interface is
simultaneous power delivery and signal transmission over the
same two wires. A typical IEPE interface is shown in Fig. 1.

Two types of amplifiers are employed in the IEPE sensor
itself: either discrete FET and bipolar junction transistor (BJT)
amplifiers or op-amp-based amplifiers. Typically, only the
FET and BJT discrete solutions can benefit from a two-wire
interface. Op-amp-based solutions usually involve a three- or
four-wire interface [9]. As shown in Fig. 1, a current source
provides a dc current component and establishes a dc bias
Vdc across the impedance of the sensor. This dc bias directly
impacts the dynamic range of the sensor [10]. The dynamic
range is defined as the ratio between the largest and smallest
signal values the sensor can measure. The built-in amplifier
sets the sensitivity of the sensor. Other vendor-specific propri-
etary names, such as ICP, CCLD, IsoTron, or DeltaTron, all
refer to the IEPE class of sensors.

In the overall IEPE sensor system, dc bias is removed by
an ac coupling capacitor. The ac component Vac of the signal
is referred to a common-mode reference voltage Vref , and
this allows for a unipolar power supply for the antialiasing
filter and upstream analog front end. The ac coupling does
not limit the sensing performance, as long as the effective
high-pass frequency due to the ac coupling capacitor does

Fig. 2. Piezoelectric circuit models: (a) charge source and (b) voltage source.

not exceed sensor’s lowest frequency. The internal properties
of a piezoelectric transducer limit available dc information
anyway, so the piezoelectric sensor marries well with the IEPE
hardware. The piezoelectric material equivalent circuit shown
in Fig. 2 [14]–[16] has no excitation if the rate of change of
charge is zero, i.e., at static mechanical stress. Limitations on
sensor bandwidth are modeled by the resistor and capacitor
elements in the circuit model.

III. IEPE TRANSDUCER

Ac coupling does not limit the measurement of vibration
or acoustic signatures; however, it limits possible applications
of the IEPE interface for measurement of quantities, such as
temperature or pressure [11]. Conventionally, other two-wire
interfaces can transmit dc measurements but lack the benefits
provided by the IEPE interface. A two-wire interface that
allows for high-fidelity dc and ac signal transmission, as well
as power delivery over the same medium, is of great interest.
To address this need, an extension of the IEPE interface is
proposed here. This extension enables new measurements to
be acquired over the IEPE interface. The new sensor solution
utilizes frequency modulation for signal transmission; thus,
it presents high-noise immunity [17]. Fig. 3(a) shows possible
input connections, i.e., single-ended voltage or Wheatstone
bridge configuration. Fig. 3(b) shows a differential amplifier at
the transducer input. Fig. 3(c) and (d) shows the power stage
and on-board oscillator, respectively.

A. Input Stage, Power Stage, and Amplifier

Fig. 3(a) shows two alternative ways of connecting
the sensing element. A passive sensing element with
measurand-dependent resistance is commonly used with the
Wheatstone bridge configuration. A small resistance Ri is
added in series with the Wheatstone bridge to limit cur-
rent consumption. The series resistance impacts the mapping
between sensed voltage Vs and resistance of the sensing
element Rs . The mapping of Vs to Rs is given in the following
equation:

Rs = Vcc R2
x − Vs

(
3Ri Rx + 2R2

x

)
Vs(Ri + 2Rx) + Vcc Rx

. (1)

Sensing is not limited to a Wheatstone bridge configuration.
Single-ended voltage fed sensing elements can be used as an
input to the transducer. Fig. 3(a) shows a TMP35 temperature
sensor providing a voltage Vs .
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Fig. 3. Structure of the IEPE transducer: (a) input stage, (b) differential amplifier, (c) power stage, and (d) oscillator stage.

In order to accommodate a wide class of input signals,
a differential input amplifier with high-input impedance is
used. A differential amplifier with input buffers is presented
in Fig. 3(b). The amplifier converts a differential signal into a
single-ended quantity without loading the Wheatstone bridge
stage.

The power stage is shown in Fig. 3(c). It is built around a
bias network Rb||Cb and a series regulator. The current source
generates a dc bias across the bias network, which is used to
generate a stable voltage Vcc for on-board electronics.

B. Oscillator Stage

The single-ended control signal, Vo, at the output of
the amplifier stage is used as a control input to the
oscillator stage of the transducer. It controls the center fre-
quency of the voltage-controlled oscillator. There are several
voltage-controlled oscillator solutions for high-frequency
applications [17]. However, to limit the burden on the acqui-
sition device, an audio frequency range relaxation oscillator is
realized. High-frequency modulation requires very high sam-
pling frequencies or modulation and demodulation techniques,
e.g., In-phase (I) and Quadrature (Q) (IQ) modulation. Such a
configuration would limit compatibility with many commercial
IEPE acquisition devices and, thus, is avoided.

The relaxation oscillator used in the proposed transducer is
presented in Fig. 3(d). It consists of an op-amp, comparator,
one transistor, and eight passive components. In order to
achieve the desired performance, the components around the
negative feedback amplifier are designed as follows: R3 = R4

and R1 = 2R2. To reflect this and enable further derivations,
the oscillator circuit is repeated in Fig. 4, together with
necessary node labels and waveform of voltage at node Vz .
The input op-amp operates with negative feedback and the
voltage at node Vx equals (1/2)Vo, i.e., half the control input.
To get the relation between input voltage and frequency of
the oscillator, the capacitor current iC1(t) is evaluated in both
states of switch Q1. The high gain of the amplifier and negative

Fig. 4. Oscillator stage.

feedback leads to expressions for i ON
C1

(t) and i OFF
C1

(t) in terms
of the voltage at node Vx⎧⎪⎨

⎪⎩
i ON
C1

(t) = vx (t)
Rds − 0.5R1

R1(0.5R1 + Rds)

i OFF
C1

(t) = vx (t)

R1

(2)

where Rds is the drain-to-source resistance when MOSFET is
turned on. If Rds is neglected, i ON

C1
(t) = −i OFF

C1
(t).

A virtual short assumption does not apply to the output stage
comparator inputs because of positive feedback. However,
limit values of the voltage at node Vc allow for calculation
of the voltage swing across C1, namely �Vz . The limit values
at node Vc are marked in Fig. 4 and can be expressed in (3)
with the assumption of Vcc or ground potential at the output
of comparator in saturation⎧⎪⎪⎨

⎪⎪⎩
Vach = Vcc

R3

R3 + R3||R4

Vcl = Vcc
R3||R4

R3 + R3||R4

. (3)

The voltage swing at node Vz is �Vz = Vach − Vcl. The static
operating point is considered next, i.e., vo(t) = Vo. Capacitor

Authorized licensed use limited to: MIT Libraries. Downloaded on May 24,2022 at 19:39:14 UTC from IEEE Xplore.  Restrictions apply. 



2003210 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

Fig. 5. Transient response of the oscillator.

currents are static in each stage of operation and with Rds

neglected are equal to i ON
C1

(t) = −(0.5Vo/R1) and i OFF
C1

(t) =
(0.5Vo/R1). The charge–voltage relationship of a capacitor is
applied, which leads to �t1 and �t2 as expressed in (4). With
a constant input signal, the ac component of the capacitor
voltage equals the ac component at node Vz

�t1 = �t2 = �VzC1

IC1

(4)

where IC1 equals |(0.5Vo/R1)|. Based on (4), the frequency
Fosc of the output signal is equal to

Fosc = 1

2�t1
. (5)

The output signal drives the base of transistor Q2 in Fig. 3(a).
The transistor connects a resistor in parallel with the biasing
network Rb||Cb and periodically modulates the impedance of
the transducer. A dc current source will generate a voltage
drop proportional to the instantaneous value of the impedance
at the transducer node.

C. Dynamic Performance

The relaxation oscillator may introduce a delay at transients.
To quantify the delay, a maximum �tmax and minimum �tmin

are evaluated with (4). The input signal Vo can be between
0.05 and 3.25 V (with Vcc = 3.3 V ), and at zero response,
it equals Vcom [see Fig. 3(b)]. In the realized sensor, the voltage
swing �Vz across the feedback capacitor C1 is equal to
1.775 V. Assuming the maximum change of the control signal
from 0.05 to 3.25 V, the feedback capacitor current changes
from 0.58 to 37.8 μA based on (2) (R1 = 43 k� and C1 =
470 pF). Assuming a transient in the input signal presented
in Fig. 5 and following (4), the maximum period deviation
|�tmax − �tmin| is 1.4 ms. In the next cycle, the oscillator
resumes the correct frequency. The extreme change of the con-
trol signal from 50 mV to 3.25 V corresponds to a step change
across the full range of the measured quantity (see Fig. 5).
In practice, all physical phenomena have limited bandwidth
and a step change is very exaggerated. A more realistic bound
on input signal bandwidth is considered. The input impedance
Rs is varied between 100 � and 70 k�, while Ri and Rx

in the bridge in Fig. 3(a) are equal to 499 � and 1 k�,
respectively. With an amplifier stage of gain 0.5, the input
voltage of the oscillator circuit ranges from 1.20 to 2.24 V.
Considering (2)–(5), the frequency range is given in Fig. 6.
The oscillator frequency varies between 8.02 and 14.93 kHz.
The maximum frequency of the input signal is constrained
to less than approximately 10% of the minimum oscillator

Fig. 6. Oscillator frequency as a function of input voltage.

Fig. 7. Proposed IEPE transducer and custom aluminum case.

frequency. Thus, the input signal frequency content should
not exceed 1 kHz. For a typical thermistor characteristic,
the considered range of input resistance corresponds to a
wide temperature range between −55 ◦C and 90 ◦C [18].
The oscillator frequency is limited by the Nyquist rate of the
IEPE acquisition device. Higher sampling frequency enables
increased oscillator frequency and thus higher input signal
bandwidth.

All four stages described above enable a wide range of
measurements over the IEPE interface. The oscillator stage
encodes the instantaneous value of the input signal, either
from the Wheatstone bridge or a single-ended voltage source,
into an output voltage frequency. The sensing configuration
presented in Fig. 3(a) enables two-wire measurements of
sensors that in general require at least three wires, i.e., Vcc,
ground and output signal. In addition, the conversion of sens-
ing element properties into an electrical quantity, i.e., trans-
duction, can happen very close to the system under study.
The proposed transducer reduces the length of the connection
between a high-impedance sensing element and transducing
element. Consequently, the noise immunity is improved. The
transducer output is transmitted with a standard coaxial cable
and BNC or SMA connector technology, simplifying cable
management. The transducer is shown in Fig. 7. A stack of
two printed circuit boards was used for a cylindrical transducer
shape. The aluminum case provides external protection and
EMI shielding. Once assembled, only the input and SMA
connectors are exposed.

IV. APPLICATIONS OF THE IEPE TRANSDUCER

The IEPE transducer was tested with several sensing
elements. In this section, example applications with a negative
temperature coefficient (NTC) thermistor and strain gauge
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are presented. A sensitivity analysis describes the sensor
performance in more detail.

A. Sensitivity Analysis

Modern digital acquisition systems can handle a wide range
of sensor nonlinearity; however, a linear transducer response
is desired [11]. Equation (4) and Fig. 6 show that the amplifier
and oscillator stages present the desired linearity. Despite the
linearity of the amplifier and oscillator stages, the mapping
from sensing element signal to its resistance is nonlinear
[see (1)]. However, this is a feature of the Wheatstone bridge
and not the proposed topology. If a voltage source sensing
element is used, as shown in Fig. 3(c), linearity is preserved.

The frequency of the output signal is expressed in (6), see
Fig. 3 for circuit details

Fosc =
Vcom−Vs

(
R f
Rg

)
2R1

2�VzC1
. (6)

The sensitivity analysis based on (6) provides insight into
oscillator frequency error due to variations in component
values. Equation (7) provides the expressions for the relative
error of oscillator frequency⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

SC1 = C1

Fosc

δFosc

δC1
= C1�VzC1

·
(

1

I ON
C1

+ 1

I OFF
C1

)
−1

�VzC2
1

(
1

I ON
C1

+ 1
I OFF
C1

) = −1

SR f = R f

Fosc

δFosc

δR f
= 1

SRg = Rg

Fosc

δFosc

δRg
= −1

. (7)

Equation (2) was derived under assumption of ideal match-
ing between resistor values. In general, the voltage at node
Vx will deviate if the resistors R2 in Fig. 4 are not matched.
Component labels from Fig. 3(d) are used in the formulas
mentioned in the following:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

SR1 = R3 R4 R1

R3 R4 R1 − R2
3 R2

− 2

SR2 = − R3 R2

R4 R1 − R3 R2

SR3 = R4 R1 − 2R3 R2

R1 R4 − R3 R2
− R3

R3 + R4

SR4 = R4 R1

R4 R1 − R3 R2
− R3 + 2R4

R3 + R4

SR5 = − R6 R7

R5 R6 + R5 R7 + R6 R7

SR6 = − R5 R7

R5 R6 + R5 R7 + R6 R7

SR7 = R7(R6 + R5)

R5 R6 + R5 R7 + R6 R7

. (8)

When R3 = R4 and R2 = 0.5R1, the sensitivities have the
following values: SR1 = 0, SR2 = −1, SR3 = −0.5, and
SR4 = 0.5. Expressions for SR5 , SR6 , and SR7 depend on
the particular circuit implementation, and with the designed

Fig. 8. Temperature measurement comparison.

circuit parameters, SR5 , SR6 , and SR7 have the following values:
SR5 = −0.23, SR6 = −0.23, and SR7 = 0.4624.

For uncorrelated errors, the total mean square error of the
oscillator frequency is due to the variations in component
values that are given in (9). High-precision and high thermal
stability components should be used to minimize error, e.g.,
ceramic capacitors with C0G dielectric and 0.1% tolerance
resistors. For 0.1% tolerance resistors and a 1% tolerance
capacitor, the total mean square error of oscillator frequency
is 1.02%. Thus, the frequency error for the oscillator in Fig. 4
is driven mostly by the deviation in capacitance value,
SFosc ≈ SC1 . Commonly available C0G ceramic capacitors in
the range of 500 pF are typically only offered with tolerance
above 1%

SFosc =
(

S2
C1

δ2
C1

+ S2
R f

δ2
R f

+ S2
Rg

δ2
Rg

+
7∑

n=1

S2
Rn

δ2
Rn

) 1
2

. (9)

δ in (9) is a standard deviation of value of each component.

B. IEPE Temperature Sensor

Temperature sensing is an example application of the new
measurement solution. A conventional NTC thermistor is used
as a sensing element Rs [see Fig. 3(a)]. The resistance of the
sensing element varies between 40 � and 70 k� throughout
its operating range. A TMP35 temperature sensor was used
as a reference. Both the NTC thermistor and TMP35 sensor
have similar packaging and dimensions; thus, the impact of
different dynamics of the sensing elements is neglected in
the comparison. Fig. 8 shows the reference measurement and
the response of IEPE temperature transducer. Data presented
in Fig. 8 were acquired without calibration of the transducer,
and (1)–(5) were used to convert frequency into the resistance
of the sensing element.

A very good dynamic response can be seen in Fig. 8. The
steady-state response shows a good match with the reference
temperature profile. The temperature deviation �T is equal to
1.5 ◦C. This is less than the accuracy of TMP35 [19], which
is ±2 ◦C.

C. IEPE Strain Gauge

Another application presented in this article is measurement
with a strain gauge. A conventional Wheatstone bridge can
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Fig. 9. Strain measurement.

be supplied by either a voltage [Fig. 3(a)] or current source.
The current source configuration should not be confused
with the proposed current loop transducer. There are a few
market solutions offered as IEPE strain gauges, such as model
740B02. Available solutions have a nonzero cutoff frequency
in the low range [20], i.e., the transducer is not able to measure
static or very slowly varying phenomena. In the case of a
strain gauge, this could be a static strain on the monitored
structure. As demonstrated with temperature, the ability to
perform static measurements is a key feature of the proposed
solution. A strain gauge with 3.5-k� nominal resistance and
gauge factor of two was used in the test. The strain gauge was
attached to a subwoofer membrane to allow for a controllable
excitation frequency. The response of the IEPE strain gauge
measurement to a 10-Hz excitation is presented in Fig. 9.
The offset in the data in Fig. 9 corresponds to the static
deformation of the strain gauge due to the natural curvature
of the membrane.

D. Transducer Output Processing

The output of the IEPE transducer is a continuous
frequency-modulated voltage waveform. As described in
Section IV-A, the accuracy of the transducer output is deter-
mined by component tolerances. However, the method used to
process the transducer output can introduce finite measurement
resolution. The output is processed in real time or recorded
and processed offline. For example, in an offline analysis,
the Hilbert transform is applied for instantaneous phase angle
and frequency calculation. A frequency estimate is mapped to
the measurement domain with (1)–(6). In such a configura-
tion, resolution is not a concern. However, the Hilbert trans-
form is noncausal and is not suited for real-time processing.
In real-time applications, comment on processing resolution is
necessary.

Real-time processing is investigated with temperature mea-
surement used as an example. In a particular circuit realization,
the transducer output has a fundamental frequency of 15.4 kHz
for a sensing resistance of Rs = 0 � at the input stage. An out-
put with a fundamental frequency of 8.02 kHz corresponds to
a sensing resistance of Rs = 70 k�. For the NTC thermistor
described in [18], this range of resistance covers temperatures
between −55 ◦C and 125 ◦C. The temperature, T , is plotted as
a function of frequency, F , in Fig. 10. Due to the characteristic

Fig. 10. Temperature as a function of oscillator frequency.

of the thermistor, the mapping is nonlinear. One candidate for
accurate real-time frequency estimation is the time-dependent
discrete Fourier transform (DFT). However, a finite length
DFT imposes limits on frequency resolution �F . To provide
a quantitative measure of the impact of DFT frequency res-
olution on temperature sensing, the DFT of length 32 768 is
considered for data sampled at a rate of 48 kHz. In this case,
�F equals 1.46 Hz, i.e., the abscissa of Fig. 10 is discretized
in increments of 1.46 Hz. Due to the nonlinear nature of
the characteristic in Fig. 10, the temperature resolution varies
with frequency. From 10 to 13 kHz, the temperature-frequency
characteristic is well approximated as linear. Within this region
and with the assumed DFT resolution �F = 1.46 Hz,
the temperature resolution is �T ≈ 0.017 ◦C.

In this section, the detailed analysis reveals that the mag-
nitude of all IEPE transducer sensitivity coefficients |S| is
less than or equal to one. The dominant component of
output frequency error is due to the feedback capacitor in
the oscillator stage. Two example applications of the IEPE
transducer were investigated. Both the thermistor and strain
gauge measurements demonstrated a successful extension of
the IEPE interface.

V. IEPE MICROPHONE

Microphones are characterized by the principle of
transduction. They convert acoustic waves into electrical sig-
nals. Microphones are used in settings ranging from musical
performance to electromechanical system diagnostics [21],
[22]. The most common types of microphones are dynamic,
piezoelectric, condenser, and electret microphones. Dynamic
microphones use a moving coil for transduction, piezoelec-
tric microphones use the piezoelectric effect, and condenser
and electret microphones use capacitance variations. Each
technology requires a specific amplifier topology [23]. For
example, condenser microphones offer high sensitivity and
good frequency response; however, they require a high-voltage
source to polarize the sensing element and thus have limited
application in embedded devices. Sensing elements built with
piezoelectric or electret materials do not require polarization
circuitry and are conducive to compact sensing solutions [23].

Acoustic signature enables a wide range of diagnostics [24],
[25]. A two-wire interface providing excellent shielding is
beneficial in noisy industrial environments. IEPE-compatible
microphones provide these benefits to the acquisition of
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Fig. 11. IEPE microphone: (a) large-signal model and (b) small-signal model.

acoustic signals. There are a few vendors offering IEPE
microphones, and some of the available solutions are referred
to as constant current power (CCP) microphones [26].

The IEPE class of microphones is characterized by very
high cost. A typical price starts around $500, and much more
expensive models are available. These high-end microphones
provide excellent performance for critical applications; how-
ever, there is a wide range of monitoring applications where
high cost is prohibitive. A much cheaper and still reliable
IEPE microphone is of great interest. To the best of authors’
knowledge, an inexpensive IEPE microphone solution is lack-
ing. In addition, it is very hard to get detailed information
on the in-built electronics of IEPE-compatible sensors. The
sparse literature presents simplified schematics that do not
allow for full comparison or [9]. A reference that discusses
affordable current loop microphones is [27]. Although not a
scientific reference, it highlights the need for an affordable
IEPE microphone and discusses an example implementation.

A low-cost IEPE-compatible microphone that utilizes an
electret capsule is presented in this section. It employs a
current-fed common emitter amplifier with emitter resistance
as a preamplifier stage. A small-signal analysis provides a gain
expression that matches experimental results. The schematic
of the proposed circuit is shown in Fig. 11(a). A key benefit of
this implementation is significantly lower cost when compared
to available market solutions. The proposed microphone is
not introduced to replace very high-end and expensive market
solutions but is meant to enable monitoring for applications
where very high instrumentation cost is prohibitive.

The dc operating point is evaluated to calculate the transcon-
ductance parameter gm, which is necessary for the small-signal
model of the bipolar transistor. The transconductance parame-
ter is expressed as gm = (Ic/VT ), where Ic is the collector
bias current and VT is the thermal voltage. To calculate the
bias current, the load coupling capacitor CL in Fig. 11(a)
is open and electret capsule is modeled with resistance Rds.
At static condition, the microphone can be modeled with
resistance because of the output JFET stage inside the electret
capsule [23]. The formula for Ic is given in (10). The bias
current calculated with (10) matches the dc analysis of the
circuit in the SPICE simulator

Ic = α
R′

in Is − Vbe

Re + R′
in

(10)

Fig. 12. IEPE microphone and custom aluminum case.

where R′
in is the sum of Rds and Rin, Vbe is the base–emitter

voltage in the active region of operation (Vbe ≈ 0.7 V), and α
is the bipolar transistor current gain parameter.

The small-signal model of the BJT transistor allows for ana-
lytical evaluation of amplifier gain. The electret capsule with
in-built JFET is considered in the design. The capsule output is
modeled as a current source. The complete small-signal circuit
is presented in Fig. 11(b). The gain of this circuit is expressed
as G = (vC/im), and a detailed expression is provided in (12)
in the appendix. The designed circuit has a gain of 75 dB.
The employed electret capsule has a sensitivity parameter of
Si = 8.08 (μA/Pa) [28], [29]. A 300-Hz harmonic source
generated an 83-dB sound pressure level (SPL) measured at the
capsule to validate the performance. The output signal, after
rejecting dc bias voltage, presented a 45-mV peak value. The
estimate of the peak output voltage Vo based on the derived
gain and input SPL is given in the following equation:

Vo = Si · G · SPLpeak = 19 mV (11)

where SPL of 83 dB is converted to 0.282 Pa and peak SPL
value was calculated with a crest factor for sine wave. The
electret capsule has a ±4-dB tolerance [28], and thus, the
output estimate can range up to 30 mV. In addition, the micro-
phone case alters SPL in comparison to the SPL meter used to
set the experimental reference value of 83 dB. All considered,
the estimated peak value closely matches the experimental
results. The IEPE microphone is shown in Fig. 12.

To verify the performance of the developed IEPE micro-
phone, a total harmonic distortion (THD) comparison with a
microphone that utilizes a transimpedance amplifier is pre-
sented. The transimpedance amplifier is a widely accepted
solution to interface with prepolarized sensing elements [23],
[29], such as an electret capsule. In the experiment, the SPL at
the electret capsule was held constant at 72 dB for all consid-
ered frequencies. Both systems, i.e., IEPE and transimpedance
amplifiers, worked with the same model of electret capsule.
The THD for both types of amplifiers is presented in Fig. 13,
and the microphone with the transimpedance amplifier is
denoted as a voltage microphone. To further characterize the
IEPE microphone, a sensitivity plot is presented in Fig. 14.
The sensitivity data are presented for two SPL values corre-
sponding to 72 dB and the standard 94 dB.

The proposed circuitry provides good performance with
a low-cost electret capsule. The IEPE microphone pro-
vided essentially the same THD as a common solution.
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Fig. 13. Microphone THD comparison.

Fig. 14. Microphone sensitivity plot.

The analytical expression for circuit gain closely matches the
experimental results.

VI. NEW SENSING STRATEGY

Condition monitoring systems provide information about the
health of critical components. Reliable, modular, and mini-
mally intrusive condition monitoring systems are of interest
to a variety of disciplines. Each measured signal plays a
role in condition monitoring. Vibration, acoustic signature,
temperature, strain, pressure, and other types of signals all
help to evaluate the operating status and condition of systems.
The diversity of measurands leads to proprietary connectors,
expensive hardware, and interface-specific amplifiers. These
constraints increase the complexity and cost of instrumenta-
tion for condition monitoring. The stretched abilities of the
IEPE interface presented in Sections III and V simplify the
necessary hardware for condition monitoring. Paired with an
acquisition device, the ensemble forms a compact, versatile,
and cost-friendly IEPE-based monitoring solution. A custom
wireless data acquisition device is presented in Figs. 15 and 16.
It consists of two printed circuit boards that overcome the
challenges of mixed analog, digital, and RF domains. The
IEPE front-end block in Fig. 16 refers to the IEPE interface
circuitry shown in Fig. 1. An example of the suggested
monitoring solution is presented in Fig. 17.

A. Acquisition Device

Custom acquisition hardware is proposed as a component
of a system-level condition monitoring solution. The wireless

Fig. 15. Data acquisition device (left) with accelerometer (top right).

Fig. 16. Block diagram of the device architecture.

device offers remote processing power and nonvolatile mem-
ory for selective measurement and storage of raw time-series
sensor data.

The custom instrumentation offers benefits in data acqui-
sition, detection, and nonintrusive sensing. There are four
simultaneously sampled differential channels that are IEPE-
compatible. Nonvolatile memory and a real-time clock enable
a lightweight data management system. Files are stored using
the standard file allocation table (FAT) file system to comply
with most modern operating systems. The device operates as
a server, and clients can check files in the remote memory,
download files, delete files, and ask for new data to be
acquired.

The custom instrumentation offers several advantages.
A comparison of IEPE microphone measurements performed
with the presented device and an IEPE acquisition platform
built according to the guidelines in [30] is shown in Fig. 18.
As previously described, IEPE devices are excited by a dc
current source. The comparison presented in Fig. 18 reveals
that the current source implementation of the reference design
introduces significant high-frequency noise into measure-
ments. The noise contribution is significant and has a visible
effect on signals even in the time-domain representation.

The results shown in Fig. 18 present sampled acoustic
signals emitted by a speaker excited at a pure tone. The noisy
measurement from the reference hardware is shown in blue,
and a measurement from the custom instrumentation is shown
in red. Both measurements were performed with the same
sampling frequency and bit resolution.
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Fig. 17. Proposed sensing strategy in an example scenario.

Fig. 18. Sample acoustic signal.

B. Condition Monitoring System Solution

Small footprint, IEPE compatibility, and wireless commu-
nication of the proposed device facilitate a general condition
monitoring system. Measurements for predictive maintenance
are taken throughout the life cycle of equipment. In some
cases, the most illustrative condition indicators arise from a
measurement of a specific physical operation or phenomenon,
e.g., the spin down of rotating machinery [31]. Measurements
for predictive maintenance are classified as short duration,
high priority. In contrast, measurands, such as temperature
and pressure, are continually monitored and classified as
long duration but low priority for predictive maintenance.
The idea of measurement priority is central to the proposed
condition monitoring system. Physical processes with different
timescales introduce a natural measurement hierarchy. Nat-
ural order can be leveraged for device resource distribution.
Variables with low predictive maintenance priority, such as
temperature, are very valuable as low-latency alarm crite-
ria, e.g., an overheating bearing can be directly signaled as
abnormal. A high-level demonstration of the system with a
motor-pump setup is given in Fig. 17. The wireless device,
equipped with transducers, microphones, and accelerometers,
can coordinate various measurements through a small number
of IEPE channels. Natural timescales permit time sharing of
the IEPE channels and increase effective channel count. The
sensor selection can be done through a digital multiplexer and
programmed remotely.

VII. CONCLUSION

IEPE sensing solutions and a condition monitoring system
have been developed in this article. A novel IEPE transducer
extends the measurement ability of the IEPE interface to
slowly varying and dc signals. The IEPE transducer uses a
voltage-controlled oscillator to encode signal amplitude to
frequency. The sensitivity and bandwidth of the hardware are
considered. The performance of the transducer with temper-
ature and strain sensing elements is demonstrated. An IEPE
microphone is also considered in this article. A small-signal
analysis provides a gain expression that closely matches exper-
imental results. A THD comparison with a microphone that
uses a transimpedance amplifier and sensitivity characterizes
the performance of the proposed microphone. A condition
monitoring system combines the developed instrumentation
to create a flexible platform for industrial monitoring. The
system enables a variety of measurements with limited device
complexity and low overall cost.

APPENDIX

vC

im
= ARo(1 − gm R1) + (R1 + Rπ )B

C − Ro D − (R1 + Rπ )E
(12)

where

A = R1 Rπ + R2
1 Rπ (1 + gm Rπ )

a + c

B = R1 Rπ (1 + gm Rπ )(gm R1 Ro + R1)

a + c
C = b(R1 + Rπ )

D = (1 − gm R1)

(
Rπ + R1a

a + c

)

E = (gm R1 Ro + R1)
a

a + c

a = (1 + gm Rπ )Rπ + Rπ + R1

Ro
Rπ

b = Ro RL + Ro R1 + RL R1

RL

c = Rπ + R1

Re
Rπ .
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