What Is a SmartTransducer?

ensors and actuators are ubiquitous. They are used

in a variety of applications that touch people’s lives

every day, ranging from industrial automation to
environmental condition monitoring and control to intel-
ligent transportation systems to homeland defense. So what
is a transducer? A transducer is a device that converts energy
from one form into another. The transducer may either be a
sensor or an actuator. A sensor is a transducer that generates
an electrical signal proportional to a physical, biological,
or chemical parameter. An actuator is a transducer that ac-
cepts an electrical signal
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consists of four parts: transducers (sensors and actuators), sig-
nal conditioning and data conversion, application processor,
and network communication. The analog output of a sensor is
conditioned and scaled (amplified), then converted to a digital
format by an A/D converter. The digitized sensor signal can
then be easily processed by a microprocessor using a digital
application control algorithm. The measured or calculated
parameters can be passed on to a host or monitoring system in
a network by means of network communication protocols. In
a reverse manner, an actuation command sent from a host via
the network can be used to control an actuator.

and takes a physical action.
A smart transducer is the
integration of an analog
or digital sensor or actua-

tor element, a processing

. . Network Communication
unit, and a communica-
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tion interface [1]. A smart

transducer comprises a
hardware or software de-

vice consisting of a small,
compact unit containing a

sensor or actuator element, Data Conversion (A/D, DJA)

1l

()

a microcontroller, a com-

munication controller and

the associated software Transducers

from signal conditioning,

calibration, diagnostics, hN

and communication [2].

Based on this premise,
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a smart transducer model

is shown in Figure 1(a). It

NCAP and TIM, with a TII.

(a) A smart transducer model; (b) This architecture adds TEDS and the system partition into
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of smart transducer inter-

face standards for sensors and actuators, known as the IEEE
1451. To go beyond the previous definitions, an IEEE 1451
smart transducer is defined as a smart transducer that provides
functions beyond those necessary for generating a correct rep-
resentation of a sensed or controlled quantity. This functional-
ity typically simplifies the integration of the transducers into
applications in a networked environment [3]. This means IEEE
1451 smart transducers would have capabilities for self-identi-
fication, self-description, self-diagnosis, self-calibration, loca-
tion-awareness, time-awareness, data processing, reasoning,
data fusion, alert notification (report signal), standard-based
data formats, and communication protocols. Figure 1(b) shows
the IEEE 1451 smart transducer architecture, which is quite
similar to Figure 1(a). The difference is the addition of the
Transducer Electronic Data Sheets (TEDS) and the partition of
the system into two major components—a Network Capable
Application Processor (NCAP), Transducer Interface Module
(TIM), and a transducer independent interface (TII) between
the NCAP and TIM. The NCAP, a network node, performs
application processing and network communication function,
while the TIM consists of a transducer signal conditioning
and data conversion and a number of sensors and actuators,
with a combination of up to 255 devices. This is very useful
for working with large sensor arrays such as Micro-Electro-
Mechanical-System (MEMS) devices or a large mix of sensors
and actuators. The transducer independent interface defines a
communication medium and a protocol for transferring sensor
information. This interface provides a set of operations, such as
read, write, read and write message, read and write responses,
etc. The network interface defines a network communication
protocol for NCAP communications to the network.

Other than the specification of the communication interface,
the other key feature of an IEEE 1451 smart transducer is the
specification of the standardized TEDS and their formats. The
TEDS attached to the transducer is like an identification card
carried by a person. It stores manufacture-related information
for the transducer(s), such as manufacturer identification, mea-
surement range, accuracy, and calibration data, similar to the
information contained in the transducer data sheets normally
provided by the manufacturer. The TEDS could be stored in
some form of electrically erasable programmable ROM if the

contents never change, or the changeable portions of the TEDS
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could be in the RAM of the TIM. As defined in the IEEE 1451.0
standard, four kinds of TEDS are mandatory. The others are
optional. The required TEDS are shown in the Figure 2:

D MetaTEDS,

D TransducerChannelTEDS,

» PHYTEDS, and

» UserTransducerNameTEDS.
Some of the optional TEDS are

D CalibrationTEDS,
FrequencyResponseTEDS,
TransferFunctionTEDS,
TextTEDS, EndUserApplicationSpecificTEDS, and
ManufacturerDefined TEDS.

IEEE 1451 Family of Standards

What Is the Architecture of the IEEE 1451
Family of Standards?

The IEEE 1451, a family of Smart Transducer Interface Stan-
dards, defines a set of open, common, network-independent
communication interfaces for connecting transducers (sensors
or actuators) to microprocessors, instrumentation systems,
and control/field networks [4]. The IEEE 1451 standard family
provides a set of protocols for wired and wireless distributed
monitoring and control applications. Figure 3 shows the archi-
tecture of the IEEE 1451 standards.

In the IEEE 1451 family, the IEEE 1451.0 standard defines a
common set of commands for accessing sensors and actuators
connected in various physical configurations, such as point-to-
point, distributed multi-drop, and wireless configurations, to
fulfill various application needs. There are three possible ways
to access sensors and actuators in the TIM from a network.
They are

» IEEE 1451.1,

D IEEE 1451.0 Hyper Text Transfer Protocol, and

D The proposed Smart Transducer Web Services [5].

The physical interfaces between the NCAP and TIM in-
clude the following;:

D the point-to-point interface that meets the IEEE Standard

1451.2-1997,
D the distributed multi-drop interface that meets the IEEE
Standard 1451.3-2003,
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D the wireless interface that meets the IEEE
Standard 1451.5-2007 (WiFi, Bluetooth, and
ZigBee),

» the CANopen interface that meets the pro-
posed IEEE P1451.6 standard, and

» TheRadio Frequency Identification (RFID)
interface that meets the proposed IEEE
P1451.7 standard.

TraSn?c?Stcer 'EEE; T4F”51 0 1|4E5E1E.1 In general, the interfaces between trans-
, Web Services Protocol Network ducers and signal conditioning and conver-
e Agglii)(?e?tliin sion circuits are not specified in the IEEE 1451
Processor standards except the IEEE 1451.4, which spec-
< IEEE 1451.0 > BEAE ifies a low-level, mixed-mode interface for
transducers. The IEEE 1451.4 defines a TEDS,
< IEEE 1451 X > but it deals with transducer signals in analog
\ / form. In order to operate in the IEEE 1451.0
environment, the IEEE 1451.4 TEDS needs
to be converted to the IEEE 1451.0 TEDS, as

195;% \EEE 1451 X shown in Figure 3. .
1451.3 Physical Layer Thus, the IEEE 1451.0 standard defines a
p11445511'.56 (PHY) unified interface for IEEE 1451 smart trans-
pl1451.7 ducers [3]. The main goal of the IEEE 1451 is
to allow the network access to standardized
transducer data through a common set of
interfaces, whether the transducers are con-
IEEE 1451 X nected to systems or networks via wired or

wireless means. This is illustrated in Figure 4.

What Are the Elements of the
IEEE 1451 Family of Stan-
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The IEEE 1451.0 standard defines a set of
common functionality, commands, and TEDS
for the family of IEEE 1451 smart transducer
interface standards [3]. This functionality will
be independent of the physical communica-
tions media (1451.X) between the transducer
and NCAP. It includes the basic functions to
read and write to the transducers, to read and
write TEDS, and to send configuration, con-

trol, and operation commands to the TIM. This makes it easy to
Net Specific { NS I I add other proposed IEEE 1451.X physical layers to the family.
. Mﬂ M One of the goals of IEEE 1451.0 is to help achieve data-level
14511 { interoperability for the IEEE 1451 family when multiple wired
] 1451.2 PH N N .
1451.0 { ] and wireless sensor networks are connected together.
[Tm | [ Tm || Tim |
1451.X Sl 14515 o IEEE 1451.1
i \é\ﬁiless TIM The IEEE 1451.1 standard defines a common object model
1451.0 { . and interface specification for the components of a networked
TIM Specific { TIM M smart transducer [6]. The IEEE 1451.1 software architecture is
defined by three models:
D A data model specifies the type and form of information

Network access of IEEE 1451 wired and wireless communicated across the IEEE 1451.1 specified object

transducers. interfaces for both local and remote communications;
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D An object model specifies the software component types
used to design and implement application systems. Basi-
cally the object model provides software building blocks
for the application systems; and

» Two communication models define the syntax and the
semantics of the software interfaces between a communi-
cation network and the application objects.

The IEEE 1451.1 standard is applicable to distributed mea-
surement and control applications [7], [8]. It mainly focuses on
the communications between NCAPs and between NCAPs
and other nodes in the system.

IEEE 1451.2

The IEEE 1451.2 standard defines a transducers-to-NCAP in-
terface and TEDS for point-to-point configurations. Transduc-
ers are part of a Smart Transducer Interface Module [9]. The
original standard describes a communication layer based on
the Serial Peripheral Interface, with additional hardware lines
for flow control and timing resulting in a total of 10 lines for the
interface. This standard is being revised to interface with IEEE
1451.0 and to support two popular serial interfaces: UART and
Universal Serial Interface.

IEEE 1451.3

The IEEE 1451.3 standard defines a transducer-to-NCAP in-
terface and TEDS using a multi-drop communication protocol
[10]. It allows transducers to be arrayed as nodes, on a multi-
drop transducer network, sharing a common pair of wires.

IEEE 1451.4

The IEEE 1451.4 standard defines a mixed-mode interface
for analog transducers with analog and digital operating
modes [11]. A TEDS was added to a traditional two-wire,
constant current excited sensor containing a FET amplifier.
The TEDS model was also refined to allow a bare minimum
of pertinent data to be stored in a physically small memory
device, as required by tiny sensors. Additional TEDS were
defined for other sensor types as well, such as microphones
and accelerometers. IEEE 1451.4 mainly focuses on adding
the TEDS feature to legacy analog sensors. Upon power up,
the TEDS of a transducer is sent to an instrumentation system
via a one-wire digital interface. Then the interface is switched
into analog operation and the same interface is used to carry
the analog signals from the transducer to the instrumentation
system.
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IEEE 1451.5

The IEEE 1451.5 standard defines a transducer-to-NCAP inter-
face and TEDS for wireless transducers [12]. IEEE 1451.5 speci-
fiesradio-specific protocols for achieving this wireless interface.
Wireless standards such as 802.11 (WiFi), 802.15.1 (Bluetooth),
802.15.4 (ZigBee), and 6LowPAN are adopted as the IEEE 1451.5
wireless interfaces [10]. Figure 5 shows the architecture of the
IEEE 1451.5 wireless sensor network. The NCAP is a device that
contains one or more wireless radios (802.11, Bluetooth, and
ZigBee) and that can talk to one or more Wireless Transducer
Interface Module (WTIM). Each WTIM contains one wireless
radio (802.11, Bluetooth, or ZigBee), signal conditioning, A/D
and/or digital-to-analog conversion, and the transducers. The
NCAP can wirelessly talk to each WTIM using different wire-
less protocols, such as 802.11, Bluetooth, or ZigBee, and it may
also be connected to an external network.

IEEE P1451.6

The IEEE P1451.6 standard defines a transducer-to-NCAP
interface and TEDS using the high-speed CANopen network
interface [13]. Both intrinsically safe and non—intrinsically safe
applications are supported. It defines a mapping of the 1451
TEDS to the CANopen dictionary entries, as well as communi-
cation messages, process data, a conﬁguration parameter, and
diagnostic information. It adopts the CANopen device profile
for measuring devices and closed-loop controllers.

IEEE P1451.7

The IEEE P1451.7 standard defines an interface and commu-
nication protocol between transducers and RFID systems [14].
By providing sensor information in supply-chain reporting,
such as identifying products and tracking of their condition,
the standard opens new opportunities for sensor and RFID
system manufacturers.

What Benefits Will the IEEE 1451 Standard
Bring?

The IEEE 1451 TEDS contain manufacturer-related information
about the sensor, such as manufacturer name, sensor types, se-
rial number, and calibration data and standardized data formats
for the TEDS. The TEDS provide many benefits, as follows:

D They enable self-identification of sensors or actuators: A
sensor or actuator equipped with the IEEE 1451 TEDS can
identify and describe itself to the host or network by send-
ing the TEDS information.

» They provide long-term self-documentation: The TEDS
in the sensor can be updated and store information, such
as the location of the sensor, recalibration date, repair
records, and many maintenance-related data.

» They reduce human error: Automatic transfer of the TEDS
data to the network or system eliminates the entering of
sensor parameters by hand, which could induce errors.

D They ease field installation, upgrade, and maintenance of
sensors: This helps to reduce the total-life cycle costs of
sensor systems, because anyone can perform these tasks
by simple “plug and play” of sensors.

IEEE Instrime
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D They provide plug-and-play capability: ATIM and NCAP
that are built based on the IEEE 1451 standard are able to
be connected with a standardized physical communica-
tions media and are able to operate without any change
to the system software. There is no need for different driv-
ers, profiles, or other software changes in order to provide
basic operations of the transducers. Figure 6 shows the
plug-and-play capability of IEEE 1451 sensor modules. It
can be described as follows:
¢ TIMs from different sensor manufacturers can “plug

and play” with NCAPs from a particular sensor
network supplier through the same communication
module.

¢ TIMs from a sensor manufacturer can “plug and play”
with NCAPs supplied by different sensor or field
network vendors through the same IEEE 1451 com-
munication module.

¢ TIMs from different sensor manufacturers can be in-
teroperable with NCAPs from different field network
suppliers through the same IEEE 1451 communication
module.

* NCAPs can “plug and play” with a wide variety of
TIMs through a standard 1451.x interface. One NCAP
can support a wide variety of sensors or actuators.

Using this partitioning approach, a migration path is pro-

vided to those sensor manufacturers who want to build TIMs
with their sensors but who do not intend to become field net-
work providers. Similarly, it applies to those sensor network
builders who do not want to become sensor manufacturers. Of
course, it is also possible for the vendors to combine both TIM
and NCAP into a single module and sell it as an integrated,
networked sensor. In this case the interface between the TIM
and NCAP is hidden, but the integrated sensor is still IEEE
1451 compatible at the network level.

Applications of the IEEE 1451 Standard

The IEEE 1451 standard can be applied to many applications,
for example, remote monitoring and actuating, distributed
measurement and control, collaborative measurement and
control, and web applications [15].

D Remote Monitoring and Actuating: When a NCAP is
connected to a TIM equipped with sensors, the physical
parameters being measured can be remotely monitored
through the NCAP, which can send the resulting sensor
data to the network or the Internet. Any monitoring sta-
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tion connected to the network or Internet can monitor the
parameters. Remote actuating occurs when the NCAP
is connected to a TIM consisting only of actuators. This
provides a mechanism allowing the remote manipulation
of the actuators in the network to which the NCAP is con-
nected.

D Distributed Measurement and Control: This occurs when
a TIM with both sensor and actuator types is connected
toa NCAP in a network. The TIM can perform local mea-
surement and control functions as directed by an NCAP
anywhere in the network or Internet.

D Collaborative Measurement and Control: In this scenario,
two or more NCAPs, each connected to a sensor TIM
and an actuator TIM, communicate with one another to
perform remote measurements and to control operations
collaboratively.

Implementation Example Based on the IEEE
1451.0 and 1451.5 Standards

An implementation of a wireless monitoring system based on
the IEEE 1451.0 and 1451.5 standards is shown in Figure 7. The
system consists of a NCAP node and wireless TIM node [16].
The NCAP and wireless TIM are implemented on two laptop
computers in Java language for ease of software testing. They
can be easily implemented in embedded platforms. An IEEE
1451.2-based sensor module consisting of multiple sensors is
attached to the wireless TIM computer via a serial port. The

NCAP communicates with the wireless TIM via an access
point using the IEEE 802.11 wireless communications protocol.
The communications between the NCAP and wireless TIM are
implemented with the IEEE 1451.0 and 1451.5-802.11 protocols
using the client-server and publisher-subscriber communica-
tion models. The client-server and publisher-subscriber com-
munications between the two nodes were implemented using
Transmission Control Protocol /Internet Protocol (IP) and User
Datagram Protocol/IP, respectively.

Summary

This article introduces the IEEE 1451 standard for networked
smart transducers. It discusses the concepts of smart trans-
ducers, IEEE 1451 smart transducers, the architecture of the
IEEE 1451 family of standards, application of IEEE 1451, and
example implementations of the IEEE 1451 standards. In
conclusion, the IEEE 1451 suite of standards provides a set of
standard interfaces for networked smart transducers, helping
to achieve sensor plug and play and interoperability for indus-
try and government.
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