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ABSTRACT

This paper describes a Smart Sensor Network System for applications requiring sensors
connected in a multidrop configuration in order to minimize interconnecting cables. The
communication protocol was optimized for high speed data collection. The Smart Sensor
Network System was developed with the following goals in mind: cost reduction,
reliability and performance increase.
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INTRODUCTION

A Smart Sensor Network System was developed to improve reliability, improve
performance, and to lower cost of measurement systems requiring large number of
transducers and multiple transducer types.

Figure 1: Smart Sensor Network Compatible with IEEE 1451.2
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The Smart Sensor Network System consists of a controller called the Bus
Converter/Controller Module (BCM), and a maximum of 208 Transducer to Bus In-line
Modules (TBIM) connected to traditional analog type sensors (Piezoelectric, strain-gages,
variable capacitance, etc.). The BCM and TBIMs are interconnected through a four wire
network bus. This Smart Sensor Network System may be viewed as a subset of the IEEE
P1451.2 IEEE Draft Standard [1], as shown in Figure 1.

PERCEIVED USER NEEDS

The following attributes are highly desirable of a modern test and measurement system
with multiple transducers and transducer types: minimum interconnecting cables, high
reliability, high performance, easy to use and maintain, flexible system, minimum cost.

Minimum Interconnecting Cables

The number of cables and cable lengths dictated by traditional star topologies of
interconnecting analog transducers to a central signal processing equipment have a
detrimental impact on all aspects of a measurement system. These factors decrease the
accuracy and reliability of measurements, decrease system performance, and increase
system operating costs. A major improvement would be to reduce the number and lengths
of interconnecting cables.

High Reliability

Reliability can be improved by reducing the total number of interconnecting cables, and
designing a system which includes periodic self-test and self-calibration features.

Periodic self test adds a higher level of confidence that a given measurement channel is
alive and working properly. Periodic in-situ self-calibration verifies proper operation of a
given measurement channel, it alerts the user if the channel is not functioning or is out of
acceptable tolerance levels and needs to be replaced or re-calibrated.

High Performance

Large quantities of analog transducers result in difficult to manage, large and long bundles
of cables carrying analog signals which are susceptible to EMI/RFI noise pick up. Cables
carrying digital signals are less susceptible to these problems and are easier to interface
than cables carrying analog signals.



Higher measurement accuracy is always a desirable feature. Accuracy improvements can
be obtained by digital correction over the operating temperature range of both, the
transducers’ sensitivity and of the analog signal conditioning gain errors.

Easy to use and maintain

Test engineers’ primary concern is to accurately measure a physical phenomena in
physical units such as Pascal, meters, m/sec2, g’s, PSI, etc. To achieve this goal they need
to deal with many installation issues: (a) interfacing different types of transducers to their
measurement system; and (b) selecting the proper analog amplifier settings (sensitivity-
gain normalization, type of filter, excitation voltage-current, etc.) for each analog
transducer.

A universal hardware and software standard interface for all types of transducers is
necessary in order to reduce the complexity of the system design, integration, maintenance
and operation. Features such as transducer identification, self-test, self-calibration, test
setup configuration, configuration status, etc. can be performed under computer control
with minimal need for any manual trimming or adjustments.

After the measurement system has been set up, the test engineer should be able to use a
computer to verify that the system is operating properly. The test engineer should be able
to add, extract, or replace any sensor with minimal effort. When a given transducer is not
responding properly, it is desirable to hot swap it with another transducer. If a transducer
type needs to be replaced or added to the system, it should be possible to quickly
reconfigure the system based on the Transducer Electronic Data Sheet (TEDS, as defined
in the IEEE P1451.2 Draft Standard) stored in its memory.

Flexible System

New test and measurement systems, in order to become practical, must provide the
flexibility to accept different types of transducers, including traditional analog types as
well as new smart sensors. They should also be flexible to allow easy expansion or
reduction in the number of measurement channels.

Minimum Cost

Design, operating and maintenance costs are drastically reduced by implementing a system
with all of the above listed attributes. The initial capital investment may be higher than that
of traditional systems, however, this marginal additional expense is far outweighed by
savings in other areas.



A standard hardware interface for all transducer types will eventually reduce the capital
equipment costs. A standard software interface (standard data interchange) would greatly
reduce ongoing operating and maintenance costs.

The setup and tear-down costs of large measurement systems are very significant,
sometimes costing several millions of dollars. These costs, as well as maintenance costs,
can be greatly reduced by reducing the number of cables.

SMART SENSOR NETWORK SYSTEM IMPLEMENTATION

The smart sensor network bus consists of four wires: +15 VDC Power (PWR); bi-
directional, balanced transmission line (RS485+); bi-directional, balanced transmission line
(RS485-); and Ground (GND). The network bus uses RS485+ and RS485- lines for bi-
directional digital communications. The RS-485 is a bi-directional, balanced transmission
serial bus standard that supports multi-point connections and allows the creation of
networks with multiple nodes with reliable transmission over long distances.

The original RS-485 standard allows for the creation of networks with up to 32 nodes and
transmission over distances of up to 1200 meters. Integrated circuit (IC) manufacturers
have developed RS-485 IC drivers that can handle up to 256 nodes with communication
rates in excess of 1 Mbps.

Evolution Paths for a Smart Sensor Network System

Figure 2 shows a block diagram of a smart sensor network with various possible levels of
integration as the components of the network may evolve. It should be kept in mind that
the physical interface defined in IEEE P1451.2 Draft Standard is not a network scheme, it
needs the Network Capable Application Processor (NCAP) in order to allow networking
of multiple smart sensors.
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Figure 2: Block Diagram of a Smart Sensor Network System



The implementation of the different functional blocks of Figure 2 will be dictated by a
particular network application and financial constraints. For example in single transducer
applications, the TBIM and the BCM functions may be implemented in a small printed
circuit board STIM. In other applications, the Bus Converter/Controller Module may
become part of the NCAP box. In other applications, the Transducer to Bus Interface
Module and the NCAP may be absorbed inside the transducer case becoming a truly smart
sensor.

Bus Converter/Controller Module (BCM)

The BCM controls the Smart Sensor Network Bus, and is able to: (1) assign bus IDs to
TBIMs; (2) read/write Transducer Electronic Data Sheet (TEDS) from/to TBIMs; (3)
continuously read and time tag digital data (uncorrected or corrected) of all enabled
TBIMs, and (4) it provides DC power to all connected TBIMs. Figure 3 shows a block
diagram of a general purpose BCM.
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Figure 3: Block Diagram of a General Purpose Bus Converter/Controller Module (BCM)

Transducer to Bus In-Line Module (TBIM)

The TBIM makes it possible for traditional analog transducers to be connected to the
network and allows interconnection of multiple transducers and transducer types. The
TBIM accepts signals from analog type transducers and converts the output to digital
format, thus allowing the transducer to interface to the Smart Sensor Network System Bus.
The functions performed by the TBIM are: analog signal conditioning, self-test,
Transducer Electronic Data Sheet (erasable non-volatile memory containing transducer
specific information), interface to the four (4) wire Network Bus, temperature
measurement, analog-to-digital conversion and data correction functions. The next
generation of smart sensors will include the TBIMs electronics, and will interface directly
to the Network bus. Figure 4 shows a block diagram of a TBIM.
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When outputting digital data, the TBIM corrects for temperature related inequities
(sensitivity, ZMO, gain, etc.) before placing the data on the bus. Data phase coherence
among the transducers on the bus is controlled by the BCM via a global trigger command.
A global trigger command results in simultaneous data samples being taken by the various
transducers connected to the bus.

A TBIM is controlled via commands received through the RS-485 bi-directional digital
serial interface. Some examples of actions taken in response to receiving a command are:
start (trigger) data acquisition, output digital data, send TEDS, perform self-test, perform
data correction, etc.

TRANSDUCER TO BUS IN-LINE MODULE (TBIM) IMPLEMENTATION

This section describes the implementation of a TBIM that was designed, built and tested
together with a low profile pressure transducer for an on-wing flight test application.

The TBIM was designed to be small size (2.75 in. x 1.70 in.) and very thin (0.185 in.) in
order to measure flow induced pressure. The pressure TBIM uses surface mount
technology (SMT) components packaged in a metal case and potted to endure harsh
environments. Figure 5 shows the outline drawing of the TBIM with the micromachined
pressure transducer Endevco Model 8515C mounted on the bottom surface of the TBIM.

The Endevco Model 8515C (0-15 PSI) pressure sensor [2] [3] was chosen because of its
low profile (0.03 in. thin), small size (0.25 in. diameter), light weight (0.08 grams) and
excellent performance in measuring flow induced pressure measurements in harsh
environments. Figure 6 shows the outline drawing of the Endevco Model 8515C
micromachined silicon sensor.
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Figure 5: TBIM with Pressure Transducer Outline Drawing
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Figure 6: Micromachined Piezoresistive Pressure Transducer Endevco Model 8515C

The Endevco model 8515C incorporates on-chip zero compensation and a modified more
linear doping level achieved by ion implantation. A protective metal screen protects the
piezoresisitive sensor against particle impingement. A thin reflective coating is applied
over the exposed surface to reduce its sensitivity to bright lights.

Digital Interface

The RS-485 bus was used in half-duplex mode (only two wires are needed to both transmit
and receive data) and was chosen because integrated circuit drivers are commonly
available in the market at a very low cost. Integrated circuits were chosen that support



115.2 kbps transmission with up to 256 nodes. The length of the bus depends on the
number of nodes connected to it. The actual maximum number of nodes that can be
addressed in the bus is 208 due to restrictions in the communication protocol.

Communication Protocol

Two types of commands were defined: “Directed” and “Broadcast”. A “Directed”
command addresses a specific TBIM unit and commands it to perform the indicated
function or accept data. A “Broadcast” command indicates that all TBIM units connected
to the bus are to perform the indicated function or accept the data which follows.

Query/Programming/Execute Mode

The following information can be queried from the TBIM: (a) Read Transducer Electronic
Data Sheet (TEDS); (b) Read unit/channel status/failures; (c) Channel/Global Read data
(uncorrected or corrected).

The following commands can be sent for programming the TBIM: (a) Reset TBIM; (b)
Execute a unit/channel self-test; (c) Accept (store in non-volatile memory) Transducer
Electronic Data Sheet (TEDS); (d) Auto-Zero the analog signal conditioning electronics;
(e) Place the TBIM in Continuous Data Acquisition Mode; (f) Place the TBIM back into
Query/Programming/Execute Mode; (g) Channel/Global Trigger to initiate conversion of
internal analog-to-digital converter; (h) Enable/disable any or all channels implemented in
the TBIM.

Transducer Electronic Data Sheet (TEDS)

The Meta-TEDS and Channel-TEDS contained inside the TBIM follows the data structure
defined by the IEEE P1451.2 D2.01 Draft Standard [1]. Some of the TEDS fields were left
blank because they were not applicable to the RS-485 bus implementation. The Calibration
TEDS did not follow the data structure defined by the IEEE P1451.2 standard
(multidimensional truncated Taylor series requiring floating-point calculations) because it
was desired that the 8-bit microcontroller inside the TBIM perform the data correction.

Calibration

The Calibration TEDS was implemented using a table look-up approach to minimize
computation time and maximize sampling frequency. All math computations were done in
integer format. Floating-point computations would have taken approximately three (3)
times longer. The microcontroller took 2.7 msec to perform the pressure correction over
temperature.



Continuous Data Acquisition Mode

This mode is used to optimize data acquisition and data transmission speed. Data is
acquired and transmitted continuously, synchronized by the BCM using the global trigger
command. The TBIM may transmit corrected or uncorrected digital data from any or all
available channels that were enabled before the TBIM was placed in continuous data
acquisition mode. The TBIM exits the continuous data acquisition mode when it receives a
command to return to the query/programming/execute mode. The table below shows the
maximum sample rate achieved for various conditions.

Digital Output Data Format Maximum Sample
Rate (samples/sec),

1 unit

Maximum Sample
Rate (samples/sec),

100 units
Corrected Pressure and Temp. 237.41 22.86
Corrected Pressure 294.41 29.87
Uncorrected Pressure and Temp. 1187.43 24.77
Uncorrected Pressure 1435.41 32.49

CONCLUSIONS AND FUTURE WORK

The Smart Sensor Network System achieved cost, reliability, and performance goals. Total
system costs were reduced as a result of a reduction in interconnecting cables, salvaging of
existing analog type transducers, and ease of use and maintenance. Reliability was
improved because of the self-test capability provided by the TBIM, and the reduced
susceptibility to noise of digital signals (EMI, crosstalk, ground loops, etc.) Performance
was improved because of the increased accuracy provided by the TBIM. Future
improvements may be accomplished by reducing the TBIM size (use of ASICs and high
density packaging such as hybrid and MCM technology), increasing the data acquisition
and bus transfer rates, lowering power consumption, and improving the calibration
algorithms.
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