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ABSTRACT 
 

The demands for accurate, phase coherent, data acquisition is increasing with the 
advances in data analysis and data mining techniques.  In addition, the space that data 
acquisition equipment and its wiring can use is getting smaller as structures become more 
efficient and space available is absorbed by new capabilities.  Thus, there exists a need 
for instrumentation systems that can be distributed such that it reduces size, wire count, 
weight and cost.  Boeing has developed a feature-rich multi-point transducer bus suitable 
for highly time deterministic, multiple sample rate, data acquisition systems.  The new 
technology enables the use of emerging high-performance analog and digital signal 
conditioning integrated circuits into miniature, low-cost modules and smart transducers 
suitable for flight-test, ground-test, and laboratory applications.  This paper explores the 
development of this technology, the technical challenges it addresses, the benefits the 
technology brings, and its current applications.   
 
 

INTRODUCTION 
 

In the past 10 years the demands of data acquisition systems has increased dramatically.  
This is largely due to the availability of large memory storage devices that are small and 
low cost.  These memory storage systems are doubling in size per unit volume every few 
years.  Additionally, the capability of processor systems to analyze data has sharply 
increased.  As a result, the demand for data acquisition systems that can provide more 
data has increased as well.  Another demand on systems is the ability to phase correlate 
data between parameters.  As data mining and analysis techniques get more sophisticated 
there is a greater need for data to be time aligned.  This alignment can reveal 
relationships in structural and system performance that can assist in the development of 
models useful in determining structural performance, predictions and projections in 
structural fatigue and the creation condition based maintenance metrics.  As a result there 
is increasing demand to collect more sensor-based data and to collect it with an 
increasing amount of fidelity and phase alignment. Existing systems are centrally based, 
meaning that these systems condition sensor data at collection points often requiring long 
runs that come together in large cable bundles.  These bundles can be significant, causing 
weight problems and even structural issues when the amount of cable exceeds the 
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available penetrations through the aircraft structure.  Any structural modification that is 
not part of the final flight configuration is undesirable, so collecting the data without any 
modification is the best solution.  In the past several years programs have made 
compromises or limited the system because of these demands.  It was clear that there was 
a need to create a system that provided synchronous data acquisition, increased 
scalability and a reduction in cable volume and weight.  
 
 

DEVELOPMENT 
 

The shear volume of parameters became evident with the F/A-18 E/F dynamic fatigue 
test article in 1995.  While flight test systems were very challenging, the ground test 
article wiring was daunting as Figure 1 below illustrates.  The quantity of cabling 
required for centralized data systems created numerous problems in complexity and 
logistics.  In some cases labels were lost when cables were pulled and repairs to these 
channels were prohibitive due to the volume of cables required to connect to centrally 
located racks of signal conditioning.  This often forced redundant transducers to be 
installed on critical parameters which made the problem worse.  Flight test articles also 
resulted in fit problems.  Flight test systems typically require the sacrifice of a bay, such 
as a weapons bay, to hold the centralized data system.  Even systems that can be 
connected together still had some amount of centralization as shown on the left side of 
Figure 2. 
 

 
Figure 1 – F/A-18 E/F Dynamic Fatigue Test Article.  This is 1 of 5 sets of signal conditioning farms 

serving 1000 (250 per rack) of 5000 sensor parameters 
 
Another aspect of the short fallings of legacy systems was phase correlation.  While 
systems today are starting to introduce systems capable of some level of simultaneous 
sampling there are very few systems that offer full simultaneous sampling correlation.  
The emergence of relational databases generated from neural networks and data mining 
has reduced fidelity in its results when data is not time correlated very well.  Most data 
collected up to this point lacked phase correlation often because it was not perceived as 
critical or necessary and it was not easy to correlate all the data due to system limitations.  
Older data sets were not optimal for trend analysis or creating relational models. Better 
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data would allow modern modeling algorithms to simulate numerous sensors used during 
flight and ground testing allowing the need for just a select few real sensors on fleet 
aircraft thus simplifying and improving the implementation of condition based 
maintenance systems.      
 

 
Figure 2 - Illustration of the change in architecture from centralized to distributed 

 
From these shortcomings, and others, a set of requirements were created that identified 
critical features of a data acquisition system that were desired.  These included 
simultaneous sampling, multiple sample rates, scalability, distributed architecture to 
reduce wiring, high parameter count capacity, high sample rate support, ability to handle 
all transducer types, on-board electronic data sheet support, lower cost, smaller volume 
consumption and lower weight.  The goal of implementing these features was to reduce 
the cost per data channel, system design cost, system installation cost, data system 
volume, and data system weight. 
 
As the concept developed, several attributes of the system were established.  The 
distributed architecture meant that the signal conditioning would be located out near the 
sensor.  This is illustrated on the right side of Figure 2.  Each signal conditioner would be 
tied back to the collection system through a bus.  The concept design would include 
excitation, gain, offset, and filters that could offer programmable selections.  These signal 
conditioners would use a common communication language that was geared toward 
instrumentation and could be easily implemented by other data acquisition companies.  
The language would be simple enough to be supported by a low cost and low power 
digital state machine that would have speeds fast enough to support high data sampling 
rates from multiple devices on the bus.  The bus would use currently available physical 
layer technologies that were proven and simple to implement.  Processing would be 
limited at the signal conditioning nodes to minimize cost, power and size.  Data from 
analog signal conditioners would be moved in raw integer form.  This permits the 
reconstruction of data if any parameters used to create the engineering units are missing 
or malfunctioning.  Conversion to engineering units is assumed to be done at post 
processing or possibly at the central collection point by a processor scaled to that duty 
that is not as constrained by size or available power.  These remote signal conditioners 
would contain on-board electronic data sheets capable of storing any necessary 
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configuration data, transducer parameter information, or scaling data that could be used 
to convert the raw data into engineering units.  While memory would not be large, it 
would be sufficient to handle the necessary data.   
 
The original idea was to borrow a bus technology that was already available.  During the 
study in 1996 there was no bus approach that had the necessary attributes to make a 
system as described above. All technologies were either geared toward large volume data 
transfers, were too complicated for a digital state machine, intruded on the physical layer, 
or intruded on the triggering scheme.  Other buses were too slow to support significant 
channels, the overhead was too high, the language too complicated, there was no 
mechanism for data acquisition type commands (trigger, etc.), did not support single 
word and block transfers, did not handle multiple nodes, the length was too short, did not 
have a robust physical layer, or it required a complicated, large, or expensive physical 
layer. 
 
A suitable protocol was deemed not available, so development began on a 
communication standard that would maximize the hardware state-of-the-art both for logic 
and physical layer yet stay in a minimized package that would not significantly grow a 
transducer’s size if placed within a sensor.  The protocol was designed to utilize the 
bandwidth of the communication interconnection wires fully by not allowing significant 
pauses in communication.  This forced the use of digital state machine such as digital 
Application Specific Integrated Circuit (ASIC) or a Field Programmable Gate Array 
(FPGA).  This choice would also permit the logic engine to be in a small package suitable 
for eventually using the technology in smart sensors. Anticipating that applications would 
demand small size devices, most implementations would not have a processor but 
implement everything in the state machine.  This did not preclude putting a processor out 
at a signal conditioner where it made sense, but data signal processors where data could 
be output as a reduced data sets (such as Power Spectral Density (PSD) curves) was not 
considered to be the majority of the parameters in a typical data acquisition system. 
 
The resulting system is a command-response architecture that had one bus controller and 
multiple client devices and starting around 2000 was called IntelliBus™.  The bus 
controller is referred to as an INIC or IntelliBus™ Network Interface Controller.  Clients 
are referred to as IBIMs (IntelliBus™ Interface Modules) or CIMs (Chassis Interface 
Modules).  The terms IBIM and CIM were created to differentiate between stand-alone 
signal conditioning devices and devices that could be integrated into a chassis 
respectively.   IBIMs and CIMs can have up to 16 independent addressable channels and 
contain the IntelliBus™ communication engine, signal conditioning, and necessary 
excitation to connect to a transducer.  IBIMs and CIM chassis units can co-exist together 
on an IntelliBus™ bus cable that contains both data communication and power 
distribution. 
 
The protocol and the hardware state-machine were developed concurrently.  Each 
element of the protocol was tested immediately in simulation and then empirically.  This 
allowed refinement of the standards to optimize it to the hardware and physical layer.  It 
was decided to utilize an RS-485 physical layer for aerospace applications due to its 
larger voltage transitions, adequate speed, and maturity in the industry.  A physical layer 
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standard was developed around the characteristics of a Texas Instruments RS-485 Profi-
Bus transceiver.  These Texas Instruments transceivers provided an excellent strong and 
clean signal and worked well in a multipoint configuration over an Ethernet cable.  
Standard Category 5 100 ohm Ethernet cable can be used, but for aerospace applications 
a commonly used rugged aircraft-grade cable is available.  Miniature connectors from 
Lemo are used to connect devices together.  These connectors provide a high quality 
connection to the IBIM and CIM devices.  The bus cable contains two pairs of wires.  
Half-duplex data is passed on one pair of wires and 28 Vdc power is passed on the other.  
The data pair uses a driven tristate bias (often referred to as a fail-safe bias) from the 
INIC to assist in the settling of the bus between transmissions. This bias is set slightly 
negative to improve noise immunity and to allow a pulsing scheme used during 
membership services arbitration routines.  Signaling is based on the Manchester (bi-
phase) encoding with differing leading sync patterns for command and data.  While 
similar to the MIL-STD-1553 signaling method, IntelliBus™ has a modified sync pattern 
and is one bit longer.   This modified sync pattern minimizes the need for the local device 
clock to be extremely accurate during message decoding.  Decoding is done using a 
simple 6X or 10X over-sampling technique. 
 
Communication is based on a simple command-response approach.  While processes 
within the nodes on the bus can be active, communication on the bus is controlled solely 
by the bus controller (INIC).  The signal conditioners (IBIMs or CIMs) on the bus wait to 
be instructed on their next action from the bus.  The IntelliBus™ command set is divided 
into house-keeping commands (Service), port commands, and memory commands.  The 
house-keeping commands permit configuration of the IBIMs and CIMs specific to how 
they communicate on the bus.  Other configurations would be set up according to 
manufacturer specific methods or standards that would build on the IntelliBus™ 
communication standard.  The IntelliBus™ port commands provide the sample trigger 
mechanism and the commands for reading from (sensor acquisition) or writing to 
(actuator control) collection First-In-First-Out (FIFO) registers used for data movement.  
The IntelliBus™ memory commands provide for communication with Electronic Data 
Sheet (EDS) memory, Current Value Tables (CVTs), power-up/reset boot schedules used 
to configure devices, and other manufacturer configuration spaces for operational 
coefficients.  All data acquisition functions are launched or maintained using these 
command sets.  Special manufacturer commands can be implemented within the 
command set using an IntelliBus™ custom command that allows commands to be 
embedded within other commands.   
 
 

TECHNICAL ACHIEVEMENT 
 

The resultant system has rather impressive capabilities.  Sample jitter is maintained 
within ±1 nS on a bus and less than ± 9 nS among all buses on separate INICs.  Bus 
lengths of up to 200 feet with 32 nodes placed anywhere on the bus can be supported.  
Advanced bus designers can achieve greater than 200 feet and 32 nodes.  
Implementations of 400 feet with up to 46 nodes have been achieved.  Complete 
environmental and EMC testing has been completed on implemented IntelliBus™ IBIM 
and CIM devices.  IBIM and CIM devices have also been tested to temperature extremes 
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from -55 to +93 degrees C.  Expectations for effective data rates on a 15 Mbps bus can 
range from 5 Mbps for trigger and single word reads from all devices to 10 Mbps for 
trigger and block reads from devices. For simple trigger and read operations, which 
defines over 80% of all data acquisition applications, the aggregate sample rate per bus 
can exceed 250,000 samples per second.   Documentation of the communication 
standards, memory and boot standards, and the physical layer standard allow for 
implementation with little technical assistance.  Implementation of the devices can be 
used in both ground test and flight test applications.  Also developed is a Windows 
environment based standardized Application Programmer’s Interface (API).  This API 
abstracts the IntelliBus™ communication into functions and tasks that can be adapted to 
data acquisition and control applications.  The API has several levels of interfacing that 
allow the application programmer to interface to IntelliBus™ at a near hardware level or 
utilize the abstraction layers at the functional level.  A development environment called 
IBManager is built on this API which allows data acquisition like functionality along 
with complete configuration, control, performance validation and troubleshooting 
through the INIC.    
 
 

APPLICATION 
 

 In early 2005 the Multi-Mission Maritime Aircraft (MMA), today known as the P-8A 
Poseidon, was under development.  The P-8A flight test program needed a system that 
would not alter the structure of the aircraft but yet provide thousands of measureands of 
data.  It was determined that the bundles of instrumentation cables that are typically 
routed from wings and empennage surfaces to locations within the fuselage were just not 
possible in this system without significant structural modification.  The IntelliBus™ 
technology provided a viable solution.  Development of suitable signal conditioning 
modules as IntelliBus™ IBIMs and CIMs began in mid 2005.  At first the idea was to 
develop a few types of high-quality signal conditioners and add external local signal 
conditioning to address all the different types of transducers.  Eventually this list 
developed into 19 designs that could interface to nearly all currently available transducers 
and several older legacy transducers popular on older aircraft systems.  A few of the 
developed IntelliBus™ devices are shown in Figure 3 and Figure 4. 
 

 
Figure 3 - IntelliBus™ CIM chassis.  Holds 8 CIM modules supporting up to 24 channels. 
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Figure 4 –  A few of the variations of IntelliBus devices. 

 
These IBIMs and CIM signal conditioners are designed to interface with almost any type 
of transducer available today.  Some devices are designed to interface to Wheatstone 
bridges such as foil strain gages, piezo-resistive and capacitive transducers.  Most analog 
signal conditioning IBIMs and CIMs contain multiple gain stages, programmable 6-pole 
Butterworth filters, DC and AC coupling, test modes to permit zero inputs (Z-test), 
known voltage inputs (E-test), or a known resistance (R-test).  While most units have 
voltage excitation sources there are a few units that offer 4 mA current excitation.  One 
unit offers a 6-pole Chebyschev filter for microphone transducers.  Other devices 
available include a 32-signal digital input IBIM, a 12-signal thermocouple IBIM, a 12-
signal RTD IBIM, a 1-channel AC Synchro IBIM, a 1-channel AC VDT IBIM, a 
frequency-totalizer IBIM and a 3-channel high voltage (280 volt peak) input IBIM 
(ACV).  Very low sample rates to rates up to 50 Ksps can be supported.   
 
 

IMPLEMENTATION ON THE P-8A 
 

The P-8A flight and ground test systems both use the IntelliBus™ instrumentation system 
for gathering data during the Systems Development and Demonstration phase of the 
aircraft.  This instrumentation is only used on the flight test and ground test airplanes and 
is not part of the production systems.  All of the IBIM and CIM types identified were 
used to instrument this aircraft.  Five aircraft are being instrumented; 3 flight test aircraft, 
T1 through T3, and two ground test aircraft, S1 and S2.  The networked approach 
permitted devices to be installed in all parts of the aircraft from the empennage and wings 
to the fuselage and weapons bays.  The single cable distributed architecture allowed 
wiring to be routed into small locations throughout the aircraft.  The P-8A will have 
installed about 2500 IBIMs and CIMs representing over 10,000 analog instrumentation 
channels when all systems are fully operational.  Each aircraft serves a different purpose 
thus the instrumentation systems are scaled for that need.  Table 1 illustrates the quantity 
of devices used per aircraft and the number of channels supported.  
 

 Flight A/C Ground A/C 
 T1 T2 T3 S1 S2 

# of IBIMs 780 250 180 780 380 
Analog Channels 2500 873 473 4752 2123 

Table 1 - IntelliBus usage by aircraft 
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As design and installation progressed on the aircraft, many the goals that IntelliBus™ 
was trying to achieve were also seen.  Weight savings on the aircraft was more significant 
than even expected.  Table 2 illustrates the savings by aircraft.   
 

 T1 T2 T3 S1 S2 
Weight Savings 

(lbs) 
3633 1221 687 6909 3085 

Table 2 – Weight savings by aircraft 
 
Both ground test and flight test applications have shown significant reduction in wiring 
complexity and weight. An example of the simplified wiring is illustrated in Figure 5 (P-
8A ground test article designated S-1) as a contrasting photo to Figure 1 (F/A-18E/F 
ground test article).  It should be noted that both of these articles had the same number of 
parameters monitored and that the P-8A installation is much less complicated.  One 
resulting benefit is troubleshooting and repair (though hopefully rarely needed) is notably 
easier. 
 

 
Figure 5 – P-8A S1 Fatigue Test Article.  Rack represents connection to 4752 sensors. 

 
The P-8A systems have also achieved sizable cost savings and design simplifications.  
Installation cost reductions amounted to more than $3M across all test aircraft.  Material 
cost reductions in wiring and connectors saved $670K.  Fabrication costs for installations 
were reduced by $2.3M.  These reductions included simpler and smaller wire bundles and 
cable assemblies and a reduction in the quantity of required chassis and tray assemblies.  
In addition, no structural modification was required for any of the aircraft to support the 
data system.  As shown in Table 1 the T1 flight test aircraft has 2,500 IntelliBus™ 
supported parameters using 780 IBIMs and CIMs on only 46 buses.   These buses run 
from tip to tail through existing structural penetrations to a central data combiner within 
the fuselage developed by NetAcquire.  Each bus uses a cable that is no greater than 
3/16s of an inch in diameter.  The largest cable bundle diameter existed just feet from the 
data combiner rack and was no larger than 3 inches in diameter.  Figure 6 and Figure 7 
illustrate a few installations on the T1 aircraft.  The S1 ground test article has 4,752 
IntelliBus™ supported parameters using 780 IBIMs on only 40 buses.  Like T1, the size 
of the 40 IntelliBus™ cable bundle, as seen in Figure 5, was no larger than 3 inches in 
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diameter, including the power wiring.  Figure 8 illustrates a clean, low clutter installation 
on S1. 

 
Figure 6 - IntelliBus™ CIM chassis located in the horizontal tails of the T1 flight test aircraft. 

 

 
Figure 7 – A 6-channel IBIM located in the wing of the T1 flight test aircraft 

 

 
Figure 8 - Numerous IBIMs located along the inside fuselage of the S1 ground test aircraft 

illustrating the minimal visible wiring 
 
 

OTHER PROGRAMS AND THE FUTURE 
 

Currently IntelliBus™ has been base-lined on 2 other Boeing programs and has also 
licensed the technology to other companies.  Current licensees include L3 

8 CIM Chassis (panels open) 
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Communications – Telemetry East, Aeroflex, VIP Sensors, and Ampex Data Systems.  
Boeing and L3 currently offer the IBIMs and CIMs discussed here.  L3 Communications 
also offers an INIC that works with their NetDAS data system.  Ampex offers an INIC 
that works with their mini700R recorder.  Aeroflex also offers an IntelliBus™ ASIC 
solution that contains the IntelliBus™ engine for interfacing with peripheral devices that 
also include integrated analog sections that will move IntelliBus™ toward one of its 
original goals of supporting networked smart sensor applications.  The first application 
for the ASIC is a sensor scanner that will be offered by PSI-Esterline that will contain the 
Aeroflex IntelliBus™ analog ASIC. VIP Sensors offers INICs and other types of IBIMs.   
 
As interest develops for IntelliBus™, the movement toward a supported defacto standard 
is desired.  Boeing is interested in becoming involved with a Standards Development 
Organization (SDO) as a method of shedding the proprietary moniker and proliferating 
the technology in a way that can establish an organized method of communicating and 
expanding the technology into the numerous applications as originally intended.  The 
SDO would provide a platform for distributing information about the technology and also 
create a consortium of interested parties that could provide more input and power into the 
technology and carry it well beyond its current state.     
 
 

SUMMARY AND CONCLUSION 
 

The IntelliBus™ distributed network signal conditioning technology offers a change in 
the way instrumentation has been historically done. As a disruptive technology it offers a 
different approach to instrumentation that is very unconventional but offers advantages 
not seen in any other systems currently available.  IntelliBus™ was created to answer a 
need for a data acquisition bus that could network transducers and signal conditioners and 
satisfy the needs of high performance data sampling including simultaneous sampling, 
multiple sample rates, potentially low cost and potentially small size.  The outcome 
resulted in a system that reduces cable count, reduces weight and volume, is easier to 
install, and is more maintainable.   
 
The Boeing Company holds numerous patents on the IntelliBus™ technology and offers 
it as a Reasonable and Non Discriminatory (RAND) licensable technology to any and all 
markets at a very minimal cost.  End users purchasing IntelliBus compliant hardware 
from licensees can use the technology without a license.  Boeing’s developmental 
interests currently focus on aerospace technologies with the current emphasis in the area 
of data acquisition.  However other markets such as industrial control and automotive 
telematics and multimedia are also reasonable areas of interest.  The technology would be 
offered to any and all parties with the intention of producing product that contained the 
IntelliBus™ technology.  End users and/or licensees are open to develop software to 
support the IntelliBus™ technology.   
 
For inquires into the IntelliBus™ technology please contact Philip Ellerbrock at 
philip.j.ellerbrock@boeing.com . 
 




