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ABSTRACT 
 
The Bit Rate Agile Onboard Telemetry Formatting (BRAOTF) system was developed by Killdeer 
Mountain Manufacturing to address increasing demands on the efficiency of telemetry systems. The 
BRAOTF thins and reorders data streams, adjusting the bit rate of a pulse code modulation (PCM) 
stream using a bit-locked loop to match the desired information rate exactly. The BRAOTF 
accomplishes the adjustment in hardware, synthesizing a clock whose operating frequency is derived 
from the actual timing of the input format. Its firmware manages initialization and error 
management. Testing has confirmed that the BRAOTF implementation meets its design goals. 
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INTRODUCTION 
 
The problem of organizing, capturing, and processing a telemetry stream requires solutions that 
satisfy increasingly stringent constraints. The amount of bandwidth available for transmitting the 
data stream is shrinking. At the same time, increasingly sophisticated data acquisition systems 
increase the volume of data that must be transmitted [Luten and Diekmann 1999, Cox 1999, 
Chalfant 2002]. In order to be effective, any mechanism for improving current practice must support 
a range of telemetry system capabilities. In practice this implies that Inter-Range Instrumentation 
Group (IRIG) 106-96 Class I systems must be supported. Finally, any adjustments to physical 
operations must produce results within acceptable tolerances. 



Several responses to these requirements have been proposed [Luten and Diekmann 1999, Cox 1999, 
Chalfant 2002, Jones 1998]. The solution described in this paper is based on producing an efficient 
telemetry stream. One of the authors, Dr. Jones, has found that current procedures result in bit 
streams in which typically over 50 percent of the bits transmitted are not required to process the data. 
Dr. Jones notes that elimination of these unnecessary bits is practicable if the telemetry system 
includes bit-rate-agile hardware; i.e., a component that can adjust the rate of transmission [Jones 
1998]. This component should also be capable of thinning the bit stream and, to support legacy 
systems, of reordering the bits to produce an IRIG 106-96 Class I output. 

 
The BRAOTF described in this paper provides this bit rate agility.  It interfaces to an existing data 
acquisition system (DAS), decommutates the PCM stream produced by that system, thins the bit 
stream and transmits the resulting stream to a ground station. The bits removed in the thinning 
process are specified by a bit mask stored in BRAOTF control memory. If the ground station 
requires it, the BRAOTF may be configured to generate a Class I output stream by re-ordering the 
bits retained from the original PCMstream. This reordering is specified by a table stored in BRAOTF 
control memory. 

 
The BRAOTF uses commercial off-the-shelf (COTS) components to implement this capability as 
well as other capabilities as described below. Embedded firmware controls its operation, using 
specifications produced and uploaded by supporting software.  
 
 

SYSTEM DESIGN 
 
The BRAOTF is capable of removing selected bits (bit masking) and, at the user’s option, of 
reordering the bits (bit mapping). It comprises a hardware module and controlling firmware. A 
supporting software module creates the file (load image) that contains operational data used to 
control the output bit rate and the specification of the mask or map, and manages the ground support 
equipment used to upload the load image. 

  
The values of performance and environmental parameters used in the design have been chosen to 
ensure that BRAOTF will interoperate with current and future telemetry systems. The BRAOTF 
supports input rates of up to 10 Mbytes/sec and output rates of up to 10 Mbits/sec. Power 
requirements and ranges of values of environmental parameters are essentially identical to those of 
current data acquisition systems. 

 
The BRAOTF interfaces to an existing DAS. It modifies the stream produced by the DAS and 
outputs the modified bit stream. The details of the modification are specified by a control program. 
Using the control program, an internal decommutator parses the stream output by the DAS and 
supplies data to the BRAOTF control processor. The processor manages the production of the output 
format (data cycle map [DCM]). A clock generator uses these data to synthesize a clock whose 
frequency controls the transmission of bits retained.  These bits are stored in a dual-bank memory, 
supporting parallel processing and transmission of successive data cycles (major frames). The PCM 
stream output by BRAOTF is typically Class II unless the user is careful in selecting the bits to be 
retained and/or optionally re-ordered. However, when operated in the map mode and supported by 
appropriate software algorithms the BRAOTF can be guaranteed to produce a Class I output. As 



described later, the supporting software will provide a description of the BRAOTF format, which 
can be processed to produce a setup for a decommutator with the appropriate capabilities. 
 
The control program is created by supporting software. This software interfaces to to a database that 
contains the specification of a DCM. This DCM is modifed using both mask data contained in the 
database and user input. It creates the load image (file) containing the control program and updates 
the database. The control program is uploaded to BRAOTF memory from ground support equipment 
(GSE). The preflight configuration process uses standard GSE and communication protocols as 
detailed later. Figure 1 depicts the design of BRAOTF and its interfaces. 
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Figure 1 BRAOTF System Design 
 

 
 



HARDWARE DESIGN AND IMPLEMENTATION 
 

The core functionality of BRAOTF is the creation of a stable output bit rate that is based on data 
characteristics. The output bit rate is maintained by a ‘bit-locked’ loop. This loop is synchronized 
with the input stream from the existing DAS by the BRAOTF decommutator. It is implemented 
using a numerically-controlled oscillator (NCO) under the control of a digital signal processor 
(DSP). Initial values of the parameters for the bit-locked loop are determined using the specification 
of the DAS output stream. The DSP computes subsequent adjustment of these parameters, locking in 
and maintaining a stable output bit rate. The NCO directly controls the output bit rate.  
  
 All hardware components are COTS units. The BRAOTF packaging ensures that it will interface 
with existing DASs easily.   
 
 

HARDWARE VALIDATION AND VERIFICATION 
  
Validation of the design was an integral part of the development process. The design underwent 
numerous internal reviews, and both hardware and software emulations contributed to the validation 
effort. One result of these activities was a simplification of the implementation of the control loop. 
The original design required maintaining data on the number of bits in a frame that had been 
processed. The redesign eliminated this requirement. As a result of the validation effort, we have 
concluded that the design principles used to construct the prototype BRAOTF hardware provide a 
usable bit-rate-agile system meeting the requirements outlined above. 

 
Bench tests of the prototype BRAOTF hardware show that it meets the performance criteria 
identified in the system design. In particular, we have shown that the output bit rate is accurate and 
stable. This is important since one of the primary considerations in the design of BRAOTF is that it 
must be reliable. That is, the clock rate that it generates must produce a bit rate that exactly matches 
the rate at which the retained bits are to be transmitted. Our tests have shown that the number of bits 
transmitted exactly matches the bits retained by using the difference between bits retained and bits 
transmitted as the error signal in a closed loop control system. The control loop is implemented by 
DSP. These tests were conducted using a range of DCM characteristics as follows: 
 

 Frame rate:    50 frames/sec to 2,000 frames/sec 
 Bits retained per major frame: 4,096  to 2,097,152  
 Minor frames/major frame: 1 to 256 

 
For this test suite the typical average (mean) variation in the ratio of output bit rate to input bit rate 
was 2.2*10-9; the maximum variation was 7.3*10-9. These numbers are within the resolution error of 
the test setup and substantiate the fact that the ratio is exactly equal to that required. The bit rate 
short-term stability for this test suite was .005 percent (rms) typical and .027 percent maximum. 
Finally, these tests show that the design will lock to the incoming bit stream in fewer than 10 frames. 
Further testing compared the bit error rate performance of the BRAOTF (synthesized clock) to 
traditional systems (crystal oscillator) for data transfers over a real base band PCM/FM (frequency 
modulated) telemetry link. Degradation was found to be of the order of 0.2 dB.  
 



FIRMWARE DESIGN AND IMPLEMENTATION 
 
The BRAOTF firmware is functionally an embedded operating system. The design of the firmware 
is relatively simple and consequently robust. It runs on a Dallas Semiconductor DS87C530 
microprocessor. This processor implements the functionality of the industry-standard 8051 
processor.  
 
The tasks to be managed by the BRAOTF control firmware comprise transfer of the load image, 
management of the data stream, system initialization and management of errors. The BRAOTF 
prototype implements the first three functions and provides for inclusion of error-detection 
functionality as part of future development. This design is supported by drivers for map memory, 
mask memory, nonvolatile memory, the internal decommutator, the digital signal processor, and the 
output generator.  

 
Transfer of the load uses a modified Xmodem file transfer protocol. The first packet transferred 
consists of control and setup data. Its contents are used to configure the microprocessor nonvolatile 
control memory. The protocol processes it separately from the subsequent packets, each of which 
consists of data and is stored in mask or map memory as appropriate. Transmission errors are 
managed with checksums with provision in the design for use of a cyclic redundancy check (CRC) if 
required. Since the physical connection used for the transfer is industry standard, use of checksums 
provides an adequate level of robustness in operational use. 

 
The system initialization task programs and initialize the BRAOTF control hardware using the 
header packet in the load image. The design of this task also supports future enhancements including 
specification of a default DCM, a power-on DCM and a current DCM.  
 
During BRAOTF operation the firmware selects and, if bit mapping is enabled, reorders bits. In the 
case of bit masking this function is driven by the mask stored in mask memory. In the case of bit 
mapping the reordering of bits is controlled by a sequence of addresses stored in map memory. In 
either case this memory is organized to ensure efficient processing of the data stream. The bit mask 
is an ordered collection of bits, one bit for each bit in a major frame, specifying which bits are to be 
retained. Mask memory size supports as many as eight DCMs of up to 8,192 bits/minor frame and 
up to 256 minor frames/major frame. The map memory size will support up to two maximum length 
formats of 8,192 bits per minor frame by 256 minor frames per major frame. The memory can be 
allocated flexibly to support up to eight formats of lesser size. 

 
Future releases of BRAOTF firmware will provide in-flight error detection and recovery. The design 
includes support for hardware capabilities such as checksum computation and comparison, and the 
ability to choose an alternative DCM and to designate a default DCM. These capabilities will also be 
implemented in future releases.  

 
 



FIRMWARE VALIDATION AND VERIFICATION  
 

The key components of the firmware have been verified with bench tests. These include system 
initialization and management of the bit stream processing functions. The formats used in these tests 
were based on data supplied by the flight test group at Edwards Air Force Base, California.  
 
 

SOFTWARE DESIGN AND IMPLEMENTATION 
 

The supporting software for the BRAOTF system comprises two modules. One interfaces with the 
flight test engineer and the supporting database; it produces the load image file. The other interfaces 
with BRAOTF to support transferring the load image to BRAOTF control memory. 
 
Each of these modules is factored into two submodules. The module that produces the load image is 
factored into a submodule that manages user and database interfaces and a submodule that manages 
the creation of the load image. The interface submodule is further factored, producing a design that 
supports access to multiple database environments and thus meeting the design goal of portability. 
Similarly, the load image submodule supports future adjustments to the structure of that file. 
 
The module that interfaces to BRAOTF is factored into a submodule that manages the transfer and 
one that manages the user interface. The module that produces the load image updates the database 
with which it interfaces to support decommutation of the bit stream output by BRAOTF, using 
standard SQL for its accesses and updates. The prototype system supports the ILIAD database and 
uses an interface to IDX.  
 
The module that interfaces to BRAOTF uses an Xmodem-based protocol to manage the transfer of 
the load image. The protocol used treats the first packet as a header that specifies how subsequent 
packets are to be processed.  

 
 

SOFTWARE VALIDATION AND VERIFICATION 
 

The design of the software has been validated by internal review, including structured walkthroughs 
and assessment of response to a suite of test scenarios. These include masks consisting entirely of 0s, 
entirely of 1s and of random patterns of 0s and 1s. Additionally, the design was evaluated against 
production DCMs. They also include maps (reorderings) such as no reordering, a front-to-
backreordering  and random reorderings. 
 
Generation of the load image was tested using production DCMs. These were used to test both the 
database interface and the user interface. The results confirm that the load image produced is correct 
and that the database is updated correctly. 
 
The file transfer was tested at connection rates ranging from 9.6KBaud through 115.2KBaud. Byte-
by-byte comparison confirmed success at all rates. Error handling was tested by artificially forcing 
an invalid checksum. The retry mechanism performed correctly in all cases. 
 



 
CONCLUSION 

 
BRAOTF provides bit rate agility in a package that is adaptable to existing systems. It uses an 
innovative technique, the bit-locked loop, to accomplish this objective. It is capable of thinning a 
telemetry stream and reordering the stream to support systems requiring IRIG 106 Class I DCMs. Its 
operational parameters ensure interoperability with existing systems. The prototype has 
demonstrated its ability to process production DCMs successfully. The BRAOTF provides the test 
flight community with a powerful tool for meeting current and future telemetry needs. 
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