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ABSTRACT

NASA’s reaction to requirements for the Space Station Freedom era’s telemetry data
systems has been the continuing effort to combine a modular design approach with state-
of-the-art VLSI technology for developing telemetry data processing systems. As part of
this effort, NASA’s Data Systems Technology Division, in cooperation with Clemson
University, is developing a Macintosh II based Telemetry and Command (MacTAC)
system. This system performs telemetry data processing functions including frame
synchronization, Reed-Solomon decoding, and packet reassembly at moderate data rates
of 5 Mbps (20 Mbps burst). The MacTAC is a low-cost, transportable, easy to use,
compact system designed to meet requirements specified by the Consultative Committee
for Space Data Systems (CCSDS) while remaining flexible enough to support a wide
variety of other user specific telemetry processing requirements (e.g., TDM data). In
addition, the MacTAC can accept or generate forward data (such as spacecraft
commands), calculate and append a Polynomial Check Code (PCC), and output this data
to NASCOM to provide full Telemetry and Command (TAC) capability. Semi-custom
VLSI gate arrays perform the return link functions of NASCOM deblocking, correlation,
and frame synchronization. Reed-Solomon decoding (for error detection) and packet
reassembly are also performed by modern microprocessor and semi-custom VLSI
components. The local user interface is a standard Macintosh application with the well-
known look and feel of the Macintosh environment. A remote interface is possible via
Ethernet which allows the system to be completely controlled from any location capable of
generating the required remote operating commands. Return link data may be viewed in



real time on the local or remote user interface screen in a variety of formats along with
system status information. In addition, data may also be archived on SCSI disks for later
retrieval and analysis as needed.

This paper describes the general architecture and functionality of this MacTAC system
including the particular custom telemetry cards, the various input/output interfaces, and the
icon driven user interface.
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INTRODUCTION

Current technological advances offer many new challenges to telemetry data users and
telemetry system designers alike. With the widespread use and acceptance of modern
VLSI technology, many complex functions which would otherwise require large numbers
of discrete parts and interconnections can now be confined to relatively small areas of a
single printed circuit board and will execute several times faster than was possible just a
decade ago. Goddard Space Flight Center’s (GSFC) Mission Operations and Data
Systems Directorate (MO&DSD) has taken advantage of the benefits offered by VLSI
technology (1) (2) (3) (4) and has developed a Functional Components Approach towards
telemetry data processing. This approach is based on a library of telemetry modules (or
Functional Components), each of which performs a different telemetry processing function.
Each module can be placed into a system with its supporting software to produce a wide
variety of systems for meeting modern telemetry processing requirements. A global
software environment provides communication among the various modules and
automatically configures itself based upon which cards are placed into the system.

Over the past several years, NASA GSFC has developed several fully functional telemetry
modules for use in the VME hardware platform (5) (6). Advantages provided by VLSI
technology have been used in modules for frame synchronization (including forward,
reverse, true, and inverted data as well as programmable search-check-lock and slip
synchronization strategies), Reed-Solomon error detection and correction, and packet
reassembly functions according to standards recommended by the Consultative Committee
for Space Data Systems (CCSDS). This VME-based system is capable of handling data
streams of up to 20 Mbps sustained, which satisfies the speed requirements for a large
number of telemetry processing applications. In addition, a global software environment
has been developed for this system to allow new telemetry modules to be easily integrated
into existing system configurations. This environment is a combination of the Basic System
Environment (BaSE) and the Modular Environment for Data Systems (MEDS) both of
which are custom environments developed by GSFC for meeting the requirements of the
Functional Components Approach.



The VME-based system described above is an ideal system for meeting high performance
telemetry requirements; however, many systems do not require the high data rates
supported by this system. In fact, many telemetry requirements can be satisfied by systems
which support only medium data rates of 1-5 Mbps. In addition, many space data users
require systems which are low-cost, portable, and flexible enough to meet a wide variety
of telemetry processing requirements.

In an effort to provide extended telemetry processing support for those space data users
who require only moderate data rates (1-5 Mbps), GSFC has developed a Macintosh
Telemetry and Command (MacTAC) system (7) for providing telemetry data processing
functions at moderate data rates (5 Mbps sustained / 20 Mbps burst). The processing
functions provided by this system are the same as those provided by the larger and more
expensive VME-based system described above (i.e., frame synchronization, Reed-
Solomon error detection and correction, user packet reassembly functions, and forward-
link capabilities to provide support for full Telemetry and Command (TAC) operation), but
these functions are implemented on Macintosh II (NuBus) compatible cards. This system
offers several advantages over current medium performance telemetry systems. The
MacTAC system is inexpensive and portable, while it brings the task of processing
telemetry data much closer to the user. For additional flexibility, the MacTAC may be
networked and used from a remote location via Ethernet if required. Additionally, the
system may be completely controlled through a graphical user interface on the Macintosh
machine. The interface software isolates the user from many of the tedious details of
initializing the telemetry modules residing in the internal NuBus slots. In addition, the
interface software utilizes graphic displays to quickly and clearly display system data (both
configuration and mission) to the user.

This paper describes the general architecture of the MacTAC system, including the general
structure of the overall system and of individual telemetry modules.

SYSTEM FUNCTIONAL BLOCKS

The overall purpose of the MacTAC is to convert formatted telemetry data blocks into a
stream of user packets and to remove all disturbances from the packet stream. Possible
disturbances to these streams include redundant data, reversed data, time gaps in the data
stream, etc. In existing systems, this task is typically carried out in two stages. A front-end
stage is primarily responsible for transforming a NASCOM data stream into user packets,
while a back-end stage removes all disturbances from the stream of packets. The MacTAC
prototype is designed to initially handle only the front-end function of converting a
NASCOM stream into user packets; therefore, only front-end components will be
discussed in this paper. Figure 1 illustrates the structure of the MacTAC front-end unit.



Figure 1. General Architecture of the Macintosh Telemetry and Command System

The MacTAC front-end unit consists of five cards: 1) MacTAC Controller Card, 2) Frame
Synchronizer Card, 3) Reed-Solomon Decoder Card, 4) Packet Processor Card, and 5)
Forward Link Card. All cards are resident in a Macintosh II and operate completely
independent of the Macintosh system with telemetry data being passed through a special
pipeline bus. Status and special telemetry data segments are passed to the Macintosh user-
interface application across the NuBus. In addition to the above cards, a standard Apple
Video Card and Apple Ethernet Card are required for a fully configured system. In order
to place all five telemetry modules into a system that also requires a remote interface (via
the Ethernet card), a NuBus expansion chassis is required.

The MacTAC Controller Card is a real-time controller that is responsible for configuring
and monitoring the status of other cards in the system based on user input received from
the Macintosh interface software. The Controller Card also possesses a Small Computer
System Interface (SCSI) controller so that incoming telemetry data can be stored in real
time to a hard disk (or disk farm) for later retrieval as needed.

The Frame Synchronizer Card and the Forward Link Card perform many of the same
functions. As a result, a dual-purpose card has been designed for the MacTAC which will
handle both Frame Synchronization and Forward Link functions. The Synchronizer Card
(Forward Link Card) has been implemented using NASA’s VLSI telemetry processing
chip set (1) (2) (3) (4). As a set, these devices perform high-speed NASA communications



block processing, telemetry frame synchronization, real-time trailer generation, and data
quality accumulation. Telemetry data enters the MacTAC through the frame synchronizer
in the form of an RS422 interface; an RS422 output path also exists on this card. This
output path permits real-time data to be passed through the MacTAC so that systems may
be chained together, or stored data (from the SCSI disk) may be transmitted allowing the
MacTAC to perform as a data-rate changer if needed. In addition, this RS422 output
allows the Frame Synchronizer Card to act as a Forward Link Card. By adding only a
minimal amount of extra hardware beyond what is required for frame synchronization, this
card can serve its dual purpose. This extra hardware is placed onto a special-purpose,
plug-in mezzanine which is required only for the Forward Link Card. While the structure
of the front end system shown in Figure 1 shows both a Frame Synchronizer Card and a
separate Forward Link Card, the actual hardware on these two cards is the same except for
the plug-in mezzanine.

The Reed-Solomon Decoder Card is responsible for detecting and correcting errors in the
telemetry data stream. This card receives its data input primarily from the Synchronizer
Card and transfers the corrected data to the Packet Processor Card. This card decodes
(255,223) Reed-Solomon code words using a decoder chip set developed by the
University of Idaho. It also supports code word interleaves from 1 to 15. After the data is
corrected and transferred to the Packet Processor Card, the telemetry data blocks are
transformed into user packets for storage on the system’s SCSI disk.

The Forward Link Card (Frame Synchronizer Card) is primarily responsible for generating
command data and receiving non-telemetry status data for spacecraft control, thus allowing
the MacTAC to be a full Telemetry and Command (TAC) system. In addition, this card is
responsible for providing NASA-36 timecode generation for use by the other telemetry
modules.

The custom backplane shown in Figure 1 actually consists of three, completely
independent buses, each of which also operates independent of the NuBus. Part of the
custom backplane contains two custom-protocol First-in, First-out (FIFO) buses to be used
for transferring telemetry data among the cards of the front-end system. Additionally, there
is a daisy-chain bus to be used primarily for communications between two physically
adjacent cards in the system. This hardware arrangement allows the telemetry data to be
pipelined through the MacTAC System for effective, distributed processing of the
incoming telemetry data. All telemetry data being processed is moved exclusively along
this custom backplane. Only display data and system commands are actually transferred
across the NuBus.

Each card in the system has one or more Motorola MC68020 microprocessors under the
control of a real-time, multitasking operating system that provides many multiprocessing



functions such as task synchronization. Also, each card’s application software executes
within simplified versions of the Microelectronics Systems Branch’s Basic Software
Environment (BaSE) and Modular Environment for Data Systems (MEDS) (8). Simplified
versions of these environments are used on MacTAC because the Macintosh II series of
computers inherently performs many of the functions provided by BaSE and MEDS. For
example, a primary function of BaSE is to determine the location and type of each card
installed in the system. This function is handled automatically by the Macintosh’s slot
manager. Each MacTAC card conforms to the design standards set forth by Apple
Computer, Inc., thus allowing it to be automatically identified (both its base address and
card type) at startup time.

An optional development interface is also found on every card in the form of a VT100-
compatible terminal interface. This interface can be used to monitor the system during
integration, troubleshooting, and software maintenance as needed. Finally, the Controller
Card can also serve as a development platform for the other cards in the system. Because
this card already has a SCSI controller, a disk possessing development tools can be
attached to the Controller Card, and a driver can be added to the Controller Card’s
operating system to give a programmer access to all tools necessary for on-board
application development.

The user-interface software is in the form of a standard Macintosh application and serves
to isolate the user from many of the tedious details of configuring the MacTAC for
operation. The user is responsible for providing key pieces of information specific to a
particular mission. Once setup is complete, the information is transferred to the Controller
Card. The Controller Card then configures the remaining cards in the system and monitors
system operation. Status information is gathered by the controller and then transferred to
the user application for monitoring overall system performance. In addition, telemetry data
may be stored in real time to a SCSI disk for later access as needed.

MODULE ARCHITECTURE

In keeping with the Functional Components Approach to telemetry system design, a
standard architecture is required in order to allow future telemetry modules to be easily
integrated into the MacTAC System. This section presents an overview of the architecture
of a typical telemetry processing module. Each card in the MacTAC is considered to be a
module that contributes some function towards overall system operation. Because each
module must be capable of interacting with other cards in the MacTAC System in a variety
of ways, a standard module architecture has been defined to serve as a template for the
design of future cards for the MacTAC.



Figure 2 illustrates the general structure of a telemetry module for the MacTAC System.
As seen in the figure, each module consists of at least two major submodules.

Figure 2. General Architecture of a MacTAC Telemetry Module

The first submodule is a custom, plug-in CPU mezzanine which possesses a Motorola
MC68020 microprocessor and a ROMable real-time, multitasking operating system.
Application software can also be placed in the CPU mezzanine’s Read-only Memory
(ROM), which allows all applications to be accessible at startup; however, the standard
practice in the MacTAC system is to download application software from the Controller
Card at system startup. The second submodule is the custom hardware that resides on a
Macintosh NuBus compatible card.

As indicated in the figure, each card must meet several standard requirements in order to
operate in the MacTAC System. A MacTAC module must be capable of interfacing to the
NuBus as a slave so as to allow data transfers to and from the Macintosh as needed. In
addition, a custom backplane interface must also be provided to allow intercard
communications across the custom backplane. Finally, the module must provide a
development interface to be used for connecting a VT100 terminal to the card to perform
development and troubleshooting as needed. Once these basic requirements have been



satisfied, custom hardware used for implementing card-specific functions is added. Of
course, This hardware varies from card to card in the system and can range from
semicustom Application-Specific Integrated Circuits (ASIC) to special-purpose plug-in
mezzanines.

The CPU mezzanine, shown in Figure 3, is a high-performance, custom CPU board
possessing all of the major components of a stand-alone computer system. The
microprocessor is a Motorola MC68020 operating at 25 MHZ. Accompanying the
MC68020 is a semi-custom ASIC that is used by the microprocessor to perform memory
decoding, interrupt handling, and device acknowledgment. This ASIC provides extensive
programmable support for several key interface issues, including active high and active
low device selection, device acknowledgement for different speed devices ranging from
extremely fast to rather slow, special support for dual-ported Random Access Memory
(RAM), and programmable support for different device port sizes.

Figure 3. CPU Mezzanine General Architecture

Also located on the CPU mezzanine is a 128 kilobyte Erasable Programmable Read-only
Memory (EPROM), which holds a real-time operating system. The EPROM is a surface-
mount EPROM that must be programmed before mounting on the mezzanine board. As a
result, any custom porting of the operating system must be done and tested before
mounting on the board. Once a custom operating system has been ported and mounted, this
defines the CPU mezzanine for use with a specific board. Generic ports are available that
can be used for debugging purposes.



The Universal Asynchronous Receiver-Transmitter (UART) used on the CPU mezzanine
is the SCC2691 from Signetics. This UART performs the special functions required for
RS232 communications with the system and supplies a real-time clock required by the
operating system for proper system operation.

The local decode logic simply performs address decoding for the different sections of
RAM located in the static RAM block. The 256k of static RAM is implemented using
high-speed Complementary Metal Oxide Semiconductor (CMOS) static RAMs that offer a
lower-power alternative for high-speed memories. These RAMs are local to the CPU
mezzanine and can be linearly mapped with RAM on the host board, which must be of
comparable speed if maximum performance is to be achieved. Of course, if slower RAMs
are used on the host board, then memory access time must be adjusted to compensate for
the slower devices. This compensation can be easily performed in software by changing a
register value in the support chip.

The CPU mezzanine possesses a real-time, multitasking operating system that supports
inter-process communications and process suspension. This operating system is the Power
Disk Operating System (PDOS) distributed by Eyring Research Institute, Inc. PDOS is a
layered operating system that facilitates easy porting to a variety of hardware
configurations. PDOS is written in Motorola 680xx assembly language, and its small
kernel handles multi-tasking, real-time clock, event processing, and memory management
functions. In PDOS, tasks are the components that make up a real-time application, with
each task being an independent program that shares the processor with other tasks in the
system. Tasks are typically written in the C programming language, while special, time-
critical operations can be written in assembly language and linked with C object modules
at link time. This system structure allows for a natural functional approach towards real-
time application design, with each task performing some major function required by the
overall system.

Each telemetry module residing in the MacTAC possesses one or more of these CPU
mezzanines with the PDOS operating system resident on each CPU. This places a large
amount of computing power inside the MacTAC System, allowing for a wide range of
functionality. This capability is readily available to the independent user for application-
specific programming if generic functions do not meet specific system requirements.

USER INTERFACE

The user interface displays the current configuration of all MacTAC cards and allows the
user to configure those cards. It performs all data entry in the style of the Macintosh in that
all data is checked as soon as it is entered, if possible. In addition, the user interface allows
the user to select data to be displayed on the screen in real time during a data-logging



session. The final duty of the user interface is to allow the user to start and stop the data
collection process.

The user interface is implemented in the standard Macintosh format as described in the
Apple Human Interface Guidelines. This is facilitated by the use of Apple’s software
development tools: Macintosh Programmer’s Workshop and MacApp, an object-oriented
software toolkit from Apple. Standard Macintosh controls such as radio buttons,
checkboxes, fields and so forth are used to promote conformity and ease of use. Icons for
each entity in the system have been developed for consistent resource representation.
These icons are used both as a label for illustrating the source or destination of a data path,
and as a button for obtaining a new window containing additional information. Visual
contrast is made by shadowing the button icons when they are not applicable. Another
specialized visual control used in the MacTAC user interface is the switch. These come in
three varieties: the on-off, the two to one, and the three to one. Each switch cycles through
its possible positions when the mouse is clicked on it. This gives the user a simple,
graphical method of routing data. To avoid confusion, display and/or setup data for each
window has been logically grouped together according to function. Within each window,
subgroups of information have also been defined that allow additional functional grouping
of information on a specific window.

Once all initialization data is entered, the user interface application transfers the
initialization data to the Controller Card and waits for a response. Any resulting error
messages are reported to the user. If the initialization was successful, then the user
interface will begin real-time data display of requested data. For each item that the user
identified in the quicklook initialization section, a window will display the applicable
information. These data windows can be manipulated like standard Macintosh windows.
They contain information received from the system as it is decoded in real time. The user
will also have access to system throughput information and quality data. The number of
possible items simultaneously displayed is inversely related to the data rate. Finally, the
user will also be able to issue a command to stop the mission.

Figures 4 and 5 illustrate screens implemented in the user-interface software. Figure 4
shows the top-level menu with all system cards shown in icon form. Each card has a
unique icon which represents a module’s function. Configuration information for a
particular card may be accessed by simply clicking a mouse on the appropriate icon. For
example, clicking on an active Frame Synchronizer icon will open a window similar to the
one shown in Figure 5 .



 Figure 4. Initialization Screen with Module Icons

Figure 5. Configuration Screen for Frame Synchronizer Module



In Figure 5, inputs to the Frame Synchronizer Card are illustrated (in icon form) on the left,
and outputs are on the right. The module’s internal resources (in this case the VLSI Block
Processor and Frame Synchronizer chip sets) are also displayed with animated lines
representing the current data path through the card. If a synchronization strategy is to be
programmed, a user may simply click on the individual VLSI chip icons, and a new
window containing the chip’s register contents will appear and will allow the user to
reprogram the appropriate registers. The data path may be changed by simply clicking on
the various routing switches until the desired configuration is obtained.

The general philosophy illustrated in Figures 4 and 5 is used throughout the user-interface
software for providing a very powerful, yet easy-to-use graphical user interface for
controlling the MacTAC.

CONCLUSIONS

Several issues of current architectural research interest for meeting NASA’s future data
systems needs are being addressed during this design effort, including how to optimize the
performance of real-time multiprocessor systems, how to structure real-time software for
maximizing throughput while maintaining the integrity of the data, how to route and
sequence data and control through multiple buses to minimize interference with real-time
data throughput, and how to design a user interface which is both efficient and easy for a
space scientist to use. In addition, the design and development methodology to be used in
developing integrated hardware/software systems of this complexity, and the design of
architectures that take advantage of custom VLSI chips for maximizing real-time
cost/performance ratios are current research areas that the Microelectronics Systems
Branch has pursued for some time as part of its basic mission.

This project merges low-cost microcomputer systems with powerful custom VLSI chips to
bring space telemetry data processing to the user in a small, portable, easy-to-use system.
The high-speed, real-time system integrates both custom hardware and system software to
achieve results that can not be realized by a pure hardware, or pure software system.
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