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ABSTRACT

The Physical Science Laboratory has developed a process for digitizing analog data using
state-of-the-art equipment and software techniques. The problems encountered have been
resolved using off-the-shelf computer equipment, a PSL interface unit, and systems
application software to meet the specific needs of high-speed, analog data collection
through digitization. The authors relate the problems encountered in collecting the raw
data, processing it through the analog-to-digital converter and host computer, and
recording the data on digital medium. The reader is taken through the design of a system to
digitize analog data and log it on a high-speed computer disk system. The design is backed
by actual test results showing the capabilities and limitations of the system. The paper
illustrates the techniques used to collect the analog data through the system and the means
used in the recovery process of the data in the post-collection period.

INTRODUCTION

If high-speed analog data is to be successfully digitized, time must be carefully accounted
for in the data storage and retrieval process. System components must be chosen carefully
to ensure their functional ability and to achieve an effective cost for the data collection
system. To effect these benefits, a means must be found to include the definition of time
with the data when it is stored. This may be accomplished by incorporating time into the
data frame while the data is being collected. This requires the introduction of the real time
at event and storage of the time element within the data records. Time is stored in the same
format as the data but is still distinguishable within the data structure. This “locking
together” of time and data reduces the efforts in storage, retrieval, and reduction of data.



This method of incorporating time into the data frame allows the data to be retrieved at a
later date with standard computer equipment that the operator uses to retrieve the data.
Time correlation is present and available to any system capable of reading the data and
producing results for analysis.

THE SYSTEM DIGITIZATION SOLUTION

An effective means exists to digitize high-speed analog signals derived from frequency
modulated data and store it on a computer disk system. The method uses many readily
available, off-the-shelf system components. The solution includes a system interface unit
that coordinates the subsystem components into an integrated digitization data collection
package.

The system includes

• a time code generator/translator that produces a digital time output from serial IRIG
time input,

• an analog-to-digital (A/D) converter that digitizes the raw data (an FMDF module),
• the host computer with DMA interface components to execute the applications and

setup software,
• a digital disk system for storage of the data, and
• an FM digitization formatter (which includes the A/D) that interfaces the subsystem

components.

The FM Digitization Formatter (FMDF) provides for protocol translation of the
input/output signals from all subsystem devices into a common language for system
operation. The system is managed by the software programs that coordinate the
components during setup and operation.

The time code generator/translator provides a digital time source for the system, but
requires no special input or output buffers to interface, store, or format the time words. All
that is required is a parallel time output port with resolution to the degree required for
system timing accuracy. Timing accuracy (such as milliseconds) may be derived from
IRIG “B” and is satisfactory for many systems. Where more precise time correlation is
required, IRIG “A” can provide time increments of 100 microseconds. However, if
extreme time correlation is required, the FMDF is equipped with a micro-time encoder that
will provide time in microseconds from either IRIG “A” or “B” time code. Time
formatting and buffering is accomplished in the FMDF, where time protocol is formatted to
correspond with the DMA computer interface requirements. Only IRIG serial time input
and digital parallel time output are required for the time system.



The FMDF analog-to-digital converter is a multi-channel unit that operates over a broad
range of digitization rates. The standard configuration includes a single sample-and-hold
unit for multiple input channels. The analog channels are routed through the analog
multiplexers, the sample-and-hold unit, and the analog-to-digital converter. This
configuration provides for a time domain correlation of the data samples. When
simultaneous sample times are required, multiple sample-and-hold units are included to
support simultaneous data sampling periods for multiple channels.

To achieve data quality, the A/D operates at higher rates than the data frequency being
sampled. The rate must be at least two times the data frequency, as specified by the
sampling theorem, and is often a multiple of up to five times or more the base data
frequency to prevent signal aliasing. For example, a 50 KHz signal might be sampled at a
multiple of five times its base frequency, which would require the digitizer to operate at a
frequency of 250 KHz on that single channel. The conversion time is the inverse of the 250
KHz digitization rate--a period of four microseconds. During the conversion process, the
A/D must accomplish many tasks, including

• receipt of the conversion request signal, which starts the digitization process of the
A/D converter by switching its analog multiplexers to the designated channel,

• acquisition of the input signal by the sample-and-hold unit,
• digitization of the analog data by the A/D converter,
• buffering of the output conversion word, and
• issuance of the “conversion complete” flag to the system

The A/D converter has an interface that provides conversion-start and end-of-conversion
signals, channel designation, and parallel or serial data output lines.

The FMDF performs many tasks that allow the system components to interface properly.
Among these tasks are the buffering and translation of time from the time code
generator/translator. The time value is input-buffered, stabilized, and translated, and micro-
time is generated as required for coordination into the data stream for output to the
computer DMA interface. The FMDF hosts the analog-to-digital converter, specifying its
mode of operation, the digitization rate, and the channels to be digitized, and providing
buffering for the A/D output data values. Data from the A/D is stored in FIFO memory to
achieve steady and continuous buffering in a form that will not impede the conversion time
base. The FMDF further controls the number of words per frame for the insertion of
digitized data and time words in their proper sequence. The coordination of the data and
time words into a cognizant stream is performed under specification of the computer
operator through the host computer and its DMA setup interface. This is performed under
control of setup files for increased speed and ease of operation. The setup functions may 



be accomplished through the front panel of the FMDF by the system operator, also.
Additional system devices may receive time and setup inputs through the FMDF.

The host computer communicates with the system through its DMA interface, which it
uses to communicate with the system under handshake control. A transfer request signal is
sent and acknowledged each time a data word is transferred. The handshake sequence is
repeated for each data word in the frame. Data is formatted, transferred, and received as
16-bit words. The host computer DMA interface provides for setup functions that facilitate
the operator in automating the pre-mission equipment settings. This portion of the DMA
interface outputs digital information in a 16-bit format to the devices connected to its
output bus. The information is composed in word format with the address of the device
being set up composing one byte and the setup information for the device composing the
other. Communications between the DMA interface and the FMDF follow these
parameters.

Software programs provide for the orderly setup of the data collection equipment, which
saves time and effort in preparing the equipment for operation in standard formats that are
repeated on a regular basis. The setup program routes data through the system by
specifying channel, digitization rate, and frame size to the FMDF. This is accomplished
through a database file that is maintained for this purpose. Output from the file is sent to
the computer DMA interface for distribution to the FMDF.

The software driver maintains the efficient operation of the digitization process by
controlling the computer and its DMA interface. FMDF parameters are responsive to the
computer DMA interface. This includes the rate of digitization, frame size, and channel
selection or scan. Parameters are selected to obtain the highest data throughput for the
individual test circumstances. Frames are organized into efficiently sized blocks within the
computer memory to enhance the speed of data transfer to the disk drive.

The Telemetry Operating System (TMOS) provides the necessary operational features to
interface the hardware functions with the computer and the human operator interface. The
software in divided into two main programs: the setup program and the processing
program. The first program operates to set up the telemetry system and performs the
function quickly and accurately with a few key strokes. The setup program needs only to
be entered once for each subsystem in the telemetry station. Changes need to be made only
when and if the hardware configuration is changed. The second program will operate the
telemetry station during data collection and translation. The program will automate the
data collection to facilitate the display of data on the CRT screen or printer. Data may be
logged to disk drive or digital tape. Plotting may be conducted on Tektronix displays and
plotters. Processing parameters include telemetry stream definitions for words per frame
and frames per buffer. Times for data collection are specified to TMOS for automation of



the data collection period. The data will be logged during the duration specified and
controlled relative to the parameters entered.

Both of the programs maintain databases to archive the data entered for each subsystem.
These are available to the system operator for prompt and accurate setup and operation of
the telemetry system.

Software Environment

Although the design and implementation of the software portion of the high-speed
digitization package is largely independent of the hardware environment, no system runs in
a vacuum. I/O driver interfaces, operating system scheduling and memory allocation
procedures, inter-task communication capabilities, peripheral device storage, and speed
capabilities all must be accounted for in any real consideration of this system’s abilities
and limitations.

The current system has been implemented and tested in PDP-11/RSX-11M and
VAX/VMS environments. The majority of the code is FORTRAN 77. A few Macro
subroutines are used to make certain esoteric system features accessible. There are no
inherent design features, however, that would prevent this system being transferred to
another manufacturer’s mini- or mainframe computer. Conversion to another high-level
language is also possible; in fact, PSL plans to convert the current package to Ada as soon
as an efficient, certified compiler becomes available for the VAX.

There are two environmental features that are important but are not always available. The
operating system should be realtime; it should respond immediately and directly to
specified hardware interrupts. RSX-11M and VMS both meet this criterion. Also, the
controller that interfaces the FM digitizer to the computer should operate in a cyclic mode.
This means that the controller will continue to deliver fresh data to the specified memory
buffer once the transfer has been initiated by software. No further software instructions are
required until it is desired to terminate data aquisition. This feature greatly reduces the
CPU load and ensures uninterrupted data transfers.

A previously published ITC article (“The Man-Machine Interface in Computerized
Telemetry Systems,” ITC Proceedings, Volume XVIII, pages 527-531) describes the basic
software package that was used for this project. Setup of the FM digitizer and high-speed
logging to large capacity disk packs are features that have been added since that article
was written. Readers interested in the details of the operation and the design concepts of
this package may read the 1982 article. For the purpose of this paper, a short summary will
suffice.



The software package, called the Telemetry Operating System (TMOS), is a menu-driven,
disk-resident, database system. The user is led through formatted menu pages and is
prompted for setup and processing information; the input is limit checked. The user’s input
is stored in a large data file. This file, which may be copied, modified, renamed, deleted,
printed, or added to, contains information in the setup file for each device in the telemetry
station hardware configuration. Multiple configurations may be defined and stored for later
use. Once defined, setup configurations can be brought into play at any time by only a
couple of key strokes. Data aquisition and processing are performed in exactly the same
manner as device setup. The only difference is that the user defines data processing
operations to be performed rather than devices to be set up.

TMOS is a file- and table-driven group of software routines. For the most part, the
addition of a new telemetry device requires only the creation of new table files for that
device. These tables are then used to display the menu pages and to decode the
information placed in them. In the case of the PSL FM digitizer, it took only two hours to
include the setup capability for that device to the list of those devices already supported by
TMOS. All of the possible functions of the FM digitizer may be controlled remotely by the
computer.

Format Considerations

Several factors contributed to the selection of the formatting used for the FM data. Since
the FM group would generally be only a part of a telemetry station that could also include
PAM, PDM, and PCM, it was desirable to use a flexible format and one that could be used
with all data types. This approach greatly reduced the complexity and number of sub-
programs that would be required to handle all of the data types. Data transfer, file storage,
and updating and parameter processing could all be handled the same way for all data
types.

In accordance with this approach, the FMDF was built to break the continuous FM stream
into user-specified pieces, each of which was tagged with three words of time and one
word of status. These pieces could then be thought of and treated much the same as a
PCM frame. In this paper these are referred to as “pseudo frames.” In the sweep mode,
one to thirty-two channels can be digitized. At the end of each sweep, time and status are
inserted into the stream and these pieces are treated as frames. Digitization, incidentally, is
never interrupted during time and status merge. The samples are merely stored in a FIFO
during this period. In the single-channel mode, the digitizer brings in n samples (n being
selected by the user) of the data and then merges time and data. In this case, because each
sample is not uniquely time-tagged, time interpolation may be performed later on the data.
Also, the time of any given sample can be computed easily by using the starting time of the
pseudo frame and the known, highly accurate, sampling interval of the FMDF clock.



Software then allows these user-defined FM frames to be combined into user-defined
blocks or records up to 16K words in size. In this way, it is possible to produce tape or
disk data files that closely match those required by already existing software at many data
reduction sites.

Speed Considerations

While allowing for a very flexible data format, it is nevertheless desirable to have the
format amenable to high-speed data transfers. Although data acquisition and logging speed
are largely a function of the hardware’s capabilities, software does play an important part
in maximizing that potential. In disk transfers, the maximum rate, as specified by the
manufacturer, will be reduced by

• write head seek operations;
• a controller which may be used to control disks other than the data disk;
• end-of-record interrupt processing;
• any required applications program processing between records;
• the file control services used with virtual I/O; and
• any external demands made upon the processor in a multiprogramming environment.

The TMOS software minimizes all but one of these problems in its data aquisition scheme.

The decision was made to accept the overhead cost of using file services to do virtual I/O
rather than doing logical or physical I/O. By doing this, a small cost in CPU overhead is
traded for a great deal of convenience in the handling of the data files. The write
algorithms are simpler since the track and sector write computations are done by the file
service routines. The resulting files can be accessed by all of the computer manufacturer’s
utilities. This makes any subsequent copy, read, or edit operations much simpler. In
addition, housekeeping operations on the disk can be maintained by the operating system.

Disk head seek operations are reduced by forcing the allocation of contiguous disk space
before any logging is begun. The user may also help by making transfer record sizes
divisible by the disk sector sizes.

End-of-block interrupt processing can obviously be reduced by decreasing the number of
end-of-block interrupts. This is accomplished by tailoring the input of the data stream so
that it uses the most of the 16K word transfer buffers that are available. In the FM setup,
for example, the user may choose a 512-word pseudo frame size, then specify 32 frames
per buffer to achieve the best transfer rate. NOTE:  This is only important if one wishes to
use the maximum capacity of a very fast system.



While high-speed data logging is in progress, it is essential to keep the functions of the
applications code write loop to a minimum. Any computations or initializations that can be
done outside the write loop should be moved there. In the TMOS disk write loop, only five
simple functions are performed:

• Initiate a virtual block transfer.
• Monitor transfer status.
• Increment the virtual block counter.
• Check the counter for end of transfer.
• Swap data source addresses (all input data is double-buffered).

Monitoring of the starting time for a logging operation is done before the write loop. The
termination time is not monitored. The difference between start and stop time is used,
along with the data rate, to compute the number of records that must be transferred for the
user-specified time interval. Checking a counter is much quicker than doing time decodes
and comparisons during data aquisition.

Lastly, by running at realtime priorities and by elevating the hardware priority of the data
disk controller and the FMDF interface controller, there is little problem with running in a
multiprogramming environment. Realtime tasks are always run to completion or to an I/O
wait condition before any other tasks are allocated CPU time. Realtime priorities,
however, are a feature of VMS that are not supported by all operating systems. But some
priority system is usually present and adequate.

SOLUTION OVERVIEW

Having considered the operational pros and cons of the software design, it may be
worthwhile to go back and take a “working” look at the system. The FMDF is typically
configured by the software using information contained in a stored disk database. The user
interfaces with the software by filling pre-defined menu fields. After configuring the
digitizer with the TMOS setup software, the user will activate the processing software (to
define what will happen to the FM data) and specify (depending on the scope of the work)
some or all of the following:

• The formatting of the data as it is brought into memory.
• The processing of any desired parameters (EU conversion, normalization,

compression).
• The formatting and distribution of data to be logged from memory to disk or tape.
• The definition of final output products, which may include printed listings, CRT

displays, graphs, and outputs to a D/A converter.



The above procedures are applicable to all data sources: PCM, PAM, FM, and PDM. Two
additional features have been added to make high-speed FM digitization more useful.

Because it was decided to use a pseudo PCM format for high-speed FM logging, there are
far more samples in a frame than there are time tags. This helps increase the potential
logging speed, since time-tagging every sample can almost double the data rate; but
usually the final output products must be time-tagged. Therefore, a process was added to
TMOS to produce time-tagged files completely from the pseudo PCM format in the post-
realtime mode.

Because the digitization rate of the FM system is spread across all the channels selected
for any pass, the maximum digitization rate per channel is achieved by digitizing only one
channel per pass. This presents difficulties in situations where more than one channel is
required by the algorithms that produce the final processed output data. In response, a
facility was added to TMOS whereby files created on several digitization passes could be
time correlated and combined into single data files covering the time interval of user
interest. By implementing a sample density algorithm with the time correlation procedure,
a correlation accuracy of ten microseconds was achieved using only IRIG-A as a time
source.

CONCLUSION

Analog data may be effectively digitized while retaining the time element of the data
within the data structure. The method has been tried and has been proven to meet the
design criteria imposed in different test environments and under differing circumstances.


