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SPACELAB HIGH DENSITY DIGITAL RECORDERS

Richard A. Blais
NASA, Engineering Development Directorate
John F. Kennedy Space Center, Florida 32899

ABSTRACT

In 1979, NASA was faced with the problem of providing a ground facility magnetic tape
recorder to store and retrieve serial Pulse Code Modulation (PCM) bit streams of up to
50 megabits per second (MBPS) which originated within Spacelab and its experiments.
These recorders were required at the Kennedy Space Center (KSC), Johnson Space Center
(JSC), and the Goddard Space Flight Center (GSFC).

The Spacelab requirements presented a wide variety of problems which no existing “off-
the-shelf” recorder could accommodate at the time. As a consequence, an extensive and
complex performance specification was developed. This specification necessitated many
advances in the “state-of-the-art” in the field of High Density Digital Recorders.

The 9000 SL High Density Digital Recorders designed and fabricated by Thorn-EMI
Technology, Inc., under contract to NASA, have successfully met or exceeded all of the
Spacelab requirements as identified in the performance specification. These recorders
demonstrate the latest in high density digital recording technology. This technology
includes the capability of recording 50 MBPS of data with a bit error rate of better than
1 bit in 108, completely automatic bit synchronization, auto selection of the optimum
replay equalization, and a data coding scheme giving up to 50% greater data packing
density than traditional codes.

INTRODUCTION

The stringent requirements placed upon the Spacelab High Density Digital Recorders
presented the recorder manufacturers with an opportunity to advance and improve the
existing high density recorder state-of-the-art. These requirements were dictated by the
capabilities of the Space Shuttle Orbiter Ku-Band return-link system and the on-board
Spacelab High Data Rate Recorder. The recorder requirements were also based on the
Spacelab Program concepts for the return-link facilities to process the experimenter’s data.
These facilities are located at both Goddard Space Flight Center and Johnson Space
Center. Many of the specification requirements were keyed to the high volume (24 hour



day) operations in these data processing facilities to ensure the timely and efficient data
delivery to the experimenters.

Spacelab is a set of multimission, reusable experiment laboratories provided by the
European Space Agency (ESA) as the European contribution to the Shuttle Program. The
Spacelab is a captive payload which remains in the Shuttle cargo bay where it is exposed
to the space environment for the duration of the mission.

RECORD REQUIREMENTS

Each High Density Digital Recorder (HDDR) is required to store and retrieve one or two
bit streams of data. One of the NRZ-L serial PCM bit streams, which is accompanied by
an in-phase clock, has a bit rate anywhere between 2 and 50 megabits per second (MBPS),
while the other stream can range between 0.1 and 2 MBPS. A secondary requirement
exists to record a BI0/-L bit stream from 0.1 to 4 MBPS. These bit streams are recorded in
the forward direction only and the capability to accommodate extremely rapid bit rate
changes of up to ±2% is required. Simultaneous read after write is necessary to ensure the
quality of the recorded PCM data. The worse case clock jitter to be recorded will not
exceed ±12.5% at a bit rate of 50 MBPS.

The need for good tape utilization inferred that a constant packing density was desired. In
order to achieve this, frequency translators were specified to convert the incoming serial
clock to a tape speed reference. This will enable a discrete set of packing densities to be
produced in 3 kilobit per inch (KBPI) steps.

REPRODUCE REQUIREMENTS

Program requirements resulted in a need for a bit error rate of at most 1 bit in 108 in the
forward reproduce direction and 1 bit in 107 in the reverse direction. Each recorder must
be capable of simultaneously regenerating or reconstructing the in phase serial bit rate
clocks from the reproduced bit stream outputs.

The Program required the capability of upshifting (increasing) and downshifting
(decreasing) the reproduce data and clock. The worse case to be experienced exists for the
high rate 2 to 50 MBPS data stream in which the playback speed ratio can vary anywhere
between a 1:10 increase (maximum of 16 MBPS) and a 32:1 decrease (minimum of
1 MBPS).

A crucial requirement placed upon the recorders was the ability to reproduce a magnetic
tape from one recorder on any of the other recorders without any electronic or mechanical
adjustments.



TRANSPORT REQUIREMENTS

The transport and its associated analog electronics were specified to meet IRIG Wideband
Group II criteria to ensure the easy availability of spares and service. The IRIG 28 track
interlaced head format was chosen to minimize problems with tape skew and signal to
noise ratio (SNR). Tape speed equalization adjustments were allowed only during periodic
maintenance.

Two track assignment schemes were also specified. One scheme will handle any bit rate
between 0.1 and 50 MBPS NRZ-L while the other scheme is formatted to support two
independent asynchronous bit streams each from 0.1 to 25 MBPS NRZ-L.

MANUFACTURER SELECTION

These HDDR requirements were released as a performance specification in June 1979. In
June, 1980, NASA awarded Thorn-EMI Technology a contract to provide 13 basic
recorders with associated support equipment, and 5 optional recorders. The 9000 SL
recorders provided by Thorn-EMI in response to the technical specifications have
successfully been integrated into the NASA operating facilities. The 9000 SL recorders
delivered by Thorn-EMI have met or exceeded all of the requirements specified.

9000 SL HIGH DENSITY DIGITAL RECORDING SYSTEM

Because of the specialized requirements of the Spacelab Program and the complexity of
the performance specification a unique recording system had to be designed. This design
resulted in the 9000 SL High Density Digital Recording System. This system is unique not
only because of the specialized requirements but also in the unique methods employed to
meet those requirements.

The 9000 SL HDDR has the ability to record and reproduce in forward and reverse
simultaneous asynchronous high and low data rate bit streams with efficient utilization of
tape. The 9000 SL has the ability to reproduce data over a continuously variable range of
tape speeds without degrading data quality, bit error rate or recorder to recorder
compatibility. The 9000 SL has many unique features which allow optimum tape
utilization and efficient data reproduction while utilizing a conventional 28 track Wideband
Group II transport and heads.

DATA ENCODING

In order to achieve efficient tape utilization, the data is 3PM (3-Position Modulation)
encoded. This coding technique allows the data packing density to be increased



significantly. In the waveform of 3PM encoded data there is a minimum of 1.5 data bit
periods between transitions. Therefore, the transition density of the 3PM encoded data is
only two-thirds of the original data bit density. This results in a data bit packing density
which is 50% higher than the transition density on the tape.

To assist in reproducing low data rate bit streams the 3PM encoded data is exclusively
OR-ed with its clock waveform to minimize the DC content. The resulting waveform is the
converse of the 3PM waveform where the less numerous transitions become spaces and
the more numerous spaces become transitions. This encoding technique is known as Y0/
(Y phase). During reproduction the Y0/ data is decoded into 3PM by exclusively OR-ing
the data with the regenerated clock. When the resulting 3PM waveform is decoded it may
be inverted from the orientation originally recorded. This is transparent to the recorder
since it is transitions and not levels which are significant.

This implementation of 3PM and Y0/ allows both high and low data rates to be handled by
only one code and eliminates the need to reconfigure the system. Further details on 3PM
encoding are available from the references cited at the conclusion of this paper.

AUTOMATIC BIT SYNCHRONIZATION AND EQUALIZATION

During the HDDR design reviews, Thorn-EMI proposed the addition of both automatic bit
synchronization and automatic equalization/ranging. These automatic features greatly
reduce the level of operator intervention and the time required to configure the recorders
for playback.

A fully automatic, microprocessor controlled, reproduce bit synchronizer is provided for
each of the 26 digital data tracks. These bit synchronizers automatically regenerate 26
track rate clock waveforms from the reproduced data. This eliminates the need for bit
synchronizer range selection and 26 individual, time consuming analog adjustments by the
operator.

The half octave forward/reverse reproduce equalizers provided for all 28 tracks are
selected automatically using tape speed information generated by the reference frequency
translator. This relieves the operator of the responsibility for calculating the tape playback
speed and selecting the proper equalizer switch position based on a lookup table.

These two features eliminate invaluable time and significant sources of error from the
reproduce process when large numbers of tapes must be reproduced for data reduction and
processing.



ERROR DETECTION AND CORRECTION

Lateral parity for error correction in the 9000 SL is generated and recorded on a separate
(12th track) in conjunction with each of two 11 track sets of high data rate electronics. The
22 data tracks and the two parity tracks are each divided into 260 data bit blocks followed
by a Cyclic Redundancy Check (CRC) word and a 10 bit block marker. The 16 bit CRC
word is calculated and recorded for error detection during playback, and record monitor
(read after write). In the reproduce mode, the CRC word check fails if there are any errors
in the data bits or the CRC word bits. When errors are detected in any one track out of the
11 data tracks, the data is reconstructed (error correction) from the parity track and the 10
good data tracks. If the parity track or more than one data track contains errors, the
algorithm is ambiguous and the errors are uncorrectable. The track assignment scheme
used to record the data on tape was chosen to minimize the probability of an oxide flaw
(dropout) in the tape simultaneously affecting more than one track in each 12 track set.

CLOCK REGENERATION

Each serial rate output clock is derived from the regenerated track rate clocks. This serial
clock output eliminates the necessity of each data user having his own serial rate bit
synchronizer, when processing NRZ-L data.

The clock regeneration scheme in the Thorn-EMI recorder is designed to preclude bit slip.
A set of master track rate clocks are available to ensure continuity during individual track
dropouts. Sophisticated digital logic is utilized to eliminate any disruption in the clock
regeneration process by the track or tracks experiencing dropouts.

DATA AND CLOCK VARIATIONS

The data and clock received from any Spacelab Ground Station Demultiplexer output
channel can exhibit a ±2% variation in output clock and data rate. The variation occurs
over a 75 microsecond interval. The 9000 SL has been designed to accommodate this
variation without bit slip and with no increase in reproduce bit error rate.

TAPE SPEED CONTROL

Tape speed and consequently tape usage is reduced to the minimum required to maintain
the desired bit error rate. This is accomplished by deriving the tape speed reference
frequency from the incoming data clock frequency which in turn establishes the per track
bit packing density on the tape. A coherent reference frequency translator is used to divide
the incoming data clock signal by any of a discrete set of numbers to produce tape speed
reference frequencies which result in per track bit packing densities from 3 KBPI to



40 KBPI in 1 KBPS increments. The tape speed reference, which is compared with the
capstan motor tachometer, is recorded on the tape so that it will be available to optimize
playback speed control and recorder playback performance.

Tape speed changes are used to change the bit rates of the recorded data streams during
playback (record/reproduce speed ratio). A frequency synthesizer which is part of the high
data rate electronics is provided to simulate the desired playback serial data clock rate and
establish the required record/reproduce speed ratio. The synthesizer output frequency is
translated to the required tape speed reference frequency by the same frequency translator
used for recording. Thus the tape speed control servo follows the translated synthesizer
clock rate frequency and the recorder reproduces the data stream recorded on tape at the
desired record/reproduce ratio. When the second frequency translator is used to translate
the regenerated serial clock output, this translated output clock frequency becomes the
variable applied to the tape speed control servo. Therefore, the tape speed is adjusted to
make the regenerated serial clock output match any selected synthesizer output frequency
within the recorder’s reproduce capability.

IEEE-488 REMOTE CONTROL

An IEEE-488 Remote Control Unit has been provided for microprocessor setup and
control of the recorders. This unit controls both the transport and the high rate electronics
and provides status of selected functions and displays.

RECORDER PERPORMANCE

An extensive acceptance test was performed on the Thorn-EMI recorders at both the
factory and on-site. All aspects of the performance specification were tested. The 9000 SL
demonstrated full compliance with these requirements. During the acceptance tests, the bit
error rate in the forward direction was 1 bit in 1010 or better, while in reverse a rate of 1 bit
in 109 was achieved. These results were obtained utilizing Ampex 797 magnetic tape.
Current bit error rate performance after 1-1/2 years of operation, is still well above the
specified requirements and no equalizer adjustments have been necessary.

The tolerances on tape path components are sufficiently stringent to preclude any
adjustments or shims in order to meet and maintain the machine to machine compatibility
requirement. The only adjustment available is for the reproduce head azimuth. No
adjustment has been made to the head azimuth since the initial factory setup. The bit error
rate obtained in the transferring and copying of Ampex 797 magnetic tapes between
recorders better than 1 bit in 108. The 9000 SL hardware failure rate during the first 1-1/2
years of operation has been minimal.



RECORDER USAGE

The recorders are currently in use at three NASA Centers and the Jet Propulson
Laboratory (JPL). At KSC, the Thorn-EMI recorders are utilized in the buildup and
checkout of the individual Spacelab experiments, the pre-flight test and checkout of the
Spacelab, and its integration into the Space Shuttle Orbiter cargo bay. JSC and GSFC are
utilizing the 9000 SL recorders in the payload support systems checkout at each facility.
The recorders will be used at JSC and GSFC to support the Spacelab orbital missions, the
first of which is scheduled for October 1983. The recorder at JPL is supporting the
development, fabrication, and checkout of their SIR-B payload.

CONCLUSION

In summary, the Thorn-EMI 9000 SL is a very powerful High Density Digital Recording
and Reproducing System. It possesses many unique features which has made it an efficient
solution to the NASA requirements and those of the Spacelab experimenters.
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