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A WIDEBAND-PCM RECORDER FOR THE SPACE
SHUTTLE ORBITER1

R. D. PETIT
Odetics, Inc.

Anaheim, California

Summary.  A wideband-PCM recorder has been developed for use in the avionics
instrumentation subsystem of the Space Shuttle Orbiter. In direct contrast with the single
function Apollo and Skylab recorders, this recorder is designed to meet a variety of present
and future applications.

The Shuttle recorder uses the tape transport and motor drive design from the NASA-
Goddard Space Flight Center (NASA-GSFC) Standard Tape Recorder. This design was
directed by the NASA-GSFC with funding provided by the Low Cost Systems Office at
NASA Headquarters.

Recording is accomplished on up to 14 data tracks with analog or digital data inputs. FM
multiplexed analog frequencies of up to 2 MHz and digital rates of 1 Mb/s are
accommodated at a tape speed of 120 inches/second. Recording time in the analog mode
varies between 4 minutes for 2 MHz data to 80 minutes for 100 KHz data. The total digital
data storage is 3.44 x 109 bits with recording times from 1 hour for 1 Mb/s data to 19
hours for 50 Kb/s data in the serial track switching mode.

A versatile command decoder and control interface are used for eight primary modes of
operation. The recorder responds to over 7,000 commands which are combinations of the
eight modes, four tape speeds, four delay times, four run periods and track selection. The
commands are formatted as 16 bit words by onboard computers or simple, single switch
panel commands initiated by the astronauts.

The Shuttle recorder uses a hermetically sealed transport unit, occupies approximately
2,000 cubic inches and weighs 41 pounds. Operation through launch and re-entry vibration
environments is accomplished by use of isolators which mount the transport unit to the
electronics unit. Tape life is in excess of 20,000 passes without maintenance.



Introduction.  Spaceborne, instrumentation tape recorders have been historically, highly
customized units, tailored to a specific set of mission requirements. This approach
provides mission optimized recorders but involves long development lead times and
repeating development costs.

The nature of the Shuttle Orbiter Program, estimated to be 10 to 15 years in length and
expected to accommodate yet undefined missions, suggests the need for a mission adaptive
tape recorder. The variety of data storage requirements for developmental and early
operational flights include multichannel wideband analog, multichannel digital, serial trend
analysis digital and serial digital stored in a loop format for anomaly analysis.

This paper describes a recorder design providing the flexible needs of the Shuttle Orbiter
Program.

System Description.  The recorder is physically partitioned into two units, the Transport
Unit (TU) and the Electronics Unit (EU). Figure 1 illustrates the recorder in its flight
configuration, with the TU mounted through vibration isolators to the EU. The EU and TU
interconnect through three cables and, in the interconnected configuration, may be
logistically handled as one Line Replaceable Unit. All physical and electrical interfaces to
the spacecraft are accommodated on the EU.

Shuttle Standard Tape Recorder
Figure 1

Figures 2 and 3, respectively, illustrate the TU and EU with their enclosures removed. The
TU is hermetically sealed and can withstand up to ±1 atmosphere of gauge pressure. The
TU contains the tape transport mechanism, the servo and tape-to-head related signal
conditioning electronics. The transport mechanism includes the following basic elements;
single capstan tape drive, coaxial reel tape storage, and a negator spring tape tensioning
system. All guide rollers in the tape path employ redundant bearings for increased
reliability.



Shuttle Standard Tape Recorder Transport Unit
Figure 2

Shuttle Standard Tape Recorder Electronics Unit
Figure 3

The EU contains the control logic, power supplies and further signal conditioning
electronics.

Table I summarizes the principal recorder specifications.

Referring to Figure 4, the System Block Diagram, it can be seen that all electrical
connections to the spacecraft are made through eight connectors, J1 through J8.
Interconnection between the EU and TU is accomplished via J9 through J11.

The primary power, obtained from 28V ±4 VDC, is applied to J5. All DC voltages
required by the EU are developed by the EU power supply, while the TU voltages are
generated by the TU power supply. The TU supply is located external to both the TU and
EU but is mounted to the EU.

All commands to the recorder are routed through J4 and processed by the control logic. In
conjunction with the program plug, connected to J7 and J8, the control logic interprets all
commands and interacts with nearly all other functional elements.



TABLE I
SHUTTLE RECORDER SPECIFICATIONS

Parameter 

Size 

Weight 

Power 
(at +28 voe 
input) 

Tape 

Tape Speed 

Flutter 

Number of 
Channels 

Analog Channel 
Bandwidth 

Analog Flux 
Density 

Analog Signal 
to Noise Ratio 
(over 3 KHz 
slot) 

Analog Total 
Harmonic 
Distortion 

Analog Frequency 
Response 

Digital Data 
Rates 

Digital Packing 
Density 

Digital Record 
Format 

Bit Error Rate 

Command Interface 

Diagnostic 
Telemetry 

Status Telemetry 

Value 

15 inches wide x 19 inches 
long x 7.75 inches high 
(outline dimensions) 

41 pounds 

Dependent upon operational 
mode. Varies from 15.4 watts 
in Standby to 80.6 watts in 
Parallel Dump at 120 in/sec 

2400 feet x 1/2 inch x 1 mil 

14 discrete speeds from 
6 in/sec to 120 in/sec in 
one-third octave steps 

1.5% peak-to-peak maximum 
for speeds >10 in/sec 
2.0% peak-to-peak maximum 
for speeds ~10 in/sec 

14 parallel (analog or digital) 
1 serial (digital only) 

1. 8 KHz to 2 MHz 

125 cycles per inch to 
16.7 kilocycles per inch 

45 dB minimum for wavelengths 
between 60 µin. and 4000 µin. 
39 dB minimum for wavelengths 
between 4000 µin. and 8000 µin. 

2% maximum 

Unequalized - follows head 
response curve. ±1 dB over 
any 3 KHz slot at frequencies 
above 11 KHz 

25 Kb/s to 1.024 Mb/s 

4.27 Kb/in to 8.53 Kb/in 

Bi-Phase Level 

5 x 10-7 Beginning of Life 
1 x 10-6 End of Life 

2 identical 16 bit parallel 
TTL interfaces 

Provides 10, o to 5 voe 
diagnostic signals 

Provides 29 bits of status 
information 



FIGURE 4

Digital data, through J1, and analog data, through J2, are routed to the record amplifier,
record head switcher and finally to the record heads.

All reproduced data is amplified, appropriately conditioned and outputted through J3.

Status and diagnostic telemetry are interpreted by the built-in test equipment (BITE) and
outputted, along with a BITE indication, through J6.

The overriding philosophy behind the specification and development of the recorder has
been to provide flexibility. The key to flexibility is contained in the command processing,
the wide speed range servo mechanism and the variety of data recording techniques
offered by the recorder. These elements are described in more detail in the following
paragraphs.

Command Processing.  Commands to the recorder fall into two distinct categories; direct
commands and automatic sequence commands. A direct command completely defines the
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operational mode. The recorder will execute that operational mode for only as long as the
direct command is asserted.

Automatic sequence commands address a hard-wired memory location in which an
operational mode command is stored. Automatic sequence commands need only be
asserted momentarily as opposed to the direct commands. This indirect command
technique uses the program plug as a hard-wired memory. Two connectors, J7 and J8 are
interconnected through an external cable assembly forming the program plug. The cable
assembly may be wired prior to a mission to store the automatic sequence operational
modes required for that mission. If an automatic sequence command is asserted
momentarily, that sequence will be executed once, while continuous assertion of the
command will yield repetitious execution of the sequence.

Both direct and automatic commands may be asserted on either of two interfaces; the
primary command interface or the secondary command interface.

The repertoire of operational modes will be discussed later, but it will be helpful to
understand commendable run and delay times at this point. The complete command for any
operational mode includes several modifiers such as speed, run time and delay time. The
run time commanded may be continuous or finite, while the delay time may be zero or
finite. The delay time is a period immediately following command assertion, during which
the recorder simply delays execution of the commanded mode. The run time is a period
immediately following the delay time, during which the recorder executes the commanded
mode.

If a finite run time is associated with a direct command, the command may still be
asserted; but the recorder will stop execution of the commanded mode when the run time
has expired. This condition is considered “command completion” even though the direct
command is still present at the interface.

An automatic “sequence” may consist of a finite delay followed by a finite run time. Thus
for a momentarily applied automatic sequence command, the sequence will consist of one
delay period followed by one run period. For a continuous assertion of the command, a
repeating sequence of delay, run, delay, run, etc. will ensue.

A hierarchy of priority has been developed for dealing with the variety of commands,
direct, automatic, primary and secondary. Figure 5 is useful in understanding this
hierarchy. In general, the primary interface has priority over the secondary; and automatic
sequence commands have priority over direct commands. An automatic sequence
command, once started, may be stopped only by its natural completion or by the
application of an automatic sequence interrupt command. The assertion of a direct 
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command without interrupt will be ignored until the automatic sequence is complete. Thus,
a secondary automatic sequence in progress will have priority over a primary command if
no interrupt is applied.

A directly commanded mode may be terminated by changing the command. This may
involve simply removing the command, in which case the recorder will revert to the
standby mode of operation or changing the commanded mode. It is not necessary to go
through standby between two operational modes.

The format of the 16 bit command word is shown in Figure 6.

Command Word Format
Figure 6

The 16 bits are utilized as follows:

Bits 1 - 3 Select one of eight operational modes.

Bit 4 Allows direction reversal.

Bits 6 and 7 Select one of four preprogrammed speeds.

Bits 8 and 9 Select one of four preprogrammed delay times. One of the four is
always zero.

Bits 10 and 11 Select one of four preprogrammed run times. one of the four is
always continuous.

Bit 12 Interrupts any automatic sequence in progress and determines the
function of bits 13 - 16.

Bits 13 - 16 If bit 12 is false, select one of sixteen preprogrammed automatic
sequences. (Seven available on Shuttle)

If bit 12 is true, select serial channel track number.
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The eight operational modes are described below:

Standby The unit is quiescent powering only those circuits necessary to
recognize a non standby mode command.

Record Serial A Records digital data present at input A in a serial track switching
format beginning on the commanded track and progressing to track
14. If track 0 is commanded, recording starts on the present track.

Record Serial B Identical to record serial A except data is recorded from input B.

Dump Serial Reproduces digital data in a serial track switching format beginning
on the commanded track. If bit 4 is false, decrements toward track 1
in the opposite direction from which data was recorded. If bit 4 is
true, increments toward track 14 in the same direction in which data
was recorded.

Loop Records digital data present at input A in a serial loop mode.
Records on tracks 12, 13 and 14 in a repeating loop sequence.
When commanded to dump data in the loop mode via a special
command bit, continues to record but dumps the most recently
recorded data in the opposite direction from which it was recorded.

Record Parallel Records digital and/or analog data present at the input in a parallel
format. The digital data input connector is used to identify the
number of parallel digital channels to be recorded, while the analog
data input connector identifies the number of analog channels to be
recorded. Channel count is identified through hardwiring of a 4 bit
binary number on the two data input connectors. Parallel recording
is accomplished in the forward direction and continues until end of
tape is reached. In addition to the parallel recording, digital data
present at serial input A may be recorded simultaneously on any of
the 14 channels not used for parallel data.

Dump Parallel Reproduces data on those channels identified by input connector
wiring. If data is analog, reproduce direction is forward, whereas
digital data is reproduced in reverse. The serial digital reproduce
channel may be used to simultaneously dump digital data on any
channel during the parallel dump.



Stop This mode is essentially the same As standby except that if
commanded by the primary interface, the unit is not receptive to any
commands issued by the secondary interface. This mode allows the
user of the primary interface to take control away from the user of
the secondary interface.

Each of the eight operational modes discussed above, with the exception of loop, may be
preprogrammed and executed as automatic sequences. An automatic stop or standby,
although of questionable utility, may be commanded and can only be terminated with an
interrupt command. When a serial mode, either record or dump, is executed as an
automatic sequence, the sequence includes automatic tape positioning to the point of last
serial recording on tape. This tape positioning eliminates the ability to record over
previously recorded data and the need for bookkeeping but is not included when executing
serial modes via direct commands.

In addition to the six available programmable automatic sequences, a fixed automatic erase
sequence is provided. This automatic mode erases the entire tape, clears all write protect
mechanisms, leaves the tape positioned at beginning of tape and switches the serial
channel to track 1. This mode is automatic and, once entered, can be terminated only by
completion or by an automatic interrupt. To enter this mode, the command must be
asserted for 10 seconds.

In addition to serving as a memory for automatic sequences, the program plug is used to
select mission operating speeds and run and delay times. Program plug wiring associates
the four commendable speeds with any four of the fourteen available recorder speeds.
Similarly, three of seven run times and three of seven delay times are premission selected
by wiring of the program plug.

Data Recording.  Three distinct data recording techniques are provided by the recorder.
Any combination of these three techniques may be exercised simultaneously, allowing for
a wide variety of data storage. All data inputs are differentially balanced and have an input
impedance of 71S. The three recording techniques are discussed further below.

1. Bias Recorded Analog Data - Fourteen channels of analog record amplification are
provided. Any number of these channels may be activated for parallel recording by
the channel count identification on the analog data input connector. The input range
of each channel is from 0.5 VRMS to 2 VRMS. This 12 dB dynamic range is
accommodated by an AGC amplifier which provides a 1 VRMS drive to the record
head. The data from each of these amplifiers is mixed with a 7 MHz bias signal prior
to recording. The frequency range of each channel varies as a function of tape speed
from a low band edge of 1.8 KHz to a high band edge of 2 MHz. For any tape speed,



the frequency band is equal to the tape speed times the allowable flux density band.
Flux densities may vary from 125 CPI to 16,667 CPI. Thus, at 120 ips, the
bandwidth is from 15 KHz to 2 MHz. The minimum frequency, regardless of tape
speed, is 1.8 KHz.

2. Bias Recorded Digital Data - Eleven channels of bias record amplifiers are provided
for parallel digital recording. These amplifiers are similar in concept to the analog
amplifiers. Indeed, many components are shared by the analog and digital bias record
amplifiers since no channel may be used simultaneously for two data types. When
used as a digital bias record amplifiers the configuration is switched to eliminate the
AGC feature and to include a 2 MHz lowpass filter. These eleven channels are used
for tracks 4 through 14, and any number of channels may be activated by the channel
count identification on the digital data input connector. Tracks 1 through 3 employ
saturation record amplifiers for parallel digital recording and are discussed later.
Data rates are a function of tape speed, but for any speed, the rate range covers an
octave. These rates may be determined by multiplying the tape speed by a packing
density of from 4.27 KBPI to 8.53 KBPI. Thus, at 120 ips, the data rate may be
between 512 Kb/s and 1.024Mb/s. Each channel may be used to record a different
data rate as long as the rates are all within the octave range.

3. Saturation Recorded Digital Data - Four channels of saturation record amplifiers are
provided. Three of these are used for parallel digital recording of tracks 1 through 3,
while the forth is switchable to any track and is used for serial digital recording. The
serial channel may be connected to any one of three data input sources. These
amplifiers do not employ bias, but rather, provide record head currents sufficient to
saturate the magnetic tape. Each of these amplifiers include a digital predistortion
network. The network has a transfer function comparable to that of a lead network
and is used to compensate for head-to-tape phase distortion allowing bidirectional
reproduce. Indeed, the reason for including four saturating, predistorting record
channels is to provide for bidirectional playback capability. Thus, any data recorded
in serial or in parallel on track 1 through 3 may be reproduced in either direction,
regardless of record direction. The data rates associated with the saturation record
channels are identical to the digital bias record channels. During any serial recording,
a per track erase before record is automatically accommodated. A 2 MHz erase
oscillator is included for this purpose.

Data Reproduction.   The reproduce amplifiers fall into two distinct categories; parallel
and serial. All data outputs are differential and capable of driving 71S. The two amplifier
types are discussed below.



1. Parallel Reproduce Amplifiers - Fourteen channels of parallel reproduce amplifiers
are provided. All fourteen channels are activated in the dump parallel mode
regardless of channel count wiring on the data input connectors. These amplifiers
may be used to reproduce any recorded data, digital or analog, and provide a 0.6
VRMS analog output. When used for reproducing digital data, the outputs may be
conditioned externally with a bit rate synchronizer for further digital data processing.
For maximum performance, digital data should be reproduced in the opposite
direction from which it was recorded, while analog data should be reproduced in the
same direction as which it was recorded. Likewise, to optimize performance, analog
data, due to the high flux density recorded on tape, should be reproduced at the same
speed at which it was recorded. Digital data may be reproduced at any of the
fourteen speeds regardless of the speed at which it was recorded. These amplifiers
employ AGC as a means of providing speed equalization. No other amplitude or
phase equalization is included, thus, the individual components of a composite
recorded signal will follow the head response curve if no pre-emphasis is used
external to the recorder. The performance characteristics of analog data are
summarized in Table I.

2. Serial Reproduce Amplifier - A single channel serial digital reproduce amplifier is
provided. This amplifier may be switched to any track and is used for the
reproduction of any digital data, regardless of the record technique used. If the data
was recorded with a bias record amplifier, then it should be reproduced in the
opposite direction from which it was recorded. If saturation recording was used, then
the serial reproduce amplifier may be used in either direction. The serial reproduce
amplifier differs from the parallel amplifiers in that the reproduced data is fully
reconstructed to a digital bi-phase level waveform with flutter induced jitter
removed. Additional circuit elements of equalization, zero crossing detection, data
decoding and dejitter buffering are included for this purpose. The data decoder
provides flexibility in that it can decode data recorded at any packing density within
a one octave range. This is accomplished with a self tracking phase-locked oscillator
loop. The loop automatically locks itself to the data rate reproduced from tape and
provides a high frequency clock utilized in the decoding process. The decoder output
is clocked into the dejitter buffer at the irregular reproduce rate. Clock assurance
techniques are employed within the decoder to prevent bit slippage during tape
dropouts. Data is unloaded from the buffer at a jitter free rate by a clock obtained
from the phase-locked loop and converted back to bi-phase level. The serial data
output is available through three active line drivers, two of which are suitable for
wire ORing to another tape recorder. In the loop mode, the data is available through
a forth and independent line driver electrically isolated from the other three drivers.
The serial digital reproduce amplifier reproduces data with a maximum beginning of 



life error rate of 5 errors in 107 bits. End of life is defined as that point at which
errors have increased to 10 errors in 107 bits.

Tape Speed Control.  The Shuttle recorder employs the servo and transport developed for
the NASA Standard Tape Recorder. Although the Shuttle application uses a speed range
of 6 ips to 120 ips, the servo will operate from 0.75 ips to 120 ips, a speed ratio of 160:1.
This wide operating range accounts for a great deal of the flexibility afforded by the
recorder. To accommodate this wide speed range, the servo motor driver employs current
feedback and the phase error detector it filtered with a digital filter rather than a
conventional multipole low pass. The digital filter removes the carrier frequency from the
feedback signal at low speeds without the introduction of phase delays inherent in
conventional low-pass filters. The servo employs rate feedback during acceleration and
deceleration while using position feedback at all other times. Feedback is obtained from an
optical tachometer directly coupled to the capstan shaft, in the Shuttle application. The
servo may also be operated in a tape feedback mode with provisions included for a
synchronous crossover from tachometer-to-tape feedback. The servo can deliver either
positive or negative torque to the capstan through its ability to switch direction of motor
commutation as a function of error voltage polarity. A brushless DC motor with its
attendant long life is used as the prime mover. The motor employs optical commutation
sensing.

Telemetry.  Telemetry signals are divided into two categories, diagnostic and status. The
diagnostic telemetry provides a calibrated variable indication of from 0V to 5V for ten
operational parameters. A 0V reading indicates initial acceptable values for the
parameters, while a 5V reading indicates the need for maintenance. Each of the diagnostic
signals is internally monitored such that if any reach or exceed the 5V level, a fault
indication is provided on the BITE status telemetry.

The status telemetry signals are bi-level digital in nature and function to identify the
present status of the recorder. Unique among the status indicators is a five line binary
indication of tape position. This five bit binary word provides tape position information
between beginning and end of tape with resolution to 80 feet. Tape position is determined
by counting the number of tachometer pulses during each revolution of the bottom tape
storage reel. Table II provides a summary of the telemetry signals.



TABLE II
TELEMETRY SIGNALS

Diagnostic Status

Pressure

TU Temperature

EU Temperature

Servo Error

Optical Sensors

Bias Oscillator

TU Digital Power Supply

TU Analog Power Supply

EU Digital Power Supply

EU Analog Power Supply

BITE

EOT

BOT

Tach Lock

Reset

Recorder Full

Write Protect

Recording Input B

Delay Interval

Direction

Tape Position (5 bits)

Track I.D. (4 bits)

Mode (3 bits)

Speed (2 bits)

Run Time (2 bits)

Delay Time (2 bits)

Conclusion.  A magnetic tape storage mechanism has been described which provides the
flexibility of application needed by the Space Shuttle Orbiter Program. The paper provides
the reader with an insight to the wide range of application without stressing details of
operation.




