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Foreword

The Administrator of the National Aeronautics and Space
Administration has established a technology utilization pro-
gram for “the rapid dissemination of information . .. on
technological developments . . . which appear to be useful for
general industrial application.” From a variety of sources,
mcluding NASA Research Centers and NASA contractors,
space-related technology 1s collected and screened; and that
which has potential industrial use is made generally available.
Information from the nation’s space program is thus made
available to American industry, including the latest develop-
ments in materials, processes, products, techniques, manage-
ment systems, and analytical and design procedures.

Magnetic tape recorder technology differs somewhat from
the technology of some of the other fields that are being covered.
The magnetic tape recorder is a highly developed device and
its detailed technology 1s hidden below a thick layer of prac-
tical engineering design. It is therefore difficult to extract
technology per se from the tape recorder field, nor would this
be very useful under the objectives of the survey program.
Hence, this particular survey does not deal to as great extent
as some others with specific details of technology but broadly
covers two aspects of the applied technology in the develop-
ment of which NASA has participated.

One area of technology which 1s specifically NASA spon-
sored is that which has led to the development of miniature
severe-environment tape recorders for satellite and space probe
use. In this area NASA has directly sponsored innovation,
emphasizing reliability 1f not new concepts. The biggest dol-
lar impact of NASA work on tape recorder technology has
been as a major customer for commercial ground-based tape
recorders for telemetry data acquisition and related purposes.
It would be impossible to extract NASA’s specific contributions
to data acquisition and data reduction technology from the
mass of application lore and knowhow which has been built

I



v FOREWORD

up in this area. As a major customer, however, NASA has
had a strong indirect influence on the recorder development
that has taken place through purely commercial channels.
This survey, therefore, discusses the entire range of recorder
technology with emphasis on the miniature high environment
recorder and work in which NASA may be seen to have had a
major influence.

THE DIrECTOR, Technology Utilization Division
National Aeronautics and Space Administration
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CHAPTER 1

Introduction

NASA’s contribution to tape recorder technology may appear to
lie in such glamorous devices as the tape recorders of the Tiros and
Nimbus satellites which receive signals carrying weather information
during an orbit around the earth and then transmit those signals
back to the ground when the satellite is in view of ground stations.
These quite important recording devices are, however, only useful as
members of a complex hierarchy of devices all of which participate in
the ultimate process of obtaining information from NASA’s efforts.
Their existence and utility is based on the existence of many more
prosaic recording devices which have been involved in the
development of such spectacular units.

Satellite recorders must operate without maintenance, must show
great reliability, and must consistently deliver performance closely
related to the needs of the program in which they are used. Such re-
corders must be conservatively designed and exhaustively tested. They
invariably sacrifice peak of state-of-the-art performance for reliability
and the ability to exist 1n unfriendly environments. The development
of such recorders represents the combination of considerable effort by
many manufacturers and government laboratories, but the average
home hi-fidelity fan can purchase for $150.00 in a local furniture store
a recorder which appears to have considerably higher performance
specifications. The differences in environment and reliability are
responsible, of course, for this peculiar situation.

The output of one of the specialized satellite or space probe record-
ers will invariably be recorded on the ground by a commercial instru-
mentation recorder of conservative design but of considerably higher
performance than the device in the satellite. The output of this
ground recorder will be reproduced and analyzed again and again
through the use of further conventional commercial recorders.

In the development of almost every single piece of NASA hard-
ware of any degree of complexity beyond a single bolt and nut, con-
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2 MAGNETIC TAPE RECORDING

ventional or commercial magnetic recorders have been involved.
Quantities of data have been collected from tests in the laboratory, at
ground test sites, in static firing tests, in ballistic vehicle firings, and
in preliminary orbital shots leading to the development of the com-
plete booster/satellite combinations now in use. The use of magnetic
recording in the development process far outweighs the amount of
recording done either on the ground or in flight in satellite or space
probe programs.

It is as a major user, directly and indirectly, of such test recording
procedures, that NASA has made its real contribution to tape recorder
technology. As a most demanding customer with almost unlimited
requirements in magnetic recording, NASA, its contractors, its sub-
contractors, and its sub-sub-contractors have represented a great part
of the market influence which has encouraged the development of
recorders of improved performance by commercial manufacturers.
In this role lies NASA’s greatest importance as a supporter of tape
recorder technology.

It would be impossible to extract and present in an organized man-
ner the mass of knowhow that NASA and its contractors have
obtained about the use of magnetic recording. Occasionally a spe-
cific development can be traced to the needs of a particular NASA
program but, as often as not, other government programs, directly
or indirectly, have had sufficiently similar requirements that it is dif-
ficult to separate the NASA influence from that of other organiza-
tions. It was to deal somehow with this massive NASA influence that
the format of the present Technology Survey was evolved.

The entire range of current tape recorder technology is presented
here in survey and outline form. Except in isolated cases, no attempt
is made to say that NASA has been responsible for this or that aspect
of the commercial recorders currently available. It is believed that
the technology for the acquisition of which NASA 1s at least in part
responsible can best be made available to industry by presenting a
broad view of the current state of the art. Both to the user and to the
potential designer of sophisticated magnetic recording equipment such
a survey should provide some assistance. It is hoped that the user will
be made sufficiently aware of the capabilities and limitations of mag-
netic recording that he can make proper system decisions in his utiliza-
tion of magnetic recording. To the designer this report may not seem
as sophisticated a document as it will to the user, but it may, by
emphasizing the user’s problems and interest, guide in some small
measure the development of new recording instruments. In specific
instances, the breadth of the survey will make it possible to present
material not adequately presented previously in either periodical or



INTRODUCTION 3

textbook literature. Although not exhaustive, the coverage has been
designed to be complete enough to give warning where problems of
development or extension of recording capabilities may exist.

The purpose of magnetic recording 1s to receive electrical signals of
a wide variety and to record and store those signals in a form which
allows their accurate reproduction at a later time. The ideal recorder
is one for which the only difference between the electrical signal re-
ceived by the recorder and that reproduced by the reproducer is the
gross time delay between recording and reproduction. All the charac-
teristics of the electrical signal should be preserved perfectly.

To describe the accuracy of reproduction, the same terms may be
used that are used to describe the accuracy of transmission of an
electrical signal through some transmission means. Typically, such
transmission is described in terms of signal-to-noise ratio, bandwidth,
and distortion of various types, including both phase and amplitude.
Of relatively small importance in most transmission systems is any
disturbance of the time scale of the signal, although such disturbances
are encountered in sky wave radio transmission and VHF transmission
subject to variable diffraction. Time scale disturbances are, however,
inherent in any recording process.

The state of the recording art can thus be described in terms of the
standard electrical characteristics of the transmission system, to which
must be added specification of disturbances of the time scale of the
input signal. As in most complex systems, the various electrical per-
formance characteristics as well as the time scale disturbance are in-
terrelated in the typical recording system. Likewise, almost every
element involved 1n the recording part of the process and the mecha-
nism transporting the recording medium has some effect on all the
characteristics by which the performance of the overall system is
described.

In addition to the effect of the recording and reproducing process
on the signals handled as in a transmission system, the storage process
has another dimension. This dimension is the volume of storage
medium required to preserve a signal or signals of particular perform-
ance characteristics and lasting for a given length of time. This
storage volume parameter is supplementary to the “nonsignal” param-
eters which recording shares with other transmission systems. Such
nonsignal parameters include volume, power consumption, and physi-
cal dimensions as well as weight.

The presentation of the recording art is made for several purposes,
including advising the reader what he may find available in the way of
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capabilities of solving his recording problems as well as the tutorial
purpose of establishing the design principles which have led to this
current state of the art. To accomplish both these purposes, the survey
presentation is organized at several levels. Initially the interrelation-
ship between the elements of the process and the effects on recording
performance will be described in general terms. The several elements
of the recording process will be separated and characterized in gen-
eral terms. Under each of these elements the basic design principles
will be presented, and in this process, the effect of the elements on
performance will be analyzed. Where necessary, separate analyses
will be presented of the relationship between process elements which
cannot actually be separated in such a straightforward manner. At
the conclusion of this synthetic process a final presentation of complex
complete recording systems will be made, and these complex systems
will be analyzed to show design philosophy, information flow, and
the complex tradeoffs necessary between the various elements of a
complete recording system.



CHAPTER 2

The Field of Magnetic Recording

It would be neither practical nor appropriate to include in this
survey, in -detail, every current application of magnetic recorders—
impractical because the field is too wide, inappropriate because this
NASA-supported study should not range too far from NASA’s spe-
cific interests in recorders. To place NASA’s areas of greatest concern
in perspective, this initial section will, however, contain a brief de-
scription of the entire broad field of recording applications. In light
of the background so presented the selection of the parts to be covered
in detail on the basis of NASA’s interests and uses will then be
discussed.

Covering in detail only selected types of recorders and recorder
applications will fortunately not result in the omission of any im-
portant technology. The field of magnetic recording contains such
internal relationships that all important aspects of recorder technology
will necessarily be covered in describing the relatively limited area in
which NASA is interested. There will be, however, one deliberate
omission—rapid start/stop mechanisms for tape transports to be used
as memories for digital computers will not be covered, on the basis that
their technology is in no way NASA-inspired.

ENTERTAINMENT RECORDING

Magnetic recording first made a name for itself in the field of sound
entertainment (broadcasting and disk recording). Wire recorders
had extensive use as “electronic notebooks” in World War I1, and crude
metal-tape recorders were used for such special applications as 1-
minute voice recorders for speech training in the 40’s. Not until
modern tape made of plastic and oxide became available and ac bias
made improved signal-to-noise ratio and fidelity possible did mag-
netic recording have any impact on broadcasting and professional
sound recording. The reusability of magnetic tape, the high signal-
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6 MAGNETIC TAPE RECORDING

to-noise ratio it provided (originally seeming almost limitless), and
the opportunity it gave for simple editing made tape appear to be the
answer to nearly every sound recording problem. Although disillu-
sion set in after the initial enthusiasm and few of the potentials of
tape proved to be as great as originally predicted, the net utility and
performance level of the magnetic recorder has continued to increase
over the years. It has not displaced the disk record and may very
well never do so, but 1t is now essential to the modern field of high- °
fidelity disk recording. Although the tape signal-to-noise ratio has
proved not to be limitless and, about 3 or 4 years ago, appeared to be
the factor setting an absolute upper limit to the utility of magnetic
tape for sound, recent developments have lowered the noise barriers
once more and even greater signal-to-noise ratio is now available.

The development of the use of magnetic recording for sound
naturally branched into two paths. One path led to the home recorder
used by the enthusiast to record sounds generated by him or his musi-
cal (or other) friends or to record sound radio broadcasts. With the
increased availability of such recorder/reproducers in the home, the
market for commercially prerecorded tape has developed until it is
now a major factor in the United States entertainment market. A
wide range of recorders for such application is available, from ex-
tremely crude battery-operated units costing a few dollars to equip-
ment which, at least in its nominal specifications, has performance
equivalent to that of professional recorders. Except for the crudest of
such recorders, they all follow the same mechanical scheme. They
differ in such sometimes controversial refinements as the use of torque
motors for supply and takeup reeling rather than less expensive
clutches or brakes of nominally poorer performance. The current
amateur recorder is, on casual examination, clearly related in mechan-
ical scheme to the first post-World-War-IT professional audio re-
corders; it may not, however, approach even the earliest models in
refinement and performance.

The other main path of development of the entertainment sound
recorder was directed to professional use. Except for minor varia-
tions, this development has consisted of refinement of basically the
same recorder that was introduced immediately following World War
II. Those early recorders were used for recording radio broadcasts
for later scheduling, and for recording the master tapes from which
disk records would later be made. Such recorders could be used for
editing their own tapes and the science and art of editing tape by
physically cutting and splicing it reached a high degree of refinement.
Within this general field, specialization has naturally taken place;
semiportable equipment 1s available for broadcast recording in the
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field and bulky equipment of extremely high performance has been
developed for production of master tapes in the studio.

The first magnetic sound recorders of 1946-47 were close copies of
the German broadcast equipment developed during World War II
(Hansell [1945]) (Ranger [1947]) (Lindsay and Stolaroff [1948]).
They delivered quite satisfactory tape moving performance for
applications where the human ear was the judge of the smoothness
of tape motion and there has therefore been little encouragement for
improvement in sound recorder mechanical design. The parallel
development of magnetic recording for sound in motion pictures used
the same mechanisms as were already in use for motion picture
optical sound tracks, and such mechanisms are in use to this day.
The relatively stiff sprocketed film is simply coated with magnetic
material and placed in basically the same mechanisms that were de-
veloped -for optical recording -(Miller - [1947]). Attempts have
been made to apply this motion-picture based technique of sprocketed
tape handling to instrumentation recording without much success.
Interestingly enough, a part of the motion picture recording technique
was carried over later to instrumentation recorders but in such a form
that, although the parent equipment and its descendants resemble each
other physically, they do not really operate on the same principles.

INSTRUMENTATION RECORDINGS

It was soon obvious that, by simply running the tape faster, sound
recorders could be adapted for the recording of scientific information
in analog form. For scientific use one does not usually know what
the spectrum of the signal to be recorded will be, so it is necessary to
expect any signal amplitude at any frequency. The high-frequency
preemphasis which contributed heavily to the signal-to-noise ratio of
sound recording was therefore not usable for scientific applications.
The signal-to-noise ratio achieved by early instrumentation recorders
was naturally much worse than would have been expected by scaling
up from the sound recorders which preceded them.

By modern standards, the first instrumentation recorders were rather
crude. The signal-to-noise ratios were marginal for many applica-
tions and they had a lot of flutter. This flutter included some at rela-
tively low frequencies which might have bothered the audio user and,
with higher bandwidths, the high-frequency flutter originating in
tape scrape and in the vibration from unsupported tape also became
important. These early recorders, nevertheless, made possible the
acquisition of data which previously had been inaccessible and they
were hailed with enthusiasm. Certain of their shortcomings were,
perhaps, inadequately evaluated. The broadenmg of the spectrum

788-028 0—65——2



8 MAGNETIC TAPE RBECORDING

of a desired signal by the broadband flutter that was invariably pres-
ent somehow did not seem important to many early users, and many
early recordings may reproduce data signals which resemble the
flutter characteristics of the recorder more closely than they do the
characteristics of the instrument from which the data was acquired.
Only recently has the subtle damage which this broadening of spectrum
can do been fully understood and an intensive effort made to eliminate
it (Ratner [1965]).

It was not long before the instrumentation user demanded recording
equipment with better signal-to-noise ratio and with dc response. FM
recording on the tape was then introduced to supplement direct or
analog recording. Even with the relatively high flutter of early
instrumentation recorders, FM recording offered advantages in signal-
to-noise ratio and permitted obtaining de response. Broadband flutter
was, of course, the major limitation on the utility of FM recording,
and flutter compensation techniques were soon devised (Peshel
[1957]). These techniques removed a good deal of the noise produced
by the flutter but left the initial flutter in the recovered data. It is
only quite recently that this data flutter has received major attention.
Flutter reduction has been the mam mechanical design goal of instru-
mentation recorder designers. The original open-loop tape handling
system borrowed from audio recording soon began to give place to
so-called “tight-loop” tape drives which minimized the amount of
unsupported tape and the consequent high-frequency flutter problems
and provided improved isolation of the uniform tape motion from
external disturbances (Schoebel [1957]).

As the use of instrumentation recording broadened, instrumentation
engineers adapted new kinds of modulation to their systems for tele-
metering data. They became interested therefore in recording these
new kinds of modulation. The tape recorder had to be able to deal
with pulse amplitude modulation, pulse width modulation, and pulse
position modulation as well as frequency modulation. More recently,
pulse code modulation has acquired great importance for telemetering
precise data, and more sophisticated pulse schemes such as pulse
frequency modulation and single-sideband frequency modulation have
come into use. The characteristics of instrumentation recorders had
to be modified to deal adequately with such modulation schemes, and
the instrumentation recorder has gradually become a complex modular
assembly made up of a basic tape moving mechanism plus an almost
hmitless number of plug-in units to adapt the recorder to the many
types of signals it must handle.
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TRANSVERSE RECORDING

While in the middle 1950’s sound recording for entertainment was
developing in a straightforward nonspectacular way and the perform-
ance of instrumentation recorders was likewise slowly improving, the
rotary-head recorder, developed to record entertainment television
signals, suddenly- appeared on the scene and made available greatly
increased recording capability (Ginsburg [1957]). This recorder used
transverse recording paths across a wide tape in order to obtain high
head/tape speed without correspondingly high longitudinal tape
speed. Because the signal recovered from the relatively narrow track
used in this recorder was nonuniform in amplitude, a frequency modu-
lation scheme was used. This modulation system violated all the nor-
mal rules of FM and could almost be proved by engineering calcula-
tions to be impossible (Anderson [1957]). However, the particular
form of signal distortion which it produced did little damage to the vis-
ual effect of a television picture reproduced from such a modulation
scheme. Since this visual effect was the ultimate criterion for evalu-
ating this recording technique in its initial application, this “impos-
sible” recording mode was quite successful. It made possible record-
ings with a bandwidth of greater than four megacycles and the
instrumentation engineer soon attempted to apply this recorder to his
requirements. In these more severe applications, the peculiar transfer
characteristic of the “video recorder,” quite satisfactory for television
use, made it a relatively poor analog recorder but quite a good pulse
recorder.

Abont the time that the video recorder became available for instru-
mentation use, interest developed in so-called predetection recording
(Klokow and Kortman [1960]). In predetection recording a data
signal is intercepted in the telemetry receiver IF before it has been
passed through the final demodulator and is heterodyned down into a
band which can be recorded directly on an instrumentation recorder.
In simplest terms this scheme has the advantage that the instrumenta-
tion engineer gets a “second chance” in his choice of the demodulation
mode with which he will recover his final data signal. When the
received signal is marginal in quality it gives him an opportunity to
derive the optimum amount of information by optimizing his second
detector. Since frequency modulation is almost universally employed
for the RF transmission link of telemetered data, the predetection
recording is made from an FM carrier. The signal-to-noise ratio
improvement of FM over AM then takes place after playback and the
requirements on signal-to-noise ratio in the recorder are therefore not
severe. Relatively low signal-to-noise ratios in predetection recorders
are quite useful. More recently, the predetection technique has been
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applied where no existing recorder has the necessary characteristics to
record the post-detection signal, ie., in the case of single sideband
frequency modulation of data onto the multiplex input to the tele-
metering transmitter.

Longitudinal tape speeds have been pushed up to 120 inches per
second and the number of cycles recordable per inch has been greatly
increased, and predetection recording is now done with both the rotary
head and longitudinal recorder (Riley [1962]). The difficulty of
eliminating the time base instability in the rotary-head recorder, result-
ing from switching its rotating heads four times per head drum turn,
has somewhat delayed its acceptance for predetection recording. The
linear recorder, now able at 120 inches per second to record a 1%
megacycle bandwidth, has almost monopolized the predetection field.
The wider bandwidth of the rotary-head recorder is essential, however,
for some predetection applications, and with newly developed time-
stabilization and slow-switching techniques it now provides the best
overall time stability of any recorder (=25 nsec) (Ampex [1964]).

DIGITAL RECORDING

The term “digital recording” is used here, in a somewhat inaccurate
sense which it has acquired through extensive use, to cover magnetic
recording in equipment peripheral to digital computers. “Digital
recording” in the more general sense, i.e., the recording and reproduc-
tion of pulses which represent numbers in the typical digital com-
puter format, is widely used in instrumentation recording. However,
the digital recorder, in the sense of this particular subtopic, provides
mass memory for a digital computer.

Since the digital computer operates on the principle that all the
data with which it deals is in the form of binary numbers, every
binary digit of each number has almost equal importance for the
accuracy of the overall results of the computation. Although error-
checking and error-correcting techniques are available, the data stored
m the memories of a computer must be essentially perfectly accurate
if the computer 1s to be successful. When magnetic tape recording
is used for the mass memory function, it is required to conform to this
rigid standard of accuracy. The design of a tape recorder for asso-
ciation with a computer must obviously be extremely conservative; the
density with which digital computer data is recorded has lagged by
5 or 10 to 1 below the density used for other recording applications.

‘When the need for extensive mass memory for computers first be-
came apparent, magnetic recording on drums and disks soon was
applied to this service, and continues to be so applied to this day.
The drum or disk produces a continuous flow of data, but any par-
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ticular piece of data is not accessible at any particular instant; it
becomes accessible when the drum or disk has turned. Computer
systems and static electronic submemories were designed to comple-
ment drum and disk memories and deal with this inherent accessibility
delay. Part of the requirements of such rotary memories were car-
ried over to initial applications of tape memories. The tape memory
of the recorder of a modern digital computer is typically used to
“dump” relatively large masses of data either into a static electronic
memory or into a subsidiary drum or disk memory, and, similarly, to
accept a batch of data from one of the submemories in a relatively
sporadic operation. An essential requirement of a computer tape
transport is therefore the ability to start and stop very rapidly on
command. A modern computer may operate at a bit rate from about
100 Kkilobits per second up to a megabit per second or higher. A delay
in starting of a millisecond or two on the part of a tape transport
represents the passage of a long time in computer operation. Digital
tape recorders for computer use therefore typically start in between
14 and 10 milliseconds and stop in about the same length of time. The
rapid stop is essential to efficient utilization of the tape area, since a
longer stop period means that a larger area of the tape is not available
for recording data.

Fast start/stop transport mechanisms for digital computers usually
use storage columns in which the tape is retained by vacuum or, in
some transports, by an array of rollers mounted on light movable
spring-loaded arms which store a few feet of tape. These storage
mechanisms provide a supply of tape to the heads and capstans while
the relatively massive reels are being accelerated or take up the tape
while they are being decelerated.

Several tracks (usually 7 to 16) are recorded across the width of
digital computer tapes and, as the density of the recording on the tape
goes higher, it becomes more difficult to maintain the proper time
relationship between data spread across the various tracks. Fixed
misalignment between head and tape produces “static skew,” and other
than perfect guiding of the tape as it passes the head results in “dy-
namic skew.” Both effects damage the time relationships between
the data on the several tracks. The reduction of dynamic skew re-
mains a major problem in computer tape transports. The problem
is so severe that formats are often designed to avoid insofar as possible
requiring association of data distributed across the tape, and to favor
distributing the data in a given “word” serially along an individual
track. Complex local storage buffers have been designed to permit
the data from various tracks to be stored locally at the relatively
irregular rate at which it may arrive from the far-from-flutter-free
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tape transport so that, at the other end of the buffer, the local computer

clock can move the data out at the precise rate the computer requires
(Gabor [1960]).

AIRBORNE RECORDING

The term “airborne recording” is used here to cover the application
of all those recorders, usually rather small and light, which must per-
form on aircraft, missiles, or satellites. Such recorders must operate
unattended with great reliability and survive rather unfriendly en-
vironment. They generally have a balance between design factors
quite different from those of equipment used in friendly environments
on the ground. The term “airborne” is often not quite accurate be-
cause in quite a few applications recorders of this class do not fly in a
vehicle of some sort but must meet all of the other requirements typical
of “flying” conditions. The term is chosen for convenience rather
than accuracy.

It was initially extremely difficult to provide any kind of reliable
performance in unfriendly environments and early airborne recorders
were extremely crude. But recorders for such programs now as Nim-
bus, OGO and OSO are quite impressive performers even by ground-
based standards. Such superior performance is, however, the excep-
tion, and a deliberate choice is often made to minimize the performance
requirements placed on the airborne recorder at the cost of placing
more severe requirements on the ground recorder which will receive
the playback from the airborne unit. Compensating means sometimes
are also provided for correcting errors produced in the airborne unit
to produce an overall data transmission link of a quality impossible to
achieve otherwise.

THE SCOPE OF THIS SURVEY

The primary development of tape recorder technology for NASA
use has been in the area of the small airborne high-reliability recorder.
At the same time, NASA has been a major customer of ground-based
equipment and NASA engineers and contractors have devised elab-
orate systems for sophisticated application of such ground-based
equipment. In a deliberate and arbitrary way the scope of this
survey is limited to these two fields.

By definition, therefore, the “high-fidelity” audio recorder is elimi-
nated, but where audio recording is associated with instrumentation
recording 1n the form of a voice monitor or a cue track it is included,
at least by reference. That a bio-medical recorder for use in the
Gemini program happens also to carry a voice track does not eliminate
it from the survey. Nor are certain instrumentation recorders which
can also be used for audio service eliminated on this arbitrary basis.
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The digital recorder, in the sense of the fast-start/stop recorder for
computer peripheral use, is specifically eliminated as being beyond
the scope of the survey. Most of the technology of such recorders,
except for the fast-start/stop mechanism itself is, however, covered.

The magnetic recorders covered in this survey include, naturally,
not only the recorders developed specifically for NASA’s uses but
also commercially available units which NASA has purchased. These
commercially available units include “off the shelf” items in the case
of large ground-based recorders as well as airborne recorders developed
for other services which have been purchased and used by NASA. In
this discussion of recorder types no distinction will be made between
those developed for and those simply purchased by NASA. The
classification of recorders will be based on technical characteristics
rather than sponsorship.

Recorders employed-by NASA can be divided mto two groups
roughly on the basis of size and weight. One group of recorders is
mntended to be installed in a more or less fixed position on the ground.
Such recorders can be large and heavy and are usually provided with
fairly friendly environments during operation. The other large group
of recorders for NASA’s applications is made up of those which are
air or space-borne. Such recorders are subjected to unfriendly en-
vironments in both operation and nonoperating modes, must be small
and light, and must use very little power. Recorders of this second
class are not accessible for maintenance or for changing the recording
medium. They therefore must be extremely reliable and must provide
operating modes which use and reuse the recording medium very
effectively.

GROUND-BASED RECORDERS

The products of six manufacturers dominate the field of ground-
based recorders currently purchased and installed. These recorders
have basic similarities and differ only in certain performance figures
and in the flexibility with which they may be applied to different tasks.

Mechanically, such recorders are typically reel-to-reel devices,
usually taking a full 14-inch diameter reel, and employ a closed-loop
tape metering system (chapter 6). They all employ some form of
tension servo designed to regulate the tension at the entrance (and
sometimes the exit) of the closed loop. These tension servos may
themselves be of the (electrical) open- or closed-loop type and range
from those which determine tension by measuring differential supply
pressure in an air-lubricated turn around post to those which shine
a light past the tape reel onto a photocell to determine how much tape
remains on the reel.



14 MAGNETIC TAPE RBECORDING

Typically these machines use torque motors for takeup and for
supply reel holdback. Some use mechanical brakes for starting and
stopping but others use dynamic braking of the torque motors them-
selves for dealing with transient conditions. These latter usually
employ some sort of solenoid-operated “brute force” dog brake to lock
the reels when the recorder power is shut off.

These machines may also be divided into those which do and do not
use differential capstans. Those not using differential capstans use
a single capstan for defining both the exit and the entrance of the
closed metering loop. These machines depend on the maintenance of
entrance and exit tensions to assure tension within the closed loop but,
as discussed in chapter 6, they are not alone in requiring this condi-
tion. The differential-capstan machines are further divided into two
groups. One type employs a “two-diameter” capstan (described
later), with separate pinch rollers causing the tape to touch the larger
or the smaller diameter of the capstan in order effectively to meter
more tape out of the closed loop than is metered in. The other type
of differential-capstan machine employs either two capstans of dif-
ferent diameter driven at the same speed or capstans of the same
diameter driven at shghtly different speeds to accomplish the same end.

Most of these machines provide tape lifting facilities of one kind
or another so that the tape does not run across the heads when it is
being moved rapidly forward or rewound. These may either be literal
tape lifters which operate to move the tape away from the heads or
may accomplish the same result by moving the heads away from the
tape. The implication of the provision of this feature is that much
shuttling back and forth of the tape is often involved, as it is indeed
for certain applications of such recorders. In a tracking station a
recorder may simply be used to record an original tape which is then
taken off the machine without rewinding since the station procedures
are usually based on minimum local tape handling and minimum use
of the machines which do the essential initia] recording. Auxiliary
to the work of such recorders, sometimes in the station, and more often
in data reduction centers, much shuttling back and forth, rewinding
and dubbing of tapes takes place and the tape lifters are useful in
these applications.

Currently available ground machines provide wide variation in
their flutter and time displacement error performance. The (abso-
lute) time displacement error varies at present with commercial ma-
chines from plus or minus a quarter millisecond to plus or minus half
a microsecond at a tape speed of 120 inches per second. Two machines
may have similar flutter performance although they differ to this
degree in time displacement error performance. The low-time-dis-
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placement-error machines have improved low-frequency flutter but
the high-frequency flutter follows about the same pattern as in other
recorders. The combined flutter of the low-time-error machines there-
tore is similar to that of more conventional machines. The goal in all
recorders tends to be limitation of the amount of unsupported tape in
the vicinity of the heads, since this unsupported tape is generally
believed to be the source of the high-frequency flutter which for many
wideband applications is the significant flutter.

Such machines invariably are fitted with speed-control servos. This
control mechanism can be a rather straightforward device which makes
. a record of the precise frequency of the local power at the time that the
recording is made so that the machine can be locked to the local power
* on playback. It may also permit locking a recorder reference tone to
a local crystal oscillator at the reproduce point within a half-micro-
second on playback. In accomplishing this wide range of speed con-
trol, the machines use both direct and alternating current motors; at
one time one manufacturer used a number of very small de motors
to minimize the rotating mass, and in another case, a printed circuit
motor is used for the same reason. In general, dc motors seem to be
preferred for tighter speed control.

Starting and stopping such recorders is an important problem and
significant differences exist between the various models in the way in
which they treat the tape during such transient conditions. The
modern recorder usually starts in a rather complex way, often bring-
mg the supply and takeup reels up to speed before the pressure roller
clamps the tape against the capstan in order to minimize starting
transients. (Some manufacturers emphasize that they do not do
this.) When the start-stop controlling mechanism fails or is mis-
adjusted, errors may be produced in the recordings and the tape
damaged may be beyond repair. The user’s choice between recorders
often is made on the basis of how well the individual unit deals with
the start-stop condition rather than on some of the numbers in the
overall specification.

Although many tape recorders still in use on the ground have vac-
uum-tube electronics, all those currently supplied for the more so-
phisticated services are entirely solid state. Occasionally tubes may be
found in the servo motor-drive amplifiers of a machine which is other-
wise solid state.

As described later (chapter 4), there are many different record
and playback “modes,” almost every one of which requires its indi-
vidual electronics assembly. Broadband FM, direct record, PAM,
PDM, PCM, and predetection recording modes are all encountered in
modern installations. In tracking stations it is common for each of
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these modes to be provided for almost every track of multitrack re-
corders since such tracking stations have to deal with the output of a
wide range of satellites with a correspondingly wide range of re-
cording requirements. In data reduction stations, more limited flexi-
bility may be provided, although in some central data handling
mstallations the full range of normal modes is required and is ex-
tended by special playback modes required by peculiar recording
conditions. This latter condition is particularly true where data is
recovered by playback from an airborne unit and is to be reduced on
the ground. It is a major feature in such recorders for most of their
applications that they be easily and logically converted from one
mode of operation to another and that several tracks on the same tape
can successfully be used simultaneously in different modes.

Ground-based recorders are subjected to routine preventive main-
tenance and to continuous calibration and checkout procedures. Im-
portant features of such recorders are long head wear and uniformity
and stability of calibration. Difficulty in providing these features may
not be crippling, however, since in a particular situation an expensive
and elaborate maintenance procedure may be worth while if it makes
available an otherwise unavailable special recording mode. Typically
such machines operate in rooms in which human beings are reasonably
comfortable and, although they may be subjected to dampness or dust,
the environment is usually similar to that of the laboratory in which
the equipment was developed.

FLIGHT RECORDERS

Typically the flight recorder is small, light, and uses very little
power. These characteristics outweigh the importance of most of
the electrical performance features which are significant in ground-
based equipment. The exact specifications of a spaceborne recorder
usually are determined by deciding how much the miniature unit can
be simplified at the price of elaborate methods of processing its out-
put on the ground. Flutter, for example, may be accepted in a flight
recorder with the specific intent of using elaborate flutter compensa-
tion at some later process in the reduction of the data from the
recorder.

The tape in a flight recorder may be transported from reel-to-reel
or supplied from and taken up into an endless loop. Although the
reel-to-reel configuration has fewer uncertain mechanical problems, it
usually limits the playback modes available and requires relatively
complex control techniques. Most endless-loop recorders are so con-
structed that continuous slippage takes place between many layers of
tape in the tape pack. Reel-to-reel recorders often have been used
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where an endless-loop machme was more logical because of the poten-
tial unreliability of the loop device.

Flutter in flight recorders may be acceptable when it is up to 10 or

20 times as severe as in ground-based equipment. Either providing
enough mass for straightforward flutter reduction techniques or a re-
fined enough mechanical filter or servo control mechanism usually
adds too much undesirable weight or complexity for adequate reli-
ability in unmaintained equipment. One percent peak-to-peak flutter
is perfectly acceptable for a flight recorder. The usually severe en-
vironment of the flight recorder also requires that such items as pres-
sure rollers or resilient elements be used with care because of problems
of failure of the specialized materials involved. Many flight recorders
even eliminate the capstan pressure roller entirely by providing a
large wrap around the capstan.
. There are two major classes of spaceborne recorders. One class is
used in satellites where the typical application 1s to obtain data during
an entire earth orbit and to return it to a receiving ground station dur-
ing the relatively short time when the satellite is in radio view of the
ground station. These recorders therefore have relatively slow record
and fast playback characteristics. The other class of recorder, used
mainly for deep space probes, operates in exactly the opposite way.
Data is recorded in real time at a fairly conventional rate but is played
back at an extremely slow rate because of the bandwidth limitations of
transmission over interplanetary distances. The high ratio of record
to playback speeds raises both electronic and mechanical problems in
this application. For some space applications, where the playback
speed may be one one-thousandth of the record speed, the problem is
particularly severe.

The most important single characteristic that distinguishes the flight
recorder from one based on the ground, in the current period of rela-
tively large boosters and somewhat relaxed weight and power re-
quirements for such machines, is the extreme reliability required.
A recorder that is to be used for space or satellite probe application
must usually have an unattended failure-free life of at least 1 year.
The problems of mechanical reliability under these conditions have
proven to be the most severe to overcome.

A secondary class of flight recorders includes those which do not play
back on command to produce signals to be telemetered to 2. ground sta-
tion but in which the tape itself, along with the recorder, is recovered.
These fall roughly into two groups. In studying reentry conditions
the recorder travels with a reentry test object and records what hap-
pens during the severe accelerations and decelerations of reentry.
Such a recorder must be able to withstand a severe mechanical en-
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vironment and survive so that the tape may be recovered. A related
application is one in which transmission is blacked out by flame at-
tenuation of boosters or separating rockets during part of a research
investigation. To obtain the data that normally would be transmitted
via radio waves to the ground during this blackout condition, a re-
corder records continuously and reproduces continuously, the repro-
duced signal having a fixed delay relative to the recorded signal. By
recording both the original and delayed signals on the ground, a
flame-attenuation blackout of 10 to 50 seconds would not cause any
data to be lost. The recorder and tape do not, of course, have to be
recovered, but the construction must be as rugged as that of a recover-
able unit.

Another group of recorders producing recoverable tape 1s associated
with manned space flights. These recorders have to survive a some-
what rugged environment but, since they travel with a man, they are
usually treated little worse than the man. They must be reliable and
have long playing times to produce archival records over an extended
mission of information otherwise transmitted directly. Beyond this,
the requirements on these units are not too severe.



CHAPTER 3

The Elements of the Tape Recorder

Certain common elements are basic to the operation of every mag-
netic tape recorder. These are a recording medium, recording and
reproducing transducers, a mechanism for moving the medium past
the transducers, and electronic devices which process the input and
output signals (and sometimes control the tape-moving mechanism).
Each element affects the performance characteristics of the complete
recorder, and the influence of each element interacts with that of the
others.

THE RECORDING MEDIUM

Although several forms of magnetic recording media are cur-
rently in use, one form monopolizes most applications. This medium
consists of a thin plasti¢ backing or base on which is coated micro-
scopic magnetic oxide particles dispersed in and bound to the base
by a thermoplastic or partially thermosetting binder. The action of
this form of medium will be discussed in detail (chapter 9) ; that of
the less common forms will be reviewed briefly in relationship to the
rather specialized applications to which these forms have been applied.
Other media of some importance include metallic nickel-cobalt layers
electroplated or electroless-deposited on a “base metal” carrier, usually
of phosphor bronze or similar material, and metallic coatings of the
same general type placed on a plastic base.

When the oxide-particle recording medium moves past the magnetic
field of the recording head, each of the very large number of particles
in the magnetic coating is somewhat differently affected by the record-
ing field. When a particular section of the medium has moved away
from the record field, remanent magnetization is left in the medium.
Just as the magnetic material is made up of many different particles,
the remanent magnetization is made up of the magnetic effect of a
large number of individually magnetized particles. When this com-

19



20 MAGNETIC TAPE RBECORDING

posite remanent field is passed over the intercepting gap of the repro-
ducing head, each magnetized particle has its individual effect in
inducing flux into the reproduce head and, hence, signals into the
recorder output. The net process is thus one of transmitting the
signal from the input of the recorder to the output of the reproducer
in the form of the integrated influences of a very large number of
individual particles. That the coating is particulate rather than con-
tinuous is thus important to the recording process and the total num-
ber of particles is a significant operating parameter. Interaction
between the large number of individual particles also makes the opera-
tion of the medium complex.

In most information transmission systems a certain number of
samples (electrons, film grains, magnetic particles) proportional to
the average instantaneous value of a signal is transmitted. The num-
ber of such samples received is subject to a statistical random varia-
tion around the average to an extent dependent on the number of sam-
plesinvolved. This is an elaborate way of saying that in the magnetic
recording system, as in any other discrete-sample (electron, grain,
particle) system, the fundamental signal-to-noise ratio of the received
signal depends on the number of samples transmitted, or in this case,
on the number of magnetic particles involved (Schade [1948]). This
signal-to-noise ratio is roughly proportional to the square root of the
number of particles. There are, of course, other sources of noise beside
this basic one (Mee [1964]), but in general, the more particles in the
magnetic medium, the better the signal-to-noise ratio.

An important qualification to that last statement is: “all other
things being equal.” When particle size changes, almost all the other
magnetic properties of the particle change. The total remanent flux
and the magnetic stability of the medium decrease if one simply
changes particle size without changing anything else (same total
volume of magnetic material). The art of making the modern mag-
netic particle dispersion includes, among other things: (1) obtaining
enough total remanent magnetism; (2) having as large a number of
particles as possible; (3) holding the particles mechanically firmly
on the base; (4) retaining other important magnetic characteristics
such as “squareness ratio” and high saturation magnetization; and
(5) making the particle dispersion perfectly uniform (see chapter 9).

The tools available to the magnetic medium (tape) designer mnclude
making minor changes in the chemical (and hence magnetic) proper-
ties of the particles as well as changing their size. The exact nature
of the oxides used by the various tape manufacturers 1s probably
guarded by them more carefully than any other trade secret. It will
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not be possible to discuss other than the crudest outlines of the influ-
ences at work in this field because most knowledge is maintained on
a completely proprietary basis.

In any group of very fine particles the same agitating influences
which lead to the familiar Brownian Movement are at work. There is
thus a certain thermal energy contained in the fine magnetic particles
of a tape. If the particles become smaller, the amount of thermal
energy of each particle eventually becomes greater than its magnetic
energy. Under these circumstances although a particle can be mag-
netized and aligned in a magnetic field, it immediately reverts to
random alignment when the field is removed (superparamagnetism)
(Mee [1964]). With particles this fine, the tape would not be able
to retain any remanent magnetism even at room temperature. Before
reaching this extreme state of instability, there are intermediate states
for intermediate particle sizes where only a slight increase in tempera-
ture or a shight amount of mechanical work (bending around a
mechanical guide) will affect the remanent magnetism of a recorded
tape, a situation which is not tolerable for precision recording and
reproducing.

For proper recording and reproduction to take place, the magnetic
medium must come into close contact with the record and reproduce
transducers. This means that the surface of the tape must be ex-
tremely smooth and the actual magnetic material must not be shielded
from the transducers by a perceptible layer of binder. At the same
time, the tape must be mechanically strong enough to retain the mag-
netic material in position when subject to frictional movement across
the head. The smoothness of the tape and head surfaces also controls
the uniformity of speed with which the mass of magnetic particles is
moved past the transducer. If either surface is rough, the medium
will fail to contact the head and the relative movement of the medium
past the head will tend to be irregular. Therefore surface properties
are also significant in determining the signal-to-noise ratio.

Action affecting the signal-to-noise ratio thus occurs at the surface
of the tape, or more exactly, the surface at which the tape and the
transducers interact. Within the tape an analog to surface smooth-
ness, that is, the uniformity of dispersion of the magnetic particles,
similarly affects signal-to-noise ratio. The gaps of the recording and
reproducing transducers deliberately introduce sharp discontinuities
in the external effects of the magnetic properties of these transducers.
At these points of sharp discontinuity the detailed structure of the
medium interacts with the transducers. Nonuniformity in the de-
tailed structure of the tape, that is, of the uniformity of dispersion and,
hence, microscopic uniformity of magnetic properties, is examined
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in the recording and reproducing process. Hence, although made of
particles the tape must, in a sense, act as if it were perfectly uniform
for additional noise not to be created in the record and reproduce
process.

The factors discussed so far seem concentrated on the signal-to-
noise ratio. Suppose, now, that the thickness of the medium were
increased. Assuming their size is maintained the same, the number
of particles involved in recording would also be increased. From
what was said above this would appear to increase the signal-to-noise
ratio. It would do so, but only for long wavelengths, that is, for
signals requiring low recording resolution. To record with high
resolutton, that is, with good mechanical definition on the tape, the
influences of the recording and reproducing transducers must be
limited to short distances along the direction of tape motion. As we
will see elsewhere, increasing the distance of portions of the medium
from the transducer decreases the definition with which the transducer
is able to specify the record and reproduce points for those portions
of the medium (Eldridge [1960]). This happens in the parts of the
thick coating far from the transducer. Therefore, for good perform-
ance at both short and long wavelengths, the tape coating must be as
thin as possible and still produce a large enough reproduce signal.

Desirable characteristics of the medium are, then, that 1t have as
large a number of particles per unit volume in the coating as possible,
that the coating be physically as smooth as possible, that the dis-
persion of particles within the coating be very uniform, and that the
magnetic properties of the material be such that as thin a coating as
possible can be used for a given signal. The importance of these prop-
erties of the medium is only slightly influenced by the properties of
other parts of the record system.

RECORDING AND REPRODUCING TRANSDUCERS

Except for very special applications, most magnetic tape recording
and reproducing transducers in use today are of one single design.
The recording transducer or head consists of a closed magnetic circuit,
usually made of laminated high-permeability metal, in which a gap of
controlled dimensions is provided. On this magnetic circuit are
wound coils for inducing a magnetomotive force in the circuit. A
typical recording head is made of laminations roughly of the shape of
the letter “C,” placed together tip to tip to produce a structure which
usually looks like an O with flattened sides and a rounded top and
bottom. One of the two gaps in the structure 1s made as small as
possible and the other is made of controlled dimensions. This assem-
bly produces a fringing flux at the controlled gap which has elements
along the direction of tape movement past the gap and hence is able
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to produce a longitudinal remanent magnetization in the tape. The
physical forms of such record heads may vary widely but the essential
elements will be the same (chapter 8).

The typical reproduce head of the modern tape recorder is sensitive
to rate of change of flux or d¢/dt. The magnetic and electrical struc-
ture of such a head is esssentially identical to that of the record head.
The operating gap in the reproduce head, however, is usually con-
siderably smaller than that in the record head, and the windings of the
coil are designed to match the input 1impedance of reproducing ampli-
fiers rather than the output impedance of the recording drivers.
When the gap of such a head encounters the flux pattern recorded on
the tape, flux passes into the magnetic circuit and change in that flux
induces voltage in windings, hence d¢/dt.

Special reproduce heads are sometimes used. They may, for ex-
ample, be sensitive to the value of the flux rather than to its rate of
change. These are particularly useful where the tape moves so slowly
on reproduction that very little voltage is induced by a change in flux.
Such flux-sensitive heads include those in which the presence of the
flux from the tape n the front gap modulates the reluctance of a par-
tially-saturated magnetic circuit supplied with an external flux source
so as to change the total amount of flux in the circuit. The external
flux applied is usually alternating and the output signal is thus a
carrier modulated by the tape flux. Many variations of this scheme
have been used. Another common flux-sensitive head is made by in-
troducing a piece of semiconductor material particularly sensitive to
the Hall effect into either the front or the back gap of the head. These
specialized forms of heads will be considered later.

An important characteristic of the common heads just described
1s that they define sharply the fringing flux field at the point where
they contact the tape. This requires extreme precision and accuracy
of mechanical construction. Typically, the mating faces of head gaps
are lapped to optical finishes as are the rounded surfaces of the front
of the head which contacts the tape. The head structure is usually
made of a ferrite or of metal laminations from 2 to 6 mls in thickness.
Ferrites are particularly hard and, if they are properly constructed of
proper materials, have a very long wear life. Ferrites also become
particularly useful at relatively high frequencies where losses in most
magnetic metals increase (above 2 megacycles per second).

The lines defining the sides of the gap of a precision head must be
perfectly parallel and perfectly straight to produce good resolution
and maximum utilization of the recording medium. This accuracy
must be accomplished with magnetic metals which tend to be rather
soft and to gall. Techniques of construction of such precision heads
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have been greatly refined in the last few years; heads of almost any de-
sired mechanical characteristics can now be made, although this was
not true 10 years ago.

The accuracy with which a head interacts with the tape is deter-
mined largely by the accuracy of construction and the finish of the
front of the magnetic head. The head also must not vibrate and must
be stiff enough so that it does not, by moving, become a part of the
problems of maintaining uniform relative head-tape motion.

THE TAPE MOVING MECHANISM

The function of the tape moving mechanism is to move the mag-
netic medium in a smooth and uniform manner past the recording and
reproducing transducers. The designer’s problems include both pre-
venting irregularities of motion originating within the mechanism it-
self and protecting the tape motion from external influences which
may tend to force the mechanism to move in an irregular manner. To
perform these functions properly the tape moving process is usually
separated into two steps. One step is that of supplying the tape from
a supply reel and winding it up on a takeup reel, referred to here as
“Tape Reeling.” The second step is that of metering the movement of
the tape past the transducers with uniformity, referred to as “Tape
Metering.” The design of the complete mechanism involves design-
ing as smooth a metering mechanism as possible and providing a reel-
ing mechanism which protects the movement within the metering
mechanism from disturbing influences originating in the supply and
takeup process or outside the recorder proper.

All parts of the tape moving mechanism, with emphasis on those
charged with metering the tape, must be designed to minimize the
typical irregularities of mechanical devices. Such irregularities are
nonuniformity of rotation from tooth effects in gears, motion jerks
from splices 1n drive belts, nonuniformity of torque with rotation in
bearings, out-of-roundness or runout in rotating members, and chatter
or stick-slip problems everywhere in the mechanism. In addition,
nonuniformity in drive from the prime mover, originating in cogging
in alternating current motors and commutator effects in direct current
motors, must be minimized.

In the takeup and supply mechanism, lumped together in the “reel-
ing” function, other sources of irregularity of motion are encountered.
Typically, elements of the reeling mechanism move more slowly and
have lower rotational rates than those within the metering mecha-
nism, and they often include frictional devices such as clutches or
brakes. The supply and takeup reels are often not part of the re-
corder but are brought to the recorder after a history of handling
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which is not under the recorder designer’s control. Reels which have
become warped or bent can seriously influence the operation of the
recorder.

In many flight recorders, an endless loop replaces the supply and
takeup reel. Such devices have entirely different motion irregularity
problems, resulting primarily from the requirement that the layers of
tape slide continuously past each other without chatter or hang-up.

Errors in any of the elements of the tape moving mechanism will, of
course, produce irregularities in the time scale of the reproduced
signal. In effect,such irregularities add a peculiar kind of noise to the
overall transmission. The significance of this noise will be discussed
in detail later. In addition to the obvious first order effect of the
signal not coming out at the expected time, there are second order ef-
fects of modulation of the time scale which produce spurious signals
particularly difficult to separate from the desired signals.

A particular point of interaction between the medium and the mov-
ing mechanism is the generation of high-frequency random speed vari-
ation at the point of friction between the medium and the transducer.
Wherever the tape is not continuously supported and, at one end or
the other of its unsupported section, passes with friction over some
portion of the mechanism, any lack of smoothness of the tape or of the
device over which it passes will tend to shock-excite the unsupported
tape into both lateral and longitudinal vibration. The effect of this
vibration is to produce a type of random speed variation with a broad
irregular spectrum which creates a kind of noise particularly difficult
to deal with. It is thus essential that the mechanism designer make
all parts which contact the tape as smooth as possible and minimize the
amount of unsupported tape in the tape path he chooses. Air lubri-
cation to support the tape completely free of frictional movement is a
powerful technique for dealing with this frictional excitation problem.

In the simplest tape recorder mechanisms the metering mechanism
may be driven by a governor-controlled or synchronous motor and
straightforward techniques may be used to provide the varying
speed-torque characteristics necessary for the supply and takeup reels.
In high performance recorders, however, some sort of servo control of
the tape speed is almost universal. At this point there is interaction
between the electronic elements of the recorder and the mechanical
elements. For the most sophisticated servo speed controls, interaction
takes place between the medium and the electronic and mechanical
elements of the recorder. (This speed-control interaction is supple-
mentary to the fundamental mechanism/medium/electronic inter-
action taking place at the transducer.)
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Speed control servos range from simple to complex. The simplest
servo control is used in connection with the synchronous motor drive
of the recorder and involves the recording of the frequency of the sup-
ply mains power by modulating it onto a carrier of the tape. This
carrier is played back while reproducing and the power frequency
derived therefrom is compared with the frequency of the reproducing
power source. Compensation is then provided to lock the two power
systems together. This type of servo guarantees that the average speed
of the recorder and reproducer are identical and therefore that there
will be no gross time error (Davies [1954]). It makes no compensa-
tion, however, for instantaneous speed variations. More sophisticated
servos have recently come into use in which an approximately 100 kilo-
cycle signal is recorded at the same time as the desired information
signal. This 100 ke signal is played back in reproduction and is com-
pared with a local crystal oscillator-generated signal. The instanta-
neous error between the timing of these two signals operates in a very
fast-acting servo loop so as to minimize the time displacement between
the recorded 100 ke signal and the locally generated signal (Schulze
[1962]). Within the last 5 years, the capabilities of such precision
servos have progressed from providing a gross time displacement of
plus or minus 5 microseconds at the normal maximum tape speed to
current time displacement accuracy of a half-microsecond.

The discussion so far has been limited to the characteristics and
performance effects of the tape moving mechanisms of essentially
isolated recorders. Only indirect reference has been made to such
external disturbing influences as variation in the supply power, volt-
age or frequency, mechanical shock and vibration. Large ground-
based recorders do in practice operate in an environment which is
essentially isolated. However, in many important applications, re-
corders are subject to extremely hostile environments. The tape mov-
ing mechanism then must be able to perform its basic function without
being seriously affected by such an environment.

Such a tape moving mechanism must not be seriously affected by
wide temperature variation or thermal shock and also must continue
to move the tape smoothly under severe mechanical shock and vibra-
tion. The design of such mechanisms often involves avoiding design
solutions which would be satisfactory if the environment were not
severe but which may magnify vibration effects or react catastrophi-
cally to shock. Specific design factors will be discussed in greater
detail later (chapter 11). The severe environment mechanical de-
sign decisions may, however, be characterized by citing a few specifics.

A formal decision is often necessary between shock mounting and
hard mounting the entire recorder, depending on the nature of the
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vibration environment and the structure of the device in which the
recorder is mounted. The design of a capstan bearing assembly, a
relatively straightforward process for a ground-based recorder, in-
volves for a shock-environment recorder discarding many potentially
useful ball bearings because they cannot survive shock; reevaluating
bearing loads and load life, and perhaps discarding whole system
designs because the recorder must also operate in a vacuum with its
lubrication limitations.

Although vibration and temperature problems may cause difficulties
with electronics it is in the mechanical elements of the recorder that the
severe environment raises the most difficult design problems.

ELECTRONICS

The electronics of a magnetic tape recorder must conform generally
only to the electronic requirements of other typical electronic equip-
ment for similar environments. In only a few specific areas is special-
ized electronic performance required for the recorder. These include
equalization and input amplifier signal-to-noise ratio.

The recording and reproducing process usually involves laying down
a magnetic pattern on the tape, the intensity of which is roughly pro-
portional to the intensity of the current passing through the recording
head. A reproducing device sensitive to the flux in the tape would
then approximately reproduce, except for secondary effects, an output
signal identical to that applied to the recording head. The most com-
monly used reproduce transducer is, however, a device sensitive not to
flux but to rate of change of flux. The output signal therefore tends
to be the time derivative of the record signal. The signal emerging
from the reproduce transducer must thus be integrated in order to
reconstruct the recorded signal in the output. In the linear (analog)
recording mode, and in many nonlinear recording modes, this integra-
tion of the signal takes place in the electronics. It is often accom-
panied by the post-emphasis or equalization needed to compensate for
wavelength (and hence frequency) signal intensity losses occurring in
recording and reproduction as well as to remove the effect of pre-
emphasis applied to improve signal-to-noise ratio.

Both recording and reproduction are scanning processes in which
the mechanical characteristics of the transducers interact with those of
the medium to produce typical wavelength-sensitive responses. As
in all scanning processes, both recorded and reproduced signals tend
to decrease in amplitude with decreasing wavelength on the tape.
Again, as in all scanning processes, there are actual nulls in the system
response where the effective gap dimensions of transducers bear cer-
tain relationships to the wavelengths of signals recorded on the tape
(Westmijze [1953]). Equalization to compensate for these mechani-
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cal effects must accompany the integrating process if the signal is to
be restored to its original form.

Any equalization process equalizes the noise generated both in the
tape and in the early stages of the electronic equipment along with
the desired signal. Magnetic recorders therefore have rather complex
and nonuniform output noise spectra. Combined with the degradation
of signal-to-noise ratio produced by the nonuniform spectra is the
normal tendency, as the storage capacity of the medium is pushed
farther and farther, for the signals reproduced to become smaller and
smaller. The net result is that the input amplifier which handles the
signal from a reproducing transducer in a magnetic recorder must
deal with a very severe signal-to-noise problem. In recorders operat-
ing at the limits of the state of the art, the noise capability of the input
amplifier rather than the noise of the recording medium may determine
the system noise performance. Many a recorder manufacturer has
been embarrassed when he found he could not take advantage of an
improvement in the recording medium because the noise in the mput
circuits of his reproducing equipment masked the improvement in the
characteristics of the medium.

The interrelationship between the medium noise and system noise 1s
quite complex and will be discussed later (chapters 5,9, 10). Where
precise control of the movement of the tape is obtained with a servo-
mechanism this relationship is further complicated. Relatively fast-
acting servos have recently been introduced to magnetic recorders to
control the motion of the tape, particularly on reproduction, by at-
tempting to minimize electrically the time error in a reference signal
recorded on the tape. The degree to which this time error can be
reduced 1is a measure of how much the overall performance of a record-
ing system which depends not only on amplitude but also on time
accuracy can be improved. Studies have recently shown that there is
a practical and theoretical maximum to the degree to which this im-
provement can be accomplished (Develet [1964]). This limit on
improvement is typical of many such situations in which error com-
pensating schemes, for which the improvement available has no theo-
retical limit, reach a practical limit when noise generated either in
the original system or in the correcting system succeeds in confusing
the compensation process.

Although electronic elements are essential to the transducing of sig-
nals relative to magnetic tape, the magnetic recording process is basi-
cally a mechanical one. The complete process generates an electrical
signal which depends on the combined effects of mechanically dis-
persed separate particles which contribute, depending upon their me-
chanical position and the smoothness of their mechanical movement,
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to the magnetic flux intercepted by a mechanical gap in a reproducing
transducer. Therefore, except for improvement in input amplifiers,
to which improvement there is a theoretical upper limit, progress in
magnetic recorders is made primarily through improvement in me-
chanical elements.

SUMMARY

This brief discussion attempts to relate the various elements of the
recording system to show the way in which their qualities interact
with each other. The organization of the analytic portion of this
Technology Survey is based on treating each of the individual elements
and their interactions more deeply. For this reason several chapters
are labeled with the detailed elements which make up the recorder and
reproducer. To these element chapters are added certain chapters'on
interaction. Specifically, the head/tape interaction process cannot be
discussed adequately by considering the head and the tape alone and
therefore the two are discussed in a combined section. Irregular tape
motion in the form of flutter and time displacement error is related to
both the tape reeling and the tape metering mechanism as well as in
part to head/tape interaction. Therefore a separate section analyzes
tape motion irregularity. The section immediately following this one
is entitled “Recording Methods” and deals with the various ways in
which the basic magnetic recording process can be used to produce
overall system-transmission to optimize certain qualities. This section
clearly partakes of elements of all the other sections. There is also
a brief analysis of the storage capability of magnetic recorders and a
discussion of the degree to which the theoretical storage capability is
currently realized in practical recorders. Beside the analysis of re-
corder elements and how they effect recorder performance, several sec-
tions have been added to make the Survey complete. One of these is
on “Methods of Testing and Evaluating Recorders” and one is on
“Complete Recording Systems.” This last section deals with the meth-
ods which are used by systems engineers to recognize the limitations
of each portion of the system and to design the system so as to minimize
the effect of these limitations. A third section partakes of both analy-
sis and system specification 1n describing the problems and current
solutions peculiar to the airborne miniature tape recorder in which
NASA’s specific development efforts have been concentrated.
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- CHAPTER 4

Recording Methods

Modern magnetic tape—a dispersion of magnetic oxide particles
carried on a plastic backing—was first put into widespread use at the
end of World War II. Some tape recorders used methods of record-
ing with this new type of tape which had been devised when the
available magnetic recording media were quite different. Recording
methods better adapted for wire or for tape rolled from magnetic
metals were thus used in some early tape recorders (Begun [1937]).
The recorded magnetic field was often perpendicular to the surface
of the tape, or was induced to lie in the plane of the tape by placing
recording head pole pieces on opposite sides of the tape. Such older
recording techniques have essentially disappeared from practical use.
“Longitudinal recording,” that is, with the remanent flux directed
along the direction of tape motion, induced by fringing flux sur-
rounding a gap in a closed magnetic structure in contact with one side
of the medium, is almost universally used. Some research and ad-
vanced development work is now being done in other than longitudinal
recording and in ways of achieving longitudinal recording by other
than the currently used means (Mee [1964]).

‘What is now substituted for the original variety of methods of im-
pressing the magnetic impulses on the tape is a variety of ways in
which the information to be recorded is processed before it is placed on
the tape and is reprocessed after reproduction. This processing in-
volves either recording the imnput signal directly or converting it to
pulse, FM or other form in a “coding scheme.”

The almost universally employed fringing recording field is pro-
duced by a precisely controlled gap placed in a magnetically soft
structure. By some means, the information to be recorded is caused
to vary the magnetomotive force applied to the magnetic structure and
the fringing field surrounding the gap in the structure correspondingly
varies the magnetic intensity operating on the magnetic material of

31
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the tape. As longitudinal recording densities have increased and
methods like those of magnetic tape recording have been applied to
drum and disc computer files, methods of recording other than by the
use of a fringing field have been investigated. No great strides have
been made in this area but some current work in the use of so-called
“horseshoe heads,” as yet unpublished, shows promise.

The various recording methods (coding schemes) used with mag-
netic tape fall broadly into two categories. One method, which might
be referred to as the “linear” method, operates on the basis that the
transfer characteristic of magnetic tape can be made to be approxi-
mately linear. By transfer characteristic is meant the relationship
between the instantaneously applied signal magnetomotive force and
the remanent magnetism in the tape. This is the basic mechanism used
for audio recording which gave tape recording its practical start dur-
ing World War II. Linear recording is achieved by mixing the
recorded signal with a high frequency bias. In the absence of the bias
the transfer characteristic of magnetic tape is far from linear. By
a somewhat related mechanism called the use of “dc bias,” a similar
linear effect can be produced. There is, however, a vast philosophical
difference between the ways in which dc bias linearization and ac bias
linearization take place.

Much of the fundamental or semifundamental research and ad-
vanced development work applied to the magnetic recording process
has been concerned with explaining and thereby, hopefully, master-
ing the ac bias process of linearization (Spratt [1964]). Many incom-
plete and even erroneous explanations of this process have been widely
accepted and publicized primarily because relatively few people have
gone into the subject in any depth. It is now correct to say, however,
that the linearization process is fairly well understood, although the
precise mechanism cannot be pinpointed in detail. The process is well
enough understood to use a current statement of its mechanism as a tool
for evaluating development of heads, tapes, and head-tape interaction
devices.

The linear recording process was referred to above as being “approx-
imately linear.” Of the entire scope of variation of linearized rema-
nent magnetism from maximum positive to maximum negative, only
the center one-third in amplitude is linear enough to be considered es-
sentially free of distortion. The center linear portion is bounded by
two non-linear portions of a shape which is apparently inherent in the
ac biased tape recording process. The distortion introduced in audio
recording by the shape of these curved end portions of the transfer
characteristic is relatively acceptable to the human ear. Tape record-
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ing, therefore, acquired an mitial reputation of being a “linear process
which overloads gracefully.” In a way, this is unfortunate because
the graceful overload is a term properly descriptive only of audio
recording. In technical recording the intermodulation distortion
caused by the overload can be disastrcus.

Any method of using magnetic tape which depends on the linearity
of the so-called linear portion, and also on limiting the signal excur-
sions to the linear portion, necessarily limits the degree of utilization
of the tape. For many applications, not very much of the linear por-
tion is adequately linear enough, and other recording modes have had
to be devised. These recording modes do not in general depend on
linear properties of the tape but solely on its ability to indicate that
it is magnetized in one direction or another or not magnetized at all.

Such recording modes, to which the term “pulse recording” can
conveniently be applied, depend only to a secondary degree on linearity
of transfer characteristic of the tape. Some current sophisticated uses
of pulse recording do require that the tape transfer characteristic be
under control, but for the purpose of a general review of recording
modes, pulse recording can be considered to depend only on a “plus,
minus, or zero” signal from the tape.

Pulse recording on tape can be divided into two main mechanisms.
One of these carries information in the variation in pulse start and
stop times. The other depends only on the presence, absence or polar-
ity of the pulse within a more or less fixed time pattern. In the first
group of time dependent pulse recording methods are pulse duration
modulation (PDM), pulse position modulation (PPM), and pulse
frequency modulation (PFM); both of the latter are variants of
PDM. The non-time-dependent pulse recording methods are based
on digital pulse modulation such as is employed in memory devices for
computers. With this type of modulation, the recorder is asked only
to deal with pulses, the number, position and polarity of which carry
the total signal. The relationship of the recorder to a signal already
in digital form is in this case clearcut. Where the signal is in analog
torm, it must be encoded by a relatively complex scheme before it can
be recorded in pulse form.

LINEAR OR ANALOG RECORDING

The essence of the analog recording process is that it can be con-
sidered to be essentially linear. The action of the high-frequency
bias which makes this linear operation possible is treated in detail
under “Head-tape Interaction.” One application note 1s, however,
appropriate to discuss here since 1t deals with the actual degree of
linearity achieved.
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The aud1o recordist and many instrumentation recording engineers
will usually quote a fairly definite figure for the difference in the
output between a signal which causes one percent third harmonic
distortion in an analog recording system and a signal which produces
three percent third harmonic distortion. The signal which represents
full saturation of the tape is also usually quoted as having a fixed
relationship to the one percent signal. There are differences between
tapes, although they are surprisingly small, in the values quoted for
these numbers. It is safe to say that the shape of the semilinear trans-
fer characteristic is roughly the same for all tapes. The way of
arriving at the signal levels representing various amounts of distortion
bears comment here, however.

If one operates an analog recorder by adjusting level and bias so as
to produce normal operation with an output signal containing one
percent third harmonic distortion, this signal output level can be
called “zero level.” If the input signal level is then increased until the
output signal distortion reaches three percent third harmonie, the
level change is almost invariably 6 db, or 2 to 1 in voltage. When the
input level is increased until the output level essentially stops increas-
ing, saturation is considered to be reached (the output level sometimes
decreases with increased level where the higher level may produce tape
erasure). This output level is often quoted to be 1315 or 14145 db
above the one percent third harmonic output level. This figure must,
however, be used with considerable care, since it depends on a peculi-
arity of the instrumentation typically used to measure the phenomenon.
If one operates a tape recorder so as to get an actual instantaneous
mput/output plot of the transfer characteristic, one finds, as stated
above, that the linear part of the characteristic extends only over one-
third of the total positive-to-negative saturation characteristic. Meas-
urements show that if the one percent distortion point is considered to
be reached with a signal swing from plus unity to minus unity in
output voltage, the saturation point will represent a swing from plus
three to minus three units approximately. This represents, on an
absolute basis, about 9 or 914 db as measured in the laboratory. The
difference between the 914 db and the 1314 or 1414 db figure results
from the use of the typical linear full wave rectifier meter in measuring
the higher figure. The meter is not “concerned” by the fact that the
output wave has changed from the sine wave for which it is normally
calibrated to read into a square wave. As saturation increases and the
corners of the sine wave are filled out to become a square wave, the
meter sumply interprets this filling out as increased output. With the
typical non-sinusoidal signal with which the instrumentation recorder
deals, this misinterpretation by the meter can be quite serious.
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Further consideration of the linear recording process is postponed
for discussion under “Head-tape Interaction.” The nonlinear record-
ing modes will be discussed in approximately historical order, starting
with the FM mode and proceeding through such older pulse modes
as the PDM and PWM to PCM variations thereon. PAM (pulse
amplitude modulation) will be discussed in this section but its require-
ment of recording linearity will be referred to the appropriate later
section of the Survey.

FM RECORDING

Shortly after the introduction of magnetic recording for scientific
recording of analog signals it became apparent that there were many
analog recording applications for which a simple extension of audio
recording techniques was not adequate. This was particularly true
for signals containing dc components and for signals for which the
signal-to-noise ratio of existing analog recorders was inadequate. To
deal with these two recording problems FM recording was the first
new recording mode to be introduced.

In the current form of FM recording the input signal frequency
modulates an oscillator, the output of which is recorded on the tape.
Typically, saturation recording is used on the tape, that 1s, the FM
carrier is applied either as a rectangular or sie wave signal directly
to the recording head at such an amplitude as to saturate the tape
either in one direction or another. The function of the tape is thus
limited to storing the times of the axis crossings of the FM signal.
A standardized set of FM values and relationships has been in use
for many years. The center carrier frequently is usually 9, the
number of mches per second at which the transport is operating 1n
ke, i.e, 13.5 ke for 15 inches per second. Recently these carrier fre-
quencies have been doubled with consequent improvement in system
bandwidth. Typically the FM carrier 1s modulated 40 percent and,
up until recently, the bandwidth in kc has always been 1; the tape
speed in inches per second; for example, 2.5 ke for 15 inches per
second. Systems with twice and even four times these bandwidths have
been introduced within the last few years. More recently, FM systems
with bandwidths up to 400 kc for recorders operating at 120 inches
per second have appeared to complement the 115 megacycle bandwidth
analog recording capability (table 4-1).
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TaBLE 4~1.—FM Recording Bandwidths

Standard Response

Tape speed 1ps Bandwidth Carrier
120 0-20, 000 cps 108 K¢
60 0-10, 000 cps 54 Ke
30 0- 5, 000 cps 27 K¢
15 0- 2, 500 cps 13. 5 K¢
7% 0- 1, 250 cps 6 75 Ke
3% 0- 625 cps 3 38 Ke
1% 0- 312 cps 1. 68 Ke
Extended Response
Tape speed 1ps Bandwidth Carrer
120 0-40, 000 cps 216 Kc
60 0-20, 000 cps 108 K¢
30 0-10, 000 cps 54 Ke
15 0- 5, 000 cps 27 Ke
7Y% 0- 2, 500 cps 13 5 Ke
3% 0- 1, 250 cps 6 75 Ke
1% 0- 625 cps 3 38 Ke
Double Extended Response
Tape speed 1ps Bandwidth Carrier
120 0-80, 000 cps 432 Kec
60 0-40, 000 cps 216 Kec
30 0-20, 000 cps 108 K¢
15 0-10, 000 cps 54 K¢
7Y 0- 5, 000 cps 27 Ke
3% 0- 2, 500 cps 13 5 K¢
1% 0- 1, 250 cps 6 75 Ke
Wideband
Tape speed 1ps Bandwidth , Carrnier
120 400 Kc ‘ 900 Kc
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The FM recording system currently used usually offers 10 to 15 db
better signal-to-noise ratio than the corresponding analog signal-to-
noise ratio obtained at a given transport speed. These increased
signal-to-noise ratios are purchased directly at a loss in recorded band-
width, of course. The noise in the FM record system is limited almost
entirely to the FM noise produced by flutter in the recorder. When an
FM record system is operated with proper limiting, the output is insen-
sitive to the amplitude modulation produced by the recorder noise and
instantaneous speed variation or flutter produces the only important
noise. For many FM recording applications a steady carrier of 100 ke
is recorded at the same time as the signal on the same or an adjacent
track. By playing back this carrier through a separate discriminator,
a signal representing the flutter noise is obtained. This flutter signal
can be applied to the data signal discriminator in such a way as to com-
pensate for much of the flutter noise. Improvements in signal-to-noise
ratio of 6 to 12 db are achieved by this compensation technique. Al-
though this compensation reduces the noise from flutter, it does not
remove the flutter from the recorded data signal (chapter 7).

There is some confusion in the present usage of the terms “narrow
band FM” and “wide band FM” depending on the application for
which such recording is applied. For the purposes of this discussion,
the terms shown 1n the table will be used to refer to “narrow band-
width FM,” “extended bandwidth FM,” and “double extended band-
width FM.” “Wide band FM” will be used to refer to the 200 and 400
ke systems used with the 114 megacycle analog recorder. The term
“narrow band FM” has occasionally been applied to the analog record-
ing of FM/FM telemetered signals such as those following the standard
TRIG FM/FM channel scheme. Reference to such recording will be
made here only as a special case of analog recording. The frequency
multiplexing of the IRIG multichannel scheme would not operate were
the rest of the system nonlinear. Unless the recording is in the linear
analog mode, interchannel modulation would destroy the utility of the
telemetering system (IRIG [1960]).

A typical FM-mode electronic assembly provided as an accessory to
a ground-based instrumentation recorder uses a voltage controlled
multivibrator oscillator to generate the FM signal. Much proprie-
tary sophistication goes into these VCO’s and there are dozens of differ-
ent models on the market. Multiloop positive and negative feedback
15 used to stabilize these VCO’s. Since the FM recording mode system
is expected to carry dc, the VCO’s and their associated amplifiers are
usually chopper-stabilized. The output of an FM record electronic
unit is a rectangular wave usually designed to have such current and
voltage levels as to be applicable directly to a record head. Some
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manufacturers, however, provide a head driver which is basically a
relatively high powered linear amplifier matched precisely to the head
which can accept a variety of input signals which are not in proper
form for direct application to the head.

The FM recording mode may be used in a satellite, space probe, or
high environment recorder because it optimizes some recorder transfer
characteristics that are not necessarily those for which the ground-
based recorder user purchases an FM system. Such flight recorder
electronics are therefore optimized for lightness, low power, and high
reliability in severe environments, usually at the cost of the typical
stability refinement just mentioned.

The FM playback electronics unit accepts a signal either directly
from the head or from a head preamplifier which is used for all record-
ing modes. There is still some variety in the types of discriminator
used in FM playback units commercially supplied but the majority are
of the pulse-counter type or the more elaborate phase-locked-loop type.

A typical FM playback unit would receive input signals which are
successively negative and positive spikes representing the axis cross-
ings of the recording rectangular wave. After amplification these
spikes are often converted to unidirectional form and applied to a one-
shot multivibrator or delay line device which produces from each spike
a pulse of standard length. When this pulse is severely clipped, it
becomes a constant-energy or constant-charge pulse. In the simplest
discriminator, this train of constant energy pulses is applied to an
averaging circuit which may not be more complicated than a resistor/
condenser combination, but usually is that combination followed by a
filter of fairly complex design. The filter is low pass, designed to
cut off just above the useful data bandwidth, to maintamn uniform
phase and amplitude characteristics up to the cutoff and to attenuate
as rapidly as possible beyond cutoff so as to eliminate the carrier
represented by the pulse train from the output. Typically a maxi-
mally-flat amplitude response or maximally-flat time delay response
(optimum phase equalization) option is provided in the filter, often
with a switch.

The performance of such a very simple system depends on heavy
limiting in the record unit to assure that the axis crossings which are
applied to the tape are defined as sharply as possible. This must be
followed after reproduction from the tape by equally severe limiting
to eliminate the effects of signal amplitude variation inherent in the
tape recording process. The degree to which the “constant energy”
pulses are in fact constant energy is also dependent on stabilized time
determining elements in the multivibrator and heavy and accurate
limiting of the pulse amplitude. For a flight recorder much of the
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refinement may be eliminated in the interest of low power and low
weight with the result that the system may be slightly tape amplitude
variation sensitive but, of course, much less so than an analog system.

The phase-locked-loop discriminator has been extensively discussed
in the literature (as has, of course, the simple discriminator just de-
scribed) and no elaborate description of 1t will be undertaken here
(Gilchriest [1957]). It will be enough to describe the general prin-
ciples on which it operates. In the phase-locked-loop discriminator,
the shaped and limited input signal is compared in a phase detector
with the signal from a local voltage-controlled oscillator. The output
of the phase detector 1s used to vary the frequency of the local oscillator
so as to keep it locked in phase with the incoming signal. The control
voltage from the phase detector to the voltage controlled oscillator is
the output signal. This is clearly a more complex device than the
simple averaging detector described before and its use has therefore
been limited to sophisticated FM recording requirements. Its great
advantage is that it may be made extremely stable and may be made to
give a useful output signal over a wider range of signal-to-noise ratios
than the simple pulse counter discriminator. To a certain extent it
also is easier to add a flutter, compensation signal to such a
discriminator. '

The phase-locked-loop discriminator 1s used almost universally in
ground station telemetry equipment to interpret the output of FM/FM
telemetry systems (McRae and Sharla-Nielsen [1958]). Such a telem-
etry discriminator invariably has an input for a flutter compensation
signal. This flutter compensation technique is currently more widely
applied to the telemetry discriminator than it is to the FM record sys-
tem itself. In other words, an FM/FM telemetry signal which has
been analog-recorded will usually have a 100 ke reference signal
recorded along with it and this reference signal will be used to elimi-
nate flutter noise from the output of the individual telemetry
discriminator.

Flutter compensation is considered 1n more detail in chapter 7;
certain aspects of this compensation are mentioned here because they
relate to the performance of FM recording as a coding scheme.

The FM flutter compensation technique is very useful but it is
sharply limited in the improvement that it can provide, in much the
same way that the desirable features of FM recording are limited as
a higher level of performance is sought. For example, the typical
flutter compensation scheme operates by deriving in a reference dis-
criminator, as explained above, a signal proportional to the flutter
noise generated in the recorder. The flutter noise signal is delayed, as
it passes through the reference discriminator, relative to the data sig-
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nal; the data signal must be correspondingly delayed if accurate com-
pensation is to be achieved. For a wide band system, achieving this
delay without distorting the prime data can be very difficult (Ott
[1962]). It is also appropriate to anticipate chapter 7 by noting
that straightforward FM flutter compensation removes only flutter
noise and does not remove flutter from the data. Only very elaborate
correction schemes can make this next step of improvement beyond
the simple compensation.

The video recorder, primarily designed for broadcast use, introduced
a new series of FM recording techniques to the magnetic recording
field (Ginsburg [1957]). The video recorder appears at first exami-
nation to operate in an FM mode which violates every rule of FM
transmission. The carrier frequency is usually about 4 megacycles,
the modulating signal has a bandwidth of 414 or 5 megacycles, and
the maximum FM deviation is considerably less than this bandwidth.
Part of the FM spectrum so generated is cut off or “folded over” at
zero frequency and another part of it is suppressed by the limited
bandwidth of the recorder. This peculiar modulation scheme might
never have been tried were the particular application for which it was
first attempted not itself peculiar in that the overall result was to be
judged as a TV picture by the human eye. Obviously, this recording
scheme inherently produces high distortion, but the particular kind
of distortion involved appears to be such as to be easily tolerated by
the eye viewing a television signal so treated. More recently, sophis-
ticated versions of this modulation scheme have been developed in
which the violations of normal FM recording relationships are largely
compensated for. Such video-type recording systems are now able
to produce relatively low distortion and quite impressive bandwidths.

A rotary-head recorder can also be used for predetection recording,
that 1s, for recording a signal directly from a receiver IF before it
has entered the second detector. The received signal in this case is
always frequency modulated, and is heterodyned down from the IF
frequency to one which fits the recorder bandwidth. It is not passed
through the FM modulator and demodulators used when putting an
analog signal through the recorder, but is recorded direct. The video
recorder, because it uses a rotary head rather than the fixed head of
other instrumentation recorders, has flutter and time displacement
error characteristics quite different from those of the longitudinal
recorder. The FM noise characteristics likewise differ. The process
of developing adequately stable rotary-head recorders for sophisti-
cated broadcast use including color television has reached the point
where it is now possible by the use of variable electrical delay lines
to reduce the total time instability to =25 nanoseconds. These tech-
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niques are now available for making extremely stable predetection
recordings (Klokow and Kortman [1960]) (Ampex [1964]).

SPECIAL FM RECORDING SYSTEMS

Analog recording of telemetered data on ground recorders for the
space effort has been concentrated on FM/FM telemetry. Because
of the standardization offered by the IRIG telemetry agreement, there
has been a tendency to limit data transmission to the characteristics
and bandwidths of the IRIG standard bands. Recently, however,.
many users have found the rigid limits of these bands, with their
constant percentage deviation and hence their carefully ordered in-
crease in bandwidth from one end of the standard band to the other,
unnecessarily confining. New FM/FM standards have therefore
arbitrarily been used by some organizations and an alternate constant-
bandwidth system is being considered by IRIG to supplement the
previous constant-percentage-bandwidth system.

Many of the telemetry ground equipment manufacturers also offer
nonstandard constant-bandwidth systems despite the pressure to use
the IRIG standards. A further development of the full utilization
of FM/FM, not for long-distance telemetry but simply for conven-
ient test-data handling, is the introduction by some manufacturers of
complex multiplexing systems to provide many more channels than
either the present or the proposed IRIG standards do. Such equip-
ments consist basically of modular units that permit putting 75 or
more uniform FM data channels of 1 to 2 keps bandwidth on the
direct record tracks of an instrumentation recorder operating at a
moderate speed (Martin [1963]).

There is a continual ebb and flow of interest in the telemetering
community in the various methods of telemetry and, correspondingly,
mterest in the recording problems these forms raise. FM/FM telem-
etry is still considered perfectly satisfactory by some groups doing
quite complex work. Other groups have abandoned it almost com-
pletely for PCM, and still others use mixed systems. Each group
maintains a position that is largely based on the way in which its
particular field has developed. The recorders and auxiliary equip-
ment available in the commercial market have characteristics that
have been arrived at by the interaction of the characteristics of previ-
ously available equipment and the changing needs of users. It 1s
therefore quite impossible to predict the future direction of develop-
ment of telemetry recording equipment. Analog recording can
probably be expected to,decline in importance with a corresponding
increase in importance of PCM and wideband FM, recorded either
directly or in a predetection mode.



42 MAGNETIC TAPE RECORDING

PULSE DURATION MODULATION

Pulse duration modulation (PDM) was introduced to the magnetic
tape recording field about the same time as was FM modulation. In
pulse duration modulation, the modulating signal is caused to vary
the time of occurrence of the leading edge, the trailing or both edges
of a train of equal-amplitude pulses forming a pulse carrier (fig. 4-1).
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F16URE 4-1 —Pulse-duration-modulation (PDM) wave forms

(a) Leading edge of pulse fixed, trailing edge modulated, (b) trailing edge
of pulse fixed, leading edge modulated, (c) both edges of pulse modulated
symmetrically around center

This modulation system does not require a linear amplitude charac-
teristic in the recording process, which 1s concerned only with estab-
lishing with accuracy the start and stop times of the pulses.

With PDM, during modulation the short-term area average changes
and hence the ac axis moves. In fact, one method of extracting the
information from PDM pulses is simply to determine the average
value of the signal by a filtering process. Because the axis moves,
the transmission system must handle the movement with fidelity.
This means that the auxiliary equipment, including all the signal
circuits within the recorder proper, must be linear if the system is
to be linear overall. The tape 1itself, because it is concerned only
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with pulse times, is relieved of amplitude linearity. Particularly in
early use of magnetic recording for scientific data collection, the price
of auxiliary circuit linearity was gladly paid for the advantage of
eliminating the need for tape linearity.

There are many ways in which duration modulated pulses may be
produced. _Figure 4-2 shows two ways of accomplishing this for
pulses in which the trailing edge alone is modulated. The conversion
technique shown at a is known as uniform sampling because the suc-
cessive pulse durations are proportional to values of the signal at uni-
formly-spaced signal sampling times. The procedure here is to sample
the signal at uniform intervals and convert each sample to a steady
value which remains until the time of the next sample, at which time
the steady value changes to that associated with the new sample. This
gives a peculiar kind of PAM (pulse-amplitude-modulated) wave as
shown. This PAM wave is then added to a sawtooth generated by the
same synchronizer as drives the original signal sampling process. The
combined signals are then passed through a slicer which is a device
with the property that its output is zero when its input is below a
certain value and is a maximum when its input is above that value. In
effect, it takes a slice of the wave at the point marked “slicer level”
and converts it into pulses which are positive when the input signal is
above that value and zero when it is below. The result is a pulse-dura-
tion-modulated wave. The production of such a uniform sampling
wave is somewhat complex. A somewhat simpler technique for deriv-
ing the PDM wave is shown in b of figure 4-2 and is known as natural
sampling. The sawtooth is simply added to the signal wave and passed
through a slicer as before. The output is PDM, but differs in form
from the PDM derived by the first method because the lengths of the
sampling intervals are dependent upon the values of the signal. This
1s a much simpler signal to generate but it is much more complex to
regenerate at the end of the transmission system. The usual practice
is to regenerate it as if it were a uniform-sampling signal and to accept
the distortion produced by the nonuniform sampling times.

The purpose in describing in such detail the mechanics of PDM
signal generation is to emphasize one of the significant charaéteristics
of pulse transmission systems. This characteristic 1s that one almost
mvariably knows some specific thing about the pulse arrival time
which often makes it possible to improve the overall time stability
of the transmussion system. This knowledge, for example, may be
that the starting times of the pulses are exactly evenly spaced. With
this knowledge a system can be devised for recreating at the far end
of the system pulses with exactly the same starting times and lengths
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F16UBE 4-2.—Methods of generating PDM.

(a) Uniform sampling, (b) natural sampling

as those that were fed into the system. Thus the time instability of
the recorder may be removed. The same function can be performed for
pulse amplitude modulation and for pulse code modulation. In the
latter case, not only are the times of the pulses known but also the am-
plitudes in that the information is contained only in whether the pulse
is present or not or, for some more elaborate coding schemes, whether
the pulse has the value “one” or “zero.”

The usual PDM recording practice is to convert the rise at the begin-
ning of a PDM pulse and the fall at its conclusion to either bidirec-
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tional or unidirectional spike signals for recording on the tape. The
circuits immediately associated with the tape recording process itself
need deal only with these spikes and therefore need not have dc
response. A “boxcar” circuit or bistable multivibrator or, for the most
modern equipment, one of the more sophisticated modern alternates to
these circuits, is used to convert the spikes back into a train of dura-
tion-modulated pulses (fig.4-3). Only those parts of the entire system
preceding the conversion to spikes and following the reconversion to
pulse form need carry the low-frequency components of the PDM
signal. Typically a manufacturer’s specification for a ground-based
instrumentation recorder will note that there is a certain maximum
length of PDM pulse which the recorder can accept. This specification
usually means that the manufacturer has placed this limit on pulse
length so that the low frequency response of the “prespike” and “post-
spike” circuits will not be exceeded. .

d

FIeure 4-3.—PDM recording wave forms

(a) PDM input wave form to recorder, (b) bidirectional spikes derived from
(a), (e¢) umdirectional spikes derived from (a) or (b), (d) output PDM wave
form reconstructed from (b) or (¢)

PDM 1s limited in use primarily to relatively low-frequency signals,
often where many signals are multiplexed together by time division.
A typical PDM system may have a 900 pps repetition rate, with pulse
lengths from 60 to 900 microseconds. In the limit, it approaches FM
in the efficiency of its trade of bandwidth for signal-to-noise ratio, but
would never be chosen for that factor alone. Its primary appeal lies in
the simplicity of magnetic recording circuits needed with it and the
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corresponding simplicity of circuits used in converting the raw data
to this form.

PULSE AMPLITUDE MODULATION

Pulse amplitude modulation or PAM has also been used for data
collection, particularly where data is multiplexed, and tape recorders
have therefore been required to store this form of modulation with
accuracy. The use of PAM differs from that of PDM and FM in that
the choice to use PAM 1s almost always made entirely by the system
engineer for reasons.unrelated to magnetic recording problems. The
choice of FM modulation in the recording is a recording engineer’s
solution to the problem of providing a high signal-to-noise ratio and
dc response. PDM was initially also used by recorder engineers for
this purpose, but at present, this modulation scheme is normally chosen
by the system engineer acting in full cognizance of magnetic recorder
problems. PAM would seldom be chosen either by a recorder engineer
or a system engineer to simplify recorder problems since it requires
that the recorder be operated in the analog or linear mode. The one
desirable feature which PAM offers for recording is that it can be made
not to depend on accuracy of maintenance of the time scale by the
recorder, but it does not naturally operate this way.

Pulse amplitude modulation takes many forms, some of which are
shown in figure 4-4. The choice of the form used may be based either
on simplifying the encoding and/or decoding process or improving the
effective performance of the transmission system. In the magnetic
recorder the double-polarity flat-top pulse version of PAM is probably
the easiest to deal with but, as must be emphasized, the recorder en-
gineer seldom makes the choice of this particular coding scheme.

Several combinations of sampling techniques and pulse transmission
means have been used to produce other pulse modulating schemes
related to the two just discussed. Few of these have seen extensive
use in systems involving data handling through magnetic recording.
There is, however, one relatively new and popular scheme known as
“pulse frequency modulation” which the recorder is often called on to
handle. Pulse frequency modulation or PFM has great advantages
for certain classes of telemetered transmission but is not particularly
easy for a tape recorder to deal with. Basically it partakes of the
problems inherent in both FM and PDM recording. The PFM signal
is a series of periodic bursts of pulses, the repetition rate within the
individual bursts being controlled by the data so that, in effect, it is
a discontinyous FM transmission scheme. Its great advantages are
an impressive FM-like noise immunity and very simple techniques of
generation and detection (Rochelle [1963]).
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FI1GURE 4-4 —Pulse-amplitude-modulation (PAM) wave forms

o

(a) Single-polarity pulses, (b) double-polarity pulses, (¢) single-polarity flat-
topped pulses, (d) double-polarity flat-topped pulses, (e) unit sampling wave
form, I is pulse amplitude, T 1s pulse period, t, is pulse length
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PULSE CODE MODULATION (PCM}

In pulse code modulation an analog signal is converted to digital
form and transmitted, recorded, reproduced and otherwise handled
entirely as a digital quantity. The instantaneous value of the analog
signal 1s sampled at specified intervals and the sample is quantized
and converted into a digital number (fig. 4-5). When such a signal
is recorded and reproduced by a magnetic tape recorder, the recorder
is charged only with guaranteeing that the same digital number
received at the input is delivered to the reproducer output. The sys-
tem engineer employing PCM must also deal with the problem of
assuring that the sampling and quantizing processes are optimized.
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FIGURE 4-5 —Pulse code modulation (PCM) processes

(a) Signal wave form (made unidirectional), (b) exact value, to 4 significant
figures, of signal wave form at equally spaced sampling 1mstants of vertical lines,
(c) quantized signal values, that 1s, for this example, changed to nearest whole
number (actual range of signal allowed is 0 to 63), (d) quantized value (nearest
whole number) converted to binary form, these numbers transmitted in sequence
will form the PCM signal.

The concept of PCM as a means of transmission of a signal predates
the existence of the digital computer as we know it today (Reeves
[1942]).

PCM and the computer are now, however, intimately tied together.
In order for a digital computer, which can deal only with numbers
and not with continuous signals, to analyze data presented in the form
of continuous signals, the signals must be sampled and quantized.
Thus the processes of PCM are essential to the use of computers in
data reduction. The magnetic drum or disc or tape memory of the
computer therefore deals with the computer’s mnput data signals in
digital PCM form as well as handling instructions and addresses in
strictly machme-language digital form.

Entirely aside from the relationship of PCM to the computer certain
advantages of transmitting, recording and reproducing important
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data in digital form have encouraged the use of PCM purely as a
transmission means (Oliver et al. [1948]). There are, therefore, PCM
transmission systems and recording and reproducing modes which
produce PCM formats not directly usable by any computer simply
because it is a good data handling scheme. There is, admittedly, a
tendency to shift the format of PCM as a pure transmission means
toward one compatible with its use by a computer, since the data
almost invariably is eventually used by a computer.

A detailed discussion of the problems of the conversion of analog
signals to PCM form is beyond the scope of this survey. Those parts
of the problem germane to an analysis of the utilization of magnetic
recording are discussed in chapter 15. It will suffice here to state the
general dimensions of the problem.

The magnetic recorder may be required to deal with a PCM signal
at any point in its progress from initial sensor to final data reduction.
This means that the PCM signal may be a frequency-modulated car-
rier which is to be predetection recorded, or it may be an amplitude
modulated carrier transmitting a PCM signal, or it may be the raw
PCM data itself, either “bit-serial” or “bit-parallel” form. The pres-
ent analysis deals solely with the actual PCM data as it encounters the
recorder and not in the other forms it may take during other portions
of system transmission.

The PCM data will be in the form of pulses, each of which is
normally expected to occur during a specific assigned time interval.
Identification of the pulse with its time interval may occur in two
forms.

In bit-serial recording a train of pulses representing the digits of the
binary number corresponding to one single sample is transmitted along
a single pair of wires. Such a pulse train is usually accompanied by
additional pulses which perform such functions as identifying the
start of the number, adding redundancy to reduce the number of cer-
tain kinds of errors, and providing synchronization. The actual
signal sample number with these additional pulses is usually called a
“data word.” A data word always has the same length and occupies
the same time period. If the number to be transmitted were to lie,
say, between 1 and 64 (digital engineers would say between 0 and 63)
a series of 6 binary bits or digits would have to be transmitted to
identify the number. These 6 digits would almost invariably be
accompanied by one other digit designed for “parity checking.” An-
other redundant digit might be added to provide what is known as
single error correction and perhaps one or more to assist in maintain-
ing the transmission system in synchronism. This particular data
word might then contain 9 bits.
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In bit-parallel recording essentially the same pattern would be used
with the assignment of a series of binary digits to describe the data
number and with additional bits for error checking, synchronism and
the like. The system would differ from bit-serial, however, in that
these pulses would not appear on a single pair of wires but instead
each pulse would appear on its own individual pair of wires. This
means that for the example given above 9 pairs of wires would be
required. All of the bits would in theory appear simultaneously on
their particular sets of wires so that the data number or word would
be indicated by 9 different parallel bits of information appearing
simultaneously.

Conversion between bit-serial and bit-parallel is often performed in
computing or data reduction as well as in preparation for data trans-
mission. There are obvious tradeoffs between the requirements of the
systems for transmitting PCM data in these two forms. If a single
pair of wires is used, for example, the transmission rate must be n
times as high as when n pairs of wires are used in parallel. These
tradeoffs change sharply, however, when bit-serial and bit-parallel
data is fed to a tape recorder. There are very definite reasons why
one system should be preferred over the other for a particular applica-
tion, most of these reasons being entirely mechanical in origin.

If bit-parallel recording is used in the simplest way, all the pulses
representing zeros or ones appear simultaneously at a series of record-
ing heads placed across the tape. If the recording and reproducing
system is perfect, the corresponding data bits appear simultaneously at
the terminals of the reproduce heads when played back. A storage
buffer in a data translator can then, for example, extract all the n bits
in the data word at once and from these n simultaneously extracted
bits draw the conclusion that the number transmitted at that par-
ticular moment has a particular value. In a simple low-speed trans-
mission system where the spacing of the individual bits along the tape
as it passes the head is relatively large, there should be no difficulty
in performing the operation just described. However, if the bit spac-
ing becomes close along the length of the track and many bits, up to
16 or even 32 are spaced across the width of the tape, it becomes quite
difficult to assure that the group of bits appearing simultaneously at
the terminals of the reproduce head all belong, in fact, to the same
data word. Either static or dynamic skew or difference in relative
longitudinal position of individual record or reproduce heads can
destroy this proper relationship. In practice the mechanical limita-
tions mentioned set a sharp upper limit on how tightly bit-parallel
PCM can be recorded.

An illustration in schematic form of the appearance on the tape of
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a 7 digit bit-serial recording is shown in figure 4-6. The same data is
shown as it would appear in bit-parallel form 1n figure 4-7. These
illustrations show the mechanical precision and timing problems in-
volved 1n the use of each type of recording.

F1GURE 4-6.—Bit-serial PCM on tape.

The word at the left is the first transmitted and is followed, after a space, by
that indicated in the line with it at the right as made up of 7 X's representing
arbitrary digits. To conserve tape, adjacent tracks spread across the tape are
used for successive words transmitted, the array being arranged so that there
is an essentially steady flow of words onto the tape In this example the space
between the last word entered on the Tth track and the second word entered on the
1st track is such as to give the same word-start spacing as the inter-word spacing
Since the words on each track are considered individually, only track to track
timing errors greater than a full word length could confuse such a recording
system.
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FIGURE 4-7.—Bit-parallel PCM recording.

(a) Successive words are recorded in strips across the tape width for, this
case, perfect time alignment between tracks (the words for this figure are the
same as for figure 4-6), (b) 1n this case there is severe 1nter-track jitter which
makes it difficult to see even visually which bits belong to which words, (c¢) 1n
this case the bits are spread out farther along the tape and the displacement is
systematic such as would be caused by skew, S represents the word to word
spacing needed with this much skew if no confusion is to exist between indi-
vidual bits of successive words, (d) the situation of (c) but with close word
spacing where interference occurs between the words and no simple technique
will untangle the words 1n the presence of this much skew.
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An IRIG standard now exists for recorders designed to receive
parallel PCM recording (IRIG [1960]). It is a relatively conserva-
tive standard because of the difficulties of achieving close packing
density. Many tape recorders are currently available which meet this
standard and which operate satisfactorily at longitudinal pulse pack-
ing densities of 1,000 bits per inch. These recorders operate in this
way without any compensating schemes and without correcting possi-
ble errors in bit arrival times; they achieve correct operation simply
through maintenance of close mechanical tolerances and uniform tape
motion. There are, however, methods available for packing bit paral-
lel PCM much more densely than even with current techniques and also
for achieving equivalent high density through the use of bit serial
PCM.

PULSE RECORDING WAVEFORMS

The simplest pulse waveform conceptually is the return-to-zero or

RZ pulse. This might consist of a recording current (and hence re-
corded flux) waveform such as shown in figure 4-8a. A “one” is
represented by a positive going pulse and a “zero” by a negative going
pulse. -
This particular waveform is used in elementary equipment but its
inefficient use of bandwidth has restricted its use. It is a redundant
coding system since there are two flux transitions per bit of informa-
tion required.

A slightly more efficient waveform is one which remains at either the
positive or the negative maximum excursion possible in the absence of
a signal. A “one” in this system is represented by an isolated pulse
from one extreme of signal to the other or, in the case of tape, from
saturation in one direction to saturation in the other direction. At the
end of the pulse the original value is resumed and two flux transitions
are required for each “one.” A “zero” is represented by the absence of
a pulse. This is called “return-to-bias” or “RB” recording (fig. 4-8b).

In NRZ coding, redundancy is sharply reduced by assigning, at the
most, a single transition to each separate bit. The information de-
rived from this coding scheme in a recorder 1s whether the flux changed
or not. There are several ways in which these two basic pieces of in-
formation can be used to give a binary coding scheme. In “straight”
NRZ, shown in figure 4-8¢, a flux change indicates that the symbol
following a given symbol is different from the first symbol. Thus the
change from zero to one is indicated by a flux change. When a series
of ones follow each other, no flux change is indicated, but when the
last one 1s followed by a zero, there is another flux change. The so-
called NRZI coding, which is shown in figure 4-8d, indicates a one by
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Ficurg 4-8.—Digital recording waveforms.

(a) In RZ recording of the form shown here, the binary bits of the word given
above the waveform are indicated by downward pulses for 0's and upward pulses
for 1's, (b) for “return-to-bias” or RB recording in the form shown here, a pulse
is transmitted for a one and no pulse for a zero, (¢) for “non-return-to-zero” or
NRZ recording the signal value does not change unless there is a change in the
value of the digit, that is, the horizontal line at the left indicates that the first
2 digits are the same as each other, the next downward flux change indicates
that the succeeding digit differs from the preceding one, as with the next 4 flux
changes since there is a steady alternation of 1's and 0's (sometimes called NRZ
(change), (d) in NRZI recording a flux change represents a 1 and no flux change
a 0 (sometimes called NRZ (mark)).

a flux change and a zero by no flux change. The primary advantage of

"NRZI over NRZ is that there is a one-to-one relationship between the
signal and the symbol. If there is an error, only the symbol for which
the error is made is lost. In straight NRZ, if a flux transition were
missed, all successive symbols would be exactly opposite to what they
should be until synchronism was somehow regained. These straight-
forward coding processes have the difficulty that there may be long
“floats” in which a particular data combination produces extremely
long signal pulses. Low-frequency phenomena in the recorder may
therefore affect the accuracy of data containing such long floats.

The NRZ process uses at a maximum one flux reversal per bit of in-
formation and on the average uses less than this number. Where there
are, for NRZ, long periods of identical symbols, or, for NRZI, long
strings of zeros, the coding 1s very efficient in that fewer flux transi-
tions are used. It is essential for this efficient coding to work that the
timing of the flux transitions or their absence be accurately known.

So called “phase modulation” or “Manchester” coding techniques
have been introduced to eliminate some of the problems of providing
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accurate time information in interpreting binary symbols (Hoagland
[1963]). Phase shift or phase modulation coding is also called self-
clocking. It is so called because there is an 1dentifiable pulse signal
in each “cell” in which a binary bit may be found. A signal may there-
fore be derived from each cell to keep the system in synchronism or to
provide a clock. Figure 4-9a shows such a coding scheme. In this
particular version of phase shift coding, the zero is represented by a
downward flux transition in the middle of the bit cell and a one by an
upward transition in the cell. In order to maintain this relationship
it isnecessary for additional flux transitions to be introduced from time
to time when two identical transitions must follow each other. In
other words, an extra downward transition must be provided be-
tween successive ones and an extra upward transition between succes-
sive zeros. There is, however, a derivable output spike, either positive
or negative, in the center of each bit cell and this output spike can be
used to synchronize a local clocking scheme. In this system it is pos-
sible, with proper design, for the rate of data flow (recorder tape
speed) to be quite irregular and still to detect properly the piece of in-

T

F16UBRE 4-9.—Phase-shift or phase-modulation digital recording wave forms.

(a) The “Manchester” form of phase-shift coding designates a zero with a
downward flux change in the middle of the “bit cell” and a one with a correspond-
ing upward flux change, (b) this phase-shift coding, known as “modified di-
phase,” indicates a zero by having no flux change during the “bit cell” and a one
by having such a flux change, decoding being accomplished by examining the
successive values of the wave form at the arrows, which are 3% of the way
through the “bit cell,” 1n determining whether the values are the same for suc-
cegsive examinations (a one) or different (a zero), a flux change always being
provided between successive “bit cells” for timing.
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formation contained ih each binary cell. Many versions of this coding
have been devised with various advantages for particular applications.
Some of these schemes optimize the simpliéity of creating the code
and others optimize the accuracy of detecting the output (Gabor
[1960]).

A specific version of phase shift coding described as “modified di-
phase” has been specifically applied to the Gemini onboard PCM re-
corder. This coding scheme carries the information in whether there
is a phase transition within the “bit cell” or not. As illustrated in
figure 4-9b, this particular code gives a phase transition within the bit
cell for a one and no such transition for a zero. There is always a flux
transition at the start of each bit cell from which the clocking scheme
can be operated. Detection of the data in this code can be performed
by examining the instantaneous signal value three-quarters of the way
through the bit cell, as shown by the arrows in the figure. If the signal
value changes between any successive pair of examinations, the digit
in the bit cell observed is a zero; if the value remains the same, the
digit is a one.

Basically the phase shift modulation coding scheme can be seen to
have two fundamental frequencies. One of these has the length of two
bit cells for a full cycle and the other has the length of a single bit cell.
In a simplified way, one might say that the system runs either at one
or the other of these two frequencies. In practice, of course, the shift
between the two waveforms is irregular and unpredictable, and the
result is that a broad spectrum is generated. Basically, however, the
highest frequency present in a phase shift modulation coding process
is twice that in NRZ. The price of the extra bandwidth 1s gladly paid
in many applications for the improved accuracy with which the data
is derived.

OTHER RECORDING METHODS

The several recording modes described in this section do not by any
means exhaust the possibilities that have been employed. Only a few
other modes have, however, had any extensive use. Perhaps the most
important of these is what is called “Carrier Erase.”

In carrier erase, the tape is prerecorded with a continuous tone sig-
nal of high amplitude and of frequency well above the intelligence to
be recorded. The recorder simply dc-erases the carrier in proportion to
the intensity of the information signal, which is applied directly to the
record head. This technique has the advantage of extreme simplicity
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in the recorder and not much complexity in the reproducer, since the
signal is obtained in the form of a modulated carrier which is rela-
tively easy to demodulate. Although of low recording density, the
simplicity and fair linearity of the process have led to its extensive use
in very small, severe-service recorders.



CHAPTER 5

Head-Tape Interaction

A convenient way to analyze the difficult subject of interaction be-
tween head and tape is to postulate an elementary idealized tape
recording process and then to examine in some detail the performance
of this process and the factors influencing that performance. As the
examination proceeds, it will become apparent what practical changes
are advisable in making and reproducing the recording, first, to pro-
duce useful results, and then to refine those results. By this procedure,
the complex interaction between the elements involved can be developed
with a minimum of repetitive analysis.

For the first test recording, let the recorder consist of a tape moving
mechanism and a recording head of the type commonly used in modern
recorders, i.e., one which produces the recording flux as a fringing field
surrounding the recording gap. This recording head is driven from
an appropriate linear amplifier which applies test signals directly to
the recording head. The tape is smoothly driven at one of the cur-
rently standard speeds. After making a test recording and rewinding
the tape, it should be possible to reproduce the recorded signals. The
recording head could be used for reproduction, but it is more instruc-
tive to use a modern reproduce head with slightly different charac-
teristics from those of the record head. The output of this head is
connected to another linear amplifier uniform in frequency response.

Two things would be obvious on examining the reproduced output :
First, the output would be badly distorted, mostly with odd harmonics,
to a degree almost independent of the input signal level. Second, the
frequency response of the system would be nonuniform, being roughly
“humped,” peaking somewhere at the geometric average of the lowest
frequency and the highest frequency that the recorder could reproduce.
The signal-to-noise ratio would not appear to be too bad, but, since no
signal could be reproduced without distortion, there would be no refer-
ence signal level for which the signal-to-noise ratio measurement
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could be specified. Consider now why the hypothetical recorder would
operate in the manner just described.

In the first place, the transfer characteristic of the head-tape com-
bination, i.e., a plot of instantaneous input voltage versus instantane-
ous output voltage, is a severely curved line when an alternating cur-
rent signal is applied directly to the recording head. The curvature
is symmetrical around zero voltage and the distortion produced by the
curvature therefore consists entirely of odd harmonics. (See fig. 5-1.)
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F16URE 5-1.—Unbiased magnetic recording.

With the distorted portion of the normal tape transfer characteristic between
A and B being used the recorded waveform and resulting output are sharply
distorted.

This transfer characteristic is often likened to two initial magnetiza-
tion curves of the magnetic recording medium placed back to back.
Although it resembles these curves, the mechanism involved is quite
different from that involved in forming the initial magnetization
curves.

Having chosen a particular tape speed, the relationship of applied
frequency and recorded wavelength is now determined. If there were
a means for determining the strength of the flux recorded in the tape,
an examination would show that placing a current in the recording
head constant at all test frequencies would produce flux in the tape
approximately constant at all wavelengths. When this constant-flux
recording was reproduced we would find, at least at low frequencies,
that the output from the reproducing amplifier was proportional to
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frequency. This would result from the dependence of the reproducing
head output, not on the amplitude of the flux, but on the rate of change
of flux. The classic 6 db per octave rise of a differentiated signal thus
occurs since, in effect, the input signal has been differentiated in the
reproducing process.

In a real recorder/reproducer, however, this 6 db per octave rise
would not be maintained as higher frequencies (shorter wavelengths)
were approached and the response would eventually flatten out and
turn down very sharply. The response would eventually go to zero
at a frequency which could be calculated to be that at which the repro-
ducing head gap was effectively one wavelength long (fig. 5-2).
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Fi6ure 5-2.—Elementary recorder frequency response.

To improve the rather discouraging performance of this tape re-
corder, which perhaps was the situation that Valdemar Poulsen faced
when he invented the first tape recorder at the turn of the century, dis-
tortion might be attacked first. The rather unpleasant transfer char-
acteristic of the figure suggests that adding a fixed magnetization to
that of the signal so as to shift the operating point of the recorder up
from zero to a fairly straight part of the transfer characteristic might
help. This would reduce the size of the reproduced signal since less
of the total “flux swing” would be used and the noise output of the
recorder would increase but the transfer characteristic would straighten
out quite well (fig. 5-3). Many modern dictation recorders and even
some semiprofessional audio ones use this so called “dc bias” mode of
operation. Assuming for the moment that the better linearity of the
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dc-biased signal is satisfactory, the next concern might be with the very
poor frequency response.
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F1cUure 5-3 —Recording with dc bias.

The useful part of the characteristic from A to B is shorter than for the unbiased
condition of figure 5-1, but the output 18 undistorted.

Since the signal is differentiated in reproduction, an integrating
equalizer, that is, one with a 6 db per octave downward slope with
frequency, could be inserted in the reproducing channel. This would
straighten out quite successfully the low frequency portion of the fre-
quency response curve, but the flattening out and droop at high fre-
quencies would be intensified. Some kind of high frequency boost
would now be needed ; a resonant or feedback RC equalizer could sup-
ply enough high frequency gain in the reproducer output to flatten
out the response of the complete recording system over a reasonable
frequency range (fig. 54). The equalization would increase the high
frequency noise in the output just as it increased the high frequency
signal. The overall signal-to-noise ratio would thus be degraded by
the equalization. The final signal-to-noise ratio achieved thus de-
pends on the frequency,range the recorder attempts to cover.

The test device would then be a usable magnetic recorder; it is prob-
able that half a million recorders using the same design principles
have been commercially sold for amateur and office dictation use within
the last 10 years. Such a device is still rather crude and many tech-
niques are now available to improve the performance by several orders
of magnitude. First, the dc bias could be removed and ac bias could
be added. That is, a steady ac signal of about ten times the maximum
signal amplitude could be added to the signal in the recording head.
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E‘muné 5-4.—Bqualization of elementary recorder.

(a) Basic unequalized frequency response, (b) simplified results of, on the
left, integration and equalization to remove normal differentiation of dg/dt play-
back head, and on the right, of a peaked equalizer to remove the effects of
scanning losses.

It would be found that this would improve the signal and reduce the
noise of the reproduced recording. (This biasing technique was the
development step that made modern recording possible.) Second, the
reproducing head gap could be made as narrow as possible so as to
reduce the wavelength and hence raise the frequency at which the out-
put response goes to zero. The recorder would then require less high
frequency reproduce equalization and would handle an increased
bandwidth.

The record current would still be constant with frequency. If
nothing were known about the energy spectrum of the input signal
(the usual situation with scientific recording), this record current
relationship could not be changed. If, however, something were
known about the spectrum of the input signal, as is, for instance, the
case in audio recording for entertainment purposes, certain frequencies
could safely be preemphasized on the basis that the input signal would
not contain significant high-intensity components at these frequencies
and there would be little possibility of overloading the tape. A
decision was made, early in the development of audio recording, based
on the assumption that there was little high-frequency energy in a
typical audio signal, to preemphasize high frequencies. Having pre-
emphasized these frequencies, they can be deemphasized in reproduc-
ing. That is, less high-frequency reproduce equalization would be
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used, less high-frequency noise would appear in the output, and the
signal-to-noise ratio would be improved. A little low frequency pre-
emphasis could also be used, but high-frequency preemphasis would
have the maximum effect. The recorder as now described is essentially
that used for both professional and nonprofessional audio recording.

The technique of deciding the amount of preemphasis from the
knowledge of the spectral characteristics of the input signal has been
described in glowing terms here. In theory this is what is done with
an audio recorder; in practice, a study of the actual spectral distribu-
tion almost proves that it cannot successfully be done. In other words,
a scientific investigation of the spectrum is unable to account for the
amount of preemphasis that can be used without harm. The most
recent change in audio preemphasis/deemphasis, introduced with a
view to improving signal-to-noise ratio, came about as the consequence
of some work which showed that the spectrum distribution of music
would not permit such preemphasis! (McKnight [1959]) Neverthe-
less, the new equalization is quite successful and is now almost univer-
sally employed for “master” recording (original recording as the basis
for mass reproduction of disc or tape copies for home use).

To record a very wide band of frequencies, say twice that of the
initial recorder, tape can be run twice as fast and all equalizers and
similar devices correspondingly scaled up in frequency. This process
can be continued, scaling up many times in bandwidth from the initial
audio range. By increasing tape speed, higher-frequency recording
can take place at the same wavelength. There is a point at which,
however, frequency, per se, becomes a limiting factor in certain of the
recorder elements. Eddy current and hysteresis losses begin to limit
the usefulness of record and reproduce heads and the heads must be
made of materials designed for use at these higher frequencies.

As the abilities of the basic tape recorder are pushed higher and
higher, second order effects begin to be important and the action of
the recorder must be analyzed in greater and greater detail. For
example, further investigation would show that there are several com-
plex frequency-sensitive losses which add to the basic reproducing
wavelength losses (McKnight [1960]). These losses produce percep-
tible effects even for the elementary recorder, but become more impor-
tant for more sophisticated recorders. There is a loss of signal as the
portion of tape involved is placed farther and farther away from both
the record and reproduce head. This “spacing loss,” as it is called, is a
function of recorded wavelength. Scanning loss, discussed above,
comes mainly from the finite size of the reproduce heads although
some characteristics of the record head gaps also affect wavelength
response. A widely misunderstood phenomenon called demagnetiza-
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tion loss is also found. It results from a tendency of the tiny perma-
nent magnets placed in the tape on recording to demagnetize them-
selves, this effect being greater as the magnets get shorter and the
wavelength correspondingly shorter. There is another loss which is a
function of the thickness of the magnetic material on the tape. This
is a form of spacing loss, that is, of loss dependent on spacing of the
material away from the head ; this spacing differs for different depths
in the tape, so that only part of the tape is effectively in contact with
the head. The phenomenon has been studied recently in great detail,
particularly for digital recording (Eldridge [1960]). The analytic
process of separating the effects of all these losses has been discussed
extensively in the literature (McKmght [1960]) (Wallace [1951]).

The basic process by which ac bias causes the record characteristic
to become linear is often described as being quite mysterious. The
current understanding of this phenomenon is not, however, quite so
uncertain as this typical reaction implies. A more accurate description
is:

1. The process of anhysteretic magnetization is generally con-
sidered to be an adequate description of the gross effects of ac
bias as the magnetic tape passes through the biased recording
fields. An essentially anhysteretic magnetization process takes
place when a section of tape is brought up to the record head
and passes beyond it. As it approaches the head the bias
and signal field get progressively stronger to a peak level and
then, as the tape section leaves the head, they gradually fall off.
This is precisely the process involved in anhysteretic magneti-
zation where a sample of magnetic material is placed in a field
varying just as described.

2. The process by which anhysteretic magnetization takes place is
not fully understood at present, although the characteristics
produced are fairly well understood to be dependent on the
interaction between the magnetic fields of the particles rather
than on properties of the magnetic particles themselves.
(Schwantke [1958]) (Daniel and Wohlfarth [1962])
(Eldridge [1961]).

3. The detailed process which goes on as the tape approaches the
head, passes it, and passes on is not fully understood because
the actual magnetic fields present have not been adequately ex-
plored. For example, the magnetic field to which the tape is
subjected is directed along the surface of the tape in one direc-
tion as the tape approaches the head and 1s along the surface
of the tape in the other direction as the tape leaves the head.
At some point in the process the field direction must rotate ; just
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how this takes place and how it affects a set of dispersed mag-
netic particles 1s not clearly worked out as yet (Mee [1964]).

If the emphasis is placed on recordings where the time of the start-
ing and stopping of pulses contains the significant information, such
characteristics as linearity and frequency response are not of primary
importance. The same tape moving mechanism can be used but the
current applied to the record head can be chosen to give as much
magnetization in the tape as is possible to produce tape saturation.
To indicate the start of a pulse this saturating current can be turned
on or the current direction can be instantaneously reversed. Alter-
nately, a positive pulse can be recorded by turning on a positive sat-
urating current and turning it off at the end of the pulse, allowing the
current to fall then to zero. A negative pulse can be recorded by
turning on a saturating current in the opposite direction and the end
of the pulse indicated by turning this pulse off. This is called “RZ”
or “return-to-zero” recording. Alternately, the current can be turned
on in one direction or another to indicate the start or stop of a pulse.
This is called “NRZ” or “non-return-to-zero” recording. NRZ re-
cording, because 1t is more important, will be analyzed in further
detail.

If this recording 1s reproduced with a flat linear amplifier and a
conventional reproduce head, a positive output pulse will appear for
each positive going recording current transition and corresponding
record flux transition; a negative pulse will appear for each negative
current transition and flux transition. A satisfactory pulse recorder
seems| thus to have been provided without very much effort. The ele-
ments described are actually the only essential ones in a modern pulse
recorder, but for efficient pulse recording, refinement is required.
High pulse recording density and sharply defined reproduced pulses
are needed, and the mechanism involved in achieving the proper den-
sity and signal level in such recording must be analyzed.

When the pulse current through the recording head is turned on or
turned off instantaneously, it effectively maps the external flux field of
the recording head onto the tape (Eldridge [1960]). (This is the sub-
ject of a later analysis.) When this mapped field passes the reproduce
head, it produces an output signal essentially proportional to the
instantaneous rate of change of difference in the amount of flux passing
into the two halves of the reproduce head, one on each side of the
reproduce gap. Operating on this difference, it is“found that the
ability of the reproduce head to define the position of the pulse on the
tape 1s three to six times as poor as that of the record head in placing
it there. This is a fundamental relationship, independent of detailed
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head design. To improve the pulse packing density, attention, there-
fore, should be directed primarily to the reproduce head.

The technique of employing the recorder simply to carry informa-
tion on pulse starting and stopping times opens up its use for many
recording modes quite different from the linear analog mode first dis-
cussed for the basic test recorder and first used in audio recording.
These different modes, such as PDM, PCM, FM and other modulations,
permit optimizing various performance parameters of the complete
recording process and providing best fits between a recorder and the
rest of a system in which it 1s used. This subject is discussed in detail
under “Recording Methods.”

By introducing the initial crude tape recorder and gradually re-
fining it for various applications the basic processes of interaction
between tape and head have been discussed in a systematic way. For
a general review, this outline treats the subject in adequate depth.
Certain parts of the head-tape interaction process which have detailed
importance will now be discussed more fully.

HEAD-TAPE GEOMETRY—BIASED RECORDING

The geometrical elements of the head and tape which enter signifi-
cantly into the record/reproduce process are the shape of the head pole
pieces, the dimensions of the head gap, the spacing between the head
and the recording medium, and the depth of the recording medium.
Each of these geometrical factors has some effect on the response at
short and long wavelengths. These wavelength effects are some of
the tape recording factors about which our current understanding is
most complete.

The most critical dimension of the record and reproduce gap is its
length; the depth of the gap and size of the corresponding rear gap
in the head structure are also important in determining head per-
formance. The ultimate high-frequency (short-wavelength) limita-
tion to recorder response is the length of the reproduce gap. In an
indirect way, the length of the record gap may also influence this limit
but the primary effect lies in the reproduce gap. There is always one
critical tape wavelength at which the total amount of flux in one direc-
tion and the other included within the gap, and therefore affecting the
head, is independent of the position of the gap along the tape. At this
particular wavelength no output signal is produced. This is an
example of a scanning process which typically has a null at one par-
ticular wavelength. As with other scanning processes, at wavelengths
shorter than the wavelength of the first null there is still some response
from the head, and at even shorter wavelengths, a succession of addi-
tional nulls. The characteristic shape of response from such a scan-
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ning structure is a sin x/x function and is encountered in any process
in which waveforms are scanned by a structure which integrates all
portions of the wave included within the structure length. Daniel
and Axon (Daniel and Axon [1953]) have analyzed the experimental
fact that a measurement of the so-called gap nulls and the shape of
the scanning effect for magnetic recording does not precisely follow the
sin x/x formula. They postulate certain other interrelated phenom-
enon, giving a more exact function for the response. They include
possible mechanisms for the observed fact that the effective length of
the gap, judged from the position of the response nulls, is longer than
the physical gap (fig. 5-5).

(b)4dB/0CTAVE
(0)6dB/0OCTAVE

<]
T

—_

e

)
-
g
e}
20} i N
L \\
. \\
30 L4 g
L]
.
L]
L]
L]
L .
40 |
ol 10 100
GAP LENGTH/WAVELENGTH
(after Mee)

FieURe 5-5 —Reproducing gap-loss functions

(a) Simple sin x/x formula, (b) more complete formula (see text).

A longer gap includes more flux within the gap pole pieces and
therefore produces a greater long-wavelength output. However, the
response of such a long gap will fall off faster with decreased wave-
lengths and at any particular wavelength it is impossible to say with-
out calculation whether widening the gap will increase or decrease the
response. The choice of the reproduce gap length is therefore an
important one related to the total bandwidth which the recorder is
designed to cover. The discussion so far has referred to wavelengths
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in purely sinusoidal terms. The Daniel and Axon analysis and the
sin x/x function do refer to sinusoidal functions; the same sort of gap
effect, however, occurs in pulse recording and determines the digital
packing density achievable (Eldridge [1960]).

The surface of the typical recording and reproducing head facing
the tape forms a gradual smooth curve. The tape is stretched over
this curve so as to contact the head over a specific length of tape. The
radius of the curve and its relationship to the rest of the geometry of
tape movement 1n the recorder determines the manner in which the
tape approaches and leaves the head pole pieces. This rate of ap-
proach and the length of head-tape contact affects the response of the
recorder at wavelengths of the order of the length of this contact.

When the frequency of the signal recorded on the tape is low enough
so that the recorded wavelength exceeds the total length of head-tape
contact, the amount of flux which succeeds in entering the pole struc-
ture depends on the relationship between the contact length and the
wavelength. The result of this dependence is that there 1s a scanning
effect producing variations in response at these extremely long wave-
lengths quite analogous to the gap-length phenomenon occurring at
much shorter wavelengths. The low-frequency scanning effect does
not produce nulls in response as sharp as those of the high-frequency
gap scanning phenomenon but produces response variations of a few
db. These variations in response are sometimes called “head bumps.”
The shape of the pole pieces and hence the rate at which the tape
approaches and leaves the head affects the amplitude of the head
bumps. At extremely long wavelengths the head-bump phenomenon
may in some cases, by setting the lower frequency limit, determine the
number of octaves that can be covered at a given speed by a particular
recorder 1n the direct recording mode.

The depth of the gap, although not as fundamental as its length,
1s an 1mportant parameter of reproduce head design. Gap depth is
naturally related to the useful life of the head, in that any head wear
resulting from abrasion from continued passage of tape reduces the
gap depth. The fraction of the fringing flux from the tape which
1s “collected” by the pole pieces and induced to cross the gap in the
process of being introduced into the magnetic circuit of the head
depends on the reluctance of the gap compared to the reluctance of the
rest of the head magnetic circuit. As the gap becomes extremely short,
even though the reluctance of the rest of the magnetic circuit, con-
structed of soft magnetic material, is very low, the reluctance of the
gap may be small enough to approach that reluctance if the gap is
also deep.

The magnetics of the process that goes on in the reproduction of
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magnetic tape recording is easiest to analyze by analogy to the cor-
responding recording action. Calculation of the amount of flux
which crosses the gap on record, and hence the amount of flux involved
in the fringing field, involves the magnetomotive forces induced in
the magnetic circuit. The source of magnetomotive force is, of course,
the current in the record coil and the total magnetomotive force rise
is usually considered to be developed between the two ends of the
coil. The magnetomotive force drop in the magnetic circuit with a
relatively long gap almost always appears across the gap itself. This
magnetomotive force across the gap is the driving force for the
fringing flux which actually links the tape and does the recording.

On reproduction, the flux fringing out from the tape, driven by
the remanent permanent magnetomotive force originally developed
by the recording fields, appears across the gap and the effective mag-
netomotive force across the gap drives flux through the pickup coils.
If the gap is so small that the reluctance of the soft magnetic circuit
and of the gap are about the same, much of the magnetomotive force
drop appears along the magnetic circuit and is not available for
inducing flux, and hence voltage, in the pickup coil. One way of
looking at these gap dimension phenomena is to consider that the
actual gap has a shunting effect on a theoretical gap of infinite reluc-
tance. This shunting effect, and the effect of wear on gap depth,
make the choice of the gap depth important in the design of a mag-
netic head. A deep gap will wear for a long time but will have high
shunting and hence less output, all other things being equal.

It 1s generally accepted that the factor which determines the record-
ing resolution of the record gap is not the gap length but the sharpness
of the gap trailing edge. This is an indirect way of stating that the
rate at which the recording flux falls off at the trailing edge of the
gap determines the precision with which the record head locates on
the tape the point at which a particular signal is recorded. The gap
length has a secondary effect on the recording phenomenon. This
secondary effect is related to the head-tape spacing and the recording
medium depth. The practical effect of recording gap length is to
influence the relationship between optimum bias for a particular test
frequency and the tape thickness for linearized recording (McKnight
[1961]). For pulse recording, the record gap length has little effect
except on the amount of record current necessary to produce tape
saturation. In any case, the record gap is always considerably longer
than the reproduce gap.

The spacing between the head and the tape and the thickness of
the active coating on the tape combine to form the third factor of
head-tape geometry which influences the record/reproduce process.
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The same basic process is involved in determining the effect of the
thickness of the medium and of the head-tape spacing. The effect of
these geometric factors can be analyzed by inspecting an infinitely
thin layer of medium and determining how the spacing of this layer
from the record or reproduce gap affects the signals transduced by
the gap.

Figure 5-6 shows the fields to which an elementary (infinitely thin)
layer of tape is subjected as it moves past a recording gap at various
distances from the gap. The parameter y/g, the ratio of the distance
from the surface of the head to the gap length, obviously controls
sharply the intensity of the maximum field to which the tape is sub-
jected. Figure 5-7 shows the way in which the field intensity along
the direction of tape movement in the center of the gap varies with
spacing from the head surface. Assuming for the moment that the
gap-length is 1.0 mil and the tape coating is 0.3 mil thick (rather
typical values), and that the coating lies actually in contact with the
surface of the head, it is apparent that the intensity of the field in the
center of the gap for the nearest layer of the tape is about 1.5 times that
for the layer farthest from the head. For the field at the edge of the
gap the ratio of near-layer intensity to far-layer intensity is almost
infinite. It is thus quite obvious that the recording field intensity is
sharply influenced by spacing.

y/g=0
012
025

05
10

) Ei ’ )7

RESULTANT FIELD LONGITUDINAL FIELD
PERPENDICULAR FIELD == =———

(after Duwmker)
Fieure 5-6.—Fields surrounding the recording gap
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Figure 5-7.—Dependence of field intensity in center plane of recording gap on
distance from gap.

The relationship between the spacing effect and the medium thick-
ness effect is, of course, that the overall field to which the tape is sub-
jected is the integrated effect of the various fields through the thickness
of the tape. The thicker the coating, the greater the range of spacing
over which the effective field must be integrated, and as the field falls off
with distance, the lower the average field. What is more important
than absolute value of the field intensity is the steepness of the curve
of field intensity in the direction of tape movement versus position
at the edge of the gap. For linear ac-biased analog recording this
steepness is the most significant parameter in determining the record-
ing resolution. In a related way the same phenomenon occurs for
digital recording. The plot of figure 5-6 shows that the steepness
of this falloff is also sharply dependent on spacing.

It is apparent from figure 5-6 that the portion of the tape in im-
mediate contact with the head is subjected to a field which is first
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in one direction along the surface of the head and finally in the
opposite direction along the surface of the head, and that in the
process of passing over the gap this section of the tape is subjected
to a rotating magnetic field. Likewise it is apparent that there is
an appreciable vertical component of the field in the vicinity of the
gap. This figure further shows that the gap fields can produce high-
resolution recording only in those portions of the tape very near the
head. Close head-tape spacing is therefore essential to good short-
wavelength recording.

Eldridge and Daniel have analyzed the process of ac-biased record-
ing to evaluate the differences between the long-wavelength and short-
wavelength conditions (Eldridge and Daniel [1962]). Most author-
ities would agree that a specific point at which the recording takes
place can be identified for any recording process. This is the point
at which the various parts of the tape encounter the last field which
can affect its remanent magnetization as the tape moves away from
the recording gap. Because the bias fields are always much stronger
than the signal fields, it 1s also generally agreed that the record point
for biased recording is that at which the bias falls below some critical
value. Daniel and Eldridge show that the region within the tape
at which the recording takes place is a function of the length of the
record gap, the amount of bias, and the position of a particular particle
within the tape thickness. They point out that since the fields in the
vicinity of the head have both vertical and horizontal components, it
may be that the recording point is such that a vertical rather than a
longitudinal field tends to be impressed on a particular particle.
Figure 5-8, which 1s adapted from their work, shows first, that at a,
there are three possible conditions of biasing for a relatively large
record gap. In region 1, recording takes place 1f the bias is quite
small. This would give good resolution for short wavelengths but
would leave most of the tape material under-biased with consequent
poor long-wavelength response. If the bias were approximately
doubled, the recording would take place in region 2, and under this
condition the entire depth of the tape material would be used but the
short-wavelength resolution would be relatively poor. Under con-
dition 3, the entire tape would be fully used and the overbiasing would
result in loss of sensitivity at long wavelengths and poor resolution
at short wavelengths. At b of the figure, with the small gap, condition
1, for small bias, would give good short-wavelength resolution but
essentially no recording at long wavelengths since very little of the
tape would actually be used. Condition 2, with more bias, would
effectively use the whole tape but, because of the long extension of the
recording region, short-wavelength response would be poorer than for
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Fieure 5-8.—Recording zones for different applied fields and gap sizes* (a)
wide gap, (b) narrow gap.

the wide-gap condition of a. A proper compromise is very difficult
to come by for both short and long wavelength recording. Daniel
and Eldridge proposed a two-gap technique which has not been widely
used. The current approach for wideband recording is to attempt
a compromise between these two conditions with the bias set, as much
as possible, to emphasize the short-wavelength response.

The fields shown for the area surrounding the gap of the record
head are based on the material of the tape coating having unity
permeability, i.e., the permeability of free space. Tape permeability
1s not actually unity but there is remarkably little effect on the shape
and intensity of the fields if the permeability is postulated at a value
between one and four, which range probably includes the actual value
of permeability for a practical tape (Westmijze [1953]). In the case
of a reproduee head, the description of the field is not by any means
as simple as it is for the record head but the general situation can be
analyzed on the same basis as for the record head.
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For the reproduce head, of course, the magnetomotive force which
produces the reproduce flux lies within the tape proper. The head
itself is not generating a field but is intercepting flux generated by this
internal magnetomotive force within the tape. A quantity which
might be plotted for a reproduce head would be the relative ability
of the head to intercept flux at various points in the vicinity of the
head. A plot of this ability would look quite similar to the plot of the
record flux intensities. For all practical purposes short of a detailed
analysis, this gives an adequate physical description of what goes on
in the reproduce head. Quite a number of complex analyses of repro-
duce-head field patterns have been undertaken and at the moment
there is only general agreement on how such patterns should be plotted
(Fan [1961]).

A convenient figure for describing the way in which the spacing ef-
fect changes the sensitivity of the tape on record and reproduce was
derived by Wallace some years ago (Wallace [1951]). This figure is
that for every wavelength that the tape is spaced away from the head
there is a loss of 55 db. This is often referred to as the “55d over
lambda loss.” For example, if the wavelength is 0.5 mil, i.e., a fre-
quency: of 60 ke at a tape speed of 30 inches per second, a spacing of
0.1 mil would cause a signal loss of 11 db. When one considers that
current wideband longitudinal recorders use wavelengths of 0.08 mil,
it is obvious that a few microinches of spacing can cause severe losses.
Wallace also derived a considerably more complex formula for de-
scribing the thickness loss, that is the loss at short wavelengths re-
sulting from finite coating thickness.

By using the Wallace figure it is possible to determine that under
normal recording and reproducing conditions tape does not appear
to be actually in contact with the head. By using a large model in
which very low relative spacings can be maintained, one can deter-
mine the absolute relationship between the wavelength and the actual
amount of signal induced in the head or recorded on the tape. If this
calculation is then scaled for practical record and reproduce heads
and tested by arbitrarily adding spacers between the head and the
tape, it will be found that the zero value of spacing of the practical
tape appears to be about 40-55 microinches. It is probable that this
figure will gradually be reduced as both heads and tapes are improved.
The apparent spacing undoubtedly is made up of the effect of surface
roughness on the tape and the fact that the last few microinches of
the polished pole piece are not as magnetic as the bulk material of which
the pole piece is made. To add to this factor, under normal operation,
the tension in the tape places a considerable physical strain on the
front of the pole piece and this strain may so affect the crystalline
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structure of the pole material as to reduce its magnetic effectiveness.
Actual dynamic measurements of head-tape spacing have been made
recently, using optical interferometric methods (Lipschutz) [1964]).
These measurements roughly confirm the spacing figures quoted above.

To emphasize the importance of minimizing head-to-tape spacing as
well as the uselessness for some applications of a thick coating on the
tape, Eldridge and Daniel showed that at a wavelength of 1/8000 inch,
75 percent of the output signal from the reproduce head is derived
from the first 28 microinches of tape material! (Eldridge and
Daniel [1962]).

HEAD-TAPE GEOMETRY~—PULSE RECORDING

Much the same influences are at work affecting the recording per-
formance when pulses are involved as in the linear recording process
just discussed. The details of the effects are modified because in pulse
work the tape is usually magnetized to saturation in one direction or
another and this, together with the basic nonlinearity of unbiased
recording, prevents direct application of the linear recording analysis.
One normally operates in the frequency dox’na,m in analyzing linear
transmission systems and shifts to the tlme domain when analyzing
pulse systems. In the same way, one shifts in magnetic recording
from concern with frequency response, phézse shift, and distortion to
concern with rise time and position shift,

Only in the last few years have usable analyses of the basic mecha-
nism of pulse recording on tape become available (Eldridge [1960])
(Barkouki and Stein [1962]). Currently, many investigators are
undertaking intensive study in this field. To increase the basic under-
standing of the nonlinear processes involved, some analyses have even
been made of sinewave unbiased recording to evaluate the elements
common to both recording modes (Stein [1961b]).

Pulse recording is often described as the process of imprinting a
flux reversal on the tape. This is exactly what happens with NRZ or
NRZI recording. With RZ, RB, or phase-shift recording, several
flux reversals may be involved in the recording of any single bit. FM
recording, since it is usually performed with saturation signals with-
out bias, also involves the same mechanism, although it is more dif-
ficult to describe in pulse terms. Performance of any of these record-
ing processes can, in principle, be derived by superimposing the effect
of several separate single flux reversals. The nonlinearity of the un-
biased recording process prevents the superposition method of analysis
from giving very quantitative results. The approach, nevertheless,
gives good insight into the processes at work.

When the pulse current through the recording head is turned on or
turned off instantaneously it effectively maps the external flux field
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of the recording head onto the tape (Eldridge [1960]). That is, the
sudden current change leaves in the tape a “snapshot” of the instan-
taneous flux distribution at the moment of turn off or turn on. If
saturation current flowed continuously in the head, the magnetic con-
dition of any part of the tape would change from unsaturated to satu-
rated as it moved into and through the external flux field of the head.
If this current is suddenly turned off, the instantaneous flux distribu-
tion around the head is mapped onto the tape. If, with no current
flowing through the head, the current is turned on suddenly, the op-
posite result is produced. On the tape which passed under the head
when no current was flowing there would be no remanent flux, and on
the tape which passed the head with the current turned on, there would
be saturation magnetization. In the part of the tape which was di-
rectly under the head when the sudden current change took place the
snapshot_of the transition from zero flux to full saturation would be
recorded.

The shape of the recording head field distribution would be closely
related to the shape of the recorded pulse on the tape. If some kind
of nonmagnetic flux probe were passed along the tape the probe would
produce an output signal which described exactly the recorded flux.
When the probing is done by an appropriate reproduce head, the same
result is not obtained because the magnetic properties of the reproduce
head affect the net voltage induced in it.

The Eldridge analysis referred to above points out that the ability
of the reproduce head to produce a pulse output which accurately
describes where a step function of flux is located in the tape is about
one fifth as good on the average as the ability of a stmilar record head
to define a flux transition in the tape. He found that this appeared to
be a fundamental relationship more or less independent of detailed
head design. Stein’s analysis (Stein [1961 b]) supports the reasoning
that the basic difference between the action of the record and repro-
duce head results from the differences of the magnetic material of
tape and base. The transfer of the flux pattern from the soft mag-
netic material of the nonremanent record head to the remanent ma-
terial of the tape defines a sharper flux transition than does the reverse
process when the remanent material of the tape induces a flux in the
nonremanent head on reproduction. Unfortunately, a head manufac-
tured of remanent magnetic material is a confusion in terms! The
analysis provides, however, a useful guide for those who would refine
head designs to improve the overall pulse resolution.

The wide range of conditions and circumstances under which pulse
recording may be done makes it difficult to describe in any detail in this
survey the complex interrelationships between pulse resolution deter-
mining factors. Most analyses seem to show that the thickness of the
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medium and the spacing of the head from the medium are probably
the crucial factors in determining the sharpness of pulse reproduction.
The size of the reproduce head gap is less important than these fac-
tors. The size of the actual pulse, that is the total length determined
by any one of a number of criteria, appears to be constructable from
the response of the reproduce head to an ideal flux transition added
in time to the length of the actual recorded pulse. The length of the
record head gap, determines, as in biased recording, to a certain extent,
the position within the thickness of the tape where the recording takes
place and hence affects the sensitivity of the size of the recorded pulse
to spacing and thickness effects. The presence of both vertical and
horizontal components of the magnetic fields involved is particularly
important in determining pulse shapes and there is some evidence that
detailed modification of the shapes of the head pole pieces affects the
overall resolution (Shew [1962]). (Pole shape may be more impor-
tant for noncontact recording than for contact recording.)

FUTURE REQUIREMENTS

Along with every other user of high-performance tape recording
equipment, NASA can well use improved data resolution on the tape
and increased overall data storage density. Improvement in these
characteristics can no longer be achieved, as it once could be, by iso-
lated attempts to improve tape per se or heads per se. The current
sophisticated knowledge of the characteristics of heads and tapes is so
far advanced that significant improvement in either must be preceded
by an increase in understanding of the processes involved in inter-
action between head and tape. Continued basic and applied research
in the interaction areas which have been covered in the broadest out-
line in this chapter is therefore essential to progress in these important
magnetic recording performance factors.



CHAPTER 6

Tape Moving Systems

Magnetic tape recorders are usually integrated into complex elec-
tronic systems and themselves contain many electronic elements.
Recorder performance depends more on the state of perfection of the
mechanical elements that are involved, however, than it does on cor-
responding perfection in electronics. The mechanical accuracy of
construction of recording and reproducing transducers, the structural
uniformity of the magnetic media and, more obviously, the precision
with which the movement of the medium is controlled, are important
aspects of mechanical perfection. Usually this last means translation
of the medium past the transducers at a perfectly uniform rate. Inter-
mittent tape motion for special applications will be mentioned later,
but the emphasis here will be on the almost universal requirement for
smooth motion.

In a practical sense, it is almost essential that maintaining really
uniform motion of the medium requires providing separate functions
of reeling and metering. By “reeling” is meant the task of supplying
tape from a source and storing 1t after passing the transducers while
maintaining as uniform tape tension as possible. The “metering”
function is that of assuring that the tape moves past the transducer
at a uniform rate, using tape supplied by the first half of the reeling
function and delivering the tape to the second half of this function.
The design of a recorder tape handling mechanism consists of optimiz-
ing the balance of tasks between these two functions, and at the same
time maximizing the protection of the metering function from dis-
turbing external influences.

Many tape recorder configurations have been proposed and used to
perform and integrate these functions while providing adequate 1so-
lation. Tape moving systems will be analyzed by discussing first the
various configurations, then the elements essential to these configura-
tions and, finally, the relationships between these elements inherent
in the configuration.

[t
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CONFIGURATIONS

Tape recorders may either be of the reel-to-reel or endless-loop type
(fig. 6-1 a,b). Endless-loop recorders may be subdivided into those
which use a relatively compact tape pack resembling a reel of tape

SUPPLY TAKEUP
SYSTEM SYSTEM
—TAPE
GUIDE j—eume
RECORD Hi-:AD9 ]\ N . y
REPRODUCE
HEAD
a ‘b
SUPPLY TAKEUP SUPPLY TAKEUP
SYSTEM SYSTEM SYSTEM SYSTEM
TAPE
CAPSTAN
PINCH PINCH PINCH
INERTIA ROLLER ROLLER ROLLER
ROLLER RECORD REPRODUCE
GUIDE GUIDE HEAD HEAD
RECORD HEAD REPRODUCE HEAD CAPSTAN IT:SENRAROUND
c d
SUPPLY TAKEUP SUPPLY TAKEUP
SYSTEM SYSTEM SYSTEM SYSTEM

CAPSTAN
RECORD

HEAD REPRODUCE

HEAD

e f

Freure 6-1.—Recorder/reproducer configurations.

(a) Basic reel-to-reel recorder/reproducer elements, (b) compact (on the left)
and distributed (on the right) endless-loop recorder/reproducer arrangements,
(c) elements of a complete open-loop recorder/reproducer, (d) elements of & com-
plete closed-loop recorder/reproducer, (e) elements of a zero-loop recorder/
reproducer, (£) addition of a second capstan/“pinch roller” combination to the
elements of (&) results in a typical differential-capstan recorder/reproducer.
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without hub or flanges and those employing an open loop wound on
racks of separate rollers which are used 1n repetitive analysis of tape

records. (There are further variations on the endless-loop arrange-~

ment which are covered in chapter 13.) Recorder configurations can
be further classified in another way only indirectly related to the
distinction between loop and reel-to-reel types, and that is on a basis
of the tape arrangement in the region between the supply and takeup.
This second classification is into open-Zoop, closed-loop, and zero loop
types. The “loop” referred to here is that section of tape which is
passing the transducers and which is under tension supplied by
restraints of some sort at its ends.

In the open-loop configuration (fig. 6-1 ¢) the tape is pulled by a
capstan which performs the metering function and back tension is
provided solely by the supply source. Appropriate intermediate
mechanical filtering devices are often provided. In an alternate ver-
sion, the tape is pulled by the takeup device and is metered by being
held back by the capstan. This is usually referred to as a “pusher”
capstan. YWhat is “open” about this loop is the fact that a metering
device has control of only one end of the section of tape passing the
transducers, the other being under control only at one reeling element.

In the closed-loop configuration (fig. 6-1 d) the section of tape pass-
ing the transducers is controlled by a metering element (usually
through frictional contact) at both ends of this passage. The meter-
ing element may be a single capstan which the tape contacts twice or
two separate capstans which are mechanically connected.

In the zero-loop configuration (fig. 6-1 e) the tape contacts the
transducers while also in contact with the metering mechanism. The
capstan or metering device must be made resilient in some way and/or
the transducers must be spring mounted so that the tape is, in effect,
sandwiched between the transducer and the metering device.

The first high-quality audio tape recorders were of the open-loop
type. The first instrumentation or scientific recorders correspond-
mngly used the same tape configuration. The single-capstan closed-
loop configuration was introduced next and has persisted during most
of the period in which magnetic recording has grown to its position
of indispensability in scientific investigation. At about the same time,
Ampex introduced a zero-loop recorder (the model 500) (Selsted and
Snyder [1954]) which was of impressive performance but limited
flexibility. (Recently there have been indications that the zero loop
configurations will soon be reintroduced.)

The major development following the single-capstan closed-loop
recorder was that of the differential-capstan recorder. A differential-
capstan recorder has a capstan at the entrance and one at the exit of
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the metering area (fig. 6-1 f). The capstan at the exit is arranged to
provide a higher velocity to the tape than that at the entrance. This
may be accomplished by using capstans operating at different periph-
eral speeds or, in the case of one manufacturer, the use of a capstan
which is so machined as to have different diameters for the exit point
and the entrance point.

Beyond the terminals of these particular metering configurations
(the capstan or capstans), the supply and takeup of the tape may be
arranged in many different variations of both reel-to-reel and endless-
loop forms. However, certain of the metering configurations fit best
with certain reeling configurations. The subject is sufficiently complex
that the entire tape handling assembly must be analyzed as a whole.

Figures 6-2 and 6-3 show examples of several open- and closed-loop
instrumentation recorders for laboratory and general use on the
ground. (No zero-loop recorders are currently being manufactured.)
Miniature flight recorders of various configurations are shown in
chapter 13,

THE OPEN LOOP

The basic elements of an open-loop tape handling system are shown
in the accompanying illustration (fig. 6-4a). The illustration is
rather complete in that essentially every element that may be included
in such an array is included therein. Many perfectly practical and
usable recorders omit many of these elements, although some of the
most sophisticated include them all. The accompanying schematic
diagram (fig. 6-4b) shows the equivalent mechanical circuit of this
array. Both drawings are adapted from an article originating in a
publication of the East German radio system (Wolfe [1960]). That
this unusual source of information is used here emphasizes how little
has been written on this important aspect of tape handling systems.
This appears to be the only detailed reference and analysis of the open
loop system published in periodical literature. The almost complete
absence of definitive literature on the subject of flutter performance of
all types of tape handling systems is in interesting contrast to the
many dozens of quite distinguished papers which appeared during
the period of development of film recording systems, where many of
the same problems occurred.

Each element of this tape handling device is nominally assigned a
specific function to perform. However, the practical element used
in that location in a practical recorder fails to some extent, in some
way or other, to perform the assigned function. The open loop con-
figuration can now be analyzed by comparing the ideal and practical
operation of its elements.

The ideal capstan rotates at a perfectly uniform rate of speed. It
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is ideally driven by a completely uniform transmission system from
an ideal “prime mover.” The ideal prime mover has zero internal
mechanical impedance or infinite mobility, i.e., it provides drive of
uniform velocity independent of any external influences. In the prac-
tical case, the drive is usually provided by either an ac or dc motor.
The practical motor suffers either from cogging in the ac case (since
the motor is usually synchronous) or commutator ripple in the dc
case, which makes the rate at which rotational energy is produced
nonuniform. At the same time, the practical motor has a relatively
high mechanical impedance in that the rotor, although usually massive,
is not of infinite mass, and for many applications has been deliberately
reduced in mass to reduce the total weight of the recorder. The con-
nection between the actual electromechanical conversion process in the
motor and the practical rotor is also not infinitely stiff. This is some-
what easier to describe in the case of the ac motor, but a similar effect
occurs in the dc motor.

The windings of an ac motor are so placed and so connected to its
terminals that a rotating magnetic field is created. In the polyphase
motor, the field generation is straightforward; in the single phase
motor, phase shifting means produce a similar rotating field although
in considerably less stable form. If efficiency and weight were no
problem, a very spread-out “wave winding” technique could be used,
such that the rate of rotation of the magnetic field would be almost
perfectly smooth. However, in the practical case there is a limited
number of slots into which the winding of the stator can be placed.
The amount of smoothing of the magnetic field through spreading of
the effective magnetic poles by distributing the winding that can be
tolerated is limited in the interest of efficiency. The practical motor,
therefore, has a magnetic field which rotates at a uniform rate on the
average, but which has instantaneous rate variations associated with
the structure of the magnetic circuit. This effect produces the phe-
nomenon known as “cogging” when such a slightly nonuniform rotat-
ing field drags a rotor with it.

The rotor is moved along by the magnetic field and, to a great extent,
stays in step with it. However, if a load is suddenly applied to the
rotor, the rotor slows down for an instant and then continues to rotate
in a slightly different position with respect to the rotating field.
Under dynamic conditions, the rotor appears to be connected by an
effectively elastic connection to the magnetic field. If a sudden shock
load is applied to the rotor, the elastic connection will lengthen, and
if the load is removed, the connection will shorten. This means that,
under transient loads, the rotational inertia of the rotor and the elas-
ticity of the connection between the rotor and the driving field can
form a resonant circuit which will “ring” in angular velocity.
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(photo courtesy Honeywell Inc.) (photo courtesy Ampex Corp.)

(a) A medium performance portable instrumentation (b) The Ampex Model FR-1300, a medium-performance
recorder/reproducer—the tape path is apparent in the pho- portable recorder, shown here with head cover removed to
tograph, around an upper guide roller, over the heads, be- uncover tape path.

tween the capstan and pressure roller and around the lower
guide roller, past an end-of-tape sensor to the lower reel—
dynamic reel braking is used in this unit, (Honeywell Model
8100).

FIeURE 6-2.—Representative open-loop recorder/reproducers.
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(photo courtesy Ampex Corp.)

(¢)l Mechanism of the recorder/reproducer of (b)—the
servo holdback mechanism of this unit shown in more detail
in figure 6-20—the unit is unusual in that mechanical access
is through the front rather than the rear—tape lifters can be
seen between the upper two and the lower two pairs of
heads—a flutter-damping inertia idler is seen at the tape
entrance to the heads, to the right of and slightly below the
“Stop” button—the bearing of a roller designed to damp
high-frequency flutter can be seen in the center of the head
array.

(photo courtesy Ampeax Corp.)

(d) The Ampex Model SP-300, shown here with the head
cover removed to show the tape path—this instrumentation
recorder is derived directly from an open-loop audio recorder
by the addition of certain refinements—an inertia idler is
visible to the left of the head group with a spring-loaded reel
snubber-idler adjacent—the idler to the right of the capstan/
pressure roller combination also acts as a snubber and end-of-
tape sensor.

FI16URE 6-2.—Representative open-loop recorder/reproducers.
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