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HIGH SPEED, HIGH DENSITY DIGITAL RECORDING

JOHN G. ISABEAU
Program Manager

Data Recording Systems, Inc.
Sunnyvale, California

Summary    The wide signal bandwidth attainable with the 960 inch per second
longitudinal tape transport, combined with high density recording at about 20,000 bits
per inch provide a multichannel 20 Megabit/second recorder with a 64:1 time expansion
capability. The tape transport mechanism consists of two solid, flangeless tape packs
placed in direct contact with a large capstan. Stability of the tape movement is achieved
by use of a control system which provides instantaneousadjustment of the pack contact
forces as a function of direction, velocity, acceleration and pack diameter. This results in
full versatility when programming the transport motion. The high density digital signal is
phase encoded and processed through the recorder as an analog signal, then is
demodulated using a phase lock loop to recover the clock. The sample and hold phase
comparator controls a VCO at a fixed nominal frequency, followed by a divider. This
configuration permits operation at all bit frequencies in a 128:1 range and allows the
clock to coast through a 50 bit dropout without bit slip. Demonstrated bit error rate is
10-6 maximum.

Introduction    High speed longitudinal tape recorders have attracted a lot of attention in
the lost few years. The difficulties inherent to a new technology have made the
introduction of these units to actual usage relatively slow. An earlier paper at this
conference in 19691 reported research work leading to an improved understanding of the
transport of tape according to the “Newell Principle”. In the period following, the full
product development of a 15 MHz analog recorder was completed. More recently, the
combination of high longitudinal tape speed with high density digital recording has led
to the multi-channel 20 Megabit/second digital recorder, subject of this paper.

General Description    The digital recorder system is built around a high speed tape
transport operating at a nominal speed of 960 ips and lower speeds decreasing in octaves
down to 15 ips. The tape transport is equipped with magnetic heads permitting recording
or playback of four channels simultaneously, each channel with a bit frequency of
20 megabit per second, at the maximum speed, and a bit frequency of 312 kilobit per



second at 15 ips. The system has a bit error rate of I bit per million maximum,
demonstrated while recording at any speed, and reproducing at, any other speed,
including the effects of interchange of the tape of one machine to another machine of the
same type.

The other principal characteristics of the high speed digital recorder are summarized
below:

TABLE I

The block diagram of the overall system is shown in Figure 1, and a photograph of the
actual equipment in Figure 2. The digital recorder system consists of a single rack which
includes the tape transport unit, the four-channel record and playback system, and the
four-channel digital modulator and demodulator.

Incoming digital information in the NRZ-L serial format, with separate clock, is encoded
as a single narrowband phase modulated signal per channel. This signal is impressed on
the tape by the direct recording method with a 60 MHz bias, in the some manner as for
an analog signal. Indeed, there is very little difference between the process of recording



high density digital information with a bit interval on the tape of 50 microinches, and
recording of analog data with a comparable wavelength. The oxide foyer on the tape
being on the order of 200 microinches, it is not possible to record short digital signals by
saturating the full depth of the oxide, as is done in the conventional digital recording
with a bit density of 800 or 1600 bits per inch. In high density digital recording, the
recorded signal has the form of a pseudosinusoidal carrier, the information appearing as
phase modulation of the carrier. To accurately retain the digital information contained in
the timing of the zero crossings of the carrier, the playback signal is processed through
equalizer filters exactly as for an analog signal, except that the equalizers are adjusted to
optimize the linearity of the phase response, rather than to obtain a maximally flat
amplitude response. The narrowband phase-modulated signal processed in this manner is
applied to the digital demodulator system where the clock is extracted to permit
detection of the phase modulation and reconstruction of the original NRZ-L format. The
digital demodulator circuit will be discussed in some detail in the second part of this
paper.

Tape Transport Unit    The tape transport mechanism, shown in Figure 3, consists of
two flangeless tape packs placed in direct contact with a single large capstan. The
advantage of this transport system is that there is no free span of tape: the tape is carried
from the supply pack to the take-up pack while resting motionless relative to the capstan
surface. The magnetic heads being applied directly against the tape on the capstan,
intimate head-to-tape contact is maintained even at the highest speed. The theory of
stability of the tape movement in this system has been discussed in the earlier paper.1

The parameters affecting the stability of the tape path are summarized in Figure 4, where
the two tape packs are shown indenting the rubber tire of the capstan. The amount of
indentation and relative dimensions have been distorted for the sake of illustration. The
capstan motor imparts direction, speed and acceleration to the capstan surface. The tape
packs are mounted on swinging arms actuated by force motors to permit electrical
control of the contact force. Spindle brakes are placed on each tape pack to permit
dissipation of the kinetic energy during deceleration. The packs follow the motion of the
capstan because the radial force permits a tangential force to be carried through the
capstan-pack interface.

At constant speed, the tape can be made to rest in a stable manner against the capstan by
using the phenomenon of progression at the capstan-pack interfaces. The indentation of
the take-up pack is made larger-than the indentation of the supply pack in a prescribed
manner to obtain positive and negative progression respectively. The velocity enters into
the picture through an apparent hardening of the rubber, resulting from the reluctance of
the material to submit to rapid deformation. Each tape pack resists changes in velocity
because of its inertia, which changes with the pack diameter, so that acceleration and
deceleration must be taken into account to ensure that the extra tangential force at the
interface will not cause the tape pack to slip with respect to the capstan. Stability of the



system, under all circumstances, can be assured provided that the upper force, the lower
force and the braking torques are made to vary with the instantaneous conditions
according to Equations 0) through (4), below.

(1)

(2)

(3)

(4)

The upper arm is balanced with an adjustable counterweight with a full pack installed
while the lower arm is balanced with an empty hub. This ensures that the torque of both
force motors will always remain of the same polarity, eliminating chatter of the
mechanical linkages. Looking at Equation (1), it is seen that the first two terms represent
an automatic compensation for the change in weight of the upper pack as its diameter is
changing. Although the weight of the tape pack increases as the square of the pack
diameter, a linear weight compensation can be made exact both at maximum and
minimum diameter, and is found accurate enough at intermediate diameters.



The third term, fls of the equation, is a fixed value adjusted to just overcome the stiction
of the system. The central term in Equation (1) represents the normal running force, f0,
with a term          proportional to the absolute value of the velocity, to compensate for the
apparent variation in rubber hardness, and a term           to partially provide for the
acceleration or deceleration of the tape packs. The factor, (l + k4 . UP), provides an
automatic force differential such that a larger indentation of the rubber tire takes place at
the upper interface when the tape is moving upward.

The last term in Equation (1) provides a boost of the upper contact force only when
accelerating upward at the same time as passing tape in the upward direction. In this
situation, the tangential force transmitted from the capstan tends to unwind the tape from
the take-up pack. This is corrected with an increase in force, proportional to the inertia of
the upper pack. As was the case for the weight compensation, although theory would
require that the acceleration boost should vary with the third power of the diameter, a
linear compensation can be made to work by adjusting the coefficient K5 to obtain the
desired force at maximum diameter. The linear approximation then provides an excess of
force at intermediate diameters. Equation (2) can be interpreted in the same manner as
Equation (1).

Equations (3) and (4) are structured in such a way that the spindle broke is applied to a
tape pack only when it is a supply pack during deceleration. The reason that the kinetic
energy of the supply pack cannot be dissipated by a braking torque at the capstan, is that
with the large sized tape packs of this machine the tangential force in deceleration
creates positive tape progression at the supply interface which overwhelms the normal
negative progression which is necessary for tape stability. As in earlier cases, although
the braking torque should be proportional to the fourth power of the diameter, it has been
found that a linear approximation can be operated satisfactorily.

The force and broke conditions described in Equations (1) through (4) are automatically
implemented by a homeostatic control system illustrated on the right side of Figure 5.
Analog voltages representing instantaneous speed and acceleration are derived from the
output of a tachometer attached to the capstan motor. A logic level indicating absolute
direction is also derived from the tachometer. Potentiometers attached to the upper and
lower swing arms which support the tape packs provide a measurement of the pack
diameter. These five inputs are applied to a computer network which generates four
analog voltages to automatically adjust the contact forces and brake torques according to
Equations (1) through (4). The homeostatic control makes the tape transport self-
regulating. The transport is operated merely by making the capstan rotate in the desired
direction at the desired speed. There is complete freedom in programming the motion of
the capstan as long as a maximum speed and a maximum acceleration corresponding to
saturation of the control system are not exceeded.
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Capstan motion is controlled in a relatively straightforward manner summarized on the
left side of Figure 5. Local operator commands and remote commands (for instance, from
the associated computer) are combined with internal sensor outputs (end-of-tape, load
condition, head position, interlocks, etc.) to generate internal controls describing the
desired speed, direction and state of motion. These signals control the capstan servo
system, described in an earlier paper.2 The capstan servo is a phase-lock system which
adjusts the speed of the motor so that the output of the optical tachometer matches in
frequency and phase a selected submultiple of a crystal oscillator frequency. When
playing back a tape which carries the appropriate prerecorded pilot signal, the
tachometer output is replaced by the pilot signal from the tape so that tape motion, rather
than capstan motion, is now phase-locked to the crystal reference.

The high tape speed and associated large kinetic energy of the system make it necessary
to provide for an orderly shutdown in case of power failure or inadvertent turnoff while
the machine is running at high speed. The shutdown circuit relies on a nickel cadmium
battery which serves to maintain the supply voltages after external power has been
interrupted. The transport control remains in ful I operation unti I a complete stop is
reached, at which time the system turns itself off.

Signal System    The four-channel analog signal system has been briefly described
earlier. The system is comparable to that encountered in most tape recorders, except that
the increased bandwidth extending to 15 MHz and higher frequency bias of 60 MHz,
require the use of radio frequency techniques in many places. As seen from the
input/output panel of the analog signal unit, the system is a four-channel 15 MHz
recorder. The digital signal system has required the development of special techniques,
both to achieve the high bit density of 20,000 bits per inch on the tape, and to permit
error free operation at all bit rates up to 20 megabit per second.

It should be helpful first, to review the considerations which led to the selection of the
narrowband phase-modulated code for this system. Figure 6 illustrates the most
commonly used schemes by which a digital message can be inscribed on a two-level
signal. The NRZ-L format represents a “0” by a low value, and represents a “1” by a high
value. The NRZ-M format represents a “1” by a transition between the two levels, “0” is
not encoded. Both formats have the same characteristics that the maximum fundamental
frequency is equal to half the bit frequency, and that the minimum frequency is DC. The
obvious disadvantage is that the wide spread of the bandwidth is difficult to handle in
magnetic tape recorders. An additional disadvantage is that the signal does not carry its
own clock. However, these formats would be very efficient in terms of bit density on the
tape because 2 bits can be encoded per cycle of the maximum frequency.



The Manchester Phase-Modulated format builds the signal from a succession of single
cycles of a carrier at the bit frequency. A “0” is encoded as a cycle with zero phase, a “1”
is encoded as a cycle at 180E phase. A signal built of sinewaves is shown on the upper
line of figure 6d, a signal built of squarewaves according to the same rule is shown on
the lower line. This format has the characteristic that the maximum fundamental
frequency is equal to the bit frequency, and the minimum frequency is equal to half the
bit frequency. In addition, there is at least one transition associated with every bit period,
so that it is easy to recover the clock. The Frequency-Doubling format, which uses one
transition at each bit boundary and an additional transition in case of a “1”, has the same
advantages. Both formats, known as biphase, have the disadvantage that for the same
minimum wavelength recorded on the tape, only half the bit density of an NRZ format
would be achieved.

The narrowband phase-modulated code (NBPM) combines the advantages of both NRZ
and biphase. To build up the coded signal, one starts by creating a transition in the
middle of the bit period for every “1”, as in the NRZ-M format. Additional
Ilmeaningless” transitions are then inserted at all bit boundaries, excluding, however,
those extra transitions which would come closer than 1-bit period from any other
existing transition. In this manner, a signal is created where the maximum signal
frequency is equal to half the bit frequency, and the minimum signal frequency is one-
quarter of the bit frequency. The octave spread is the same as for a biphase code, but the
efficiency of tape usage is the same as obtainable with an NRZ code. There is at least
one transition every 2-bit period, so that it is not too difficult to recover the clock. Once
the clock is recovered, demodulation of the signal is simple: a transition in the middle of
a bit period means a “1”, transitions at the bit boundaries are discarded. There is,
however, an ambiguity in that two different messages can be decoded depending on what
set of transitions is deemed to be on the bit boundaries. The solution of this problem will
be shown below.

Implementation of a modulator circuit to convert NRZ-L into NBPM is a straightforward
design in high speed logic which need not be described here. The demodulator system,
on the other hand, presents many interesting problems. Refer to the block diagram of
Figure 7. The demodulator receives the NBPM signal from the analog playback circuit.
The signal has the appearance of Figure 6f, except that all harmonics which make the
sharp edges of the squarewaves are removed by the bandwidth limitation of the
recording system. At 20 megabit per second the spectrum of the NBPM signal extends to
an upper frequency somewhat higher than 10 MHz because of the sidebands generated
by the random nature of the message. The signal is passed through the 15 MHz
bandwidth of the recorder except that the upper frequency cutoff is Founded to improve
phase linearity. The analog signal is applied to a limiter and transition detector circuit
which generates 25 nanosecond pulses at every zero crossing regardless of polarity and
bit rate. These transition pulses occur randomly except that the instant of occurence is



one of a set of potential instants at twice bit rate. The demodulator includes a phase-lock
system which regenerates a clock at twice bit frequency in such a way that transition
pulses, when they occur fall in the middle of the period. A sampling phase comparator
using a linear sawtooth was developed to obtain a DC voltage proportional to the phase
error. The advantage of such a comparator is that it provides maximum dynamic range
for lock-on and for tracking the signal in noisy condition; in addition, the phase lock
servo can be made independent of frequency and can be made to coast through signal
dropouts. The phase lock system is shown on the bottom part of Figure 7, and
waveshapes corresponding to 20 megabit per second operation are shown on Figure 8.
The voltage controlled oscillator (VCO) is nominally operated at 40 MHz however, it
can be manually tuned down over a minimum 2:1 range if bit frequencies other than
submultiples of 20 megabit per second are used. The output of the 40 MHz VCO is
applied to a digital divider to generate a squarewave clock at twice the expected bit
frequency. The divider ratio can be selected between 1 and 64 with the appropriate logic
levels on the control lines. The squarewave clock is used to trigger a sawtooth generator,
with the slope of the ramp controlled with an automatic gain control circuit which
provides a sawtooth of constant peak-to-peak amplitude, symmetrical with respect to
ground, regardless of the clock frequency. The constant amplitude sawtooth, in turn,
assures constant gain in the servo loop regardless of the bit frequency selected. A two-
stage sample-and-hold circuit is used to permit full updating of the phase error at every
sampling cycle, even at the highest bit frequency. In absence of a transition pulse, the
voltage at capacitor C1 follows the sawtooth, while the voltage at capacitor C2 remains
at a constant level previously established. During the 25 nanosecond transition pulse,
capacitor C1 is disconnected from the ramp and its voltage remains constant for the
duration of the pulse. This voltage is transferred to a second sampling switch (through a
buffer not shown on the diagram) where it is applied to C2 for the duration of the
sample. The loop filter has one pole and one zero at 66 and 2000 rad/sec respectively.
The transient response characteristics of this servo loop are constant regardless of the bit
frequency provided that the bit period is taken as the unit of time. In other words, the
speed of response of the phase-lock loop automatically matches the selected bit
frequency.

Although the period of the sawtooth at the maximum bit frequency is equal to 25
nanoseconds, it has been possible to use a 25 nanosecond sampling time because of the
nature of the NBPM code for which the system is designed. Line b of Figure 8 illustrates
the fact that after one sampling pulse has occured the next sampling pulse can only occur
in three possible positions corresponding to a delay of 50, 75 or 100 nanoseconds. There
is always a mimimum deadtime of 25 nanoseconds between the end of the first sampling
pulse and the beginning of the earliest next one. This permits extending the sampling
time for one entire period of the sawtooth, even allowing for one half-period phase error.
Note that as the sawtooth frequency is decreased, the 25 nanosecond sampling time is 



retained, so that the waveshapes at the low bit frequencies look like those of a
conventional sampling system.

The demodulator proper uses two clocks at 180E from each other. These are obtained
from the clock at twice the bit frequency in the phase-lock loop, using a divider of 2.
Two identical demodulator circuits are used, each of them consisting of a strobe to
isolate the signal transitions which coincide with the particular clock, followed by a 3-bit
shift register. The output of the shift register is an NRZ-L waveshape which potentially
is the desired signal. The shift register is used to examine successive groups of three bits.
The nature of the NBPM code is such that 101 transitions are found only on the
legitimate data stream. The pattern 101 never occurs on the data stream generated with
the wrong clock phase. The signal showing recognition of a 101 is used to set a gate to
select the correct data stream. The actual circuit is somewhat more intricate than might
appear from Figure 7 because of the need to provide for equalization of transmission
delays on the various signal paths. The output data is resynchronized using one of the
two clock phases and is delivered along with the clock.

One of the distinct advantages of the clock recovery scheme described above is its ability
to coast through signal dropouts without losing coherency of the clock. The bad data
detector is a threshold circuit which inhibits the sampling process in the phase-lock loop
whenever the recovered signal falls below a predetermined level. The bad data detector
includes digital delay of a few bits and a synchronizing circuit to always interrupt the
sampling at the center of the sawtooth. The clock coasts at a constant frequency without
change of phase for the duration of the questionable data. The demodulation process,
however, continues normally. Experience has shown that this is the best strategy,
because the phase error introduced in the signal by the low signal-to-noise ratio during
the dropout, is not compounded by random drift of the clock. In addition, in case of total
dropout, the system has a high probability of being exactly in step with the signal as soon
as the latter reappears, thereby eliminating the lock-on delay. More important, if the
system is operated in conjunction with a data demultiplexer, the external system can
keep in step and resume correct demultiplexing at the end of the dropout without losing
the rest of the data block. Coasting for a minimum of 50 bits without bit slip is a
requirement of the equipment, the actual coasting time is about 100 to 200 bits.



Fig. 1 - Overall Block Diagram, High Density Digital Recorder



Fig. 2 - Digital Recorder System ADR-2015

Fig. 3 - Front View of Tape Transport Unit



Fig. 4 - Basic Concept of the Tape Transport



Fig. 6 - Summary of Digital Formats
 

Fig. 7 -Block Diagram, Digital Demodulator



Fig. 8 - Phase Comparator Waveshapes at 20 Megabit/sec


