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HIGH-DENSITY DIGITAL DATA RECORDING/
REPRODUCING SYSTEM1

ROBERT O. LEIGHOU
Martin Marietta Corporation

Denver, Colorado

Summary.  Problems associated with reliably recording and reproducing digital data at
densities of 10 to 30 kilobits per inch and the solutions to these problems are discussed.
The three problems are skew, dc offset, and tape imperfections. The solutions are to use a
14-track, wideband II tape recorder; record NRZ-L; use a 24-bit sync word, 504-bit frame
length, and odd parity in every 8-bit byte; and to employ circuit design techniques that
minimize the effects of the remaining dc offset and tape imperfections.

Introduction.  The continually growing volume of data that must be processed has
generated a need for high-density digital tape recorders (HDTR) to reduce the storage
requirements and facilitate data retrieval. High density generally refers to densities of 10 to
30 kb/in. The high-density tape recorder system being furnished to Goddard Space Flight
Center by Martin Marietta Corporation is a good example. Briefly, the requirements are to
record and reproduce 1.4(10)10 bits of data at rates from 500 kb/s to 20 Mb/s on 7000 ft of
magnetic tape with an overall error rate of less than 1 in 106.

For the system to be useful, it must be reliable--meaning it must be available and not
require constant attention by highly skilled technicians. To achieve this, a conservative
approach was used. The Honeywell Model Ninety-six Wideband II tape transport was
selected from various reliable, high quality, laboratory grade, direct record/reproduce
transports. The problem then was to design a conservative system that would meet the
requirements.

To meet the requirements, a system using 10 data tracks would have a conservative basic
data packing density of 16.67 kb/in. A system using a 1-in. magnetic tape would also be a
conservative choice because of the track width. This leads to a standard 14-track 1-in.
transport configuration.



The problems associated with recording and reproducing digital data using the transport’s
direct record/reproduce electronics are then reduced to:

1) skew or time displacement of data reproduced from the 10 tracks in relation to
recorded data;

2) dc offsets in reproduced data that show up as errors in some data patterns;

3) tape imperfections that produce errors and cause sync loss.

Because there is considerable interaction among the three, the problems will be discussed
first, then the solutions will be described.

Discussion.

Skew.  Skew is the time displacement between two reproduced data bits that were
recorded simultaneously on different tracks. It can be divided between static skew and
dynamic skew. Static skew is caused by fixed physical parameters or changes that occur
so slowly that they can be considered fixed. Dynamic skew is the more rapid change that
occurs during operation.

Parameters that produce static skew in a multitrack machine are:

1) head stack placement;

2) gap scatter and head azimuth;

3) changes in tape dimensions.

The parameters that produce dynamic skew are:

1) interchannel time displacement error (ITDE);

2) servo time base error (TBE).

Because the skew has both dynamic and static components, the only practical way to
correlate data from all tracks is to insert synchronization information on each track. This is
commonly done by inserting sync words at definite intervals. Figure 1 shows the time
relationship of recorded sync words, and Figure 2 illustrates the time relationship of those
words as reproduced before being deskewed. These figures indicate that the time intervals 



Figure 1  Recorded Sync words

Figure 2  Reproduced Sync Words

between sync words must be long enough so that all sync words for one frame are received
before any sync words from the next frame are received, and that the time intervals
between sync words must also be short enough to ensure rapid initial synchronization and
resynchronizatin after tape flaws. Although Figure 2 shows the bottom track leading the
top track, it could just as easily be the other way around.

The maximum dynamic and static skews have been calculated for the system. With
transports meeting the requirements of IRIG Telemetry Standards Document 106-73 and
the measured servo response of the recorder/reproducer, the maximum skew between any
two channels is 142 bits. This is composed of 116 bits of static skew And 26 of dynamic
skew for a full record/reproduce cycle using two different tape transports. Of course, there
may be either a potential lag or lead, depending on whether tolerances are negative or
positive in relation to the track used as the measurement reference point. For instance, in
Figure 2, if the bottom track is the reference, all remaining tracks are lagging (i.e.,
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negative) but by no more than the maximum of 142 bits. Similarly, if the top track is the
reference, all other tracks are leading (positive) but the maximum difference is still only
142 bits.

The rate at which the dynamic components vary will be moderately low, less than 300 Hz,
with the main time base error (TBE) jitter/flutter spectrum energy being below 100 Hz.
Although the flutter spectrum extends beyond 10 kHz, the integration or 1/T effect in
converting flutter (FM) to jitter (PM) greatly attenuates jitter magnitude beyond a few
hundred hertz. Table 1 contains the skew calculations.

DC Offset and Pattern Sensitivity.  Pattern sensitivity is the result of the reproduce
system’s inability to recover the dc component of the recorded data because it responds
only to flux changes.

Solutions to this problem are to use modulation schemes that either limit the dc component
to a value that is negligible or to eliminate it entirely. Biphase level modulation eliminates
the dc component but also doubles the frequency content. This limits the bit rate to the
recorder/reproducer’s upper band edge, whereas nonreturnto-zero-level (NRZ-L) could be
recorded at twice the recorder/reproducer’s upper band edge. Delay modulation is a
technique in which ones are indicated by a transition at the end of a bit-time and zeros are
indicated by a transition at the middle of a bit-time, with the limitation that transitions
cannot occur more often than once per bit-time. This technique keeps the upper frequency
content the same as NRZ-L but requires twice the phase stability and does not entirely
eliminate the dc component. Variations of delay modulation have the same problems.

Run-limited NRZ is a technique in which transitions are forced by the use of parity. This
technique produces a slight increase in the upper frequency and can also have more of a dc
component than delay modulation. NRZ-L and odd parity cannot be used if the number of
data bits in a word is even. For this case, odd parity and NRZ mark (M) with transitions
for ones, or even parity and NRZ space (S) with transitions for zeros, can be used. NRZ-L
and odd parity are used in this system.

Tape Imperfections.  A tape screening program at Martin Marietta in Denver on Ampex
787 tape shows that flaws that are large enough to produce errors on two or more adjacent
channels on the same head of a 28-track recorder are quite infrequent. These flaws would
be greater than 1.62 mm (95 mil) wide. The screening conditions were:

Tape Speed:  152.4 cm/s (60 in./s)
Tracks:  Odd numbered on 28-track recorder
Track Width:  0.635 mm (25 mil)



Table 1  Skew Calculations

Static Skew µm 

Stack Placement - Record (Fixed Head) ± 25.4 

- Reproduce (Adj Head) ± 50.8 

Total ± 76.2 

Tape Parameters, 25.4 µm (1 mil) polyester 

Elastic Modulus (4-oz tension change) ± 22.86 

Temperature Coefficient 
0 . 

(45 C change) ± 25.73 

Hygroscopic Coefficient ( 40% RH change) ± 15.24 

Total ± 63.83 

Gap Scatter & Head Azimuth 

Record (Fixed Head) ± 2.54 

Reproduce (Adjustable Head) ± 5.08 

Total ± 7.62 

Total Static Skew ±147.65 

at max density of 7.87 kb/cm (20.0 kb/in.) 

Total static skew is 116.3 bits. 

Dynamic Skew 

At 304.8 cm/s (120 in./s), Same Stack= /0.8 µs 
Both Stacks 

Servo & Time Base Error 

Total 

At max packing density of 7.87 kb/cm (20.0 kb/in.) 

bits= 10.65 (10)- 6 (7.874) (10)3 (304.8) = + 25.56 

Total Skew 

± 116.3 ± 25.6 = 142 bits, which is 17.7 bytes. 

µ in. 

± 1000 

± 2000 

± 3000 

± 900 

± 1013 

± 600 

± 2513 

± 100 

± 200 

± 300 

± 5813 

± 2 .4 µs 

± 8.25 µs 

± 10.65 µs 



Packing Density:  12.6 kb/cm (32 Win.)
Recording Format:  NRZ-L with high-frequency bias
Code Pattern:  10111000 repetitive
Error Display:

At 6.1-m (20-ft) intervals, errors for each track,
where 0 = 0 to 3 errors, 1 = 4 to 9 errors,
2 = 10 to 39 errors, 4 = 40 to 100 errors, and
8 = >100 errors.
At end of tape, total errors for each track.

Eighty tapes were screened, and data from 76 were examined in detail. The results of these
examinations are:

Size Number % of Total
1 (4 to 9 errors) 4211 43.1
2 (10 to 39 errors) 4572 46.8
4 (40 to 100 errors)   691   7.1
8 (>100 errors)   294   3.0

This leads to the conclusion that most errors are caused by minute surface anomalies in the
tape, dust, or slight misadjustments in the electronics. The rationale for this conclusion is
as follows. The tracks are 0.635 mm (25 mil) wide. A 0.318-mm (12.5-mil) flaw would
produce a 6-dB drop in signal for about 70% of that diameter or 0.226 mm (8.75 mil) if it
is all included in the track width. At 12.6 kb/cm, this would be 280 bits or a size 8 error.
Size 8 errors accounted for only 3% of the total number of errors.

There were 10 occasions where 8s appeared on adjacent tracks in the same 6.1-m (20-ft)
section of tape. Five of these were attributable to a shift in voltage from one of the
transport’s power supplies, and two were attributable to creases in the tape. The remaining
three were considered as flaws. The calculated size of the flaws on a track varied from
0.11 mm (4.4 mil) to 0.389 mm (15.3 mil). The calculated size of the anomaly from a
crease was 2.11 mm (83.0 mil).

From the data, there were three occasions in which a bit slip could have occurred--the two
creases and the largest flaw. This results in a possible loss of synchronization of three in
76 tapes or 1064 tracks.



Problem Solution  Briefly, the basic solutions to the problems described above are:

Skew:

A 24-bit sync word is inserted on each track at 504-bit intervals for use in deskewing;

DC Offset:

Odd parity is inserted in the NRZ-L data after every 7 data bits on each track to limit
the dc offset. Circuitry is also used to compensate for the remaining offset to improve
bit synchronization.

Tape Imperfections:

The frame length of 504 bits and the sync word length of 24 bits were chosen to
reduce the probability of error due to sync loss and false sync.

Using this basic approach, the format chosen is as shown in Figure 3 and described below:

Format Length: 504 bits = 63 bytes = 21 words,
Word Length: 24 bits = 3 bytes,
Byte Length: 8 bits = 7 data bits plus odd parity

Figure 3  Recording Format
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The data is recorded in NRZ-L coding with odd parity inserted after every 7 data bits. This
transition density provides sufficient information to the bit synchronizer to allow it to track
dynamic rate changes in the reproduced data. Typical waveforms are shown in Figure 3 for
the sync word and data.

The frame length was selected to be more than the maximum calculated skew of 142 bits
at the nominal packing density of 7.87 kb/cm (20 kb/in.). It was also selected to produce
the smallest practical error burst when a bit slip occurs in a frame. The frame length of 504
bits would produce a bit error rate (BER) of 1.46 (10)-7 if sync is lost once per track per
7200 ft of tape and 1/2 frame of data is lost per occurrence (7200 ft of tape has 1.728 (10)9

bits per track at a packing density of 20 kb/in.).

The sync word length of 24 bits was chosen to provide a small probability of false sync in
the first frame. Even smaller probabilities of false sync in succeeding frames are obtained
because a 1-byte window is used after the first sync detection. The format chosen provides
the following false sync probabilities:

First Frame - 3.00(10)-5

Second Frame - 1.82(10)-12

Third Frame - 1.10(10)-19

This format also simplifies the circuitry involved because the encoded data rate is 6/5 of
the uncoded data rate on each channel, thereby simplifying the frequency conversion
circuits.

Figure 4 shows the location of the data in the various tracks on the tape. Each track has its
own data format consisting of the same 24-bit sync word and 60 data bytes, where a byte
is 7 bits of data and an odd parity bit for those 7 bits of data. The serial data input has been
divided into 10 data streams so that the first data bit of each 10 is always on track 12, the
second on track 11, etc, with the tenth on track 3. Thus, the recording sequence is that a
24-bit sync word is recorded on each of the 10 data tracks. Then, 4200 data bits are
parallel recorded 10 bits at a time on the 10 data tracks. Odd parity is inserted on each
track after every 7 serial data bits on that track. The sync word and parity bits are added
after the data input is divided into the 10 parallel data streams.

The magnetic pattern produced on the tape conforms to IRIG Documents 106-73 and 118-
73. A ONE consisting of a positive TTL high-level voltage on the “true” data input results
in a south-north north-south sequence on the tape as defined in paragraph 3-26 of
Document 118-73.



Figure 4  Location of Data on Tape

Solution Implementation.  The encoder block diagram in Figure 5 shows how the sync
word and parity bit are inserted in the data for recording on the tape. The serial input data
is divided into 10 channels in the serial-to-parallel converter. This circuitry also provides
the encoder data clock, ECKD. The basic operation of the encoder is to temporarily store
the data in a memory before recording on the tape. This buffers the data to allow for parity
and sync insertion as the data is recorded on the tape. The data is transferred into the
memory in 8-bit bytes consisting of 7 data bits and the odd parity bit. The stored data and
parity are read out of the memory in 60-byte (20-word) groups after each 24-bit (3-byte)
sync word. This is controlled by the encoder’s encoded data clock, EDKE, which is
precisely 6/5 of the encoder’s data clock, ECKD. A digital phase-lock loop is used to
generate ECKE from ECKD.

The decoder block diagram in Figure 6 shows how the reproduced data is stored in the
decoder’s buffer memory using the encoded clock, DCKE, from the bit synchronizer and
the output of the sync word detector. The decoder buffer provides for deskewing the data.
Each channel uses its recovered clock, DCKE, to store the data in locations determined by
the detected synchronization word. All channels are then read 
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Figure 5  Encoder Block Diagram

Figure 6 Decoder Block Diagram
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simultaneously from the same location in each channel’s decoder buffer using addresses
from a common read byte counter. The byte counter uses the decoder’s data clock,
DCKD, to determine the read memory addresses. DCKD is generated at precisely 5/6 of
DCKE by a phase lock loop using DCKE from one of the two center tracks. This deskews
the data so that the parallel-toserial converter can reserialize the data in the original order.
Four status indicators are provided for each channel: signal loss, synchronization loss,
parity error, and bit slip. A master lock indicator is used to indicate system lock.

The servo system shown in Figure 7 provides the ability to record and reproduce at data
rates other than the standard 20, 10, 5, 2.5, 1.25 and 0.625 Mb/s by varying the standard
tape speeds of 120, 60, 30, 15, 7 1/2 and 3 3/4 in./s, respectively, by as much as 35%. It
also provides the ability to lock the reproduced data output to either the accurate internal
clock or an external data clock for data reproduction at precise rates. This rate may be set
± 35% in 0.1% steps from the nominal internal or external reference.

Figure 7 Servo Block Diagram

Conclusion.  The design described shows that a conservative design approach can be used
to achieve the required ability to record and reproduce 1.4(10)10 bits of data on 7000 ft of
magnetic tape at rates varying from 500 kb/s to 20 Mb/s and with error rates of less than 1
in 106. The techniques employed use production components, most of which are available
from more than one manufacturer.

High-density digital recording can be useful in any system that requires efficient storage of
large quantities of data. Because the quantities of data that need processing will continue
to expand and data rates will continue to increase, these techniques should be applied to
transports with more tracks, such as the 42-track and 100track transports.
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