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A HIGH-PERFORMANCE ERROR CORRECTION SYSTEM
FOR DIGITAL TAPE RECORDERS

W.D. Kessler - J.H. Stein
Sangamo Weston, Inc. - Sarasota, FL 33578

ABSTRACT

An erasure type error correction system for parallel high density digital tape recorders is
described. The system can correct for error bursts of any length occuring on either single
tracks or any two tracks simultaneously. Calculations of theoretical performance are
compared with measured performance and a figure of merit for error correction systems is
used to compare typical systems.

INTRODUCTION

High density digital recording (HDDR) on multitrack instrumentation magnetic tape
recorders has, after ten years,of maturing, become a reliable and cost effective method of
storing large quantities (1011 bit per 14 inch reel of 1" wide 28 track tape) of digital data.
Furthermore, it provides time base expansion so that data recorded at high bit rates can be
absorbed by a computer. Today, bit error rates (BERs) as low as 1 in 106 with good tape
properly handled are common. These BERs are completely acceptable for many
applications and in fact, error rates as poor as  in 105 (which can occur with dirty or
mishandled tape) are oftentimes acceptable.

However, in more and more applications BER’S of 1 in 106 are not acceptable. In other
cases where it is acceptable, the cost of quality tape or clean atmosphere to achieve this
BER without correction is often prohibitive or impossible.

There is today, both the technology and impetus to produce error free recording of high
density digital data on magnetic tape through the use of error detection and correction.
This paper describes a system which meets this goal, developed through the joint efforts of
SANAGAMO WESTON, INC. and CNR, INC. It is the “CAS” system, for “Coding and
Synchronization”. A patent application has been filed.



EQUIPMENT DESCRIPTION

The experimental data of this paper was obtained from a Sangamo SABRE X
recorder/reproducer using IRIG 32 track spacing (20 mil./track). The error correcting
coding and synchronizing (CAS) portion is designed for use with all SABRE recorders.

The coding and synchronizing (CAS) portion is described with the aid of Figures 1 and 2.
Up to 14 channels or tracks of parallel data can be accommodated with the system
described. For greater that 14 data tracks, two identical modules of 14 tracks each are
used.

Figure 1 is a simplified block diagram. K tracks (max. of 14) of parallel data are accepted
by the outer encoder which generates N-K (normally 2) tracks of parity. Thus the output of
this encoder is N (max. of 16) tracks: the original K data tracks and N-K parity tracks.

The data plus outer parity then goes to the inner encoder where it is divided into “blocks”
and longitudinal parity is inserted. To provide room for this longitudinal parity, the data
rate is “speeded up” by a factor of 10/9, leaving a hole at the end of the block of data into
which is inserted the longitudinal parity (this parity provides for both error detection and
skew correction during the reproduce process). Spectral conditioning of the data by
randomizing, a method which does not require adding extra parity bits to the data simply
for signal conditioning, is also provided at this point.

Figure 2 illustrates how the data is recorded on tape excluding for the moment the normal
1.5 inch head spacing factor. A “block” has a length of 216 bits of data plus 24 bits of
parity (for a total of 240 bits) and a width of K data tracks and N-K cross-parity tracks (for
a total of N tracks). The outer code is simple odd parity if N-K = 1 or, if N-K = 2 as it
normally is, it is simple parity for one track and a modified (N,K;D) Reed-Soloman code
with 4 bit symbols for the 2nd track. The inner code is a (240,216;7) BCH code. It is
important to note that this inner code was designed to provide the strongest error detection
practical for operation with data recorded on magnetic tape. The two tracks of outer parity
allow correction of two tracks of bad data simultaneously.

The reader is reminded that, as shown in Figure 3, data on every other track is displaced
1.5 inches due to the normal head construction. This provides a natural protection against
tape imperfections large enough to emcompass two adjacent tracks because it places the
resulting error burst of each track in a different frame.

Referring back again to Figure 1, and the second half of the block diagram, as data is
reproduced it enters the error detecting decoder where the inner code parity is used to
provide both deskewing and error flags.



A particulary unique feature of this decoder is that deskewing is accomplished with no
need for a conventional sync word. As each new bit of data enters the decoder, that bit
plus the preceeding 239 bits are inspected. If parity checks that group of 240 bits is a
frame and it is handled as such in the deskew buffers. If parity does not check, the group
of bits is not considered to be a frame. In this case, the next data bit with its preceeding
239 bits are inspected to determine if that is a frame. This process is repeated with each
new data bit, until the frame is determined for that track. Similarly, the process is repeated
on all other tracks so frames of data can be lined up in the deskew buffers for clocking out
simultaneously. Actually 4 frames of data are handled in each track of the deskew buffer at
once to accommodate about 450 bits of skew. After synchronization has been achieved,
time constants prevent an error in a given frame from fooling the systen into thinking it has
lost sync.

As errors are detected in the inner encoder, an error flag for that particular track is sent to
the outer decoder telling it to correct the errors using the information from the parity
tracks. Any two tracks including the parity tracks can have bad data simultaneously and
still be corrected. If more than two tracks have bad data simultaneously, the errors will be
detected but not corrected. The probability of this happening however is vanishingly small,
about 1 in 1013 for a (16, 14) system.

EQUIPMENT CONDITION MONITORING

By its very nature, a system such as this accomodates degradation and even some types of
failures within itself. One track of recorder electronics can fail and the normal user may
not even recognize the failure. The error rate is somewhat increased but that may not be
noticeable. In a sense this is very good. However, to obtain the maximum utilization of the
equipment it must be self diagnosing when problems occur. To accomplish this, an error
monitor panel continuously displays raw track error rate, composite error rate and error
count. If a track fails, it is indicated even though the system normally will continue to
correct the errors generated. Thus repairs can be implemented without performance ever
becoming degraded.

MEASURED PERFORMANCE

Measurement of a high performance system as this is, of course, very time consuming. One
set of data is tabulated in Figure 4. To provide worst case conditions, regular
instrumentation tape (Ampex 797) was used rather that high-density digital type 799.
Furthermore, the system was configured with a 32 track head (20 mil tracks). Note that at
all speeds except 3 3/4 ips the bit error rate was better than 1 in 1010, since zero errors
were measured in 3.8 X 1010 bits. Experience has shown that these are typical results.



THEORETICAL PERFORMANCE

It is generally conceded that the limitation to error free performance of high density digital
recording today is due either to tape imperfections or to tape-to-head contact anomalies
caused by foreign particles. This is not an indictment of the magnetic tape manufacturers;
indeed in most cases, we the “users” contribute more toward increasing the error rate by
mishandling the tape than do the tape manufacturers.

In either case, the variables introduced into the problem by the tape anomalies are:

- Raw error rate
- Length of error bursts
- Distribution of error bursts.

Using these variables and the system parameters, calculations have been made for the
Sangamo-CNR CAS system and for two hypothetical single track correcting systems. A
midrange error burst length (B) of 100 bits is assumed. The geometry of the data and
parities on tape for these systems are shown in Figures 5, 6, and 7. The numerical values
of the system parameters are listed in Table I.

TABLE I

SYSTEM CAS U V

No. of Data Tracks, TD 14 14 14

No. of Parity Tracks, TQ 2 2 1

Frame Length, F, bits 240 4 500

Serial Parity bits, R 24 0 12

These systems have been selected to provide a contrast of methods. System U uses two
parity tracks but no serial-error detecting code. The two parity tracks can be used both to
flag a single track with errors and to correct those errors. System V uses a serial code on
each track to detect errors, but only one parity track. It also can correct only a single track
at any instant.

The CAS system combines the best of both methods. It uses two parity tracks like system
U, but also uses serial parities on each track as does system V. This combination gives it
the capability to detect and correct errors on two tracks simultaneously, as explained
above in connection with Figure 1 and 2.



The CAS system contrasts with system V in yet another way; it uses twice as many serial
parity bits. This is not a trivial matter. Just as a single odd-parity bit can detect only odd
numbers of errors, (roughly half the total), so will “R” parity bits miss about 1/2R of all
possible error patterns longer than R. This subject is discussed rigorously in reference (1).

The rate of errors missed is termed “Limit” and places a lower bound on the corrected
error rate, since errors which are not detected cannot be corrected.

Performance is defined as the error rate in the failure mode. The failure mode is the
occurrence of simultaneous errors in c + 1 tracks, where c is the number correctable. This
probability is stated by Equation (4) in the Appendix. The performance will seen to be the
sum of two terms, one of which is the “Limit” mentioned above.

Figure 8 is a plot of the theoretical corrected error rate P for the three systems, as a
function of the raw error rate for the range of 10-4 through 10-10. Several matters of interest
become apparent from inspection of this plot.

First, it is evident that the corrected error rate with the CAS system is orders of magnitude
better than that of either other system throughout the range or realistic raw error rates.

Second, the maximum advantage of CAS is seen to fall nearly at the raw rate of 10-6,
which long has been the standard of reference for systems without error correction. This is
no accident, but is the result of the skillful selection of the parameters of the system.

Third, system U does not have a break in the slope as do the others. Lest this cause
distrust of the plots, we will point out that it is a result of the fact that system U does not
have a serial error detecting code, therefore, it is immune to any failure of such code to
detect all the errors.

Finally, at the very low raw rates the advantage of the CAS system over the others
decreases. This is because of the penalties imposed by the track multiplier and the frame
multiplier (see appendix) and is related to the two-track-correcting ability of the code.

FIGURE OF MERIT

The Figure of Merit (F.M.) used here has the units of relative data capacity. This takes
overhead into account. The F.M. is the ratio of the system data handling capacity relative
to the data handling capacity of a simple redundant system with the same error rate
performance. A 3-track redundancy system with 2 out of 3 voting is capable of a corrected
rate of 3(10)-12 using equation (9). A real system with this 3(10)-12 error rate and 0.1 



overhead would have a F.M. of 3/1.1, or 2.7. This means that it would be 2.7 times as
effective as a simple system partitioned for redundancy.

The arithmetic for this calculation becomes confusing so the performance of purely
redundant systems has been plotted in Figure 9 to simplify converison of error rate to the
redundancy multiplier, H. After H is found, it is divided by 1+QT, the total system size, to
find the Figure of Merit.

Results are show in Table II for the three systems being compared. The redundant systems
are also shown as a matter of interest. Systems U and V have been assigned 5% overhead
for a sync word which is required in addition to the error correction overhead.

TABLE II

SYSTEM CAS U V
REDUNDANT

H = 3 H = 5

Performance, P 8.14 X 10-14 1.27 X 10-10 4 X 10-9 3 X10-12 10-17

H (from Figure 7) 3.57 2.4 1.85 3 5

1 + overhead 1.27 1.20 1.14 3 5

Figure of Merit 2.8 2.0 1.62 1.0 1.0

SUMMARY

A powerful error correcting system for high density digital tape recorders has been
described. It corrects errors on any two tracks simultaneously, reducing them in a normally
operating system to essentially zero. Additionally, because of the two track correction
capabiltiy, a catastrophic failure on any one track leaves the system as a single track ,error
correcting system with performance comparable to competitive systems operating with all
tracks intact.

Experimental results show that a normally operating CAS system can consistently
record/reproduce more then 9000 feet of tape with no errors. With one inoperative track,
errors of that track plus enough others are corrected to bring the system to about 1 error in
109 bits.

Estimates of performance based on realistic conditions have been made and indicate that
the CAS system should outperform competitive systems by several orders of magnitude as
measured by error correcting ability.
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APPENDIX

Definitions

U - first hypothetical system
V - second hypothetical system
CAS - Sangamo Weston Coding and Sync System
c = number of tracks correctable
T = total number of tracks
MT = track multiplier

= T (T-1)/2!   for c = 1 systems (U,V) (1)

= T (T-1)(T-2)/3!   for c = 2 systems (CAS) (2)

F = frame length for error detection (bits)
B = length of error burst in bits
MF = frame multiplier

= (F+B-1)/B   for all systems (3)

P = corrected error-rate of system (error per bit)

P = (MT)(MF)c+1 (PO)c+1 + Lim (4)

R = number of serial parity bits per track used for error detection
PO = uncorrected error rate (raw rate) in errors per bit
Lim = Limit, = errors missed by error detection method,

= PO/2R (errors per bit) (5)



TD = number of data tracks
TQ = number of parity tracks
QP = parallel overhead,

= TQ / TD (6)

QS = serial overhead

= R/(F-R) (7)

QT = total overhead

= QP + QR + (QP)(QR) (8)

Calculations for Figure of Merit

H = total number of tracks in redundant set for correcting one track
PH = performance of redundant set

= (MT)(1)(PO) (H+1)/2 (9)

=              (10)

=         For H = 5 etc.    (11)

P = System performance

= (MT)(MF)c+1(PO)c+1 +Lim (4)

Let pH = P then read H from curve, Figure 9

Use overhead = 1 +QT for size of system being evaluated

Then Figure of Merit = H/(1 + QT) (12)

= improvement factor over simple redundancy.
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FIGURE 5  SYSTEM U

FIGURE 6.  SYSTEM V



FIGURE 7  CAS SYSTEM
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FIGURE 9.  FIGURE OF MERIT AID


