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SUMMARY OF ENHANCED NRZ
CODE PROPERTIES

Anthony G. Fairfield & Glen H. Schulze
Bell & Howell, DATATAPE Division

Pasadena, California 91109

ABSTRACT

A summary of the properties of Enhanced NRZ (ENRZ) for magnetic tape recording is
presented. Major code properties are defined and, where informative, compared with
competing recording codes.

Considerable insight is given into the considerations for maximizing the recording density
without abusing the limited bandwidth of the tape recording channel. Several standard
configurations with multi-track deskewed formats currently in field use are presented with
throughput rates up to 320 MBPS.

Error-detection and correction for improving Bit Error Rates of inferior tapes to 10-10 is
outlined.

INTRODUCTION

For five or more years various manufacturers have been extolling the virtues of their own
proprietary high density digital recording codes but there is a code for which no
manufacturer makes a proprietary claim, a code used by two manufacturers operating in
competition with each other. This code is enhanced NRZ. Enhanced NRZ is an extremely
successful code with wide user acceptance, a predictable performance, and a potential for
growth with the ever increasing needs of higher and higher throughput rates.

This wide user acceptance with over ten million dollars worth of equipment deployed each
year is making ENRZ a standard recording code within D.O.D. and NASA. The reason for
this user acceptance is basic. It works. It is possible to rely upon and predict with certainty
the system performance. It is forgiving of problems in the head-to-tape interface. It is
forgiving of the problems of tape perturbation. It has the capability of error detection, and
thereby can remove many of the problems caused by the magnetic tape. This paper will
provide support data for these statements.



ENHANCED NRZ (ENRZ) DESCRIPTION

ENRZ format consists of encoding the input data by adding a parity bit to every seven data
bits that are to be recorded on a single data track. The parity bit added ensures that every
eight bits recorded on tape has odd parity. This enhancement of the raw data yields several
advantages over NRZ encoding. First of all, it guarantees a transition rate in the recorded
signal sufficient for maintaining phase lock in the detector tracking oscillator. This
advantage is maintained even when the complement of any subsequent randomizing of the
recorded signal occurs in the input data. Secondly, by means of a parity check during
playback, it gives a good indication of the accuracy with which the bits were recorded and
reproduced. Thirdly, it makes it possible to determine when accurate bit count has been
lost and, within a limited error boundary, to re-establish the correct bit count and alignment
of data bits at the system output. Finally, it makes possible error detection by providing a
longitudinal parity check on each tape track for every seven data bits.

The addition of an odd parity bit after every seven data bits restricts the recorded bit
pattern so that, in the worst case, no more than 14 bit periods may elapse without a flux
change. This brings the low frequency response requirement within the range of standard
Direct reproduce electronics, while retaining the upper bandwidth conservatism of NRZ.
The reduction in effective packing density due to the addition of the parity bits amounts to
8:7 or a 12.5% reduction, significantly less than the reduction occasioned by other coding
formats.

Since the ENRZ waveform is virtually indistinguishable from an NRZ waveform except
that the enhanced rate is 8/7 the data rate, the high frequency response requirements will
be 8/7 that of NRZ data. Consequently, the ENRZ signal requires a theoretical high
frequency passband of (8/7 x 1/2) or 4/7 the bit rate.

By bounding the DC component such that it can never reach zero or 100% of the peak
signal amplitude, the amount of zero crossing displacement due to lack of DC response is
reduced and DC restoration is effective. Thus, by reducing the DC shift, the system rise
and fall timing errors through the zero crossings can be reduced. Since the rise and fall
times are dependent upon the high frequency content, reducing the baseline wander
permits an increase in packing density. The DC restoration may be augmented by
randomizing the data before it is recorded on tape. However, it is necessary to enhance the
data after randomizing to counter blocking of the randomizer by complementary patterns in
the input data.

CODE PROPERTIES

The code properties possessed by ENRZ are unique as a group when compared to other
encoding methods. The similarity between ENRZ and NRZ results in some properties



being identical for both of these codes. Other codes may or may not share identical code
properties with ENRZ. In comparing various encoding techniques, the reader is
encouraged to use the following list of properties as a baseline for code merit or code
comparison:

Complexity/Cost
Bit Rate to Bandwidth Ratio (Packing Density)
Sensitivity to Changes of Bandwidth, Record

Head Current
Sensitivity to Crossplay
Bit Error Rate vs Signal-to-Noise Ratio/

Detection Bandwidth
Error Multiplication
Recovery Potential from Bit Slip Pattern Sensitivity
Confidence Monitoring
Error Detection and Correction

Complexity/Cost

ENRZ is an uncomplicated code. It is readily understood, simply engineered and easily
maintained. ENRZ requires no complicated algorithms, no truth or look-up tables and no
complex circuit implementation. As a result of ENRZ code simplicity, cost to the user is
less than more complex systems.

The simplicity of ENRZ also translates to an inherently superior reliability, MTBF and
MTTR because the encode/decode circuitry is less complex than competing schemes.
Most importantly, system alignment procedures are less complex and once aligned,
realignment periods are spaced at longer periods. In particular, the alignment sensitivity of
the bit synchronizers is much less with ENRZ as compared with codes which require
precision tape transportation suitable for resolving a 2X clock.

Bit Rate to Bandwidth Ratio (Packing Density)

The ratio of bit rate (BR) to bandwidth (BW) for ENRZ is easily derived from the well
known performance of NRZ. Using information theory, it has been shown that with NRZ
data, the maximum signal rate is twice the upper frequency limit of the channel. This rate,
known as the NYQUIST rate, is based upon an ideal low pass filter and assumes that the
output signal is sampled precisely at the center of the bit cell to make the “one” - “zero”
determination. (Reference 1)

Using an NRZ BR to BW ratio of 2:1 and modifying this by the 7/8 efficiency factor
produces an ENRZ BR to BW ratio of 7/4.



Using this ratio for ENRZ and a 2.0 MHz bandwidth at 120 ips, we would expect a bit rate
of 7/4 x 2 x 106 or 3.5 Megabits per second per track. This equates to a packing density of
(3.5 x 106) ÷ 120 ips or 29 kbpi. This density compares favorably with King’s IRIG
sponsored report of “odd parity NRZ ranged from 26 to 35 kbpi”. (Reference 2)

For a code to receive wide user acceptance, it has to show capacity for growth and the
capability to record and reproduce data at higher data rates. There are currently deployed
ENRZ systems that record and reproduce throughput rates of 300 MBPS. These same
systems have expansion capability to 600 MBPS (Figure 1), utilizing a single tape
transport. But here the reader should be cautioned against reports of super codes achieving
high packing densities. The code can only make maximum use of the available analog
channel bandwidth. However, at these super high packing densities, the problems of
signal-to-noise ratio, timing errors, or anything that produces stress on the decoding
system, all become far more acute and it is in this regard that ENRZ outperforms all other
known codes.

Sensitivity to Changes of Bandwidth and Record Head Current

ENRZ like NRZ enjoys an additional bandwidth related advantage over other non-NRZ
codes, i.e., low sensitivity to changes of bandwidth that may result between reels of tape
or within a single tape. Author King reports:

NRZ bit packing was more sensitive to tape recorder bandwidth changes than
Bi-Phase but less sensitive than DM.

This is explained by King:

It is the compacting of DM spectral energy that makes its bit packing density more
sensitive to bandwidth changes. (Quotes from Reference 2)

Rather than being compacted into a narrow band of spectral energy centered at 3/8ths, the
normalized bandwidth (King’s Figure 6) ENRZ makes better utilization of the full recorder
spectrum available.

The significance of this ENRZ advantage needs to be emphasized. The bandwidth of a
magnetic tape recorder varies with use. The reproduce head output amplitude at high
frequencies increases as the depth of its pole tip diminishes with wear. This necessitates
with some coding schemes constant adjustment of the reproduce equalizers and phase
compensating networks. The spectral occupancy advantage of ENRZ results in its being
less sensitive to upper bandedge phenomena like head wear, head varnish, azimuth
misadjustment and imperfect equalization than codes that are compacted into a narrow
band of spectral energy.



A second adjustment sensitivity reported by King:

NRZ was also more sensitive to bias changes than Bi-Phase but less sensitive than
DM. NRZ showed only a 3% loss in bit packing at 0 db bias at 30 ips . . .

Again, this is an important consideration with a magnetic tape recorder. The depth of the
record head pole tip will diminish with wear. This results in the need for less record drive
to produce the same amount of saturation on tape. Although not explained by King, it is
likely that the compacted spectrum of Delay Modulation (DM) and similar codes is again
responsible for this sensitivity to record drive.

Empirical data shows that recording ENRZ, or any digital bi-level signal at high data rates,
without high frequency bias will result in improved record levels and lower bit-error rates.
The reproduced signal-to-noise ratio can be improved by as much as 3 dB when digital
data is recorded without bias. However, selecting ENRZ does not require the elimination
of high frequency bias if the user wishes to retain an IRIG Direct Mode configuration.
Author Leighou reports successful operation at 32 kbpi with high frequency bias using
“odd parity in every 8-bit byte.” (Reference 3) Although not stated by Leighou, he appears
to be describing an NRZ code exactly equivalent to ENRZ.

Sensitivity to Crossplay

King also reports on the sensitivity of various codes to crossplay between two recorders.
Part of his experiments utilizing 2 different wideband recorders possessing different SNR
are summarized below.

% Reduction in Packing Density From Crossplay

Tape Speed NRZ DM

    30 ips 23% 30%
  120 ips 11% 33%

This result is not surprising after realization of the compacted DM spectrum coupled with
the 2X clock requirement of DM type codes. Both of these are obviously stressed when
crossplaying between 2 different recorders.

Again, the broad spectrum occupancy of ENRZ provides greater immunity to crossplay
problems as reported by King. King’s crossplay results are even more dramatic when it is
realized the NRZ data was recorded at a higher starting packing density than DM.



Crossplay between wideband recorders remains a major problem today, 10 years after it
was discovered that record head gap length differences were causing incompatibility
between tapes recorded on different manufacturer’s recorders. The IRIG and ANSI
Standards Committees are urged to give serious consideration to crossplay properties of
codes before drafting high density digital standards.

Bit Error Rate vs Signal-to-Noise Ratio

The inherent BER vs SNR performance of NRZ codes applies directly to ENRZ. A
number of authors have published both theoretical curves as well as experimental curves
on this important NRZ relationship. (References 1, 4, and 5) This well established
relationship for NRZ and ENRZ is not shared by other codes.

Author Waggener from EMR-Schlumberger states:

The performance of delay modulation (DM) has been widely misunderstood. The
small low frequency content and a sharply peaked spectrum at about 0.4 bit rate has
led potential users to conclude that DM is an efficient coding technique. Such a
conclusion is unwarranted and, in fact, the performance of DM is 3.5 dB poorer
than NRZ using an optimum detection bandwidth of twice that of NRZ. If the
bandwidth of DM is limited to the spectral region less than the bit rate, a
considerable penalty in bit error performance is paid.

Experiments with ENRZ vs Double clock codes with mid bit transitions show the
detection superiority of ENRZ by the margin of the opening of the eye pattern. (Figures 2
and 3) Long time proponents of double clock mid bit transition codes now recognize the
3.5 dB penalty cited by Waggener but tend to discount its importance. Its importance is
quite obvious.

(1) An SNR margin of 3.5 dB provides a safeguard against operational problems of
head varnish, head azimuth and electronic misalignment and crossplay.

(2) Tape dropouts of a magnitude at or near detection and bit sync threshold will
be successfully accommodated.

(3) Increased packing density can be achieved with a superior BER vs SNR code
like ENRZ if the criterion of packing density is established by increasing
density until a given error rate results. Reference King’s method of code
evaluation.



Error Multiplication

By error multiplication, we mean the property of a code which results in an increase in
decoded output errors over and above the output errors that would have resulted using a
code with zero error multiplication.

King observed that a single bit present at the input to the derandomizer resulted in 3 errors
at its outputs. However, development of the randomizer by various manufacturers has
eliminated this problem but at the cost of increased complexity.

Bit Slip Error Multiplication

A single bit slip occurring before the derandomizing buffer will interrupt the synchronizing
of the buffers derandomizing process. It then requires a given number of error-free,
unslipped bits to “purge” the derandomizing buffer before an error free output results.

Double clock mid bit transition codes possess a similar trait. Specifically, their decoders
must receive a 101 bit pattern in order to be synchronized for proper decoding. In the
event of either a bit slip or burst errors their decoder must be “purged” by a 101 pattern in
order to produce correct bit patterns at the output. Whereas the 101 sequence is common
in random data there are critical times such as calibration patterns, fill patterns, or major
and minor synchronizing patterns which are completely devoid of 101 sequences for
thousands of bits.

NRZ/ENRZ codes do not require purging nor do they incorporate an inherent error
multiplication characteristic. A single bit in error off-tape will result in only a single bit in
error at the decoder output. The bit slip properties of ENRZ will be addressed in the next
paragraph.

Recovery Potential from Bit Slip

One of the unique properties of ENRZ is its recovery potential from bit slip. Bit slip is
defined by EMR (Reference 7) as “the increase or decrease in the clock frequency by one
or more bits with respect to the input signal.” The incorporation of parity bits in every
eighth bit position of the ENRZ code provides, in effect, an electronic sprocket which can
be used during playback decoding to combat bit slip.

In the event bit slip occurs, the parity bit position will move ahead or move backward in
time one or more bits. By inspection for odd parity over a group of 8 bit words (5 words
usually with a 40 bit register) it is possible to (1) Detect that slip has occurred, and (2)
Determine the direction and magnitude of the slip.



Once the slip direction and magnitude has been determined, it is relatively easy to remove.

Code systems which do not have the sprocket property of ENRZ cannot be bit slip
recovered until a unique bit pattern arrives or until a suitable time period has elapsed.

In a parallel track system with individual track deskew buffers, an uncorrected bit slip will
produce errors until the next deskew frame sync word is decoded, usually 500 to 600 bit
errors per track. ENRZ has a marked advantage in these systems because the individual
tracks can be bit slip corrected immediately.

Pattern Sensitivity

Pattern sensitivity is defined as that property of a code which will cause an increase in
error rate for peculiar bit patterns over and above the error rate for more benign bit
patterns. In practice, pattern sensitivity is usually the result of low transition density
coupled with highly asymmetrical bit streams, i.e., a long string of “1”s or “0”s. This type
of signal contains significant spectral energy near DC and will result in baseline gallop or
wander because the tape recorder system does not pass DC or low frequency energy.

The EMR Model 720 Bit Synchronizer (Reference 7) is described with the following
capability:

“Baseline Shift:  No degradation in performance if the serial PCM wavetrain is
shifted by a super-imposed triangular waveform with a peak-to-peak amplitude of
the PCM wavetrain and with a frequency tip to 0.1% of the data bit rate.

The ENRZ code limits the DC baseline shift such that it can never reach zero or 100% of
the pulse amplitude. Specifically, the baseline shift of ENRZ is bounded between 12.5%
and 87.5% of the peak-to-peak value. It is recommended that DC restoration be used
regardless of the type of code being utilized as the additional complexity is not great. The
measure of DC restoration for ENRZ is shown in Figures 4 and 5.

The final proof of the DC content or pattern sensitivity of the code is a stringent test, not a
pseudo random (PN) bit stream test. PN tests are actually very benign tests as they are rich
in transition density and devoid of worst case patterns for any appreciable length of time.

A true worst case test requires a special signal generator that provides a “sampled ramp”
test code sequence, which is a repeating 14-bit serial code. Quoting from a report of the
use of this test on an ENRZ system:

Each 14 bit code is repeated 1024 times before changing. All possible 14-bit code
sequences are eventually generated each persisting for 1024 times. Playback



synchronization to the reproduce test sequence is accomplished once at the
beginning of the measurement so that a bit slip occurring in any track will not be
self-clearing but will result in recurring errors.”

The test results of this user were summarized in his test report as follows:

As a result of the testing described in this note, it has been shown that the subject
ENRZ recorders can be tested with long PRN test sequences and the resulting error
measurements can, with much greater confidence, be extended to any 14-bit test
sequence.

As of this writing systems using ENRZ are the only recorders known to be free of pattern
sensitivity. This is due in part because the limitations of ENRZ are known and can be
accommodated by sound engineering.

Confidence Monitoring

The confidence monitoring property of ENRZ is a major advantage to users requiring real-
time assurance that data is being recorderd with low error rates. This property is not easily
matched by other codes.

The ability to detect parity errors is a simple and inherent property of ENRZ. As soon as
an error burst begins, odd parity will no longer be satisfied. A parity error bus for each
track can be monitored during the record mode as a measure of error activity. In general,
one parity error can mean an error burst of 1 to 7 bits in length has been encountered. A
bounded relationship, therefore, exists between the parity or word error rate and the bit
error rate. As an assurance or confidence monitor during recording, the rate of occurrence
of parity or word errors has proven to be a highly reliable indicator of recorded data
quality.

Other codes may possess real-time error checking or confidence monitoring but
implementation is usually more costly. Examples are block codes as described by
Davidson (Reference 8), who states:

In the case of the (5,6) alternating disparity code, an even parity check can be made.
Such parity error checks can provide an indirect means of on-line monitoring of
BER.”

Davidson concludes with the following comments on block code complexity:

Some drawbacks of these low disparity codes compared to bi-phase and delay
modulation are as follows:



1) Slightly more complex digital methods of generation are required.

2) Moderately more complex (but, nevertheless, practicable) digital methods of
decoding are required. Not only must bit-boundaries be determined, but
character boundaries as well.

Error Detection and Correction (EDAC)

EDAC is possibly the greatest advance that has been made in digital recording over the
past five years. With EDAC high density digital recording at low bit error rates (less than 1
error in 107 bits) is no longer dependent upon certified tape. With EDAC, the probability
of success of critical recording systems has been raised to 0.9998. With EDAC, bit error
rates of less than 1 error in 1010 bits can be relied upon. EDAC takes advantage of the
parity protection afforded by ENRZ.

General Description

The longitudinal parity bits in each track of parallel ENRZ data are augmented with lateral
parity bits to form a parity matrix to identify any recorded or reproduced error; the lateral
parity information being recorded on a separate tape track. The adjacent parallel data
tracks are then separated longitudinally along the tape by use of delay networks. This
lateral parity checking of the data is performed two or more times before the data is
recorded. In the reproduce mode, the reproduced data is checked for parity and the parity
error information is stored in memory for eventual identification and correction of bit
errors. Following each reproduce parity check, the data is restored one delayed time frame
until each track has the same lateral time relationship as the original input data. An
example of the effectiveness of EDAC is shown in Figure 6. A complete description of
EDAC is given by Herff. (Reference 9)

Conclusions

The code properties of ENRZ have been presented and in part compared with competing
coding schemes. The list of superior properties of ENRZ is important to any organization
studying High Density Digital Recording Systems. This list includes:

1)  Simplicity/cost advantage
2)  Bit Rate to Bandwidth Ratio
3)  Insensitivity to Bandwidth Changes
4)  Insensitivity to Crossplay
5)  Bit Error Rate vs Signal-to-Noise Ratio
6)  Zero Error Multiplication
7)  Recovery Potential from Bit Slip



8)  Real Time Confidence Monitoring
9)  Error Detection and Correction via Orthogonal Parity

Competing code schemes may match ENRZ in one or more properties but no one code
scheme can match ENRZ on a 1:1 basis using the list of properties described above.
ENRZ has become so widely accepted by U.S. Government agencies that it has become a
defacto standard, the background to this is given by Schulze in “An Emerging Standard
Coding Format for High Density Digital Recording System”. (Reference 10)
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SYSTEM 600 HI-D DIGITAL SYSTEM

11. VACUUM BUFFER TRANSPORT
12. 10-1/2 TO 15 INCH REEL
13. 2-INCH WIDE TAPE
14. 2.5 ms START/STOP
15. MULTIPLE-SPEED TO 150 IPS
16. 300 IPS SEARCH SPEED
17. 1000 IPS WIND/REWIND SPEED
18. 84 TRACKS (EXPANDABLE TO 150

TRACKS)
19. RECORDING DENSITY TO 60 KBPI
20. 600 MBPS DATA RATE
21. E-NRZ DIGITAL ELECTRONICS

Figure 1
300 MBPS to 600 MBPS ENRZ Record Reproduce System



Fig.  2A

Fig.  2B

Figures 2A and 2B show linear density of 10.7 kbpi of
Mid Bit transition code and ENRZ respectively.



Fig.  3A (DM)

Fig.  3B (ENRZ)

Figures 3A and 3B show linear density of 33 kbpi.
While there is consistent decrease in the “EYE” opening,
the ratio of ENRZ/DM opening increases to 3.6:2 = 1.8:1.



Fig.  4

1)  NRZ at 33 kbpi

2)  60/60 ips

3)  28 tracks x 1"

4)  24 successive 0’s

1)  NRZ at 33 kbpi

2)  60/60 ips

3)  28 tracks x 1"

4)  28 successive 1’s

Footnote: Both photos show results of DC restoration on 24 successive bits without
transitions.



Fig.  5

1)  NRZ at 33 kbpi

2)  60/60 ips

3)  28 tracks x 1"

4)  55 successive 1’s

Footnote: Photo shows results of DC restoration on 55 successive bits without
transition.



FIGURE 6
TYPICAL IMPROVEMENT IN BER OBTAINABLE WITH EDAC

Packing Density:   34.4 kilobits/inch/track.
Track Width:   25 Mil
Average BER before EDAC:   4.12 x 10-7

Average BER after 2 loops EDAC:   1.30 x 10-9

Tape Speed:   30 ips Record/Reproduce mode.


