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The Editor's Corner 

Magnetic Recording for Home Entertainment 

THIS magnetic recording issue of Transactions 
brings to mind some historical “audio plans” for 
magnetic recorders. In its first fifty years magnetic 

recording never was a serious rival to the disk phono¬ 
graph for prerecorded music. But fifteen years ago mag¬ 
netic recording seemed unique in its ability to provide 
uninterrupted, long playing, high quality sound, as 
compared to 78-rpm disks which had to be changed 
every five minutes. Here, at last, was an ideal medium 
for “serious” music. 

Plans along this line were set back when the LP 
record came into its own. Television also made its debut, 
using up the consumer’s dollar, and also his spare time, 
so there wasn’t much of either left for magnetic record¬ 
ing. 

The mid-Fifties brought a renaissance in the recorded 
classics through the magic words “high-fidelity.” High-
fidelity enthusiasts, always looking for something bet¬ 
ter, discovered stereophonic sound. Magnetic tape re¬ 
cording was the only practical medium for stereo, and 
its future seemed assured. Then came stereo-disk and 
another setback for magnetic recording. 

Magnetic recording is no longer unique for long play¬ 
ing nor for stereo. Does it have any exclusive features 
left? There are quite a few. Tape recording has the 
reputation for superior fidelity, which is retained 

throughout a practically unlimited life. Tape furnishes 
three or more channels for enhanced stereo, and even 
with two channels it gives better separation and lower 
distortion than disks. Tape cartridges are rugged, in 
contrast to delicate disk surfaces. They are more com¬ 
pact, easier to store, and easier to use. A cartridge 
changer gives many hours of unattended programming. 
The erase feature allows interesting possibilities for the 
sale of music, separately from the cartridge, by vending 
machines where one could insert an unrecorded car¬ 
tridge and select the music to be recorded. 

An important problem has been cost. In the past we 
did not use tape economically. Recently, by recording 
more tracks across the tape, and by operating at slower 
speed, the basic cost has been reduced to a point where 
tape can compete in price with LP phonograph records. 

There is a danger of carrying economy too far, and 
slowing the speed to a point where low-cost mass-pro¬ 
duced machines cannot maintain good quality of sound. 
Even in the phonograph industry where problems are 
less severe, the most common defect is excessive wow 
and rumble. 

In the next few years recorded tape music may be 
commonplace. Let us hope that it will bring uncom¬ 
monly excellent audio quality. 

—Marvin Camras, Editor 
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PGA News___ 
CHAPTER NEWS 

Houston, Texas 

Mr. H. B. Balch of B&M Electronic Service spoke on 
“The Mechanics of Tape Recording” on January 19, 
1960. 

Cleveland, Ohio 

Ralph Delany, Chief Engineer, WHK, Cleveland, 
Ohio, has become Chairman of the Cleveland Chapter, 
PGA. 

RECORDING SUPERVISOR CONFERENCE 

(TONMEISTERTAGUNG) 

The North West German Music Academy in Detmold 
intends, once again, to hold a Recording Supervisor 
Conference from October 18-21, 1960, in Detmold, Ger¬ 
many. Persons who are interested in problems of elec¬ 
troacoustic recording and reproduction from both the 
artistic and the technical point of view are cordially in¬ 
vited. 

As in the previous conferences in 1949, 1951, 1954 and 
1957, the subjects to be discussed will be grouped around 
two main themes. The first group will contain subjects 
taken from the fields of art and music sciences, musical 
interpretation, physiological acoustics, and sound psy¬ 
chology. In the second group, lectures will be given on 
physical and technological aspects of microphones, 
loudspeakers, recordings, level indication and control, 
studio techniques, architectural acoustics, etc. Papers 
on these themes and especially any on the interrelation¬ 
ship between musical and technological spheres are wel¬ 
come. 

Again, the focus of the techical discussions will be 
stereophony. This topic promises to be interesting since 
the problem of stereophonic disk recording has been 
solved technically and the exchange of information con¬ 
cerning recent activity should be most valuable. 

In addition to the reports, special interest is attached 
to demonstrations of recordings of all kinds, including 
electronic methods of sound transformation such as the 
stylizing of sounds and noises for musical and sound ef¬ 
fects underlying radio plays, movies, or stage perform¬ 
ances. 

All persons interested in submitting papers are re¬ 
quested to inform, as soon as possible, Prof. Dr. E. 
Thienhaus, Nord westdeutsche Musik-Akademie, Det¬ 
mold, Germany, as to the subject and length of the pa¬ 
per. The final date for submission of papers is June, 
1960. Participants should register with the secretary oí 
Nordwestdeutsche Musik-Akademie, Detmold, Ger¬ 
many. 

PGA ELECTION RESULTS ANNOUNCED 
The results of PGA’s recent election have been an¬ 

nounced as follows: Hugh Knowles is the new Chairman 
of the Administrative Committee, and P. C. Goldmark, 
the new Vice-Chairman. Michel Copel, C. M. Harris, 
and R. W. Benson have been elected to the Adminis¬ 
trative Committee. 

Winners of the 1959 PGA Awards are as follows: 
A. B. Bereskin and P. C. Goldmark—Achievement 
Award 

H. K. Dunn—Senior Award 
J. S. Aagard—Papers Award. 
Full details on the new officers and the award winners 

will appear in the May-June issue. 
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A Comparison of Several Methods of Measuring 
Noise in Magnetic Recorders for 

Audio Applications* 
JOHN G. McKNIGHTf 

Summary.—The various methods of measuring noise in audio 
magnetic recorders are discussed, and data are shown comparing 
the numbers observed for the different methods (IRE Standard 
Methods, and others) when applied to the same recorder. This data 
will enable one to compare other data taken by one method with 
data taken by another method. 

The present audio specifications based only on broad-band noise 
are shown to be inadequate, as the equipment noise in the range of 
low hearing sensitivity masks any improvements which may be made 
in tape noise, or with the Ampex Master Equalization. A measure of 
relative audible noise level should be added to the present broad¬ 
band measurement. 

Introduction 

EVERAL methods are used to measure the noise 
level in magnetic recorders for audio applications. 
Some of these methods have the status of stand¬ 

ards; other methods are used because they are more 
simply applied or more appropriate to the test equip¬ 
ment at hand. We will discuss the various methods, and 
their advantages and disadvantages, and compare the 
results of the different methods when used to measure 
the same magnetic recorder. 

Definitions1

A noise measurement must be referred to something. 
We will take as reference the vu meter zero level, which 
is the “operating level” on the standard tape, and is 
nominally the 1 per cent distortion level of the tape.2
The “noise” may be a noise spectrum, unweighted 

high-frequency noise, broad-band noise, or weighted 
noise. These will be defined and discussed below. We also 
need to know what part of the system is generating the 
noise, and so we define the following: “system noise”— 
“the noise output which ... is generated by the system 
or any of its components, including the medium” ; “equip¬ 
ment noise”—“that . . . which is contributed by the . . . 
equipment during recording and reproduction, excluding 
the medium . . . ”; and “medium noise”—“that noise 
which can be specifically ascribed to the medium.” 

* Manuscript received by the PGA, November 19, 1959. 
f Advanced Audio Section, Ampex Professional Products Co., 

Redwood City, Calif. 
1 The definitions in quotations are abridged from “Standards on 

sound recording and reproducing, methods of measurement of noise,” 
Proc. IRE, vol. 41, pp. 508-512; April 1953. (Standard 53-IRE 
19-S-l.) 

2 Various other choices for reference level are discussed in J. G. 
McKnight, “Signal-to-noise problems and a new equalization for 
magnetic recording of music,” J. AES, vol. 7, pp. 5-12; January, 
1959. See especially pp. 6-8 on “signal measurement.” 

This paper-deals only with “zero-modulation medium 
noise”—“that noise which is developed in the . . . re¬ 
producing process when the medium is . . . in . . . the 
state of complete preparation for playback . . . except 
for omission of the recording signal: magnetic recording 
media . . . subjected to normal erase, and bias . . . fields 
characteristic of the . . . system with no recording sig¬ 
nal applied.” “Modulation noise”—“ . . . which exists 
only in the presence of a signal and is a function of the 
instantaneous amplitude of the recorded signal”-—will 
not be discussed here. 

All data shown were taken with average reading 
meters, not true rms meters. This is permitted in the 
standards. 

Noise Measuring Methods 

All data below are for an Ampex Model 351 recorder, 
one-quarter inch full-track, 15-ips, NAB equalization, 
Irish 211 tape, biased to “peak” at 15-mil wavelength. 
Reference level is the “operating level” of the Ampex 
4494 standard alignment tape (nominal 1 per cent dis¬ 
tortion level). 

Noise Spectrum Analysis 

“The noise spectrum may be analyzed by ... a very 
narrow bandpass filter of variable frequency. . . . The 
results, in terms of power, are divided by the equivalent 
bandwidth ... of the filter at each test frequency.” 

This analysis may be either by a wave analyzer or 
by a one-half or one-third octave band filter. A wave an¬ 
alyzer is inherently a “constant bandwidth” device; 
therefore, the data need be corrected only by a constant 
correction (in db) = 10 log bandwidth (in cycles). Fig. 1 
shows the data from a HP 302A wave analyzer, with the 
noise energy as read (7-c bandwidth) and for noise 
energy per cycle (8|-db correction added). Readings 
with a wave analyzer of narrow bandwidth (such as the 
HP 302A) are directly usable, but have the difficulty of 
involving an expensive unit; and the meter reading 
fluctuates greatly (due to the narrow bandwith) and 
must either be “eye-ball” averaged or have a large con¬ 
denser shunted across the meter to average the reading. 

Fig. 2 shows the data from a Bruel and Kjaer Spec¬ 
trometer, a constant percentage (| octave) filter. Since 
these data are in energy per one-third octave, they must 
be reduced to “energy per cycle” form. The correction to 
be applied at each frequency (indb) is 10 log △/, where A/is 
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Fig. 1—Noise spectrum analysis. HP 302A wave analyzer, 7-c con-
stand bandwidth. Ampex Model 351, one-quarter inch full-track, 
15-ips, NAB equalization. Irish 211 tape, biased to “peak” at 
15-mil recorded wavelength. 

FREQUENCY IN CYCIES PER SECOND 

Fig. 2—Noise spectrum analysis. Bruel and Kjaer Spectrometer, one-
third octave constant percent bandwidth. Ampex Model 351, one-
quarter inch full-track, 15-ips, NAB equalization. Irish 211 tape, 
biased to “peak” at 15-mil recorded wavelength. 

the bandwidth, in cycles, of any band. Fig. 3 shows these 
data as corrected ; this transforms the curve to the same 
curve as Fig. 1, from the wave analyzer, proving that the 
two methods are identical in result. The same advan¬ 
tages and disadvantages apply as for the wave analyzer, 
except that the correction is a function of frequency in¬ 
stead of a constant. 

The noise spectrum analysis gives the most complete 
data on noise. It shows the actual amount of noise vs 
frequency; by measuring system noise and equipment 
noise, one can quickly determine whether the equip¬ 
ment noise is adequately below the medium noise. Sin¬ 
gle frequency components (such as hum) must be 
treated separately, and have not been discussed in this 
paper. To interpret audible noise level, one must com¬ 
pare the noise spectrum shape to the appropriate equal 
loudness curve for the ear. 

Broadband Noise Measurements 

For broadband noise measurement, a sensitive volt¬ 
meter is connected across the equipment output ter¬ 
minals. The only precaution is to be sure to avoid read¬ 
ing any bias frequency which may be present in the 
“record” mode. Bias may be eliminated either by play-

Fig. 3—Noise spectrum analysis. Bruel and Kjaer Spectrometer, one-
third octave constant per cent bandwidth. Data converted to con¬ 
stant bandwidth (1c) form. Ampex Model 351, one-quarter inch 
full-track, 15-ips, NAB equalization. Irish 211 tape, biased to 
“peak” at 15-mil recorded wavelength. 

ing back separately after record (instead of during 
record) or by using a filter to eliminate the bias (but not 
to attenuate the pass band). This method gives a system 
noise of — 53$ db and an equipment noise of —56 db. 
This measurement requires the least equipment and 

provides the least useful data. It is adequate for simple 
quality control purposes, as the measuring equipment is 
relatively inexpensive and a single number limit may be 
set on allowable noise. However, this scheme is in¬ 
adequate for evaluation of the medium (tape) noise, 
since (as can be seen in the spectrum analysis of Fig. 1) 
the medium noise is completely masked by equipment 
noise below 300 c. Also, any increase in the system noise 
in the 3-kc region (where the ear is most sensitive) 
would be masked by the low frequency noise. 

The reading will, of course, depend upon the band¬ 
width of the “broad band.” Equipment specifications 
should include the band to be used. Fig. 4, (a) and (b) 
shows the effect of inserting a high- or low-pass filter 
between the equipment output and the meter. These 
also point out the fact that the equipment noise largely 
controls the reading at low frequencies. 

Unweighted High-Frequency Noise Measurements 

“A 250 c high-pass filter ... is connected between 
the . . . equipment and the . . . measuring device. AH 
measurements . . . may be repeated to obtain the signal-
to-noise ratio corresponding to the portion of the spec¬ 
trum which is essentially free of the low-frequency 
vacuum tube ‘flicker’ noise of the playback pre¬ 
amplifier input stage and hum of the power-line fre¬ 
quency and its major harmonics.” The readings for a 
bandpass of 250 c to 16,500 c [as could also have been 
read from Fig. 4(b)] are system noise of —57 db and 
equipment noise of —68 db. 

This method has the simplicity of the broad-band 
method, with the advantage of showing up differences 
in medium noise or equipment noise in the 3-kc region, 
but the disadvantage of not indicating possible low-
frequency hum and noise. 
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Fig. 4—Cumulative noise. “Broad-band” noise restricted by high-or 
low-pass filter. SKL Model 302 filter (18-db octave). HP 400L 
voltmeter. Ampex Model 351, one-quarter inch full-track, 15-ips, 
NAB equalization. Irish 211 tape, biased to “peak” at 15-mil re¬ 
corded wavelength, (a) Variable low pass—noise below frequency, 
(b) Variable high pass—noise above frequency. 

Fig. 5—Response-frequency characteristics and circuit of 
network for objective noise measurement. 

A nonstandard variation of this method has been to 
use 1-kc to 5-kc unweighted high-frequency noise meas¬ 
urement. This gives a system noise of —64 db and an 
equipment noise of —75 db. The medium noise is seen 
to be 7 db less than for the 250-c to 16,500-c bandpass 
( — 57 db vs —64 db); equipment noise is also reduced 
by 7 db ( —68 db vs —75 db). This might be desirable 
when making measurements on the medium itself, 
where the high-frequency noise is of primary importance 
and the possibility exists of having a medium whose 
noise spectrum may approach that of the equipment in 
the 3-kc region. 

Weighted Noise Measurement 

“Appropriate contour curves may be used as a basis 
for establishing a weighted response ... if it is desired 
to relate the data to the hearing characteristic.” A re¬ 
sponse similar to the ASA “A” weighting curve is ap¬ 
propriate.3 The Bruel and Kjaer Spectrometer contains 
an “A” weighting curve; or a very simple circuit can be 
used, as shown in Fig. 5. The B and K “A” network 
gives system noise of —62 db, equipment noise of 
-71J db . 
The network in Fig. 5 is more similar to the ear curves 

than the response established by the ASA (this network 
is still within ASA tolerances) and gives system noise of 
— 58| db and equipment noise of — 72| db. This net¬ 
work is seen to have a response roughly similar to the 
filters used for unweighted high-frequency noise 
measurement, and gives similar results. 
The weighting network has the same advantages 

(readings are proportional to audible noise and equip¬ 
ment is simple and inexpensive) and disadvantages 
(hum and low-frequency noise are not indicated unless 
very large) as the unweighted high-frequency noise 
measurement, with the additional advantage of being 
much less expensive than a band-pass filter. 

3 Ibid.., pp. 8-9, on “noise measurement.” 

Comparison Table 

Table I is compiled from the data discussed above and 
is presented so that data taken in the different forms 
may be compared. All data are for an Ampex Model 351 
recorder, one-quarter inch full-track, 15-ips, NAB equal¬ 
ization, Irish 211 tape, biased to “peak.” Reference level 
for all measurements is the “operating level” of the 
Ampex 4494 standard alignment tape (nominal 1 per 
cent distortion level). 

TABLE I 

Type of Measurement 

System 
Noise, Deci¬ 
bels Below 
Operating 

Level 

Equipment 
Noise, Deci¬ 
bels Below 
Operating 

Level 

Noise spectrum data at 3 kc: 
Uncorrected data 

HP 302A (7-c bandwidth) 
B&K Spectrometer (1 octave) 

Corrected data, energy/cycle 
(HP or B&K) 

Broadband: (no response limiting 
filter used) 

Unweighted high frequency: 
250 c-16 kc 
1 kc—5 kc 

Weighted: B&K “A” weighting 
Network, Fig. 5 

93 
73 

101| 

531 

57 
64 
62 
581 

110 
93 

1181 

56 

68 
75 
711 
721 

Conclusion 

A noise spectrum analysis gives complete data neces¬ 
sary for evaluation of the system, equipment, and me 
dium noise, but the measuring equipment (a wave 
analyzer, or one-half or one-third octave filter) is ex¬ 
pensive, data-taking is somewhat time consuming, 
simple data corrections are necessary, and interpreta¬ 
tion of the data requires some skill. 

The broad-band noise measurement is very simple, 
but the data tell little except that there is probably no 
gross defect of the system. 
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Unweighted high-frequency noise measurement, and 
weighted noise measurement both give a good indica¬ 
tion of the relative “noisiness” as judged by the ear, but 
may not indicate low-frequency hum or noise unless 
they are extreme. It is suggested that, for audio mag¬ 
netic recording equipment, specifications and quality 
control methods be based on broad-band noise measure¬ 
ments (as presently used) to indicate low-frequency 
hum and noise, plus either unweighted high-frequency 
noise or weighted noise measurement to indicate the 
relative audible noise level. 

The addition of this “relative audible noise level” 

measurement is also desirable because of our develop¬ 
ment of new, lower noise systems (the Ampex Master 
Equalization) which show no improvement in broad¬ 
band noise, due to the low frequency equipment noise. 

For measuring the noise of the medium, the un¬ 
weighted high frequency, or “A” weighted readings or 
one-third octave at 3 kc are equally valid. Use of the 
unweighted high-frequency noise (either bandpass) is 
the simplest standard method using standard lab equip¬ 
ment. Use of the “A” weighting network in Fig. 5 is the 
very simplest standard method, if one is willing to con¬ 
struct the network. 

Magnetic Recording and Reproduction of Pulses* 
DONALD F. ELDRIDGEf 

Summary—The most widely used techniques for recording digi¬ 
tal information on a moving magnetic medium are return-to-zero 
(RZ) and non-return-to-zero (NRZ). Both techniques have some 
peculiar advantages and disadvantages. Although sophisticated cod¬ 
ing methods may be utilized to increase information density, the 
density achievable by any method is determined by the basic resolu¬ 
tion of the record and reproduce processes. 

An expression is derived for the output of a reproduce head when 
an ideally recorded pulse is passed over it. The output is a function 
of the head fringing field in the region occupied by the recorded 
medium, and is the sum of the outputs produced by the longitudinal 
and perpendicular components of magnetization. A novel technique 
is used to measure the relative magnitudes of the components in a 
typical saturated recording tape. The perpendicular component is 
11 per cent of the longitudinal component and may be neglected for 
the practical case. 

From a combination of experimental and theoretical data the 
width and height of the reproduced pulse are computed for variable 
gap width, medium thickness, and head-to-medium spacing. The 
effect of a nonideal pulse with a finite recorded width is considered. 
The total output pulse width is shown to be the sum of the computed 
ideal reproduce pulse width and the width of the actual recorded 
pulse. From the curves presented, one may observe that only a slight 
increase in resolution can be achieved by utilizing very small repro¬ 
duce head gaps. 

Data are presented on the measured initial magnetization charac¬ 
teristics of a typical oxide. The characteristic may be approximated 
by either an offset linear curve up to about 60 per cent of saturation 
or a fourth power curve up to about 30 per cent of saturation. Data are 
also presented to show the effect of previous magnetization upon 
the transfer characteristic. 

The record process is analyzed with a step-by-step technique uti¬ 
lizing measured data on the head field and oxide magnetization char¬ 
acteristics. It is shown that both the shape and location of the re¬ 
corded pulse are functions of the medium magnetization character¬ 
istic, the record head gap width, the record current, the medium 
thickness, and the head-to-medium spacing. The effect of each of 
these variables is computed. The computed results are verified ex-

* Manuscript received by the PGA, August 28, 1959. 
t Res. Div., Ampex Corp., Redwood City, Calif. 

perimentally. It is shown that under a wide range of conditions the 
reproduce pulse width obtained from a given head is approximately 
five times the width of a pulse ideally recorded by the same head. It 
is further shown that when the spacing between head and medium 
is larger than the gap width, the resulting over-all reproduced pulse 
width is approximately seven times the head-to-medium spacing. 

Previous recording history of the medium has a significant effect 
upon the pulse location. Data presented indicate that the record cur¬ 
rent must be approximately twice the current required for medium 
saturation to make the pulse location error unmeasurable. 

Introduction 

IN the type of recording investigated here, a step function—usually between equal values of opposite 
polarity—is recorded upon the tape. When the tape 

is passed over a reproduce head, the resulting voltage 
is ideally the time derivative of the tape magnetization 
with one pulse for each step change. In practice, one 
cannot record a perfect step function, nor can the re¬ 
produce head produce an exact derivative of the tape 
magnetization. The amplitude, shape, duration, and 
location of the recorded and reproduced pulses will be 
functions of the record and reproduce head geometry, 
the spacing of the tape away from the heads, the record 
field amplitude, and the tape magnetization character¬ 
istics and previous history. 

If one is to achieve maximum recorded information 
density and accuracy, the factors influencing pulse 
width, height, shape, and location must be understood 
and considered. The purpose of this study was to in¬ 
vestigate and define the influence of as many of these 
factors as possible. Where possible, both theoretical and 
experimental analyses were made and compared. The 
reproduce and record processes are treated separately 
in the order mentioned. 
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Digital Recording 

The major difference between digital and the various 
forms of analog recording (direct, FM, pwm, etc.) is 
that the information is converted to—or already exists 
in—numerical form before recording. 

The binary system is used almost exclusively because 
of its simplicity and reliability. With the binary system, 
only two states need be recorded and reproduced—a 
state representing a “1” and the other representing a 
“0.” The two states might be in the form of different 
amplitudes, frequencies, time durations, shapes, polari¬ 
ties, etc., or the presence or absence of one of these. The 
more common systems will be discussed briefly. 

Return-to-Zero {RZ) Recording 

An unmagnetized medium is recorded upon by pass¬ 
ing short current pulses of either polarity through a 
record head. During reproduction, a pulse is reproduced 
for each recorded bit, and the polarity determines its 
numerical value (see Fig. 1). The recording of a pulse for 
each bit has the advantage that a lack of signal is obvi¬ 
ously an error, and that it is easy to detect the pulses at 
the right instant. In addition, a dropout which lifts the 
recording medium away from either the record or re¬ 
produce head will produce no error in the location of the 
pulse along the medium. Also, the average record cur¬ 
rent is small. The disadvantages are that the medium 
must be erased prior to recording or the exact location of 
prerecorded information must be known, and dropouts 
will produce a considerable loss in reproduce amplitude 
because all recording is done at short effective wave¬ 
lengths. 

Non-Return-to-Zero {NRZ) Recording 

In NRZ recording, the medium is magnetized to sat¬ 
uration of either polarity at all times. Information is 
recorded in the form of polarity reversals which are dif¬ 
ferentiated by the reproduce head to produce pulses of 
both polarities (see Fig. 2). A reversal may represent a 
binary “1,” and the lack of same a binary “0.” A re¬ 
versal may also represent a change from “1’s” to “O’s,” 
or various other codings may be used. The advantages 
of NRZ recording are that dropouts which space the 
medium away from the heads will produce less amplitude 
drop than in RZ recording at low and medium packing 
densities (pulses per inch) because the effective wave¬ 
lengths are long. However, such dropouts during the 
record process will produce a shift in the location of the 
pulse along the medium. Also, since recording is done at 
saturation, the medium need not be erased prior to use. 
When recording on a previously magnetized medium, 
the record field (or current) required to obliterate the 
previous recording is approximately twice that which 
would be required to saturate an initially unmagnetized 
medium. 

It has been assumed by some that NRZ recording is 
inherently capable of twice the information density of 
RZ recording, because head current is switched once per 

Record 
Current 

1 0 1 1 0 
Reproduce 
Head 

Fig. 1—RZ recording waveforms. 

1 

Voltage 
Head 
Reproduce 

1 0 

Fig. 2—NRZ recording waveforms. 

bit (say from plus to minus) in NRZ and twice per bit 
(OFF-ON and ON-OFF) in RZ recording. The fallacy 
in this reasoning is apparent when one examines the re¬ 
produced pulse widths produced with both systems. The 
widths are very nearly identical; hence, the packing 
densities obtainable are approximately the same. Some 
difference is observed when the record current is in¬ 
creased above saturation. The RZ pulse becomes wider 
than the NRZ pulse at the same record current. The 
major disadvantage of NRZ recording is that informa¬ 
tion may be in the form of an absence of a pulse. This 
necessitates some external means of determining when 
to sample a particular channel for the presence or ab¬ 
sence of signal. On a multitrack tape machine, one or 
two tracks may be used as “clocks,” with a reversal 
being recorded during every bit interval. When a pulse 
appears on the clock track(s), all other tracks are 
sampled. As all tracks must be read out simultaneously, 
intertrack errors caused by mechanical misalignments 
and differences in time of detection become very impor¬ 
tant, and will limit the packing density to a value which 
may be much lower than that determined by head reso¬ 
lution alone. 

Another difficulty arises because it is impossible to 
discriminate between a lack of signal which is inten¬ 
tional and one which is caused by a dropout or other mal¬ 
function, with simple detection schemes. Tape noise is at 
a maximum in NRZ recording because the medium is 
saturated in the intervals between pulses. NRZ record-
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ing has the highest power requirement of any recording 
method because full saturation current must flow in the 
record heads at all times during recording. 

Presaturation Recording 

The medium may be prepared by saturating it in one 
direction prior to recording by placing a permanent 
magnet head just preceding the record head. Informa¬ 
tion may then be recorded in a manner similar to normal 
NRZ, or in short pulses. This method has an advantage 
over normal NRZ in that only half the average record 
power is required. Record current may further be re¬ 
duced if the permanent magnetic head field is made suf¬ 
ficiently strong to obliterate completely previous mag¬ 
netization of the medium. And, as the total flux switched 
during the record process is less, magnetic crosstalk will 
be reduced. 

When short pulses are recorded by this method, the 
total flux change in the medium is twice that possible 
with RZ recording. However, only a single polarity pulse 
may be recorded. 

Plane of Recording 

Any of the preceding recording methods may be used 
for recording in any of the three planes of the medium. 
Longitudinal recording (magnetization in the direction 
of medium motion) is most commonly used with tape. 
Perpendicular and longitudinal recording are both used 
in fixed-medium devices such as drums and disks. It has 
been proposed that perpendicular recording be used 
with tape for increased dropout reliability. The bit 
packing density possible with this system is relatively 
low because of the large spacing between head poles. At 
low packing densities, large gap longitudinal heads 
would provide the same reliability with less complexity 
of construction and operation. 

Transverse recording (magnetization across the me¬ 
dium at 90° to the direction of motion) is rarely used 
because track width is determined by gap width. With 
a normal width track, very poor resolution would result. 
This method might become desirable if very narrow 
tracks were to be used. 

Packing Density 

In straightforward RZ or NRZ recording, the maxi¬ 
mum bit packing density is usually defined as the 
density (in pulses per inch) where adjacent pulses start 
to overlap at some arbitrary base point. This base point 
might range from 5 to 30 per cent of peak pulse ampli¬ 
tude. In practice, considerably greater packing densities 
may be realized with sophistication in the recorded code 
and in the code detection devices. The phase, slope, 
amplitude, and duration of pulses may be modulated to 
produce reliable binary recording even with considerable 
overlap between adjacent pulses. In the detection cir¬ 
cuits, both integration and differentiation of the signal 
can enhance the packing density. Logical circuitry and 
correlation techniques can further increase maximum 

density. With any particular modulation and detection 
system, the maximum packing density will be a function 
of the actual width of a single reproduced pulse. This 
width is determined by the characteristics of the record 
and reproduce heads and the magnetic medium. Most of 
the work included in this report is directed toward 
analyzing the factors which influence the width of a 
single NRZ pulse. NRZ was chosen because it is in most 
general use. Most of the analysis techniques and much 
of the information presented also apply to RZ recording. 

The Reproduction Process 

Derivation of the Reproduce-Head Output 

In order to determine the effects of the various pa¬ 
rameters on the output pulse, a general relationship be¬ 
tween the voltage pulse and the physical factors in¬ 
volved must first be established. This relationship will 
be derived for a single perfectly recorded step change in 
magnetization M from — m to -fm. Later, the effect of 
finite length of the recorded step will be considered. It 
will be assumed, for the time being, that M is uniform 
throughout the depth of the magnetic medium, and that 
the change from — m to occurs in zero length along 
the tape. (The actual shape of the recorded signal will be 
considered in the analysis of the record process.) 

Further assumptions will be that the permeability of 
the reproduce head is infinite, the permeability of the 
medium is unity, and that the effects of finite tape width 
may be neglected. Gilbert1 has derived the general ex¬ 
pression for the flux through the pickup coil as 

= K J J* M-Hdydx (1) 

where M is the magnetization of the tape and H is the 
field outside the head which would be produced by a 
current passing through the pickup coil. Westmijze2 has 
derived a special case for sinusoidal magnetization in 
the x direction and zero magnetization in the y and z 
directions. The total flux 0 may be expressed as 

where <px is produced by the horizontal com¬ 
ponent of magnetization Mx and is produced by the 
vertical component My. Then 

Consider first the integral with respect to dx. In Fig. 3, 
the y axis is on the gap centerline, the x axis is on the 
head surface, and x is the distance of the step change 
from the gap centerline. Fig. 4 illustrates the shape of 
the Hx and Hy functions at one value of y for a head 
with a small gap and pole pieces extending to infinity. 

1 T. L. Gilbert, “Theoretical Aspects of Noise in Magnetic Re¬ 
corders,” Armour Res. Foundation Bull. No. 94, pp. 43-73; 1956. 

2 W. K. Westmijze, Phillips Res. Rept. No. 8; 1953. 
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Fig. 3—Ideal recorded step function passing reproduce head. 

Fig. 4—Field distribution of a gap-type head. 

The integral 

may be written as the sum of integrals over several 
values of x from — oo to + oo, namely: 

•• 00 p-lil pO 
Mx-Hxdx = I Mx-Hxdx+ I Mx-Hxdx
—oo —oo — |x| 

/
• 1*1 /• 00
Mx-Hxdx-\- I Mx’Hxdx, 

o J Ix| 

Since Mx=—mx in the region — oo<x<|x| and Mx 

=in the region |i| <x<oc, the preceding inte¬ 
grals may be written as 

Since, because of symmetry, Hx(x) = Hx(—x), then 

Hxdx and Hxdx 

Hence, the first and fourth integrals inside the brackets 
in (2) cancel out and the second and third integrals add, 
so that the integrals reduces to 

p °° /» lil 
i Mx-Hxdx = — 2mx I Hxdx. 
d —oo d 0 

In a similar manner it may be shown that 
/■ °° p 1*1 
I My ■ Hydx = — 2my I Hydx. 
d —oo d 0 

(3) 

(4) 

We may now obtain an expression for the voltage as 
a function of x. The instantaneous voltage is 

d<b dd> dx dd> 
e = - WW — = - KTT-- = - 10-W» — 

dl dx di dx 

and the voltage per unit velocity is 

e 

V 

df 
= - l«-

dx 

When we substitute (3) into (1) and differentiate with 
respect to x, we have 

Since Mx is equal to zero except for 

and 

ex r 
-— = (2)10 smxNK I Hxdy = mxK I Hxdy. 
V VI J Vi 

Similarly, 

— = myK 
V 

<• «2 
Hydy. 

»i 
(6) 

This shows that the output pulse, as a function of x, 
will be identical in shape with the integral of the head¬ 
fringing field over the region occupied by the magnetic 
medium. Hoagland3 has derived a similar expression, 
using reciprocity, for the case of an infinitely thin 
medium, e(x)/» = With (5), we may investigate 
the effects on the reproduce process of gap size, tape 
thickness, and head-to-tape spacing for conventional 
heads and for heads of unusual design. 

Horizontal and Vertical Components of M 

The total output voltage is the sum of the voltages 
produced by the horizontal and vertical components of 
magnetization. To make use of the above equations, 
therefore, we must have some idea of the relative values 
of mx and mv. A technique was devised for measuring 

3 A. S. Hoagland, “Magnetic data recording theory: head design,” 
Commun, and Electronics', November, 1956. 
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these values and measurements were made at approxi¬ 
mately tape-saturation level. From Fig. 4 we see that 
Hx is positive on both sides of the gap while Hy reverses 
polarity at the gap centerline. We will assume that Hx 

is positive for a positive record current, and that Hy is 
positive on the left-hand side of the gap and negative on 
the right-hand side. It may be seen then that if tape is 
moved from left to right with a positive current flowing, 
the magnetization will be the vector sum of -\-mx and 
— my. When the tape is moved in the reverse direction 
the recorded magnetization will be the vector sum of 
A-mx and A-my. 

For this experiment, erased tape was first passed over 
the record head in the reverse direction, while a positive 
direct current of a value sufficient to saturate the tape 
was applied to the head. Thus, the magnetization on the 
tape was -\-mx and +m„. Then the tape was passed over 
the head in the forward direction. If one now suddenly 
turns on the same positive current as used before, Hx 

will still be positive and will not affect mx. However, H„ 
will be negative and will produce a step change in mu 

from the prerecorded +m„ to — my. Hence, we will have 
recorded a step change in my, while mx remains at the 
positive saturation value. Similarly, if one applies a 
negative record current, one will record a step change 
in mx, while my remains at the positive saturation value. 
The oscilloscope photograph, Fig. 5(a), shows the result¬ 
ing horizontal and vertical pulses superimposed with 
identical scale factors. The maximum height of the 
vertical pulse is approximately 5 per cent of the hori¬ 
zontal pulse height. Note also the shape of the two pulses 
as compared to the shape of IIX and Hy in Fig. 4. The 
pulses were also integrated electrically to obtain relative 
amplitudes of cpx and <j>y. The maximum value of <f>y was 
approximately 11 per cent of the maximum d>x. It would 
be rather interesting to extend this technique to non¬ 
saturation recording and to bias recording and measure 
relative values of ex, ev, <t>x, and under various condi¬ 
tions. From the relative values of ex and ey in Fig. 5, one 
can see the ey is so small that it will contribute negligibly 
to the shape of the total voltage pulse, at least for satu¬ 
ration and near-saturation recording on ordinary tape. 
This is in contradiction to Hoagland, who attributes the 
pulse shape entirely to the sum of the horizontal and 
vertical reproduce functions, and neglects the effects of 
the record process. A check on the validity of neglecting 
ey is shown in Fig. 5(b) and 5(c), which compares 
normally recorded pulses with pure horizontal pulses 
produced with approximately the same record field. The 
pulses are very nearly identical, and both exhibit a rela¬ 
tively sharp rise and more gradual decay. This same 
shape could be produced by ey, but e„ would have to be 
a much larger percentage of ex than measured to produce 
the amount of asymmetry observed. Hence, one may 
simplify the analysis of the reproduce function by neg¬ 
lecting the vertical component without introducing any 
appreciable error. 

Fig. 5—Recorded pulses, (a) Horizontal and vertical pulses, (b) Nor¬ 
mally recorded pulse, (c) Pure horizontal pulse. 

Gap Width and Medium Thickness 

One now has a tool to evaluate the response of any 
reproduce head for which Hx= F{x, y) is known. The 
effects of head-to-tape spacing (yi) and tape thickness 
(y2- yi) may be included in the evaluation. Unfortu¬ 
nately, the expression for Hx of a standard gap-type head 
is rather complicated and would be extremely difficult 
to handle analytically. It was decided, therefore, to ob¬ 
tain values of 

experimentally for values of y from y = 0 to y = gap 
width, and to use an approximate expression for values 
of y larger than the gap width. 

To determine 
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Fig. 6—Pulse shapes from a thin layer at three values of Y,. 

experimentally, a reproduce head with a gap width ap¬ 
proximately ten times the oxide thickness was used. 
Pulses were recorded with a small-gap record head, and 
it was assumed that the recorded pulse length was 
negligible compared to the gap width of the reproduce 
head. The tape passing over the reproduce head was 
spaced away from the head in consecutive increments 
equal to the oxide thickness, out to a distance equal to 
the gap width. Point-by-point measurements of the re¬ 
sulting pulses were made and tabulated. Fig. 6 shows the 
pulse shapes for yi=0, yi=0.5 and yi=0.95 .gap width). 
We now have empirical values of 

Fig. 7—Reproduce pulse width and height for an ideal step function. 

Fig. 8—Reproduce pulse width and height for an ideal step function. 

in steps of 0.1 gap width. To obtain the integral for any 
region between yi = 0 and y2=1.0 gap width, one may 
simply sum the experimentally determined values over 
the desired region. 

For values of y greater than the gap width, the effect 
of gap dimensions is negligible, and the equation for Hx 

of a head with an infinitely small gap is a very close ap¬ 
proximation to the actual field. For an infinitely small 
gap, 

y 
X- + y2

ydy 

X2 + y2
K In 

"x2 + y^ 
_x2 + yi2_ 

To extend the experimental data, the value of K may be 
determined from the pulse voltage at y2=l (gap width), 
and the integral may be evaluated by setting yi equal to 
the gap width and y2 equal to values larger than yv 
These values of ex may be added to the experimentally 
determined voltages to provide total pulse height and 

width for any values of yi and y2. In Fig. 7, pulse width 
(between 10 per cent amplitude points) and pulse height 
are plotted for the case of a constant gap width of la and 
variable tape thickness. The same data are replotted in 
Fig. 8 for a constant tape thickness and variable gap 
width. Figs. 7 and 8 indicate that in the range of gap 
widths and tape thicknesses presently in use, only slight 
increases in resolution can be obtained by decreasing 
either gap width or oxide thickness alone. However, if 
both are decreased by some percentage, the pulse width 
will decrease by the same percentage. 

Effect of Finite Recorded Width 

For the above calculations a perfect recorded step 
function is assumed. In practice, the “step” change will 
have a finite length along the medium which will pro¬ 
duce an increase in the actual reproduced pulse width 
over the calculated values when yi is small. When yi is 
large, the effect of the finite recorded length will be neg¬ 
ligible. Since the actual pulse width for very small 
spacings will be larger than calculated and for large 
spacings will be the same as calculated, the increase in 
width with spacing will be somewhat less than shown 
in Fig. 9. 
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Fig. 9—Pulse width vs spacing. 

The expression for reproduce pulse voltage when the 
recorded step function has a finite length Xi is derived 
in the Appendix, and is 

V 

#1 = 0. 

This means that (ex/v)xi = 0 is simply averaged over a 
distance of Xi at all values of x. The effect is that of 
looking at the pulse through an aperture of width x2. 
The width of the pulse should therefore be increased by 
approximately Xi. To check this, we may compute the 
effect of Xi on the output of a head with negligible gap 
width. For this head 

and 

Æln 
Fx2 + y22q 

K pi+^irx2 + y¿~ 
dx = — I -

x1=o xiJi Lx2 + yi2_ 

, i .. (* + *i)2 + (x + xj In-
(x + Xi)2 + y,2

x2 + y22 
x In-
x2 + yi2

+ 2y2
x T Xi £ -

tan-1-tan-1 — 
>2 y2_ 

- 2y, 
x + Xi 

tan-1-
Ji 

x 
— tan-1 — . 

yiJ 

This expression was evaluated for the case 

= 0.1 
yi F spacing 

y2 — yi Lthickness. 

for xi = 50 per cent and Xi =10 per cent of the pulse 
width calculated for Xi = 0. When Xi= 10 per cent, pulse 
width increases 10.7 per cent and pulse height decreases 
9.6 per cent. When Xi = 50 per cent of the original width, 
pulse width increases 61 per cent and height decreases 
48 per cent. 

The exact effect of x2 on the output of finite gap heads 
could be computed by plotting the output pulse for 
Xi = 0 and graphically averaging over various values of 
Xj. This has not been done. For any practical reproduce 
head, it will be sufficiently accurate to use the approxi¬ 
mation that pulse width at any Xj: 

W(xp = W(I1=0) + Xi 

and 

„ 1 .1. • U W <xi-0) pulse height emax (X1)-emax (xt—o>. 
w  (xi—oy+n 

In most actual recording systems, Xi will be found to 
be several times less than w(ll_0) and the above ap¬ 
proximation will be quite accurate. 

To compute the effects of head-to-tape spacing, one 
may evaluate 

/• 1/2 
ex = K I Hxdy, 

J Vl

keeping the oxide thickness (y2—yi) constant and vary¬ 
ing yi. For values of yi greater than the gap width, the 
infinitely small gap formula may be used and an ex¬ 
pression derived giving pulse width as a function of tape 
thickness and the ratio y2/y\ = a. Pulse height is 

y^ 
emax(z-0) = K In- = K In a2 = 2K In a. 

yi2

For 

C 0.1cmax, 

x2 + y22 x2 + y22
e = K In-— = K In a0 2- — = a0-2, 

x2 4- yp x2 + yi2

and 
x2 + a2yp 

y2 = ayi, so -= a0-2. 
x2 + yP 

Solving for x, 

Pulse width w = 2x and tape thickness T=y2 — yi=y1 

(a —1) so pulse width/tape thickness = 
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a — 1 

Eq. 7 was evaluated as a function of spacing/tape thick¬ 
ness and the results plotted in Fig. 9. The spacing effect 
for finite gap heads was computed by numerically add¬ 
ing the measured values of 

p 1/2 
e = I H¿dy 
0 i/t 

(for yi < W) to calculated values of 

r m X2 + y22
e = K H^y = 2.81 In-— 

x2 + yi2

(for yi> W). For each case emax was computed first, and 
the value of x for e = 0.1emax was determined by cut-and-
try computation. Spacing effect on pulse width was 
computed in this manner for three ratios of gap-width 
to tape-thickness, W=T, PF=0.5r and W=0.2T, and 
is plotted in Fig. 9. Pulse height (emax) for the three gap 
widths and for negligible gap width are plotted in Fig. 
10. Note that when spacing is greater than the gap 
width, the infinitely small gap formula applies. This 
formula may therefore be used to compute reproduce 
resolution for many non-contact devices such as mag¬ 
netic drums. 

From Fig. 9 and from experimental data one may 
estimate the effective head-to-tape spacing present when 
the oxide is seemingly in contact with the head. When 
pulses are recorded with a 0.5 mil gap head on 0.5 mil 
oxide and played back on a 0.25 mil reproduce head, the 
10 per cent to 10 per cent width is about 2.5 mils, or five 
times the oxide thickness. If one subtracts from this a 
recorded width of one oxide thickness, one has a width 
of about 47\ From the PF=0.57' curve of Fig. 9, a width 
of 4T indicates a spacing of 0.16T or 0.08 mil. Consider¬ 
ing the data accuracies involved, this figure should be 
accurate within about ±25 per cent, giving an effective 
spacing of between 0.06 and 0.10 mil. With a spacing of 
0.08 mil, and an oxide thickness of 0.5 mil, the pulse 
width from an infinitely-small-gap head would be 3.3T 
or 1.65 mils, plus the recorded width. 

Coil Location 

At first glance, it might appear that the location of the 
pickup coil on a high-permeability ring-type head would 
have little effect upon the output waveform. This as¬ 
sumption is true only when the pulse repetition rate is 
high, so that the distance between pulses is considerably 
less than the total width of the reproduce head. For low 
repetition rates or single recorded step functions, the 
situation is somewhat different. When the distance be¬ 
tween recorded magnetization reversals is small, and 
when no reversal is in the region of the gap, most of the 
flux from the medium will enter one pole piece, follow a 
path around the rear of the ring, and exit at the other 
pole piece [see Fig. 11(a)]. For this case, the flux at all 

Fig. 10—Pulse height vs spacing. 

(b) 

Fig. 11—Flux paths through reproduce head, (a) Short wave¬ 
lengths. (b) Long wavelengths. 

points around the rear portion of the head is the same 
and coil location will have no effect on the output. 

Now consider a single step function. When it is remote 
from the head, no flux will pass through the head. When 
the step is under one pole, flux will enter that pole piece 
and circulate only through a portion of the head [see 
Fig. 11(b)]. In this case, coil location becomes important. 

To investigate this effect, the voltages from the two 
coils of a reproduce head were observed both separately 
and with the coils in series as normally connected. First, 
the head output was electrically integrated to deter¬ 
mine the flux through the coils. Fig. 12 shows the flux 
waveforms from the two coils and their sum. The flux 
through the leading coil rises slowly as the recorded step 
comes into proximity with the pole, then drops suddenly 
to zero as the step crosses the gap. In the trailing coil, 
the sequence is reversed. It is the rapid change in flux 
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Fig, 12-—Flux waveforms in reproduce head, (a) Leading coil. 
(b) Trailing coil, (c) Leading and trailing coils in series. 

as the step crosses the gap region which produces the 
voltage pulse usually observed. The more gradual 
change of flux away from the gap region produces a very 
broad, low-amplitude pulse of the opposite polarity, 
some distance away from the main pulse (see Fig. 13). 
The areas under these two pulses must be equal because 
they represent equal changes in flux. 

To determine whether there is any time displacement 
between the pulses from the leading and trailing coils, 
a reference pulse was recorded on an adjacent track. 
There was no measurable time displacement between 
the pulses from the two coils. The pulse shapes appeared 
to be identical also. 

The Recording Medium 
General 

The most widely used recording medium consists of 
plastic tape—either polyester or acetate—approxi¬ 
mately 1.0 to 1.5 mils thick, and coated on one side with 
a 0.4 to 0.5 mil layer of iron oxide (Fe2O3). Other ma¬ 
terials and dimensions have been used, but those men¬ 
tioned are most common. It is the magnetic character¬ 
istics of the oxide which are of primary interest. 

Present oxides have a coercive force (H/) of 230 to 270 
oersteds and a retentivity (ßT) of 900 to 1400 gauss. Fig. 

Fig. 13—Flux and voltage waveforms in trailing coil. 

Fig. 14—Typical tape B-H loop. 

14 shows a typical B-H loop for typical tape. The maxi¬ 
mum static permeability, B/H, is about 3 or 4, and the 
incremental permeability, AB/AH may be 10 or 20. The 
reversible permeability AB/AH in the magnetized state 
is about 1.8 to 2.0. It is usually assumed that the perme¬ 
ability of the oxide is sufficiently small so that it pro¬ 
duces a negligible effect on the shape of the fringing 
field or a record or reproduce head. Wallace,4 West-
mijze,2 Gilbert,1 Von Behren5 and others all assume a 
medium permeability of unity for field calculations. 
Greiner6 states that the permeability of ordinary re¬ 
cording tapes may be assumed to be approximately 10, 
and computes the field distribution for this value. 
Westmijze states that the measured reversible perme¬ 
ability is 3.6, and varies no more than 2 per cent over 
the range of magnetization from zero to saturation. He 

. 4 ?'/'• Wallace, Jr’ “The reproduction of magnetically recorded 
signals, Bell Sys. Tech. J.; October, 1951. 

5 R. A. Von Behren, “Some design criteria for magnetic tape,” 
J. Audio Engrg. Soc., vol. 3, p. 210; October, 1955. 

6 J. Greiner, “The field distribution of recording heads in the 
presence and absence of tape,” Nachrichtentechnik; July, 1955. 
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also states that some error is introduced by the assump¬ 
tion of unity permeability, but makes no estimate of its 
magnitude. Begun7 simply states that the permeability 
is approximately 3, and shows a field plot based on this 
value. For the calculations in this report, a permeability 
of unity was assumed. It would be rather interesting to 
ascertain the actual effective permeability of the tape 
and its effect upon the record and reproduce processes. 

Magnetization Characteristics 

The initial magnetization characteristics of a typical 
tape are shown in Figs. 15 and 16. In Fig. 15, per cent 
remanent induction is plotted vs applied field on a 
linear scale. On a linear basis, this curve is often approxi¬ 
mated as having a zero offset, then rising linearly to 
saturation. Actually, the curve appears to be fairly 
linear from approximately 13 per cent to 60 per cent 
Mrs. In Fig. 16, the same curve is plotted on a logarithmic 
scale. Here it may be seen that Mr is proportional to 
the fourth power of H for values of Mr up to approxi¬ 
mately 30 per cent of saturation. 
With NRZ recording the remanent induction after 

the tape has been subjected to two fields of opposite po¬ 
larity is of particular importance. Curve B of Fig. 16 
shows Mr vs H when each value of II has been applied, 

7 S. J. Begun, “Magnetic field distribution of a ring recording 
head,” Audio Engrg.-, December, 1948. 

Fig. 16—Oxide magnetization characteristics. 

first in one polarity and then in the opposite polarity. 
The effect of the previous magnetization is greatest for 
small values of M but is significant over the entire range 
of M. This and the following data were obtained by re¬ 
cording first with a direct current of the desired value 
and then with a unidirectional square wave of the oppo¬ 
site polarity. The output from the playback head was 
integrated to measure the flux change. This method does 
not provide data of the high accuracy which might be 
possible with more refined techniques, but it should be 
sufficient for our purposes. In Fig. 17, a group of curves 
is plotted showing the magnetization characteristics re¬ 
sulting from various levels of opposite polarity pre¬ 
magnetization. From Figs. 16 and 17 it may be observed 
that to predict the magnetization effect of any field 
value less than that required for saturation, one must 
know the previous history or at least the present state 
of magnetization of the medium. 

There is one aspect of magnetization which is of sig¬ 
nificance in magnetic recording about which very little 
is known. This is the effect of vector rotation of the 
magnetization field upon amplitude and direction of the 
remanent induction. Knowledge of this effect would be 
an aid in analyzing the function of the record head, but 
must for the present be neglected. 

The Record Process 
Basic Process 

The basic mechanism of the record process must first 
be established. Then various parameters can be changed 
and their effect upon the recorded pulse determined. 
Only the longitudinal components of field and magneti¬ 
zation will be considered. To illustrate the record 
process, assume that the medium has been moving rela¬ 
tive to a record head through which a direct current is 
flowing. This current is then reversed instantaneously 
so that no motion need be considered. We may compute 
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Fig. 17—Oxide magnetization characteristics. Fig. 18—Illustration of record process. 

the magnetization M, which exists in the medium just 
prior to the current reversal, then compute the effect of 
the reversed field upon M. 

Fig. 18(a) is a plot of the longitudinal field present in 
the thin layer of oxide located between 0.2 and 0.25 mil 
away from a 0.5-mil record head. The M which exists 
before reversal may be computed from curve 1 of Fig. 
17. Assume to be just sufficient to saturate the 
oxide (30 ma in Fig. 16). The resulting M is shown in 
Fig. 18(b). Now the field is reversed [see Fig. 18(c)]. 
As all the oxide to the right of the gap center line was 
previously saturated, M in this region may be computed 
from the curve 5 of Fig. 17. Fig. 18(d) shows the result¬ 
ing M. As JTnax is sufficient to completely reverse M, the 
entire transition between + Mmax and — will occur 
to the right of the gap centerline. This will not be true 
for smaller values of The approximate center of 
the recorded pulse (M — 0) occurs at 0.32 mil aft of the 
gap centerline, and the width between 10 and 90 per cent 
is 0.7 mil. When the medium moves away from the head, 
all portions which are now to the left of the gap center-
line will be magnetized to — M„,ax . 

Effect of Record Current {Field Strength) 

The effect upon the recorded pulse of different record 
currents may also be computed. First, consider a current 
which produces a field of = HE. As before, the pulse 
will be recorded in a region to the right of the point 
where the head field equals Hs. As this point is farther 

from the gap centerline than in the previous case, the 
entire pulse will be displaced farther away from the 
centerline. The magnetization may be computed in the 
same manner as before and the resulting pulse is shown 
as a dashed line in Fig. 18(d). 

From Fig. 17 we may observe that when Hmx is equal 
to or larger than Hs, the location at which M crosses 
zero will always occur at the point where 7?= 0.4 H„. 
Likewise, the 10 per cent point will occur where 
2Z=0.6 Hs and the 90 per cent point will occur where 
H=0.2 Hs. It is interesting to note that shorter pulses 
can be recorded on an oxide in which a smaller percent¬ 
age change in H produces the change in M from 10 to 
90 per cent. 
When ZZmax = 0.5 Iis, the pulse will be recorded closer 

to the gap center line. For this case, is insufficient 
to completely reverse the magnetization even at the gap 
center line. Hence, the transition from + Mmax to 
— Afmax will be not completed until the oxide moves far 
enough to the right so that the previous magnetization 
is small enough to have a negligible effect upon M. This 
sequence is shown in Fig. 19. Not only has the location 
changed, but the shape is different from that of the first 
two pulses. The distance from M = 0 to M— is 
considerably greater than for M = + Mmax to M = 0. The 
derivative of this (moving from right to left) will rise 
rapidly to a peak and then drop more slowly to zero. 
Such a shape is characteristic of pulses recorded below 
saturation (see Figs. 4 and 5). 
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It has been shown theoretically that the record cur¬ 
rent will affect both the shape and the location of the 
recorded pulse in a given layer of the oxide. To verify 
this experimentally, a ten-times scale model was used. A 
record head with a 5.0 mil gap was constructed and 
normal tape with approximately 0.5-mil oxide was 
spaced 2 mils out from the head. A reference unit pulse 
was recorded on an adjacent track. The zero crossing of 
this pulse during reproduction was used to establish the 
location of the record head gap centerline. A 0.25-mil 
reproduce head was used, with no spacing between 
oxide and head. Photographs of the pulses resulting 
from three different record currents are shown in Fig. 20. 

To show the effect of record current amplitude on 
pulse location in a practical system, NRZ pulses were 
recorded with a 0.5 mil head and reproduced on a 0.25 
mil head using instrumentation-grade tape. As before, 
a reference track was used to locate the record gap 
centerline. The distance from the record gap centerline 
to the pulse peak was measured for various record cur¬ 
rents. These data are plotted in Fig. 21. The total change 
in pulse location as the current was varied from 7 to 50 
ma was 0.55 mil, slightly more than one record gap 
width. It would be quite interesting, though outside the 
scope of this investigation, to determine the effect of 
this variation in point of recording upon direct-recorded 
analog signals; If present to the same degree as measured 
here it could produce considerable distortion at short 
wavelengths. 

Fig. 20—Effect of record current on pulse location and shape, (a) Re¬ 
cord current = 120 ma. (b) Record current = 240 ma. (c) Record 
current =480 ma. 
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Oxide Thickness 

Next, consider the effect of distance from the head 
upon the recorded pulse. Since the shape and intensity 
of the fringing field vary with distance, so will the width 
and location of the recorded pulse. As may be seen in 
Fig. 6, there is a significant variation in field shape 
within the oxide thickness, which must therefore be 
taken into account in analyzing the record process. 

To illustrate this depth effect, the field in layers at 0.1 
to 0.15 mil and 0.5 to 0.55 mil away from a 0.425-mil gap 
head is shown in Fig. 22. The II scale is arbitrary. If a 
value of Hs is chosen such that saturation will occur in 
both layers, the location of the recorded pulse may be 
determined by finding the points at which each field is 
0.2 H„ 0.4 H, and 0.6 H,. These field levels are shown 
on Fig. 22 for II, = 0.5. 

By projecting the intersections of each H level with 
the field-strength curves onto the x axis, the width and 
location of the pulses recorded at the two depths within 
the oxide can be determined. 

To obtain actual data on the width and location of the 
pulses in each layer of the oxide, a large-gap record head 
was used. The tape was spaced varying distances away 
from the head during recording and was reproduced 
in contact with a 0.25-mil head. A unit pulse on an ad¬ 
jacent track was used for reference. In this manner, a 
profile of the magnetization throughout the oxide thick¬ 
ness was obtained, which is shown in Fig. 23. From these 
data, the effect of gap width and oxide thickness upon 
recorded pulse width can be computed. 

Since both the width and location of the pulse vary 
with depth, some arbitrary means must be chosen to 
obtain a single value for the pulse width in a given thick¬ 
ness of tape. The means used here was simply to take 
the average of all the widths throughout each particular 
thickness. 

This should provide a fairly accurate width to add to 
the reproduce pulse width, because the reproduce head 
also averages over the thickness of the tape. In Fig. 24, 
average pulse width-oxide thickness is plotted vs gap 
width/oxide thickness for two values of record current. 
The curves were extrapolated to zero gap width by as¬ 
suming that since the recorded width will be zero at the 
head surface, the average width will be one-half the 
width of the pulse in the outermost oxide layer. The 
width in the outermost layer was assumed to be the 
same as for a finite gap head where y is equal to or 
larger than the gap width. 

From Fig. 24 it can be seen that only a slight increase 
in over-all pulse resolution may be achieved by using 
very small record gaps. Comparing Fig. 24 with Fig. 8 
it can be seen that within the range of gap widths and 
tape thickness presently in use, the average recorded 
pulse width is approximately one-fifth the width of an 
ideal reproduce pulse from the same head. 

Spacing 

In analyzing the effects of spacing the medium away 
from the reproduce head, only the shape of the fringing 

Fig. 23—Recorded pulse location vs spacing. 

Fig. 24—Recorded pulse width vs gap width. 
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field at any location had to be determined. For the 
record function, however, the actual field strength rela¬ 
tive to saturation field strength must also be considered. 
For this reason, two different conditions of spacing will 
be analyzed separately: first, the condition where field 
strength is constant and the medium is displaced 
temporarily away from the head, as during a dropout 
caused by foreign matter on the surface of the medium; 
second, the condition where the medium is intentionally 
spaced away from the head and the record current is 
adjusted for this spacing. To illustrate both cases ana¬ 
lytically, assume that the average recorded pulse width 
throughout the medium is equal to the recorded width 
in a small layer at the center of the medium thickness, 
and that the fringing field is that produced by an in¬ 
finitesimal gap. Both assumptions are quite accurate for 
values of y equal to or greater than the gap width. 

For the first condition, the effect on the pulse may be 
observed graphically as the medium is displaced in a 
region in which at maximum displacement 
The fringing fields at various values of y for an in¬ 
finitesimal gap are plotted in Fig. 25. According to the 
stated condition, Hs = 0.2. Then Hi, II2, and Hi are the 
field strengths at which 10 per cent, 50 per cent, and 
90 per cent of AAfmax will occur. Values of pulse width 
and Xo (at 50 per cent AA7max) obtained from Fig. 25 are 
plotted in Fig. 26. Notice that xo increases less than each 
increment of y. As the medium is spaced farther away, 
Hmax is no longer sufficient to saturate the medium. 
Analysis is considerably more difficult in this region, so 

only the approximate location Xo for a limiting condition 
will be determined. Experimental data will provide a 
more complete picture. At some value of y, Hmax will not 
be sufficient to reverse the M initially recorded at the 
gap centerline (x = 0), but will be sufficient to bring M 
to zero. This occurs at approximately jHmax = 0.1 Hs 

(y^50a). Hence, at this value of y, Xo will be zero. 
Therefore, Xo which was increasing in the region where 
Hmax>Hs, must decrease in the region where Hmax<Hs. 

To confirm the above results experimentally, a tape 
with approximately a 0.5-mil oxide was spaced away 
from a 0.5-mil gap record head while the record current 
was held constant at two different values. The resulting 
pulse widths and x0’s are plotted in Fig. 27. The widths 
and locations of the pulses vary in the same manner as 
in Fig. 26. Because of record current limitations, the 
fields (and therefore the Xo’s) in Fig. 27 are not as large 
as those assumed for Fig. 26. 

Fig. 26—Pulse width and location vs spacing (theoretical). 

Fig. 27—Pulse width and location vs spacing (experimental). 
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The second spacing condition is simpler to analyze. 
We shall assume that at each value of y the record cur¬ 
rent is adjusted so that = We may then derive 
an expression for pulse width and Xo from the fringing 
field equation. If 

x2 + y2

H y2 

~ X2 + y2

Solving for the x at which H occurs, we get 

/Umax 

We have assumed that for each case Hmax — H„, so 

A i 
= y V H 

The pulse width will be the difference between 
x(io per cent) and x(go per cent) which occurs at H = G.2HS and 
H = Q.C>HS, respectively. Hence 

H = 

then 
K 

Hmax(x-O) = ” ’ 

corded on the same section of tape at the same record 
current. During reproduction the oscilloscope was 
synch’ed on negative pulses and the displacement be¬ 
tween following positive pulses was measured. 

In Fig. 29, the displacement, as a per cent of repro¬ 
duced pulse width, is plotted vs per cent of saturation 
record current. Saturation current in this case is the 
current required to magnetize initially the oxide to its 
maximum remanence. A record current of twice satura¬ 
tion was required to make the displacement un¬ 
measurable. 

Conclusion 

Expressions have been derived and experimental data 
obtained from which a reasonably accurate prediction 
may be made of the record and reproduce performance 
of a magnetic pulse recording system. A technique has 
been developed for measuring the vector direction of 
magnetization of the recording medium. It has been 
shown that the resolving power of a head is five times 
poorer for reproducing than for recording, which sug¬ 
gests the direction in which future head developments 
might take. For instance, a nonreciprocal reproduce-
only head may be very desirable. 

P.W. = y 

and Xo will occur at 

/ H = 0AHs, or x0 = y 4/- 1 = 
V 0.47A 

1.2y. 

We may similarly compute the 10 per cent to 10 per cent 
reproduce width for an ideal recorded pulse. 

P.W. = 2x(H_o.m,) - ^y \/—— 1 - 6y. 
V U. 1 LI s 

The ratio is 6/1.2 = 5, which is the same ratio deter¬ 
mined earlier by experimental means. To find the ap¬ 
proximate over-all width after recording and reproduc¬ 
tion on a thin layer of oxide spaced at y from the head, 
we may simply add the record and reproduce widths, 
giving P.W. = 7 .Ty. 

Effect of Previous History 

In digital recording, information is often recorded on 
a medium which has been previously recorded and not 
erased. Under certain conditions this recording can pro¬ 
duce an undesirable error in pulse location, which will 
occur when the recording current is such that Hmxx is 
insufficient to reverse completely the previous mag¬ 
netization. This effect is illustrated graphically in Fig. 
28. The pulse location depends upon the polarity of the 
previous magnetization. To determine the amount of 
location error, long-wavelength NRZ pulses were re¬ 
corded first, then shorter-wavelength pulses were re¬ 

Fig. 28—Effect of previous magnetization. 

Fig. 29—Pulse displacement resulting from previous magnetization. 
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It is suggested that some of the analysis methods de¬ 
scribed could be utilized to provide a better under¬ 
standing of the record and reproduce functions in direct 
bias recording. 

Appendix I 
Derivation of Reproduce Head Output for a 
Recorded Step Function of Finite Width 

Assume a “step” function with a finite constant slope, 
as in Fig. 30. For the region between x and 

(
X — x\ 
-I. 
*i / 

Fhe flux through the reproduce head is 

where y^ and y^ are the limits of the magnetic medium. 
Consider the integral with respect to X: it may be ex¬ 
pressed as the sum of integrals over various regions be¬ 
tween 

Because of symmetry of Hx, 

p — /• °o 
—mx I Hxdx + mx I Hxdx = 0 

d —00 (x+xi) 

Fig. 30—Recorded step function of finite width. 

and 
/» 0 pi pi 

(—mx) I Hxdx + (-Wx) I Hxdx = — 2m x I Hxdx. 
d -(f) d o do 

00 
MxHxdx 

p~W) px 
= ( — nix') I Hxdx — 2mx I Hxdx 

J — (x+*l) J 0 

Hxdx 

p—(x) pi 
( — mx) I Hxdx — 2mx I Hxdx 

a —(f+xi) J o 
x — x 
-Hxdx. 

Xi 

Again because of symmetry, 
(¿4-X1) 

Hxdx 

Then 

Now ex/v = dd>x/dx, so the above integrals must be dif¬ 
ferentiated with respect to x. The derivative may be 
found from 

d r ” r* d dv du 
— I f(x,x)dx = I —f(x, x)dx 4-f(v,x)-f(u,x). 
dxJ u J u dx dx dx 

d r” 
-— I MzHxdx 
dxJ 

2mx r 
2mxHx(x+xo I Hxdx T" 2mxHX(x+Xi) 

Xi J ï 

and 

This is simply the [ex/v] for a zero-length step function 
averaged over a length of Xi. 
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High'Density Magnetic Recording* 
JAMES J. BROPHYf 

Summary—By improving the mechanical properties of magnetic 
recording heads and recording media, it has been possible to dem¬ 
onstrate consistent recordings at information densities up to 40,000 
cycles per inch. No fundamental magnetic limit to the maximum re¬ 
cording density has been detected. The major mechanical limitation 
appears to be the effective head-tape separation due to mechanical 
surface roughness of the medium. Tape noise arises from both body 
and surface effects, but their relative importance is not clear. High-
frequency recording in the region of several megacycles introduces 
no special problems with heads of suitable design, such as the out¬ 
side coil head. Based on present experimental results, a maximum 
recording density of the order of 100,000 cycles per inch is predicted. 

Introduction 

THE major improvement in magnetic recording, 
required to increase its usefulness and application, 
is the increase of recorded information density on 

the magnetic record. A substantial increase will lead 
both to improved high-frequency recording and to slower 
tape speeds for audio recording. The high-frequency re¬ 
cording application involves problems of two different 
types: the recording of ultra-short wavelengths on the 
record, and the high-frequency difficulties of losses and 
stray fields. For slow tape speeds at audio frequencies, 
the short wavelength problem is dominant. Thus, for 
both applications, the short wavelength problems of 
suitable heads, satisfactory tape (both mechanical and 
magnetic properties), and tape noise are important. 

This paper is concerned with a study of the possibility 
of substantially increasing the information density in 
magnetic recording. The purpose is to indicate more 
fully the basic limitations of magnetic recording with 
emphasis on short wavelength effects, but also with con¬ 
sideration to high-frequency applications. The experi¬ 
ments reported here were undertaken in order to estab¬ 
lish whether or not a magnetic limitation to short wave¬ 
length recording presently exists. 

The results obtained indicate that 13,500 cycles per 
inch can be realized in a wide-band system using tape 
which has received some surface polishing. Fig. 1 shows 
typical results. The considerable improvement of aged 
over fresh tape should be noted. In this work, the tape 
was aged by repeatedly running it over the recording 
head in order to smooth the surface. These data may 
also be taken as a typical example of the present state 
of development that can be attained easily in the labora¬ 
tory. It should be noticed that satisfactory audio re¬ 
cordings can be realized with this system with tape 
speeds as slow as one-tenth of an inch per second. 

Since the head used should in principle be capable of 
approaching densities of 50,000 cycles per inch, these 
results appear to indicate that the record medium is the 
major limitation. The fall-off in the response at high 
densities is attributed to an effective head-tape separa¬ 
tion caused by the surface roughness of the tape. Fur¬ 
ther evidence for this is found in Fig. 1 where the lack of 
a clearly defined null followed by a secondary response 
maximum is evident. If the recording densities were 
head limited, such a null and secondary maximum 
would be expected. 

Although these recording heads appear to be capable 
of high-density recording, subject to the limitations of 
the record medium, they are not satisfactory for high-
frequency work because of large inductive reactance and 
internal magnetic losses. In order to get some feeling for 
these problems, a new head structure, which has been 
termed an “outside coil head,” was investigated in some 
detail. In the outside coil head structure, the tape rides 
over a magnetic defining gap having an effective 1-turn 
short. The pickup coil is located on the opposite side of 
the tape. Coupling between the pickup coil and the de¬ 
fining gap occurs through fringing fields. This structure 

Microgap and High-Frequency Heads 

General considerations appear to indicate that me¬ 
chanical properties of the record medium are the major 
limitations to attainment of higher recording densities. 
Preliminary experimental work using microgap heads 
fabricated in our laboratory was undertaken in order 
to determine if this was indeed the case. These heads 
were fabricated with a 20-micro-inch mechanical gap 
which, in principle, should be capable of a resolution ap¬ 
proaching 50,000 cycles per inch. 

* Manuscript received by the PGA, September 15, 1959. 
t Physics Res. Div., Armour Research Foundation, Chicago, Ill. 

Fig. 1—Frequency response of various magnetic tapes at 0.37 
inch per second with a microgap head. 



1960 Brophy: High-Density Magnetic Recording 59 

has the advantage that the coil may be made very small, 
which raises its self-resonant frequency, and the defining 
gap need not be narrow in the dimension perpendicular 
to the tape surface, so that good wear properties are 
achieved. 

In spite of its rather unfavorable appearing magnetic 
structure, it proves possible to record and play back 
with the outside coil head. It is found that recording 
densities of the order of 20,000 cycles per inch may be 
achieved with this system. These results appear rela¬ 
tively independent of frequency, so that recordings in 
the megacycle range are possible. Preliminary studies 
of the effects of bias in the recording of high frequencies 
have not been as encouraging. A maximum density of 
only 4000 cycles per inch at frequencies of the order of 
1 me has been obtained using de bias and the outside 
coil head. The loss in recording density caused by bias is 
not clearly understood. 

The results at high recording densities are shown in 
Fig. 2 together with a theoretical prediction of the re¬ 
sponse due to a 60-micro inch surface roughness. It 
seems clear from these results that again the high-
density limitation is the effective head-tape contact 
produced by an irregular record surface. Except for the 
degradation due to bias, recordings up to several mega¬ 
cycles are obtained at modest tape speeds. 

The experimental result that the outside coil head is 
capable of recording densities in the range 20,000 cycles 
per inch at both low and high frequencies indicates that 
high-frequency effects in the outside coil head are small. 
An analysis of the magnetic configuration of an outside 
coil head has been carried out and shows that a small 
frequency dependence must exist at the very highest 
frequencies. This would be indicated by a decrease in 
performance at frequencies beyond about 5 me. The 
experimental results are apparently not accurate enough 
in this region to show the effect. It is concluded that 

this head structure is quite suitable for both high-
frequency and high-recording density applications. The 
major limitation on information density appears to be 
the mechanical condition of the record medium surface. 
A number of other microgap magnetic recording 

heads were fabricated in order to further confirm this 
result. A typical head useful for laboratory study and 
having a well-defined mechanical and magnetic gap is 
shown in Fig. 3. The fabrication of this head is such as 
to assure a good gap geometry. This form of head is used 
in our further experiments on high-density recording 
discussed below. Several attempts to fabricate microgap 
heads of standard configuration using ferrite material 
for the magnetic core have been made. The low-loss 
properties of ferrites may allow an efficient head of 
standard shape at high frequencies, the principal prob¬ 
lem being the production of a mechanically stable fine 
gap. Preliminary results on the first of such heads are 
encouraging, but considerably more work is required. 

Fig. 3—Armour Research Foundation recording¬ 
playback head no. 10. 

Fig. 2—Comparison of experimental and theoretical response curves 
of outside coil heads. The theoretical curve assumes a 60-micro-
inch tape surface roughness. 

Recording Surface 

The experimental work discussed above indicates 
that the mechanical condition of the magnetic recording 
surface appears to be the major limitation to high-
density recording. It is a consistent fact that well-aged 
tapes produced by repeated passage over the recording 
head result in higher-density recordings. Similar effects 
may be achieved by the polishing of the tape surface 
with an abrasive stone. 

We have investigated the surface roughness of mag¬ 
netic recording tape by a technique of optical micro¬ 
interferometry. Typical microinterferograms of the 
front and back surface of a smoothed tape are shown ir 
Fig. 4. It is found that such smooth tapes may have a 
10-micro-inch deformation over a linear distance oi 
about 1 mm. It is also clear from Fig. 4 that there may 
be correlation between the irregularities on the front 
and back of the tape. In addition, the oxide side exhibits 
considerably greater fine-grain structure because of ths 
presence of the magnetic material. 
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(a) (b) 

Fig. 4—Microinterferograms of the two sides of a polished magnetic 
recording tape. Each fringe represents a vertical distance of 2500 
A. (a) Mylar, (b) Oxide. 

Noise in Magnetic Recording 

A second aspect of improving the signal response of 
magnetic recording is the noise signal generated by the 
motion of the tape past the head. Under many experi¬ 
mental conditions in the laboratory, this noise source 
provides the basic limitation to signal detection. The 
origin of tape noise postulated to be due to the in¬ 
homogeneous nature of oxide tapes has been investi¬ 
gated analytically. Available expressions for the noise 
caused by this mechanism have been extended, and 
better agreement between predicted and observed tape 
noise is obtained for demagnetized tapes. 

However, a number of studies of tape noise have in¬ 
dicated a minimum in the tape noise power spectrum. 
The minimum is not predicted by this analysis nor by 
the extension of it. It is possible that an additional com¬ 
ponent of noise generated by magnetic surface irregu¬ 
larities exists. This source would be particularly im¬ 
portant for the saturated tape condition. 

An analysis of the noise due to this mechanism has 
shown that the noise power is proportional to the square 
of the frequency rather than to the frequency directly 
as in the body-noise case. Much of our experimental 
data show a linear dependence and the absence of a 
minimum discussed above. Other experimental works, 
particularly those reporting a minimum, show a higher 
dependence of noise power on frequency. Thus, there is 
some evidence that both noise sources may exist and 
may be important, depending upon the detailed con¬ 
ditions. On the basis of the analysis so far carried out, 
it should be possible to distinguish experimentally 
between surface and body effects by the frequency de¬ 
pendence of the noise power. 

The apparatus used to investigate tape noise is rela¬ 
tively straightforward. The output of the head is fed to 
a low-noise high-gain preamplifier followed by a tunable 
filter and a true rms vacuum tube voltmeter. Typical 
results obtained for standard tape are shown in Fig. 5. 
The very considerable increase in noise level when the 
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F!g. 5—Experimental measurements of tape noise. 

tape is moving over that with the tape stopped is an in¬ 
dication of how important tape noise may be. Increases 
of the same order of magnitude are found in comparing 
demagnetized tape to saturated tape. The results of 
Fig. 5 show a linear increase of noise power at high fre¬ 
quencies and only a slight suggestion of a minimum. The 
noise at low frequencies is severely influenced for these 
measurements by the problem of splices in the tape loop. 
The passage of the splices over the head produces very 
large transients which are difficult to overcome. It has 
not proved convenient to run long lengths of tape be¬ 
cause of the difference in the noise properties in the tape 
over long distances. 

Ignoring the as yet not clearly established effect of 
surface noise, it is possible to extrapolate present results 
on maximum recorded density to estimate what the ulti¬ 
mate recorded density may be. Taking present experi¬ 
mental data and assuming a 10-micro-inch recording 
gap, a head-tape distance of 10 micro-inches, a recording 
density of 90,000 cycles per inch is predicted. This pre¬ 
diction is based on our present understanding of tape 
noise and assumes no fundamental magnetic limit to the 
minimum wavelength. 

High-Density Recording 

In order to carry out conveniently the experimental 
work at extremely high recording densities, the disk re¬ 
corder shown in Fig. 6 has been constructed. The disk 
configuration was chosen for convenience in producing 
ultra-smooth magnetic recording surfaces together with 
stable operation at slow speeds. The major feature of the 
system is the extensive rim loading of the turntable 
used to obtain uniform velocities at slow speeds. Very 
slow speeds are useful in order to enable carrying out 
the investigations in the audio frequency range, thereby 
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Fig. 6—Magnetic disk recorder. 

separating high-frequency effects, as such, from high-
density effects. The disk recorder has also been useful 
in permitting the polishing of the surface of the record 
medium and in designing an ultra-smooth record sur¬ 
face. 

Results obtained to date with this system have 
shown a recording density of 40,000 cycles per inch. 
Typical data obtained with the disk recorder are shown 
in Fig. 7. In spite of the greatly increased recording 
density shown in the figure, there appears to be still no 
evidence for a head limited effect or a magnetic limita¬ 
tion. We attribute the limitation still to surface rough¬ 
ness effects producing an effective head-tape separation. 

Consideration of the mechanical precision required of 
a magnetic recording system to utilize fully even those 
densities obtained in the laboratory shows that the pre¬ 
cision required is quite substantial. However, once the 
existence of a magnetic limit is ascertained, the desirabil¬ 
ity of attempting this mechanical precision for any par¬ 
ticular application may be evaluated more fully. 

Conclusion 

This research has shown that by improving the me¬ 
chanical properties of magnetic heads and tapes it is 
possible to increase recording densities to at least 
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Fig- 7—Output and noise characteristics of disk recorder with micro¬ 
gap head showing a maximum recording density of 40,000 cpi. 
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40,000 cycles per inch with a predicted increase to 
90,000 cycles per inch which is dependent upon attain¬ 
ing suitable mechanical precision. No fundamental mag¬ 
netic limit to the maximum recording density has been 
observed as yet. The major mechanical limitation ap¬ 
pears to be head-tape contact, which is primarily due to 
the mechanical surface roughness of the record medium. 

High-frequency recording into the several-megacycles 
range appears to offer no major problems in heads of 
suitable design. The outside coil head seems to be a most 
attractive configuration for high-frequency work. How¬ 
ever, this work has included no studies of high-frequen¬ 
cy effects in the tapes themselves. Tape noise appears to 
arise from both body and surface effects, and while an 
analytical technique that may distinguish between these 
processes has been developed, tape noise is not yet well 
understood. 

Acknowledgment 

The author expresses his appreciation to T. T. Kiku¬ 
chi, M. Camras, and R. D. Sears who made major con¬ 
tributions to this study, and to P. Padva, R. F. Tooper 
and N. S. Kapany who contributed in certain aieas. 



62 IRE TRANSACTIONS ON AUDIO Mar ch-April 

A Compatible Tape Cartridge* 
MARVIN CAMRASf 

Summary—Magnetic recording is recognized as a superior 
medium for stereophonic entertainment, but its popularity has been 
handicapped by inconvenience of threading and high cost. A new 
approach is a tape cartridge of very low cost, which is compact, and 
fully protects the record. The cartridge is completely automatic on 
a machine designed for its use, and yet will operate manually on 
present tape recorders. 

IF tapes are to compete with phonograph disks for 
recorded music, they must be convenient to handle 
and comparable in price. Cartridge loading pro¬ 

vides convenience, but usually raises cost which is al¬ 
ready on the high side. 

The cartridge described in this paper costs only a few 
cents. As shown in Fig. 1, it has the appearance of a 
small molded spool, sealed by a plastic leader. The 
cartridge is placed into the slot of an automatic machine 
(see Fig. 2), after which it operates without further 
handling. 

However, an automatic machine is not required. The 
cartridge fits the shaft of any present recorder, and may 
be threaded manually. In this case, we may either re¬ 
move the leader or provide a takeup reel which accepts 
the leader. Similarly, we can play present-day tape li¬ 
braries manually, on automatic machines. This two-
way compatibility is attractive. The owner of a tape re¬ 
corder can try the new records before he invests in an 
automatic machine. The record manufacturer and 
dealer have only one package to stock, and are insured a 
ready market even before new recorders are in use. 

Operation of the Cartridge 

As may be seen from Fig. 3, the cartridge consists of 
a spool with a central opening that fits present recorders. 
A peripheral bead at the inside edge of the flanges al¬ 
lows the one-quarter-inch tape to pass with ample clear¬ 
ance, but holds an end leader in place to form a seal 
which protects the tape from dust when the cartridge is 
off the machine. A hook at the end of the leader is de¬ 
signed to latch with the mechanism (see Fig. 4). 

Fig. 5 explains the principle of operation. When the 
cartridge is inserted in the slot, a shaft goes through its 
hub and drives it counterclockwise until its leader en¬ 
gages a catch on the end of an internally prethreaded 
machine leader. The prethreaded leader then pulls the 
cartridge leader on to the takeup spool, thus engaging 
the tape with the head. The machine operates in a for-

* Manuscript received by the PGA, October 14, 1959. Presented 
at the National Electronics Conference, Chicago, Ill., October 12, 
1959. 

f Armour Research Foundation, Chicago, Ill. 

Fig- 1. 

Fig. 2. 

ward direction until reversed, playing either for a second 
record in the opposite direction or for high speed re¬ 
wind. 

The automatic machine is shown in Fig. 6, with the 
cover removed from the magazine receptacle, showing 
the prethreaded leader in place. 

Fig. 7 demonstrates how an adapter is applied to a 
commercial machine. Here the cartridge is placed on the 
shaft for loading and turned slightly by hand until the 
spool leader engages the prethreaded leader on the ma¬ 
chine. Thereafter, the recorder is used in its normal 
manner. 
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TOP LEADER, MYLAR ,002 TO .005 THICK 

LEADER TAPERS FROM 
0.250 TO 0.340 

WIDE PART OF LEADER 
ONE TURN 

0 002 MYLAR, I FT LONG, 
0.312 WIDE, FASTENED 
SECURELY TO HUB 

Fig. 3—3.75 OD cartridge. 

LEADER HOOK 

LATCHING LOOP 

Fig. 4—Hook and loop for cartridge. 

Fig. 6. 

Fig. 7. 

Cartridge Sizes 

Standardizing on one or two preferred sizes of car¬ 
tridge is desirable, so that packages can be alike, even 
though a given recorder can accept a range of sizes. 

RECEPTACLE TAKEUP REEL 

HUB RECESSED 
FOR HOOKS 

0 CARTRIDGE IS INSERTED IN SLOT 
® SNAP ^CONNECTS WITH HUB 

“ SPOOL ROTATES CCW UNTIL CATCH (A) BOOKS TO CATCH (C) 
® TAKEUP SPOOL STARTS, PULLING MACHINE LEADER (0) 

AND SPOOL LEADERfBIOVER HEAD ANO CAPSTAN 
-< ©AFTER FORWARD RECORDING IS FINISHED,ENO LEADER 

X. . REVERSES ORIVE FOR SECOND CHANNEL OPERATION 
X OR REWIND 

Fig. 5—Operation of tape cartridge on a magazine. 

Tape Thickness 

To help choose the most useful sizes, charts were 
made of playing time (and feet of tape) vs outside di¬ 
ameter of the cartridge. Fig. 8 is a design graph for car¬ 
tridges using tape which is 1.33 mils thick over all. This 
tape is almost universally available, both with mylar or 
cellulose acetate backing, and is designated by names 
such as 50 per cent extra-play, plus 50, 1-mil backed 
tape, etc. Fig. 9 is a similar design graph for 1.0-mil thick 
tape; this type is called double-play, or one-half-mil 
backed tape. Fig. 10 is for 2.0-mil thick tape. 
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Of these three sizes, the best compromise seems to be 
the 1.33-mil tape. It is more compact and less expensive 
per foot than 2.0-mil tape with the same backing, and is 
relatively free from breakage, stretching, and mechan¬ 
ical troubles sometimes encountered with the thinner 
1.0-mil tape. 

Program Time 

The next step is to choose maximum continuous play¬ 
ing time for recorded music. While there has been much 
debate on this point, we can profit from experience in 
the phonograph industry, where about twenty minutes 
per side of a long-play disk is customary. Recording di¬ 
rectors and arrangers keep this in mind, and since the 
same performances are often released on tape as well as 
on disk records, the tape should accommodate somewhat 
over twenty minutes. We may note that in rare in¬ 
stances a disk may have up to thirty minutes on a side, 
at a sacrifice in quality. We can match this without de¬ 
viating from the cartridge size by going to a thinner 
tape; this seems better than standardizing on a larger 
cartridge which will rarely be filled. 

Fig. 8 shows us that a 3.75-inch OD cartridge plays 
about 24 minutes per channel at a speed of 3.75 inches 
per second. For 7.5 inches per second, a 5.0-inch car¬ 
tridge plays 24 minutes or more. 

Fidelity vs Cost 

If it is decided that recorded tapes should compete on 
the basis of quality rather than price, then a 7|-inch per 
second speed seems most practical at the present state 
of the art. Although the 3|-inch per second speed has 
often been demonstrated as meeting high standards of 
fidelity, there is no question that in the hands of a non¬ 
technical consumer the 7| speed will sound better, be¬ 
cause it is not as critical with respect to wow and flutter, 
dirt accumulation at the head, azimuth alignment, etc. 
We can double the playing time (or halve the cost) by 
using four tracks on |-inch tape instead of two tracks, 
with very little change in quality. Considering all these 
factors, we arrive at the following as a reasonable speci¬ 
fication for the “highest fidelity” market: 

Speed 1% inches per second. 
Tape 1.33-mil (over all) acetate or mylar base, one-

quarter-inch wide. 
Tracks 4, for two-way stereo. 
Playing Time 24 minutes each way (48 total for stereo, or 

over 1| hours of monophonic). 
Cartridge Size 5-inch OD. 

This size has the playing time of a 12-inch stereo disk. 
The fidelity is about the same as present day stereo tape, 
which means that it is better than stereo disks for low 
distortion, low cross talk, and low intermodulation 
noise. Retail price of a 5-inch reel of unrecorded, name 
brand, extra-play tape is now $2.34. This may be used 
as a starting point in estimating the selling price of a 
recorded 5-inch cartridge. 

Most people will be satisfied with sound of somewhat 
lesser quality, but which still equals or exceeds that of 
the average high-fidelity installation. Here the 3f-inch 
speed is adequate. Tape cost is cut in half, and the small 
size cartridge is attractive and easy to handle. If other 
considerations outlined previously are equal, we arrive 
at the following specifications: 

Speed 
Tape 

Tracks 
Playing Time 

Cartridge Size 

3j inches per second. 
1.33-mil (overall) acetate or mylar base, one-

fourth-inch wide. 
4, for two way stereo. 
24 minutes each way (48 total for stereo, or 
over hours of monophonic). 

3f-inch OD. 

Again, this is equivalent in playing time to a 12-inch 
stereo disk. Retail price of the tape and reel is about half 
that of the 5-inch size or roughly a dollar. Potentially the 
fidelity is high, probably supeiior to reproduction from 
inner grooves of a stereo disk. Magnetic recording tech¬ 
nology has improved steadily, and as quality is up¬ 
graded we expect that eventually the 3f-inch speed 
will produce sound quality meeting the highest stand¬ 
ards. 

With this small size of cartridge, a collection of tape 
records can be carried in a small hinged drawer in front 
of the recorder, so that any record may be picked up and 
immediately inserted in the playing slot. A drawer 
4X4X10 inches holds 20 records, giving 16 hours of 
stereo, or 32 hours of monophonic sound. The 3| OD 
cartridge may not be too bad even for the 7|-inch per 
second customer. At this speed, it holds 24 minutes of 
stereo and takes care of music which would occupy one 
side of a disk. It may be desirable to market high-qual¬ 
ity music in 24-minute units rather than 48-minute 
units. 

Other Sizes 

While most music doesn’t require more than 48 min¬ 
utes, a few selections may run for an hour. These few 
cases can be handled on the 3| reel by using extra thin 
mylar double-play tape. Alternatively, we may select a 
4| spool which carries 60 minutes of extra-play tape 
(see Table I). This somewhat larger spool can still be 
standardized for 40 to 48 minutes by using a larger in¬ 
side hub. 

Fig. 3 is a drawing of the recommended 3|-inch OD 
“small” cartridge. Table I gives playing time of car¬ 
tridges under various conditions. 

The main need for cartridges as large as 7 inches OD 
is to allow someone who already has a collection of tapes 
to change over to a cartridge loading. In addition, a 
7-inch size stores many hours worth of recording with 
slower speeds and multiple tracks 

In Conclusion 

Two cartridge sizes, (3| OD and 5-inch OD), appear 
adequate for most uses. These give continuous playing 
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TABLE I 

Total Playing Time—Minutes 

Size and 
Thickness 
of Tape 

4 Tracks 
3.75 Inches/Second 

Stereo 

4 Tracks 
3.75 Inches/Second 

Monophonic 

4 Track 
7.5 Inches/Second 

Stereo 

4 Track 
7.5 Inches/Second 

Monophonic 

2 Track 
7.5 Inches/Second 

Stereo 

2 Track 
7.5 Inches/Second 

Monophonic 

3.75 inches OD 
1.3 mil over-all 
(450 feet) 

3.75 inches OD 
1 mil over-all 
(600 feet) 

(4.12 inches OD) 
1.3-mil tape 
(560 feet) 

(4.12 inches OD) 
1-mil tape 
(747 feet) 

5 inches OD 
1.3-mil tape 
(900 feet) 

5 inches OD 
1-mil tape 
(1200 feet) 

7 inches OD 
1.3-mil tape 
(1800 feet) 

7 inches OD 
1-mil tape 
(2400 feet) 

48 

64 

60 

80 

96 

128 

192 

256 

96 

128 

120 

160 

192 

256 

384 

512 

24 

32 

30 

40 

48 

64 

96 

128 

48 

64 

60 

80 

96 

128 

192 

256 

12 

16 

15 

20 

24 

32 

48 

64 

24 

32 

30 

40 

48 

64 

96 

128 

in multiples of 24 minutes, which fits with all music pres¬ 
ently arranged for phonograph records. 

The 3f-inch size ought to be the preferred one, with 
the 5-inch size an additional standard for longer play or 
higher speed. 

Applications 

As compared with hand-threading of present day re¬ 
corders, the advantage of any cartridge is ease in 
handling the record. Many possible designs of cartridge 
have been proposed. All of them, including the one de¬ 
scribed here, have advantages and disadvantages when 
compared with one another. Some advantages of our 
design are the following: 

1) low cost—possibly competitive with disk records, 
2) compatible—operates on present machines, and 

fits all present and proposed future standards for 
|-inch tapes, 

3) protects the record, 
4) compact, 
5) reliable—can be spliced and repaired as with a 

spool recorder, 
6) adaptable for automatic changer or “juke box” 

operation. 

It is apparent that the cartridge will ordinarily be re¬ 
wound before it is removed from the machine. This is 

only a minor disadvantage, since it is done anyway on 
present recorders 99 per cent of the time. Ideally a two-
way drive should be used with a record that plays in 
both directions; the tape will then be in the cartridge 
after playing in the back direction, and no separate re¬ 
winding step is necessary. Because they are so conven¬ 
ient, we envision two-way machines as common and as 
simple as present day two-speed machines. Economy re¬ 
corders may, of course use rewinding and/or flopover 
features just as we do now. 

Immediate Use of Cartridges 

At the present time, the cartridge is an attractive 
package for marketing tape, both blank and recorded. 
Its closed sides and protective leader are well worth a 
few cents increased price, even if we disregard auto¬ 
matic machines which may come in the future. The car¬ 
tridges may be used conveniently on an ordinary ma¬ 
chine by removing the hook and by using a takeup reel 
designed to take the leader. 

In buying tape in such a package, the customer is as¬ 
sured that he will be able to utilize automatic machines 
when they are released. Also, when a large number of 
records of this type are already in the hands of custom¬ 
ers, a machine manufacturer has a ready market for 
his new models. 
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Design Alternatives 

From the systems described in this paper, it is noted 
that at least three alternatives are possible: 

1) a completely automatic machine, 
2) a semi-automatic machine modified from present 

production, 
3) use of the cartridge and leader (hook omitted) on 

present machines. 

Other possibilities which suggest themselves may be 
mentioned. A music system for the automobile requires 
only one-hand (drop-in-the-slot) operation. An auto¬ 

matic changer for cartridges is possible. A “juke box” 
can be made to use these records. Music stores may sell 
a recording service instead of recorded tapes. They need 
only stock one master of each kind, and they will record 
it on the customer’s tape for a fee (in an automatic vend¬ 
ing machine, if desired). 
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Correspondence 

Method for Accurate Measurement 
of Tape Speed* 

Some time ago, I approached the problem 
of determining, to a high degree of accuracy, 
the actual speed with which a piece of tape 
goes by a head assembly in a tape recorder. 

Previous attempts by means of measur¬ 
ing a suitable length of tape and then meas¬ 
uring the amount of time required for this 
length to pass a given spot had left me with 
considerable misgivings as to the accuracy 
of the data. This misgiving arose, not only 
from the means of measuring the length of 
tape under proper tension, but also in decid¬ 
ing what that tension should be in view of 
themachine’s characteristics. 

The thought occurred to me that it is 
most desirable to measure the speed of the 
tape in the actual machine, using some dimen¬ 
sion of the machine to provide the distance 
measurement. If I had two heads on a unit 
and could measure the distance between 
these two units, the interval between the 
passage of a mark over the first and then 
the second head should solve the problem. 

On this basis, I arranged one of our 
standard tape transport machines with two 
heads whose distance I measured to an ac¬ 
curacy of something better than one part in 
a thousand. This was relatively easy to do 
by means of a height gauge and suitable 
accessories. With the tape stopped but in 

* Received by the PGA, January 15, 1960. 

contact with a head, I made a magnetic 
mark by connecting an ohmmeter to the 
coil. On playing this mark, both heads gave 
essentially the same pulse once they had 
been aligned in azimuth. The outputs of 
these two heads were connected to an elec¬ 
tronic counter through suitable amplifiers. 
The first head in the tape path was con¬ 
nected to the start input and the second 
connected to the stop input. After suitable 
adjustment of levels and other factors, quite 
reliable interval times were measured. The 
random variation on a low-flutter machine 
appeared to be in the order of 5 parts in 
10,000. Knowing the distance and the time, 
it was then a simple matter to compute the 
speed. 

Several pitfalls are to be avoided. The 
two heads must be aligned in azimuth be¬ 
fore the distance between them is measured. 
The frequency response of the two heads 
should be essentially the same. It is impor¬ 
tant that the phasing of the two playback 
heads be the same in order that the addi¬ 
tional delay, or lack thereof, resulting from 
phase reversal, will not be introduced. 

It appears that the shortest and hence 
sharpest pulse is recorded with the tape 
stopped. This further avoids the necessity 
for generating a short pulse to be recorded. 

The results of this when applied to a low-
flutter machine (one having rms flutter in 
the order of 0.04 per cent) have been that 
we can make tapes having recorded thereon 
known wavelengths of high accuracy! These 

are quite useful in measuring the speed of 
production machines as well as for other 
purposes. 

John S. Boyers 
Manager, Engrg., Bell Sound Division 

Thompson Ramo Wooldridge Inc. 
Columbus, Ohio 

Comments on “Nonlinear 
Distortion Reduction by 
Complementary Distortion”* 

Compensating distortion with comple¬ 
mentary distortion1 evidently can be ac¬ 
complished for single frequencies; but once 
the nonlinearity that causes simple distor¬ 
tion has acted to produce modulation distor¬ 
tion, then restoration is impossible. 

The situation is analogous to photogra¬ 
phy. Pincushion distortion could be com¬ 
pensated by rephotographing with a camera 
afflicted with barrel distortion, but if the 
original distortion were coma or simply out 
of focus, no restoration would be possible. 

Paul W. Klipsch 
Klipsch and Associates 

Hope, Ark. 

* Received by the PGA, February 2, 1960. 
1 J. Ross Macdonald, “Nonlinear distortion reduc¬ 

tion by complementary distortion,” IRE Trans, on 
Audio, vol. AU-7, pp. 128-133; September-October, 
1959. 
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On the “Insertion-Distortion 
Factor”* 

In a recent paper1 it has been shown how 
distortion generated by a nonlinear element 
can be reduced by insertion of a network 
having a complementary distortion along 
the transmission chain. 

Toevaluate the correction quantitatively, 
it may be useful to employ the “insertion-
distortion factor,” a quantity proposed in 
an earlier paper,2 which may be defined: 

* Received by the PGA, January 25, 1960. 
1 J. Ross Macdonald, “Nonlinear distortion reduc¬ 

tion by complementary distortion,” IRE Trans, on 
Audio, vol. AU-7, pp. 128-133; September-October, 
1959. 

2 V. Cimagalli, “Sulla distorsione non lineare dei 
transistori negli amplificaron per telecomunicazioni,” 
Atti 5* Rass. Internaz. Elettronica-Nucleare. Sez. 
Elettronica, Rome, Italy, pp. 109-128; 1958. 

a) Suppose that we have a transmission 
chain, at a certain point of which we will 
insert a two-terminal pair device. Then 
measure at this point, before inserting the 
device, the distortion factor as usual: 

where Vn is the amplitude of the nth har¬ 
monic. 

b) Measure again the total distortion 
factor ki at the same point after having in¬ 
serted the device. The difference, 

ki — k( — ko, 

is the “insertion-distortion factor.” It is 

evident that it depends not only on the two-
terminal pair device itself, but also on the 
characteristics of the transmission chain. 
As it was pointed out,2 “insertion-distor¬ 
tion factor” becomes negative if the inserted 
device compensates the pre-existing distor¬ 
tion, as in the case studied by Macdonald. 

The “insertion-distortion factor” is also 
useful in characterizing distortion of quasi-
linear two-terminal pair devices with com¬ 
paratively low input and output impedences, 
when over-all harmonic distortion of the 
transmission chain is paramount. This is 
the case, e.g., of transistor amplifiers used 
in carrier-frequencies systems. 

Valerio Cimagalli 
Istituto Superiore delle Poste e delle 

Telecomunicazioni 
Fondazione “Ugo Bordoni” 

Rome, Italy 
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