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PHASE DISTORTION IN MAGNETIC TAPE RECORDERS

W. R. HEDEMAN
The Aerospace Corporation

Summary   Phase distortion due to the record/reproduce process, independent of
electronics, is experimentally established and measured. It is found to be a function of the
record gap length. Phase compatibility between recorder/reproducers requires either record
amplifier phase correction for each tape speed or standardization of record gap.

Introduction   It has been observed by the author, and others1, that a magnetic tape
exhibits different output wave shapes in the forward and reverse directions of motion of
the tape over the reproduce head. This is shown in Figures 1(a) and 1(b), obtained when a
square wave with a fundamental of 100 kHz, recorded in the forward direction at 60 ips is
reproduced in the forward direction, Fig. 1(a), and then in the reverse direction, using the
same reproduce head and electronics, Fig. 1(b). In the forward direction phase and
amplitude equalization seem to be sufficient to provide an output which is a reasonable
replica of the input. In the reverse direction distortion is evident.

The power spectra corresponding to Figures 1(a) and 1(b) are shown in Table 1. Within
the errors of measurement the power spectrum is independent of the direction of motion of
the tape. The change in output wave shape must then be due to phase distortion;
particularly a phase lag which occurs when the direction of motion of the tape is reversed
from the recording direction during reproduction.

If the experiment previously described is repeated, recording a 25 kHz square wave at 15
ips the output wave shapes in the forward and reverse direction are essentially identical
with those shown in Figure 1 if the time scale is normalized to the pulse length. In other
words, the phase distortion observed is a function of wave length on tape, independent of
the frequency used to produce that wave length. Detailed data on this point will be
introduced subsequently.

It is the purpose of this investigation to explore the above described phenomenon.

Phase Effects Due to Motion Reversal   Suppose that a composite signal containing the
radian velocities T and 3T is recorded on tape in such a way that the signal voltage at the
reproduce head output terminals, eOF is:



eOF = a1 sinTt + a3sin (3Tt + N). (1)

If the direction of tape travel is reversed, time in Eq. 1 becomes negative, and the algebraic
sign of each term is multiplied by -1 because of the time derivative in the Faraday effect.
The output voltage in the reverse direction, eOB, is then:

eOB = -a1 sin (-Tt) - a3 sin (-3Tt + N) (2)

=  a1 sinTt + a3 sin (3Tt - N) (3)

Equation (3) states that the phase angle N, which was a leading angle in Equation 1),
becomes a lag angle when the direction of tape play is reversed.

If the direction of play is reversed by running the tape onto the takeup reel, and then
placing this reel on the supply spindle, an additional (-1) multiplier is introduced. The
reproduce head winding polarity is effectively reversed in this process; eOB for reel
inversion is the negative of Eq. (3).

Consider the system model of Fig. 2. At any frequency, the following definitions apply:

Ni = the phase function of the signal,

NR = the phase function of the record process,

Np = the phase function of the reproduce amplifier,

NF = the phase function of the system in the forward direction of tape
motion,

NB = the phase function of the system in the reverse direction of motion.

Then:

NF = Ni + NR + Np, (4)

and

NB = -Ni - NR + Np (5)



* Upon request to the author this table will be available.

Solving Equations (4) and (5):

(6)

(7)

From equation (6) it is possible to determine the phase characteristic of the reproduce
system.

From equation (7) it is possible to determine NR. The input signal phase Ni can be
measured, or controlled to a known value, preferably zero. NR is the phase characteristic of
the record process, and is the sum of the phase characteristic of the record amplifier and
the, at this time, unknown phase characteristic being sought. In order to determine the
unknown the phase characteristic of the record amplifier must be measured, or shown to be
linear.

If two recordings are made at, say, 60 ips and 7.5 ips, scaling the recorded frequencies at
8:1 to obtain the same wave length on both tapes, a different portion of the record
amplifier frequency characteristic is used for each recording. If the phase shift, NR, of the
record process is entirely due to frequency dependent phase shift in the record amplifier,
then NR would be a continuous single-valued function of frequency indepenent of tape
speed. If, on the other hand, NR is entirely dependent on wavelength recorded on the tape,
then the two NR characteristics would be identical if plotted as functions of f/fm where fm is
the upper bandedge in each case. The extent to which NR departs from these extremes
indicates a super-position of the two effects.

Method of Measurement   If a composite wave is generated, consisting of a fundamental
and a third harmonic, the wave shape is described as in equation (1), and would appear as
shown in Figure 3, for the conditions described.

For a known ratio a3/a1, and an observed ratio A/B, there is a unique phase angle N which
can be calculated. A table* was constructed for several values of a3/a1, centered around a
value of approximately 1/3, enabling the determination of N from A/B. If A >B there is a
phase lag: if B >A there is a phase lead. When A = B, N = 0 for all values of a3/a1.

The test set-up is shown in Figure 4.Band pass filtering, not shown, was used in the arms
feeding the summing amplifier. The isolation amplifier introduced negligible amplitude
distortion over the frequency range employed experimentally established.



The phase control on test generator #1 was adjusted to produce a condition of A = B at the
input to the record amplifier, as seen on the oscilloscope. It is necessary to establish that
phase distortion in the oscilloscope is negligible. This was accomplished by inputting a
known square wave to an oscilloscope probe, and matching the probe to obtain a square
wave on the oscilloscope screen. The amplitude controls were adjusted to produce an rms
voltage of approximately 0.7 at the input to the recorder/ reproducer, and with the third
harmonic 10 db below the fundamental. The record level was chosen at 3 db below
standard IRIG level in order to reduce harmonic distortion in the record process.
Undesired components at recorder input and output were more than 40 db below the
fundamental in all tests.

After these preliminary tests the record amplifiers on each of two recorders were
evaluated. It was found that they were constant current sources, relatively free of phase
distortion except at frequencies below 10 kHz. It was necessary to materially increase
coupling capacitors in order to reduce phase shift to less than 1E in the region of 1 kHz.
The method of measurement requires that particularly precise phase measurements be
made at the lower frequencies.

Test Procedure   A tape was recorded, using a series of test frequencies from
approximately 1% to 90% of the upper bandedge frequency at two tape speeds: 7 1/2 and
60 ips. The record/reproduce switch remained in the record position during recording. An
appropriate servo-lock frequency was recorded to provide speed control on reproduce.
Two machines were tested; one with an 80 microinch record gap, the second with 180
microinches.

The fundamentals used at 60 ips were in kHz: 7.74, 11.11, 16.07, 23.25, 33.33, 48.20,
69.70, 100.0, 144.5, 209.0 and 300.0. These tones progress up the frequency scale by
multiples of three, and provide three groups logarithmically uniformly spaced. The starting
frequency was chosen low enough in the scale so that in every case the same phase shift
was observed in both the forward and reverse plays, indicating a record phase shift of zero
(or constant delay). At 7 1/2 ips the frequencies used were 1/8 of those used at 60 ips.

At each frequency amplitude and phase at the recorder input were adjusted as previously
described. After recording all test signals the tape was reproduced in forward and reverse
directions, usually at the speed at which it was recorded, but it could be reproduced at any
convenient speed without affecting the results.

One of the machines tested provided reproduction in both directions of tape travel. Tape
reversal required only an adjustment of the reproduce head azimuth. The second machine
played only in the forward direction; to reverse the tape motion the tape was wound
completely onto the take-up reel, and this reel then moved into the supply reel position. By



recording signal on track 4 of a 1/2" tape the same reproduce head and electronics could
be used in both directions of travel.

For each test signal the relative 3rd and 5th order harmonics in the output spectrum were
noted, in addition to the ratio A/B, for both directions of tape motion. This was
accomplished for tapes recorded at 7 1/2 ips and 60 ips on machine #1, and reproduced on
machine #1. A tape was recorded at 60 ips on machine #2 and reproduced on machine #2.
Finally a tape was recorded on machine #1 at 60 ips and reproduced on machine #2. From
this data NF and NB were determined by the use of the table previous constructed.

Calculation   From equations (6) and (7) Np and NR can be calculated from the above data.
The N calculated is the phase shift of the third harmonic with respect to its fundamental.
This is converted to displacement along the tape in microinches the formula:

(8)

where:
* = delay (advance) in microinches on tape, third harmonic relative to

fundamental,

N = observed phpase shift in degrees of third harmonic, Np or NR, from f
to 3f;

v = tape speed, ips, on recording,

f = fundamental frequency, kHz, recorded

The addition of successive phase shifts between f and 3f, 3f and 9f, etc. results in the total
phase shift, which can then be plotted as a function of frequency.

Results   The results obtained from the 7 1/2 and 60 ips recordings on machine #1 are
shown in Figures 5(a) and 5(b). NR is measured to be a phase lead. The delay
characteristics are identical, within errors of measurement, if frequency is normalized to %
of upper bandedge. Since these two recordings were made using different frequency spans
in the record amplifier, it must be concluded that a phase function is present which is tape
wavelength dependent, and independent of the frequency used to produce that wavelength
on tape.

The tape recorded on machine #2 at 60 ips results in the delay characteristic shown in
Figure 6. The delay (lead) at the upper bandedge is larger than that evidenced by machine
#1; approximately in proportion to the record gap length.



Finally, the tape recorded on machine #1 and reproduced on machine #2 provides the
delay characteristic shown in Figure 7, practically identical with Figure 5. The reproduce
gap length on machine #2 was approximately 2/3 of that of machine #1. This demonstrates
that the delay characteristic depends upon the recorder, not the reproducer.

Discussion   It has been shown that a wavelength dependent phase characteristic, with a
total delay dependent upon the record gap length is present in the tape recording/
reproducing process. This implies that phase compatibility between machines with
different record gaps is at present unrealizable, without phase compensation for cross-play.
Compatibility is attainable either by standardizing on record gap length, or by providing
phase equalization in the record amplifier for each tape speed.

The effect of this phase incompatibility in any particular record mode or format situation
can be calculated or measured. For example, in predetection recording of a frequency
division signal, intermodulation due to phase incompatibility can be approximated. The bit
error probability analysis of pre-detection recorded PCM/FM or PCM/PM with arbitrary
IF phase characteristic is somewhat more involved.4

Qualitative Theory   Wallace2 has shown in his derivation of “separation” and
“thickness” effects in magnetic tape reproduction that a magnetic source, a distance “x”
within an emulsion, has an effect at the surface proportional to exp(-2Bx/8), where 8 is the
wavelength of the recording in the emulsion. Assuming a uniformly magnetized medium,
90% of the reproduce head output power at any wavelength 8 is derived from the emulsion
contained between the surface and a depth of .158 from the surface.

At the upper bandedge, 8 = 60µinches, reproduce head output power is obtained from the
first 9µinches; at 10% of the upper bandedge it is obtained from a layer 90µinches deep.
Thus, high frequency response is due to the near surface layers, and low frequency
response is due to an integration over many layers.

If near surface layers are being recorded at the trailing edge of the record gap, and the
deeper layers closer to the center of the record gap, this would lead to the results observed.
This could occur due to the fringing field in the record gap. This would result in the phase
lead characteristic observed, and also explain the dependence on record gap length.

Conclusions   Phase distortion in the magnetic tape record/reproduce process has been
experimentally identified and measured. At the upper bandedge at any tape speed the total
delay depends upon the record gap length, and results in a phase lead with increasing
frequency. In the tests performed the phase lead in microinches on tape is approximately a
linear function of log frequency. No quantitative theoretical explanation of this relationship
has been found.



Since the phase characteristic is record gap dependent compatibility between
recorder/reproducers would require that either record gap be standardized, or that phase
equalization be employed in the record amplifier for each tape speed. Record equalization
would be correct when the same output wave shape is observed in both forward and
reverse directions of play. After record phase equalization is accomplished, reproduce
phase equalization can be set with the criterion that input and output waveforms be
reasonable facsimiles. In this way, machine cross play could be achieved without
standardizing the record gap length. The net result would be phase compatible tapes
among different machines. A secondary result, if anyone wishes, is compatibility between
forward and reverse directions of tape play.

References:

1. Rixon Electronics Report #918-0096, “Development of an Operational Delay
Distortion Equalizer,” NASA Contract NAS5-9615, November 15,1965.

2. R. L. Wallace, Jr., “The Reproduction of Magnetically Recorded Signals,” Bell
System Technical Journal, October 1951.

3. A. F. Ghais, E. J. Ferrari and C. J. Boardman, ITC-6T Proceedings, P.26.
4. W. R. Bennett and J. Salz, B.S.T.J. 42 1963, Pages 2387-2426.

Table 1.

Power Spectra for Fig. 1*
100 KHz Square Wave
Recorded at 60 ips, forward
Record gap 180 microinches.

Frequency,
KHz

Rel. Power Level, db
Forward(a)       Reverse (b)

100
300
500
700
900

0
-10
-14
-16
-18

0
-10
-14
-16
-18

*Tape speed servo-lock required on reproduce.



Figure 1(a). 100 KHz Square Wave, Recorded at 60 ips forward, Record gap: 180
microinches, Reproduced forward.

Figure 1(b) 100 KHz Square Wave, Recorded at 6o ips forward, Record gap 180
microinches, Reproduced in reverse.



Figure 4. Test Configuration

 






