
Delta-T Curves for Measuring Magnetic Tape Link Jitter

Item Type text; Proceedings

Authors Sos, J. Y.; Poland, W. B., Jr.; Cole, J. M.; Weiss, G.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:33:01

Link to Item http://hdl.handle.net/10150/606410

http://hdl.handle.net/10150/606410


1 Mr. John M. Cole, now at the U.S. Army, Electronics Command, Fort Monmouth, New Jersey,
was employed at the National Aeronautics and Space Administration, Goddard Space Flight
Center from June 1962 to January 1967. Mr. John Y. Sos has been at the Goddard Space Flight
Center since June 1962. Mr. William B. Poland, Jr., has been a member of the Goddard Space
Flight Center staff since July 1 963. Mr. Gerald Weiss is a senior research scientist on the staff of
the Laboratory for Electronics Research at the New York University. He participated in this work
under study contracts NAS5-3508 and NAS5-9809.

) -T CURVES FOR MEASURING MAGNETIC TAPE LINK JITTER

J. Y. SOS, J. M. COLE, W. B. POLAND, Jr. and G. WEISS1

Summary    Magnetic instrumentation tape recording links are usually required to be
substantially transparent data channels. One of the most important deviations from this
requirement, both in FM and direct recording modes, occurs in the area of time delay
error.

A method for measuring the root-mean-square time delay error ()) between points on a
record vs their separation in playback time (T) has been described in the literature (Refs.
1 and 2), but the implications and interpretation of this technique have not been fully
developed. This paper derives the theoretical relationships between the )-T curve and
the autocorrelation function of a pure sine wave recorded on the tape, and uses this
correspondence to establish a connection between jitter spectra and )-T curves. A simple
instrument for measuring these curves with high accuracy is described, and results of
measurements made on a number of intermediate-band tape units in use at the Goddard
Space Flight Center are presented. These measurements show that a low-mass tape unit
may be superior to high mass units by more than an order of magnitude.

The utility of the )-T measurement technique is discussed on the basis of its direct
relationship to PCM and coherent recording applications, and its value as a standard
means for evaluating time delay error in magnetic tape links is described. It is also
shown that the technique can be used to determine FM modulation index.



2 In this paper, we will use terminology similar to that of Chao (Ref. 2); i.e., the term “time base
error” (TBE) will denote all types of time errors ranging from constant tape speed errors to high
frequency fluctuations, also called jitter. The term “time delay error” (TDE) will refer to rms
fluctuations in time displacement between two well determined points on a periodic playback
wave form (denoted by )). This is equivalent to Chao’s “time base error difference” (TBED). No
lower frequency limit is set on these fluctuations for present purposes; however, such a
distinction is implied in the IRIG Standard 106-66 and is helpful for general use. As in Chao’s
terminology, “flutter” refers to fluctuations in the frequency of a played-back signal and is the
time derivative of TBE.

Introduction    It is sometimes assumed that, as a data link, a magnetic tape system is
transparent. For many applications, this is far from true. Magnetic tape systems introduce
many kinds of distortion, the most notable and unique of which is time delay error
(TDE).2 Because this type of error is not usually controllable in other types of data links,
it has not been-thoroughly treated either theoretically or experimentally. In particular, the
measurement of jitter in a form meaningful for time division multiplex systems deserves
fuller development. An approach having the required properties of easy implementation
and direct application of results has been reported by Schultze (Ref. 1), and a form of
this method has been adopted in the IRIG Telemetry Standard 106-66. A recent paper by
Chao (Ref. 2) discusses the relationships between time and frequency errors based on a
brief theoretical treatment. In this paper we have provided a more detailed presentation
of the theory connecting the time and frequency domain descriptions, and have treated
several typical cases. Of particular interest is the demonstration of the relationship
between the autocorrelation of the time error function and the flutter spectrum. The cases
treated should form a basis for a test method sufficient for both FM and direct modes of
tape recording, using either direct observation of an oscilloscope or a modest amount of
special electronic equipment. For example, we show that for a sinusoidal modulation
function the FM modulation index can readily be found from the A-T curve. This may be
useful for measurements of FM telemetry channels and for checking flutter meters as
well as for tape unit measurement.

The method described by Schulze (which we will refer to as the )-T method) has been
adopted in our group at GSFG for evaluating the time base performance of
instrumentation magnetic tape units. It is also under consideration for incorporation in
the forthcoming GSFC tape recorder standard. Measurements of the performance of
various tape units have been made, and a precise measurement device has been
developed for cases where an oscilloscope with delaying sweep will not suffice.

Description of the )-T Technique    Figure 1a indicates the method for measuring time
base error. For approximate measurements, in cases where ) represents substantially
more than 1:20,000 of T, readings may be taken directly from an oscilloscope having a
delaying sweep. Estimates of ) may be obtained by observing the duration of the region
containing approximately 2/3 of the zero crossings of the delayed presentation. This is a



fair approximation of twice the rms value of A for many distributions as well as
Gaussian (e.g., for a Gaussian distribution, the true value is 0.683, and for a sinusoid,
0.707). A small measurement error is incurred if the time between the start of the
measurement interval (normal sweep) in Figure la and the mean of the zero crossing
distribution is ignored. However, the effect of this omission is usually negligible.

For more precise measurements, T may be established by a high speed counter and
gating logic, and A may be obtained after zero crossing displacement has been converted
to voltage and passed through a true rms meter (see Figure 1b). Accurate results demand
a SNR of 18 db or greater in the reference channel (see Appendix A).

For purposes of discussing time delay error, the transport subsystem of a magnetic tape
unit may be considered an FM modulator. The jitter function of the transport mechanism
is analogous to the modulation function and the recorded reference on the magnetic tape
to the carrier. The )-T measurement technique described above in effect measures the
rms relative phase between arbitrary points separated by an interval T on the reference
waveform (Ref. 3).

Relationship between )-T and Spectrum of Time Delay Error

Figure 2 shows the relationship between several characteristic )-T curves and the
corresponding spectra. The theoretical justification for these correspondences is given
below and in Appendix B. It is to be noted that the )-T curves are frequently better for
the user than the spectra, as well as somewhat easier to obtain, because for any process in
which a fairly high degree of time base coherence is required, such as in time division
multiplex telemetry, the )-T curve provides a direct measurement of the required
performance characteristic.

If a phase locked loop is placed on the reference signal, and its output used to synch the
delaying sweep of Figure 1a, the ) measured at the input to the loop with small T will
correspond to that measured without a phase locked loop and T approximately the
reciprocal of the loop bandwidth () should be diminished by 1 / %2 if the jitter is
Gaussian). For narrow loop bandwidth this can be equivalent to measurement of jitter
with respect to a stable reference. A detailed analysis of the )-T behavior of phase
locked loops will be offered in a subsequent publication.

Analysis of the )-T Function

A model that is useful in predicting the time displacement error in tape recorders is based
on the assumption that a reference sinusoidal voltage is recorded with no timing errors 



and that the variations in interval between a given number of zero crossings of the
playback sinusoid is observed (see Ref. 3). The playback signal may be represented as:

(1)

where the observed frequency T" depends upon the nominal tape transport speed S0 and
associated variations x(t) in the following way:

(2)

The quantity k in (2) relates tape speed to playback signal frequency. Therefore kS0 is the
nominal playback frequency T0.

The phase angle of e(t) may be obtained by integrating T" over a given time period. The
phase angle is then:

(3)

The time displacement is defined as the time interval between two recorded events. For
the model used here, the events are two positive zero axis crossings. Consequently

(4)

and t2 - t1 = T = n2B/T0 (n = an integer), is the time displacement without error that
results when

The time displacement with error, t, , is (see Appendix B):

(5)

The time displacement error )t, is therefore:



(6)

As an example illustrating the dependency of the rms time displacement error on Wx (T)
and T, consider a spectral density function that is constant from zero frequency to an
upper limit Tc and falls at a rate of 12 db per octave. This characteristic might, for
example, describe a tape recorder without servo speed control, except that in practice Wx

(T) is not constant down to zero frequency. If the total power of the speed variation is x
maintained constant at ×2 units, then:

(7)

where Tc is the 3 db cutoff frequency and k1 = 6.2. A plot of the normalized rms time
displacement error

as a function of T with Tc as a parameter appears in Figure 3 and is sketched in Fig. 2a.
)tn is the normalized value of )t. From the figure it is seen that the normalized rms time
displacement error ) increases linearly with T with a slope of +1 up to a break point of
T = 2/Tc and then increases linearly with T with a slope of +1/2. In practice, this
characteristic may not increase with T but may tend to flatten due to the fall-off of
Wx (T) at low frequencies.

The effect of a servo tape speed control system (see Ref. 4) is to cause Wx (T) to cut off
at a low frequency, TL, and may be written

(8)



therefore:

(9)

For T >> 2/TL, the second member on the right side of (9) becomes small compared to
the first because of the presence of the cos TT factor. Consequently,

(10)

For Tc >> TL :

This expression is similar to that obtained by Chao (Ref. 2). In the example of Figure 4,
TL = 2B (100 Hz) and ) = 2.82 x 10-2 which is the value obtained from direct integration.

For a pure sinusoidal modulation of the signal as sketched in Figure 2c



(11)
where the subscript m denotes the modulating signal. 2m is arbitrary. Then

(12)

where M = aT0/Tm  = FM modulation index.

As before, the magnitude of T is always adjusted so that the average value of )2 will be
zero; i.e.,

The observed fluctuation in zero crossing position will be represented by the reduced
phase. Therefore

(13)

When T = n/fm (n an integer), there will be no observed jitter.

When T … n/fm , )2 (observed) depends on t1 , t2 , and 2m.

Since 2m will in general assume a different independent value for each sample (i.e., for
each sweep),

(14)

Equation 14 generates the curve of Figure 2c.

It is interesting to note that the )-T curve provides a method for measuring the FM
modulation index where the carrier center frequency is known. The method could of
course be applied to other than sinusoidal modulation functions and other than rms
measurements.



To avoid ambiguity (i.e., overlapping of the zero crossing excursion) in the presence of
) sine wave modulation

(15)

This constant can be relaxed by use of a counter as in Figure 1b.

)-T Measurement Instrumentation

Two methods of )-T measurement mentioned previously are described. The first
requires general-purpose laboratory-type instruments, such as an oscilloscope having
delayed sweep capability. In the second method a special-purpose test instrument is used.

A block diagram of the measurement set-up of the oscilloscope method is shown in
Figure 1a. A recorded precision reference frequency is used to trigger the delay sweep B
of the oscilloscope. After a delay T the A sweep is triggered and the zero crossing of the
playback signal may be photographed using a multiple exposure (Figure 5). The
calibration of the oscilloscope is such that an accuracy of one part in 20,000 is obtained
for the repeatability of the delayed sweep. For relatively small values of T, high recorded
frequencies are used until ambiguity in measurements results. At this point the measured
frequency is shifted to a lower value. The advantage of this technique is that generally
available test equipment can be used. The disadvantage on the other hand is that it is
difficult to obtain an accurate estimation of time delay error from a photograph.

In the second method a special-purpose test instrument is used. Its configuration is
shown in Figure 1b. A typical )-T measurement is performed as follows: The first zero
crossing of the recorded signal after initiation of measurement starts a digital variable
time delay T. A precision reference clock is gated through a chain of binary dividers into
a decade divider which constitutes the time delay generator proper. The desired time
delay T, selected in multiples of full cycles of the reference frequency, is decoded in a
decoding matrix. At the end of the time delay, the same crystal reference is gated into a
binary counter until the next zero crossing of the recorded signal is detected. The
detection of the zero crossing stops the pulses into the counter. The binary numbers
stored in the counter at this time thus contain information about the position of the zero
crossings with respect to the zero crossing that initiated the time delay. The output of the
counter is transferred to a holding register after each measurement. The digital value of
each measurement is converted to analog form in an A/D converter. The output of the
converter drives an rms meter where after proper calibration, the rms value of ) can be
read directly. The meter method of obtaining rms values of ) becomes less attractive for
large values of T (of the order of 0.5 sec or less), with respect to the time constant of the



1 In this case a modified Technical Measurements Corp. Model CAT 1000.

meter. In these cases it was found that an amplitude distribution analyzer,1 capable of
accepting digital, inputs can be effectively used. With this technique additional
information about the statistical properties of the time displacement errors is readily
obtained and displayed. A typical plot of the output of the amplitude distribution
analyzer for a single value of T, is shown in Figure 6a. The rms value of the
measurement can be obtained by integrating the area under the curve of Figure 6a, and
determining the 1F point (assuming the error distribution is Gaussian). The
implementation of this technique is illustrated in Figure 6b.

Experimental Results

Typical )-T curves obtained experimentally with the analyzer are presented in Figures
7a and 7b.

Figure 7a represents a typical measurement for a high-mass capstan intermediate band
unit in good mechanical condition running at 7-1/2 ips. A 60 Hz servo signal is used to
maintain speed lock. The curve clearly indicates the 2 Hz frequency response limitation
of this servo. The asymptote of the curve varies typically by a factor of 2 or more,
depending on the type and condition of a transport.

Figure 7b illustrates )-T results for a wideband low-mass capstan transport utilizing the
100 kHz reference signal and 300 Hz servo system. A drastic reduction in the value of )
can be noticed (factor of 25 or more) since all measurements were performed at the same
speed. This figure also illustrates that best overall results are obtained when a signal is
recorded on a high-mass unit and played back on a low-mass machine.

Conclusion

The )-T function can be shown to bear a relatively simple relationship to realistic flutter
spectra and offers promise as a general testing method for tape units suitable for field as
well as laboratory application.

Use of )-T measurement method should become more popular as time-division
multiplexed systems find a much wider application, since measurements of flutter alone
provide only an indirect measurement of significant quantities for time division
multiplex systems. In addition to the applications discussed, the same basic approach can
be used to measure ITDE and tape speed error (using standard test tapes).



Figure 1a. Oscilloscope Method for making )-T Measurements

Figure 1b. )-T Analyzer



Figure 2. Sketches of )-T Curves and Corresponding Spectra



Figure 3.  Normalized RMS Time Displacement Error vs. Sampling
Period for Low-Pass Butterworth Filter

Figure 4. Normalized RMS Time Displacement Error vs. Sampling
Period for Band-Pass Butterworth Filter



Figure 5. Typical )-T Measurement Display

Figure 6a. Amplitude Distribution Histogram



Figure 6b. Cumulative Amplitude Distribution

Figure 7a. )-T Curve for High-Mass Tape Unit



Figure 7b.  )-T Curve for Low-Mass Tape Unit



1 This useful approximation is due to A. M. Demmerie, formerly of GSFC but now on the staff of
the staff of Division of Computer Research and Technology, National Institutes of Health.

APPENDIX A

1.1 To express effect of noise on zero crossing jitter (high signal-to-noise ratio:1

To express effect of noise in radians:

1.2 Since the observed jitter results from noise affecting both the synch in the delaying
sweep and the observed zero crossings the observed jitter will be greater than that above
by a fact of %2.

1.3  For an rms jitter of 22E,



1.4  For good accuracy, tape unit jitter should be at least 3 times noise jitter, or S/N $ 18
db.

APPENDIX B

The time displacement error, )t, may be related to the random variable x by:

(B-1)

where x is assumed to be a stationary Gaussian process with zero mean. The mean square
ensemble average of )t is:

The ensemble of integrals may be replaced by the integral of the ensemble of the random
variable x Ref. 5 :

(B-2)

By the ergodic hypothesis, the ensemble average may be replaced by the time average
denoted by ()t2)

 
(B-3)

The time average (x(>) x(0)) is the autocorrelation function of the random process x:

(B-4)

The autocorrelation function may be related to the spectral density function Wx (T) of x
by:

(B-5)



Therefore:

(B-6)

However:

(B-7)

where:

(B-8)

The time displacement, te, in (B-8) is expressed in terms of an error-free value T plus a
small perturbation

Therefore:

Consequently:
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