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Three FM-distortion methods for measuring the vertical tracking angles of phono pickups are
described and compared. Data from ten pickups verify that the three FM methods give results
consistent with each other to within the calibration tolerance of the test records and measuring
equipment, which is estimated to be _+5%. In addition, the vertical-angle values obtained by the
FM methods agree on the average with angle values obtained by an optical measurement
technique. One of the FM methods is particularly suited to production-line testing for quality
control because precise measurements of the vertical angle canbe obtained in "real time" while '--
a single band on the test record is being played.

0. INTRODUCTION the effective recording angles did not match the geometric
angles computed from a kinematic analysis of the cutting

The vertical tracking angle is an important mechanical heads then used. He also pointed out that this discrepancy,
parameter of a phono pickup because it influences the which amounted to more than 20 degrees, could be ex-
linearity of sound reproduction. It is defined as the angle plained as the combined effects of elastic deformation of
between two straight lines: one normal to the plane of the the cutting stylus assembly and elastic springback of the
phonograph record and the other in the direction along lacquer (cellulose nitrate)in the recording blank.
which the stylus vibrates on the average while reproducing Comparisons of different methods for measuring verti-
a purely vertical modulation on the record. To avoid verti- cal angles were published by Halter and Woodward [4];
cai tracking distortion, this angle must equal the effective they concluded that measurements of the frequency mod-
vertical angle with which the record grooves were re- ulation (FM) caused by tracking-angle error offered the
corded, mostaccuratemeansof determiningthe verticalanglesof

For an ideal pickup with a rigid stylus shank, the verti- pickups because the data were obtained under actual
cai tracking angle Ovcan be visualized as shown in Fig. 1, playing conditions and were not biased by amplitude-
which illustrates a stylus assembly in relation to the sur- modulation distortions caused by other nonlinearities in
face of the recording. The figure suggests (in an exagger- the recording-reproducing chain. This conclusion was
ated form) that the dynamic pivot point may not be located also reached by Cooper [5] in his detailed analysis of
along the stylus shank when an audio signal is reproduced, different measurement techniques.

In 1962 Madsen [1] presented data showing that the At the present time there are two FM techniques for
vertical angles of commercial pickups varied over a sub- measuring vertical angles with commercially available test
stantial range. This was confirmed by research at CBS records. The first is a method described by Woodward [6],
Laboratories where Bauer [2], [3] investigated different which uses the RCA 12-5-78 test record, while the second
methods for measuring both pickup angles and the effec- uses the CBS STR-112 test record as described by White
tive vertical angles of cutting heads. He discovered that and Gust [7], [8].

In this paper we present data on the vertical tracking

* Manuscript received 1978July26; revised 1978 November 8.. angles of ten pickups, which were measured by three dif-
t James V White.is now with the Analytic Sciences Corpora ferent.FM techniques (the two just mentioned plus a third

tion,Reading,MA01867. that was recently developed at CBS) and also by a fourth
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optical method in which no test record is Used. The three FM demodulation that was performed by the discriminator

FM techniques yielded tracking-angle values that are pre- (General Radio type 1142-A). The filters at the output of
cise and in good agreement with each other; the average the discriminator isolated the 400-Hz component of the
differences in tracking angles between these methods are frequency deviation, and the voltmeter measured voltage
comparable to the calibration tolerances of the test records E, which was proportional to the peak frequency devia-
and measuring equipment (-+5%). In addition, there was tion. Vertical-angle values of high resolution can be eom-
no statistically significant average difference between the puted from measurements of voltage E by the following
vertical angles determined by optical and FM methods, procedure, which is based on a method first described'by

Cooper [5].
1. DESCRIPTION OF TEST METHODS The RCA test record has 22 bands, each recorded at a

different effective vertical angle. Let the vertical angle of
1.1 General the/th band be denoted by 0i, and compute the inclination

For convenience in this paper, we have given the fol- number yi = tan 0_. When the/th band is played with a
lowing names to the three FM test methods. The first, particular pickup, the voltage E at the output of the dis-
which uses the RCA 12-5-78 test record, is called the criminator assumes some value, say E_. Of the 22 numbers
"total-sine-wave method." The second, which uses the E_, i = 1 · · · 22, one is smaller than the others, say Em.
CBS STR-112 test record, is called (for reasons that will Let this minimum value be deleted from the data, and let

be explained) the "real-sine-wave method." And the the remaining data be renumbered consecutively, i =
third, which uses a special test record that is not commer- 1 · · · 21. Then setx_ = E_for/ = 1 · · · m - 1, andx_ --
cially available, is called the "total-square-wave -E_ for i = m · · · 21, and form the ordered pairs (x,,yO
method." = (-+E_, tan 0_). (By deleting the smallest datum we avoid

a slight statistical bias due to a sign ambiguity in the data.)

1.2 Total-Sine-Wave Method There are 21 of these ordered pairs generated by playing
all bands on the test record with a single pickup. A graphi-

The total-sine-wave method uses the RCA 12-5-78 test cai method for determining the vertical angle of the pickup
record [6] in which a large-displacement 400 Hz tone is from these data consists in plotting the pairs (x_,yi), i =
recorded vertically together with a small-displacement 1 · · · 21, on linear graph paper with respect to a rectan-
4-kHz tone. The 4-kHz tone acts as a carrier that is fre- gular x-y coordinate system and then constructing a
quency modulated by the 400-Hz tone during playback straight line y = a + bx (a,b being real numbers)that best
when there is a tracking-angle error, that is, when the fits the data. The vertical angle 0v of the pickup is then
angle of the pickup differs from the effective angle with given by the formula 0p -- tan -_ a, where a is the y
which the record was cut. (Tracing errors can also cause intercept of the line..
FM distortion of the 4-kHz carrier and so can other depar- A variation of this technique, which is quicker and pro-
tures from ideal behavior in the pickup and the stylus- vides additional statistical information, is to use a pro-
groove interaction. However, when the tracking-angle grammable calculator to compute the linear regression ofy
error is large enough, then the greater part of the total FM on x, that is, compute the values for a and b that minimize
distortion is tracking distortion.) the sum of squared errors:

The total-sine-wave method consists in measuring the _= 2_
total 400-Hz component of frequency modulation of the _ (a + bx_ -y_)2
4-kHz carrier. The experimental setup used for this _=

method is shown by the block diagram in Fig. 2. The In addition, the following statistics are computed to
arrlplified vertical output of the pickup was fed to the measure the precision with which the regression line fits
2-kHz to 5-kHz bandpass filter, which reduced the level of the data. Su is the standard error ofy on x; St, the standard
the 400-Hz recorded signal 56 dB so as not to disturb the error of a; St, the standard error of b; and So the standard

error of the vertical pickup angle Op. These statistics are
computed from the following formulas [9], where n is the

\ number of ordered pairs (21), and all summations range
\ fromi = ltoi=n:

c_,:- _,_or po,_r b = (._c/yi - _.xi_yi/n)/(Exi 2 - (Xxi)2/n)

5 _ /'/ a =Zyi/n-b_.x_/njX
/_3 Sy = [Xy,2 - (Ey,)2/n - b(Ex E, - _x,Ey,/n)] °'5 (n-2) -°'_

S,, = S_[_i_ / (n_i _ - (._32)] °'_
./_ ,J_ S_ AktK

9o° '"r Sb = S_[_x i_ - .(_x_)_/n ]°'_· So _S,dO/da [radian]

-_7-_ _c_ su_:_c_ = 57.3S,,/(1 + a_) [degree] .
5
\

/ In our measurements with ten pickups and one test record,

Fig. 1. Visualization of vertical tracking angle 0v. the standard error So of the vertical angle varied from 0.13
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to 0.28 degree, which indicates that the data were precise were played twice, once while acquiring left-channel data

by engineering standards, and once for right-channel data. In this way, for each
pickup six measured values of 0p were obtained per ex-

1.3 Real-Sine-Wave Method periment, from which the mean angle (bp, the standard
deviation S, and the standard error of the mean So --

The real-sine-wave method of measuring vertical angles S/(6) °.5 were computed. The mean _bPwas taken as thewas described [7] at the Fall 1977 AES Convention, and a
best estimate of the pickup angle, and the standard error So

detailed analysis and discussion of it are _.given in [8]. of this mean measured its precision. Data from 17 such
Therefore, only a description of the experimental proce- experiments (using ten different pickups and two test rec-dure and method of data analysis is given here.

ords) yielded standard errors So that ranged from 0.03 toThe block diagram of the experimental setup is shown
0.23 degree, with an average of 0.11 degree, while thein Fig. 3. It is similar to the setup for the total-sine-wave
corresponding standard deviations ranged from 0.07 to

method in Fig. 2, except that either left- or right-channel 0.56 degree. These statistics indicate that the data were
output of the pickup is measured, and an additional
400-Hz filter and a phasemeter have been added. Three precise in an engineering sense.
bands on the CBS STR-112 test record are used; namely,
group B, which have 400-Hz and 4-kHz tones recorded 1.4 Total-Square-Wave Method

together in the vertical channel with an effective vertical The last technique for measuring vertical angles, the
recording angle of 16.5 degrees and an estimated tolerance total-square-wave method, is believed to be new, although
of -+1 degree. The purpose of the phasemeter is to make it it is a natural extension of Cooper's FXM method [5]. The
possible to measure the phase lead of the 400-Hz fre- test record required for this method is not available com-
quency deviation of the 4-kHz tone with respect to the mercially, and so lacquer (cellulose nitrate) disks were cut
velocity of the recorded 400-Hz tone. It can be shown [8], at the CBS Technology Center specially for these tests.
[ 10] that tracking-angle errors produce 400-Hz frequency The test signal on this record consists of a 400-Hz velocity
deviations that are strictly either in phase or out of phase square wave recorded vertically, together with a 10-kHz
with the recorded 400-Hz velocity. (In contrast, tracing sine wave recorded laterally. In the .presence of vertical
errors produce frequency deviations that are slrictly in tracking-angle error, the 10-kHz tone is frequently mod-
quadrature). Thus if the 400-Hz voltage waveforms E1 and ulated by the 400-Hz square wave, and it is this FM that is
E2 are represented by phasors in the complex plane, and E1 measured. Square waves are used because they are repro-
is defined to be real and positive, then only the real part of duced without tracing distortion (between their level tran-
E2 is influenced by the tracking-angle error in a properly sitions) no matter what the shape or orientation of the
calibrated experiment. Because of this, it can be shown [8] stylus or the crosstalk characteristics of the pickup may be.
that the vertical angle 0p of the pickup at 400 Hz is given To understand the experimental procedure, consider
by the following formula when the real FM deviation is Fig. 4 and let us assume that the test record is being played
causedby tracking-angle errors: with the switch S in its horizontal position. The fre-

quency-modulated 10-kHz lateral tone then passes through
0p = tan -1 [0.296 -T-9.10 × lO-4REpcosqb/(kl/4oo)] the 8-kHz to 13-kHz filter, where residual components of

the 400-Hz vertical square wave (due to crosstalk) are
whereR is the groove radius in meters; Vao0the peak veloc- attenuated, and enters the FM discriminator (General
ity in meters per second of the recorded 400-Hz tone; and Radio type 1142-A). The frequency-deviation signal from
Ep the peak value of E2, equalling k' (peak 400-Hz fre- the discriminator is then cleaned up with a 10-Hz to
quency deviation) with k being the frequency-to-voltage 2250-Hz bandpass filter and a 10-kHz notch filter and then
gain in volts per hertz of the discriminator and its output

passes (through an allpass filter) to the oscilloscope, which
filter, qbis the phase lead of E2 with respect to Ez. The

displays a ringing square wave with peak-to-peak ampli-
minus sign is used for data obtained from the left channel tude A. The magnitude of this square-wave signal is a
of the pickup output, and the plus sign for right-channel measure of the vertical tracking-angle error. The gain ofdata.

Although only one measurement each of Ep and qbfrom

one band on the record are needed to determine the pickup Left

angle 0pby this method, in our experiments all three bands v_Ic__ii[__ ___ Di_rriminaterFM_.._

i-.oo.:1 i I I-

Fig. 2. Block diagram of experimental setup for the total-sine- Fig. 3. Block diagram of experimental setup for the real-sine-
wavemethod, wavemethod.
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the oscilloscope is adjusted so that amplitude A corre- mean to verify that the mean was precise. Then the data on
sponds to convenient grid markings on the scope face. forward playing were used to compute the pickup angles

This measuring system is calibrated as follows. The 0p for each band and each pickup using formula (1) with
filter driving the oscilloscope is now set to 400-Hz 0a = OR. For each playing of a recoi'd this yielded four
bandpass, and switch S is set to the output of the voltage- values of vertical tracking angle 0p, one for each band.
controlled oscillator (VCO) (Krohn-Hite model 5300-R These four values were used to compute the following
function generator). The direct current offset driving the statistics: the mean Op, which was our best estimate of the

VCO is assumed to have been previously adjusted so that pickup vertical tracking angle; the standard deviation Sop,
the average frequency is 10 kHz (which can be verified and the standard error of the mean Sop/V_.
with the 10-kHz notch filter), and the gain G is now ad- The results show that data obtained in this way are

justed so that the 400-Hz sinewave oscillator frequency precise. For example, the vertical angles of four pickups
modulates the 10 kHz by just the amount needed to pro- were measured by this method in two independent experi-
duce the same peak-to-peak frequency deviation as was ments using two different test records that were cut two
previously produced by the test record. This correct setting months apart. The average difference in measured vertical
of gain G is determined by examining the 400-Hz sine- tracking angles between the two sets of measurements was
wave deviation on the oscilloscope and verifying that the 1.16 degrees (3.8% of the mean tracking angle), which is
peak-to-peak value is A. Finally, the 400-Hz voltage E within the estimated calibration tolerance of _+5% for the
needed to produce this deviation in the output of the VCO measurement equipment and the square-wave velocity
is measured with a voltmeter. The VCO is assumed to levels cut on the records. (We calibrated these velocity
have a known calibration constant k in volts per hertz, levels by measuring the peak velocity Vp of the 400-Hz
such that E = k · (peak-to-peak 400-Hz frequency devia- fundamental component of the square-wave modulation
tion), andthenassumingthatthepeaksquare-wavevelocitywas

It can be shown from tracking theory [8] that the vertical IrVp/4, which is in accord with the Fourier-series rep-
tracking angle 0p of the pickup can then be computed from resentation of a square wave.)
the formula Anothermeasureof precisionis the rangeof valueswe

obtained for the standard error of the mean tracking angle
0p = tan-_[tan OR_+E 174.5 x lO-6R/(kVsw cos0R)] (l) (So_,/2). From 27 experiments with ten pickups, using three

dilTerent test records, we obtained 27 values for Sop/2.where the plus sign is to be used if the pickup angle 0p is
The largest standard error was Sop/2 -- 0.41 degree, thegreater than the effective recording angle OR,while the
smallest was 0.07 degree, and the mean was 0.20 degree.minus sign is to be used if 0p < On.The other symbols are

defined as follows: R is the groove radius in meters, and These correspond to standard deviations of 0.82, 0.14,
and 0.40 degree.Vsw the peak stylus velocity in meters per second used in

cutting the 400-Hz square wave. The sign ambiguity can
be avoided by using a more complicated measurement 2. COMPARISON OF THE THREE FM METHODS
procedure, but in our experiments the plus sign was al- So far we have described three FM methods for

ways valid, and the extra complication was not warranted, measuring vertical tracking angles. The experimental pro-
The effective vertical angles ORof the test records were cedures and methods of data analysis have been described

determined by playing each record both forwards and in for each, and standard errors have been cited, which es-

the reverse direction, taking care that the pickups were tablish that each method yields precise values for the
properly oriented during reverse: playing to duplicate the tracking angles of a variety of pickups.
pickup-groove geometry of normal forward playing. If An important subject that has not yet been discussed is
E+ denotes the value of voltage E during forward playing,
and E_ denotes the value for reverse playing, then it can be the accuracy of these methods. Unfortunately, there are no
shown from tracking theory [8] that the effective vertical accepted rigorous methods for directly measuring the ver-
recording angle is given by the formula tical tracking angles of commercial pickups while they are

reproducing audio signals. Therefore indirect methods

OR= sin-l[(E- -E+)87.3 x lO-6R/(kVsw)], must be used that permit the tracking angles to be deduced
from data on other quantities that can be accurately mea-

Our test records (lacquers) were recorded with four sured, such as FM deviations. We have four major reasons
bands, each band having a different peak vertical velocity for believing that FM techniques offer an accurate meqns
Vsw. Each record was used to measure the vertical angles for deducing tracking angles: 1) there exist rigorous for-
of from six to eleven different pickups in the following mulas for computing tracking angles from FM deviation
way. A pickup was chosen and used to play the four bands data; 2) tracing distortion and amplitude-modulation dis-
forward and in reverse. The value of the effective record- tortion due to other nonlinearities in the record-reproduce

ing angle 0R was computed for each band, and the mean chain do not cause bias in the data obtained from properly
angle averaged over the four bands was then computed, managed FM experiments; 3) the assumptions on which
This procedure was repeated from six to ten times with a FM methods are based appear to be physically reasonable
variety of pickups, then all the mean values of 0R were and not merely convenient; and 4) we used the three FM
averaged to yield the grand mean OR,their standard devia- methods described in this paper to measure the vertical :
tion was computed, and so was the standard error of the angles of ten pickups in a total of 53 experiments, and the
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three methods gave results consistent with each other to 5.1% of 28.75 degrees. The difference between the iff for
within the calibration tolerance of the test records and the two sine-wave methods is 0.91 degree (3.2% of 28.75
measurement equipment, which is estimated to be _+5%. degrees). These comparisons lead us to the conclusion that

Table 1 shows data for comparing typical results ob- the three FM methods give tracking-angle values that are
tained with the three measurement techniques. Each row consistent with each other to within the Calibration toler- _

contains data on a single pickup. The first column desig- ance of the test records and measuring qquipment, which
· nates the pickup, and the second column give the average is estimated to be _+5%.
of the three values of vertical tracking angle 0T,measured The average precision of the estimated 0p obtained from
by the three methods; this average is called the grand mean one measurement method is measured by its mean stan-
Op.In each case the tracking force was 10 millinewtons (1 dard error SE; and the average variability of the data from

gram), and no side thrust compensation was used. The which the individual 0p were computed is measured by the
pickups are arranged in order of increasing angle, from mean standard deviation S. (No value is given for S in the
21.80 to 33.00 degrees. The last rows contain the mean of total-sine-wave method because only one linear-regression
these angles (0p = 28.75 degrees) and their standard de- analysis was performed to estimate each 0p with this

viation (Sop = 3.75 degrees), method). Data samplesfor individual pickups had mean
The remaining columns contain two statistics on the standard deviations of S = 0.22 degree for the real-sine-

individual values of tracking angle that were obtained with wave method and S -- 0.32 degree for the total-square-
the three methods. The first statistic is D, which is the wave method. The mean standard errors of the estimated

difference between the estimated tracking angle obtained vertical angles ranged from S'-E -- 0.09 degree for the
with one measurement technique and the grand mean 0p real-sine-wave method to SE = 0.18 degree for the total-
for all three methods. For example, with pickup I the total sine-wave method. These statistics indicate that the data.
sine-wave method gave an angle that was 1.60 degrees obtained for individual pickups with each of the three
less than the grand mean of 21.80 degrees, methods had high precision by engineering standards. This

The second statistic is SE, which is the standard error of same level of precision was not usually, obtained, how-
the estimated tracking angle obtained with one measure- ever, when the vertical angle of a single pickup was mea-
ment technique. The standard errors for the total sine- sured several times in experiments spaced weeks apart
wave method have 19 statistical degrees of freedom, be- using a fixed test method. The several values of estimated
cause the angle was estimated by using linear regression to vertical angle obtained from such experiments would typi-
compute two parameters with data from 21 bands on a cally have a standard deviation in the range of 0.5 to 1
single test record. For the real-sine-wave method, the degree. Mechanical instabilities of some pickups may ac-
standard errors have five degrees of freedom, because the count for some of this deviation.
angle was estimated as the average of six measurements
obtained from one test record by playing three bands twice 3, TRACKING ANGLES AT 100 R/MIN (1200 HZ)
to yield separate left-channel and right-channel data. Fi-

The two sine-wave methods both yield values for the
nally, the standard errors for the total-square-wave method
have three degrees of freedom, because the tracking angle tracking angle at 400 Hz. This raises the question as to

was estimated as the average of four measurements ob-
tained by playing the four bands on one test record, vOLT L _ _

The bottom rows contain statistics for each of the three

methods: the mean departure iff from the grand mean 0p; [ 4ao_
the standard_.fl_deviationSD of the departures; the mean stun- I°sc<_''r°_dard error SE of the estimated 0p; and the mean standard
deviation S of the data from which the estimated 0p were

computed. The mean departures iff for the three methods , _o_ _
measure the differences in calibration of the three test rec- p,c_uP 6,5i_k_.^_puF,_}_, _,_J
ords and the measuring equipment, and they imply that the I I I s I'

! /

three methods would be in perfect agreement on the aver- _ ,_oo,_¥£rLTl¢,kL 1

age if 1.30 degrees were added to the vertical angles de-
l 1

duced from the total-sine-wavemethod, 0.37 degree were J ^_p J ]_sc_,_,_,-roRI

added to the angles deduced from the real-sine-wave _ ^_?]_::L_/;:
method, and 1.47 degrees were subtracted from the verti- T_e_

r i
cal anglesdeducedfromthe total-square-wavemethod. I° ?l
There would then remain only the zero-mean scatter about _, . _ \l

the grand mean 0p, which is measured by the standard
deviations SD that range from 0.27 to 0.33 degree for the A'[

threemethods.It is instructiveto comparethemean de- J _ _oK_
partures with the ten-pickup grand mean (Op = 28.75 de- 14ooH_o_ _---_ _ J

-- I A,LL P/k_S I I I
greed). For the total-sine-wave method D = -1.30 de-

grees, which is 4.5% of 28.75 degrees, while the total- Fig. 4. BlOck diagram of experimental setup for the total-
square-wave method yielded iff = 1.47 degrees, which is square-wave method.
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whether or not the measured angle is different when the [6].) The force applied to the stylus was slowly varied
measurement is made at a higher frequency by rotating the from 8 to 12 mN, and the direction of the force was 15
test record more rapidly. We conducted one set of experi- degrees with respect to the vertical so as to simulate a
ments to investigate this question. For this purpose we coefficient of friction in the record groove of 0.26. The ten
used nine of the pickups covered by Table 1 and remea- pickups were measured in two independent experiments
sured them several weeks later with the total-sine-wave by one experimenter. The difference in tracking angles
method, except that this time the test record was rotated at measured in these two optical experiments for each pickup
a speed of 100 r/min, which caused the recorded 400-Hz ranged from -1.10 to 1.15 degrees, with a mean differ-
tone to be reproduced at 1200 Hz. The resulting values for ence over the ten pickups of -0.03 degree and a standard
vertical tracking angle at 1200 Hz (100 r/min) were not deviation of 0.70 degree. The two optically measured
significantly different from their 400-Hz values. SpeciE- angle values for each pickup were averaged to yield an
cally, six pickups showed a reduction in angle, while three optical estimate of the angle for each pickup. To compare
showed an increase; the mean change was a reduction of these mean vertical angles obtained by the optical method

0.21 degree, and the standard deviation ofthechapges was with the grand means obtained from the three FM
0.87 degree; the largest magnitude of change was 1.28 methods, the FM grand mean angle for each pickup was
degrees. These changes are similar to the variability we subtracted from the optically determined mean angle to
would expect if we were simply to repeat the measure- obtain a difference angle. These difference angles ranged
mentsat 400 Hz. from -2.66 to 1.80degrees,withameanof -0.14 degree

and a standard deviation of 1.50 degrees. From these
statistics we expect that the optical and 400-Hz FM esti-4. COMPARISON OF FM AND

OPTICAL METHODS mates of vertical angle will agree with each other to within
3 degrees about 95% of the time for the types of pickups

In this section the previously described results from FM represented by our sample. The statistics also yield a 90%
measurements are compared with vertical-angle data ob- confidence interval for the mean difference that extends
tained by an optical technique. The vertical tracking an- from - 1.0 to 0.72 degree; this indicates that there was no
gles of the ten pickups in our sample were measured opti- statistically significant average difference between the
cally by observing the direction of stylus motions under a tracking-angle values obtained by the FM and optical

· microscope (equipped with a precision goniometer) while methods·
pushing against the stylus with a known slowly varying As a further check on the agreement between the optical
force. (Similar experiments were described by Woodward and FM methods, the pickups were rank ordered from 1 to

Table 1. Comparison of three FM methods.

Grand
Mean

0pfrom Mean Departures andTheir StandardDeviations
Three (degrees)
FM TotalSine RealSine TotalSquare

Pick- Methods Wave Wave Wave
up (degrees) (degrees) (degrees) (degrees)

D = -1.60 D = 1.60
1 21.80 SE = 0.13 Nodata SE = 0.17

2 23.43 D = -1.27 D = -0.27 D = 1.54SE = 0.16 SE = 0.08 SE = 0.11

3 27.38 D = -1.55 D = 1.55SE = 0.14 Nodata SE = 0.24

4 28.12 D = -1.44 D = -0.09 D = 1.59SE = 0.13 SE = 0.08 SE = 0.20

5 28.60 D = -1.72 D = -0.13 D = 1.85SE = 0.28 SE = 0.03 SE = 0.16

6 30.01 D = -0.74 D = -0.73 D = 1.46SE = 0.22 SE = 0.14 SE = 0.17

7 30.65 D = -1.29 D = -0.14 D = 1.44SE = 0.17 SE = 0.07 SE = 0.28

8 31.85 No data D = -0.80 D = 0.80SE = 0.06 SE = 0.08

9 32.62 D - -1.19 D = -0.37 D = 1.56SE = 0.17 SE = 0.14 SE = 0.13

10 33.00 D = -0.86 D = -0.40 D = 1.25SE = 0.21 SE = 0.15 SE = 0.07

Ail ten _bP=28.75 /_ = -1.30 /) = -0.37 /) = 1.47
pickups S,_p= 3.75 SD -= 0.33 SD = 0.27 SD = 0.28

SE = 0.18 SE = 0.09 SE = 0.16

(Snot applicable) S = 0.22 S = 0.32

D --estimated 0pminusgrand mean 0p;SE--standard error of estimated Op.
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10 in order of increasing tracking angle using both the 6. SUMMARY

optical and FM data. Then the Spearman rank correlation The principal contributions of this paper are listed
coefficient [ 11] was computed to determine the magnitude below.

of agreement between the two sets of rank orders. The 1) A new FM distortion method for measuring vertical
coefficient turned out to be 96% (out of a possible 100% tracking angles of phono pickups is described, termed the

for complete agreement), which shows a high degree of total-square-wave method. The data obtained by this
correlation, method are free of bias due to tracing distortion, and a test

These results may be summarized as follows, record with only one band of grooves is required.

1) There is no evidence of a statistically significant ay- 2) Data on the measured vertical angles of ten pickups,
erage difference between tracking angles obtained by the obtained by three FM-distortion methods, are compared.
optical and FM methods for the pickups represented by our The three methods are shown to give results consistent
sample, with each other to within the calibration tolerance of the

2) Certain pickups yield differences between vertical test records and measurement equipment, which is esti-
angles measured by the optical and FM methods that can- mated to be +5%.

not be attributed to random experimental error. With the 3) Data on the measured vertical angles of nine pickups
ten pickups in our study the largest of these differences show no statistically significant difference between the
was -2.66 degrees and the standard deviation of all ten tracking angles at 400 Hz and 1200 Hz when measured by
differences was 1.50 degrees around a mean of -0.14 the total-sine-wave method.

degree. Thus for pickups represented by our sample, about 4) Vertical-angle values obtained optically show no
95% are expected to yield optical and FM estimates of the statistically significant average deviation from angle val-
vertical angle that agree with each o{her to within 3 de- ues obtained by FM methods for the ten pickups in our
grees, sample.

3) The optical method is useful as a laboratory method 5) Data are presented which verify that both the CBS
for investigating vertical angles, but it suffers from the STR-112 and the RCA 12-5-78 commercially available
following disadvantages: a) expensive precision mi- test records can be used to measure vertical angles pre-
croscopic equipment must be used; b) significant time is cisely and consistently. The average difference between
required by a highly skilled experimenter; and c) the re- vertical angles measured with these two records was 3.2%

suiting angles, which are measured at a frequency of 0 Hz, (0.9 degree) for a set of nine pickups.
do not necessarily agree with the tracking angle at 400 Hz 6) The real-sine-wave method is suited to production-
that is effective while playing test records, line testing for quality control because it can be im-

plemented to yield precise measurements of vertical angle
5. APPLICATIONS in "real time" while a single band on the CBS STR-112

The total-sine-wave method requires less complex test record is being played.
hardware than the other two FM methods. However, many
bands on the RCA 12-5-78 test record must be measured, 7. ACKNOWLEDGMENTS
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