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STEREOPHONY: THE EFFECT OF INTERCHANNEL DIFFERENCES IN THE PHASE/
FREQUENCY AND AMPLITUDE /FREQUENCY CHARACTERISTICS

SUMMARY

In a stereophonic broadcasting system, differences between the phase/frequency or amplitude/frequency characteristics of
the left and right channels may result in unwanted displacement or dispersion of the sound images across the stage: inter-
channel phase differences, moreover, may impair the volume or quality of the compatible monophonic transmission.
These effects have been subjectively assessed and the resulting data used to derive limits for the permissible interchannel
difference in phase/frequency and amplitude/frequency characteristics.
The experiments were carried out as a contribution to the work of the European Broadcasting Union (EBU).

1. Introduction to Parts 1 and 11

The position of the virtual sound image produced by
applying a pair of correlated signals to two spaced loud-
speakers depends on the relative amplitudes and phases of
the two signals, Unintentional differences in amplitude or
phase between these signals can thus lead to displacement
of the reproduced image from its intended position, and
where this displacement varies with frequency, the various
components of a complex sound may be dispersed across
the stage, producing a blurred image. It is therefore im-
portant, in planning a distribution system for stercophonic
programmes, to assess quantitatively the subjective effect
of disparities between the amplitude/frequency and phase/
frequency characteristics of the left- and right-hand chan-
nels and to discover what degree of difference can be al-
lowed without introducing appreciable changes in the

stereophonic presentation. In the case of broadcasting, it
may be necessary to consider in addition the effect of such
differences between channels on the transmission of the
corresponding compatible monophonic programme. To
obtain the necessary information, the subjective tests to
be described were carried out in the BBC Research De-
partment; the work formed part of a series of experiments,
undertaken as a contribution to an international study of
stereophony organized by the Furopean Broadcasting
Union (EBU). Other experiments in this series have been
described in earlier monographs.!»?

The investigation was divided into two parts, the first,
covered in Part I of this monograph, dealing with differ-
ences in phase/frequency characteristics between the left-
and right-hand channels, and the second, covered in Part
11, with differences in amplitude/frequency characteristics.

PART I

THE EFFECT OF INTERCHANNEL DIFFERENCES IN THE PHASE/FREQUENCY
CHARACTERISTICS

2. General

For the sake of brevity, the term ‘interchannel phase (or
time) difference’ will be used to denote unwanted differ-
ences arising from lack of similarity between the chan-
nels, as distinet from any intenticnal difference in phase
(or time) between the original left- and right-hand signals.

At frequencies for which the wavelength of the sound is
greater than the dimensions of the human head, the image
position is a function of the phase difference between sig-
nals in the left- and right-hand channels. At higher fre-
quencies, however, it is the envelopes of the left- and right-
hand signals which are significant in directional hearing,3
so that the relevant quantity is not the difference in phase
between corresponding components but the difference in
time of arrival of the signals as a whole. Any disparity be-
tween the phase characteristics of the two channels has
therefore to be considered partly in terms of phase differ-
ences and partly in terms of differences in group delay
time.

Little information has so far been published* on the

* Reference T describes experiments carried out by IRT concur-
rently with the work described in Part I of this monograph.

influence, on a stereophonic image, of interchannel—as
distinct from interaural-—phase differences, except where
these take the form of a straightforward interchannel time
delay. Early tests made in the BBC using pairs of lines
having known differences in group delay time, supple-
mented by experiments in which known interchannel de-
lays were introduced by magnetic recording devices, indi-
cated that the minimum perceptible time difference was of
the order of 250 ps.* Other investigators came to similar
conclusions,® and in 1960 a figure of 200 us was provi-
sionally adopted by the EBU Working Party 8 (Stereo-
phony) as the maximum allowable difference in group
delay time between the left- and right-hand channels.
The above criterion is, however, open to two objections.
In the first place, it fails to meet the requirement of multi-
plex transmission systems in which the sum of the left-
and right-hand signals is used to provide a compatible
monophonic programme. In such systems, differences in
time delay between the two channels, if large enough,
produce interference effects within the audio-frequency
band which adversely affect the frequency characteristic
for monophonic reception; thus, if the left- and right-




hand signals are equal in amplitude, an interchannel time
difference of 200 us would produce a complete cancellation
of the resultant monophonic signal at 2-5 ke/s, 7-5 kc/s,
and 12-5 kc/s. To guard against such effects, the EBU
Working Party S in 1961 tentatively proposed an over-
riding requirement that the difference in phase shift be-
tween the left- and right-hand channels should be limited
to 90°, a figure which can readily be shown to give a maxi-
mum loss of 3 dB in the sum signal; the subjective effect of
this loss depends, however, on the frequency at which it
occors and such a criterion could not therefore be ac-
cepted without further investigation. In the second place,
the practice of specifying interchannel phase differences
only in terms of time delay imposes unnecessarily stringent
requirements at the lower end of the audio-frequency
range; for example, a time difference of 200 s corresponds
at 50 ¢/s to a phase difference of only 3-6°, a figure which is
known from experience to be negligible. To meet both
these objections and also to obtain data on which prac-
tical tolerances for a broadcast distribution system could
be based, it was therefore decided to carry out the sub-
Jjective experiments to be described, which cover the lower
and upper regions of the audio-frequency band and take
into account ihe quality of the monophonic programme
as well as the impairment of stereophony.

For the purpose of these experiments, interchannel
phase differences were divided into two categories:

{a) Phase differences existing between channels for
which the bandwidths and the amplitude/fre-
quency responses within the pass band are sub-
stantially identical.

(b) Phase differences associated with differences in
amplitude/frequency response between the chan-
nels within the pass band.

The experiments described in Part I of this Monograph
were confined to condition {a); reference to condition (b}
is made in Part II.

For case {a), it has been shown theoretically, and veri-
fied by measurements carried out in the BBC, that within
the pass band of an equalized transmission channel, such
as an S.B.* line, the variations of phase shift with frequency
may be represented, with a sufficient accuracy for the
present purpose, by

0=K,f—K,/f

where & is the phase shift at frequency I and K,, K, are
constants for the channel. The phase difference between
any two such channels can clearly be expressed in the
same {orm, and the present experiments were designed to
reproduce approximately this condition. The upper and
lower ends of the frequency range were separately investi-
pated, the interchannel phase differences being made pro-
portional to frequency in the former case and inversely
proportional in the latter; this procedure leads to a
slightly higher interchannel phase difference in the mid-
band region than would occur in practice.

The team of observers consisted of thirteen engineering

* A long-established BBC abbreviation for 'Simultanecus Broad-
casting’. The more generally used expression is ‘Programme Distri-
bution’.

staff from the BBC Research Department Electro-
Acoustics Group, all experienced in quality assessment.
The arrangements for sound reproduction were similar to
those described in an earlier monograph,? to which re-
ference may be made for details not given here. In ob-
serving the stercophonic effecis, the observer was seated
equidistant from a pair of well-matched wide-range loud-
speakers concealed behind acoustically transparent cur-
tains; a series of vertical black tapes, spaced apart by a
tenth of the effective stage width, formed a scale against
which image displacements could be assessed. Most of the
tesis were carried out under simulated domestic condi-
tions in a listening-room having a volume of 85 m® and a
reverberation time of 0-34 sec at 500 ¢fs, but some of
them were repeated in an acoustically dead sound-mea-
surement room having a wall reflexion coeflicient of less
than 10 per cent for frequencies above 80 c/s. In assessing
the effect of interchannel phase differences on the quality
of the compatible programme, the signals from the two
channels were combined and fed to a single loudspealker
in the listening-room ; the observer was seated at a distance
of 1-5 m in front of the loudspeaker.

Existing data?® indicate that the rate of change of image
position with interchannel time difference is greatest when
this time difference is small and when the interchannel
amplitude difference is also small, The effect of inter-
channel phase differences on the stereophonic presenta-
tion may therefore be expected to be most noticeable when
the original left- and right-hand signals are equal and in
phase, i.e. when the stereophonic image is intended to
appear to a central observer to be in the centre of the stage.
The same condition is also the most critical for the quality
of the compatible monophonic programme, since the
variation in the sum of two signals which results from a
variation in the phase angle between them is greatest
when the two amplitudes are equal. To simulate this state
of affairs, signals from a common source were applied to
the two channels, the required interchannel phase shift
being effected by all-pass networks introduced into one or
the other. All tests were repeated with the left- and right-
hand channels interchanged.

3. Interchannel Phase Difference
Increasing at High Frequencies

3.1  Effect of Interchannel Phase Difference on Quality
of Compatible Monophonic Signal

3.1.1 Experimental Details

In these tests, the phase shift circuit consisted of a
series of delay nerworks giving phase shift proportional to
frequency. Fig. 1, curve (@), shows the resulting frequency
characteristic of the sum signal derived from a pair of
identical left- and right-hand signals when the interchan-
nel time difference was 25 ps, corresponding to an inter-
channel phase difference of 90° at 10 ke/s; for greater or
Tesser values of time difference the curve is displaced up or
down the frequency scale, The amount of delay intro-
duced into the circuit was varied in steps of 5 ps by a
rotary switch under the control of the observer; additional
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Fig. 1 — Frequency characteristics of compatible signal produced by the summation
of identical lefi- and right-hand signals after transmission over separate channels

Curve (a) For interchannel phase difference proportional to frequency, reaching 90° at
10 ke/s (interchannel time difference 25 us)
Curve (b) For interchannel phase difference inversely proportional to frequency, reaching

90° at 50 ¢fs

delay, the amount of which was unknown to the observer,
was introduced by the experimenter and varied from test
to test, so that there was no fixed relationship between the
setting of the rotary switch and the constants of the system.
For each test the observer was asked to find the switch
position beyond which a change of quality of the pro-
gramme became apparent, i.e. the point at which rotation
of the control knob in one direction produced an audible

change in quality while an equal rotation in the opposite
direction had no effect. The degree of quality impairment
corresponding to this setting of the control will for the
sake of brevity be referred to hereafter as ‘imperceptible’.

The programme material consisted of recorded excerpts
of Latin-American music—chosen because of its extended
high-frequency range—solo violin, and female speech. The
test passages varied in duration from seven seconds to

Interchannel Time Difference Imperceptible on Compatible Monophonic Programme

TABLE 1 — 50 per cent of Tests

Upper freguency limit 13 kcjs ‘ Upper freguency limit 10 kefs Upper frequency limit 6-8 kefs
Tnterchanne!l | Loss in Interchannel . Loss in Interchannel | Loss in
Ttem ]me;f’ﬁaennel 4 gmse compatible Ime:ic’ﬁgnnei y #ase campa;ible A ”te:f,fi‘;"”‘d p ﬁfmse compalible
. ifference signal at . ifference signal at . o difference signal at
difference "o kels | 13 kels | FHerence | i\ kels | 10 kefs || @ifference | ar6-8kels | 68 kcfs
Latin-
American 22-8 s 107° —4-5dB || 29-7yus 107° —4-5dB | 36-3us 89° —2-9dB
music
Female 276 us 129° | —7:3dB| 32-Sus 117° | ~5-6dB | 44-1ps 108° | 4-6dB
speech
Violin 32-6ps 1522 |—12-3dB| 37-0us 133° | ~8-0dB ‘ 45-5 s 11i° | —4-94dB
TABLE 2 — 90 per cent of Tests
I ‘
Latin- |
American 15-7 us 74° —1-9dB|; 20-0pus 72° —1-8dB || 26-6us 65° —I[-5dB
music :
Female . o _a. . . o _n. ) 5 _.
speech ‘ 19-2 us 90 3-0dB : 24-1 ps 87 ‘ 2:8dB| 31-6us 77 2-1dB
Violin | 25-0us 117° | -5-6dB| 27-7ps 100° ‘—3-8dB H 35-5 us 87 | -2:84B

7
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Fig. 2 — Effect of interchannel time difference on quality of compatible programme obiained by addition of identical
left- and righi-hand signals
(a) upper-frequency limit of programme 13 ke/s

(b} upper-frequency limit of programme 10 ko/s
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forty-six seconds; each passage was repeated again and
again without a break until the observer had made his
decision.

The tests were carried out under three conditions:

1. with the audio-frequency bandwidth of the pro-
gramme material limited only by the characteristics
of the loudspeaker, the frequency range of which
extended to 13 ke/s;

2. with the upper frequency range of the material re-
stricted to 10 kc/s by a low-pass filter;

3. with a similar restriction to 6-8 kc/s.

As in some previous experiments® involving impairment
of quality by restricting the high-frequency response of the
programme chain, it was found necessary to prevent the
observer being influenced by changes in the spectrum of
the background hiss, rather than in the spectrum of the
programme; to this end, additional random noise, ob-
tained from a gas discharge generator and sufficient to
mask changes in the existing hiss, was injected into the
circuit after the point at which the left- and right-hand
signals were combined, but ahead of the low-pass filters.

3.1.2  Results

In Fig. 2 the interchannel time differences are shown as
abscissae, while the percentage of tests in which the effect
of the time difference was imperceptible are plotted to a
Gaussian probability scale as ordinates. The standard
error of the mean is indicated in each case.

Tables 1 and 2 show, for the three different bandwidths,
the amount of interchannel time difference which was
imperceptible in 50 per cent and 90 per cent of the tests
respectively. For each bandwidth, the second column of
the table shows the corresponding phase differences at the
upper limit of the band. The third column shows the loss,
at the upper limit of the band, to which a compatible
signal derived by adding equal left- and right-hand signals
would be subjected.

The interchannel time difference found to be imper-
ceptible varies, as might be expected, between the indivi-
dual items; however, comparison of the smallest delay
shown in Table 2 with the largest shown in Table 1 for the
same bandwidth shows a ratio of little more than two to
one. 1t should be noted that restriction of the upper fre-
quency range, while allowing greater time differences for
the same impairment of monophonic quality, does not
allow a greater phase angle, and hence a greater loss, to be
tolerated at the upper end of the band.

In view of the suggestion, cited in Section 2, that the
maximum allowable interchannel phase difference should
be 90°, it is of interest to apply this criterion to the condi-
tions of the present experiment. Since the phase difference
here is proportional to frequency, the limiting case is that
in which the figure of 90° is attained at the upper end of the
band. The figures in Table 3, obtained by interpolation,
show the percentage of tests in which the impairment of
quality under these conditions would be imperceptible.
It will be seen that with one exception-—Latin-American
music restricted to the 6-8 kefs range—the subjective
effect of the interchannel phase difference would be im-

perceptible in more than 70 per cent of the tests and may
therefore be regarded as tolerable.

TABLE 3

Percentage of Tests in which the Effect of Interchannel Phase
Difference Proportional to Frequency and Reaching 907 at
the Upper End of the Frequency Band would be Imperceptible

Upper Upper Upper
Ttem Frequency | Frequency | Frequency
Limit Liri¢ Limit
13 kefs 10 kcfs 68 ke/s
Latin-American
Music 4% 73% 48 %
Female speech 90%, 87% 78 %
Violin 99% 959% 87 %

3.2 Effect of Interchannel Phase Difference on
Stereophonic Presentation

As already indicated in Section 2, the maximum inter-
channel time difference which can be allowed without
detriment to the stereophonic presentation is of the order
of 250 us. For the purpose of the present investigation, a
more accurate determination of this figure is unnecessary,
since, as shown in Table 1, a limit of the order of 25 ps is
alrcady set by the requirements of the compatibie pro-
gramme.

4. Interchannel Phase Difference Increasing
at Low Frequencies

4.1 Effect of Interchannel Phase Difference on Quality
of Compatible Monophonic Signal
4.1.1 Experimental Details

The programme material consisted of recordings of
musical excerpts played respectively on organ, double-
bass (pizzicato), and bass drum. The low-frequency limit
of the system cannot be defined as unambiguocusly as the
high-frequency limit; in fact, the spectrum of the pro-
gramme material was found to extend down to 40 cfs,
at which frequency the free-field response of the loud-
speaker was 3 dB below the mid-band level. The inter-
channel phase difference was provided by an all-pass net-
work giving a phase shift varying inversely as the fre-
quency and reaching 90° at 50 ¢/s. Fig. 3, curve (a), shows
the variation of phase shift with frequency produced by
this network and Fig. 1, curve (b), the resulting frequency
characteristic obtained by taking the sum of the left- and
right-hand signals.

The ability of the observers to detect the presence of the
phase-shifting network in one channel was determined by
a series of “ABX tests. In each such test, the chosen pas-
sage of programme was presented three times in close
succession, the phase-shifting network being introduced
at random in either one or two of the repetitions; the
observers were then asked to say which of the first two
conditions presenied resembled the third.
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Fig. 3 — Phase-frequency characteristics of all-pass networks used for tests in low-frequency range

Interchannel phase difference inversely proportional to frequency
(a) reaching 50° at 50 c/s
(b) reaching 120° at 50 ¢/s

4.1.2  Results

For the test passage on the bass drum, 67 per cent of the
observers correctly identified the test condition; for the
organ and double-bass, however, the proportion of cor-
rect answers was respectively 54 and 53 per cent, i.e. not
much greater than the 50 per cent figure which would
have been obtained by chance. The effect, on the quality of
the compatible programme, of an interchannel phase
difference varying inversely with frequency and amount-
ing to 90° at 50 ¢fs is therefore marginal.

4.2 Effect of Interchannel Phase Difference on
Stereophonic Presentation

4.2.1 Experimental Detuails

The programme material was the same as that described
in 4.1.1, In the first experiment, carried out in the listening
room, each test passage was presented a number of times
with the phase-shifting network referred to in Fig. 3,
curve (a) alternately inserted and withdrawn; the ob-
server was asked to state whether he detected any move-
ment of the image, or of some component of it, and if so,
in which direction. Although a high proportion of ob-
servers could detect the presence of the phase-shifting
network (and the scores were found to increase slightly
with practice) the movement of the image was too small
to be estimated accurately. A further experiment was then

10

carried out with a second all-pass network having a phase
shift varying, as shown in Fig. 3, curve (b), inversely with
frequency and reaching 120° at 50 ¢/s; moreover, to in-
crease the subjective effect, this network was switched
alternately into the left- and right-hand channels, thus
changing the interchannel phase difference at each fre-
quency by twice the angle shown on the curve, e.g. by
240° for a 50 ¢/s component of the signal. The resulting
effects on the stereophonic presentation were then large
enough to allow of an accurate assessment, and the ob-
servers were accordingly asked to indicate, by means of a
numbered scale, how far the edge of the image moved
when the network was switched from one channel to the
other. This experiment was repeated in the dead room.

In order to assess the contribution made by different
parts of the programme spectrum to the total effect, both
of the experiments described above were repeated with the
low-frequency range of the programme restricted by a
high-pass filter attenuating 3 dB at 200 c/s and having an
ultimate rate of attenuation of 12 dB/octave.

422 Results

Table 4 shows the percentage of tests in which an
observer in the listening-room, on the introduction of the
phase-shifting network referred to in Fig. 3, curve (a),
(90° at 50 ¢/s), reported a movement of the stereophonic




image, or of some component of it, in the expected direc-
tion—i.e. away from that loudspeaker in which the signal
was lagging in phase.

TABLE 4

Lower Frequency Lower Frequency

Limit 40 ¢/s Limit 200 ¢/s
Organ| Drum Dot;'ble-bass Organ | Drum | Double-bass
93% 199% 939 86-5% 186-5% B7-5%

Although the displacements were too small to be ac-
curately measured, the figures in the table are far above
the 50 per cent which could have been obtained by chance.
A remarkable feature of these results is the high score
obtained with programme material restricted to the
range above 200 ¢fs, at which frequency the interchannel
phase shift introduced by the all-pass network was only
22-5°,

Table 5 shows the displacement of the edge of the image
when the phase-shifting network referred to in Fig. 3,
curve (b) (120° at 50 ¢/s), was switched from one channel
to the other. The displacement is expressed in terms of the
stage width, followed, in brackets, by the standard error
(8.E.) of the mean.

It will be seen that in the passages for drum and for
double-bass, removal of components having frequencies
below 200 ¢/s produced a significant reduction in the ob-
served displacements. For the organ music, however, this
reduction was not large enough to be statistically signifi-
cant; since the spectrum of the test passage was known to
contain strong components at frequencies as low as 40
¢/s, it must be assumed that the directional effect of com-
ponents above 200 ¢/s was predominant.

The effect of acoustic environment is seen to be appre-
ciable in most cases. The image displacements for the
organ and double-bass—with or without restriction of the
frequency range—are significantly smaller in the lstening-
room than in the dead room; for the drum the effect of
room acoustics is not significant. It is also of interest that
the results obtained in the dead room for each of the three

instruments for either one of the frequency ranges do not
differ significantly; on the other hand, those obtained
in the listening room are significantly different for each
instrument, at least for the particular excerpts chosen.

5. Conclusions on Part 1

From the foregoing data it is possible to make a rough
estimate of the interchanne!l phase tolerance which might
be imposed on a compatible stereophonic system. The
various limiting factors are presented in Fig. 4. Curve (a)
in Fig. 4, reproduced from curve (a)in Fig. 3, shows a form
of interchannel phase shift characteristic for which, as
shown in Section 4, the effects on both monophonic
quality and stereophonic presentation observed on pro-
gramme are detectable but not serious.

The image displacement corresponding to curve (a) in
Fig. 4 was too small to measure accurately, but may be
estimated from Table 5, on the basis of rough propor-
tionality, to be not greater than 0-04 of the stage width for
the maost critical type of programme material. Curve (b)
in Fig. 4 shows the overall change in interchannel phase
difference at frequencies above 200 ¢/s produced by switch-
ing the network having the phase characteristic shown in
Fig. 3, curve (b) from one channel to the other; the
corresponding image displacement, from Table 5, is seen
to be not greater than 0-06 of the stage width. Thus, a
tolerance curve intended to restrict unwanted image shifts
to around 0-05 of the stage width could safely be placed
somewhere between curves (a) and (b}. Curve {¢) in Fig. 4
shows the interchannel phase difference corresponding to
an interchannel time difference of 200 i:s, which, as already
noted in Section 2, was originally proposed as a tolerance
limit, and it seems logical to use this law as a rough puide
from about 400 c/s upwards.

As far as the high-frequency components of the pro-
gramme are concerned, it will be seen from Table 3 that
for frequency bands extending respectively to 13 ke/s and
10 kc/s, interchannel phase differences proportional to
frequency and reaching 90° at the upper end of the band
are tolerable; these two conditions are represented by
curves{d)and (e) respectively in Fig. 4. It should be empha-
sized that curves (a) to {e) give in each case the phase
characteristics for a particular circuit condition which has
been found acceptable on programme material covering a

TABLE §
Lower Frequency Limir 40 cfs Lower Frequency Limit 290 ¢/s
Organ i Drum | Double-bass Organ Drum [ Double-bass
Listening room (s.g..gégoe;) ‘ (s.g.}l)(-)gos:) (S.]g.-gég()’;') (s.g.-ﬁ&m | (s.g.'g%m) ‘ (S.g.-gétz)oS)
Dead room SE.0-011) } (S.]g.'g?(ﬁ)(lﬁ‘) SE.0:012) | (SE.0-008 | (SE.0-008) ‘ S 0-007)
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Fig. 7 — Method of specifying degree of interchannel amplitude difference at high frequencies

The limits shown in Fig. 6 embrace an infinite variety
of amplitude/frequency characteristics, and for the present
purpose it was necessary to make an arbitrary selection.
Fig. 7 shows diagrammatically the form of characteristic,
produced by resistance-capacitance networks, chosen for
the experiments on interchannel amplitude differences
increasing at high frequencies. In one series of experi-
ments all the pairs of curves had the same ultimate separa-
tion §, the degree of impairment of the transmission being
varied by altering the circuit capacitances, thus displacing
the characteristics along the frequency scale without

left (or right) channel

d T

0 ultimate

right {or left) channel

T 5epuruﬁi//__::—-————

changing the form of the curves, for reference purposes,
each condition was arbitrarily designated by the fre-
quency f, at which the characteristics of the left- and right-
hand channels diverged by 1 dB. In a second series, the
degree of impairment was controlled by varying the cir-
cuit resistances, thus altering S; the value of the latter
quantity was then used for reference. In both cases, the
networks producing the desired amplitude/frequency
characteristics were adjusted in steps by means of ganged
rotary switches so arranged that an increase in response of
one channel at any frequency was accompanied by a sub-

frequency fa

Fig. 8 — Method of specifying degree of interchannel amplitude difference at low frequencies
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stantially equal decrease (on a dB scale} in the response of
the other.

In the case of interchannel amplitude differences in-
creasing at low frequencies, the characteristics of the two
channels took the form shown in Fig. 8, which is a mirror
image of Fig. 7; from the results of a pilot experiment,
however, it was considered unnecessaty to carry out a
second set of tests with 8 as the independent variable and
the investigation was therefore confihed to the effect of
varying f,.

No attempt was made to phase-compensate the circuits
used to vary the amplitude/frequency characteristics of
the two channels, any interchannel phase differences
thereby introduced being accepted as a natural attribute
of the system under investigation. In the event, these
phase differences were found in the most extreme condi-
tions to be less than 25° and it is clear from the results
given in Part I that they could not have contributed
appreciably to the subjective effect.

At the commencement of each group of tests, the rotary
switch controlling the difference between the amplitude/
frequency characteristics of the two channels was set at
one end of its travel; in this condition identical signals
were applied to the left- and right-hand channels, and the
resulting image will be described for convenience as
‘unimpaired’. The observer was asked to adjust a trim-
ming attenuator controlling the relative levels of sound
from the two Ioudspeakers until he judged the image to
be central. He was then asked to operate the rotary switch
controlling the interchannel difference in amplitude/
frequency characteristic and to find (a) the first position
for which a displacement of the image became perceptible,
and (b) the setting for which the edge of the image coin-
cided with some designated position on the numbered
scale extending across the stage. Equal numbers of tests
were carried out with the image displacement to the left
and to the right; the various experimental conditions were
presented in random order to avoid any recognizable

=0

sequence which might influence the observer’s judgement.

Even when the left- and right-hand channels have identi-
cal amplitude/frequency characteristics, the resolting un-
impaired image possesses a finite width which is a func-
tion, partly of any residual asymmetry in the sound-
reproducing system, and partly of the listener’s own
resolving powers. In a supplementary experiment, carried
out with the same programme material and the same
bandwidth restrictions as in the main experiment, each
observer was asked to estimate the width of a central
unimpaired image.

7. Interchannel Amplitude Differences
Increasing at High Frequencies

7.1  Experimental Details

The programme material used for these tests was a
recorded excerpt of Latin-American music, repeated as
many times as was necessary for the observer to reach a
decision,

The susceptibility of a stereophonic presentation to
changes in the relationship between the left- and right-
hand signals at high frequencies is known from earlier
experiments? to be little affected by a reduction in the
normal amount of reverberation. It was therefore con-
sidered unnecessary to repeat any of the tests in the dead
TO0m.

Asin previous experiments in this series, an attempt was
made to assess the part played by components in the upper
part of the audio-frequency range. To this end, some of
the tests were carried out with the bandwidth of the system
limited to 10 ks or 6-8 kefs by low-pass filters; in the
absence of the filters, the upper frequency limit was setat
13 ke/s by the characteristics of the loudspeakers employed.

The amplitude/frequency characteristics of the left- and
right-hand channels obtained by varying f; are indicated
in Fig. 9; the observer’s control switch operated in eleven
steps, but for clarity the characteristics for alternate steps
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Fig. 9 — Amplitude/frequency response curves of networks used to introduce interchannel amplitude
differences at high frequencies. (Alternate steps shown.) 1, variable
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Fig. 10 — Amplitude|frequency response curves of networks used to introduce interchannel
amplitude differences at high frequencies.
(Every third step shown.) S variable

only are given in the figure. Fig. 10 shows corresponding
pairs of characteristics obtained by varying S; in this case
the characteristics are given for every third step. The pairs
of characteristics in Fig. 3 were obtained by altering the
reactances in the circuit, the ultimate separation S remain-
ing constant at 7-5 dB; in Fig. 10 the reactances were kept
constant at such values that with S=6dB, f, =1 k/c.

7.2 Results

Figs 11(a), 11(b), and 11{c) show the results obtained
with the upper frequency range restricted to 13 kcfs, 10
kefs, and 6'8 kc/s respectively, when the interchannel
amplitude difference was varied, as shown in Fig. 9, by
altering f,; values of f; are plotted as abscissae to a
logarithmic frequency scale so arranged that the degree of
impairment of the system increases from left to right; the
ordinates are plotted to a Gaussian probability scale.
Curve (i) in each case shows the percentage of observa-
tions in which there was no perceptible image displace-

ment; curve (ii) shows the percentage of observations in
which the edge of the image was less than 0-1 of the stage
width from the centre; and curve (iii), the corresponding
data for images reaching less than 0-2 of the stage width
from the centre.

In most of the experiments the points fall nearly on a
straight line indicating a Gaussian distribution. However,
in these and similar figures given later, the lines repre-
senting different degrees of image impairment are in some
cases not paraflel and would therefore intersect if extra-
polated; evidently the Gaussian distribution holds only
over 4 limited range. The difference in slope between the
lines, which, whenever it is statistically significant, indi-
cates a decrease in standard deviation with decreasing
image impairment, may be due partly to the finite width
of the image.

Table 6 is derived from Figs 11(a), 11{(b}, and L1{c). It
shows the values of f; for which, in 50 per cent of the ob-
servations, the subjective impairment of the image caused

TABLE 6
Tests in Listening-room

NP . Freguency range Frequency range Frequency range
Subjec”?‘g smpatrment rextricted to 13 ks resivicted to 10 kcfs restricted to 6-8 kc/s
of nominally centrai
image in 50 per cent £ SE p SE r S.E
A 1 E. 1 .E. 1 .E.
of observations kejs (octave) kels (octave) kefs (octave)
Imperceptible 10-5 0-15 9-3 0-15 5-4 01
Edge of image oft-centre by
less than 0- 1 stage width 541 03 4:3 0-25 2-9 0-2
Edge of image off-centre by
less than 0-2 stage width 1-7 0-25 | 1-6 0-25 1-2 0-25
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Numbering of curves:

(i} Percentage of obssrvations in which there was no perceptible image displacement.
(ii) Percentage of observations in which the edge of the image was less than 0- 1 stage width from the centre.
(1i1) Percentage of observations in which the edge of the image was less than 0-2 stage width from the centre.

by the interchannel amplitude difference can be classified
as ‘imperceptible’, ‘edge of image off-centee by less than
0-1 of stage width’, and ‘edge of image off-centre by less
than 0-2 of stage width’ respectively, The standard error
of the mean (S.E.) is given in each case to the nearest 0-05
octave.

Figs 11(d), 11(¢e), and 11(f) show the results obtained
with the upper frequency range restricted to 13 ke/s, 10
ke/s, and 6'8 kefs respectively when the interchannel
amplitude difference was varied, as shown in Fig. 10, by
altering 8. Apart from the change in the independent
variable, the remarks already made with regard to Figs
11(a), 11{b), and 11(c) apply here also. However, since
there can be no impairment of the image when the inter-
channel amplitude difference is zero, there is an inevitable
departure from Gaussian distribution as the curves ap-
proach S=0.

Table 7, derived from Figs 11(d), 11(g), and 11(f), shows
the values of §, in dB, for which, in 50 per cent of the ob-
servations, the effect of the interchannel amplitude differ-
ence can be classified as ‘imperceptible’, ‘edpe of image
off-centre by less than 01 of stage width’, and ‘edge of
image off-centre by less than 0-2 of stage width® respec-
tively. The standard error of the mean is given in each case
to the nearest 0-1 dB,
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As already stated in Section 6, a supplementary experi-
ment was carried out to find the width of a central image
produced with identical left- and right-hand channels. For
the Latin-American music referced to above, the mean
image width was found in this experiment to be 0- 1 of the
stage width (S.E. 0-01) with no significant difference be-
tween the results for the three bandwidths. This means
that the unimpaired image was regarded by the observers
as extending, on average, one half of this, i.e. 0-05 of the
stage width on either side of the centre. It follows that if
the image is spread towards either side as a result of some
system impairment and extends, for example, to 0-2 on
the numbered scale, the edge of the image must have been
displaced by only 0-15.

So far the impairment in the stereophonic transmission
systern has for convenience been expressed in terms of the
arbitrary quantities f; and S. It is now necessary to reverse
the process and to consider what differences between the
amplitude/frequency characteristics of the left- and right-
hand channels are associated with a particular subjective
grading. The result is shown in Figs 12, 13, and 14, which
are derived from Fig. 11 by interpolation. Fig. 12 shows
the amplitude/frequency characternistics of the two chan-
nels for which the displacement of the image would in 50
per cent of the tests beimperceptible. The data are given for




TaBLE?
Tests in Listening-room

L . Frequency range Frequency range Frequency range
Subj ective Impairment restricted to 13 ke/s restricted to 10 kcfs restricted to 6-8 kcls
of nominally central .
image in 50 per cent S S.E g SE S S.E
of observalions iB (J}B- 4B a-'B. dB céB-
Imperceptible 1-0 01 1:2 0-1 1-6 0-2
Edge of image off-centre by
less than 0-1 stage width 2-4 04 27 0-4 3-5 0-6
Edge of image off-centre by
less than 02 stage width 56 ‘ 0-8 54 0-6 6-7 0-7

the three bandwidths; the full line and dashed curves re-
late respectively to the results obtained by varyingf; and 8.
Fig. 13 shows the amplitude/frequency characteristics of
the two channels for which, in 50 per cent of the obser-
vations, the edge of the image would be off-centre by less
than Q-1 of the stage width, and Fig. 14 the corresponding
data for 0-2 of the stage width.

It will be seen that in Figs 12, 13, and 14, each curve
relating to variation in S intersects the corresponding

curve relating to variation in f3; it seems likely that the
subjective assessment in each case was influenced largely
by components having frequencies in the region of inter-
section,

1t will also be noticed that for each subjective grading,
the degree of divergence between the amplitude/frequency
characteristics of the left- and right-hand channels at the
upper end of the band is nearly independent of the band-
width.

50 J

T T Rl
0 upper freguency limit 13kels left {or right) channel
- O . =

2.5 right {or lett) chonnel
—2.5
-50 ‘

50 l
25 r : ‘ L

i upper frequency limit 1Ckc/s left (or right) channel
Jui] 03 [ I ____a__-.-—}-—-{—
® i e — ——

- ; right (or left) channel
50 |
L]

Zs : left (or right) chonnel |

upper frequency limit 6-8kc/s left (or right) channe
m e e — | | | |
o
© - == |

2.5 right (or left) channel

BRI

102

163 104

frequency, cls

Fig. 12 — Amplitude/frequency characteristics of left and right channels at high frequencies for
which there was no perceptible image displacement in 50 per cent of observations

f, variable

----- S variable




T — T T T 1
left (or rightl channel
2.:
upper. frequency limit 13kc/s I g By
1] e i e et
o (o] &.________ — L]
-2-5 -
right (or left) channel
-5 0 | 1 | S |
5-0 T 1 1
left (or right) chonnel
25 - ] | o
© upper frequency limit 10kefs pere
Q
0.
:."=.|=--~.._,___=
-2'5 - — t 1
right (or lef{) channei :
-5-0 | | 1 [ I
50 ] T T T
i left {or right) channei
25 t
o . upper frequency limit & 8kc/s E_______.___-—_—_._7_-.--------'
° —_——
1 B =
-2'5
right for left} channel
-5.0Q — I | L
102 109 104

frequency, cls

Fig. 13 — Amplitude/frequency characteristics of left and right channels at high frequencies
Jor which the edge of the image was less than 0-1 stage width from centre in 50 per cent of observaiions

f; variable

- - -S variable

50 e . T T T
left {or right) channe! i —
2:5 ‘ t——k =
N -
o . upper frequency limit 13kc/s __________:_-—-_-'_:_1_,.——- X
Rel --.________
""-‘--‘--'."'__“'_--.. ‘
-2.5 - N =t e
right (or left) charnel T
-50 1 1 1
50 T T T
left {or right) channel L
o5— 4+ + L1 vl =
upper frequency limit 10kc/s __________-=__-_-_-_:;::<==" ;
g g ! —
%F'
-2:'5 T T - =
right (or left} channel
-5-0 1 1 !
50 T T T
- left {or right) channel s
"o
a upper frequency limit &-8kc/ls
o)
o --._._.__-. .
-25
‘ right for left} channel I
-5 .l 1 1 1
: 102 103 w04

frequency, cis

Fig. 14 — Amplitude/frequency characteristics of left and right channels at high frequencies
Sfor which the edge of the image was less than 02 stage width from centre in 50 per cent of observations

f, variable

19

- - -8 variable




8. Interchannel Amplitude Differences
Increasing at Low Frequencies

8.1 Experimental Details

The programme material consisted of excerpts from
recorded solos on organ, bass drum, and double bass
played pizzicato; the test passages were repeated until the
observer had come to a decision. :

From previous experience* it was thought possible that
the results of this part of the experiment might be signi-
ficantly affected by a reduction in the amount of rever-
beration in the listening area. Tests were therefore carried
out both in the listening-room and in the dead room.

. Aslong as the interchannel amplitude differences below
1 k/c did not exceed the limits given in Fig. 6, the maxi-
mum impairment of the stereophonic presentation was not
large enough to justify closer analysis by the introduction
of filters to restrict the frequency band; tests were there-

fore made only with the full frequency range, limited at its
lower end to approximately 40 c/s by the nature of the
programme material and the characteristics of the loud-
speakers. For the same reason it was thought sufficient to
control the difference between the amplitude/frequency
characteristics of the left- and right-hand channels by
varying the frequency f; at which the curves diverge by 1
dB, the valuec of 8 being held constant at ¢ dB. Fig. 15
shows the form of characteristic obtained by this means;
as in the corresponding curves in Fig. 9, eleven different
pairs of characteristics could be produced, but for clarity,
only alternate steps are shown.

8.2 Results

Figs 16(a), 16(b), and 16(¢) show the results of the tests
in the listening-room for organ, drum, and double-bass
respectively. Curve (i) in each case shows the percentage
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Fig. 15 — Amplitude/frequency response curves of networks used to introduce interchannel amplitude
differences at low frequencies. (Alternace steps shown.) f, variable
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of observations in which there was no perceptible image
displacement, and curve (ii) the percentage of observations
in which the edge of the image was less than 0-1 stage
width from the centre. Even with the maximum inter-
channel difference between amplitude/frequency charac-
teristics indicated in Fig. 15, the image rarely extended
as far as 0-2 on the scale and the data was therefore insuffi-
cient to allow a reliable curve to be drawn for this condi-
tion. As in the corresponding curves in Fig. 11, the abscis-
sae are plotied to a Gaussian probability scale, and the
curves of best fit approximate to straight lines. It will be
noted that whereas Fig. 11 covers three different band-
widths, Fig. 16 relates to three different musical instru-
ments.

ment on the width of a central image depends to some ex-
tent on the part of the spectrum involved.

As explained in Section 7.2, the distance by which the
edge of the image was displaced in reaching a particular
position on the numbered scale can be estimated by sub-
tracting from the scale reading one half the width of the
unimpaired central image.

Figs 17 and 18, derived from Fig. 16 by interpolation,
show the amplitude/frequency characteristics of the left-
and right-hand channels for which, in 50 per cent or more
of the observations, the subjective impairment would be
classified respectively as ‘imperceptible’ and ‘edge of
image off-centre by less than 0- 1 of stage width’. Tt will be
seen that for the same degree of image impairment, a

TABLE 8
Tests in Listening-room
Subjective impairment Organ Drum Double-bass
of nominally central ;
image in 50 per cent fi S.E. fy S.E. fi S.E.
of observations /s {octave) cls (octave) cfs {octave)

Imperceptible 96 0-4 240 0-45 124 0-3
Edge of image off-centre by
less than O I stage width 406 0-4 1,700 0-65 760 0-85

Table 8, derived from Figs 16(a), 16(b), and 16{(c), shows
the values of f; for which, in 50 per cent or more of the
observations, the effect of the interchannel amplitude
difference can be classified as ‘imperceptible’, and ‘edge of
image off-centre by less than 01 of stage width’ respec-
tively. The standard error of the mean is given in each case
to the nearest 0- 03 octave.

In the dead room the values of f; obtained were nearly
the same as those shown in Table 8 and are not therefore
reproduced here. Such small differences as existed be-
tween the two sets of figures, though barely significant
statistically, suggested that the effects of interchannel
amplitude differences were, if anything, less noticeable in
the dead room than in the listening room.

The supplementary experiment carried out to deter-
mine the width of an unimpaired central image vielded
results which were in some cases significantly larger than
those given in Section 7.2. The average image width in the
listening-room was 0-14,0- 13, and 0-02 of the stage width
for the organ, drum, and double-bass respectively, the
standard etror being about 0-013 of the stage width in
each case. In the dead room the image width was slightly
less for the drum and double-bass, though for the organ,
which has a greater middle frequency content, no signi-
ficant difference was observed. In some later experiments
with male speech (which contains no very low-frequency
components) the image was found to be narrower in the
listening-room than in the dead room ; itappears, therefore,
that at low frequencies the effect of the acoustic environ-
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much greater divergence between the chanmel charac-
teristics could be permitted at low than at high frequencies.

9. Conclusions on Part 11

From the foregoing information it is now possible to
consider the tolerances which might be imposed in prac-
tice on the matching of the amplitude/frequency charac-
teristics of the left- and right-hand channels of a stereo-
phonic system. To this end, it is convenient to replot the
curves of Figs 12, 13, 14, 17, and 18 to show, instead of the
actual amplitude/frequency characteristics of the two
channels, the difference between the two; the resulting
data is presented in Figs 19, 20, and 21 for the high-
frequency range and in Figs 22 and 23 for the low-
frequency range.

In drawing conclusions from this data, the following
points should be specially noted:

{a) The experiments were confined to the case in which
the amplitude/frequency characteristics of the left-
and right-hand channels depart from uniformity by
equal and opposite amounts. In applying the results
to the more general case, it is tacitly assumed that
dispersion of the stereophonic image is unaffected
by changes in amplitude/frequency characteristic
applying to both channels equally.

(6) The curves in Figs 19 to 23, like the curves from
which they are derived, represent a circuit condition
for which the effects described earlier were observed
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Jor which the edge of the image was less than 01 stage width from centre in 50 per cent of observations
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Fig. 19 — Difference between amplitude/frequency characteristics of left and right channels
for which there was no perceptible image displacement in 50 per cent of observations
Freguency characteristics of left and right channels diverging ar high frequencies
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Fig. 20 — Difference between amplitude(frequency characteristics of left and right channels
Jor which the edge of the image was less than 01 stage widrh from centre in 50 per cent of observations
Frequency characteristics of left and right channels diverging at high frequencies
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Fig. 21 — Difference between amplitude/frequency characteristics of left and right channels
Jor which the edge of the image was less than Q-2 stage width from cenire in 50 per cent of
observations
Frequency characteristics of left and right channels diverging at high frequencies
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Fig. 22 — Difference between amplitude/frequency characteristics of left and right channels
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Frequency characteristics of left and right channels diverging at low frequencies
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Frequency characteristics of left and right channels diverging at low frequencies
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(a}, (b) Suggested tolerances for difference between frequency characteristics of
left and right channels taking gain or loss of 800 c/s as zero.

(a) Limit of perceptibility.

(b) Acceptable limit if necessary

(c) Overall limit of variation in frequency characteristic permitied by
CCITT tolerances of normal Type A programimme circuits.

on programme material covering a range of fre-
quencies; they do not represeat the effect of differ-
ences in the gain or loss of the left- and right-hand
channels at any one frequency considered separ-
ately.

Interchannel amplitude differences may be of
opposite sign at the two ends of the audio-frequency
band. A nominally central image having compo-
nents at both extremes of the band could then be
dispersed both to left and to right, the overall width
being determined by the sum of the two effects.

25

It seems reasonable to consider two degrees of tolerance,
the first based on the most critical case and the second
representing a practical compromise when the more
stringent requirements cannot be met. The former limit
could be derived from the data for imperceptible impair-
ment in 50 per cent of cases; the latter could appropriately
be arrived at by assuming the edge of a nominally central
image to be, in 50 per cent of cases, off-centre by less than
0-1 of a stage width. In Fig. 24 an attempt has been made
to draw up a set of tolerances on these lines. It is assumed
that the gain or loss of the left- and right-hand channels is




made equal at 800 ¢/s; an arbitrary tolerance of 0-5 dB
has been allowed in the mid-band region. Curve {a)
represents the limit of perceptibility, below which it is
unnecessary to go, curve {b) the higher limit, representing
a detectable but small degree of impairment. The dotted
line {c) shows for comparison the possible differences in
amplitude/frequency characteristic between two lines con-
forming to the limits specified by the Comité Consultatif
International Télégraphique et Téléphonique (CCITT) in
1960 for normal Type A programme circuits.
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BBC ENGINEERING TRAINING MANUALS

The following manuals by members of the Engineering Divisicn of the BBC have been prepared primarily for
the Corporation’s operating and maintenance staff. They have been made available to a wider public so that the
specialized knowledge and experience contained in them may be open to all interested in the engineering side
of sound and television broadcasting,

Sound and Television Broadcasting: Geperal Principles—K. R, Sturley, Ph.D_, B.Sc., M.LE.LE. 45s, net, by post
46s. 4d. 378 pp.

This manual explains the basic principles of sound and television broadcast engineering and operations.

Studio Engineering for Sound Broadcasting—General Editor: J. W. Godfrey. 25s. net, by post 26s. 208 pp.
Explains the principles underlying current operational procedures at BBC studio centres. Covers the whole range
of eguipment used and the problems arising in the studio.

Television Engineering : Principles and Practice—S. W. Amos, B.Sc.(Hons.), A.AM.LE.E., and D, C. Birkinshaw,
M.B.E., M.A., M.LLE.E.
Vol. I: Fundamentals, camera tubes, television optics, electron optics. 45s. net in U.K. only. 301 pp.
Vol. Il Video-frequency amplification. 35s. net, by post 36s. 2d. 270 pp.
Vol. IIl: Waveform generation. (Out of Print.)
Vol. IV: General circuir techniques. 35s. net, by post 36s. 2d. 277 pp.

These manuals are published by ILIFFE BOOKS LTD, DORSET HOUSE, STAMFORD STREET, LONDON, S.E.1. for
the British Broadcasting Corporation, and are available from the publishers or from BBC PUBLICATIONS,
35 MARYLEBONE HIGH STREET, LONDON, W.I.

ENGINEERING TRAINING SUPPLEMENTS

No. 10 Long-wave and Medium-wave Propagation
No. 11 Lighting for Television Qutside Broadcasts
No. 12 Transistors

5. d.
No. 1 Some Transmitter Problems . . . 2 6
No. 3 Harmonic Distortion and Negative Feedback in Audio-frequency Amplifiers 70
No. 4 Some Fundamental Problems in Radio Engineering 4 0
No. 5 AnIntroduction to Wideband Aerials 30
No. 6 Programme Meters . 30
No. 7 Basic Principles of Television Lighting 5 6
No. % Frequency Modulation . 6 6
40
6 0
30
4 6

No. 14 Colorimetry

These Engineeting Training Supplements are available from BBC TECHNICAL PUBLICATIONS SECTION,
HAREWOOD HOUSE, HANOVER SQUARE, LONDON, W.l.
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