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AMBISONICS IN MULTICHANNEL BROADCASTING AND VIDEO

Michael A. Gerzon

(Consultant to National Research Development Corporation),
70 St. Clements St., Oxford OX4 1aH, U.K.

ABSTRACT

The FCC's effective deregulation of FM multichannel broadcasting standards,

and the advent of multichannel audio via satellite, cable and video systems,

poses the question of the most effective use of 3 or 4 related audio channels.
The Amblsonic UHJ hierarchy for transmitting total sound fields offers more
varied mutually compatible applications than other proposals (e.g. quadraphonics),
with options up to and including full-sphere ("periphonic") directional
reproduction. These optlons are detailed, including mono, stereo, 2-, 25-, 3-
and W-channel horizontal surround encoding, 4-channel periphony, and a range of
user sound field adjustments in stereo and psychoacoustically optimised
surround-sound reproduction modes.

1. INTRODUGTION

Ambisonics is unique in being a total systems approach to reproducing or
simulating the spatial sound field in all its dimensions. Conventional
monophony and stereophony are sub-systems of Ambisonics as are so-called
"four-channel" systems that attempt to reproduce the directional sound field
via four speakers. Beyond this, Ambisonics provides for full upward
compatibility to any number of loudspeakers in any reasonable configuration.

Ambisonics 1s not limited to any particular number of transmission channels;
the greater the number, the higher is the obtainable directional resolution.
With four transmission channels, full spherical portrayal of directionality

- including elevation and declination -~ becomes practical, All options are
fully compatible with one another. For example, a system employing three
transmission channels will be correctly decoded to any number of loudspeakers
by receivers designed for decoding either two or four transmission channels.
The transmilssion options include the use of supplementary bandlimited
transmission channels.,

The implications for a broadcast standard of such a systems approach are very
significant. The extensive "intercompatibility" provided gives the
broadcaster a virtually unlimited range of options. A broadcaster may choose

to remain with the conventional two transmission channel system, yet will still
be assured of providing benefits to listeners with even the most sophisticated
L-transmission-channel decoders.

Additional broadcast or reception options include: limited-bandwidth
third-channel transmission (termed "2% - channel"), full bandwidth three
channel transmission, and full~-bandwidth Y4-channel transmission for either
horizontal or full-sphere directionality.
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Ambisonics is a unification and extenslon of prior art in sound field
recreation. In order to encompass the wide range of international knowledge
and experience in reproducing or simulating the spatial sound field, it was
necessary to develop new notations and theoretical foundations.

Particular emphasis has been lald on optimlzing the subjective directional
illusion throughout the listening area. This involves decoding techniques
that match the speaker feeds to the precise layout of loudspeakers in the
room and that handle different audio frequencies so as to match the differing
directional behaviour of the ears at low and high frequencies.

On the one hand, Amblsonics has led to a novel studio microphone technology
(see refs. [1] - [3]), capable of unprecedented realism and accuracy. A
commercial version of this "Sound Field" microphone has been made available
by Calrec Audio, On the other hand, Ambisonics glves a new range of creative
sound manipulation techniques such as full range positional control (with no
limitations) for both single sounds or whole sound fields, full control of
image width, artificial surround-reverberation, and even full-sphere
directional panning. References [3]-[ 6] describe many aspects of this
technology, much of which has been implemented by Audio & Design (Recording)
in thelr Ambisonic Mastering System.

The encoding specification used with Ambisonics is called Universal HJ ("UHJ"),
which 1s described in detail in Appendix A, This incorporates the BBC's

HJ system (see [7]). UHJ includes a mono and stereo compatible surround-sound
encoding using conventional two-channel transmission techniques. By using
multiplexing described in Appendix B, an optional third channel, glving
enhanced directional resolution, is put in quadrature modulation on the 38 kHz
subchannel. For the optional effectsof “speaker emphasis" (often termed
"discreteness") or of full-sphere reproduction, an additional fourth channel
can be conveyed on a 76 kHz double sideband subchannel,

A further UHJ transmission option is to use a bandlimited third channel. This
would be useful where it is desirable to minimize any possible impact on
existing usage of the multiplex signal.

2. ALL DIRECTIONS

A distinctive feature of Ambisonic technology is that it is based on a precise
and completely unambiguous technical specification of how the encoding method
should handle every direction of sound in space., This may be contrasted with
the "quadraphonic" approach in which the handling of only four "speaker"
directions is explicitly specified, with other directions left largely to
chance.,

While at first, this "all-direction" approach might seem a mere technicality,
in fact it has far-reaching consequences. In conventional guadraphonics,
phantom images between the loudspeakers are usually created by using conventional
stereo between each pair of speakers. But it has long been known [8] that
the quality of the phantom images 1is poor if the stereo speakers subtend an
angle at the listener of more than 60 degrees (see figure 1). Quadraphonics
angles the speakers at an average of 90 degrees apart, gilving a "hole in the
middle" effect with unstable phantom images. It is found that the stereo
illusion breaks down completely for pairs of speakers to the side of the
listener. This problem has been demonstrated by at least six independent
experimental studles in at least four countrles (for example, see ES] - [13]).
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However, in Ambisonics, the preclse method of encoding directionality has
been chosen to permit much more stable lmages around the whole sound stage.
While we shall describe this in more detall below, the result 1s that, even
when using just four loudspeakers for reproduction, the usable front and
rear stages are much wider than the restricted 90 degree width possible with
conventional pairwise guadraphonics (see figure 2).

Moreover, Ambisonics defines the encoding of every direction. Thus it is
possible to design decoders that handle every direction equally, rather than
giving excessive emphasis to a few speaker directions at the expense of
phantom image directions. One particular consequence of this is that a wide
range of speaker layouts can be used with amblisonics, including different
shapes of rectangular layouts (see figure 3a) and six speaker layouts

(see figures 3b and 3c). Available Ambisonic decoders include a simple
preset adjustment (rather like a conventional stereo balance control for
the user) to adjust the decoder to give correct directionality with the
speaker layout used by the listener.

While most listeners are expected to use four loudspeakers, the six speaker
decoding option undoubtedly gives further improved results, especially for
due side sound positions. Thils is because, although four speakers can be
made to give a much more accurate directional illusion than "quadraphoniecs”,
certain types of sounds with spikey waveforms (e.g. applause, harpsichords,
oboes) still tend to be drawn towards the four speakers. Six loudspeakers
overcome this problem.

Clearly, the all-direction encoding used for Ambisonics gives a much wider
range of creative possibilities for the producer, and a wider range of options
for the listener at home, than do "quadraphonic" approaches. However,
Ambisonic systems will alsc handle quadraphonically-produced material,
although one should not expect the inherent defects of conventlonal pairwise
mixed quadraphonic material to be removed.

3. PSYCHOACOUSTIC DECCDING

Before discussing UHJ encoding, it is helpful to understand the process of
decoding in more detall., The original sound field, whether it was a live
sound or one created at a mixing console, has an infinite number of possible
sound directions. In the listener's room, there are only a few loudspeakers
in a few directions. Thus the recreation of the sound field from these
speakers must be an illusion created in the ears and mind of the listener.

The job of the decoder is to produce speaker-feed signals that produce a
convineing illusion of the intended directional sound field. There is no
practical way of exactly recreating the original physical sound field over
a large listening area, since information theory and physical acoustlcs show
that this would require around one million transmission channels and one
million loudspezkers.

For a system to be practically usable, it is essential that the directional
11lusion should be convincing over a reasonably large listening area, and
not just at one ideal "stereo seat", Moreover, the listensr should have the
freedom to face any direction, not just forward [14].

These complex requirements are difficult to satisfy for a 360 degree sound

stage encoded into just a few transmission chamnels. It is necessary to have
a very detailed understanding of human directional hearing to do such a
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design. In the years since "quadraphonics" was introduced, much of the
required experimental data on the directional psychoacoustics of human
hearing has become available thanks to experimental studies in the USA,
England, Gexmany and Japan (see references [9] - [13],[15] - [17]).
Unfortunately, the sheer volume and complexity of these data make it
impossible to do optimal design work direct from the data.

Completely new technical tools were required in order to handle and analyze
the experimental data. Essentlally, this involved the recognition that the
ears use many different methods of localizing sounds., Thus a "metatheory" of
human- hearing was developed (see [187] - [207]), i.e. a theory of possible
theories of directional hearing., By putting the "metatheory" in a convenient
mathematical form [18],[207], it became possible to isolate a few aspects of
the sounds from the loudspeakers that affect many different mechanisms of
humen directional hearing. The computation of these few parameters for
experimental data allowed a simplified presentation and understanding of
these data. The various parameters isolated by the metatheory of directional
hearing mostly correspond to esasily-learned audible qualities of sound, such
as "phasiness", "in-the-head" quality, image instability under head rotation,
low frequency directionality and high frequency directionality.

Not only does the "metatheory" provide a language to describe many of the
subjective qualities of sound localization, but it also greatly simplifies
the design of decoders [21]. This is because it has the sort of mathematical
simplicity that allows a great many general theorems to be proved by
mathematical argument. Several of these mathematical results combine to show
that once a decoder has been designed to meet one type of requirement, known
as the "Makita" theory, it can very easily be modified to meet many other
important requirements of human directional hearing as well,

The "Makita" theory was originally used for analyzing all-round decoding by
Professor Duane Cooper [22] at the University of Illinois. This theory gives
the precise apparent direction of a low frequency sound if the listener turms
his/her head to face the apparent source of sound.

A psychoacoustically optimized decoder designed using these principles has
the basic form shown in figure 4 [21]. At the input, a phase-amplitude
matrix converts the transmission signals into three signals "W", "X*, and

"Y" representing the omnidirectional part, the front-minus-back part and the
left-minus-right part of the reproduced sound field. (A full-sphere
directional decoder would also produce a "2Z" signal representing up-minus-
down information). The relative frequency responses of these three signals
are then adjusted by three shelf filters to match the different requirements
of human directional hearing below and above about 700 Hz., (The head starts
casting an acoustical shadow for sounds above 700 Hz)., Finally, an amplitude
matrix is used to derive loudspeaker feed signals for the particular
loudspeaker layout used. In particular, a simple potentiometer adjustment of
this matrix compensates for the use of different rectangular shapes of
loudspeaker layout. More refined decoders can be devised to cope with such
things as the size of the loudspeaker layout and to optimize the relative
preference given to directional resolution of reproduction in different
directions.

One of the most convincling aspects of the "metatheory" of directional hearing
is that it allows many of the remaining weaknesses of particular decoder
designs to be predicted. In other words, it not only predicts what is right
about a decoder, but also what is wrong. Naturally, no decoder creates an
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absolutely perfect illusion of all directions for all listener positions,
but it becomes possible to minimize faults and to make careful trade-offs
between those that inevitably remain,

Perhaps the most important consequence arising from this understanding of
directional hearing is the following remarkable result [ 18],[19]. For
decoders using four loudspeakers in a square or rectangular layout, the
optimum number of transmission channels is only three. The effect of a fourth
non-redundant transmission channel is to degrade the quality of phantom image
positions., Typically, the effect of a fourth channel is to emphasize the
four speﬁker positions, pulling other phantom images towards the speakers (see
figure 5).

In general it is found that for any number of transmission channels, a larger
minimum number of loudspeakers is required to give a convincing illusion of
all phantom image directions. If too few loudspeakers are used for the number
of transmission channels, the speaker positions are over-emphasized. This is
analogous to what happens in a radio antenna if a circular array of dipoles
contains too few dipoles -~ one loses circular symmetry and unwanted nulls
appear, It turns out that four transmission channels require at least six,
and preferably seven or more, loudspeakers to avoid "speaker emphasis'"
completely for horizontal sound. For full-sphere sound with 4 transmission
channels, at least six speakers (in an octahedral layout) are required - see
figure 6. For 2, 23 or 3 transmission channels, four speakers are sufficient,
although ideally five or six are even better.

In some cases, it appears that people desire "speaker emphasis" such as given
by "quadraphonics", at the expense of good phantom images. There is no
difficulty in UHJ of providing such encoding and decoding options if and when
required - see Appendix A,

To summarize the above, the "metatheory" of directional hearing provides a
simple language for interpreting the results of otherwise indigestible
complex experimental data., This language immediately suggests simple methods
of optimizing the subjective performance of decoders under a wide range of
listening conditions. Some aspects of such designs are detailed in Appendix
C. This Ambisonic know-how and technology can also be applied to so-called
"logic" decoders if required. A consequence of this understanding of
directional hearing is that, for phantom image directions, three channels are
better than four for four-speaker reproduction.

4, UHJ MULTIPLEX BROADCASTING

In order to get signals to the consumer, it 1ls necessary to encode the
complete Ambisonically-produced directional sound field into a form that can
be picked up as conventional mono or stereo, as well as being decodable to
full surround-sound, The Universal HJ system provides such an encoding
scheme, sultable for broadcasting, cable, videos and analog or digital
records and cassettes. For FM broadcasting, the UHJ approach includes
specifications for multiplexing the audio signals - see Appendix B.

As described in Appendix A, the UHJ system encodes the directional sound
field into four signals, denoted by ©, A, T and @ . The signals ¥ and A
are respectively the sum and difference of the conventional left and right
stereo signals, but use phase-amplitude encoding to represent the complete

360 degree sound stage. Roughly speaking, the amplitude ratio of the left

and right stereo channels is used (as in stereo) to represent the side~to-side
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directionality, whereas front-to-back aspects of directionality are
represented by the phase difference between the left and right stereo
channels. Appendix A details the UHJ encoding equations.

The UHJ stereo signals are designed to ensure optimal compatibility with mono
and stereo playback equipment. No system of encoding surround-sound can
offer perfect mono, perfect stereo and perfect surround-sound at the same
time. Some designers of surround-sound systems have coped with this fact of
life by declaring that certain types or uses of program material are
"unimportant" and can be neglected. However, any encoding system coming into
general use hasg to cope with a wide range of possible uses. Moreover, 1t has
to be remembered that a succesful system is likely to be in use for at least
twenty five years, and that preferred styles of program material can change
drastically over such a period, For example, compare the styles of popular
music at the start of stereo in 1957 with the sophisticated studio
manipulations of today. For this reason, it is considered vital to ensure
that an encoding system should not fail to give adequate results with any
reasonable program philosophy competently implemented [147].

It is vital that any chosen system of surround-sound encoding should
consistently glve surround-sound results preferable to stereo, since
otherwise there would be no point in departing at all from the excellent
results that present-day stereo can give. UHJ has therefore placed emphasis
on the possibility of uncompromized surround-sound, within the inevitable
limitations of the available number of transmission channels and reproduction
loudspeakers. Mono compatibility will always be important, since small
portable mono receivers are likely to remain in use indefinately. Thus the
UHJ mono signal incorporates all sound directions, including due back and all
vertical directions, ata level within 5 dB of one another. This ensures that
the mono intelliglbility of important musical or speech lines will never be
lost. '

Since stereo is the most important present-day high fidelity medium, the
stereo results of UHJ have also been designed with care to give a high quality
full-width stereo stage on typical surround-sound productions. For
"quadraphonic" productions limited to a 90 degrees wide front stage, it has
been suggested that this front stage should fill the stereo presentation as
well. However, thls would give serious problems of stereo compatibility for
Ambisonlic systems capable of a much wider usable front stage, since it would
then be difficult to know where to put the edges of the front stage during
stereo playback! To leave room for the full front stage when this is
reproduced in stereo, the part of the stage within + 45 degrees of due front
(i.e. the part of the Ambisonic front stage that quadraphonics attempts to
handle) is reproduced in stereo with a width of about 75% of the total
distance between the speakers.

The typical stereo presentation of UHJ is shown in figure 7. It will be seen
that front stage material is reproduced with sharply defined images occupying
virtually the whole of the stereo stage, and that some sound positions can
actually appear marginally beyond the loudspeakers. Rear stage sounds appear
with rather less well defined images between the stereo speakers. The more
"recessed" quality of these broader images helps to provide an audible
distinction between front and rear sounds even in stereo, thereby reducing the
artistic incompatibility arising with other stereo fold-downs when sounds from
different surround-directions seem to come from the same stereo direction,
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In practice, the apparent position and quality of sounds in stereo
presentation depends somewhat on the nature of the sounds involved, the
loudspeakers used, the listening conditions and the listener position. UHJ
stereo presentation has been designed to provide the best available trade~off
obtainable with any surround-sound system. Although the very best that
stereo can do (rarely achieved in current practice) is better, the improved
studio technology of Ambisonics [1] - [6] normally gives better stereo via
UHJ than does conventional studio stereo technique with conventional stereo.
This situation is analogous to the introduction of color television in Europe.
In theory, this ought to have degraded monochrome reception. However, in
Buropean practice, it was found that the better cameras and studio equipment
required to make color work well gave improved monochrome reception.

An additional aspect of UHJ stereo compatibility is the fact that 1t has been
designed for exceptionally good handling of the stereo sense of distance and
depth. An understanding of the factors responsible for these qualities is
relatively recent, and as far as we are aware, no other system has been
systematically designed to handle the spatial qualities of indirect as well
as direct sounds., Indeed, in this respect, UHJ stereo is superior to priox
stereo techniques, even ignoring any use for surround-sound, as many reviews
of commercial UHJ releases have noted.

Consumer surround-sound decoders can be designed to give very acceptable
surround-sound from Jjust the two basic UHJ Z. and A, channels. This mode is
known as "2-channel UHJ" or "BHJ", The texm "channel" here refers to the
nunber of transmisslion channels, since as we have explained, the number of
loudspeakers is a consumer option not directly the concern of the broadcaster.

A broadcaster wishing to give his/her public a greater refinement and
accuracy of surround-sound can transmit additional supplementary channels for
enhanced directional resolution. These supplementary channels were

ploneered by Dr., Duane Cooper in his UMX system [22], and UHJ has
systematically refined his idea to cope with an even wider range of needs.
The supplementary channels may be transmitted with no harmful effect on the
users of elither stereo or 2-channel UHJ gsurround-sound decoding equipment.

The range of options open to the broadcaster with the supplementary channels
T and Q is shown in figures 8 and 9. These options include: just broadcasting
the two basic UHJ channels for mono, stereo and horizontal surround-sound
reproduction; broadcasting the two basic UHJ channels plus a bandlimited

third channel T for mono, stereo and improved horrizontal surround;
broadcasting three full bandwidth channels for mono, stereo and full
horizontal surround; and broadcasting four channels for all possible modes of
reproduction, including full-sphere surround-sound.

As can be seen from figure 8, a recelver deslgned only for one of the more
restricted modes (e.g. 2-channel horizontal surround-sound) can work on
broadcasts on any of the more expansive and all-inclusive modes. This gives
full intercompatibility of modes between transmitter options and receiver
options. In all (including mono, stereo, 2-channel UHJ, 2%-channel UHJ,
3-channel UHJ, 4-channel speaker-emphasis UHJ and 4-channel full-sphexre UHJ)
there are seven possible transmission and reception modes - yet the system
design is such that this vast range of possibilities are fully intercompatible.
This flexibility offers unprecedented capability of coping with all present
and forseeable future modes of broadcasting for multispeaker reproduction.
Section 5 below discusses further possible reception modes within UHJ,
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The third channel T,in either bandlimited or full bandwidth form, is placed
into the multiplex signal by quadrature double-sideband suppressed-carrier
modulation of the 38 kHz subcarrier., The fourth @ channel is multiplexed
using double-sideband suppressed~carrier modulation of a 76 kHz subcarrier.
The indication of which mode is being broadcast can be conveyed to the
receiver by means of a code carried by a submerged tone indication method,
such as proposed by Dolby Laboratories. The spectrum of the multiplex
baseband signal in 2, 2%, 3 and 4 channel transmission modes is shown
schematically in figure 9.

In the case of 2% channel transmission, the audio modulation bandwidth of the
38 kHz quadrature DSB signal (the T subchannel) is approximately 5 kHz, In a
2% channel receiver, a simple lowpass filter is used in the T audio signal

path to minimize noise and crosstalk resulting from low cost receiver design.

The UHJ system is the only encoding system so far proposed that satisfies all
of the requirements for 25 and 3 channel use. The encoding of the T channel
has been chosen so that a 3-channel surround-sound decoder still gives
basically correct directional reproduction as the T channel is faded out.
(The basic design theory used to ensure this is summarised in ref. [20]).

By this means, a UHJ decoder for 2% channel broadcasts decodes correctly not
only the low frequency range where 3 channels are present, and the high
frequency range where 2 channels are present, but also the intermediate
frequency range where an intermediate degree of third channel is present.
Also, the listener in a fringe area has the option of reducing the contribution
of the third channel to his reception so as to reduce interference while
obtaining most of the benefits of full 3-channel decoding.

A second feature of the UHJ T signal is that it is designed to have a 90
degree audio phase relationship to the mono signal for due front and due back
sounds. This ensures [23] that typical pilot recovery misalignments in
current stereo recelvers do not produce a stereo channel imbalance when
receiving 2%, 3 or 4 channel broadcasts. Any system employing a quadrature

38 kHz DSB subchannel without a 90 degree audio phase relationship to the mono
audio signal will experience serious positional errors even with stereo
recelvers having only quite small pilot phase errors of a few degrees.

The 3 transmission channel option, as explained earlier, will give the optimum
11lusion of all-round horizontal directionality via UY-speaker decoders, and
the 4 transmission channel option comes into 1ts own with the exciting future
possibilities of full-sphere directionality. The 21 channel option gives
results that much more closely resemble the decoding of 3 channel UHJ than

2 channel UHJ, This option is particularly valuable when used with recording
oxr cable systems which do not have the data capaclity for 3 audlo channels,
but where a limited data capacity exists that can be used for a bandlimited
third channel. Additionally, receiver design for 2% channel reception is
less critical than for 3 channel reception, since it avolds crosstalk effects
caused by baseband lowpass filters often used in receivers to minimize SCA
interference.

The 2, 2% and 3-channel UHJ modes allow broadcasters to continue using the
conventional 67 kHz SCA subchannel, If a 95 kHz SCA subchannel proves
acceptable, then the 4 transmission channel UHJ mode will also allow use of
SCA.,
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Thus the broadcaster can choose the UHJ option that suits his/her needs now
and upgrade to a higher option later. For instance, 2 channel UHJ can be
broadcast over exlsting 2-channel transmitters simply by using UHJ-encoded
2~channel software.

1 channel UHJ can be used with software media having enough spare channel
capaclty to allow the additlon of a 5 kHz bandlimited audio channel. 3 channel
UHJ is the best horizontal surround-sound option and SCA can continue to be
used, Finally, a broadcaster can go to the full 4 channel UHJ option if
elther there is a demand for "speaker emphasis" reproduction or when full-
-sphere software becomes avallable.

Although the commerclal avallability of full-sphere sound is llkely to be

a long way off, due to the rather large number of speakers needed, the
technology of full-sphere reproduction has been demonstrated and developed.
This 'high-end' option of full-sphere ("periphonic") directional reproduction
can be used to provide the ultimate in elther realism or effects-capability
of known gsystems. In applicatlions where reallism ls important, periphony
provides a substantial improvement in perceived tonalaccuracy over the finest
stereo or horizontal surround-sound reproduction systems, and a large number
of commercial recordings now exist in a mastertape form which contains the
full periphonic information of 4-channel UHJ. Besides such commercial music
recordings, the BBC has done a number of periphonic radio drama productions
(247, and studio equipment is available from professional equipment
manufacturers that permits the studio productlon of periphony of either
natural or studio-created effects, Additionally, the psychoacoustic
Ambisonic decoding of periphony has been dsveloped [25]. Despite periphony
not being commercially viable in the short term, it would be unwise to adopt
surround-sound system standards that will not permit the painless future
introduction of this future step forward in the sound reproduction art.

To summarize, the range of mutually compatible services offered by UHJ
would appear to meet not only currently perceived needs of broadcasters,
but a whole range of new possibilities that will help ensure that FM
broadcasting will remain competitive with other media well into the futuxe.
The mature systems design of UHJ also offers the listener the option of
his/her cholce, All UHJ optlons include the basic mono, stereo and 2
channel surround-sound possibilities,

5. VIDEO AND OTHER APPLICATIONS OF UHJ

Besldes mono, conventlonal stereo and the various surround-sound options
detailed above, the fact that UHJ conveys a total directional sound field
permits other kinds of reception option for the end-user.

One use is in video media, where it has been suggested that 3 channels could
be used to convey separate stereo-left (L), stereo-right (R) and center (G)
signals so that the important "center" sounds should be locked in place at
the televislon screen for all listening/viewing positions. If the L, R and C
signals are encoded into 3-channel UHJ at respective azimuths 75 degrees left
of, 75 degrees right of, and at center front, then these signals can be
decoded either via UHJ surround-sound decoders or as feeds to L, R and C
speakers in a manner that is fully cross-compatible. In other words, a
surround-sound decoder would respond appropriately to a L,R,C broadcast,

and a 3-speaker reproducer would respond appropriately to a full UHJ 3
channel surround broadcast. Mono and stereo reception in elther case would
be fully compatible,
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Additionally, the use of UHJ with video media permits all directions of sound
to be handled with full mono and stereo compatibility, unlike some cinema
systems in which a monophonic "sound-effects" channel is added for
non~-directional reproduction through loudspeakers surrounding the audience.

In mono reproduction, the sound effects channel in such systems 1s largely
lost, but this problem does not exist for any position in the UHJ sound stage.
Equipment for converting between UHJ and current cimema standards will be
avallable for allowing cimema soundtrack material to be converted to UHJ

for domestic video release and TV broadcasting, whers mono compatibility is

a prime requirement.

Another application of UHJ is to provide listeners with a high degree of
control over the reproduced mix of sound in all reception modes from mono to
full-gphere sound. Elsewhere [2 ], methods have been described of mixing
the W,X,Y,Z signals derivable from UHJ (see Appendix C) to derive arbitrary
stereo palr directional characteristics pointing in any direction, which
could be used by stereo listeners to derive desired mixes from 3- or 4~
channel UHJ transmissions. The same reference [ 2] describes techniques of
sound field control that allow electronic modification of the total sound
field without destroying those relationships between the component signals
that are characteristic of actual sound fields., By this means, it is
possible for users of 3- or 4-~channel UHJ to obtain the subjective effect
of moving forward or backward, or in any other direction, by increasing the
intensity of sounds in that directlon and diminishing in the opposite
direction, without affecting the psychoacoustic quality of surround-sound
decoding given by Ambisonics. This sound field control has hitherto only
been implemented on professional equipment, but domestic versions are feasible.

A similar possibility exists in decoding 2-channel UHJ also, and a commercial
domestlc decoder has been marketed incorporating a "zoom" control permitting
subjective movement forward or backwards within the UHJ surround-sound stage
without losing the psychoacoustic qualities of Ambisonic decoding. As can
be seen from the block dlagram of this decoder (see Appendix C, figure 02),
this adjustment takes place entirely within the phase~amplitude matrix of the
decoder., Besgides this kind of zoom effect, all Ambisonic decoders can be
modified in design to allow the user to rotate the reproduced sound field to
"point" in any direction,

With these possibllities, UHJ becomes a medium permitting not only an
accurate recreatlon of an intended sound field, but also the modificatlon of
thls soundfield to cope with wide differences in the tastes of individual
listeners and their circumstances. For example, some listeners may wish

for an "upfront" presentation emphasizing the frontal stage and de-emphasizing
ambience and rear stage sounds, whereas others might prefer listening with a
more distant perspective.

6. RECEIVING APPARATUS

Although the number of reception options for UHJ 1s extremely large, in
practice the sltuation is llkely to be simple for each class of user, since
the designer and manufacturer of receiving equipment can take care of any
complexities of technical option by automatic switching. Such automatic
switching is slmplified by the fact that several parts of an Ambisonic decoder
are common to several different decoding modes.
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The lowest cost apparatus, for in-car, music-center and portable reproducers,
may well consist of a simple 2-channel 4-speaker UHJ decoder with no mode
switching. Such apparatus is also likely to include features of the
Ambisonic technology designed to make the benefits of the Amblsonic approach
available to even the listener with a limited budget. These low-cost options
include a means of correct 4-speaker decoding using only 3 power amplifiers
feeding four loudspeakers via a “speaker matrix" - see fig. 10. Additionally,
low cost decoder networks using the minimum possible number of phase
shifters are possible as described in Appendix C. Both these cost-cutting
options are also avallable to users of 2% and 3 channel receiving apparatus,
with virtually no sacrifice of subjective performance in comparison with
normal design compromises in this class of equipment.

In medium range high fidelity equipment, relatively simple mode switching

of a few resistors (and filters for the 2% channel mode) will allow the

user (either by manual or automatic operation) to use the best mode available.
Again the above-mentioned cost cutting options are available to receiver
designers. Alternatively, a recelver incorporating 4 power amplifiers can
include a 6-speaker decoding option at virtually no extra cost ~ see fig. 10.

Figure 10 shows the speaker connections for 4-speaker decoding using 3
amplifiers or for 6-speaker decoding using 4 amplifiers, It will be seen
that these arrangements do not depend on special speaker impedences or the
like, but merely use connecting wires between the speaker terminals and
the amplifier outputs.

All Ambilsonic decoders, whatever their price level, depend on the principle
illustrated in figure 11, (see references [21]'[18j). An initial phase-
-amplitude matrix converts the UHJ encoded input signals into 3 signals:

W representing the acoustical pressure at the center of the listening

area, a "forward velocity" signal X representing front-minus-back directional
information and a "leftwards velocity™ signal Y representing left-minus-right
directional informetion. An "up-minus-down" signal Z is also used for
decoders giving full-sphere reproduction.

These signals are then passed through shelf filters with different gains at
low frequencies (below 700 Hz) and high frequencies (above 700 Hz) so as to
compensate for the frequency-dependent properties of human hearing. These
filters in practice are also used to ensure a flat overall frequency response
for all directions, and full interchannel phase compensation. Highpass
filters in the velocity signals compensate for the finite size of the
loudspeaker layout; these affect only the very lowest audio frequenciles, but
their effect on the phase response of the X and Y signals can compensate for
defects caused by loudspeaker proximity to the listener for certain types of
signals,

The output of the Ambisonic decoder is an amplitude matrix specifically
matched to the number of loudspeakers and the layout shape., For rectangular
loudspeaker layouts, a potentiometer is to modify the amplitude matrix
coefficients, so that it is a simple matter to adjust for the layout shape
in much the same manner as one currently uses a balance control, Experience
shows that the compensation for the particular loudspeaker layout in use is
vital for the subtle sense of "correctness" of sound quality that makes

gond surround-sound superior to stereo.
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Using Amblsonic decoders, a number of interesting characteristlcs have
emerged. It 1s found that removing the shelf filters not only degrades

the precision of localization (as might be expected), but also alters the
tonal quality of reproduction, makling it less natural. This appears not to
be a simple frequency response effect, since care is taken in the design of
Ambisonic decoders to ensure a flat overall freguency response. [A tone
quality change 1s also noted when switching between different decoding
matrices having no shelf filters, which automatlically have flat frequency
responses.| The psychoacoustic "metatheory” [18] of human hearing used to
design decoders in fact incorporates a method of analyzing some aspects of
subjectlive tonal quality, and the optimlzed decoders are indeed found to

be more accurate.

Another aspect of Ambisonic decoding is that the loudspeakers tend to be
audibly "invisible", i.e. with eyes shut, 1t is difficult to determine
where the loudspeakers are located from the reproduced sound, since they
tend not to draw sounds towards them[S]. Naturally, thls depends to some
extent on speaker design, since it has been found that the requirements
for speakers for Ambisonics are not always the same as for stereo, just as
in an earlier era 1t was dlscovered that good mono speakers were not always
good stereo speakers.

7+ CONCLUSIONS

We have described some aspects of what makes Amblsonics, and its assoclated
UHJ encoding system, a unique development in surround sound. While
Ambisonics developed via the knowledge acquired attempting to avoid the
problems of "quadraphonices", 1t has become a comprehenslve systems approach
to sound reproduction that 1s based on rational engineering design among
known possibilitles, rather than hopeful guesswork,

Quadraphonlics, including its known limitations and weaknesses, can of
course be handled via UHJ. This is important if only to rescue the large
amount of program material existing in this form. However, the full
advantages of UHJ can only be realised wilth program material and decoders
using the new knowledge and techniques of the post-quadraphonic generation.
Ambisonics, and UHJ, should be thought of as the first systematic approach
to handling and conveying to the listener a total sound field, rather than
some arbitrarily chosen speaker feeds. As such, 1t allows both the
broadcaster and the listener to make thelr own choices (in terms of
convenience and cost) of how good an approximation to the original sound
fleld is to be obtained, without creating unnecessary restrictions on
either current or future possibllities.

Unlike guadraphonics, which was an attempt to apply essentially stereo
techniques to four loudspeakers, Ambisonies represents a major departure

in the development of high fidelity sound comparable to the jump from mono
to stereo. As such, 1t has its own language, concepts and techniques.

It will be recalled that the eaxrly days of stereo involved crude “ping-pong"
attempts to treat stereo as Jjust double mono. The "quadraphonic" attempt

to treat surround-sound as mere double stereo will in retrospect appear just
as misguided.
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APPENDIX A, UHJ ENCODING EQUATIONS

The Universal HJ (UHJ) system is a system of encoding sounds in all spatial
directions into 2, 3 or 4 channels of audio., The two basic channels, L and
R, are intended for use via conventional stereo medla, conveyed via the
regpective left and right transmisslon channels. An optional third
supplementary channel T is used to convey enhanced directional resolution
for horlzontal sounds, and an optional fourth channel Q additlonally
conveys elevation information (above or below horizontal) for periphonic
(full-sphere) reproduction. The Q channel can alternatively be used to
convey the "speaker emphasis" effect.

The encoding equations for UHJ are convenlently described in terms of the
signals Zo=L+ R and A= L ~ R , rather than L and R. The latter may be
recovered by the equations L = +(Z+A) and R = £(R-A) . The symbol

j= §-T is used in the following to indicate a broadband relative 90 degree
phase advance.

UHJ encodes horizontal sound signals S from a direction € (measured
anticlockwise from due front) via the equations :

T = (0.9397 + 0.2624 cos0)8
A = (~0.34203 + 0.7211jcos® + 0.9269 sind)s
T = (~0.1432j + 0.9209jcos® - 1,0000 sin®)S

Figure Al shows a PQ dlagram [26] of 2-channel UHJ, i.e. a plot for horizontal
azimuths © (at 2214 degree intervals) of Q.= Im [(I-R)/(1#R)] against -P =
Re[ (R-L)/(1#+R)]. The diagram indicates the positlon occupled by a left-only
sound by L and a right-channel only sound by R.

Let W,X,Y,Z denote the four signals constituting B-format [-_4],[2], vwhere W
has gain 1 for sounds from all directions, and X,Y,Z have figure-of-eight
(cosine) responses with peak galn \/'é' pointing respectively forward, leftward
and upward. For sounds from an azimuth © (measured anticlockwise from due
front) and at an elevation angle n above horizontal, the respective gains
of W,X,Y,Z are:

W 1‘/__l

X+ ¢2 cosP cos
Y /5‘ sin® cos:';l,
Z ﬁ sinn .

Then in terms of B-format, the full-sphere UHJ encoding egquations are:
S = 0.9397 ¥ + 0.1856 X
A = §(-0.3420 W + 0.5099 X) + 0.6555 Y
T J(-0.1432 W + 0.6512 X) - 0.7071 Y
Q 0.9772 2 .

Speaker emphasis encoding for 4 channels encodes a sound S from the
horizontal azimuth € via the above equations for £, A, T , and the fourth
channel Q 1s encoded via

Q =(ajsin20)g ,
where 0 € a € 1 1s the chosen degree of speaker emphasls.
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APPENDIX B. MUITIPIEX EQUATIONS FOR UHJ FM BROADCASTING

The UHJ signals &, A, T, Qare incorporated into the baseband multiplex
signal for FM broadcasting via the equation:

$=[2]+[ asin Wyt + Asin 2wt 7+ [ ATcos 2ot 73+ [B Qsin met],

where w_ = 2 % 19000 sec-l, t = time in seconds, a4 = 8% to 10%,

Q’ is the signal modulating the FM carrier, 100% deviation is 75 kHz,

A and B are {possibly frequency-dependent) positive gains, and the 4
siérials =, A, T and Q are all subjected to 75 psec pre-emphasis.

Foxr 2-channel UHJ, the galns A =8 = 0,
For 3-channel UHJ, A 1 and B =
For 4-channel UHJ, A g =1,

For 2%i-channel UHJ, B = 0 and the positive gain A is frequency-dependent,
lying between 0,9 and 1.1 between 30 Hz and 1.5 kHz, and between 0.5 and
1.1 between 1.5 and 4 kHz.

]

u

The freguency spectrum of the baseband multiplex signals for these options
is shown schematically in figure 9.

APPENDIX G, AMBISONIC DECODING EQUATIONS FOR UHJ

A variety of algorithms can be used to decode the various UHJ options, and
it is not intended here to attempt a comprehensive account of all
possibilities, but simply to examine some typical psychoacoustically
optimlised Amblsonlie decoding algorithms. Future developments may well
yield more refined algorithms. Aspects of information presented here and
elsewhere in this paper is the subject of patents granted to NRDC.

Cl, Horizontal Speaker layouts

All algorithms here derive so-called "E-format" signals W', X', Y', and B’

by means of a phase-amplitude matrix acting on the UHJ input signals. These
are then passed through shelf filters having accurately matched phase
responses over the audlo band, producing signals W' = kW', X" = kpX' and

¥" = kpY' + k'kaB', where ky, k; and ka are frequency-dependent positive
galns, and where 0 < k' € 0.7 is a fixed gain termed the "forward preference"
of the decoder. Rectangular loudspeaker layouts with speakers LB, IF, RF
and RB at respective azimuths £' = 180° - 4, 4, - 4, ~180° + ¢ (measured
anticlockwise from due front) are fed wlth respective signals

R [S = %(W" 1 X" o+ 1 Y")

:f2" cosp’ V2 sing

A regular polygonal n-speaker layout feeds the gpeaker at azimuth /5 with
P4 _x/—_i_'_ (W + /Z cosp X" + 4/Z sind Y)

T



Aa. General horizontal UHJ decoding equations

W' = 0,982% + 0.1975(0.828 A + 0.768tT)
X' = 0.419% - jéo.ezsA + 0.768tT

Y' = 0,18732 + (0.796 DN - 0.676tT

B' = - 0.694JZ% + 0.140(0.828 A + 0,768tT)

where 0 € t € 1 is the gain of the third channel T.
1b. Simplified UHJ decoding equations, using 3 phase shifters

W' =0.,982% + 0,1975(0.828A + 0.768tT)
X' = 0.419% - j(0.828A + 0,768tT)

Y' = (0.8270 - 0.648tT)

B' =0

where 0 £t < 1. ‘When t = 0 (L.e. for 2-channel UHJ), suitable shelf
filter gains are as follows:

low frequencies high frequencies

ky 0.661 1.000
ks 1.293 1.000 .

Figure C1 shows the block diagram of a 2-channel UHJ decoder using these
equations, A commercial implementation uses as few as 12 operational
amplifiers to implement the whole decoder.

1c. 2-channel UHJ decoding equations

W' = 0.982Z + 0.16454 , X
= 0,385j & + 0.763A , B*

where k3, ke and ks are given by

0.419 % - 0.8285 A ,
- 0.69%43 T+ 0.116 A,

0n

low frequencies high frequencies

k3 0.646 1,000
Kz 1.263 1.000
ka 0.775 1.000

This decoder has a substantially flat frequency response for all sound
directions for all values of the forward preference k' between 0 and 0.7.
The block diagram of a commercial implementation is shown in figure C2.

C2. Pexriphonic decoding

Figure C3 shows the block diagram of a typical periphonic UHJ decoder
sultable for a variety of speaker layouts, such as those illustrated in
figure 6., The phase-amplitude matrix satisfies the equations

W=0,982%+ 0,1975(0.828A + 0,768 T)

X =0419% - 5(0.828A + 0,768 T
Y = 0.187J8 + (0.796 A - 0,676 T
Z=1,023 Q.

This matrix can be implemented using 5 phase shift networks, but a simplified
decoder using only 4 phase shift network can be realised by replacing Y
above wilth the signal

Yz = (0.827A - 0.648 T) ,
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Figure 1 Stereo gives good phantom images for a 60° speaker angle (Fig. la)},
but poor phantom images with a hole in the middle for a 90 speaker

angle (Fig. 1lb),

FRONT STAGE

FRONT STAGE

REAR STAGE
QUADRAFPHONICS REAR STAGE
AMB/SONICS

Figure 2 Conventional pairwise quedraphonics is restricted to a 90° wide
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wider usable front and rear stages, even when using only four
loudapeakers.
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Figure 5

Image position versus intended direction at high frequencies

for (1) Ambisonic 3-
(111) QX 4-channel,

channel (i1) pairwise quadraphonics, and
all decoded via a square speaker layout,

Note the attraction of sounds using 4 transmission channels
to the speaker positions (indicated by triangles).
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Figure 6 Typical loudspeaker layouts for full-sphere reproduction.

Other
layouts are posslible.

Note that the cubold and octahedral layouts
occupy only four floor locations, and that the blrectangular layout
incorporates both a conventlonal stereo pair and a horizontal
rectangular layout. Speaker designations: F = front, B = back,

L = left, R = right, U = up, D = down.
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Figure 7: Typical stereo presentation of UHJ material. The
precise form of sterec presentation depends on the
nature of the program material.
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Figure 8 UHJ is a hierarchy using 2, 2 12, 3 and 4 channels
intercompatibly.
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PQ diagram of 2-channel UHJ encoding, showing, for each
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to the location of sounds in respectively, the left and the

right channels only,

- 27 -



- g2 -

TI_

two dif ference

channel|p
input [o—

Sum
and

phase
shifters

z
(sum)

P

A

e
control

JA

differen .
L 2
-JA

LB
W shelf filter
Resistor| Summing Output LF
matrix X shelf filter Matrix p—o
and
Layout RF
control 1Y shelf filter —°
RB
—
switchable
matrix layout
stereo control
UHJ

Figure C1 Block diagram of commercially available simplified 2-channel UHJ decoder
using only 3 phase shifters.

-Loudspeaker
[ feed signals .




¥

_62_

chanmelin

L
Sum

ard

idif ference

input  jo—

w0

stsreo
width
control

phase
shifters LB W
W shelf fitter —°
Resistor Summing Output LF
. ifi il Matrix }——>o
. matrix amplifiersi—1X shelf filter — Loudspeaker
-2 and | feed signals
" A Layout : RF
¥ +0 tontrol Y shelf filter —o
) RB
LB shelf filter —
switchable
matrix layout =
stereo control farward
UHJ{al close preference
(b normal control
{c)distant
B format

Block diagram of commercially available 2-channel UHJ decoder using

figure C2

the 2-channel decoding equations of this Appendix



Ly
encoded
periphonic
signals

Figurs C3

—

—]

—

decoda

matrix

shelf

filter 1

shelf

Filberz m
shelf , | |
Filter
shelf i
FHl:er‘2

layout
control

switchable

amplitude

maktrix

1)

-

saeypadspnoj 03

I

Block diagram of periphonic decoder using equations of this
Appendix, suitable for use with speaker layouts of fig. 6.

- 30 -



