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Summary

The Matrix H 2-channel quadraphonic encoding system has been designed to
transmit the maximum amount of directional information consistent with mono and
stereo compatibility,  This report discusses methods of decoding such transmission
signals for ‘surround-sound’ reproduction,

The basic form of decoder is a complex-coefficient linear matrix, but this has
an inherent lack of separation between the output signals,  ‘Logic enhancement’
techniques are discussed, which seek to improve interchannel separations for the principal
sound-source, at the expense of secondary sources.

As an interim measure, a modified commercial logic-enhanced ( ‘Variomatrix’)
decoder was studied, which led to the development of a purpose-built logic-enhanced
decoder for Matrix H, The latter combines the virtues of both linear Matrix H decoding,
and the variable-matrix logic enhancement technique.

All the decoders described are capable of providing a good surround-sound
reproduction,  In particular a purpose-built Matrix H logic-enhanced decoder has been

shown to exhibit a performance very close to a discrete 4-channel system; the failings
normally associated with logic-enhanced decoders are almost inaudible,
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QUADRAPHONY: DEVELOPMENTS IN MATRIX H DECODING
P.S. Gaskell, B.A.
P.A. Ratliff, B.Sc., Ph.D,

Terminolfogy

For brevity in this report, abbreviations for directions
with respect to the listener are frequently used; these
are defined in Diagram A. “The loudspeaker positions
are sometimes referred to as ‘corner locations’, and the
span between any adjacent pair of loudspeakers is referred
10 a5 2 ‘quadrant’. The four quadrants are specifically
defined as ‘front’, ‘back’, ‘left’ or ‘right’, as appropriate.
Signals associated with a particular loudspeaker are similarky
designated by the appropriate direction symbol; the
origination signals are shown unprimed, whilst the decoded
signals are shown primed, Matrix encoded signals
corresponding to conventional sterec left and right signals
are denoted by Ly and Ry respectively. A list of symbols
is given beiow,

List of symbols

Ly, Re etc quad origination signals

U'e, R'g etc. decoded quad signals

Ly, Ry matrix encoded 2-channel (stereo} signals
f front

}b :;:k logic control signals

r right

% linear-decode matrix coefficients

rid polar representation of vector, of modulus

r and argument § degrees,

1. iIntroduction

The Matrix H 4-2-4 quadraphonic matrix systemn was
designed primarily to overcome the mono and stereo
compatability limitations of other proposed 4-2-4 matrix
systems,! whilst retaining the ability to provide worthwhile
quadraphony. inorder that the quadraphonic reproduction
should provide a significant subjective enhancement of
the sound sensation together with a greater sense of
realism and involvement for the listener, the decoding
system employed must be effective in extracting the
directional information contained in the Matrix H coded
two-channel signals,

The decoding of Matrix H signals is not limited to
one method and it is the purpose of this report to discuss
some of the decoders that have been developed to date.
It is highly probable, however, that developments will
continue to be made in the field of decoding,
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Cg

Diagram A - Quadraphonic loudspeaker array for repro-

~ duction of surround sound-stage, showing direction abbre-

viations

Cg centre-front, Rp rightfront, CR centre-right, Rg right-back,
Cpg centre-back, Ly left-back, Cy_ centre-left, L feft-front

Three methods of Matrix H decoding are described
in this report, a basic finear matrix decoder, a modified
commercial ‘logic-enhanced’ decoder, and a purpose-built
Matrix H ‘logic-enhanced’ decader, ’

2. Matrix H linear decoding
2,1, Basic linear metrix

The fundamental method of decoding employs a
basic linear matrix formed by taking the ‘complex
conjugate’™ of the encode matrix thus:-

[-L'F- -_0-940 {=1Q°, 0342 [g5°
R'g 0342 [=65°, 0940 /10° Ly
Ua| {0040 g0, 03421180 Ry
R'g J 0342 /115°, 0.940 z;g_&_

* 0 called because the column alements in the decode matrix
are the complex conjugates of the row elements in the ancode
matrix,



This resuits in a0 overall transfer function tor the Matrix H

system, expressed in polar co-ordinates, of -
§

r-f_'; ‘:-000 0°, 0644  [55°,
R'e 0644 [-B5°, 1000  /QO,
L'g ) 0791 [40°, 0193 /183°,
_R'B | “0-193 [=183°, 0791 /-40°,

The response of this system to the eight cardinal
stage locations is Hlustrated in Fig, 1. Each small square
describes the decoded output signal-refationships corres-
ponding to the appropriate cardinal position: thus the
wp-centre square refers to the decoded outputs for a
Cg {centre-front} encoded input signal. The numbers in
the corners of each small square represent the relative
phase-angles {in degrees) of the four output signals,
arranged 1o correspond to the loudspeaker array arotnd
the listener {see centre-square}. The numbers associated
with the arrows indicate the ‘separations’ (in dB) abtained
between the ‘wanted’ signal output and the ‘unwanted’
or crosstalk signals from the other outputs. Taking the
top left-hand square as an example, this shows the decoded
outputs obtained for an input signal encoded at the Le
position.  The separation between L'g and R is 3-8 dB,
between L'c and L'g is 211 dB, and between L'y and
R'g is 143 dB,  The relative phases of the crosstalk
signals, compared with the ‘wanted’ L'F output, are —55%
for R'g, +40° for L'g, and —163° for R'g.

it will be seen that low separation figures are obtained
between adjacent outputs, and this characteristic is typical
of two-channel linear matrix systems, since only two
outputs can be completely isolated. However, in the case

0 F s« 55,0 | 240 2% 55° lfpre— ()@
3848 l 3-8y
14-348 6-4d8 14338
2108 \ ' 1 / 2:1d8
40° -163°[53° ~53°463° -409
-18° -73° % Q 73¢ 18°
8-8d8 O 8-8d8

18° 108° & 4 -10B° -48°

-40¢ -163°|-47¢ are|1630 490
21dB / r \ 2-1d8

14-3dB 14-3dB

43d8 3-8&

0° e 90° | 330 33272907 e 0

Fig. 1 - Performance chart for basic Matrix H linear
decoder {see Section 2)
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0-791
0-193
1-000

0-644

of Matrix H decoding, greater saparation exists in the
foft/right direction than in the front/back direction, This

(=400, 0193 [ 30] L:
[=163°, 0791 [40°| |Rg
(Q°, 0644 [=90°] |Lg
(90°, 1000 /0°| |Rg

is intentional since, for a forward-facing listener, it gives a
greater accuracy of localisation around the sound-stage than
a symmetrical distribution. '

2.2, Phase-modified linear matrix

Earlier work on the properties of hearing refevant
to quadraphonic reproduction? showed that the phase
relationships between the output signals are also important,
The output for a Cp encoded signal in Fig. 1 shows a
420 phase-difference between the ‘wanted’ signals, which,
together with low separation to the phase-shifted rear-
channel output signals, causes some diffusion of the Cr
image. By phase-shifting the front-channe! output signals,
this effect can be substantially reduced without signifi-
cantly degrading the output for other positions; centre-
side positions are tolerant of increased phase-difference,
In addition, image localisation at the front corners is
improved,

The phase-modified linear matrix may be convenient-
ly expressed in polar co-ordinate form:-

o] [ossorze0, o032 gmso]
R'e 0342 /559, 0-840 /209 Lt
Ug| ~ |oov4o s, o0342/-115°| | Ry
R'g ] 0342 /115°, 0940 /280

This has a performance shown in Fig. 2. It is seen that
the separation figures remain unchanged, but since these
are small, the comparatively small changes in the relative
phase-angles of the crosstalk signals noticeably improve
the subjective performance of the decoder.

The introduction of phase differences between the
‘wanted’ and the crosstalk signals has the effect of
decorrelating the signals and of subjectively increasing
their apparent separation. Thus the greatest phase-
differences are arranged to occur for crosstalk signals
opposite the ‘wanted’ source direction, although their
magnitudes must be carefully controlled.  There is an
optimum balance between, on the one hand, a ‘phasey’
oppressive sensation and nasal sound-quality, when too
great a phase-difference is employed, and on the other, a
close and bass-heavy sound-quality, when 100 little phase-
difference is empioyed.2

In the phase-modified decoding matrix, the various
phase and amplitude relationships between the decoded

.
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Fig. 2 - Performance chart for phasemodified Matrix H
linear decoder (see Section 2)

signals have been optimised, and in analytical, single-source
localisation tests this decoder gave accurate image4ocal-
isation for a centrally-positioned listener. However, when
the tistener moved away from the centre-position the
directional information became diluted, although the sound
sensation was still pleasant, When istening to programme
material, listeners commented that, although an extremely
pleasant sound sensation was produced, the sounds appeared
to be rather close to the listener.

3. Logic enhancement
3.1. Introduction

It is apparent that for a larger usable listening
grea, signal separations are required which are greater
than can be provided by linear matrix decoding. These
can be obtained by applying so-called ‘logic enhancement’
techniques to the decoding process, The decoder is still
based upon the linear matrix of the system, but “logic’
circuits are introduced which detect the principal (loudest)
sound-source focation and vary the decoding parameters
to enhance its subjective localisation, in principle, a
logicenhanced 4-2-4 matrix system is capable of re-
producing sources at any single location with the same
fidelity as a 4-channel discrete system. However, it is a
fundamental limitation of such matrix systems that sources
at different locations cannot all be reproduced faithfuily
at the same time, Fortunately, there are ways of
masking the deleterious effects of logic-enhancement by

exploiting certain insensitivities of the human hearing _

system,

The overall performance of such a system is charac-
terised by the basic linear matrix and the way in which the
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logic enhances the principal source.  Logic decoders so
far developed employ either ‘gain-riding® or ‘variable-
matrix® enhancement: these two techniques wili be
described briefiy,

3.2, Gain-tiding logic enhancement

The gain-riding method appears to have been first
proposed by Scheiber® and many variants have since been
suggested.  In its simplest form (see Fig. 3), logic circuits
vary the gain of the linearly decoded signals to give greater
separation between principal-source signals and the associa-
ted crosstalk signals; the logic signals are themselves
derived from the linearly decoded signals. This process
may be expressed as:- ‘

—L'F- 1 ] 1.0 2“

R'g T ay @ | [ty
Le| ~ b “31,%2| |Ry
R'g ) “41,“42J

where I, ry, Iy, ry, are the logic signals and G, q are the
linear decode coefficients, '

Tests? have shown that the minimum audible cross-
talk levels for corner and centre-quadrant souree locations
are about 20 dB and 13 dB respectively. To realise this
order of separation with a gain-riding logic system, the
crosstalk channels must be attenuated by a similar
amount (the basic matrix normally provides about 3 dB
of separation), However, secondary sources (quieter
than the principal source}, at positions different from that
of the principal source, will be attenuated similarly, This
can lead to secondarysource ‘gain-ducking’ and ‘image
movement’, although the residual crosstalk signals from
the linear matrix sometimes serve to dilute the effect,
Careful choice of the attack- and decay-times of the fogic
action can also help to mask the immediate perception of
these effects, but only to a limited extent, :

Apractical decoder will normally be more complicated
than is implied in Fig. 3 with features that attempt to
overcome some of the undesirable effects of gain-riding
enhancement, Some decodsrs include a logic-controlled

: > ||
Lo ; 2.5 o uF
basic )?S > Re
: matrix > > |
R B\( ?
Rg

logic circuits

Fig. 3 - Logic-enhanced decoding — gain-riding



blend-circuit between two of the output channets, which
operates in a way similar 1c the variable-matrix technique
{dascribed in the next section), albeit after the linear
decoding process has taken place. Nevertheless, the overalt
performance is characterised by the major form of logic
enhancement znd by the basic matrix,

3,3, Variable-matrix logic enhancement

This technique was developed by ito and Takahaghi®
and has been reported in several papers.® The principle
involved is illustrated in block diagramy form in Fig, 4,

It is appropriate at this point to discuss briefly a
variable-matrix logic decoder first employed in the QS
quadraphonic system, In this form of variable-matrix
decoding, front/back and left/right ‘directional detection’
takes place in the logic circuits, and the decoding equations
are given by:-

L'e = [ (140 (Ly=Ry)  +  (+0VZRy] KO
Re = (1N (Ly=Ry)  + (V2L ] Q0
t'sg = [ (+B)(Ly+Ry)  — (14 V2 Rp] (=000
R'g = [ (1#0){Ly+Ry)  — (142 Lp]  f00°

where f, b, I r are the logic signals.? Whenf, b, 1, r =+/2—1,
this expression is identical to the linear decoding matrix
for the GS system, and represents the operating point of
the decoder,  As enhancement takes place, the logic
signals vary between the values 0 and /2 according to
the directional information,

The merit of this technique is that high separation
for a principal soundsource is achieved through can-
celiation of the appropriate pair of terms in the equations
and, as a result, the logic signals {1 + f, etc.) need vary
by only about 8 dB, With the gain-riding system
the variation of the logic signals can be 20 dB or more
for a similar order of separation, For z variablematrix
system, the variation in level of both the principal
and secondary sources should, therefore, be less affected

L= variable == Rp
matrix _)-—Lé
R .
7= =3 Rg
AAAAN
T logic
circuits

Fig. 4 - Logic enhanced decoding — variable-matrix
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and, more importantly the degree of image movement
should be less. Image movernsant is caused by the decode
matrix being skewed to enhance the principal source,
and secondary sources can, consequently, be mislocated.
The displacement of the secondary image varies with
the logic signals and, as the principal source changes,
the secondary image is heard to wander,

As with practical realisations of the gain-riding
technigue, variable-matrix decoders include features to
mask or overcome the side-effects of logic-enhancement,
A fast attack-time and slow decay-time are used in the
logic ~ circuits, as before, and band-splitting or linear
blend-circuits may aiso be included. However, a brief
analysis of the equations describing the decoding process
indicates that fewer unpleasant effects may be expected
with variable-matrix logic-enhancement than with gain:
riding.

3.4. Subjective assassment

In any acoustic study, the performance of a system
should be assessed subjectively, During the past few
years, many practical decoders have been developed, based
on both the two logic-enhancement techniques. Many
of these have been assessed at Research Department in
extensive subjective investigations. Single-source localisa-
tion tests (similar to those described in Ref, 7) were
undertaken, and the more successful logic decoders were
also assessed using a variety of quadraphonic programme
material.

Both the analytical locatisation tests and the assess-
ments based on multi-source programme material showed
a clear preference for the variable-matrix type of logic
decoder,

It should be noted that the basic linear matrix, to
which logic-enhancement is applied, also plays an important
role in the overall performance of the decoder. The basic
matrix of the best decoder of each type was assessed,
therefore, in further subjective tests. Although neither
was capable of reproducing an effective surround sound-

stage, a slight preference was expressed for the basic

matrix used in the variable-matrix decoder. This
difference is not thought to be significant in accounting
for the better performance of the variable-matrix,

The mathematical considerations of the two types of
togic-enhancement appear to be fully endorsed by the
subjective tests, and the variable-matrix technique should

provide the more successful method of logic enhancement’

for Matrix H,

Two methods of logic-enhanced decoding for Matrix
H have so far been investigated. The first was an adaption
of a commercial QS—X2 ‘Variomatrix’ decoder, by the
addition of a 60° wideband phase-shift, and the second
involved the application of variable-matrix logic enhance-
ment to Matrix H linear decoding. These will be discussed
in the following sections.
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4. A commercial logic decoder modified for
Matrix H ‘

4.1. General description

In order to approximate the QS decoder (see Fig. 5)
to the Matrix M encode, the phase of the Ry input signal
was advanced by 60° relative to the Ly input signal, as
shown in Fig, 6, In addition the logic action was
adjusted to give slightly reduced separation figures, The
block diagram shown in Fig, 5 may be considered in two
parts, viz the variable-matrix and the logic circuits; these
wilt now be discussed,

4.2, Analysis of variable-matrix logic enhancement

The decoding equations for the QS variable-matrix
madified for Matrix H may be expressed as:-

Up= (14 (Ly—Ry [60%)  + (141 VZ Ry G0

Rlig=—(19) (Ly~Ry [609) + (117 Ly
Ug= (140} (Ly+Ry [60°) ~ (140 /7 Ry /600
Rlg= (14B) (L7 4Ry (60°) — (1417 L,

(PH-189)

{an overall power<orrection factor of 0-654, and also
the output phase-shifts, have been omitted), The logic
signals, f, b, I, r, may vary between the values 0 and
\ﬁfabout a ‘duiescent’ or operating value of \/-2_—1, at
which point the equations approximate broadly to the
basic linear decode Matrix H, When logic enhancement
takes place, the control signal(s) corresponding to the
direction of the principal sound-source increases in ampli-
tude, whilst the control signal{s) corresponding to the
opposite direction decreases.

input

phase - matrix H
t
shifters w outpu‘ ‘S
F LE
L > ° L i
T/ 0 T Q@s-x2  REF>—R:
S logic decoder Lgp=d—1ig
Ry —>160 Ry Rg =Ry

Fig. & - Block diagram of QS—X2 logic decoder modified
for Matrix H



4.2.1. Single sourcas

The way in which single or principal sources are
dacoded will be treated first.  Logic enhancament not
only increases the desired interchannel separations, but
dlso varies the level of the ‘wanted’ signals relative to
their basic matrix values, ldeally, the overall input/output
power law of a source should be constant with azimuth,

With the basic matrix, the crosstalk signais make a
significant contribution to the total power (r.m.s, sum)
and the power versus azimuth law is constant to within
11 dB, ’ :

With logic enhancement, signal separations are in-
creased and the crosstalk signals contribute only a small
amount to the total power, Further, for corner focations,
the {evel of the wanted signal is increased by the logic
action by nearly 5 dB above that given by the basic matrix,
whiist for centre-quadrant sources, the level remains the
same, Nevertheless, the total power law is constant with
azimuth to within 22 dB (cf. %1 dB for the basic
matrix}, and the average power is 1 dB higher than that
given by the basic matrix. These differences are small,
and the variation in level is unlikely to be audible,

These points may be illustrated by two typical
examples (Cg and Lg).

a) A Cg source is coded by Matrix H as

Ly = 0828/0° Ry = 0-828/-48°
With logic enhancement, the logic signals will be approxi-
mately £ =2, b = 0,1=r=+2-1 (\/2—1 is the quigscent
value}, and Lg is then decoded as

Ug = (14) 0828 (1-1/12°) + (1+1) /2 . 0:828 [12°

givfng gl = 1:67 with logic-enhancement

and 165 with the basic matrix,
The same result holds for R'g.
b) A Lg source is coded as

Ry = 0-342 [-750

and the two logic signals /, /, associated with Lg decoding
are both high at v/2. The Lg decoded signal is therefore

LT o= 0-940 m_?,

LU'g = (14 (0:340-0-342 [=15°) +
+{1+D /2. 0342 [=15°

giving L'g = 2'60 with logic enhancement.

This levet is ((1+/2)A/2), ie. 46 dB, higher than the
basic matrix value. The same is true of other corner

sources,

These two source positions may also be used as
examples to show how high separation is achieved. For
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a Cp source, the crosstaik 1o Ly (equal to the crosstalk
10 Ryl is given by

L'y = (145) 0828 (151 £12°) — (14/) /2. 0-828 {129
= (14b) 1-647 [6° — 1656 [12°

This has a minimum value of 0173 when b = 0000
giving & maximum separation of 19:7 dB.

For a Lg primary source the crosstalk to Rg is
given by

Rk = —{14f) {0940 — 0-342 [=15°} + (141} /2, 0:940
= {14/ 0-616 /8:3° + (141} 1-329

if f = /2, the minimum value of R’z is 0-214 given when
r = 0107 and corresponds to a maximum separation of
21-7 dB.

These two examples show how the two terms on
the right-hand side of the equations cancel to give high
separation and how it is important for them to be
approximately in anti-phase,
matrix it is possible to derive, in a similar way, the maxi-

‘mum separation figures for every principal-source position,

In practice it is difficult to arrange the logic circuits so
that the derived values of the logic signals, £, &, 1, ¥ are able
to give these theoretical, maximum separation figures for
every source location, However, this has not proved to
be a disadvantage for the following reason.

As has been seen earfier, image wandering of
secondary sources is caused by the decode matrix being
skewed to enhance the localisation of pringipal sources,
By reducing separation, and the range of the logic signals
about the quiescent value, the amount by which the
decode matrix is skewed, and hence the amount of image
wandering, is reduced. In this way, the performance
of the madified QS decoder was improved by reducing
the separation for a corner source to about 14 dB in the
front/back direction and 20 dB in the teft/right direction.

4.2.2, Two sources

If two sources are present simultaneously at
different locations in the quadraphonic stage, the situation
is evidently more complex than for the single-source
case, Even if one source is nominally fouder than the
other, programme signals have a wide dynamic range
and the secondary source can often be louder than the
principal source for short, but significant, periods of
time. For this and other reasons {see Section 4.3.), the
iogic signals vary at a rate determined by the programme
content but limited by the time-constants of the logic
circuits.

An extreme case will be considered in which the
secondary-source level is low relative to that of the
principal source, s0 that the logic signals are independent
of the secondary source, [n this exampfe, the principai
source is located at Lg and the secondary source at

—6 -

Having defined the basic————



Cg. The logic signals corresponding to the Lo source
are [ = \/“ ! = \/— b =0,r =0 {nominal walues)| the
secondary source is coded as

Ly=k Ry =k [-48°
These signals will therefore be decoded to give

Wel=k 1 (14) (11 (122} + (1+4)) /2 (1281 =k 3440

{k being a factor less than unity},

R'el=k (140 =1 429V + (1412 1=k 1445
IWgl=Kk 1 (1+b)(1 +1 129} — (1+) /2 [12°] = k 1-45
Rigl=k | (145)(141 [12°) - (141} /2 1=K 060

Clearly there is an imbalance; the secondary source
image is ‘pulled’ towards the principal source at Lg.
the crosstalk signals are increased, and the overall power
of the secondary source is increased (3 dB8 higher than if
it had been the principal source). in practice, the togic
signals vary with programme content and one may hear
the secondary source wandering between Ci and a position
between Cg and L.

The puiling of secondary sources towards the prin-
cipal source is a general feature of this type of logic
enhancement and constitutes perhaps its most serious
limitation. The worst example of image wandering
conceivable is probably that which can occur when two

" sources of a similar level are focated diametrically opposite
one another; however such situations occur infrequently,
Moreover, the ear appears to be relatively insensitive to
secondary source movement, particularly if the attack-
and decay-times of the logic action are judiciously chosen.
Normally, image wandering is not found to be seriously
objectionable, :

Although emphasis has been placed on image wander-
ing, the level of secondary sources also changes as a
tunction of the logic action, it is found that, in most
cases, the total power of the secondary source does not
vary by more than about 3 dB,

4.3, Logic-enhancemant circuits

The logic circuits are shown in block diagram form
in Fig, 5. The encoded two-channel signals are high-pass
filtered before being applied to interchannel levei- and
phase-detectors,” both of which incorporate high-gain,
limiting-amplifiers and phase-discriminators. fn the
level-detector a phase-detector is preceded by a 45°
phase-shifter together with sum and difference amplifiers.
(The interchannel level {ratio) can then be estimated,
independently of the absolute levels of the signals, by
measuring the phase-difference of two derived signals;
these are formed by taking the sum and difference of the
encoded signals, after one has been phaseshifted by 459),
The combination of the limiting-amplifiers and the input

* An this context interchannel level means the ratio of the levels
of two signals, and interchannel phase means their phase-difference.
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filter prior to the detector gives an effective cut-off
frequency of about 100 Hz. However, this is level-
dependent since, for very small input signals, the limiting-
amplifier has insufficient gain to drive the phase-detectors,
and the output level of the detector falls to its quiescent
value,

Both the level- and phase-detectors provide balanced
d.c. outputs proportional to the phase-difference (90°
representing the quiescent value}, These constitute the
logic signals and represent the principal-source location in
the original quadraphonic stage, They drive voltage-
controlled, variable-gain amplifiers, {v.c.a.'s) wvia filters
that determine the attack- and decay-times of the logic
action, The frequency content of the logic signals is
related to the dynamic characteristic of the principal
source, the relative levels of different sources, and the
movement' of a source around the stage.  However, it
is necessary to band-limit the frequency spectrum to mask
the onset and decay of logic enhancement

The gain of the amplifiers in the matrix circuits
varies with the d.c. tevel of the logic signals. Circuits
prior to the v.c.a's determine the ‘law’ of the logic
iijq_r}a!s so that f, b, I, r excurse between the vatues 0 and

2 about the quiescent value of Va-1.

The v.c.a.'s themselves are frequency dependent,
At low audio frequencies they have constant gain so that
the decode matrix is independent of the logic action and
reverts to its basic form. At high frequencies the logic
action is partially bypassed and the separation is reduced,
but stifl to a figure greater than that given by the basic
matrix.

As has been seen there are three frequency-dependent
stages in the logic circuits, i.e. the input-signal high-pass
filtering, the logicsignal time constants, and the frequency
dependence of the v.calts.  All of these are mutually
dependent and need to be carefully matched. The
attack-time of the logic signals should be fast enough
for a new principal source to he correctly located without
transient mislocation or wandering. At the same time,
the phase- and level-detectors require at least a few cycles
of audio in order to derive the logic signals accurately,
and at low audic frequencies, the necessary period is
longer than the attack-time, The input signals are
therefore high-pass filtered. Even so, the pass-band
largely includes those frequencies where the energy of
average programme material is at a maximum {i.e. about
100 Hz to 1 KHz),B and 2 fair estimate is made of the
location of sources, Further equalisation of the input
signals may improve this estimate,

Since the logic signals may vary up to a frequency
determined by the attack-time, audio signals below
this frequency must not be subject to the logic con-
trol, otherwise severe intermodulation distortion may
oceur, For this reason, the v.c.a.s have constant
gain at low frequencies. At higher audio frequencies,
the modutating frequency (i.e, that of the logic signal}
is only a small fraction of the audio frequency and the
distortion under these conditions is almost inaudible,

o



being transient in nature,
4.4. Output circuits
4.4.1. Blend and equalisation

Following the decoding stage, frequency-dependent
blend-circuits are inserted between the corresponding
left and right channels of the four audio output channels
(see Fig, B). At very Jow frequencies {less than 100 Hz)
blend is almost total; thus low frequencies are localised
on the front/back centre-line, With increasing fraquency,
left-to-right separation rises to a maximum at 1 KHz,
but & again reduced at higher frequencies by the h.f.
roll-off of the vical’s,  Typical response curves are shown
in Fig. 7. Because of the frequency-dependence of the
v.c.a.'s, it is necessary to apply high and low frequency
equalisation 10 maintain a uniform overall power response.
An hf, attenuation of 15 dB is effected at the input to
the variable-matrix, and an ILf. attenuation of 3 dB is
effected at the output,

4.4.2, Output phaseshifters

Finally, a phaseshifter is added to each output
channel, These are simple, single-pole, all-pass networks
that introduce constant phase-differences for only a
relatively narrow band of frequencies around 700 Mz,
They attempt to reduce the rather unpleasant sensation
of ‘phaseyness’, but also appesr to cause image blurring.

4.5, Subjective assessment

In subjective tests, the higher signal separations of
this decoder afforded a more open sound than that given
by the basic matrix, with sharper definition of the
sound-stage. However, criticisms were made of image
movement and mislocation of transient sounds, such as
speech sibilants.  Also ambience at the rear of the stage
was t00 narrow, giving the effect of a ‘tunnel of sound’,
Nevertheless, the quadraphonic performance of this de-
coder, together with that of the QS system, was judged
to be significantly better than that of other 4-2-4 matrix
systems so far tested.
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Fig. 7 - Typical separation curves for a L F Soutce given
by the modified Q8 decoder
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5. Matrix H logic decader

5.1. Mathemartical anaiysis
Although the quadraphonic performance of the
modified commercizl decoder was good, it still had
limitations which it would be desirable to overcome,
The design of a new decoder was therefore undertaken,

in which logic enhancement was applied directly to the
basic linear Matrix H,

The Matrix H decoding equations may be written as:-
L'e = { 09407 (Ly—Ry [76°) +1 1282 Ry [75°] /=200
R'e = [~0940f (Ly—Ry [7B°) +71-282 Ly
L'g =1 0940 b (Ly +Ry /40°) —1 1:282 Ry [40°) [25°
] (=68°
where, for linear decoding, the logic signals f, &, I, r are at

their quiescent value of unity, By varying the logic signals
in a similar way to that described for the modified

R'g = [ 0-040b (L +Ry (4Q°) ~71:282 Ly

commercial decoder, high separation for a principal source
can be achieved, .

These equations are realised in the decoder shown
in block diagram form in Fig, 8. This decoder is similar

in many ways to the modified commercial decoder -

and makes use of the same integrated circuits, The
logic circuitry, however, incorporates a number of im-
provements, and more logic outputs are provided to
drive extra variable-matrix circuits. The asudio channels

have been more extensively modified, not only to realise -
the exact basic Matrix H equations, but also to improve _

other aspects of the decoding.

Analysis of the variable-matrix can be performed
in the way described for the modified commercial decoder,
and maximum separation figures have been predicted, This
has shown that adequate separation can be achieved for
most source locations, but for a corner signal the maximum
front-to-back separation is reiatively low (13:6 dB) and
this may displace the image slightly. Separation can be
increased by slightly altering the front and back phase-
angles of the Ry signal from their values of 759 and 40°
respectively,  With this modification, a better overall
performance can be expected; this approach is under
further investigation.

5.2. Input phase-shifters

Accurate wide-band all-pass networks provide appro-
priate interchannel phase-shifts at the input of the decoder.
Ry is phaseshifted by 40° and 75° (relative to Ly) for
the decoding matrix, and by 67° and 229 for the logic
detection circuits. '

5.3. Frequency-dependence of the variable-matrix

As already discussed, in the modified commercial
decoder, the matrix is independent of logic action at low
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Fig. 8 - Block diagrém of Matrix H logic decoder

frequencies and reverts to the basic matrix, However,
at these low frequencies, the basic matrix is distorted
by the left-to-right blend-circuits in the output channels,
which localise low-frequency sounds on the front/back
centre-line,  No such blend-circuits are included in the
Matrix H decoder, since basic Matrix H is capable of
accurately localising sounds without logic enhancement,

This has the added advantage of maintaining high
separation to a lower frequency {see Fig. 9} and as a
result, the total energy of the crosstalk signals is less
for the same maximum separation figure (at 1 KHz),
This permits a reduction of the logic action so as to
reduce image wandering, whilst still maintaining adequate
separation,

The logic signals modulate the audio signals and
the removal of the blend-circuits might be expected to
result in audible intermodulation distortion (see Section
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4.3.). However, in practice no evidence of this has
been found, possibly because the distortion is of a
transient nature,

At high frequencies (above 1 kHz}, the high separation
of mid-band frequencies is maintained by not restricting
the high-frequency response of the v.c.a.'s in the variable-
matrix, as in the commercial decoder (see Fig. 3). '

5.4, Phase-correction of the output signals

Work on the effects of interchannei phase-differences
on the localisation of guadraphonic images"’ has shown
that even small phase-differences (of the order of 20°)
can sometimes displace or blur an image. There is also
evidence that adverse phase-differences can increase the
audibility of image wandering in the following way. If
a large phase-difference exists between two principal-source
signals {for a Cg source, say), the image is displaced and

-
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even small additional variations of phase can cause the
image to wander, If, on the other hand, the phass-
difference is smali, the same variations will have a negligible
effect,

Great care was taken, therefore, in the design of the
output phase-shifters, to ensure that the proper phase
relatlonships exist between two principal-source signals,
and bstween a principal-source signal and a crosstalk
signal, The phase-shifts used were slightly different from
the basic matrix values {shown in the equations of Section
6,1,) in order to account for the logic action and the
higher intsrchanne! ssparations produced. They are
accurate up to a frequency of about 4 kHz, it being
unnecessary to maintain stringent tolerances at higher
fraquencies (unlike the input phase-shifters in the decoder).
With the Matrix H logic decoder, images were found to
be much sharper and better defined than those given by
the modified commercial decoder; further, slightly fess
image wandering was also noted, although the sharper
images might have been expected to emphasise this effect.

5.6, Discussion

On a brief subjective assessment of this decoder,
significant improvements were found as compared with
the modified commercial decoder, The principat improve-
ments consisted of sharper images, a greater sense of
‘openness’ and better overall perspective, fewer sibilant
mislocations, and a much greater tolerance to listener
position,

As mentioned earlier, it is thought that this type of
decoding, which uses different interchannel phase-angles
for decoding the front and back channels, could be
optimised by slightly altering the phase-angles from those
wsed in the basic Matrix H decoding equations. Further
developments can also be envisaged, for example, using
more complex forms of logic-enhancement, or the in-
corporation of delay-lines in the audio channels to overcome
low-fraquency localisation and transient problems,

6. Simplified Matrix H logic decoder
The Matrix H decoder described above is a fairly
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complex device, as Fig. 8 shows, Methods of simplifying
the circults and of overcoming some of the residual
impairments were investigated. This work continues,
but a simplified decoder has already been developed
with a performance comparable with, if not better than
that of the Matrix H logic decoder described above.

A b'iock diagram of this decoder is shown in

Fig. 10. The logic circuits used are the same as those
Incorporated in the Matrix H logic decoder described
in Section 5, but the basic matrix is modified to decode

" using 2 single phase-angle for both front and back channels.

The decode equations become:-
e = [ 0940 f (Ly—Ry [67°) +1 1282 Ry [61°] [=20°

R'e = (—0-940f (Ly~Ry [67%) +r1282 Ly 1 /=50°

L'g = [ 0940 b{Ly+Ry [67%) —1 1282 Ry (87°] [25°

R'g=[ 0940b(Ly+Ry [67%) —r 1282 Ly ] (=980

where the basic matrix is given when f, b, I, r =1,

Since Ry is phaseshifted by the same angte for the
front and back channels, the variable-matrix circuits are
reduced in complexity., At the same time, separations for
corner sources are improved without significantly sacrificing
other tocations,

Ailthough the basic matrix has been altered, it can
be seen from the chart shown in Fig, 11 that its perfor-
mance closely resembles that of the phase-modified linear
Matrix H shown in Fig. 2. Moreover, the two linear
matrices were compared subjectively using programme
material and there was little apparent difference between
them,

With the different basic matrix, the oumput phase-
shifts are slightly changed from those used in the Matrix H
logic decoder of Section 5. The values used give good
phase-correction of the output signals, with both the
basic matrix and logic enhancement.  Fig. 12 shows 2
typical performance chart for the decoder, applicable
to frequencies in the logic-enhanced band, and Fig. 11
represents the performance at low frequencies where logic
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is not operative.

Subjectively the performance of the decoder was
found similar in many ways to the Matsix H logic decoder
of Section 5, with the addition that corner signals were
better defined.  .Since the favourable qualities of the
more complex decoder are also exhibited by the simplified

i version, more comprehensive subjective assessments were
undertaken and these are discussed in the next Section.

7. Subjective appraisal of Matrix H decoders
7.1 Gene}al

Throughout the development of the Matrix H
quadraphonic system @ considerable number of subjective
tests have been conducted in order to assess the perfor-
mance of this and other proposed matrix systems. These
have included simpie analytical tests, designed to examine
the basic properties of the system, and programmae
listening tests to examine the qualitative performance
and the ability of the system to reproduce complex
source-signal arrangements,

7.2, Localisation tests
One highly informative and analytical set of tests
involves single-source localisation, as described in Reference

7. The listener is asked to estimate the position and
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spread, or diffusion, of a sound-image produced by the
system, with a sourcesignal encoded at any one of sixteen
azimuth positions, -

In such tests the basic Matrix H decoder was found
to give good overall positional accuracy but the images
were more diffuse than those of discrete 4-channe!
quadraphony, However, unlike most other systems,
when decoded using a basic linear matrix the images were
not unpleasant or ‘phasey’ in quality, and were reasonabty
stable with head movement, Some ' comments of
‘closeness” of images were made, but otherwise the
subjective results were found to be quite acceptable.

The commercial decoder modified for Matrix H
gave better overall positional accuracy and considerably
sharper images than the linear decoder, to the extent that
the results were not significantly inferior to those of a
discrete system, The ‘closing-in’ effect of the linear
decoder was absent, but some comments were made that
sibilants were localised at positions different to that of
the main image. This is probably due to limitations in
the transient performance of the logic enhancement.

The Matrix H logic decoder described in Section 5
has not yet been tested fully, but the simplified version
(see Section 6) gave a further small improvement in
overall positional accuracy compared with that given by
the modified commercial decoder, and the overall per-
formance closety matched that of a discrete system, In
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Fig. 11 - Performance chart for basic matrix in the simpli-
fied Matrix H logic decoder {see Section 6}

particular, although sibilant effects were not completely
absent, -they were much less noticeable than those for
the modified commercial decoder,

7.3, Programme assessment

A wide selection of programme material, including
serious music, light music, pop, comedy, and drama, has
been used in assessing various 4-24 matrix systems. For
assessments of this nature, a complete encode/decode
combination is sometimes used when balancing the origina?
programme material {obtained from, say, muiti-channel
recordings). By monitoring the encoded stereo signals
snd the decoded quadraphonic signals, the performance
of the particular system can be optimised. In such
dgroumstances, the four inputs to the encoder may not
be the most suitable for a discrete 4-channel system,
Further, and perhaps more importantly, a 4-2-4 matrix
system balanced in this way may not provide optimum
encoded signals {Ly, Ry) for an alternative form of
decoder, Thus in tests assessing the subjective performances
of the various Matrix H decoders, the programme material
was balanced only for discrete quadraphony, and encoded
by Matrix H, Given the same encoded signals, the
decoders were then compared using discrete quad as a
reference,

The basic linear Matrix H decoder gave good positional
accuracy with multi-source material and good tonal quatity.
it gave an overall pleasing sound sensation that was,
however, somewhat blurred and ‘closed-in” when compared
to discrete quad, Some instability of the sound-stage was
apparent with considerable head movement about the
listening position and, when the listener moved out of the
central listening area, the sound-stage collapsed to the
neargst loudspeaker more noticeably than with discrete
quadraphony,  Even so, a pleasing unoppressive sound
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was mizinme ned, unike most other 4-24 systems when
decoded linearly.

With the modified commerciat decoder a much more
spacious sound was produced, generally with good tonal
guality, its performance was more similar to discrete
quad than that of the linear decoder, Occasionat sibilant
mislocations were noted, mainly on speech, but these
were not 100 objectionable. However, with serious
music the ambience was often found to be too narrow
at the rear of the sound-stage, and a narrowing of the
front-stage also occurred when the main body of sound
was jocated in the centre-front region of the stage. It
was also found that, for complex programme material,
sound-images seemed to be less clearly defined than with
discrete quad, and there was an apparent excess of low-
frequency energy in the centre of the stage. This was’
almost certainly due to the left/right blending in the
commercial decoder at low frequencies, Some image
movement was detectable, and in particular a doeminant
front sound-stage tended to pull forward secondary
sound-images, located at the rear corners, to appear at
the sides of the quad stage; however, this was seldom
seriously objectionable,
could occasionally be detected by experienced listeners,
but none of these deficiencies appeared to be severely
detrimental to listener's appreciation of the guadraphonic
sound, This decoder was more tolerant to off-centre
listening positions than the linear decoder, but uncom-
fortable ‘phasey’ effects could be detected in some locations
for some image positions, largely due to the limitations of
the phase-correction circuits employed.

The simplified Matrix H logic decoder again produced
a spacious sound of good tonal quality similar to discrete
quad. The sound gave the impression of being significantly
clearer, with a moare ‘open’ perspective than that of the
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Fig. 12 - Performance chart for simplified Matrix H logic-
enhanced decoder (see Section 6)
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modified commercial decoder, and was judged to be
very close to the discrete quadraphonic sound. Ambience-
spread in the rear-stage was substantially improved, and had
a more natural tonal quality. In addition, compression of
the front-stage was much less obvious than with the
modified commercial decoder, Sibiant effects were
hardly noticeable, although occasional image movement
could stitl be detected. The lack of low-frequency energy
in the centre-stage region, using complex source material,
was considerably preferred with this decoder, and this
point was significant when listening for extended periods:
a more ‘comfortable’ sound sensation was commented
upon,  Tolerance to off-centre listening appeared to be
particularly good, very much like discrete quad, and
the unpleasant ‘phasey’ sensations observed with the
modified commercial decoder were absent,

A 3-way comparison test between the modified
commercial decoder, the simplified Matrix H logic decoder,
and discrete quad {used as a reference) was arranged after
the initial assessment period, Nine studio managers
from BBC Radico Broadcasting Groups were asked to
assess and rate the two decoder performances on a
continuous 0—100% quality scale, with discrete quad as a
reference, necessarily defined as having a 100% rating.
The listeners were unaware of the decoder options being
used. They listened to a 30-minute tape containing a wide
selection of programme items mixed for discrete quad.
Overall, the simplified Matrix H decoder was rated at 77%
as compared to discrete quad, and the modified commerciai
decoder was rated at 47%, However, this result pertained
to tests where small differences in performance might be
axpected to be magnified; it should be noted that, in some
sarlier tests, where the original programme material was
balanced for the Matrix H system using the modified
commercial decoder, a much closer match was obtained
to discrete quad.  This match was considerably better
than that for other matrix systems.

. 8. Conclusions

The Matrix H 4-24 quadraphonic system permits the
use of a number of different decoding options, all of
which are capable of producing worth-while quadraphony,
but with different limitations.

The basic linear Matrix H decoder produces a
pleasing surround-sound; it is simple and has the advantage
of time invariance, but it cannot produce sharply-defined
sounds, and gives a somewhat restricted listening area.

The application of logic-enhancement technigques to
Matrix H decoding can provide a sharply-defined and more
spacious sound-stage, similar to discrete quad, However,
since the ‘logic’ circuits can only produce ideal decoding
for one sound-source direction at a time, much of the
success of this technique depends upon effective deception
of the human hearing mechanism,

The variable-matrix technique of logic enhancement
HR/AUC/AM
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has heen found to be most successful to date and, as an
initial expedient, a commercizl (‘Variomatrix’) decoder
was modified for Mawrix H deceding. This gave generally
good results, although limitations due to the instrumenta-
tion of the decoder were apparent to the experienced
listener,

The Matrix H logic-enhanced decoder combines the
advantages of a good linear decode matrix with those of
the variable-matrix enhancement technique, but is rather
complex, However, a simplified version, which is
comparable in compiexity with the commercial decoder,
and is based upon a slightly modified form of the basic
matrix, has been shown to provide the best quadraphonic
performance to date from a 2-channe! matrix system.
Although the limitations of logic enhancement still exist,
their adverse subjective effects are, in general, well masked.

It is considered that the !imit of the performance
of Matrix H decoders has not yet been reached and,
as discussed in this report, some aspects of decoding
have yet to be optimised. in addition there are other
techniques that may be applied to future decoders.
Nevertheless, it has been shown that a high standard
of quadraphonic reproduction may be achieved with the
decoders discussed in this report,
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