An Artificial Reverberation System

a regular adjunet in the broadeasting

business for some time, particularly
to furntsh special sl effects. 1t has
been ysed tess often for tlhe enhanrement
of live ar recorder]l musie, probably be-
cause the frequeney response of the more
fanihar sestems has usialle boen in-
adequate. The following  describes o
gystein which Los hoen inouse st KE for
over a year, and whidh has beenr found
auitalle for use in either of the two ways
mentione]l  nbove,  Hince  the require-
iments for use  with PrOgT:LIL
miaterial are the more eriticad, the Jdesign
wis carried out with this function upper-
most i ownnd; at the sme tie, the
aystomn s alka suffiviently dlevible to
prodiee the uznn] sonnd effects.

The plegsing result= ohtained when
Musle is aecommpaniol by the proper
amount= of roeverberation have long heen
recognized by 1hie hroadeasting, motion
pieture arml soimd reenrding industries.
In faet, puldished nmterial on the subject
is so voluminons that ot would be in-
praetical to list all referenees here. The
dexirsad reverboration 18 obtainmd prefer-
ably fromy a suitably designed auditorinm
studio: however, this usually culls for
niare space than mest broadeasters ran
provide. A next-best substitute of more
wiadernte tust ean b obtuined by oarti-
fielal means which, if carefully controllesd
anil wisely e, ¢an give a partil oap-
proach to the ideal, 1t s not neeessarily
true thit the listener's plensire goos up in
propurtion to the amount of reverbera-
tion present, and this is particnlardy the
vase when the reverbemtion s supplied
through artifivial means, Just as & good
piblie adileess svatem should net intrade
itsell on the listening audienee, artificial
reverberation should likewise be so used
that the listener 1= not sware of its pres-
ence. [t ean Tw overdone easiby and
extreme vare is indicated 1n its use.

AI('I‘[I"I(‘].\I, revoerberation las been

il

Ideal Requirements

Ao ultinste artificlal sstem van be
imagind - whiel,  baving o suflielent
nuymber of adjustuble variables, voubl be
nuwde to reprodiuve closelv the rever-
beration  charactenzties of any  given
auditoriom or studin, Sueh a0 syvstem
shoulidl sperate sa that earh oniginad
sound s Tollowed by a large number of
traing of echoes, each rorespomling to o
gerivs of reflections fron one of the pany

*Superviany, Engineering Hesenrch & Frevel-
opmerd, Earle (°. Anthony, fne, KFI, Los
A ngretex, Calif,
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Describing a simple, practical system
for producing controlled reverberation,

Fig. 12. Reverkerati
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surfuees in the ideal studio. It hag been
sugrested! that an ilhision of blending
s fairly well approached i individual
sounds are repeated with spacings of .05
secomdds or less,  Optitoum reverberation
tines vary ftom 0.1 to 4 secomls approxi-
wately, depeading on frequency, volunie
of the studio and type of program nia-
terinl. The traing of echoes should,
therefore, have an adjustable decay time
to 1 maxintun of ahout 4 seronds and,
in adldition, the rates of decay should be
made to change depending on the fre-
quency of the original sound.

Ulviously u systens with this degree of
complieation is impractical.  Severe coms
proniises are heeessary i w practical
gysten. 1n the present ense, only onc
train of echoes is providel: the sparing
hetween  eclioes  remming  constunt  at
about 023 seeonds, The train ronsists
of proups of four cchoos vepested sue-
vewsively, with o hreaks or  spaces
hetween groups.  The decay rate of the
four echoes cun be cantrolled indepernuid-
ently umel the over-all decay rute of the
entire train is also adjustable to & maxi-
mum of about 6 er X secomds, but both
dotay mtes remain essentially constant
with frequency minl no control is pro-
vided by which this relation ean he
chunged, Lastly, a control is available
which detertnines the rutio of reverbera-
tion to original souml. Iven with the
commpromises as deseribed above and with
this small nuwmber of controlluble varia-
bles, the illugion iz guite surprising, and
with many types of music the result is
satiglaetory even with the ratio of rever-
beration to onginal sound advanceed to
Ietween 12 annd 101,

Qparation

A number of media have been utilized
for producing deluved echoss; they in-
clude voled  springs, magnetic  tape,!
s moving strip of phosphor coating?, and
Large empity rooms.® The medium used
in the systen lere deserihed*®is a long
pipe with a lowdspeaker at one end and a
microphone at the other.  (perution ean
bhe explaine] by reference to Fep. 1, a
simplified diggr of the essential units
in the channel, exeluding cqualizers, At

** The general fealures of pur channgl were
suggested by a conversation with Dy 11 F
Ulsan, f RCA Laburitories at Prineelon,
N, LWL and o similar sysiom huos been de-
velopidd by that organizatdon.  Oor o ile-
velopment, earriecd oot independenily, was
done alowet entirely by Wayne B, Jobnson,
of the KEFT R & DY group, o whom much
ereddit aeerues for an gustanding job,
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Fig. 1. Simplified diagram showing esential units af the system.

the input (wpper foff) the ineaming signal
splits, one portion going along o direct
path through o switel ) snd o mixing
eoil to the output of the channel.  The
switeh 8y pnables use of the channel in
three ways,  In the “ON" position, the
nput terminals look like 250 olims andl a
direet path it supplied within the channel
itsell,  With the =witeh in the “OFF"
pagition, the it terisinals alzo look
like 230 ohmis bhut no diveet path is pro-
vided. With the xwitel in the venter or
neutral pesition, the mput  terminals
look like a high (lwidging) lmpedance
wied aggadn there is no direet path throegh
the channet itself.

After splitting at the input terminals,
the secorncd portion of the incommg signal
is fedl to the Dhridging inpmt of the first
driver amplifier, ANMP |, which drives
the loudspenker units. 'Fhe first three

units  gre  driven  directly  from this
umplifier while the fourth unit gets its
Fia. 2.

excitation through a differential mixer
network and a second driver amplifier,
AXMP % The lowdspeaker onits are
conplext to four lengths of 17" aluninum
pipe 235, 3, 73 and 10 feet long with
nirrophones ut the other end to pick up
the sound after it has traversed the
tength of pipe.  The sonnd ariving ak the
first micrephone s aecordingly delayed
with respect to the original signal by the
time required to travel the length of the
F5-foat  section, approximately 0,023
second.  Fhe deluy at the secoml, thiml
and fonrth microphones is, respectively,
DO, 0068 gl 00092 second. approxi-
mately, After  passing  through  pre-
amplifiers aml mierophone faders. these
four delayed signais are combined ami
fod to a hooster amplifier, AMD 2, thenee
through a reverbeyatinn min gain aml
facder, VAR ATTEN 6 and 7, amd 2
mixing eoil to the output of the channel,
Mixture of the direct anid delayed signuls

EFect of channel contrels on operation,
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oeenrs in the hyloul mixng eoill. Smee
thev control the gruplitude of the delayed
signieals, the main gain and fader serve to
rontrol the rwatio of reverberation to
aviginal progrun. The filer is located at
the stulio mixing position so that the
stuehio opertor has continwnis eontrol of
this rutio,

The deluy alforded by the lobgost
pipe,  approximately 010 seeoml, falls
short of the desired 3 or 4 seconuds maxi-
i reverberation time. Vilditional
delay el be obtamed by using looger
sectione of pipe, but the 30K o 2000
fert roquirel would be mmel too laree
phivsically and the high-frequeney attenu-
ation i suele o length wonld be poo-
hibitive,  Instead, adilitional delay 1
abtuined by establishing a feedback path
from the outpit of the losster winplifier
throngh the gain control VAR ATTEN 5,
the differentinl miixer, the seceond driving
amplifier, aml the 100-foat section of
pipe back to the booster nphfier.  Eael
timwe the first four delaved signuls teaverse
thiz eirenit four new echoes appenr at the
vhannel vutput, thus providing siecessive
groups of fir echoes with a delay be-
tween  corresponding  echoss  of  each
group cqunl to the delay through the
1tKfoot scetion. The rate at which the
gronps deeay will depend upon the loss in
the femlback eireuit and henee upon the
setting of the feedbavk gain eonteol,  If
the frequency rexponse of the entire feail-
haek cirewit is ut, this gain conteol can
he openes] up wntil very long delay times
are ulitained; at the linit the system will,
of ourse, hreak into sustained oscillation
or singing. Under carefully  eontroiled
combitions, delays of from 6 to 8 seconds
can he maintained; under more practical
vonditions the delay i3 usually limited to
3 or 4 seconds, while i actual nse elays
i oxeess of one second sre rarely needed,

The requirements of flat  frequeney
response through the feedbark path are
quite stringent. Any small praks e
inereasml cach time o =ignnl nemkes the
rotnel trip throngh the feedback einit.
wil after ten or twenty such roumd trips
the effect of the orginal sl peak has
heen magmified to large proportions. The
irrezulanities most ususlly appear in the
upper audio range, aml it hag been our
experience that when they are greater
than | db the over-all result is very
tinny in charpeter and the system may
hreak inta oseillation before apprecible
reverberation effeets e be achigved,

Description

Figure 2 illustrutes the avtion of the
variows channel controls. 1t shows the
arrics of echoes that mupght vesult from
certain settings of those controls, when one
very short pulse is applied to the channel
tnput,  The juitial polse travels vis the
direet route and appesra at the ontpat as
indiented at the left of the sketch, Ap-
proximately 023 seeomls later the first
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echo {a) will appear, this being the one
produced by the original pulse alter
truveling through the 23-faot  seetion
and thence to the output through the
iain gain, fader wnl mixing coil.  The
ratio between the level of the initial
pulse and that of the fArst echo will
depend npon the settings of the main gan
anel fader. ATTEN 6 and 7, with o given
setting of the microphone fader, ATTEN
I. Adjustment ol the mam gun and
fader aceordingly serves to change the
ratio between the two signuls indicated
ug i infig 2.

In the menntime, the inital pulse has
also been traversing the HO-loot section
of pipe, aml it will arnve at the outpnt
via the puth through the ratio rontrols
as echo (&) approximately 0023 sceomls
later than echo (o). The output level of
echo (B with respeet to (a), evervthing
else being equal, will depend upon the
relative settings of the twe micrephone
laders,  Similarly, ecliox (¢) and (d) (rom
the 76 and 1{X-foot lengths of mipe will
arrive at the output each hovigg an
additionul delny of approximately (01123
secoticls und a level depending on the
settings of the asssociated miermphone
frclers. The settings of these attenua-
tors, therefore. determine the rate of
decar of the gronp of four echoes as
indieuted hy the slope of the line (D
in Fig. 2

While the foregoing has heen aecurring.
echo {a) from the 25-foot pipe, having
heen diverted to the feedhack path at
the output of the hooster amplifier, hos
peen traveling the 1(M-Tnot section of
pipe to arrive at the outpub with o total
deluy. referred to the original pulse, of
125 feet (echo a’), The height of signal
(') with respect to (o) is determined In
the setting of the fealback gain vontrol,
Simibarly, signals ). (0] and (o) afte
pussing througl the feelback path pro-
duce signals (0. (¢ and (7 at the
autput.  Therealter. the process repents
itsell to give the suececditr groupe of
erhoes which comprise the whole train.
In Fig, 2 the line 18, ronnceting the
tops of the {a) ochoes. represents the
rate at whieh the train decays ss eon-
trolled b the setting of the feedback gun
control.

That 1 one-inch pipe is far from being
an ideal fransmission line ean be seen by
reference to the eurves of Fiy, 3, whicl
show the relutive theoreticul loss versus
frequeney of vaiious lengths of this size
pipel_ T view of the large amounts of
equulization  that were indieated ot
freguueneies above 7,000 eyeles per second
this wpprovimate ligwe was chosen as the
top'}. cesign  limit. This  decision  was
strengthened when the aviulable loud-
speaker drivers and migrophones were
brought into the picttre.  The rosponse
characteristics of these units, plus those
of the seoustieal eouplings. added further
to the loss at the higher freguencies.

Fis. 11,

Figure § shows the total amount of
correction  necessary  over the useful
frequency range. This shows the over-
all 1elative response of a WE 235 driver
and J00-foot gection of pipe and & WL
G338 (Vsult shaker™) mirrophone witheout
any ttempt at equealization and without
uiy experial provisian for impedance
mateling ot either the sending ar re-
ceiving end,  The erbs of the pipr were
merely butted up against the Jdrver ad
mierophong and tuped in plice.  Stund-
g waves of small amplitude {dwnt 2
db) present at lrequencies below 150
exveles have been avernged gut in diawing
the cwve, The fMequeney  ehsretor

Fig. 3.
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BEVERBERA FION CHANNEL

Contral panel of reverberation channel.

iztie= of ench amplifier used was sufli-
ciently flut so that ite effect coulll be
neglested.,

Impedance Matzhing

From conrideration of Fig. 4, it was
upparent that there was consiclerable to be
done i ffat tiansmisdon thiough the
Li-foot pipe and the feedback path wos
to be achieved At first. the tendeney
wis to e rather indiffrent to acoustieal
inpecance matehing at the sending aul
teceiving  ends. It seemwmd that the
neces<iy eiplabization would be hetter
dane by electrical means with which we
were more fimihiar. [t was soon learnel

Theoretical tranimisgon [oss throush 1-inch pipe.

oy
FAEQUENCY -C.RS.

15



| ps [

| DRIVER
J uniT

0B,

20

[l
L)

-
e CIRCLE OF

FELATIVE RESPOMSE -
3

8

FELT CLOTH
FITTED IN LOUSELY

Y% SPACING TC MiIfIMIZE
MECHANIC AL TRANSMISSION

-

=1 oy
[} k
- 1Y -
Bhids RUBBER COUPLING
SECTION

Fig. 5 (above).

T
| . i l
[ 1]

i\
i| IR
L]

—HH
i,

Fig. 4 (left).

4
FREQUENCY -C. RS,

however, that efforts spent in obtaining
aeoustical equalization or in trving to
improve the pedinee mateh at driver
and ierophone, paid worthwhile divi-
dencle.  Pronpunced peaks in the high-
frequeney  region produced by sinall
vavities in the couplings at the trans-
durers, wul stanling waves which oc-
curred at the lower [requencies, were
redured to negligible proportions when
zome attention was puid to the fubriera-
tion of these eouplings. s for aconstical
equalization, the few instances in which
it wns used resudted inoan appreciable
improvement  in  signal-to-noise  ratio.
It was cigy to doesign eleetrical attenua-
tion eralizers thut wonld aceomplish
the required corrections, but their rela-
tively Ligh insertion |osws caused one nr
hoth of 1w things to happen.  Fither
the desived sigoal began to approsch
uncotifortably near to  the imherent
noige level in the available amypliliers, or
the sgnal level at the reeeiving enil of the
longer pipes was so low that pickup of
externdd noize and Dbuilding rumble by
the microphones hecame objectionable.
The aeoustival cguatization, on the other
hand, give eompartively smndl ingertion
Josses.

Acoustical Equalization

A brief cleseription of the eouplings
and the menns employed for acoustical
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Fig. & Pipe coupling and acoustical equali-
zation at 630A microphane.
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correction in the final sctup may be of
interest.  They were evolved nw i con-
hination of forethought and cut-nnd-fry
and are not neeessarily the ultimate that
eun be avcomplished. At the W 255
loudspenker driver unit which exeited
the H¥loot section of pipe, a hrass taper
was provided as sketehed in £7g, 5, A
threml was tirnel on the outsitle of the
driver collar to aceept the fonale threwd
of the taper section; the lutler was turnetd
up snug to give a tight it at the hearing
surfave on the end of the eollar, The
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Fig, 7. €55 driver, 100-ft. pipe, a30A
microphone, with  clectricel equalization,
showing =fect of 1/B-inch opening in pipe
wall (see Fig. &)

flare provided a gradusd transition frow
the small inner diameter at the ontput
of the uriver unit to the lJurger inner
diaeter of the 1-inel mipe. The pipe
was attached to the hruse section hy
means of a snug-fitting length of heavy
rubber tubing about 1 inches long. A
smull gap, approximately 1)1 inch, was
left hotween the end of the pipe and the
end of the taper to minimize merhanieal
transmission of sound between the two
companents,  The only other treatment
provided at this point was to insert a
small 1l4-ineh circle of felt clath, fitted
in loosely in franl of the phasing plig
insiile of the driver. Small slits put
in the felt to arcommadate the sinall rodls
that support the phasing plug  al=o
hetped to holil the felt in place. ‘'The
felt was inserted to dampen o pesk ab
approsimately L5000 pyres

At the microphone eml of the 100-foot
seetion of pipe, a WE 63004 wicrophone

Method of coupling pipe te diiver,

Retponse of 255 driver, 100-h, pipe, 6§33A micro-

phone, no comection.

wis wsad.  ts dimensions were nppro—
printe to fit the end of the pipe, as showo
in the sketeh of Fig. £. Two 1uuting
tapers were put on the cutsde of the
pine and in the inside of the micraphone
bulfle #0 as to pive a foree fit when
joined,  The pipe wid microphone were
then tapeil together for acdded strength
and to give an air-tight joint. The
itnportatice of avoiding swall air leaks
ancd small eavitics in these vouplngs
was  cemonsteated  meain and  wmin
Air leaks are cquivalent to putting nn
indietanes in shunt with the acoustical
transrizsion  linet; even small  ones
viase a pronounced falling off at the
lower [requencies. The cavities cor-
respond to o tuned LOC eireuit aernss the
line, sericstunsl if the' cuvity is closed
ane paradlel-tuned i open, and  gives
resonant ilips or peaks in the higher
frequency ringe,  Une such aiv leak was
intentionally introchaced in the form of &
1/sineh cirentar hole in the wall of the
pipe vear the mierophone ws <hown in
Fig. fi. M owas used to help smooth out
low-frequency  stamiling  waves in the
g pipe; its eifect i shown in the curves
of Fig. 7. Dwring final testing of the
vhanmel, a portion of the hole was covered
with tape by rut-and-try until the de-
sirell rorponse was obtaived; the final
eurve Used wax appoximately midway
hetween the two curves, The  low-
frequeney droop inewred was then eoms
pensated for elsewhere.

High-Fraquancy Equalization

A very weleowe nmount of high fre-
ipeney equadization, all out of proportion
to the siphicity of the means hy which
it was oltained, was brought slout hy
inserting s small mbher washer against
the wive grill of the same (3L miero-
phone as slso slwwn i the sketeh of
Fig. ti. Thix microphone was arrauged
to fare upwurd and the washer was held in
place ouly by its own weight, Presumably
it conld have hean comiented to the wire
grill at a few points, The eyuslization

AUDIO ENGINEERING MAY, 1948
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effected] by this simple means is depicted
in FFig. 8. Use of this gadget enalled
retuoval of two high-frequeney cleetresl
equalizers with a very mwarked improve-
ment in sipnal-to-nomse ratio.

The remuining  equalization  requived
in the feedharck eireuit was obtained from
attonuation egualizers, as indicated in
Fig. . ‘Ihe computed insertion loss of
these eqimlizers s shown o Fry. 50 One
so=called Hilipefilter™  (la 4] was ore-
auire] o remove o resonant peak in the
neighborlhiond of 3,800 cyeles.  The wther
two equalizers had smocther charmeter-
istics and were used to build up the less

i T . —
WITH WASHER
“AS IN FIG.E

|
e

h
T
|

RELATIVE RESAONSE - DB.

FREDUENCY - L5,

Fig. 8. Same as Fig. 7, showing effect of
washer in 630A microphone.

loealized deficiencies of the system. In
addition, a cut-off filter, having a rather
sharp rolloff above 8,000 eveles was in-
serted mainly to eliminate tube hiss.
While all four of these elements (three
equulizers and one eat-oll filter) were in

sprinse to somewhat lower fronquencies
may seem cdesirable, o roll-off in that
rowion hedpedd ta keep ddown some irre-
dueible  building  rumble.  During  lis-
tening tests when a program was alter-
nately switched from the cdireet puth
throalghe switel S to the puth which
inelnded the eletuents measured as de-
seribed, it wag ditficult to identify one
frn the ather. Therefore no attenpt
was miade to extened the responge further,
Total neige, prinvipally building riumble,
measured about 45 b below program.
When o lugh-pass filter with cut=off ut
40 eps was included i the eircuis, the
remaining noise level was at approsi-
wately 33 db below nonnal progran.

Treatment of Shorter Sections

Hince the frequeney response through
the shorter sections was relatively unin-
pertant compared to that through the
H-foot section, varmbions of plug or
minns & db were allowed.  Standing
waves were also more |?T0110l|ﬂ('-(‘(1 as the
sections beeame shorter and amplitudes
of & dh from peak-to-peak were likewise
permitted,

For economy, only one Wi 255 driver
wis usedd to exelte the remaining lengths
of pipe. A commerciallvanade YY" or
two-hraneh  lowdspenker ennnector was
attavrhed to the driver and to 25 and 75-
foot lengths of pipe. WE G334 (Fsalt-
shaker™) mierophones were pug at the
other ends of these seetions, and one was
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Fig. 9. Insedion Foss characteristics of equalizers and filter in feedback path.

the feadlmek vizeust, only one (Kq. 2) was
identified solely with the cirenit of the
100-foct pipe section.  The other three
were located so that their characteristics
glgo afferted the signals from the throe
shorter gsections of pipe.

Usimg the secoustieal and electrical
components  described above, the re-
sponse curve of Fig. 10 was obtained by
feeding tont at constant level into the
PG IXN terminals and then measuring
the relative output at the PGA PLUH
REVERB OUT terminals with the
switch S/ in the off position, with all
microphone  fuders tumed off except
VAR ATTEXN 4 and with the feedback
gain control turned off. This curve is
seen to be within +1 db from approxi-
mately 8 or (M) eveles to approximatety
7,000 eveles. While extending the re-

AUDIO ENSINZERING

also inserted in the 75-foot scction &(1
fect distant from the driver, Tlus the
total length of pipe required and the
spaee it woutld occupy were also rediteed,
The “Y* ponneetor had the projer inside
disneter at the driver el and no change
wag necessary there. At the output
ends where the inner Jdiameter was too
small, there was adequute wall thickness

Fig. 4. Pipe unit for reverberstion system.

to permit reaiing out the ends of the
connector to give o flare swmilar to that
shown in Fig. 4. Short lemeths of ruhber
tubing were wgain used to attuell the
pipe cods to the banches of the “Y.”

In the povtion of the *Y" that was
ronnectetl to the 23-fuot seelion, fels
tloth was lonsely Ininelied fram the end
of the pipe tu the apex of the Y. The
attennution  at high  frequencios  thus
introduced served to reduce cavity efiect
in the connector, and also provided the
attenlation necessary to compensate for
the tower higl-Mrequency loss in the short
section.

The openings in the salt-shaker mivro-
phones were of approximately the correct
diameter so  that they were mercly
butted against the ends of the pipe and
taped in place after ainall notches had
Toen put 1o the pipe ends to acconumorlate
the three nibs on the front of the miero-
phane.  The taping had to be tight and
eurclully done for mechanieal ngidity
and to prevent formiog small air cavities.

To attach the third salt-shaker pierg-
phone, which was nserted in the sude
wall of the pipe at the 3-foot point, a
brass insert was provided which cor-
rertly [itted the pipes at each end. An
opening in the side of the insert was then
eareftilly farmed to fit the contours of the
microphone so that the front surface of

the latter impuzed & minimum of dis=
[Condinued on page 33]

']

&

feedback circuit.

B
wo
Fig. 10. Over-all =
regponge  input  to E 3
output threugh i3
100-ft. pipe ond w
ciitical  units  of E
A
L
3
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Reverberation System
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