A General Purpose Low Cost Digital Anplitude Regulator Technical Field This
invention relates to digitally controlded variable gain anplifiers and, :
. nmore particularly, to digital volume controls. Background of the Invention
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the gain of a tg Sive t@the state of the button continue 'to add substann:
cost. Prior d:gxtal controls generally required muluple dedicated pins of a
microprocessor or dedicated pins of a latched output port to set volume levels. These
control systems typically. utilized some type of digital to analog (D/A) converter to
which a binary number is supplied as an input and from which a representative
voltage magnitude of a predcterminect set of voltage magnitudes is derived. This -
derived voltage magnittlde is used to determine the gain of a voltage controlled
amplifier.

Alternatively, mulnple controls for shunting or series incorporating
elements, typically resistors, are used to set the gain of an amplification stage. In
order to reduce costs, component count and thus the number of gain settings was
limited, resulting in noticeable discontinuity between magnitude levels. These prior
gain regulation systems did, however, enjoy the advantage of simple and straight
forward software development and implementation.

Another prior gain regulation system, disclosed in United States patent
4,868,519, uses microprocessor control to generate a variable duty cycle waveform
that indirectly controls the drain to source resistance of an FET which is constantly
monitored via a feedback loop, to regulate the gain of a two stage amplifier. Still



-2 - other gain redulators, such as disclosed in United States patent
4,468, 631, suggest the use of FEFs or~photo-resistors and photo-transistors
for use in anplitude control apparatus. These systens are relatively
expensive to inplenent because of their conplexities. Additional cost is
typi cally incurred by the introduction of non- essential elenents that

I ntroduce indirectness of control and, nost notably, in the use of feedback -
to nmonitor the actual value of the gain co®+olling factor or mechani sm
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| the determinative duty cycle can be derived under software control and supplied as

an output from a single latchable output pin. "

In an exemplary implementation, a DC voltage and a corresponding
current is generated in response to variable duty cycle pulses by a two stage passive
filter. The DC current is used to control the incremental resistance of an ordinary
silicon diode operated in accordance with the small signal model of a diode. The
diode is substituted for the input resistor in a basic inverting configuration op-amp
amplifier, thus direcily determining the gain of the amplifier which varies in
accordance with the input resistance.

One advantage of this system is that because of the natural filtering

i action inherent in the basic operating principals of the system coupled with the large
number of discrete duty cycles that even a reasonably highly loaded microprocessor
can produce, the transitions between levels can easily be made to appear continuous
to 2 user. Additionally, the use of an energy storing type filter allows, in accordance
with another aspect of the invention, the stream of variable duty cycle pulses to be
momentarily interrupted so that the pin used for supplying the pulses can be used for
the performance of additional functions without affecting the perceived volume
level. Thus, for example, the pin can also be used as an output that supplies pulses
for scanning a key pad for button depressions. A further advantage of the invention




to a-user. Additionally, the use of an energy storing type filter allows,
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capacitors 1@da$mr=5pondmg circuitry. The pulses from mlcrocomputer 12 supplied from pin
13 are filtered by a two stage passive filter in which the first stage is comprised of
resistor 14 and capacitor 16 and the second stage is comprised of resistor 18 and
capacitor 20. The result of the filtering of the variable width pulses is 2 DC voltage
at node 22, the magnitude of which is used as a reference signal. The magnitude of -
the voltage at node 22 is proportional to and varies directly with the duty cycle of the
pulses. Changes in the duty cycle will be tracked by corresponding changes in the
reference signal, ie., voltage magnitude. Resistors 14 and 18 and capacitors 16 and
20 are selected so that the DC voltage maintained at node 22 is stable for any
particular duty cycle, and yet, an undue amount of time, as perceived by a user, is not
necessary to effect the required changes in the DC voltage. In this example,
microcomputer 12 provides a pulse width modulated signal, at an amplitude of 5
volts peak-to peak the duty cycle of which may vary anywhere from 0% to 100%.
Thus, the voltage at node 22 will vary from nearly 0 volts at a duty cycle of 0% to
nearly 5 volts at a duty cycle of 100% with correspondingly proportionate voltages
produced at corresponding duty cycles. Optional resistor 24 can be used to change
the ratio of dependence of the voltage at node 22 to the duty cycle of the pulses.
Thus, resistor 24 can be used to allow a large variation in duty cycle to translate into
a smaller variation of voltage magnitude. This result is due to the voltage divider
action between resistor 14 and resistor 24.
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20 are selected so that the DC voltage nmai ntained at node 22 is stable for
any particular duty cycle, and yet, an undue anopunt of tinme, as perceived
by a user, is not necessary to effect the required changes. in the DC

vol t age. In this exanple, mcroconputer 12 provides a pul se wi dth nodul at ed
- signdl, at an anplitude of 5 volts peak-to peak the duty cycle of which may
vary anywhere fromO0%to 100% - Thus, thg-.voltage at node 22 will vary from
nearly 0 volts at a duty cycle of 0%to nearly 5 volts at a duty cycle of
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An input signal from a signal source, the magnitude of which is to be
regulated, is supplied to resistor 42. As will be shown later, resistor 42, in
conjunction with feedback resistor 32 determines the maximum gain of the system.
The input signal contains a constant, fixed, predetermined DC component. For
illustrative purposes, the magnitude of the DC component of the input signal will be
chosen to be equal to the magnitude of the DC voltage used for the signal ground.
With optional resistor 44 not in the circuit and capacitor 38 blocking DC
transmission to the op-amp, a DC voltage divider is formed between the DC voltages
present at node 22 and at the signal input. As long as the duty cycle of the variable
duty cycle pulses is maintained so that the voltage at node 22 is less than or equal to
the DC voltage component of the input signal diode 46 remains in a non-conducting
state. Therefore, none of the AC component of the input signal reaches node 40 or
the op-amp. ‘As the duty cycle of the variable duty cycle puises is increased,

- the magnitude of the reference voitage at-
node 22 will increase to a magnitude larger than the DC voltage component of the
input signal. Diode 46 will turn on and a DC current will flow through resistor 43,
diode 46 and resistor 42. This DC current is Iy, the bias current for diode 46. The
magnitude of I4 is dependent upon and varies directly with the magnitude of the




fromthe inverting input terminal is extended to appear at node 40. An
.input signal fronta signal source,.themagnitude of which is to be

regul ated, is supplied to resistor 42. As will be shown later, resistor 42,
in conjunction with feedback resistor 32 determ nes the nmaxi num gain of the
system The input signal contains a constant, fixed, predeterm ned DG
conponent. For illustrative purposes, the.magnitude of the DC conponent of
the input si gnal wi |l be chosen to be equal to the magmtude of the DC
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The gain of op-amp 26 in the inverting conﬁgurauon varies inversely
with input resistance, in accordance with the formula G=-( R¢/R;) wherein G is the
gain, Ry is a fixed, predetermined feedback resistor, and R; is the input resistance. In
this example, resistor 32 is the fixed feedback resistor Ry and input resistance R; is
the series combination of resistor 42 and the incremental resistance of diode 46.
Thus, if R; is made smaller by reducing the diode resistance, the gain increases. Ry

is reduced by increasing the duty
cycle of the pulses, thus causing the magnitude of the reference voitage and Id to be
larger, thereby reducing the diode resistance and resulting in an increased gain.
Similarly, if R; is made larger by’
increasing the diode resistance, accomphshed by reducxng the duty cycle of the
pulses and correspondingly the reference voltage and Iy, the gain decreases. Note
that the feedback used for establishing the gain of an op-amp is not the same as the
mentioned feedback used in prior systems to monitor the actual value of the gain
"controlling factor or mechanism. The minus sign in the gain formula indicates that
the output of the op-amp is 180 degrees out of phase with the input.
An advantage of this implementation is that as the incremental
resistance of the diode is decreased, less of the AC input signal appears across diode
46 due to the AC voltage divider action between resistor 42 and diode 46. This



physi cal structure of a diode and is specific to the diode chosen and Id is
‘the bias current passing through t-he dirode at a particular instant in tine.
Vt =KT/g where Kis Boltzmann's constant, T is the absolute tenperature in
degrees Kelvin and g is the magnitude of electronic charge. At room
‘tenperature (22 degrees C) the value of V[err] is 25 nV. Therefore, at a
fixed tenperature for a particular diode, increasing |d decreases the snal
signal resistance and correspondingly, dé@rea5|ng I[err] increases the
smal | signal resistance. The gain of op-anp 26 in the inverting
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resistor 44. The overall. |nput res gain, is determ ned
by stream of va.na.ble duty cycle pulses to be

interrupted momentarily so that a pin supplying the variable duty cycle pulses can be
used for another function without affecting the perceived volume level. Thus, for
example, a microcomputer pin can also be used for supplying variable duty cycle -
pulses as well as an output for purposes of scanning a key pad for button
depressions. ' .

Also shown in FIG. 1 is an example optional mini-keyboard for
selecting volume up or volume down by a user. The keyboard and associated
circuitry comprises push button switches 78 and 80, pull down resistors 82 and 84
and isolation resistor 86. Pins 88 and 90 of microcomputer 52 are configured as
input ports. While keyboard scanning techniques are well known in the art, they
must be combined with the generation of the variable duty cycle pulses. The
keyboard only need be scanned at prescribed intervals and does not need the constant

_ attention of microcomputer 52. When the signals from the keyboard are not being
input by microcomputer 12, the signal being supplied to pin 13 is ignored by the
keyboard scanning process. At an appropriate time to check the keyboard for switch
closures, the value that is being provided to pin 13 as part of a variable duty cycle
pulse is temporarily removed. Typically, this value is already stored in a register of
microcomputer 52 from which it is copied and supplied to pin 13. Further, the value



the sum of resistor 42 and the parallel conbination of resistor 44 and the
increnental resistance of diode 46. Naturally other inplenentations of the
i nvention can be envisioned. These would include but are not limted to

regul ating the increnental resistance of the diode by using the reference

. signal to regulate the voltage at the cathode of the diode or using the

diode in a shunt node rather than in the presented series node. An
advant age of the presented types of digita.volunme control systens is that
because of the natural filtering action inherent in the basic operating
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"1‘5 e not bei ngvdémmttth dwnmgcgiggﬂa&uuﬁr ddg: cidle of qge?baﬁ@élegdxﬁywc%ee%gses A§ N
is ignored;b ceyboard.scanni [,0OCESS. an,appropriate t.i 0
check the 'keyg%%?:ﬁe‘?ogy SOS M| @QE’P@E,‘P@P@°VEP L& ngguqng ‘gcg’l'mgarﬁrﬁﬂ‘n%%‘& to
pin 13 as par simitaneousty ale dudod \depsessiony uhes tgricked amp ahercutnenr doxyveytle is

Typically, this: v is already stored in a register of mcroconputer 52
fromwhich it 1s copied and supplied to pin 13. Further, the value "




-7-. being output for the variable width pulses is generally determ ned by
~an interrupt routine initiated via thé tineout of a tinmer and may actual ly
‘- change during the keyboard scanning operation. The keyboard scanni ng

. protess in this sinple exanple is initiated by witing a |ogic one to pin
+ 13 and |l atching the logic |evels appearing at pins 88 and 90. The

- appropriate value for the variable duty cycle pulses is then replaced at
pin 13, by copying the value currently stgred in the register, as if the
keyboard scanni ng never took place. Considering switch 78 to signal volune
up and swtch 80 to signal vol ume down, a |logic one appearing at pin 88

I ndi cates that the us aé cl osed SMAtCh 78 and is signaling volune up
while a logic zero i nd]'&! 3wi t.ch 78 is open. Simlarly, a. logic one
appearing at pin 90 i %BP%%“%&?"ﬂ@ﬂlbéfeﬁé\@négdélédnémlfwg and is
signal i ng vol une dovah wiEpet signaljiderireds fiami aminputssignalhc@@pris- open. The
keyboard i s debouncdgdgover several cycles. |If volume up is signaled, the

duty cycle of the Va“rﬁ&iﬁs%ﬁtzzﬁ&fd&ai"i‘ &?éamsof m@as.edhbmeﬂe unit. If

vol ume down is signal ed &gy | abl e duty cycle pul ses

I s decreased by one u g tﬂ . signal ed

si nul t aneously the bu%é?fﬂdg é F&% Ekl geéé’dtﬁ?%t dMéur gt duty
cycle is maintained TS4APlY Mg %ﬁ(%a HF‘tﬁu 1&130¢Gul ati ng t he

magni tude of an output SUsHAYHePwlses;from an |prut signal conpris- ing:
means for generating dmeamsefor Gitepmgssaidstream iable|duipicyclar i abl e duty

cycle; neans for controlpulses toadevelopya esferencd s:gmlali thelmagnitmdens for,
suppl yi ng sai d generat e@fswgafgfe{-ey@ 's distH 38Siandreans f or

filtering said strgam ofye "&K E%ﬁé&x&'%ﬁﬁp g reference
signal, the nmagni t ude inuigés erence sign el ng respon5| ve to and

a two terminal non-linear element having a resistance

value that varies in accordance with a current pass-
ing through said element;
an input signal source for supplying said input signal;
means rcsponswc to the magnitude of said reference
signal for varying the instantaneous operating resis-
tance of said two terminal non-linear element; and

a.mphﬁer means with a variable gain for amplifying an
input signal from said signal source, said gain of
said amplifying circuit bcmg responsive to said
instantanecus operating resistance of said two ter-
minal non-linear element.

2. The apparatus as defined in claim 1 wherein said
means for generating said stream of pulses is digital.

3. The apparatus as defined in claim 1 wherein said
signal from said signal source passes through said two
terminal non-linear element whose resistance varies
with current. . .

4. The apparatus as defined in claim 1 wherein said
reference signal is a voltage.

5. The apparatus as defined in claim 1 wherein said
reference signal is a current.

6. The apparatus as defined in claim 1 wherein said
two terminal non-linear element is a diode.

7. The apparatus as defined in claim 1 wherein said
reference signal passes through said twa terminal non-
linear element whose resistance varies with current.

8. The apparatus as defined in claim 1 wherein said
means for generating and said means for controlling
comprise a micCroprocessor.




proportional with the duty cycle of said streamof pulses; a two term nal

i non-|inear elenent having a resistance value that varies in accordance with
a current pass- ing through said el enent; an input signal source for
suppl yi ng said input signal; neans responsive to the nagnitude of said
reference signal for varying the instantaneous operating resis- tance of
said two term nal non-linear elenent; and anplifier neans with a variable
gain for anplifying an input signal fromysaid signal source, said gain of
said anplifying circuit being responsive to said instantaneous operating
resi stance of said two ter- minal non-linear elenent. 2. The apparatus as
defined in claiml wherein said neans for generating said stream of pul ses

is digital. 3. The appyrpﬁygﬁ, ﬁr akiad gfgﬁx&cfle‘h% i"?&hﬁkf“u&ﬂhﬂ signal from

sai d signal source passes th sal non-.I I near . el ement

whose resi stance var s ‘F&h‘{mgéﬁs H'E GAHRGANIASTIRASE My in claim
1 wherein said refermé@@gnmagmtmdwnhdageansfoﬂ'rmqnﬂysr%wizslaés defi ned
Idnfcl aldm 1 vvlherel In Sﬂ!dicdtﬁi@@&tf&r&hﬁ‘% 58ida dit ﬁerthagﬁnu&beamppar at gs gs
efined in claim ¢! S a dioae.
7. The apparatus as% t?d ‘1 ﬁ 93% tfg !ﬁ@?ﬁﬂ'@d% rgﬁf §ce S| gnal passes
t hrough said two ter?ﬂ‘ﬁeﬂ $Sris fﬁmvéltgrﬁéiﬂ sigmads recely Hc‘é“%ari es with
current. 8. The appameans fos redivimgsignaly formncredstngon degreasimgins f or
generating and sai d g@RaHutyVydeM aBbbiddn SO WREH $FidPsiFhal RPESERSSOr .
spondingly adjust said output magnitude.
10. The apparatus as defined in claim 1 wherein said
~ymeans for controlling said duty cycle includes means
for varying said duty cycle between 0% and 100%.
11. The apparatus as defined in claim 1 further includ-
ing means for muitiplexing said means for supplying so
that said means for supplying supplies other signals in
addition to said generated stream of variable duty cycle
pulses.
12. The apparatus as defined in claim 11 further in-
cluding means for generating a periodic signal, means
responsive to said periodic signal for producing a first
output mdxcatmg increase said output magnitude, means
responsive to said periodic signal for producing a sec-
oad output indicating decrease said output magnitude,
wherein said means for supplying further supplies on a
multiplexed basis said periodic signral and said means for
controlling is responsive to said first and second outputs
to appropriately determine said duty cycle..
13. The apparatus as defined in claim 11 further in-
cluding means for generating a periodic signal, one or
more switch means for general purpose use, each of said
switch means having at least one state, each of said
switch means being responsive to said periodic signal so
as to produce an outpur indicative of each of said switch
states wherein said means for supplying further supplies
said periodic signal.




-9-.9. The apparatus as defined in claim21 further includ- ing neans for
receiving a signal indicating an incréase in said output nagnitude and
means for receiving a signal indicating a decrease in said output magnitude
and’ wherein said neans for controlling said duty cycle of said pulses is
respon5|ve to said signals received by said means for receiving 5|gnals for
i ncreasing or decreasing said duty cycle in accordance with said signal to-
corre- spondi ngly adjust said output ma‘gﬂ-ptude. 10. The apparatus as
defined in claim1 wherein said neans2BIBAGTt rol |ing said duty cycle

i ncl udes neans for \IaIG&iIHMLsaiR?OGBtl}OHCQMTEDbelmemﬂl/bwnﬁ REGOCATORL1. The
apparatus as define mlfuther cl.ud- Lt IeX|ng
said neans for supp*j FE 'F]aﬁwgéq‘da f'ﬂ%‘d? 85 Eg Jsigéb &rher
signals in additd am & ao];medcgmﬁamecthethé:am mtﬂ\xanngltpluésdunytlcycl e pul ses.
12. The appar e | yeli

gener ati g a ARG LBled) Saf Takdugr he Sar' i UE oHE [
produci ng a firesistangsue |ancm:etelrmg:ﬂnoo@-dseesamie-mqodﬂﬁ)maghemcaéstmans
responsive 0 sfifliBPvhPRCYPHPREFdMY, BIQAUS dhad 3P &o&’é‘qlﬁ’é'te‘?%ent

i ndi cating decrease sai d qutput, magni t erein_said neans for supplylng
further supplifsstRam °ﬁu?'{1lsﬁﬁex(€fd'°‘53b?| 3 %’!ﬁ Quperaysde Ofsvaidl Tan@righle neans

for control : I ngnd %wﬁ&mwmoweameaal@ FiT&dredneb peeaunst eut put s to |
P opt e S gy it oS et R SR E A 0 o,
nore switch netins DCongegereathq_mrdmmesa' bgapd‘oﬁfdiagtidnewurcbntreans_ havi ng
ey o ot ateR the YatA W o Loy ¢TEA 126D RO MATRPIRY ¥Fe 'WarfY U
intereSt by regulating the transmission characteristics of the
diode. Figure.l




as t«0 produce an out'put indicative of each of said switch states wherein
'said neans for supplying further suppldes said periodic signal. - 10 -

. ABSTRACT A GENERAL PURPCSE LOW COST DI G TAL AVPLI TUDE REGULATOR Appar at us
for di.gital anplitude regulation is disclosed, for use as a volune control
‘or the like, utilizing pulse width nodulation to control gain through the
variation of the increnmental resistance of a two term nal non-Ilinear

el ement (46), the resistance of which varijes with current, e.g., a diode or
di ode |like element. A stream of pulses, (from 12),- the duty cycle of which
is variable and digitally controlled, is filtered to produce a

quasi -conti nuously variable direct-current (DC) voltage (at 22). The DC
voltage either directly or by providing a DC current regul ates the gain of
an anplifier (26) for anplifying the signal of interest by regulating the
transm ssion characteristics of the diode. Figure 1 [err]
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