WD 01/10012 PCT/ US00/ 20197 DC OFFSET CALI BRATI ON FOR A DI G TAL SW TCHI NG
AVPLI FI ER  BACKGROUND OF THE I NVENTI ON The present invention relates to the
operation of digital switching anplifiers. Mre specifically, the present

i nventi on. pweviiAes2 et hods and apparatus for 5 cali brati ngcrnskoedied
switching amplifier to reduce its DC of fset voltage. Fig. 1 is a sinplified
schematic of a digital swtching anplifier 100 which will be used to

illustrate the DC gh ©FFSEDICAIIBRATIONFORADIGIFAT SWITOHING AMPRLIFIER
i nvention. For purposes of illustration, anplifier 100 will be descri bed
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An input audio signal is received by amplifier 100 and converted to a one-bit
signal by a noise-shaping oversampled feedback loop which includes loop filter 102,
comparator 104, break-before-make generator 106, power stage driver 108, and power
15  stage 110. For purposes of this example, loop filter 102 is implemented using a
. plurality of operational amplifiers configured differentially. The one-bit signal drives
the power stage 110 which, in turn, drives a low pass filter comprising inductor 112
and capacitor 114 which recovers the audio signal with which speaker 116 is driven.
Any DC offset inherent in amplifier 100 is amplified by the gain in power
20  stage 110 and appears across speaker 116. This presents a couple of problems. First,
a DC offset voltage across the relatively low impedance (e.g., 4 ohms) of a typical
speaker causes a DC current through the speaker which can cause damage to the
speaker. Second, such a DC offset voltage could potentially cause a power supply

pumping problem which pushes the power supply voltage to a level which could

25  damage both the speaker and the amplifier.



WD 01/10012 PCT/ USOQ 20197 The DC offset in an anplifier configured Iike
anplifier 100 of Fig. 1 cones fromtwo main sources; the offset in the :
oper ati ongho gyigbdzf i €rs of loop filter 102, and resi st orpdf g S.
Cancel l ation of offset in operational anplifiers may be acconplished using
t echni ques suchTasDChuffsetlin pp amplifien borfignaddilike ainplifisrilqoef Big. 1 &wnds correl at ed
doubl e sanpling techni que. However, these techni ques do not address the

of f set due fioin tWeandin stusées; thebfiseaintheoperdtivad aniplifisfofBop filtere2sdndr s may be
used to elimnate such m smatches, but this approach requires special

processi ng résitdtEibBgyhes 2 CanceBation ®f PIFSERindpetarichal adpREASdPbe One approach to
reduci ng the DC offset voltage in anplifier 100 is described 10 with

reference tagcoipiisifdneiiR tdchnighed @iichas #e dhbper fabilibiton tREMGhSMANS akes
advantage. of the fact that, in a digital switching. anplifier, all of the
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of f set voltage, cancellation of which effectively cancels the offset
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illustrated in Fig. 2, a potentioneter 202 i's used with anplifier 100 to
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cancels the offset contributions of each of the various sources. According to the
technique illustrated in Fig. 2, a potentiometer 202 is used with amplifier 100 to
15  generate a DC voltage which cancels the amplifier’s output offset voltage.
Additionally, a decoupling capacitor 204 is used to decouple high frequency noise at
this node. This technique has significant drawbacks.
That is, where amplifier 100 is an integrated circuit, components (202 and
204) which are external to the integrated circuit amplifier are required. In addition,
20  any variation in the DC offset voltage due to oufput power level variation and changes
in temperature and other environmental conditions requires readjustment of
potentiometer 202. These are both undesirable in most contexts in which such an
amplifier is employed.
Another approach to dealing W'ith the DC offset voltage problem is illustrated

25 by the schematic diagram of Fig. 3. According to this approach, an active integrator

.2.




-21is isis ni W 01/10012 PCTIUSOOL20197 circuit 302 provides a

f eedback path fromthe output to the input of anplifier 100. Any DC of f set
vol tage is 4 gbffppt €d by integrator 302 thereby generati n?cﬁﬁgl; 099! t age
which is fggahagﬁ to the anplifier's input stage-to cancel the anut
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10  integrator 302 may need to be fairly large. For example, in an audio application, the

transfer function for the feedback path through integrator 302 must have a very low
corner frequency, i.e., below 10 Hz, to avoid having an appreciable effect on the
audio signal. Such a low corner frequency requires very large resistor and capacitor
values which makes integration with amplifier 100 all but impossible. Therefore, an
15 external circuit would typically need to be used which, as described above, is an -
undesirable solution.
Therefore, it is desirable that more effective techniques be developed for

dealing with DC offset voltages in digital switching amplifiers.



s SUMVARY OF THE | NVENTI ON According to the present invention, a DC
of fset voltage calibration technique for a digital switching anplifier is !
provi ded ' erates a DC voltage with reference to $plt  power

| evel of m&gﬁp ?fier and injects the DC vol tage at thepg',l}g]rsr’gﬁo ler's
input to thereby cancel at SUNMARYOF THEBINVENTDIONanplifier's DC of fset
voltage. In a calibration node, the DC offset voltage of the anplifier is
digitized and .tecmdifg foxhé présinfinvértion SIDE Jfth vokage LAl SticAltedhinighe ent

out put power levels. In operation, information regardi ng the output power
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i'ndi cat ed out put power level and a digital-to 10 analog converter generates
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That is, because the DC offset voltage range for such an amplifier is typically fairly
| small (e.g., 50 mV) and the resolution necessary for digitizing the offset voltage fairly
15 high (e.g., less than 50 uV), the DC offset \'rolt.agc is amplified by the amplifier’s loop
filter during the calibration process to achieve the necessary resolution.
Thus, the present invention provides an offset voltage calibration circuit for
use with a digital switching amplifier. The calibration circuit includes an analog-to-

digital converter for converting at least one DC offset voltage associated with the

20 digital switching amplifier to digital offset data. A memory stores the digital offset
data. Control circuitry céntrols the analog-to-digital converter. A digital-to-analog
converter coupled to the memory receives the digital offset data and generates an
offset compensation voltage for applying to an input port of the digital switching

amplifier which thereby cancels at least a portion of the at least one DC offset voltage.



119181 WO 01/ 10012 PCT/USOQ 20197 According to a nore specific enbodi nent,
an of fset voltage calibration circuit for use with a digital sw tching

amplifier iggyAYsed. The digital switching anplifier i Wr@% out put
| evel contr ol cir%uit. An -anal og-to-digital converter conver sﬁgg' of a
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voltage in response to the portion of the digital offset data for applying to an input
port of the digital switching amplifier thereby canceling at least a portion of the DC
15  offset voltage. .
The present invention also provides a method for reducing a DC offset voltage
associated with a digital switching amplifier. The DC offset voltage is converted to
digital offset data which are stored in a memory. During normal operation of the
digital switching amplifier, the digital offset data are converted to an offset
20  compensation voltage which is then applied to an input port of the digital switching
amplifier thereby canceling at least a portion of the DC offset voltage.
According to a more specific embodiment, the present invention also provides
a method for reducing a DC offset voltage associated with a digital switching

amplifier which operates in a calibration mode and an operation mode. In the

25  calibration mode, for each of a plurality of output levels of the digital switching
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25 calibration node, for each of a plurality of output |evels of the
digital swtching -51is WO 01/10012 PCT/ USO0/ 20197 anplifier. a

correspond{,% pffset voltage is converted to correspopgtdSooosyt al
of fset data which are stored for each output level in a menory. In the

oper at i on npégtifier aRoréspontlingf DC bfsal voltdgalis whiatet tolatraspndingdigiat ed from t he
menory in response to output |evel data indicating a correspondi ng out put
| evel of t hefrebt Gath which atelsedted fdr Sach opipuf lews] in alihemuyr n the opératidre di gi t al

of fset data are converted to an offset conpensation voltage. The of fset
conpensat i Ofo¥&lalpdfiRniof the Agitabeet duth dro seldttdd Tt the piorpin redpensditgi t al
switching anplifier thereby canceling at |east a portion of the DC offset i
vol tage COrp@SRAN Bl inQichtify LodiregHRUAE bitfutQerepolt the @igital swichitig t her
under st andi ng of the nature and advantages of the present invention 10 may .
be real iszedhytifie Th&puior oF thd Wgita? BBt itg aRQbAVERBS toddn dfftet speci fication and
the drawings. Is { .6_ pill 01/10012 PCT/ USQQ 20197 BRI EF DESCRI PTI ON

OF THE DRAVL GGG Jitdgs, Fnb R} dobripRikaBE\AIRbS B tilinAPHIA 16 an Brpi 0 t al
swi t chi ng anpli |dgrn oFg ilTustrating tahe' DC%ffset%g?obl em Fig. 2is
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offset voltage corresponding to the corresponding output level.
A further understanding of the nature and advantages of the present invention

10  may be realized by reference to the remaining portions of the specification and the

drawings.




Fig. 3is a sinplified schematic di agram of anot her previous solution to
the DC-offset problem Fig. 4 is a sinplified schematic diagramof a
digital switching anplifier incorporating the DC offset i [oPN
t echni que owotmr{bo%bzr esent invention; 10 Fig. 5 is"a nore dg?gl F@%ﬁisgcherrati o
di agram of a | oop filter BRIEF DESCRIFIIONGF THEIDRAWINGSt chi ng anplifier of
Fig. 4, Fig. 6 is a timng diagramof the timng and control signals for
operating the  diggplalasitplind BMheBm dibgdrih obh dfpitdl shcliRg engling o a
specific enbodi nent of the invention; and 15 Fig. 7 is a nore detailed

schematic diﬁ@g@atghgﬁmq)égﬁgit?m%&for use with the -digital swtching
amplifier of Hig. 4. -7 s WD 01110012 PGTI US00/ 20197 DETAI LED
DESCR! PTI ON OF SRECIFL GoENBCPLAENTS: Fidlam 5  fredioss Bitdchl 8 heasthemat ¢ of a
digital swtchi ngﬁgrrjé%l rer 400 wth an offgret calibration circuit
desi gned inTﬁ'% dance with a specific enbodi mnent of the present

€ 0

i nventi on. set calibration circuit includes a timng and control

block 5 402, a 1Q-bji i Lo b-al .- g'%l('ﬁ C) 404, a

successi ve appr o%ﬁ?t’%ggﬂl&g%?%@ﬁg%%ﬁi%ﬁ%gf an gﬁ&wg&{i@%"?ﬁmmry 408.
Three sw tch , and S3 are included in the anplifier's input signal
and feedbackﬁga(’f(ﬁépré’i%’ time anplifier 400 is powered up or awakened from
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differenti al
10

'np %12 5 is a more detailed schematic diagram of a loop filter for use with the
digital switching amplifier of Fig. 4;

Fig. 6 is a timing diagram of the timing and control signals for operating the
digital switching amplifier of Fig. 4 according to a specific embodiment of the
invention; and
15 Fig. 7 is a more detailed schematic diagram of a 10-bit DAC for use with the

digital switching amplifier of Fig. 4.



and opening the anplifier's feedback | oop. Together with loop filter 410
and conparator 412, DAC 404 and SAR 406 forma 1 0O-bit successive - .
appr oxi maty 15 anal og-to-digital converter (ADC) ' ' sed to
convert tﬁgagg%ﬁgfier's open | oop DC offset voltage at §E%§%?%@ny of
output |evels to 1DPEPAILED DESCRIFIION OF SPEOIFIC EMBODIBNTS 408. The process
by which these offset data are generated will be discussed in greater
detail bel ow Dq:ig'.agsmmaﬁﬁedmwﬁﬁbeﬂaaffgitmm&ﬁih hmftibr 460WWitRAES S 1, S2,
and S3 reconnect 20 the anplifier's differential inputs and cl ose the

f eedback | qfdet caltstatldir diichit @dsfghed indRtdkdanch with ARpeti A BnbMaintdAt 60 espond to
the current output level of the anplifier (as "indicated by output |evel

data recei ypdefi NG, UHR ofRétichlibratfon!cirbuit infihlds Atirfing hidPbhibiB16 t 0 DAC 404
whi ch converts the received offset data to an anal og offset conpensation

vol tages Thab d fo-bi B&térﬁpﬁlﬁﬁ;ﬁ%-iaﬁﬂo%&ﬁvéﬁgrmcgﬁ(%BQLQ:c@srsglg‘JSEd as an 25

address to access the appropriate oftset data in nenory 4 whi ch are then

conver t ed_ pfick o LAKDRSEE) ETLUSP0! 2RI et/ di. 2o Bliapgpensat i on

vol t age. ion voltage is then applie

i ff orent ah &7l 85 86 ARa b bt ot Y 5551 350k Sbl e B0 t0 cancel

i b
all or part’o e current et vol‘tage. Accor e specific

crbodt et SRS gy ARG e oy RERDY, 400, 120
h A1 .diff . ' di
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i nvent ilon iint Je'*m'ted to such an enbodinent. That is, according to the
i nvent i'bn, AAYBMIP} T er with an offset calibration circuit is contenplated

hunber of out pupat e SRR shiPhed iyt BB corlbn el oL €1 O Tener

respective nodes to ground thercby disconnecting the amplifier’s differential inputs

and opening the amplifier’s feedback loop. Together with loop filter 410 and
comparator 412, DAC 404 and SAR 406 form a 10-bit successive approximation type
15  analog-to-digital converter (ADC) which is used to convert the amplifier’s open loop
DC offset voltage at a plurality of output levels to 10-bit offset data for storage in
. memory 408. The process by which these offset data are generated will be discussed
in greater detail below.
During normal operation of amplifier 400, switches S1, S2, and S3 reconnect
20 the ainpliﬁer’s differential inputs and close the feedback loop. The 10-bit offset data
in memory 408 which cbn‘espond to the current output level of the amplifier (as
indicated by output level data received from volume control circuit 414) are
transmitted to DAC 404 which converts the received offset data to an analog offset
compensation voltage. That is, data representing the volume setting are used as an

25  address to access the appropriate offset data in memory 408 which are then converted
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single output level. In addition, offset data may be stored for a variety
of different or additional paraneters such as, for exanple, tenperature.
Direct di giﬁ,b§ﬁgjopp of the DC offset voltage of anplifierpdPRssoRgish’ €S t hat
the analog-to-digital conversion circuitry haveia very high resolution.
For exanpl e, tofthe offstbcohipehdatiom ealtage CThesvifictronipensdiiornpaltageisftheiappldd br at i on
range, a resolution of less than 50 uV is required. This presents a

di fficult dewithedifferehria ipuiiofiodbdiler 4 HoGDresistots RIPI 4hd RI26 ichnce]l aidrodi ment  of
the present invention, in the calibration node, the DC offset voltage is
anplified bypatsfahdcubleaIPC beff@v6ltdgae anal og-to-digital conversion takes

pl ace. 20 According to a nore specific enbodi nent and as shown in Fig. 4,

to reduce cCircuiAccofiy t8¥id specif@éhbdlimérl QedcABsiIRedn WaBRefefenedWIFid i r 400,

i.e., loop filter 410, 1s enployed in the calibration node for

anpl i ficati of fdmdrl 808 KasAiGPSrtPddPHe11 FifBrenbvol e Wattiklzs DR B6that 16vels

I npl ementation of a loop filter 410 which includes three RC active

i ntegrator Shages %%H&aﬂ%@?l &RV offitld Bbilvol4BEd Gorfelifontingi the! ter is

operating open 251 oop as during the of fset callilbration procedure

di scussed ab @&gq,mg . b / ‘r?&?rﬁ . I val ent
| nput DC off@gf?mgf t'he arrlg'l %F?’él}b‘?s esli gn%;@tgpecge{;%,pkgﬁglvo tangl(saﬁgl'tJ t he

output of the.fi | Pt SRt | AY : 1 JenforV : 41 5 The
vol t age at t'%lt%dut{(’%&‘fﬂ %lf [ he se%o’%’(?gilsh{cg%ra 53/81?2{1‘)96{@%%9%9& P ll%b 1 CR2i

G2tz oo b G dffralth LA idonlohipiRb Phitn By bRRrkDbfk bohRALRLE" | S

10  voltages for a greater or fewer number of output levels including, for example, a
single output level. In addition, offset data may be stored for a variety of different or
additional parameters such as, for example, temperature.

Direct digitization of the DC offset voltage of amplifier 400 requires that the
analog-to-digital conversion circuitry have a very high resolution. For example, for

15  10-bit accuracy and a SO mV input offset calibration range, a resolution of leés than
50 uV is required. This presents a difficult design problem. Therefore, according to a
specific embodiment of the present invention, in the calibration mode, the DC offset
voltage is amplified by a gain stage before the analog-to-digital conversion takes
place.

20 According to a more specific embodiment and as shown in Fig. 4, to reduce
circuit complexity, part of the feedback loop of amplifier 400, i.e., loop filter 410, is
employed in the calibration mode for amplification of the DC offset voltage. Fig. 5
shows a specific implementation of a loop filter 410 which includes three RC active
integrator stages and has a very high DC gain. Where the loop filter is operating open

25  loop as during the DC offset calibration procedure discussed above, and where the
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Yoc(t) Vost , + Vos 2 = 6R 1 C 1 R2i C2i R32C32 2R11 Cl1Rs,C31 t Fromthe
foregoing, it is apparent that the anplification provided by the loop .15
filter duriv@eirdegizcal i bration process may be increased bde‘l‘ﬁgs'oﬁﬁﬁbﬁg the
integration time. According to a specific enbodi nent descr erein,

an i nt egr at iequivalemtenpyt DC30¥s3t af the amplifienis désignated Gos the edliage 2t tRe output6 dB’
results. Thus, for a 50 uV offset, the anplified value would be 313.7 nmv
which is | am@ﬁled'mﬂlllybgfﬁtonsgm;(bytet ection and digitization. . 20 A specific
enbodi ment of the DC offset calibration process will now be described with
reference to the timng diagramof Fig. 6. For. each DC offset voltage,

i.e., for each of plurality of output |evel settings, the succeSS|ve
approximation algorithmis used to digibkze the anplifier's DC of fset as
anplified by loop filter 410 -10 HfASTaw 01/ 10012 PCT/ USON0397
starting with the nost significant bit, 17 ., B9, and ending with the | east
significant bit, i.e., BO A 750 kHz clock is used to generate the control
signal s for the process. For each bit, 32 clock periods are used which

t akes about 42. 7?;% Thus, to di gﬁgl ze artl cul.ar DC of fset voltage
Fequires approxi At ¥y he putpus Fé"r"Pﬁ“ﬁ’@%’\?"ﬂ%ﬂ‘ﬁw 4 and 6, B9, the
sign bit of the digitized DC offset, is evaluated first (tOt4). Between
times tO and tl, the outputs of all t hree integrators in loop filter 410
are set to zero as indicated by | NT RESET goi ng high. According to the
speci fic enbodi nent descri bed E t tos re ires eight clock periods or
10.7 us. Fromtl to t2 (23 cl oc ?erIRgdﬁR;pCz, .7 us) the input DC offset
is anplified with a 10 gain of 76 dB by the |ntegrator stages of |oop
filter 410. This is indicated in Fig. 6 as the integrator settling period.
The value for the offset is detected at t3 as indicated by

10 And the voltage at the output of the third integrator is given by:

Vos 3 Vos 2

Voc(t) = r+ t
6R,|C,R,C,iR,,C,, - 2R, G, R, C;,

From the foregoing, it is apparent that the amplification provided by the loop

15 filter during the calibration process may be increased by increasing the integration
time. According to a specific embodiment described herein, for an integration time of
30.7 us, a gain of approximately 6273 or 76 dB results. Thus, for a 50 uV offset, the
amplified value would be 313.7 mV which is large énough for easy detection and
digitization. -

20 ' A specific embodiment of the DC offset calibration process will now be
described with reference to the timing diagram of Fig. 6. For each DC offset voltage,
i.e., for each of plurality of output level settings, the successive approximation

algorithm is used to digitize the amplifier’s DC offset as amplified by loop filter 410

-10-




COVPARI SON goi ng high between t2 and t3. That is, if the output DC offset
voltage is positive, B9 is set to 1. OGherwise, B9 is set to 0. Each bit
val ue is set_. Bl SET goi ng high as shown between t3 an val ue of
B9 is usgdq%%_pl}sheopgct the 15 voltage reference for:the 10- gﬁ/ﬁg&é@%l ch will
be descri beditdriingibitithe modedigiificanthif) \We., BD} Mdlefdias G/ith &hd 18ast kignifidant Be next
nost significant bit, B8, is evaluated fromt4 to D. Between t4 and t6,

the outputs jQf Hohe\ 750168 QSRS ut %o Stalt thEtoritd] fiBkdls RS tHePrdcead! ¥dr by | NT
RESET going high. Between t4 and t5, B8 is preset to 1 as indicated by BI

PRESET gOi NGadiPbif)i3aRiockbrlods B ukBd Which tkés Aot 42 Ths RS, th Bisithlelacct Of

addi ng a conpensation voltage Vcp to the anplifier input. According to a

speci fic emiptiABRPDC HREI Wl re_-ém’ NGbhroxiniafdy 49 usand where B9 = 0, Vcp = 50
nV. The remal ni ng 1 nput reftg%e rﬁcg‘:‘fseté&s therefore Vos - Vcp. Fromt6

to t7 (23 clock %Hrg%i%nﬁ?oﬁgggﬁ%ga ?,_tﬁg?tﬂ tbi%tﬂét?i?ﬁ%ed'ﬁCo l4ified with

a gain of 76 dB by I ntegrator sett tine). e val ue 25
and t6. - 1090 SO IORRA AR SR byt TR AR Ll oS 2
arpl 111 o0 o P15 S Y AR SR BRsiE em lfeih, Mgl L 1S
oxcl UStve- o ORSLA Lifollh HEEUELES, KRR o0 SRS AR THE W 1o O
L W Bl R G
speci 7 ir g‘?gmﬁ?g’r o L oo lage= p1eere e a0, T peast i HE S R enmi i ng
i npu

AETIERRAE 3% &ifﬁtilﬁrgg%gﬁeﬁpe[b\g#u%‘('}‘m% 56t is dsfeotod SPB %S idfealid 29" M ©F

COMPARISON going high between t2 and t3. That is, if the output DC offset

voltage is positive, B9 is set to 1. Otherwise, B9 is set to 0. Each bit valne is set by
BI_SET going high as shown between t3 and t4. The value of B9 is used to select the

15  voltage rcference for the 10-bit DAC which will be described in greater detail below
with reference to Fig. 7.

The next most significant bit, BS, is evaluated from t4 to t9. Between t4 and
t6, the outputs of the integrators are again set to zero as indicated by INT_RESET
going high. Between 14 and t5, B8 is preset to 1 as indicated by BI_PRESET going

20  high. With the 10-bit DAC 404, this has the effect of adding a compensation voltage
Vcp to the amplifier input. According to a specific embodiment, where B9 =1, Vcp =
-50 mV, and where B9 =0, Vcp =50 mV. The remaining input referred DC offset is
therefore Vos - Vcp. From t6 to t7 (23 clock periods or 30.7 us) the input DC offset is
amplified with a gain of 76 dB by loop filter 410 (integrator setiling time). The value

25  for B8 is detected at t8 as indicated by COMPARISON going high between t7 and t8.
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use with the present invention. will now be described with reference to the
schematic diagramof Fig. 7. As. described above with reference t.o DAC 404

of Fig. 4, 6110620 i s used in the digitization of an amjdyfhRbaseC of f set
voltage as well as to generate the offset conpensation voltage to cancel

al | or sone Thetisjifthepblatityoflie amplified patputsDOCH et eltrge isqiositiye,. Y isietithi S
enbodi nent, to generate a nonotonic offset conpensation voltage, a
segment ed cdnJEitisregative)Y issst torde The velup biB@ . thdbAleterfifhed using ad@s t wo
operational anplifiers OP1 and OP2, resistors ROO through R28, and

capaci t or C@bluﬁwmajxmonmthﬂmmmei Yané BOasoperatids. ThevahiedfB8Pthen ROL and
RO2 are each 5 kQ resistors R0O3-R28 are each 40 kS1, and capacitor COOis

10 pF. 20 Agemm&ammyalom&'rgélhghi@%m&exgmlahdmnt bit (MSB) of DAC 700,
i.e., bit B9, 1is used to select the DAC s reference voltage, i.e., either

VREFP or s VREFM E&él sutcessive$icB7-B9 issel in @ ainkr siMilieth Hegpessy/ddséribg@ VREFP =
3.5 Vis selected as the DAC .s reference voltage. Wien B9 = 0, negative

ref erence vabtseging WRERY with the Mrebadingil(9GhRsd thDC bﬂs@é@ta‘;ge i@ VCM i s set
to 2.5V, the full scale output of DAC 25 700 is + 1 V. =12 11l. WO

01/ 10012 PCRHE&Q&@@W% obipht SHDXAC 864t Asdofifid to adPéeifd drfbddinnidt )at e DAC 700,

i.e., bits B5 are used to control correspondl ng sw t'ches which

configure arpfofife E‘Ali%?itﬂéngﬁﬁés“sckhé AshSin St rbR/LEDY o?@&‘(tﬁﬂtbebgl%e bits to

an anal og voltage. Bits B3, B7, and B6 are converted frombinary to
t her nonet er ogoge. by conversion circuitry 702. The conversion truth 5 table
is shown in the figure. Thernoneter code B00-B06 are used to control

correspgpdi ng swixlgp (E)k?ﬂcéﬁb&dﬁﬂﬁit%?@lé’Gﬁdggﬁﬁll-téiaﬁﬂoé'%ﬁw&éi(ﬁﬁ@f)ﬁw}‘ tion.

Thus, the 10 bits | nput data (B9-BO)  are used to select "a reference

.Vﬁ:oh gggaggd nEOHR G 5?&&31t€rg\§gféﬁ}v9iﬁl IR e ioribed With R AR Fthe SHUREL t hOSE
diagram of Fig. 7. As described above with reference to DAC 404 of Fig. 4, DAC
700 is used in the digitization of an amplifier’s DC offset voltage as well as to
generate the offset compensation voltage to cancel all or some partion of the

15 amplifier’s DC offset voltage. In this embodiment, to generate 2 monotonic offset
compensation voltage, a segmented converter architecture is employed. DAC 700
includes two operational amplifiers OP1 and OPZ, resistors ROO through R28, and
capacitor C00. According to a specific emquiment, resistors R00, RO1 and RO2 are
each 5 kQ, resistors R03-R28 are each 40 kQ, and capacitor C00 is 10 pF.

20 . As mentioned above, the most significant bit (MSB) of DAC 700, i.e., bit B9,
is used to select the DAC’s reference voltage, i.e., either VREFP or VREFM. That is,
when B9 = 1, positive reference voltage VREFP = 3.5 V is selected as the DAC’s
reference voltage. When B9 = 0, negative reference voltage VREFM = 1.5 V is
selected. As the DAC’s ground VCM is set.to 2.5 V, the full scale output of DAC

25 700ist1V.
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and VDCM where VDCMis the inverted version of VDCP. This fully
differential 10 of fset conpensation voltage is then fed back to the
anplifier' sydfiebsaSt age to cancel. its DC offset voltagepefusdogudri N Fi 9.
4. Referring once again to:Fig. 4, the offset coapensation voltage
generated by DAThéGk least fignifitaatbits(bSBHefDALIT0G; i.agbitiB5-Bipdre fisedito 400 vi a
resistors RFl and RF2 which, in a specific enbodinent, are 20 tines the
val ues. of i nputrolrcerresponding Sitchasiwhizh cdrifiguresandG-2R birlayy scéled dadder and1 V' out put
range of the DAC 404, this results in an equivalent input referred DC

of f set cal i hatbpeonvanthesedits tSbh adlogAoltagel [Bife 88, BNy Boapélconiviagedcal | br at i on
range can be mani pul ated via mani pul ati on of the appropriate resistor

val ues. For feora bipasy, tolthermesieter dvde b eonvatsioniroiitriR702.aThe ddhiersioh &uthal i br at i on
range may be correspondingly increased. In addition, because of the ratios

20 of RFk : Riblankhbwa imke fighe. ThérsRoREN t6dBINBIG 28 usdd@ d8idrol 0 anplifier
400 is reduced by the sane value. Thus, according to the described

enbodi ment i gyrekionaling kWRcHedtd ddnipleted e esisidt BethRtibontigaritib TG Beto
calibration circuit Is attenuated by 26 dB before its output is applied to

the input stgaesaiput Sita @B driised BUefecPd RYdréRE valtdEe 8Ad corfgdte LOf
flexibility with regard to the design of the calibration circuit and,

Speci 11 0al | Yesisi@Bnde kAR to kel Somch MO dAPOInRETLLENG IBERT Wi | e the

i nvention has been particularly shown and described wth reference to

speci fic emagdiSels whird TR Lis thb itVettéd st SOFSEPO¢hia Yully @firestic | | €d 11

the art that changés in the formand details of the di sclosed enbodi ments

may be ngde Xﬁskp&ﬁﬁeg&g&g{rn%{gggisftﬁéh%%bﬁﬁ {Helafm ﬂﬁéﬁéﬁ@@g‘%\fagt& Ef’%éhgk‘{ﬁ@t I on.

For exanple, speci I nrents have been descr eference to

an audio anpbbfoh@étVoitégeVXis LlowdSin Fig. 4.

Referring once again to Fig. 4, the offset compensation voltage generated by

DAC 404 is fed back to the input stage of amplifier 400 via resistors RF1 and RF2
which, in a specific embodiment, are 20 times the valucs of input resistors R1 and R2,
15 respectively. Givena+ 1 V output range of the DAC 404, this results in an
equivalent input referred DC offset calibration range of + 50 mV. As will be
understood, the calibration range can be manipulated via manipulation of the
appropriate resistor values. For example, by reducing the values of RFI and RF2, the
calibration range may be correspondingly increased. In addition, because of the ratios
20  of RF1:R1 and RF2:R2, the noisc contribution of DAC 404 to amplifier 400 is
reduced by the same value. Thus, according to the described embodiment in which
the ratio is 20:1, the noise from the offset calibration circuit is attenuated by 26 dB
before its output is applied to the input stage of the amplifier. This provides a great
deal of flexibility with regard to the design of the calibration circuit and, specifically,

25 the DAC.
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under st ood, however, that the techniques described herein may be applied to
a variety of different anplifier configurations wthout departing fromthe
i nvention. _Ther re, the scope of the invention should ternmined with
reference r@‘_ﬁﬂg&gppende‘d_‘,:,;cl ains. 10is -14 11 i WO Olf%ﬁ’% 120197
PULEITT T 10 | wishb Bblidebi R BOG pR iRy shohvd S ddebMEPwidrefireficel. @ 1. AN
of fset voltage calibration:circuit for use with a digital swtching
anpl i fier, g IFpEife biBodimerddthefel, Gl 8e dhdbkdtdtld ’tFyQHUs_%rsIciﬁE? inGhe GPMYET ting at
| east one DC offset voltage associated with the digital swtching
anpl P11 er ¢ eualtih o B 3 doflll 87 0P aBIRI X Blimeh Qi) be il Yibdra! OFf set

0 nal og-t 0-

data; contr Ircurtry for- controlling the a igital converter;

and & 0 okl 80 SATNAELSIo AL o crd btalbidEr 1 el G e
D01 Y11 L Opfod B Bl Ao e LR G eDY )
of st VOl t QUGG REAEORahE Gibliaflh oAb HordRLDabilia f il 10

switching a et conprfises a uenc

, | 0.g-t 0-di gital . | Qvi. .h
col ot ve. net et ghede ol hs v HebyPling s B O MR Y
furth i Si i i nat i st t te th
di gi tal of f DescapsPgihe dgyeston shanig pe UelprpLiefenet o P BHPBIFLL ¢ of ol ai m

2 wherein the digital sw.tching anplifier conprises at |east one swtch

controll ed he control circuitry which configures the anal og-to-digital
convertﬁr for generation of the digital offset
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data. This Sheet Has Been Replaced -15- 111111 11111211111111111 WO
01/ 10012 PCTI USO0ON0197 4. The ibration circuit of claim

2 wherein t ,00-to- digital S a su
appr oxi mat |"g§ ?ﬂg{e anal og-t o-di gi tBl“ﬁH“ﬂ[a“!E““““ﬁS Theﬁgfl?gde%ﬁvol t age
cal i brati on WHATIS CODAIMEBII®? 1 whe gistal* offset data are
generated for each of a plurality of DC offset voltages associated with
the digital switching anplifier, each of the DC offset voltages
corresponding to one of a plurality of output levels of the digital
switching amplifigr, tAifofflewiltigd@iliBRtion éfthitdorae with aldigitassbitchingpor tion of
the digital offset data to the digital-to-analog 10 converter in response
t o out put Ie&gﬁhﬁiatc@mbﬁgﬁgsent ative of one of the output levels. 6. The
of fset voltage calibration circuit of claim5 wherein the digital

switching anplif 'aﬁxranﬁlQF:% iR BRvedtdf for EorlveNiAk aF R bR¢ DE! difskt volth
controlling the digital 1s~ swtchi ng anplifrer to generate each of the

plurality of asgbﬁﬁbﬁwitﬁﬂﬂ deital SicHRY hﬁét@ﬁi SRBf dagdir ed to receive the

out put' | evel ta fromthe output lev control circult in an operation

node in which themgle| b con | uﬁgﬂ,gﬁgﬁwi age i s reduced, and the

control circuit rlyl ( . control the |OUt put | eveI control
generated. 20 7. SREOIHFRLTCobRolbhl P bl 4 Aok coflle82 fféf";f"m""éemre. "
momory has. an at | SEu-FARE ‘%ﬁ%%%?éc' Blod 6 et K ehad FRGUIALT 700 1

of a pl Yo al i S?fse?datpgndoge;xergttm VOlc;[f?gt compensailJnl vcl]éagé }‘or a}:;lllqhggb ménlt LITHETT

| L Ms

port of the digital switching amplifier thereby canceling at least a portion of the at

least one DC offset voltage.

2. The offset voltage calibration circuit of claim 1 wherein the digital
15  switching amplifier comprises a frequency selective network and a comparator, the
analog-to-digital converter employing the frequency selective network, the
comparator, the digital-to-analog converter and further comprising a successive

approximation register to generate the digital offset data.

20 3. The offset voltage calibration circuit of claim 2 wherein the digital
switching amplifier comprises at least one switch controlled by the control circuitry
which configures the analog-to-digital converter for generation of the digital offset

data.
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-16 This Sheet Has Been Replaced 111111111111 i 1111111111 |1l near WO
01/10012 PCT/US00/20197 8. An offset voltage calibration circuit for use-
with a di giWgdinsmkt ching anplifier, the digital switchingcarRbddoid” having
an output level control circuit, the offset voltage calibration circuit
conprising: an adal ogThoeffiegvditage catibmation eircuftof clainn® eshércinghe anlogab- a
plurality of DC offset 5 voltages associated with the digital swtching
anplifier t digitabcdnxbriepicbmprisesiatumceseiae hpmbximation thpe akfogab-digial ages
corresponding to a particular output |evel of the digital swtching
anplifier asonwftr.oll ed by the output |evel control circuit; a nmenory for
storing the digital offset data, the nenory being configured to receive
output |level data fromthe output |evel control circuit; 10 control
circuitry for controlling the analog-to-digital -converter and the nenory i
to effecs storags. of Theoffiegioltage dafibratién e/t of éltich Awhérgin!thd digiea anal og
converter coupled to the nenory; wherein the nenory transmts a portion of

the digital opfétdeta aftPdenerhed fdiRadh @atpﬁhamyafma:lfﬁa VoRAREE hisBliatedwitRSPONSE tO
the output level data, and the digital-to-analog 15 converter generates an

of f set conpepsdifit- Switingdmlifier, ERRRPERDE eﬁseheolagéstdoﬂesp%mhg?omﬂl ogi tal
of fset data for applyl ng to an input port of the~digital svmtc I ng i

anplifier Bﬁfrﬁﬁyofié\ﬂﬁﬁ'lévgﬁ ofthe UfAGE switcRRE WinBR5 &S tht bie igset vol tage.
9. Adigi taI sw tching anplifier, conprising: 20" an ou evel control

CiTCUI L] A, chifHANS HaBRlORiorich TRk gl btk ahis M@&'gnélqgamlog

10 converter in response to output level data representative of one of the output levels.

6. The offset voltage calibration circuit of claim 5 wherein the digital

switching amplifier comprises an output level control circuit for controlling the digital

switching amplifier to generate each of the plurality of output levels, the memory

15  being configured to receive the output level data from the output level control circuit
in an operation mode in which the at least one i)C offset voltage is reduced, and the
control circuitry being configured to control the output level control circuit in a

calibration mode in which the digitat offset data are generated.

20 7. The offset voltage calibration circuit of claim 5 wherein the digital-to-

analog converter has at least 10 bits of resolution and the memory has an at least 10-

bit space for the digital offset data for each of a plurality of DC offset voltages.

/_.

|
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a conparator in the feedback Ioop; an anal og-to-digital converter for.
converting each of a plurality of .DC offset- voltages to digital offset

data, each Bo?)il@#e)cdoffset vol t ages corresponding to a 2@@@%{;&? ar

out put level o igital switching anplifier as control e out put

-17 C 111111111118111144 fidel 4difald dahibrdtion ci@Efor HiRGvifa BeRAI1dGREhikg N S * 111
1 WO 01/10012 PCTI US00/ 20197 |evel control circuit, the anal og-to-digital

converter compiiﬁ&meawﬁhg%ﬁmm%hm b@Put IS Sl cijé,"u{f%iﬁpry for

storing the digital offset data, the nmenory beihg configure receive

out put | evel oﬂggt%ﬁggewgﬂgﬁioaghwgcdﬁ@ngppn_t rol circuit; 5 control
circuitry for controlling the analog-to-digital converter and the nenory

to effect stor agemﬂnaﬂ%ﬂoﬂiﬂﬂéﬂm%& fftlco g alifofh Mi@fg@%@%gl 09

converter coupled to the nenory:; erein the menory tran rtion of

Lhe O] L Jalided Rsddifedhll bl i OO BB OHN L hiteal dIRbERRORRE O L1

out put | evel data, and the digital-to-an corver e][ '?ﬁ erd. san
of f set conpe i ' 00| € Rt f.L.9Nn igital data
for appl yinﬁg@?gﬁﬂ?exgﬁag%gcro#aﬁoﬁéﬁg&Sdﬂe%ﬁ%#gs"wrt :%Te é’fgﬁﬁflﬁ erI t her ebyt
reduci ng the : t ' h al.og-to-digital converter
enpl oysg thes‘%élg{%n ylﬁélg#ecgﬁt?‘%lleea%g%ﬁl@%weﬁéc 3%%&’?’3 or, the - : t
digital -to-anal o .he s lye approxi.matiaqn register to
generate the di g%%%%ﬁ%‘g{t?%%qg?alﬁgﬂfgé&?%e%ﬁm%ﬁ ‘?"é%l‘i?(?%ﬁb“”gg%c of f set
vol tage asso?elcéﬁ/g axﬂlttlgveﬁdaqgl H‘(Intn%lle ou%pvﬁtﬁe(\:relc%gtrglrwljc{litc;l er, conprising:

10 control circuitry for controlling the analog-to-digital converter and the

memory to effect storage of the digital offset data; and
a digital-to-analog converter coupled to the memory;
wherein the memory transrmts a portion of the digital offset data to the digital-
to-analog converter in response to the output level data, and the digital-to-analog
15 converter generates an offset compensation voltage in response to the portion of the
digital offset data for applying to an input port of the digital switching amplifier

thereby canceling at least a portion of the DC offset voltage.

9. A digital switching amplifier, comprising:
20 an output level control circuit;
a frequency selective network in a feedback loop;
a comparator in the feedback loop;
an analog-to-digital converter for converting each of a plurality of DC offset
voltages to digital offset data, cach of the DC offset voltages corresponding to a

25 particular output level of the digital switching amplifier as controlled by the output

R (T
* c L M S *

i



converting the DC offset voltage to digital offset data;, storing the
digital offset data in a nenory; 20 during normal operation of the digital
swi t chi ng. aﬁg@%o{) er, converting the digital offset data to _an offset
conpensat i ¢ 1%%ge: and appl ying the of fset conpensati diFWE2HE to an

i nput port ofvdl@entehl Sirdu, theamsg:iatdi%taaaa{velftér%tam&:ﬂﬁﬁ%b&me&eﬁ@I ing at |east a
portion of the DC offset voltage. 1111111 111111 211111 1'111 CLSIITITI]

laced - | 8 aphfixtmatitR@tgidl@s Been ReP | ~I~ 1 11'~ WO 01/10012
PCT/ US00/ 2015 11. A nmethod for reducing a DC offset voltage associ ated

with a digital hdrfedty el Bital QTP glf&}n *erl | ' node: for
each of a plural ;Sd}t,%l/ of gﬁts%lﬁépgv%?l of té}%é |g|?'g‘?}y§\?mﬁ?%ﬁ‘$ﬁr¥g‘t"'§3§| ifier 5

converting ' trespondi ng digital
S SRR i O 8 Gy

of fset data; an set data for each output level in

a Menorys in an QRatAthARryRYContofldethd Qﬂlog-tp-gf%t%f’%n%m} glLoital of fset

data fromthe nenory in response to- output I " data 1ndicating a
R e L e s R A SR
voltage: and applg o4 \Gufh boRerGATRFRE B hOMatghi 208 o an nput port of
wherein the memory transmits a portion of the digital data to the digital-to-
analog converter in response to the output level data, and the digital-to-analog
10  converter generates an offset compensation voltage in response to the portion of the
digital data for applying to an input port of the digital switching amplifier thereby
reducing the DC offset voltage, and wherein the analog-to-digital converter employs
“the frequency selective network, the comparator, the digital-to-analog converter and
the successive approximation register to generate the digital offset data.
15

10. A method for reducing a DC offset voltage associated with a digital

switching amplifier, comprising:

converting the DC offset voltage to digital offset data;
storing the digital offset data in a memory;
20 during normal operation of the digital switching amplifier, converting the
digital offset data to an offset compensation voltage; and
applying the offset compensation voltage to an input port of the digital

switching amplifier thereby canceling at least a portion of the DC offset voltage.

O
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switching anplifier thereby canceling at |east a portion of the DC

vol tage 15

corresponding to the correspondi ng output level. 12. Th

of claim 1l wherein each of the DC offset voltages is ¢
data usi ngwé"gﬂg%éssi ve approxi mation algorithm 20 13. %%‘%F%ng

12 wherein each pf OfA%?&haﬁ%ﬁﬁ&&h{gsaﬂbm&%ﬁagg%éo@ia@eﬁvh'tﬁédieiftaﬂes

each of the
i ndependent |
replaced | |

10

15

20

10 bits for each DC of fset voltage being generatéd

s%ﬁc%éérhﬂliﬁe{]'_,lgcb}nbhsihézl 0 T I T O N I 25 Thi s Sheet Has

in a calibration mode:

for each of a plurality of output levels of the digital switching amplifier
converting a corresponding DC offset voltage to corresponding digital offset data; and

storing the digital offset data for each output level in a memory;

in an operation mode:

selecting a portion of the digital offset data from the memory in response to
output level data indicating a corresponding output level of the digital switching
amplifier; |

converting the portion of the digital offset data to an offset compensation
voltage; and

applying the offset compensation voltage to an input port of the digital
switching amplifier thereby canceling at least a poﬁon of the DC offset voltage

corresponding to the corresponding oufput level.

12.  The method of claim 11 wherein each of the DC offset voltages is

converted to digital data using a successive approximation algorithm.

13.  The method of claim 12 wherein each DC offset voltage is digitized
with 10 bits of resolution, each of the 10 bits for each DC offset voltage being

generated independently.

of f set

e net hod
di gi tal

of claim
ol ution,

BF

‘ORTR 00 R

25

/

This Sheet Has BegiiReplaced
[T (T —
D



