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SI GNAL CONVERSI ON METHOD This application relates to hearing aids. Mre
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digital hearing aids. The invention furiher relates to a nmethod of
converting an analog signal to a digital signal in a hearing aid. An
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component count when compared to existing A/D converter designs.

By definition, noise inherent in a signal processing device is unwanted signals introduced
by the signal processing device itself. Inherent noise may e.g. originate from inadequate
20  operating conditions, poor design or variations in component values. These circumstances
have to be taken into account in designing the signal processing device. In A/D
converters, several different types of noise may be observed. Among these are conversion
noise, quantization noise, thermal noise, flicker noise, recombination noise, and noise due
to various physical limitations in the gain-producing elements. In order to provide a
25  distinction between the sources of these different noise types, the most important noise

types will be discussed briefly in the following.
Quantization noise originates from the process of quantifying a continuous input voltage

span into a finite set of voltage levels that may be represented by discrete, binary levels

30  according to the expression:
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WO 2010/ 124737PCT/ EP2009/ 055279 2 where LN is the nunber of discrete |evels
possible and n is the nunber of bits used to represent a single sanple in

t he di gi twb 2dovie137 Quanti zati on noi se nay be thought offCagprée/ sz er ence
bet ween the actual input voltage of a s)ngle sanple and the discrete
voltage used to represent it. This type of noise may thus be m nim zed,

e.g. by increasing the 5Snunber of bits representing the signal arbitrarily,
and wi ||t helreed bres thotnubbedosdisgstedeviclsrposeble had @.1s theTiambealof has sed to
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noi se spectrumat | ow frequencies. It has been observed in electronic

devi ces si MEBN¥RECera of vacuum tubes, and is al so present in 20
contenporary sem conductor devices. Shot noise is the result of stochastic

phenonena caused by an electric current crossing a potential barrier, such
as the bar riherm3ld\erg asigingss drom fspatroah Brawdypedtiompeelegronp an g resistive
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quantity, and 25 nay escri be e expression: re
q is thd elgemnbon charge, 1,602%10-19 coul onbs, and | the bias current for
the 30 sem conductor elenent. The unit of the spectral density of shot
noise is ANHz . In order to provide a hearing aid capable of working

uni nterrupted for several days w thout/sa for replacing the battery,
one design goal for the hearing aid is that the

where ki, is Boltzmann’s constant, 1,38065%1072 J/K, T the absolute temperature in K, Af
15  the bandwidth of interest in Hz and R the resistance in Q of the circuit element
considered.

Flicker noise, or 1/f noise, is predominant in the noise spectrum at low frequencies. It has
been observed in electronic devices since the era of vacuum tubes, and is also present in

20 contemporary semiconductor devices.

Shot noise is the result of stochastic phenomena caused by an electric current crossing a
potential barrier, such as the barrier found between P-doped and N-doped material in a
semiconductor element. Current shot noise I, is a temperature-independent quantity, and

25  may be described by the expression:

where q is the electron charge, 1,602%¥10" coulombs, and I the bias current for the

30  semiconductor element. The unit of the spectral density of shot noise is A/ vHz .

In order to provide a hearing aid capable of working uninterrupted for several days
without a need for replacing the battery, one design goal for the hearing aid is that the

current drawn from the battery by the electronic circuit is reduced as much as possible,



current drawn fromthe battery by the electronic circuit is reduced as nuch
as possible, WD 2010/ 124737PCT/ EP2009/ 055279 3 preferably to a val ue bel ow
1 mA A swoieovidustor el ement providing anplification i RCTEP2@0065270f

bet ween one hundred tines to perhaps a f{housand tinmes the signal present at
its input uses a considerable percentage of this current as its bias
current in order to handle the large gain within its operating limts. From
t he foregoimmefeiablyite acxalugerion hawA shotmBondbicke clesiedependmgtangtificstondar r ent
flow ng thr em.conduct or . el n this f . providi further
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statistical variations in the input signal are |eveled out, and the
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t he i nt egr ajoaversidhgoisd) bt ¢raitiag fiecaddaBkmsigriag cqoh@victesSvangemaoy timtgnal to
the input of the delta-sigma 25 nodul ator, The error signal. fromthe

f eedback | Sop %t CFWE WP P SEHYERE ¥3113080Y B thot BPW TR a1 HEfeledogitapice %Ge, the

out put si gndhvdr@¥elnodt §RerERNNeptsBEd ifer BEYWANSth8ANRuidtOlifhe thRPHakHEgnal
|l evel. If no signal is present on the converter input, a symetric output

bit stream@nVHIHBNYISHNEY SBYaRdTEEr Ybsram the signalt émepdravback As phtothger t er .

Wien the i nghferR} A0&! radQh HAIS AHENIE B Bo4A IR e RRBLS daMBI VP dkGHe, nOre
bi nary ones wll be present in the output bit stream and when the input

signal voltage changes to a nore negative voltage, nore binary zeroes wll

be presgnt i %%l@nc%“& Réﬂa-st?énﬁa RID E@Mertct ngﬁ'ﬁéets %‘dglitagagm%dﬁl%}’ Ergf £lowk hus.
converts an anal og i nput s gnal Into a bal ance Dbet en ones and zeroes 1 n
t he out put pasg fiB¢rr Funma)W¥e 2OAOWIRARIRRERIIEP2 0P H&HbL2 7181 4 D-flip-flop. The

output signal of the flip-flop is fed back through a feedback loop comprising a one-bit

D/A converter, and is subtracted from the input signal upstream of the integrator. The

subtracted feedback signal provides an error signal to the input of the delta-sigma

25  modulator.

The error signal from the feedback loop of the A/D converter is used to ensure that, on
average, the output signal level of the converter is always equal to the input signal level.
If no signal is present on the converter input, a symmetric output bit stream of binary ones
30  and zeroes is generated by the A/D converter. When the input signal voltage changes to a
more positive voltage, more binary ones will be present in the output bit stream, and when
the input signal voltage changes to a more negative voltage, more binary zeroes will be
present in the output bit stream. The delta-sigma A/D converter thus converts an analog

input signal into a balance between ones and zeroes in the output bit stream.



The invention, in a first aspect, provides an input converter as recited in
claim1. The invention, in a second aspect, provides a nethod as recited in
cl aim 9. ®Oroprider37t o overcome the above shortcom ngs, Phe/EPR@INSR2ENVert er
according to the invention conprises a first voltage transforner placed in
the input converter upstreamof the input stage and having a transformation
ratio such that it provides an output voltage |arger than the input

vol tage. When the input signal voltage is transfornmed up prior to being
anplified t.he l.ifier, stage, | opl jf.ication i eed in-order to
o ng the 1 isiPPahgh i Bhafomey SEE LT HURPAL SR Al FRE el 2B Ve
anplifier noveeooms sdcbuud aspecttmotilies aanghod dseckitsd gnddimi s | ower, and t he sane
is the case when the feedback signal voltage is transforned up prior to

bei ng presented to the anplifier input. According to the invention, both
the input tinadgéofonByerévndt thdeabhee dhatdsniinggNsicompet cabfertckSaccordiplzeidemt ed as
vol tage transfarners. Vol tage transforners are easjily inplenented i

synchr oni z BVOEPRERVRIEHAT ¢ ST ealfaggtgntfaimen gtagest Rdhe WREE GPaYCTISE UBRSAYREd so as
to optim zand gl sth%é%g%@ﬁﬁ taQrah {8 roh 1R FARC Q1R That NG réTWsi dhi RipuaRElidohe
subsequent stages of the AI%) converter. 20 Further features and advant ages
are evi dentlampiofpt e @eEeiiagn VEhoa the inprhsignal vekegeon tiRpsProewrbriddscr i bed
in further RN : (0 S fi | 5. hemati c
of a prilor Sl By BRORRRIT Sut R CoAl Fon) MRk ihradh f Bufl B¢
schematllc ofiput kenpripde aamtceg@bledevs]. gnd theopkatya amplifier fiige confriltfutign tgthes an
equi val ent ' j ¢ . rati e. Npi I L, vel - .
ool 1 11 or . GTTRRSE Siefips INEELE A RO €0k SRe 18 ! REAAGE Sl Bl
i Il ustrati ngnsfosmgiripneioptosbedfs eepanteditostht ampléfies firgruirat i on of t he i nput si gnal
to the anplifier in fig. 3, WO 2010/ 124737PCT/ EP2009/ 055279 5 fig. 6 is a
schematic illustrating a second phase of a prior art sanpled capacitor
i nt egr at or, Accordirfg 19.the/ inlvéntidnSBAR it inputittansfeinicktah theafebdbasd trpifsmeniret he
sanpl ed capacjtor integrator ag)cordi n% 5to the invention, fig. 8 is a
schematiPc iTPIFSICPIEH i g O4 & LY BRAs OBtect FISORRGP d° ExpadMPEMPiit Br at or
accordi ng ts@n&h'?&liieﬂ\(@la&li-@dhtroﬂléﬁ)i%%ta?nét&o&s,%ﬁ%ﬁ@tﬂecde@lfgn&ﬂsd 4¥Rb epwniat i on of
an input transfornmer in a first phase accordi n% to the invention,

their impedance to the impedance of the amplifier and the subsequent stages of the A/D

converter.
20  Further features and advantages are evident from the dependent claims.
The invention will now be described in further detail with respect to the drawings, where

fig. 1 1s a schematic of a prior art delta-sigma A/D converter,

25
fig. 2 is a more detailed schematic of the prior art delta-sigma converter in fig. 1,
fig. 3 is an equivalent schematic illustrating the noise level voltage V,, of an amplifier of
the delta-sigma converter in fig. 2,

30

fig. 4 is a schematic illustrating the principle of equivalent transformation of the input

signal to the amplifier in fig. 3,

fig. 5 is a schematic illustrating a first phase of a prior art sampled capacitor integrator,



fig. 10 is a schematic of an inplenentation of an input transfornmer in a
second phase according to the invention, 15 fig. 11 is a schematic of an
enbodi mrerwoabioa2¢slit a- si gna anal og-to-di gital convert er PatEr@9O§20D t he

i nvention, fig. 12 is a schematic of a preferred enbodi rent of a

del ta-si gma anal og-to-digital 20 converter according to the invention, and
fig. 13 is a schematic of a hearing aid having four delta-sigma converters
according to the invention. 25Fig. 1 shows a bl ock schematic of a prior art
delta-sig ALD converte risin ninput. termnal. N, .a raction
ot 1t 1, i hes R aRt S SRIBEL ELOR B! Mo B Pl (ofecidl Bt
digital -anal og converter 5, a clock generator 6, and an output term nal
QUT. An anal og.signal presented t.o the input termnal. INis fed to the
subt 1 act o dint ey EETRESEn P bSr bRAF SriO] RE ! B Aok er
i s subt rsactiethefinmmidéhe i nput signal, 30 generating an error signal. The
difference signal fromthe subtraction point 1 is fed to the input of the
integrator 2 for generating an integral of the difference signal fromthe
subtracti onidd nt a ehehhific quﬁa&uﬁ%gs b OR&Indf praR bhend MngBsPtHacidor ifteplafsent ed
to the input of the conparator for generating a |logical "one"-Tevel
whenever t HECQrding it BF ISR exceeds a predetermined threshold linit set by
the conparator 3, and a logical "zero"-level WO

2010/ 124737PCT/ EP2009/ 055279 6 whenever the output signal fromthe

i nt egr atlor 1. {9l & sbledmmfic t eanpimemdenantationed arh rregh ohekforMisi ¢n laotyist ahassi gnal
then feeds L .of the flip-flop 4. The clock generator 6
controls thargp(?rﬂlﬂgttﬂh%gggﬁtfo%’such a way that the output signal fromthe 5
conparator 3 is quantized in time and synchronized to the clock signal, the

flip-flop 4 worki |atch, th i it st ting th
nput <1 ond® b ore el e elstRsSoTPbur e PR FIEEA ST PRl Tt

bet ween t hexcesitiippto thetdviemadn, OUT and the input of the 1-bit D/ A converter 5
to the subtraction point 1 and subtracted fromthe input signal. The 1-bit
DA converter 5 converts the | ogi cal ones and zeroes in the bit stream

10i nto a pasd tii1vig DOEchBRgR bl 8 CRbbdASRNVGE B deREABME dnRlobhedighRUdonsénal for
subtraction fromthe input signal in the subtraction point 1. This

ar r angementaccqraingixtapEwentigneat es a f eedback | oop, making the bit stream
represent the changes in the input signal over tine, i.e. when the input
signal level is zero, an equal 15 nunber of digital ones and zeroes wl|
be present fim 2hs bischcwriemna weémedembodendnhpiita delgrragmayeesdoptysdigitale, nor e

ones thgn Zﬁ%]?eevre%mcg%i}\‘%%H{e%‘%%mﬁ N,ghe bit streamin a proportion to the

i nput signa whenever t'he signal goes negative, nore zeroes than
ones will be present in the bit streamin a proportion to the input signal

| evel . The iltlstrem y.then.be.converted into a suitable, digital format
for furthe rftlj%3 % 9 eassscﬁ%néaq‘}% nOf taﬁgarmg 2id Ravmg ftour dellta-51gma converters acéor&llng o e
invention.

25  Fig. 1 shows a block schematic of a prior art delta-sigma A/D converter comprising an
input terminal IN, a subtraction point 1, an integrator 2, a comparator 3, a D-flip-flop 4, a
1-bit digital-analog converter 5, a clock generator 6, and an output terminal OUT. An
analog signal presented to the input terminal IN is fed to the subtraction point 1 where the
output signal from the 1-bit D/A converter 5 is subtracted from the input signal,

30  generating an error signal. The difference signal from the subtraction point 1 is fed to the
input of the integrator 2 for genecrating an integral of the difference signal from the
subtraction point 1. The output signal from the integrator 2 is presented to the input of the
comparator 3 for generating a logical “one”-level whenever the integral signal exceeds a

predetermined threshold limit set by the comparator 3, and a logical “zero”-level



20di gital domamin. A delta-sigma AID converter design for a hearing aid
shoul d have a small noise figure and a | ow current consunption. However, if
t he currewb 20mumspt i on of the input anplifier of the APDTEPRMQIOSRII I S
decreased without any alterations to the design, the 25noise figure of the
anplifier will increase correspondingly. This problem and a possible
solution, will be explained in further detail in the following. Fig. 2
shows a norehcdetcaiticauitsic e fiom fd)f: iIHegDEIItDKﬁ fadls beldel thaprsdgermirdDhegholder t er .
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of both A 3@%”%52111991%% ]%ohﬁ converter’s ability to suppress
en

frequency- ent quanti za n noise. The gain of the anplifier A also
suppresses the noise fromRLF because the filter RLF is positioned in the

f eedback | t he converter nt the reason.for
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Instead it may be assunmed that the total gain of
stream may then be converted into a suitable, digital format for further processing in the

20  digital domain.

A delta-sigma A/D converter design for a hearing aid should have a small noise figure
and a low current consumption. However, if the current consumption of the input
amplifier of the A/D converter is decreased without any alterations to the design, the
25  noise figure of the amplifier will increase correspondingly. This problem, and a possible

solution, will be explained in further detail in the following.

Fig. 2 shows a more detailed schematic of a prior art delta-sigma A/D converter. The
converter comprises an input IN, a first resistor R1, a second resistor R2, an amplifier A,
30  a capacitor C, a residual loop filter RLF, a D-flip-flop DFF, and a clock generator CLK
generating a clock signal. The amplifier A and the capacitor C forms the integrator 2 of
the converter topology shown in fig. 1, and the residual loop filter RLF comprises
subsequent low-pass filter stages present in second- or higher-order delta-sigma

converters. The converter receives an analog input signal in the form of a voltage U at the



conbined is sufficiently |arge throughout the desired frequency bandw dth
of the 20 converter for the converter quantization noise to be negl ected.
G ven an wopoto/met3vage U and a resulting output volt agePET/EPh@I0sRNST er
function H of the conplete converter imfig. 2 in the ideal case may thus
be estimated as: HY - R2 == URL 25 In order to address the probl em of
the noise contribution fromthe input stage of the converter, this
particul ar inpit$semsml i andasesenss béitisgoinatrepeseminigsa digital|dutrsit sighady knthe he

schematic in. fig. 3. I g 3,..an i +.N0I se-f.ree lifier A and a
moi e vor t sguh Gl JUT, 1 Boydin bR i St o B AWidr 88 GEI0" e
conf i gur at icontimiouCuntiRthe de@erativgh ok theshisdtietn Hmth the butpog@ bhtae flw-fiép DRE. | nput
voltage U, the output voltage Y, and the anplifier noise voltage source
Vii, while the remaining conponents fromfig. 2 are left out fromthe

schemat isc foe gh@ifick YA dnll thBeaedi@fadllogpplied RCAt tdipriseOMAlodpdilR:Fof(Mmet shown
infig. 3) is assurrga]to be sufficient, 2010/ 124737PCT/ EP2009/ 055279 8
for the desPrEdchaAdilicdtonuary tresfedhiabion af thedope fHisr-d&- e Hreavpes iy, to

the out put MRlitAGE bEHNRYanRRIVW, i delefRindS ihe condd@rPabSiey MOppEEs ﬁé’cﬂ%ﬁéybm ion

U with reference to the input voltage U may then be cal cul ated

conbi ni ng tdspendars Célﬁlﬁ:}-z@%@‘q hse. Thg gain ¢f7the araniﬁer A also suppresses the noise from
RLF because the filter RLF is positioned in the feedback loop of the converter. In this

10 discussion, the reason for distinguishing between the amplifier loop filter, respectively, is
to isolate the noise contribution from the amplifier A from other noise sources in the
feedback loop. All other things being equal, the noise level of the amplifier A thus
constitutes the main noise component of the converter apart from quantization noise. This
is the reason that the contribution from this particular noise source should be minimized,

15  as mentioned in the foregoing.

If the amplifier A were to have infinite gain, the signal level on the input terminal of the
amplifier would be zero. Instead it may be assumed that the total gain of A and RLF
combined is sufficiently large throughout the desired frequency bandwidth of the
20  converter for the converter quantization noise to be neglected. Given an input voltage U
and a resulting output voltage Y, the transfer function H of the complete converter in fig.

2 in the ideal case may thus be estimated as:

H:X:;Rz
U RI

25
In order to address the problem of the noise contribution from the input stage of the
converter, this particular noise source has to be isolated. This is illustrated in the

schematic in fig, 3.

30 In fig. 3, an ideal, noise-free amplifier A and a noise voltage source V,, is substituting the
amplifier A in fig. 2, and the configuration of C, R1, R2 and A is sketched out together
with the input voltage U, the output voltage Y, and the amplifier noise voltage source Vy,
while the remaining components from fig. 2 are left out from the schematic for clarity. If

the total amplification from A and RLF (not shown in fig. 3) is assumed to be sufficient



U==- 1+ nHThis inplies that the input noise U is dependent on the
anplifier noise V. In other words, if it is possible to decrease V., the

i nput noiwe 2u0/2137 decrease, too. The anplifier noi se POTERQ@®INSS2MAS t hree
primary origins. Noise due to the fact ¢hat the 15 anplifier A has finite
gain, internodul ation products originating fromnonlinearities in the
anplifier A and thermal noise produced by the input stage of the anplifier
A Ml ti st dgethadpiiiefl berdsvigih ohtheapyerigaitle npalewestrihetica Y. tadhict dumavbagbeen
used in ordghwt%eg%ﬁ%n%ge t hermal noise. Likew se, noise may al so be
reduced by supBIying e sem conductor elenents in the anplifier with
sufficiently large currents in order to keep the total noise in 20t he

out put signal at an acceptable |evel., However, none of these approaches are
especially attractive in a converﬁegzqqéﬁé.\for a hearing aid, where
current consunption and conponent count R&as to be kept to a mnimumin
order tq prolong battery life. An alternative way of reducing the noise
255ensiéivity of the anplifier in the converter is thus desired. In theory,
the noi se vt RER Wltaf@YoRELBOWNSCRItE defe@n@ tob¥ie LifRASHREIN DGndyh@ich BRUL
signal U and the output signal Y by placing ideal transforners between the
i nput t er migkrlatgdygombingigdhyetofefsstiens st put ternminal and R2 with a given
transformation factor NN Fig. 4 30 shows an equi val ent schematic of the
converter in fig. 3 with ideal transfornmers Ti and T2 in the input branch
and the output branch of the coEijfggL_gegg_g&ively. The input transforner
Ti transforns the input voltage by thhe 'YRQ 1'N, (i.e. the voltage on the
WO 2010/ 124737PCT/ EP2009/ 055279 9 transformer output is N times the voltage
on the transforner input), and the feedback transfornmer T2 transforns the

f eedback volt. b he ratio 1: i..e,. the vol esented t h
arpt 11 er (R R BhE g b b Benhd MR SRR ER Y R BT i ves
of the resiwdrds,sf iRk pasibldd dacreaseashths dglueshis W will dearetsortoof N2 in order to
preserve the 5 current |oad of the input and the output, respectively.

Li kew se, the value of the integrator capacitor Cis scaled by the factor
N- 2|- ljt n'ﬁy]"lﬁemﬁgﬁ@éﬂtlldimt;&olﬁaE@V% stlihfrée\r}g}rﬁNdfp :ohglinﬁ.rNcﬂgei SR t¢Qhd &@em&’t't')tlhies

scal ed correspandi ngly. by the factor V'/N. In theory, it is possible to
scal e tiNe MEOIRECE ONias i TBUEigH- fHeFmoINathplofpg i prigpalye f ORNPCARics ip ¢ rary
amount, prayd gtherd e aAdlkirhdl 8biss bREEc DyGRPABLE R ohaRdkiphget Remufcr eased

i nput voltage wi thout being . ' o
stage amplifiers with large gain values have traditionally been used in order to minimize

thermal noise. Likewise, noise may also be reduced by supplying the semiconductor
clements in the amplifier with sufficiently large currents in order to keep the total noise in

20  the output signal at an acceptable level.

However, none of these approaches are especially attractive in a converter design for a
hearing aid, where current consumption and component count has to be kept to a
minimum in order to prolong battery life. An alternative way of reducing the noise

25  sensitivity of the amplifier in the converter is thus desired.

In theory, the noise voltage V, may be downscaled, ¢.g. by transforming the input signal
U and the output signal Y by placing ideal transformers between the input terminal U and
R1 and between the output terminal and R2 with a given transformation factor N. Fig. 4
30  shows an equivalent schematic of the converter in fig. 3 with ideal transformers T1 and
T2 in the input branch and the output branch of the converter, respectively. The input

transformer T1 transforms the input voltage by the ratio 1:N, (i.e. the voltage on the



10 saturated. The current demands for the converter are also smaller due to
t he i npedance transformation. Real transfornmers are non-ideal and therefore
i npossi blwotoiwizersTn practical hearing aids due to thei PCIIEPRGOINSI2gNt |
current consunption and power | osses. The inventor has realized 15 that the
equi val ent of an ideal transformer may be applied as a solution to the
problemw th satisfactory results. Such an equivalent is described in
further dettainkfoimertdueput ad Notwinergthe TMoBagt e theriganpioimer ioput), tand thié Scdsskon is a
del t a- si gmg_Al nyerter il zien topol o S wSanpl.ed citors.
Sanp|ed-cggg%?5%§95¥§5§§“2ﬁ%;§§h§F é%%dwﬁ%g%gxmggfgl%SGﬁ ﬁﬁ'Pﬁ%V§?%? and

t he wor ki ngrgentad topthe amplifsu ¢hN ainga el vetlagegpasenttad the Aufpuconie &f )t Elic vadues

20described i n further detail in the follow Wi reference to fig. 5 and
froc 6 migt B hlnck haRkRecrt Prehobriad i L BfoP b R REoERER et g

cl ock cont r@bresilguiiadf thinputRhd e odfplt, $T'$ﬁ§ﬂti@dy?ﬁﬁa6{ké,@lﬁe xldlﬁletcﬂ?ﬂ‘iei ig1eBrafyr D
converter conprising an I nput term,nal U, a first sanpling capacitor Cs, a
first swtcRP&torg 1%@&@%_&%% fogtAr Mg, It glapi&wh%%iei @6 FOSEng awpﬁf%s 98Bl i fi er
A, a feedbagliad 0PPisGBAGEEIREpdRAInglyebyf BEARAF K/ NPAR th@FyTiNAhoQrARNG @f1cout put
terminal Y. The feedback loop termnal Qcarries the feedback signal from

t he out put tB¥ neipecEiitigo filoghthe pewlisipowrer. doTiebysil teliasy gnowhdrapdiaee

control | ed Ry aﬂlgﬁﬁ&pit%éégiscéagrﬁ,&e gﬁ%ncﬁﬁgw@i} anér%s@% Eﬂgﬁ? oSGkt HBS

sanpling clock control” sign own | sanpli ng capaci ?or Cs
i s charlded sbipratdse Thegutreny demansls fpr dis enedeoarctalse smapent ducep thaahpeduBOdur i ng

a first, SQ?a?\LtfohrfatBﬁri od of tine, via the switch SF The second switch SE is
open in the Tirst phase. WD 2010/124737PCT/ EP2009/ 055279 10 connects it to
the input of the amplifier A and the hold capacitor Ch, whereby the

[ j t Cs is disch f d i fi i.od of ti
Toant ho v b riRorgRugs BPRRg lf Dl Guds W RRFEPekfal Rl el The
sw tch SE iduetd hsedize,wdifte, cieeatndnfuiasion aghsbwed et Bhetiieentar @adb@alkze 00p
capacitaor C lifier A, The 5 voltage on t %{linput

' 1o the input of the . tage
term nal® ofth%tﬁ_ﬁe ST _8? i fﬁ%w% talhey 8° fRbicq o QBtigh T4 fg
term nal U il {afefadth® Edult§ ISuBR A 8fhillent istRsdbBUm fhiARr AEtlin MeiIRGEn DT esent
on the feedback term nal Q When the second phase ends, the switches SI and

SE are ret ubhsestpriing paies of thigidiscussionds pudeishsiesh dWBR GoRvarich utilizingaih PPOIREY pr ocess

i's repeat ed,,p&r drOQhip®dl dpackisf S%}rﬁiﬁ$@%ia$i{09 @tag s drOEordWet8No Be WR1GKABHFO! | ed

by a periodical signal having the frequency s, the inpedance Zs of the

sanpl e capadgithorrtCendrilye berkdes orindigld @ssuch a sampled-capacitor A/D converter is
20  described in further detail in the following with reference to fig. 5 and fig. 6.

Fig. 5 is a schematic illustrating a first phase of a sampling clock control signal in a prior
art sampled-capacitor delta-sigma A/D converter comprising an input terminal U, a first
sampling capacitor C,, a first switch S;, a second switch Sg, a hold capacitor Cy, an
25 amplifier A, a feedback loop capacitor C’, a feedback loop terminal Q and an output
terminal Y. The feedback loop terminal Q carries the feedback signal from the output of
the D-flip-flop (not shown). The switches S; and Sg are controlled by a sampling clock
(not shown). In a first phase of the sampling clock control signal, shown in fig. 5, the
sampling capacitor C; is charged by the input voltage presented on the input terminal U
30  during a first, specific period of time, via the switch S;. The second switch Sg is open in

the first phase.

In a second phase of the sampling clock control signal, shown in the schematic in fig. 6,

the switch S; disconnects the sampling capacitor Cs from the input terminal U and



z= h(C, . fs ) 15Consi der the sanpling capacitor C,  of the
sanpl ed- capacitor delta-sigma AID converter in the first phase shown in
fig. 5 spwOt2oimt2e73vwo capacitors, each having a capacit 0CEP§H09G55229 A
vol tage transformati on may then be inplijgnented by changing the
sanpl ed- capacitor design to look like the schematic in fig. 7 and fig. 8,
respectively. The sanpl ed-capacitor circuit design shown in fig. 7 and fig.
8 conpri se doneectsonttp che expus wif tthdh esipBficrapdar@0thSEholdanapmnpdri €i, ewhesgbyathhol d
capaci tor nd four ca ifors n n each of .t f our
capact t or s DGR Rlen EERAELAALS P A8 Reeing A6 Bl EREMENER Sy e
the two capamsfeoing iSacharyd t€hhd boltl hepdcitpuC,. tErerawi@h SENs iclosqainathk abcond t he
first phase, in a manner siamilar to that. shown jn.fig. a in fig. 8,
he st t on TbeCamhERroTneS bRl tptel dRah Csbubr i A b T
i _eL ies isn tvﬁﬁageﬁ&pﬂhf 0 d irEﬁlaEe@min_ﬂl (&‘tﬁ@%ﬂﬁlﬁﬁé&d |ANAs| ik éqaﬁlttbahed@@g@oﬁﬁ%elrinlfdtg. 6.h
i kewi se, the feedback capacitors C, an are charged in par el to the
vol t age pr égrérﬁleﬁ&% e ﬂFf‘egﬁb%F‘é’IQdIOBB‘&etnéP‘ﬂﬁt SPITRY NRHtRgT Prr%%tr%htg%?%bagkound
via the swtelinapi).i Whtdencl dobsild RS EndsNihfisGritcios RREd IS drhergfE&ORAmRRase,
shown in fig. 8, the feedback capacitors Cc and 30 Ca are connected in
seri es bet viBigal Rosislopedgadkig.copnd Be Aiosess igepgstrdrreodismlyi fier A via the
switch SE during discharge of the feedback capacitors Cc and Cd, whereby
the vol tage drop between the feedback | oop termnal Q and the hold
capaci tidr Ghthicposibobbiitic sWher S \WoorEalBAd 13 478TIFET] BRROJOV 08 BX7equinoydl. t age

Vo i e, e b 2 b ST S B o BTN, CoGback vol tage: The

effect of this arrangenent is that the input node of the anplifier Ais
isolated fromthe 5 input terminal U and the feedback |oop term nal Q by
the voltage transforners fornmed by QPe itors Ca, Cb, Cc and Cd,
respectively. The net result of doub id§5U1 i nput vol tage and the feedback
| oop voltage is that the intrinsic noise level Vi, of the anplifier A
beconmes conparatively smaller, and the signal-to-noise ratio thus is

i mproved, WhinsRlenb Ri@bltign@pRabh Ct Bethc RBMp ol BRRGRGICR @B e/ DOtnPeH er
| mpedance OlIl tﬁehfelrsta gl%lsé slio%vrn 1§1tﬁa5gg% sﬁ\lit into two capacitors, each having a capacitance of
Cy/2. A voltage transformation may then be implemented by changing the sampled-

capacitor design to look like the schematic in fig. 7 and fig. 8, respectively. The sampled-

capacitor circuit design shown in fig. 7 and fig. 8 comprise two controlled switches S; and

20 S, an amplifier A, a hold capacitor Cy, and four capacitors C, and C,, C, and Cgy, each of

the four capacitors having a capacitance of Cy/2. In fig. 7, the switch S; connect the two

capacitors C, and Cy, to the input terminal IN in parallel in the first phase, in a manner

similar to that shown in fig. 5, and in fig. 8, the switch S; connect the two capacitors C,

and Cy, to the amplifier A in series in the second phase in a manner similar to that shown

25 infig. 6.

Likewise, the feedback capacitors C. and Cq4 are charged in parallel to the voltage present
on the feedback loop terminal Q with reference to ground via the switch Sg in the first
phase in fig. 7, and in the second phase, shown in fig. 8, the feedback capacitors C; and
30  Cq are connected in series between the feedback loop terminal Q and the amplifier A via
the switch Sg during discharge of the feedback capacitors C, and C4, whereby the voltage
drop between the feedback loop terminal Q and the hold capacitor Cy is doubled. The



10as seen fromoutside the circuit shown in fig. 7 and fig. 8,
respectively. Wth the capacitors Ca, Cbh, Cc and Cd having val ues of Cs/2,
respect i webypioves7confi guration i s equival ent to a vol Pag&EPRER0ST209 nat | on
with a transformation factor of 1:2 forjjthe input transfornmer, respectively
2:1 for the feedback transforner, as the inpedance 15Z, of the hold
capacitor Cs now becones: Z= s(cs . fs ) This arrangenent thus effectively
quadr upl es voltagd mignent 4t thpatan oéthofamphierahpl th bepndiphaByis2@Enciangong. thhe

i izatigpemjth the two phases of the

configuratipn -t h iLrcuit in
sanpl i ng cﬁ%EWE@F@&ﬁ%ﬁ%%”%gm%Pmﬂﬁéﬁggﬁg 8 -3%p§ditor delta-sigma Al D
converter, by neans of the switches SI and SE as shown in fig. 7 and 8, the

i nput voltage resented to the, input term of .the anpljfier is then
donbl ed t o 9558 BRSPS Ry e R b helhE o Ko Re o Hea s er o
signal of Qnpithemngl Praas et fe@badigop eedbace bk aapydiegdiandforers TieRd bie

out put signﬁl downstream of the second vo|tage t anaf rmer Cc and Cd is: 2
-UHV, V= Udhoopagtonie GodCoasnd o oCethisly iperdessye of Amblipgihedapib xoltages oc

and Cd are shithé eddbRiWesH vbgenanmd |8l itomnid assaldenvi drthe ahphsd RAhase
shown in fig. 7 and the serial conflgyratlon in the second phase shown in

fig. 8. By lceynest somparaizcly mpllcpfand Hee sigpalitppeise tigr thupds jmpareds (e
maintaining both the input impedance and the output impedance of the amplifier stage A

10 as seen from outside the circuit shown in fig. 7 and fig. 8, respectively.

With the capacitors C,, Cp,, C. and C4 having values of Cy/2, respectively, this
configuration is equivalent to a voltage transformation with a transformation factor of 1:2
for the input transformer, respectively 2:1 for the feedback transformer, as the impedance

15  Z, of the hold capacitor C; now becomes:

This arrangement thus effectively quadruples the input impedance of the amplifier A. By
20  changing the configuration of the circuit in synchronization with the two phases of the
sampling clock frequency fs of the sampled-capacitor delta-sigma A/D converter, by
means of the switches Sy and Sg as shown in fig. 7 and &, the input voltage U presented to

the input terminal of the amplifier A is then doubled to 2U.

25  Consider the amplifier A having unity gain, and an error signal of 0 V being present on
the feedback loop terminal Q. Then the output signal downstream of the second voltage

transformer C, and Cq is:

30
This is based on the imperative that the capacitors C. and Cq4 are shifted between the
parallel configuration in the first phase shown in fig. 7 and the serial configuration in the

second phase shown in fig. 8. By isolating the input of the amplifier A of the input stage



WO 2010/ 124737PCT/ EP2009/ 055279 12 of the Al D-converter fromthe rest of
the circuitry with first and second voltage transforners in this way, an

ef fecti vewocompatBri ve noi se figure of A/11/2 may be obtrairmedooonsyisi npl e
and effective manner. 5A schematic illuystrating a first and a second phase
of the function of the input voltage transforner circuit of fig. 7 and 8 is
described in the followng with reference to fig. 9 and fig. 10. In fig. 9
and fig. 1&f thevdiD-egectarafighothmerestcof ¢hei tiradmprvithe Sirsarend ngpoendt seltignal U,

an out put term nal VA,.five r.ol | tch i ,.ahd S5, and
fo sanpl i radBi M LS af S sSwR TRE R R Moy e B R 0
respect to ihhsingdhanadficctiv@fmandthe circuit shown in fig. 5 and 6. The out put
termnal VA of the voltage transformer circuit is to be connected to an

anplifier (not shown) as illustrated in fig. 7 and 8. In the first phase of

t Ihe vgl tsagga tsﬁ&ﬁﬁfi@ﬁl[tﬁfrati@@ﬁﬂt i fisgcon® ,ph&da%fﬁmé fuabesh Sflthe $ut aalehgsshar e
closed, and the switches S2 and S4 are open. e.two capacitors are thus
connect ed iR &IrPEl oftftg ¥ fed ﬂfﬂ%crt%éﬁci) i s follgwig Yilyretageneata . Ozge
present on gheoimEit 9tgd K NAY, anl’Mldéétrahfﬂelﬁn&QﬁEﬂﬁc&ﬂﬁng@QﬁiﬁbﬁtQé&i@ and Cb
to the sane voltage. In the second phase of the voltqge transforner, shown

in fig. 10,2nPusiimiEpe¥a.give cagroligggvigticase Fowd opeand §hdnd Feo snivtes S2
and S4 are : . i . ect ed
M seri o, TRMEHREER L WA REPBRILANS CRCER findlolt BTk Bt aRRCS
total cldpadht eirrod shoviOs/. 5andl6.cowmetpuedmipalt hieoldhe paltage ernsiarakr it The

cont ned EKAE GRLESLEM, Biol e GPRRGIY 018y R, B Dy Ly 0w presented 25 2

voltage to e ou term age i s e the voltage of U
due to the altered configuration of the capacitors Ca and Cb. 25

Consi deri ng t he.out put rm,nal VA.of the inpu ol.t age transfor shown
N i T e S A o LT A S S
way shown iafe Elogd, ahdahdswitcfies & andfS4tdieomapThd thercapachas afthayq@nhdctaaiahi on
gain p,. then the H@gut vol tage U i.s both doubl ed and nultiplied‘gﬁﬁﬁB, but

e
the noi'Se w3fallghle e mput fe lflglnlﬁlﬂﬂ {181 7-et VBYPLE respryonghginpahicraie vol t age
U, the vol tt&%h@ﬂg’%ﬁi&tcaﬁﬁjﬁtﬁﬁ@paﬁ@gb B¢ banicBlolthpaM | | be:r Wy = 2 .13, U+ 13.

Vn <=> W = 13(2. W+ V

In the second phase of the voltage transformer, shown in fig. 10, the switches S1, S3, and
S5 are now open, and the switches S2 and S4 are now closed. The two capacitors C, and

20 G, are now connected in series, thus doubling their total charge voltage while reducing
the total capacitance to Cy/4, and connected to the output terminal V4. The combined
charge collected by the capacitors C, and C, is now presented as a voltage to the output
terminal V. This voltage is double the voltage of U due to the altered configuration of
the capacitors C, and C.

25
Considering the output terminal V, of the input voltage transformer shown in fig. 9 and
fig. 10 connected to the input stage of an amplifier A in the way shown in fig. 7 and fig.
8. If the amplifier A has an amplification gain [3, then the input voltage U is both doubled
and multiplied by [3, but the noise voltage V, is just multiplied by B. For a given input

30 voltage U, the voltage output Vy from the amplifier A will be:

V, =2-p-U+p-V, &V, =p(2-U+V,)



WO 2010/ 124737PCT/ EP2009/ 055279 13 The noi se voltage contribution Vn to the
out put voltage W is then half the noise voltage contribution of the

unt ransf ovoediovnpsy vol tage in this case, provided that pCmEPasmlosf2rer is
capabl e of handling the transforned i ngyt voltage of 2U. 5The vol t age
contribution fromthe feedback | oop signal of the delta-sigma Al D converter
is doubled in a simlar way by the second voltage transforner Ce and Ca as
i ndi cat ed iThefriogpe vBltagedohirijuti@ Vi tmeth@piltpcti \plltegeo‘ffy wothembyaf 1thr: anst voltegti on i s

ext ensi bl e togtlrl%u‘u?aﬁr %Séei\}laht%ns&glﬁe%rl ut Valtaée Qn ﬁ]?shrrc%se %V?C%B?h era%lp?%grhls haVI ng

the capaci tAnce n e par ent oI Se

t he anpl i f iapabdgefdiahdlinigahMinblorthéd mgutnmtta@szﬁ“eh}tl aI for operation of the
invention that the input transformer and the feedback transforner have the
sane transformation ratio. This principle permts inplenmentation of the

i nput arspl ificabolthdd c@nﬁﬂbﬁi’btﬁﬂﬂi’ﬁhﬁf fed@cld e p kgnilNg thedbite 8tbntemnetmvateri t s
per f or mance th regard to 15a |f|cat|on ain, thermal noise,

i nt er nodul dt \rq%lrb lefoingesimiavas Pois seped s tar%e?ﬁap%@a%rr‘? gnd Gy@s andigatadiisr . The
anplifier ifgy Yhgd ipaut stage of the AID converter according to the
invention may consequently be inplenmented as a sinple, single-stage
anpllfler conpr|5|ng one single 20 sem conductor el enment, such as a BJT,

FET, or Qﬁ% ! % e nxg)lt%ee e RaYbNgs SWchiitik et'at arf %1r‘tr't:rar3$’I neher N

anplifi ers i nh y have a very attractive relationship between thermal
vol t agelGnoissephamgicapetitoentack bmgugrideicapreitaive of 61/ Nagecffoctiredfangrr iapprrénir t her

reduces th r t I J.f] it C nt
consunpt i oﬁlogslfaf?%lgéjgf)% r?@ﬁ%?%auaﬁ’l veP? ;ﬁ”ﬂ AO? SI%M% fg‘ﬁ%%%%r%% for
t he i nput Z2bempbn fther theounsmtl traxisésmar sxudbstharfeuﬁ;bckpanansfoﬂeg ha¥d tBhowmea

del t t ADC di to th D. t
ADC compr SR TRBE S iR WA TR AR MU PR pbrirepou et g <"

anmpl i fier shadesif@pler avdyoliek ﬁoil}ﬂ&CtddcheinhmeﬁhdcQ)IﬁSi&sa[ﬂérfdi‘tHaﬁ®nbv1tgeﬂ@@’r&tt@r lc, a
feedback 30 tr nsforner stage Of, a residual 043 filter RLF, . a com%arator
C\VP. a IV panm %ﬁatagl;galna rmal noise, intermodulation n01se nd errors due to finite gain o

the amplifier.

The amplifier in the input stage of the A/D converter according to the invention may
consequently be implemented as a simple, single-stage amplifier comprising one single
20  semiconductor element, such as a BJT, FET, or other amplifying clement having
sufficient gain. Single-stage amplifiers inherently have a very attractive relationship
between thermal voltage noise and current consumption. The voltage transformation
further reduces the bias current demands of the amplifier and thus the current
consumption of the complete A/D converter, of which the bias current for the input

25  amplifier constitutes a substantial part.

Fig. 11 shows a delta-sigma A/D converter ADC according to the invention. The A/D
converter ADC comprises an input terminal IN, an input transformer stage IT, an
amplifier stage Qa, a hold capacitor Cy, a constant current generator I, a feedback
30  transformer stage OT, a residual loop filter RLF, a comparator CMP, a flip-flop DFF, and
an output terminal OUT. The flip-flop DFF is controlled by a system clock source (not
shown). The amplifier stage Qa is fed a constant current from the constant current source

I powered by a connection to the reference voltage source Vier. This current controls the



an output termnal OUT. The flip-flop DFF is controlled by a system cl ock
source (not shown). The anplifier stage QA is fed a constant current from
t he constwotomuresnt source | ¢ powered by a connecti onPCO/HPh@9/08$289 ence
vol tage source Vref. This current contrials the WO

2010/ 124737PCT/ EP2009/ 055279 14 operating point of the anmplifier QAin
order for it to be able to provide the desired gain to the input signal.
The i nput tapanghppemetrofshaageplififr Qanppidse®r gwp be hilaty prodds ihstdesisd@ein tqQR2, Q
&, and QS,theS.n?ntdsi %{)acitors Ca and Cb. The feedback transfornmer stage OT
conpri ses SW t Pnn%‘ ‘ransi stors B, Q/, B, @ and Qu), and capacitors Ce
and Ca. For sinplicity, these four capacitors are considered to be of equal
capaci tanc i..e. Ca= Cb=Ce= The .swi t chi.ng transi st ofs \ , , 4
oG of tHE TP POERF BOREE T ANEY TNt Dt e bR e el | ng
cl ock generaat odapionets €hawm)C,l Ths Usdibackmeram@srmch dtagdMTEN cbMprisek gRadchiagdge of

the sanpling cl ock generator goes positive in a first phase, the sw tching
transi st or STapistor Qa il By Q1 Y€y and cappraiorstq Hid an Far dppHFBathesai®¥nt to

pass), and @RacaH af&coAR8ed io R-of LQRY cHabitdicane &t eqt recd, current). This is
illustrated in fig. 11 by an open or a filled circle, respectively, on the

base term nal of the respective swtching transistors. In 15the first phase

of the signg| gin0f ld,ng). chocks BEREHH Qhut Bankiokh gl §codenotes
a cl osed tragsssgfgolpgéﬁhggtﬂégdg}é)rgzéi@?’c?g ll(lije%é{zl’esﬂ%tanb%tper?stor a%(sjsl'tg%eor. Wien t he
si gnal édgecoofiolicdebysamripling addckcdengatoe (zt chowoes sueyatmanger thatawbacibad

phase, the ] i r i r . . i rer | T
open, and t%\fagﬁdges%\%iﬂiec%?%gﬁ% ?lg?}lé% e%oga%gs %}s&?\f&tﬁgﬁ‘ggg% ld%ehh{eﬂsga{scfe?lg nd
phase of t hensisigrsd),, dgaddls ddse (satiplyialgwehetktrgenaeratton pagh aopéh aair cl e
denotes a closed, transistor and .a . filled. circle denot open transistor.
e Conti RN e BT bR b PRt sl 2B G B B P B e o8 ana 50,
respect i velfilled wirelcercbpretitdly s thd bass tégnifdR of B8 resdctivanditCling tibisistdrutie t he
swi tches Si i vel retaini

S2, S3, ,. and S5, respect , t.h ssenti al
functi ol ofthg Fist pligse gf tﬁgﬁlﬂ{lﬁ%%wf tF%SﬂﬁPE@g clgels Repesager: Tﬁggdc‘F”c'?g%?eFlP@ﬁﬁency of
the sanpl i ngosell REisis@RABA &t Sfen CHOk dSHAWIL obén Rfnsiste. magni tude of 30 kHz, and
the clock frequency of the system clock generator (not shown) is of the

magni tude 1-2 MHz. This gives an oversanpling ratio of the converter of
from 30 to Qfled ﬂh@‘%%n@lve%igé 3R s@&plir'%)clbék LhRrafdredts RASR inW&ESdPhatB and b
and Ca and Cb

are closed and 2 } are open, the capacitors are connected
i n paral | elth gwitplang mputisterer@i, f2d apdy, Qsapd thsamhutc apwmtirmer 1T 9pehaingedict o t he

ind b SFe kg b d5ok i bod ) DAFnehe tibal IaREORH PR Eus ERE O @
connect ed isamphug elsckt gertelrtori mpopenofird@Aderdedsiavdoied granhigbr ambaifilleédirchar ge t o
the input OJenoQés an gpé[nht?anrslg‘clog TP g‘ocnif%ggrration is equivalent to the schematics shown in
figs. 9 and 10, respectively, where the transistors Qq, Q,, Qs3, Q4, and Qs substitute the
switches S1, S2, S3, S4, and S5, respectively, retaining the essential function of the
25  circuit shown in figs. 9 and 10. The clock frequency of the sampling clock generator (not
shown) is of the magnitude of 30 kHz, and the clock frequency of the system clock
generator (not shown) is of the magnitude 1-2 MHz. This gives an oversampling ratio of

the converter of from 30 to 60 times oversampling.

30 In the first phase, where Qq, Q3 and Qs are closed and Q, and Q4 are open, the capacitors
C, and C, are connected in parallel to the input terminal IN, and each capacitor is charged
to the voltage present on the input terminal IN. In the second phase, where Qy, Q3 and Qs
are open and QQ; and Qg4 are closed, the capacitors C, and C, are connected in series to the

input of Q4, delivering their combined charge to the input of Qa and the hold capacitor



WO 2010/ 124737PCT/ EP2009/ 055279 15 Ch. Due to this arrangenent, the input
voltage fed to the input transfornmer IT wll be doubled at its output, as
expl ai nedwalzowel247he switching transistors B, Q7/, Q QeCamP2@n5329t he

f eedback transforner OT are also 5 contjgol |l ed by the sanpling cl ock
generator (not shown) in such a way that when the signal edge of the
sanpling clock generator goes positive in the first phase, the swi tching
t ransi st or iQPue @y tlas\drr@ganchtoﬁe apd OtagndQe thpewut Thisgoringr &N sall be

|IIustrateqmg e@mn%Q%, sg&lm¥cﬁ O&grcle respectively, on the base
term nal of Thée respe crrve g I'ng 'transistors, where a filled circle

denotes a cl osed tranS|stor and an open circle denotes an open 10

et oo Rl GRad g A0 AR AN BSOS, 1

their C@nbldaﬁﬁlolfddaj’ygﬁiets@mbh@ I gerRfatéh@o B B lifsuddPa way thitews@cosd
phase, when . the signal ed f he sanpling cl ock ge er goes hegative,
15 the swiX¥Ri Fige Of %’Pﬁﬁ@l’ EoesjtghgeeiPesiBrei, ey %?S%H&S@ cRitgse. In

this case, ARsiMBRDLQL %@QBQI&Q@nc@@?%cﬁ(chfﬂeﬂafhlﬁirs alsDEIIsBBREGY by Epdnlo@NSi St Or
denotes a closed transi stor and circle denotes an open transistor.

Thi's inpl i esfillgdagircionsespegizely o Sechesaisemicdl ofrtbe svperEEe sHitehingsBIBY .0 t he
out put termgnal ,Qfyi &rciehﬁ &?egoﬁaopéaaéﬁl R o g@%@ggﬁ bcxrcfeh&fen%{e QL oehtage

fromthe flip-flop e capaC|tors re essentla |y placed in
20 t he fleedtrasiktor. Edip igpliesibatghpeaphdiors @eandd‘autﬁ jomgeatddan rerbdlde kiovioput age

the i nput o e IEP R, e W et B FeiPRETR e AP ol 02° 1

i nt egral ohmuh@wsognal from @A, and the conparator CMP outputs a |ogica
zero val ue whenever the integral is below a 25 predeterm ned threshold,
and a | ogical one value whenever the integral is above a predeterm ned

t hreshol d. rihig: detdrfa- ﬁhh@waEFthe @ignarehge bh@ie Binaing closk @grteadtoxsg'ogmﬁégaﬁwm t he
conparator CMP into a hit s ntroII t he ock signal CLK and fed
to both'X héh%ﬁflﬁﬁﬁfngtt@nﬁ‘?tﬁ%?l i 40 wgd% ol Qorf SP F oA bRt 7SR or rer

Ol as a feegbrtdn b 8aR! terndRal B tﬁl@té%écﬂge trhRisvR | ASS PERSRINtandistol RE knput  of
the amplifier QA with the voltage transfornmers I T and OT respectively, the

i nput vol t dfledi%rclerdanelas @ opgn Hansitarod hiswapliemidrat e caraciers e #di Geagol t age

level V. i sohsdiasd s@%sdo Wﬂ@%ﬁla\f“(ﬁﬂ@}ﬁtm& @é‘coﬂ@g st Qhd LRGESASR] g t he
supply current to the anplifier QA WD 2010/ 124737PCT/ EP2009/ 055279 16
error voltage from the flip-flop DFF. The capacitors C. and C4 are essentially placed in

20  the feedback loop of the amplifier Q4, doubling the feedback voltage from the output of
the flip-flop DFF before presenting the error voltage to the input of the amplifier Qa.

The residual loop filter RLF outputs the integral of the signal from Qa, and the
comparator CMP outputs a logical zero value whenever the integral is below a
25  predetermined threshold, and a logical one value whenever the integral is above a
predetermined threshold. The flip-flop DFF converts the binary integral signal from the
comparator CMP into a bit stream controlled by the clock signal CLK and fed to both the
output terminal OUT and the input of the feedback transformer OT as a feedback signal.

30 By doubling the voltage present at the input of the amplifier Q4 with the voltage
transformers 1T and OT respectively, the input voltage is increased by a factor two, and
the relative noise voltage level V, is reduced as a consequence without the need for

increasing the supply current to the amplifier Qa.



A preferred enbodi mrent of the AID converter according to the invention is
shown in fig. 12. The general configuration of the input termnal IN, the
i nput trameforwmen73r T, the feedback transformer OT, the ®ORAP20V/063279 ent
generator lc, the anplifier QA the holjd capacitor Ch, the residual |oop
filter RLF, the conparator CWP, the flip-flop DFF, and the 5 output
termnal OQUT is simlar to the configuration shown in fig. 11, but the

t opol ogi es Aprefdrediempadintentefsho AR convErtenmgcartiog e thd biacktion iankdvor imefg. OT

differs fr di nent _sho in fig. 11 i ApU ransf FlT
conpri ses glvlzml b@%lgﬁrg@%r ansrst t?)Orns\,(l)\f]ae, m&%e]&?ald‘ﬂj Eﬁéeng% &,tr%lelas%%%fgﬁgg%%ci tors
Ca and Ch, fanilatkheadséecbaOlR, theataftaitnarrcidlgenomir ils else smplifchiQug tha Beldi st or s,
@, Q7, B, .. Q.9,, and, O j, e citor , ) D es. AG and
neo. U chicerprarbeins i anblaondht EOR tnmettic PRGALBirtop 18 R BSne
capaci tar |agmt tdhamal OETeMHMHLEB Me ®hAYRatich shb@n inlflg. 11 0vAHe tdftgogaMdrchi ng
transistors of the inpput transforne T and sone_ of the swi tching

transi st or éh%fnpphféalﬁ@@aﬁaﬁkaqdr%ﬁ é?esﬁ rrapsrorpes Qo ATer) frr thy crabadipeti ng

cl ock genergbQf idMotiishown) in such a way that when the sanpling clock
signal goes positive in a first phase, the transistors Q, @@, &b, Q7, and
Qo close, i.e. they allow an electric current to pass, and the transistors

@B and 4 . I ; . i - ept . nA he, 28¢cl.agk
S onal gmecn et Ensfit 1Y AibrSh HEARE fnGUELCDL OXREN G NECRE B¢ 5,
and Q ollopempacang G.rradtGoamsi bt deedb@B teansfo@er Db sempritee swughinghirangistors,

t i st | | fi AND
gates a0 RS @Rl G Ufeh L HLRE B iR Bl 3TN
hi gh | evel patfemed heb@binogf diadl fekdbapk fttaogfooutrpT Has iome | aapiottat legs hhaghthand t he

inverted system cl ock si.gpal, CLK is logically high. The second AND gate AR
outputs a |68&°g}é‘ﬁ"§§ﬁwﬁ%é\)ér when the flip- flop output Qis logically
hi gh and the systemclock signal CLK is logically high. The | ogical

flip-flop output signals Qand Q are nutually excl usive, CLK and CLK
are’al so mit bk §/W%%¢fraj§ﬁw,t9r% o VACULER SRS If\ra&?im@egif RENRRD A2
may out put t?ansi@t@rs' &_ghé:&:'edi%cl@tlgﬁbfd)rﬁl}é? b”[aér_e AP bl laNgBmp PN o ééﬂgﬂaﬁﬁj zero
is present in the bit stream AGL is logically high on every negative cl ock

pul se, and @pfetioyn) Bgiueapr voethptswhnet8e samplipgt heckpiignak gocs epitiagn ¢ dirst

| ogi cal 'y hig M Sig, i | IRE:ic. 1l lectri
2010/ 12473 PC%/ B RS D (U5 G ARFQRUSE 1. WY altow an elecric currnt o

pass, and the transistors Q; and Q4 open, i.e. they block an electric current. When the
20  clock signal goes negative, in a second phase, the transistors Q;, Q,, Qs, Q7, and Q¢ open,

and the transistors Qs and Q4 close.

The switching transistors Qg, Qs, Qg and Q; are controlled by first and second AND gates
AG; and AG,, respectively. The first AND gate AG; outputs a logical high level when the
25  logical flip-flop output Q is logically high and the inverted system clock signal CLK is
logically high. The second AND gate AG2 outputs a logically high level when the flip-
flop output Q is logically high and the system clock signal CLK is logically high. The
logical flip-flop output signals Q and Q are mutually exclusive, and CLK and CLK are
also mutually exclusive, so only one of the two AND gates AG; and AG, may output a
30 logically high level at any one time. When a logical zero is present in the bit stream, AG;
is logically high on every negative clock pulse, and when a logical one is present in the

bit stream, AGj is logically high on every positive clock pulse.



When the first AND gate AG outputs a logically high Ievel, the swtching
transistors @ and @ close, while the swtching transistors @@ and QL1
open. Thiwohan/2hs7ef f ect of the first node of the capaeCrmrP2@o/obrng
connected to ground through Q, and thgysecond node of the capacitor Ce
bei ng connected to the input of the anplifier QA and whatever voltage 5
present on the first node of the capacitor Cc is mrrored as a negative
vol tage at Whe thafint A0fD ghte Aa}rpllutﬁlliseaf logitally migh kevelf ihesstvitphiag gamsfistark €6

sanmpl i ng perl t he Nditd 1O Y ~and Q hey
provi de then\(}o tcéosg WW&I? {t% gf‘i%}ng%S§ Q%an QPO ecaﬁésililag tﬁegcgdt
connect s t Hestsdo nﬁtha oglecodr (Cheing conmard to pdoihdthidugh (Qatnsl thdsbechd mdt he
vol t age al read resent. on the firs nod the s eof t he
sarpl Png. b e PiE Cul RGeS Dsaraf of be @polife' & a"EFBEER e (1 re
node of st heyréamasmi the firsCaodeSofMRNCAHAGIAE CL ﬁdnin@rddms aCﬂégzﬁWe v@ftag%@t thednghtt he
second node of Ce |s connectgd to the input. of QA. Wien the

second AND Yatermiigich e pliithe Hrst sl thy samnjine lpswi thetSWétdéW freqlﬁl%s Qs

transi st or @), 24 cfdsed. Tﬁéﬁp@bﬂaéﬁfé,mm&gel\emfttmlemﬁls&e S¥dhd EpRSHos (CQrapd @ and
Q are open. Consequently, the first node of the capacitor Cc is

connect ed t@MIE the wpn%fwci%‘ef G@nigl greyndy wide Vangets gededde dhrdvalsae alsgady he
capaci t or QRORRL Aol ¢ hOLQUAH éﬁdéa%ﬁl i hi he
sanpl i ng pgl‘?l o_?itoq1 Eg gsvmﬁ?dcehﬁr%/ trtaﬁgselgst 0 ?SQ% taen‘ l().gﬁeocgﬁgi%é& T

provi del0t herapsbtorded and Thedreopen. Abe fiist saderd dee wpacitheCcoiapawicpwreccs o t‘hlnd
connect the n . he vol t age
al r eady preuep(ri:l'(tE 8%%(}{ %Q(?Fl% %%dgge of ¢ C‘)Wé %tyéﬂceeé ggf%gq%ﬂ%%siée% t he
sanpling period, the switching transistors Q7 and Q o are open. The first
node of th apacitor s .n connect t he input of the a I|f|erQA
hnd the secuiaPRS ity B Ryt AkREPET BEbfeigf il ke RE Lt o
this arr ang@mﬂtQ i1 sretdatd \Mlﬁllaeh!e&d’w1&hinggllaﬁﬁ£t01@r@ an8 QRrags@ih. Constquentdy, t
streamto 2 t t erm nal , | t ontr| fromOT is
equal tlo 2Vhef! “St 8?1 ‘gﬁ#éﬁéwlt%{ @cd@.ceg}ecffgﬁﬁeslnrgﬁ it ey H{eﬁ@b?‘t d' e eam
the volt ag%e@cﬁlﬂtﬂbtl@bif 1he RafacReR Qs konmRadto VQ: thi¥usd Qs Rarthafikt fyha%é bERR
conprised of an equal nunber of ones and zeroes, the nmean val ue of the
error si gnaPMphrgnpcopd the switehingdirasistors Quandef are glgsephBhayarrevdsing eltaar D
converter agcqs @Gt ﬁ’ocferlﬁ thOVRALItR T 2GROMRhES MRS bR GRRAIE @t LRRinganme
time. Fi rstly, t he si nctl; -stage input anplifier design inplies that the
current conshileplirantsefidadie thaymliesastshilf prescniray thedirstewde efiCe dndicderoabl y, and
secondlyy, t I r Y. bir N he

si gnal %()eveqBL g%eé%t?g S?I%l&n%aﬁc%{ég ttffll esgllﬂ!r:lﬁﬂ Iﬁgttqsgs\{%g (EI)z o (glﬁls%eoéég th?l r

sanpl e- cl oakde ofmhe odpaeitbrWilit mgecdnnatﬂeﬂtorﬂnmnputfotﬁthelasmﬂlﬁbn Qg a¥Dihe sccond

2010/ 124737P 21009r{ 05@%3%18 ok h[ fA ut stage fromthe input and the
error feedd8Ek®1 oop T EEpet VY °br'oVi des the solution to the
signal -to-noi se ratio problem ari 5| ng fromusing a single-stage input

anplifier wthou | ficant jncrease i wer .consunptjon. This design
is preferr “?FL{ g %‘/‘g%%isébat&ﬁﬂ&?}’e’fa@&@ﬂl%{?lﬁprﬁ@&%ﬁbe Y greamia as a
resul t,25M0rRe bt @é}@u@elow SihglagAlcbhiEBioar feh OmYisbguiin®) eventaad on the
circuit chi p conprising the main part of the electronic circuit of a

hearing ai dVhopP{fr adagirad zgrody RISHE i the Pt el hhgoltaea couribyingTur R &
plurality ofufld @spe?\@%"rta%ﬁst%fﬁoéo%ﬁﬂge& or M‘@qdam{ﬁﬁﬁér%@ ondghdNRa8dsn@eai d 20
conprises a first mcrophone 21, a second 10 m crophone 22, a telecoil 23,
an ant enna mean valugiof di eer vignabfrow/ODi5 thuy ofiyal & 21D converter 26, a second
A/ D converter 27, a third AID converter 28, a fourth A/D converter 29, a
digital signal processor 30 and a | oudspeaker 31. Al the conponents of the
hear i ng3lai dr2Gichz-sighed\/Pronvatehatcosling oght infagtonshowmlistissposeds wi thhi n t he
hearing al darne time. Firstly, the single-stage input amplifier design implies that the current
consumption of the input amplifier may be reduced considerably, and secondly, the
signal-to-noise ratio is improved by transforming up the signal level before it reaches the

input stage. The application of sample-clock controlled voltage transformers for isolating



15 When in use, the first mcrophone 21 and the second m crophone 22 pick
up acoustical signals fromthe surroundi ngs and convert theminto

cont i nuousDyowaryisng el ectrical signals for use by the Rrearmragoasrit720. The
continuously varying electrical signal jkromthe first mcrophone 21 is fed
to the first AID converter 26, which converts the variations in the
electrical signal into a first digital bit stream suitable for being
processed bie tipet diagd fram 2O ispugnad tpr goesfetbad) loopnreapestindly,aprovidss, the he
conti nuousl ar yi | ectrical signal ,from:th econd m.cr ne 22 is fed
Co the secoltiay i B SlafFiap 55 il BRbiGsh IEbL SRE SO0, SoBRBneR ot

el ectri cal amipjifiat witintuda aighificird ichrgpis¢ @l polvict catsuaptinns Whit dbdign & preflreddng
processed b he di git.al signal ocessor 30. As the first and the second
N D conver eplSSostiriaredl B B BRRRALL. i fort Bu PRy NG R E ERA vi dual
bit st r eansA/Dogonkaele REIYARNIMpNRHEISInnge 2h8t e cath@isi ths ngnaparpbOGESSOr
30. The digital-signalfprocessor 30 may conbine the individual bit streans
fromthe fiSstonpaTeReriedeeie 3 D converters 26 and 27, representing the
signals fromthe first and the second m crophone 21 and 22, respectively,
in such a way that directional information 30inherent in the acoustical

si gnal s pi di@dlup bycherstipiof robtagng id 30 cempfisies a frdvrakity fedd) gPViCHe® he

di gi tal sigpalgnkaresslenifh F9dnShins QAN ont BREQIHSE R M¥d D 13RRAKET 31.
WO 2010/ 1247_37%%%?@%0096?055279 TR ng i 20, hoing 2ea Kenial 1
recei veld bymictophenet22nméel@ail 2desmpanidnat a6 doyirelpss rodervel 859 firsicADyenvasr and
present ed i I o] t hi ALB tRr .28,

P o conyab & NN 0B, Enfkd bF A iile9 e%"%&?‘ré%?gs?gﬁ%‘ah VB B e 5y tal
bit streamdgiial sibhad pfooesstxeiOngd prlocssske yAtl e dinpbhals itigniahripg adés8sor  30.
The third Al D.5 converter per ates independently. of.the first AD
converter Z%GQﬁékTh% %%Bﬁﬁﬁ%%ﬁ PEREPPSS “ggF“ﬁﬁhﬂ¥W§a?igna| fromthe

wirel ess receiver 25 may thus be selected even if both the first and the
second microphone 21 and 22 are engaged simul taneously, |If the hearing aid
user is'at \g(ﬁ%wawaofhe%ﬁ%%crapwﬁ e “P%%?ﬁo%lgtcé‘fﬁ%%y pt BSEAP 2pustitly “be 10
advant ageousybR &8 thbQushGRlgs fah@MohRet HRhe R lcodshuohdly tvRiyinoC aS@rica3i gnal s
fromthe | oop system (not shown) is picked up by the telecoil 23 and

present ed tséeneldon yip by thsr hoariae pig 70t Rhogaptipemvlyrieingdectijge signd dipethes t he

variations gy hRRRpRORCAIN i ¢ toShIRRE ADTLORECH, Wil Bhicds (R JardlisRaM
suitable for being processed by the digital signal processor 30. The fourth

A/ D conver ttbe clogrienhsigadl éo p ik gizitaldnt stigaro Suitdhés i baing prosrsseddwydhrdiaited t he
third D 1% S1.20,: 8.l ' : - ' may be
selecté@ eég%wfﬁgﬁ%%%%Phgl ?P@%rﬁ?gﬁﬁﬁﬁ86e %?R?ﬁék%%%%ﬁglﬁggﬁég on% 22,
and t he wi rsetadsmiceqphbne?? 25 fad ¢o ehgagedd ad/Ix henvsetere27,i wiich Tdoevatisgtht al

si gnal processor 30.conpr.i ses ns .{Net. for . ct.ing up to four 20
i dbar R P SR e PG R e Sl BB TS ek
respect i velby. thd bigithi digrat preadssoradoe Ap tief fxsaddythe sdceiid adY eshveiters 26 adi g7t al
signal processor 30 and. n order to generate a preferred

mut ual ly wei ghted | a
bal ance betdheBicraderd ieb?%éﬂsstﬂw ) e{aFFeglp{YEfg‘als‘?lbﬁéﬂamé&Frle eé’e?‘ie@HP“r‘?@e 'H& f our
Al D comyer tigfthe diBital diknaldBoREdr 29 for reproduction to a hearing aid user.

The digital signal processor 30 may combine the individual bit streams from the first and
the second A/D converters 26 and 27, representing the signals from the first and the
second microphone 21 and 22, respectively, in such a way that directional information
30  inherent in the acoustical signals picked up by the microphones is retained for processing

in the digital signal processor 30 and subsequent reproduction by the speaker 31.

In situations where a suitable wireless signal is available, the wireless receiver 25 may be

engaged for receiving and demodulating the wireless signal for reproduction by the



25 The digital signal processor 30 perforns a series of calculations on the
I ndi vidual bit streans in order to process the digital representations of

t he audi owei2groaizg73accordi ng to an i ndi vi dual prescri pti eaTiEPROWSS2A®Ar i Ng
aid user. The bal ance between the signghs fromthe four signal sources
feeding the four AID converters 26, 27, 28 and 29 may be determ ned 30when
fitting the hearing aid to the user, and subsets of different signal source
bal ances nehgate sil @0edhé witches $igmal iintpceivell b ther anganame4f damddataend tyethal | by

the user. v}/qq’)elezsg ]'rgéejl'vze?JZ%,? F;g[/p%:;%gtgc? /a9535 %Zr%in%goelgé‘tﬁ‘éalyssignaﬂ to tI?e th]h% A/Ig 15
converter 28, which converts the variations in the electrical signal into a third digital bit
stream suitable for being processed by the digital signal processor 30. The third A/D
5  converter 28 operates independently of the first A/D converter 26 and the second A/D
converter 27, and the signal from the wireless receiver 25 may thus be selected even if

both the first and the second microphone 21 and 22 are engaged simultaneously.

If the hearing aid user is at a location where a telecoil loop system is present, it may be
10  advantageous to use the signal from the telecoil 23. In this case, signals from the loop
system (not shown) is picked up by the telecoil 23 and presented to the input of the fourth
A/D converter 29, which converts the variations in the electrical signal into a fourth
digital bit stream suitable for being processed by the digital signal processor 30. The
fourth A/D converter 29 operates independently of the first, the second and the third A/D
15  converters 26, 27 and 28, respectively, and the signal may be selected even if both the
first microphone 21, the second microphone 22, and the wireless receiver 25 are engaged

at the same time.

The digital signal processor 30 comprises means (not shown) for selecting up to four
20  individual bit streams from the four A/D converters 26, 27, 28 and 29, respectively. The
bit streams are preferably interleaved by the digital signal processor 30 and mutually
weighted in order to generate a preferred balance between the signals from the four signal
sources feeding the four A/D converters 26, 27, 28 and 29 for reproduction to a hearing
aid user.
25
The digital signal processor 30 performs a series of calculations on the individual bit
streams in order to process the digital representations of the audio signals according to an
individual prescription for the hearing aid user. The balance between the signals from the
four signal sources feeding the four A/D converters 26, 27, 28 and 29 may be determined
30  when fitting the hearing aid to the user, and subsets of different signal source balances

may be stored in the hearing aid as programs for later recall by the user.

35



3. 20 4. 25 5. 30 6. An input converter for a hearing aid, said
converter conprising a first voltage transfornmer and an anal og-to-digital
convert erwof2otofie4™el t a- si gma type, the anal og-to-di gi t alPCTaEPe@9nss27havi ng
an input stage and an output stage, a ognnection fromthe output of the

I nput stage to the input of the output stage, and a feedback | oop between
the input of the input stage and the output of the output stage, said input
st age conprGlsAIMS an anplifier and an integrator, wherein the first voltage
transfornmer has a transformation ratio such that it provides an output

vol tage | arger than the input voltage and is placed in the input converter
upstream of the Amjptit ainager fdhe hiemgt aid,osauk cdreertacoarpdising a firsc valkage 1,

A b ¥ R R RN HE T
the inpuyt volt agedigital converter having an input stage and an output stage, a connection from
the output of the input stage to the input of the output stage, and a feedback loop
between the input of the input stage and the output of the output stage, said input
stage comprising an amplifier and an integrator, wherein the first voltage
transformer has a transformation ratio such that it provides an output voltage
10 larger than the input voltage and is placed in the input converter upstream of the

input stage.

2. The input converter according to claim 1, characterised in that a second voltage
transformer is placed in the feedback loop in such a way that it provides a

15 feedback voltage larger than the input voltage.

3. The input converter according to claim 1, characterised in that at least one of the
first and the second voltage transformers is a switched capacitor voltage
transformer.

20

4. The input converter according to claim 3, characterized in that at least one of the
first and the second voltage transformers comprises at least two capacitors
arranged to be charged in a parallel configuration and to be discharged in a serial
configuration and means for controlling the charging and discharging of the

25 capacitors in the respective configurations.

5. The input converter according to claim 4, characterized in that at least one of the
first and the second voltage transformers is controlled by a sampling clock
generator.
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6. The input converter according to claim 5, characterized in that at least one of the

voltage transformers is controlled by a system clock generator.
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25 voltage of the capacitors by the number of capacitors.

11. The method according to claim 9, wherein the step of digitizing the amplified,
integrated voltage involves the steps of comparing the amplified, integrated
voltage to a predetermined voltage and generating a discrete, logical signal in

30 dependence of the value of the amplified, integrated voltage and the signal from

the system clock generator.

12. The method according to claim 9, wherein the step of transforming the digitized,

integrated signal voltage involves the steps of charging at least two capacitors in a
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where N is the nunber of capac
from the transformed input voltage is equal to zero minus the maximum voltage of

the digital output bit stream.

15 14. The method according to claim 12, wherein the step of transforming the digitized,
integrated signal voltage involves the steps of charging one capacitor in a first
phase of the signal from the sampling clock generator and applying the digitized,
integrated signal voltage and the signal from the system clock generator in such a
manner that the mean value of the transformed, digitized voltage to be subtracted

20 from the transformed input voltage is equal to N times the maximum voltage of

the digital output bit stream, where N is the number of capacitors.



