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20  Part of the solution to the increase in complexity has been a decrease in microelectronic
chip technology scale, with current designs utilizing sub-micron chip fabrication
processes below 130 nanometers or smaller. The smaller technology scale implies an
inherent decrease in power consumption, but also allows for the implementation of
larger and more complex circuits, which, in turn, consume yet more power. Before

25  introduction of the sub-micron processes, the threshold voltage Vi of MOS transistors
decreased with the process scale. In sub-micron processes, however, this is not the case
because of an increase in leakage current in these technologies. The sub-micron process

technologies thus have relatively high V; and are comparatively slower.

Recently, special low-V; MOS technologies have become available to chip designers.
30  Low-V{ MOS transistors are capable of operating at a higher speed, and may be freely
mixed in chip designs with high-V; MOS transistors. High-V; MOS transistors are

comparatively slower than low-V; transistors, need a higher supply voltage in order to
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20  paticularly simple to implement, taking up very little space on the circuit chip. A

switched-capacitor voltage converter consumes no significant power in itself, provides a

very stable voltage reduction, has an optimal power transfer configuration, and a 2:1

voltage converter provides the necessary headroom for a 1,2 volt battery to be able to

drive the digital processing core at 500 mV during the major part of the battery lifetime.

25 A 2:1 switched-capacitor voltage converter requires a stable input voltage twice the
output voltage, and is therefore only capable of providing sufficient power to a hearing
aid circuit if the battery voltage is sufficiently high to provide this voltage in a stable
manner. A linear voltage regulator capable of feeding the switched-capacitor voltage
converter from the battery may be configured to provide the stable reference voltage

30  even if the battery voltage varies.

Powering a MOS transistor circuit at a lower voltage means that the transistors operate

close to their Vi, which results in a high increase in the statistical spread on various
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increasing the threshold voltage Vt of the transistors, and thus decrease
the switchistggal Weesesing 1haorwpchy Hispiotned oy 27 hgaring aid designed using  this

technology. In order to reduce spread and current leak, it is possible to adjust the bulk

voltage potential of high-V; transistors even when operating at 500 mV, but at the risk
of compromising stable operation. If the difference between the bulk voltage potential
20 and the source terminal voltage potential becomes large enough, the PN-junction
constituting these two semiconductor layers of the MOS transistor may start to conduct
current, effectively turning the PN-junction into a diode short-circuit within the MOS

transistor, leading to possible erratic circuit behavoiur.

If a microelectronic circuit of this kind is to be useable when powered at a supply
25  wvoltage of 500 mV, it is highly beneficial to use MOS transistors having a low V. The
aforementioned problems associated with low-voltage circuits may then be alleviated by
controlling the bulk voltage potentials of the MOS transistors. This technique involves
increasing the bulk voltage potential above the positive supply voltage for PMOS
transistors and decreasing the bulk voltage potential below the negative supply voltage
30  for NMOS transistors on the same circuit chip. This adjustment of the bulk voltage
potential, which may be performed dynamically in an adaptive manner, has the effect of

increasing the threshold voltage V; of the transistors, and thus decrease the switching
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US 7307858 B2 discloses an adaptive power supply circuit for use in a battery-powered,
20  head worn communication device. The power supply circuit comprises a 2:3 switched-
capacitor voltage converter and a linear voltage regulator. When the battery voltage is
below 1,2-1,25 V, both the linear voltage regulator and the 2:3 switched-capacitor
voltage converter provides the output voltage V.. The 2:3 switched-capacitor voltage
converter provides the lower voltage from the battery voltage by switching a network of
25  capacitors at an adaptive clock frequency dependent on the load current. When the
battery voltage falls below 1,2 V, the 2:3 switched-capacitor voltage converter is able to
supply less and less current for the load. At a battery voltage of 3/20f V,, the switched-
capacitor voltage converter is incapable of supplying the load with the necessary
current, itself becoming more of a load to the linear voltage regulator, which as a
30  consequence has to provide more and more of the power to the load as the battery

voltage decreases.
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circuit. These frequencies would occur arbitrarily in different parts of the circuit, and

would be very difficult to eliminate, as they depend on the switching frequency, which

15  again depends on the load current of the circuit.

US 7504876 BI1 discloses a substrate bias feedback control circuit for use in a
microelectronic circuit. The purpose of the bias feedback control circuit is to reduce
current leakage in a microelectronic circuit operating at a low voltage, e.g. 0,5-1 V, by
controlling the bias voltage potential on the well or substrate of the microelectronic
20  circuit. The bias feedback control circuit consists of two partial circuits, one circuit for
controlling a negative bias voltage for a set of NMOS transistors, and one circuit for

controlling a positive bias voltage for a set of PMOS transistors.

If a hearing aid circuit were proposed solely having means for controlling the bulk bias
voltage potentials of the MOS transistors in the hearing aid circuit, no significant power
25  would be saved. Although the leak currents of the MOS transistors would be decreased,
the circuit would still lack means for decreasing the supply voltage in an energy-

efficient manner.

In order to alleviate the above problems, a hearing aid is devised, said hearing aid
having a battery and a microelectronic circuit, said circuit comprising a digital

30  processing core including PMOS transistors and NMOS transistors, a power supply
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appl ying the second bul k biasing voltage to a second bul k term nal of the

hearing ai g, circuit, and, deriyin he supply voltage for the digital
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Wl appears far ggﬂt&gﬁorgl%p ﬁ&ﬂ’ﬁ&t ai(a! HAdTtier benefit is the simplicity and efficiency of

utilizing a 2:1 switched-capacitor voltage converter to provide the supply voltage.

The invention also devises a method of providing a supply voltage to a digital hearing
aid circuit, said method comprising the step of providing a battery, generating a first
regulated voltage, generating a second regulated voltage, generating half of the second
25  regulated voltage, generating a first bulk biasing voltage, generating a second bulk
biasing voltage, applying the first bulk biasing voltage to a first bulk terminal of the
hearing aid circuit, applying the second bulk biasing voltage to a second bulk terminal
of the hearing aid circuit, and deriving the supply voltage for the digital hearing aid
circuit, the supply voltage being derived from at least one of the first regulated voltage
30  and half of the second regulated voltage, wherein the step of deriving the supply voltage

incorporates a step of determining the voltage of the battery.

Further features and advantages will appear from the dependent claims.



WO 2011/ 103929PCT/ EP2010/ 052477 7 The invention will now be described in
further details with respect to the drawings, where fig. 1 is a schematic
show ng awpawarioaenagenent system for a hearing ai d accecuinrgomwosishe
invention, 5fig. 2 is a detailed schematic of the voltage regulator for the
power managenent system shown in fig. 1, fig. 3 is a schematic showing a

first phase ,in a 2:1 swtched-capacitor - onverter, fig. 41s a
schemat i ¢ JHEWgEn SEUOHE PGt ird M Egny Braty “hghpcht 6 $Sviri g s
is a graph.ghewi ng the relationship between [oad current and battery

voltage in a power nmanagenent system fig. 6 is a schematic of the P bulk
bi as voltage regul ator for the power nanagenment system shown ip fig. 1,

fig. 7 is aSdhdaafienasic shawing %awerb%%ag\?mefﬂagfétefrbéqmaalteaFmga Y
managenment (JasVist&oghown in fig. 1, and fig. 8 is a block schematic of a
hearing aid having a power managenent system according to the invention.
Fig. 1 is a schematic of a power nanagenent system 1l for a hearing aid
accor di Ag 8- £hw2 defpled schamatrhal theweHagrisayas fer t8y BP W PAMEEMSBESYSCht t er y
2, a battegxoggﬁpﬁghing 20 capacitor 3, a battery voltage node 4, a naster
clock source 5, a reference voltage source 6, a supply voltage regul ator 7,
a supply vol tage node 8, a | oad decouFIing capacitor 9, a P bul k bias

vol t age redi@ at &y a1echematic shoNingupkiitt phascon agé:1r syiifhedgapaator IACIRG: 1 js
al so shown g .djgjtal processor core 12 conprising a PMOS transistor 13 and
an NMOS transistor 14.

fig. 4 is a schematic showing a second phase in the converter shown in fig. 3,

10  fig. 5 is a graph showing the relationship between load current and battery voltage in a

power management system,

fig. 6 is a schematic of the P bulk bias voltage regulator for the power management

system shown in fig. 1,

fig. 7 is a schematic of the N bulk bias voltage regulator for the power management

15  system shown in fig. 1, and

fig. 8 is a block schematic of a hearing aid having a power management system

according to the invention.

Fig. 1 is a schematic of a power management system 1 for a hearing aid according to the
invention. The power management system comprises a battery 2, a battery decoupling
20  capacitor 3, a battery voltage node 4, a master clock source 5, a reference voltage source
6, a supply voltage regulator 7, a supply voltage node 8, a load decoupling capacitor 9, a
P bulk bias voltage regulator 10, and an N bulk bias voltage regulator 11. In fig. 1 is
also shown a digital processor core 12 comprising a PMOS transistor 13 and an NMOS

transistor 14.

25  The purpose of the power management system 1 is to minimize power consumption in a
hearing aid circuit by providing the digital processor core 12 with a stable supply
voltage while keeping the timing spread and current leakage of the MOS transistors 13
and 14 as low as possible. In an actual digital processor core circuit in a hearing aid, the

number of individual MOS transistors may exceed hundreds of thousands or even



25 The purpose of the power managenent system 1l is to mnimze power
consunption in a hearing aid circuit by providing the digital processor
core 12 wohoa/m8abl e supply voltage whil e keeping the tcwiprgospsaad and
current | eakage of the MOS transistors £ and 14 as |low as possible. In an
actual digital processor core circuit in a hearing aid, the nunber of

i ndi vi dual MOS transi stors may exceed hundreds. of thausands or ev WO
2011/ 10362 6PCT ERIT; 5895 9 e GRLArORATT TaRBOVB iR FEnl OHE 2gingia EpIOS

processor %ﬁﬁst@)?_l§Qﬂ“@sih@l_efNMOS]{rQl@isber4$§ ﬂﬁk@at&!‘@cla"r@ﬁg stor 13 and a
single NMOS transistor 14 is illustrated for clarity. The battery 2

provi des el ectric power for the power nagenent system 1 via the battery
vol t age nodk e4batt‘?We8ti§PY1€Fsy G&QWMWWQESE&E%@PWS’F MNAERHSI &N g 4 B | i zes

the 5 volt %Qﬁe@Q{oﬁQ d Abdef 4. qrﬂetﬂéﬁergfadetcgﬁﬁ{m%’cagﬁo} h%e@?ﬁgﬂ@sréhd%tﬂﬁ%s dgs the

vol t age potentia at of the battery vol tage node 4 r the supply voltage
regul at dr Foltegeepdeertial kot ths battdry Agend thgbhtatry 2 prOyidemttic vhitagy fotdnkiabVas

vol tage requl.ator, 11. .The s I oltage requl atar, 7 oVj t he suppl

Vot age DR Slelistias noHieR M A bR RE kol 7R YRR A oRHED Y o
as a refer %‘g‘zﬁaté{pl@,%ﬁ thy Nt Bkﬁk'%ié%usl’d{tagé ?e%u[a‘?&ui B s %@%lthﬁ@r%uﬁwrh bi as
regulator 10 11. The P bulk bias regulator 10 and the bul k™ bi as regul at or

11 uses Vbarovidss thuppply ‘oQitagag@t.ent'raig’mfppthy djgital prpscssar ewe ddpvigh is also
stabilized and condition by, t upl.in i 9. In preferred
ormoti o SREaSORRLLRNE ) 6 ¢l O bASGRURLLT SRPREN Bl Bias BaRiET ) "8

volts i1 prief ®hé echullabis rbglsol t@aed fRte MullkabiaYRigul8orSl 10kt IVGaTbl yuppower
than the battery voltage potential Vbat, usually about 0,5 volts, 15 The
suppl y vol tvaljees et aemply molfegq iy dscqupéedp tabalizedyyid sedipeicdnby dhe Vst | t he
master clo t l.1.2g I ryvio

goner at o a S ABHAE SamRBE ! B pLAGLE RS RhATR AU el BoRRASVE"DD e
P bul k bi abewadeha@® relgulaat ot,6 10olands tphefeiledubid bhasvoltagd quecntieg Wt o 11

utilizes the power supply voltage potential VDD, the baitery_ voltage
potenti al otsaticant Joir aythe E@?%xﬁoléa&srpe&engﬂ?w, Brigdy @ %uté)ye%‘éﬁast e the
20vol tage potential Nbuik for the NMOS transistor 14 and the voltage

pot entilal Rihgiduppler vdltage PMFatbr ansilBtothel Battaiesphadd petkitial Vg, Vil inager
potential Pbulk fromthe P bulk bias voltage regulator 10 is used to
control thé&lackanuicsopndothie dRiStaes voKpsesours & 81 pulge tovrenskie @ wfabéniunpbakage

bl eak of t t i i i
potent al PR T8 vy SeRh) frocesitelcgEe e Bl il oI BLE Sonlibip P
resul ts i ntiaNibuds Baseoliage Vegulaod] lautders dagewon sGplandltdgelpeadntiallVign, Viad t age

otential Pbulk fromthe P | k bj as voltage requlator 10 is adjusted in
D oeh e ahy bty GloEn ot Yoy ath SpRRs TG FOFT S o aet T B iy e

\gher e par anBitile Fp‘o%rﬁﬁﬂNLui ot Heriwierd cra3tsor 11eakaBe VAL PBtenIRYP DEfHGRE eased
y raising the bul k bras vol tage potential Pbul k

PMOS transistor 13, respectively.

The voltage potential Ppyx from the P bulk bias voltage regulator 10 is used to control

the transistor parameters threshold voltage V; and current leakage Ip,x of the PMOS

transistor 13. Increasing the P bulk bias voltage potential Py, to a value above the

25  supply voltage potential Vpp results in an increase in Vi, and a decrease in Sp and Ipje,y.
The voltage potential Py, from the P bulk bias voltage regulator 10 is adjusted in such
a way that V; and gain for the PMOS transistor 13 arrives at a value where parameter

spread is minimized.

Thus, leakage current may be decreased by raising the P bulk bias voltage potential Py
30  for the PMOS transistor 13 to a value above the supply voltage potential Vpp, thereby
increasing Vi to a level where the gain of the PMOS transistor 13 is sufficient without

being too high.



30 for the PMOS transistor 13 to a value above the supply voltage potenti al
VDD, thereby increasing Vt to a | evel where the gain of the PMOS transistor
13 i s sufwochamo3swt hout being too high. WD 2011/ 103929PTEPERAOINS 052477 9
In a sinmilar way, |eakage current may bé& decreased by lowering the N bul k
bi as vol tage potenti al NbuI k for the NMOS transistor 14 to a vaI ue bel ow

the zero vqltage. potenti Vss, thereby increasin ere the
ot of t hdh RV e <efbge renbmey BF Hes BRed o7 (HEERHEF AGDY BT GHoEThe
vol tage potygphiial NNRUbK oMo gaidet 14 B @521156‘6@10‘%@% ie?(g%l@ég‘érpoléﬂtl'aﬁ used

to control the transistor paraneters threshold voltage Vt and current
| eakage bl &k, trabyeinpivming r\értgl%iﬁmel vhereDier gais iofighe MBVINSbisistirast vol t age

pocenti 2l Ol G5 el e B MG AP R L

decreasgd, van etﬂagulgetmlog‘ugebeo DO tHoaRisBioR arkfh ckd¥P VAL V)ltabOWREANY the
N bul k bias vo potential Nbul k for 10 the NMOS transistor 14 to a

val ue bel oWuErp lfg?a@e\lmtat 85 ErcpIMEDR itrapsiypes 14 FD@creatsl%tmsN&%b@ScV@ttagq ed
schemati c su A oty T y

vol t age re% ehp 'Eg%grﬁ%ﬁlsebge%g”% %5‘338[?%7/ Igdgr cgr\tgf’s Slgtrttsgﬁio?n ﬁl%tel%?és)

resi st or ZNt,amll adeeeetth hesi Thot leBBageacuvmht mgge be dogradsat caind28e gainldfniear
voltage re ator 20 and a 2:1 switched-c pac r .vol tage converter 21. The
li near vol ?\3\39 Srigapsistardet impravsde Byyleweag b@i&lt%ﬁﬂtagsﬂ?ﬁﬁnﬂﬁ%@@r

vol t aggodi fEXRRESSANIGE 2B ALIJ Bk FVR r&tcﬁfa b?m Rhtid/;and a second PMOS
transistor 28. The 2:1 SC voltage converter rrses a two-phase switch
controller bI ock 29 a first switch 30, a second switch 31, a third svmtch
32, a four tHe Swhost Bmoreeipiledsaheaaicrrf thapernly ppltaps. regylater ZBown iim figi g. 2
is the batter t S ol

capaci t or eesulgg&t g(% %Tlgg)réeﬁlrét% éﬁ% a{tﬁlgﬁ Itagb({eep‘r%gﬁere M gg%rrStce 6,

t he master reﬁ@m@%m&mmcﬁnd rdsestalldp b woltagd agepanacie28,a lmelaoadtageaegmzttomg

it , d ! 36. The batt 2 des t
necassary OvER % & PHEVEUERI Gl dge PRYGIALDr 1Y ra R R Mt t er y
resi stgpce chmp ﬁQéi dNEp QA IRI ¥mpakitAgs @Qgﬁa# diffdfendeGOHPE DRY GRREPMIGY 3

stabilizes the voltage fromthe battery 2. The battery voltage node 4
carries théeraughtongé, 28d posesnnd fAMOBatranswwkirc?s.i Ehaugdd SCovoltage efosvetre? 1

vol t age bythe voItaed|V|d The, .t r.e 2. res ect. Iy, of
Uhe vol t ay@OlpUrer e BRI e oUE ROt ot Abr AL B ap PRSI B i « 1
the vol t age thed ewttetakz bRt iR swﬁadsis hRduoiRgme @pAIIRAGE. SRYKEGVOIPAEV des
the reference voltage potential WVr ef to the negatl ve i nput of the

conpar at or i9the bierycliepintcinpl baerenmstanas b9, tha deeupbirmenpreitrt o thmbainBL E
| nput ?Br %u&é’%ﬁ &afpas "th§@oﬁ¥§ %Per&&%ts'oﬂtce%r gé &%%ﬁ?%w%ﬂ sB{?]%%aééﬁ%FS%pégl tage

converte ur ose O arator 24 an

to di sabl evbhegealohescamldtdag@pctmgwfsatcﬁbrQﬂ,amtilenwd%smtbh&el%ttery vol t age
falls bel ow 2*VDD.

The battery 2 provides the necessary power for the supply voltage regulator 7 via the

internal battery resistance 15 and the battery voltage node 4. The decoupling capacitor 3
stabilizes the voltage from the battery 2. The battery voltage node 4 carries the voltage
25  potential Vy,, which is used for a reference voltage by the voltage divider. The two
resistors 22, 23, respectively, of the voltage divider, provide the positive input of the
comparator 24 with the voltage potential Vy,/2, and the voltage reference source 6
provides the reference voltage potential Vir to the negative input of the comparator 24.
The output of the comparator 24 is connected to an ENABLE input of the two-phase
30  switch controller block 29 of the 2:1 SC voltage converter 21. The purpose of the
comparator 24 and the voltage divider is to disable the 2:1 SC voltage converter 21

whenever the battery voltage falls below 2*Vpp.



WO 2011/ 103929PCT/ EP2010/ 052477 10 The supply voltage regul ator 7 provides
power to the digital processor core of the hearing aid, illustrated in fig.
2 by the wquoualoss?y | oad resi stance 36, in the form of wPrhe/pPRIHASETT
potential VDD. \Wenever the voltage potéhtial Vbat of the battery 2 is
above a reference voltage equal to 2*Vref, the voltage potential VDD is

solely provided by the 5first P transi stor 27 via the 2:1 SC voltage
convert er \z‘fil.e %upplivyh‘égl%r:trsg 2195t e REAVAICS | POISAL 0 18e (! SFOEF STl B v
» where | 'L hegriddgd] ORGra8d efb. 2 by ke dfusval@s 18K Lsibtn& RLkn tHeeBHAME ¥e and C
is the circuit capacitance, the second PMOS transistor 28, and the first

PMOS t r ansivettege potential &/ vbh &V IRngvesthy woltaggepataniab Ve of 21k, bagliery @ is Aeovgower

del i d h I 1o f . . I i al
Voar rai s RO TRaeibRt EEE e Gk ohBRUACY o Y o P gREbE G

the 2: 15SCfiral PMOS €aRWITI BT vidhé S:1sBC0tvodhfe coRltet 21 yifhye VoleageqitReatiat or
24, and the second PMOS transistor 28 takes over, providing the necessary

to t i il ' die | ' 2:1
D Vol t age (o Db 3 ¥ I 2 e e Mo Sl PR S IQUHRREE S ERbET 0

regul ator 20. 15The purpose of the linear voltage regulator 20 and the 2:1
swi t ched- c&fpekiftesivency, prd Coisdhe arevit ppecizansenise aprond oM Qgdrapsisior eduand t o
wr ef, is avygl ki?s@lfq\/lf)g trreﬂl%&%oq%,%ﬁa Yl’lea2.tlh§CO\'7glfr%g5 .cgﬂge?te? ﬁf sf?%ltrg t@é Rer The
| i near vol tage regulator may be seen as conprising two’ outpu ranches,
the first hkichnatd cotiiprsupplygolthge ogder &itlf drabat@mploltage rpoRbtialt Vg, fadlk halpey
gener at or and the second E%/DS ransi stor. 28, and _the second brapch 20
conpri 4 ng_%tQNeef’(?p"er"‘éﬁePE)Y?élth% Iy P ,epf%@nfihﬁgt-gﬁmlvg%ﬁg@%ﬁ  and
the 2: 1_ Swsﬁﬁth(ﬁﬂ]'cgﬁ‘@?&él%q; tfﬁ@lctoﬁ%gra@ﬁny@rahﬁrthg jsecoﬁaq)l\q@spt%nsﬁﬁqe%&a@@ss a
connection back to one term nal of the operational anplifier 25,
ef f ecti vel pvEppmvinatheeedézaaly poveptd the heagy ad.iTigs messuouiispaktenvobtdege VDD
in a manner_which is.explained in more. detail .in the follow,ng. 25Wen Vbat
o gr ot or rEnah e ZrSELARE cofh Rt Sl et bt ki BB eL HiBgh
the first RMedipnaiosbor 27 and the 2:1 swtched-capacitor voltage
converter 21 to the output node 8 The battery voltage Vbat is converted to
the voltage Vbat -2 .V, , ., + IL /(2 . f. across the first PMOS 27, and
this vdbea SCiRIRGERT i s af s iov ey B2 k pgieq Tapdctior 2F s 16
swi t ched- capagh iRlt &/ 0ddsBAE vERIPEVLET cqdidh toWEr &5 LDS1AbR (AR 1bhd B6%ia the O
may be 30regarded as a resistive loss due to the output inpedance of the
2:1 swit chedtpoapadd 8at all times. The linear voltage regulator 20 may be seen as comprising

two output branches, the first branch comprising the operational amplifier 25, the

voltage generator 26 and the second PMOS transistor 28, and the second branch

20  comprising the operational amplifier 25, the first PMOS transistor 27 and the 2:1
switched-capacitor voltage converter 21. The output node 8 has a connection back to
one terminal of the operational amplifier 25, effectively forming a feedback loop for

regulating the output voltage Vpp in a manner which is explained in more detail in the

following.

25  When Vi is greater than 2.V + 1, / (2 -f- C), the feedback loop goes through the first
PMOS transistor 27 and the 2:1 switched-capacitor voltage converter 21 to the output
node 8. The battery voltage Vbat is converted to the voltage V, ,—2-Vy,+1, /(2-f-C)
across the first PMOS 27, and this voltage is then converted down to Vpp across the 2:1
switched-capacitor voltage converter 21, where the voltage I, /(2-f-C) may be

30  regarded as a resistive loss due to the output impedance of the 2:1 switched-capacitor

voltage converter.



vol tage converter. WO 2011/103929PCT/ EP2010/ 052477 11 \Wen Vbat is greater
than 2 .V,,,, , but less than 2 .V,,,,+ 1L /(2 f. ¢), the feedback | oop
goes t hr onghotiotobo2bhe first PMOS transistor 27 and t he PCI/EP2010/052477

swi t ched- capaci tor voltage converter 21lhnd the second PMOS transistor 28
to the output node 8. The 2:1 swi tched-capacitor voltage converter 21 is

delivering_as nuch of the current for the output node 8 5 as_possihle, but
is limted Vtﬂ@@ﬁ Vi 18 #iPdter BaR putVoi n%tda%%ctgan Fhilsy hﬁ@ F&rlaithé f?sglaﬂskﬁ%(m is
del i vered throuygh e co i:n .0 1.0 K Y/ n nt . The
Crount of edry Bl 8RB, MO A%hidoCE R 8 bR AR SRR ERRRI G Notad s 1 e

vol t age soubsreri2f2] kedhicigead PFVMO8gendistof 28 ente oafpuvadde haheeenswiichednput
of the first PMOS 27 and the input of the second PMOS 28. The transijsion
fromthe stcapasitgherlgysarvertsr g sadekiveringgs mpeh of thppurrgnt Sor the oytpybpsiers
gradual ky Yhak iJidi . . i . .. VDD
t he 2:1Bsm?%@ﬁ%ﬁﬁdapgg$?§Pa%§$ﬁégéng%Htg%?%éﬁgﬁxygﬁé E@:Jgﬁﬁnﬁgégﬁ%u1s
conpar at or d2dvdret duseett the spatndMMEIS 2int drd eiproskdep Wt @mstan@lThefantduat of

conparator 24 i el ow Vref. 1f the 2: i t ched- capaci tor voltage
Sonyer ter ﬂffﬁ%ﬁd@@@ﬁfﬁﬁvélﬁaﬁgwq sork GUDSEY %01\1&9_?}?@%3'&196 kallags “8YF 26/ oad
on Vbat, angd.\{RP.WHabe ldrerkalitag @olnyt liﬁ{)];ﬁ[%ﬁth@%& po®d erdhagikc | oop

h
goes solely through the second P 28t‘mhigh us delivers all the current
to the out potut pbdle ScomthBNEYS 28t Hee wraisisagrefrpot thatstasd whbatY2: iogr¢abhe thosi ti ve

negat i 98 i oo b ABd ChRERER BRI ARGDNLpaE Bio ThiCebipar at o 24 18

hi gh, activating the 2:1 SC voltage converter 21 via the 20 two-phase

switch_contywpl] ¢f Rl 19§skth§1?-2-W‘e”%l%%%g@:hg‘{ed-ésgg?ci{é)g%%%;@on Eﬂtérloﬂ Kot ol I er

bl ock 29 controls the four switthes 3. ectively,
synchroni zedwhYby hee RBfbefatd:| DE bhesiE GRe otdkial bfli thY pRsitied-teMeinhiapPithg
clock signal to the four switches 30, 31, 32, 33, respectively.
comparator 24 is below V.. If the 2:1 switched-capacitor voltage converter 21 was kept
enabled in this case, it would act as an extra load on Vi, and Vpp would fall
15  unacceptably. In this case the feedback loop goes solely through the second PMOS 28,

which thus delivers all the current to the output node 8.

Whenever the voltage potential Vipa/2 on the positive input of the comparator 24 is
larger than the voltage potential V¢ on the negative input of the comparator 24, the
output of the comparator 24 is high, activating the 2:1 SC voltage converter 21 via the
20  two-phase switch controller block 29. When activated, the two-phase switch controller
block 29 controls the four switches 30, 31, 32, 33, respectively, synchronized by the
master clock source 5, providing a non-overlapping clock signal to the four switches 30,

31, 32, 33, respectively.

On a first clock pulse from the master clock source 5, the two-phase switch controller
25  Dblock 29 enables the control signal ¢;, which opens the second switch 31 and the third
switch 32, respectively, and closes the first switch 30 and the fourth switch 33,
respectively, connecting the first terminal of the switching capacitor 34 to Vi, via the
first PMOS transistor 27, and the second terminal of the switching capacitor 34 to the
load resistance 36 via the supply voltage node 8. The switching capacitor 34 forms a
30  serial capacitance together with the load decoupling capacitor 35, providing a current Iy,

to the load resistance 36.



On a first clock pulse fromthe master clock source 5, the two-phase sw tch

controller 25 block 29 enables the control signal (pi, which opens the

second swvocehiidi3aend the third switch 32, respectively, pamkpreéi0omss71 he

first swtch 30 and the fourth switch 33? respectively, connecting the

first termnal of the switching capacitor 34 to Vbat via the first PMOS

transistor 27, and,the second term nal tching capacitor 34 to the
s bopgh

of. the swi
| oad resi st@htecerd glogk p §IMASCE Slgek pties 3 therivo-Base Wi, CQUIOLES t or

34 forms apggerd alabRANAC E&ﬁf&%i@@ggﬁ,hﬁ{ic%fé&stt% ArgadideaeuRld Me raRAci tor
35, providing a current IL to the |oad resistance 36. WO

2011/ 103923RETH BB2 GOy, 7antl2 clopesathseoott civitck 3dubsk tha dmrd beitdasSler
cl ock source 5, .the two-phas ﬁiﬂ%tCh contr.ol | er. hl.ock 29.en§ | es t he

control si REFCHSY: RANHNG . thierpingk of 4G SWHCHBES LARRSAR SF o'Qr iR 193 t ch
33, respectiy@inte A2 thOsEDHIT HEISRCANE SWhd &l SroRDNbrihifl bRikdswidish 32,

respectively, connecting the first termnal of the switching capacitor 34
to the | oadamcitesB4ttane@ngds The awithking wapdojtoy gHtmye foroder Baralhel daheciwaeond

termnal of the sw.tchi capaci.tor 34 .to ground,. T swtchin apacj t or
54 now 1 or s vt P R SRRRT RGPkt B i ringrEe ROl ool BEM
capaci tor 3&istifceskdi ng the current IL to the | oad resistance 36. By
enabling the control signals (pi and (p2, respectively, in an alternating

fashion, the 10 voltage potential VDD is provided.to the supply voltage
node 8 by t ee@bén%@%ﬁ‘?‘{%@ﬁgélg@@)ﬁ\i@r%r@? £ESDEF AT g Sk GHDIOR: 6Ot ne
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converter 21 he current’ L may flow f t he tput of the 2:1 SC voltage
converter 2tntdmeoudh friradingather egigit dpcte 86. IohHerenmtaecd 3bhe\sv tdnzage the

gO]E (ént al \c/:lojr%tparca)l{ort eenta)l ets ?ﬂél 2:% éié %ﬁag%eéo%WGt%er'21Ythg cdrretnt[] L nrrlta)lry%lotv&t] ?roln{ near
the output of the 2:1 SC voltage converter 21 through the load resistance 36. The more

the voltage potential Vi, of the battery 2 drops below 2V, +2ITLC , the more the linear

ref

15  wvoltage regulator 20 contributes to the total power consumption. If the voltage potential
Vbat 0f the battery 2 drops below 2*V,.g, the 2:1 SC voltage converter is disabled by the
comparator 24 in order to prevent it from drawing any load current by itself. This, in
effect, causes the linear regulator 20 to provide all the available power to the load

resistance 36.

20  The 2:1 switched-capacitor voltage converter 21 in fig. 2 provides a 2:1 voltage
conversion of the input voltage, plus the voltage difference due to the converter output

impedance V. =1, /(2-f-C), plus the voltage difference from the first PMOS transistor

27 in order to generate the supply voltage Vpp needed for the operation of the digital
processor core of the hearing aid. The principle of operation is illustrated by fig. 3 and

25  fig. 4, and is explained in greater detail in the following.

Fig. 3 shows the first phase in a 2:1 switched-capacitor 2:1 SC voltage converter circuit
comprising a battery B, a first capacitor Cgc, a second capacitor Cy, and an independent
current source I;. The battery B builds up a charge in the first capacitor Cgc while the

second capacitor Cr. is discharged through the independent current source Ir.

30  Fig. 4 shows the second phase in the 2:1 switched-capacitor 2:1 SC voltage converter

circuit shown in fig. 3. The battery B is disconnected from the first capacitor Cgc, and



15vol tage regul ator 20 contributes to the total power consunption. If the
vol tage potential Vbat of the battery 2 drops below 2*Vref, the 2:1 SC

vol t age cwowerites92ws di sabl ed by the conparator 24 in oPdempPe@opsavent it
fromdrawi ng any |oad current by itselflYhis, in effect, causes the |inear
regul ator 20 to provide all the avail able power to the | oad resistance 36.

20The 2:1 sw tched-capacitor voltage conyerter 21 in fjig..2 proyides, a 2:1
Vol tage conteFaBHOTSF i Recapeicd VOIUEE: THF LSt fbagitar Gueiscepy SHefEe ue to
t he conver t.ghnRUdRHpatBERAAR G ¥R6ndcdpacitdrdy): add ddBhersRisthatddgo VIR dcR&HR1

difference fromthe first PMOS transistor 27 in order to generate the

suppl y vol tcappsityDO 1 ndédeehtpwr impedamyselat pbhoswithleeddiaghcitr It cxeswobirgeor e
of the hear, n‘gertai d. IJ[Ihe rinciple of operation is illustrated by fig. 3 and
2501 0. 4. SRONSETBAsiFAE {'h Greater dotail in the following. Fig 3 shows
the first phase in a 2:1 switched-capacitor 2:1 SC voltage converter
circuit _conprising a battery B, a first cdpacitor Csc, a second capacitor
CL and an i ndependent current soucmSCI Ls.dhe battery B builds up a charge
in the first capacitor Csc while the second capacitor CL is discharged

t hrough the independent current source IL. W) 2011/ 103929PCT/ EP2010/ 052477
13 t he capdoinsauedty,iis crdernfec thed2fl SGrvolimge. cotvertén 2kto baphlei tbgmrodde itlle now

effectively connected in ral,l el with the second capacit CL.and delivers

Ct s char ge TEGTE g carn e e S S ABRTS § SBROAEESEE of ¢ ne

swi t ched-capacitor 2:1 SC voltage converter is defined as: 51 Zsc = f CGCsc

2 Consequently, in order for \%he fJT S—(();Z\\;Ol tagg converter 21 to be able to
@tsk L

provi de the necessary | oad cur Ibve*az@ esistance 36, it needs a
supply voltage of: | sc5

Fig. 5 is a diagram illustrating the current Ip,; drawn from the battery as a function of the
10 battery voltage Vpa in the supply voltage regulator circuit in fig. 2. The diagram is
divided into three parts. The first part illustrates that the current Ipyy drawn from the
battery through the second PMOS 28 shown in fig. 2 has a value of 500 nA whenever
the battery voltage Vi, 1s below 1 volt. This is the result of the linear voltage regulator

20 in fig. 2 being the sole provider of power to the hearing aid circuit.

15 The second part illustrates that when the battery voltage is between 1 volt and
approximately 1,08 volts, the battery current Iy, gradually drops to about 250 pA as the
voltage increases, as more and more current is drawn through the first PMOS transistor
27 and the 2:1 switched-capacitor voltage converter 21 shown in fig. 2. The reason for
this decrease in current drawn from the battery is that whenever the battery voltage rises

20  above 1 volt, the first PMOS transistor 27 and the 2:1 switched-capacitor voltage
converter 21 of fig. 2 gradually provides more and more of the available power to the

digital processor core.

Prior art power management systems utilizing linear regulators have been capable of
stably providing power the digital processor core, but only at a high, constant current of
25  approximately 500 pA. At a battery voltage of about 1,08 volts, and at voltages above
that up to approximately 1,6 volts, the 2:1 SC voltage converter 21 in the hearing aid of
the invention provides 100% of the available power to the digital processor core, being
capable of providing the necessary core voltage Vpp of 500 mV at a total battery current

load of only 250 pA. This is illustrated by the third part of the diagram in fig. 5, which



2 VDD Zsc ILf GCsc ) Fig. 5is a diagramillustrating the current 'bat
drawn fromthe battery as a function of the 10 battery voltage Vbat in the
supply vovbaga/megal ator circuit in fig. 2. The di agrampC3/rkeamioden7i nt o
three parts. The first part illustratesl¢hat the current 'bat drawn from
the battery through the second PMOS 28 shown in fig. 2 has a value of 500

NnA whenever_ the battery voltage Vbat is below 1 volt. This is the result of
the |inear SHRWt %Eﬁ‘ﬁi%’l Sispt SYSHRPRIS SBBlGHg0 $Reu 518 b P agls- dfipower

to the heaiigg, &) dofl i k2158608 RACkyIkd USHERL SBILARL oigs, the

battery voltage 1s betwee t and approximtely 1,708 vofts, the battery
current 'babmgaadudly| pngeropsttary labothtniX56® ke asfiditreyvof tiagCh8T eattess as

nore and nore current i s drawn through the first PMOS transistor 27 and the
2:1 swi tché%g“cl,aéﬁ%@i %Pegﬁr’tnﬁ&d%fgth?/@%te@?m?l shown in fig. 2. The reason for
this decrease in current drawmnm fromthe battery is that whenever the

bat t er y5volRggeshowses dabilaboe df tholPt hulk béasfwaltage RigoRtdr Bhad sieorin Zig. and t he

2:1 switched-capacjtor voltage converter 21 of fig, 2 gradually, provides
ror e and . B okt 3o é%’ga_v&%f_r 1500%@‘1%%9%@&& 5FiGEBES Girclir - i or
art power g?&%a&w%sﬁﬁéﬁ@mwaf&b&e%wa @%&cé@g%@w[;ﬁotlﬂa%?gﬁg%@. fRpabl e

of stably ovi ding power the digital processor core, t a high,
const ant cbutkerferafce25caip pd oxmprsoslayefdicn hadAtl aadmaticemee PO grenoftombout

1,08 volts, ,a vol t ages ove that t roxi.mately 1,6 vo t he
21 SC vol (398 e dnyilfiss PP PR Preriga iy BMES OGOl RUehrkomior diSies
100% ofjot herag¥igtol ab, & BRWENMOS tthfsidod Ol 2 REQBESNMOS AfRsiskei 0f £apabl e of
provi ding the necessary core voltage VDD of 500 nV at a total battery

current | oadpasftonfByarb@ hell camtickor €9.i Furthst shewr ibyig Geistthe sdpparvoltege t he

diagramin fig. 5 Lchy. . 2011/ 103929PCT/ EP2010/ 77 14 shqws ,that the

Hoad cur r entednt Al g Codiset G35 T RTRRN OREA duptis JO0BE 111

rel ati vel y NM@Shadnsitoy 1@UThe plirpofadt, the Petulitbias lveraieetghiatdrayis Vo kdganes

ensures a co arativel%/e1 | onger battery |ife thanks to the efficiency of the
g

DC- DC vol t dgebickdurardiage Vaure torl S Hepskiters on thondigitehpgassn . cogriin 6
frg 1 5 hehsr E6 roupyRtad fifs bl ald S, MO ENAGE (RIULA, Qi AT REED "

circuit 60sufficicapesiati¢venal thaBPMO$ trensiGdis of tie digit pestessoy obicd@e source 63,
and a P voltage punp 65. The bulk reference circuit 60 conprises a

reference | n ef e ce t Sl r.62. . Y np 65
corpr 1 ses a1 o R tpPGHEREET e CR3L R Bke oyl (Pt & 61O
first NMOSgenansdt ptoidiaR a 18ad ecoad OIMSrdftransd Bhd61Fhe aplrutidnat apptifitor 68,
and a hold capacitor 69. Further shown in fig. 6 is the supply, voltage

regul ator Plasenfigtecdiiagia diffgsmdiek samifieh poga2cmppisty tMpRes phogoltage
vol tager eQuraRar b, Ve haCRAS A etp Al LU BT e U e
PMOS t r ansivettagessourcet@3eprddgiingb vphtaegssortiat ¥edfod theiinput of the P voltage pump
65. The output voltage potential Vyuxp from the P voltage pump 65 is fed back to the
well terminal of the reference PMOS transistor 62. The master clock source 5 drives the
P voltage pump 65 in order for it to be capable of providing the voltage potential Vyyyp

25 above or below the level of the supply voltage potential Vpp. The voltage potential
Viuip 18 adjusted by the input voltage potential Vip.

If the voltage potential across the reference load 61 falls below that of Vi, the voltage
potential Vip on the output of the operational amplifier 64 will fall, too, producing a
lower bulk bias voltage potential Vp,ip on the output of the P voltage pump 65. The
30 lower bulk bias voltage potential will cause the gain and V; of the reference PMOS

transistor 62 to increase, resulting in a rise in the voltage potential across the reference

load 61.



15 order to reduce spread and current |leak fromthe PMOS transistors, while
mai ntai ning a sufficient gain level in the PMOS transistors of the digital
processorwoane/29The reference PMOS transistor 62 in Pog/HEradik/0sETEr ence
circuit 60 acts as a current generator pPoviding a load current to the
reference load 61. The operational anplifi er 64, configured as a
differential anp|ifjer stage ontinu usI s the vop]tage, 20

pot ent | ol - 2t Foeahinibe ool Risa TS 10 BT TS S8t Bt oot of
the P referencs, woldAage §@t'éﬁﬁeﬁ \51309Hféd&lﬁplﬂg)fahé/@ﬂetrﬁ%apﬁhﬁlﬁlﬁéraﬂ WillPal§pr the
i nput of the P voltage punp 65. The output voltage potential VBull &p from
the P vol t aige podysigsa hghehlb il voliagepotemsial Viewrrainrthé output ¢fcthe Bfver tegﬂ:e
Pl\/DStransrstor r...cl ock sour.c ives the ont e

Th order T8RO ToThe MELTRBHE Bt SPlRaMER Mo i Sg RS shianid, PP ST ER

25abovesor rifetcane PRMOS efcaehlsref 6the c&uﬁew rmlrﬂi@gﬁl PaLIe it lﬂad VMEé@e pﬂmnupl tage
potential VBul kP is_adjusted by the input voltage potential VIP. If the
vol t age pote€iess e referepss qaﬁéeﬁler@@é%c@rhbwaieihef Bibubk bjay weitagn segudtonibf p,

t he vol tag r at 64
wll fall %%1 %%&a‘?@&lbﬁ C%BA l\a!éesa ower g&f%@ Owjﬁ? ggg“”ﬁoﬁog%? @ﬂ?/ rfaklgﬁwon t he
out put of tlinat I?esudﬂrtgaga JlolU[0, v} cﬁrﬁenﬂdﬂﬁrc&@wﬂtlommellmeﬁhed)gaﬁ valokt agellgofised i al

wi |l cause the gain and .Vt  of the refer nce I\/DS tra 62 to in ease
resul ting i'v &l qweéprqargtlﬁémr}%t poiteht’ &erre%tslerlﬁ I arierane doad

WO 20134 103929RGTY EP201Q4PF %‘H{Zhe% ér 10Qve? Bak HlMolﬂaE@p&Qﬁtﬁa@%ereaﬁ’ﬁ&f‘t i al

across the réeference 'oad resistance 61 rises above that of Vrefp, the
vol t age potentral V,p.on the output of the operational r’rglrfrer 64 will

al so rise, élﬁomm%%go fthei rgqiergemrmr@ 9 i tOOIPrPQ‘@“é et davated byksubiag yobage he
out put of volta @rrg’rg hal

w | | causetp'lt8 ﬁeg%la?lﬁuu‘g%g }gﬁé}hﬁ%@ssﬁ gpg\ég%:gﬁ/[%b tav'r?l zlilyng%%%grge gg&tﬁg%b'
decrease, mMasingta figt phasa off ahd clock sigealViodn algeempgtiecibelapermeatass thchigrst edder ence
| oad resistanc n this P bul k bia oI e regul a

aut omat | cal RSP IeRbICN dunprE Ol il 2 v PBige Pk LRt FaF VRurER QM

W thinig naiph@Wols @b ind (&S (A8 | Thid u'ﬁm @ﬂd{ ﬂfen&olﬁgé‘ h6RnMAIL Y, &rom the

wel | -defined gain value, a well-defined Vt, | ower Spread in timng, and a

limited PMOStruliof éirt opesational hmphi&eiepéricen Itbeabumcapm Baghd yhobulkdiiast ed
i f ahrgher | gwer .bul k Dbi ptentral IS ur pose
of the ot el &00h & bR, Rn@P RoE BUrB 4t weab, PRE 3R g1k onaP

potential Vi KR havtertdeckdicaibia®dr PheFRSHAH se@nd PMOSNEhnkROrPQ), kind €f;@F£Nnce
circuit 60. Duri ngrta first phase of the clock signal fromthe master clock

gener at or laseb anfl tha fighendseonrdNPNRSransasiens Shomd QiarappengBhirigpdpethat and
the fi g‘FﬁdV&%%%ge%buv Bhehlt ﬁé %uﬁ?cag{fé?to 838 ik B&@dcaﬁér lof gl i es

that t e % age “pot omt out the opera anplifier
64 is on t%l@b&iﬂf@@r}ﬁaﬂaﬁerV@l&geadltﬂlbld’ﬂetlbuwﬂtdglea@,lﬂdlﬁ)l%ag@ec‘ﬁbuﬂﬂ é@pits on the
hol d capacrtor 69. a second phase of the clock signal fromthe
mast er cl odR! Mrzatv@rasé WeltaigFP@'EengﬂdVbslefCond PMOS transistors Q and (B
are closed, and the first and second NMOS transistors 2 and 4 are open.
This inpli Q‘Sg.Uhﬁiows a detailed view of the N bulk bias voltage regulator 11 as seen in fig. 1.

The N bulk bias voltage regulator 11 comprises a bulk reference circuit 70, an
25  operational amplifier 74, an N reference voltage source 73, and an N voltage pump 75.
The bulk reference circuit 70 comprises a reference load 71 and a reference NMOS
transistor 72. The N voltage pump 75 comprises a first PMOS transistor Q;, a second
PMOS transistor Qs, a first NMOS transistor Q,, a second NMOS transistor Q4, a bulk
capacitor 78, and a hold capacitor 79. Further shown in fig. 7 is the supply voltage
30  regulator 7 and the digital processor core 12 comprising the PMOS transistor 13 and the
NMOS transistor 14. The purpose of the N bulk bias voltage regulator 11 is to regulate
the back bias voltage Vyuxn to all NMOS transistors in the digital processor core 12 in

order to reduce spread and current leak from the NMOS transistors, while maintaining a



20 the voltage potential Vbul kP is on both the bul k capacitor 68 and the
hol d capacitor 69. Being configured as a voltage doubler, the voltage punp
65 ef f ectwoeby/ws2put s a vol tage of 2*V,p as the vol t ageCparenbioad47¥bul kP.
Fig. 7 shows a detailed view of the N bll,lgk bi as voltage regulator 11 as
seen in fig. 1. The N bul k bias voltage regulator 11 conprises a bulk

reference cigcuit 70, an.2 tional a ifier 74, an N enc

Vol tage. soghiTEion el hir e MBS gieaRing e Hedbpie SEere e PGB « 70
conpri ses Fadt ehRHENERK AAvdltagadnd R hRl $aeO e thANSLS .0 nehdtivel ke N
vol tage punp 75 conprises a first PMOS transistor G, a second PMOS

transi st or coBfiguation ef thaNolk raferasgeseiuit() s Bie doffrtemivin® thedndlk seferency, a
bul k capacicgrgritégsho%}gnaf h%I d capacitor 79. Further shown in fig. 7 is the
supply vol tag% regu]I ator” 7 and the di gital processor core 12 conprising
the PMOS transistor 13 and the NMOS transistor 14. The purpose of the N
bul k bi &s Vdktratpecnce giM&XSotransistors72 on itleg ikt refardnec rackit Hi0ascts o$ wagercwBul kN

to all NMOS t istors in the digital 12 in. . d
spread and EUPRBRPTIGURE FrigH EWETRans PRGNS B PTuin? Brsrar RS Eelieh W
2011/ 1039298CELHRARIP/0 22 4if fordifiab Whipligice @ia%g,awhtﬂn%@ly icBmiphes NV S oltage

transistors of the digital processor core I2. Due to the fact that the back
bi as vol t agetousal dcroys by rdergace lpagd l1te\ibe velteas pesential Ven efeigady veferenere
configurati of k.refe [ Litv, 70 ] Ltodi fferent t he
bul k ot or SaRaforobRE Pt SRS PR wile! el bt Mot SRR A, o

72 in tibe Yl Kh¢ ehpuensiageipotutiil VA Rdtsn d& 8 volbgepimpgods &dobacRrtovhai ng a
| oad current to the reference | oad 71. The qgperational anplifier 74,

conf i gur ed ! el itentefarnee MO wnsistaige; TeomertaLdad SPUEGTHAR s thhe
vol tage pOtPexBH,{fagée Pgérﬁg @®39n Bﬂfer T&fﬁ‘"{o%c&gh%%g ﬁodfjcg?%h{% %@Hagfg(geﬁ% %;%Nfgl

Vref N of the nce voltage sourc g a vo € poten
VI N for thabovipat belbwt the Idvalalftthgerpumipvdl@ig? otchiniel ¥ys.plite vatdgagetqmokent i al

VBuUl I (N fr the N.volta u 75 is fed ck to the well term nal of the
ref erence rghsicd; Jgﬁe?%p%taﬁﬁg?tgmwél Gtk source 5 drives the P

vol tage punp 65 in order for it to be capable of providing the voltage

pot ent ilal VBthelvoNagdhpatentnl abekoikictriferdney dadatsisthecedriotided abovd thgeopHoL.ent i al

Vss. The vaol tagle pot ent | Eléf VBuUll (N is adjusted by the jpput voltage
I

( . g
potential WNVoliagerpotediay K aydhgBtBHE Phhcapncsyionahamplifia; &heall rgggtoo,
resi stance ri.Se : 0 pal t he
out put of tp %@“S@rith ?g(h}ggﬁu%%%% %lgye%&évﬁt ]laf IQ}r%iﬂﬁs{\lel,)ltl %?ﬁgﬁggﬁj{ch?n%\aaowﬁ gher
bul k bi as pohpage Plot bigheabuldBoiké (Vbltage pétentouitwpillt cake tthe ghnvaldt ¥gef phap 75.

The hi gher bul k bi olta tential will cause the.gain and Vt of. fhe
oterence et PSSR TR BotBiasd! eputi B gl i B sitPoe Poyial
vol t agegpot,enki dl r&BaGEORRd kaS&dREe ence | oad resistance 71. In case that
the voltage potential across the reference load 71 falls bel ow t hat of

Vrethr, the error voltage potential VIN on the output. qf the operational
ampl i 11 er 78 Sl hotge Softad POt haPRya TisuaFe Bk Ioflls bolgh 5 9€}S{efgmi al
VBUl | (N on (ierGUidtile Potdnliel W VOl HROGUPUTY the opdiaBohfWalplipidl k4 Bi@Salyp! t age
potential will causethe gain and Vit fromthe 25 reference NMOS transi stor
72 to incrdaserodussmg ¢ lomgr bnlkabias wdtage poteatial W Humgen pot @nmputalfl theNowétaghe

reference | oad i.stance.71..1n this .the N bul k bias v e

Fegul ator PRRRToHE BRCT kb 2bBt W R okt affo it e an
to |ie2withredcOAMOW thdnRistor T2e@Uinkicagk, irBsuBthgNMOD rigd! il @Y velise GRtMtah a
wel | -defined gain value, a well-defined Vi, a lower spread in timng and a

linmted NVEsosutheagficranegload Teestanse gl eicthis way, the N bulk bias voltage regulator 11

automatically regulates the bulk bias voltage potential Vpuxx to lie within a narrow
limit, resulting in an NMOS current source with a well-defined gain value, a well-
defined Vi, a lower spread in timing and a limited NMOS current leak. The reference
30 load 71 may be adjusted, in the same manner as the reference load resistance 61 in the P
bulk reference circuit 60 in fig. 6, if a higher or lower bulk bias voltage potential is

required.



30 load 71 may be adjusted, in the same manner as the reference | oad
resistance 61 in the P bulk reference circuit 60 in fig. 6, if a higher or
| ower bulwobknasiosbt age potential is required. WO PCT/EP2010/052477

2011/ 103929PCT/ EP2010/ 052477 17 The pur pbdse of the voltage punp 75 is to
produce the | owered bul k bias voltage potential Vbul kN for the digital

processor re 12 and.the hulk reference circguit 70 Durj a firs hase
Dt Che. o odRecGRAR T1 Dih FRLLSENT 751 Bo Berb it 1053k Sy b hliedocond

PMOS t r ansiystetisl @L Andr GBe atg%tap@%bess%mtotéﬂ@z fdntiSthe 2Rtk s&eRAE: NYES: 0.

transistors 2 and are closed. This inplies that the voltage potenti al
VIN fromt ﬂblrmgtqoﬁtst phasmétlnfp@lp@lt pignall frepphd miaster dlack se@nat@rhét ist and
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gener at or 5raht1aofsl Osbn@iTy &€ ecwRed. PMXSithpRdsthst me&o@agap@te%wg fedreslRd, and
the first and second NMOS transistors and are open. This i nﬁl i es that
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utilized in age punp e |npu tage
ef fecti vel yrodotHal rﬁﬁhtartﬂbdke@abmd)rbythb h‘ﬁst\emutsagﬁldeOSTc’ﬁansﬂétogs Q8 and Qa abd ock
schemati c showi ng the_functiona |tyl(?of a.hearing aid 80 having a, power

managenent Spsd-&Rfl dhcitirnipecona NMQOHiraniston Qornd Quess Prgg- dn 180 lisoibat i ses
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vol t age regul at or , the switched-capacitor 2:1 SC voltage converter
t he positi cepdsitbk7dildsny tictsage psinpiployofdltagh doutdigatutiiiecdinl the bbsgevpinipage

supply 11, the digital .proce sorcore 2.conpfi si di gi tal signal
processor & ,maﬂg'%ﬂt@%t‘%&gﬁ’ Ying!4, ef%’ﬁﬂvegﬁ @Bﬁ%@%ﬂ@é}egg‘ﬁﬁ%@t%P?ta%%ducer
85. The batgfpy752 provides el ectrl cal energy for the linear voltage

regul at or 0 and t he out put converter 84. The povver suppl y controller 82

controls t ne regul at 20 .an age converter
21, respecti 1g/¢§ll§ %]I‘?‘% E?Kg chﬁgmn;gtgsﬁt%w lrtygg ﬁ X%é hg ag8eVghl t age
convertlgr %ﬁanfagtm&{tos‘ykféhﬁgcd%%ﬁ/ﬁg th Otht NBvAHight &he dRaRh dé’%ﬁﬁ%bn&)n‘fﬁ}{s%s 3 When

the battery voltage I's sufficient. In a predeterm ned range of battery
vol t ages, Iett¢rythe timerhony 8llt agewcesuipay oontRilcaiad, thhéanaerSt:agvmt:glmﬁr

converter rovi ower to.t rocessin | f the. batter
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vol tage conygslyero, e In@gafv@etﬁulk%lw Quledpe §d@?ly21ﬂ- o &ngtMeﬁrbeéss&lccﬁr’éOm

drai ning the battery 2. The supply voltage fromthe |rnear 30 voltage

regul at or ngaﬁéimghaed%ltﬂl signgloprogeseoic hv et vuipup tonyesispddt pne@lap acapgisal
provid a r.ef erence voltage for the positive bulk bias voltage
suppl y§§0 ?ﬁrg&sﬁeg%tgisve bul k bias voltage supply 11. WO

2011/ 103929PCT/ EP2010/ 052477 18 The positive bul k bias voltage supply 10
provi des t Hélert@étegsargrmdw el@pta@ak/ometragéorf the lipar PRS2 regnkitast 3t gnd 4l t he

neg ve, DULiD el BBV IBLY MaOIERE S RRGRIETL P o e
digital proeggssbngo caﬁethtZz I o9 Whilth e keRRiree 2t Necspadtivelf THepdd& supply
transistor SCOIltl‘Ollel‘ 82 enables the 2:1 SC voltage converter 21 for providing power to the digital
25  processing core 12 when the battery voltage is sufficient. In a predetermined range of
battery voltages, both the linear voltage regulator 20 and the 2:1 SC voltage converter
21 provides power to the processing core 12. If the battery voltage becomes too low, the
power supply controller 82 disables the 2:1 SC voltage converter 21 in order to prevent
the 2:1 SC converter 21 from draining the battery 2. The supply voltage from the linear
30  voltage regulator 20 and the 2:1 SC voltage converter 21, respectively, also provides the

necessary reference voltage for the positive bulk bias voltage supply 10 and the negative

bulk bias voltage supply 11.



S5sufficiently high to keep timng constraints. The digital signal processor
83 fornms an integral part of the digital processing core 12 and provides

t he proceweizng/w892vhe signals fromthe m crophone in or@&er/HPeol00bR7hear i ng
aid to be capable of alleviating a hearilhg |oss, as discussed earlier. The
output signal fromthe digital signal processor 83 is anplified by the
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operating at a di gi taI processing core voltage of 0,7 volts, about 60% of

t he total edl |ta rocessi n while t
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2. The hearing aid according to claim1, characterized in that the positive
bul k bi asi ng vol tage generator conprises a first voltage punp capabl e of
provi di ngvarrooutoparzy bi as vol t age potential higher than rha/EPa@ploy249Dl t age
for the PMOS 25transistors of the digita? processing core. 3. The hearing
aid according to claim1, characterized in that the negative bul k biasing

vol t age QGW% conpri ses a second voltage punp capable of providing an
out put bia ge potential |lower than a zero voltage reference potenti al

for the NMOS transistors of the digital processing core. 304. The hearing
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vol tage conprises using the fi'rst regul ated voltage and of the second
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20pr edet er m ned bra twhae?ld[hg %at ery Yot ggeol%qae?orvg %)t Furrsrcn Iglrg(‘ijetermlned limit, by the

first output branch in combination with the the second output branch when the

battery voltage is above the first, predetermined limit and below the second,

20 predetermined limit, and by the second output branch when the battery voltage is
above the second, predetermined limit.

2. The hearing aid according to claim 1, characterized in that the positive bulk
biasing voltage generator comprises a first voltage pump capable of providing an
output bias voltage potential higher than the supply voltage for the PMOS

25 transistors of the digital processing core.

3. The hearing aid according to claim 1, characterized in that the negative bulk
biasing voltage generator comprises a second voltage pump capable of providing
an output bias voltage potential lower than a zero voltage reference potential for
the NMOS transistors of the digital processing core.

30 4. The hearing aid according to claim 1, characterized in that the PMOS transistors
and the NMOS transistors of the digital processing core are adapted for
operating at a nominal supply voltage of 0,5 volts.

5. The hearing aid according to claim 1, characterized in that the microelectronic

circuit comprises a master clock generator adapted for providing a clock signal



9. The nethod according to claim®6, wherein the step of deriving the supply
vol tage conprises using half of the second regul ated voltage i f the battery
vol t age iwoabove3the second predetermned limt. . PCEP2®I062477
according to claim6, wherein half of tR& second regul ated vol tage is
25derived from a 2:1 switched-capacitor voltage conversion of the second
regul at ed vol ta accordin o.claim 10, wherein the

vol t age conver s rfvén%gﬁe% g%khwq‘ﬁlﬁe SOW&grtﬁ%ﬁb%R’o é}ug{po,angﬂlet &% bar i ng
ai d. V01 Oﬂ'{ﬁ{ fespa@relyding to claim6, wherein the first bul k

bi asi ng volta e S ad ustabl e beyond the battery voltage. 13. The net hod

according to @l & rﬁlﬁhod/\,i@érmoﬁldmm as surphd Vielthge 10 asidigjtal diceeine d4id adjuilst abl e

beyond the batt Toth 1\‘/1(s)1|ng?‘lge Step of providing a battery, generating a first regulated voltage,

5 generating a second regulated voltage, generating half of the second regulated
voltage, generating a first bulk biasing voltage, generating a second bulk biasing
voltage, applying the first bulk biasing voltage to a first bulk terminal of the
hearing aid circuit, applying the second bulk biasing voltage to a second bulk
terminal of the hearing aid circuit, and deriving the supply voltage for the digital

10 hearing aid circuit, the supply voltage being derived from at least one of the first
regulated voltage and half of the second regulated voltage, wherein the step of
deriving the supply voltage incorporates a step of determining the voltage of the
battery.

7. The method according to claim 6, wherein the step of deriving the supply

15 voltage comprises using the first regulated voltage if the battery voltage is below
a first predetermined limit.

8. The method according to claim 6, wherein the step of deriving the supply
voltage comprises using the first regulated voltage and half of the second
regulated voltage in combination if the battery voltage is above the first

20 predetermined limit and below a second predetermined limit.

9. The method according to claim 6, wherein the step of deriving the supply
voltage comprises using half of the second regulated voltage if the battery
voltage is above the second predetermined limit.

10. The method according to claim 6, wherein half of the second regulated voltage is

25 derived from a 2:1 switched-capacitor voltage conversion of the second
regulated voltage.

11. The method according to claim 10, wherein the voltage conversion is controlled
by a master clock generator in the hearing aid.

12. The method according to claim 6, wherein the first bulk biasing voltage is

30 adjustable beyond the battery voltage.

13. The method according to claim 6, wherein the second bulk biasing voltage is

adjustable beyond the battery voltage.



