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HEARING AID WITH ADAPTIVE BULK BIASING POWER MANAGEMENT

This application refates to hearing aids. More specificaily it relates to battery-powered

hearing aids comprising switch mode power converters.

In the context of this application, a hearing aid is an electronic device for alleviating a
hearing loss of a human. Being small enough to be worn in or behind the ear, the
hearing aid picks up sounds from the environment using one or more microphones and
amplifies the sounds electrically according to a hearing aid prescription. Contemporary
hearing aids rely heavily on digital signal processing, whereby the electrical signals
from the hearing aid microphones are converted into digital signals by a digital signal
processor present in the hearing aid, and digital representations of the amplified signals
are converted back into electrical signals suitable for driving an output transducer of the
hearing aid, said transducer converting the electrical signals into sound waves

perceivable to the hearing aid user.

The parts of the hearing aid performing the digital processing of audio signals i the
hearing aid, in the following denoted the digital processing core, consumes a significant
amount of the total power in a contemporary hearing aid, i.e. up to 50% or more of the
total available power, mainly due to the increase in circuit complexity. This complexity
is the result of the increasing amount of functions and the still more advanced digital

processing each generation of hearing aids are designed to perform.

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 aliows for the implementation of
targer and more complex circuits, which, in turn, consume yet more power. Before
introduction of the sub-micron processes, the threshoid voltage V, 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.
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 {ransistors are

comparatively slower than low-V transistors, need a higher supply voltage in order to
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operate, and they are typically used for low-power applications, whereas the low-V;
transistors may operate at a lower supply voltage, but have a higher current leakage than

the high-V, transistors.

Battery cells for hearing aid applications are usually of the zinc-air variety, and have &
standard voltage ranging from 1,6 volts (when new) to about 1,0 volts (when almost
depleted), and a nominal voltage of 1,2 volts. If MOS fransistors with a low V, are to be
used, such transistors may be operated at a very low voltage, e.g. about 500 mV, but the
current leakage from the fransistors is fairly high, and the gain is lower. At such a low

voltage transistors also have a reduced speed capability.

A substantial amount of power may be saved by running a circuit at a voltage of 500
mV, but although low-V, transistors may operate at 500 mV at the same speed as high-
V; transistors operating at 700 mV, the problem of current leak and gain has to be
solved if any significant amount of power is to be saved. The power consumption of a
microelectronic circuit is proportional to the supply voltage squared. If the supply
voltage is lowered from 700 mV to 500 mV, the reduction in power consumption

yielded from this operation is about 50%.

A practical way of providing a suitably low supply voltage for low-V, transistors is to
use a switched-capacitor voltage converter to scale down the voltage to the 500 mV
needed by the low-V, MOS fransistors. A 2:1 switched-capacitor voltage converter is
paticularly simple to implement, taking up very litile 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.

A 2:1 switched-capacitor voltage converter requires a stable input voltage twice the
output voitage, and is therefore only capable of providing sufficient power to a hearing
aid circuit 1f 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

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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transistor parameters from one device to another. Inherently, the sub-micron processes
result in a greater parameter spread due to the reduced physical dimensions of the

semiconductor elements, but the effect is even greater when operating at low voltages.

One of the fransistor parameters is the drive strength or gain, ie. the ability of the
semiconductor element fo amplify a signal, or, in a digital circuit, the ability to start
drawing current when a voltage 1s present on the MOS transistor gate, If the spreading
of drive strength is too large, the behaviour of the actual circuit may be very different
from the design specifications, and large variations in parameters from one circuit to the
next may reduce the useful die yield from a singie wafer to an unacceptably low
percentage, significantly increasing production costs. Especially, the parameters
determining the timing constants of the individual transistors are critical. It would thus
be beneficial to be able to reduce parameter spread in low-voltage MOS transistor

circuits in an effective and simple manner,

If MOS transistors with a high V are used, there is a limit in their swiiching frequency
at low voltages. This limits the useable clock frequency, and thus the complexity of the
signal processing that may be performed by a hearing 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
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
voltage of 500 mV, it is highly beneficial to use MOS trangistors 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 technigue 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
for NMOS ftransistors 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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speed and current leakage. If the V; is adjusted to be at the same level in all transistors,

the parameter spread due to process and temperature is reduced, too.

The threshold voltage V; for an NMOS transistor, denoted the body effect of MOS

transistors, may be expressed as:

V.= Vta+'}'(\/2®f+VSB _\/2CDI‘)

where Vi is the threshold voltage at 0 volits, Vgg is the voltage potential between the
source terminal and bulk, ®ris the surface voltage potential, and v is the bulk threshold
voltage potential. It may be shown that if D¢, Vi and v are greater than zero, then Vy will
increase if Vg is increased for the NMOS transistor. Similarly, it may be shown that V,

will decrease if Vg is decreased for a PMOS fransistor.

WO-A1-01/50812 discloses a hearing aid having a switched-capacitor step-down
voltage converter for providing certain parts of a digital hearing aid circuitry with a
lower voitage than the nominal battery voltage. Although this step-down voltage
converter in itself provides some power saving, it still draws a considerable amount of
current from the battery when the batfery is near depletion. Some critical parts in the
hearing aid, e.g. the output converter for the hearing aid output transducer, cannot be
powered at low voltages, A practical way of supplying power to a hearing aid over a

wider range of battery voltages would thus be appreciated.

US 7307858 B2 discloses an adapiive power supply circuit for use in a battery-powered,
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 baittcry voltage by switching a network of
capacitors at an adaptive clock frequency dependent on the load current. When the
battery voltage falls below 1,2 V, the 2.3 swiiched-capacitor voltage converter 1s 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 lincar voltage regulator, which as a
consequence has to provide more and more of the power to the load as the battery

voltage decreases.



If the battery voitage in this prior art circuit gets above the operative threshold, the switched-capacitor
voltage converter decreases its switching frequency because the load current increases. This implies, in a
first instance, that the total current drawn from the battery has an optimal value only at a battery voltage

around

Vi ® R IL+(%jVDD

and, in a second instance, that the switching frequency has to vary considerably in order to control the

output voltage. The optimal point is thus at the maimal clock frequency.

The first complication is that current drawn from the battery has a very narrow minimum value range
around the operative threshold. The second complication is the variable frequency controlling the
switched-capacitor voltage converter. Although this method of operating a switched-capacitor voltage
converter allows for a very wide oufput voltage range, it would undoubtedly introduce interference
frequencies into the 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 again depends on

the load current of the circuit.

US 7504876 Bl 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 circuit. The bias feedback control circuit consists of two partial circuits, one circuit
for confrolling a negative bias voltage for a set of NMQOS 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 cireuit, no significani power would be saved. Although the leak
currents of the MOS transistors would be decreased, the circuit would still lack means for decreasing the

supply vollage in an energy-efficient manner,

In order to alleviate the above problems, according to a first aspect of the invention, there is provided a
hearing aid having a battery and a microelectronic circuit, said circuit comprising a digital processing core
meluding PMOS transistors and NMOS transistors, a power supply powered by the battery and providing
a supply voltage for the digital processing core, a positive bulk biasing voltage generator and a negative

bulk biasing voltage generator, the power supply having a controller for controlling the supply voltage,
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the positive bulk biasing voltage generator adapted for providing a bias voltage to the positive bulk of the
PMOS transistors of the digital processing core, and the negative bulk biasing voltage generator providing
a bias voltage to the negative bulk of the NMOS transistors of the digital processing core, suitable for
optimizing parameters of the transistors, characterized in that the power supply having a first output
branch having a first linear voltage regulator, a second output branch having a second linear voltage
regulator in series with a 2:1 switched-capacitor voltage converter, and that the controller being adapted
for comparing the battery voltage against a first and a second predetermined limit and causing the power
supply to provide the supply voltage by the first output branch when the battery voltage is below the first,
predetermined limit, by the first output branch in combination with the second output branch when the
battery voltage is above the first, predetermined limit and below the second, predetermined limit, and by

the second output branch when the battery voltage is above the second, predetermined Hmit.

One benefit obtained from this configuration is a hearing aid with a digital core capable of being operated
at a nominal supply voltage of about 500 mV and a clock frequency up to 10 MHz, which is sufficiently
fast for performing the signal processing demands of a contemporary hearing aid. Another benefit is the
simplicity and efficiency of utilizing a 2:1 switched-capacitor voltage converter to provide the supply

voltage.

According to a second aspect of the invention, there is provided a method of providing a supply voltage to
a digital hearing aid circuit, comprising the step of providing a battery, 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, characterized in further comprising steps of generating a first regulated voltage at
a first output branch, generating a second regulated voltage, generating half of the second regulated
voltage at a second output branch, comparing the battery voltage against a first and a second
predetermined imit and causing the power supply to provide the supply voltage by the first output branch
when the battery voltage is below the first, predetermined limit, by the first output branch in combination
with the second output branch when the battery voltage is above the first, predetermined limit and below
the second, predetermined limit, and by the second output branch when the battery voltage is above the

second, predetermined limit.
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Also disclosed is 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 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 voitage and half of the second regulated voltage, wherein

the step of dertving the supply voltage incorporates a step of determining the voltage of the battery.

Further features and advantages will appear from the dependent claims.
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The invention will now be described in further details with respect to the drawings,

where

fig. 1 is a schematic showing a power management system for a hearing aid according

to the invention,

fig. 2 is a detailed schematic of the voltage regulator for the power management system

shown in fig. 1,

fig. 3 is a schematic showing a first phase in a 2:1 switched-capacitor DC-DC-

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

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

systern 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
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,

The purpose of the power management system | 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 iransistors may exceed hundreds of thousands or even
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several millions, but in the digital processor core 12 shown in fig. 1 only a single PMOS

transistor 13 and a single NMOS transistor 14 is illustrated for clarity.

The battery 2 provides clectric power for the power management system 1 via the
battery voltage node 4. The battery decoupling capacitor 3 decouples and stabilizes the
voltage potential from the battery 2, and the battery 2 provides the voltage potential Vg
of the battery voltage node 4 for the supply voltage regulator 7, the P bulk bias voltage
regulator 10, and the N bulk bias voltage regulator 11. The supply voltage regulator 7
provides the supply voltage potential Vpy, for the digital processor core 12, which is also
used as a reference voltage by the P bulk bias regulator 10 and the N bulk bias regulator
11. The P bulk bias regulator 10 and the N bulk bias regulator 11 uses Vi, for supply
voltage. The supply voltage is decoupled, stabilized and conditioned by the load
decoupling capacitor 9. In preferred embodiments, a battery voltage potential Viy of
between 0.9 volts and 1,6 volts is preferred, and the voltage potential Vpp is

significantly lower than the battery voltage potential Vi, usually about 0,5 volts.

The supply voltage regulator 7 utilizes the battery voltage potential Vi, the master
clock source 5 and the reference voltage source 6 in order fo generate a stable supply
voltage Vop for the digital processor core 12. The P bulk bias voltage regulator 10 and
the N bulk bias voltage regulator 11 utilizes the power supply voltage potential Vpp, the
battery voltage potential Vi, and the master clock source 5, in order to generate the
voltage potential Nyun for the NMOS transistor 14 and the voltage potential Py for the
PMOS transistor 13, respectively.

The voltage potential Py from the P bulk bias voltage regulator 10 is used to control
the transistor parameters threshold voitag§: V. and current leakage Tpe, of the PMOS
trangistor 13. Increasing the P bulk bias voltage potential Py, to a value above the
supply voltage potential Vpp results in an increase in Vi, and a decrease in Sp and Ipjea.
The voltage potential Pyyy from the P bulk bias voltage regulator 10 is adjusted in such
a way that V; and gain for the PMOS fransistor 13 arrives at a value where parameter

spread is minimized.

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

being too high.
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In a similar way, leakage current may be decreased by lowering the N bulk bias voltage
potential Neuu for the NMOS transistor 14 to a value below the zero voltage potential
Vgs, thereby increasing V, to a level where the gain of the NMOS transistor 14 is
sufficient without being too high. The voltage potential Ny from the N bulk bias
voltage regulator 11 is used to control the transistor parameters threshold voltage V, and
current leakage Ipea Of the NMOS transistor 14. Decreasing the N bulk bias voltage
potential Py to a value below the zero voltage potential Vg results in an increase in
Vi, and a decrease in Ipe,y. Thus, leakage current may be decreased, and the gain of the
NMOS transistor 14 improved, by lowering the N bulk bias voltage potential Ny, for
the NMOS transistor 14 to a value below the zero voltage potential Vs,

Fig. 2 shows a more detailed schematic of the supply voltage regulator 7 shown in fig.
1. The supply voltage regulator 7 comprises a voltage divider consisting of a first
resistor 22 and a second resistor 23, a voltage comparator 24, a linear voltage regulator
20 and a 2:1 switched-capacitor voitage converter 21, The lincar voltage regulator 20
comprises an operational amplifier 25, a voitage difference source 26, a first PMOS
transistor 27, and a second PMOS transistor 28. The 2:1 SC voltage converter 21
comprises a two-phase switch controller block 29, a first switch 30, a second switch 31,
a third switch 32, a fourth switch 33, and a switching capacitor 34. Also shown in fig. 2
is the battery 2, an internal battery resistance 15, the decoupling capacitor 3, the battery
voltage node 4, the voltage reference source 6, the master clock source 5, the supply

voltage node 8, a load decoupling capacitor 35, and a load resistance 36.

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
potential Vi, 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 Vi./2, and the voltage reference source 6
provides the reference voltage potential Vo.rto the negative input of the comparator 24.
The output of the comparator 24 is connected to an ENABLE input of the two-phase
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.
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The supply voltage regulator 7 provides power to the digital processor core of the
hearing aid, illustrated in fig. 2 by the equivalent load resistance 36, in the form of the
voltage potential Vpp. Whenever the voltage potential Vi, of the battery 2 is above a
reference voltage equal to 2¥V g, the voltage potential Vpp is solely provided by the

first PMOS fransistor 27 via the 2:1 SC voltage converter 21. If the voltage potential

ref

. 1 . .
Vi 18 betweent 2¥Vier and 2V -"Jf"%, where Ty is the load current, f is the master

clock frequency, and C is the circuit capacitance, the second PMOS transistor 28, and
the first PMOS transistor 27, via the 2:1 SC voltage converter 21, share the power
delivered to the supply voltage node 8. 1f the battery voltage potential V,, falls below
2*V er, €.g. whenever the battery 2 nears depletion, the 2:1 SC voltage converter 21 is
shut off completely by the comparator 24, and the second PMOS transistor 28 takes
over, providing the necessary power to the hearing aid. This measure is taken in order to
prevent the 2:1 SC voltage converter 21 from acting as an extra foad to the linear

voltage regulator 20.

The purpose of the linear voltage regulator 20 and the 2:1 switched-capacitor 21 is to
ensure that a constant voltage Vpp, equal to Vi, 18 available to the load 36 via the
output node & at 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
comprising the operational amplifier 25, the first PMOS transistor 27 and the 2:1
switched-capacitor voltage converter 21. The output node & 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.

When Vi is greater than 2.V +1, /(2-£-C), the feedback loop goes through the first
PMOS ftransistor 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 -V, +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

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

voltage converter,
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When Vi is greater than 2-V,,, but less than 2. V,+1, /(2-f-C), the feedback loop
goes through both the first PMOS transistor 27 and the 2:1 switched-capacitor voltage
converter 21 and the second PMOS transistor 28 to the output node 8. The 2:1 switched-
capacitor voltage converter 21 is delivering as much of the current for the output node 8
as possible, but is limited by its finite output impedance. Thus, the remaining current is
deltvered through the second PMOS 28 in order to keep Vpp constant. The amount of
current delivered through the second PMOS 28 is controlled by the voltage source 26,
keeping a voltage difference of Var between the input of the first PMOS 27 and the
input of the second PMOS 28, The transision from the state where Vig 18 greater than
2-Vp+1, /(2-F-C) happens gradually around V,, = 2.V, + 1, /(2-£-C).

When Vi, 1s less than 2V, the 2:1 switched-capacitor voltage converter 21 is shut
down by the comparator 24 because the potential on the positive terminal of the
comparator 24 is below Vp. 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
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 Vio/2 on the positive input of the comparator 24 is
larger than the voltage potential Vs 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
two-phase switch controiler 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 fizst clock pulse from the master clock source 5, the two-phase switch controller
block 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 fransistor 27, and the second terminal of the switching capacitor 34 fo the
load resistance 36 via the supply voltage node 8. The switching capacitor 34 forms a
serial capacitance together with the load decoupling capacitor 35, providing a current I,

to the load resistance 36.
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On a second clock pulse from the master clock source 5, the two-phase switch controller
block 29 enables the control signal ¢,, which opens the first switch 30 and the fourth
switch 33, respectively, and closes the second switch 31 and the third switch 32,
respectively, connecting the first terminal of the switching capacitor 34 to the load
resistance 36 via the supply voltage node & and the second terminal of the switching
capacttor 34 to ground. The switching capacitor 34 now forms a parallel capacitance
together with the load decoupling capacitor 35, providing the current Iy to the load

resistance 36.

By enabling the control signals ¢, and @9, respectively, in an alternating fashion, the
voltage potential Vpp is provided to the supply voltage node 8 by the 2:1 SC voltage
converter 21, providing the cwrrent Iy to the load resistance 36. As long as the
comparator 24 enables the 2:1 SC voltage converter 21, the current Iy may flow from

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 below2 -me{h%t_ , the more the linear

voltage regulator 20 contributes to the total power consumption. If the voltage potential
Vi Of the battery 2 drops below 2%V ey, 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.

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-£-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 principie of operation is illustrated by fig. 3 and

fig. 4, and 1s 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, & second capacitor Cy and an independent
current source Ip. The battery B builds up a charge in the first capacitor Cgc while the

second capacitor Cp is discharged through the independent current source I;.

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 Cse, and
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the capacitor Cse is comnected to ground, The first capacitor Ceo 18 now effectively
connected in paraliel with the second capacitor Cy and delivers its charge to the second
capacitor CL. The output impedance Zgc of the switched-capacitor 2:1 SC voltage

converter is defined as:

Consequently, in order for the 2:1 SC voltage converter 21 to be able to provide the

necessary load current Iy to the load resistance 36, it needs a supply voltage of:

+__~_EI:_.
(2f'CSC)-

(o]

2Vppt Lgerl =2V
Fig. 5 is a diagram illustrating the current Iy, drawn from the battery as a function of the
battery voltage Vg in the supply voltage regulator circuit in fig. 2. The diagram is
divided into three parts. The first part illustrates that the current lyy drawn from the
battery through the second PMOS 28 shown in fig. 2 has a value of 500 pA whenever
the battery voltage Vi is below 1 volt. This is the result of the linear voltage regulator

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

The second part illustrates that when the battery voltage is between 1 volt and
approximately 1,08 volts, the battery current Ly 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
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 lingar regulators have been capable of
stably providing power the digital processor core, but only at a high, constant current of
approximately 500 pA. At a battery voltage of about 1,08 volis, 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 voliage 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
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shows that the load current consumption is stable at 250 pA up to at least 1,6 volts. This
relatively low battery current Tua, even at elevated battery voltages, ensures a
comparatively longer battery life thanks to the efficiency of the DC-DC voltage

regulator 21 in the hearing aid of the invention.

Fig. 6 shows a detailed view of the P bulk bias voitage regulator 10 as seen in fig. 1.
The P bulk bias voltage rcgulator 10 comprises a bulk reference circuit 60, an
operational amplifier 64, a P reference voltage source 63, and a P voltage pump 65. The
bulk reference circuit 60 comprises a reference toad 61 and a reference PMOS transistor
62, The P voltage pump 65 comprises a first PMOS transistor Qy, a second PMOS
transistor Qa, a first NMOS transistor Qs, a sccond NMOS transistor Qs a bulk
capacitor 68, and a hold capacitor 69. Further shown in fig. 6 is the supply voltage
regulator 7 and the digital processor core 12 comprising the PMOS transistor 13 and the
NMOS transistor 14, The purpose of the P bulk bias voltage regulator 10 is to regulate
the back bias voltage Vpyip to all PMOS transistors in the digital processor core 12 in
order to reduce spread and current leak from the PMOS transistors, while maintaining a

sufficient gain level in the PMOS transistors of the digital processor core 12.

The reference PMOS transistor 62 in the bulk reference circuit 60 acts as a current
generator providing a load current to the reference load 61. The operational amphifier
64, configured as a differential amplifier stage, continuously compares the voltage
potential across the reference load 61 to the voltage potential Vs of the P reference
voltage source 63 producing a voltage potential Vip for the input of the P voltage pump
65. The output voltage potential Vygpe 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 Vuuup
above or below the level of the supply voltage potential Vpp. The voltage potential

Viuuer 18 adjusted by the input voltage potential Vie.

If the voltage potential across the reference load 61 falls below that of Vi, the voltage
potential Vjp on the output of the operational amplifier 64 will fall, too, producing a
lower bulk bias voltage potential Vg,gp on the output of the P voltage pump 65. The
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.
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In case that the voltage potential across the reference load resistance 61 rises above that
of Vi, the voltage potential Vip on the output of the operational amplifier 64 will also
rise, producing a higher bulk bias voltage potential Vp,up on the output of the P voltage
pump 65. The higher bulk bias voltage potential will cause the gain and V; of the
reference PMOS ftransistor 62 to decrease, resulting in a fall in the voltage potential
across the reference load resistance 61. In this way, the P bulk bias voltage regulator 10
automatically regulates the bulk bias voltage potential Viaypp to lie within a narrow
limit, resuiting in a PMOS current source with a well-defined gain value, a weli-defined
V1. a lower spread in timing, and a limited PMOS current leak. The reference load 61

may easily be adjusted if a higher or lower bulk bias voltage potential is required.

The purpose of the voltage pump 65 is to produce the elevated bulk bias voltage
potential Vi for the digital processor core 12 and the bulk reference circuit 60,
During a first phase of the clock signal from the master clock generator 5 the first and
second PMOS transistors Q) and Q3 arc open, and the first and sccond NMOS
transistors Q2 and Qq are closed. This implies that the voltage potential Vip from the
output of the operational amplifier 64 is on the bulk capacitor 68, and the bulk bias
voltage Vieuge 18 on the hold capacitor 69, During a second phase of the clock signal
from the master clock generator 5 the first and second PMOS transistors Q, and (5 are
closed, and the first and second NMOS transistors (J; and Q4 are open. This impHes that
the voltage potential Vi 18 on both the bulk capacitor 68 and the hold capacitor 69.
Being configured as a voltage doubler, the voltage pump 65 effectively outputs a

voltage of 2¥Vjp as the voltage potential Viyye.

Fig. 7 shows a detailed view of the N bulk bias voltage regulator 11 as seen in fig. 1.
The N buik bias voltage regulator 11 comprises a bulk reference circuit 70, an
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 Qa, a first NMOS transistor Qy, a second NMOS transistor Qq, a bulk
capacitor 78, and a hold capacitor 79. Further shown in fig. 7 is the supply voltage
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 Vauw to all NMOS transistors in the digital processor core 12 in

order to reduce spread and current Jeak from the NMOS transistors, while maintaining a
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sufficient gain level in the NMOS transistors of the digital processor core 12. Due to the
fact that the back bias voltage Vauey may have fo be lower than Vgg, 1.¢. negative, the
configuration of the bulk reference circuit 70 is a bit different than the bulk reference

circuit 60 shown in fig. 6.

The reference NMOS transistor 72 in the bulk reference circuit 70 acts as a current
generator providing a load current to the reference load 71. The operational amplifier
74, configured as a differential amplifier stage, continuously compares the voltage
potential across the reference load 71 to the voltage potential Vg of the N reference
voltage source 73 producing a voltage potential Viy for the input of the N voltage pump
75. The output voltage potential Vg, from the N voltage pump 75 is fed back to the
well terminal of the reference NMOS transistor 72. The master clock source 5 drives the
P voltage pump 65 in order for it to be capable of providing the voltage potential Vuun
above or below the level of the ground voltage potential Vgg. The voltage potential

Viuky 18 adjusted by the input voltage potential Viy.

If the voltage potential across the reference load resistance 71 rises above that of Ve,
the voltage potential Vag on the output of the operational amplifier 74 will rise, too,
producing a higher bulk bias voltage potential Vi on the output of the N voltage
pump 75. The higher bulk bias voltage potential will cause the gain and V, of the
reference NMOS transistor 72 to decrease, resulting in a fall in the voltage potential

across the reference load resistance 71,

In case that the voltage potential across the reference load 71 falls below that of Vi,
the error voltage potential Vi on the output of the operational amplifier 74 will also
fall, producing a lower bulk bias voltage potential Vg on the output of the N voltage
pump 75, The lower bulk bias voltage potential will cause the gain and V; from the
reference NMOS transistor 72 to increase, resulting in a rise in the voltage potential
across the reference load reststance 71. In this way, the N bulk bias voltage regulator 11
automaticaily regulates the bulk bias voltage potential Vaugy 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
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 veltage potential is

Tequired.
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The purpose of the voltage pump 75 is to produce the lowered bulk bias voltage
potential Vi for the digital processor core 12 and the bulk reference circuit 70.
During a first phase of the clock signal from the master clock generator 5 the first and
second PMOS transistors Q; and Qs are open, and the first and second WMOS
trangistors Q; and Q. arc closed. This implies that the voltage potential Viy from the
output of the operational amplifier 74 is on the buik capacitor 78, and the bulk bias
voltage Vg 18 on the hold capacitor 79, During a second phase of the clock signal
from the master ciock generator 5 the first and second PMOS transistors (3 and Qs are
closed, and the first and second NMOS transistors (; and Q. are open. This implics that
the voltage potential Vi,—Vin=Vieen 15 on both the bulk capacitor 78 and the hold
capacitor 79. Using the same principle of voltage doubling utilized in the voltage pump
65 in fig. 6, the input voltage Vi is effectively doubled and negated by the voltage
pump 73.

Fig. 8 is a block schematic showing the functionality of a hearing aid 80 having a power
management system according to the invention. The hearing aid 80 comprises the
battery 2, a microphone 81, a power supply controller 82, the linear voltage regulator
20, the switched-capacifor 2:1 SC voltage converter 21, the positive bulk bias voltage
supply 10, the negative buik bias voltage supply 11, the digital processor core 12
comprising a digital signal processor 83, an output converter 84, and an acoustical

output transducer 83,

The battery 2 provides electrical energy for the linear voltage regulator 20 and the
output converter 84. The power supply controller 82 controls the linear voltage
regulator 20 and the 2:1 SC voltage converter 21, respectively. The power supply
controller 82 enables the 2:1 SC voltage converter 21 for providing power to the digital
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
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

buik bias voltage supply 11.
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The positive bulk bias voltage supply 10 provides the necessary bulk bias voltage for
the PMOS transistors, and the negative bulk bias voltage supply 11 provides the
necessary bulk bias voltage for the NMOS transistors in order to keep the current leak
from the digital processing core 12 low while keeping the gain of the MOS transistors

sufficiently high to keep timing constraints.

The digital signal processor 83 forms an integral part of the digital processing core 12
and provides the processing of the signals from the microphone in order for the hearing
aid to be capable of alleviating a hearing loss, as discussed earlier. The output signal
from the digital signal processor 83 is amplified by the output converter 84 and
converted into an acoustical signal by the acoustic output transducer 85 for acoustic
reproduction. The parts of the digital processing core 12 not forming part of the digital
signal processor 83 takes care of e.g. bootstrap operations at startup, program storage,
communication with an external programming device (not shown), and other tasks

unrelated to the dircet processing of audio signals.

In a typical prior art power supply for a hearing aid powered by a battery having a long-
term average voltage of 1,2 volts, a linear voltage regulator and operating at a digital
processing core voltage of 0,7 volts, about 60% of the total power is consumed by the
digital processing core, while the remaining 40% of the total power is consumed by the

linear voltage regulator.

In a preferred embodiment of the power management circuit of the invention, powering
a digital processing core at a voltage of 0,5 volts, the total power consumption may be
reduced to about 70% when powered solely by the linear voltage regulator as compared
to the total power consumption of the typical prior art power supply, and to about 35% -
37% when powered by the switched-capacitor 2:1 SC Voﬁtage converter. In comparison,
the digital core consumes only 30% of the total power in the hearing aid when operating
at 0,5 volts, and as the linear voltage regulator takes over gradually only when the
battery voltage gets below 1,08 volts, the low power consumption is achieved

throughout most of the useful battery life.
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CLAIMS

1. A hearing aid having a battery and a microelectronic circuit, said circuit comprising
a digital processing core including PMOS transistors and NMOS {ransistors,
a power supply powered by the battery and providing a sepply voltage for the
digital processing core,
a positive bulk biasing voltage generator and
a negative bulk biasing voltage generator,
the power supply having a controller for controlling the supply voltage,
the positive bulk biasing voltage generator adapted for providing a bias voltage
to the positive bulk of the PMOS transistors of the digital processing core, and
the negative bulk biasing voltage generator providing a bias voltage to the
negative bulk of the NMOS transistors of the digital processing core, suitable for
optimizing parameters of the transistors, characterized in that
the power supply having a first output branch having a first linear voltage
regulator, a second output branch having a second linear voltage regulator in
series with a 2:1 switched-capacitor voltage converter, and that
the controller being adapted for comparing the battery voltage against a first and
a second predetermined limit and causing the power supply to provide the
~ supply voltage
by the first output branch when the battery voltage is below the first,
predetermined Limit,
by the first output branch in combination with the second output branch
when the battery voltage is above the first, predetermined limit and below
the second, predetermined limit, and
by the second output branch when the battery voltage is above the second,

predetermined fimit.

2. The hearing aid according to claim 1, characterized m 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 transistors of the digital

processing core.
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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.

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 for driving the
2:1 switched-capacitor voltage converter, the first voltage pump, and the second voltage

pump, respectively.

6. A method of providing a supply voltage to a digital hearing aid circuit, comprising
the step of

providing a battery,

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
cireuit,

applying the second bulk biasing voltage to a second bulk terminal of the hearing
aid circuit, characterized in further comprising steps of

generating a first regolated voltage at a first output branch,

generating a second regulated voltage,

generating half of the second regulated voltage at a second output branch,

compéring the battery voltage against a first and a second predetermined limit and

causing the power supply to provide the supply voltage

by the first output branch when the battery voltage is below the first,

predetermined limit,
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by the first output branch in combination with the second output branch when
the battery voltage is above the first, predetermined limit and below the second,
predetermined limit, and

by the second output branch when the battery voltage is above the second,

predetermined limit.

7. The method according to claim 6, characterized in that half of the second regulated
voltage is derived from a 2:1 switched-capacitor voltage conversion of the second

regulated voltage.

8. The method according to claim 7, characterized in that the voltage conversion is

controlled by a master clock generator in the hearing aid.

9. The method according to claim 6, characterized in that the first bulk biasing voltage

is adjustable beyond the battery voltage.

10. The method according to claim 6, characterized in that the second bulk biasing

voltage is adjustable beyond the battery voltage.



