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A Novel Microphone Preamplifier for Use in Hearing Aids 
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Abstract. A novel design for a microphone preamplifier for application in hearing aids is presented. The amplifier 
operates at a supply voltage of 1-1.3 V, the current drain is 70 pA. The maximum sound level allowed is more 
than 105 dB SPL, with a typical noise level of 28 dB SPL. Instead of the usual voltage sensing, current sensing 
of the microphone is used. The amplifier consists of a fully balanced charge-to-current amplifier with no external 
components required. A semicustom version of the design has been integrated in a standard BIMOS process. 
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1. Introduction 

Current hearing aids use an electret design for the 
microphone [1, 2]. Electret microphones represent a 
capacitive source for the preamplifier. Due to the low 
frequencies involved and the low value of the source 
capacitance of typically 5 pF, the amplifier must show 
a very. low noise current in order to realize an accept- 
able signal-to-noise ratio. In traditional designs, a junc- 
tion FET circuited as a source follower is combined 
with the electret microphone to realize this low noise 
current. 

Due to the gate leakage current of the JFET and the 
relatively low value of the bias resistor, the noise is still 
at a level of typically 27 dB SPL [3]. This means that 
the total amount of noise is equivalent to a speech level 
of 27 dB above the threshold of audibility. Improvement 
of the signal-to-noise ratio with a JFET is difficult 
because the gate leakage current imposes an upper limit 
to the value of the bias resistor. To lower the noise cur- 
rent of the preamplifier, MOSFETs which show a neg- 
ligible gate leakage current can be used. Until now, their 
use has been restricted because little or no BIMOS 
processes were available. Also the threshold voltage of 
typical devices is too high for application in circuits 
operating at 1-1.3 V. 

Furthermore, due to the low value of the PSRR of 
the source follower, an extra voltage source is needed 
to prevent feedback through the power supply. This is 
especially important when a class B output stage is 
used. Therefore, we have to look for other configura- 
tions for the preamplifier. Preferably the amplifier must 
be fully integrated. Another requirement concerns the 
nature of the output signal. Novel designs of correc- 

tion filters, controlled amplifiers, etc., commonly oper- 
ate at current level. As a consequence, voltage swing 
and, therefore, distortion caused by modulation of para- 
sitic capacitances is restricted as much as possible. 
Therefore, the output of the preamplifier must operate 
at current level too. 

This paper presents a balanced charge-to-current 
amplifier operating at supply voltages of 1-1.3 V. It uses 
direct current sensing at the input and indirect sensing 
at the output. In Section 2, we will choose the amplifier 
configuration most suited for use at low supply voltages. 
In Section 3, the noise performance is discussed. Since 
no large capacitors are acceptable common mode (CM) 
feedback is used for the biasing, which is discussed in 
Section 4. In Section 5, the complete design is discussed 
and some measuring results of a semicustom version 
of the amplifier are presented. 

2. Amplifier Configuration 

The electret microphone can be represented by the 
equivalent circuit of figure 1. It consists of a capacitor 
which is charged by a permanent electric field. This 
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Fig. 1. Circuit representation of an electret microphone. 
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field is generated by the electret element inside the 
microphone. This is represented by the constant voltage 
V 0. One of the capacitor plates acts as a diaphragm 
which deforms as a function of the air pressure differ- 
ence across it. The capacitance of the microphone can 
be modeled by a constant capacitance formed b;¢ the 
electret capacitance Ce in series with a variable part 
formed by the air capacitance % An output voltage 
Vm(t) is generated by the variation of the capacitance 
co as a function of air pressure variations. This voltage 
equals 

Vo . d c  (1) Vm(t ) : < 

where dc equals the capacitance variations due to air 
pressure variations. The total microphone capacitance 
Cm (the series connection of c e and ca) is Co + dc, 
which depends on the air pressure variations. For a 
more comprehensive discussion of the principles of 
electret based sensors see [4]. 

For the signal quantity of the microphone, we can 
take both the open-voltage and the short-circuit current. 
The linearity of the transfer of the microphone is not 
essentially different in both cases. In this design we have 
used the short-circuit current of the microphone. The 
amplifier delivers a current at the output. Furthermore, 
a balanced configuration is preferred. Hence, we can 
use CM feedback for the biasing. This yields a balanced 
charge-to-current amplifier, the basic configuration is 
shown in figure 2. 

Although it is possible to choose a balanced trans- 
admittance amplifier which uses the microphone volt- 
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Fig. 2. Basic configuration of the microphone preamplifier, 

age as the signal quantity, this choice has a main draw- 
back. For practical reasons, one pin of the nullor is 
preferably grounded. This is only feasible if current 
sensing is employed; the transadmittance amplifier 
needs two fully floating nullors. Therefore, the trans- 
admittance amplifier is rejected. 

In the ideal case there is no voltage across the input 
terminals of the active part of the amplifier and the input 
current is also zero. For the output current iL, one 
easily finds 

2cm ~ l + " R1Ct I (2) 
iL - R1Ct jw Vm 

The "small-signal" capacitance c m is the microphone 
capacitance at zero sound pressure which is equal to 
Co. As we can see, the transfer contains a zero. In 
practice (1 pF < Ct < 5 pE 10 kfl < R1 < 50 kf]) 
this zero is well above 50 kHz, so the influence will 
not be noticeable. 

3. Noise Performance 

In order to achieve an acceptable signal-to-noise ratio, 
the amplifier must show a very low noise current. 
Therefore, we take a MOSFET for the input transistor. 
First we will look at the noise performance of the input 
stage andthe feedback network. We will assume that 
the noise contribution from other stages of the amplifier 
and of the bias circuit can be kept sufficiently low. 
Because of the indirect current sensing used at the out- 
put the noise contribution of the output must be taken 
into account too. We will deal with the noise perfor- 
mance of the output stage separately. 

The equivalent input noise resistance of a single 
MOSFET is given by 

Run = C/gm (3) 

If the transistor operates in strong inversion, then [5] 

Rg n :- 2/3g m (4) 

In the weak inversion region it is shown in [6] that for 
good quality devices the equivalent noise resistance is 
given by Rg n = 1/gm. For transistors operating in mod- 
erate inversion, measurements have shown that Rg n 
1]g m [7]. Therefore, we will assume that in all operat- 
ing regions c = 1. 

The special density of the equivalent input noise volt- 
age can now be written as 

S(Uneq) = S(unleq ) .-b S(Rn2eq ) (5) 
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where 

4 k T ~ l  ~a~(Cm + (Ct + Ciss)/2)2 
S(unleq ) = g~n/2 q- C2 

(6) 

where the t e r m f J f  a gives the contribution of l / f  noise 
( f  is the frequency where the contribution of the white 
noise is equal to the contribution of the I/f noise) and 

C 2 gig (7) 
S(un2eq) = kTR1 ~ + 2 2 

m ~ Cm 

where 

Cis s : Cg s -t-- Cg d (8) 

The first term of (5) gives the contribution of the noise 
of the drain current. The second terms gives the contri- 
bution of the feedback resistor R1 and of the gate leak- 
age current and possibly other leakage currents from 
the bias circuit. Although p-channel MOSFETs gener- 
ate less l /f  noise n-channel MOSFETs are used because 
the threshold voltage of the p-channel MOSFETs of the 
employed BICMOS process was too high for our 
application. 

As we can see from (6) and (7), a small value of 
the feedback capacitor Ct gives the best noise perfor- 
mance. However, if we take a value for Ct that is too 
small, the maximum output signal is limited by the volt- 
age swing across R1, which equals 

2Cm 
VRI = -~t  Vm (9) 

The maximum output voltage of the microphone is 
about 50 inV. With c m = 5 pF and Ct = 4 pF this 
means that the maximum peak voltage swing across R1 
is about 180 inV. This is acceptable in this design. With 
this value for Ct, the noise performance is only slightly 
deteriorated. Furthermore, the leakage currents at the 
input must be kept very small. The contribution to the 
equivalent input noise voltage is given by the second 
term of (7). If we want to keep the contribution below 
10 nV/',/Hz at 1 kHz, the leakage current must be less 
than 0.6 pA. This corresponds to a noise resistance of 
85 Gf~. This means that the use of resistors for the bias- 
ing of the input transistor is not feasible. We will deal 
with the biasing of the input transistors in Section 4. 

Because of the indirect current sensing at the output, 
the noise contribution of the output stage cannot be 
neglected. The schematic diagram of one output stage 
is depicted in figure 3. The noise sources un and in 
represent the equivalent input noise voltage and current 
of the output transistors. If the transfer parameters Y 
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Fig. 3. Schematic diagram of one output stage with noise sources. 

and c~ of the first stages of the amplifier, defined as (see 
figure 3) 

io io uo=o = -- , c~ = =- (10) 
bl i uo=O li 

are sufficiently large, the contribution of the noise 
sources in1 and in2 can be neglected. The noise sources 
u~l and u~2 however cannot be neglected. For the low- 
frequency value of the transfer Ate,  we can write (see 
equation (2) and [8]) 

2Cm gin2 (11) 
A t ~ g -  RiCtgml 

The extra t e rm gm2/gml is caused by the indirect cur- 
rent sensing at the output. 

For low frequencies, the equivalent input noise volt- 
age of the output stage (balanced configuration) equals 

S(uneq ) 2kTCi R1 gml l rb2 1 
- 4c 2 + ~ + ~ -  + 

(12) 

The spectral density of the equivalent input noise volt- 
age is halved with respect to the unbalanced configura- 
tion. From (12) it follows that it is possible to exchange 
noise performance with power efficiency. If we have 
chosen a value for the maximum input voltage and a 
bias current for the output transistor, it is possible to 
vary the scaling factor n of the transistors in the output 
stage which is given by 

n = gm2/gml (13) 

It can be shown that the noise contribution of the out- 
put stage is minimized for n = 1. 

4. The Biasing of the Amplifier 

Since the amplifier must be fully integrated we cannot 
use coupling capacitors in the bias circuitry. Further- 
more, the use of voltage sources must be prevented be- 
cause they are difficult to realize at low supply voltages. 
Therefore, CM feedback is used for the biasing of the 
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Fig. 4. Schematic diagram with ideal bias circuitry. 

preamplifier. The schematic diagram of the amplifier 
with ideal bias circuitry is shown in figure 4. The signal 
path contains no PNP transistors. 

Both nullors consist of three stages. The first stage 
is an n-channel MOSFET with dimensions W/L = 
800/~/3/z, to achieve high transconductance and to re- 
duce the 1/f noise. This stage operates in weak inver- 
sion. The bias current is 9/zA. The second stage is a 
current mirror. This stage has been added to realize an 
extra phase shift of 180 ° without adding a dominant 
pole to the loop gain. The noise contribution of this 
stage has been kept low by choosing a low bias current. 
The output stage consists of two identical N P N  tran- 
sistors for indirect current sensing at the output. Each 
transistor of the output stage operates at a current of 
10 t~A. 

The amplifier contains two CM loops for the biasing. 
The first one is for the biasing of the input transistors 
and is realized with the two diodes D 1 and D2. The 
current through these diodes is determined by the 
MOSFETs and is equal to the leakage currents from 
the MOSFETs and the gate protection circuitry. Hence, 
the noise performance is influenced as little as possible. 
The small-signal resistance of the diodes is very high 
so that the transfer of the amplifier is not influenced. 

The second CM loop determines the dc voltage at 
the output terminals. The two controlled current sources 
Ic3 and/ca are controlled by the CM voltage at the out- 
put terminals, which is determined by the reference 
voltage Vref. This voltage source can be realized by the 
base-emitter voltage of a bipolar transistor. Two resis- 
tors Re1 and R~2 are added in order not to influence the 
output current of the amplifier. 

5. Overall Design 

The overall circuit of the amplifier with bias circuitry 
is shown in figure 5. The scaling of the transistors of 
the current mirrors is indicated between brackets. The 
CM loop at the output is realized with transistors Qct, 
- - . ,  Qc6. The reference voltage Vre f equals the base 
emitter voltage of Qcl. The DM loop gain has two 
dominant poles determined by the last stage (Q], . . . ,  
Q4) and by the feedback elements, the source capaci- 
tance and the input stage. Because the pole of the second 
stage cannot be neglected, some form of compensation 
must be added. It is possible to add a phantom zero 
by putting a resistor in series with the microphone, but 
this would deteriorate the noise performance. There- 
fore, two capacitors Ccl and Cc2 have been added to 
enlarge the pole of the last stage. Another advantage 
is that the stability of the CM loop can also be ensured 
by these capacitors. 

The amplifier must be able to handle a sound level 
of at least 105 dB SPL, which is equivalent to an output 
voltage of the microphone of 50 mV. If we choose the 
maximum peak output current to be 10/zA (the output 
transistors are biased at a current of 10 pA), the transfer 
of the amplifier is found to be A t = 0.135 mA/V. With 
Ct = 4 pF and Cm = 5 pF, it follows from (2) that RI 
= 18.5 kfl. From (5) and (7), it follows that the contri- 
bution to the equivalent input noise spectrum equals 

S(Ueqn,) = 4 k T "  2960 (14) 

which is acceptable. The maximum input level the 
amplifier can handle can be raised but this would deter- 
iorate the noise performance. 
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Fig. 5. Complete circuit diagram of the amplifier. 

The noise contribution of the output stage now 
equals (12) 

S(Ueqo) = 4 k T "  16425 (15) 

The contribution of the thermal noise of the MOSFETs 
to the equivalent input noise spectrum equals (6) 

S(Ueqi) = 4 k T  ° 18000 (16) 

The tctal equivalent input noise voltage due to the white 
noise is Hne q : 25 nV/V-H~. This equals an input noise 
voltage of 2.5/~V over the frequency band (100 Hz-10 
kHz), which is equivalent to an unweighted noise level 
of 20 dB SPL. The contribution of the l/f  noise depends 
on the quality of the MOSFETs and varies with each 
batch. 

A semicustom implementation of the amplifier has 
been realized in a standard BICMOS process with N P N  
transistors having a maximum transit frequency frma~ 
of 3 GHz and P N P  transistors having an frm~x of 15 
MHz. The f r  of the N P N  transistors is 200 MHz at a 
bias current of 10 pA. The typical threshold voltage of 
the NMOS transistors is 0.75 V, with anfTof  25 MHz 
at a bias current of 10 tzA. 

Figure 6 shows the measured input noise spectrum 
of the preamplifier. The total noise level is mainly deter- 
mined by the l /f  noise of the MOSFETs. The influence 
of current noise was not noticeable. The thermal noise 
level of the amplifier was higher than expected. This 
was due to the input transistors which showed a higher 
noise level than was expected. The equivalent input 
noise voltage over the frequency band (100 Hz-10 kHz) 
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Fig. 6. Measured equivalent input noise of the preamplifier. 

equals 6.8/zV. This is equivalent to an unweighted noise 
level of 28 dB SPL. The transfer of the amplifier is 0.11 
mA/V with a bandwidth of 8 Hz-5 MHz. 

6. C o n c l u s i o n s  

The preamplifier presented in this paper uses current 
sensing of the electret microphone. At the output indi- 
rect current sensing is used. The amplifier is fully bal- 
anced. Hence, it is possible to use CM feedback for 
the biasing of the amplifier and no external components, 
such as coupling capacitors, are needed. The amplifier 
has been integrated in a standard BIMOS process. 

The total unweighted noise level equals 28 dB SPL, 
mainly due to 1/f noise of the n-channel MOSFETs. 
P-channel MOSFETs show less l /f  noise than n-channel 
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M O S F E T s ,  so this  would  improve  the  SNR.  However,  

p - c h a n n e l  M O S F E T s  w i t h  a suf f ic ien t ly  low th r e sho ld  

vol tage were  not  ava i lab le  in  the  emp loyed  B I M O S  

process .  D u e  to the  b a l a n c e d  conf igu ra t ion ,  the  P S R R  

can  b e  very  h igh  d e p e n d i n g  m a i n l y  on  the  m a t c h i n g  

of  the  t rans is tors .  
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