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Abstract

Silicon microfabricated sensors often use electrostatic (capacitive) techniques to achieve
controlled motion. The small output signals of these microfabricated sensors require
extremely low-noise amplifiers to take advantage of the lower range of signal levels. This
study explores noise issues in designing low-noise preamplifiers for high impedance
sources such as micromechanical gyroscopic sensors.

Three amplifier designs have been investigated for a capacitive sensing gyroscope devel-
oped by the Charles Stark Draper Laboratory. Two of the designs have been constructed
using discrete and monolithic parts, and the third is to be fabricated in the Orbit 1.2j.m
CMOS process.

An input referred noise of 6.7 nV

preamplifiers. Predicted noise for

at 27kHz has been achieved with one of the discrete
nVthe CMOS preamplifier at 27kHz is 9.3 .
cvH-z
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Chapter 1

The Capacitive Sensor and the Preamplifier

1.1 Introduction
Many micromechanical devices make use of capacitive sensing techniques to measure

mechanical displacement. One such device is the micromechanical gyroscope developed

at the Charles Stark Draper Laboratory. Advancements in the field of microfabrication

technology will provide the capability of building sensors cheaply with silicon. The afore-

mentioned capacitive techniques involve applying a constant voltage across two capacitor

plates. One plate is made stationary and the other mobile. As the mobile plate moves and

changes the distance between the stationary plate, charge is generated having a value pro-

portional to the displacement of the moving plate. Changing charge values create a cur-

rent which serves as the output of the sensor.

The sensor's output is then processed for a specific application. The output signals of

these micromachine devices can be very small which creates a problem because of the

processing inaccuracy resulting from the presence of noise signals of comparable level to

the signal.

There are several types of noise that contribute to the contamination of the information

signal: noise from the external electrical environment such as the 60-Hz power lines, noise

from the sensor itself, and noise from the processing circuits.

The noise in the sensor itself has been reduced considerably, potentially offering

extremely high sensitivity. External noise can be reduced by proper shielding, and the rest

by common-mode rejection and power supply rejection of the preamplifier. However, the

internal noise of the preamplifier can only be minimized by careful design.



Amplification of the signal is necessary to make the signal more robust and thus less

sensitive to noise along the processing stream. Whether amplification is accomplished in

few or many steps, the circuit that interfaces with the sensor must be designed with care in

order to minimize the noise it introduces onto the signal. If amplification is obtained with

more than one step, the first circuit is often called the preamplifier, a low-noise circuit

which offers the signal a fraction of the desired amplification and allows loosening of the

noise specification of the succeeding amplification stages.

This paper will detail the design of three low-noise preamplifiers that will be used to

amplify capacitive sensor signals. Microfabricated capacitive sensors tend to have high

impedances. This impedance level dictates the type of preamplifier that will offer good

noise performance. Two preamplifiers were realized with the use of commercially avail-

able monolithic and discrete parts. The third is an integrated circuit to be fabricated in a

CMOS process. The latter solution was pursued for its ease of production, low-cost, small

size, and low power.

1.2 The Capacitive Gyroscope
The new tuning fork gyroscope developed by the Charles Stark Draper Laboratory is

made of single-crystal silicon. Figure 1.1 shows its structure. The motor drive electrodes

and the motor sense electrode are stationary structures with tines (or fingers) on the

side(s). The two proof masses (also with tines on the sides) are then forced to move back

and forth in the x-direction by the motor signal through electrostatic attraction. Proof mass

A and proof mass B are made to move in opposite directions. When the sets of fingers

move toward each other and interlace, their overlap areas form capacitors. As these fingers

move in and out of each other, a changing capacitance results and the information is read

by the motor sensing charge amplifier (U 1). This signal (the output of U 1) relates informa-



tion about the positional amplitude of the motor and is used in a feedback network to con-

trol the motor's amplitude and also to reference the gyroscopic information.

Figure 1.1: Draper Gyroscope Schematic Diagram

The proof masses are suspended by mechanical springs attached to mechanical

anchors. Under each proof mass, there is a layer of gold, which has been referred to as the

stationary capacitance plate. With these stationary plates, the proof masses form two

capacitors. During the gyroscope's operation, the proof masses are always moving back

and forth along the x-axis at the motor's frequency (22kHz to 32kHz, with a nominal fre-

quency of 27kHz). When a rotation about the y-axis occurs, Coriolis force in the positive z

direction (out of the paper) is applied to the proof mass A and a force in the negative z

direction (into the paper) is applied to proof mass B. If static (equal and opposite) voltages

are applied to the stationary plates underneath the proof masses, the change in the capaci-
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tances made by the moving proof masses generates a current proportional to the velocity

of the proof mass. A preamplifier is hooked up to the sensing node and the current signal is

read and converted to a voltage signal proportional to the position of the sense plate [1].

The plates could not be made larger than 200rpm X 200rpm, otherwise they would curl.

This limitation allows only for small capacitor values, thus resulting in a system with a

high source impedance. Larger capacitor values must be achieved by paralleling more

than one of these capacitor structures. However, paralleling defeats the purpose of minia-

turization. The sensor's impedance (6 Megohms to 3 Megohms at 27kHz) is very large

and will significantly affect the design of an optimal low noise preamplifier.

The two sets of plates create very small capacitor values (1pF to 2pF), and the plate

displacements are in the sub Angstrom to Angstrom range (from 0.04 Angstrom to 6.25

Angstrom). This displacement results in capacitive value changes (ACs) that range from

0.6 attofarad to 100 attofarad (1 attofarad = 1 X 10-18 Farad). As the capacitance changes,

it creates a flow of charge (AQ) proportional to an applied DC bias (Vbias):

AQ = AC, (Vbias) (1.1)

The mechanism generates a charge flow ranging from 3.0 X 10-18 Coulombs to 5.0 X

10-16 Coulombs, (or 19 to 3,125 electrons). Because the charges are generated by capaci-

tor plates oscillating at 27kHz, the information from the gyroscope is therefore a current

signal ranging from 81fA to 13.5pA.

Instead of working with changing capacitance, we can remodel the sensor as a combi-

nation of a static capacitor with a varying voltage source oscillating at 27kHz,

Vs = Asin (wt) where w = 2n (27kHz) (see Figure 1.2). The model still generates the proper

current signal is = jwcv , .



Sensor I H Sensor
Signal Signal

Vbias sensor

isensor = &Cs Vbias

Figure 1.2: .Circuit Model of the Capacitive Plates

This modeling will simplify analyses of the circuit in later sections.

1.3 The Preamplifier
Along with the desired signal, any noise present at the output node of the sensor will

be amplified by the preamplifier and subsequent amplifiers. The noise introduced by the

preamplifier will determine the smallest signal level that can be discerned from noise. If

the preamplifier generates X amount of noise at its output, the smallest information signal

it can read is , where A is the gain provided by the preamplifier circuit. This scenario

results in an output signal level that is equal to the output noise level (a signal to noise

ratio of 1:1). Any sensor signal that is smaller than - will be virtually drowned out by the

noise of the preamplifier. Thus the goal of designing a low-noise preamplifier is to obtain

as much gain A as possible while keeping the generated noise X as small as possible. Once

the desired signal is amplified to a sufficiently high level, introduction of any other noise

in subsequent stages will not affect the desired signal to any significant level.

The noise of the preamplifier depends on several factors: (1) topology, (2) type of

devices, (3) device dimension, (4) operating frequency, and (5) parasitics. We have design

control over topology, types of devices, device dimensions, and device parasitics; however

the operating frequency is dictated by the sensor. The circuit below shows a closed-loop



configuration of the preamplifier circuit connected to the sensor circuit shown in Figure

1.1.

Rf

Vout

Figure 1.3: Sensor and Amplifier Connection

The current source isensor and the capacitor Cs represent the sensor, the "A" module is

the low-noise preamplifier (which is an operational amplifier) with a DC gain of A, Cp is

the parasitic capacitance from the sensor pin and wiring, Cinp is the parasitic input capaci-

tance contributed by the input device of the op-amp, Cf is the feedback capacitor, and Rf is

the feedback resistor necessary for DC stabilization of the preamplifier. Current i,' is the

op-amp's mean squared noise current source and v2, is the op-amp's mean squared noise

voltage source. These sources represent the noise contributed by elements inside the op-

amp so that the preamplifier A can be modeled as a noiseless amplifier. The voltage value

of 2 is obtained by taking the measured output noise value of the preamplifier and divid-

Cf+C, c,+c ,cing it by the noise gain (which is approximately + ). The noise current

depends mainly on the biasing current or parasitic currents of the input devices of the

preamplifier.

The circuit in Figure 1.3 works in the following ways: (1) The sensor generates a cur-

rent. (2) The current then flows into the summing node (vl) of the preamplifier. (3) The



charge accumulates on one side (V1 side) of the feedback capacitor plates and balancing

charges accumulate on the other side (the Vout side). (4) The Cf capacitor converts the cur-

rent signal to a voltage signal at the output of the amplifier. Depending on the type of

devices used in the input stage of the preamplifier, negligible to significant levels of cur-

rent flow in or out of the negative terminal of the preamplifier. This current can be due

either to the current used to bias the device, leakage current created by imperfect junction

isolation between the gate and the device channel, or parasitic currents. This DC current

will continuously charge up Cf and eventually saturate the output. Saturation of the output

can be avoided by providing a path for this DC current to flow. This path is achieved

through the feedback resistor Rf.





Chapter 2

Types of Noise

2.1 Introduction
Noise is caused primarily by the quantum nature of the charge flowing in electrical

components [2, 3]. There are various types of noise that we will be dealing with: (1) shot,

(2) thermal, and (3) flicker. Noise signals are generally random, with random phase and no

known polarity. Because of this, noise is often conveniently expressed in root mean

squared (RMS) values.

2.2 Thermal Noise
Thermal noise is due to random thermal motion of particles in any resistive (energy

dissipative) element. In a resistor of value R, the voltage fluctuation is given by

v,= 4kTRAf (2.1)

where v, is the squared mean value of the expected voltage v,,, k is the Boltzman's con-

stant (1.38x10 -23 W-s/K), T the absolute operating temperature, and Af the bandwidth of

interest in Hertz (Hz). This noise type can be modeled in two ways: as a current source in

parallel with a noiseless resistor of value R or a voltage source in series with the noiseless

resistor R.

The current source can be expressed as

2, = 4kTGAf (2.2)

where G The decision to use one model over the other is usually made based on theR

ease of analysis.



R

=n - 4kw&~

ri~t b'kTG&

Figure 2.1: Noise Model of a Resistor
The direction shown in the noise current source (in Figure 2.1) has no significant meaning

as noise has random phase.

This thermal noise is unaffected by direct current flow (or DC voltage drop) since typ-

ical electron drift velocities in a conductor are much less than electron thermal velocities.

Because of this, people often call thermal noise the fundamental noise. The noise is pro-

portional to absolute temperature T, approaching zero at zero Kelvin. For example, the

thermal noise spectral density of a lk-ohm resistor is

-2

nt -4kT(lk) = 16x10 1-  
(2.3)

Af Hz
or equivalently,

v. nV
- 4 (2.4)

It can also be expressed as a noise current with a value of

Ith 1 pAKV 4kT(A) =4.07 p- (2.5)

The amplitude distribution of the thermal noise is a Gaussian, and has a flat frequency

spectrum (i.e. the spectral power density at 1Hz is the same as at 100kHz). Noise with a



flat spectrum is referred to as a white noise. Thermal noise exists in circuit elements such

as resistors and conducting channels in semiconductor devices [2, 3].

2.3 Shot Noise
Shot noise exists when there is a direct current flow across a potential barrier, such as

those in semiconductor junctions. Currents in these devices do not flow smoothly but

rather in pulses at random intervals. For an average direct current flow of Id, the current

variation Ins is given by

I = 2qlDAf (2.6)

where q is 1.6 X 10-19 C (the magnitude of the electron charge), and Af is the bandwidth

[4]. The unit of Ts is (Ampere) 2. Shot noise is also a white noise, having flat spectral den-

sity over frequency and a Gaussian amplitude distribution. Shot noise exists in the p-n

junctions of diodes, bipolar transistors, and junction field effect transistors [2, 3].

2.4 Flicker Noise
Flicker noise is generally referred to as - noise. As suggested by its second name, the

noise is inversely proportional to frequency, dominating in the low frequency regions. The

major cause of - noise in modem semiconductor devices is the generation and recombina-
f

tion of carriers. This noise is found in all active devices, as well as in some passive ele-

ments. In transistors, flicker noise could very well be caused by traps created by

contamination and crystal defects in junctions or interfaces between materials (such as the

silicon channel and silicon-dioxide insulation interface in MOSFETs). These traps capture

and release carriers in a random fashion with random time constants, which give rise to

noise signals with energy concentrated at low frequencies.It has been shown that -I noise
f



results in equal noise power in each decade of frequency. The noise power integrated from

1Hz to 10Hz is equivalent to the noise power integrated from lkHz to 10kHz [2, 3].

Flicker noise is associated with a flow of direct current and displays a spectral density

of the form

- la
= K-Af (2.7)

where:
If is the flicker noise current

Af is the small bandwidth at frequency f
I is the direct current
K is the constant dependent on the device
a is a constant ranging from 0.5 to 2
[ is a constant near unity
Af the bandwidth of interest

kT
2.5 Capacitance Shunting of Thermal Noise: - Noise

The thermal noise expression v,, = /4kTRAf predicts that the noise of an open circuit

(infinite R) has infinite noise voltage. This result is not observed in practice because the

noise generator is always shunted by some capacitive element (parasitic or intentional).

This capacitance limits the resistor thermal noise voltage. Consider the shunt resistor and

capacitor circuit in Figure 2.2 [2]:

V'4kTR& =

PO

Figure 2.2: Capacitive Shunting of the Resistor's Thermal Noise



If we consider v,t = f4kRif as an input source, the output is related to the input by the

equation:

jwCv0 = R+WR Int
R+

jwC

1

As vnt increases with rR, the transfer function jwC starts attenuating (as ) the signal
1 R

R+

nt with a -3dB point at frequency f = So a" fincreases, thus increasing the noise

voltage vnt, the bandwidth decreases by the same amount. The figure below shows the

noise voltage spectral density for different values of R.

12.2

> 8.1

4.1

0.18Megs 0.40Meg 1.6Meg f

Figure 2.3: Spectral Density of the Capacitively Shunted Noise

The areas under each curve are equal. This phenomenon can be considered as a low-

pass filter. Although a high resistor value will introduce more noise, the cut off frequency

of the RC network is also lower. The resistor noise has significantly less effect at the

higher frequencies, a preferred situation for circuits with high operating frequencies. The

limiting of vnt by the shunt capacitance was rigorously shown in [2] as follows:

1 2

v, = j jwC df = 2 df (2.8)
R+1 1 + (wRC)

jwC

To integrate, we'll let f = f2 tan e, f 2 = 2 , df = f2sec2ede and change the upper limit to 7T/2.



2vf, sec 2e2 2

vno =dO -)= vnf 2dO (2.9)
o o

v2 = 4kTRAf (2.10)

v=o = 4kTRf 2dO = 2IrkTRf2  (2.11)

0

and

f2 C (2.12)2nRC

v2o = ¶ (2.13)

Equation 2.13 is called the noise limit, the maximum noise from any resistor. The output

rms noise voltage is independent of resistance value, and depends only on T and C. The

noise is concentrated at low frequencies.

2.6 Addition of Noise Sources
Noise addition is performed in root mean squared (RMS) arithmetic. For example, the

addition of two noise generators of v,, = 3-Lv and v, = 4 nV

2 V 2 2 (2.14)vntotal - +,z V+n2

-oal 3nV2 (4 nV )2 = 5 nV(2.15)

This arithmetic assumes that there is no correlation between the two sources vnl and vn2.

The characteristics of RMS addition allows for easy noise calculations in circuits, as small

noise values can be neglected without significantly affecting the accuracy of the total cal-

culated noise value. We can neglect the smaller of two noise sources if their RMS values

are in a 10:1 ratio, since the smaller signals adds less than 1% to the total noise voltage.

An rms ratio of 3:1 has only 10% effect on total noise. Also, when adding the noise volt-



ages of different resistors, we can simplify noise calculations if we simplify the resistive

networks first and consider it as a single resistor with a single noise generator. For exam-

ple, when there are two resistors in series, the noise voltage of a resistor value of R=

(R1+R2) can be calculated first and the total noise voltage is ~4kTRAf.

Noise signals originating from physically different sources are not correlated. Correla-

tion must be considered for noise signals from the same source. The equation below shows

the addition of two correlated signals.

nto + = vn2 + V2 + + 2vnlvn2 (2.16)

The last term gives the correlation. Two signals are 100% correlated if the two waveforms

have the same shape, even if the amplitudes are different. Sometimes, the calculation can

be difficult if the waveforms are partially correlated. Then the total noise is written with a

correlation factor:

2 2 2
Vntotal = Vn2 + Vn2 + 2Cvn2 (2.17)

where C is the correlation coefficient which can vary between -1 and +1.

In practice, noise signals are assumed to be close to being uncorrelated (C=0O) without

losing much accuracy. Summing totally correlated equal value signals gives two times

their separate rms values, whereas summing uncorrelated signals give 1.4 times their sep-

arate rms values. The maximum error caused by assuming no correlation is 30%. If the

signals are totally correlated and one is much larger than another, the error from the uncor-

related assumption is even smaller than 30%. If one signal is ten times the other and totally

correlated, the uncorrelated assumption produces a maximum error of only 8.6% [2].





Chapter 3

Noise in Various Electrical Components

3.1 Introduction
Amplification is made possible through the use of active devices, which contain all the

noise types mentioned in Chapter 2. However, one noise type may be more prominent in

one device type than in another. Understanding the noise mechanisms of each device helps

us to make better decisions in device and circuit topology selections for a particular appli-

cation.

This chapter briefly discusses the noise mechanisms in the bipolar transistor, the

metal-oxide-semiconductor field effect (MOSFET) transistor, the junction field effect

(JFET) transistor, and the buried-channel MOSFETs. The buried-channel MOSFETs are

not generally selected for typical analog circuits, but they are worth further investigation

for low-noise applications.

3.2 Noise Model of the Bipolar Transistor
The noise sources of the bipolar transistors are illustrated in Figure 3.1a. It is often

easier to represent the transistor's noise with equivalent input noise generators. The circuit

shown in Figure 3.1b represents the same circuit (as well as the same noise behavior) as

the circuit in Figure 3.1a. The internal noise sources of Figure 3.1a are replaced by the

equivalent input noise voltage generator ve, and equivalent input noise current generator

i. (as shown in Figure 3.1b). Both voltage and noise current generators are necessary to

adequately represent the circuit's noise performance with different values of source resis-

tance. The v , value can be calculated by shorting the inputs of circuits 3.1 a and 3. lb and

equating the output noise currents io's [3].
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Figure 3.1: BJT Small-Signal Model with Noise Sources

2qI c 1
vin = 4kTrb+ = 4kT( 2g) (3.1)

where rb the base resistance, Ic is the collector operating current, and g, is the transistor's

transconductance.

The last expression was arrived at by using the relation _ c The first noise term in
q gm

Equation 3.1 is caused by the thermal noise of the base resistance rb from the base-emitter

contact area. The second term is the shot noise from the collector current referred to the

input.

The equivalent input noise voltage in Equation 3.1 does not account for flicker noise

sources or the shot noise i2 across rb. Flicker noise sources in bipolar transistors have very

low corner frequency (100Hz or lower), so this noise source can be ignored for most appli-

cations. The shot noise i2 across rb was ignored because rb is small, and the contribution

would be insignificant compared to the two noise terms in Equation 3.1. Typical low-noise



bipolar transistors used in low-noise amplifiers can have a vein value ranging from 1 nV to
.Ji~

nV
5.

A typical spectral density of vein is shown in Figure 3.2.
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Figure 3.2: Spectral Density of the Bipolar Transistor's Noise Voltage

The increase in noise as the frequency decreases is due to the flicker component, which

can be ignored in our application.

To calculate the equivalent input current generator i,,, the inputs of the circuits 3.1a

and 3. lb are open circuited and the output noise currents io ' s are equated.

2
2 2 c (3.2)ein (jo)1 2

Af 2q f i ni) (j0a) 2(

where I, is the base operating current, K is a constant highly dependent on the manufac-

turing process,f is the operating frequency, and 0 (jco) is the transistor's current gain.

The first term in Equation 3.3 is from the shot noise of the base current; the second

term is the flicker component of the base current; and the third term is the shot noise from

the collector current. Shot noise contributed by Ic can be reduced by using a transistor with

large P (jo) . The current gain P (jo) decreases with increasing frequency, so the equiva-



lent input noise current tends to increase at high frequencies (see Figure 3.3). A typical

value for in of typical bipolar amplifiers can be 20 - or higher.

The corner frequency fb (in Figure 3.3) can be pushed to a higher frequency value by

using bipolar transistors with high ft (the maximum frequency at which the transistor can

operate). At low frequency range, there is a flicker effect that goes up as with decreasing

frequency. After the second corner frequency fb, the noise current begins to increase at a

rate of /.

0

0o•
r-i

fa= 100Hz fh=50MegHz log f

Figure 3.3: Spectral Density of the Bipolar Transistor's Noise Current

3.3 Noise Model of the Junction Field Effect Transistor
The junction field effect transistors are diffusion devices, with reverse biased junctions

as the isolation element between the gate and the channel. As this is not a perfect isolation,

there is some small leakage current from the gate to the channel. The cross section of a

typical n-channel JFET device is shown in Figure 3.4.

The JFETs are constructed by placing a channel (the white region) between two gates

(the black regions). In the example shown in Figure 3.4, the gate is a p-type material, and

the channel is an n-type material. When VD is zero, there is a small depletion region (the

gray regions) between the gate and the channel from the built-in potential. As VD

increases positively, the depletion region widens because the junctions between the (p-

type) gate and the (n-type) channel become more reverse biased.

f 2I2qIB
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Figure 3.4: Cross Section of a JFET

These depleted regions are very resistive, so current will prefer the less resistive channel

region. When the channel becomes completely depleted, the transistor turns off and allows

very little current to flow. As shown in Figure 3.4, there is no current flow because there is

no voltage drop between the source and drain terminals. Current flows when the drain is

more positively biased than the source as shown in Figure 3.5

VDS

Figure 3.5: JFET Operating in the Saturation Mode

In amplifiers, the JFET is usually operated in the saturation region, with the drain con-

nected to some high voltage, and the source to a lower voltage. The gate node must be at a

potential lower than the drain and the source in order to avoid forward biasing the gate-

channel junction.The transconductance of a JFET is as follows:



VGs 1
gV = 21Ds (1 (3.4)

However, when the gate is connected to the same potential as the source, as shown in Fig-

ure 3.5, the transistor operates at a maximum drain current dss,, . This mode offers the high-

est transconductance. The equation for g,,, is

g 2 1DS (3.5)

where Vp (the pinch off voltage) is the negative Vgs voltage necessary to turn the transis-

tor off. Idss can be made larger or smaller by increasing or decreasing, respectively, the

gate width to gate length ratio (v) of the transistor.

The noise sources (ig and i2) of a JFET are shown in Figure 3.6. The noise source i2

represents the shot noise from the gate current (the leakage current across the reverse

biased gate-channel junction). The noise source i2 represents the thermal noise from the

resistance of the channel. If the operating frequency is sufficiently low, flicker noise

should be included in both i,2 and id noise sources.

To calculate the equivalent input noise voltage v,, the inputs of circuits 3.6a and 3.6b

are short circuited and the output noise currents io's are equated.

2

2in = (3.6)

S 8kT _

vn =- + K D (3.7)
n 3g WLeffoxg&f

where:
Id is the drain bias current
K is a (Flicker) constant dependent on the device's process
ax is a constant between 0.5 and 2
gm is the device's transconductance at a selected operating point
W is the gate width
L is the gate length
Cox is the oxide capacitance



fis the operating frequency

(a)

(b)

Figure 3.6: JFET Small-Signal Model with Noise Sources

The first term of Equation 3.7 represents the thermal noise in the channel which is

made of a resistive material. The second therm is the channel's flicker component. Figure

3.7 shows a typical spectral density of v,i,.

0,

-I 4kT
' gm

fc log f

Figure 3.7: Spectral Density of the JFET's Noise Voltage

At low frequencies, the flicker noise dominates. At high frequency, the channel ther-

mal noise dominates. The flicker corner frequencies of most low-noise JFET devices are



in the 1kHz to 10kHz range. Typical values for v,i. of low-noise JFET input amplifiers

range from 3 nV to 10 nV [5].
dJHz to z[

The equivalent input noise current is calculated by open circuiting the inputs of cir-

cuits 3.6a and 3.6b and equating the output noise currents io's.

2 2Cg
i.in • S) (3.8)

si . = 2 qG +4kT-g +Ko gs (3.9)
en3 fCoxWLef )

where IG is the DC gate current, Cgs is the gate-source capacitance, and Co is 27tf, where f

is the operating frequency.

The first term is the shot noise from the gate leakage; the second and third terms are

the coupling of the channel noise (thermal and flicker) to the input. At low frequency, the

noise current is dominated by the gate leakage current I,. Noise performance at low fre-

quency is degraded if iG has a flicker component. At high frequency, the second term of

Equation 3.9 dominates because it is directly proportional to fJ. The spectral density of i,n.

is shown in Figure 3.8. Typical i,i values for low-noise JFET input amplifiers (at the flat

region of Figure 3.8) range from 0.5 f to 3
f A [5].

Jii sr .

0
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Figure 3.8: Spectral Density of the JFET's Noise Current

iI



3.4 Noise Model of the Metal-Oxide-Semiconductor Field Effect Transis-
tor

The MOSFETs noise model is very similar to the JFETs noise model shown in Figure

3.6. The exceptions are as follow. Because the gate of the MOSFET is isolated by an insu-

lator (SiO2), there is essentially no current flow between the gate and channel, except for

extremely small leakage current (<< IpA). This characteristic of the MOSFETs make

them ideal for high impedance source signals.

The MOSFETs are generally operated in the saturation region for optimal noise perfor-

mance. In this region, the operational drain current equation can be modeled as:

CJcox W
ID = ( VGS - VT) 2 (1 + XVDS) (3.10)

The last parenthesized term models the channel length modulation, and can here be

ignored as a second order effect. The transconductance is:

m AV 2IgCoxWEIl (3.11)
The noise models of a MOSFET aGS

The noise models of a MOSFET are shown in Figures 3.9a and 3.9b.
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Figure 3.9: MOSFET Small-Signal Model with Noise Sources

The only noise source is i2 (the channel thermal and flicker noise). And because flicker

noise is significant in MOSFETs, the flicker component should be considered during the

designing process. The gate current of a MOSFET is extremely small, so it is generally

neglected. The equations for Figure 3.9b are:

.2

vin = (3.12)
8m

"2 8kT 1o
Vei g + K (3.13)

ein 3gm g,,f

-- C 2
2i ( C gs) (3.14)

gm

2 Da wC 2
in = 4kT38m+Kf (g,) (3.15)

3 fC,,WL) g

where:
ID is the operating drain current (typically 100I A to 1000A)
Cgs is the gate-source capacitance (typically 2pF to 5pF)
m=2ntf, f being the operating frequency

i2K

11%1



gm is the transistor's transconductance (typically 0.001mho to.006mho)
K is the flicker coefficient (typically 3.4 X 10-24) [3]
a the flicker exponent (0.8 to 1.2)
W is the gate width of the transistor (1000gm to 3000gm)
L is the gate length of the transistor (1.2gm to 3gm)
Cox is the oxide capacitance

The channel noise i2 can be reduced by operating the transistor in a high transconduc-

tance state. In general, the flicker is a large source of noise in MOS devices in the DC to

kilohertz range, so a device with large gate area can help reduce flicker noise. However a

large gate will result in larger gate capacitance, which will increase the noise gain of the

system (which will be discussed in section 4.3). The flicker noise is caused by the trapping

centers at the boundary between the silicon channel and the silicon-dioxide interface. It

increases with temperature and density of the surface state. Also, it decreases with increas-

ing gate area and with increasing Cox. Large Cox can be achieved by decreasing the oxide

thickness, Tox. It is known that the flicker noise in an n-channel MOSFET is three times

higher than in a p-channel MOSFET [4]. A MOSFET used in low-noise applications can

have noise value vein of 15 nV or higher.

3.5 The Buried Channel MOSFETs
The buried-channel (BC) MOSFETs are a cross between the conventional JFETs and

the conventional MOSFETs. The silicon-dioxide insulation between the gate and the chan-

nel (similar to the MOSFETs) offers better gate to channel leakage isolation than the p-n

junction of the JFETs [6]. The n-channels are the most popular because of their higher

transconductance.

Isolation between the channel and the insulator (SiO2) eliminates the higher level of

flicker problem of the MOSFET, so using the lower mobility of the p-type material is no

longer a necessity. Instead of having the channels right underneath the silicon dioxide



insulator, the BC MOSFETs channels are deeper within the substrate and therefore iso-

lated from the silicon dioxide by the substrate. This allows for less defects between the sil-

icon dioxide and the channels, as in most conventional MOSFETs. The buried-channel

devices are found to be attractive as they have the low gate leakage current of the conven-

tional MOSFETs, and also have lower flicker noise since the channel is away from the sil-

icon dioxide insulator. This lowers trapping in the interstate of the MOSFET's interface.

Buried-channels are commercially available in foundries that have charge coupled

devices (CCD) capabilities. They have sufficiently acceptable transconductance (about

lmSiemen). One disadvantage is that they require larger voltages for a typical amplifier's

linear operations. Also, like JFETs, they tend to run at much higher currents, but have a

lower transconductance than the JFETs.

3.6 Excess Noise in Resistors
Most resistors exhibit both thermal as well as some excess noise, such as flicker.

Excess noise in a resistor results when DC current flows through it. It is believed that this

noise occurs at the contact point between the conductor. This problem is aggravated by the

discontinuity in the conducting material. Very large valued resistors, which are produced

by reducing the concentration of the conductive material, are known to have higher excess

noise because of the greater discontinuity in the conductor material.



Chapter 4

Noise Calculations in Circuits

4.1 Introduction
Reference [7] presents some guidelines concerning the designing of low-noise amplifi-

ers. These are summarized below.

(1) Impedance matching at the amplifier input and source matching techniques for the

best noise performance are entirely different. Matching the source for noise reduction

involves matching the v' in ratio to the source impedance (where v,i, is the input referred
e in

noise voltage and iein is the input referred noise current). Let's assume that we have a

source with a real input impedance of Rs, which generates a noise value of 4kTR s. Mini-

mum noise will be added into the system if the op-amp interfacing this source is designed

to have an input referred noise characteristic so that Vein = Rs. From this relationship, we1
ein

can see that i in should be kept small if Rs is very large. We can see that only the bipolars

are suited for low source resistance applications as ien of a bipolar can be large. Because

iei, of the FET's can be smaller, FETs are good for high source resistance applications

(2) Noise performance of amplifiers, besides being dependent on the amplifiers, is also

a function of the signal source impedance and frequency range. These two factors deter-

mine the optimum input stage. For example, for a low impedance source, the effect of the

noise current at the input of the op-amp would not be as detrimental as for a source with

higher impedance.

(3) For narrow-band reactive sources, the noise gain can be reduced by the addition of

a suitable (inverse, cancelling) reactance at the amplifier input. An LC network can be

used to tune out the element contributing to the noise gain.



(4) The noise performance of the FET's at low frequencies is related to flicker noise,

mid-band noise is related to gm, and at high frequencies to the coupling of the gate-drain

parasitic capacitor and ft. of the device. Low-noise junction transistors should have a high

current gain 13 (jo) , a minimum base resistance rb, and a high cutoff frequency ft.

(5) Noise performance of monolithic amplifiers is usually inferior to that of discrete

amplifiers because processing of discrete components involves less contamination. How-

ever, for most wideband applications, monolithic amplifiers may prove sufficient and

should be considered first as discrete amplifiers may have inferior high frequency perfor-

mance. Also, discrete amplifiers cost more due to more manufacturing steps.

(6) High precision in noise calculations serves little purpose, not only because of man-

ufacturing spread of the parameters but also because noise sources are nearly always

uncorrelated. As a result, secondary noise sources, such as second stage noise, should

have only minor effect.

(7) The common-emitter (common-source for FETs), common-base (common-gate),

and common-collector (common-drain) have the same equivalent input noise generators.

For most application, the common-emitter is the best configuration for low-noise applica-

tions because it has high voltage and high current gain so that any noise at its output termi-

nal is attenuated by some gain when referred back to the input terminal. Common-base is

generally considered unsuitable for low-noise application because its current gain is

approximately one. Any noise current at its output terminal is referred directly to the input

without any reduction. The common-collector (or the emitter-follower) has unity voltage

gain, so any noise voltage at its output is referred back to the input without reduction.

Though its unity gain characteristic makes the emitter-follower less attractive as a low-

noise input stage configuration, careful design can make it acceptable for certain applica-

tions, using its high input impedance and low output impedance as a buffer stage.



4.2 Noise Models of Amplifiers
In order to facilitate the noise analyses of amplifiers, a simple model has been devel-

oped to assist in understanding noise issues. The noise model is made simple by referring

the noise source to the input terminals. Not only does this allow us to model the amplifier

as a noiseless element, but we can consider the noise signal as a typical input signal and

can easily see how the amplifier circuit respond to it. The Figure 4. la shows two noisy sin-

gle-ended amplifiers with gains of A1 and A2 and output noise readings of v1 and v2

respectively. For simplicity, we will keep the analysis to noise voltage sources only. The

equivalent input noise values of these two amplifiers are vin 1 and vin2, the output noise

readings divided by the different gains.

2
v in (4.1)

v =
v 2 (4.2)Vin2 2

A2

We now cascade the two amplifiers (see Figure 4.1b). The output noise from the first

stage measured at node vol is Al(vinl); and taking into account the noise contribution

from the second amplifier, the total noise at vol is [(alvin1)+vin2]. The noise contribution

at Vo2 comes from noise of the second system as well as from the first; however noise from

the first system is also multiplied by the gain of the second system, so

2 2 2 2 \ nlV02 = A2 in2 2(Al inl) (4.3)
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Figure 4.1: Noise Model of the Single-Ended Amplifier

The output noise is strongly dominated by noise from the first amplifier if gain A1 > 1. To

keep the total output noise (vo2) small, it is important to keep vint as small as possible.

If we were to combine the two stages into one amplifier, now with a gain of A1A2 (see

Figure 4.lc) the equivalent input noise of the system is now:

2 n2 + 2 (4.4)
i AIA 2  A' n1

In order to keep the noise to a minimum vin must be kept small, by making vinl small.

In our preamplifier circuit, we will be using an amplifier with two input terminals, usu-

ally with a differential pair input stage consisting of two separate single-ended stages. If

we use JFET or Bipolar input devices, we will need to deal with noise current as well. The

noise model of a typical op-amp is shown in Figure 4.2a.
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Figure 4.2: Noise Model of the Differential Amplifier

Amplifier noise is represented completely by a zero impedance voltage generator Vein,

in series with the input port and an infinite impedance current generator iei, in parallel

with the input. Both vei, and ein are required to represent the noise characteristic of the

amplifier. When the source resistance (impedance) is very large, the noise current domi-

nates and the noise voltage has a less significant effect and vice-versa. Generally there is

no correlation between the voltage generator and the current generator.

Because we will be connecting the non-inverting terminal to a low-impedance source,

the effect of the noise current is negligible, so the current source can be removed from the

non-inverting terminal (Figure 4.2b). The noise voltage sources of Figure 4.2b can be

combined and placed either at the inverting or non-inverting terminal. It has been a con-

vention to place the combined noise voltage sources 2v 2 at the non-inverting terminal.

The noise current at the inverting terminal will generate a noise voltage if there is a finite

impedance at the non-inverting node. The resulting noise model for the amplifier circuit in

our application is shown in Figure 4.2b.

In practice, we are generally interested in the signal-to-noise ratio (SNR) at the output

of the system. As suggested in the discussion of Equation 4.3, increasing A1 not only

increases the gain of the information signal but that of the noise as well. If we can increase



Al without increasing the input noise voltage vin1 , then we may win with the signal to

noise ratio.

4.3 The Closed-Loop Amplifier
The circuit shown in Figure 4.3 shows the preamplifier in the desired configuration for

our application (as mentioned in Section 1.3).

Rf

C,

Vin
Vout

Figure 4.3: Closed-Loop Amplifier with Parasitic Capacitances and DC Stabilization

The feedback resistor Rf was chosen to be very much larger than the impedance of the

feedback capacitor Cf at 27kHz so that the signal current will flow through Cf instead of

Rf. If Rf is chosen to be very large, it will generate a large thermal noise voltage (4kTRf).-

Because of the shunting capacitive effect of Cf as discussed in section 2.5, the higher resis-

tor value provides a lower cut-off frequency, thus providing lower noise at 27kHz.

However, the output offset voltage (IGRf) due to the DC current IG (the gate current of the

input device) at the input of the op-amp will limit how big Rf can be.

Assume for now that the system in Figure 4.3 is noiseless. We will consider the cir-

cuit's response to the input signal. If the op-amp's finite low-frequency gain is A, the sig-

nal gain at low frequency (from Vin to Vout) is



Vou Cs
= (4.5)

Vin Cs + C, + Cf+ Cinp
Cf+ A

If A is made sufficiently large, then the system gain simplifies to

Vou -- C(4.6)

in C

This transfer function is valid at a frequency when the op-amp's gain is still sufficiently

large. The signal gain is increased as Cs (the sensor capacitance) is made large and Cf is

made small. As mentioned in Section 1.2, Cs is limited to lpF to 2pF. Cf cannot be made

too small before its value becomes comparable to the parasitic capacitances. Once parasit-

ics contribute to the value of Cf, then the signal gain s becomes uncontrollable and

unpredictable. Thus a value of 2pF was chosen for Cf.

The noise signal exists simultaneously with the information signal. If we short out the

information signal generator, we can consider the noise response (see Figure 4.4).

Remember that the charge amplifier's noise is modeled as noise voltage at the non-invert-

ing terminal of the op-amp. This noise voltage generator will be called v,2 and will repre-

sent the total input referred noise voltage of the op-amp. The noise value , must be

divided by 2 if an input noise voltage of one terminal (or half circuit of the op-amp) is

used. We will ignore the parasitic gate leakage current for now since the gate-current is

MOSFETs is practically zero.

Assuming the noise from the feedback resistor Rf and the noise current .ei. are negligi-

ble, the low frequency response of this circuit to the noise source v,• is

VoW, C,+ Cp + Cinp- (4.7)
Vein Cs + Cf+ C, + Cinp

Cf+ A



Again if we design the operational amplifier to have a sufficiently large gain A (A>> 1),

then the noise's gain, simplifies to

C + C,+ Ci+CNoiseGain Cf+ np  (4.8)Cf

C'

Vout

Figure 4.4: Closed-Loop Amplifier with Noise Sources

If we compare the noise gain to the signal gain, we can see that the noise gain becomes

much larger than the signal's gain with increasing parasitic capacitance, Cinp which is cre-

ated by the input device of the amplifier at the summing node.

As mentioned earlier, an input FET device with large gate area reduces flicker noise

and that a large W ratio (which also contributes to a larger gate area) offers lower noise by

increasing the transconductance. These actions to reduce noise, of course, increase the

gate capacitance of the amplifier's input device. Thus there is a trade-off between the

reduction of noise and the increase in noise gain with increasing device size.

The best way to resolve this trade-off is to consider the signal-to-noise ratio (SNR)

instead of just the absolute noise value. Evaluating the SNR will offer us a means to

design the input device for an optimal noise performance.

The SNR of the circuit in Figure 4.3 is defined as:



SNR= Vn in (4.9)
Cs f+ Cf+ Cinp) Vein (Cs + Cf + Cf + Cinp)Vein ( C l

where vin is the input signal and vei n is the noise signal. The noise source vein of a MOS-

FET is:

8kT Kfa(
Vein - + (4.10)

3g, fWLffCoxg
which is described in Section 3.4. The input capacitance Cinp represents the gate-source

capacitance of the input device.

As we increase the device size, vein decreases, and Cinp will increases. The SNR plot

for the Orbit 1.2 process is shown below (for a current of 500p.A and a gate length (L) of

1.8p~m).

Cinp: input capacitance of the preamplifier (Farad) x 10o

Figure 4.5: Normalized SNR for Different Device Sizes

The curve can give us an idea of what the optimal device size that is a width and length

resulting in 2.5pF of gate capacitance, which offers the best signal-to-noise ratio.



When the flicker coefficient is incorporated into the calculation of SNR versus Cinp,

the curve looks similar to that in Figure 4.5 (see Figure 4.6), but the larger area needed

may shift the optimal point to the right (> 5pF), as we might need more W for a chosen L

to get the necessary area to reduce flicker.

A large gate length L has the most significant effect in the reduction of flicker noise,

however, large L increases the input capacitance of the op-amp as well as degrades fre-

quency performance. Thus it is better to choose an L that is a little longer than the mini-

mum length (to reduce the flicker noise and short channel length effect) without sacrificing

too much frequency response. Then find the optimal W for highest SNR. There is no

assurance that the flicker coefficient is the same for every device, so it is best to optimize

for best SNR with the thermal noise only and then increase the W and L by the same pro-

portion to keep the flicker noise down.

-aC

A

Aa
CS0

zccCZICn

Cinp: input capacitance of the preamplifier (Farad) x 10-"

Figure 4.6: Normalized SNR for Devices with Flicker Noise



4.4 Input Device Selection for a Source Impedance
When designing low-noise amplifiers for capacitive sensors, the source impedance is a

good indicator of which types of input devices to use. The gyroscope has a capacitance of

lpF (and 4 pF stray wire bond capacitance). At 27kHz operation, the gyroscope's imped-

ance is about 6Meg ohms. This source impedance makes the bipolars impractical for a

low-noise design because bipolars require relatively large input currents. The shot noise

contribution (IG, 1) would then be a large noise source. Typical low-noise bipolar input

op-amps have input currents in the nanoampere range. For example, if the input current is

InA, the noise current is ig = J = 17. 89 -A resulting in a noise voltage of

(ig 1 ) = 52-nV If IG is IpA instead, then the noise current is only 0.57 L- and, at
CD f 7Hz JHz

27kHz, the noise contribution would only be 1.67 V . This is an acceptable noise contri-

bution and can probably be neglected in this system.

For low impedance sources, even if the noise current is the dominant source, a low

impedance minimizes the effects of the noise current. Bipolars are generally good for

these types of sources because of their very low noise voltage and low input noise current.

Low-noise amplifier can therefore be achieved with bipolar transistors.

For high source impedance (such as most micro-capacitive sensors) input devices with

little (ipA or less), or no input current, are necessary to keep the noise current contribution

low. With a source impedance in the Megohm range, interaction with the larger input cur-

rent of the bipolar will contribute noise in the 50 n- to 1oo0-v range.

If we were to choose a FET device (JFET or MOSFET), we can reduce the effect of

the noise current. Though FET devices tend to have higher thermal noise voltage because

of their lower transconductance, we win by taking advantage of the significantly lower

noise current.



JFETs are usually a good choice for overall low noise current and low noise voltage

performance. Though its noise voltage is not as low as the bipolar, the JFETs have signifi-

cantly lower input current than the bipolars. Low-noise JFET input currents tend to range

from sub-pico amperes to 20 pico-amperes, resulting in a noise current from sub- fA to

20---. The noise current of a JFET is higher than that of a MOSFET (which has practi-

cally no input current). However, MOSFETs are plagued by flicker noise components,

even at frequencies as high as 100kHz.

4.5 The Load Device
The loads of the input stage are the second largest noise sources in most monolithic ampli-

fiers. Though many experts advise ignoring secondary noise sources, their contribution

can be significant if the loads are not properly designed. Resistors loads should be used for

low-noise performance, however the large resistor values required for the typical input

stage gain of an operational amplifier make this option impractical in integrated circuit

technology that has mainly polysilicon resistors available. In integrated circuits, an active

load (accomplished with a transistor) is generally employed to obtain high gain. However,

because transistors introduce many more noise sources beside the thermal noise, the active

load introduces noise beyond the fundamental thermal noise of a resistor.



Chapter 5

Designing Low-noise Amplifiers from Commercial Parts

5.1 Introduction
There are many commercial bipolar input op-amps with extremely low input noise

voltage (3 nV or less). One of them is the OP-27 from Analog Device Inc. As mentioned

in Section 5.4, the problem with a bipolar input stage is the high level of input current nec-

essary to operate the transistors. This input current generates shot noise that can be signif-

icant if there is a high impedance current path at the op-amp's input.

A simple solution to this problem is to isolate the high impedance summing node of

the preamplifier from the input current of the OP-27. This is accomplished by placing an

input stage with low-noise devices to buffer the high impedance input node from the noise

current of the OP-27. Depending on the circuit of the front end, this strategy can introduce

instability. The OP-27 has a gain margin of approximately 7dB (or 2.24). If the new input

stage adds gain that exceeds the gain margin, the new amplifier will be unstable for near

unity-gain configurations. Neverthless, besides the simplicity and convenience it offers,

this solution also currently results in the best noise performance for capacitive sources.

This chapter will detail the construction of two low-noise preamplifiers, both realized

with an OP-27 and an add-on input stage composed of discrete parts. One uses a differen-

tial pair front end and the other a dual source follower front end.

5.2 Input Device Selection
The merit of discrete transistors is their superior processing quality. Device integration

introduces a lot more noise because of the extra processing steps and variables which lead

to more contamination. As mentioned in chapter 5, the high impedance of the source

restricts us to FET input devices (JFETs or MOSFETs). The MOSFETs were rejected for



their unpredictable quantization of the flicker noise component as well as for their lower

transconductances.

The chosen device was an N-channel JFET device called the U440 from Siliconix.

Specification sheets state that it has a low typical input referred noise (3 ) as well as

low input capacitance (lpF) and a low gate leakage current (IpA max at room tempera-

ture). The input current will introduce a noise current of 0.6 f-A, which is sufficiently

small for the feedback impedance of 1R (where f ranges between 22kHz and
1 +jwRfCf

32kHz). The corner frequency of the flicker component was below lkHz, so the voltage

flicker noise will not be a problem at the operating frequency of 27kHz.

5.3 Input Stage Topology
In order to keep the noise as low as possible, choosing a simple input topology was

important. Two popular input configurations used in this type of circuit are the source fol-

lower and the common-source. Because it is crucial to keep the two input terminals of the

preamplifier balanced for common-mode rejection, we used the differential pair configura-

tion and the dual source follower. The balanced input stages will reduce the voltage offset

into the OP-27 stage. The two input JFET devices need to be highly matched in order to

acquire superior quality in input offset voltage, common-mode rejection ratio, and power

supply rejection ratio.

The differential-pair configuration with the operational amplifier second stage is

shown in Figure 5.1.



Vout

Figure 5.1: The Differential Pair Input Stage

The input terminals of the new op-amp are v+ and v-; the output terminal is Vout. The

gates of J1 and J2 are kept as close as possible to ground (the midpoint between the +10V

and -10V supplies). The 50-ohm resistors are used to suspend the preamplifier circuit

above the ground plane. Components are directly connected to each other without sockets

or other intermediate connecting interfaces, thus resulting in minimal parasitics.

The current source Id forces d to flow through each leg of the differential pair. The

current iand Rd set the transistor's drain voltages (vol and vo2). The FETs then set the

source voltage Vs necessary to conduct d. The source voltage node Vs must be kept posi-

tive so that the gate-channel junction is kept reverse-biased. If the junction becomes for-

ward biased (Vgs>O, which implies a negative Vs value), then a large current will flow

through the gate, causing a great deal of shot noise. Most FETs do offer some limited room

for positive Vgs, but this is not a suitable mode of operation for low-noise application.



The JFET source follower front end, with the second stage operational amplifier is

shown in Figure 5.2:

ohms

T-

Figure 5.2: The Dual Source Follower Input Stage

Unlike the differential pair, each source follower exists as a separate circuit. Each

JFET is biased by a source resistor Rs. Given a JFET transistor with known Idss and

Vgs(off) , the Vgs required to conduct a current Id is:

gs(oft)V v3 - (5.1)

(1 )
Idss

where k varies from 1.7 to 2, depending on the process by which the transistor was made.

The Rs necessary is R, = 1--s. Usually, it is easier to bias the circuit using the load line
d

method. Most specification sheet will give an Id versus Vgs curve such as the one shown in

Figure 5.3. The load line representing - can be drawn from the origin to the current curve

to find the operating current. The higher the Rs value, the smaller the slope and the lower

the operating current Id.
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Figure 5.3: Load Line of the Source Follower

5.4 Noise Measurement Set-Up
nV

The spectrum analyzer used had a noise floor of 30 so measuring any noise values

lower or comparable to this value would require some amplification. This amplifier circuit

is generally called a postamplifier. The postamplifier circuit below (Figure 5.4) was con-

nected to the output of the preamplifier when measuring the preamplifier's noise

The circuit provides a gain of 400. Care was taken to make it a low-noise amplifier, so

its noise contribution would not overwhelm the system's noise. If there is sufficient gain in

the previous stage, then the postamplifier noise will not be significant. Due to AC coupling

necessary (Cl in Figure 5.4) to keep the postamplifier stage from saturating, the postam-

plifier introduces a high pass filter with a cut off frequency of - = 3kHz.
2x (Ikohm) (0.047gF)

This low-frequency attenuation does not significantly affect our frequency of interest

(22kHz to 32kHz), which is one decade higher.

The noise of the postamplifier comes mainly from the lk-ohm resistor at the input ter-

minal and the equivalent input noise of the OP-27. The lk resistor contributes 4.2 nV and

the OP-27 contributes 3 nV Together they contribute 5.2 nV of noise signal, which was

verified by measurement.



400x Amplifier

Figure 5.4: 400 Gain Amplifier Used in Noise Measurements

The analyzer measured the noise at the output of the postamplifier. The read out value

divided by the 400 gain, gives a noise value referred to the output of the preamplifier

(which is also the input of the postamplifier).

5.5 Noise Analysis of the Differential Pair
The differential pair front end amplifier was constructed using the components listed

in Table 5.1. Specified or calculated noise voltage and noise current values (at room tem-

perature) are also included. Silvered mica capacitors were used for their low leakage char-

acteristic (thus low noise); and 1% metal film resistors were used because they are

excellent for low-noise, wideband applications [2, 8].

Noise sources in the differential pair front end circuit are shown in Figure 5.5. All cir-

cuit components, with the exception of the capacitors, contribute noise. The half circuit

R2

VIN C1

o 0 4 :3 SVOUT

2.17P



noise models in Figure 5.6a and 5.6b are used to calculate values for the equivalent input

noise current and input noise voltage generators. Figures 5.6a and 5.6b consider the open-

loop circuit which does not contain the capacitor Cs and the feedback network of Cf and

Rf.

Component Part No. or Material Ein Iin

Monolithic OP-27 3 nV 0.4 pA
Amplifier @ 1kHzz 4[z

nV pAmax: 3.8 max 0.6

J1, J2 U440 (matched JFETs) 3 nV 0.1 _f

Cs lpF, Silvered Mica extremely extremely
low low

Cf 2pF, Silvered Mica extremely extremely
low low

Rf 3.9 Gohms, Thick Film 8.04 u. 2.06 fA

Rd 500 ohms, 1% Metal Film 2.88 nV 5.75 pA

R50 50 ohms, 1% Metal Film 0.91 nV 9.1 pA

Table 5.1: Parts Used in the Differential Pair Front End

The noise source i2 (in Figures 5.6a and 5.6b) represents the channel's thermal and

flicker noise; (1) i2 is the thermal noise from the resistor Rd expressed as a noise current;
2

(2) op27 is the noise current of the OP-27; (3) and (V 7 ) is the input noise voltage from

the half circuit of the OP-27. The given noise value of the OP-27 (3 nV ) is the total contri-

bution from both input terminals of the OP-27. In the half-circuit models shown in Figures

5.6a and 5.6b, only half of the OP-27 op-amp is considered. The noise of the 50Q resistor

nV
was neglected because its noise contribution is only 1 n• which is insignificant com-

pared to the noise from the other noise sources.
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Figure 5.5: The Differential Pair Input Stage with Noise Sources
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Figure 5.6: Noise Model of Differential Pair Front End Preamplifier
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The simplest way to calculate the equivalent input noise values is to consider one

noise source at a time (by turning all the other noise sources off). The law of superposition

applies because we assume linearity in the small signal model. Using the transistor noise

analyses discussed in Section 3.3 (Noise Modeling of the JFET), the equivalent input

noise voltage v-, and the equivalent input noise current ij of the differential pair front

end amplifier are

1 2 2 4kT 0P27 VP 27  1 2
2in ein..u440 Rd (gm) 2  (gm) 2  2) (5.2)

SH8kT 2 2fCgs 2 2 g)fCgs oP27  3g 2 2fCgs 2
ein = 2 q 1G + -gm ( M) + 12P27 ( m ) + (5.3)

where gm is the transconductance of the transistor, Rd the load resistor value, v , the

input referred noise voltage of the U440 transistor, o27 the OP-27's noise current, v2P27

the input noise of the OP-27, IG the U440's input current, C,, the gate-source capacitance

of the U440, and f the operating frequency. Equations 5.2 and 5.3 neglect flicker noise, so

they are valid only for the high frequency range that is sufficiently greater than the flicker

corner frequency. The first term v 2 of Equation 5.2 is usually expressed as 4kT 2-

however that model does not properly predict the noise voltage measured from the U440

devices. Such discrepancy of the measured noise from the typical noise model is usually

due to processing issues. The measured noise voltage values were in agreement with the

noise values stated in the specification sheet. For this reason, the U440 specified noise val-

ues were used to perform the circuit's noise calculation for comparison with the measured

noise values.

In an attempt to account for the noise voltage source v,_ ,the preamplifier was con-

structed in a unity-gain configuration (see Figure 5.7). The output capacitor (0.4uF) and

resistor (1K.Q) are the effective impedance (from the postamplifier) seen by the noise cur-



rent source i. Because the impedance Z is small, the noise current has little effect. This

allows us to measure vAu with greater ease.

1k

Figure 5.7: Unity-Gain Configuration of the Differential Pair Front End Preamplifier

Noise calculations were performed at room temperature and 100kHz when the flicker

effect was not a factor. The output noise measured at the output of the unity-gain circuit at

these conditions is 6.9nV The variables in Equation 5.2 and 5.3 are listed in the table

below with values dictated by the operation of the differential pair front end circuit.

Variable Value Variable Value

gm 6 mmhos IOP27 0.4 p

nV
Rd 500 ohms v 3.0-

Table 5.2: Variables Used in Equations 5.2 and 5.3

Equation 5.2 comes now becomes

1 2 nV 1 2  4kT pA 1 nV 1 2
v2v . = 3 + 3+ 0.4 + 3

2 JH J2 (500) (6x10 ) 2 .Hz 6x10-3 F2JHz (500 ) (6x10)- 3))

1_2 -18 V2 -19 V2 V2 V2 V2

-v2 = 4.5x0 -+9.2x10 Hz + 4.44x10 - 21  + 5.0x10-19 = 5.9x10-
2ein Hz Hz Hz Hz Hz

(5.4)

(5.5)

I



Vein = 2.4x10 - 9 V  (5.6)

The total noise voltage of the entire amplifier is J2 times the value in Equation 5.6.

Because the gain of the circuit (Figure 5.7) is one, the calculated vein is also the calculated

output noise.

outnoise vein = J~( 2.40 ) = 3.44 nV(5.7)

Because the unity gain amplifier is connected to the postamplifier, the input noise from the

postamplifier (5.23 nV ) is a significant noise source and must also be accounted for. So the

noise measurement taken at the output of the unity-gain circuit in Figure 5.7 is

2 nV 2 nV 217 V2outto = (3.44 ) + (5.23 ) = 3.92x10-7z (5.8)

nV
outtotal = 6.26 (5.9)

This calculated noise value is close to the measured noise value of 6.9 nV . The measured

spectral density of the noise of the unity-gain configuration is shown in Figure 5.11. The

spectral density is generally flat at the range of frequency we are interested in. It appears

that there is no significant flicker noise in the preamplifier's noise voltage.

To observe the effects of the noise current on the closed-loop network, the noise of the

circuit configuration shown in Figure 5.5 (simplified in Figure 5.8) was measured. This

configuration is the one we will use in our application

The noise at the output (v, uo~t )now consists of the vein noise source multiplied by the

circuit's noise gain, i2 (the impedance seen at the summing node), the thermal noise of

Rf, and the input noise from the 400x amplifier. The measured noise gain is 2.4.

- v (2.4 2 + 1 2 4kTRf(5.10)
outotal - in e(2.4) in (• ) +  2 x (5.10)

SfC (I + 2fCfRf) 2



1k

Figure 5.8: Typical Closed-Loop Configuration of the Preamplifier

At 100kHz and using the values shown in Table 5.3 for the equation variables, i2 is

22 A_2 -3o_2 1.5 32AA 2__ 29A 2

i2. = 3.2x1031O + 6.5x13 + 1.58x 32 + 3.6x10 29  4.3x10 29 - (5.11)
n Hz Hz Hz Hz Hz

iein = 6.6x10 -15A - 6.6 fA (5.12)

So the total output noise value of the circuit in Figure 5.8 is

S2 nV ( 2 4 2 2 4kT(3.9x10 9) nV 2
outotal = 344 1.26x10 6  (1 + 2(100k) (2pF) (3.9x10 ))2 + (5.13)

,2 ,2 ,2 ,2 ,2

v = 6.8x1 - 7  + 2.7x117 V + 2.7 x10- 18 + 2.7x10 - 17  = 1.3x10 16  (5.14)outtotal Hz HZ Hz Hz Hz

nV
vouttotal = 11.2 V (5.15)

The noise measured at 100kHz (at room temperature) is 15 nV which is significantly

more than what was calculated (11. 2 nV ). The discrepancy between the experimental

result and the analysis can be explained in two ways. Due to parasitics at the summing

node, we do not know exactly the impedance seen by the noise current source i. The



second reason is that we do not know the noise characteristic of the thick film 3.9

Gigaohm feedback resistor. This resistor can contribute excess noise due to its processing

properties. Also, it is known that high value resistors tend to contain more impurities and

material discontinuity, and thus are more noisy.

5.6 Noise Analysis of the Dual Source Follower
If stability is an issue, an alternative topology to consider is the dual source follower

front end preamplifier. The source follower will offer the isolation between the input of the

OP-27 and the high impedance summing node (the sensor's output node) without intro-

ducing any additional gain. Figure 5.9 shows the preamplifier with the dual source fol-

lower input stage and its noise sources when used in the desired gain configuration. The

component values are listed the Table 5.3.

ts 4kT(50ohm)

ohms

2 4kT(50ohm)
Vnt=

-10V ---y

Figure 5.9: The Dual Source Follower Input Stage with Noise Sources

If we were just to consider the open-loop preamplifier (with Cs, Cf, and Rf removed

from the circuit), the equivalent input voltage and noise current sources can be calculated.



Component Part No. or Material Ein Iin

Monolithic OP-27 3 nV 0.4 pA
Amplifier @ lkHz J

8nV pAmax: 3.8 max 0.6

J1, J2 U440 (matched JFETs) 3 nV f_

Cs lpF, Silvered Mica extremely extremely
low low

Cf 2pF, Silvered Mica extremely extremely
low low

Rf 3.9 Gohms, Thick Film 8.04 U V 2.06 fA

Rs 500 ohms, 1% Metal Film 14.16 nV 1.17 pA
H-z pJHA

R50 50 ohms, 1% Metal Film 0.91 nV 9.pA

Table 5.3: Parts Used in the Dual Source Follower

Figures 5.10a and 5.10b show the circuit models used to calculate the values for equiv-

alent input noise voltage and noise current generators (v2i and i~,) of the preamplifier:

12 2 4kT P27 7 (5.16)
2ein  einu440 R (g) (g) 2  (5.16)

2- 8kT wC 2 W 2 (von 27 3 )2 WC 2

S= 2ql+--gm(!-- s) +1 o27Y) [•2 ( s) (5.17)

Note that the equivalent input noise current generator of the dual source follower front end

has the same terms as that of the differential pair front end preamplifier. However, the

equivalent input noise voltage generator v2, has a different expression for the noise contri-

bution (fourth term of Equation 5.17). The noise voltage of the OP-27 comes directly to

the v i, source without any reduction.
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Figure 5.10: Noise Model of the Dual Source Follower Front End Preamplifier

Table 5.4 shows the variables and their values that will be used in analyzing equations

5.16 and 5.17.

Variable Value Variable Value

Rs  12K ohms IG IpA

gm 4 mmhos IOP27 0.4 pA

nV nV
veiu440 3- VoP27 3

Table 5.4: Variables Used in the Noise Calculations for the Dual Source Follower

At room temperature (T=300K) and at 100kHz (or any other frequency where flicker

is not a significant noise source), the values of vein and ein are



1 2 nV 2
- Ven = (3 )

1.v2 =4.5x10 -

2 ein Hz

4kT
+ +

(12K) (4x10 3 )2

pA 11(0.4 A 1
,Hz 4xl0

2 2
+ 8.6x10-2 + 1.0x10-20 + 4.5xlO18 l

Hz Hz Hz

vein = F (3.02 nVJclz

2 nV 1 2
+ (3-)

4q'uiJ

- 9.1x10 - V 2

Hz

nV
= 4.27

7Hz~
As we expected the vein generator has a larger value than that of the differential pair. When

configured in a unity-gain configuration, the noise measured at the output was 7.33 nV

The unity-gain noise curve is shown on the next page (Figure 5.11). The calculated noise

would be:

2 -- (7 nV 2 nV 2V2 .to (4.27 ) + (5.23 )

nV
voUtow = 6.75 n

At 100kHz, and room temperature (300K),

i 2q(lpA) +2 (8.9x10 - 'o) + (0.4 _A) (2.22x10-7 )lein =

S-31 AA
ein = 3.2x10 31ZA +9.8x10 -3

ein Hz Hz

217 2
= 4.6x10- TZ

+ nV 1 32
H+ (3 ) (2.22x107 )

-2 
2  2

+ 3.6x10 + 3.6x10-29 A = 4.6x10-29A 2
Hz Hz Hz

e fAi . = 6.8
cin FHHz

When configured as shown in Figure 5.9 (where Cs, Cf, and Rf are included), the noise

measured at 27kHz and 100kHz are

27kHz 100kHz

outotaw 29 19

Table 5.5: Noise of the Dual Source Follower at Room Temperature
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The new configuration (with a noise gain of 2.5) has a calculated noise of

2 4kTR
Vuttotal = in (2.5)+i ( ) + w 2 + v4a x  (5.26)

fI (1 + w CRf)2

22 2 2 V2
= 1.1x106 + 2.7x107O- + 2.7x10IO- + 2.7x10- V2 = 1.7x10 •' (5.27)uttoHz Hz Hz Hz Hz

nV
vouttot = 13.1 (5.28)

Again, the discrepancy between the calculated noise value and the measured output noise

may be due to excess noise in the high value thick film resistor and parasitics at the sum-

ming node interacting with parasitic currents.

The output noise curve is shown on the next page in Figure 5.12.
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5.7 Circuit Performance Over the Specified Temperature Range
The circuit must perform over the temperature range of -40C to 85C. The operating

gate current of the JFET is known to double with every 10 degrees increase in tempera-

ture. This increase in noise current can be a problem when we operate the preamplifier cir-

cuit at high temperatures. Besides the gate noise current, other shot and thermal noise

sources also increase with increasing temperature.

The specified operating temperature range is -40C to 85C. The circuits were placed in

dye-cask boxes blown with cold or hot air so that the ambient temperature inside the box

settled to a desired temperature. Three temperature settings were chosen to measure the

preamplifier's noise performance. The table below shows the circuit's performance at -

40C, 28C, and 85C at 27kHz and 100kHz.

Topologies -40C 28C 85C

@ 27kHz

Differential Pair 23.2 nV 22.6 nV 31.7 nV

Dual Source Follower 23.17 nV 29.44 41.83

@ 100kHz

Differential Pair 16.8 nV 16.7 n 21.8nV

Dual Source Follower 15.34 nV 19.07 n23.57 n

Table 5.6: Output Noise of Preamplifiers at Various Temperatures

The source follower showed a reasonable trend of noise decrease with decreasing tem-

perature. The differential pair showed little temperature dependence. A possible explana-

tion for this behavior is that the noise of the differential pair is dominated by the noise of



the FETs, which are designed to have little performance variation over the specified tem-

perature range.

5.8 Other Circuit Performance Tests
The other two tests performed on these amplifiers were the common-mode rejection ratio

(CMRR) and the power supply rejection ratio (PSRR). As mentioned in Chapter 1, these

two figures of merit are essential for rejecting other noise sources (mainly external and

power supply noise). Fortunately these types of noise can be better controlled by other

means. The PSRR can be improved by superior decoupling of the power supplies, and the

common-mode signal can be reduced by proper shielding so the specification of the

CMRR can be loosened.

The circuit below was used to measure the CMRR.

0.1%

vo

Figure 5.13: CMRR Test Circuit

If the preamplifier A in Figure 5.13 is ideal and the resistor values are exactly as specified,

the output voltage is zero, exhibiting its ability to completely suppress the common-mode

voltage Vin. Because the preamplifier is not ideal, and there is some small variation in the

resistors, the output will not be zero. If there is any mismatch between the 1K-ohm resis-

tors or the 10K-ohm resistors, the voltage values at the input terminals of the preamplifier

would be unbalanced. Any difference at the preamplifier inverting and non-inverting ter-



minal will be amplified by a factor of 10. Precision resistors (0.1% accuracy) were used to

minimize mismatch.

Besides the mismatching of the resistors, CMRR is also highly dependent on the mis-

matching of the JFET input pair. Therefore, it is extremely critical that the input devices

are highly matched. The CMRR can be calculated with the following equation

CMRR = 201og (10) (5.29)

The multiplier 10 comes from the differential gain set by the resistor networks.

The PSRR+ was measured using the circuit below [9].

I

Figure 5.14: PSRR Test Circuit

The PSRR was calculated using the following equation:

1
PSRR = 20log (-) (5.30)

where vo is the output. The smaller the vo is, the better the PSRR performance.

Typical CMRR and PSRR measurement curves are shown on the next page (Figure

5.15 and Figure 5.16, respectively).
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Table 5.7 shows the CMRR and PSRR performances of the preamplifier with the dif-

ferential pair input stage at 27kHz and 100kHz.

Specification 27kHz 100kHz

CMRR 53.84 dB 50.84 dB

PSRR+ 85.86 dB 71.97 dB

PSRR- 46.35 dB 34.94 dB

Table 5.7: CMRR, PSRR+, and PSRR- of the Differential Pair

Table 5.8 shows the CMRR and PSRR performance of the dual source follower front end

amplifier at 27kHz and at 100kHz.

Specification 27kHz 100kHz

CMRR 91.63 dB 82.00 dB

PSRR+ 42.39 dB 31.63 db

PSRR- 50.72 dB 40.32 dB

Table 5.8: CMRR, PSRR+, and PSRR- of Dual Source Follower

These are acceptable CMRR and PSRR values for most FET amplifiers. The PSRR of the

differential pair is better than that of the dual source follower because of the superior sym-

metry of the differential pair.

5.9 Conclusion
There are a few advantages and disadvantages in using either the source follower or

the differential pair. Table 5.9 shows the strengths and weaknesses of the two topologies

In terms of noise performance, the differential pair is the better choice; however, it suf-

fers the risk of instability. By cascading the differential pair to the op-amp, we introduce



additional gain into system, thus reducing the phase margin. If large gain is introduced

into the system, instability will occur.

Dual Source Dual SourceDifferential Pair Differential Pair
Follower FollowerPROs CONs PROs CONs

1. Insensitivity to 1. Sensitivity of 1. Insensitivity of 1. Sensitivity to
Op-Amp noise gm to temperature gm to temperature Op-Amp noise

2. Good PSRR 2. Degraded phase 2. Good phase 2. Inferior PSRR
margin margin

3. Inferior CMRR 4. Closed loop
characteristics
independent of
current

Table 5.9: Pros and Cons of the Differential Pair and the Dual Source Follower

This stability issue make the differential input stage somewhat impractical for mass

production because of the performance variations of the JFET parts. One JFET may have

more transconductance than another, thus introducing gain variation from package to

package, leading to possible failure for stability.

Because the dual source follower has unity voltage gain, the input noise of the OP-27

is referred to the input of the preamplifier with reduction from the source follower stage.

Thus this topology can result in low-noise performance only if the OP-27 stage has a noise

voltage lower than that of the JFETs. However, it offers more performance reliability with

the performance variation of the discrete JFET transistors. Therefore the dual source fol-

lower is a less sensitive to device variations such as current and transconductance, and

thus will increase the yield of the circuit production. Therefore the dual source follower is

the better choice.



Chapter 6

The IC CMOS Preamplifier

6.1 Introduction
Though the amplifiers composed of commercial parts offer an excellent solution for

low-noise amplifiers, variations in the input device performance as well as its bulkiness

make this solution not suitable in the trend for miniaturization. The preamplifiers sug-

gested in chapter 5 are also costly, requiring more construction time and expensive parts.

What is desired is an inexpensive integrated circuit solution that offers the small size

and less variability in component performance and mismatch. This chapter describes the

design steps of a low-noise IC preamplifier to be fabricated in a CMOS process. Spice

simulations were used to evaluate the design.

6.2 Device Selection
The optimal situation is to find a JFET/Bipolar foundry that can deliver the quality

JFETs comparable to what Siliconix offers with the U440. Of all the foundries with full-

custom JFET capability, none could make JFETs of the quality needed to realize an ampli-

fier superior to what is already commercially available. Though mass production of inte-

grated circuits is cheaper than assembly of discrete parts, the start up cost of an integrated

project can be extremely high, especially for high quality analog circuits. The high start up

cost of JFET processes and the realization that we could not do better (with the JFET

foundries) than what was commercially available led us to halt the pursuit for a full-cus-

tom JFET preamplifier.

When surveying for high quality JFET/Bipolar foundries, three specifications were

critical: high transconductance versus input capacitance as well as low gate leakage cur-



rent. No foundry could come close enough to the low noise voltage, low input current, and

low input capacitance of the U440.

In the end, we had to resort to exploring a solution in CMOS technology because of its

low cost fabrication as well as accessibility. CMOS is the trend in IC design, thus it is in

our interest to explore means of obtaining better noise performance in this technology.

6.3 The Differential Pair with Active vs. Resistive Load
A typical differential pair is shown below in Figure 6.1.

Vcc

Vin+ - Vin-

Vo

Vss

Figure 6.1: Typical Differential Pair

The loads can be a resistor, diode-connected transistor, or a transistor used as a current

source. The following are the equivalent input noise voltage equations for a resistively

loaded differential pair.

8kT KoID 4kTv, = -- + + (6.1)
g9 fCox WLeffgm Rgm

The first term is the channel's thermal noise, the second the channel's flicker noise, and the

third the load resistor's thermal noise. Equation 6.2 is the input equivalent noise voltage

equation of the actively loaded differential pair.



2 8kT KfID 8kT KID(v = - + + + (6.2)
v g, fCoxWLeff gm4gm fCoxWLeffg m2

Resistive loads are generally not chosen in IC design because practical resistor values

require extremely large die areas. Resistors in integrated processes also have high varia-

tions in value (20% to 30% variation from the specified value). Such variation would

make biasing of subsequent stages in the op-amp extremely unreliable. Diode-connected

transistors also provide a small improvement in gain for reasonable die area. Its imped-

ance is only 1 and is chosen only in processes with single type devices (PMOS only or
gm

NMOS only). The current source transistor, also known as the active load, offers the best

gain performance. However, the active load can contribute a significant amount of excess

noise (mainly flicker noise). With careful design, the active load may offer adequate noise

performance as well as excel in other circuit performance variables.

Lets look at the noise performance of a simple active load differential pair.
Vcc

Vin+ - Vin-

Vo

Vss

Figure 6.2: A Typical Differential Pair with Active Loads

Transistors Ml and M2 are assumed to be matched, so their operating points and circuit

behaviors are equivalent. The same assumption applies to M3 and M4. Such balance



between the two sides of the differential pair allows us to cut the circuit in half and ana-

lyze using the half-circuit model.

The small-signal half-circuit is shown below in Figure 6.3

Figure 6.3: Small-Signal Equivalent Half Circuit of the Differential Pair

Ignoring the flicker noise, the thermal noise referred to the gate of the non-inverting input

terminal is:

- 8kT 8kTgm4 _ 8kT n4
Vei2 = T + 3 -- 1 + _ (6.3)in 3gm2  3gm2  3g,2 m2

The input referred noise from each side of the differential pair consists of the noise from

the input transistor plus the noise from the load transistor. Note how the equivalent input

noise voltage can be reduced by operating the input transistor M2 (and also M1) to have a

large transconductance (ga). The goal is to keep the transconductance of M2 as high as

possible and the transconductance of M4 as low as possible. This can be accomplished by

keeping the (w) 2> 4) .Because the differential pair has two legs, the total noise voltage
L 2  L 4

is J2_ times more. This noise voltage is then referred back to the input.

6.4 Designing the Input Stage
A rule of thumb in designing low-noise circuits is to use simple topologies. There are

generally two types of input stages used in making an operational amplifier. One popular



topology is the folded cascode. The other is the simple two-stage amplifier, which was dis-

cussed in the previous section (6.3). We will compare the two topologies to better under-

stand how topologies influence noise performance.

There are some general rules to keep in mind when designing a low-noise input stage

for an op-amp. First, the W of the input device should be made large and most of the op-

amp's gain should be achieved in the first stage. However, the gain of the first stage need

not be extremely large compared to the gain of the second stage. If an output noise contri-

bution of the second stage is 10% or less of the noise contribution from the first stage, the

noise of the second stage can be neglected. High gain can be accomplished with a large

transconductance or low-noise cascoding techniques.

Let's look at the folded cascode (see Figure 6.4). This topology is popular because it

offers high gain and high frequency as well as an easy compensation scheme. In the two-

stage op-amp, Miller capacitance compensation is usually used whereas the load capaci-

tance is the compensating capacitance in the folded-cascode.

In the folded cascode, M3 and M4 now need to be much larger than the simple differ-

ential topology because M3 and M4 must also support the current from the cascoded

paths. This requires M3 and M4 to have a larger - ratio. Using equation 6.3, this condi-

tion makes the noise contributions from the load transistors much larger. For this reason,

the folded cascode should be avoided unless high bandwidth is essential. However, cas-

coding the input stage will help if the gain improvement from the cascoding exceeds the

increase in noise.



Vbi -

Vin+

CL

Vss

Figure 6.4: The Folded Cascode Amplifier for High Bandwidth Performance

6.5 A Low Noise Preamplifier Design
Figure 6.5 shows the schematic of a CMOS preamplifier circuit designed to be fabri-

cated using the Orbit 1.2um process. The circuit consists of 3 stages. The first stage is a

differential pair consisting of Ml through M6, with large P-channel input devices for low

noise. M3 and M4 are used to improve the power supply rejection ratio by providing more

DC gain to the first stage. Assume that M3 and M4 were not in the design. The output

impedance of M6 (ro6=150K ohms) is many times larger that the output impedance of M2,

so the output impedance at node V7 is dominated by ro2, which is about 12K ohms. By

adding the p-channel devices M3 and M4 the output impedance ro2 of M2 is multiplied by

gm4ro4. M3 and M4 increases the output impedance at node V7. M5 and M6 are the cur-

rent mirror load. Their lengths are made long in order to minimize their transconductance

and reduce the flicker noise. This load also provides the differential-ended to single-ended



conversion. The second stage is a class A gain stage. The gain is achieved by multiplying

the transconductance of M10 with the output impedance of the stage at V10. Transistor

M 11 was used to give an output voltage at V10 that was closer to the middle of the rails.

The last stage (M14 and M15) is a follower, or a level shifter. The output voltage of this

stage was kept near MID. This stage also provides a low output impedance because of the

source of M15. The inclusion of this stage will allow for a larger range of capacitive load-

ing without degrading the phase margin (thus maintaining high stability).

Table 6.1 shows some performance figures obtained through Spice simulations.

vein thermal only (27kHz) 2.18 nV/rtHz

vein with Flicker (27kHz) 9.33 nV/rtHz

Unity Gain Frequency 45 Meg Hz

DC Gain 26.8 K (or 88.6dB)

Phase Margin 45 degrees

Power Dissipation 14.7 mW

CMRR 112 dB

PSRR+ at DC 86dB

PSRR+ at 27kHz 82dB

PSRR- at DC 94 dB

PSRR- at 27kHz 66 dB

Input Voltage Offset 2 jV

Slew Rate 55V/Lgs

Table 6.1: Performance of the IC CMOS Preamplifier
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Figure 6.5: The IC CMOS Preamplifier Schematic



6.6 Noise Analysis
The Spice simulator was used to calculate the noise performance of this circuit. The

flicker component could be added or removed by setting or omitting KF and AF in the tran-

sistor models. The rest of the noise was the result of thermal noise and noise coupled

between the gate and drain (at high frequency). Spice uses the standard MOSFET noise

equations below [10]:

S 2 KFIdrain
drain = 4kTgm () + (6.4)f-( L ff) 2Cox

where Idrain is the drain current, gm the transconductance of the device, KF the flicker

coefficient, and AF the flicker exponent. The exponential coefficient AF usually varies

between 0.5 and 2, depending on the process used. The first noise term in Equation 6.4 is

due to the thermal noise found in the resistive material of the channel, and the second

component is the flicker noise.

The circuits below (Figures 6.6a and 6.6b) show the equivalent small-signal circuit of

the preamplifier (one with internal noise sources and the other with equivalent input noise

generators).



Figure 6.6: The IC CMOS Preamplifier's Noise Model

Using the transistor noise calculations technique described in Section 3.3, the equiva-

lent input noise voltage vi and equivalent input noise current ',in are

.2 .2
1 2 - d2 id4
-V +
2 V e in  

2  gm2
9i2 gm2

+ j21+2 (m4rd
2 -

1 + SCgs4rd4 2 i6
+ 2

9m4rd2 - Td2) - SCgs4rd2 g m2

+ SCgs4rd4 2

1 - rd2) - SCgs4 rd2

where the noise current values are

2 8kT 8kT (5.71x10-3mho) = 63.0x10-24A2z
d2 =3 gm2 3 Hz

in i 2 SCgs2
ein = d2 m2

+ m2

(6.5)

(6.6)

(6.7)

I



.2 8kT 8kT 24 A
i4 = 8kTm4 = 8kT(2.23x10-3mho) = 24.6x1024• (6.8)

S 8kT 8 kT 24 A
dd6 '3 gm6 8kT (1.26x1 -3mho) = 13.9x10 -24A2 (6.9)d3 =Hz

( 1+sCgs4rd.4  2 2 1 2
4= ( I) = ( ) (6.10)

(gm4rd2 - 1 - rd2) -- $Cgs4rd2 rd2 = ( h6(gm4 rd 2 -ld2 gs4 C r d2 117ohms
Values in Equations 6.7 to 6.10 were calculated at room temperature and at 27kHz.

Flicker noise is omitted for simplicity. The noise of M3 and M4 have a different gain than

the noise of M1,M2 and M5,M6.

Hand calculations of the equivalent input noise were compared to the Spice calcula-

tion to verify the proper analysis of the circuit topology. Spice calculated an input referred

thermal noise of 2.18 nV and a combined thermal and flicker noise of 9.33 nV . At 27kHz,

calculation of vein (shown in Equations 6.11) resulted in a value of 2.17 n, which

matches very closely the Spice calculation. The noise current iein is 49.1x10 - 21 A n

insignificant noise source.

1 2 18 V2 V2  V2  V2
-vei n = 1.93x10 + 55.16x124 +426.610-21 - 2.36x10 '" (6.11)
2 e Hz Hz Hz Hz

nV
Vein = 2.17 (6.12)

S392 2 A
2  

2
2 1.98x10 + 56.4x10 + 436.4x1 42  -2.41x10 - 39 A (6.13)
ein Hz Hz Hz Hz

iemin = 49.1x10- 2 1 A (6.14)

Figure 6.7 shows the simulation result of the open-loop equivalent input thermal noise

versus frequency.
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Up until lMegHz, Vein has a flat spectral density. The increase of noise at high fre-

quency is due to the coupling between the gate and the channel thermal noise through Cgd,

as the capacitor's impedance decreases in addition to the decrease of the gain at high fre-

quencies.

Figure 6.8 shows the input referred noise curve when the flicker component is

included. As previously mentioned, the flicker noise dominates at low frequencies. The

flicker dominates well into the 100's of kHz, so we have not cleared the flicker effect at the

operating frequency of 27kHz.

In order to avoid flicker noise, the circuit should be operated beyond the flicker corner

frequency, 100kHz. The lower frequency noise can be filtered out. Due to coupling

through Cgd at high frequencies, this signal should not operate at too high a frequency.

However, increasing the signal frequency to the MegaHz range is an unlikely option
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because designing for such high frequency in CMOS is extremely challenging in meeting

other specifications (such as keeping the phase integrity of the information signal).
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Figure 6.8: Equivalent Input Noise Including Flicker Noise

6.7 Gain and Phase Analysis
Figure 6.9 shows the small-signal equivalent circuit of the IC preamplifier. To simplify

the low-frequency gain analysis, stray capacitances are neglected. The gain of the first

stage is provided by the transconductance of the input device and the output impedance

seen at node V7. The gain of the second stage is the product of the transconductance of

M 10 and the output impedance seen at node V10.

91



G

VOsa gm4vgs 4 ro4 ro6 gm6 gs6

Figure 6.9: IC CMOS Preamplifier's Small-Signal Equivalent Circuit

The low-frequency gain of the circuit is

Ao = g2 [ (ro2+ o4 + gm4ro2o4) I ro6] gml [ (ro9 + roll + gmllrolro09)I rol 0]

Vgs6

Vgs11

Vgs9

VOUT•

(6.15)

M V7 G



We can simplify the circuit by modeling it as two stages with the following transcon-

ductance and output impedance:

Gmi = g2 = 5.71x10-3mho (6.16)

Rol = (ro2+ ro4+gm4ro2ro4) ro6 = 148Kohms (6.17)

G.2 = gmlo = 1.43x10-3mho (6.18)

Ro2 = (ro9+ roll + gmllrollro9) I rolo = 28.7Kohms (6.19)

Gm3 = gml5 = 2.55x10-3mho (6.20)

1
Ro3 = 294ohms (6.21)

gml4 + gml5

Ao = GmlRolGm2Ro2 Gm3Ro3 = 26, 000 (6.22)

The fact that the circuit is not perfectly symmetrical, due to the current mirror load

transistors M5 and M6, makes the frequency response analysis (which accounts for para-

sitic capacitive) rather difficult. However, an approximation can be made. One way of

obtaining the frequency response of the preamplifier is to use the circuit model shown

below (Figure 6.10). Each stage is defined by a transconductance Gm and an output

impedance Ro. For example, Gml is the transconductance of the first stage, Rol is the out-

put of the resistance seen at the output of the first stage, C1 is the capacitance value seen at

the output of the first stage. The parasitic capacitance seen at the output node will provide

the poles that will degrade the frequency performance.

The frequency response of the preamplifier circuit in Figure 6.10 can be modeled as

Ao
A (f) = (6.23)

(1- ) (1---) (1 )
Spl Sp2 Sp3

1 6 rad
1 = 3.69x106rad (6.24)

p - Ro C, s

1 _ rad1 - 44.7x106a (6.25)
p2RoC 2

s



1 r 2.42xlo9rad
p Ro3C3 s

(6.26)

Figure 6.10: Op-Amp's Model of Frequency Response

The Ro's and Gm's are defined in Equation 6.14 to 6.19. The capacitances seen at the

outputs of the three stages are

C1 = Cgd4 + Cdb4 + Cdb6 + Cgd6 + CgslO 1.83pF (6.27)

C 2 = Cgdll CdblO Cdbll Cgsl5 0.94 pF (6.28)

C 3 = Cgdl4 Cdbl4 Csbl 5 Cgsl 5 - 1.41pF (6.29)

Equations 6.21 through 6.23 predict the first three poles at 590kHz, 7.11MegHz, and

384MegHz, which correspond to the Spice calculation, shown in Figure 6.11
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Figure 6.11: Uncompensated Open-Loop Frequency Response of the IC Preamplifier

This approximation gives a fairly accurate piciture of the circuit's frequency perfor-

mance. The validation of this approximation as well as the insight of the circuit's fre-

quency response can be obtained from analyzing the circuit using the open-circuit time

constant technique. This method is described in [11].

The open-circuit time constant technique requires designers to understand how each

component's capacitance contributes to the degradation of the circuit's frequency

response. The impedance as seen by each capacitance is calculated to find a time constant

for that capacitor/resistor combination. This technique gives an approximation of the -3dB

frequency. The circuit in Figure 6.12 shows the locations of all the capacitors and where

the impedances are being seen from. For example, R10 is the equivalent resistance seen

................

I A

7 :n 7 7 7 7 7.-
% A ..........................

7 7, .M

7
M i X 1: ff

% ....... .
4. 444=0



through the terminals of capacitor Cgs2. The time constants associated with Cgs2 is

tlo0=RlCgs2-

Cdb4 Cb6

Figure 6.12: Open-Circuit Time Constants Technique



The following sections show the calculated impedance seen between the terminals of

each capacitor followed by a table showing the time constants calculated.

Rio = 0 (6.30)

R20 = ro21 (ro4+ro6 ) = 11.8Kohms (6.31)

ro4 + ro6
R30 = r 2 1 + ro 5.26Kohms (6.32)

R40 = (ro2 + r4) I ro6 = 22.6Kohms (6.33)

R50 = 0 (6.34)

R6o = (ro2 + r04) ro6 = 22.6Kohms (6.35)

R70 = (ro2+ o4 + gm4ro2ro4) I ro6 = 148Kohms (6.36)

R80 = [ro2+o4+gm4ro4ro 2] I [rol0 l (ro9+roll +gmllrollo9 )] = 20.5Kohms (6.37)

R = ( rr ol+rl = 2.83Kohms (6.38)
9 = r 1 +gmlrol)

R1oo = roloI (ro9+roll +gmlrollro9) = 28.8Kohms (6.39)

R110 = 0 (6.40)

R1 = rI l  + r =l l  2.83Kohms (6.41)
1 +gmoOll

R 02  
4 +  6  = 5.26Kohms (6.42)

S1 +gm4ro4 )

R40 = ro61 (ro2 o+ g +m4ro4ro2) = 148Kohms (6.43)

Rs5 = rolo (ro9 +roll +gmllrollro9) = 28.8Kohms (6.44)

160 rll + rl = 2.84Kohms (6.45)
(I + gmlrollo

RI70 = [rol0 1 (ro 9 +roll +gmllrollrog9)] [Irol 4 +ro 15+gml 5 rol5rol 4 ] = 23.45Kohms (6.46)

R18o = [roloT (ro9 +roll+gmllrollro 9)]I (ro1 4 1 rol 5) = 10.09Kohms (6.47)

R190 = ro14 1 rol 5 = 10.57Kohms (6.48)

R2 0 = rol41 rolS = 10.57Kohms (6.49)



Impedance Capacitor Time Constant

R10 =0  Cgs2=5.09pF i10= 0

R20= 11.8K Cgd2=0.837fF , 20=0.0099ns

R30=5.3K Cgs4=0.915pF ' 30 =4.85ns

R40=22.6K Cgd4-0.19fF t 40 =0.0043ns

R50=0 Cgs6= 2 .94pF T50=0

R60o=22.6K Cdg6=0. 158fF "t60 =0.0036ns

R70=148K Cgslo=8 9 .0fF T70=13.17ns

R80=148K Cgdlo=.0 2fF* t80= 0.1211 ns
(Gm2Ro2)

R90=2.83K Cgsll=46. 1 fF cr90=0.130ns

R100=28.8K Cgdll=.008fF t1 00=0.0002ns

R1lo = 0  Cgs9= 1.90pF t11o = 0

R120=2.83K Cgd9=0.3 1fF ' 120=0.0009ns

R130 =5.26K Cdb2 + ' 130=37.93ns
Cbs4= 7 .2 1 pF

R140=148K Cdb4 + ' 140=257.58ns
Cdb6= 1.74pF

R150 =28.8K Cdbl0 + t 150=15.844ns
Cdbl 1=0.550pF

R160=2.84K Csb9= 2 .7 1pF t 160=7.708ns

R170=23.45K Cgdl5+Cgbl5 = t 170=0.012ns
0.5fF

R180=10.09K Cgsl5 = 0.385pF t1 80=3.885ns

R190=10.57K Cgdl4 + Cdbl4 + t1 90=10.89ns
Csbl5 = 1.03pF

R200=10.57K CL = 5pF t200=52.85ns

Table 6.2: Open Circuit Time Constants



The approximated -3dB bandwidth is the reciprocal of the sum of all the time con-

stants.

1
w3dB 16 (6.50)

i= 10

The first pole is approximated to be 400KHz (where the gain is approximately 85dB),

which is in agreement with the Spice results shown in Figure 6.11. This is the approximate

location of the -3dB drop from the DC gain.

By inspecting the time constants in Table 6.2, we can see that most of the O3d B time

constants come from capacitors seen at the output impedance of the first and second

stages. This verifies our approximation of the circuit's frequency response represented by

equation 6.21.

6.8 Compensation
The circuit has a very high unity-gain frequency, however its phase shift is far beyond

the 180 degree stability limit (see Figure 6.11). To achieve acceptable phase margin, an

extra Miller capacitance was used with a right-plane zero cancellation technique (Rc and

Cc in Figure 6.13).

The frequency response of the circuit can be approximated as a third order system by

the equation:

Ao (1- -)

A,(s) = (6.51)
S S S(1--) (1-) (1--)

Spl Sp2 $p3

where Ao is the low-frequency gain calculated in equation 6.13.

The equations below are the poles and zero in equation 6.45.



P1
3rad

= 1068x103-
Rol (C + Cc + Gm2Ro2 Cc)

Gm2Cc =495.7x106rad
C = C2 + Cc (C 1 + C2) s

1 6rad
z = = 190.1x10

1-R) s
Cc (Gm2

S
(6.52)

(6.53)

(6.54)

P3 = 520x1rad (6.55)

The first three poles in the compensated preamplifier are at 1.7kHz, 78.9MegHz, and

82.8MegHz. The zero is at 30.3MegHz.

Figure 6.13: Model of Compensated Preamplifier

To prevent the zero from being in the right hand plane, Rc (which is approximaltely

1.05K Q) must be kept larger than I . Also instead of a resistor, a transistor (M12) oper-

ating in the triode region is used. Its output transconductance gds provides the necessary

resistance. This option is superior to using a resistor since IC resistors have a large varia-
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tion in their manufactured values (from the specified value). Using this transistor also

allows the resistance to track the transconductance of M6.

Figure 6.14 shows the open-loop frequency response of the compensated preamplifier.
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Figure 6.14: Circuit Open-Loop Gain and Phase of the Compensated Preamplifier

6.9 Common-Mode Rejection Ratio and Power Supply Rejection Ratio
Analyses

These figures of merit are very important because the common-mode signal and the

power supply ripples too are considered "noise" since they introduce an undesired signal

superimposed over the information signal. Rejecting noise signals introduced by the com-

mon-mode signal and the power supplies will help maintain the integrity of the informa-

tion.

A simplified circuit used to calculate the common-mode response is shown below

(Figure 6.15). Transistors M2 and M4 are a cascode set, we can combine them to one tran-

sistor with a transconductance of Gml (which equals to gm2) and an output resistance of
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(ro 2 + o4+ gm4ro4ro2 ) = 367.7Kohms

Because the voltage at V7 is approximately equal to V6 in Figure 6.5, we can split the

current mirror as shown in Figure 6.15 to achieve a half circuit.

The common-mode voltage is placed at the input gate, and the output signal is mea-

sured at the output of the second stage. The current source output resistance of the half cir-

cuit is 2Rs. The analysis can be simplified as follows.

v, V;, (6.57)

Vic

s  2R s

iD = i s

1 Vic
v l = I D 2

gm6 2Rsgm6

(6.58)

(6.59)

(6.60)

Vcc

2R-

Vss

(a)

Figure 6.15: Modeling the Preamplifier's

(b)

Response to the Common-Mode Signal

102

(6.56)

Vt

PPI



The output impedance of the cascode current source (M7 and M8) is:

Rs = ro7 + ro8 + gm8ro8ro7 = 80.4Kohms (6.61)

The second stage of the preamplifier must also be considered, and the third stage can

be assumed to have a gain of 1. The output VOUT due to the common-mode input signal

vic is

av2 Gm 2 Ro 2vo = av2v1 = sg 6Vic cmic = 0cm i = .203vic (6.62)

where acm is called the common-mode gain and av2 is the gain of the second stage.

The node v3 in Figure 6.15 is approximately equal to the ac signal vic because v3 fol-

lows the gate signal. The current flowing through 2R s (the resistance of the common cur-

rent source) is iS, which is approximately equal to iD. The output VOUT is iD times RD.

So the common-mode gain is the ratio of the load resistance over the common current

source resistance. The CMRR is the ratio of the differential gain (avd = Av(s)) to the com-

mon-mode gain (acm). Often times, the CMRR is expressed in decibels.

avd avlav2 2RSgm6
CMRR - - = 2avgm6R (6.63)

acm 1 av2

Also, (in decibels):

CMRR = 20log (adm) = 20log [2GmlRolgm4Rs] (6.64)
acm

As we can see, the common-mode rejection ratio can be improved by making the resis-

tance of the current source (M7 and M8) as well as the first stage differential gain as large

as possible. Large output resistance of the current source was obtained by cascoding the

current source. The figure below (6.16) shows the common-mode gain of the preamplifier
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Figure 6.16: Common-Mode Gain of the Preamplifier

The circuit in Figure 6.17 is the small-signal equivalent circuit showing the effects of

the circuit to changes in the positive power supply.

09

VOUT

Figure 6.17: Small-Signal Circuit for PSRR+ Analysis
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Because the gate of M2 is grounded, and V3 (the voltage at the source of M2) follows

the gate voltage, we can consider V3 as a virtual ground. Notice that the circuit's response

to Vs+ is very similar to its response to the common-mode voltage. The current iD is

approximately equal to is. The output resistance of M10 is rolo and R9 is the impedance of

the cascoded M9 and M11 (R9 = ro9+ roll +gmo rol1 ro9 = 223Kohms).

is -V (6.65)
2R,

1 V+ 1 (6.66)
V3 = iD =

gm6 2Rs gm 6

av2  rol 0vo  - V+ + 0  + (6.67)

a+ + 1 (6.68)V+ 2Rsgm6 rolo + R9

PSRR+ = 20log (-adm 201og (avd) = 82dB (6.69)(a+d)
The second term in equation 6.62 is close to unity. To improve the PSRR+, the differ-

ential gain must be made large.

The PSRR- is analyzed in the same manner. The circuit for the analysis is shown in

Figure 6.18.
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VOUT

-E

Figure 6.18: Small-Signal Circuit for PSRR- Analysis

Rth R9

S = + vs  (6.70)
v° 1 v  R, + ro 0Rth + -

gm6

Vo Rth R9a -- + R 2 (6.71)
vs Rth + R9 + rol o

gm6

Rth = r 4 [1 + gm4ro2 (ro2 ( 1 + g 4ro4Rs) + Rs) ] + [ (ro2 (1 + gm2ro2RS) ) + R ] >> R9  (6.72)

adm
PSRR- = 201og (adm) (6.73)

a-

The PSRR- can be maintained at acceptable values by keeping the output resistance of

the circuit high. Noise due to power supplies can also be reduced by having a higher qual-

ity power supply or using a filter to eliminate the ripples. In most IC processes, the nega-

tive supply is not too critical an issue, so the PSRR specification can be relaxed a bit.

Figure 6.19 shows an example PSRR curve of the preamplifier.
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Figure 6.19: The Preamplifier's PSRR+ vs. Frequency

6.10 Closed-Loop Circuit Performance
So far we have been dealing with open-loop figures of merit. The preamplifier will be

used in a closed-loop configuration. The closed loop topology that will be used with the

sensor is shown in Figure 6.20 (where the source labeled AC is the input source).

The sensor is modeled by a lpF nominal capacitance with a sinusoidal voltage source

oscillating at 27kHz. The stray capacitance due to parasitics of the sensor system is Cp

(4pF). The feedback network is a capacitor Cf of 2pF parallel to a resistor Rf of 3.9Gohm.

The output will probably need to drive 5pF when connected to another circuit in the chip,

and to about 18pF if the output node is probed for measurements. In this configuration, the

input capacitance at the gate of the preamplifier will have a significant effect on the cir-

cuit's performance. The closed-loop frequency response is
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Vout C

out (s) = - (6.74)
Vin CS + C,+ Cf+ Ci(6.

Cf + A (s)
Where Av(s) is the frequency response of the op-amp (Equation 6.45). Spice simula-

tions resulted in a closed-loop gain of 0.5 and a phase shift of 0.11 degree at 27kHz. The

closed loop frequency response is shown in Figure 6.21.

Figure 6.20: Closed-Loop Configuration of the Preamplifier

To measure the equivalent input noise of the preamplifier in a closed-loop configura-

tion, the input voltage source is placed at the positive terminal of the amplifier. Spice will

take the output noise, calculate the gain from the input source to the output node, and

divide the output node by that gain. The circuit shown in Figure 6.22 was used to test the

input referred noise.
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Figure 6.21: The Preamplifier's Closed-Loop Frequency Response

Figure 6.22: The Circuit Configuration Used to Measure Input Referred Noise
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The noise gain can also be approximated by adding 1 to the gain of the signal. How-

ever, the approximation can be far from accurate if the parasitic capacitance Cp and the

input capacitance of the op-amp (Cinp) are large compared to the sensor and the feedback

capacitances.

The output thermal noise shown in Figure 6.23 is shown in linear scale (upper) and log

scale (lower). The output noise is high at low frequency because the large noise voltage of

the feedback resistor Rf is high at low frequencies. After the resistor noise is attenuated to

a value smaller than the amplifier's noise, we see a leveling off of the noise at about

10kHz.

The output noise with flicker is shown in Figure 6.24. The output noise with flicker

looks similar to that with only the thermal, except for the higher corner frequency. Once

the resistor noise dies out, the flicker takes over, and then finally, we are left with the fun-

damental thermal noise of the op-amp.
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Figure 6.23: Closed-Loop Output Thermal Noise
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Figure 6.24: Closed-Loop Output Noise Including Flicker Noise

Figure 6.25: The Preamplifier's Closed-Loop Noise Gain
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Spice calculated a noise gain of 3.7 (as shown in Figure 6.25) which is equivalent to
+1 = pF+ 4pF+1 = 3.5; however, the simulator did not take into account the

Cf 2pF

input capacitance of the input device (Cinp=5pF). The actual noise measurement should be

cs + c, + Cn.
S+C + + 1, which comes to 6. This noise gain of 6 is consistent with the Spice calcu-

lations of the output noise.
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Figure 6.26: The Preamplifier's Closed-Loop Input Referred Thermal Noise

The input referred thermal noise at low frequency is high because of the decreasing

gain as the frequency reaches DC as well as the high thermal noise from the resistor Rf at

low frequency, (as shown in Figure 6.26). At 27kHz, the output noise breakdown is shown

in Table 6.3.
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Rf Preamplifier Total Spice
Calculation

Output Noise 6.07 nv 13.1 nv 14.4 nV 15.19 nv
Jiiiz JHzF~z Hz

Input Noise 1.01 nV 2.18 nV 2.40 nV 2.53 nV
7-z JHzJz 7H z--z

Table 6.3: Breakdown of Noise in Closed-Loop System

With flicker component added, the input referred noise curve looks as follows (in Fig-

ure 6.27).
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Figure 6.27: The Closed-Loop Input Referred Noise Including Flicker Noise

Closed-loop noise performance was also tested over the temperature range of -40C to

85C. The change in noise is due to the thermal noise in the channel and resistor Rf. Figure

6.28 shows the noise performance versus temperature.
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In practice, any parasitic gate current will double every decade of temperature

increases. This noise current will generate noise with the feedback network in the close

loop configuration, so the noise variation with increasing temperature might be worse than

predicted by Figure 6.28.

100-40 -20 0 20 40 60 80
Temperature [degrees Celcius]

Figure 6.28: The Preamplifier's Noise versus Temperature (Including Flicker Noise)



Chapter 7

Conclusion
Exploiting the lower signal levels of today's micromechanical sensors require extremely

low-noise preamplifiers. Two low-noise preamplifiers were constructed using (discrete)

JFET front ends with the OP-27 as the next amplifying stage. One amplifier had a JFET

differential pair front end; and the other had a JFET dual source follower front end. A third

amplifier was designed to be fabricated in a CMOS process.

It is well known that front ends made of discrete components provide better noise per-

formance than front ends made of integrated devices (whose process involves integration

of other device types and components). Integration involves more processing steps as well

as the inclusion of many more types of materials that contribute to significant level of

impurities.

The discrete JFET front ends and the OP-27 offered excellent low-noise solution for

capacitive sensing applications which tended to result in high source impedances due to

the small size of the sensed capacitance. The U440 of Siliconix offered the necessary low

noise voltage, low noise current, and low input capacitance necessary to provide a noise

performance superior than the popular low-noise JFET input op-amp AD549 produced by

Analog Device, Inc. The differential pair front end made of the U440 JFETs had an input

referred noise of 9 nV and the dual source follower front end resulted in an input referred

noise of 10 n . Both noise measurements were taken at 27kHz and room temperature.

The differential pair front end performed somewhat better than the dual source fol-

lower front end because of its larger gain. The noise of the OP-27 was reduced by the gain

of the differential pair when referred to the input. In the case of the virtually unity-gain

dual source follower, the noise contribution from the OP-27 is referred directly to the
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input without any reduction from the front end stage. Although the differential pair has

slightly better noise performance, the dual source follower was preferred over the differ-

ential pair because it did not introduce instability into the preamplifier system. The gain of

the differential pair degraded the phase margin of the OP-27. The gain of the differential

pair is gmRD, where gm is the transconductance of the JFET and RD is the load resistance.

Because these discrete JFETs vary significantly in transconductance, so would the gain.

The gain variation would make the system's stability unpredictable.

The IC solution offers the flexibility to optimize the size of the input devices. In gen-

eral, large transconductance reduce the channel thermal noise and flicker noise. Thus

devices are made large; however, their size increase create large input capacitances which

result in a higher noise gain while the signal gain remains constant. An optimal device size

can be obtained by keeping track of the noise gain increase versus the reduction of the

device's noise.

Aside from the input devices, the active load devices were also specially sized. These

were made to have large gate lengths to reduce their flicker noise and thermal noise contri-

butions, when referred to the input of the preamplifier. Noise calculations show that the

load's thermal noise contribution is a fraction of the thermal noise of the input device. This

fraction is defined by the ratio of the load transistor's transconductance over the input

device's transconductance (gn*'). Making the gate lengths of the load transistors large
mjin

keeps the load's transconductance small, thus reducing the load's thermal noise contribu-

tion. The input devices were made a little larger than the minimal length to reduce the

channel length modulation effect as well as to reduce the flicker noise.

The CMOS preamplifier design offers a white input referred thermal noise of 2.18n

and a total input referred noise of 9.33 nV at 27kHz when the process's predicted flicker

coefficient was included in the simulation. However, there is no way of accurately predict-
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ing the flicker's contribution. The presence of flicker noise makes it difficult to design for

low-noise. The noise performance of the chip will depend on how close the predicted

flicker contribution is to the actual flicker contribution.

In terms of noise performance, CMOS devices are better suited for applications with

high operating frequencies (100kHz to 500kHz), where the effect of flicker noise is insig-

nificant. However, higher frequency operation is not only demanding to the construction

of the sensor but to other processing circuits as well.

It appears that using a front end made of discrete JFETs is the most promising solution

to capacitive sensor applications. If the preamplifier is to be made in CMOS, the operating

frequency should increase to 100kHz or somewhat higher to avoid flicker noise.
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Appendix A

Circuit Configurations for Simulations
The following sections discuss simulation methods and circuit configurations used to

make the various specifications for the preamplifier.

A.0.1 Operating Points
The table below (A. 1) shows the important characteristics of the devices in the signal

path. Table A.2 shows the capacitances of the devices. The device parasitic capacitances

Cgd and Cgb are negligibly small. The values in Tables A. 1 and A.2 are necessary to calcu-

late the AC performance of the circuit.

Device W (jim) L (gm) Id (pA) (mo) ro ()

M1, M2 3000 1.8 527 5.71 12.38K

M3, M4 540 1.8 527 2.23 12.42K

M5, M6 300 10 527 1.26 249.76K

M14 134 4 1050 5.70 17.82K

M15 300 1.4 1050 1.95 1.75K

M9 1000 2 656 3.27 13.193K

M10 55 2 656 1.43 26.67K

M11 28 1.8 656 0.515 26.95K

M14 134 4 801 0.856 46.73K

M15 300 1.4 801 2.55 13.66K

Table A.1: Operating Points Information
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Device Cgs Cdb Csb

Ml, M2 5.09pF 5.74pF 8.13pF

M3, M4 0.915pF 1.18pF 1.47pF

M5, M6 2.94pF 0.558pF 0.893pF

M9 1.90pF 2.07pF 2.71pF

M10 89fF 0.117pF 0.165pF

M11 46.1fF 0.433pF 0.780pF

M14 0.526pF 0.214pF 0.365pF

M15 0.385pF 0.476pF 0.815pF

Table A.2: Device Capacitances
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A.0.2 The Input Offset
The input offset was measured by configuring the preamplifier in a unity gain configu-

ration.

Figure A.1: Circuit Configuration for Measuring Input Offset

From simulation results, the input offset of this preamplifier is 2.0uV at room tempera-

ture.

34x



A.0.3 Open Loop Gain and Phase vs. Frequency
Testing the circuit in an open-loop configuration is different than testing it in a closed-

loop configuration. When set up in a closed-loop configuration with a resistor in the feed-

back, the output usually goes to a potential close to the reference terminal (the non-invert-

ing terminal) and the offset appears at the summing node of the closed-loop configuration.

This balancing act is possible through the feedback resistor Rf. However, in the open-loop

configuration, there is no path for the output to control the input and the op-amp's output

saturates. This offset must be placed at one of the input terminals to balance the output

bias.

Once the input offset is determined, the negative of the input offset voltage can be

inserted at the non-inverting terminal of the op-amp to balance the biasing. Such biasing

correction by the input offset gives the best open-loop circuit performance. The circuit

below shows the open-loop configuration used in the simulations.
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A.0.4 PSRR's
The circuit topology used to simulate the PSRR+ is shown in Figure A.3. The pream-

plifier is in a unity-gain configuration..

Figure A.3: Circuit Configuration Used to Find the PSRR+
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A.0.5 CMRR
The common-mode gain was measured by tying the inverting terminal and the non-

inverting terminal of the op-amp together and connecting to a common AC source.

Because the AC signal's amplitude was set to unity, the output signal VOUT also repre-

sents the common-mode gain. This gain is then divided by the differential-mode gain to

obtain the CMRR. The common-mode gain at 27kHz was divided by the differential gain

at 27kHz to get the CMRR of the op-amp at 27kHz. Note that this configuration can only

be accomplished in simulations because in practical use, we cannot easily insert an offset

voltage as shown in Figure A.4.

Figure A.4: Circuit Configuration for Measuring Common-Mode Gain
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A.0.6 Step Response
It is important to test the step response of the circuit because the circuit needs to

respond quickly to fast-edged signals. The best way to test the response of the preamplifier

is to set it up in a unit gain configuration. If other capacitor or resistor components are

used to close the loop around the circuit, then the response will be dominated by these

resistor-capacitor networks.

Figure A.5: Circuit Used to Measure Step Response

The large-signal step response is shown in Figure A.6. It took the circuit 170ns to set-

tle to 0.1% of the settled value.
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V (CVOTT )

V (N66)

'rime

Figure A.6: Large-Signal Step Response

The small-signal step response is better than the large-step response. It took 100ns to

reach 0.1% of the settled value.

2u 3L

Time (Seconads)

Figure A.7: Small-Signal Step Response
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A.0.7 Slew Rate
The slew rate is an indication of how quickly the amplifier can respond to a fast input sig-

nal. The output of the step response can be used to measure the slew rate. It appears to be

about 55 -. The slew rate is also very dependent on the load capacitance. In general, max-its
I

imum slew rate is approximated to be , where Io is the biasing current at the output

stage and CL is the load capacitance.

A.0.8 Common-Mode Input Range
The op-amp can operate with excellent gain for an input biasing value +500mV from the

midpoint between the positive and negative rails (2.5V in our case).

A.0.9 Output Swing
The circuit used to check the output swing is shown in section A.6. The output is

shown below.

Figure A.8: Circuit Configuration for Testing Output Range
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Figure A.9: Output Swing

We can see that the amplifier has more room for the upswing. The down swing is lim-

ited by the source follower.
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