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Abstract

The conventional method of constructing a gain amplifier is to use resistor feedback
networks. However, present CMOS technology provides capacitors that offer sub-
stantially better tracking and linearity performance over variations in temperature.
Draper Laboratory's High Performance Gyroscope currently employs two single-ended
amplifiers configured to work fully differentially. Gain is provided with capacitive
feedback, but DC stabilization of the amplifiers, necessary to provide bias to the am-
plifier and prevent output saturation, is achieved with large, external resistors. In
this thesis, a fully-differential gain amplifier using capacitive feedback is proposed.
An integratable, on-chip DC stabilization network is also presented.
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Chapter 1

Overview

Micromechanical tuning fork gyroscopes are attractive as inertial devices because they

offer system miniaturization and can be produced at low cost [2]. Advances in micro-

fabrication of both sensor and accompanying electronics have led to low cost solutions

for both military and commercial applications. However, in order to compete with

conventional inertial systems, MEMS-scale systems must also offer high resolution

and performance stability over environment variations.

Because of the miniaturization trends of inertial Micro-Electro-Mechanical Sys-

tems (MEMS), reduced signal levels present great challenges for the readout elec-

tronics. In digital circuits, CMOS technology has allowed for tremendous gains in

chip density, power, and cost, without sacrificing performance. However, the same

cannot be said for analog circuitry. One reason for this is the poor quality of the

passive components available in most CMOS processes. These components, particu-

larly resistors, tend to have poor tolerances and poor stability over temperature and

operating voltages.

Resistor ratios are used extensively in analog circuit design. However most CMOS

processes do not offer the resistor matching required to maintain precise ratios. For-

tunately, CMOS technology provides capacitors with more attractive performance

characteristics. This thesis explores the substitution of capacitors for resistors in an

AC gain amplifier for a Draper Laboratory MEMS gyroscope.
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1.1 Gyroscope System Overview

Draper's tuning fork gyroscope takes advantage of the Coriolis Effect to sense rate of

rotation. Its construction is shown in Figure 1-1. The proof masses are supported by

flexure beams that allow motion in the x- and y-directions at a resonant frequency

ranging from 8kHz to 25kHz. The masses are suspended above stationary sense

electrodes. Application from a motor of an oscillatory electrostatic force between the

combs of the proof masses and those of the left and right motor electrodes cause the

proof masses to vibrate in opposite directions along the x-axis (which is often referred

to as in-plane motion). The Coriolis acceleration, then, is the cross product between

a mass's velocity in the x-direction and the input rate of rotation about the z-axis.

1.1.1 Sense Channel

In the presence of rotation about the z-axis, the Coriolis Effect causes the proof masses

to deflect in the y-direction. This deflection or displacement is referred to as an out-

of-plane motion and occurs at the same frequency as the in-plane oscillatory motion.

The change in the gap between the proof masses and the sense electrodes beneath

them causes a change in capacitance that is directly proportional to the magnitude

of the rate of rotation. The change in capacitance induces a current that is output

along the sense channel. This current is integrated by the charge amplifier circuit to

produce a voltage proportional to the rate of rotation.

1.1.2 Motor Position Channel

The positions of the proof masses are sensed by the left and right center electrodes

in a manner similar to how the sense electrodes beneath the proof masses sense

rotation. In this case, the charge amplifier integrates a charge induced by the change

in capacitance of the capacitors formed between the tines on the left and right center

electrodes and the inner tines on the proof masses. The charge amplifier produces a

voltage proportional to the position of the proof masses.

The motor position signal will be used throughout the system as a reference clock

18
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Figure 1-1: Gyroscope Block diagram.
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since this signal is always available once the gyroscope's motor is started. The clock

generated from the position signal will be used to demodulate the input rate infor-

mation to baseband. For this reason, both the motor position and the sense channels

must be designed to achieve a high level of phase matching.

1.2 Thesis Scope

There are electronics needed to operate the gyroscope that are not shown in Figure 1-

1, but this thesis will only focus on a portion of the readout electronics in the sense

channel. The focus of the thesis is on designing the fully differential AC gain amplifier

block in Figure 1-1. The fact that the signal of interest is modulated to a frequency

ranging from 8kHz to 25kHz allows us to consider substituting the typical resistive

feedback network with other types of feedback networks. The following sections will

discuss some of the design motivations, considerations, and requirements of the gain

amplifier.

1.2.1 Temperature Sensitivity of Gain Amplifier Closed-Loop

Topologies

+ -A-+ +

Vid O(S) Vod

Figure 1-2: Gain amplifier with resistive feedback.

Draper Laboratory's gyroscope is designed for use in space and military applica-
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tions so it must be able to operate with high precision in a wide range of temperatures.

However, recent studies at Draper have shown that a gain amplifier using resistive

feedback, like that shown in Figure 1-2, has an unacceptable drift in gain over tem-

perature. Draper has shown that the on-chip resistor ratios (which are conventionally

used to set gains) offer inadequate tracking over temperature, making it difficult to

achieve precision gain. This issue is primarily due to the poor matching tolerance

of the chosen polysilicon resistors. Furthermore, their high voltage coefficients lead

to harmonic distortion. However, on-chip capacitors offer superior temperature and

voltage coefficients, making them attractive feedback elements.

Tables 1.1 and 1.2 lists typical values for the most common integrated circuit resis-

tors and capacitors. Temperature and voltage coefficients (TC and VC, respectively)

are usually expressed in parts per million per degree Celcius (P). For example, a

temperature coefficient of resistance of 100021 means that a 100Q resistance will not

change more than 0.01 Q per degree Celcius change in temperature.

Unfortunately, typical CMOS processes do not offer thin-film resistors. Diffusion

and N-well resistors have voltage coefficients that are too high to meet our linearity

specifications. Polysilicon is a good compromise, but even with careful layout, good

resistor matching is difficult to achieve.

Resistor material TC (") VC (Pv) Expected matching
Thin-film <50 <30 0.5-2%
Polysilicon 50-2000 30-150 0.5-2%
N-Well 1000-50000 50000 1-2%
Diffusion 1000 1000-10000 1-2%

Table 1.1: Performance of typical resistors in today's semiconductor processes.

Capacitor material TC (Pfl) VC (PTm) Expected matching
Poly-diffusion - - -

Metal-poly - - -

Poly-poly [7] 20-30 10-200 0.2-0.5%

Table 1.2: Performance of typical capacitors in today's semiconductor processes.
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1.2.2 Motivation

Because gain amplifier performance is determined by the amplifiers feedback net-

work(s), the temperature coefficients and voltage coefficients of the components that

comprise the feedback network are important metrics of amplifier performance. Ta-

bles 1.1 and 1.2 indicate that capacitor temperature and voltage coefficients are signif-

icantly better than those of resistors. This allows capacitors to track each other more

accurately over temperature and voltage changes, thus minimizing harmonic distor-

tion. Therefore, when component value and ratio matching is of great importance,

capacitors are a more attractive option than resistors. Motivated by the insufficien-

cies of on-chip resistors, this thesis will investigate the implementation of an amplifier

using capacitive feedback.

1.2.3 Performance Requirements

Some of the more notable performance requirements of the gain amplifier are described

in this section.

Fully Differential Topology

Fully differential circuits are desirable in analog circuit design primarily because they

are useful in rejecting common-mode noise, particularly in mixed-mode design. Since

a fully differential circuit is built symmetrically, noise should affect both signal paths

equally. In a fully differential amplifier, the signals at the two output terminals are

subtracted from each other, so any common-mode disturbances, such as power supply

noise, are rejected.

Phase Shift

Phase shift is a Draper Laboratory system requirement of all components in the

gyroscope system. Once the gyroscope motor is started, the motor position signal is

used as a reference signal for demodulating the rate input information to baseband. In

order to minimize demodulation errors (which would result in offset and gain errors),

22



the sense and motor position channels must posses similar phase shift characteristics.

As much as possible, identical designs are used in both channels to achieve phase shift

matching.

There are two primary types of phase shift:

* Static phase shift - Static phase shift is how much the closed-loop output

phase varies across the desired signal frequency range. The requirement is that

static phase shift must be < 1* from 8kHz to 25kHz.

" Dynamic phase shift - Dynamic phase shift is how much the closed-loop out-

put phase across the desired signal frequency range varies across temperature.

The dynamic phase must vary by < 0.50 for signals from 8kHz to 25kHz within

a temperature range of -55'C to 105*C. Errors due to dynamic phase shift are

more problematic because dynamic phase shifts of the two channels are less

likely to match.

Unity-Gain Frequency

The desired unity-gain frequency can be derived from the static phase shift require-

ment. The phase of a system with a single pole roll-off is given by - arctan ,ignalfreuency
system-3dBbandwidth

For a unity-gain configuration, this means that in order for the system to have less

than 10 of static phase shift at a signal frequency of 25kHz (the maximum resonant

frequency of the proof masses), the -3dB bandwidth of the unity-gain system (which

is also the crossover frequency of an open-loop system with 900 of phase margin) needs

to be greater than 1.5MHz. As the closed-loop gain increases, however, the system

open-loop crossover frequency also needs to increase to maintain the phase shift.

To see how much the open-loop crossover frequency needs to increase, refer to the

block diagram of a typical op-amp shown in Figure 1-3. We model the op-amp as a

system with a single pole roll-off having a transfer function of a(s) = , where ao
P1

is the open-loop DC gain, and pi is the single pole location. f is the feedback factor

of the closed-loop configuration. For the closed-loop configuration in Figure 1-4,

=R+R2'
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+ C(S) >I Vout

Figure 1-3: Block diagram of a typical op-amp.

The gyroscope system requires that the op-amp be configured for differential

closed-loop gains from 2 to 20. With a closed-loop gain of 20 (R 2 = 20k and R1 = 1k,

equivalently a feedback factor of 1), the crossover frequency of the open-loop gain

needs to be increased by a factor of 21 (one over the feedback factor) in order to

have less then 1' of static phase shift at a signal frequency of 25kHz. Therefore,

the crossover-frequency of the op-amp must be increased from the previous figure of

1.5MHz to 31.5MHz. This is illustrated in Figure 1-5. To maintain good stability of

the gain amplifier, we require that the loop gain phase margin (phase at the open-loop

unity-gain frequency) be greater than 45*f.

Output Swing and Load Capacitance

The output of the gain amplifier is AC coupled to drive a E - A converter, which

digitizes all the sense channel signals. The input range of the E - A converter (5Vpp

differential) sets the output swing requirement of the gain amplifier. Similarly, the

input capacitance of the E-A converter (:; 10pF) sets the maximum load capacitance

that the gain amplifier must drive.

Noise

The total input referred noise of the gain amplifier must be < 35nV/if Hz) at 8kHz so

that the noise of the amplifier does not limit the minimum resolution of the gyroscope

input signal.
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(a) Single ended op-amp with resistive feedback.

V-R
V ~Ri + R2(sot

R,

Ri + R2

(b) Block diagram of the single ended op-amp with resistive feed-
back.

Figure 1-4: Block diagram of an inverting amplifier.

Performance Requirements Summary

Table 1.3 lists the performance requirements of the gain amplifier system.

1.2.4 Thesis Outline

The remainder of the thesis is organized as follows:

Chapter 2 describes the design of the op-amp and the motivations for the design

decisions made. Chapter 3 describes the capacitive feedback network and explains

why a DC stabilization network is necessary. Chapter 4 describes the design of the

DC stabilization network. Chapter 5 gives the simulation results of the gain amplifier

system. Chapter 6 summarizes the thesis and discusses possible future improvements.

The appendix shows final circuit schematics and the configurations used to run sim-

ulations.
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Figure 1-5: Magnitude plot of various closed-loop gains.

Power supply 5V
Load 10pF
Signal static phase shift < 1*
Signal dynamic phase shift < 0.50
Total Harmonic Distortion (THD) 60dB for 4Vpp differential output swing at

25kHz

Input Referred Noise < 35nV/ (Hz) at 8kHz

PSRR > 60dB at 25kHz
CMRR > 60dB at 25kHz
Loop gain phase margin 450

Table 1.3: Performance requirements of the gain amplifier system
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Chapter 2

Op-Amp Topology

A single stage fully differential folded-cascode op-amp is proposed in this chapter to

be used in place of the two single-ended gain amplifiers seen in Figure 1-1. Refer

to Section 1.2.3 for why a fully differential topology was chosen. Since the op-amp

only has to drive a capacitive load, a single stage design is proposed primarily for

simplicity and ease of compensation. The main limitation of the single stage design is

its small output swing. However, the output swing requirement (refer to Section 1.2.3)

is within the capability of some single stage topologies.

A folded-cascode is chosen over its telescopic counterpart primarily because the

folded-cascode has increased output swing. It can swing within two VDS,SAT of both

rails, while the telescopic can swing within two VDS,SAT of one rail, but only three

VDS,SAT of the other rail. An added advantage of the folded-cascode is increased

common mode input range. By folding the input differential pair, this architecture

has decoupled input swing from output swing.

2.1 Folded-Cascode Architecture

The basic fully differential folded-cascode op-amp is shown in Figure 2-1. Transistors

M, and M2 form the input differential pair. M12 forms a tail current source to set

the current through the differential pair. M5 and M6 form a common-gate stage to

cascode the differential pair. Current through MA5 and M 6 is set by M-Mio. M 3
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Figure 2-1: A fully-differential folded-cascode op-amp

and M4 are the current source loads; the drain currents of these transistors are split

between the input differential pair and cascode stages.

2.1.1 DC Small Signal Gain

A two-port model of the amplifier is shown in Figure 2-2. The DC gain of this system

is aud = GMR0 .

GM is the short-circuit transconductance, given by i, where ic is the output

current when the output is shorted to ground. With the output shorted to ground,

there is no current gain across M5 , and isc = gmlVid, so Gm = gmi.

RO is the output impedance of the folded-cascode op-amp and is a parallel combi-

nation of the impedances looking into the drains of M5 and M7 (where /. = gm.ro,

in this and all subsequent equations):
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Figure 2-2: A two-port model of the fully-differential folded-cascode.

Ro = Ro,//Ro,dow = (#7ro9)//(#3(roj//ro3)) (2.1)

Therefore, the DC small signal gain of the system is:

avd =G MRo = gm, ((1 7 r 9)//(/35 (ro//ro3 ))) (2.2)

2.1.2 Frequency Response

Nodes of high resistance connected to a capacitive or inductive load have the most

significant impact on a system's frequency response. In the circuit of Figure 2-1, the

node with the largest impedance appears at the output and gives the dominant pole

P, of the system. At the output, we have the parallel combination of the output

resistance R,, and the load capacitance CL seen in Figure 2-2.

avd = mjR (2.3)
sROCL + 1

-, (2.4)
R oCL s((# 7ro9 )//( 35(roj//ro3)))CL

The lowest frequency non-dominant pole is due to parasitic capacitances (the sum

of the parasitics will be given by C,) at the sources of M5 and M 6 [81. Cp is large

(typically on the order of .lpF) because of the following reasons [8]:

. There are a large number of devices connected at the sources of M5 and M 6 .

29



" M1 and M 2 are sized to have a large ! ratio for high gm and low noise.

" M 3 and M4 are sized to have a large T ratio for a low VDS,SAT drop.

These parasitics create a non-dominant pole located at:

P2 = 3 -(2.5)
P2=-

where gm3 is the transconductance of M3.

Assuming that the two poles are real and widely separated (which is a valid

assumption because CL > O, and R, >> then at the unity gain frequency, the

gain of the op-amp can be approximated by a single pole roll-off:

avd = gmiRout 9m1 (2.6)
sROutCL + I sOL

This results in a unity gain frequency at wt g.

2.1.3 Alternative calculations

The results of Section 2.1.2 can also be derived algebraically, without the aid of

conceptual insight by analyzing the differential half circuit in Figure 2-3(a) and the

corresponding small signal model in Figure 2-3(b). If we assume that gmro >> 1 and

that the output impedance looking up into the drain of M7 is very large, then:

-gmiro3/
3 5

avd =9~O3 ( 2.7)1 + sro3/35CL + s 2ro3ro5CpCL

For this two pole transfer function, if we assume that the poles are real and widely

separated, the polynomial can be approximated as:

s s+ 1 2 8 S2
P(s) = (1 - )(1 - 1 - s(- + - - + (2.8)

Pi P2 P1 P2 P1P2 P1 P1P2

By matching coefficients, pi = - 1 and P2 =-3, which are the same resultsRL ep

as we found in Section 2.1.2.

30



v d M

IIN D

0 7

Vod

CL

M0 5

GN D L1

Cp

GND

(a)

M0 3

GND

Differential half circuit.

'9gm5V sl r 05 gm7 r0o7 rog CL

V s1

gm' 1 r .3 Cp

GND G ND

(b) Small signal model of the differential half circuit.

Figure 2-3: The op-amp half circuit and its small signal model equivalent.
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2.1.4 Noise [9, 4, 6]

Because the gain amplifier is near the front end of the readout electronics, we must

deal with noise fundamental to the circuit that is due to the discrete nature of charged

particles. This noise level can be reduced through proper circuit design. There are

three primary types of noise: (1) shot, (2) thermal, and (3) flicker. Since noise

is random by nature, it is often expressed in root mean squared (RMS) values to

indicate normalized noise power. We will begin by reviewing the three primary types

of noise, and see how they are manifested in the folded-cascode op-amp.

Shot Noise

Shot noise is present wherever there is direct current flow. Current, which appears

to be continuous and constant, is in reality composed of many discrete and random

events. Shot noise is caused by these events. An example of shot noise is a carrier

jumping the potential barrier between the p-type and n-type regions of a p-n junction.

If the current is composed of a series of discrete and random events, we denote the

average DC current by ID, the bandwidth of the circuit by Af, and the RMS current

noise as [4]:

i 2 =2qIDAf (2.9)

From this equation, we can see that the spectral density of shot noise, 7 , is

constant. Noise with a spectral density independent of frequency is also known as

white noise.

Thermal Noise

Thermal noise is due to the random thermal motion of electrons in any conductor.

Since electron thermal velocities are higher than electron drift velocities (the mecha-

nism by which current is produced), thermal noise is independent of current. As its

name indicates, thermal noise is proportional to temperature T (*K).
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Figure 2-4: Circuit Models for Thermal Noise

The voltage source and current source equivalent of thermal noise through a re-

sistor is shown in Figures 2-4(a) and 2-4(b), respectively.

V2 = 4kTRAf

-- 4kTAf
j2 =

R

(2.10)

(2.11)

The spectral density of thermal noise is also white.

Flicker Noise -

Flicker noise is found in all active devices and is always associated with a flow of

direct current. It is generally caused by traps in a material which capture and emit

carriers in a random fashion. Because MOSFETs conduct current right below the

gate where the gate oxide contains many traps, flicker noise in CMOS devices can be

very large. From empirical data, flicker noise can be modeled by:

-K 1 IaAf
2 = Kf

fb
(2.12)
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Where I is the DC current, K1 is a device-dependent constant, a is a constant from

0.5 to 2, and b is a constant with a value of approximately 1.

Flicker noise is also known as noise because the spectral density curve is ap-

proximated by the function 1

Noise Model for a MOSFET[9]

Now that we have identified all the intrinsic noise types in circuit components, we will

calculate the equivalent voltage noise for a MOSFET so that we can find the noise of

the folded-cascode op-amp.

Cgd

G D

C i

S2gs CmVgs r 0  2

S-g 

d

Figure 2-5: Small signal noise model for a MOSFET.

Figure 2-5 shows the small signal noise model for a MOSFET. In strong inversion,

the channel is resistive, so a MOSFET exhibits thermal noise. The effective channel

resistance for the thermal noise calculation is:

L 3gm
Rchannel = 2 LV -- (2.13)

pC.(VGS - VT) 2

In a MOSFET, shot noise is due to gate leakage current (in Equation 2.9, ID is

the gate current), which is typically negligible for non-high-frequency circuits (typi-

cally less than 10- 5 A[4, p.759]). Neglecting shot noise, the total current noise in a

MOSFET is given by the sum of its thermal and flicker noise:

2 KILAfi2=4kT2gmAf + (2.14)

An asymptotic approximation to the MOSFET noise spectral density is shown in
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Figure 2-6. fknee is the knee frequency up to which flicker noise is dominant, and

above which thermal noise is dominant. By comparing Equations 2.11 and 2.12, we

can solve for fknee:

_K 1 Ia R
fknee kT (2.15)

2kT

where R represents the channel resistance.

2
log -

flic ker noise

thermal noise

f log(frequency)
knee

Figure 2-6: Noise spectral density for a MOSFET.

The equivalent voltage noise for a MOSFET can be found by dividing the current

noise in Equation 2.14 by g .

-- is 8kT Ia _ 8kT KfAf
eq _-= Af + K D f (2.16)
V g2 3gm gf 3gm W LC2 f

The third equality arises from empirical data [9] that shows that K+- =

in both strong and weak inversion. In Equations 2.14 and 2.16, the first term is the

thermal noise component, and the second term is the flicker noise component.

2.1.5 Noise in the Folded-Cascode Op-Amp

The first step in calculating the noise of the folded-cascode topology is to sum the

noise currents at the output. Assume that the noise from M12 is canceled by circuit
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symmetry and input device matching. We also know that cascode transistors con-

tribute negligible noise because they are source degenerated and have a small effective

transconductance (see Section 2.3.1). By symmetry, the output noise current is:

i2 = 2 2,2 2 2 2 )2\(.7
, 

9 mV~li + 9m3Vn3 + 9m9ln9) (-7

Referring this back to the input gives an input referred noise of:

2 2
2 _ 2 gim3 2 gm292

vrL = 2(vn1 + 2-vn3 + - -v 9 ) (2.18)
9 m1 9mi

Where gm = 12pCO)I ID -

Thermal Noise

Plugging in the thermal noise of a MOSFET from Equation 2.16 into Equation 2.18

gives the thermal noise of the folded-cascode op-amp:

V2 16TW9
ITH (1-+ + -- ) (2.19)
A f 3 2,upC 0 -ID1 P

Flicker Noise

Likewise, plugging in the flicker noise component from 2.16 into Equation 2.18 gives

the flicker noise of the folded-cascode op-amp:

2Vj, 2K pp 4Kn 1 2K
F- W1 L1Cf 2 1 LC2xf - LiC2Xf (2.20)

Folded-cascode Noise Summary

All MOSFET widths, lengths, and currents are parameters that can be set to optimize

the circuit noise performance. Since our signals of interest span a frequency range

of 8kHz to 25kHz, we are most interested in the noise at 8kHz because at higher

frequencies, the effects of flicker noise are reduced. Minimizing thermal noise and

flicker noise are not exclusive goals. Both can be accomplished by sizing MOSFET
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parameters appropriately, but because thermal noise dominates here, we focus on

reducing it first. To minimize thermal noise, we desire:

" Large current through the input differential pair

" Large ! ratio for the input differential pair

" Small 1 ratio for current sources M3, M4 , Mg, and M10 .

2.2 Common Mode Feedback

One downside to using a fully differential topology is the need for a common mode

feedback (CMFB) circuit. This section will discuss why CMFB is needed and analyze

the particular topology chosen for use in our application.

2.2.1 Why is Common Mode Feedback Necessary?

(a) Common mode half circuit.

Ri

R 1+ P2

(b) Block diagram of the common mode half cir-
cuit.

Figure 2-7: half circuit model of the CMFB circuit.

Let us look at the common mode half circuit and corresponding block diagram

shown in Figures 2-7(a) and 2-7(b), respectively. Ideally, we want the common mode
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gain a,, to be zero so that our fully differential amplifier rejects all common mode

signals. Recall that the loop gain of a block diagram is the product of all the blocks

through the feed-forward path and around the feedback path. In this example, the

loop gain of the system is R acm. A small common mode gain causes the loop

gain of the common mode half circuit to be small so that the inputs of the op-amp

do not have much control over the common mode output. This allows the common

mode output voltage to swing uncontrolled and may decrease output swing and/or

cause transistors to operate outside of the desired operating regions. Common mode

feedback is necessary to keep the output common mode tightly controlled.

A more concrete way to see the need for CMFB is to take a look at Figure 2-1.

The current through the tail current source M12 needs to be equal to the sum of the

currents through Mi and M2 . This condition is met automatically by KCL. Since

the gain from the gates of M3 and M4 to the output is high (see Equation 2.24), we

can use the gates to adjust the currents through M3 and M4 in order to control the

common mode output voltage.

V
CM Detector Oc

o2

VCM

Figure 2-8: Block diagram of a typical CMFB network ([4], 818).

The typical CMFB network is shown in block diagram form in Figure 2-8. Con-

nected to the outputs of the op-amp is a common mode detector block that detects
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the CM output by averaging the output voltages. The difference between the detected

CM and the desired CM is amplified, and then fed back to the op-amp.

The figure of merit that we want to look at with the CMFB loop is its gain,

acmfb = VCMC This gain can be further broken up into a common mode control

component, acmc = V, which is calculated with a zero common mode input, and

a common mode sense component, acms = "a8, which is calculated with the CMFB

loop disconnected from the op-amp. As explained earlier, we would like a large gain

in the CMFB loop to keep the output tightly regulated.

2.2.2 Continuous-Time common mode Feedback

Switched CMFB topologies have the advantages of being area efficient and not need-

ing an additional amplifier. However, switched topologies also introduce switching

transients, and the noise levels associated with switching are often not compatible

with high performance applications. This project is designed with a continuous-time

application in mind, so a continuous-time CMFB is employed.

CMFB using a Resistive Divider for CM Detection

A popular approach for realizing a continuous-time CMFB circuit is shown in Fig-

ure 2-9 [4, p.824]. Here, resistors R, form the CM detector. The average of the

op-amp outputs appears at node Va. Source followers MD1 and MD4 are needed to

buffer the output of the op-amp so that the R, resistors do not load the op-amp out-

puts (remember the op-amp is designed to drive a capacitive load). Similarly, MCM

is used to level shift the desired common mode by the same amount that MD1 and

MD4 level shift the output voltages. The main disadvantage of this topology is that

it is difficult to stabilize because of the many nodes in the circuit. To achieve stabil-

ity, capacitors are often placed across the sensing resistors, which increases chip area.

Another problem is that the output swing of the op-amp is limited to levels that keep

the source followers operating in the active region. These problems led us to choose

another CMFB topology, described in the next section.
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Figure 2-9: CMFB using a resistive divider and amplifier.

CMFB using Two Differential Pairs for CM Detection

Another possible continuous-time CMFB circuit is shown in figure 2-10 [4, p.828].

Here, transistors MCM1 through MCM4 form two differential pairs that function as

the common mode detection network.

Figure 2-10 shows the CMFB amplifier. The folded-cascode op-amp is reproduced

in Figure 2-11 as a reference to show the connections between the CMFB and the

op-amp. The v, and vcm, nodes are tied together. The CMFB circuit consists of

two differential pairs. The CMFB loop includes the differential pairs in the CMFB

circuit as well as a portion of the main op-amp (the CMFB signal path goes through
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Figure 2-10: CMFB schematic.

transistors M 3 - M6 in the main op-amp). Ignoring MCM7 and its current source

for now, each differential pair senses how far the positive or negative output has

deviated from the desired common mode voltage and outputs a current proportional

to this difference. The small-signal analysis below shows that the current fed back

to the folded-cascode amplifier is a fraction of the difference between the average of

the outputs and the desired common mode voltage. Note that Id, corresponds to the

current through device M,.

IdCM2 -yncm2 baOP s VCM)

2 2

(2.21)

(2.22)

(The factor of 2 appears in the gmcm term because the effective transconductance
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Figure 2-11: Folded-cascode schematic.

of a differential pair is 9.

IdCM5 = IdCM2 + IdCM3 = -Ibias - 2MCM ~ CM) (2.23)

With devices MCM1 through MCM4 sized equally, gmcm2 = gmcm3 = 9mcm-

Analyzing the folded-cascode in Figure 2-11, the gain of the common mode-control

(from the gate of M3 to the output of the op-amp) is:

acmc= 9m3((/37ro9)//(05ro3)) (2.24)

Because this gain is derived from devices in the main op-amp, it remains the same

regardless of the chosen CMFB topology. This gain is large enough so that the com-

mon mode sense gain from the gate of MCM2 ,3 to the gate/drain of MCM (acm,)

can be made to be small, which affords a larger bandwidth design. Without MCM 7

included, acms = 2gmcm . In contrast, with MCM 7 included [6, p.289], acms becomes
9mcm5
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acms = 2gmcm(9mcm6+9mcm7) , which is approximately a factor of 2 in gain improvement.
gmcm5gmcm6

Therefore the addition of MCM7 will give better control of the common mode output

with little added complexity. In both equations, gmcm is defined as the transconduc-

tance of MCM1, MCM2, MCM3, or MCM4 (which are all designed to match by

equal biasing and sizing).

The disadvantage of CMFB with two differential pairs is that the output swing of

the op-amp is limited to the common mode differential input voltages that keep the

differential pairs of the CMFB in the active region of operation. Writing KVL from

the gate of MCM1 to the gate of MCM2, and defining the common mode input as

Vid = Vut_ - VCM, we can calculate how much the output swing is limited by the

CMFB circuit:

2 1
BIAS

IA| < W (2.25)

To minimize the limitation that the CMFB circuit has on the output swing, we

can increase the bias current of the CMFB circuit, or decrease the 1 ratio of MCM1

through MCM4. For our application, I,,, = 200pA, yt,O ~ 38"A, and 1L = , so

we expect the input common mode range of the CMFB circuit to be: IVidl < 1.19V.

Determining the Optimal common mode Voltage

The output swing of the op-amp is effected by both the op-amp output stage and

the CMFB input stage. Referring to Figure 2-1 for device names, one output reaches

its lowest limit (Vout,min) when transistors A13 and M 5 or M 4 and M6 exit saturation.

So Vout,min = 2 VDS,SAT = 500mV, where VDSSAT has been approximated as 250mV.

The upper limit of one output (Vout,max) is reached when the input transistors of

the CMFB exit saturation. MCM1 - 4 are operating in the active region when their

source-to-gate voltage VSG> Vtp- Plugging in VSG = VCC - VSD,SATO - Vout (where

VCC = 5V, VSD,SAT= 2 50mV, and V, = 0.95V) we find that Vout,max = 3.8V. To

maximize the output swing, the common mode voltage should be halfway between

Vout,max and Vout,min, or at 2.15V. Because we estimated VDS,SAT for this calculation,
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we can only expect for it to give us an approximate answer. In simulation, the actual

optimal common mode voltage was found to be 2.25V.

Since Vout,max = 3.8V, and from Equation 2.25, we know that ividl 5 1.19V, the

CMFB circuit forces Vn,max equal to Vout,max - 2 Vid,max = 1.06V. Therefore, the

actual predicted single-sided swing of the op-amp is Vout,max - Vin,max = 2.74V. The

plot in Figure 2-23 shows the actual achieved output single-sided swing, which is

±1.43V from the common mode. The total differential swing is t2.86V, which meets

our goal.

2.3 Gain-Enhancement through Active Cascoding

High open-loop gain is desirable in an op-amp because it affects the accuracy of the

closed-loop network. Since our signal is important at frequencies between 8kHz and

25kHz, we want high open-loop gain at those frequencies. While a single stage folded-

cascode amplifier is easily compensated (compensation is achieved by the output

capacitance) and can have less noise and lower power than a multi-stage alternative,

the DC open-loop gain is limited to ~50dB. Depending on the placement of the

dominant pole, the gain at 20kHz can be equal to or less than 50dB. A technique

called active cascoding can be used to increase the open-loop gain of the op-amp

without adding extra stages.

2.3.1 Regular Cascode

This section will begin by reminding the reader of the regular cascode topology, and

expand upon it by analyzing the active cascode and applying it to the folded-cascode

op-amp analyzed in Section 2.1.

Small-Signal Analysis of a Standard Cascode

A typical two-transistor cascode structure is shown in Figure 2-12. Assuming the

output resistance of the current source bis, is very large, the small-signal DC gain of

the cascode is:
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Figure 2-12: Cascode topology.

avd = -= gmiRout = gm19m2ro1ro2 = 13102 (2.26)
Vin

Note that cascoding increases the output impedance by the gmro of the cascoding

transistor.

Noise of a Standard Cascode

Noise of the cascode circuit shown in Figure 2-12 is dominated by M1 . M 2 contributes

negligible noise because the current noise from M2 is proportional to its effective

transconductance, GM2, and its effective transconductance is small. Figure 2-13 shows

the models that we use to find the effective transconductance of M 2. Intuitively, we

can look at M2 as being source degenerated by M1 . From analysis on the small-signal

model in Figure 2-13(b):

GM2 9m2
gm2 rol + 1

Therefore, the only important contributer of noise in the cascode circuit comes

from the noise of M1, modeled as a noise source on its gate.
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Figure 2-13: Source degeneration

2.3.2 Basic Active Cascode Architecture

Active Cascode using an Op-Amp

Without adding extra stages, the easiest way to increase the gain of a folded-cascode

amplifier is to add another level of cascoding. However, this cuts into an already

limited signal swing. To increase the op-amp gain without reducing output swing, we

can use the active cascode technique (also known as a regulated cascode) shown in

Figure 2-14(a).

The amplifier with an open-loop gain of A(s) is called a gain enhancement amplifier

and increases the gain of the cascode circuit by increasing its output impedance. The

gain enhancement amplifier sets the gate voltage of M2 such that the drain-to-source

voltage across M1 is held relatively constant despite changes in drain current, resulting

in a large output impedance. An analysis of the small signal model of the active

cascode circuit, shown in Figure 2-14(b), shows that the active cascode increases the

output impedance of the regular cascode by a factor of 1+A(s), where A(s) is defined

in Equation 2.29:

R = 32r01(1 + A(s)) = ,3r 1 s 1 +A )(2.28)
sTi + 1
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(a) Active cascode topology.
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(b) Small signal model of the active cas-
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Figure 2-14: Active cascode and its equivalent small signal model.

The open-loop gain of the gain enhancement amplifier A(s) is defined as:

A(s) A (2.29)
s-i + 1

In Equation 2.29, Ao is the open-loop DC gain of the active cascode amplifier,

and -L is the location of the dominant pole. The increased output impedance can be
I

used to calculate the gain of the circuit:

avd = - = -gm, (Rout// 1 ) Pt
Vin sCL

f 1 2 (Ao + 1)(s 7"' + 1)

1 + s2r 0oCL(Ao + 1) + 82 32rol1CLT1

The second equality in Equation 2.30 arises from plugging in the result from

Equation 2.28 and assuming that r1 << 32rolCL(Ao + 1).

The transfer function for the active cascode circuit in Equation 2.30 shows that

there is a zero at z = A+1, which is also the unity gain frequency of amplifier

A. Using the approximations from Equation 2.8, we have a dominant pole at pi =

1 - and a second pole at P2 = -A 0+1 Notice that zero z, and pole P2 appear
,32r 0 CL A0 4
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to cancel. However, remember this is only true if the approximation that we made

earlier holds: r << 0 2rlCL(A,+ 1). T1 is typically given by R',UtCL where R't is the

output resistance of the gain enhancement amplifier and CL' is its load capacitance.

Experimentation shows that sufficient cancellation is achieved for CL' = CL = 10pF.

An added benefit of a load capacitance placed at the output of the gain enhancement

amplifier is that this capacitor also serves to compensate the active cascode feedback

loop.

The active cascode technique is limited by the bandwidth of the gain enhancement

amplifier. This limitation reduces the usefulness of the technique for high-frequency

applications. Fortunately, at our 8kHz to 25kHz frequency of interest, the active

cascode technique does provide more gain boost than a standard cascode. At DC,

the active cascode provides a much more substantial gain boost.

Single Transistor Gain Enhancement

L,, bicsl

out

bias2

MM3

Mn I
in

Figure 2-15: Single transistor active cascoding.

The gain enhancement amplifier can be as simple as just a single transistor, as
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illustrated in Figure 2-15. Although this configuration is more simple than a multi-

transistor gain enhancement amplifier, its major limitation is that it significantly

reduces signal swing. The reason is because M 3 forces the drain-to-source voltage

across M, to be much larger (by one threshold voltage drop) than the minimum

necessary to keep it in saturation. More specifically, VDS1 = VGS3 VDS,SAT + Vn,

when M3 is used as shown in Figure 2-15. In contrast, the minimum VDS to keep M,

saturated is VDS,SAT-

Noise Contribution of the Active Cascode

From the active cascode circuit in Figure 2-14(a), we see that the output noise of the

gain enhancement amplifier feeds into the gate of cascode transistor M2. However,

cascode transistors contribute negligible noise to the overall circuit because of their

small effective transconductances. (Refer to Section 2.3.1 for this calculation.) As a

result, the gain enhancement amplifier of the active cascode also contributes minimal

noise to the overall circuit.

2.3.3 Implementation of the Active Cascode Technique

As shown in the previous section, active cascoding can be used to increase the gain

of an overall system by a factor equal to the open-loop gain of the added amplifier.

(The added amplifier is also known as a gain enhancement amplifier). Figure 2-16

gives an example of a fully differential folded-cascode circuit to which this technique

is applied. Amplifiers are needed on both the NMOS and PMOS cascodes so that

effort of increasing the gain of one side is not wasted by the lower impedance of the

non-gain boosting side.

One disadvantage of active cascoding is that it requires four additional amplifiers.

This adds complexity as well as increases power and area usage. Two fully differential

gain enhancement amplifiers are proposed in [10] to replace the four single ended gain

enhancement amplifiers. Shown in Figure 2-17, this method takes advantage of the

unity gain feedback configuration of the gain enhancement amplifiers in the active
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Figure 2-16: Four single-ended amplifiers used for Active cascoding in a fully-
differential folded-cascode.

cascodes to achieve common mode feedback of the gain enhancement amplifier with

a single transistor. The unity gain feedback configuration allows us to set the output

common mode level simply by setting the input common mode level. Figure 2-

18 shows schematics for amplifiers A1 and A2. In each amplifier, transistor MCM

accomplishes the common mode feedback by setting the input common mode level.

This implementation of a fully differential gain enhancement amplifier is not much

more complex than its single ended counterpart, and also represents a savings in

power and area.

The A1 amplifier has a PMOS input stage (as shown in Figure 2-18(a)) to maxi-

mize the output swing of the folded-cascode. For high output swing, we choose VDS3,4

to be a little larger than VDS,SAT. Therefore, A1 must operate with a low common

mode input range. From Figure 2-17, the voltage from ground to the output of Al

is VDS3,4 + VDS5,6 + Vn. In order to keep VDS3,4 around VDS,SAT, the gate-to-drain

voltage of the PMOS input transistors of A1 is VDS5,6 + V and these input transistors

operate in saturation only when Vti > VDS5,6 +V. A similar argument can be made
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Figure 2-17: Two fully-differential amplifiers used for active cascoding in a fully-
differential folded-cascode.

for why A2 has an NMOS input stage.

2.4 Folded-Cascode Op-Amp Simulation Results

Important simulation results are summarized in table 2.4. All results are given fully

differentially, except for .results marked with an asterisk (*), which are for a single-

ended readout. See Appendix A for output plots and the setup used to perform each

simulation.
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I Requirement Achieved

Gain at 8kHz 75dB
Gain at 25kHz 65dB
Phase margin > 45* 700
Unity gain frequency 31.5MHz 42MHz
Output swing 5Vpp 5.72Vpp
Noise 3 5 nV 19%

P H+z >HBz z

PSRR+* > 60dB at 25kHz 117dB at 25kHz
PSRR-* > 60dB at 25kHz 103dB at 25kHz
CMRR* > 60dB at 25kHz 107dB at 25kHz
CMFB Phase margin 70*

Table 2.1: Op-amp simulation results. Results are given fully differentially except for
those marked with an asterisk (*), which are given as a single-ended readout.
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2.4.1 AC Simulations

Open-Loop Response

l 1- s0.

I -gcT 4.42R

7 --- ---

loc

.. . .. ..

I.
Ny

Figure 2-19: Bode plot of the op-amp in an open-loop configuration. The unity gain

frequency is labeled on the plot.
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Input Referred Noise

Figure 2-20: Output and input referred noise of the op-amp.
labeled on the plot.

The noise at 8kHz is
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common mode Rejection Ratio

The common mode rejection ratio (CMRR) is a useful figure of merit for fully differ-

ential amplifiers because it gives the ratio between the differential gain and common

mode gain of the amplifier. A large CMRR is desired so that common mode signals

are suppressed.

N

Figure 2-21: The upper plot shows the common mode gain of the op-amp. The lower

plot shows the common mode rejection ratio.

56

RZ__ a

--30 - -

7

V

t

MQ 25.213n

_7
100k IM AON



Power-Supply Rejection Ratio

The power supply rejection ratio (PSRR) is another useful figure of merit for am-

plifiers. It gives the ratio between the differential gain and gain from the power

supply. A large PSRR is desired so that any noise coupled from the power supply is

suppressed.

/ V.

---- - ---

(a) PSRR+.

.1 /

/

7
/

/

(b) PSRR-.

Figure 2-22: Upper plots show the power supply gain. Lower plots show the power

supply rejection ratio.
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2.4.2 Output Swing

Refer to Section 2.2.2 for an explanation on what limits the output swing of the

op-amp.

Figure 2-23: Output swing of the op-amp. The upper plot shows the output voltage
as the input voltage is swept, and the lower plot shows the derivative of one of the
outputs.
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2.4.3 CMFB Loop

Section 2.2.2 covered a small-signal analysis on the the CMFB loop. Figures 2-24(a)

and 2-24(b) compare the open-loop gain of the CMFB loop with and without MCM 7 .

The simulation results confirm the calculations in Section 2.2.2 that shows the open-

loop gain of the circuit with MCM 7 to be twice that of the circuit without MCM 7 .

(a) With transistor MCM7.

b r.

- -- - -- -- -- -

(b) Without transistor MCM 7 .

Figure 2-24: Bode plot of the open-loop configuration of the op-amp CMFB network
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Chapter 3

Capacitive Feedback

In Sections 1.2.1 and 1.2.2 we discussed why we are choosing to use a capacitive

feedback topology to close the loop around the gain amplifier. Recall that on-chip

resistors perform poorly over temperature. In contrast, on-chip capacitors offer better

ratio tracking, and superior voltage and temperature coefficients. This chapter will

discuss the issues with capacitive feedback, and will introduce the topology that was

chosen to deal with the problems.

It is important to note that all figures in this chapter display single ended op-

amps to simplify the discussion. In implementation, the op-amps will be the fully

differential gain amplifier analyzed in Chapter 2.

3.1 The Basic Capacitive Feedback Gain Topology

C

Figure 3-1: Capacitors as elements in a feedback path to provide gain.
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As discussed in Section 1.2.1, one reason for choosing capacitors over resistors as

passive feedback elements in an amplifier is that capacitors can be expected to match

each other more closely. Figure 3-1 shows an inverting amplifier with capacitors,

instead of resistors, used to provide gain. The transfer function of this amplifier is

given by Equation 3.1.

Vot Ci(31-- = --- (3.1)

3.2 Adding a Feedback Resistor

The immediate problem with the configuration shown in Figure 3-1 is that capacitors

have infinite impedance at DC, so no DC feedback voltage will be present at the

inverting terminal of the op-amp. DC leakage currents (such as those coupled via the

substrate) that enter the inverting node will have no alternative but to flow through

the feedback capacitor. When sufficient charge is developed across the feedback ca-

pacitor, the output will saturate - rendering the amplifier inoperative.

One solution is to place a high valued resistor across the feedback capacitor. This

is often seen in a charge amplifier and is shown in Figure 3-2. The transfer function

of this amplifier is given by Equation 3.2. Resistor Rf provides a DC path (than the

feedback capacitor) for current to flow to the output and, therefore, prevents output

saturation.

yin -~- out

Fp

Figure 3-2: Using a feedback resistor to provide DC stabilization of the op-amp.

62



Vo _ sCiRf (3.2)
Vi n sCfRf +1

When sCfRf >> 1, the transfer function of the circuit approximates that of the

circuit in Figure 3-1. For lower frequency input signals, in particular at the 8kHz-

25kHz frequency band of interest (the resonant frequency of the proof mass flexures),

the feedback resistance Rf needs to be very large (in the MQ to GQ range) in order for

the two circuits in Figures 3-1 and 3-2 to have substantially equal transfer functions.

In the configuration in Figure 3-2, a higher R1 actually decreases its overall noise

contribution. Voltage noise increases as the v1R, but the low pass filter formed by the

parallel combination of Rf and Cf causes noise to decrease as R. We can set Rf to

be large enough so that the filter pole moves to a frequency well below our frequency

range of interest so that the noise at that frequency band is attenuated by the filter.

Of course, the Rf value must be appropriately sized for the expected DC leakage of

the particular design so that a respectable dynamic range is preserved.

The major problem of the large feedback resistor solution to DC leakage is the

difficulty of integrating it onto a chip. In a modern day CMOS manufacturing process,

the resistor would require a silicon area that is orders of magnitude larger than the

circuit itself. As a result, the resistor must be external to the IC, but it still exacts a

small cost to board area.

3.3 Using an OTA as a DC Stabilizer

A continuous time, fully-integratable on-chip solution is shown as a simplified schematic

in Figure 3-3. An operational transconductance amplifier (OTA) senses the voltage

difference at its input terminals and outputs a current proportional to this differ-

ence. The OTA provides DC stabilization by sensing a rise or fall in the voltage at

the output and sourcing or sinking, respectively, current from the summing node to

compensate for the changing output.

This design has several drawbacks. First, the bias current of the OTA is dependent

on the maximum leakage current, which is often not known beforehand. Second, this
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V.in
>+ - out

Figure 3-3: Using an OTA for DC stabilization.

topology can be very noisy because of the active element in the feedback path. Finally,

such a complex feedback loop may be difficult to stabilize.

The next chapter will address each of these drawbacks as the design of a DC

stabilizer is discussed.
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Chapter 4

DC Stabilization Network

Section 3.2 discussed why a DC stabilizer is needed when capacitive feedback around

an op-amp is used. Since capacitors have infinite impedance at DC, a DC bias must

be provided for the summing node of the op-amp, or else any leakage current onto

that node will saturate the amplifier. Typically, a very high valued resistor is used

to stabilize the feedback capacitor, but that takes up more board area. Further-

more, bringing out nodes to connect the external resistor makes the amplifier gain

sensitive to package pin parasitics. Instead, based upon an earlier design at Draper

Laboratory[5], we propose the DC stabilizer shown in Figure 4-1. In addition to

the operational transconductance amplifier (OTA) discussed in Section 3.3, a noise

shunting capacitor and a high impedance path formed by two parallel transistors are

added.

Table 4.1 gives a short description of each component found in Figure 4-1 and a

typical value(s). Each component and how its value was chosen will be discussed in

this chapter.

Note that references to leakage current in this chapter refer to the leakage current

onto the input nodes of the op-amp.
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Figure 4-1: Simplified schematic of the op-amp and DC stabilizer loop.

4.1 Review of Second Order Systems [3, Sec 2.6]

The design of the DC stabilizer is tackled from a control theory perspective. To

help the reader best understand the rest of this chapter, this section provides a quick

review of second order systems.

A second order closed-loop transfer function can be written as:

Vt (s) _ _ __

V"(s) s2 + 2(wns +
(4.1)

Here, C is the damping ratio of the system and Wn is the undamped natural frequency.
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C, Input capacitor 2-2OpF
C2 Feedback capacitor 2pF
Gm OTA Transconductance 25nQ-1
RI OTA output impedance 1OGQ
CS OTA Load capacitance 5pF
Rd High impedance path 500MQ-500GQ
Cd Shaping capacitance across d .3pF

Table 4.1: Typical values of components in Figure 4-1.

When the damping ratio ( is zero, w,, is the frequency of oscillation of the system.

Values for ( fall into three categories:

1. Underdamped, 0 < C < 1 - The closed-loop poles are complex conjugate and lie

in the left-half of the s-plane and the transient response oscillates. The system

will oscillate indefinitely for C equal to zero.

2. Critically damped, ( = 1 - The closed-loop poles are nearly equal. The transient

response does not oscillate.

3. Overdamped, ( > 1 - The closed-loop poles are unequal and located on the

negative real axis. The transient response does not oscillate.

With respect to the DC stabilizer, the most relevant of these three cases is the

underdamped case. An underdamped system will exhibit peaking in the frequency

response. Peaking in the system can be viewed as a decrease in stability because

it corresponds to the system poles being closer to the right-half plane. This is best

illustrated by the complex conjugate pole pair seen in Figure 4-2. 9 = cos-1 ( is

defined as the angle that the poles make with the imaginary axis. The larger (

is, the farther away the poles are from the imaginary axis and the more stable the

system. The magnitude of the peaking, M,, is related to the damping ratio through

Equation 4.2.

1
M= (4.2)

2(9/1 -
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jw= Im(~)
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C = ps)

Figure 4-2:

p.4 3 ].
Complex conjugate poles in the s-plane. System is underdamped.

For maximum stability, and minimal peaking, we want to increase (, or equiva-

lently, we want to move the poles away from the imaginary axis.

4.2 DC Stabilizer Loop Analysis

4.2.1 Closed-Loop Transfer Function and AC Response

The frequency response of the op-amp was calculated in Section 2.1.2. The open-loop

gain of the op-amp is:

a(s) = -9m1ro35

1 + s!35ro3CL + s 2 ro3ro5CpCL
(4.3)

From Figure 4-1, we define the feedback factor f(s) to be the gain from the output
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node of the op-amp to the input node with the op-amp disconnected.

V0 ,(s) s2 N2 +sN 1 +No
f(S) = Vim(S) s2D 2 + sD 1 + Do (4.4)

Where:

N2 = RdRo(C2Cd + C2C.,); (4.5)

N1 = RdC2 + RoC2 + RdRoCdGm (4.6)

No = GmRo (4.7)

D2= RdRo((C1 + C2)(Cd + Cs) + CaCd) (4.8)

D1 = Ro(C 1 + C2) + RdCd + RoCs + Rd(Cl + C2) (4.9)

Do = 1 (4.10)

Vin CS)Vout

Figure 4-3: Op-amp block diagram.

Figure 4-3 shows the block diagram that can be used to model the closed-loop

formed by one side of the op-amp. a(s) is the open-loop gain of the op-amp given by

Equation 4.3, and f(s) is the feedback factor given by Equation 4.4.

The closed-loop gain of the op-amp is:

Vt(s) a(s)
Vi.(s) 1 + a(s)f (s) (.1

When a(s)f(s) >> 1, vou'(s) can be approximated as or one over the feedback

factor. By looking at the bode plot of the loop gain a(s)f(s), we can conclude that

this approximation is valid for frequencies up until 1MHz. This approximation also
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allows us to approximate the poles of the closed-loop gain as the zeroes of the feedback

factor.

We can use Equations 4.4 through 4.10 to calculate the closed-loop pole locations:

N1 1 N2 No
p~ =L t -2 _- 4 (4.12)P 2N2 2 (N1 N2

By matching the coefficients between the denominators of Equations 4.1 and 4.4,

the damping factor ( is:

1 N 
(4.13)

2 VN0 N2

After we make the approximations that N ~ RdRoCdGm and C, >> Cd (rea-

sonable approximations to make, given the values in Table 4.1), the approximate

closed loop pole locations and damping factor are given by Equations 4.14 and 4.15,

respectively.

GmCd 1 - (GmCd )2  4Gm (4.14)
2CC2 2 CsC2 RdC2C(

1 /RdGmCdC2(d=S)(4.15)
2 C2(Cd + Cs )

Equations 4.14 and 4.15 will be referred to often in the sections to follow as we

analyze how choices in component values affect the stability of the loop.

4.3 Component Description

4.3.1 Back-to-Back Diodes

The high-impedance path represented by resistor Rd is comprised of two parallel

transistors with their gate and drain terminals connected. A schematic is shown in

Figure 4-4(b). When a transistor has its gate and drain terminals tied together,

it is often referred to as being diode connected. Therefore, the topology shown in
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(a) Symbol (b) Schematic.

Figure 4-4: Back-to-back diodes

Figure 4-4(b) is called a back-to-back diode block.

The transistors are connected in opposite directions to allow for current flow in

either direction. This block has extremely high impedance if the current through

it is very small. Figure 4-5 shows the impedance of the back-to-back diodes as a

function of leakage current. Sample impedances at various leakage values are given

in Table 4.2.

-106 -

10 . . . . . . .sop

ileak (Amps)

Figure 4-5: Impedance of the back-to-back diodes as a function of leakage current.

Figure 4-5 shows that the impedance of the diodes is an exponential function.

This is because transistors Mdl and Md2 operate in the linear region of weak inversion
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Ileak RO
1pA 150GQ
2pA 28.3GQ
3pA 14GQ
4pA 9.33GQ
5pA 6.5GQ
1OpA 3GQ
15pA 2GQ
20pA 1.25GQ
30pA 850MQ
50pA 550MQ
100pA 250MQ

Table 4.2: Impedances of the back-to-back diodes for various values of leakage current.

(weak inversion is when VGS < VT and the linear region of operation is when VDS <

100mV). The effective impedance of a transistor with its gate and drain connected is

equal to -, where g, is the transconductance of the transistor. In weak inversion,

g_ - fff, where Id, is the drain to source current of the transistor, "is the thermal

voltage % 26mV, and n is the transistor slope factor ~ 1.5-1.6.

The drain-to-source current of transistors in weak inversion is an exponential

function of the gate-to-source voltage (or more indirectly, the surface potential of the

channel):

qVgs -qV
8 .

Ids = Ienk (1 - e kT ) (4.16)

Where 10 is the specific current of the transistor.

Therefore, the impedance of one diode connected transistor is inversely related

to the drain-to-source current given in Equation 4.16. This gives the back-to-back

diodes the exponential impedance response seen in Figure 4-5.

The purpose of capacitor Cd, placed across the back-to-back diodes, will be ex-

plained in Section 4.3.4.
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4.3.2 Noise Shunting Capacitor

One of the main problems with using an OTA for DC stabilization is that its band-

width may not be low enough, which means it can feed signals at the frequency band

of interest from the output of the op-amp back to the input. The excess bandwidth

leads to poor noise performance. Therefore, we desire for the DC stabilizer to have a

low enough bandwidth so that it will only respond to DC level changes at the output

of the op-amp.

Mathematically, the ratio G can be sized to help determine the bandwidth of
C.S

the feedback loop. This is discussed in Section 4.3.3. What follows below is more of

an qualitative explanation for the function of C,.

Capacitor C, provides a low impedance path to shunt the undesired high frequency

feedback signals to ground. C, presents an impedance of 1 to the signal, where

f is the signal frequency. The value of C, is chosen to ensure that the impedance of

the shunting capacitor is much lower than the impedance of the back-to-back diodes

for signal frequencies between 8kHz and 25kHz (the resonant frequency range of the

proof masses).

In order to guarantee that the impedance of << Rd, we want to make C, as

large as possible, e.g. the largest capacitor able to be manufactured on-chip. However,

as shown in Figure 4-6, increasing C. also destabilizes the system, as evidenced by

the increasing peaking by the closed-loop response.

The lower bound on the value of C, can be found by knowing the expected leakage

current into the summing node. From experimentation, the maximum expected leak-

age is 20pA. From Table 4.2, the minimum impedance of the back-to-back diodes for

20pA of current is 1.25GQ. Therefore, the minimum C, is chosen to be 5pF so that

its impedance from 8kHz to 25kHz is much less than 1.25GQ. For signal frequencies

at 8kHz and 25kHz, C, has an impedance of 3.98MQ and 1.27MQ, respectively.
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Bode Diagram C
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Figure 4-6: Bode plot of the system closed-loop response with varying C,.

4.3.3 Operational Transconductance Amplifier (OTA)

An OTA is a transconductance amplifier; it outputs a current proportional to the

voltage difference at its inputs. Two important figures of merit for an OTA are its

linear range VL and its transconductance GM. The linear range is defined as the

range of differential input voltage that produces an approximately linear output cur-

rent. The transconductance is the slope of the output current to the input voltage.

Typically, the value cited is for zero differential input. However, often the transcon-

ductance changes with the differential input (the slope of the voltage-to-current curve

is not necessarily constant). Given an input voltage, the transconductance allows us

to calculate the output current: Iout = GmVin.

Transconductance

From Equation 4.14, the closed-loop pole locations are proportional to the ratio of

transconductance and output capacitance: -. The closed-loop pole locations areCS
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calculated in Section 4.2.1.

Figure 4-6 shows how the low frequency breakpoint of the OTA changes as a func-

tion of varying the %'- ratio (In this plot, Gm is fixed at 20nQ-, while C, changes).

Notice the peaking that occurs at low frequency (more detail on the peaking is found

in Section 4.3.4). The system will behave properly only when the signal frequency

range is contained within the flatband of the closed-loop AC response curve. A max-

imum G ratio of approximately 4000 will ensure that the low frequency peaking
C.

occurs at frequencies below 1kHz.

The freedom in choosing Gm will be limited by the value of the shunting capacitor

C,. Section 4.3.2 explains why we chose the minimum value of C, to be 5pF. Given a

minimum C, of 5pF, and a maximum % ratio of 4000, the minimum Gm is 20nQ- 1 .

Linear Range

The relationship between linear range and transconductance is given by VL =G

where bis, is current for when the output of the OTA saturates. The value for Ibia,

should be chosen such that it is greater than the maximum expected leakage current.

This will guarantee that the OTA will operate in its linear range for all possible

leakage currents and the DC stabilizer loop will be able to respond properly. The

maximum measured leakage current on the summing node is 20pA. However, Draper

Laboratory expects that the leakage could be as high as 20nA, so Ibis, has been set

at at least 20nA.

The input to the OTA in the DC stabilizer is connected directly to the output

of the op-amp. Even though the output of the op-amp may swing up to 2Vpp (on

either side), the limited bandwidth of the DC stabilizer loop allows it to only respond

to the smaller changes in the DC value of the output. This means that the OTA

does not have to have a wide linear range. However, a smaller linear range for a

given 'bia, means that the transconductance G, must be larger. Subsequently, the

shunting capacitor C, must also be increased to maintain a low loop bandwidth. A

wide linear range OTA is typically more difficult to design, but a smaller linear range

OTA requires a larger chip area for C,. Therefore, a tradeoff exists when choosing
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the proper Gm and VL.

OTA100MB

Draper Laboratory has previously designed and tested a low-gm OTA called the

OTA100MB. The advantage of the OTA100MB over some standard OTAs is its high

linearity and provision for temperature compensation. A circuit level discussion is

beyond the scope of this thesis, but a brief summary of its characteristics is presented

in this section.

i .200) -220.3500

v2,..p -65.699.

Figure 4-7: DC
OTA100MB.

500j
50.1

-50.

30.

0 -

.7

7<

v 0 5

sweep showing the linear range and transconductance of the

From Figure 4-7, we see that the transconductance Gm of the OTA100MB is

24.8855nQ- 1 and the linear range VL is ±2.184V. The saturation current level Ijas

is set at 54.349nA. By setting the transconductance to be 24.8855nQ-1, we are able

to use the minimum possible value for shunt capacitance, C, =5pF, to minimize chip

area.
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Figure 4-8: Monte carlo simulation with a temperature sweep showing OTA offset.

The one disadvantage of the OTA100MB is its high offset levels. The offset is

defined as the differential input voltage that produces zero output current. Offset of

the OTA100MB is illustrated in Figure 4-8. This offset is typical low-gm transcon-

ductance amplifiers. To achieve the low-gm, transistors of the OTA are driven into

sub-threshold where voltage offset becomes more sensitive to device mismatches. The

output of the Monte Carlo simulation in Figure 4-8 shows that there is approximately

a t50mV offset in the OTA. In the DC stabilizer, the negative terminal of the OTA

is connected to MID. Therefore, the OTA offset appears as voltage source on the pos-

itive terminal of the OTA. However, the positive terminal of the OTA is connected

directly to the output of the op-amp. This OTA offset causes the output voltage of

the amplifier to be offset by 2.5±.05V.

Fortunately, the offset of the OTA does not present an issue because the output

of the amplifier is AC coupled to the following stage.
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4.3.4 Diode Capacitance

In order to understand why Cd was added to the system, consider first the DC stabi-

lizer without Cd. The OTA senses a rise or fall in output voltage due to the charging

of capacitor C2 and outputs a current proportional to the difference between the out-

put voltage and desired common-mode level. High frequency components are shunted

to ground by C, so that very little signal noise is fed back to the input.

The plots in Figure 4-9 show the pole-zero locations of the closed-loop system

without Cd for various values of Rd (representing various values of leakage current).

The closed-loop response has been approximated as 1 so that we can look most

closely at the poles and zeroes due to the DC stabilizer. Figure 4-10 shows the

corresponding frequency responses (no approximations have been made on the closed-

loop response here).

The low frequency peaking seen in Figure 4-10 is caused by the complex conjugate

poles of the second order response of the closed-loop system. Section 4.1 explained

how the damping ratio ( affected the peaking in the system and the stability of the

system. Cd increases the stability of the system by increasing the damping ratio (

The plots in Figure 4-11 show the pole-zero locations of the closed-loop system

with Cd included for various values of Rd (representing various values of leakage

current). Again, the closed-loop response has been approximated as 1. Figure 4-12

shows the corresponding frequency responses (no approximations have been made on

the closed-loop response here).

With the addition of Cd, the low frequency peaking has been reduced. The root-

locus plots support the lower peaking by showing that for high levels of leakage

current, the complex conjugate poles move farther away from the imaginary axis. For

lower levels of leakage, the addition of Cd causes the poles to move to the real axis

and eliminates peaking entirely.

A less intuitive, but equally reasonable way of seeing the affect of Cd is to analyze

the damping ratio C mathematically. From Equation 4.15, we see that ( is approxi-

mately proportional to V Ca. So by increasing Cd, we increase the damping ratio (,
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Figure 4-9: Root locus plots of the system closed-loop response with varying leakage
current. Plots created with Cd = OpF.

which decreases peaking.

Clearly, increasing Cd improves the stability of the closed-loop system. However,

Cd cannot be increased without limit because of the penalty in noise performance.

The impedance presented by Cd should be large enough that within the 8kHz to 25kHz

frequency band of interest, signal noise still prefers to travel through C,. A value of

.5pF for Cd is a good compromise between reducing the low frequency peaking and

not letting too much signal noise through to the input of the op-amp.

4.4 Summary

The values of the final design of the system are summarized in Table 4.1 at the

beginning of the chapter.
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Bode Diagram -- Rd=500e6
50 F Rd=500e7-
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Figure 4-10: Bode plot of the system closed-loop response with varying leakage cur-
rent. Plot created with Cd = OpF.

In Section 3.3, three drawbacks of using an OTA as a DC Stabilizer were men-

tioned. These drawbacks, as well as the methods proposed here to deal with them

are summarized below.

1. Bias current of the OTA is dependent on the maximum leakage, which is not

often known beforehand. Draper Laboratory has tested its chips and has been

able to accurately predict maximum levels of leakage current.

2. The OTA in the feedback path degrades noise performance. The addition of

capacitor C, allows the system to shunt noise at the signal frequencies to ground.

3. OTA feedback loop can be difficult to stabilize and achieve good frequency per-

formance. The low frequency peaking caused by the complex conjugate poles in

the second order system of the DC stabilizer can be minimized by the addition

of capacitor C across the back-to-back diodes.
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Figure 4-11: Pole-zero plots of the system closed-loop response with varying leakage

current. Plots created with Cd = 0.5pF.
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Bode Diagram - Rd=500e6
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Figure 4-12: Bode plot of the system closed-loop response with varying leakage cur-
rent. Plot created with Cd = 0.5pF.
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Chapter

Gain Amplifier System Simulation

Results

Important simulation results are summarized in Table 5. See Appendix A for output

plots and the setup used to perform each simulation.

_ Requirement I Achieved

Total Harmonic Distor- -60dB for 4Vpp output -100dB
tion (THD) swing at 25kHz
Input referred noise < 35 30 nv
Gain Stability < 0.1% from -55'C to < 0.025% from -55*C to

105 0C 105 0C
Static phase shift < 1* < 1*
Dynamic phase shift < 0.50 < 0.50
Loop gain phase margin 450 890

Table 5.1: System simulation results.

5.1 AC Simulations

5.1.1 Gain and Magnitude

Figure 5-1 shows the AC closed-loop response of the AC gain amplifier for a leakage

current range of OpA to 100pA. To see why we needed to add the capacitance across
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the back-to-back diodes, compare the low frequency peaking in Figure 5-1 to that in

Figure 5-2 and notice the increased peaking when the capacitance is removed.

30

20- -- ---
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,Ogould) 20.0002 V-h- - -

-20
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-40
2 0 1 -..-- -- -...-- -.-. -
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-10 - -
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-20 -

,dbiout2d) 13.9196 -
-

-30--
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!731 0C1 7.9462n FREQUENCY (Hz)

Figure 5- 1: Bode plot of the closed-loop system with Cd included.
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Figure 5-2: Bode plot of the closed-loop system with Cd removed. Notice the increased
peaking.
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5.1.2 Noise

Recall from Section 2.4 that the input referred noise of the op-amp was 19-'. FromV7IZ

figure 5-3, we can see that the addition of the DC stabilizer contributes only 23 ,

increasing the total input amplifier noise by only 11 .v There are two ways to

decrease the noise contribution of the DC stabilizer. First, we could increase the shunt

capacitance, Cs, so that more noise at the frequency range of interest is shunted to

ground and less is fed back to the input. Second, we could decrease the capacitance

across the back-to-back diodes, Cd (recall from Section 4.3.4 that this capacitance acts

to feed-through signal back to the input). However, both of these solutions would

also increase the low frequency peaking of the system. The values of Cd and C, were

chosen to maximize system stability while maintaining the noise level of the system

to be under the maximum value of 35 'v

ioo O.........Th V

- ~ 0-

FREUOet-K Y 7.94857. R n Cr (Hr)

Figure 5-3: Output and input referred noise of the system.
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5.1.3 Phase Shift and Gain Stability

The system gain stability and dynamic phase shift are both functions of temperature.

From -55'C to 105'C, the gain should not vary more then 0.1% and the phase should

not vary more then 0.5'. Gain stability and phase shift are described in more detail

in Section 1.2.3.

20.0005- - - - -

,dbl(,td)

20 -

19.9995

pootd) 

179 
5

[0M 
10k 09k 20k 25k

FREQUENCY _ __) -

Figure 5-4: Upper plot demonstrates gain stability, and the lower plot shows the

dynamic phase shift of the system.

Figure 5-4 is a plot of the gain and phase of the system. We have zoomed into the

frequency range of interest, from 8kHz to 25kHz. The temperature has been swept

from -55'C to 105'C in increments of 10*C and each line represents the gain/phase

at a particular temperature. The upper plot shows that the gain varies between

19.9998dB and 20.0006dB. This is equivalent to a maximum of .004% of variation in

gain. The lower plot shows that the phase at each frequency stays within 0.50 over

temperature.
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5.1.4 Static Phase Shift

The system's static phase shift as leakage current is varied is shown in Figure 5-5.

Even with varying leakage current, the phase varies less than 1' for signals in the

frequency band from 8kHz to 25kHz.

I

vp (outd) -180.340

910 0 20k M5 20k 2Sk 30k

RE8UENCY 24.9441k FREQUENCY (8-

Figure 5-5: Static phase shift.
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5.1.5 Loop Gain

Figure 5-6 verifies the stability of the system; there is sufficient loop gain phase

margin.

d
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Figure 5-6: Loop gain.
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5.2 Transient Simulations

5.2.1 Total Harmonic Distortion

Total Harmonic Distortion (THD) is mathematically defined as the square root of the

sum of the squares of the second through ninth normalized harmonic expressed as a

percent [1, p. 4 6 7]:

19
THD = 1 R100 (5.1)

Intuitively, THD is a measure of the linearity of the system. It tells us what

undesired harmonics are appearing at the system output. In our case, the output

should be a scaled version of the input so THD gives a way to measure how distorted

or undistorted the output may be. The lower the THD, the more linear the system

is and the closer the output appears to the scaled input.

Figure 5-7 shows a sample output plot of the system. It was produced using the

simulation setup found in Figure A-12. A 1OOmVpp sine wave at 25kHz is applied to

each input. We see that each output is a 2Vpp sine wave at 25kHz.

Table 5.2.1 gives THD values for various values of leakage current injected onto

the summing nodes of the op-amp. The job of the DC stabilizer is to correct for

these leakage currents to ensure that the op-amp does not saturate. We observe that

the THD increases with leakage current. Even at levels of leakage well beyond the

measured maximum of 20pA, the system still exhibits excellent linearity. OUTD is

the differential output node of the amplifier, INM is the negative input terminal of

the op-amp, and INP is the positive input terminal of the op-amp.
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TIOU (Seond.)

Figure 5-7: Results of a transient simulation.

Leakage THD at output (pin OUTD)
OpA -95dB
10pA on INM -98dB
10pA on INP -97dB
10pA on INM and INP -111dB
20pA on INM -100dB
20pA on INP -100dB
20pA on INM and INP -93dB
50pA on INM -98dB
50pA on INP -85dB
50pA on INM and INP -85dB
100pA on INM -101dB
100pA on INP -79dB
100pA on INM and INP -77dB
InA on INM -66dB
1nA on INP -78dB
1nA on INM and INP -66dB

Table 5.2: THD for various amounts of leakage current.
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Chapter 6

Conclusion

Thermal insensitivity is critical for maintaining high precision performance in Draper

Laboratory's High Performance Gyroscope. Recent studies at Draper Laboratory

have shown that on-chip resistor ratios (which are conventionally used to set gains)

offer inadequate tracking over temperature, making it difficult to achieve precision

gain. Moreover, their high voltage coefficients lead to harmonic distortion.

In this thesis, a fully-differential amplifier with capacitive feedback is proposed.

The superior ratio tracking and temperature and voltage coefficients of capacitors

make them a more desirable device to use in the feedback path of an op-amp. However,

using capacitors in the feedback path also requires additional circuitry to set the DC

operating point of the op-amp input nodes so that the op-amp does not saturate.

The amplifier was designed for a low noise application. It uses the regulated cas-

code technique to provide increased gain without adding additional noise or cutting

into the output swing. A continuous time common mode feedback network is imple-

mented. The DC stabilizer was optimized for performance over the 8kHZ to 25kHz

signal frequency range of Draper's gyroscope. Methods are discussed to decrease the

noise contribution of the stabilizer and to increase its stability.

6.1 Future Recommendations

There are several areas of this thesis which can be pursued further.
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" Op-Amp - Currently, the output signal swing just barely exceeds the 2.5Vpp on

each output requirement. It is limited in part by the output stage of the op-amp,

and in part by the input stage of the common mode feedback (CMFB) network.

A class-AB output stage would allow the use of the resistive divider CMFB

network without the level shifting source follower transistors. Furthermore, it

would allow the output to be centered halfway between the rails. This method

could be explored to increase the output swing.

" Operational Transconductance Amplifier (OTA) offset - The low g, require-

ment of the OTA typically causes a substantial amount of offset to be present.

Fortunately, offset is not very important in the gain amplifier because it is AC

coupled to the following stage. However, if the DC stabilizer were to be used

as a more general purpose device, a low offset OTA would be highly desirable.

" Using the DC stabilizer as a CMFB loop - Currently, the DC stabilizer and

CMFB seem to serve similar purposes - namely to regulate the DC operating

point of the output. The difference is one CMFB loop regulates both outputs

at once while two separate DC stabilizers act on the outputs individually. It

would be interesting to explore if the functionality of these separate loops could

be combined.
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Appendix A

Circuit Configurations

A.1 Final schematics

44 B2 1DC

VB 43 48

PISET 'r

VV 1 

VEE

j 21 V148G 
1 j

M62 3 V B2 G

~-~282M 14 4

1425

M827 82

VB 43

VEE

Figure A-1: Schematic for the biasing circuit.
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Figure A-2: Schematic for the fully-differential folded cascode op-amp.
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Figure A-3: Schematic for the PMOS input stage gain enhancement op-amp.
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Figure A-4: Schematic for the NMOS input stage gain enhancement op-amp.
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Figure A-5: Schematic for the DC stabilizer block.
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A.1.1 Summary of Device Sizes

device W (um) L (um)
MB 1  300 3.6
MB 2  300 3.6
MB 3  300 3.6
MB 4  300 3.6
MB5  200 1.8
MB6  200 1.8
MB7  200 1.8
MB8 200 1.8
MB21 50 0.6
MB22 50 0.6
MB23  50 0.6
MB24 50 0.6
MB25  36 0.6
MB26  36 0.6
MB2 7 36 0.6
MB28  36 0.6

Table A. 1: Devices sizes for the biasing networks

100



device W (um) L (um)
M, 750 0.9
M2 750 0.9
M3 400 1.8
M4 400 1.8
M5  30 0.6
M6  30 0.6
M7 7 0.6
M8  7 0.6
Mg 300 3.6
Mio 300 3.6

Table A.2: Devices sizes for the folded.cascode op-amp

device W (um) L (um)
MCM1  52 7
MCM2  52 7
MCM3  52 7
MCM4 52 7
MCM 200 1.8
MCM 200 1.8
MCM7  200 1.8
MCM10  300 3.6
MCM 300 3.6
MCM14 300 3.6

Table A.3: Devices sizes for the CMFB circuit

device W (um) L (um)
MN1  18 0.6
MN 2  18 0.6
MP 50 0.6
MP2  50 0.6
MP3  10 0.6
MP4  10 0.6
MN 3  36 0.6
MN4  36 0.6
MCM 25 2.4

Table A.4: Devices sizes for the NMOS input gain enhancement op-amp
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device W (um) L (um)
MP 50 0.6
MP2  50 0.6
MN 36 0.6
MN 2  36 0.6
MN 3  9 0.6
MN4  9 0.6
MP3  16 0.6
MP4  16 0.6
MCM 16 1.2

Table A.5: Devices sizes for the PMOS input gain enhancement op-amp
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A.2 Circuit Configurations for Simulations

A.2.1 Folded Cascode Op-Amp

Open-Loop AC Simulation .

In the real world, you cannot use the method in figure A-6 to measure the open-loop

response of the op-amp. However, the method works very well in simulation. For

frequencies less than I, the capacitor is an open and the inductor is a short,

so we have the op-amp configured in a unity gain configuration. This allows the

simulation to be able to converge to a DC operating point. At frequencies greater

than 2 the capacitor is a short and the inductor is open and the op-amp is
2 7r v/L-

running open-loop. The capacitor and inductor values are chosen to be very large

such that 1 is very small so that we can primarily look at the open-loop response
2 7r vfLU-

of the op-amp.

BE, D E P L T

FARAM
PA R-A WD-10 'P-3 6 L2P-3 6 P-30 WN-20 L'.N-1 8 LZN-:.B W N-2C

BIAE PEINT 6

_MERDATLR :r-

INELIDE -L I L h 5 F I - E E A vEL I 4D

, Tl I I T V
V E

Figure A-6: Schematic file used to perform an open-loop AC simulation on the op-

amp.
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Common-Mode Rejection
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Figure A-7:
ratio.

Schematic file used to simulate the op-amp's common-mode rejection
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Power-Supply Rejection
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Figure A-8: Schematic used to simulate the op-amp's power-supply rejection ratio.
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Figure A-9: Schematic file used to simulate the op-amp's output swing.
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CMFB Open-Loop AC Simulation
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Figure A-10: Schematic file used to simulate the op-amp's CMFB loop
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A.2.2 Gain Amplifier System

Convergence

It was often difficult to get spice to converge for the simulations performed on this

circuit. Specifically, the simulator has trouble calculating the operating point for the

input and output nodes of the op-amp. This is especially troublesome when current

is injected into the input nodes, which causes the voltage on those nodes to rise.

In order to achieve convergence, an initial condition file was created with the setup

shown in figure A-11. The power supply is stepped from OV to 5V, and the system DC

operating points are saved after nodes have been allowed to settle. This simulation

was performed for different values of leakage current and saved as .ic files to be loaded

into subsequent simulations.

INELUDE
.TV 

11EN D 5 T F L - C F L E .D 5 A - T 10 M .T E E -A t T M - 0 0 1sV E P D (M.
PARAM
. A A P-10 L P - 3 6 L FP 3 6 MP-z W N-1 C L I Ne L N- I P 4 N 7 20 12U

0~~* 5

INELUDE
SPTI UN S N E T H0'D- GE AB D E L 0A X-4 0NS -5E

BIAS PINT

TEMFERATURE
01 ST AB G T A 1 0 0

INILUDE - ~ T.~D-

2P 0P

E E -

PI V C U [

VEC
2IP W

-- 15M EM T

20P VE: FF

D C51 AE.0 T A I a ME

Figure A-11: Schematic file used to capture the operating points of the system at
startup.
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Total Harmonic Distortion
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Figure A-12: Schematic file used to simulate the system's Total Harmonic Distortion
(THD)
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A.2.3 AC Response

The configuration shown in Figure A-13 was used to acquire the system's closed loop

magnitude and phase, noise, and static phase shift for various values of leakage current

injected into one of the summing nodes.
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INELUDE
. N C -C M\ V E P D\W CR KV E W\A PI C 55 PI C E\A I C 5 5 P.N
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-PI H C C E -9 E- A A UAW A h EIa L IA - IN
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INLUDE
L A -b - F I . D_ E C.. b. P I_

ND1 E

I Lt ii

iC ? I C ?8 L 2N- 8 N-20
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'MP

I CA A?

C ?E I I

Figure A-13: Schematic file used to simulate the system's AC response.

A similar setup was used to simulate the system's dynamic phase shift and gain

stability. Instead of sweeping leakage current, we swept temperature from -55'C to

105 0C.
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