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ABSTRACT

ADVANCED READOUT AND CONTROL ELECTRONICS

FOR MEMS GYROSCOPES

Temi z, Y¢ ksel
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof . Dr. Tayfun A

September 2007, 76 pages

This thesis reports the developmentaohumber ofadvanced readout and control
electronics forvarious MEMS gyroscopes developed BIETU. These gyroscope
electronicsare separated into three main groups: higmsitive interface circuits,
drive-mode ampltude-controlled sekloscillation feedback loops, amsensemode
phasesensitive amplitude demodulators The proposed circuits are first
implemented with commerciatliscrete components for initialests, andthen
integrated on CMOS chips that dadricatd in a standard 035 CMOS process.

A very compactcircuit including a selfoscillation loop with manual amplitude
control mechanismand sensemode signal processinglectronicsis designed for
performance tests of silicamnglass (SOG) and silicoron-insulator (SOI)
gyroscopes This circuit employsa different andsuperior methodor sustaining
driveemode vibrations exactly at the mechanical resonance frequency of the
gyroscope. The ghase error introduced by tlércuit is measured to be lower than
0.0 Angular rate systems tested withis circuit demonstratéias instability and

angle random walk values low asl00Uht and2 U / Ardspectively.



An improved version of the setfscillation loop enabling constant amplitude
drive-mode vibrationsindependent of sensor parameters and ambient condisons
developed for SOG gyroscopes. A fuflynctional angular rate system, which is
constructed $ employing this advanced control electronicggdther with the
transresistancamplifier type interface and sensenode electronics, is implemented

on adedicated®CB having 5.4x2.4 cfarea whichis very small for such a complex

system. This system demonstrates an impressive performance far better than the best
performance achievetty any angular rate syem developed at METU. Bias
instability and angle random walk valuase measured &4 . 3 U/ hr and 0.
respectively. The scale factor of thesystemis found as2 2. 2 mV/ ( &/ sec)
nonlinearity of 0.01%anda zerorate output of 0.1J/ sienc 85 9€ec measur er
range In addition the differential version of the control loop is developed for
generaing exactly antiphase driving signalsustainingconstant amplitude and
balanced vibrationsn duatmass dissolvewvafer process (DWP) gyscopes It is

verified thatthe amplitude contromechanism automatically adjusts the levethe

sinusoidal differentiatiriving signals in respons® variations in system parameters

for keeping the oscillation amplitude stable.

CMOS unity-gain buffer(UGB) and transimpedance amplifier (TIA) type resistive
and capacitiventerfacesare characterized through AC, transient, and noise tésts.

is observed that eahip biasing mechanisms properly &xas the higimpedance
nodes to O Vpotential UGB type capacitive interfaces demonstrate superior
performance than TIA counterparts due to stability problems associated with TIA
interfaces. CMOS differential drivemode control and senseode demodulation
electronics give promising results for theture peformance tests of the DWP

gyroscopes that are still under development.

Keywords: MEMS Gyroscope, Gyroscopéectronics, Interface CircyiOscillation
Amplitude Control, Amplitude DemodulationMicroelectromechanical Systems
(MEMS).
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CHAPTER 1

INTRODUCTION

The 20th century has witnessed numerous innovations bringing an exceptionally
modernized life far beyond the marvelous imagination of mankind. Among all these
outstanding inventions, it was just a tiny device, the transistor, which initiated the
everlasth g gr owt h cuttingedgedetraglo@ysand opened the doors of
information and communication era. The evolutionary development in transistors
soon engendered the integrated circuit (IC) technology, replacing the obsolete bulky
systems with fingernksized electronic circuits including millions of transistors
through miniaturization techniques. Over the past few decades, not only have these
techniques provided small, lewost, efficient, and complex electronic systems, but
they have also enabled tfabrication of micrescale mechanical systems. Based on
the highlydeveloped silicon processing, the micromachining technology has made
possible the integration of micromechanics with microelectronics, giving birth to
advanced systems entitled as Midtectro-Mechanical Systems (MEMS). After
years of dedicated research on this remarkable technology, today, MEMS devices are
used in vast diversity of fields, involving military, industrial, and consumer

applications.

Among many MEMS transducers allowingwlecost, lowpower, and compact
solutions for expensive and bulky systems, inertial sensors have become one of the
most popular devices introduced by the MEMS technology. These sensors aim to
monitor the exact position and orientation of a moving objedrdmking linear and
angular motions. Presently, MEMS inertial transducers are being developed to meet
the ever increasing demand in many navigation and stabilization applications,

including airplane and submarine navigation, spacecraft and satelliteéolcont



platform stabilization, and guidedissile control, as an alternative for conventional
mechanical and optical counterparts. Moreover, this technology has also introduced
novel applications of micromachined inertial sengafsincluding automotiveafety
systems[2-4], handheld camera stabilization, personal navigation, handheld game
consoles, and virtual reality systems, where reducing the overall size, cost, and
weight of the devices is essential.

Inertial MEMS transducers are categorized into tagn branchessaaccelerometers

that senselinear acceleratio and gyroscopes that sensegular velocity.
Micromachined accelerometers used in automotive applications are already in mass
production with a very competitive sales volume in the mafkkt Furthermore,
MEMS accelerometers resolving accelerations in the nrgcn@ange, which is
required for navigation applications, are reported in the liter§@urd. On the other

hand, due to more complex mechanical and electrical structures of micraethchi
gyroscopes, performance of those are still far from the performance values
demonstrated by conventional ring laser and f{filggtic gyroscopes currently

employed in the advanced navigation systems.

The performance of a gyroscope is determined accotdirrgnumber of important
parameters, including minimum detectable angular rate, or equivalently resolution,
bias drift, zererate output (ZRO), scale factor, fidtale range, maximum tolerable
g-shock, and bandwidth. In the absence of an angular rate the output signal of

the gyroscope is composed of an offset (ZRO) and a random signal that is the sum of
white noise and a slowly varying function. The white noise, which is contributed by
both the mechanicahermal noise of the gyroscope structund ¢he electrical noise
generated by the readout and control electronics, determines the resolution of the
overall angular rate system. The resolution per square root of bandwidth is usually
expressed in (deg/se@&hz. Moreover, angle random walk (dagh) also defines the
resolution as the angular error buildup with time as a result of white noise. The
slowly varying function at the system output due to a number of random sources
causes short or lorgrm bias drift, which is typically expressed in deg/ Then,

scale factor is the change in output voltage per unit change in applied angular rate

and is expressed in V/(deg/sec). Fadhle range is defined as the maximum input



rate that the gyroscope can provide a meaningful output. Moreover, shock
suwivability of micromachined gyroscopes makes them unique solutions for harsh
environment applications. Hence, maximum tolerabs&hack is another important
parameter that should be considered while determining the performance grade of the
gyroscope. Fially, bandwidth information provides the maximum frequency of the
applied angular rate that the gyroscope can response. Based on these parameters,
Table 1.1 summarizes the performance requirements for three different classes of

gyroscopes: ratgrade, tacticagrade, and inertiagrade[1].

Table 1.1: Performance requirements for three different classggroscope$l].

Parameter Rate-Grade Tactical-Grade | Inertial -Grade
Angle Random Walkdedéahr) >0.5 0.50.05 <0.001
Bias Drift (deg/hr) 10-1000 0.1-10 <0.01
Scale Factor Accuracy (%) 0.1-1 0.01:0.1 < 0.001
Full Scale RangeX/ s e ¢ ) 50-1000 > 500 > 400
Max. Shock in 1msec (G) 10° 10°-10* 10°
Bandwidth (Hz) >70 ~100 ~100

With the outstanding progress in the micromachined gyroscope technology over the
past few years, it is now possible to employ micromachined gyroscopes in almost all
applicationsrequiring rategr ade per f or mance. Mor eover,
MEMS gyroscopes demonstrate tactigehde performances owing to their dedicated
mechanical designs, optimized fabrication technologies.-sggisitivity electronics,

it is expected that

and highquality packagings. In the following vyears,

batchfabricated micromachined gyroscopes will replace the bulky optical

gyroscopes currently used in tactigmhde applications. However, achieving
though deage for

micromachined gyroscopes unless new technologies and approaches are introduced.

inertiakgrade performance is still a siliconbased

I n order to enhance the performance of t

dedicated readout and control electronics are required, as theydbennant effect

on the overall performance of the system. Control electronics enable a stable



gyroscope operation, whereas readout electronics convert extremely small
displacements in response to applied angular rates to meaningful electrical signals.
This thesis proposes advanced electronic circuits designed for boosting the
performance of MEMS gyroscopes developed at METU. It is verified that improved
angular rate systems developed through this research demonstrate-gaatieal

performance levels.

The organization of this chapter is as follows; Seclidingives a brief introduction

to micromachined vibratory gyroscopes by explaining their basic operation
principles.  Section1.2 summarizes the micromachined vibratory gyroscope
structures reported in the literature. Then, Secfidhprovides an overview of
readout and control electronics designed for vibratory MEMS gyroscopes.
Sectionl.4 introduces the gyroscope electronics developed at METU. Finally,
Sectionl.5presents the research objectives and the thesis organization.

1.1. Micromachined Vibratory Gyroscopes

Micromachined vibratory gyroscope operation is based on a fictitious force called
Coriolis force, named after Gaspaedistave de Coriolis, a French scientist,
discovered the apparent deflection of an object from its straight patle abject is
observed from a rotating frame of reference. Although the detailed analysis of
Coriolis force is beyond the scope of this study, the most explicit example regarding
this effect can be illustrated joucaulb s pendul um, whmndaldm i s a
that LeonFoucault a French physicist, utilized to demonstrate the daily rotation of

the Earth in midl9" century. Figurel1.1 shows the behaor of F 0 u ¢ apenduluéins

in response to Earthés rotation. Il nit i
oscillations along the-gxis. If the Earth is assumed to be stationary, the pendulum
continues its linear vibration along the first oscillatimode. On the other hand, as

the Earth is rotating about theaxis, some of the vibration energy is transferred to

the second mode along theaxis due to induced Coriolis force, causing the
pendulum to track an elliptical path from the view of an obseovethe rotation

frame.
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Figure 1.1: Behavior of Fouc apéndwsl um i n respons €het
pendulum tracks a linear path when the Earth is assumed to be stationaPath(bj the
pendulum is observed to be elliptical

Vibratory MEMS gyroscopes work according to the same principle concerning
F o u ¢ apenduluins except the swinging pendulum is replaced with a vibrating
mass attachetb rotating frame bysprings. Figure 1.2 shows a moving mass with

two degreesf-freedom (2DOF), demonstrating the Coriolisased micromachined
vibratory gyroscope operation. In this simple gyroscope example, the inertial mass is
contiruously oscillated along the drive axis. If the gyroscope is rotated about its
sensitive axis, which is orthogonal to the drive axis, some portion of the oscillation
energy is transferred to the output axis due to Coriolis effect, where the output axis is
orthogonal to both the drive axis and the sensitive axis. Since the amplitude of the
Coriolis-induced oscillation is proportional to the applied angular rate, it is possible
to extract the angular rate information by sensing the deflection along the outpu
axis, which is at the frequency of sustained oscillation. In practical MEMS
gyroscopes, the Coriolimduced deflection in response to an angular rate is much
smaller than the drive oscillations, even comparable to the atomic distances, making

the desig of readouklectronics a challenging task.



Figure 1.2: A moving mass with two degreed-freedom (2DOF), demonstrating thi
Coriolis based micromachined vibratory gyroscope operation.

The actuation mechanism wused for generating sustained vibrations in
microgyroscopes may be electrostatic, electromagnetic, or piezoelectric. Moreover,
in order to sense the Coriciisduced oscillations, capacitive, piezoresistive, or
piezoelectric detection mechanisnase commonly used. The micromachined
vibratory gyroscopes developed at METU employ electrostatic actuation mechanism
in the drivemode and capacitive sensing in the semsele owing to superior

performance provided by these mechanifshs

1.2. Overview of Micromachined Vibratory Gyroscopes

Many types of silicorbased micromachined vibratory gyroscopes have been
demonstrated in the []i tinel®H tThe GharlesiStadke | af
Draper Laboratory introduced one of the first baudbricated silion micromachined

vibratory gyroscopes, having a double gimbal strucf@fe The gyroscope has a

rotation rate resolution of 4 deg/sec in 1 Hz measurement bandwidth. Due to



problems associated with gimbaled vibratory gyroscopes, later in 1993, Draper
reported an improved micromachined tunifagk vibratory rate gyroscope having

0.19 deg/sec resolution in 1 Hz bandwidth when operated at vda@intigurel.3

shows the SEM i ma g-englass tunidgok mppgasadpe. This | i c on
gyroscope is electrostatically vibrated by using a set of interdigitated -dawe

fingers enabling vibration amplitudes up to@®. The Coriolisinduced oscillations

in response to applied angular rates are capacitively sensed in theneelese

Figue13: SEM i mage of -@uglasptaningosk visratdryigyrasaopglO].

Another type of micromachined gyroscope having a symmetrical ring structure is
first introduced by the University of Michigdal]. The ring gyroscope allows the
easy matching of the drive and sense modes as well as the electrostatic control of
mass imbalnces due fabrication tolerances. The improved versions of-singial

silicon ring gyroscope demonstratsolutions up to 10 deg/hr [12].

Moreover, there has been extensive research on monolithic gyroscopes enabling the
integration of CMOS circuits ith mechanical elements on the same die, minimizing

the effect of interconnection parasitics. Carnegie Mellon University developed
micromachined gyroscopes fabricated with CMMEMS process. This technique
involves postprocessing of CMOS substrates @ning both the mechanical sensor

and the supplementary electronjd8, 14]. However, the fabricated devices suffer



from the curling after the releasing process due to the residual stress of the layers
deposited in standard CMOS process. These devee®rmbtrate a resolution of
0.5deg/sec in 1 Hz bandwidth. Another monolithic angular rate system is reported

by University of Berkeley. The proposed system employs a sunfig@emachined

dualaxis gyroscope composed of2rthick polysilicon rotor dis15]. Figurel.4

showsthep hot ogr aph of Ber faslggosdope famrzated Wwitht hi c
Anal og Devices®6 sur f aThessymnetric gymossapdhasianng p |
operation principle based on the rotational resonance of the rotor disk, demonstrating

an angle randomwalk as lowasd@® g/ a hr .

Figure 1.4: Phot ogr aph o fmorolhhe duglaxis kyeoscepe dabricated wit
Anal og Devicesdé surf §lJe mi cromachining

Analog Devices has also developed surface micromachined monolithic gyroscopes
using their statef-theart IMEMS process[16]. Figure 1.5 shows the die
photograph of the IMEMS ADXRS gyroscope, composed of a tufarlg
mechanical element and -chip signal processing electronics. Although structural
thickness of the gyroscope is small compared to those of devices fabricated in bulk

micromachining technologies, the sensor gives an impressive noise equivalent rate of



180 deg/hr in 1 Hz bandwidth owing to its highality orrchip readout electronics.
Moreover, duamass tuningork structure together with differential readout
electronics gives a -gensitivity of 0.2 deg/sec/g. This device is currently in
batchfabrication to meet the increasing demand for MEMS gyroscopes in
automotive, consumer, and irgltial applications.

Figure 1.5: Die photograph of the IMEMS ADXRS gyroscope, composed of tufdrg
mechanical element and-chip signal processing electronds].

In addition to monolithicsolutions, gyroscope performances can also be increased by
operating the gyroscope with matched sense and drive resonant modes. However,
this requires closetbop rate sensing electronics in the semsale due to bandwidth
concerns. Mode matching alsoquéres more complicated control electronics since
the risk of instable operation increases in this mode. Recently, Georgia Institute of
Technology reported a matchatbde tuningfork gyroscope demonstrating an angle
random walk of 0.045 dedifir, and a bias instability of 0.96 deg/[if7]. Figure1.6

shows the SEM picture of matchetbde zaxis tuning fork gyroscope fabricated on
50-Om thick SOI substrate.



Figure 1.6: SEM picture of matchethode zaxis tuning fork gyroscope fabricated ¢
50-Om thick SOI substratg 7].

There has been extensive research on micromachined vibratory gyroatsipes
METU since 1998. Various types of gyroscope structures have been developed
using dissolved wafer process (DWP, 18], nickel electroforming §, 19, 20],
silicononrinsulator (SOI) [21, 22], and silicoronglass (SOG) [8, 23]

micromachiningechnologies.

The first prototype of gyroscope fabricated in DWP micromachining process is a
symmetrical and decoupled gyroscope employing vargwveylaparea type comb
fingers both in the sense and drive modes in order to keep the structure completely
symmetric [8]. Thus, the pogirocess electrostatic tuning for matchadde
operation is not applicable to this gyroscope because of the absence of-gafying
type capacitive combingers in the sensmode. Figurel.7 shows the SEM picture

of the DWP gyroscope prototype and the clopeview of the comb fingers. The
thickness of the structure is ¥m while the measured gap spacing is Orb.
Although the gyroscope is operated in the mismatdde at the ambient pressure, it

gives ategrade performance values.
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Figure 1.7: SEM picture of the DWP gyroscope prototype and the alpseiew of the
comb fingers [8].

The improved version of the symmetrical and decoupled gyroscope prototype is then
fabricated by using nickel electroforming process [8]. In this process, aafjigtt

ratio photoresist is used as the mold material and nickel is electrofomsidd the

thick photoresist.  The gyroscope fabricated with this micromachining process
employs varyingpverlaparea comb electrodes in the drive mode and vaigam

type electrodes in the seas®de, enabling electrostatic tuning of the semsele
resamance frequency for mode matchingrigure 1.8 shows the closep SEM
photographs of the varyirgverlaparea drive fingers and the varyiggp type sense

fingers.

Then, an advanced symmetrical and decoupled gyroscope prototype is dévajop
using silicononglass micromachining process [8]. Figure 1.9 shows the
crosssection of the silicoin-glass (SOG) structure. The SOG procstssts with

the siliconglass anodic bonding. After patterning the Cr/Au pad metallization, the
100Om-thick highly-doped singlecrystal silicon substrate is anisotropically etched

by using deep reactive ion etching (DRIE) until reaching to the glasstratéy
Finally, the structure is released by isotropically etching the glass substrate. Thus, a
suspended silicon structure anchored to the glass substrate thraugindhor

regions is obtained.

11



Figure 1.8: SEM photographs of (a) the varyhogerlaparea drive fingers and (b) tr
varying-gap type sense fingers [8].

Gold Pads
Suspended
Slicon
Anchor Region Anchor Region
Gass Substrate

Figure 1.9: Crosssection of the silicoron-glass (SOG) structure.
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Figurel.10illustrates the SEM picture of the fabricated SOG gyroscope showing the
drive and sense electrodes, flexures, perforated suspended fradhaschars. This
gyroscope structure uses the advantage of Jangeitude linear drivenode
vibrations, highsensitivity sense electrodes with electrostatic frequency tuning
capability, and highhsupressed mechanical crosstalk between the modes, owing to

its single and rigid senstame.

étationéw
sense electrode
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Figure 1.10: SEM picture of the fabricated SOG gyroscope showing the drive and
electrodes, flexures, perforated suspended frames, and anchors [8].

Besides singlanass gyroscopes, multiass gyroscopes providing very low
sensitivities against linear accelerations are also developed. The first prototype of

the dualmass gyroscope is fabricated using a commerciatNBEMS process of
MEMSCAF" Inc. The process involgedoublesided DRIE of an SOI wafer with

250m epitaxial thickness andigue@DshOwms subst
the SEM picture ofhe SOI duaimass gyroscopédesigned at METU and fabricated

at MEMSCAPE Inc.
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Figure 1.11: SEM picture ofthe SOI dualmass gyroscopealesigned at METU an
fabricated at MEMSCAP Inc [22].

In this dualmass gyroscope, a novel rispaped coupling mechanism is used in
order to synchronize the movement of individual proof masses. When the gyroscope
is driven into osclation, these two masses oscillate in the opposite directions. Thus,
each mass gives -jphase response to the commmade accelerations and
differential response to the angular rates. As the sewsle output is read
differentially, signals generated mesponse to undesired linear accelerations are

suppressed while the rate information is doubled.

Another dualmass gyroscope is currentiynder developmenin dissolved wafer
process (DWP) for tacticagrade applications. The aim of this projectadabricate
waferlevel vacuurpackaged gyroscopes with very narrow finger gaps for achieving
higher sensitivities. Figure 1.12 shows the crossectionof the vacuurpackaged
DWP structure. In this process, silicon substrate having higlugped surface
region with approximately 18m thick is patterned through DRIE. Then, the silicon
wafer is bonded to the glass substrate having gold metallizatidn éfter that, the
undoped silicon is dissolved in the ethylenediamine pyrocathecol (EDP) solution,
until reaching the highkgdoped structural silicon layer, leaving the sensor on the
glass substrate. Finally, an anisotropically etched silicon camnsled to the

structure, providing a constant vacuum ambient.
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Figure 1.12: Crosssection of the vacuwpackaged DWP structure.

1.3. Overview of Readout and Control Electronics for Vibratory

MEMS Gyroscopes

Never can micromachined inertial sensors be complete systems without
supplementary electronics. In these systems, readout and control electronics provide
a stable gyroscope operation and generate analog or digital signals proportional to
the applied angal rate. In general, these electronics can be divided into three main
parts: 1) Interface electronics that convert tfisplacementnduced capacitive
variations in the mechanical element to the electrical signals,d&ye-mode
electronics sustaining d$efriggered and constant amplitude vibrations in the
driveemode, and 3)sensemode electronics that process the senseée interface
output and give an angular rate related baseband signal by usingoopear
closedloop rate sensingnechanisms Moreove, additional electronic circuits are

also employed in more complex angular rate systems for adaptively cancelling out
the quadrature error introduced by fabrication tolerances, generating the necessary
voltages to operate the gyroscope in the matchede and compensating the

sensitivity variations due to temperature changes.
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First of all, highperformance capacitiveased MEMS gyroscopes require lowise

and parasitidnsensitive interface circuits for resolving capacitive changes in the
order of zettefarads. Among various types of capacitive sensor interfaces reported
in the literature[24], the most popular ones are-laredge with voltage amplifier
[25-27], transimpedance amplifier (TIA) [16, -3®], switchedcapacitor circuit

[31, 32], and unitygain buffer[11, 33].

Figure 1.13 shows the simplified block diagram of the chopptbilized aebridge
preamplifier[27]. In this fultbridge configuation, differential sensor capacitances

are driven by amnfphase clock signals, and the capacitance change is detected
through voltage division. The output of the fotidge structure is then amplified by

a voltage amplifier having DC offset cancellatimechanism. Finally, the amplifier
output at the frequency of applied clock signal is converted to a baseband signal by a
synchronous demodulator. The main disadvantage of this interface is that it is
sensitive to input parasitics, limiting the minimuratectable capacitance change.
Thus, this type of capacitive interface is usually employed in monolithic sensors,

where the parasitics introduced by interconnections are significantly minimized.

Vrelp Vreln
(i1 oD sensor offset cancellation
Vinp demodulator buffers
Dy,

CL

o] f> = p

- i
) &b b TC: Aoff

Vv
7 .

1 :;Fl> %;> cpf /_1‘5_ >-Ta Voutp
B e

DC offset cancellation

Figure 1.13: Simplified block diagram of the choppstabilized aéridge preamplifief27].

Another popular type of capacitive interface is transresistance amplifier that converts

the charge pumped by the sensor to the voltage on the impedance of a resistor or

16



camcitor feedbaciconnected to the OPAMP. In singdaded transimpedance
amplifiers, the highmpedance node of the capacitive sensor isbdixSed through
noninverting terminal of the OPAMP. On the other hand, comimme feedback
(CMFB) mechanism togethewith feedback resistors biases the differential
high-impedance nodes of the sensor in fdliferential interfaces. Figure 1.14
shows the iccuit schematicof h e A n al ofgly-differgntiattrarsimpedance
amplifier designed for higisensitive capacitande-voltage conversiofil6]. In this

circuit, the switcing-type controlleeimpedance FET biasing structure provides an

effective biasing resistance of Z¥ by switching a |l ong MO

duty-cycle clock. An impressing minimum detectable capacitance change of 12 zF
(1 zF=10%) is reported with thisrchitecture. Although transimpedance amplifiers

provide superior performance owing to their inherent insensitivity to parasitics,
dominant poles in the feedback configuration may lead to potential stability

problems.
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Figure 1.14: Circuit schematic ot he An al o fylly-dffereritial teansémpedance
amplifier designed for higisensitive capacitande-voltage conversiofiL6].

Furthermore, in switchedapacitor type interfaces, current pumped by the oppositely
charged sensor capacitances is integrated on the feedback capacitor, which is reset

after each integration cycle. Figure 1.15 shows the schematic view of a
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fully-differential switchedcapacitor frontend circuit for capacitive sensing
applications[32]. This circuit is composed of a fulljifferential charge integrator
with correlated doublsampling mechanism to reduce the offset and noise.
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Figure 1.15: Schematic view of dully -differential switchedcapacitor frontend circuit for
capacitive sensing applicatiof&2].

The unitygain buffer (UGB) is another type of interface that is commonly used in
micromachined capacitive gyroscopdd, 33] UGB circuits provide high SNR
values owing to their low input capacitances as the current generated by the sensor is
converted to voltagen the inputimpedanceof the buffer. Moreover, these circuits

use the advantage of bootstrapping method for minimizing the parasitic capacitances
associated with wirebonding pads. However, biasing theimgldance node of the
gyroscope may be probletic as the biasing resistances in the order of gigaohms are

required for higksensitive interfaces.

Besides interface electronics, drm@de oscillation amplitude control and
sensemode signal processing circuits have dominant effect on the overall
perfoomance of an angular rate system. In micromachined gyroscopes employing
continuoustime analog electronics, automatic gain control loops sustaining
constartamplitude oscillations in the driveode [34-36], and operoop rate
sensing mechanisms in the semode are widely used.Figure 1.16 shows the

simplified block diagram of the drivenode automatic amplitude control and

18



sensemode operloop rate sesing electronics designed for micromachined
gyroscopes developed at Georgia Institute of TechndB@jy

Quadrature

1 & 5 shorted | \

Sense Channel

4 & 8 shorted

\
Y

Drive Oscillator - -
PLL (off-chip)

Figure 1.16: Simplified block diagram of the drivenode automatic amplitude control a
sensemode openloop rate sensing electronics designed for micromachined gyrosi
developed at Georgia Institute of Technol§gg].

In this circuit, the drivenode oscillation is sensed by a transresistance amplifier,
where the feedback resistance is controbgdan automatic level controller (ALC)

for constantamplitude vibrations.  Similarly, in the sens®de, differential
transimpedance amplifiers convert the resultant capacitive changes in response to an
applied angular rate to voltage for further signalgaissing operations. Since the
sensemode transimpedance amplifier output is an amplittndelulated signal at the
frequency of drivemode oscillations, a demodulator circuit composed of a multiplier
followed by a lowpass filter transfers the signal teetbaseband, where the carrier
signal of the demodulator is generated by a PLL circuit connected to thenurole
oscillator. In addition to analog electronics, there is also dedicated research on
digital electronics developed for micromachined vibratgyyoscopes.Figure 1.17

shows the systeflevel block diagram of the digital control and readout electronics

based on sigmdelta modulatiof37].
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Figure 1.17: Systemlevel block diagram of the digital control and readout electronics b
on sigmadelta modulatio37].

In digital closedloop rate sensing electronics, the fofeedback mechanism
generates an electrostatic rebalancing force to damp the dsglacef the proof

mass in response to an angular r@@é-39]. Although this mechanism requires
complicated electronics, it gives more linear response in a higher bandwidth since the
sensemode of the gyroscope is forced to be stationangm&delta modilators are

used also in the drivemode electronics in order to sustain constant amplitude
oscillations by driving the gyroscope with digital pulse trains [3742)0 Moreover,

more complex gyroscope adaptive control algorithms enabling error compeansatio
through parameter estimation are developed [43, 44]. Recently, adaptive control
mechanisms using Lyapunov approach are also introducedi7j4d5However, these

complex algorithms are beyond the scope of this thesis.
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1.4. Gyroscope Electronics Developed at MEU

At METU, research on gyroscope electronics has been mostly focused on interface
electronics. The first capacitive interface prototype developed at METU is a
closedloop acbridge with correlated double sampling (CDS) mechan#&sh The

circuit is falyicatedin the standard 0.8m nwell CMOS process of AMS foundry.
Although it cannot be tested with a MEMS gyroscope, it is verified that the proposed
circuit has acapacitance change to voltaggnsitivity of 45 mV/fF.

The next generation capacitiveterface is a unitgain buffer (UGB), where the
high-impedance node of the gyroscope is biased with a MOS transistor operating in
cutoff region [8, 20]. Figure 1.18 shows the circuit schematic of th¢GB type
capacitive interface developed at METUAIthough the circuit provides higher
sensitivities owing to its very srhanput capacitancehigh-impedance node biasing
strategy is problematic sintlee transistor operating in coff region cannot properly

bias the sensor node. The improved versions of the UGB structure have been
designed [49] Nevertheless, they also suffer from static discharge and
high-impedance node biasing problems causingabilties in the gyroscope

operation.
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Figure 1.18: Unity-gain buffer (UGB) type capacitive interface developed at M, 20].
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After that, singleended and differential source follower circuits invotyistable
high-impedance node biasing architectures are introd{g@d Figure 1.19 shows

the circuit schematic of thesingleended source follower biased with subthreshold
NMOS transistor. In this design, the channel resistance of theirhjggdance node
biasing MOS transtor is controlled by an externally applied floating voltage supply.
According to the noise tests, it is verified that the proposed interface circuit can
resolve 58.%F of capacitance change in 1 Hz bandwidth. After hyboidhecting

the circuit to theSOG gyroscope fabricated at METU, bias instability and angle
random walk values are found as 12d. ¢ g/ hr and 2. 158 deg/ ahr
the other hand, this interface introduces some problems as well. First, due to DC
voltage drop on the input traistor of the source follower, DC level of the output
voltage should be manually controlled by an external bias voltage applied to the
source terminal of the biasing transistor. Moreover, it is observed that channel
resistance of the subthreshold tramgistighly depends on the fabrication tolerances.
Finally, according to circuit simulations, the singleded source follower
demonstrates low PSRR because of the high gaintineraupply node to the output.

Vop

Sngle-ended
"-.|/ sour ce follower
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Vi n O “'.“ I

High-impedance node/
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Figure 1.19: Singleended source follower biased with subthreshold NMOS tran$&br
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In addition to CMOS capacitive interfaces, drivede selresonance circuits and
sensemode rate sensing electronics are also developed foaatharation of the
fully-functional angular rate systems. Although dnwede electronics enable
sustained oscillations, the absence of an amplitude control mechanism limits the
overall performance of the gyroscope at the vacuum, causing large bidsliigsta
values. Moreover, the gyroscopes demonstrate high-raszooffset and low
sensitivity values. Thus, it is concluded that fabricated mechanical sensors would

give superior performance with more advanced electronics.

1.5. Research Objectives and Thesi©rganization

The goal of this research is to develop advanced readout and control electronics for
high-performance micromachined angular rate sensors developed at METU. These
electronics consist of different types of sensor interfaces, samgled and
differential oscillation control circuits, and higirecision opetoop rate sensing
mechanisms, implemented by using both commercial discrete components and the

CMOS technology. The specific objectives of this research are listed as follows:

1. Design and imfgmentation of a very compact and reliable printed circuit
board (PCB) composed of a singladed seffesonance loop with manual
amplitude control and a singended AM demodulator. This PCB should
sustain drivemode vibrations exactly at the mechanicedsonance
frequency of the gyroscope, and enable manual control on the vibration
amplitude. It should also convert the modulated semsge output to a
baseband signal which is proportional to the applied angular rate.
Moreover, it should be adaptable aay type of micromachined vibratory

gyroscope for preliminary performance tests.

2. Development of a fulhfunctional angular rate system for silicon-glass
(SOG) gyroscopes, implemented with discrete components. The advanced
control electronics used inhis system should provide seffggered,

constartamplitude and stable oscillations independent of sensor parameters
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and ambient conditions. It should drive the singteled SOG gyroscope
with an amplitudecontrolled sinusoidal signal at the mechaniesonance
frequency of the gyroscope in order to get rid of the possible
performancedecreasing effects of squanave driving signals, which are
widely used in similar systems. Then, the complete system should be
characterized in terms of scdbctor, linearity, dynamic range, angle
random walk, bias instability, and zerate output.

. Design of differential readout and control electronics for -toass
gyroscopes. Whole electronics including the transresistance amplifier type
interfaces, the selesonance circuit with automatic amplitude control
mechanism, and the senas®de phassensitive rate signal extraction circuit
should be integrated on an extremely small PCB, minimizing the effect of
parasitics. Transient characteristics of the diffea¢@utomatic oscillation
amplitude control circuit in response to step changes in the proof mass and
the amplitude set voltages should be obtained. Performance tests for the
overall system employing the vacuum packadedl massgyroscope as the

mechanial element should be carried out.

. Design of CMOS differential unitgain buffer (UGB) and transimpedance
amplifier (TIA) type capacitive and resistive interfaces. Resistive interfaces
should bias the highmpedance nodes of the differential drv@de otputs
throughlow-dopedpolysiliconresistors. Moreover, they should convert the
charge pumped by the gyroscope to the voltage with a phase error less
than1lU Similarly, highsensitive capacitive interfaces should bias the
high-impedance nodes via MOSF& operating at subthreshold region,

providing channel resistance in the order of gigaohms.

. Development of CMOS fulkldifferential automatic oscillation amplitude
control circuit for sustaining balanced and controlled vibratiormkial mass
gyroscopes.The complete electronics except the large capacitors should be

implemented orchip. Fullydifferential variable gain amplifier (VGA) used
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in this loop should generate exactly gpliase driving signals having
commonmode level of 0 V through commeanode éedback (CMFB)
mechanism. In addition to this, -@hip singleended to differential
convertor designed for singended external drivenode electronics should
generate anphase differential signals with minimum phase error from the
applied singleendedsignal. Moreover, a CMOS singénded to differential
convertor circuit generating exactly aptiase driving signals should be
designed for angular rate systems having sieglded drivemode external

electronics.

6. Design of CMOS fullydifferential operloop rate sensing electronics for
duatmassgyroscopes. This circuit should take differential carrier signals
from the drivemode and transfer the sensede interface output at the
frequency of drivemode oscillation to a baseband signal by using a
full-wave rectifier followed by a lowass filter.  Finally, CMOS
sensemode and drivanode electronics should be hybxddnnected to a
duatmass gyroscope, and the overall angular rate system should be

characterized.

The organization of this thesis and themsoary of the following chapters are

presented as follows:

Chapter2 briefly introduces the theory of micromachined vibratory gyroscopes in the
electromechanical doain. Then, it provides the governing equations of gyroscope
dynamics and transduction mechanisms in order to construct the generalized
electrical equivalent model of the mechanical sensor. This chapter also gives the
theory behind the vibratory gyros@mlectronics by presenting the capacitive and
resistive interface electronics, selcillation principle and automatic amplitude

control mechanisms, and sefisede rate output extraction electronics.

Chapter 3 provides the design details and simulations of readout and control
electronics for vibratory gyroscopes developed at METU. First, it presents

singleended and differential gyroscope electronics implememtitad commercial
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discrete components. The operation of the advanced oscillation amplitude control
circuit is verified through systeievel simulations in SIMULINK. In addition,
details of two different types of CMOS interface circuits, fdifferential
amplitudecontrolled seHoscillation loops, and senssode operloop rate sensing
electronics, which are all designed in standard®.68CMOS process provided by
XFAB, are given in this chapter. It also presents the results of tranesedr
simulationsof the designed CMOS circuits connected to the equivalent electrical
model of the MEMS gyroscope.

Chapter 4 presents the results of the tests performed on dis@ete CMOS
electronics developed in this research. Performance characteristics demonstrated by
fully-functional angular rate systems implemented with commercial discrete
components are given in terms of scale factor, linearity, -meo offset, angle
randbm walk, and bias instability. Moreover, the results of transient, AC, and noise
tests performed on CMOS capacitive and resistive interfaces are presented. This
chapter also gives the results of verification tests of CMOS circuits designed for

drive-modeoscillation amplitude control and senas®de signal processing.

Finally, Chapter5 summarizes this research and gives the conclusions. Moreover,

this chapter praides the suggestions for the related studies in the future.
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CHAPTER 2

THEORY OF VIBRATORY GYROSCOPES

This chapter presents the basic theory of vibratory gyroscopes in both mechanical
and electrical domains. A complete angular rate system powered by an electrical
supply and providing analog/digital output proportional to the applied angular rate is
compoed of mechanical elements and complementary electronics. In this respect,
the theory behind the micromachined gyroscope system is required to be studied in
an electromechanical design perspective. Seetibbriefly explains the mechanics

of drive and sense modes by presenting the fundamental equations of the vibratory
gyroscope dynamics. Secti@x gives the principles of electrostatic actuation and
capacitive sensing mechanisms together with the explanation of electrostatic spring
effect. Section2.3 provides the generalized electrical equivalent model of the
mechanical element, which is connected to the electronic circuits in SPICE
simulators. Sectior2.4 describes the basic principles of drive and sense mode
electronics. In this section, the theories behind capacH@aresitage conversion,
selfoscillation and AM demodulation are studied and, in addition, the governing
equations of mposed automatic oscillation amplitude control circuit are derived.

Finally, Sectior2.5gives a summary of this chapter.

2.1. Mechanical Theory of Vibratory Gyroscopes

The nicromachined vibratory gyroscope operation is based on the principle that
fwhile the drivemode is resonating in one axis, perpendicularly placed seade
detects the induced Coriolis acceleration in response to angular rate input, which is
orthogonal to both drivenode and sensmode axe® The drivemode oscillations

may also mechanically couple to the semsmle due to misalignmentand
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tolerancesin the fabrication process, causing unpredictable output offsetthend
sensemode electromis to saturate even in the absence of angular rate input. Thus,
the gyroscopes used in this research have-fidigoupled and balanced structures to
minimize the mechanical crosstalk between the drive and sense 1{&dgs]
Decoupling is achieved byntiting the motion of drive and sense electrodes to one
degreeof-freedom (1DOF) and the proof mass teOF with the help of flexible
beams. In this aspect, dynamics of the mechanically decoupled drive and sense
modes are analyzed separately in the falhg subsections.

2.1.1. Mechanics of the DriveMode Resonator

The drivemode of the gyroscope can be considered as a mechanical resonator whose
structure is identical to a secendder masspringdamper system with flexible
beams, movable drivevode masses, arthe damping of surrounding gas in the
ambient. Assuming an ideal secemdler system, relation between the applied force
and the resulting displacement can be expressed by the transfer function given as

FD _mD'SZ+bD'S+kD (21)

whereF), is the force acting along the drive axis, is the resulting deflectiomn, is
the total masg, is the damping coefficienk,, is the total spring constant, aritie
subscriptD denoteshe drivemode. Equatiorf2.1) can also be expressed in terms

of mechanical resonance frequeney,, and quality factorQ,,as

XD( ) = 1/mp
E 2= s2 + (wp/Qp)s + wh

(2.2)

where,
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wp = |2 (2:3)

_ ko -mp (2.4)

Fors = jwp, which means thahe gyroscope is driven at the mechanical resonance
frequency of the drivenode, the denominator of Equatih2) reaches its minimum
value , giving simplified forceleflection relation as

Cp
Jkp

Xp
o Gop) = (2.5)

Equation(2.5) corresponds to the maximum achievable deflection with the minimum
applied force providing maximum energy efficiency only at the mechanical
resonance frequency. This shows that in order dcease the available deflection,
guality factor of the system should be increased by either decreasing the damping
coefficient or increasing the mass. It can also be concluded that the deflection lags
the applied force by @ at t he r e s dhisaesultast prase shiftishoild n .
be considered while constructing the geonance loop, which is describedietail

in Section2.4.2

2.1.2. Coriolis Coupling and Mechanics of the Sens&lode Accelerometer

As the vibrating proof mass experiences an angular rate along the rotation axis, a
selfinduced fictitious force, which is due to Coriolis coupling, deflects the
proofmass along the senseode axis. This deflectioms then sensed by the
sensemode accelerometer composed of capacitive sensing electrodes. Although the

detailed derivations ahe Coriolis force[8, 51] are beyond the scope of this study,
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for the constant angular rate input about thex® and drivenode vibration along
the x-axis, the approximated expression for the Coriolis force acting on the
proofmass along the-gxis is given af3]

FCoriolis,y ®&=-2- Mpm * Q- x(t) (26)

wherem,,,, is mass of the proahass/l, is the timeindependent angular rate input,

andx(t) is the velocity of the drivenodeoscillation

Like driveemode resonator, sensgode accelerometer also behaves as a
massspringdamper system where electrostatiect® actuating the drivenode is
replaced by Coriolis force, and driveode mechanical parameters are changed with
those of sensenode. Then, the foregeflection releation for the sens®de is

expressed as

Ys (s) 1

= 2
FCoriolis mg-S< + bS 'S+ kS

@2.7)

wheremg is sum of the mass of sense electrodes and the -prass,bg is the

damping acting on the system, andis the total spring constant of the sensede.

Furthermore, for timevarying angular rate inputs, which is the case in many
practical applications, the analysis of sens®de dynamics gets more complicated.
When a timevarying angular rate input at frequency ®f is applied to the
gyroscope system about theaxis, then the Cdaolis force, thus the resulting
deflection along the sense axis is modulated bydthe-mode resonance frequency.

In this case, basleand angular rate input is transferred to higher frequencies, having
two components equally separated from the dmegke in the frequency domain.
This fact can be expressed more clearly by inserting thedépendent version of
Equation(2.6) into Equation(2.7), and analyzing each component separately. Then,

frequency domain expressionsseinsemode deflection are simplified as follo\&]
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Z-E-Qz-xn-n:rf;n-(wl,+%)

Y(wp + w,) = 2.8
0 S o+ 0+ ey + ) -
m w
Z.n.Qz.x . pm w — —Z
Y (wp — w;) = 0 ms (20 -F) (2.9)

(@f = (wp = )?) +j(wp — w;) - 2

These equations can be simplified further according to the difference between

resonance frequencies of drive and sense modes. If the difference is very small,

l.e, wp = wg, then the operation is called as matcheatde. Assuming that the

input rate frequency is much lower than the drive and sense mode resonance

frequencies, i.e.w, < wp s, Equationg2.8) and (2.9) are approximated in single

expression given as

(2.10)

On the other hand, in the mismatchedde of operation, senseode resonance
frequency is much higher than that of drimede, ie. wp, € wg. With the
assumption of small rate input frequenay, < wp s , Equationg2.8) and(2.9) are

simplified to

Q,-x m
Y(wp) ~ ot s
S

R (2.11)

Comparing the Equation@.10) and (2.11), it is observed that matching of the
resonance frequencies boosts the sensitnatysiderably, because of the fact that
Coriolis motion at the frequency of the drw@de oscillation is amplified by the

mechanical quality factor of the sens®de. However, as the quality factor of the
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sense mode increases, response bandwidth decredmsels is the limiting tradeff

for matchedmode operation in gyroscopes having ofsop rate sensing
electronics. In practice, slightly mismatch operation is usually preferred for wider
bandwidth with sufficient sensitivity. It should also be noteat thereisa90 phas e
difference between the deflections of matched and mismatched modes. This
property should be considered in the phsesesitive demodulation of the raw
sensemode output in order to reduce the loss in sensitivity due to phase errors

2.2. Electrostatic Actuation and Capacitive Sensing Mechanisms

Mechanical analysis describing the fowtisplacement dynamics is not sufficient to
predict overall behavior of the vibratory gyroscope. Transduction mechanisms,
which are generation of the actioa force for drivemode vibrations and capacitive
sensing of the physical deflections in the semsele, should also be analyzed to
construct the complete electromechanical model of the gyroscope. This section
describes the basic principles behind tHecteostatic force generation tugh
paralletplate capacitorsand current injection from a varying capacitance in
capacitive sensing rabanism, together with the usé electrostatic spring effect in

modematching.

2.2.1. Electrostatic Actuation Using ParallelPlate Capacitors

Electrostatic actuation is based on a basic physics law stating that two charged and
isolated conductive plates biased with a potential difference attract each other. As
the plates get closer, capacitance between the plates increasEe®ssthe stored
energy, inducing more net attraction force. If one of the plates is fixed and the other
one is movable, applied electrical energy generates an attractive force which tends to
dissipate the stored energy by pulling the moving plate tot#tiersary plate. Then,
Figure2.1 shows a typical parallgllate capacitor configuration that is widely used

in transduction mechanisms of micromawdd vibratory gyroscopes.
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Overlap Height, Hy

Figure 2.1: Typical parallelplate capacitor configuration that is widely used in transduc
mechanisms of micromachined vibratory gyroscopes.

The position dependentapacitance expression of the paratleite capacitor

configuration inFigure2.1is given as

C = a-e(,% (212
Ly)=Ly+y (2.13
H(z) =Hy +z (2.14)
D(x) =Dy —x (2.19)
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wherea is the correction factor for fringing fields, is the permittivity of air L(y)

iIs the overlap lengthH(z) is the overlap height, anfi(x) is the gap spacing
between the plates. The general expression of energy stored in the capgacitor i
defined as

E==.C-V? (2.16)

whereV is the potential difference between the capacitor plates. Because generated
electrostatic force is specified as the position gradient of the energy, taking the
partial derivatives of energy with respect tg-x position vectors yields

COE 1 4C aD(x) , 1 Ho-Lo 217
*Z9x 2D ox T2 Dy — %2 '
9E 1 9C aLy) , 1 Ho
_98_10C R a1 Mo, 2.18
v=ay 2oL oy U T2, (218)
9E 1 9C 0H(z) , 1 Ly
_o8_1oC oz) L, 1 . Lo, 2.19
©=%;"29H "oz UV Tz @0 p, @19

whereF,, F, and F, are directional components of electrostatic forcexjry, z
directions, respectively. In these equations, it is assumed that the applied potential
difference across the capacitor plat€s, does not change with the position.
Moreover, it is clearly seen that the force components ajoagdz directions,

F, and F,, are constant while the force along thedirection, F,, is position
dependent. Although being nonlinear function of displacenieii, larger than both

F, and F, due to the fact thal, and H, are greater tharD, for typical

micromachined microstructures, including the gyroscopes used in this study.

Equation sef2.17)-(2.19) implies that the electrostatic force is a function of voltage

applied across the capacitor plates. Remembering the proper operation of the

34



vibratory gyroscope, a timearying excitation voltage, which generates an
electrostatic force at the mechanical resonance frequency of the-nibike
resonator, is required for sustaining vibrations. Then, the electrostatic force

expression for a purely sinusoidal potential difference is given as

JdE 1 oC oC |V V2
- .. . qi 2 _ |4 _ac,
F = 5 =32 3 (Ve - sin(wt)) 3 | 2 5 " cos (th)‘ (2.20)
DC acat 2w

wherel/,. is the amplitude of the applied sinusoidal voltage. It is observed that the
generated electrostatic force has two frequency comportéetdirst one isa DC
causing only static deflection, and theconds an ACat 2w frequency. This implies

that the applied voltage can drive the gyroscope into resonance as long as the
frequency of the voltage is half of the mechanical resonance frequency. However,
this requires more complex driveode electronics, which is not preferred in this
research. Another appach can be adding a DC offset to the applied sinusoidal
voltage to generate linear electrostatic force at the mechanical resonance frequency
of the gyroscope. Rearranging Equat{@r20) for this condition yields

0E 1 ocC _
==z (Vpe + Ve - sin(wt))?
(2.21)
1 aC V2
=53 [Vgc + %] + 2 Vpe * Vye - sin(wt) — V2 - cos (2wt)
r — acatw ac at 2w

DC

Equation(2.21) shows that by adding a DC offs&},., electrostatic force component

at the frequency ofw can be generated. If this frequency is set to mechhni
resonance frequency of the drm@de resonator, then the gyroscope is vibrated at
its resonance frequency with a simpler electronic feedback loop. The frequency
component aRw would be rejected as the resonator has -Qlgbandpass filter

charactestics whose center is at the resonance frequency.
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In the drivemode of vibratory gyroscopes, the actuation force can be generated in
two basic paralleplate capacitor configurations, as varyggp type capacitor and
varying-overlaparea type capacitorFigure 2.2 shows typical driving electrodes for
both types of drivenode actuation mechanisms. In varyoap type capacitors,
electrostatic force gwerated along the gap direction can be approximated by
modifying Equation(2.17) for N number of finger$8].

|Fy et LN Ho Lo - |~ ! V2 2.22
N — . a . e . . . — — — . .

y,net 2 0 0 0 Dg ngi_gap ( )

whereD,,i—gap 1S the distance between two adjacent mostagionary conductor

pairs, and it is assumed that displacement along the gap direction is much smaller
thanthe stationary gap between the plates, x.e< D,. For varyingoverlaparea
capacitors irFigure2.2b, net force along the direction of oscillati®s given as

Hy ,
|Fx,net| zN-a-eo~D—O-V (2.23

Comparing Equation$2.22) and (2.23), it is concluded that varyingverlaparea

type capacitor provides less electrostatic fdar@mn varyinggap type capacitor since

the gap spacing is usually designed to be much smaller than other dimensions.
However, the former depends on the displacement along the oscillation direction,
creating a nonlinear response, which is not desired ive-dnode electronics. In
addition, the maximum oscillation amplitude is limited by the gap distance in
varying-gap type capacitor actuation mechanisms. Therefore, vaoyiedaparea

type electrodes, which enable lardeve-modevibration amplitudes fobetter rate
sensitivity, are preferred in the driveode actuation mechanisms. On the other
hand, unlike drivemode displacements, those of sensmde in response to Coriolis
force are very small compared to the gap spacing. Thus, vaggmgype elecodes
creating much larger injected charge are employed in the -seode rate sensing

mechanisms without causing significant nonlinearity.
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Figure 2.2: Driving electrodes for (a) varyingap and (b) varymgroverlaparea type
actuation mechanisms.

2.2.2. Capacitive Sensing

Besides actuating the gyroscope by applying -+twaeying voltage, physical
displacements in response to both electrostatic actuation and Coriolis coupling
should be sensed for proper operatidrihe gyroscope. In this research, capacitive
sensing mechanisms are employed to monitor the amplitude of thenwie
vibrations for constructing a cloddoop selfoscillation circuitand to detect the
angular rate related deflections of the semsde. The capacitive sensing

mechanism is based on the basic vokielgarge relationship given as

Q=C-V (2.24)
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If the capacitance changes, charge on the capacitor also changes as long as the
voltage across the variable capacitor is constant. Then, the injected charge is
converted to voltage on the effective impedance of the interface electronics.
Figure2.3illustrates the basic electrical model of the capacitive sensing mechanism,
where ac current source symbolizes the generated current at the output node of the
capacitor plates biased with a constant potential differdnge, andC, is the
stationary sengocapacitance. DC biasing of the capacitor plates is achieved by
applying a DC voltage to the proof mass and biasing the stationary electrode to a
constant DC potential through interface electronics.

Vo(t)=Vbcot Vaco(t)

io(t) T)f\/ —G

N
| PRI

Figure 2.3: Basic electrical model of the capacitive sensing mechanism.

Total timevarying capacitance, which is the summation of the stationary sensor
capacitance and the tirsependent capacitance of the oscillating sensor, can be

expressed as

ac
Cs(t) =C, + 35 *® (2.25)

The current generated from the injected charges due to the displacement of moving

plates is then calculated from the time derivative of the total charge as

(o = 280 0GB _ ) Ty ). 2510 (2.26)
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Assuming that the DC biasing potential is much larger than thevamang output

voltage, i.eVpc o > Vuc 0, SO thal/, (t) = V¢ ,, Equation(2.26) can be simplified as

1o(8) = Vg - 258 @27
Inserting Equatiori2.25) into Equation(2.27) yields,
(o) = Vo oo (229)
or equivalently,
I,(s) = Vpc,o -Z—C- s-X(s) (2.29)
X m

Finally, this current is converted to tirvarying outputvoltage on the effective

impedance of interface circuit parallel to stationary sensor capacitance as
1
Vac,o (5) = 10 (S) - (_//Zint) (230)
sC,

Equation(2.30) shows that some portion of the generated current flows through the

stationary sensor capacitan@g and this current is called as fegalough current.

2.2.3. Electrostatic Spring Effect

As mentioned in Section 2.1.2, matching the resonance frequencies of the drive and
sense modes increases the sensitivity of the gyroscope considerably, as the

mechanical quality factor of the sens®de amplifies the Coriolis motion, which is
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at frequency ofirive-mode oscillation. However, due to poor process tolerances of
the micromachining technology, it is impossible to match the resonance frequencies
in the design phase. Instegmhstprocesselectrostatictuning can be employed to

tune the resonanceefjuency of the senseode formed by varyingap type
electrodes, acting as electrostatic springs. The electrostatic spring constant of
varyinggap type capacitors can be found from the classical spring constant
calculation defined as the derivative ofderwith respect to position. Taking the
position derivative of the varyingaptype capacitor force expression given in
Equation(2.17) yields,

an_ 62 1 aZC HO.LO

= V2 =gy —.
*E T D, —x)?

i 2 2.31
Ox 0x% 2 0x2 v ( )

Assuming that the potential difference across the capacitor plates is dominated by
DC biasing voltage, 1.8/, > v,.(t), so V = Vp, the dectrostatic spring constant

expression is then approximated as

HO'LO

a—— V2, (2.32)

Sk=a-¢g-

When the electrostatic negative spring effect in Equai®d?) is consideredthe
resonance frequency expression in Equati@B) can be modified for the

sensemode as

(2.33)

Figure2.4 illustrates the effect of DC biasing voltage on the resonance characteristics
of the drive and sense modes assuming that the -gnvée is composed of

varyingoverlaparea type fingersand the sensmode has varymrgap type
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capacitive sensing mechanism. As derived in Equati@fl) and (2.28), the
electrostatic force in the actuation mechanism and the generated current in the
capacitive sensing are proportional to the biasing voltage, respectively. Hence, both
modes give amplified gain responses when the DC voltage is increased. Moreover
resonance frequency of the semnsede shifts left with the increased voltage because

of the electrostatic spring effect expressed in EQu&#@&3).

|&(/I)|
A
® Vpe3> Vpe2> Ve
3
=
d
=
a
> )
V,
bes Vbcz™> Voc2™> Ve
Vb2

Sense-Mode 0
.

Vbca

> )

Jsg:.jp JSZ JS_Z
(b)

Figure 2.4: The effect of DC biasing voltage on the resonance characteristics thie (
drivemode and (b)hesensemode.

Vibratory gyroscopes used in this study are designed to have mechanical resonance
frequendes of sensenode higher than those of drivaode. Then, the resonance

frequency of the senseode ise tuned down for the mateiode operation by

41



adjusting the proof mass DC polarization voltage. However, it is usually not desired
to have exactly matchaadodes in the gyroscopes employing oj@rp rate sensing
electronics without special quadrate cancellation mechanism. This is due to the
fact that as the modes gets very close to each other, effect of the mechanical crosstalk
gets more significantand overall bandwidth of the system degrades. Therefore,
despite sacrificing from sensitivity, slightly mismatch modes are preferred for the
sake of wider bandwidth and lower output offset.

2.3. Electrical Model of Vibratory Gyroscopes

Modeling the mechanical ssor in electrical domain allows the simulation tbé
complete electromechanical system in typical SPICE simulators. The electrical
model is constructed by using the analogy between the mechanical
massspringdamper system and the serially connected taesisductorcapacitor
(RLC) circuit, which are both characterized by identical seamagr differential
equations.Table2.1 gives the electrical egvalents of the mechanical parameters of

a massspringdamper system.

Table 2.1: Electrical equivalents of mechanical parameters of a-s@masgdamper system.

Mechanical Parameter

Electrical Equivalent

Mass (m)

Inductance (L)

Damping Coefficient (b)

Resistance (R)

Spring Constant (k)

Reciprocal of Capacitance (1/C)

Displacement (x)

Charge (Q)

Velocity (v)

Current (1)

Force (F)

Voltage (V)

As mentioned in Sectior2.2.1, an actuation voltage applied to the drmeode
electrodes generates an electrostatic force deflecting therdode mass according
to the mechanical system parameters. Combining Equ&i®nand(2.21) in single

expression representing the applied AC voltagegamérated force relation yields
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Xp(s) _ npm/Mp
Vou(s) s+ (wp/Qp)s + wh

(2.34)

whereX,, is the drivemode displacemenk,,, is the ac actuation voltage, ang,,
is the electromechanical coupling coefficient for dnmaetor (DM) electrode. The
analytical expression for the electromechanical coupling coefficient is defined as

ac
nDM == VDC . ( aL_;(M) (235)

whereV,. is the DC biasing voltage across the capacitor plates. Then, at the
mechanical resonance frequency of the dmade, i.ew = wp, Equation(2.34)

simplifies to

Xp(jw) _ npy - Qp
Vpm(jw) Jkp

(2.36)

showing that displacement lags the applied voltage ba®©ihe resonance.

As described in Sectio.2.2 the generated displacement induces current at the
pick-up electrodes. The induced output current expression in Eqai&g) can be

then modified as

I,(jw) = jw-npp - X(jw) (2.37)

where electromechanical coupling coefficient of dnwmede pickup electrodes,

npp, is defined as

9Cpp

npp = Vpc - x (2.39)
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By considering Equation sef2.34)-(2.38), electrical equivalent model of the

drive-mode can be constructed as showRigure?2.5.

: Mp bo 1/ kp
DriveMotorC Xo(t) AAA nm ” o Drive-Pick
Electrode 1:npm Electrode
¥ X + =
=)
- Q),DM g g Felectrostatic '>§_ <T> i Co,Dp
- <
Proof Mass Proof Mass
Electrode © 0 Electrode
( ) L J ( )
Y
Electrical Port Mechanical Sensor Model Electrical Port

Figure 2.5: Electrical equivalent model of the driveode.

Similarly, sensemode can be modeled ielectrical domain by replacing the
electrostatic actuation force in the drr@de with Coriolis force expressed as

|FCoriolis(t)| =2 Mpy * -QZ : xD (t) (239)

Equation(2.39) implies that Coriolis force depends on the velocity of the dniaele
movement that is modeled as the current flowing through the mechanical gaet of t
electrical equivalent model. Sinee equivalent of the mechanical force in the
electrical domain is potential difference, Coriolis force can be modeled as a current
dependent voltage source in the electrical model, where current to voltage conversion

coefficient nc,,, is defined as

Neor = 2+ Mpy - (7 (2.40)

Finally, electromechanical coupling coefficient for the semsele pickup

electrodes is given as

aC.
Nsp = Vpc - B;P (2.41)
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Figure 2.6 illustrates the generalized electrical model of the overall gyroscope
constructed by combining the models of drive and sense modes.

Vpm(t) Drive-Motor X Drive-Pick
>~ Hectrode Xp(t) Mo bo U ko Hectrode ~ Zint
O g Loy MW" — o~
—~ 4 = + Vopout(t) -
i Drive-Mode =) A
T Gopm Feec.  Mechanical Model > <T> T Coor
- o V,

l PM (PM) c (PM) PM l
||—( :}—---c :)----—(: HI
Proof Mass Proof Mass
Electrode Electrode

. Ms bs 1/ kS Sense-Pick Z
t Electrod nt
_ys>()_lvv\,_/WY\_”_ :;.(i.ei_:'_".
P
= — &P + VSD,out(t) -
_\5 + Sense-Mode % i
><é_ <— Foor  Mechanical Model > <T> T G
c cs’ Veu
(PM)
Proof Mass

Electrode

Figure 2.6: Generalized electrical model of the overall gyroscope constructed by coml
the models of drive and sense modes.

The schematic irFigure 2.6 provides an electrical model for typical singleded
gyroscopes employing capiee transduction mechanisms.ili®n-onglass (SOG)
gyroscopes used in this research are singdes gyrosques having differential
sensemode, however duatmass @solved wafer process (DWP) gyroscopes are
differential in both modes. Therefoiaput-outputelectrodes and electromechanical
coupling coefficients in the model should be modified for each gyresitoprder to

prevent the possible erroneous results during the simulations.

2.4. Theory of Vibratory Gyroscope Electronics

Vibratory gyroscopes only become complete sensor systems with the assistance of
dedicated electronic circuits. While converting the pdalsdisplacements to
electrical signals, circuits also sustain constmplitude oscillation in the
driveemode and process the raw sensmde output in order to get meaningful

signals proportional to the applied angular rate. Affecting the overall syste
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performance significantly, these circuits can be classified in three main categories as
interface electronics, drivenode control electronicend sensenode demodulation

electronics.

2.4.1. Capacitive and Resistive Type Interface Electronics

Position sensingitough capacitance change is the key point in many applications of
MEMS structures including micromachined vibratory gyroscopes. For
high-performance gyroscopes, it is required to sense capacitance changes in the order
of zeptofarads (1zF= 10%'F) in response to physical displacements much smaller
than the diameter of a silicon atom. Such small changes can only be detected by
dedicated interface electronics converting the charge at the output of the capacitive
gyroscope to a voltage signal. Being theeiconnection between mechanical and
electrical domains, these interfaces have considerable effect on the overall
performance of the gyroscope; therefore, they should meet some challenging
requirements. An ideal interface must have very low noise aroblinte no phase

error while properly biasing the higlmpedance node of the gyroscope to a constant
DC potential. Figure 2.7 illustrates the generaéz view of a basic interface circuit.

In this circuit, current injected from the gyroscope is converted to voltage according

to basic Ohmdés voltage expression given

Vo (5) = Ay lls@ (zm(s)// (o) (i)>] (242

sCp

where A, is the voltage gain of the amplifiek; is the current pumped by the
gyroscope(; is the stationary capacitance between the sense electrode and the proof
mass,Cp is the total of parasitic capacitances, &pg is the effective impedance of

the interface.
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Figure 2.7: Generalized view of a basic interface circuit used to convert the charge pt
from the gyroscope tavoltage.

The interface electroniosmployed in this research can be classified into two basic
categories as resistitgpe and capacitiveype according to the type of dominant

interface impedancé,;,,., on which the generated charge is converted to voltage.

In resistivetype interfacesthe resistance&lominates the effective impedance and
biases the higimpedance node to a DC potential, which is usually ground. This
biasing is quite important in the sense that floating nodes are very susceptible to
leakage currents and external nosgnals, leading unpredictable behavior at the
gyroscope output. For a proper biasing resistor and assuming that the amplifier has
infinite input impedancethe equivalent input current noise of the resistiype

interface can be estimated as

-2 —2
I M Vi (2.43)
Af Rint Rint

Whereﬁi2 is the inputreferred voltage noise of the amplifier. From this noise
expression, it can be inferred that the interface resistor should be as large as possible

to minimize the current noise, sas to maximize the resolution. Nevertheless,
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parasitic capacitances woulddeed limit the maximum value of the resistor as the
total effective impedance of the capacitors should be much larger than that of
interface resistor, i.eR;,; K [(1/5Cine)//(1/sCs)//(1/sCp)], for almost purely
resistive interfacempedance. Otherwise, together with the possible large parasitic
capacitances, such resistors would introduce phase errors, slow down the circuit and
load the resonator.

On the other hand, in the case of capacitijee interface, biasing resistors are
designed to have much larger impedance than that of equivalent interface
capacitance, i.eR;,: » (1/sC;y,;), SO that the currerib-voltage conversion is
achieved on the dominating capacitance, and circuit becomes a current integrator
whose currentoltage expression is approximated as

Voue () = Ay - (——) - Is(j) 244

j wCint

Obviously, the noise analysis of the capacititygpe interfaces should be carried out
in the frequency domain. In thease, white noise spectrum of the resistor thermal
noise is shaped by the RC legpass filter formed by the biasing resistor itself and the
charge integration capacitor. Thehe amplifier noise adds up to this noise giving

total output referred voltag®ise of

—2

Your _ ( , 1 _ —.2) 2.4
Af = A2 - (4kTRp: R Cint)2+vl (2.45)
thus,
-2
Vout _ 5 4kT _2 246
o g <—w2Rmt%+vl (2.49)
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Combining Equatior{2.44) and (2.46) yields equivalent input referred curremise

given as

-2
in (4kT

Af B Rint

+ wZCizntEiz) (2.47)
According to Equatiorf2.47), in order to decrease the current noise and increase the
resolution, equivalent capacitance across the-mgtedance node and AC ground
should be decreased. However, this capacitance igedinby the parasitic
capacitances coming from amplifier itself, interconnect metallization and wirebonds.
Moreover, as the impedance of the effective capacitance increases, the biasing
resistor should also be increased so that the capacitance is theadbelement and
phase error is in tolerable ranges. Implementing such large biasing resistors
satisfying capacitive interface condition would be problematic due to practical
limitations ofthe CMOS technology. Hence, several approaches other than hysic
thin-film resistors are developed, like battkback diodes, switched capacitors, and
MOSFETs operating at sttheshold region. In this study, MOSFETs providing
sufficiently large channel resistances are employed for-inigiedance node biasing

in capaitive-type interfaces.

Another problematic issue in capacitiygpe interfaces is the @0phase shift
introduced inherently by the charge integration. This implies that an additiodal 90
phase shifting circuit, such as integrator or differentiator, guired in the
driveemode seHoscillation loop, making the overall circuit more complicated.
Therefore, resistit ype i nterfaces, which ideally
are usually preferred in the driveode electronics although capacitiype
interfaces have superior sensitivity performance. In fact, sensitivity performance of
the interface is not critical in the drireode as long as the oscillation criteria are
satisfied. The effect of phase errors and oscillation conditions would fifgeedlan

the following sections introducing sedicillation principle and phase sensitive

demodulation.
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2.4.2. Oscillation Criteria and Self-Oscillation Principle

As in the case of typical electronic oscillators, generic oscillator design approaches
and oscilltion conditions are also valid for vibratory gyroscopes since the
drive-mode can be used as the timing element of a-Qigiscillator whose vibration

IS sustained by electronic feedback circuits. Generally speaking, whether the timing
element is mechanitar electrical, oscillation is created by the instability in the
circuit. This instability is usually generated by the positive feedback loop designed
so that the oscillation frequency is set by the total phase shift in the loop. As the
output responseof the circuit grows in each cycle of the loop, eventually,
nonlinearities or more complicated control electronics limit the output giving
constant amplitude vibrations usually at the resonance frequency of the timing

element.

Figure 2.8 shows the block diagram of an ideal urgigin positive feedback circuit
involving fundamental oscillation principles. This system has a cltwsgaltransfer

function gven as

Vour , . ACS)
v S =T

(2.48)

whereA(s) is the operoop gain. Fos = jw, andA(jw,) = 1, the denominator of
Equation (2.48) becomes zero, consequently resulting in a cldsed gain of
infinity. When this condition occurs, loop amplifies the signal componeat, at
indefinitely and the system becomes unstableing oscillatory output at this

frequency.

Vin A(s) - Vout

Figure 2.8: Block diagram of a unitgain positive feedback system.
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The necessary oscillation condi t[82pns
which stateghat a positive feedback system oscillates at the frequency where the
total openloop gain is greater or equal to unignd the total phase shift in the loop

is integer multiples of 380. The interpretation of this definition for vibratory
gyroscopes ishat the drivemode vibration never starts as long as the corresponding
total loop gain is larger than unity at the frequency where total phase shift is zero
degree. However, although Barkhausen criteria give necessary conditions for
sustaining oscillatin, they are not sufficient to starp oscillations. Ideally,
although a selbscillation loop guarantees necessary conditions, hardly can
oscillation start without a triggering mechanism. In an actualoseiflation loop
without any special statp circuit, oscillation is triggered by either noise or
powerup transitions that have frequency components satisfying gain and phase
conditions. At the staip, noise shaped by the driwgde transfer characteristics is
first phaseshifted and amplified tetart oscillations at the desired frequency, then
fed back to the sensor, which eventually leads to exponentially growing vibrations.

Figure 2.9 proposes a simple saicillation system including gain and phase
shifting blocks to satisfy Barkhausen criteria at the resonance frequency of the

drive-mode, which is modeled as a secamder massspringdamper system.

£43)

VOU!

Gyroscope
Drive-Mode

I

Gain Phase Shifter

Figure 2.9: Block diagram of a simple setfscillation loop together with the bode diagr:
of the gyroscope drivenode.
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The transient response of this system canciepletely defined by closddop

pole-zero diagram extracted from the characteristic equation given as
Gp(s) - P(s)  Krinat —1=10 (2.49

From the generalized electrical modelFigure 2.6, voltage transfer characteristics
of the gyroscope drivenode can be defined as

((1/1?1 ) *Mpy * Npp * (%))S
6o () = 22 (5) =~ e

Vou s + (%) s+ wd

(2.50)

where it is assumed that the drn®de output is sensed by a purely capacitive
interface. Let the constant terms in the numerator is combined in a gain constant,
Kp, then Equatior§2.50) simplifies to

Kp

sz + (%) s+ w3 (251)

Gp(s) =

This equation shows th#te phase shift is 3 a tresonamae since the generated
current is converted to voltage by a capacitiyge interface. Therefore, an
additional 90e phase shifting block i
differentiator circuit is employed as the phase shifter, thesharacteristic equation
becomes

5 Wp 2
s° 4+ _Q - APS . KD . Kfinal s+ Wp = 0 (252)
D
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whereAps is the phase shifter gain. This system oscillates only if the poles are
placed on the righhalf plane of the polzero diagram. Thenthe oscillation

condition is given as

Kfinar > (2.53)

QD 'APS - KD

Figure 2.10 illustrates the effect of pole placement on the transient response. If
closedloop poles are located on the rigfdlf plane, which actually corresponds to
the Barkhausen gain criterion, théhe system becomes unstable and the oscillation
grows indefinitely. On the other hand, if poles stay on thehieift plane because of

the insufficient loop gain, the oscillation never starts or already sustained oscillations
decay and diminish. Thexak, for the proper operation of the vibratory gyroscope,
system poles should be on the RHP at the -gf@arand eventually move to the

imaginary axis, where the oscillation amplitude is constant.

RHP Poles Imaginary Poles LHP Poles
jw jw jw
A A

» S

(@) (b) (©

Figure 2.10: Polezero diagrams and corresponding transient responses of systems
(a) right-half plane poles, (b) imaginary poles, and (c)-Iefif plane poles.
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Keeping the closetbop poles on themaginary axis is not an easy task for linear
control systems. In order to sustain constant amplitude vibrations, an additional
nonlinearity or an amplitude control mechanism should be introduced. For simple
seltoscillation loops as shown ifigure 2.9, the vibration amplitude is limited
inherently by the circuit itself. As the oscillation level increases, each stage
eventually becomes nonlineand finally saturates at the supply limits providing a
constant amplitude oscillation. In addition to supply limitation, more complex
amplitude control circuits should be employed in order to eliminate the dependence
of vibration amplitude on supply volias, temperature, vacuum level, and sensor

parameters.

2.4.3. Automatic Oscillation Amplitude Control Principle

Remembering the Coriolis force definition in Sect®i.2 it can be inferred that
sensitivity of the gyroscope is directly related to the dmade vibration amplitude.
Thus, random deviations in the driveode oscillations may cause undesired drift at
the gyroscope output, resulting @nbias instability prblem. Barely does simple
seltresonance circuit shown ifrigure 2.9 adapt itself to parameter variations
because of the fact that generated osaltetiin seHresonance loop completely
depend on sensor parameters as well as ambient conditions. The preferred solution
for this problem is continuously adjusting the selonance loop gain while
monitoring the vibration amplitude.Figure 2.11 shows the block diagram of the
proposed automatic oscillation amplitude control circuit. This circuit is composed of
two nested loops, which are named as-edbnance loop and control loop. The
selfresonance loop operates as the oscillation principle described in S2etign

with the exception of using variablaig amplifier (VGA) instead of constant gain
amplifier as the final gain stage. Then, the control loop compares the vibration
ampitude to the externally set voltaged generates a gain control signal adjusting
the VGA gain, so that the system poles a@leays on the imaginary axis, providing
constant oscillation amplitude. If the vibration amplitude is larger than the
predefined valuethe gain control signal decreases with the negative error signal,

resulting in decaying amplitude due to energy loss, @ce versa. Although this
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operation seems to be fairly simple, designing controller parameters and predicting
the systemtransientresponserequire complicated analysis since the system is
nonlinear. Thus, a reduced order linearized system modeldshewonstructed with
properapproximations, allowing straightforward controller design methods.

Gyroscope
Drive-Mode

Amplitude
Detector

Veum

(Driving Sgnal) §

(&elf-Resonance LDOD

Phase (Control Loop)
WA Shifter
+
+
Controller

(Gain Control Sgnal) (Error Amplifier) (Error)

(@pnydwy uoieigin)

Figure 2.11: Block diagram of the proposed automatic oscillation amplitude control cir

Considering theselfresonance loop characteristic equation in Equgi@sR) with

the unitygain phase shifter assumption, éeg = 1, closedloop system poles can be
derived as

_‘(%‘KV'KD)i\/(%‘KV'KD)“}“LZ? (2.54)

whereK, is the VGA gain. For the proper operation of automatic gain control
(AGC) loop, systems poles should be placed on the RHP at thestand move to

imaginary axis as the oscillation grows to desired lewagure 2.12 illustrates the
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pole-zero diagram showing the movement of system poles from-igiaro

steag-state operation.

w
(0_5 - Ky - I\’D) — dwj
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Figure 2.12: Polezero diagam showing the movement of system poles from -si@arto
steadystate operation.

Real parts of the system poles, which describe the transient response of vibration

amplitude, are found from the clos&bp system damping factor defined as

B(t) = (%—KV : KD) (2.55)

The damping factor expression shows that VGA g&in, can maintain zero
damping factor for constant amplitude oscillation by compensating the variations in
the resonance frequency, qualitgctor and drivemode voltage gairk,. On the
contrary, norzero damping factors lead to exponentially increasing or decaying

oscillation amplitudes, defined by the expression givegb&sh4

t

AE) = Aty)exp —% f B(t)dt (2.56)

to
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whereA(t,) is the initial value of the amplitude. This equation shows that damping
factor and oscillation relation is nonlinear, making the system design complicated.
This relation can be linearized assuming that thepilagnfactor is sufficiently small

as long as the variations in the system parameters are not very fast. From the Taylor
series expansion, Equati¢256) can be apmximated as

t
AE) ~ —A(Zt") f B(t)dt (2.57)
to
or equivalently,
A(s) = _%Bgs) (2.58)

Having obtained the linearized relation between the oscillation amplitude and the
damping factor, reduced order model of the overall AGC loop givédtigiare 2.11

can be constructed, where system inputs are amplitude set voltage, resonance
frequency and quality factorkigure 2.13 shows the reduced order linearized model

of the proposed AGC loop.

B(s) Damping to A(s) Amplitude 1 @s) -
as9=5 /D -|- Amplitude Detector -|-
+ Damping Oscillation Delay Delayed

Conversion
b 3 Factor Amplitude Amplitude

VGA Gain

Kp.Ku(s)
Total Gain

slope=U

Control Voltage

Control Voltageto
Sensor + Interface |__<Y(9) Gain Qanveraéin Vdls) Controller E(s)
Gain (Ko) VGA © Control (Error Amplifier) Error
Gain Voltage

Figure 2.13: Reduced order linearized model of the proposed AGC loop.
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In this modelthe feedback loomims to diminish difference between the amplitude

set voltage and the oscillation amplitude while keeping the damping factor at zero for
sustaining constant amplitude oscillations. Having characterized the sensor, transient
response of the system candefined by controller parameters, amplitude detector
delay, and VGA gain, according to the design specifications.

2.4.4. SenseMode Rate Output Extraction Electronics

The £nsemode output of the gyroscope is an amplitnaadulated (AM) signal, at

the oscillationfrequency of the drivénode. Therefore, this signal should be
demodulated to badeand and filtered through a lepass filter (LPF), giving DC
output proportional to the applied angular rate. In fact, there are basically two
approaches for rate outputxteaction: 1) Closed.oop rate sensing, and

2) OpenLoop rate sensing. In the closkEmbp method, sensaode displacement in
response to angular rate is enforced to be zero by applying electrostatic force to the
force-feedback electrodes. The voltageuiegd to generate necessary counterdorc
then gives the rate outputin spite of providing more linear response in wider
bandwidth, closedbop rate sensing mechanism needs complex electronics, which is
not preferred in this study. On the other hanagtndpop approach uses generic AM
demodulation methods that can easily be implemenkgglire 2.14 shows the block

diagram of a typical AM demodulation circuit.

A Multiplier A

F —o6»

' X 5
Sense Qut *Q \\ Rate Out

A Sense Qut . A T Multiplier Out
é Carrier at S p I/,_, Rate Out y
Lt Pt

: H 1
S0b23p 3ot Sz So 25052 25p 25p+52

Figure 2.14: Block diagram of atypical AM demodulation circuit for opeloop rate
sensing.
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For an ideal sense output signal modulated with emeele vibration frequency, and
assuming that phase errors are zero,-timeain expression of the multiplier output
IS derived as

My(t) = As[cos((wn + wz)t) + cos((wD — a)z)t)] X Accos(wpt)

(2.59
A A
= 52 < 2cos(wzt) + Cos((ZwD + wz)t) + cos((Za)D — a)Z)t)
Baseband term High frequency terms

where A; and A, are amplitudes of the sems®de output and the drivaode
carrier, respectively. This equation shows that signal component at the applied rate
frequency,w,, is down converted to baseband while other terms are further
transferred to higher frequencies. By employing a-f@ass filter having cuoff
frequency sufficiently lower than the minimum frequency of undesired signals,
i.e. Qwp — wz) > we > w; , baseband rate signal is extracted and higher frequency
terms are rejected. It should be noted that this filter determines the overall
bandwidth of the syetm assuming that the mechanical bandwidth is wider than the

electronic bandwidth. The resultant rate output signal is then expressed as

RO (t) = AS . AC . COS(wzt) (260)

Although Equation(2.60) provides an expression for the rate output, it does not
consider the notdealities coming from electronic circuits and mechanical sensor.
In fact, there mape a phase difference between modulated and carrier signals due to
phase errors introduced by each circuit stage. Moreover, scarcely can
fully-decoupled and balanced structure of the gyroscope remove the mechanical
crosstalk completelyunlessspecialaddtional circuits are used. In this research,
instead of mechanical crosstalk cancellation circuit, the effect of thisdeatity is

minimized by dedicated phasensitive demodulation circuits.
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As expressed in Equatio(2.39), Coriolis based displacement is related to the
velocity of drivemode oscillation. Conversely, displacement produced by the
mechanical crosstalk is proportional to the dnwede displacement.Therefore,

there is a 9@ phase difference between the signals generated by these two
mechanisms. For that reason, error coming through mechanical crosstalk is also
called as quadrature error. Then, by including the effects of quadrature and phase
errars, the multiplier output expression in Equati¢259) can be modified as

M, (t) = Accos(wpt + @) { Ay sin(wpt) + Ag[cos((wp + w,)t) + cos((wp — w;)t)] (2.61)

Carrier with Quadrature Sense output in response to
phase error error angular rate input

where@ is the phase error representing the total phase shift between thenddee
carrier and the sensaode output signals. Rearranging the terms in Equé2iéi)
andapplying the signal to a loyass filter, which rejects the high frequency signals,

give the baseband rate output voltage expressed as

Ac-A
Ro(t) = [— < z Q] sin(@) + [As - A¢ - cos(wzt)]cos(P) (2.62)

Rate output

Of fset

This equation implies that whahe quadrature error is demodulated to baseband
because of the phase error, there appears an undesired offset even in the absence of
angular rate, i.e.A¢=0. Since the magnitude of the quadrature error is not
predictable, andhe drive-mode oscillation amplitude may vary with vacuum level,
temperature or sensor parameters, unstable offset at the rate output may lead to
critical bias instability problems. Asescribed in Sectior2.4.3 an oscillation
amplitude control circuit can stabilize the drinede vibrations against external
variations. In addition to thighe output offset can be minimized with the help of
dedicated sensmode electronics introducing almost zero phase errbinerefore,

the effect of quadrature error can be reduced significantly by jHessiive
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demodulation and vibration amplitude contrad, long as the quadrature signal does

not saturate the interface electronics.

2.5. Summary

This chapter presentatie basic theory behind micromachined vibratory gyroscope
mechanics and complementary electronics. First, dynamics of the drive and sense
modes ee investigated by introducing governing equations of falisplacement
relations. Secondlyby examining different types of parallel plate capacitor
configurations, the explanations efectrostatic actuation used for actuating the
driveemode, andthe capacitive sensing mechanism used for monitoring the
drive-mode vibrations and sensing the Coridissed sensmode displacemets are
given Moreover,the electrostatic spring effect antie modematching concept in
gyroscopes having varyinggp type elecodes are illustrated. Next, by combining
the mechanical properties and transduction mechanigregeneralized electrical
equivalent model of the gyroscope is constructed. Finally, the theory of vibratory
gyroscope electronics is presented. The plesi ofthe selfoscillation circuit and

the automatic amplitude control loop are given, as well as the amplitude

demodulation technique used the sensemode rate output extraction.

61



CHAPTER 3

READOUT AND CONTROL ELECTRONICS DESIGN

This chapter presents design details and simulations of readout and control
electronics for silicoronglass (SOG), silicoloninsulator (SOI), and
dissolvedwaferprocess (DWP) vibratory gyroscopes developed at METU.
Section3.1 gives external gyroscope electronics implemented with commercial
discrete components. In this section, besides transresistance amplifier type
interfaces, singkended and differerl selfresonance excitation circuits with both
manual and automatic oscillation amplitude control mechanisms are introduced.
Moreover, the design of opdoop rate sensing electronics involving phasasitive

AM demodulation is given as well. SectiB explains the design steps of CMOS
capacitive and resistive type interfaces implemented in standafan 0GOS
process provided by XFAB Semiconductor Foundriesthis section, interfaces are
characterized by AC, transient, and noise simulations of EMMDE Analog Artist
simulator. Section3.3 proposes a CMOS fulldifferential automatic amplitude
control circuit verified by systerfevel andtransistoflevel simulations. Section3.4
presents thelesign of CMOS opetoop ratesengng electronics, which is based on
full-wave rectification followed by lovpass filtering. Finally, SectioB.5 gives a

brief summary of the chapter.

3.1. Discrete Reaaut and Control Electronics

Although gyroscope electronics implemented with commercial discrete components
are known to give inferior performance compared to CMOS counterparts, they
provide reliable, lowcost, modifiable, easily implementable, and tigasing

solutions for fullyfunctional angular rate sensor systems. The vast variety of
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high-performance discrete components in the market enables the implementation of
complete gyroscope electronics on typical printed circuit boards (PCB). Moreover,
with the improvements in surfageount device (SMD) and multayer PCB
technologies, it is now possible to fit whole electronics in few square centimeters.
Hence, in this research, initial functionality and characterization tests are performed
with discrete eletronics rather than CMOS. Designed drivede seHoscillation

and sensenode rate output extraction circuits as well as residtige interfaces,
which are all implemented with commercial SMDs, are presented in the following
subsections.

3.1.1. Drive-Mode Sdf-Resonance Excitation Circuit with Manual Oscillation

Amplitude Control

Remembering the proper operation of a vibratory gyroscope, an angular rate input
induces Coriolis force in the sers®de only if the drivanode is kept in oscillation.
Sustaining slf-triggered vibrations in the driverode requires closeldop positive
feedback circuits satisfyindpe Barkhausen oscillation criteria, stating that oscillation
starts only if the loop gain is greater than unity at the frequency where the total phase
shift is zero. Therefore, a simple sedsonance loop is composed of gain and phase
compensation blocks for satisfying the oscillation criteria and a vibration amplitude
limiter. Figure 3.1 illustrates the proposed se#sonance excitation circuit with
manual amplitude control for CMOS capacitiype interfaced gyroscop§s0]. As
explained inSection2.4.1, capacitivetype interfaces introduc®0A phase shi ft
resonance frequency since the generated current is integrated and converted to
voltage on the interface capacitor. Themage condition for sustaining oscillation at

the mechanical resonance frequency is satisfied by a phase shifting circuit

i ntroduci n@0Aa ddiatsiecoTheahesuftéint signal is applied to a
comparator which generatgsower supplylimited square wave signals at the
oscillation frequency. This is the stage where the amplitude of the growing
vibrations is limited by a nonlinear operation. Finally, an adjustghie attenuator

stage is used for determining the amplitudéhefdriving signal so tht the generated

vibrations are at the desired level.
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HHHH Gyroscope Capacitive VVVVY

Drive-Mode Interface
\——

Attenuator ': Phase Shifter

Manual Amplitude Set

Figure 3.1: Block diagram of theself-resonance excitation circuit with manual amplitu
control for CMOS capacitivéype interfaced gyroscopes.

Despite the fact that loop operation is quite simple, realizing phase shifting circuits
providing exactly 98 phase shift in a sufficient
to some disadvantages of these circuitsFigure 3.2 shows two possible
configurations of90A p h a s e (a)s ®PANIR differentiator and (b) OPAMP
integrator circuits introducing 0 A and 90A phase shifts,

R C
™ ::
c R
Vino—| > Vin —AW\ >
b—0 Vout b——o0 Vout
r I
Vout _ . Vuur _ 1
iy, =9 v U TSRO
@ (b)

Figure 3.2: Two possible configurations of 9’0’ p h as e(a) ORAMP tifeerergtiator anc
(b) OPAMP integrator circuitmtroducingg9 0 A and 90A phase shi

Giving zero gain at DC, the differentiatoancels out the possible offset coming
from the interface circuit while providing almoat90OA phase shi ft i
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wide bandwidth, which is, indeed, limited by the parasitics and OPAMP itself. Since
the gain of the differentiator increases as tfequency increases, the amplification

of the highfrequency noise and sharp transitions at the differentiator input may
cause stability problems in the feedback loop. Alternatively, an ideal OPAMP

Il ntegrator circuit a | she incomirty signall.u ldowever,9 0 A
due to the fact that OPAMP output is not D@sed through a resistive path,
integrator circuit gives saturated output when the input signal has a DC component.
In practical applications, an additional output biasing feedbesistor is connected
parallel to the integration capacitor. Solving the DC biasing problem, this resistor
brings undesired phase errors. Moreover, a-pags filter circuit is frequently
connected to integrator output in order to reject the DC off§hts filter also leads

to phase errors, resulting in a vibration frequency that is away from the mechanical
resonance frequency of the gyroscope. Comparing the advantages and disadvantages
of both phase shifters, it is concluded thia¢ differentiator would give superior
performance as long as the electrical coupling ohigb-frequencydriving signal to

the differentiator input is prevented-igure 3.3 shows the circuit schematic of the
proposed selfesonance excitation circuit including differentiator as the phase

shifting element.

VVVVV Capacitive Proof “ € (Driving Sgnal)
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! / l_

Carrier / 00 =
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Y
Differentiator Comparator Attenuator
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Figure 3.3: Circuit schematiof theselfresonance excitatiatircuit including differentiator
as the phase shifting element.
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The transient simulations of the proposed circuit are performed in SIMULINK after
constructing the secormtder model of the gyroscope cascaded CMOS
capacitivetype interface. Figure 3.4 gives the SIMULINK transient response of the
interface output when the gain of the attenuator is changed during the simulation. It
is observed that vibration level of the drn®de can be set by manually adjusting
the amplitude of the driving signal thugh the attenuator gain.

Transient Response of the Interface Output

FINAL GAIN=0. FINAL GAIN=1; FINAL GAIN=0.

Interface Output (V)

0 0.1 0.2 0.3 0.4 0.5 0.6

Time (sec)

Figure 3.4: SIMULINK transient response of the interface output when the gain o
attenuator is changed during the simulation.

However, seHoscillation loop with manual amplide control can give
constartamplitude vibrations only if sensor parameters and ambient conditions are
constant. As the temperature, vacuum level, supply voltages, or sensor parameters
vary, the vibration level of the drivanode changesince there isiot any adaptive
control on the driving signal. Moreovehe gyroscope is driven into resonance with

a square wave signal, which may lead to undesired glitches in the circuit and may
excite the higher modes of the gyroscope.
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3.1.2. SenseMode OpenlLoop Rate Sersing Electronics

Raw sensenode output in response to an angular rate is an AM modulated signal at
the frequency of drivenode oscillation. In opelwop rate sensing electronics, this
signal is required to be transferred to baseband by a phase senkitaendodulator
circuit, as theoretically explained iBection2.4.4 There are several techniques for
AM demodulation, usually employing multiplierswitches, halivave or fultwave
rectifiers. I n this study, Analog Devic
integrated circuit[55], providing high precision phasensitive demodulation, is
used in the sensmode electronics composed of discretemponents. Figure 3.5
shows the complete circuit schematic of the proposed -loogn rate sensing
electronics. In this circuitthe sensemode CMOS capacitive interface output is
buffered and applied to demodwat giving fulkwave rectified version of the input
signal. The carrier signal of the demodulator is taken from the -drode
seltfresonance circuit given ifrigure 3.3. Since the phase difference between
sensemode output and drivenode oscillation is either) @0Aas the gyroscope is
operated in matched or mismatched modghase and 98phaseshifted versions of

the carrier signaare selectél by a manual switch according to the operation mode.
A third-order SallerKey type lowpass filter (LPF) having cwaff frequency of
10Hz then rejects the unwanted higbquency components in the fullave rectified
signal, giving a baseband angular eatrelated signal. Finally, LPF output is

amplified by a norinverting gain stage for scatactor tuning.

4

|

AD630 47¢F

(Demodulator) 10Km 10Km Rate

Sense-Mode LF353 . . 3 -
Interface + ggm;@ Output
Cutput A Carrier
J Switch = = R
R.
GAIN=(Ri+R;)/ Ry
((carrierjos ] ([ carrier/908) 1
Y Y Y Y
Buffer Demodulator LPFat 10Hz Final Gain

Figure 3.5: Circuit schematic of the@penloop rate sensing circuit used for converting
AM modulated sensmode output to baseband angular rate related signal.
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The proposed sensrode rate extraction circuit and the s&l§onance loop given in
Figure 3.3 are implemented with SMD components on a compact printed circuit
board (PCB). Figure 3.6 shows the photograph of the PCB including irent
driveemode and sensmode electronics, fit in a 5.3x2 érarea with a dedicated

layout design.

Drive-Mode Self-Oscillation Loop Sense-Mode Open-Loop
With Manual Amplitude Control Rate Sensing Electronics

Figure 3.6: Photograph of the PCB including entire sensme and drivanode electronics
fit in a 5.3x2 en’ area with a dedicated layout design.

3.1.3. Transimpedance Amplifier (TIA) Type Resistive Interface

Interface circuits play an important role in the overall performance of the
micromachined gyroscopes, as they convert atomic scale displacements to
meaningfulelectrical signals. In the driveode of the gyroscope, these circuits are
used for monitoring the vibration amplitude in order to construct a po$iadback

loop for selfoscillation. Furthermore, displacements in response to applied angular
rates a@ sensed by more sensitive interfaces in the sewoslke. Because of the fact

that generated currents due to these physical displacements are extremely small,
proximity of the interface to the mechanical sensor is one of the major parameters
that limit theperformance of the system. In an angular rate sensor system where the

MEMS gyroscope and electronic interface cannot be placed on the same die due to
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process limitations, parasitics coming from interconnections degrade the sensitivity
of the gyroscope gnificantly. Therefore, either parasitic capacitances should be
minimized or interface electronics eliminating the effect of parasitics should be
employed. The former is usually not practical for the interface electronics
implemented with commercial disgte components. Therefore, a transimpedance
amplifier type resistive interface, which is also called as transresistance amplifier
(TRA), is preferred since it minimizes the effect of parasitic capacitances. As
mentioned inSection 2.4.1, capacitivetype interfaces provide higher sensitiyity
thus, they are usually employed in the semeele. However, the difficulty of
implementing sufficiently large biasing re®irs prevents the realization of
capacitivetype interfaces with discrete components. Hence, in the discrete
electronics involving automatic amplitude control mechanism, resistpe
interfaces argreferredfor not onlythe drive-mode but alsdhe sersemode of the
gyroscope. Figure 2.1 illustrates a gyroscope cascaded TRA structure, wheie

the capacitance betwe#re stationary electrode drihe proof mass(, is the total of
parasitic capacitances coming from interconnections and OPAMP input capacitance,

and/s is the current generated by the sensor.

Virtual
Ground
¥

\2E

T

Figure 3.7: Gyroscope cascadd&@nsresistance amplifier (TRA) structure.

In the normal operation of the feedback connected OPAMP, the difference between

the OPAMP input terminals is almost zero due to very high -dp&m gain of the
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OPAMP. Since the nemverting terminal is directly connected to ground, inverting
terminal is also at ground potential, which is called as virtual ground. Thergfere,
high-impedance node of the gyroscope is-Di@sed to ground through namverting
terminal. In additionthe OPAMP output is also D®iased to ground via feedback
resistor,R;,;, connected between the highpedance node and OPAMP output. If

the current source and effective impedance of the capacitances parallel to the current
source is converted to thd hevenin equivalent circuit, it is observed that the effect

of capacitances across highpedance node and ground diminishes, leading to
output voltage expression given as

Vour = —(Rint : Is) (3-1)

Therefore, output voltage is only proportional to the generated current and interface
resistor, implying that TRA theoretically minimizes the phase error and gain loss due
to the parasitic capacitances atite stationary capacitance of the gyroscope

In addition to phase shift and gain characteristics, electronic noise contribution from
the interface is also quite important in determining the overall gyroscope
performance. The electronic noise of the TRA interface is composed dideeof

the OPAMP aml the thermal noise of the interface resistor. Then, equivalent

input-referred current noise is expressed as

P2 2
Lnin _ 4kT Un,a

Af a Rint R?

int

(3.2)

which indicates thathe interface resistoshould be as large as possible to decrease

the current nge. Howeveryesistances of commercial thitm SMD resistors are

limited. Moreover, error tolerance and parasitic capacitance of the resistor highly
depend orits value. Then, interface regiss in the range of-10MY ar e used i n
sensemode and maxi mum o-model ddcause of the face thatl r i v e

drive-mode does not require as high sensitivities as the sende.
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3.1.4. SingleEnded Automatic Amplitude Control Circuit with Open -Loop

Rate Sensing Electronics for SOG Gyroscopes

Although the selfoscillation loop explained in SectioB.1.1 provides constant
amplitude vibrations, it cannot adjust drigisignal according to variations in sensor
parameters, supply voltages, temperature, and vacuum level. Moreover, driving
voltage is a square wave signal which may excite the high frequency modes of the
gyroscope and result in glitches in the circuit duelectrical coupling. Therefore,
more complicated drivenode electronics employing continuous adaptive amplitude
control mechanism is required to obtain superior sensor performdfigere 3.8
shows the block diagram of the proposed automatic amplitude control mechanism
together with the opelvop rate sensing electronics designed for shmggdess
silicon-onglass (SOG) gyroscopg®] developed at METU This loop aims to adjust

the loop gain through variable gain amplifier (VGA) according to the difference
betweerthe amplitude set voltage artle monitored drivemode vibration amplitude

so that the system poleseaalways on the imaginary axis. Thissustainsconstant
amplitude vibratiosindependent of the sensor parameters and ambient conditions.
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Figure 3.8: Block diagram of the proposed automatic amplitude control mechanism tog
with theopenloop rate sensing electronics designed for singhss SOG gyroscopes.
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Figure 3.9 shows the circuit schematic of the proposed automatic amp/ioiolzol

loop and open loop sensaode electronics. In this circuit, both differential
sensemode electrodes and singdaded drivemode electrode are sensed by
transresistance amplifiers. In the drivede, a constant gain inverting amplifier
inverts tle transresistance amplifier output, satisfyittte phase condition of
oscillation. The vbration amplitude information is then extracted by a demodulator
followed bya first-order lowpass filter. After the comparison of amplitude voltage

to predefined &t value theresultant error signal is applied to the PI controller, which
generates the necessary control voltage for the VGA gain adjustmbatAnalog
Devicesd var i abl e [56]arovidingdBpihear fgainebetweerA D6 0 2
10dB and +30dB, ipreferred as the final gain stage of the loop. In the sewske,
differential outputs are converted to a singteled signal and transferred to
baseband by AD630 demodulator followed by tlorder LPF having cuoff
frequency at 10Hz. Either-phase o 90Ashifted versions of the driving signal is
applied to the demodulator carrier input according to the matched or mismatched
operation of the gyroscope.

Vset

AD630
@ (Demodulator) s2skm o Ave2o
i @ ?"""ﬁ\/\/\'ﬁwt
TransR
' - LPF = 1s0nF Inst. Amp.
]

Carrier
I (x1 Gain)

Drive Out

(r013)

|
|
|
| 330nF  100km
(N ®
=}
| 3 PROOF 2 PI Controller 10km
| § MASS o (Control Voltage)
3 i
! 02
| 196km
- ——VW—
| Driveln A7nE
[ m
—————————————— 27.akm " DCRATE
N A l\ ouT
| 353
(=
C* e
@ 3 = Integrator
1-10Mm & gg d
[é & . 10nF
@ (Carrier/ 909 I
= 1 1T
Switch 84.5km AC

y Carrier

Sgna]@

AD630
(Demodulator)
—_—

(LPFout) !

Figure 3.9: Circuit schematic of the proposeditomatic amplitude control loop and op
loop sensemode electronics.
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After obtaining the transfer characteristics of the mechanical setisngverall
system is modeled in SIMULINK for systelavel transient simulationgFigure3.10

gives the transient simulation results for the driving signal and-dnoge interface
output, as the quality factor of the gyroscope is changed during the simul&tion.

the startup, system has an overshoot response since the PI controller gives saturated
output, resulting ira maximum VGA gain. As the PI controller output stabilizes,
both the driving signal andthe interface output reach to the desired levels, giving
constant amplitude oscillation at the mechanical resonance frequency. Furthermore,
when the quality factor is increased instantaneously, system automatically senses the
increase irthe vibration amplitude and decreases the driving signal, and vice versa.
Besides variatios in the quality factor, it iserified thatthe circuit can adjust the
driving signal for constant amplitude oscillation when the sensor gain, resonance

frequencyand supply voltages aedsochanged.

Transient Response of the Driving Signal
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Figure 3.10: SIMULINK transient simulation result for (a) driving signal, a
(b) drive-mode interface output, as the quality factor of the gyroscope is changed.
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After verifying that the proposed circuit operates properly, itmiplemented with
SMD components on a compact PCB having 5.4gBfarea. Figure 3.11 shows
the top and bottom sides of the PCB including packageds Sfyroscope,

transresistance amplifiers, oplEmp rate sensing electronics, and seBonance
loop with automatic amplitude control.

woy'S

xg 3
> O pey
Packaged Esg 3
i 3 Drive-mode
Gyroscope ol AGCElectronics
Transresistance Open-Loop
Preamplifiers Rate Sensing
P Electronics

(Bottom Sde)

Figure 3.11: (a) General view, (b) Top side, and (c) Bottom sidehef PCB, including
packaged SOG gyroscope, transresistance amplifiers;lopemate sensing electronics, a
selfresonance loop with automatic amplitude control.
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In this PCB, boththe driveemode and sens@mode transresistance amplifiers are
located jus under the sensor, which is the closest placement that can be achieved
without sacrificing the symmetry of the differential semsede signals. Packaged
SOG gyroscope and most of the drimede electronics are placed on the top side
where sensenode ciraiits are on the bottom side of the doulaiger PCB.
Moreover, the sinusoidal driving signal generated by therestinance loop is
isolated from the sensmeode signals in order to prevent the possible electrical
coupling resulting imnoutput offset inthe phasesensitive demodulation.

3.1.5. Differential Automatic Amplitude Control Circuit with Open -Loop Rate

Sensing Electronics forDual-Mass Gyroscopes

Sensitivity to linear and rotational accelerations is one of the major problems of
MEMS gyroscopes. Idegll a gyroscope should detect the Coriolis acceleration
while rejecting the possible linear or rotational accelerations along the sensitive axis.
These accelerations deflect the semeele moving electrodes, causing nonlinearity

in the scaldactor and a @ shift in the output biab1]. The most preferred solution

for the acceleration sensitivity problem is utilizing mutass gyroscopes sensed by
differential readout electronics. Thus, unlike SOG gyroscopes, dissokvied
process (DWP) gyroscopes @dped at METU are duathass gyroscopes, where
each mass is vibrated in opposite directions in the -gnode. Owing to this
mechanism,the gyroscope gives anfihase responses to the Coriolis action, and
in-phase responses to other common acceleratidvisen the sensmode outputs

are read differentially, commemode signals diminish whereas the angular rate
related signal doubles after differential outputs are converted to a-simggel signal

by a subtraction operation.Figure 3.12 illustrates the simplified view of the
duatmass DWP gyroscope whose design and fabrication details are beyond the
scope of this thesis. In this gyroscope, drnvede notor electrodes (DM) are
connected so that each proof mass resonates in opposite directions when differential
driving signals are applied. The vibration amplitude information of resonating
driveemode is extracted through differential drnede pickup ekctrodes (DP).

The sensanode pickup electrodes (SP) are cressnnected since the deflections in
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response to angular rates are in opposite directions for each mass. These electrical
connections enable two mechanicaltyupled gyroscopes behave as aglgn

gyroscope operating differentially in both modes.

Figure 3.12: Simplified view of the daltmass DWP gyroscope.

Table 1.1 provides the expected capacitance values and electromechanical coupling
coefficients for drive motor (DM), drive piekp (DP), and sense piap (SP)
electrodes. It should be noted thatistary capacitance values are given as half of

the total since each mechanism has two differential electrodes.

Table 3.1: Expected capacitance values and electromechanical coupling coefficier
drive motor (DM), drive pickup (DP), and sense pialp (SP) electrodes.

Parameter Definition Value
Cpm Drive-mode motor (DM) capacitance (Half of total) | 2.1 pF
Npum Currentto-velocity coefficient for drive motor 2.02x10°
Cpp Drive-mode pickup (DP) capacitance (Half of total) | 0.32 pF
Npp Velocity-to-current coefficient for drive pickip 3.08x10’
Csp Sensemode pickup (SP) capacitance (Half of total) | 3.04 pF
Ngp Velocity-to-current coefficient for drive pickip 5.08x10°
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In differential gyroscopes, balanced operation in the emeele is achieved with the
generation of perfectly anphase excitation signals applied both sides of the
drive-mode resonators. One possible solution for differential signal generation may
be inverting the singlended signal in the sediscillation loop. However, inverting
amplifiers inevitably introduce phase errors which lead to imbalanced driving and
deviatin from the mechanical resonance frequency. An alternative and superior
way of obtaining differential excitation signals is constructing two-@stdillation

loops having totally symmetric structuregigure 3.13 shows the circuit schematic

of the proposed differential automatic amplitude control loop designed for DWP
gyroscopes and implemented with commercial discrete components. In this circuit,
there are two selbscillation loops constructed by two VGAs pag&d in one single
chip, minimizing the nsmatches between the loop®rive-mode oscillations are
sensed by TRAs connected to the pigkelectrodes placed on the same side with the
motor electrodes as shown kigure 3.12. Since the phase difference between
driving and pickup signals is 188 at t he resorM@8Acphasaea sMid
introduced by the TRA is sufficient for the phase conditibnseillation. Then, the

gain criterion is satisfied by the VGA gain, where gain control voltage is generated
by the PI controller according to the difference betwibervibration amplitude and

theamplitudeset voltage.
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Inst. Amp.
(x1 Gain)

Figure 3.13. Circuit schematic of the differential automatic amplitude control I
designed for DWP gyroscopes and implemented with commercial discrete compone
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The proposed loop together with differential open loop rate senseaugranics,

which is similar to the one given iRigure 3.9, is implemented with commercial
discrete components on very compact PCBgure 3.14 shows the photographs of
six-layer PCB implemented with (a) dual in line package (DIP) components, and
(b) surface mount devices (SMD).With a dedicated layout design, complete
electronics is fit in a 2.1x4.4 énarea, which is extremely small for suattomplex
circuit. In this system, the DWP gyroscope and the transresistance preamplifiers are
placed on a separate gqithted PCB having 2.1x1.9 érarea.
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Figure 3.14: Photographs of siélayer PCB implemented with (a) dual in line packar
(DIP) components, and (b) surface mount devices (SMD).
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3.2. CMOS Capacitive and Resistive Interfaces

Gyroscope electronics implemented with commercial discrete components have large
parasitic capacitances coming from wirebonds, packages, and PCBs. Moreover,
difficulties in fabricating sufficiently large biasing resistors with small error
tolerances in SM technology limit the maximum achievable sensitivity of an
angular rate sensor system. Therefore, dedicated CMOS electronics, which minimize
the parasitic capacitances and provide several approaches for realizing biasing
resistors in the order of gigaoknj8, 51], are required in higperformance
micromachined vibratory gyroscopes. In this study, CMOS tgaig buffer (UGB)

and transimpedance amplifier (TIA) type capacitive and resistive interfaces are
designed for higfBNR capacitance to voltagenversion in DWP gyroscopes.

3.2.1. Unity-Gain Buffer (UGB) Design

The input capacitance of an interface circuit adds directly to the overall parasitic
capacitance across the highpedance node and ground. Therefore, it is desired to
design interface circuitisaving very small input capacitances for higher sensitivities.
This requirement can be met by UGB circuits due to a phenomenon called Miller
effect[52]. According to Millerds theor em, e f
can be separated into two graled capacitances whose values approach to zero as
the voltage gain between the nodes gets closer to unity. Based on this effect, input
capacitance of a differential amplifier having moderate gain reduces cagnifi

when the amplifier iduffer-conneted Figure3.15 shows the schematic view of the
proposed UGB circuit, which is the modified version of UGB circuitg8ir83, 49],

and Table 2.1 gives the transistor dimensions of the circuit designed fo©m.6

n-well CMOS process.

The openloop circuit is actuallya moderateyain singlestage diferential amplifier.
The buffer connection is achieved by connecting the negative input terminal to the
amplifier output. All transistors are designed to operathamsaturation region ana

1000A of tail current is generated bthe M7 transistor biasd by a bandgap
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referenced bias cell producing 1.03 V. Input capacitance of the circuit is dominated
by gateto-source, gat¢o-drain, and gatéo-bulk capacitances of the input transistor,
M1. Because of the buffer connection and the current mirroesn énd source
terminals of the input transistor directly track the input ac voltage, giving
gateto-drain and gat¢o-source gains very close to unity. Moreover, for anedl
process, bulk terminal of the PMOS input transistor is connected to its sdurea,

all parasitic capacitances associated with the input transistor minimizes due to the
Miller effect, resulting in a very low input capacitance for the UGB circuit.

Vop
Vbiaso—l M7

Vin°—||:M1 MZ-:II_—OVout
Buffer »

Ly | ol connections

M3 M4 -
= —o Vout

Vine— +

ws_J——{[Twe
o

Figure 3.15. The schematic viewf the UGB circuif which is the modified version of UGI
circuits in[8, 33,49].

Table 3.2: Transistor dimensions for the UGB circuit designed foOmanrwell CMOS
process of XFAB Semiconductor Foundries.

M1 M2 M3 M4 M5 M6 M7
Width (W) 800m | 800m | 400m | 400m | 400m | 400m | 720m
Length (L) 40m 40m 40m 40m 80m 80m 40m
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According to DC operating point simulations of the circtie nput transistor has
total gate capacitance of 6@ However, this is not thactual input capacitance of
the circuit because of the uniggin feedback connectionFigure 3.16 shows the
Z-parameter analysis result for the inpmpedance of the UGB circuit. According
to this simulation, input capacitance is found as #-7vhich is much smaller than
the total gate capacitance of the input transistor since the-gaiityconnection
reduces the effective parasitic capacitanceoss the higlimpedance node and
ground.
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Figure 3.16. Z-parameter analysis result for the input impedance of the UGB circuil

Moreover, parasitic capacitances associated with CMOS pads can also be minimized
by using bootstrapping methgdll, 33] In this methodan electrically conductive

shield layer is inserted between the top pad metal, where thenmigidance node is
conneted, andthe substrate of the CMOS8hip. By connecting the shield layer to
UGB output, it is achieved that shield layer tracks the voltage at tharhgdance

node. As the UGB gain approaches to unity, the parasitic capacitance between the
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top metal pd and the shield layer diminishes according to the Miller effect,
suppressing the total effective parasitic capacitance coming from wirebonding pads.
Thus, gain of the UGB is quite important in determining the effective parasitic
capacitances. Figure 3.17 shows the podayout AC simulation result of the
designed UGB when the output is loaded veithOpF capacitor.The UGB voltage

gain and phase erroare found as 0.999 V/V -8.581mdB) and -28.44mdeg,
respectively This analysis shows that UGB circuit provides almost perfect gain and

phase characteristics.
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Figure 3.17: Postlayout AC simulation result of the designed UGB when the outpl
loaded witha 10pF capacitor.

Figure3.18 shows the noise simulation result for thetput referred voltage noise of
the UGB. The ot noise at 1&Hz is 13.83V/aHz, which is dominated by thermal
noise contributions of load transistors, M5 and M6, and input transistors, M1 and
M2. In addition to thisthe flicker noise at the low frguencies is again dominated

by input and load transistors.
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Figure 3.18: Noisesimulation result for the output referred voltage noise of the UGB

Another important parameter for the UGB circuit is the output offset. Idehéy,

UGB output is DC biased to ground through wggin feedback connection since

the positive input terminal is DGiased bya high-impedance node biasing resistor.
However, due to transistor mismatches and process variations, there would be an
unpredictable offset at the output of the fabricated chifigure 3.19 gives he
postlayout Monte Carlo simulation result for the output offset of the UGB when
transistor mismatches and process variations are modeled as a Gaussian distribution
function according to the process parameters provided by XFAB. In this simulation,
offs¢ is calculated many times for randomly selected mismatch and process
variations. Monte Carlo simulation histogram for a hundred trials shows that output
offset is within N3 mV range with 1.23nV standard deviation, where the mean
value is 2030V, andthe most probable output offset voltage is 90@. Although
expected offset values are in tolerable ranges, it is possible to further cancel out the
commonmode offset by employing a differential UGB circuit with a dedicated

layout.
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Figure 3.19: Postlayout Monte Carlo simulation result for the output offset of the U
when transistor mismatches and process variations are modeled as a Gaussian dis
function according to the procegarameters provided by XFAB.

According to postayout simulationsthe proposed UGB circuit has very small input
capacitance witla very low output noise, thus, providing high SNR. Moreover, it
has a voltage gain of almost unity, eliminating the parasiticoming from
wirebonding pads bythe bootstrapping method. Thus, it is verified that the
differential version of the UGB circuit can be used in the resistive and capacitive

type interface designed for DWP gyroscopes.

3.2.2. UGB Type Resistive Interface

UGB type resistive interfaces are mostly employed in the drivee electronics

because the drivenode does not require as high sensitivities as the -ssode.
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Furthermorethe phase shift introduced by the resistive interfaségeally 04 which
removes thenecessity of additional phase shifting blocks in the-astillation loop.

Figure 3.20 shows the UGB type resistive interface structure designedWP
gyroscopes. In this circuit, higimpedance node of the gyroscope is-Di&sed to
theground potential througaninterface resistor. Then, the current generated by the
gyroscope is converted to voltage on the interface resistor as long as ttor hess
much smaller impedance than that of parasitic capacitances. Since the UGB circuit
has very high input impedance, it is possible to employ sufficiently large interface

resistors without caing unacceptable phase errors.
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Figure 3.20: UGB type resistive interface structure designed for DWP gyroscopes.

Figure3.21 shows the podfiyout AC simulation of the UGB type resistive interface

when the circuit is excited with a current source. Magnitude ofuhentto-voltage

gain is found as 197.3¥kwith a phase error 0f438.4mdeg for 200X of i nt er f a
resistor and 1@F of load capacitance. It should be noted that this minor phase error

comes from the stationary sensor capacitafige since the input capacitance of the

interface,C;,,;, is negigible.

Figure 3.22 shows the simulation result for the output referred voltage noise of the
UGB type resistive interface. According to the noise simulation, the circuit has
58.92nV/aHz of output voltage noisat 10kHz. Comparing the resistive type
interface noise characteristics with the UGB noise giverFigure 3.18, it is
concluded that while thiticker noise remains the same, thermal noise increases due

to the noise contribution of the interface resistor.
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Figure 3.21: Postlayout AC simulation result of the UGB type resistive interface wher
circuit is excited with a current source and loaded with a 10 pF capacitor.
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Figure 3.22: Noise simulation result for the output referred voltage noise of the UGB
resistive interface.
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After verifying the circuit operation through a number of simulatiomg) bf the
UGB type resistive interface circuits givenHingure 3.20 are combined in a single
chip with a dedicated layout minimizing the mismatches between interfaces.
Figure3.23a) shows the layout of the differential UGB type resistive interface and
Figure3.23(b) showsthe layout ofifferential UGB type resistive interface cascaded
with anon-chip instrumentation amplifier giving singended output.Moreover, the

chip shown inFigure 3.23(b) includes a singlended to differential converter for
generating differential drivenode motor signals, vi¢h is explained in Sectiod.3.1

1080 er

U3 006

Bootstrapping Input Pads
Bootstrapping Input Pads

]
200 kq Biasing Resistors .

(b)

Resistors

Figure 3.23. Layouts of (a)the differential UGB type resistive interface, and (the
differential UGB type resistive interface cascaded \aitton-chip instrumentation amplifie
giving singleended output.

3.2.3. UGB Type Capacitive Interface with Subthreshold Transistor Biasing

Rememberindghe capacitiveype interface condition explained 8ection2.4.], the
high-impedance node of the gyroscope should bebiSed with a resistor having
much largerimpedance than that of interface capacitor,, Re,; > (1/5Cin:) -
When this condition is satisfiedhe pumped charge is converted to voltage on the
interface capacitor which should be as small as possible for higher sensitivities.

However, thisrequires higimpedance node biasing resistors in the order of
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gigaohms, which is not practical to implement with physical resistors due to area
constraints. On the other hand, biasing resistors much larger than few gigaohms lead
to large time constantglecreasing the response time of the system. Therefore,
among several approaches, MOSFET operating inits subthreshold region is
preferred for realizing controllable channel resistances in the order of few gigaohms.

Figure 3.24 shows the circuit schematic of the UGB type capacitive interface, where

the highimpedance node is biased with NM®M™MOS transistor pair operating in

the subthreshold region. Compared to single transistor big&@p this biasing

strategy is less dependent to the polarity to# AC signal appeared atthe
high-impedance node. Gate voltages of the biasing transistors are adjusted so that
the channel restance of each transistor is 13, giving effective biasing resistance

of 800MY . Considering that the operation
around 1kHz, impedance of the stationary sensede capacitance(s, is

5.235MY . T h earb@ding resistance ofSOOMY is sufficient
capacitivetype interface condition.
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Figure 3.24: Circuit schematic of the UGB type capacitive interface, where
high-impedance node is biased with NM@&MOStransistor pair operating in subthreshc
region.

Figure 3.25 shows the podfiyout AC simulation result of the UGB type capacitive
interface when the circuit is excited by a current sourcefadutput is loaded with

a 10pF capacitor. The phase shi introduced by the circuit is found a89.79deg,
meaning that interface is almost purely capacitive. Moreover, HB}. 8®f

currentto-voltage gain at 18Hz corresponds to 5.188Y of ef fect i ve i

88



which implies thathe current is converted tavoltage on the stationary sensede

capacitance of the gyroscope.

200 MEGHITODE |
17

=150 Pt 10kHz, 134 3B

% "P-.._,__-_N

=12

£ i

2 400 .

— T

? -“'b‘\

=750 e

ot

o
=]
o

250 |

50.0-{PHASEL

/

b 110kHz, 59,7 Sdeg

L
n
o

Yot () s (4) (deg)
=
[}

~_/

Mo

5]
=
=

250
100 10! 102 103 14 10° 108 iy 18
fred (Hz)

Figure 3.25. Postlayout AC simulation result of the UGB type capacitive interface w
the circuit is excited by a current source #meloutput is loaded with a 10 pF capacitor.

It is already mentioned that large biasing resistonea®e the circuit timeonstant,
andthus, decrease the system resporsigure 3.26 shows the transient simulation
results for the differential outputs of the UGB type capacitive interface when the
circuit is excited with differential current sources havingAlL of amplitude at
10kHz. According to the simulation, higmpedance node &sing transistor pair

DC-biases the gyroscope output to ground withinris) which is in tolerable ranges.

Figure3.27 shows the aise simulation reslt for the output referred voltage noise of
the UGB type capacitive interface biased with NMPOS biasing transistor pairs
havinganeffective channel resistance of 800¢M The circuit hasinoutput voltage
noise of 23.56 n\&Hz, which is smaller tharhat oftheresistive interface due to the
smaller thermal noise contribution of MOS transistors. Howekierflicker noise is

increased because of the flicker noise generateéddiyansistors.
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Figure 3.26: Transient simulation results for the differential outputs of the UGB 1
capacitive interface when the circuit is excited with differential current sources hamiac
of amplitude at 1G&Hz.
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Figure 3.27: Noise simulation result for the output referred voltage noise of the UGB
capacitive interface with NMO8MOS biasing transistor pairs having effective char
resistance of 800 M.
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Figure 3.28(a) shows the layout of the designed differential UGB type capacitive
interface circuit, andrigure 3.28(b) shows layout of the instrumentation amplifier

cascaded version of the circuit.

770 em 870 enr

U3 058!

Bootstrapping Input Pads
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NMOS-PMOS
Biasing Transistors|

Figure 3.28: Layouts of (a) differential UGB type capacitive interface, and (b) differe
UGB type capacitive interface cascaded with-arip instrumentation amplifier givin
singleended output.

3.2.4. Transimpedance Amplifier (TIA) Type Resistive Interface

Although UGB type interfaces have very low input capacitances, output voltages are
dependent tdhe stationary capacitance of the sensor, which limits the maximum
achievable sensitivity of the gyroscope. As explained in Se&ibr® TIA type
interfaces eliminat the effect of parasitics at the highpedance node, providing
higher sensitivities with minimum phase error. Thus, in the édrieee of DWP
gyroscopes, TIA type resistive interfacén other words transresistance amplijer

are preferred for currento-voltage conversion.Figure 3.29 shows the CMOS TIA

type resistive interface circuit designed for drivede of the DWP gyroscope. In
this circuit, 1 My of interface resistor is implemented with kdeped polysilicon

occupyng much less area compared to otfypes ofresistors.
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Figure 3.29: CMOS TIA type resistive interface circuit designed for drnede of the
DWP gyroscope.

Figure 3.30 shows the podayout AC simulation result of the TIA type resistive
interface when the circuit is excited with a current source and loaded witlpla 10
capacitor. It is observed thahe circuit has inverting characteristics since the
currentto-voltage conversion is achieved on the feedback resistor. Mordbeer,
phase error is less than 10f@leg, indicating thathe interface is almost purely
resistive despite the fact that IYMbf interface resistor is larger than thatloé UGB
type resistive interface. Therefore, this simulation verifies that TIA type
interface enables higher sensitivities through larger interface resistors without

increasing the phase error significgntl

Figure3.31 shows the aise simulation result for the output referred voltage noise of
the TIA type resistive interface. The circuit has outpderred voltage noise of
129.2nV/aHz at 10 KHz, which is larger than the noisetloé UGB type resistive
interface because of the fact that OPAKBIRI 1My resistor contributenuch more
thermal noise tharthe UGB circuit. On the other hand, in the drinede
selfoscillation loop, output noise is not as importanthesphase error if th@oise is

in tolerable ranges.
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Figure 3.30: Postlayout AC simulation result of the TIA type resistive interface when
circuit is excited with a current source and loaded with a 10 pF capacitor.

— output noise; % [ sgri(Hz)

20

1.0

WizgrifHz) (W iEgrifHz)

A0

\I OkHz, 1 29.2|r|\-".fsqrt(HZ) \k“p_,._,

T
100 107 102 103 104 10% 108 107 108
freg (Hz)

Figure 3.31 Noise simulation result for the output referred voltage noise of the TIA 1
resistive interface.
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3.2.5. Transimpedance Amplifier (TIA) Type Capacitive Interfaces with

Controlled-Impedance FET Biasing

The TIA structure can also be used as capacitive type interface if sufficiently large
resistors can be implemented for biasing the output node of the OPAMP.
Remembering the GB type capacitive interfaces explained in Sect®2.3
high-impedance node of the gyroscope is biased by NNAO®S transistor pair
operating in subhreshold remn. However, the channel resistance of a transistor
having weak inversion layer highly depends on #pplied gate voltage andhe
transistor parameters. As the transistor goes into deep subthreshold region, even few
milivolts of gate voltage variationsiay lead to resistance changes in the order of
megaohms. Therefore, in TIA type interfaces, large resistors are realized by
controlledimpedance MOSFET46] operating in edge of linear regiokigure3.32
shows the circuit schematic of the proposed controttgzedance FET circuit used

for biasing the OPAMP output. In this circuit, the resistance acrdssi@es is
controlled by changing eéhchannel resistance of M1 through DC current generated
by M3. It should be noted thahe channel resistance is independent of the AC
voltage across the transistor since the g@a®ource voltage is kept constant by the

current source.

Figure 3.32 Circuit schematic of the proposed controfieapedance FET circuit used fc
biasing the OPAMP output.
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Assuming that M1 is a long transistor operating in linear region and its
sourceto-drain voltage issufficiently small, i.e.Vsy,; < (Vg1 + Vyp), then the

channel transconductance is approximated as
Gap = Gspy = Kp+ (W/L)1 + (Vsg1 + Vrp) (33)

Due to the parallel connection of M1 and MZoth transistors have the same
gateto-source voltage, i.&/; 1 = Vs, , Where M2 transistor is forced to operate in
saturation region byhe diodeconnection. Considering the saturated M3 transistor
generating constant DC current, gatesourcevoltage of M1 transistor is defined as

Ky - (W/L)
Vsg1 = Vsg2 = m * (Vgras = Ven — Vrp) (3.9

Inserting Equatior(3.4) into Equation(3.3) yields the transconductance expression

Ky - (W/L
(R Gass ==+ @9

This equation shows that it is possible to obtain a floating resistor having sufficiently

given as

1
GDS,l = _R =Kp- (W/L)1 :
DS,1

large resistance by implementing M1 and M2 as very long and very wide transistors,

respectively.

Figure 3.33 shows the circuit schematic of the TIA type capacitive interface
employing controlledmpedance FET biasing. Accordingttee DC operating point
simulationsthe M1 transistor has channelsistance of 1.25Y, when M3 transistor

is biased with-1.565 V supplied byraonchip bandgap referenced bias cell. The

generated channel resistancevasified to besufficient for the capacitive interface
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condition as the impedance of 2 pF interfaceac#pnce at the operation frequency
of the gyroscope is around 8YM
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Figure 3.33. Circuit schematic of the TIA type capacitive interface employ
controlledimpedance FET biasing.

Figure 3.34 shows the podayout AC simulation result of the TIA type capacitive
interface when the circuit is excited by a current source and outfmaded with a
10 pF capacitor. The wrrentto-voltage gain at 1@Hz is 7.852x16 (137.9 dB),

which is exactly equal to the impedance of 2igErface capacitor at 10 kHz.

Figure 3.35 shows the transient response of the differential capacitive TIA circuit
when the circuits are excited with differential current sources having 1 nA of
amplitude at 10 kHz. It is observed tlantrolledimpedance FET circuit D®iases

the output of the OPAMP to ground potential within 15 ms.
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Figure 3.34: Postlayout AC simulation result of the TIA type capacitive interface when
circuit is excited by a current source and output is loaded with a 10 pF capacitor.
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Figure 3.35: Transient response of the differential capacitive TIA circuit when the cir
are excited with differential curresburces having 1 nA of amplitude at 10 kHz.
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Since the proposed capacitive interface is designed to be used in thenseese

noise contribution of the interface circuit is quite important in determining the
resolution of the gyroscopeFigure 3.36 shows the aise simulation result for the

output referred voltage noise of the TIA type capacitive interface. The circuit has
output voltage noise of 32.38//aHz at 10kHz. This value ismaller than the noise

of TIA type resisitive interface havingMY o f i nterface resistoc
capacitive interface has larger flicker noise due to the flicker noise contributed by

MOS transistors.
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Figure 3.36: Noise simulation result for the output referred voltage noise of the TIA 1
capacitive interface.

In this study, differential capacitive and resistive TIA interfaces are combined in a
single chip having pad distribution arranged accordimgthe DWP gyroscope.
Figure 3.37(a) shows the layout of the differential interfaces, drdure 3.37(b)

gives the layout of the interface circuits providing sirgfeled output by employing
on-chip instrumentation amplifiers. In addition, the chip showrkrigure 3.37(b)
involves a singlended to differential convert for generating exactly anphase

drive motor signals, which is explained in Sectia.1
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Figure 3.37: Layouts of (a) differential TIA type capacitive and resistive interfe
combined in a single chip, and (bjerface circuitsproviding singleended output by
employing orchip instrumentation amplifiers.

CMOS chips given irFigure 3.37 are designed to be used with externaleimode

and sensenode electronics implemented with commercial discrete components. On
the other hand, it is possible to combine whole electronics in a single chip, boosting
the overall gyroscope performance and reducing the total sensor area. Fpllowin
sections explain CMOS control and rate sensing electronics having TIA type

capacitive and resistive interfaces, designed for DWP gyroscopes.

3.3. CMOS Drive-Mode Control Electronics

It is required to generate afthase driving signals for obtaining balanegarations

in the drivemode of duaimass DWP gyroscopes. Hardly can discrete electronics
produce exactly anphase signals due to unpredictable parasitics, mismatches and
asymmetries coming from PCBs and components. Therefore, CMOS-aiugd to
differential convertors and fuligifferential automatic amplitude control loops are

developed to minimize the phase errors between drive motor signals.
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3.3.1. Single-Ended to Differential Convertor

The CMOS sngle-ended to differential convertor circuit aims to convert applied
sinusoidal signal to twanti-phasesignalshaving phase difference of exactly #80
This is achieved by using a simple approach involving subtraction property of the
instrumentation amplifie  Figure 3.38(@) shows the CMOS instrumentation
amplifier circuit schematic designed for differential to sirghgled conversion of
signals generatedy CMOS interfaces used in the drive and sense modes.
Figure3.38b) shows the proposed singdmded to differential convertor circuit
composed of two unitgain instrumentation amplifiers, where the input terminals are

crossconnected and one ofgfeconnections is grounded.
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Figure 3.38 Circuit schematic of the (a) CMOS instrumentation amplifier, and
singleended to differential converter composed of two ugiyn instrumentatior
amplifiers.

Since the applied signal sees approximately same parasitics through two branches,
generated sinusoids are expected to have exactf 189 hase di fference
circuit layout is symmetric and process mismatches are ignored.-lagost AC
simulatbns show thathe phase difference betwedhe applied signal andhe
norrinverting output is 196.mdeg. Moreoverthe phase error between inverting

and nonrinverting output signals is simulated to be less than 5 mdeg, verifying that
generated signals eralmost perfectly anphase. Thus, this circuétan be used in

the singleended selbscillation loops for driving the gyroscope with aetly

antiphase motor signals.
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3.3.2. Fully-Differential Self-Resonance Excitation Circuit with Automatic
Amplitude Control

Differential automatic amplitude control circuit composed of discrete components is
already discussed in Secti@1.5 On the other hand, unlike discrete eleoics,
application specific integrated circuit (ASIC) technology enables the realization of
fully-differential components, minimizing the possible mismatches between the
differential signals. Figure 3.39 shows the circuit schematic of the CMOS
fully-differential selfresonance excitation circuit with automatic amplitude control
designed for DWP gyroscopes.
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Figure 3.39: Circuit schematic of the CMOS fullglifferential selfresonance excitatiol
circuit with automatic amplitude control designed for DWP gyroscopes.

In this circuit, drivemode vibrations are sensed by TIA type resistive interfaces,
which are explained in Sectio®.2.4 A fully-differential CMOS variable gain

amplifier (VGA), whosegain is controlled so that the vibration amplitude is constant,
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generates exactly amphase sinusoidal drivevode motor signals. Vibration
amplitude information is extracted by an amplitude detector circuit composed of an
OPAMP comparator, an NMOS trassir, anda capacitosresistor pair. If the
comparator detects an increase in the oscillation amplitbdésansistor charges up

the capacitor, givingDC signal proportional to theibration amplitude. In the
opposite case, resistor parallel to theawaor discharges the capacitor, tracking the
decrease in the amplitude since the transistor is woffutgion at this condition.
Thus, in the steadstate,the proposed amplitude detector circuit provideseband
signals following the slow variationsn the oscillation amplitude since the
time-constant of the circuit is set so that the circuit does not give response to signals
at the oscillation frequency.The amplitude voltage is then compared to the set
voltage The resultant error signas amplified bythe PI controller generating the

necessary gain control voltage for sustaining oscillation at the desired level.

The most important component of the proposed loop is-tiffgrential VGA [57].
Figure 3.40(a) shows the basic circuit diagram of the VGA composed of two
commonsource amplifiers with variable source degeneration resistor connected in
common. Assuming that each branch haspmments having identical parameters, it
can be stated thélhe control resistor draws no DC current since the potential across

the resistor is zero. Tis, transconductances of input transistors can be expressed as

w
gm1,2 = \/Zﬂncox (T) *Ipias (36)
1,2

From the smalkignal model of the circuithevoltage gain expression is given as

_ AV _ 'gml,zRD 2'~q7””t1,2RD

AVL- B 1+ gml'z chnt B 2+ gml’chont (37)

Ay

which shows thathe voltage gain of a commesource amplifier can be controlled

by changing the value tte source degeneration resistor.
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Figure 3.40: (a) Basic circuitdiagram of the VGA composed of two commsource
amplifiers with variable source degeneration resistor connected in common. (b) ¢
schematic of the VGA when current sources and load resistors are replaced with tra
and variable resistor is réaéd with an NMOS transistor operating in linear region.

Figure 3.40(b) shows the circuit schematic of the VGA when current sources and
load resistors are replaced with saturated transistorsthangariable resistor is
realized with an NMOS transistor opergfi in its linear region. Modifying
Equation(3.7) for this circuit yields

_ 2gm, (o o/ /RL)

2+ 'gml,Z ((%) (3.8)

A, =

wherer, is the output resistance tiie load transistorsy; is the resistance of the

external load and, is the transconductance of M7, which is expressed as

W
G7 = tnCox (T)7 Vgs7 — Vrn) (3.9
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For gm,, » 2G,, Equation(3.8) can be approximated as
w
Ay = =265 (1 //RL) = 2tnCor (T)7 Vasr = Viw)(1os..//RL) (310

showing thathe gain of the circuit can be controlled the gateto-source voltage of
M7, which is directly related to the control voltage applied to the gate of M7.

Another important issue in fulldifferential VGA design is the commemode DC
level of the output nodeswhich is determined by sourte-drain voltages of
saturated PMOS load transistors, M5 and M6. By considering the cHang#i
modulation effecta voltagecurrent expression fahe saturated load transistors is

provided as

1 w ,
Ibias = E.upcox (T)S . (VDD - Vbiasz - I/'TP) (1 + AVSDS’S) (3'11)

which implies that soure®-drain voltage, thus output DC level, is determined by
process parameters if the biasing currégt,, and biasing voltagd/,;,.,, are
constant. Dependency of output comamaode level to process parameters leads to
unpredictable offsets at the output node. Therefore, a commale feedback

(CMFB) circuit is employed to adaptively set the DC leeghedesired value.
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Figure 3.41: (a) Simplified diagram of the CMFB mechanism used in the proposed V
(b) Negative feedback model of the VGA with CMFB for stability analysis.
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Figure 3.41(a) shows the simplified diagram of the CMFB mechanism used in the
proposed fullydifferential VGA. In this diagram, theommonmode level sese
circuit finds the common DC level by taking the average of differential outputs.
Then,the commonmode voltage is compared to the reference valuettacbntrol
voltage is generated ltlie error amplifier, which is actually an OPAMP operated in
the openloop configuration. From Equatio8.11), since the control voltage is
connected to the gate terminals of load transistbesputput DC level is directly
detemined by the negative feedback. However, it is possible to oataimstable
output if the closedoop system poles are on the rigi#lf plane. Then,
Figure3.41(b) shows the negative feedback model of the VGA with CMFB for
stability analysis. The @hnacteristic equation derived from this model is given as

1+ E(G)G()C(s) =0 (3.12

whereE (s) is theopenloop gain of the OPAMP, which is usedaserror amplifier,

G (s) is thecontrol voltage to commoemode level transfer function, aiit(s) is the
transfer function othe commonmode level sensing circuit. As a rule of thumb,
phase margin derived from the characteristic equation should be larger tfan &5

sufficiently safe operation.

Figure 3.42 shows the circuit schematic of the fullyfferential VGA with CMFB,
and Table 3.3 gives the transistor dimensions of the circuit designedh&tandard
0.60m CMOS process. In this circuithe resistor division network connected

between the differential outputs provide the commaode level as

V — Vout— |% + Voue-
Ve = Voues — out+2R out R = out+ . out (3.13)

In should be noted that capacitors parallel to the cormmode level sensing
resistors are placed for increasing the phase margin of the GMERBo stability

concerns.
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Figure 3.42: Circuit schematic of the fulidifferential VGA with CMFB.

Table 3.3: Transistor dimensions for the VGA circuit designed 00.60m standard 5V
CMOS process.

M1 M2 M3 M4 M5 M6 M7
Width (W) 1000m | 1000m | 500m | 500m | 300m | 300m | 50m
Length (L) 40m 40m 20m 20m 40m 40m 50m

On the other hand, it is concluded that the shstidgge VGA given irFigure 3.42
cannot provide sufficient gain for the seHcillation condition becaus¢he
commonmode level sensing resistors limit the maximum load resistance, thus

maximum gain. Moreover, as the siagtage gain increasethe gain versughe
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control voltage relation becomes highly Aarear. Therefore, it is proposed to
connect two moderate gain VGA circuits in series for increasing the overall VGA
gain being linearly dependent to the control aegie. Figure 3.43 shows two
cascadeconnected VGA circuits operating as one single VGA since cormude

control, V., and gain control/,,,,. , voltages of each VGA are shorted.
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Common- |
Vaou Mode
Vavc ¥ Level Sense
Crcuit

Vr ef

Figure 3.43. Two cascadeonnected VGA circuits operating as one single VGA si
commonmode controlycue, and gain control con, Voltages of each VGA are shorted.

Figure 3.44 gives the gin versus control voltage simulation result for the proposed
VGA circuit, when the control voltage is swept fre&h5V to 2.5V. For negative
values of the control voltage¢he gain control transistor M7 is in cudff region,
hencethecircuit provides almost zero gain. When the control voltage is increased so
that the M7 starts to conduct in linear region, gain increases because of the decrease
in channel resistance. In the lareportion of the gain versus control voltage
characteristics, the slope is approximately 57, and the maximum achievable gain is
124. As the control voltage gets closer to supply limits, gain starts to saturate;
however, this does not cause any major [@wobin the automaticraplitude control

loop operation.
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Figure 3.44: Gain versus control voltage simulation result for the proposed VGA cir
when the control voltage is swept freth5V to 2.5V.

Figure 3.45 shows the transient simulation resufts the positive and negative
output terminals, when the control voltage is swept from OV to 1V istspsfor the
It
commonmode level is at ground potential, indicating that CMFB circuit operates
properly.

differential input signals having amplitudes ab nv. is observed that
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Figure 3.45; Transient simulation result®r (a) the positive output terminal, and (lihe
negative output terminal, when the control voltage is swept from 0V to 1V in sixfete
thedifferential input signal having amplitudes I nmv.
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After designing the CMOS circuits, Pl controller parameters are defined according to
the sensor characteristics. However, it is not an easy task forlameanfeedback
system like the autanatic amplitude control loop proposed in this research. Thus,
linearized and reduced order model of the loop should be constructed first in order to
calculate the unknown PI controller parametdfggure 3.46 showsthe SIMULINK

block diagram of the reduced order loop model constructed according to the
linearization and order reduction theory explainedéction2.4.3 In this model,

PI1 controller parameters are calculated by SIMULINK Parameter Optimization Tool,
which is a powerful tool optimizing the desired parameters according to the design
specifications. For the optimization operationa signal constraint block is connected

to the sensor output nodehich actually represents the sensor cascaded resistive
interface output. Aftethe desired system response to step inpwgnieredto the
simulator, optinkation tool finds the unknown parameters in several iterations by

also considering the possible error tolerances coming from the mechanical sensor.
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Figure 3.46. SIMULINK block diagram of the reduced ordenodel for the propose
automatic amplitude control loop.

Figure 3.47 shows the SIMULINK transient response of the reduced order sensor

output for tle amplitude set voltage of 100 mV. It is observed ttasensor output
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reaches to its steadyate value within 0.3 seconds. Moreover, there is a minor
difference between final value of the sensor output taecamplitude set voltage,
which is due tolte attenuation introduced biye amplitude detector.

Transient Response of the Reduced Order Sensor Output

Sensor Output (V)

0 0.1 0.2 0.3 0.4 0.5
Time (sec)

Figure 3.47: SIMULINK transient response of the reduced order sensor output fo
amplitude set voltage of 100 mV.

After calculating the system parametexgstemlevel simulations are performed with

the actuahigherorder nonlinear model of the loop.Figure 3.48 shows the xact

model of the selbscillation loop with amplitude control constructed in SIMULINK.
Amplitude detector and VGA bloskare modeled according to the CADENCE
simulations, and sensor is modeled theoretically from the mechanical parameters of

DWP gyroscopes.
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Figure 3.48. Exactmodel of the selbscillation loop with amplitude control constructed
SIMULINK.
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Figure3.49 showsthe SIMULINK transient response of the sensor cascaded resistive
interface output fom step input of amplitude set voltage at 100 mV. Comparing the
responses given ifrigure 3.47 and Figure 3.49, it is observed that reduced orde
model provides very close estimation for the step response of the sensor output.
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Figure 3.49: SIMULINK transient response of the sensor cascaded resistive interface
for astep input of amplitdeset voltage at 100 mV

Figure3.50 showsthe SIMULINK transient response of the error signal, which is the
difference betweethe amplitude detectoruwput andthe amplitude set voltage. At

the startup, error signal iss100mV since the gyroscope is stationary. As the
increasing amplitude vibrations are sustained, error decreases until the loop gain
stabilizes for constant amplitude oscillaonAt the steadystate, error signal is zero

indicating that drivemode is vibrating exactly at the desired level.

Figure 3.51 showsthe SIMULINK transient simulation result of the Pl controller
output. Remembering the inverting Pl controller circuit giveRigure 3.39, output

of the OPAMP is not Diased because of the integrating capacitor in the feedback
path. Therefore, PI controller gives a saturated output at theuptaproviding
maximum VGA gain. A the polarity of the error signal changes with the increasing
oscillation amplitude, Pl controller output converges to the level at which the VGA
gain keeps the system poles on the imaginary axis for the constant amplitude

oscillation.
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Figure 3.50: SIMULINK transient response of the error signal, which is the differe
between amplitude detector output and amplitude set voltage.

Transient Response of the Pl Controller Output

_________________________________________________________________________________________________________

__________________________________________________________________________________________________________________

-------------------------------------------------------------------------------------------------------------------

Pl Controller Out (V)

0 0.1 0.2 0.3 0.4 0.5
Time (sec)

Figure 3.51: SIMULINK transient simulation result of the PI controller output.

The proposed loop is also simulated for the variations in sensor parameters and
ambient conditionsFigure3.52(a) shows the transient response of the sensor output

in response to step changes in amplitude set voltage when the mechanical quality
factor of the drivemode is constant at 10000. When tmaplitude set voltage
changes, the amplitude control Igophich monitorsthe error signal continuously

adjusts the VGA gain so that the gyroscope vibrates at the set \Eitnae 3.52(b)
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gives the transient response of the sensor output thieestep changes ithe quality
factor are simulated. Although sharp transitions in vacuum level are not expected
during thenormaloperation of the gyroscope, it is verified thia¢ amplitude control

loop adapts itself to new conditions and provides constant amplitude vibrations at the
mechanical resonance frequency of the gyroscope.
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Figure 3.52. SIMULINK transient simulation results of the sensor output in responstec
changes in (a) amplitude set voltage, and (b) mechanical quality factor.

After finalizing the system level design in SIMULINK, transistevel circuit
simulations of the amplitude controlled sefcillation circuit given inFigure 3.39
are performed in CADENCE analog environmentFigure 3.53 shows the

CADENCE transient simulation results for (a) instrumentation amplifier output
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connected to the differential drimaode interfaceqp) generated error signal, and (c)

Pl controller output connected to the VGA gain control input. Comparing these
simulation results with SIMULINK transient responses given Figure 3.49,
Figure3.50 and Figure 3.51, it is concluded that CADENCE and SIMULINK
provide almost identicatesults. Theefore, SIMULINK can be preferred t@redict

circuit response since CADENCE simulations usually last in several hours.
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Figure 3.53: CADENCE transient simulation results for (e instrumentatioramplifier
output connected to the differential driveode interfaces, (ke generated error signal, ar
(c) thePI controller output connected to thain control input of th&GA.
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3.4. CMOS SenseMode OpenlLoop Rate Sensing Electronics

Remembering the Coilie force definition in Section 2.1.2 the output of the
sensemode in response to an applied angular rate is an amplitude modulated signal
at thevibration frequency of therive-mode. ThusCMOS openloop rate sensing
electronics aims to demodulate the differential senede output signals to the
baseband. The most important issue in this demodulation operation is the phase
difference between éhsensanode output and the carrier signal. Such phase errors
lead to undesired offset due to demodulation of quadrature signal at thersetee
output. The detailed theory behind the pksesesitive AM demodulation and the
effect of phase errors arevgn inSection2.4.4

Figure 3.54 shows the block diagram of the proposed AM demodulator circuit based
on switching fullwave rectification followed by lovwpass filtering. In this
technique, CMOS switch, which is controlled laysquarewave signal at the
frequency of drivanode oscillabn, passes either positive or negative cycles of the
differential sensenode outputs. The resultant fuave rectified signal is then
filtered by a LPF, which rejects the high frequency components andayiesyular

rate related DC signal.
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Full-wave Rectifier Low-Pass
> . LV miter | H—
N —
— : }
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Figure 3.54: Block diagram of the proposed AM demodulator circuit based on switc
full-wave rectification followed by lovwpass filtering.
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Figure 3.55 shows the circuit schematic of the futlyfferential AM demodulation
circuit designed for opeloop rate sensing electronics of DWP gyroscopes operated
In mismatcheeémode. In this mode, phase difference betwéke drivemode
resistive interface anthe sensemode capacitive interface outputs is ideally zero.
Therefore, an additional @phase shifting block, which increases the complexity of
the circuit, is not required for this configuration. Differentiallfvave rectified
signals are generated by switching the senede outputs, where generic
complementary CMOS switches with dummy transis{®&& are employed as the
switching elements in order to minimize the charge injection problem. These CMOS
switches are controlled bywo analog comparators converting the dfivede
sinusoidal outputs to raib-rail square wave signals with minimum phaseoerr
Then, differential fulwave rectified signals are applied to an instrumentation
amplifier providing a glitcHree signal at the LPF input. A Sali&ey type
third-order LPF having cubff frequency of 10Hz thengivesthe baseband angular

rate outpit by rejecting the undesired signal components. Because the capacitors of
the LPF have impractical values to be implemented in CMOS technology, they are

connected externally through the pads.

Sense Qut+ o
3rd Order LPF
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Drive Out+ Drive Out-
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Figure 3.55. Circuit schematic of the fulbdifferential AM demodulation circuit designe
for openloop rate sensing electronics of DWP gyroscopes operated in mismatoiced
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The postlayout simulations of the proposed circuit are performed in CADENCE
analog envirament. Figure 3.56 gives the transient simulation results for the

differential fullwave rectifier outputs, when sinusoidal voltages having 100 mV of

amplitude at 10 kHz are applied differentially.
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Figure 3.56. Transient simulation results for the differential fulve rectifier outputs
when sinusoidal voltages having 100 mV of amplitude at 10 kHappled differentially.
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Although CMOS switches rectify the incoming signals propagligches appear at

the differential outputs due tihe sharp switching transitions. Since these glitches
are common in both branches, they would be suppressed after the subtraction
operation. Figure 3.57 gives the transient response of the instrumentation amplifier
output, showing that glitches are rejected.

Figure 3.58 shows the transient simulation result of the turder Sallerkey LPF
output for differential sensmode signals having 100 mV of amplitude. It is a well
known fact that the DC level of fall-wave rectified sinusoidal signal &" of the
signal amplitude. Then, it is observed that the LPF output converges to 125 mV,

which corresponds tahe theoretical DC level of the instrumentation amplifier

output.
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Figure 3.58 Transient simulation result of the thicdder Sallerkey LPF output for
differential sensenode signals having 100 mV of amplitude.

Because the proposed demodulator circuit is a switching rectifier, contiiowas

noise analysis leads to erroneous results. Hence, periodic steady state (PSS) noise
analysis, which finds a proper operating point according to the switch conditions,
should be performed.Figure 3.59 shows the Periodic Stea@tate (PSS) noise

analysis giving output referred voltage noise of the overall demodulator output.
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CMOS demodulator circuit and fullgifferential automatic amplitude control loop
given inFigure3.39 are combined in a single chip according to the pad distribution
of DWP gyroscopes.Figure 3.60 shows the layout othe CMOS chip including
complete readout and control electronics necessary for a proper gyroscope operation.

3.5. Summary

This chapter provides the details of readout and control electronics implemented with
both discrete componen and the CMOS technology. Firstthe drive-mode
seltoscillation loop with manual amplitude control and the sensde opefoop

rate sensing electronics, which are realized with SMD components for SOG and SOI
gyroscopes, are introduced. In the basttoscillation loop, it is observed théte
oscillation amplitude depends on the sensor parameters and ambient conditions.
Then, an improved automatic amplitude control loop idea sustaining constant
amplitude vibrations in the driveode is proposed. Together withthe SOG
gyroscope, TIA type resistive interfags@andthe sensenoderate sensing electronics,

the proposedbop is implemented on a compact PCB havinx®4 cnf area. After

that, the differential version of the automatic amplitude comwirolit is designed fo
duatmass DWP gyroscopes, where whole circuiitmplemented with commercial
SMD components. Next, higberformrance CMOS capacitive and resistive
interfaces are presented. Unggin buffer and transimpedance amplifier type
interfaces are investigated separately by providing the trandgster simulation
results. Highimpedance node biasing structures eingblthe realization of
resistancesin the order of gigaohms through the channel resistance of MOS
transistors are proposeds well. Then, fulbdifferential CMOS drivemode
electronics foduatmassgyroscopes are introduced. The circuit operation is verified
by systerevel and transistelevel simulations performed in SIMULINK and
CADENCE. Finally, a CMOS demodulator aiit based orthe switching type

full-wave rectification followed byhe low-pass filtering is proposed.
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CHAPTER 4

TEST RESULTS

This chapter presents the test results of both discrete and CMOS electronics designed
for silicononglass (SOG), silicoronrinsulator (SOI), and dissolvesafer process
(DWP) gyroscopes developed at METU. Sectidrl gives the results of
performance tests performezh the complete angular rate systems composed of
micromachined vibratory gyroscopes and discrete electronics implemented with
commercial components. The results are demonstrated in terms of scale factor,
linearity, zererate output, dynamic range, angeendom walk, and bias instability.
Then, Sectioi® presents the AC, transient, and noise test results of CMOS capacitive
and resistive interfaces. Results of tHearacterization tests performed on the
fully -differential automatic oscillation amplitude control circuit and the semsge
demodulation electronics designed for DWP gyroscopes are also given in this

section. Finally, Sectiod.3summarizes the tests and discusses the results.

4.1. Test Results of the Discrete Electronics

In this section, test results are illustrated for three main types of discrete electronics:
1) realout and control electronics with manual oscillation amplitude control
designed for gyroscopes interfaced with CMOS capaeitipe source followers,

2) readout and control electronics with automatic oscillation amplitude control
designed for SOG gyroscesp interfaced with ofthip transresistance amplifiers, and

3) differential readout and control electronics with automatic oscillation amplitude

control designed for DWP gyroscopes.
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4.1.1. Readout and Control Electronics with Manual Oscillation Amplitude

Control

The circuit tested in this section is composed of the dneede seHresonance loop
circuit with manual oscillation amplitude control and the senede operoop rate
sensing electronics, which are explained Section 3.1.1 and Section 3.1.2
respectively. Figure 4.1 shows the photograph of the test setup used for
characteriation of the drivemode control and the sems®de demodulation
electronics. Preliminary tests are performed by applying sinusoidal signals by a
function generator (Agilent 33120A), and observing the output signals generated by
the circuit through an oditiscope (Agilent Infinium 54815A).

=" scilloscope | /

Figure 4.1: Photograph of the test setup used for characterization of ke control anc
sensemode demodulation electronics.
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Figure 3.3(a) shows the seliesonance loop output when a sinusoidal signal with

3V,p amplitude and 1 V offset is applied. While introducingdpBase shift to the

incoming signal, the differentiataircuit in the seHresonance loop totally rejects the

DC offset, making the loop insensitive to the undesired offset at the interface output.
According to the transfer characteristics measured by the network analyzer
(Agilent 4395A), the differentiatophase errorisbelow 085 i n a 10 kHz ba
Moreover, it is verified that the amplitude of the se$onance loop output can be

easily controlled by a potentiometer for sustaining dmae vibrations at the

desired level.
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Figure 4.2: a) The measured saksonance loop output (blue) when a sinusoidal signal
3 V,p, amplitude and 1 V offset (red) is applied. b) Measured outputs of the-rsenatee
demodulator (red) and lopass filter (blue).
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Figure 3.3(b) shows the measured outputs of the semsde demodulator and the
low-pass filter (LPF). The demodulator circuit generates thewalle ectified
version of the applied sinusoid, and timrd-order LPF finds the DC level of the
generated signal by rejecting hifflequency components. When a sinusoidal signal
having 3 \heak amplitude is applied to the demodulator input, the LPF gives a DC
signal having 1.9 V of amplitude, which is exactlyr 2f the peak value. It is also
observed that the proposed demodulator circuit rejects the DC offset at the

sensemode interface outpu

After verifying that this compact circuit gives superior performance compared to the
previous gyroscope electronics developed at METU, it is used in the characterization
tests of SOG gyroscopes interfaced with CMOS stegided sourcéollowers [50]

and SOl gyroscopes interfaced with discrete buffers [22, 9Hble 1.1 summarizes

the best performance values demonstrated by SOG [50] and SOI [Skcoyes
whenthe proposectircuit is used in the drive and sers®de electronics

Table 4.1: The best performance values demonstrated by SOG [50] and SOI [51] gyro:
when the proposed circuit, which is coosed of drivenode sekloscillation loop with
manual amplitude control and sefmeede operloop rate sensing electronics, is employed

Parameter SOG Gyroscope [50] SOl Gyroscope [51]
Scale Factor (mV/(deg/sec)) 1.97 8.9
R? Nonlinearity (%) 0.001 0.04
Angle Random Walkdedahr) 2.16 4.8
Bias Instability deg/hr) 124.7 106

Although the circuit gives very satisfactory results in the characterization tests, it is
concluded that the circuit is not suitable for systems required to have tgctidal
performance due to some drawbacks introduced by the circuit. First, because of the
absence of an automatic amplitude control mechanism, the vibration amplitude
highly depends on the sensor parameters and the ambient conditions. In addition to
this, the diving signal is a square wave that may excite the higher modes of the
gyroscope and cause glitches due to the electrical coupling. Thus, more complicated

electronics are essential to achieve superior performances.
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4.1.2. Readout and Control Electronics with Automatic Oscillation Amplitude

Control for SOG Gyroscopes

In this section, performance test results of the complete angular rate system
employing an SOG gyroscope as the mechanical sensing element are illustrated. In
this system, drive and sense modes o tyroscope are sensed by discrete
transresistance amplifier type interfaces. The dmegle vibrations are sustained
through a sefbscillation loop with automatic amplitude control mechanism. Then,
the sensenode output is demodulated to baseband bgndgop rate sensing
electronics. The design details and the sydeaml simulations of the proposed
circuit are given irSection3.1.4

Figure 4.3 shows the resonance characteristics for the dmgthe sense modex

the SOG gyroscope measurealith Agilent 4395A networkanalyzer and Karl &s
micromanipulator probe staticat the ambient pressuréhe resonance frequencies
are measured to be matched at about KH6for a DC polarization voltage of 31
applied to the proof masslhe quality factors of thgyroscope for the drive and the
sense modes #te atmospheric pressure dmund as?241and2.3, respectively. The
measured resonance characteristics are then used in the SIMULINK model to

estimate the unknown parameters of the-gsdfillation loop.
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Figure 4.3: Resonance characteristics for {ja@ drive-mode, and the (lgensemodeof the
SOG gyroscope measuredvith Agilent 4395A network analyzer and Karl Sus
micromanipulator probe statiait the ambient pressure
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The proposed automatic oscillation amplitude control loop and the complete angular
rate system are tested in a vacuum chamber providing at most 5 mTorr of vacuum
level by using a mechanical pumpigure4.4 shows the photograph of the compact
and fully-functional angular rate system placed into the vacuum chamber mounted on
Ideal Aerosmith 1280 singlaxis rate table.

Figure 4.4: Photograph of the compact and fuflynctional angular rate system placed ir
the vacuum chamber mounted on Ideal Aerosmith 1280 singgerate table.

The drivemode sekoscillation loop is tested for various comaiions of proof mass
voltage (\bm) and pressure level (P)Figure 4.5 shows the measured responses of
the drivemode interface output for (a)pM = 20V, P=5mTorr, (b) \em = 30V,
P=5mTorr,and (c) Vem= 30V, P=1500mTorr. It is a weknown fact that the

gain of the gyroscope highly depends on the proof mass voltage and the vacuum
level. Therefore, the vibration amplitude of an angular ratéesysmploying
selfresonance loop without any automatic amplitude control mechanism would
change according to the applied proof mass voltage and the vacuum level. On the
other hand, the proposed loop provides constant amplitude oscillations by adapting
itself to wide range of deviations in the system parameters and the ambient condition.
Moreover, comparing the gyroscope resonance characteristics gi#gune 4.3 to

output responses Iigure4.5, it is verified that the loop sustains oscillations exactly

at the mechanical resonance frequencthefdrivemode.
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Figure 4.5: Measured responses of the drimede interface output for (a)pM = 20V,
P=5mTorr, (b) \bu= 30V, P=5mTorr, and(c) Vpm= 30V, P=1500mTorr.

After verifying that theamplitude control loop provides very stable and-s&fered
drive-mode oscillations by driving the gyroscope with a sinusoidal signal exactly at
the mechanical resonance frequency of the dmeele, system characterization tests
are performed for scaléactor, linearity, zergate output, dynamic range, bias
instability, and angle random walk. In these test, the system is operated for four
different cases. Table 4.2 gives the operation cases for the angular rate system,
categorized according to the semsede transresistance amplifier (TRA) resistance,
the matching mode, the sens®de instrumentation amplifier (IA) gain, and the

vacuum level.

Table 4.2: Operation cases for the angular rate system, categorized according
sensemode transresistance amplifier (TRA) resistance, the matching mode, tharssaies
instrumentation amplifier (IApain, and the vacuum level.

SenseMode Matching SenseMode Vacuum

TRA Resistance Mode IA Gain Level
Case | 10 MY NearMatch 4 5 mTorr
Case Il 10 MY Mismatch 4 5 mTorr
Case llI 1 MY NearMatch 6 5 mTorr
Case IV 1 MY Mismatch 6 5 mTorr
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In this section, test results of only Case | are illustrated graphically, and those of
other cases are given numericalfyigure4.6 shows the measuwteoutput response of

the angular rate sensor (Case I) when the applied angular rate is swept from zero rate
to N0 deg/sec with 5 deg/sec steps
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Figure 4.6: Measured output response of the angular ratscs€Case 1) when the applie
angular rate is swept from zero ratd\&D deg/sec with 5 deg/sec steps

The data obtained from this testtieenused to construct theutput voltage versus
applied angular rate characteristics of the sendeigure 4.7 shows the measured
response curve giving the scale factor, the zate offset, and the nonlinearity of the
overall system.The sensor haa scalefactor of 22.2mV with a zeroate offset of
2.2mV, corresponding to 0.1deg/sethe offset is quite small owing to very small
phase error introduced by the electronics, precise messative demodulation, and
the small mechanical coupling betwethe drive and sense modes of the SOG
gyroscope. Moreoverhé R-nonlinearity of theresponse curvis measured to be
less tharf 0.01%, whereas the compositentinearity of the scale factomcluding
hysteresis, systematic nonlinearity, and othecerainties in the measuremens,

measured to be as low 46.6% The dynamic range of the angular rate sensor
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system is limited t& 50deg/sec, above which the sefdetor nonlinearity increases

due to opefloop rate sensing.
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Figure 4.7: Measured response curve giving the scale factor, theragmffset, and the
nonlinearity of the overall system.

The bias instability and the angle random walk values demonstrated by the angular
rate system are determeith by Allan Variance analysis.The output of the sensor is
collected for a period dime mo r e t h a nby asing ahnoulimeser (Agilent
34401A) and HPVEE softwareFigure 4.8 gives the bias drift data collected from

the rate output when the system is powered up at zero time, while the sensor is
located in the vacuum chamber and kept stationary during the test. In theesmort
system output mads an overshoot due to temperature increase, as the circuit cannot
easily remove the heat in the vacuum ambient. Then, in thetdong system gives

a decreasing response that eventually saturates. The reason for this decrease is found
to betheslight change in the vacuum levadliring the testhecause the output voltage

drifts in the opposite direction when the vacuum is released. The amplitude
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controlled seHoscillation loop provides vacuumdependent drivenode vibrations.
However, demodulationfdahe quadrature error due to very small phase errors causes
a vacuumdependent zeroate output since the quadrature ermmreases with the
vacuum level.

Gyroscope output bias (V)

0.1 deg/sec

8 I‘ L R o

i
0 1000 2000 3000 4000 5000 6000
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Figure 4.8: Bias drift data collected from thate output when the system is powered u|
zero time, while the sensor is located in the vacuum chamber and kept stationary du
test.

Figure 4.9 shows the Allan variance plot generated by the drift data. The bias
instability of the sensor is determined hyiding the measured difevel of the Allan
variance plot bythe factor of 0.664 as described 59]. The bias instability of the
angula rate sensorystem is found to be 14.3 deg/hr, which is sufficient for several
tacticatgrade applications. In fact, this value can be further improved by using a
controllable vacuum chamber providing precisely controlled vacuum level, or a
vacuumpackajed gyroscope. Moreover, the developed system demonstrates an
angle random walk of 0.12&eghhr, or an equivalent white noise density of
7.56(deg/hr)AHz. The measured noise densityingoressively lowrecognizing that

the whole electrongare constrated by discreteomponents.
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Figure 4.9: Allan variance plot generated by the drift data giveRigure4.8.

The angular rate system is also tested for -wawg/ing angular ratesFigure 4.10
shows the measured system output in response to a sinusoidal rate at 2 Hz. It is
verified that the system has bandwidth of 10 Hz, which is limited by the LPF circuit

used in the opeloop rate sensing electronics.
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Figure 4.10: Measuredsystem output in response to a sinusoidal rate at 2Hz.
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In order to compare the effects of critical parameters on the overall performance of
the system, similar performance tests are also performed for other cases given in
Table4.2. Table 4.3 summarizes the performee test results for the angular rate
system operated in four different conditions. It is verified that the performance of the
system significantly improves by using larger TIA resistance in the seode
However, as the electronic gain increases byemsing the TIA resistance, circuit
stages start to become nonlinear for higher angular rates, limiting the dynamic range.
In addition, operating the gyroscope closer to the matomade also boosts the
sensitivity. However, in this mode, the deflectiminthe sensenode in response an
angular rate increases, causing mechanical nonlinearity and possible pulfact,

the proposed system is also tested for exactly mateiuete condition. Although it
demonstrates exceptional performance with a scaetof higher than
100mV/(deg/sec) and bias instability lower than 10 deg/hr, the dynamic range is just
limited to NLO (deg/sec) due to opdwop sense electronics. Therefore, it is
concluded that it is possible to obtain far better performance by sungpadiie
proposed amplitude control loop with clels®ep electronics employing

force-feedback mechanism to keep the proof mass stationary.

Table 4.3: Performance test results for the angular rate system ogédrafeur different
conditions.

Parameter Case | Case Il Case Il Case IV
Scale Factor(mV/(deg/sec)) 22.2 16.8 9.8 7.3
R? Nonlinearity (%) 0.01 0.01 0.35 0.06
Dynamic Range(deg/sec) \{o) NB0 N100 N100
Zero Rate Output (deg/sec) -0.1 +3.45 +0.35 +0.8
Bias Instability (deg/hr) 14.3 12.2 30 30
Angle RandomWalk( d e g / 0.126 0.176 0.247 0.412

Although implemented with discrete component® tleveloped angular rate sensor
system demonstrates anpressiveperformance by integrating MEMS gyroscope
with advancedelectronics generatingmplitudecontrolled andstable drivemode

oscillations and extracting the rate signal by pfsessitive detection.
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4.1.3. Differential Readout and Control Electronics with Automatic Oscillation

Amplitude Contr ol for DWP Gyroscopes

This section presents the test results of discrete readout and control electronics
designed for duainass DWP gyroscopes. The proposed circuit is composed of drive
and sense mode transresistance amplifiers, the differential autoamapiitude
control loop that sustains constamnplitude oscillations, and the differential
openloop rate sensing electronics that transfers the saosie output to a baseband
signal proportional to the applied rate. The design details of the cireugian in
Section3.1.5 Figure 4.11 shows the photograph of the test setup used for
characterization of the circuit.
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Figure 4.11. Photograph of the test setup used for characterization of control and re
electronics designed for DWig/roscopes.

The preliminary tests are performed on a vacyatkaged DWP gyroscope
prototype in order to obtain the electromechanical model paramefégare 4.12

shows the measured driveode resonance characteristics of the vacuum packaged
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DWP gyroscope when the drimode output is read from the motor electrode
through a transresistance amplifietva 1 V¥ f eedback resistor
mass voltage is set to 15 V. The quality factor of the eémeele is found as 1238,
which is actually lower than what is expected, possibly dumteynal outgassing

after vacuum packaging. According to theimgacharacteristics, the measured
resonance frequency is 12.83dz, where the corresponding gain-5dB. This
implies that a VGA gain of 18B is required for keeping the system poles on the

imaginary axis.
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Figure 4.12: Measured drivanode resonance characteristics of the vacuum packaged
gyroscope when the driveode output is read from the motor electrode throug
transresistance amplifier with 1Y f eedback r esi st or whsetl
tol5V.

After modifying the loop parameters according to the gyroscope resonance
characteristics, the gyroscope is driven into oscillation by the proposed control loop.
Figure4.13 shows the measured driving signal and the dmesle output generated

by the automatic amplitude control loop when the proof mass and the amplitude set
voltages are set to 15 V and 100 mV, respectively. It is obsénmaedhe frequency

of the sustained oscillations is very close to the dmisgle resonance frequency.
The peak level of the sustained oscillations is found as 159 mV, which seems to be

inconsistent with 100 mV of amplitude set voltagtethe first glance In fact, the
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proposed loop compares the DC level of the output signal to the amplitude set
voltage. Since the DC level of a fullave rectified sinusoidis2/ of i1 ts peak
it is verified that the system provides oscillations exactly at the desaneel.
Moreover, the driving signal is a sinusoidal signal, showing that VGA keeps the
system poles precisely on the imaginary axis without letting any stage to saturate. It
should be noted that driving the gyroscope with a sinusoidal signal is iaupitetant

since square signals generated in genericosegiflation loops may lead to stability
problems and also cause glitches due to the electrical coupling.
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Figure 4.13: Measured driving signal and tleive-mode output generated by the autom
amplitude control loop when the proof mass and the amplitude set voltages are 15
100mV, respectively.

In addition to the steadstate measurements, the response of the loop to variations in
system paraeters should also be determined. However, typical oscilloscopes
cannot catch the sudden changes when t he
of the Infiniium MSO6034A oscilloscope, which is a special mode that displays the
signals by shifting thenfrom right to left, is used for this purposerigure 4.14

shows the masured (aprive-mode output signal, (b) motor signal, (c) amplitude

signal, ad (d) error signal in response to changes in the amplitude set voltage.
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Figure 4.14: Measured (ajirive-mode output signal, (b) motor signal, (c) amplitude sig
and (d) error signal in responsecttanges in amplitude set voltage.
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During the test, a 100 mV of amplitude set voltage is applied at thauptatien it is
increased to 200 mV, and finally set back to 100 mV again. The gyroscope output
signal given inFigure 4.14(a) makes a slight overshoot due to the instantaneous
change in the amplitude set voltage. This overshoot is, in fact, in tolerable ranges
ard consistent with the simulation results. Moreover, the error signal is always at
zerclevel, implying that the oscillation amplitude continuously tracks the amplitude
set voltage. Therefore, it is verified that the control loop monitors the changdpes in
amplitude set voltage and adjusts the system gain until the oscillation amplitude
stabilizes at the desired level.

Moreover, the proposed loop is also tested for the variations in the proof mass
voltage. Remembering that the DC polarization voltagdieg to the proof mass
directly affects the sensor gain, a generic-astfillation loop without any amplitude
control mechanism gives varying oscillation amplitudes in response to changes in the
proof mass voltage. On the other hand, it is expected thieatproposed loop
adaptively adjusts the amplitude of the driving signal in order to keep the oscillation

level constant independent of the proof mass voltage.

Figure 4.15 shows the measured driveode (a) output signal, and (b) motor signal

when the proof mass voltage is instantaneously changed during the simulation.
When the proof mass voltage is decreased from 15 V to 10 V, gain of the sensor also
decreases. Then, the loop senses the sudden decrease in the sensor gain and
automatically increases the VGA gain. The resultant increase in the motor signal can
be clearly seen irFigure 4.15(b). Oppositely, when the proof mass voltage is

increased, the control loop again adjusts the amplitude of the driving signal.

It is verified that the amplitude controlled differential s&l§onance loop operates
properly. Nevertheless, a problem associated with the -seode of the DWP
gyroscope prototype is observed. Because of the thermal stress that appears during
the wafer bonding of the silicon wafer to the glass wafdahe fabrication process

the gyrscopeis stretchedand the distance between thaarmost sense fingers gets
closerfrom the design value of @m. Thus, when the proof mass voltage is applied

to the sensor, electrical shorts occur between the moving and the stationary sense
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electrodescausing permanent damages in the interface electronics and the sensor
itself. Solutions for thissensor fabricatiorproblem are still under investigation.
After solving this problem, it is expected that DWP gyroscopes demonstrate
tacticatgrade performases with the help of advanced electronics desily

throughout this research.

Drive-Mode Output Signal
1009/ 0.0s 2.000s/  Stop
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@
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1.00V/ [4] -+ 00s 2.000s/  Stop

l
——\/py = 15 Ve |

—Vpy=10V———

(b)

Figure 4.15. Measured drivanode (a) output signal, and (b) motor signal when the p
mass voltage is instantaneously changiding the simulation.
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Then, the same circuit is tested with SOl gyroscopes having differential drive and
sense mode electrodes [51]. First, it is verified that the amplitude control loop
sustains constant amplitude oscillations by differentially driviveggyroscope at its
mechanical resonance frequency. After that, performance tests are done for overall
angular rate system operated in 5 mTorr vacuum lev@gure 4.16 shows the
measured output response of the angular rate system when the applied angular rate is
swept from zero rate 860 deg/sec with 5 deg/sec steps
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- |
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-0.2

Figure 4.16: Measured output response of the angular rate system when the applied
rate is swept from zero rate W60 deg/sec with 5 deg/sec steps

Figure4.17 shows the measured response curve giving the scale factor, thateero
offset, and the nonlinearity of the overall system. The deal®r of the angular rate
sensor is measured as 11.%¥/(deg/sec) with 0.03% nonlinearity and 363.5 mV
zerorate output. Then, the output of the gyroscope is sampled with the Agilent
multimeter and HPVEE software.Figure 4.18 shows the Allan variance plot
generated by the drift data collected for two hours. The bias instability and angle
random walk values are measured as 102.4 deg/hr and 2.Bhegkpectively,
where the system bandwidth is 100 Mmich is limited by the thirébrder LPF in the
sensemode demodulator stage.
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Figure 4.17: Measured response curve giving the scale factor, theratrmffset, and the
nonlinearity of the overall system.
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Figure 4.18: Allan variance plot generated by the drift data collected for two hours.
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The angular rate system employing the SOI gyroscope and the differential drive and
sense mode electronics desigmedhis research demonstrates the best performance
obtained in SOI gyroscopes developed at METU.

4.2. Test Results of the CMOS Electronics

In this section, results of the characterization tests performed on the CMOS
electronics are presented. First, CMOS tessand capacitive interfaces are
characterized with AC, transient, and noise tests, where the design details and
postlayout transistoitevel simulations of these interfaces are giversattion3.2

Then, the test results of the drm@de control electronics, including the
single-ended to differential convertend the fullydifferential automatic amplitude
control circuit are presented. The @sdetails of these circuits are available in
Section3.3. Finally, results of the transient tests performed on the-diffgrential

open loop rate sensing electronics explaine8aantion3.4 are demonstrated.

4.2.1. Characterization of UGB Type Interfaces

UGB type interfaes fabricated in 0@n standard CMOS process are wi@nded to

a 24pin ceramic package for the characterization tedtggure 4.19 shows the
photogaphs of the CMOS UGB type resistive and capacitive interfacesbeamded

to the ceramic packagerigure 4.20 shows the block diagram of the testugetised

in the transient tests of the differential UGB type resistive and capacitive interfaces.
In this setup, exactly anphase differential signals are generated by a siegied

to differential convertor circuit implemented with discrete componeriEsternal
coupling capacitors are connected between outputs of the convertor and inputs of the
interface circuits in order to prevent the convertor to-l3s the input nodes of the
UGB. Thus, biasing effect of polysilicon resistors in resistive intedaand
subthreshold MOSFETSs in capacitive interfaces can be observed. Moreover, AC
tests providing gain and phase characteristics of the interfaces are performed by the

network analyzer (Agilent 4395A) with a similar test setup giveigure4.20.
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Differential UGB Type Resistive Interface

Differential UGB Type Capacitive Interface

Figure 4.19 Photographs of the CMOS UGB type resistive and capacitive inter

wire-bonded to theeramic package.
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Figure 4.20: Block diagram of the test setup used in the transient tests of the differ

UGB type resistive and capacitive interfaces.



Figure4.21 shows the block diagram of the test setup used in the noise tests of the
UGB type resistive and capacitive interfaces. The output noise generated by the
interface circuit is D€iltered and amplified through cascaded AC coupler and gain
stages. Then, the spectrum of the resultant signal is plotted by a dynamic signal
analyzer (Agilent 35670A). It should be noted that, input terminals of the interfaces
are kept floating during thtests in order to let the biasing mechanisms tebia€

the highimpedance nodes to ground potential.

_________________ Dynamic Sgnal Analyzer
Device Under Test e R —

100 nF

CcMOS
Interface

—

- __ __ __ __ __ _________ ]

Figure 4.21: Block diagram of the test setup used in the noise tests of the UGB type re
andcapacitive interfaces.

4.2.1.1. UGB type Resistive Interface

The UGB type resistive interface is composed of a differential UGB and 2Gif k
high-impedance node biasing resistors implemented with-doped polysilicon.

The resistance values of the higpedane node biasing resistors are measured as

216 KY , showing al most 10% deviation from
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variations On the other hand, it is measured that both differential resistors have
exactly the same value owing to the fulymmetric Igout design.

Figure4.22 shows the measured differential signals at the-imgiedance nodes and
differential outputs of the UGB type resistive intaré when sinusoidal signals
having 1 4, amplitude and 500 mV offset are applied through coupling capacitors.
Since the effective impedance of the oscilloscope probe disturbs the biasing, the
high-impedance nodes are measured through external buffessoldserved that the
high-impedance node biasing resistors properly-l&% the highimpedance nodes

to the ground potential. However, there is an unexpected offset at the differential
outputs of the UGB. Remembering the result of fegbut Monte Cdo simulation

for the process variations and the transistor mismatches, the output offset should be
within N\B mV range. This large difference between the simulated and the measured
offset values implies that the process variations and the transistortofismare not
properly modeled by the CMOS foundry.
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Differential Sgnals at the High-Impedance Nodes
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Figure 4.22. Measured differential signals at the highpedance nodes and differenti
outputs of the UGB type resistive interface when sinusaigmals having 1 y, amplitude
and 500 mV offset are applied through coupling capacitors.

144



Figure 4.23 shows the masuredgain and phase charactewstiof the differential

UGB type resistive interface for the (a) first branch, and the (b) second branch. Itis
seen that both branches give almost the same gain and phase responses. Gain of the
buffer is measured to be 0.96, while the introduced phase isr around-0.664

which are both very close to the simulated values.
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Figure 4.23. Measuredgain and phase characteristics of the differential UGB type resi
interface for the (a) first branch, atite (b) second branch.
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Figure 4.24: Difference of the differential output nodes of the UGB type resistive inter
illustrating that the output offset is cancelled out after the subtraction operation.

In order to observe the deviation of test results from die to die, same tests are
performed for a number of UGB type resistive interface chips. Although tested chips

demonstrate very similar gain and phase characteristics, it is observed that the offset
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values vary for different chips. On the other hand, majority of the differential UGB
circuits give almost the same offset values for each differential branch, implying that
the offset can be cancelled out after the subtraction operdtignre4.24 shows the
difference of the differential output nodes of the UGB type resistive interface,
illustrating that the output offset is cancelled out after the subtraction operation.

Figure 4.25 shows the measured noise characteristics of the differential UGB type
resistive interface for both differential branches. It is clearly seen that both branches
give almost the same noise characteristics. The létbedhermal noise is found as

60 nV/aHz, which is very close to the simulated value, 58aiZ.

x107 Measured Noise Characteristics of the Differential UGB Type Resistive Interface
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Figure 4.25. Measured noise characteristics of the differential UGB type resistive inte
for both diffeential branches.

According to the characterization tests performed on the UGB type resistive
interfaces, it is concluded that the fabricated chips demonstrate consistent
performance values with the transistevel simulations, except the unpredictable
offset at the differential output nodes. Although this offset can be cancelled out by a
differential to singleended conversion operation or by employing AC couplers at the

output nodes, the cause of this offset is still under detailed investigation.
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4.2.1.2. UGB Type Capacitive Interface

UGB Type capacitive interface employs an NM®BIOS transistor pair operating

in subthreshold region for realizing sufficiently large channel resistance bid3C

the highimpedance nodegrigure4.26 shows the measured transient response of the
differential outputs of the UGB type capacitive interface wRBAOmM V of step
functions are applied to the differential inputs of ititerface through 10F coupling
capacitors. It is seen that the biasing mechanism properly biases the differential
high-impedance nodes to the ground potential. From the simple RGcainstant
calculation, the effective resistances of two NMPBOS tansistor pairs biasing

each differential higimpedance node are found as 2.48 énd 2.56 ¢ . These
values are larger than the simulated ones since the channel resistance of a
subthreshold transistor highly depends on the process parameters. Onrthamdhe

the measured values are still good enough for the-imgledance node biasing

without causing significant decrease in the response speed.
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Figure 4.26: Measured transient response of the differéntiatputs of the UGB type
capacitive interface whelRb00 mV of step functions are applied to the differential input
the interface through 10 nF coupling capacitors.
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Figure 4.27 shows the measured differential signals at the capacitive UGB output
when differential sinusoidal signals having },Vamplitude and 500 mV offset are
applied through coupling capacitors. The output offset vaioiesduced by the
capacitive interface are consistent with the expected values, and both branches have
almost the same offset. On the other hand, as in the case of UGB type resistive
interfaces, the offset at the UGB type capacitive interface output shoations

from chip to chip.

N/

Differential Sgnals at the Capacitive UGB Output

Figure 4.27: Measured differential signals at the capacitive UGB output when differe
sinusoidal signals having 1,Y amplitude and 500 mV offset are appliguiough coufing
capacitors.

Figure 4.28 shows the measured noise characteristics of the differential UGB type
capacitive interface for both differential branchdsis observed that both branches
demonstrate very similar noise characteristics. The level of the output thermal noise
is calculated as 62 n&Hz, which is quite higher than the simulated value. The
possible reason for this difference is that the EAILE model of the transistor

noise is not good enough to fuligodel the subthreshold effects.
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