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SUMMARY

Gyroscopes are inertial senstirat measure the rate or angle of rotation. The
emergence of MEMS gyroscopes has produced sensors that are smaller, lower cost,
lighter weight, and consume less power than previous solutions. Howeadégronal
macrascale solutions are capable of f@ag higher performance levels theurrent
MEMS solutionswith lower noise and higher dynamic ranges. MEMS gyroscopes have
already cae to dominate the lowo mid-performance consumer, automotive, and
industrial markets and become one of the fastest growing segments of the microsensor
market. The development of a high performance MEMS gyroscope that retains the
operational benefits of existing MEMS solutions wonitd only make MEMS
competitive with macracale solutions in higperformance applications, but also open
entirely new applications to inertial sensing.

One of the most promising technologies for reaching apegformanceMEMS
gyroscope has been devetognt of the micrédhemispherical shell resonator. (UHSR)

The tHSR has showthe potential to becomthe sensing element afhigh performance
gyroscope. Theoretical calculations and simulations have shown that the pHSR is
capable of very high quality famts (Q) of over a million.It has a small stiffness that
causegow frequency resonant model also has a axisymmetric structure that is very
isotropic andesults insmallfrequency splits between the degenerate m=2 modes and
low quadrature leveltha allow the modes to be matched electrostatically.

All these advantages enable a gyroscope capable of operating in wholerangle
rate integratingnode, where the angle of rotation is measured directly, eliminating errors
that accumulate in the integi@t of the rotation rateThis modealso increases the
dynamic range which, wunl i ke narfowbandiwdtiroat e
thehigh Qresonator. At the same time it keeps the operational advantages inherent to

MEMS gyroscopes. It usésw-cost batch fabrication techniques that enable wafesl
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mass fabrication. It is also small and light weight with a diameter of only 1 &mdm
utilizes capacitivetransduction and readowhich enables a lowpower interface

However the developmentf a high quality resonator alone does not make a high
performance gyroscope. The interface and control systems must be carefully designed to
take full advantage of the reso-dealtiesr 6s cap
The design and impheentation of the electronic control and read interface is just as
importantas that of the resonatfor definingthe final performance of the gyroscope.

This thesis presentléelectroniccontrol and reaebut interface that has been
developed to turthe micrehemispherical shell resonator (UHSR) into a fully functional
micro-hemispherical resonating gyroscope (LHR@pable of measurirthe rotation
rate First, thecharacterization of the yHSRhich both enabled the design of the
interface and letb new insights into the linearity and feddough characteristics of the
MHSR, is presented. Then a detailed analysithefdesign oéach subsystenmcluding
calculations and simulationis presented

Next, the performanceharacterizationf the gyroscope ipresented The
characterization starts with a verification of the drive loop to ensure the drive oscillator is
locked to the resonant frequency of the hHSR and the drive loop amplitude is regulated
to a level that avoids nemear diffing. Thenthe transient response and scale factor of
the AM rate response were characteriztawing the expected linear response \&ith
scale factor 08.57mV/°s. Then the noise performance of the rate response was
characterized by measuring thdah variancewhich showeda bias instability of 330
%hr, and an angle random walk (ARW) o 17/ Q. It is believed that the performance
of the current device is limited by the interconnect parasitics and test set-up non
idealities. The overall accunaof thepyHRG can be improved to sAthr by optimizing
theptHSR design interface circuitsand test setup

Thecharacterization of the yHSR and tlage interface developedeamajor

milestone in the development of the pHRIGto a high performance gyrospe It also
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provides a good platfordior the development of a high performamoiro-

hemispherical rate integrating gyroscope. (LHRIG)
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Chapter 1
| nt r odtuc t MBEMS Gyamd ctolpes s

mi ccHe®emi spheri cal Shell

While inertial sensing at the micszale has made great progress in many
applications by reducing the cost and size of the sensing elemembjgbperformance,
dynamic range, and accuracy levels requiogdsbme high performance applications has
remained elusivgl] However, many new device and interface designs have been
developed that have the potential to solve this eminent problem. One of these new
devices is the micrbemispherical shell resonatgpHSR)2-6] The characterization
and electronic interface and control systems that have developed the uHSR into-a micro
hemispherical resonating gyroscope (LHRG)3] will be presented.

The UHRG is a chip scale typ¢d] Coriolis vibratory gyrosope (CVG)with a
MHSRthat is 1.2mm in diameter, 1um in thickness and operates at low frequencies from
6kHz to7kHz. The uHSRis batch fabricated using a thrdenensional high aspect ratio
poly- and single crystalline silicon (SBARPSS) process. It wasspired by the macro
scale HRG, a robust inertial grade gyroscope with a diameter of 35@jnvhich has
been used extensively for demanding inertial navigation applicafidhsl1] The
original device design achieves a quality factor of over 11,000 with improved designs

showinga quality factor up to 40,000.
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Figure 1. Cross-sectional View of a micrehemispherical shell resonator (HSR)

The rate interfacef the hHRGconsists of a closed loop drive channel to actuate
the device and a synchronous reatl sense channel that reads the rotation rate of the
device from the amplitude modulated (AM) sense mode output currergleginostatic
tuning system provides the DC biasing that enables electrostatic actuation and capacitive
readout. It also providehe tuning voltages for aligning and tuning the frequency of the
modes. Feethrough cancellation and filtering compensate forddeacitivefeed
throughof the device. The interface also incorporates abaard vacuum chamber that
allows the device toperate in stnTorr vacuum pressure.

The uHRGis operated under modwatched conditions with polarization gV
tuning (Vr), andquadraturdralancing(V o) voltages that are 14 volts or lesBhese
relatively low tuning voltages are enabled by the laffngiss of the yHSRnd are
suitable for generation echip in some processesligherpolarizationvoltagescan
cause the drive mode to become+lioear and duff for the same drive amplitude

The gyroscope rate response has been charactelizezks a scale factor of
8.57mV/°%s, measured over the range of ¥40The Allan Variance of the gyroscope

was measured and showed a bias instability of /#E @nd angle random walk (ARW)

of o WTINQ.



This rate interface is the first step toward turriing uHSR from a resonator into
a micrehemispherical rate integrating gyroscope. (MHRIG) Further development of the
electronic interface would allow whole angle operation and improve the dynamic range
and bandwidth of the gyroscop#ile eliminating ratentegration errors The
development of automatic open and closed loop mode matching, the amplitude control

loop, andarevisedsense channel will be required fate integratingpperation.

1.1 Applicationsof Gyroscopes

Micro-scale gyroscopes are usediwide variety of consumer and industrial
markets. The consumer market includes image stabilization, automotive ride stabilization
and rollover detection, navigatid2], amateur drone guidance, context awareness,
location based services, humemmputer interaction (HCI) devices and a variety of
applications in motion sensing such as gaming and gesture recogiit8ynThe
industrial and military markets include applications in precision robotics, platform
stabilization, projectile guidance, remote monitoring, ddwie electronics in the
petroleum industry, precision agulturg14], deadreckoning, GPS augmentation, and
other high performance applications. Many of these applications have become
commercially successful, with many commercial products available, but also many open
marketopportunities.

These opportunities will only grow #ise performance of microgyroscopes
improves. Gyroscopes can lmategorized according fmerformance into three
application groupsas shown imablel. [15] Many opportunities exist in the tactical and
inertial grade performanceuvels, including the replacement of existing meszale
gyroscopes in traditional navigation markets in the aerospace and defense industries and
the creation of entirely new markets that were previously limitesiz®; weightpower
consumptionor cost(SWaP+C) of traditional solutions. Many applications that were

previously limited to military and industrial markets due to size and cost have the



potential to be opened up to the consumer market. This has already started as rew multi
DOF IMUs enter theonsumer market as can be seen in new consumer products such as

the iPhone 6 which incorporates an Invensense MP&aBs5gyroscope and

accelerometer Combfil6]

Table 1: Gyroscope Performance Categories [14]

Rate | Tactical| Inertial

Parameter Grade | Grade | Grade
Angle Random Walk (&z) >05 | 05-0.05 <0.001
Bias Drift o/hr 10-1000| 0.1-10 <0.01
Scale Factor Accuracy (%)| 0.1-1 | 0.01-0.1] <0.001
Full Scale Range (o/sec) | 50-1000( >500 >400
Mac. Shock in Ims (g's) 01-1 | 10°-1d 10°
Bandwidth (Hz) >70 £100 F mn

Today the performnceof multi-degree of freedom (muHDOF) inertial
measurement units (IMUs) is limited by the performance of the Gyroscope. However as
the performance of gyroscopes has improteeldevelopmenof MEMS mult-DOF
IMUs has been advancéy companies sucis Analog Devices, Invensense,
STMicroelectronics, and others. However there is potential for substantial growth as the
performance of micrgyroscopes continues to improy&7] Some more reent products
not-only integrate multDOF sensing elements but also the sensor fusion processing or
microcontroller into a systesim-package IMU solution. Further integration of not only
the sensing elements but also tenpensatiorsensor fusionandstrap down navigation
algorithms will continue to improve performance awverall SWaP+Cof MEMS sensor

based inertial systems



1.2 Micro-hemispherical Shell Resonatdackground

1.2.1 GyroscopeHistory

The very first Coriolis vibratory gyroscopes were not madmhbg, but were
rather natural adaptations developed by insects for navigation and flight stabilization.
[18] These vibratory gyroscopes consist of a pair of appendages as halteres. They
are driven by flapping them similar to a wing. The Coriolis force can then be directly
measured by the neural systgifl, 20]and the rotational information can be processed
for flight control.

Early manmade gyroscopes consisted of gyroscopes with mgang and used
theCoriolisforce, such a 0 u ¢ apenduluénsrlarge inertial masses imhat are now
known as mechanical gyroscopes. Mechanical gyroscopes are based on the inertia of a
spinningrotor. They initially gained popularity as gyrocompassethe early 1800s.

[21] Theyre@i ned popul arity in the aerospace i nf
Tuned Gyroscope (DTG), for example, was used as part of the IMU used on the space

shuttle and the Control Moment Gyroscope (CMG) has been used for platform

stabilization on satelkts.[22] However reliability issues with the bearings required to

sustain their motion, along with the pd@waP+Cof the mechanical gyroscope lead to

their obsolescence

Modern high performance maestale gyroscopes include ring laser gyroscopes
(RLG), fiber optic gyroscopes (FOG), nuclear magnetic resonance ([\®3R)
gyroscops and macrescaleCoriolis vibratory gyroscopes (CV324]such as the
hemispherical resonating gyroscope. (HRG) The RLG and FOG both utilize the Sagnac
effect[25] on electromagnetic waves and CVGs utilize the Coriolis effect on stress waves
to measure rotation. The drift and stability performance of these sslatohnues to

outperform MEMS ggoscopes with bias stability and ARW values as showralrie?2



and Allen variance shown iRrigure2. However these solutionswve been eclipsed in

terms ofSWaP+-C by MEMS technologies.

Table 2: Bias Stability Performance of Macro-scale Gyroscope§23, 26]

Bias Stability Performance of
Macro-scale Gyroscopes

RLG |[FOG |NMR |HRG
Min. Bias Stability’(hr) | 0.002| - 0.01 | 0.0015
ARW k K KT 0 0.004 | 0.0002| 0.001 -
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Figure 2: Allen Variance of macro-scale high performance gyroscopes. Astrix 120 and Astrix 200 are

two different models of FOG.[26]



1.2.2 Coriolis Vibratory Gyroscope Operating Principles

TheCoriolisforce is a nosinertial force that is generated in rotating framesis
demonstrated ifigure3. The top of each figure shows the dynamics as seen from an
inertial reference frame and the bottom shows the dynamics as seen from-thertiain
rotating frameon the table Notice the location of the dot fixed on the surface of the
table. When the table rotates counterclockwise (CC) betiigemne3(a) andFigure3
(b) you can see that in the norertial rotating frame the ball takes a curved trajectory.

The force that causes this curvature is known as the Coriolis force.

() (b)

Figure 3: lllustration of the Coriolis Force The top shows a view from an inertial reference frame

and the bottom shows a view in the noinertial rotating reference frame (a) Positionsbefore
movement of the ball and CC table rotation (b) Position after the ball movement and CC table

rotation [27]

A Coriolis vibratorygyroscope (CVG) operates by utilizing tliis magi nar y o
force in the rotating frame to measure the rotatiotmetlisk. First aforce is applied to a
mass to get it to vibrate at a consteglocity. If this mass iturned, then the Coriolis
force as shown irfEquationl, causs a force orthogonal to the velocity the vibration

and the axis of rotation (out of the pagd-igure3). This force then causes a vibratory



motion orthogonal to the first. This second vibratorytiorocan then be measured and
related to the angular rotation rate or rotation whole angle.
O cO W

Equation 1: Coriolis force

1.2.3 Existing MEMS Technologies

The vast majority of modern MEMS gyroscopegroductionare type I and
most of these areining fork gyroscopes. (TFG)ype Il gyroscopes measure the angular
rate of rotation and have two distinct drive and sense mfgje¥hey can be operated
with the drive mode frequency much lower than the sense mode frequencygpfitide
providing large bandwidths and robust insensitivity to environmental ef2&}tsr they
can be operated with the modal frequencies matched which substantially enhances (by a
factor of the sense Q) the sensitivity and resolution of the dg¢2&je These two
operating methods are illustratedrigure4. An example of splktnode and mode
matched gyroscopes are the Analog Devices (ADI) ADXB$and The Georgia Tech
M2-TFG gyroscopef31], respectivey.

> f
() (b)

Figure 4. gyroscope operation of the drive mode, x, and sense mode, y(a) Mode-split gyro

operation (b) modematched gyro operation

While type Il gyroscopes measure angular rotation rate, type | gyroscopes are
capable of measuring both the rate of rotation and the angle of rotation directly in what is

known as raténtegrating or whole angle operatioihis type of gyro has great potential



to increase the dynamic range and bantwad rotation sensing. Typeglyroscopes are

most commonly axisymmetric in structure with some common structures shown in figure
5. Examples structures include rif88], disks[33-37], cylinders[38-40], bird-baths

[41-44], glassblown wineglass shell$45-47], and, of coursgyHRG wineglass shells.

[2, 3, 7, 8, 48, 49]Resonator designs currently under research are illustrafégure6.

They are often operated in the m=2 or m=3 modes with two degenerate modes and 4 or 6

sets, respectively, of nodes and antinodes.

TU

Wine-Glass Cylinder
Disk Ring

Figure 5: Common Type | gyroscope structureg9]

Released

Lens

(@) (b) (©)

Figure 6: (a) Bird-bath resonator developed at the University of Michigan44] , (b) glassblown
hemispherical resonator deeloped at the University of California[46] , and (c) baltbearing mold

hemispherical shell resonator from the university of Utat{6]

1.2.4 Micro-hemispherical Shell Resonato{uHSR)

The uHSR, shown ifrigurel, Figure7 andFigure8, is a three dimensional
wine-glass shaped MEMS resonator. The resonator is made up ofsilfaig shell

surrounded by 16 tall electrodes integrated on the samensslidostrate but isolated by a

9



nitride layeras shown irFigure8 (b). The device is fabricated using a loast batch
fabrication 3DHARPSS process in the Georgia Tech clean room. The device has a shell
diameter of 1200 um, a shell thicksesf 700nm, a resonance frequency oflgi&, and

a modematched quality factor of 11,0007, 50] A summary of thg@ropertes of the

MHSRis given inTable3.

Hemispherical
Resonator
(HHSR)

Substrate

(@)

[ Electrodes

(b)

Figure 7: {HSR structure with an (a) exploded and(b) cross-sectional schematic View

1C



(@)

Figure8: (a) Birdos eye vi-apwofitebratedrelectrddds BRcapacitiyeb )

HT = 3.00 kV
7 mim

El
WD =

(b)

actuation, control, and readout of the pHRG

Table 3: uHSR Properties

UHSR Properties

Shell Material |Polysilicor
Shell Diameter | 1240 um
Shell Thickness| 0.7 um
Gap Size 20um
Frequency (m=2) 6.7 kHz
Quality Factor 11,000
Frequency Split| 105 Hz

Signal A = SE2 Date 19 Jun 2013
Photo No. =7741  Time :12:52:26

Cl ose

The device structure presents a number of advantages over previous state of the

art structures. The device has the potentiegééeh very high quality factgriow

frequencies, and small frequency sphtbetween the two degenerate nmades. The

axial symmetric structure and low frequency of the device make it an excellent candidate

for a rateintegrating gyroscope (RIG) capable of operating in wiaolgle mode in order

to measure the angle of rotation directly while increasing thardimrange and

bandwidth of the device when comparedheratemode Characterization of the device

will be covered irsection2.1
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Theresonatohas the potential to reach very high quality factors. Thermal elastic
dampening (TED) is caused by internal material friction creating heat gradients in the
material.[51, 52] The low TED of polysilicon enables a @p of 10.3 million.[4] FEM
simulations of @ep for the m=2 mode, indicate a strong interaction leetwQep and
the presence of the support post when operating in the m=2 mode, but little interaction for
the m=3 and m=4 mod€8] This indicates that fothe m=2 wineglass modes, support

loss could be a maj@ontributorto energy losen the ptHSR, but not @op.

1.3uHRG Gyroscope Performance Characterization

1.3.1 Scale Factor and Sensitivity

The scale factor is thaoefficient of the linear relation between thputrotation
rate and output voltagdt is calculated by applying a least squares regression to the
measurednputrate tooutputvoltagecharacteristics of the gyroscope. The magnitude
andstability of the scale factor are both importaerformancenetrics of a gyroscope

The sensitivitydivides the scale factor into two separate components, the
sensitivity of the resonator to rotation changes and the sensitivity of the analegridont
to capacitance changes. The sensitivitthefresonator is thratio of the capacitance
change of the sense electrodes to the input rotation rate. The sensitivitgabdceive
analog front ends theratio of the output voltage the capacitance change.

While the sensitivity is traditionally separatedfa transducer, sometimes it is
more convenient to include the transducer in the sensitivity of the resofier
resonator current sensitivity is defined as the ratio of the output current to the input
rotation rate and the analog freenid current sensvity is the ratio of the output voltage
to the motional current. This definition allows the current sensitivity of the analog front
end to be independent of the device characteristics. However it makes the device current

sensitivity dependent on thealing of the transducer which is set by the interface.
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1.3.2 Resolution

The resolution of a gyroscope is the minimum detectable angular rate. The noise
floor of the gyroscope sets the resolutardincludesboth mechanical and electrical
noisecomponentshat ae expressed in terms thfeir equvalent rotation rate, mechanical
noi se equivalent rotation (MNEY) and el ect
Resolutionigshene qual to the tot al noi se equival ent

Equation2.

YQi ¢aodéy®ye 00@ OULRQ
Equation2: Resol ution (TNEY)
The mechanical noise is caused by the Brownian noise of the resonator. It can be

shown that by equating the displacement caused by Brownian motion to the displacement

caused by the Coriolis forg82]t he MNEY can be chBquatiand. at ed as

p 0 Y —
— Mo w
17 0L

00 P
®] W
Equation 3: Mechanical Noise[53]

The electrical noise comes from the interfack e ¢ t seose piokaf 6hannel
The pickoff analog front end of theense channel has the most significant effect on the
ENEY since noise from |l ater amplification
gain of the pickoff front-e n d . Hence the ENEY can be calc

noise seen at the inply theresonatorcurrent sensitivity as shown Equation12.

1.3.3 Allan Variance

The Allan Variancd54jof a gyroscope i s a way to ch:
random error processes over different averaging time scales. The Allan variance is
specified as a plot of the variance at déf& averaging periods. The Allan variance is

measured by sampling the rate output of the gyroscope with no rotation rate applied at a
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high sampling frequency. The samples are then binned and each of the bins are averaged.
This is done with a number dffferent binning periods to form the Allan variance plot.

The Allan variance, T, is a time domain measure of the noise performance of a
gyroscope. lItis directly related to the more traditional frequelocyain twesided PSD,

Y "Q, by Equationd. The Allan variance plot allows the origin of a noise term to be
identified. Different noise termndominatein different regions of the Allan variance plot.

OET "Qf_.

ot o

Equation 4: Allen Variance relationship to the noise PSD55]

These dferent regions of the averagipegriod in the Allan variance plot will
have different slopes. The variance in each region is generated by a different type of
random process in the gyroscope and is associated with a different metric of the
gyroscope performance. These different regam$the associated slopes and noise
performance metrics are shownFigure9. The total Allan variance is given by

Equation5.

Rate Random

Correlated Walk

Noise

Sinusoidal

Bias
Instability T
| | l | | -

Figure 9: Example Allan Variance plot highlighting the gyroscope noise performance metricd$5]
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Equation 5: Total Allan variance

Angle random walk (ARW) has a slope-@f2 in the Allan variance plot with an
Allan variance contribution given tBquation6. The ARW is caused by white noise in
the gyroscope. It is a measure of the buildup of error in the angular rate. In particular it
is a measure of the sh term stability of the rate output that can be improved by filtering
with longer time constants, ba&an have an importaetfecton the stability at startup.
[56]The ARW can also be specified in terms o
Equation?, which can be derived using simple dimensional analysis.

O
) T

Equation 6: ARW Allan Variance Contribution

£ o 9 D v o QD
0Yw— — "YU IQ‘—_
M@ @ e

Equation 7: Angle Random Walk (ARW) and T N E Y

The bias instability is the random drift of the output bias or zero rate output.
(ZRO) It represents the minimum bias drift possible with an ideal bias averaging period.
The bias instability is used to characterize the drift of a gyroscope and is the value
reported for bias drift in gyroscope data sheets. A contributing factor to this noise source
is the 1/f noise in the pie&ff analog frontend electronics and this shew its 1/f PSD.
The rate random wal k has an All an vari a
by Equation8. The processes causing the rate random walk haydorey time

constantsandare related to environmental effects

0
" =t
o

Equation 8: Rate random walk Allan variance contribution
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1.3.4 Bandwidth

The bandwidth of a modmatched gyroscope, which determines its settling tim
is limited by the bandwidth of the matched response. This bandwidth is given by
Equation9. Increasing the quality factor of the resonator and decreasing timanes
frequency reduces the bandwidth. Hence type | gyroscopes that require ledgwimg
times also have narrow bandwidths. However there are a number of methods to
compensate the bandwidth of resonators with large quality factors. These include
operding the sense channel in fort@erebalance mode, intentionally loading the quality
factor, operating the modes at a controlled frequency split, and operating in whole angle
mode. Also, high precision applications that type | gyroscopdeeused onsuch as
inertial navigation, can tolerate low bandwidgisce long term stability is more
important than response time.

. o Q
0w <

Equation 9: Gyroscope Bandwidth

1.3.5 Dynamic Range

The dynamic range of a gyroscope is the range of rotation rates that can be
measured. The dynamic range can be found by taking the difference between the largest
linear rate response and the noise floor. The dynamic range is extended substantially in
whole angle mode. Often WAGs are operated in rate mode until the rotation rate reaches
the limits of the force feedback, after whitls operated in whole angle mode where the

vibration pattern is allowed to freely rotatgth a large dynamic range

1.4 Gyroscopédnterface Methods Background

A rotation rate interface was developed to make the rmemispherical shell
resonator (UHSR) into a mictteemispherical resonating gyroscope (WHRG). An

overview of different system architectures will be givene dlksign of the analog frent
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end, which sets the noise performance of the system is considered. Then techniques to
tune and compensate for nmiealities such as the frequency split between the two
modes, the quadrature errors, the anisotropy of theatspand instability of the device

are considered.

1.4.1 System Architectures

There are several different architectures for the readout of the rotation rate of a
CVG. The first and most common is amplitude modulation (AM). However there are
several other mhbds, includingrequency modulation (FM) and phase modulation (PM)
architectures.

AM gyroscope interfaces are the most commonly used interface architecture and
are widely used in commercial MEMS gyroscopes. A single mode, the drive mode, is
excited at a&onstant velocity. The sense loop is then operated in either aflompen
configuration or a forcéo rebalance configuration. Under rotatitme drive mode
couples to the sense mode through the Coriolis force, directly modulating the amplitude
of thesense mode readout signal. The rate output can be read by demodulating the sense
mode pickoff current with respect to the drive input signal and taking the DC component
by low-pass filtering. The rate output can also be read using atmredalance ntaod
where the sense mode is nulled using a control loop. The control voltage of this loop is
then directly proportional to the force required to null the Coriolis force and hence is
proportional to the rotation rate.

FM or quadrature FM (QFM) interfacdsive both the drive and sense modes at
an equal amplitude and a frequency close to the natural frequency of the two degenerate
modes[57] This auses the trajectory of the equivalpendulum model of the device to
rotate in a circular pattern. If the device is then rotatexlfrequency of this rotation will

remain exactly the same in tmertial frame of the pendulum, however it will appear to
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shift in frequency in the rotating reference frame. Hence the rotation rate can be sensed
in the rotating frame by measuring this perceived frequency shift.

The FM interface has several advaygta when compared to an AM interface.

The scale factor is independent of Q, the electromechanical coupling factor, and angular
acceleration. It has a larger bandwidth and Mode matching is also trivial since you are
driving both modes and hence have ggeabntrollability and observability of the sense

mode in comparison to open loop sense architectures common in AM interfaces. This
easy mode matching leads to advantages in the noise performance and reduces the errors
caused by small mismatches in medatched AM interfaces. However the FM interface

has a worse rate offset and the scale factor isstiitive taanisotropic damping. It

also requires a very accurate frequency reference or the use of dual resonators to measure
the change in frequencyfi@rentially, cancelling out the common mode zero rate

frequency as done [B7]. This dfferential design also has the potential to cancel out

many common mode environmental effects if a linear orbital trajectory is used instead of

a circular one[58, 59]

Phase modulated interfaces read the angular rotation rate by reading the phase
difference caused by the Coriolis forf@0] Similar to the FM interface, the PM readout
requires that both modes, now termed | and Q, are excited with equal amplitudes. The
current sense outmuibf each of the two modes are equal in amplitude but the phase shift
between the sense output of each mode and its drive input is directly proportional to the
rotation rate. This method of readt also enables seathlibration and selfest methods
without physical rotation of the devic¢6l, 62]

The three main components of the interface are the dniaenel senseehannel
and basing and compensation chann&he drive channel actuates the device, driving it
into resonance. The sense channel reads out the rotational siggaddsesed. The
biasing and compensation channel provides the DC biasing to enable the capacitive

interface and electrostatically compensate for fabrication imperfections.
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1.4.2 Whole-angle mode

One of the great advantages of the agiahmetric structure ohe pHRG is that
the device can be operated in whalgle or rate integrating mode. This mode of
operation allows the angle of rotation to be directly measured. Direct measurement of the
rotation angle avoids the integration of the rotation rate thatalbyr introduces further
drift into measuremeastof the rotation angle

In whole angle modthe vibration patterrs allowedto precess freely and ideally
without a preferential orientation. Since whalegle mode does not rely force
feedback like fare to rebalance operation, it has a largkzally infinite,dynamic range.
However, since the vibration pattern is no
the drive and sense electronics are more complex and the performance is more
susceptibléo anisotropy and is dependent on the 1dlogvn time of the resonatoFor
example the angle estima¥, requires the tracking of both the position and velocity of
both components, x and y, of thel@nensional precessing vibration pattern as shown in
Equationl0.
¢l WW ww
W 0 W W

O Acbeo :
Equation 10: Whole angle mode angular readout

The ringdown time of the resonator is the product of the period of the resonator
at the resonant frequenand the quality factor. In order to operate in wkahgle mode
the quality factor of the device must be large, and the frequency must be lowriticord
have a long ringlown time. The ringlown time is directly related to the performance of

the deviceand needs to be optimized in the design of the resonator

1.4.3 Analog Front-end Designs

The analog fronend provides a transimpedance stage andgoaglifiers for the

sensing of the drive and sense mode currents along with input voltage bufje timg
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drive signaland feeethrough cancellation. The design of the transimpedance stage is
critical for the electrical noise performance of the interfaldeere are several methods

that can be used to implement this stage. These include a simple voltage follower, a
switched capacitor integrator, a continuous time charge integrator, or a continuous time

transimpedance amplifier (TIA) as shownrFigure10.

VBIAS

Switched-Capacitor - Continuous-Time
Integrator % ”c : Source-Follower ;
s, Gt o
- |
Dﬂ _;,our vﬂ” CTOT ShOt Vuut
CTUT + .
Cs*AC C.*AC lias

Thermal noise
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......

Continuous-Time i sissing | * Transimpedance  Thermal noise
Charge-Integrator ool u Amplifier (TIA) R " *
Il 1A ?&. H
1 ®, . K
Cir NI T
- Vout - Vout
o
Cmf cmr
+ +
CstAC CstAC

Figure 10: Analog Front-end Designg63]

The voltage follower was used [B2] however its transimpedance gain relies on
parasitic capacitances at the input node that are not well controlled. Also, the DC biasing
diodecontributes shot noise to the output. A switched capacitor integrator or switched
capacitor TIA are common designs in digital systems that already include a clock and are
already inherently discrete time systems. Adding a clock to the analogframould
not only introduce additional complexity but also adds clock-teealigh and power

consumption concerns.
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The continuous time TIA or trafrgsistance amplifier (TRA) was used for both
the drive and sense channel pafk amplifiers. This front end dsign is lownoise and is
capable of sensing switofarad level capacitances in the sense chaft&].64] The
noise performance of the basic TIA, as giuweEquationl1l andEquationl?2, is
dominated by the feedback resistor antlfage noise of the eamp. The design also
lends itself well to AC coupling used to control the DC bias at the electrode in order to

tune the frequency of each mode.

QY P p
0O . 0 ~ ——— 10
Y Y v 7
Equation 11: Total noise of the TIA pick-off front -end
00 1§ 0 M w Q o WG
Y N~ T s v e R n 0 W
YQ¢ i Qo 0 VO G

Equation 12 El ectrical noi se eqwiithedlA pickoff f@termell er at i on

A continuous time charge integrator or tranvapacitance amplifier would make a
suitable alternative. They are able to generate large AC impedances with reasonably sized
capacitive feedback with the potential to be integrateman ASIC. However they also

require a very large feedback resistor to DC bias the input which contributes noise.

1.4.4 Mode Matching

In practice the two degenerate modéshe resonatoare fabricated with a
frequency split between them. This frequeapljt is caused by fabrication
imperfections of the device such as the anisotropy at the ring of the shell. This
fundamental (agabricated) frequency split can be shown by using the RaRiigh
solution for the resonaifrequencies of the two modes tepend only on the fourth
harmonic of the thickness variatidd7] It canalso be shown that the fundamental
frequency split is proportional to the thickness of the shell. This leads to the scaling laws

for the f unda meguateil3wipdre hasthe avaragathickmessphhe
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average mass per unit anglette coefficient of the fourth harmonic of tReurierseries
representation of the thickness around ta&is, and M the fourth harmonic of the mass

distribution.

Equation 13: Fundamental frequency split scaling law[47]

The frequency split can be compensated using electrostatic spring softening that
eledrostatically alters the spring constant of each mode to match the frequency of the two
modes. By controlling the DC bias voltage on the electrodes of the ptHR@equency
of each mode can be tuned. This can be seen as an extra spring cainstaeing

added to the modal dynamics by the parallel plate capacitive interface as shown by

Equationl4.
.o Qw pQo, P Qo
w - we Q0 - — =W - w w
W CcQw CQw
. P Qo ,
v — — Qw O —— 0 W
CQw
5 -0 o]
Q w p -

For linear operation of the capacitive transducer the amplitude must be small (x < 0.19)

Q0 0 0 C(b ch & 0 o
0w op - P W 0 o P
8
N p . , 0 C .
O c V] L W 9 p Q
p, 6 , 6. . ,6 . 0, | p. 06
888 888

For a small excitation ) the higher order terms (h.o.t.) will be minimized, hence:

P
O —=® 0 O
Q Q

" p. O
O Coo 0
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Equation 14: Derivation of the electrostatic spring softening constant in a parallel plate transducer

1.4.5 Quadrature Compensation

In order to fully match the modes with no frequency spétmodes must not only
have the same spring constant along their own axes but theagi®s=sms must be
cancelled.The quadrature compensation aligns the modes along the axes of the
electrodedy eliminating the crosaxis spring constants

Similar o frequency tuning, the quadrature compensation can be accomplished
using electrostatic spring softening. Since thed@dfjonalterms of the spring constant
matrix to be cancelled are related to anisotropy of the resonataxisfelectrodes are
used 6 compensate thentquationl5 gives the spring constant matrix with the

electrostatic quadrature and frequency tuning included.

'rQ 'rQ b_
'rQ TQ 0

allxel

O 0 O 0 0
® © o o T
O | HEQ O IQQ DR @ E @

Equation 15: Spring constant matrix with electrostatic quadrature and frequency compensation

1.4.6 Automatic Gain Control

In order to ensure a linear Coriolis force response, as giveqlmgtionl, the
velocity of the drive mode must be held constant. Sincdrilae pickoff current is
proportional to the drive velocity, this signal can be used as the input to a control loop to
keep the amplitude of the velocity constant. Hence a second (outer) loop is needed to

control the amplitude of the inner oscillator loop.
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The automatic gain or level control (AGC or ALC) is a fimear system. The
system can still be analyzed agplyingthe method of averaging65, 66] Since the
amplitude and phase of the drive amplitude are slowlyingy we can average their
derivatives over one period to find the equilibrium point of the ALC control syséem.
block diagram of the ALC system is showrFigurell. An analysis of the ALC loop
dynamics using the method of averaging is giveBqnation16. This anaJsis shows
that in order for tedrive loop to be stable, ¢PID constants and the LPF time constant

must satisfy_"Q  "Qwherekp is the proportional gain, khe integral gain ange i s

related to the LPF time constab];; by . —.

S>>

kpp uHSR Iy kpgy
drive mode P
PV
ke
Vreg
Peak
LPF Detector
PID i
A PIvXd
G kPe + e + \ /\/\
VCA810
kljedt _
Vset
100 mV

Figure 11: Automatic level control system
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WhereQ QQ cw — isthe Buffer side gain ant cw — Q7

Now we would like teeliminate the dampening hence:
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Let 0 7 O %o hence by substitirtg back into the original dynamics we have:
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This gives the following set afifferential equations:

L QT A
R . — OED 1l
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Now in order to apply the method of averaging we need:

EGEGiGTELp
1 1 1 Vi

Hence sincéQ Qi ¢ Qare controlled by the designer and the device is assumed to

have a high Q, we have:
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Hence we have the following averaged system of equations:
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At equilibrium we have® % ©f & mand hence:
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Now we take the Jacobian of the dynamic system at the equilibrium point:

“Q 4.
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Now we calculate the stability criteria by first calculating the characteristic equation and

then applying the RoutRlurwitz criteria for stability:

V& M RO i Om
204, pahqd.
I L B
= ¢ a - ¢ & -

YO o 'RE DO@O_0E 0
Equation 16: Derivation of the ALC dynamics, equilibrium point, and stability criteria [65, 66]
1.4.7 Bias Drift Compensation

Mode-reversal is a method of cancelling out part of the bias drift cdnstmv
frequencynoiseby reversing the drive and sense axes. This can be done in several

different ways It can be donby switching between twdiscrete drive and sense axes.
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[67] This method is able to candbk noise since th@oriolis signal changes sign but
not the noise. This is similar to correlated double sampling in an amplifier.
The modereversal method can also be applied using a method similar to
choppingin an amplifierwhere the vibratiopatternis continuously rotated from the
drive to the sense axi§8] This method avoids aliasing of noise into the rate output and

demonstrated a reduction in the bias drift by a factor of about 5.
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Chapter 2

OHRBatlewmt eDes¢gn and Ana

2.1 Device Characterization

Before the pHSR could be interfagélde resonator needed to be characterized to
develop an understanding of its performance and limitatiavisile both the m=2 and
m=3 modes can be used for gyroscope operatiefoicus will beon the m=2 modes
with the lowest frequency. The frequency response, ring down time and linearity of the
device were measured. The device characterized is @sitiobn shell withthe

characteristics described Trable3.

2.1.1 Frequency Response and Frequency Split

The frequency response and frequency split between the 2 degenerate modes was
measured under a vacuum pressure of less than 5 pTorr using an Agilent E5061B
network analyzer with a low frequency ggpimase measurement port. The frequency
response of the interfaced device is present&igurel2. The m=2 modes both exhibi
a Q of 8,500 and are centered at 6.6 kHz. The m=3 mode with a Q of 7000 is located at
19.1 kHz and the m=4 mode with a Q of 10,400 is located at 40.4 kHz.

P 7/R Log Mag 10.00 d8/ ref -40.00 de& [RT]

0.000000000 Hz

Bw: s
cent: 0.000000000 Hz ~
Tow: 0.000000000 Hz )
high:  0.000000000 Hz
Q:  0.0000 -
loss: 0.0000 d8 ( )
0 y/ m=4 @ 40.4 kHz

ﬁ Rocking mode @ 12 kHz J
|
|

e
TN

>

Figure 12 Frequency response of the interfacedHSR
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The frequency split of the m=2 modes is showRigurel3. The m =2 modes

have an agabricated (Vp= 0v) frequency mismatch of 105 Hz. This small frequency

split allows the two modes to be matched using electrostatic tuning.

a
~]
T

o
o

Resonance Frequency (kHz)

Estimated as-fabricated
frequency mismatch: 105 Hz

6.5
cal U Af=110Hz
63k | © Measured 1st mode >

’ o Measured 2nd mode g va— Sy
6.2 —Quadratic fit 1st mode

—Quadratic fit 2nd mode
6.1 - ! 1 T L
0 10 20 30 40 50 60

Polarization Voltage (V)

Figure 13: Frequency split between the m=2 modes

2.1.2 Matched Frequency Response and Modelling

The two degenerate m=2 modes can be matched using a set of electrostatic
guadrature anffequency tuning electrodes. As discussed in settibd these
electrodes enable one to electrostatically sdfterspring constant of each maated
compensate the quadratuieigure14 shows the reduction in the frequency split from 27
Hz down to 5 Hz as the two m=2 modes are matckéglire15 shows the final resonant

peak after mode matching.
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Mismatch = 27 Hz

Mismatch = 5 Hz
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L
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Figure 14: TWO M=2 MODES AS THE FREQUENCY SPLIT BETWEEN T HE MODES IS

REDUCED FROM 27HZ TO 5 HZ.
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1 1 1 1 1 1 ! 1 1 O
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Figure 15: Mode-matched m=2 peak

2.1.3 Ring-down Measurements

As a low frequency axisymmetric device, the pHRG is an excellent candidate for
operating in whole angle mode. In whole angle mode the vibration pattern of the device
is alloved to freely rotate. In the absence of an amplitude control loop the amplitude of
the vibration pattern will decay exponentially. This decay is caused by a variety of
energy dissipation mechanisms including air dampening, support loss, tbkastio
dampeni ng, and surface roughness. The ring
decap s a mpl i t uTheringdowndimeoigredated to the quality factor and

frequency of the device Byquationl7 where Q and are the quality factor and
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angular frequency of the mode. The ring down time can be used as a time domain
measure of the energy dissipation of the resonator to complement the frequency domain
characterization captured by the quality factor.

cO
T —_
1

Equation 17: Ring down time relationship with quality factor

The ring down times and quality factors were measured for a yHRG with
assembled electrodes and then a pHRG with integrated electrodes. The ring down time
was measured using the configuration showRigurel16. The device is driven at the
resonant frequency using a network analyzer. A pickoff channel implemented with a gain
of 233Mq was used to monitor the fPapdrti onal
Ring-down times of 270ms and 292msexeobserved for the®and 43 electrodes

respectivelyas shown irFigurel7.
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Figure 16: Ringdown measurengnt configuration
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Figure 17: Ring Down Time Measurements

Next a polysilicon device with integrated electrodes was tested using a
configuration similar to the one Figurel6. The ring down time, shown Figure18,
was measured to be 600ms, giving an effective quality factor of 22k. However the
frequency response of the device showed a Q of 30k. The frequency response
measurement was conducted at a drive amplitude of around 5mV, whereas a drive
amplitude of 3v was needed for the ring down measurements in order for the signal levels
to be large enougio measure the ring down time. This large drive amplitude drives the
device into nodinearity, decreasing the measured rad@yvn time of the device. This
nortlinearity can also be seen directly in the ring down measurement plot as a step when

the drivesignal is removed and the device starts to ring down.
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Figure 18: Ring down time measurement of a polysilicon device with a Q of 30k

2.1.4 Linearity

The linearity of the m=2 modes is important for ¢fygoscope performance of the
device including the linearity and magnitude of the scale factor. The device has 20pm
capacitive gaps between the shell and the integrated electrodes. In order to get an idea of
the amplitude of the shell displacement thdlskas simulated using finite element
method (FEM) software with a DC bias of 40v and an AC drive voltage of 30mV. The
drive displacement amplitude as a function of the device quality factor is givéguire
19. The simulation predicts that with a Q of 11,000, the drive displacement amplitude is
2.25um. A displacement amplitude of 11% of the gap size for dimear sensing
element such as a parallel plate eledtroan induce nelinearity in the peak shape of

the resonance mode.

34



=
in

- et w
W ] [ w W 'y
T T T T T T

Drive Amplitude (um)

—

I I I I I I i I I
00 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Quality Factor <10"

Figure 19: Device Drive Displacement Amplitude with a DC bias of 40v, 20 um gap size and an AC

drive voltage of 30 mV

This nonlinearity was measured as tA€ drive amplitude was swept from
4.75mV to 115mV with a modmatched pHRG at a DC bias voltage of 14v as shown in
Figurel9. The device begins to enter nlamearity at drive amplitudes of 12V and

above. This limits the amplitude of the drive mode to less tharv1

Frequency response vs. Vac

Power V. Vp = 14v, mode matched

drive
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Figure20: Frequency response as Vac is swept from 4.75mV to 11&mwing the

onset of nodlinearity as Vac increases
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2.1.5 Subdrate Feedthrough Effects

The capacitive feethrough of the device from the drive forcer where the device
is actuated to both the drive and sense electrodes is mainly caused by capacitive coupling
between the substrate and the deeieetrodes Whilein more traditional MEMS
structures the feedthrough might be caused by direct coupling between electrodes or the
resonant device, the & gap size of the tHRG helpsnimize this source of feed
through. The capacitive coupling between the electrodetharslibstrate is caused by
the large bonding pad area of the electrodes. The resistivity of the device wafers is
nominally 1650 ohmcm with some of the newer devices with a frsitte hole having a
resistivity of 550 mohmcm. The device feethroughlevels can be effectively reduced
by placing multiple bonds connecting the-sige of the device substrate at discrete
openings in the passivation layer te. VThe reduction of the feetirough level of the

MHRG with differentquantitiesof top side sulisate bonds is shown Figure22.
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Figure 21: Feedthrough Model
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Figure 22 Top-side substrate bond effect on feethrough

2.2 UHSR Model

The pHSRdevice model for a single mode is analogousdo@dimensional
harmonic oscillatoasdepicted inFigure23. The @ring constant, k, is proportional to
the stiffress of the device. The dampening constant is proportional to the dampening
mechanisms of the device including air dampening, support loss, surface losses, etc. The

mass, M, is the equivalent mass of the shell structure.

Q

7 MEMS DIE
K — x
_1’0'60'\_ M
Ny -
D
Inertial Frame

Figure 23: First Order Harmonic Oscillator System
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2.2.1 Drive Mode Analysis: First Order Model

The analysis of the tHSR drive mode transfer function is best performed by

breaking the system down into several series subsystems as sHagure®4 for a

systemin resorance. The first subsystem consistshaf drive forcer electrodes that

actuate the device to apply an electrostatic forgeoRhe shell proportional to the AC

drive voltage, M. The second is the transfer function of the device resonance mode that

generates a displacemend;, from the applied force. The third subsystem captures the

phase difference between the drive forcer displacemgngnd the drive gkoff

displacement, g, caused by the mode shape. The final subsystem is the drive pickoff

electrode that generates the motional curreitq, electrostatically from the

Mag

Phase

di spl acement of the shell along tithe el
drive signal at resonance is givenbguationl18.
SO 0 co 61
0 07 P 0
Shell - :
Drive . Drive Drive [
Forcer [ Fd' Etlsplaceme X451 Forcer Xy | pickoff Rl
Electrod of m=2 th o Electrode
. icko
e drive mode
18 -90° 18 90°
Figure 24: Drive Mode Model
‘0 0 T 6 o s 0 0o 0
—= — W Y —————— T
w 0 0"Q1 w 0

Equation 18: Drive Mode Magnitude and Phase
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2.2.2 Device Electrostatic Interface

The basic interface diagram for the pHSR is showRigure25. Each color
coded electrode shorted to the same potentidtach electrode has a DC bias for either
tuning the frequency in the case\bfi andVr2 or realigning the modes wittig: andV g2
(quadrature electrodes) to eihkFigue2dbat e t he m

The pickoff and forcer electrodes are a#gd coupled to their respective interface
circuits. The drive forcing voltage is connected to two electrodesalz0t and the drive
pickoff electrodes are aligned ©dom the drive forcing electrodes. The sense mode is
spatially separated by 2&om the sense mode so that it is orthogonal to the sense mode
with the antinodes of the sense mode aligned with the nodes of the drive mode and vice
versa. The sense mofitgcerand pickoff are laid out in a configuration equivalent to the
drive mode configuttion but rotated 45 This aligns the drive and sense electrodes with

the antinodes of their respective modes.

9 Drive pickoff

Drive Axis

-l--& Drive+VTl

Figure 25: Device Electrostatic Interface
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Figure 26: uHSR with all 16 electrodes wirebonded to the AFE.

2.2.3 Drive Forcer Electrodes

The device is actuated using integrated electrodes that operate as parallel plate
capacitors driven by an AC voltagescvto apply an electrostatic forcey, ko the shell.
The tranfer function with the gain and phase of this subsystem are derigliation

19.

Assumptions:
W W w L Q
0 0 0

® O W O QQE
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Taking the first term of the series approximation+ferwe have:
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Equation 19: Derivation of the Drive Forcer Electro

2.2.4 Modal Dynamics

The dynamics of the drive mode can be modelled as-a@iamnsional harmonic
oscillator as shown iRigure23. Starting with the free body diagram for the -one

dimensonal harmonic oscillator we can derive the transfer function for the drive mode

and the gain and phase at resonance as givequation20.
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Equation 20: Derivation of the drive modal dynamics

wTt

2.2.5 Drive Pickoff Electrodes

Thedrive pickoff electrode is located 9fom the drive forcerlectrode. Given
this positionand the mode shape of the m=2 mode as showigure25, the drive
pickoff electrode is 180out of phase with the drive forcer electrode as givdeguation
21
®w O ®w 0

Q

Qw
pwel w—= pym

Equation 21: Derivation of the drive forcer displacement to drive pickoff displacement

ARG,

The drive pickoff electrode converts the displacement of the shell into the
motional current output. The analysis of the drive picklctrode is similar to that of
the drive forcer as shown Equation22.

0 6w
Q0 ,Qm ,Q6 ,Q6 . Q8w
Qo "o “ao “qo “ado

Applying theTaylor Series Approximation for both sense electrodes:
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Equation 22: Derivation of the Drive Pickoff Electr

Note fromEquation22 that the drive pickoff current is proportional to the
velocity of the drive mode. This shewhat iftheamplitude of thelrive pickoff current

is regulatech constant drive velocitg set, insuring linear rotation rate respans

2.2.6 Electrical Model

In order to simulate the response of the device along with the circuit ddsigsn
interface an electrical model of the device must be derived. The electrical model is
formed by either a series or parallel RLC circuit. We will consider the series circuit.
Each electrical component in the model has a direct mechanical analog as shown in
Figure27 andTable4. The equations for deriving the electrical model from argive

frequency response agevenin Equation23.

dx/de

[T | wap @ T

d’x _dx
M— D—+Kx=F “l _ -
P ds L +Rz+ fzdr

Figure 27: Mechanical to electrical modelling analogy

Table 4: Mechanical to electrical modelling analogyequalivant components
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Mechanlical Electrical
Velocity Current
Force Voltage
Spring (K) Capacitor (1/K)
Mass (M) Inductor (M)
Damper (D) Resistance (D)
Y Y pm 0 u 0 L
¢t Q ¢*'Q v

Equation 23: Electrical domain equivalent modelof the pHSR

The analogous electrical model of the madatched frequency response shown
in Figure28 will be derived. The insertion loss of the device will givehesmotional
resistance. At resonance the motional resistance along with the TIA forms a non
inverting amplifier which is equal to the insertion loss with the-poagplifier and buffer
gains removedEquation23 was then applied using the frequency response parameters to

derive the equivalent series circuit parameters as shofaquation24.
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: 10979
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Figure 28 Measured Resonator Frequency Response
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Equation 24: Resonator drive mode equivalent RLC model paameters

2.2.7 Sense Mode Analysis: Second Order Model

In order to understand the relationship between the drive mode and the sense
mode a second order model of the resonator is necesBagymodeis an extension of
the first order model that also models the dynamics of the sense Moelsecond order

modelstart with a two dimensional harmonic oscillator.

Drive Mode

Shell . )
Drive : Drive Drive I motd
Forcer D|spl_acerr_1ent Forcer Pickoff
mode Pickoff
Displacement to
Velocity
Coriollis
Force
Sense Mpde Fe

Shell Sense

. Sense
Displacement Forcer

Pickoff
Electrode

| mot-s

of m=2 sense to
mode Pickoff

Figure 29: Device Model of both the drive and sense modes
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Thesense mode dynamics are modelled using the same harmonic oscillator model
used for the drive mode. However now rather than using electrodes to drive the sense
mode, the sense mode is coupled to the drive mode through the Coriolis force. We start
by assuring an idealized model where the off diagonal terms of the dampening and

spring matrices are all zero and the two modes are uncoupled. Then assumiodebe m

are matched we end up with the analysiEguation25.
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Equation 25: Derivation of the sense modal dynamics

The sense mode is then read usipgia of parallel plate electrodgewhich
generate current from the displacement of the sense mode according to the transfer

function given inEquation22. This in combination with theense modal dynamics gives

the sense curreas shown irEquation26.
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Equation 26: Sense mode displacement to motional current transfer function

Thenwe can show the rate output is in phase with the drive forcer voltage that is

used to demodulate the sense current

PQ . RQU &' . PYQ

Equation 27: Phase relationship between drive voltage and sense current

pyYm wh wh

2.3 Analog Front-End

The analog fronend provides analog signal conditioning and fdedugh
cancellation. It also handles amplification of the quadrature and tuning voltages. It has
four main subsystems: 2 forcer channels, 2 pickoff channels, 4Hemeyh cancellation
channels, and Voltage amplification for the 4 quadrature and tuning voltages. These
main subsystems are showrHigure30. The analog frorénd also includes provess
to accommodate an dsoard vacuum chamber and has a custom chassis to provide

mechanical support for the interface andomard vacuum chamber.
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Figure 30: Analog Front-end Subsystem Configuration

2.3.1 Pick-off Channels

Thepick-off channels for the sense (nodal) and drive (antinodal) modes consist of
a transimpedance amplifier (TIA) followed by a voltage pashplifier. The input of the
TIA is AC coupled to both of the pickoff electrodes through a 1uF capacitor. Thdfpicko

channel design is shown Figure31.

5 pF 27 pF
H H
1
sine 500 kQ 100 kQ

6.7 kHz N\/\ M/\

1 F 1 F 10 kQ
| _ _4|| AN \ :
I OPA2140 | OPA2140 o

+ + Jumper

% %

DC Bias (Frequency Tuning Voliage]]

Figure 31: Pickoff Channel Design
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The OPA2140 operational amplifier was selected for its low ib@s current,
low noise, and large bandwidth. The Specifications of the OPA2140 (2 channel) and
OPA140 (1 channel) are given in
Table5. Both theTlA and Postamp feedback capacitors were selected to limit the
bandwidth of the device without introducing too much phase shift into the drive loop.
Designing the TIA and post amp as low pass filters also prevents the TIA from exhibiting
Gain (Qamp) peakg around the corner frequency. The corner frequencies were selected
as:

YO @ TQOamE QO € dd fQ v @O

Table 5: OPA2140/0OPA140 Specifications

OPA2140

Specifications
GBW 11 MHz
Input Bias Curren0.5 pA
Voltage Noise [p ®™m
CurrentNoise [(n®dy
Quiscent Curren{2.0 mA/ch

The circuit was then simulated to verify the stability of the selected configuration
and the expected frequency response. The AC simulation results are shogure32.
The frequency response at the resonant frequency &Ha. ghows a phase shift of
12.58. The DC blocking Cap and the DC bias resistor foiniga-pass filter at the input
of the pickoff channelbut the corner frequency is low enough to prevagtatenuation

at the resonant frequency
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Equation 28: Pickoff Channel Gain and Phase aff res

The pickoff channel also determines the electrical noise performance of the
interface. The TIA noise can be calculagsdshown irEquation29. The calculations
predict a2R6lP/Nramgd an AR of 8 2 JVii I The electrical
noise can becompared to the Brownian mechanical noise of the pyH@8®Rch is shown
to bel3.14%hrin Equation30. Hencetfiis clear that the resolutio (N E @f)132 %hr

will be limited by the mechanical noise of thelISRas shown irfEquation31 and the

pickoff front-end contributes negligible noise to the rate output
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2.3.2 Forcer Channels

The forcer channel consists of a buffer amplifier with a variable gain and optional
passive lowpass filter at the input as shownFRigure33. The gain is controlled using a
potentiometer and is set to 0dB. The output of the buffer amplifier is then AC coupled
into the forcer electrode. The design of the forcer channel watasaa@and the
frequency response of the design is showigure34. The gain is 0dB and the phase is

0° at the resondrirequency of 6. kHz
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Figure 34: Forcer channel frequency response simulation

2.3.3 Feedthrough Cancellation Channels

Feedthrough is caused, as discussedection2.1.5 by capacitive coupling

between the electrode bonding pads and the substrate. It can cause a leayevéadd
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path across the resonator if not properly compensated. Théhfeedh not aly causes
the noise floor to rise but also induces an-eegbnance peak in the frequency response

as shown irthe simulation ofigure35(a).
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Figure 35: Simulation of (a) frequencyresponse with the feedhrough cancellation mismatched by

10% (b) frequency response with feedthrough cancellation Pectly Matched

In order to compensate forthefeechr ough capacitance of
through cancellation circuit shown ligure36 was implemented. The cinit consists of
an inverting voltage amplifier in series with a capacitor with a capacitance on the order of
the feedthrough capacitor. The gain of the amplifier is then tuned until the current
through the feedhrough cancellation capacitor is the saasdhat of the current through
the feedthrough capacitance but 188ut of phase so that the two currents cancel when

mixed at the pickoff electrode as showrEiquation32.
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Equation 32: Feedthough cancellation Circuit Operating Principle

There are four instances of the feaadough cancellation circuit that cancel the

feedthrough from each drive channel tach sense channel. The current configuration

only drives one of the two modes and hence only thetfeedigh cancellation circuits

for that mode are required. The fabdough cancellation circuit from the drive forcer to

the drive pickoff and from thedrive forcer to the sense picif are both required. Both
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feedthrough cancellation circuits effect the fellough levels at both the sense and
drive pickoffs and must be tuned together to ensure the lowestifieedgh level at both

pick-offs.

2.3.4 Quadrature and Tuning Voltage Amplifiers

The quadraturgoltagesar e DC vol tages applied to th
two m=2 modes and reduce the quadrature component of the sense mode motional
current. The tuning vV o Irderdogunethedreqaency pfp !l i ed
each mode. Both are used to match the two m=2 nthdmsgh electrostatic spring
softening as described in sectidng.4and1.4.5

The two quadrature voltages are applied to-#2e3 electrodes and +22.5
electrodes so that each of the 2 voltages is applied to 4 electrodes that aredéyarat
9 around the circumference of the electrode configuration. These quadrature control
voltages are also known as closed loop quadrature control voltages since they can be used
to implement a control loop to control the quadrature output.

The ampifiers that generate the quadrature control voltages are configured to
generate both voltages from a single input ranging from Ov to 3.3v. The amplifiers have
a bipolar output of +50v witNVg,, al so known as ACl osed | oop
nonrinverting outputandy;,, al so known as -6l ohadi hgopn QL
inverted output. This configuration can be easily reconfigured to accommodate a
different input voltage range, a bipolar input, a differential input, or two separate- single

ended input voltages.
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Figure 37: Quadrature amplifiers (a) non-inverting configuration (b) Inverting Configuration

The two tining voltages are applied to the drive and sense mode electrodes. The
first tuning voltage,¥,,al so known as fAopen | oop quadrat
el ectrodes also known as the fAantinodal 0 e
antinodeof the drive mode in rate mode operation. The second tuning voltagals6
known as fopeno,l oiosp apupaldireact utroe t he sense el
Anodal 6 el ectrodes since they align with t
The amplifiers fothe tuning voltages are also designed to accommodate a single
unipolar 33.3v input voltage to generate a differential bipolar output of £50v. The
amplifier for the first tuning voltage;\, is a norinverting configuration identical to the
norrinvertingamplifier used for the quadrature voltage while Mses the same inverting
configuration used for the quadrature voltages. However in order to preveiitifeegh
from the forcer electrode of each mode to the pickoff electrode of each mode, each tuning
voltage has two instances of the same amplifier. One instance sets the DC bias on the
forcer electrodes and the other instance sets the DC bias on tradftdctrodes.
Hence a total of 4 amplifiers are needed for the tuning voltages with halihof the
inverting and the other half nénverting. The tuning voltages are coupled to the forcer
and pickoff electrodes through a | arge (10

causing much attenuation of the forcer and quffksignals. However, given ththe
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current corner frequency of the high pass filter is approximately 1.6 mHz, this resistance

can be relaxed to reduce the settling time of the bias.

2.3.5 On-board Vacuum Chamber and Chassis

One of the largest sourcesd#mpng in acapacitivelytransdued resonator
operated at atmospheric pressigrair damping. By reducing the operating pressure of
the resonatorthe airdamping can beeduced to negligible level$he effect of different
chamber pressures on the quality factoa ptHSR is shown ifigure38. The effects of
air dampening become negligitdeoperating pressures below 1mTorr. Hence the device

must be operated under high vacuum using a vacuumbszraand a turbo vacuum pump.

Quality Factor vs. Chamber Pressure
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Figure 38: The effect of vacuum chamber pressure on quality factor

The analog front end is designed to accommodate dooard vacuum chamber
that encloses the device under test (DUT) and holehsDirr pressure levels. A copper
ring on the analog front end has been designed to mate withtheand vacuum

chamber as shown Figure39.
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Figure 39: Analog front-end copper ring to accommodate an o#oard vacuum chamber

The onboard vacuum chamber, showrFigure40, is a copper chamber
desigred to mate with the analogfreeatn d 6s copper ring. The che
pipe welded to it that mates with a vaou pump throughraUltra-torr-316 adapte[69]
and a vacuum pipe with40mm ISGKF flangeas shown on the left iRigure40. The
chamber is sealed using a gasket batveen the analog freend and the chamber. The
gasket and the chamber are held in place with a mounting bracket that attaches to the
same mounting holes that attach the analog-eontto the chassis.
The chassis provides support for both the anfitmg-end and the vacuum
chamber. The base is 50 by 806 to be compa
and is made from aluminum with #0 mounting holes for the board stawffs and
sides. The front side that provides mechanical support for theanm vacuum chamber,
is made from brass and has 6 sets of mounting holes spacéd apart t o adj us:H
height of the analog froregnd and provide flexibility in the height of the interface boards

mounted below the analog freend.
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Figure 40: On-board vacuum chamber configuration

2.3.6 Analog Front-end Interfaces

The analog fronend interface consists of 24 male connectors with 0.5mil
spacing attached to the bottom side of the board. The connectmutpsigiven in
Figure4l The board is powered by +8v supplies with decoupling capacitors on the
board. The device also has power and ground connections for the high voltage power
supplies as shown in the schematidAippendix BError! Reference source not found.
The Polarization voltage input, labeled BIAS_N200V in the schematic, has an RLC low

pass filter implemented with througitole components to filter out any noise.
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Figure 41: Analog front end interfacepin-out
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2.3.7 Analog Front-end Implementation

The analog fronend was implemented on a PCB using discrete components. The
implementation is shown iRigure42. A high-quality PCB with a larger than normal
thickness was used to support thebamard vacuum chamber. The unpopulated section
on the right of the board is for the higbltage generator® be used for independent
operation ofhe device during future demorattons. DC power supplies were used in

place of the higtvoltage generators during initial testing.

Figure 42: AFE implementation with attached adapter board for early fHSR testing

2.4 Closed LoopAnalog Back End

2.4.1 System Design

The closed loop interface forms an oscillator around the drive loop in order to
lock into the drive frequency of the device. This enables the drive signal to track the
resonanfrequency over variations caused by changes in temperature and other
environmental variables. The closed loop interface also implements automatic level
control to control the drive amplitude. The sense channel uses a traditional amplitude

modulated (AM)readout architecture to generate the rate output.
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2.4.2 Drive Loop Design

Drive Loop Postamplifiers

In order to increase the gain through the drive Jbop postamplifiers were
addedo supplement the gain from the single pasip on the analog front end. The first
postamp includes the option to form a phase shifter that can be used to compensate for
phase shift added by any of the lpass filters in the drive loop. The second @osp
includes the option to change the phase through the drive channel to ®dh&B0.

The design of the posimp is shown ifrigure44. The ADA4898 was selected for its
low-noise and widdandwidth withthe specifications shown ifiable6.

The Drive loop also contains a voltage control amplifier and attenuator, the
VCA810. The VCA81(70] has a gain control voltagecthat is linear in dB from
40dB at Ov to +40dB aRv. The gain in the postmp is selected so that in steadgte
the control voltage is biased-&35v for an attenuation of 26dB. This bias point was
selected so that the voltage being sampled by the ALC has a large enough amplitude
(VrecF 100mv)while also keeping plenty of margin for the ALC to adjingt gain in the
drive loop. Abenefit of biasing the control voltage-at35v is that the gain errof the
VCA810 is minimized at around.35 dB as shown in the typical gain error plot given in

Figure4b.

Drive Forcer

ADA4898
QL_—0 +

Drive Pickoff

10 nF

Vre Vc
TO AEC From ALC
Figure 44: Second drive pstamp with optional phase shifter
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Table 6: ADA4898 Key Specifications

ADA4898
GBW 65 MHz
Input Bias Currenj0.1>A
Voltage Noise |[n d ¢ V)
Quiscent Current|8.0 mA/ch

TYPICAL GAIN ERROR PLOT
0.4

Deviation from -40dB/V Gain Slope

@ 0.1 \ \

0 I\ 1\
5 o ™~ / \
8 0s / \\

0 05 1 1.5 2
Control Voltage (V)

Figure 45: VCAB810 typical Gain Error Plot

The oscillator loop was simulated at the nominabMs point 0£0.35v. The
frequency response of the pashplifiers (red) and the total response including a
macromodel of the VCA810 (green) was simulated in Spice and is shdviguire46.

The total gain and phase response at the resonant frequency is diggraiion33.
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Figure 46: Simulated pog-amp frequency response
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Equation 33: Simulated postamp gain and phase at the resonant frequency of 6.7kHz

Drive loop feedthrough filters

The feedthrough cancellation circuit on the AFE does a good job of cancelling
thefeedt hr ough of the device close to the reso
slightly higher frequencies the fe#larough levektarts to increase significantipe to a
feedt hr ough phase r espons elfthegeafrequancses @dnotf | at o
attenuategdthe feedthrough levels can actually increase the loop gain at these
frequencies above 0dB and cause the devicscillate at a frequency far from the 6.7
kHz resonant frequency of the device. In order to avoid this problsetond ader
SallenKey low pass filtewasadded witha cornerfrequencyat 28.625kHz. The design

of this filter is shown inFigure47.
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Figure 47: Drive loop feedthrough filter design
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The simulation results for the filter desighown inFigure48 give a phase shift of

26.6% and a magnitude 60.48dB.
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Figure 48 Gain and Phase of Feedhrough LPF Simulation
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Oscillator Loop

In order for the drive loop toscillate the gain and phase around the loop must
meet thenecessarBarkhausen criterifg1] as given irEquation34. In order for a
oscillationto be sustainethe gain of the loop transfer function must be 1 and the phase
aroundthe loopmust be 360 As shown irFigure49, the expected gain and phase
around the loop meets this criteria.
A EEPLREP WEQVEEPWQEc @ TT

Equation 34: Barkhausen Criteria for oscillation

A =0dB A =-27.1dB A = +20dB
i = 0 G = 0 0 <3.8°
|| ||
L]
uHSR
Buffer TIA Post-Amp
drive mode
A=-1.3dB
A =-0.2dB i
/rpr | o 1290 G =26.7° ||pF\
A =-30.4dB A = +40dB A =-1dB
a ge Q a° u *#27.1°
Vre :
g +
Voltage Post Amp Phase
Controlled Compensation

Amplifier

Figure 49: Expected drive loop gain and phase até = 6.7kHz

In order to insure the loop gain and phase were correct adagesimulation of
the complete drive loop was performed. The ALC loop was first opened and the control

of the voltage controlled amplifier was set230mV to make the loop gain 0dB. The
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loop was then opened at the input of the analog-badkright before the phase
compensation. The frequency respenf the opetoop responseshown inFigure50,

confirms that the Barkhausen criteria are met for the drive oscillator

Open Loop FreqguenlylRespans:s)

— Gain  — Phase

—

7S50

o M 1(6.710857kHz, -70.62025mdB)

0.0

-10.0

F25.0

-20.0

YO {dB) |
&
Vodeg) !

-30.0
0 i \
M2(6.7 10857kHz —3072322Hdeg) L—25.0

-40.0

—50.0

-50.0
—75.0

6.7 6.705 671 5715 672 6725
freq (kHz)

Figure 50: Open-loop frequency response

2.4.3 Automatic Level Control Design

The automatic Level control consists of a peak detector that samples the
amplitudeof the drive signal at Mg A difference amplifier with a variable gain is then
used to generate an error signal by taking the difference between the amplitude of Vreg
and the amplitude set point. The error signal is then amplified by a Pl contraller an
level shifted by-1v to match the2v to Ov control voltage range of the voltage controlled

amplifier in the drive loop. The complete drive loop with the automatic level control was
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simulated to estimate the correct PI gains and to get a measurestaiiitiey of the ALC

control loop. The complete design of the ALC is showRigure51

Porportional

Digital Pl Gain Control

Level Shifter

Error Difference
Amplifier

c

Drive
Pickoff

= L

Derivative (optional/unused)
3

J{W

Figure 51: Automatic Level Control (ALC) Design

Peak Detector

The peak detector was designed to be flexible in its configuration with the three
possible configurations shown kigure52. The first design ifrigure52 (a) is the most
basic precision peak detector which was used in this work. The second and third designs
reduce the leakage from the Vpeak node. The peak debtest@ time constant at the
Vpeak node and then a filter to filter out ripple due to the drooping between gédaks.
output of the peak detector is connected to the positive input of a VCA810 variable gain
amplifier being used as the error amplifier. eTihput of the VCA810 must be driven by
a low impedance source, hence the resistor on the output filter is choosen to be as small

as possible.
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OPA2140
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302 Qutput
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+ 1N914  1N914

00 Output

Figure 52: Possible configurations of the flexible peak detector design. (a) Basic peak detector used

in this design, (b) and (c) reduce the leakage from the Vpeak node which is useful for long time

constants

The transient characteristics of the peak detectoe sienulated to demonstrate

the functionality of the design. All configurations were shown to be functional in

simulation, however onlthe configuration inFigure52a, the configuration used for

testing will be presentedlhesimulated transient response of that design, shown in

Figure53, verifies the functionality of the design
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Peak Detector Transient Response

— jVout — fvin — /I0fWhold
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Figure 53: Peak detector transient gnulation showing the input waveform in purple, the holding

capacitor voltage with ripple in blue and the smoothed output after the LPF.

PI Controller

The PI controller consists of an amgif an integrator, anchaoptional
differentiator. The three gains atben summed using a summer withtgntiometers$or
tuningeach of them The differentiator was included for flexibility. As shown in
Equationl6, the ALC is stable if Q Q. Hencereferring to thé=igure51, we have k

and le as given irEquation35 and the ALC stability criteriasgiven inEquation36.

- p Y p M@ - Y Y &0
YO 'Y Y Y Y Y
p p
= lY 6 0_ LIJI’[]) p‘ “O_ U U &)—

Equation 35: PI controller gains
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=20 Y Y

Equation 36: ALC stability criteria

Level Shift

A basic level shifter, shown irigure54, was implemented to shift the control
voltage by-1v to the center of thv to Ov input range of the voltage controlled
amplifier. It uses a voltage divider followed by an amplifier to compensate for the

attenuation.

4.99 k2 1kQ
<|7_W ' VWA

|nput 1kQ OPA2140
VWA

| Output

+

499 kQ

Figure 54: ALC level shifter

Drive Loop andAutomatic Levé Control Simulation

The ALC was simulated with thresonatodrive modemodeled by the RLC
modelderived in sectior2.2.6 The schematic of the test bench is showrigure55.
Transient simulations of éhdevice were ran to verify the design of the drive loop
oscillator with the drive forcer node shown in light blue. The gains of the drive loop and
the steady state bias of the voltage controlled amplifier were later adjusted to reduce the
drive forcer vdtage toaround 5mV in order to keep the device operating linearly as
shown during device characterization. A step response was then apalteainsient
simulation to test the stability of the ALC gras$ shown irFigure57,t he dr i ve f or c
amplitude in light blue shows a correctly damped transition in the amplitude after the step

input.
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Figure 55: Automatic Level Control and Drive loop oscillator simulation Test Bench
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Figure 56: Transient Simulation to verify the design of the drive loop oscillator. The light blue signal

is the drive forcer signal.
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Vreg 5Step Response Simulation
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Figure 57: Transient simulation showing the step response of the ALC as the set pojribe red step
signal,was stepped from the normal operating point of 124mV to 200mV. The blue signal is the

regulated drive voltage, VREG. The green signal is the ALC error voltage

2.4.4 Sense ClannelDesign

The sense channel generates a volliagarly proportional to the rate of rotation
of t h e The s&Rs6 pickoff voltage hago main componentsThe first is the
amplitude modulated rate output signal that is ideally in phase withitleefdrcer
voltage. The second is the quadrature component that is generatecdiseti@pic
fabrication i mperfections in the ¢&HSR.

The sense channel design, showRigure58, demodilates the rate output using
ananalog multiplier. The drive forcer and sense pickoff signals are both amplified to

appropriate signal levels (~1v) for the analog multiplier. The output of the multiplier is
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then passed through@w-pass filter to separate the rate output signal down at baseband

from the component of the multiplier at twice the frequency of the carrier.

Sense Amplifiers

470 Q 470 4700

A% VWA

47 0

Sense , 4 4
Pickoff

o
m
=
o
o

\ Rate
N Rate Oul [r—
Output

OPAZ140

S

&

8
-9

=+

N l 10nF
Drive Amplifier

3.3 pF
I

240 240 Q

Vie OPA2140
;‘+

Sense Channel Scale Factor Estimation

Figure 58 Sense channel design

Finite elemenanalysis (EA) simulations have been used to estimate the sensitivity of
the pHSR, giving 400pA/s at ashellpolarization voltagef 40v, a drive voltage of

30mV, a quality factor of 10k, and utilizing a single sense and a single drive electrode
[50] However to make a fair comparison with the measured results preseQieater

3, the sensitivity must be scaled to account for the difference in the bias condi@ns
measured quality factor and the number of electrodes used for the drive forcer and the
sense picloff. Hence, by scaling the sensitivity as showRguation37, a scale factor

estimate of 4.99A/%s is calculated.
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Equation 37: Scaled Sensitivity estimate
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The sense channel gain from the sense pickoff to the rate outfiddis 2s s h o wn

Equation38. Theestimated scalfactorof 34.7mVF/s is then calculated as shown in
o) 0p 0 © 6 0 Zw vma pm p&  X0n
Equation 38 Sense channel gin

YO o6 Y 007 180 G i BITO
0 T o
X'an O &
Equation 39: Scale factor estimate
Sense Channel Drive Amplifier

The gain of the sense channel amplifier is set so that the amplitudedofvéngoltage is
approximately 1v peak going into the analogltiplier, which is close to the maximum
input swing it can accepiis phase shift is minimized as you can see in the simulated

frequency response shownRigure59.
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Sense Channel Drive Amplifier Eode
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Figure 59: Frequency response of the sense channel drive amplifier

Sense Pickoff Posamplifier and Phase Shifter

Similar to the gain of the sense channel drive amplifier the gain of the sense
pickoff postamplifier is alscset to give approximately 1v peak at the input of the analog
multiplier. The phase response of the pickoff amplifier is set so that the phase shifter
compensates for th&3.08 of phase shift introduced by the pickoff channel on the AFE.
The phase shifs introduced using the phase shifter. The frequency response of the

pickoff amplifier is shown irFigure60.

Y .Y p

o i P Y ' YYe
w i p i YO Y

' Yo

Equation 40:Phase shifter transfer function
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Sense Pickoff 2nd Post Amp
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Figure 60: Frequency response of the sense pickoff amplifer with phase compensation

Demodulator

The AD835[72] was used as the analog multiplier to demodulate the sense
pickoff with respect to the drive forcer voltageheTAD835 was selected due to its high
multiplication accuracyndstable operatianThe configuration of the multiplier is
shown inFigure6l. The gain of the mulglier was set to 1 using the external resistor

network as detailed iBquation41.

AD835

Analog Multiplier

Drive
Input |x1

~

Sense
Input |y1

~

X1-X2
X2

XY+Z ll>w Output

R1
2kQ
R2
100 Q

N

Figure 61. AD835 analog multiplier configuration

Y2
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Equation 41: Demodulator Transfer Function

P8 L P

Low-pass Hlter and Rate Amplifier

A low-pass filter is used to filter the component at twice the frequency of the

carrier in order to extract the baseband rate signal. The filt&"{soaderSallerKey

filter with a cutoff frequency ofHz, well above the 0.8Hz bandwidth of the device.

After the lowpass filter a gain stage of 20dB is then used to amplify the rate output

voltage. The design of the filteeind rate amplifiers shown inFigure62. Its frequency

response is shown Figure63.
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82ka OPA2140
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Figure 62 Sense channel 2nd order LPF
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Sense Channel Low Pass Filter Bode
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Figure 63: Frequency resporse of the sense channel low pass filter

Sense Channel Simulation

The sense channel was simulated by using a Vefilagpdel for the demodulator. The
model was used to confirm that the multiplicands of the demodulate¢,avid the
amplified sensgick-off, were in phase and have a maximum amplitude of 1.5v, the

maximum input voltage of the AD83&s shown irfrigure64.
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Sense Channel Transient Simulation
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1 .

Modulated

time (s)

Figure 64: Sense Channel Transient Simulation

2.4.5 Digital ALC, Quadrature and Frequency Tuning System

Thebackend contains 8 digital to analog converter (DAC) output voltages. Four

outputs are used to apmwach ofthe quadrature and frequency tuning voltages that match

the modes. Two outputs are used to tune the WitlE oneto control the amplitude set

point of Vreg and the other to set the difference amplifier gain. The last two outputs

remain unused and are athed tdest poins. The digital control system also includes

the option of controlling the ALC PI gains digitally using a digitally controlled amplifier.

The eight DAC outputs are implemented using two 4 channbltl&D5754[73]

DACsfrom Analog Devices. The two DACs are daisy chained and controlled by a single

serial peripheral interface (SPI) connection. They are operated as ki®olautputs. A

81

Texas InstrumentBGA2311[74] was used as@igitally controlledamplifier for

controlling the ALC PI gains.



The digital control was provided by a Texas instruments Texas Tiva C E&res
TM4C1294XL Launchpad boardhich contains a TivdM4C1294NCPDTI
microcontroller The firmware is given idppendix | The microcontroller board must
be isolated from the iatface by using an RF or optical isolation device for the safety of
the attached computer and to isolate the power supplies and ground connections from the
noisy microcontroller board he digital Tuning control system was not used during
testing becausée isolation had not been implementé&lring characterization of the

gyroscope ach of the control voltages was set using beonphDC power supplies

2.4.6 Analog Back-endImplementation and Summary

The closed loop analog baekd was implemented using €8 that mates
directly with the analog frorénd. (AFE) It was then assembled by hand using a surface
mount soldering process. The fabricated board is showigure65. The schematic and
layout are given i\ppendix E and F, respectivelA schematic with the revisions made

during testing is given iAppendix G

Figure 65: Analog Backend PCB
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Chapter 3

GyroskRempfeor laamcact eri zat

The gyroscope was characterized using an Ideal Aerod@@hBRrate table
with 0.01%rotation rate accuracyThe characterization setup is showirigure66 and
Figure67. The AFE and analog ba@nd were separated in order to make tuing
characterizatiof the analog fronend easier during testing.he total power
consumption i2.2W, drawing approx. 138mat 16v (+8v) The AFE including the on
board vacuum chamber is mounted in the chassis with a-bu¢ddoard below it as
shown inFigure67 (a). The &terior of the chassis is sa in Figure67 (b). The data is
then processed using the gyroChar custom MATLAB toolb@cmieedin Appendix H

A summary of the gyroscope characterization is giverainle?.

Table 7: Comparison of calculatedand measuredparameters

Characterization Results
Parameter CalculatedMeasured
fredHZ) 6.7108k | 6.7108k
fLockH2) 6.7108k | 6.7108k
AM Sensitivity (pAls) 4.96 1.21
AM Scale Factor (m¥s) 34.7 8.57
FM Scale Factor (mV(mHZ¥) 1.46
ENEK °/idr) 1.271
MNEK °/lir) 13.14
TNEK /tdr) 13.2 2040
ARW (okhr) 0.22 34
Bias Instability%(hr) 330
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Figure 66. Gyroscope CharacterizationSetup
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(a) (b)

(© (d)

Figure 67: Assembled Gyroscope Characterization Platform showing (egnd (b) the AFE mounted in

the chassis with the signal breakout board attachet) The platform mounted on the rate table and

(d) The Analog backendboard (right) and drive loop feedthrough filter (left)

3.1 Drive LoopCharacterization

The frequency of the drileop is determined by the loop phase of the drive
oscillator. The drive oscillator will lock to the frequency where the loop pka®e
Therefore in order to lock to the resohfrequency, the loop phase at the resbnan
frequency must be°0 The resoart frequency is measured at Vrggehighest amplitude
drive loop signalusing a Agilent53181Afrequency counter andigilent 35670A

dynamic signal analyzefThe dynamic signal analyzer is setup to take the FFTre&.V
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The frequency counter amlynamic signabnalyzemoth give a drive frequency of

6.710&Hz. Thespectrum of the drive loop is shownRigure68. The measured
resonanfrequency of thgtHSR and the AFEs matchedo thedrive frequencyof
6.7108kHzasshown inthe AFE frequency responsekigure69. The regulation of the

drive voltage by the ALC under @dton is demonstrated Figure70. The envelope of

the drive signal remains constant even as energy is transferred from the drive mode to the

sense mode under ratad.

VREG Spectrum (Peak @ 6710.7813)

10% T T T ﬂ T T T

—~ 10°F =

Voltage (mV
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102 ¢ -

1 0-3 ] I 1 ] 1 ] ]
-8 -6 -4 -2 0 2 L 6 8

Frequency Offset from Carrier

Figure 68 Spectrum of drive loop Vrec
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AFE Anti-nodal and Nodal Pickoff Spectrums
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Figure 69: Frequency response of the AFE including the pHSR.
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Figure 70: Regulated drive voltagewith the DUT under rotation (Vrec) (1 sec/div, 100mV/div)

As the rotation rate increases beyonddizeamic rangef the yHRG, the modes
begin to split and the drive frequency increasgth increasing rotation rate. The
frequency should increase linearly with rotation rate and hencshifi€an be used to
measure the rotation rate outside of the bandwidth of the AM UHRG interface by

measuring this FM signal. By monitoring th®1 rate output the system can detect when
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it is operating outside the range of the AM interface and henalyttanic range of the
interface is extended by using an AM/FM interface instead of a purely AM interface.
This frequency shift can be measured by using the drive voltage, & the
reference to a phase locked loop. (PLL) The VCO center frequency®LLhis set to
the ZRO frequency of the drive loop. The frequency shift can then be measured by
monitoring thecontrol voltage of the VCO, which then also becomes the FM rate output.
A PLL for measuringhe frequency shift was implemented using a Zurich
Instruments HF2LI lockn amplifier. The VCO control voltagevith a VCO gain of
1V/Hz, was then output to an Agilent DSO6014A oscilloscofiesinusoidal rotation at
2Hz was then applied to the pHRG and the FM rate output was saved to a comma
separatedalue (csv) file for each input rate and then processed using the same scale
factor analysis tool, gyroChar_ScaleFactor, used for plotting the AM scale factor. This
gives the FM rate response showrrigure71 and the transient FM ratesponse to
100.531%s shown inFigure72. The FM scale factor shows a linear response with a 1.46
mHzP/s scale factor. The dynamic range measured is limited by the required vacuum

connection.
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Figure 72 FM transient rate response to a 100.53%s rotation rate.
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3.2 Scale Factor Characterization

3.2.1 AM readout scale factor

The scale factor was characterized by measuring the transierdgpase at
several different rates. An example rate response is showgure73for a rate input of

approx.15 °/sec Thegyroscope was rotated at a frequenc®.@d Hz, well within the

0.3Hz bandwidth of the pHSR.

Transient Rate Response
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Figure 73. Rate Response for a rate input oR5 %/sec

9C



Scale Factor
150 -

100 - Linear Fit: *
8.5739"rate

50

-850

Rate Output Amplitude (mV)
(=]

-100 | *

-150 1 L L L L L |
20 -15 -10 -5 0 5 10 15 20
Rotation Rate (deg/sec)

Figure 74: Rate Response showing a scale factor 857mV/%s

3.2.2 AM/FM hybrid Readoutwith expandeddynamic range

The AM and FM readout methods described previously can be used together to
extend the dynamic range of the pHRG as showkigare75. The hidy Q and low
frequency of the HHSR cause it to have a narrow bandwidth. This narrow bandwidth
constrains the dynamic range of the synchronous AM readout channel to low rotation
rates. At rates outside the bandwidth of the pH®RB FM readout provides aéar rate
response as demonstrated in seciidn

The final rate output could be generated using a simple logic block. The FM rate
output could be compared acthreshold and then the comparator output could be used to
select the correct rate output using a switch. When the rate mgvitliin the bandwidth
of the device, th&M rate output would be used with its better scale factorand lower
noise. Howeverif the rotation rate exceeds the bandwidth of the pHSR, then the FM

rate output would be useBigure76 shows the extension of the dynamic range
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Figure 75: Hybrid AM/FM pHRG Block Diagram
AM and FM Scale Factors
150 T T T T 150
%
100 - 100
s
E N
o 50F 450 I
E X E
= =
£ ®
< >
= 0r -0 o
=3 &
=] 3
o % g
2 i
& -50 - —=-50 E
=
<
-100 - - -100
%
150 1 . 1 L -150
-150 -100 -50 0 50 100 150

Rotation Rate (deg/sec)
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However,the FM scale factor of just 0.217pp?td, the TCFis 61.9 ppmIC, andthe

quality factor varies with frequencgs shown irFigure77. Henceto ensure an accurate
FM rate outputthe TCF must be compensal. One method of compensating the TCF
may beto use a secoraljacentdevice on the saensubstrate as the VCO in the FM read

out PLL.
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2 " * Linear Regression

R

L 1 L 1 L L
T 20 30 40 50 60 70 80 od”
Temperature { DegreeC)

Figure 77: TCF and quality factor temperature dependence

3.3Noise Characterization

The noiseperformance of the gysacope was measured while the gyroscope was
at restby sampling the zero rate output using a Zurich Instruments H2FLdimock
amplifier at 900Hz The Allan variance is shown igure78. The bias instability is
329.75/hr. at an averaging period of 72.74Bhe angle random walk & T TVWQ.
Further improvements in the resonator quality factor and the noise of theanvevill
help improve the noise dermance of the gyroscopdt is also believed that theurrent
noise measurements may be effected by the vibration of the vacuum pump, though the

vibration sensitivity of the OHRG hasnét
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Allan Deviation

2500

LJIVUYU
< 2000
o 4
O
~—
c 1500
S
g
3 1000 *
o
& *
= 500 ‘ 0
< JUU

* 4 @
} AAAAGAA L iy 1 L1y 1 L iy Lddiily
0.1 10 100 1000
Tau (sec)

Figure 78 Allan Variance (deviation)

94



Chapter 4

Concl usFonumaeadWor k

4.1 Conclusion

The pHRG has the potential to become a gyroscope with the high performance of
traditional macrescale gyroscopes along with the small cost, size, weighp@ndr
consumption of existing MEMS solution§he utHSR has already accomplished the size,
weight, and cost goals with a batch fabricated resonator that is just 1.2mm in diameter
with a total area including the electrodes of 73nmwhile the performancet i | | hasno
reached the level of the maesoale HRG, there is still room for improvement and further
development of the qlity factor and interface system.

The UHRG ratenterface was developed to turn the mibemispherical shell
resonator into aate gyroscope. First the hHSR had to be characterized and modeled.
Then the control and readout electronics were developed. This included the drive
oscillator, the balancing and quadrature compensation methods, and sense channel for the
synchronous demaudhtion of the rate signal from the drive carrier. The system was
implemented using two separate boards, the analogdrah{AFE)conatinsthe direct
analoginterfaceto the ptHSRand the baclkendcontainsthe signal processing.

The resulting gyroscopeas then characterized. Fjrgte drive loop was
characterized to ensure that the oscillator was locking into the resonant frequency of the
MHSR and the ALC waregulating the velocity well. Nexthe performance of the rate
output was charaerized. Ascale factor of 8.5%V/%/s was measured at a frequency of
0.15Hz. The noise performance of the ratgatwas then measured and the Allan

variance was plottednd analyzed The Allan Variance plot gave a bias instability of 330

°hr and an angle randowalk (ARW) of o T/WQ. While these intial results are far

from inertial grade, they have demonstrated the functionality of the system, with further
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performance improvements expectédirther development of the resonator and the
interface will not onlyymprove the rate performance but also enable rate integrating

operation.

4.2 Contributionsand lessons

4.2.1 Rate Mode Readout and Control Interface

The reaebut and control interface that turned the pHSR into a working pPHRG
was developedIt implemens a closed drive looghat locks into the resonant frequency
of the yHSR andegulateghe drive mode amplituddt also includes a synchronous
readout channel for measuritige rate of rotatiomnd separatg the rate respondeom
the quadratureutput The system also includes control of the electrostatadraure
andfrequencytuning voltagesvhich tune and bias the yHSRorder to enable the
capacitive interfacand match the modesThis AM interface had been characterized
and can act as the bagor additional experiments and for the design of new interface

architectures.

4.2.2 Non-linearity

The nonlinearity of the pHSR is significantly larger than initially predicted in
simulation as shown in secti@il.4 This nonlinearity was first characterized and then
the drive loop gain andrive amplitude set point were adjusted to account for the non
linearity. It wasfound that to ensure linearity the drive fergoltage had to be less than
10mV.
The drive loop had to be reconfigured so that the magnitude wbltage
regulated by th&LC voltageis large enough for proper operation of the peak detector
while still keeping the oscillator fromioffing. Herce, the drive pickoff amplification
was increased.fe VCA810 variabl e gai n thensgectedf i er 6 s

so that it was operated as a variable attenwatavoid norlinearity.
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4.2.3 Feedthrough Cancellation

Thefeedthrough levebf the device is more complicated than a simple capacitive
feedthrough model.While the feeethrough level at low frequencies is attenuated
significantly by the current feetthrough cancellation circuit, at higher frequencies the
feedthrough levels begito increase significantigt frequencies within the bandwidth of
thefeed through cancellation circuitAs discussed in sectidh4.2 a feedthrough filter
wasimplemented in the drive loop to ensure that the drive oscillator locked to the
resonant frequency.

It is also interesting to note that the fabdough cancellation circuit from the
drive forcer to the sense pidhf reduces the feethrough level at thdrive pickoff.

While the current feedhrough modeldiscussedn section2.1.5 begins to capture some
of these affects, further work on modelling the f#@ebugh of the tHSR needs to be

conducted.

4.2.4 On-board Vacuum Chamber

An onboard vacuum chamber and suppbassis was developed to provide a
vacuum to the yHSR and enablethigqu al i ty factors that arené
film damping. The suppodhassis not only provides mechanical support for the on
board vacuum chamber but also provides a flexible platform for supporting the interface

and control electronics.

4.3 Future Work Summary

The next stage of the interface development will consist ofevetojpment of the
interface to support whole angledrate mode while improving the methods used for
characterizatioof both the resonator and the interfaéérst, a new mixeesignal board
design will need to be developedeaiable implementation @dvanced DSP methods

needed to control a rate integrating interface. Negiscrete ratentegrating gyroscope
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will need to be implemented to demonstrate the systemill thenculminate with the
design of a mixed signal ASIC for the control anddreat of the pHRG in whole angle

mode and force feedback rate mode.

4.4 Next stage goals

There are five main goalfer the next stage of development

91 Develop a whole angle mode gyroscope interface

1 Develop a mixed signal ASIC for the control and readout oferdngle and rate mode
gyroscopes

1 Develop the embedded instrumentation to effectively evaluate different interface
architectures and resonators.

1 Develop noise models for prediction of Allan variance performance.

1 Improve the performance of the HtHRG tofidl potential.

4.5 New interface Architecture

A digital backend will need to be developed for the control of the device. This
method will allow support for both whelengle and ratentegrating operation. The rate
interface can be implemented®P. The drive loop willutilize a softwaredefined
phase locked loop and the sense channel casaltizedin bothanopenloop
configuration with digital demodulation and in a closedp force feedback

configuration for larger bandwidth.
4.6Quadrature and Frequacy Tuning Gontrol

4.6.1 Automatic mode matching

Curr ent | yismotlematchdad RyGuning the two independent quadrature
control voltages and the two independent frequency tuning voltages. A method for
automatically matching the two modes should be implemented. First the AFE should be
configured so that the 2 frequey control voltages are no longer independent but instead

form a single differential voltage controlled by a single input so\that -V12. An
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openloop frequency control system could be implemented either in analog or digital
using the open loop cowirequations. The AFE would also need to be configured to
accept the appropriate input signal range. A similar method would also need to be
applied to the quadrature control voltages to form an-tgemquadrature control

system.

4.6.2 Closed Loop Quadrature Gntrol

Further improvements in the mode matching and the quadrature control system
could be implemented using a closedp quadrature control system. The quadrature
level could be sensed by demodulating the quadrature component of Hudf sickal.

This signalcould then be regulated using a controller to cont@IDC bias of the22.5
guadrature electroded.his would need to be implemented in order to implement whole

angle mode.

4.7Improved Instrumentation

1 A gyroscope test and evaluation systemefficient measurement of both
resonator and gyroscope paramesgarslar to the URAT[40, 75, 76]should be
i mpl emented for efficient and cost effe
and MATLAB can be used for the interface to the device and thepposéssing
of the data. This system should be directly integrated with the interface.

91 A probe card system for probing the die should be implemented to eliminate wire
bonding the device during astages of testing the device. A rotating or
polygon holder covering the different possible orientations of the device would be
necessary to keep the device pads aligned with the probe card. This would allow
devices to be tested more efficiently imgeal and enable new types of tests on a

larger number of devices.
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1 Animproved vacuum connection method that provides vacuum while allowing
the device to rotate at higher dynamic ranges needs to be implemented. Using a
longer and more flexible hose would a good start. A rotary union and an
improved chassis could also provide higher dynamic rangisnately,
however, the device needs to be vacuum packaged to go to high dynamic ranges

and re@uce environmental impacts.

4.8 Improved Device and System Mdiileg

1 The substrate feetthrough model for the device fe¢larough needs to be refined.

T A detailed model of the &©€HRG needs to b
would be useful for testing control and readout algorithms. The Simulink model
of tuningfork gyros developed by Sharrf&8] can serve as a starting point for a
Simulink model of the €HRG. The model
measured resulendincorporate noise modelg.7]

1 The Simulink model can be used as part of a mbdeéd development (MBD)
process where the control algorithms bansimulated and then the control

firmware can be directly generated from the model.

4.9 Mixed Signal ASIC

One of the major goals of the next step of the interface should be to develop a
mixed signal application specific integrated circuit (ASIC) for theirobiand reaebut of
the yWHRG.Demonstrati on of t he -angleropedatios wolldibest AS
a major accomplishment. vtould allow further reduction of the¥SWaPand improved

performance.
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4.10 Resonator Design Feedback

In future revisionsb t he € HSR the design of the
optimizedto enhance the performance of the systeradmsideringhe characterization
data and the interface architecture.

1 The gap size could change depending on the function of the elecEode.
examplethe drive forcer electrodes could have a large gap size to avoid driving
the device into notinearity; while the quadrature and frequency tuning
electrodes could keep the current gap size to ensure that theidetiit@ble to
be mode ratched.

1 A center electrode could be implemented to provide a mechanism for amplitude

control in whole angle operation.
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AppendixB: Anag oFreonndt Layout

B.1. Top Layer Layout
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B.2.Inner Layer 1 Layout
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B.3.Inner Layer 2 Layout
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B.4. Bottom Layer Layout
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B.5. Mechanical Drawing
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B.6. Analog Front-end Bill of Materials

MRIG Analog Front End Bill of Materials

# of boards to be 8
" - - TQuantity to
ity M ity e ; .
i S Value Package Board Reference Lo ¥ QUKL be Distributor | Distributor Part Number| Description
Board Required
Purchased
OLQH(1,9), OLQ#(5,13), OLQ-(3,11), OLQ-(7,15)
1 6 OPAdS4 850 PowerPAD Lo e 1216, CLO.(2.6.1014) 48 100 DigiKey 296-22997-5-ND IC OPAMP GP 2.5MHZ SGL 8SOPWR]
2 2 0OPA2140 8-MSOP Antinode_Pickoff, Node_Pickoff 16 2 DigiKey 296-27862-1-ND IC OPAMP J-FET R-R 11IMHZ 8VSS
3 6 OPA209 SOT23-5 Antinode_Forcer, Node_Forcer, FT1, FT2, FT3, FT4 48 100 DigiKey 296-28152-1-ND IC OPAMP GP RRO 18MHZ SOT23-!
4 6 951102-8622-AR 2-pos thru hole Antinode_Forcer, Node_Forcer, J4, J5, J6, J7 48 65 DigiKey 3M9321-ND CONN HEADER 2POS 2MM VERT T/
31,32, Pin_GND_JP, OLQ#(L9), OLQ+(5,13), OLQ-
OLQ-(7,15), CLQ+(4,8,12,16), CLQ-(2,6,10,14),
5 21 951103-8622-AR 3-pos thru hole Antinode_Forcer[2 pieces], Node_Forcer[2 pieces] 168 215 DigiKey 3M9322-ND CONN HEADER 3POS 2MM VERT T/|
Antinode_Pickoff[2 pieces), Node_Pickoff[2 pieces],
FT2, FT3, FT4
6 1 60@100MHz L_0805 C17,C18, C32, C33, 12, 13, 14,15, L6, L7, L8 88 120 DigiKey A102077CT-ND FERRITE CHIP 60 OHM 850MA 0805
‘Antinode_Pickoff[2 pieces], Node_Pickoff[2 pieces],
7 12 0 R_0805 FT2, FT3, FT4, OLQ-(3,11), OLQ-(7,15), CLQ+(4,8,12, % 200 DigiKey 541-0.0TBCT-ND RES 0.0 OHM .33W JUMP 0805 SMD
(2,6,10,14)
8 4 2K R_0805 OLQH1,9), OLQ#(5,13), CLQ#(4,8,12,16), CLQ-(2,6,0,14) 32 a4 DigiKey RHM2.00KAECT-ND RES 2K OHM .4W 1% 0805 SMD
9 6 100K R_0805 OLQH19), OLQHS,13). CLQ¥(4.8,12.16), CLQ-(26. 48 66 Digikey RHMI00KAECT-ND RES 100K OHM .4W 1% 0805 SMD
Antinode_Pickoff, Node_Pickoff
RS, R9, Antinode_Forcer3 pieces], Node_Forcer;
pieces], Antinode_Pickoff, Node_Pickoff, OLQ*(L,
10 16 10K R_0805 OLQ#(5.13), OLQ-(3,11), OLQ-(7.15), CLQ+(4,8,12,1¢ 128 170 DigiKey RHM10.0KAECT-ND RES 10K OHM .4W 1% 0805 SMD
(2,6,10,14)
OLQH(1.9), OLQ#(5,13), OLQ-(3,11), OLQ-(7,15)
11 6 22K R_0805 CLQ#(4,8,12,16), CLQ-(2,6,10,14) 48 65 DigiKey RHM22.0KCHCT-ND RES 22K OHM 1/8W 1% 0805 SMD
12 2 340K R_0805 0OLQ-(3,11), OLQ-(7,15) 16 DigiKey 311-340KCRCT-ND RES 340K OHM 1/8W 1% 0805 SMD
13 4 100M R_0805 OLQ¥(1,9), OLQ+(5,13), OLQ-(3,11), OLQ-(7,15)| 32 50 Digikey HMCOB05JT100MCT-ND| RES 100M OHM 1/8W 5% 0805
14 2 499K R_0805 Antinode_Pickoff, Node_Pickoff 16 25 DigiKey 311-499KCRCT-ND RES 499K OHM 1/8W 1% 0805 SMD
15 4 499 R_0805 FT1, FT2, FT3,FT4 2 50 DigiKey P49ICCT-ND RES 499 OHM 1/8W 1% 0805 SMD
16 7 10 R_0805 R1,R2, R3, R11, R12, R13, R14 56 77 Digikey RHM10.0BLCT-ND RES 10 OHM 1/8W 1% 0805 SMD
17 2 20K 3214W SMD Antinode_Forcer, Node_Forcer 16 2 Digikey 3214W-203ECT-ND TRIMMER 20K OHM 0.25W SMD
18 4 5K 3214W SMD FT1, FT2, FT3, FT4 2 a4 DigiKey 3214W-502ECT-ND TRIMMER 5K OHM 0.25W SMD
19 2 100K 3214W SMD R7,R10 16 22 DigiKey 3214W-104ECT-ND TRIMMER 100K OHM 0.25W SMD
‘Antinode_Forcer[2 pieces], Node_Forcer[2 pieces]
20 6 10p C_NP0_0805 Antnodie bickoft, Node Pickoft 48 66 DigiKey 478-5779-1-ND CAP CER 10PF 100V 1% NP 0805|
21 a4 2p C_NP0_0805 FT1,FT2, FT3,FT4 32 44 DigiKey 478-6216-1-ND CAP CER 2PF 100V NP0 0805
22 13 10u C_1210 C1to C10, C13, C14, C16 104 140 DigiKey 445-7004-1-ND CAP CER 10UF 50V 10% X7S 1210
23 6 100p ‘C_NP0_0805 Antinode_Pickoff, Node_Pickoff, FT1, FT2, FT3, Fr4 48 100 DigiKey 478-3732-1-ND CAP CER 100PF 100V 1% NP0 0804
C11, C12, C20, C21, C24, C25, Antinode_Forcer(5 pi
Node_Forcer(5 pieces], Antinode_Pickoff[4 pieces;
Node_Pickoff(4 pieces], OLQ+(1,9)[3 pieces],
24 54 u C_0805 OLQ+(5,13)[3 pieces], OLQ-(3,11)[3 pieces], OLQ-(7, 432 550 DigiKey 445-6974-1-ND CAP CER 1UF 100V 10% X7S 0805
pieces], CLQ+(4,8,12,16)[3 pieces], CLQ-(2,6,10,14
pieces], FT1(3 pieces], FT2[3 pieces], FT3[3 pieces],
pieces]
2 4 47 c_1210 C19,C22,C23,C26 2 a DigiKey 445-7005-1-ND CAP CER 4.7UF 100V 10% X7S 121
2 1 not populated thru hole [E3 0 0
27 27 SPNO2SXCN-RC Not on board - please procure and deliver with parts kit 216 280 DigiKey 59339-ND CONN JUMPER SHORTING 2MM GO
£ 2 FW-25-05-G-D-425-140-A 50-pos surface mount board spacer P1,P2 16 2 Samtec FW-25-05-G-D-425-140-4  must be "-A" part with alignment pins
20 2 EMCO AHO1P-12 A_VDDS0_1, A_VDDS0_2 16 20 [Northrop will procure] AH01P-12 +100V High Voltage Supply
30 2 EMCO AHOIN-12 A_VSS50_1, A_VSS50_2 16 20 Northrop will procure| AHOIN-12 100V High Voltage Supply
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AppendixC:Anal og Front End E|

AFE Erratal: Vp RLCfilter capacitor C15
The capacitor, C15, on the polarization voltage RLC filter has the second pad floating. It
should be connected to ground.

AFE Errata2: Pickoff Channel LPF Corner Frequency

The pi ck o feédbackitapacioeslaré ®o large and introduce too much phase
shift at the resonance frequency (Approx. 6.7 kHz). The TIA feedback capacitor must be
changed from 10pF (Fc = 32 kHz) to 5pF (Fc = 64 kHz) and thedPgstfeedback

capacitor must be changgdm 100pF (Fc = 16 kHz) to 27pF. (Fc = 59 kHz)

AFE Errata3: Chassis grounding

There should be an option to ground the chassis by placing metal grounding pads around
the screw holes.
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Appendix D:

Mechani
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Front Panel
Material: Brass
Thickness: 1/16"



D.3. Chassis Back Side
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Right Side Panel
Material: Copper Clad FR-4 (PCB)
Thickness: 1/16"




D.5. Left Side Panel
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Top Panel
Material: Copper Clad FR-4 (PCB)
Thickness: 1/16"




D.7.Base Top View
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D.8. Top Perspective View
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Top and Side Perspective View
Material: Aluminum



D.9. Base Bottom View
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D.10. Bottom Perspective View
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D.11.Base Front and Back View

D.12.Base Rightand Left Side View



















































