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Abstract: This paper presents a novel digital miniaturizatroethod for a prototype
silicon micro-gyroscope (SMG)with the symmetrical and decoupled structufidne
schenatic blocksof the overall systemconsist ofhigh precisioranalogfront-endinterface,
high-speedl8-bit analogto digital convetor, a highperformanceoreField Programmable
Gate Array FPGA) chip and other peripherals such akigh-speed serial ports for
transmitting dataIn drive mode,the closedoop drive circuit are implemented by
automatic gain control (AGC) looand software phasécked loop (SPLL) based orthe
Coordinated Rotation Digital ComputeCQRDIC) algorithm. Meawhile, the sense
demodulation module based warying stepleast mean square demodulation (LMSD) are
addressd in detail All kinds of algorithms are simulated Hyimulink and DSPbuildr
tools, which is in good agreement with the tleioal design The experimentalresults
have fully demonstrated the stability and flexibility of the system.

Keywords: digital miniaturization silicon microgyroscope (SMGgutomatic gain control
(AGC) loop; software phadecked loop (SPLL); adaptive stepleast mean square
demodulation AS-LMSD)
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1. Introduction

The silicon Micro-electromechanicalSystems (MEMS) microgyroscopehas been developed
recently inthe automotive industryas a kind ofminiaturized angular rate senséor several
applications like rollover detection, inertial navigation, and the electronic stability pregfems
known, it has theneritsof small volume, light weight, high reliability antbw cost thusit is easyto
digitize andintellectualiz and suitable for mass production.

Apart from the micro structure design and vacuum packaghmeg,réadoutelectronicsfor this
inertial sensordiave usually been realized using analog circuit technologyeither PCB or ASIC.
Considering the investigatioon the signal detection and control technology applied in the SMG has
significant meaning since i tandibackend system iatégratioo i n
Most traditional SMG control and signal detection tasks are implemented only with analogscircuit
which are easily susceptible to outer electromagnetic interfereméthh poor device temperature
characterization. On the har hand, some intelligent control and signal processing nmettaod be
realized to enhance thetability and flexibility.

Compared with other embedded devices suciMaso-programmed Control UnifMCU) and
Digital Signal ProcessingDSP), FPGA is a higlperformance device integrated with millions of
digital logic elements, which camperform more complex numerical computing, logic decision
and measuringontrol functions even with low power consumption and fast parallel processing.
Nowadays, It has beedeveloped into aSystem on Chip(SoC) integraed device based om
FPGA/DSP hybrid system.

Somemature prototypanicrogyroscops have beenrealizedby analog circuit technologjdi 3].
However, compared with other digital systesmthey obviously lack enough flexibility and
compatibility to satisfydifferent types of gyroscopetructuresand a variety of applications
Especially the updatecgdvancedalgorithns by changing many circuit parametetannot beeasily
performedin a relatively simpleanalog circuit. In order to further improve theverall system
performancemany kinds ofigital controlcircuits have beermnvestigatedo date Thoughsomenovel
digital systers based on DSRdigital signal processof)ave beerachieved4,5], there aresomegreat
advantagesn using FPGA instead, especialtpnsideringits faser parallel speed and lower power
consumption, which will greatly better its whole performaeeentually Thougha typical digital
system based on FPGA was presented6]n the conversion accuracy was only -b that will
inevitably causemuch quantiation noise and make the signalccuracypoor. In [7,8], a hardware
platform for intelligent tuning model identificationand closedoop operationwas developed and
tested over a generationtwo JPL/Boeingpyrex post resonator MEMS$yroscope. Theeaktime
filtering and control of this devicavas successfullymplemented through a digital desi@pasedon
both amaindigital ASIC anda monitoringfunction FPGA chip. A softwareinterfaceallows the user
to configure, calibrate, and tune the biadtages on the microgyscope Later on,a more advanced
evolutionary computation algorithm for modeatchng tuning was further developed, and also
arother novel compact Disc Resonatdeyroscope was easily embedded in thasnpatibledigital
platform[9,10], which demonstrates tmeerits of adoptingFPGA. Certainly,the JPL gyroscope based
on FPGA and 2bit sigmadelta A/D attaiedgood performance, howevegmpared with a relatively
high resonant frequencthe nearly 5(kHz sampling ratéas solow that it maysometimes cause time
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and phasedelay effecs. In [11,12], the double closedloop and forcefeedbackdigital control
architectures are implementadth a certain noise and stability performanceusyng thesigmadelta
modulationin both drive and sense modéds. [13,14], with the similar sigmaelta technology, the
combination of ASIC and FPGA is implemented to achieve low noise andSiggial Noise Ratio
(SNR) capability. Even though the performance is obviously updated by FR&®Aome special
applicatiors, we still need to achieve its miniaturizatidBased on th@revious investigatias) here we
will offer a digital system based orPEA with 16bit accuracy and high processisgeed of up to
300 kHz after miniaturization which can assure both the system resolution and avomlowessing
delays. Meanwhile, all thedetailed componentsncluding algorithm simulation and verificatiom
FPGA will be presented to show tleharacteristicef our digital system in thigork.

2. Design of the Hybrid S/stem

As can be seen in Figufe a hybrid detection and control circuitry commonly inclugesanalog
interface circuit ana digital processing system based on FPGA in the drive and sense modes.

Figure 1. Design scheme of the digital system

: cnv — Analog :
: in sense mode 0 interface
I o R © 1
[ T o 1

7 amter |-

in drive mode .

The gyroscope structure adopted herethat the drive mode and sense mode are completely
symmetricbecausehey are both varyingrea gyle. First, the proof mass mlectrostaticallydriven to
single harmonic vibration in drive mod&hen, if the rotation occus, another single harmonic
vibration insense mode will happen the perpendicular directioAll the motiors can be actuated and
sensed throughninterdigital combo structuréd detailedschematichas beerntrodued in our previous
work [2]. The whole digital system consistsasfanalog part and digital part. Fortheanalog part, there
are twocapacitance to voltage€/V) convertors for the optt ports of the gyroscopén two modes
One is to detect the varying capacitance in drive mode and the otfypciglly designedor sense
mode.The amplified adjustable feedback AC voltage and confi@nvoltageis applied on thénput
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port fordriving the proof mass of thgyroscope. Fothedigital part, there are two otthip 18-bit A/D
convertorsandone 16-bit D/A convertor together with their signal conditioning circuits, theversal
Asynchronous ReceivBransmitter(UART) for transmitting the final demodulated signaihd a high
performance core FPGA chip. In FPGie automatic gain control (AGC) loop attie software
phaselocked loop (SPLL) arerealizedby an algorithmin drive male The automatic gain control
(AGC) loop is comprised cdnx* type amplitude detectoa, low pass filtefFIR3, a referenceoltage
Vet t0 set the vibrating amplitude of the gyroscope and Pl controller. The softwarelgti@sHoop
(SPLL) is comprised of phase detector, loop filter, a Pl controller ramaerical control oscillator
(NCO). Meanwhile, the varyingstep least mean square demodulation (LMSD) is implemenyed
algorithmin sense mod@&.he detailed operation mechanism will be discugsdiae following sections

As for the key analog interface, thenave beera lot of papers discussing it extensiveBy
experimental comparison, thient end withthe ring diode detection is adopted itaprove the SNR
ratio. The minor signatan be picked upy demodulating th€oriolis effectinduced aF magnitude of
changein the vibrating capacitancasing a high frequency carrier up to 18iHz and precision
integrated ring diode HSM&29 (HP company) Almostall the discretedevices like capacitansand
resistancewith fine temperature coefficients are adoptedh®sindustrial $andard.

Different from the full analog circuit design, apart from the necessary-é&mhtalmost other parts
are realizd in FPGA. Actually, the analog fromind aresimilarly adopted in drive and sense modes,
and the subsequent digital parts include AGC, SPLL and LMSD are all realized using specific Verilog
language in FPGA. Here all ti28 order filterFIR and LPFilters areselectedrom the Megacore IP
library embedded ithe ®ftware development toolsBesides, @ save limited hardware resousce
16-bit fixed-point numbes and algorithrs are implementedithout decreamg the system precision

2.1. AGC Loop in Drive Mode

In the traditional analog electrostadilty actuated microgyroscope, the 90 degrees phase difference
between driving force andbrating displacement cannot been ensured in the case of the temperature
variation Therefore, there always exits a certain drift for the natural frequency of microgyroscope
even though the setfscillation B working. To solve this problemin FPGA a closedloop
selfoscillating driving scheme is utilized. Mogliscrete device paramets are represented as
the numerical values stored in FPGA that cannmeimmune to outer interferensencluding
temperature drift.

Essentially, the microgyroscope should be a linear sensor only responsive to the input angular rate
around the input agi Hence, the driving status must be stabldoth amplitude and frequency. To
satisfy thesetwo requirements, closeldop control must be achied in the actuation of the
microgyroscopeOne is thathe phase angle of the whal®sedloopd=2n" theother is thathe gain
of the whole loop A> 1 at first The closedoop actuation of anicrogyroscopecommonly adopts
AGC, which can implement the closetbop driving with a nonlinear dynamics characteristic,
graduallyreducing the closebbop gain of theentireclosedloop to 1within 100ms.

The principle of the digital AGC module is shown in Fig@eOne 10 MHz carrier signal is
directly applied on the proof maasd the ring diode demodulation method is adogtede the AGC
loop consists oan anplitude extractor and PI controlletn the amplitude extractor followed by an
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AID convertor,the filtereddrive detetion signal Vou_arive Will be multiplied by itself throughan x?

type amplitude detector to get square term andtbéerm. Throughanother higkorder low pass FIR

its effective amplitude will then be derived. The error between the actual signal amplitude and
expected reference amplitudies will be calculatedln the Pl controller, the error valuée will be
sentto two branches. @& is to calculate th@roportional termby multiplying Kp (proportional
coefficien) and the other is to calculate the integeaim by multiplyingK; (integral coefficient) and
accumulating the previous resulidext, he key variablegainwill be generatedising superposition of

the proportional term and the integral term. Lasipr to a D/A convertor, the changing drive
detectionsignal Vout_arive Will be reattime multiplied by the variable gaitVy.in to get @ adjustable
driving signal Vin_aqrive t0 push the proof mass of the ggompe stadiy. Once theproportional
coefficientandintegralcoefficient are set properly, the P part will realize the fast tracking and the |
part will attain an unbiased effe&tinally, theinput sigral will always keep constantg., the vibrating
amplitude of the gyroscops forced tobe stableeven in harsh environmerithe PI controller after
digitalization can be correspondiggexpressed as

U(k) = K, Se(k) + g
e

L3 O 1)

i i=0

U@ _ 1
D(Z)—ﬁ—l(P +K| F (2)

wheree(K) is the error value at k stel§, andK; are proportional and integral coefficients respectively.
U(2) andE(2) are functions of controller output and error input in z domBjandT; aresamplingand
integraltime constant respectively.

Figure 2. Schematiadiagramof digital AGC module
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2.2. SPLL Module Based on CORDIC Algorithm

In drive mode the driving signal and thdisplacement detection signal dinive modeare always
perpendiculareven though the resonant frequencg hacertain drifover temperature.Almost most
analog or digital gyroscope circuit systems adopt the PLL technique to sustain the phase difference
stability and resonant frequency tracking [1B].order to realizesuchself-oscillating in drive mode,
softwarephaselocked loop(SPLL) can achieve this function visoftware which makes an output
signal track the input signaly the phase difference of 90 his special algorithm aims to synchronize
the output signal with its input signal in frequencyvadl as in phase. As shown in FiguBethis
adopted SPLL consists of phase dete¢RID), loop filter (LF) and numericalcontrolled oscillator
(NCO), which istotally a closedloop. First, PD is a phase comparatorcatchthe equivalentphase
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difference between theutput feedback signal,(n) andthe input signati(n) by mudtiplication and
thenit is filtered by FIR toappropriatelygenerate an error signdl(n) for the PI controller inputin
the PI controller di(n) is both amplifiedby the coefficientK,and integrate afterbeingmultiplied by
the coefficient;, whichis followed by summatiorEspecially, djusing herethe loop parametaran
improvethe ovenll systemperformanceThe output signaM(n) of Pl controlleris used to control the
frequency and phase BICO. In fact, NCO is actuallya numericfrequency converteand ts output
frequency¥(n) varies with the digital value of control voltag&(n). In this design, aCORDIC
algorithmbasedNCO module is adoptedwhich will simultaneouslycompute thetrigonometric
functions such as simand cosie. Additionally, comparedvith the traditional lookup table method,
this method can save a load of resosar@lgreatlylower the power dissipatian FPGA

Figure 3. Schematic ofthe SPLL module
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Normally in SPLL module, the NCO can be realized by DDS genefa6r However, itwill
consume a lot of hardware resowde FPGA due to its notflexible look-up table methadThe
Coordinate Rotate Digital ComputéCORDIC) algorithmwas first proposed by Volder and Walther
in 1959and ha been implemented in fiber optic gyroscepe lock the laser resonant frequernty].
Based on the coordinate transformation of the minor angle rotatioma#ieidea is to realize the
computatio of the trigonometric function Through this algorithm, the final resultcan be timely
calculatedafter n iteration®venover a period ofseveralclocks using additionsubtration and shift
operatiors, combined with the@dvanced pipeline technology in FPQA Figure 4(a), if an unit vector
ao(Xo,Yo) in rectangular coordinate systemrotated to the desiredkctor a,(xn,yn) through n times
successiveegularrotation operations. After n iteratiorsnd and cod can be obtained, whetkis the
final total rotation anglein thecase of one time iteration, thisctor transformation can be written as

éx,, =cos(; )x -y tan(7)]
Y, =cosC )y -+ tan(f) 3

where(; is the onestep rotation angle. If wdivide a desired rotationf into many stepsangles(
(i=0,1,26 n), i.e., letthe limitedtan(i) = +2'', the rotatiorinduced production terms taf) can be
simplified tothe conwenientdigital shift operation in FPGAHere eachsteprotation direction can be
marked byd;, thenthe final rotated angle can be described as

q:%qﬁdj{ig @
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Figure 4. Sketch ofthe CORDIC algorithm.(a) Rotation mode withouK processing
(b) Rotation mode withK processing.
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Consideringeach step rotation angle is a primitive set vaig,cos(i)) must bea constantThus,
each step iteration calculation for any rotation axgian be expressed as

ex, =KDy -y 2K, 5)
% = Ky o 027K

whereeach step gain factét and general gain factét aregivenby
Té K. =cos(arctan(2 ))=1y 1+2

{ K= 6 K, ©
| i=0

In order to realize the shifidd operation, thgeneralgain factor constanK canfirst be extracted
from the iteration equationalone andfinally processed as the system uniform gaifter all the
iteratons Theoetically, wheni approximate to infinite, K will almost equalD.6037 and converselthe
whole system gain approximately equihie47 Obviously, the real value of,, can be calculated by

A=01 27 (7)

Another auxiliary variable can be used tprimitively determinethe accumulated angle valaad
the next step rotation directidny the sigrn

z.,= 2 -d afatan(2 (8)

In the rotaton mode, thdinal angle accumulator valug, is just the expected rotation angté
During the whole iteration process, the rotation direction will be used to decrease the remaining angle
value in the angle accumulator. Thus, final z, is will infinitely approach to the expected angle value
d. By the CORDIC algorithm in rotation mogdie difference function can be simpmeneralizedrom
Equatiors (5) and (8)as
EXa=X -y @270
i Ya=Y % ©2'0 (9)
12..=7 -d aftan(2 |

where
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&1l z 0
d =
' : +1, else (10
Therefore, the final result imtation mode can be written as
éx, = Alx sz y siny]
1Y, =Aly @sz 3 sing] (11)
{2=0.2 9
where
A=0v1 27 (12)

Especially, to get the siiand cod values, we make full use of the CORDI&gorithmin rotation
modein Figure 4(b) Let the input valueyp = 0, Xo = 1, thenwe will find that Equation(11) can be
simplified as

ex, = A, 8 cidz,
iYn=A § sz
wherey, =0, Xo =1 andz = 0.

In actual FPGA, % adding, subtracting and shiftingperations the 16level pipelines structure
CORDIC algorithm ieasilyrealized.As for pipelinetechnologythe shift registerds utilized to insert
beforeeach digital adderor subtractos in eachlevel of the module which aimsto avoid theextra
time delay inthe FPGA implementation of the complex assembly logic cirdthis kind ofhardware
based ompipeline structureneedstotal 16 layers of modulesand the inner CORDIC module can be
serially cascaded. The shift register in NCOusedto record the correspondj input rotation
information of each stepAccording to this information quadraribgether withthe sine and cosine
symmetry, the output CORDIC module will be controlled through throl logic module. In this
way the input phase range of the CORDICdule can be regulated &0 . 5 ° thereby
iteration error and improving the tracking accurdéyentually this structure configuratiawill finally
improve the overall system performance.

All simulation blocksin Matlab have beebuilt as showrin Figure 5 The main modules witthe
abbreviated names such as Gyro, PLL, and LM8@ are packaged using internal adjustable

parametersAD and DAC convertor modules are fully realized usimggrammabldunctioninterface
with C++tools.

Figure 5. Matlab simulation block diagram
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Other important modules like AGC will be implemented udimgdiscretemultiplier, digital filter
and R modules. Besides, some instruments in gray and specific variables in blue for monitoring the
reattime key signahodes are employed to record some useful ctagsbown in Figure 6. From the
simulation results in drive mode, the resonant frequency is tracked fast and the phase drift is avoidec
when the SPLL stasto work. Onlyafter less than 10@s, the stable AG control output can perform
well and the AGC error rapidly converges to zero. The envelope curves of the resonant movement
detection clearlprovethat the AGC and SPLL are completely effective. Moreover, the demodulation
results of the LSMD are igood @greement with the preseb@olis and quadrature signals.

Figure 6. Matlab simulation results
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Similarly, the corresponding simulation bloakeatedoy DSPbuilder tools can Is=enin Figure 7,
and the simulation results with certain fixed point algorithm in digital domain are given in Figure 8,
which are also in good accordance with the former simulatiotheranalog domain by Matlab.
Actually, these two simulation methods areeedwlly different, the former one is based on the
continuous signal expressed by tiog numbesf or some key nodesdé paran
and the latter one is based on the discrete numerical signals expressed by fixed numbers in complemel
form. It is clearly shown in Figur&(a,b) that all the effective numerical values in dnwede are

expressed in 16it binary complement formats, and a lot of binary numbers can been reasonably
truncated according to the corresponding precision requirement.
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Figure 7. DSPbuilder simulation block diagram based on FP@GAThe whole system in
drive mode (b) Expanded SPLL internal elements

(b)

Figure 8. DSPbuilder simulation results with fixed point algorithm
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2.3 AdaptiveVarying Sted.MSD Algorithm

Due tofabrication error inducelby the stiffness couplingermbetween the drive and sense modes,
apart from the inevitable noisgk), the output signafk) of the SMGessentiallycan be decompode
into two perpendiculaparts One isCoriolis signalS.ori(K) which representshe inputrotationangular
rate aroundthe inputaxis and the other ishe quadrature signagu«(k) which denotes the initial
structureinducederror. Theetwo signals are both orthogonal to each other in theory. irangular
rate sensorthe Coriolis signal iautilized to detect the angular ratgy synchronousdiemodulation.
However there always exits a slightlicious doublefrequency signaproducedoy the multiplication
operation Besides, the followindpigh-order LP filter isrequiredespeciallyif the resonant frequency
of SMG is rather low, which not only cawssa problem of calculation divergence lal$soconsums
more hardware resourseA special demodulation technique using sigtedta convertor is simulated
to evaluatethe systemperformanceg18]. Here to save the limited resoursand attain an excellent
demodulation effect, a better approadrying stepLMSD can be realized to minimize the mean
square error between the input signal and the output dig8@RlIAs shown in Figured, a Coriolis
signal,i.e., a sinusoidal function, added wim equivalent quadrature sigrraddsome certain noisis
simulatedas a hybrid input signal. After thedaptivevarying stepLMSD processing, an expect
value of the input signal amplitude can be derived. By comparing #xigeced signal amplitude
d(k) with the generatedinput signalW'A(k), an estimation erroe(k) can be recorded. Through
continwoudy minimizing the varianceerror, an optimum vecta/ will be derived in the end.

Figure 9. Schematicsimulationof LMSD algaithm.
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W(K)=W(k 1) 2u «§ r(R (18)
A:ori(k) :W( @, %Ua( B :\/y( k (19)

In Equatiors (14i 19), thevaryingstep LMSDalgorithm flow is shown in detail. In Equatiof16), r(Kk)
is actually the referencsignal vector withsin(k) and cos$f) componentsin Equation(17), the
evaluatedW" will converge to a stable vector to make the differes(&p between the actual angular
rate and the evaluated valM& A(k) as small as possibl§Kk) denotes the hybrid signals of tberiolis
and quadrature signals including the white noise. From Equdtiéhto (19), the 4step iteration will
be operated to track the effective amplitu8gs(k) andAqu«K) of two signals. Especially is the step
length herdirst set0.003 and then 0.08&fter the error attains a certain rapngdich can improve the
convergence rate.

As can be seen from FiguB the two direct current terms, which reflect both the Coriolis and
guadrature components, can be obtained through a coneisgion algorithm. Obviously, the
demodulation results can be rapidly converged to two constant values after 200 loops. The sample rat:
is high up to 30kHz, so the interval time igbout33 ¢s. In actual system, a highsolution 18bit A/D
converter is selected, therefore, theantificationerror in the full rage of+2.5V is about 0.019nV,
which exceeds far beyond the equivalent angular rate noise. In the FPGA realization, sairiSdhidit
multipliers are used to ensure the computation resolatiter C/V conversionEspecially he fixed
point processing method is adopted to save the limited resanddewer the power consumptidn
Figure 10, the Coriolis signal andjuadrature signal are calculated by basic LMSD angingistep
LMSD methods.

Figure 10. Varying step LMSDeffects.
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When the step length us only set to 0.03, the approaching time is short and the divergence
magnitude is poor, which demstrates &trong noise. Whereas if the step length u is only changed to
0.003, the approaching time is longer, but the convergence error becomes smaller than the former
Thus, if we first setu equal 0.03 to improve the approaching rate. After the output signal erro
approaches a certain range, thenaggustu equal 0.003 to make the divergence error as small as
possible. By this intelligent varying step method, van agealize both higspeed and lowoise
LMSD method.
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