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A Closed-loop Digitally Controlled MEMS
Gyroscope With Unconstrained Sigma-Delta
Force-Feedback

J. Raman, E. Cretu, P. Rombouts and L. Weyten

ABSTRACT as much as possible to the digital domain. With regard to the

In this paper we describe the system architecture and ppeot primary mode oscillation, a control.loop is set up to.track th
measurements of a MEMS gyroscope system with a resolutiggonant frequency of the mechanical structure while amoth
of 0.025°/s/v/Hz. The architecture makes extensive use ¢#0P Stabilizes the amplitude. This way, temperature &fec
control loops, which are mostly in the digital domain. Fouch as drift of the resonant frequency and the quality facto
the primary mode both the amplitude and the resonang@kthe primary mode are neutralized.
frequency are tracked and controlled. The secondary mdde@ the secondary (sense) mode the readout is based on
readout is based on unconstrairned force-feedback, which A force feedback [1-8]. This nearly inherently “digital”
does not require a compensation filter in the loop and th&elution is fully compatible with our philosophy. An advage
allows more beneficial quantization noise shaping thanrprief applying force-feedback to the secondary mode is that
designs of the same order. Due to the force-feedback, the dynamic range of the readout setup can be significantly
gyroscope has ample dynamic range to correct the quadratiii@roved. Indeed, by increasing the maximum attainable
error in the digital domain. The largely digital set-up alséeedback force, larger input forces can be measured without
gives a lot of flexibility in characterization and testingheve Saturating the readout and interface circuits (becaussethe
system identification techniques have been used to chacteCircuits only process the error signal). This increasecadyio
the sensors. This way, a parasitic direct electrical cogplirange is important for dealing with the large parasitic ésrc
between actuation and readout of the mass-spring systems @&using the quadrature error. As will become clear, thigalig
estimated and corrected in the digital domain. Special sareset-up also gives a large flexibility in characterizatiord an
also given to the capacitive readout circuit, which operate testing, where system identification techniques have been
continuous time. used to characterize the sensors. This way a parasitictdirec
electrical coupling between actuation and readout of thesma
1. INTRODUCTION spring systems was identified [9, 10]. Simply by modifying

The development of high-performance micromachined gyrg;e_demodulgtion algprithm thjs could pe corrected for iﬂ.t.h
scopes is hindered by technology-related imperfectiorthef digital domam. Sp.eC|aI care |s_also given to .the capacitive
mechanical structure, which manifest themselves for it&ta readout circuit, which operates in continuous time.

in the existence of error components that largely exceed thee rest of the paper is organized as follows. Section 2
Signa' to be measured (quadrature error)_ Th|S imposesmtﬁi describes the SyStem aI’ChiteCture W|th |tS VariOUS COhICI]dS.
requirements W|th respect to the dynamic range of readc[ht a%ection 3 details the Continuous t|me I’eadout CirCUitS.&Xp
interface circuits. Also, the fact that mechanical pararset Mental results are described in Section 4. Finally conchssi
are unknown (due to fabrication variations, fluctuationshwi are presented in Section 5.

temperature and aging) poses serious challenges. Thdse pro

lems promote the use of closed-loop solutions. Moreovés, it

beneficial to operate these control loops as much as possible 2. GYROSCOPE ARCHITECTURE

the digital domain. This allows the use of sophisticatedhaig

processing techniques, and gives a lot of flexibility beeaué\. System overview

improved techniques can be implemented, merely by changi . .
thtlo software. F?)Ilowing this pphilosophy, in thg g{/msco%ggsystem—level overview of the gyroscope as well as its

described here, control loops are extensively used andateigr phys!ca_ll pa_lrt|t|on|n_g IS sh_own in F'g.' 1. Three parts__ can
be distinguished: first a micromechanical structure, whech
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oy digtaldomain This Coriolis force will act upon the mass spring system

b >4 moduator formed by the secondary mass and the secondary springs. By
mion™ detecting this y-axis Coriolis force the angular velodity can

be measured. In our approach, this is done by the use of force-
feedback on the secondary mode. For this purpose, the MEMS
structure includes parallel-plate (variable gap) capssifor
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Fig. 1. System-level overview: mechanical sensor (dark griyrface v
electronics (medium grey) and digital functions (light grey F i Y
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' T,(5)
primary mode spring secondary-mode
dynamics
- ?"da'ymd\eipmgs wentalcane Fig. 3. System level representation of the coupling betwienprimary
for secondary mode mode and the secondary mode. Two coupling paths are appanenited)
coupling through the Coriolis force, and parasitic mechardoupling causing
i quadrature error.
/ sense i \
comb caps mode comb caps
for primary mode for primary mode . . .
N Ve Fig. 3 shows a system-level representation of the dynaniics o
A the primary mode and its coupling to the secondary mode
g through the Coriolis force. Unfortunately in real-life gyr
© [} driven mode [ th . I d I h . h h .
§ ~ P4 Scopes, there IS also a second coupling mechanism wnicn IS
primary mode spring modelled as in e.g. [14] by the cross-axis spring coefficient
divenmode > X kyz. This mechanism is also indicated in the figure and gives
rise to an error. However, since this error is in quadratuth w

Fig. 2. Simplified sketch of the dual-frame vibratory MEMS gseope. . . .
Anchored parts are in black, movable parts are in grey. the Coriolis component, it can easily be separated from the

Coriolis component by 1/Q demodulation. Still this quadrat
component is problematic, because it can be orders of mag-
nitude larger than the Coriolis component. In an open-loop
approach this would translate into unrealistic demandshen t
The presented system-level approach of Fig. 1 can be applisthamic range of the readout circuit. In our gyroscope this
in combination with many MEMS vibratory gyroscope strucproblem is solved by the use of force-feedback which boosts
tures. In our prototype, a dual-frame MEMS structure similahe dynamic range and allows to correct for this quadrature
to [11-13] was used. The principle is reviewed in Fig. 2. tFirserror in the digital domain.

an outer frame is suspended by primary mode springs in such

a way that it can only move along the x-direction. Electrosta
comb drives are used to induce a vibratory motion:

B. Review of Dual-frame vibratory gyroscopes

C. Closed-loop control of the primary mode

primary-mode

z(t) = Xo cos(wot) Q) dynamics - readout m
F, X . loopfilter
Here, X, is the amplitude of the primary motion, and, T({)\ e ' -
denotes the pulsation, which is close to the resonancetmrisa
wres Of this mass-spring system. In order to be able to measure icompensation;
the amplitudeX, a separate set of comb capacitors is used for A T [
readout. The primary mode movement is then translated to an o modulator

inner mass by separate secondary mode springs. Theseare ver
stiff along the driven direction (x), but bend easily alomg t Fig- 4. Diagram of the control loops for the primary mode.
sense direction (y). Under influence of a z-axis rotatiorhwit

an angular velocit?., the secondary mass will experience & system-level diagram for the control of the primary mode is
y-axis Coriolis forcel<.,, shown in Fig. 4. Here the mechanical structure is actuated by
dz _ an electrostatic forcé’, .. , through the comb-drive actuators
Feor = =2m— (2, = 2mXowo (2. sin(wot) (2)  (Fig. 2). The primary mode responds to this force, resulting



in an x-displacement(t). The force-to-displacement transfer
function T (s) is described by the well-known mass-damper-

spring relationship: AR T(/)\
5 S

readout one-bit

condary-mode ~ €8in quantizer
T, (s) = Lo , 3) o | |
s s 1 mechafu‘cal C‘ICCIFICE;(I ?]etlt:u;(l
Wres + Quwres + feedback feedbacl eedbacl
electrostatic | zero-order hold
where T,,o corresponds with the mechanical DC-response. actuation | pulse shaper

The x-displacement is measured by capacitive readout a'glld 5
converted to the digital domain by a conventional switched~" ™
capacitorXA ADC. For optimal operation of the gyroscope,

the primary mode should be operated at the resonance fre- ) )
quencyw,., of the primary mass-spring system. To ensurgequency range of interest (basically only a small bandiiado
this, the digitally controlled frequency is adjusted by thi€ resonant frequency).

tracking loop until the displacement readout has’ pbase

shift relative to the driving force. On the figure also a digit D- Unconstrained>A Force-feedback for readout of the sec-
error compensatiorpath is shown (in dashed lines), which igondary mode

neglected for the moment and will be discussed in section As outlined above we use single-BitA force-feedback for

A. A key component in this tracking loop is the digitallythe readout of the secondary mode. However, it is well known
controlled quadrature oscillator (DCO), which has two élyac that this approach gives rise to additional quantizatiosedn

90° phase shifted (digital) sinusoidal output signals, with arder not to impose a cost in terms of resolution, quantizati
precisely matched amplitude. Here, the frequency reswiutinoise should be below the electronic noise of the readout
is an important specification, because it directly traesldgdb front-end in the frequency-range-of-interest. Therefdie
phase noise of the frequency control loop (which is similaransfer from guantization noise to the output of ¥ force-

to a digital PLL). This is even more severe because of tfieedback loop — commonly called the noise transfer function
high Q-factor of the primary model ~ 100). Since phase (NTF)— should be carefully designed. In [8], a (theorefigal
errors are critical for correct demodulation (see undefmea nearly optimal unconstrained architecture for stth force-
practice sub milli-Hz accuracy is needed. This is severddi feedback loops was presented, which is also employed here.
of magnitude more accurate than what could be obtained Aydiagram of the used structure is shown in Fig. 5. Next to
straightforward techniques such as simply dividing a higine mechanical transfer, an electrical resonator is acul¢iket
frequency master clock. The implemented DCO solution isop to provide a notch in the NTF at the operating frequency
therefore based on complex multiplication techniquesjlaim of the gyroscope. Similar to [3], the electrical resonater i
to [15]. built by applying local feedback (through the coefficientto

For accurate gyroscope operation, also the amplitude dhoaldelaying and a non-delaying integrator. In our prototyyee t

be well controlled. This is implemented here by an additionguantization noise is below the electronic noise in a badtwi
control loop. Note that, once the frequency control loop had 250 Hz around the gyroscope center frequency.

settled, the amplitude of the primary mode can easily be

obtained by projection on the sine-signal. The driving éorce. Demodulation

i; obtained from the posine signal, rescgled to t'he. ar.n'piituqo determine the rotation raté
dictated by the amplitude controller. This (multi-bit) dég
signal is converted into a one-bit signal with a digita\-
modulator and further used for actuation. Depending on t
binary value, an electrostatic forcE,; is applied in either
the positive or the negative x-directiofty.: , = £F,;. This
is accomplished by applying a fixed voltage to the comb- Doopr & Foor _ —mXowo Q.

like actuator, which results in force pulses with constant 2F Fu

magnitude, independent of the position of the proof mass @learly, the Coriolis component outpilc,, is proportional

the x-direction. As a result, the actuation approach realem to the rotation rat&),. Furthermore the scale factor involved
inherent digital-to-force conversion with good linearity is well known. Indeed, the amplitud&, of the primary

The mechanical structure reacts to this continuous seguaincmode is well controlled, and the oscillation frequency
force pulses (arriving at a high rate) in a frequency-select is exactly known since it is the DCO frequency. Also the
way. Because of the resonant nature of the mechanical éransflectrostatic actuation forcé,; is very stable with respect

of the primary mode, signals close to the resonant frequertoy temperature. Based on these arguments the scale factor
are amplified (resulting in movement), while out-of-bandrift over temperature is expected to be nearly zero. Howeve
frequencies are filtered out (and hence induce little mtiorhere we have assumed that all the control loops have perfect
To make full use of this frequency-selective mechanism, timellator operation. In practice this will only approximitéde

noise shaping of the digitat A-modulator is optimized to achieved, and thus we will have a very small but non zero
push quantization noise as much as possible away from teenperature drift.

Implemented unconstrain&A force-feedback architecture.

., the digital output of
the secondary mode is downconverted by multiplying with
respectively the sine and cosine signal from the DCO. After
pass filtering we obtain a Coriolis componddg,,. and a
quadrature componet,. From Eq. 2, it is clear that:




In practical gyroscopes, the quadrature ety is often very Here C;,, corresponds to the input capacitance of the opera-
large. This puts severe constraints on the phase accuray stional amplifier. In an optimized read-out circuit, the op#sn
even small phase errors will cause this quadrature err@ato | input transistors are sized such tt@@t, is proportional to the
to the Coriolis component. This is the main reason why a veparasitic capacitoC;, [20]:
high frequency resolution of the DCO is needed.

gh frequency Cy(1+a)

3. CTREADOUT CIRCUIT Cs
Most analog circuit blocks are implemented with We”_l-!erea is a design related proportionality constant which is

established switched-capacitor techniques and wereypafiz€da ~ 1/3 in our circuit. As a result, for an optimized
reused from previous designs [16, 17]. However the capacitMEMS design, the parasitic capacitan€g should be smaller
readout circuit requires special care, because it is likelf}an the sense capacitan€g. In our design the capacitance

to limit the noise-performance. Inspired by the evolutiofif e secondary mode sense capacitor eqdals= 1 pF.
in fully electrical A modulators for A/D-conversion [18] Unfortunately, the magnitude of the parasitic capacitafice
where continuous-time circuitry has proven its capabitfy depends on technological constraints, which usually ate no

low-noise operation, a continuous-time (CT) readout seerfigntrolled by the MEMS designer. In our structutg, is larger
promising for a low-noise operation of a gyroscope as welithan s, which leaves room for technological improvement.

RFB
— 1

Anoise ~1+

B

C

proof mass C,l

Fig. 6. Basic Continuous-time readout circuit based on agehamplifier.

The basic principle of a continuous-time readout circuit is
shown in Fig. 6. It consists of a fully differential operatal
amplifier with fixed feedback capacitor€”{z). One side
of both sense capacitor€’§+ and C's—) of the gyroscope
structure are directly connected to the input terminalshef t
operational amplifier (nodes A and B). The common side &fn important problem with the circuit of Fig. 6 is the fact tha
both sense capacitors (which is connected to the proof makw) input nodes of the opamp (nodes A and B) are floating, and
is set at a fixed potentidl,.. If we assume for the momenthence their DC-componet:, i is not controlled. A poten-
that the voltage at nodes A and B is controlled and equadisl solution for this problem is to add large feedback resis
Vorin, then the differential output voltage,,; will equal: ~ Rrp as shown in Fig. 7 [21]. Here, the DC-voltage s, iS
C._C supplied through the resistors and will be equal to the dutpu
%(we‘f*vc]\/jjn), (4) common mode voltage of the operational amplifier which
FB is accurately controlled. Unfortunately, the charge afigli

which indeed is proportional to the CapaCitance deviatibis. now has a high-pass characteristic with a cut-off frequency
also proportional to the effective polarisation volta@é.; — ¢, = 1/(2rRp5Crp). The relevant readout signals will be
Ve,in). In our caseV,.; = 0 Volt and Venrin = 3 VOt centered around the mechanical resonance frequgncyof
Since the capacitance variation is very small, it is cleat thihe gyroscope, which is of the order of 8 KHz. Obviously, for
the feedback capacitaf'’rp should be small% 200 fF) to 3 good operation of the readout circuit these signals shoeild
have a good readout gain. passed by the readout amplifier, which leads to a very large
The parasitic capacitor§), are due to the fact that the sensgg|ye & 100MQ) for the feedback resistaRy 5, making a
capacitors of the mechanical die are wire-bonded to the e'%@raightforward implementation of Fig. 7 impractical.
trical ASIC and hence these capacitors mainly consist of th@e actually implemented circuit solution is shown in Fig.
parasitics of the bond-pads [19]. Unfortunately this c#pe& g and uses long-channel FET’s [21] to achieve a resulting
are considerable in our gyroscope: (6 pF), and have a gquivalent feedback resistan&-5 of the order of 100 M.
significant impact on the noise of the readout circuit. ImjeeThis is not large enough to pass the gyroscope signals,reente
the input referred noise from the operational amplifier @@s aroundy, ., unaffected. The main effect of this is a phase shift.
amplified by a gain factod,,.is., which approximately equals: |n an open-loop readout (as in [21]), this would be unaccept-
Cp+Cin +Crp Cp+ Cin able. Therefore, in [21], the equivalent feedback rescstan

C, ~ 14 C, ®) further boosted by keeping the triode-FET switched off nadst

Fig. 7. Continuous-time readout circuit with large feedbaesistorsRr g
to set the voltage at nodes A and B.

V(mt ~

Anoise =1+
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Fig. 10. TransferV,.:/x of the readout circuit. Note that the gyroscope
signal located aff;es = 0.02 * fsample is passed.

the time and only switching it on with a low duty cycle. This

technique is not readily applicable in A force feedback The transfer function of the readout amplifier is shown in
loop, because it would cause aliasing of quantization noiggy 10. As explained above, both low-frequency and high-
due to the mhergnt subsampling mvc_)Ived. Fortunately,yn Ofrequency signals are rejected while the gyroscope signal
closed-loop architecture, a phase shift of the readoutitire 5t 8 KHz is passed. Due to the dynamics of the lowpass filter,
not a major problem, because it is inside the force feedbagigre is some out-of-band, low-frequency peaking but thisd
loop. o _ _not affect the force-feedback operation.

The lowpass filter is inserted, because in our architectUffe discussion above was focused on the readout of the

of the XA force feedback loop, the output of the readouecondary mode, which is the most critical, but a similantr
amplifier is not extremely small. To avoid that the long-a@n 5 \;sed in the primary mode readout as well.

FET'’s leave the triode region, the signal at the FET's drain i
attenuated by the lowpass filter, ensuring correct operatio
The implemented lowpass-filter is a standard passive first- 4. EXPERIMENTAL RESULTS

order switched-cap filter. The complete gyroscope system according to Fig. 1 was

designed and implemented. For this purpose a prototype ASIC

containing the analog circuits was designed and fabricated

a 0.6 um CMOS process with a high-voltage (18 V) option,
v Vo needed for the actuation. This ASIC was wire-bonded to
v.. T the mechanical chip containing a differential version o th
Rp
B gﬁ T, T, JFVewe
2 v

dual-frame gyroscope structure sketched in Fig. 2. The same
mechanical die as in [6] was used. A microscope photograph
of the package containing the two dies is shown in Fig. 11.
This chip was assembled on a standard printed circuit board
and connected to an FPGA containing all the digital blocks.
Fig. 9. Fully differential operational amplifier with a tet@pic cascode and For the measurements reported here, all circuits are dlbcke
source follower output buffers. at a fixed master clock frequency (400 kHz).

The schematic of the operational amplifier is shown in Fig. 9.
It consists of a first telescopic cascode stage, loaded with
the compensation capacitorS;. These capacitors set the
bandwidth of the operational amplifier. Here, the bandwidth
set as low as possible, to filter out most high-frequencyenois
of the readout amplifier which would otherwise alias back to
the signal band. This leads to a bandwidth approximatelalequ
to the sample frequency~(400 kHz). The source followers

at the output are. heeded, be.cause the reado.Ut amplifier it_lfll. Microscope photograph of the wire-bonded dies efahalog ASIC
loaded by the switched capacitors of the electrical remnagnd the mechanical chip.

in the force feedback loop (Fig. 5). Without these buffers th

output of the readout amplifier cannot recover in time from
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Fig. 13. Mechanism for frequency independent coupling.

layout will cause a systematic difference betwe&n,, . 4
andCeoupie, B, leading to the observed coupling effect. To take
this effect into account an additional coupling teffpy has to
be added to the overall sensor transfer functign,,:

Tm 0

S 2 S
(wr'es) + (Qwres) +1

From a curve fit on the measured curve (Fig. 12, top), the
coupling term was estimated and it was confirmed tHat
is a constant, in agreement with a frequency-independent

Tsens = + TeO~ (6)

coupling mechanism. Based on the estimated valuE.@the
-50 --{ — Total response 2 . . .
‘ ‘ ‘ ‘ theoretically matched curve was calculated and is shown in
0.014 0.016 0.018 0.02 0.022 0.024 Fig. 12 (bottom, bold curve). It is clear that the measured

Normalized frequency f/fSamwc

and the theoretical curve match well. Without the parasitic
Fig. 12. Response to pseudo-noise actuation of the primargnmeéasured electrical COUD,lmg’ the dotted curve would b,e valid. It iecs .
(top) and calculated from the identified system (bottom).oAshown on that the magnitude of the resonance peak is not substantiall
the bottom figure is the expected mechanical response (vtithewparasitic affected by the parasitic electrical coupling. However th
electrical coupling). induced phase shift is problematic because it results in a
phase error in the 1/Q demodulation of the Coriolis/Quadheat
component which causes the large quadrature error to leak to
A. System identification the demodulated Coriolis component. Therefore, in our é@npl
For the primary mode we expect a mechanical respdhse mentgti_on the p_arasitic ele_:ctrical coupling is co_rnperdszhhe
according to Eq. (3). However, the actual sensor transfar-chthe digital domain, by adding therror compensatiorpath to
acteristic may deviate from this, e.g. due to direct eleatri the primary mode frequency tracking loop (see Fig. 4).
coupling [9, 10]. One of the assets of our largely digital
setup is that it is easy to perform a system-level identificat |
procedure. To do this for the primary mode, the primary mode!
control loops (which are entirely digital) are broken, and &
single-bit white pseudo-noise actuation signal is appligte
corresponding response is obtained from the (digital) wtutp
Fig. 12 (top) displays the result. One can clearly distisga ;
peak, which corresponds to the mechanical resonance. How: lentiedsysem
ever, also a notch can be seen.
This notch is attributed to a parasitic electrical couplin
directly from actuation to readout [9, 10]. In the literagur
both frequency dependent [10] and independent coupling
mechanisms have been reported. In our gyroscope, the systdeso for the secondary mode a system identification can be
identification revealed that the coupling could be consderperformed. To do this, the feedback loop of Fig. 5 is reareaing
frequency independent. The basic mechanism for frequertny disabling the mechanical feedback path and insteadndrivi
independent coupling is sketched in figure 13 and is causedthg actuator with a a single-bit white pseudo-noise sighad
parasitic (layout) capacitorS,oupie, 4 aNd Ceoupie, g CONNECE-  resulting system is shown in Fig. 14. Now the configuration
ing the actuation voltage to the input nodes of the capaciticonsists of a cascade of the sensor with a plain electrical
readout amplifier (described in section 3). Mismatch in th&DC. Note that this can not easily be done with alternalive

secondary-mode
dynamics

ig. 14. Configuration for system identification of the sedzmy mode, by
configuring the force feedback loop of Fig. 5.



Spectrum of the primary mode digital readout

force-feedback configurations which have only mechanical
feedback [8].
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Fig. 16. Measured spectrum of the digital output bitstreaongHe primary
mode (10 averaged 64K FFT).
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2 In Fig. 16 the result for the primary mode is shown. Before
starting the measurements, the frequency-tracking loap ha
been activated long enough to allow the system to lock or&o th
resonant frequency of the primary mode. Also the amplitude
of the driving signal is set to stabilize the primary mode
amplitude to a fixed value. One clearly sees the strong sajnal
the normalized frequencd.02, which represents the primary
mode excitation. Next to this, the shaping of the quantizati
noise (with a notch at the resonant frequency) is promigentl
present. This quantization noise comes in part from thematad

20 ¢ YA ADC and in part from the drivingoA DAC (see Fig. 4).
2 0.61 0.615 0.b2 0.625 0.63 0.635 0.64 0.045 30

Normalized Frequency f/fSEmple

Fig. 15. Response to pseudo-noise actuation of the segondade:
measured (top) and calculated from the identified systemtqimdt Also
shown on the bottom figure is the expected mechanical resp@videout
the parasitic electrical coupling).

dB

Fig. 15 displays the results for the secondary mode. Again,
a peak in the response corresponding to the mechanical
resonance can be noted. Also here, a notch can be seen, which
again is caused by a parasitic electrical coupling (Eqg. 6).
However, this time the notch is located to the right of the
resonant frequency, indicating a different sign for theapiic To
electrical coupling. This difference in sign with the prima

mode is due to differences in the layout parasitics which aggy. 17. Measured Spectrum of the secondary mode digitalbbifstream
different for both modes. (100x averaged 64K FFT).

Fortunately the direct parasitic coupling path in the seleon

mode does not significantly alter the performance of the 9% Fig. 17, a typical spectrum of the readout of the secondary

roscope. To understand this, we first observe that thisfeans, | .o ¢ <o feedback loop is Shown. The tON@.AL f.wmpic

function is in the forward path of the force feedback loop
oo : rr n he m red for h ndary m
Hence it will not alter the nullator operation of the feedbacCO esponds to the measured force at the secondary mode,

. . ... which consists of a Coriolis component and a quadrature
loop, provided the loop remains stable. And we have venflec mponent P d

that the electrical coupling does not alter the stabilitytiod
feedback loop.

107 102 10
Normalized Frequency /f, .

C. Gyroscope characteristics

B. Noise shaping characteristics Fig. 18 shows the measured Coriolis component vs. the applie
To evaluate the noise shaping in bath\ loops the output bit- rotation2,. For this measurement the gyroscope system was
streams of both the primary and secondary mode are conventeglunted on a rotation table, and the rotation was varied over
into the frequency domain. the interval [-150; +150]/s. Obviously the characteristic is



primary mode:Q, ~ 100

1500+ i R
Mechanical Q-factors| sense modeQ, ~ 15
1006 Supply Voltages analog blocks: 5 Volt
'UW PPy 9 comb drive voltage: 18 Volt
5060 Current consumption 250 pA@S \olt

100 A@18 Volt
> 1100 °/s measured
> 4000 °/s theoretical

‘ Full scale range

-150 -100 0 150

n
o
6)]
o
N

measured rotation rate (LSB)

on Linearity < 0.25°/s in range[—150 °/s, +150 °/s]
o Scale factor drift < 0.01%/°C
[
1006 Zero rate drift < 0.023 O/g
Bandwidth > 100Hz
-1500- Noise floor 0.025 /HSZ
applied rotation rate (°/s) Quadrature Error 675 O/s
TABLE |

Fig. 18. Global gyroscope characteristic, showing thetimiabetween the
rotation rate readout versus the applied rotation rates raticate different
measurements.

SUMMARY OF GYROSCOPE CHARACTERISTICS

. . _ . 5. CONCLUSIONS
visually linear. The result of a best line fit on the measure-

ments of Fig. 18, indicates that the non-linearity is lesmth e have presented the circuits and system-level concepts
10.25| °/s. However this is beyond the accuracy of the rotatiorfo’ @ MEMS vibratory gyroscope as well as experimental
rate control of our rotation table, so we assume the actd§PUItS- Key features are a continuous time capacitiveougtad
linearity is better. There is also a small offset o2.1°/s amplifier and the extensive migration of control tasks to the

which of course can be removed by a zero-rate calibrationdigital domain. The primary oscillation is controlled bytha

resonance frequency tracking as well as an amplitude lamp. F
te secondary mode an unconstraid&l force feedback loop
is used. The setup gives the possibility to perform extensiv
o ) N V¥§stem identification during experimental testing. Her&read
have verified that the full scale rangezis1100°/s. Actually, coupling from the electrical actuation to the electricaldeut

simulations and calculations indicate that the full scalege ;
) . . was found. The resulting overall gyroscope system has a
is even a lot higher and well abov#00°/s, but with our ° g gy be sy

measurement setup we could not confirm this ex erimentalrl10ise floor Of0'025\/HiZ' Thanks to the use of force-feedback
P P tM’e dynamic range (theoretically 4000 °/s) greatly exceeds

For these measurements the quadrature &pgrwas moni- e requirements for a fully digital correction of the large
tored as well, and it was found that its magnitude COfresﬁo”&uadrature error.

to Do = 675°s, nearly independent of the applied rota-
tion rate. For an open-loop readout of the secondary mode,
this would obviously give overloading problems, but due to
force feedback, the signal range is more than sufficient Tdis work is supported by the Flemish Institute for Scieatifi
correct this in the digital domain. The gyroscope noise floend Technological Research (IWT). The authors wish to thank
was measured as well and turned out to(b@5-L%. This XFab for fabrication of the silicon, and the Melexis Inektia
noise level compares favorably with other recently pulsiish Sensors Business Unit for giving permission to publish this
gyroscopes [3, 21-23]. The presented design techniques Zaierial.

also fully compatible with mode-matching techniques such

as in [23].A modified design that combines these techniques REFERENCES

could achieve an even lower noise level.

The full scale range could not be measured reliably, with o
equipment. By disabling the rotation-control of the raiati
table, and having the table turn at its maximum speed,
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