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OBJECTIVE
The objective. of this project is to produce a proof-of-concept demonstration of an edge sen-
sotfor the Space Laser Energ y (SEILENE) program. The operational specifications are:

4200 pto full range in the z

10 nm resolution in z

100 pmi 4 5 pim gap width between segments
sign information

30 kHz bandwidth

where z iSthe direction normal to the reflective. surface of the mirtor segment. Fabrication cost
constraints also require that the. edge sensor is affordable, easy to aign, and integrable. with seg-
ment materials. The small dimension of each hexagonal seginent (3 cni from fiat to flat, 1 cmithick)
also requires that the sensor is small,

INTRODUCTION

In the SELENE telescope, the primary mirror design consists of more: than 200,()()0 seg-
ments which must be precisely aligned to correct for distortions in the optical train, Because the
min Or is segmented, however, phase discontinuities naturally arise from trandation differences,

Az, between adjacent segments and normal to the. reflective surface. of the. primary mirror. To
minimize these phase discontinuities, Sensors can be placed at the edges of adjacent segments to
fine. tune. each segment’s position.

The proposed capacitive position sensor is based on a moving plate capacitor design and,
based on noise calculations of the circuit design, is capable of resolving displacements of 1 pari in
105 (().4 nmifor 400 pm full scale)). The sensor geometry guarantees a measurement insensitive to
gap variations, and all alignments during ingtillation are non-critical. 1-he feedback and outputsig-
nal circuitry provides a 30 kl1z bandwidth and a dc output of the relative. translation. The geometry
and circuitry design is de.scribed her e with experimental proof-of-concep t using off-the-shelf elec-
tronic. components and breadboard circuits. Small trandations were attempted with a piezoelectric
test apparatus. Linearity, sign inforimation and noise measurernents are  discussed.

SENSOR (; EOMETRY

The edge sensor geometry, shiown conceptually in Fig. 1, is fabricated on the opposing
cdges of adjacent mirror segments. 1 n this figure, each rectangle represents a metal electrode. which
has been photolithographically patterned onto the insulating segment edge. The overlap of the elec-
trodes corresponds to a paralel sliding plate capacitor scheme as shown schematically inFig. 2. In
the. starting null position, shown in the left most portion of Fig. 2, the over-hipping areas, A 1 and

A2, are. equal. If however, one seginent moves a distance, Az, with respectto the. other segment,

then A 1> or < A2. By measuring the difference signal, V « A 1-A2, both the. sign and the. magni-
tude of the relative translation can be obtained.
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Figure 1. Schematic of single segment of SELENE segmented primary mirror with imipletnentation of ca:
pacitive edge sensors.

Itis very important that the signal, V, represents only relative tranglations in z. Since each
segment displacernent can include tip, tilt and piston, tnanslations in X, y anti rotation around X, y
or z must ¢ither be eliminated automatically or must be easily measured and fed to the control sys-
tem for post-measurement cors ection. The parallel plate capacitors in the four corners of Fig. 2, la-
beled 1.1, 1.3, R], and R3, are designed to partially meet these objectives. Because the shaded
electrode in each of these respective pairs is small enough to remain within the. arca of the larger
electr ode through any tranglation of the full #4200 jun, the overlap arca of each pair remains con-
stant. Therefore, any change in the capacitance, of these electrode pairs is adirect result of changes
in the gap spacing between the adjacent mirror segments. For example, rotation around the z axis
would result in an output signal proportional to

) “ ] ]
Cla-C2 oA Gy ma,

) 1)
where Cisthe capacitance, g is the permittivity of free space, A is the overlap arca (equal for all
four corners of the electrode configuration), and d is the gap spacing between the electiodes.
1 ikewise for rotation around the y axis,
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Signals propot tional to the capacitance differences in Fqs.land 2. arc fed to the contiol system and
must be used in the final analysis of the z trandation measurement. This is not, however, a disad-
vantage since this information can be useful in the fine tuning of the. entire mirsor assembly.

Rotation around the. x axis was discounted in the early proposal stages of this design since
this rotation is expected to be insignificant. In the first design stage of this project the shaded elec-
trodes in Fig. 2 where round to accommodate rotations around the x axis. However, by utilizing a
rectangular geometry, linearity is improved.
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Figure 2. Schematic of capacitive edge sensor at (2a) null position (A 1 = A2) and (2b) with relative
translation, Az (A1>A2).

In addition to rotational information, the edge sensor measurement must be insensitive to
trandlation along the x and y axes. Immunity from gap spacing variations, i.e.. X trandation, is in-
herent in the difference measurement which will be discussed in detail in the next section on drive
circuit y. Translation along the y axis is irrelevant since the y dimension of the shaded electrodes is
chosen such that the largest y translation]) dots notchange the overlap arcas of any of the. sliding
plate pairs.

In suminary, the electrode configuration in Yigs. 1 and 2 provide a relative z translation
measurement between adjacent segments which includes sign information (i.e. which segment is
“higher”) and which is immunc to other Notational or translational variations. The circuit design is
discussed next.

CIRCUIT I) ESIGN

in the capacitive edge sensor, the primary measurement is that of the capacitance difference
from the center dliding plate capacitors labeled 1.2 and/or R2 in Fig. 2. (1,2 and R2 arc redundant
measur cments.) The relative z positions of adjacent segments is therefore reliant on the precise
measurement of very small changes in capacitance. For example, electrode dimensions which
would fit comfortably on the edge of a 1 cinthick hexagona segment, 3 cm from flat to flat, might
be:

Electrode Description (Ref Fig. 2) Dimension (cm?) Overlap Capacitance (pF)
1.1,13, R1, R3-white rectangles 0.24x 0.82
1.1,1.3,R1, R3-shaded 0.16 x 0.74 1.05
1.2, R2-white 0.24 X 0.82

1.2, R2-shaded 0195 x 0.-/4 - 1.28




where the overlap capacitance corresponds to the overlap between approximately half the area of
the shaded electrode and one of the white electrodes in Fig. 2. Changes of 10 nmina 3200 pun
span then correspond to achange in C for L2 of -10-5 pt'. This value is much smaller than most
stray capacitances common in even the quietest circuit designs. “I-0 achieve this task the circuit
block diagram, shown in Fig.3, is used to implement the measurement. Inthe first stage of this
circuit, the capacitances, Cland C2, which correspond to the overlap areas, A 1 and A2 respec-
tively, arc converted to a voltage. ‘I”he Cto V transter function is designed to eliminate the effects
of stray capacitance and resistances as well as the effect of temperature variations if optimized. This
will be clarified briefly. The voltages V1and V2 are directly proportional to C1and C2, such that
the ratio between the difference and the sum of these signal results in the signal:

V1i-V2 C1-C2

_C(éy(z b= ) z1 - 22
Vi+v2 T Cc1r+¢2° '

C 1472 ()

QY ...
- d(zl!z?)

Note that variations in the gap spacing between adjacent segments has been completely eliminated
in the limit that y,z >> d. Also note that the measurement is immune to variations in air quality, i.e.

£g drops out as well.

Due to symmetry, the sum of the z positions in Fq.3 remains constant. Therefore, the
sumnation signal can be fed back into the feedback loop and compared to a set reference level cor-
responding to the calibrated value of the sum. This method relaxes requirements on the fabrication
since the reference value can be set by simply laser trimming a resistor value prior to operation of
the primary mirror.
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Figure 3. Circuit block diagram for capacitive edge sensor. “I” his circuit produces a difference. mea-
surement corsesponding to the relative z positions of two adjacent mirror segments.

The C to V converter is shown schematically intig. 4. A square wave signal, Vosc ( O to
-SV), is fed into the common electrode of the sliding plate capacitor of Fig.3. The opposing elec-
trode with overlap area, A 1, isthen connected to the inverting input of the. virtual ground circuit
with feedback capacitance, Cf. The output from this circuit is:




Cl
V1=- Cf Vosc. (4)

Note that this transformation is directly from capacitance to voltage with no dependence on drive
frequency. Also note that if the temperature coefficients of Cland Cf are matched, then effects of
temperature variation are also eliminate.d automatically. The mostinteresting feature of this design,
however, lies in the virtual ground aspect: any stray capacitances or resistances to ground between
the measured capacitance and the op amp are effective.ly shorted to ground. ‘I’his allows for the
precise measurement Of very small capacitances. The limiting factor in determining_the resolution
of this design lies in the. input offset voltage noise of the op amp.
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Figure 4. Schematic diagram of Cto V converier for capacitive edge sensor design.

A detailed schematic of the C to V converter is shown schematically in Fig. 5. A CM(.)S
switch is added in parallel with the feedback capacitor to discharge the capacitor during the low
portion of the square wave pulse. The clock used to control this switch is synchronous with the
drive signal. The sample and hold operation occurs after the initial integ:ation, with the, modified
inver se clock signal (modified to eliminate extrancous switching noise of the switch used in the
prototype) which has a shorter pulse width than the clock signal. The voltage follower acts simply
as abuffer for the C to V converter-.
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Figui ¢ 5. Schematic diagram of Cto V converter stage including sample anti hold circuitry.

in summary, the circuitry described in the section converts a precise measurement of a high
impedance capacitance difference signalto alow impedance drive voltage by utilizing a virtual
ground Cto V converter input stage and a feedback controlled drive signal amplitude. This design
results in the precise mcasurcment of very small capacitances while eliminating stray capacitance
and resistance effects. The optimized implernentation of this circuit also provides measurements
immune to temperature variations. The output signal is insensitive to changes in the gap spacing

5




between adjacent segments, and immune to environmentalchanges which result in changes in the
permittivity. A prototype sensor and circuit are described in the next section.

FE XPERIMENT / RESUILTS

The experimen tal demonstration of proof of-concept for the capacitive edge sensor was
carried out in two parts. In the first part, air gap capacitors were used to simulate the overlap ca-
pacitances described in the previous section. The linearity and noise spectra of the circuit were
evaluated. In the second part of the experiment, a silicon micromachined sensor was fabricated and
assembled on a bimorph test fixture to analyze the feasibility of this [ypc of sensor design.

A phonograph of the prototype. breadboard circuit and sensors is shown in Fig. 6. Thiscir-
cuitry contains its own square wave generator, a feedback loop to control the. amplitude. of the
squarc wave from the sum of the capacitance values and the demodulation circuitry to produce a
difference output. ‘I"his circuitry is composed strictly from off-the-shelf components. All op amps
arc of the 3140 variety, although improvements in noise spectra could be achieved by using low
noisc electionics. ‘|-he air gap capacitors ar ¢ located on the breadboard in the bottom right of the
photo. This placement was necessary to access the adjustment screws of the air gap capacitors. in
the bottom center portion of the photo is the micromachined sensor and bimorph test fixture. On
the. left breadboard, outside of the chassis box, is a circuit enhancement added later in the design to
modify the pulse width of the inverted clock pulse of the C to V converter stage.

Circuit Response

During this stage of the proof-of-concept demonstration, the air gap capacitors were con-
nected to the breadboard circuitry and the difference output signal was monitored using first a
digital voluneter for linearity and sign infor mation measurements, them to a spectium analyzer for
noise spectra analysis. Priorto the linearity and sign information demonstration, each ar gap
capacitor was measured with a calibrated capacitance mecter. The air gap capacitors were then
connected to virtually identical input stages, shown schematically in Fig. 7 (air gap capacitors are.
labeled CI.and CR), and adjusted to their smallest capacitance values. The output signal was
zeroed using one of the potentiometers on the left of the grounded chassis box. Capacitance. values
and output signal levelS were rccorded after cach capacitance adjustment. The circuit showed
excellent linearity for all values of capacitances. Sign information was also demonstrated as
expected, i.e. for Cl. > CR, Vdiff was positive, and for Cl.< CR, Vdiff was negative.

Note that the air gap capacitors in }ig. 7 at-e connected in parallel with a 100 pF capacitor.
This configur ation was designed to produce again of -1 inthe C to V converter stage while simu-
lating small changes in the overall capacitance. value. In the actual capacitive edge sensor, the feed-
back capacitor would be matched both thermally and numerically to the sensor overlap capacitance.

The noise spectra for this circuit is shown in Fig. 8 for frequencies upto 25 kiHz. From
this figure, the estimated noise is150 pV for a 30 ktlz bandwidth. To achieve 10 nm resolution
over a 400 pm full range with a 15V output signal, the noise floor required is 750 1V which is
we.]] above the noise floor obtained in this mecasurement.

This circuit was also anal yzed for noise contributions due to pick-up effects expected from
the long, unshielded signal lines near the oscillator and the large, unshielded potentiometers. The
drive and output signals for this circuit arc shown in Fig. 9. This measurement was taken up to
100 k11z, beyond the 50 kllz drive frequency and the 30 kHz circuit bandwidth. Note that the large
peaks in the drive signal are also reflected in the output signal, indicating a targe level of pick-up.
This noise can be minimized by optimizing the circuit layout, replacing the potentiometers with
laser trimmed resistors and by replacing the breadboard with a printed circuit board and ground
plane.
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Figure “i. Schematic diagram of C to V converter stage including sample and hold circuitry and air
gap capacitors, CI.and CR.
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Figure 8. Noise spectrum for difference output signal of prototype capacitive edge sensor.
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Sensor Fabrication

During this stage of the proof-of-concept demonstration, a silicon micromachined sensor
was fabricated and assembled with a bimorph test fixture shown in the photograph of Fig. 10. The
metric ruler in the foreground is included for size reference. The vertical dimension of the elec-
trodes was exaggerated in this design for case of alignment.

The sensor was fabricated using standard photolithography, metallization, and microma-
chining techniques. A thick silicon dioxide (SiO2)layer, -1 pm, was first grown on the bare sili-
con wafer for isolation of the electrodes. ‘The electrodes were then formed by standard photolithog-
raphy, metallizationand lift-off techniques. Finally, the individual sensors were cut to size using
bulk micromachining. The color difference between the two sensor halves shown in Fig. 10 is due
to the fact that the sensor halves were fabricated on separate wafers with a slightly different oxide
thickness.

The sensor is shown mounted on a bimorph test fixture in the photograph of Fig. 10. The
cross-section of this configuration is shown in more detail in Fig. 11. One half of the. sensor is
mounted to a grounded aluminum block for shielding purposes, while the other half of the sensor
ismounted on the end of abimorph strip. When a bias is applied across the top and bottom
sur faces of the bimorph, a translation in z occu Is on the order of 0.65 um/V for small translations.
For larger applied voltages, a change. in the gap spacing also occurs. For example, at 100 V applied

bias, Ad/d =- 10% where d is the gap spacing and Ad is the change in gap spacing at the upper-or
lower edge of the sensor. This variation is neglected in the following measurement since it is
within the measurement error. The gap spacing was set at -1 00pm by inserting thin filter paper
between the sensor halves and then adjusting the separation of the two aluminum blocks.

The electrode dimensions arc:

Center Electrode: 6 mm X 6 mm
Opposing Electrodes: 8 mm X 10 mm

The corresponding overlap capacitances are Cj, R = 1.593 pk. For a resolution of Az = 10 nm,
AC = 8.85X 10-’ pF where

AC Az

- T (5)
The connection to the C to V converter stage is similar to that of the last section and shown
schematically in Fig. 12.

“|-he difference output for this configuration was again monitored first on a digital voltmeter
and then on a spectrum analyzer. Sign information was obtained successfully. However, the noise
floor of the drive/ser~sing circuitry increased significantly with the bimorph test fixture connected.
Yor a 100 V applied bias, the difference output voltage was measured at 550 mV, with a signal to
noise ratio of -5.5. This corresponds roughly to a resolution of -12 pm.This noise level is
considerably higher than that measured with the air gap capacitors for several reasons. The primary
cause of noisein this configuration is the coupling of environ mental factors into the long bimorph
cantilever arm. Most of the noise observed was at low frequencies which wc interpret as
contributions from air cur-rents and other accelerations of the bimorph arm. The second major cause
of noise in this experiment was the coupling of noise into the long wires of the test fixture. “I’he
wires connecting the sensor to the breadboard circuitry are composed of bare gold wires, painted
silver traces and long unshielded solid wires over the edge of the chassis. All of these contributions
could be eliminated with the proper tonne.ctc)r technology.

CONCLUSIONS

In summary, the proof-of-concept demonstration of the capacitive edge sensor was suc-
cessful. Excellent linearity and sign in formation was obtained by using air gap capacitors. The
noise floor of the breadboard circuitry was sufficiently low enough to resolve a 10 nin relative z
translations in @40 pm full range application. Demonstration of the actual size silicon Sensor was
also successful. The silicon micromachined sensor produced sign information and reasonable lin-
earity within the constraints of the test fixture limits. “I-he noise floor, however, increased due to
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silicon edge sensor
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Figure 11. Goss-sectional schematic of a pair of silicon edge sensor electrode arrays mounted on a
bimorph test fixture.
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Figure 12. Schematic diagram of CtoV conver erstage including sampleand hold circuitry and
micromachined sensors,
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extraneous coupling of environmental and signal noise through the mechanical and electrical ex-
tremities of the test fixture. Improvements in the test fixture design to eliminate these contributions
include improved electrical shielding and vibration isolation. Ideally, the circuitry would best be
tested by configuring an actual sensor into a SELENE testbed.

The next logical step in the development of the capacitive edge sensor is to modify the
breadboard circuitry to improve the noise floor. This can be accomplished by optimizing the chip
layout, replacing the breadboard with a printed circuit board, and by replacing the off-the-shelf op
amps with low noise op amps. Ultimately, the C to V converter must be fabricated as close to the
sensor electrodes as possible, possibly in a hybrid configuration. The feedback capacitor in this
circuit stage must also be thermally matched to the sensor overlap capacitor. Finally, the next gen-
eration of the sensor must be fabricated to incorporate tip/tilt measurements and should ideally be
tested on a primary mirror cluster testbed. This will provide the opportunity to test the sensor and
circuitry using a wide bandwidth test fixture. We expect these next generation modifications m
fully demonstrate the superior resolution and sensitivity capabilities of the capacitive edge sensor in
the SELENE segmented primary mirror.

ACKNOWLEDGMENTS

The research described inthis paper was perforined by the Center for Space
Microelectronics Technology, Jet Propulsion l.aboratory, California Institute of I’ethnology, and
was sponsored by the National Acronautics and Space Administration, Guidance and Controls
RTOP.

14




