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OBJECI’IVE
The objective. of this project  is to proclirce. a proof-of-concept demonstmticm  of an edge sm-

SOI fcv the. Space Laser EMX-g y (SH1 ,liNl;)  program. l-he c~peratioxia] specifications am:

f.200 JtI]i full rdngc in t}w Z
10 nm reso]utioli  in z
100 #111 i 5 pm gap width betwe.c.n  segments
sign informaticm
30 kt~Z.  bandwidth

whtvc z is the direction normal to the reflective. surfme  of the mirIoI  segmemt.  Fabrication cost
constraints alsc) require that the. edge.  senso~ is affcndab]e., easy to align, and integrable. with seg-
mm]t materials. ‘1’hc stna]l dimension of each he.xa~,onril  SegII-mIt (3 cm fmn fiat to flal, 1 CIII thick)
also scquims that the sensclr is small,

]pJ”~’R()])[J~T]()~
III the SEI,ENE  te.lescopc,  t}lc primary Inirror design ccmsists of more than 200,()()0 seg-

ments which must be precisely aligned to cor~ecl fcm distortions in the opticiil train, 13ccause. the
mirI or is se.gmcntccl, hc)we.ver,  p}iase.  disccmtintlities  naturaliy arise frcml translation cliffe.rcnlce.s,
A?, bctwe.cn  adjacent segments and norInal to the. refle.ctivc surface. of the. prinmy mirror. ‘1’cJ
minililizc.  t}lcsc phase discontinuitie.s,  sensors ca:I ix placed  at tbc edges of acljaccnt  scg,ments to
fine. tune. each se.grncmt’s  posi[ion.

The ])roposed  capacitive ]msitiorl sm]scm  is basc(i on a moving plate capacitor”  de.sigIl ami,
based on noise calculations of the. circuit  design, is capable of re.solviug  displacements of 1 pari in
105 (().4 nnl fol 400 pm full scale,). “1’hc scnsm gecm)etIy guarantees a measurement irlse.nsitivc to
gap v;iriations,  and all alignments during instillation are. non-critical. l-he fe.cdback  and cmt~)ilt  sig-
n:i] cil-cuitry provides a 30 M Iz, bandwidth and a dc output of the relative. trmslation.  “J’JK’ gccmetry
aTKl circilitry  de.sigtl  is de.scribed hcI e. with expcrilmntal  pIoof-of-ccmcc.  pt using c)ff-t}le.-shelf  elec-
tronic  components and breadboard cimlits.  Small translations WCIC attempted with ti pimoelectric
test ;i~)paratus.  l,incarity,  sign inforlnatioI)  ard nc)ise  measure.rncnts :ire. discussed.

S1{NSOR (; ltoMi;TR}7
The edge sensor geo~netl}r,  S} IOWII conceptually in Fig. 1, is fi~bI ictitcct  on the opposin:

ed’ges of adjacent  nlirror  segments. 1 n this figure, each rectangle represents a rnct:il electrode. which
has been $]llc)tolithogra~)hically  patterned on[c)  the insul;itirls  segment edge. “1’he overkip  of the cle.c-
trodcs  corresponds to a parallel sliding plate capacitor scheme as shown schematically ill F’ig. 2. In
the. sttiriing  null pcxition, shcnvn in the left most poriion of Fig. 2, the, over-hipping areas, A 1 and
A2, are. equal.  If however, one seglncnt  IIICnm a clistancc,  A?, with rcs~]ect  tc) the. other segment,

then A 1 > or < A2. By measuring the diffcrtmce  signal, V = A 1 -A2, both the. sign and the. magni-
IUdC of the Iclative  tlalls]ation  can k obttiine.d.
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Rcflectivc  Surface
/

]1 is vcIy i~iq)ortant  that the sig[)al, V, rcpJc.scnts oJ]]y relative translations iJ~ z., Since. each
sc.glllcnt displ:ictmcnt  caJl include tip, tilt and llistoll,  tlans]ations  in x, y anti Xotatioll  arcmnci x, y
cm z xnust either be eli~i~iJmtecl  autcmatic~lly or mus[ be easily measured and fcd to the contrcd  sys-
tcm for ]Mst-rllcasllrelllcrlt  corl cction. ‘1’he.  pamlicl  ])iatc capacitors in the fo~Jr cormxs of l;ig. 2, la-
beled 1.1, 1.3, R], and R3, ale dcsigne.ci  to pal-tia]ly meet t}]csc objectives. kcatJse the shacic(i
e]e.ct[’ocie iJl each of these rcspcctivc  pails is small t3iOtJS}l tc~ remain within the. a~ca  of the larger
elcctl ode thrcmgh any translation of the full :} ?00 pIII, the overlap ama of each pair rmlaiJls  con-
stant. ~“}mcfc~rc,  atly change ili the capacitance, of these. e.lc.ctlode.  pairs is a direct result of changes
in tlJc gap spaciJlg  between the adjaceJlt  lJlirrcm sCglilCJltS.  l;cm example, rc)tation atounci  t}le z axis
wcmlci lcsult  in an out]mt sig,nal  prq)c)rtional  to

(1)

whmc ~ is tile capacitance, co is t}m pcn]]ittivity c)f fle.c space, A is the ovcr]ap ama (eqtJa] for a]]
four cor[lc~s  of the clectrodc. configuratioJ~),  and d is the gap spacing between the clcctlodc,s.
1 .ikcwisc  fc)l rotation al oLJnci the y axis,

(2.)

signals  pI opoI lioJ’]a] tc) the capacitance diffc.renccs in }{qs. ~ aJld 2. arc fed tc) t}lc conttcd  systcml  an(i
must bc used in t}lc final anaiysis of dic z, translation mcasurc:ncllt,  “1’his is not, however, a ciisad-
Vantagc  SillCC  this illforlnation  can k. useful  in the finC.  tuJling of the. C1l[il”C llliJIOr asscJllbly.

RotatioJ~  arc~uJ~[i the. x axis was discounted in the early prcpxal  stages of this design since
this ]c)tation is e.xpectcd  to be insignificant. IJ1 the first design stage of this prc)jcct the shaded e]cc-
tlcxics in l;ig. 2 where x-ourlci to accoJmNcdatc  Ic)taticms  aroun(i  the x axis. 1 Jowcwcr,  by utilizit~g  a
lcctangu]ar  gcotnctry, lincality is improvc(i.
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l;igmc  2. Schcrnatic of capacitive edge scnsc)r at (2a) r]tlll  positior] (A 1 = A2) and (?b) with relative
trar~slation,  Az (A1>A2).

In addition to rotational information, the edge sensor mcasur’en]ent Inust  be insensitive to
translation along the x and y axes. Immunity from gap spacing variations, i.e.. x translation, is ir]-
}wrcnt in the difference rncasurenwnt  which will be discussed in detail  in the next section on dr-ivc
circuitl  y. ‘1’ranslation  along the y axis is irre]cvant  since ttlc y dirlicnsion  of the shaded  ekctrodcs  is
chosen such that the largest y translation]) dots riot chal]gc  the overlap areas of any of the. sliciing
p]atc pairs.

II) sullnnary,  the clcctrodc  configuration in IJigs. 1 and 2 provide a relative z ttmslation
measurement bctwc.cn  adjacent se.gmcnts  which inclt]des sign infc)r lnation (i.e. which segtilcnt  is
“higher”) and which is illlnltlnc  to other Notational c)r t~ ans]ational  variations. “l”hc ci]cwit  design is
discussed next.

CIRCUIT l) ESIGN
in the capacitive edge sensor, the ~)ril~~iily  n~casurcnxmt  is that of the ca~)acitallce  ctiffcrtmcc

from the cemtcr sliding plate capacitors Iabelcd 1.2 and/or R?, in Fi~. 2. (1,2 and R2 arc rcctunclant
nmtsul  c[iw.nts.) V’he relative z positions of adjacc.rlt scglncnts  is thcxefcwc reliant on the precise
n~casurcnncnt  of very small changes in capacitance. Uor example, electrode dimensions which
woulci  fit conifortab]y on the edge of a 1 cin thick hexagonal segment, 3 cm from flat to flat, might
be:

I{lCCtrOcic.  lkscription  (Rcf Fi2. 2) l~inwnsion  (cn12) (kdap Gtpacitancc  (pl’)

1.1,13, Rl, R3-white rcct:ing]cs 0.?4 x 0.82

1,1, 1,3, Rl, R3-shaded 0.16 x 0.74 1.05

1,2, R2-white 0.24 X 0.82
1.2, R2-shaded 0.195 x 0.-/4 1 1.28



where the overlap capacitamx  ccmcsponcls  to the overlap bctwccn  approximately half the area of
the shadul  electrode  a[id one of the white electrocies  in I;ig. 2. ~hanges  of 10 nm in a f-200 )Lm
span then cotrcspond  to a change in ~ for L2 of -10-5 pi;. This value is much smaller than rirost
sLJay  capacitances cmnmon  in even the quietest circuit clcsigns.  “l-o achieve this task the circuit
block diagran] , shown in Fig. 3, is used to in)plcrllent  the n~casurement.  ltl the first stage of this
circuit, the capacit;mccs,  ~1 and ~2, which correspond to the overlap areas, A 1 and A?, rcspcc-
tivcly,  arc converted to a voltage. ‘l”he C; to V transfer function is designed to eliminate the effms
of stray capacitance and resistances as well as the effect of temperature variations if optimized. ‘l”his
will be clarified bIie.fly.  7“hc voltages VI and V2 a~c directly proportional to cl and ~2, such that
the ratio between the diffclcnce  and the sum of these signal results in the signal:

V1-V2 co y (Z I - Z2.) ~1 - ~,qC?I-C2 - d
V1+V2YNC2. =;OY” ‘ - ;.1 +7,2”

- ~ (7,1 + 7.2)

(3)

Note that variations iri the gap spacing between adjacent segments has bccrl  com~)letcly  eliminated
in the lilnit  that y,z >> d. Also rmtc that the measurement is immune to variations in air quality, i.e.
co drops out as well.

IX]e to symmetry, the sum of the z, positic)ns  in l{q. 3 rcniains  constant. Thcrcfom,  the
sumnation  sigl)al can be fed back into the fc.cxlback  lmp and compared to a set refrmwcc level ccm-
rcspondins  to the calibrated value of t}~c sum. “]”his method relaxes requirements on the fi~brication
since the rcfelcncc  value earl be set by sirn]]ly laser trimming a resistor value p~-ic)r to opcraticm  of
ttlc primzry mirlor.
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Figure 3. circuit block diagram for capacitive ed~c sensor. “l’his circuit produces a difference. n~ca-
sulcn)mt  corjcsponding  to the relative z positions of two adjacent mirj-cm seglncnts.

“1’he  (2 to V converter is showrl schematically irl };ig. 4. A squal-e wave si~nal, Vosc ( O to
-SV), is fed into the common electrode of the sliding plate capacitor of l;ig. 3. “l-he.  o]q)osing  elcc-
trodc with ovcxlaI) area, A 1, is then cmnectccl to the inverting input  of the. virtual ~1-ound  circuit
with fccdtmck capacitmcc,  cf. “l-he output froll~  this circuit is:
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(4)

Note t}mt this transfcmnntion  is tiircctly  from capficitance to voltage with no {icpcndcnce  on drive
frequency. Also note that if the tcmpmaturc coefficients of Cl and C;f arc nmtchcd, then effmts  of
tcmpcraturc variation are alscl  eliminate.d automatically. “l’he n]ost intcmting  feature of this design,
however, lics in the virtual ground aspect: any stray capacitances or resistances to grcmnd between
the measured capacitance and the op amp arc effective.ly shorted to ground. ‘l’his allows for the
precise mcasuremcvlt  of very small ca~~acitancc.s.  I’hc. limitin~  Fdc[or in Ctetmnininp the resolution
of this design lies in the. inp{lt offset v61tage noise of the op a~~p.
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I;iguw 4. Schematic diagram of C to V convcxtcr  for c:ipacitive  edge sensor design.

A detailed schematic of the C to V convcrtcr  is shown schematically in Fig. 5. A CM(.)S
switch is added in parallel with t}~c feedback capacitor tc) discharge the capacitor during the low
~)orlic)n  of the square wave pulse. ‘l’he clock used to contlol  this switch is synchronous with the
drive sigtlal.  “I”hc sanq)le a]ld hcdd opcraticm occurs after tlm initial integt  atioI~,  with the, modified
invex se clc)ck  signal (moctifie.d to eliminate cxtrarlcous switching noise of the switch used in the
protc)type)  which has a shorter pulse width than the. clock signal,  The vc>ltagc follower acts siri-lp]y
as a buffer for the C to V converter-.

Clock
1-- ..-

~ ‘-L..

F~
{+-f

Vosc

D r–-l _=.>_..c!~ .::: ‘‘r P--‘- y--- “–+J”””---. --—_= ——-— I(lc)ck’ __ ------

I;igu]  c 5. Schematic diagram of C tc~ V convmcr  stage inc~uding sample anti holcl  circuitry.

in summary, the circuitry Clcscribcd  in the section converts a pre.cisc mcasul-emcnt  of a high
impedance ca])acitancc  diffcrcncx si:na] tc) a lC)W irnj)cdance  drive, voltage by utilizing a virtual
glounci C to V converter input stage and a feedback contrc)l]ed drive  signal amip]itude.  “I”})is  clcsign
results in the precise rncasurcmcnt  of very small ca]mcitnnccs  while climinatir)g stray capacitance
md rmistancc  effects. T}Ic. optirnizcc] irt~j)lcll  )cr)t:ition  of this circuit ,also provicles  mcas~lrc.rncnts
irnnlunc, to tcmpcraturc  variations. “l’he output sigr]al is insensitive to changes in the gap spacing
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bc[wccn acljamnt  segments, and immune to cnviron[nmta]  chiing~s  which result irl changes in the
pcx Inittivi(y.  A pmtotypc  sensor and circuit are dcscribcd in the next section.

I? Xl>lRIM1~;  N’I’ / RL;SLJI,’1’S
“1’hc  c.xpcrimc.  ntal dmmnstration  of proof -of-corrccpt for t}lc capacitive edge sensor was

car[icxl  out in two pm R. In the first part, air gap capacitors were used to simulate the overlap ca-
pacitances dc.scribed  in the plcvious  section. “1’hc  linearity and noise spcclra  of the circuit were
evaluated. In the second part of thG experiment, a silicon micmrmchined  sensor was fabricated ar]d
assclnbled on a bimorph  test fixture  to analyze  [he feasibility of this [ypc of scmsor design.

A phonograph of the prototype. bre:iciboal-d  circuit and sensors is shown in l;ig. 6. “1’his  cir-
cuitly  contains its own squaw  wave generator, a fccctback  loop to control the. amplitude. of the
squale wave from the sum of the capacitance valL]cs  and the demodulation circuitry to produce a
Ciiffcrc.nce output. ‘l’his cilcuitly  is composed strictly flom off-the-shelf comjmnen[s.  All op amps
am of the 3140 variety, althcmgh  ilnplovc~imrlts  in noise spcctm ccmlcl be achicwed by using low
nc)ise elc.ctl onics. ‘l-he nir gap ca])acitc)xs  a] c lc~atec]  on the breadboard in [he bottom right of the
photc). 71]is plammcmt was ncccssary  to access the :icljustment SCICWS of the air gal) capacitors. in
the bottc)tn ccntm portion of the photo is t}~c  riiicromachined  scnscm ancl bimor~)h test fixture. On
the. left bmadborrrcl,  cmtsidc of tllc  chassis box, is a ciwuit crd~ancemcnt  acklccl  lrrta in the design to
modify the pulse width of the inve.x ted clcwk pu]sc  of t})c C to V converter stasc.

Circuit Response
IJulirlg this stage of the ~)]c)of-c)f-cc)]lcc])t  clcmonstr-ation,  the air gap capacitors wcxc con-

nectcci to tl)e breadboalct circuitry and the difference output signal was monitorcl  using first a
digital voitlnctcr  for linearity and sign infc)r maticm 11-]castlrcl~~cr~ts,  them to a spcctt urn analyzer for
noise spectra analysis. P1-ior tc~ the lincmity  arlc] sign irlformation demonstratioll,  each air gap
capacitc)r was measured with a calibr:itcd  capacitance mcmr. “l’he.  air gap capacitc)ls were t}icm
connected to vil [ual]y identical input  stages, showt~  schematic:illy in l~ig. 7 (air gap capacitors are.
labeled Cl, and CR), and adjusted tc) their smallest capacitance values. The output signal was
mrcw.d  using one c)f the Potcmtiomcters  on the left of the glouncled  chassis box. Capacitance. values
ancl out})ut  sigIlal  levels were rcmJde.cl  aftc! cacll crr~)acitance acljustment.  “1’he circuit showed
excellemt linearity for :ill values c)f capacitances. Sign information was also dclJlonstratecl  as
cxpcctcd, i.e. for 0.> CR, Vdiff was positive, and for C3. < CR, Vdiff was nc~ative.

Note that the air gap capacitors in l~ig. 7 at-e connccte.d  in parallel with a 100 p]; capacitcm.
‘I”his  configul ation was ciesigncd to produce a gain of -1 in the C to V convcrtcr  stage while simul-
ating  slnall c}mlgcs ir] the cn.wrall  capacitance. value.  In the actual capacitive edge sensor, the feedb-
ack capacitor would be matched both themmtlly ancl numerically to the sensor oveIlap  capacitance.

‘1’hc noise spectra fc)r this circuit is SI]OWII in }~ig.  8 fcm frequencies LIp to 25 klIz. P’rom
this figure, the estimated noise is 150 pV for a 30 k]]?, bandwidth. To achieve 10 nm resolution
over a 400 jlm full range with a :!15 V c)utput signal, the noise floor re.c]uircci  is 7S0 pV which is
we.]] above the noise floor obtained in this rilcasurancult,

7“his circuit was alsc) :illal  yyed fcx noise contl  ibu[ions  due to pick-up effects cxpcctcd  from
the lcmg, unshicldec]  sigrl:il  lines near the osci]latcm and the large, unshicldc[i  ])otcntiorncters.  ‘1’hc
ch-ive  ancl oulput signals fc)r t})is circuit arc shown in }~ig.  9. “l-his measurcmcmt was takem up tc)
100 kllz,, beyond the 50 k] Iz, drive fmc]ucncy  ald the 30 kIlz circuit banclwicith.  Note that the large
~mrks in the clr-ivc signal alc also reftcctecl  in the output signal, indicating a large lcwcl  of pick-up.
‘1’his noise can be nlininliz.ed  by optimizing the circuit layout, replacing the pc)tenticmctcrs with
laser tl-immed resistors ancl by xeplacin~  the brcaclboarc.1  with a printed circuit boarcl  and grounc]
plane.
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Figure “i. Schematic diagram of C to V converter stage including sa~iqie  and hcdci citmitly ald air
gap capacitors, (Y. and CR.
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Sensor  Fabrication
L>uring this stage of [hc proof-of-concept demonstration, a silicon microwiachincci  sensor

was fabricated and assembled with a bimorph  test fixture shown in the photograph of Fig. 10. “l’he
metric ruler in the forc~round  is included for size reference. “l”he vertical dimension of the elcc-
tr-odes was exaggerated In this design for case of alignment.

The sensor was fabricated using standarci photolithography, nwtalliz,ation,  and microma-
chining  techniques. A thick silicon dioxide (Si02) layer, -1 pm, was first grown on the bare sili-
con wafer for isol:ition of the electrodes. ‘l”he electrodes were then formed by standarcl photolithog-
raphy, mctallization  and lift-off techniques. I~inally,  the individual sensors were cut to size using
bulk micro[nachining.  The color difference between the two sensor halves  shown in F’ig. 10 is due
to the fact that the sensor halves were F~bricatcd on separate wafers with a slightly ctiffercnt oxide
thickness.

“1’hc  sensor is shown mounted on a bimor-ph  test fixture in the photograph of I’ig. 10. ‘l”he
cross-section of this configuration is shown in more detail in ]:ig. 11. Onc half of the. smsoI is
mounted to a grounded aluminum block fc)r shielding purposes, while the other half of the sensor
is lnounted on the end of a bimorph strip. Wticn  a bias is applied across the top and bottom
sm faces of the bimorpb, a translation in z oecu  Is on the order of 0.65 pm/V for small tr:ins]ations.
I:or larger applied voltages, a change. in the gap spacing also occurs. I;or example, at 100 V applied
bias, Ad/d =- 10% where d is the gap spacing an(i Ad is the change in gap spacing at the upper-or
lower edge of the sensor. This variation is ncgle.cted in the following mcasurcmcnt since it is
within the nlcasureme,nt  error. ‘1’hc gap s]mcing was set at -1 00pm by inserting thin filter paper
between the sensor halves and then adjusting the separation of the two aluminum blocks.

‘1’hc electrode dime.nsicms arc:

Center FHectl-cxic:  6 mm X 6 mm
Opposing Elcctrodcs:  8 mm X 10 mm

The ccmresponcting  overlap capacitances are ~] ,,R = 1.593 pl~. I;or a resolution of Az =- 10 nm,
AC = 8.85X 10-’ pF where

‘l-he connection to the C to
schematically in F’ig.  12.

“l-he clifference output

AC Az
-c- = ‘i ““ (5)

V convcrte.r  st:igc is similar to that of the last section and shown

for this confiEuratior~ was again monitored first on a di~ital  voltmeter
and thcm on a spectrum a~alyzer. Sign inf&lation  was o%tained successfully. }Iow&cr,  the noise
floor of the drive/ser~sing circuih-y  increased significantly with the bimorph test fixture connected.
I“or a 100 V applied bias, the difference output voltage was measured at S50 mV, with a signal to
noise ratio of -5.5. I’his corresponds roughly to a resolution of -12 ~lm. ‘1’his  noise level is
considerably higher than that measured with the air gap capacitors for several reasons. “l’he primary
cause of noise in this ccmfiguration  is the coupling of environ riicntal  factors into the long bimorph
cantilever arm. Most of the noise observed w:is at low frecluencics which wc interpret as
contributions from air cur-rents and other accelerations of the bimorph  arm. ‘l’he second major cause
of noise irl this experiment was the coupling of noise into the long wires of the test fixture. “l’he
wires connectirlg the sensor to the breadboard circuitry are composed of bare gold wires, painted
silver traces and long unshielded solicl  wires cwcr the edge of the chassis. All of these contributions
could be eliminated with the proper tonne.ctc)r technology.

CON CI,lJSIONS
In summary, the proof-of-concept demons[ratic)n  of the capacitive edge scnsc)r-  was suc-

ccssfu].  Iixcelle.nt  linearity and sign in formaticm was obtained by using air gap capacitcms. ‘l’he
noise floor of the breadboard circuitry was suffrcicnt]y  low cnc)ugh  to resolve a 10 nfn relative z
tlanskiliorls  in a 40 yrn full range applicaticm.  I>cll]c)r)str:itior~  of the actual  size silicon Sensor was
also successful. ‘J’he silicon micromachincd  se.nsc)r  produced sign infcmnation  and reasonable lin-
earity within the, constraints of the test fixture limits. “l-he nc)isc fl(xm, however, increased due to
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silicon edge sensor

I;igure  11.

.L .
=

Goss-sectional schematic of a pair of silicon edge sensor electtcxle  arrays mounted
bimorph test fixture.
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extrmeous coupling of environmental and signal  noise through the mechanical and electrical ex-
tremities of the test fmture.  Improvements in the test fmture design to eliminate these contributions
include improved electrical shielding and vibration isolation. Ideally, the circuiv  would best be
tested by configuring an actual sensor into a SH.EN13 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 SII1..ENI3 segmented primary mirror.
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