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Abstract-PrecisiOn deployment IS an enabling technology 
for future NASA large aperture missions. Possible concept 
missions mclude optical, mfrared, sub-millimeter, or 
microwave apertures too large to fit unfolded in a launch 
shroud. Dimensional stability IS the ovemdmg structural 
des1gn dnver for these large deployable apertures. The 
stability is driven by constramts derived from the system's 
mass and structural stability and to thermal and dynamical 
loads. As the aperture s1ze mcreases, and the systems mass 
density IS correspondmgly decreased, the ability to test the 
performance of these apertures m a 1-g environment 
requ1res both a unique facility and special testmg 
methodologies. 

Th1s talk will descnbe a facility under development that 
mcludes an enclosure w1th extreme environmental control, a 
metrology systems for measuring deployment precision and 
aspects of an mtegrated modeling system that Will be 
validated in the facility. Though bu1lt to the demandmg 
specifications of deployed optical systems, th1s talk will 
focus on components of the facility specific to space-based 
microwave and millimeter wave antenna systems. 

The first component of the facility 1s an enclosure with I Om 
x 5m x 3m (L x W x H) usable volume that is controlled 
under ambient temperature to thermal stability of< 0.01 
C'/Hr, acoustic control of <35 dBA and seism1c control of 
<10 f,lgs. The enclosure mcludes a grav1ty offload system 
and allows development of single and multi-petal test 
art1cles. Instrumentation in the facility includes three
dimensiOnal v1deogrammetry system capable of absolute 
measurement accuracy less than I millimeter, and a laser 
vibrometer system for modal testmg. The second component 
of the facility IS the development of an optical metrology 
system for aligning and monitonng large, deployable 
structures and telescopes to a fractiOn of a wavelength. A s1x 
beam 'optical hexapod' metrology gauge 1s being built that 
will measure to I m1cron absolute accuracy w1th I 
nanometer relative accuracy over a I Om range. The final 
component of the facility 1s comprised of system 
architecture and modelmg components using integrated 
modeling tools for predictive simulatiOns of aperture 
systems under orbital loads. These models are bemg 
compared to controlled experiments completed m the 
facility. 
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1. INTRODUCTION 

A precision deployable aperture systems facihty is under 
development at the Jet Propulsion Laboratory. The purpose 
of th1s project IS to provide a unique integrated facility for 
deploying, characterizing and modeling large precisiOn 
deployed structures. These structures will be an enabling 
technology for future NASA missions across the spectrum -
from those m the vis1ble to infrared, sub-millimeter, or 
microwave apertures too large to fit unfolded in a launch 
shroud. Dimensional stability 1s the overridmg structural 
design driver for these large deployable apertures. The 
stability is driven by constraints derived from the system's 
mass and structural stability and to thermal and dynamical 
loads. As the aperture s1ze mcreases, and the systems mass 
density is correspondingly decreased, the ab1hty to test the 
performance of these apertures m a 1-g environment 
requrres both a unique facility and spec1al testmg 
methodologies. 

This paper descnbes an overview of the precisiOn 
environment test enclosure for testing the structures, a 
metrology system for absolute measurement at the m1cron 
level and the formulation of a modeling methodology that 
integrates the measurement of aperture components or 
subsystems w1th models for drrect validation. 

2. A CONTROLLED ENVIRONMENT 

Fundamental to the precision aperture deployable facility is 
a precision environment test enclosure that will allow 
controlled experiments to validate new technologies [1]. 
The enclosure operates in a controlled but ambient 



temperature and pressure envrronment. The dnvmg 
requirements for the enclosure came from the range of 
concept missiOns and associated aperture needs. The most 
extreme requirements are driven by optical structures where 
the visible wavelengths dictate the amount of structural 
deformation allowed and hence vibration and thermal 
environment control. But also at longer wavelengths, mto 
the millimeter and sub-mllhmeter wavelengths, control of 
the environment becomes important to meet error budgets at 
the aperture, and when using membrane systems even in the 
microwave, a controlled environment lS advantageous. 

The enclosure has a usable volume of 10m x Sm x 3m (L x 
W x H). It has been mstalled w1thin a Class 100,000 clean 
room at the Jet PropulsiOn Laboratory and maintams th1s 
rating w1thm the enclosure with the a1r handlmg equipment 
operational. A set of hard pomts on the ceilmg and walls 
was designed to hold the range of envisioned structures and 
apertures. A set of compressed air drops, power, internet 
and phone ports was supplied. Feed-through holes to the 
external room are available for external test equipment, 
computers and data collectiOn systems. A set of doors for 
movmg the test articles and a v1ewmg wmdow IS in place. 
Figure 1 shows both a CAD view of the fac1hty as well as a 
picture of 1t nearing-completlon. 

Key thermal environmental requirements of the facllity 
mclude 

• Temperature setpoint· 22 C". 

• Temperature setpomt stabihty. ±2 C". 

• Temperature gradient (temporal): O.Ql C" lhr and 
0.1 C"/12 hr and 0.1 C"/24 hr. 

• Temperature gradient (spatial): 0.1 C"/m (vertical 
and horizontal). 

• Equivalent heat load generated w1thm test 
enclosure: 1 kW. 

Key vibration requirements are specified in Table 1. 

Table 1. Requrred vibration levels ins1de test enclosure. 
f s m a 

(Hz) (g"2/Hz) (dB/oct) (mean sq) 

20 2.08E-12 
31.S 2.00E-11 1S.O 9.84E-11 
so 2.00E-11 0.0 3.70E-10 
60 8.06E-12 -1S.O 1.30E-10 
soo 8.06E-12 0.0 3.SSE-09 

grms= 6.44E-05 

2 

Key acoustic requirements are specified m Table 2. 

Table 2: Ambient and required sound pressure levels. 

One-Third
Octave Band 

Center Frequency 
(Hz) 
16 
20 
2S 

31.S 
40 
so 
63 
80 
100 
125 
160 
200 
2SO 
315 
400 
soo 
630 
800 
1000 

Overall 

Amb1ent Sound 
Pressure Level 
(dB re 20 mPa) 

64.9 
63.S 
62.6 
60.7 
62.8 
S9.4 
72.3 
70.9 
53.8 
S3.8 
S4.4 
S7.1 
5S.9 
53.3 
S4.8 
S3.S 
51.1 
49.9 
49.1 
76 

Requ1red Sound 
Pressure Level 
(dB re 20 mPa) 

40 
40 
40 
40 
40 
40 
40 
40 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
50 

These requrrements were driven by the measurement of 
structures for optical systems. It IS not expected to generally 
operate and test complete operational optical systems in th1s 
ambient facility, but be a development facihty leadmg to the 
use of thermally controlled vacuum chambers. 

Gravrty Ojjload System 

In addition to the enclosure a gravity offload system is 
being constructed to provide a constant gravity 
compensation force for a test art1cle whlle followmg the free 
motion of the article both vertically and in one honzontal 
drrection. The system wlll accommodate a 1m by 1m 
cantllevered test article, be able to follow motions from 
vertical to horizontal at speeds up to 0.1 m/s and allow time 
scales of tens of mmutes to s1mulate deployment. The 
frequency range of interest for the modal testing is from 0.1 
Hz to 200 Hz. The offload system is designed to operate 
without affecting the modes of the test article m this 
frequency range. 

There are a number of different types of gravity 
offload systems being considered to accommodate a range 
of expenments. The dnving requirements for th1s system 
are the need to allow large displacements, on the order of 
meters, and the need to allow motion in both the vertical and 
horizontal directions. 

A literature survey and trade study was conducted. 
Candidate systems mcluded: 



F1gure 1. CAD representation ofprec1sion envrronment test enclosure and facility neanng completion. 

• Freefall systems have the obvious limitation of 
very short durations and are not su1table for 
studymg deployments that take place on mmute 
timescales. 

• Air beanngs have freedom m the horizontal 
directiOn, but do not prov1de it m the vertical 
direction. 

• Although buoyancy systems have the required 
freedom of monon, they also have a high level of 
viscous damping. This would drastically change 
the mode frequenc1es of the test art1cle, so they are 
not appropriate for th1s system. 

• Suspension cable systems need to be long enough 
so that the horizontal restormg forces from cable 
pendulum mottons are neghg1ble for the needed 
honzontal excursions. They also need to be long 
enough so that they appear as a soft sprmg in the 
verttcal drrect10n. Th1s makes suspension cable 
systems only pract1cal for vertical displacements 
on the scale of inches, which is madequate for 
deployment testmg. 

• Trolley systems either act1vely or passively adjust 
the suspension point so that it remams over the 
center of gravity of the test article. Th1s allows for 
large range of motion m one honzontal d1rect10n 
without the complication of an active gantry 
system. 

• Counterweights have the advantage of the stiffness 
in the system and the dampmg forces commg 
entirely from the pulley. The disadvantage to 
counterweights is that the mertia of the test article 
is doubled. Smce this IS an entrrely pass1ve system, 
it IS a good in1t1al testtng of the mechanics of the 
system w1thout the added comphcat10n of actlve 
control. 

• Zero Rate Spnng Mechan1sm (ZSRM) provides a 
very soft equivalent spnng constant over a limited 
throw. 

Since no acceptable system was found, a hybnd system was 
selected that IS a combmat10n of an actlve ZSRM and a 
trolley system. This system will be capable of supportmg 
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the test article's mass, as well as allow large changes in the 
length of the offload cables to allow deployment of the test 
art1cle. Th1s allows for large excursions in both the vertical 
and honzontal directions while bemg hm1ted to a single 
plane. Components were fabricated and procured for this 
system in and testing is underway. 

Test lnstrumentatzon 

Instrumentatlon in the facility includes three-dimensional 
videogrammetry system capable of absolute measurement 
accuracy less than I milhmeter, and a laser vibrometer 
system for modal testmg. Both measurement sets have been 
used in shakeout expenments to validate their accuracy on 
test structures. Th1s mcluded a range of data collection 
equipment and computational resources. 

Test Artzcle 

To validate the ability to perform a rage of tests, a 
representative test article was required. A six-petal, three 
meter d1ameter test article will be constructed and tested. 
Imtially however, a single-petal test article was des1gned 
and constructed. An overview of the test article is shown in 
Figure 2. 

3. A PRECISION METROLOGY SYSTEM 

To provide precision d1stance measurements in the facility, 
a laser metrology system that uses a common-path 
heterodyne mterferometer with a calibrated delay-line as a 
reference for absolute distance measurement is being 
constructed [2]. The reference delay-line is the only absolute 
reference needed m the metrology system and can be made 
of ultra-low thermal expansiOn materials such as Zerodur 
and ULE to provide a ultra-stable reference. A highly 
accurate cahbrat1on approach for calibrattng the reference 
delay-line was developed in this project 



a) c) 

Figure 2: Single petal test article (a) will deploy a 0.85 meter composite "optical" hex panel (b) onto a precision 
separately deployed backmg truss (c). ' 

Pnnczple of operation 

A functional block diagram of the metrology system IS 

shown in Figure 3, where a widely tuneable, swept
frequency laser is used to perform absolute ranging 
measurement The laser output is split and fed into two 
acousto-opt1c modulators (AOM) to produce two 
heterodyne laser beams. Then the heterodyne beams after 
the AOM's are split to a number of mterferometers using 
1 xN fiber optic splitters. The mterferometer heads are 
referred to as ''beam launchers", which launch free-space 
laser beams to metrology fiducials. Heterodyne fringes 
generated from reflections off the fiducials are then detected 
by the photod1odes. Phase meters are used to measure phase 

REF beam launcher wtth 
Ftber a calibrated REF delay-hne 

dts1nbutton r- XR-oj 

~~~ 

Figure 3. Block diagram of the heterodyne laser metrology 
system using a calibrated reference delay-hne. 
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between the fringes m each interferometer. 

Figure 4 shows the optJcal layout of common-path 
heterodyne interferometer (COPHI). The mterferometer is 
~lso referred to as "beam launcher". Two optical frequencies 
m from the metrology source are delivered with two optical 
fibers to the beam launcher. The two optical beams are then 
collimated and denoted as measurement (MEAS) and local 
oscillator (LO), respectively. The MEAS beam IS pomted to 
the fiduc1als. The first fiducial (CCI) ts a holey corner cube 
which core is drilled out to let the center portion of the 
MEAS beam to pass through to hit the second corner cube 
(CC2). 

PMtibc:r 

AnnulWI Cnngc 
SM fiber 

@ lo---"-----
PDS _14 plate /Ma.&:k 

coml."r 
Cube(CCI) 

Comer 
Cubc!CC2l 

Figure 4. Optical layout of COPHI beams launcher. PBS: 
polanzing beam splitter. A mask is used to provide a guard 
band between core and annulus fringes to reduce 
diffraction leakage. 



The two reflected beams, annulus beam from CC 1 and core 
beam from CC2, then return to the COPHI beam launcher 
Both returned beams interfere with the second frequency, 
the LO beam to produce an annulus fnnge and a core fnnge. 
The interference fringes are then spatially separated and 
focused into two receiving optical fibers that are connected 
to photo detectors for the detection of the heterodyne stgnal 
phases. 

The fnnge phase detected in the COPHI beam launcher can 
be written as, 

where x IS the distance between the fiductals, 1.. and fo are the 
laser wavelength and frequency, respectJvely. If a tunable 
laser ts used, as illustrated m Figure (3}, then the phase 
changes due to frequency sweep !J. fo in both the reference 
(REF) and unknown (UNK) beam launchers are: 

(2) 

(3) 

where xR ts the reference delay-Ime length, XM is the 

unknown distance, and At/JM and AtfJR are the measured 
phase changes resulted from the laser frequency swept. Note 
the phase change resulted from frequency sweep IS 

proportional to the length between the two fiductals. 

The unknown dtstance XM can be calculated by takmg the 
ratio of(2) and (3). 

x =x At/JM 
M R tlt/JR ' 

(4) 

From Equation (4), it is obvious that XR is the only quantity 
need to be calibrated m the metrology system. 

One apparent advantage of the proposed metrology system 
ts that tt does not have ambiguity in its distance 
measurement. This IS because the measured phase change is 
dtrectly proportional to the dtstance under measurement 
(Equations (1) and (2)). Additional advantage mcludes that 
the system can be used m both absolute mode and relative 
(displacement measurmg) mode. The former IS achieved by 
tuning the laser frequency; the latter is accomplished by 
using the laser in statJonary mode. In the relative mode, 
since the REF delay-line is constant m length, the measured 
phase from the REF channel can be used to calculate the 
laser frequency dnft, as shown m Equation (2). The 
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measured frequency dnft can then be apphed to the UNK 
channel to correct for the phase errors resulted from the 
frequency drift. Figure 5 shows the bam launcher and 
reference path of the system. Complete results will be 
presented at the conference. 

Ftgure 5. Beam launcher and reference path components of 
metrology system. 

4. AN INTEGRA TED MODELING METHODOLOGY 

The thtrd component of the facihty ts the defimnon of 
requirements used in designing the facihty and an integrated 
modeling methodology to be validated usmg the 
measurement equtpment in the precision envtronment test 
enclosure. 

In the requirements defimtion phase of thts task, a set of 
concept space missions were examined to assess technology 
needs for spacebome precision apertures. These concepts 
ranged from collecting apertures in the vtsible spectrum to 
those needed for future mtssions in the microwave operating 
at frequencies as low as L-Band (1.2 GHz). Required 
aperture stze, deployed precision and ranges on the space
operating environment, among other needs, were surveyed 
to provide a set of def"ming requrrements for the facility. 
This led to the enclosure requirements outlined m Section 2 
as well as focusing the range of instrumentation needed. 

The mtegrated modeling methodology IS a component of the 
project currently under formulation. Generally, systematic 
methods m establishing requirements for our models and 
tests, specifying margins, rolling-up all the associated 
uncertamtJes and demonstratJng validatJon of the models 
based on establishing that the uncertainties fit w1thin the 
margms are being explored. This methodology is crincally 
Important as systems that are dtfficult to test because of size, 
the need for a h1gh-fidehty gravity off-load environment or 
stressing thermal or dynamical conditions are proposed and 
developed. 

For the optical and IR precisiOn deployed apertures 
considered, the goal ts to validate 3-4 meter class deployed 



structures with nanometer metrology, deploying to withm 
the capture range of demonstrated alignment mechanisms 
and processes. An important capability to be developed IS 
the scalable modeling of deployed structures. One goal1s to 
val1date a modelmg process v1a experiments on our test 
articles so the extension from models of dev1ces with scales 
testable in the facihty to full scale fl1ght dev1ces will be 
sufficiently rehable. 

For the RF prectsJOn deployed apertures cons1dered, the 
goal is to conduct simulations m the followmg areas: 

• Thermal modelmg: This involves orbit selectiOn 
(i.e. a MEO sun-synchronous orbit) and 
prelimmary thermal modehng of the antenna. Th1s 
would allow the determmatJOn of the thermal loads 
on the structure that effects the deformatlon of the 
structure. 

• Structures: Usmg avallable mechanical modelmg 
tools Simulate a MEO SAR radar (1.e. 2mx50m) 
and determine the mechamcal changes of the 
system under thermal loadmg. We will also model 
antenna panels or the membrane on the antenna. 

• Antenna Modeling· Available antenna simulatlon 
tools are used to determme the antenna 
performance w1th regard to structural and thermal 
changes. 

• Radar Simulanon: Ultimately, a range of radar 
system analysis tools is used to determme the 
effects of structural and thermal changes on the 
radar performance. 

Essential to the modeling methodology IS the dtrect 
validation of the modeling tools with measurements of 
components and subsystems in the fac1hty. A process is 
underway to match results of modeling of components or 
subsystems (such as dynamical modes or structural 
deformations) to well-defined measurements of these 
components or subsystems usmg the mstrumentation and 
metrology system m the precisiOn envrronment test 
enclosure. 

S.SUMMARY 

An overview of the Precision Deployable Aperture Systems 
facility at JPL has been presented As of the wnting of th1s 
paper, the precision envrronment test enclosure is being 
certified to meet the requirements outlmed m Section 2. The 
preciSIOn metrology system IS becoming operational with a 
single measurement path, and the SIX path optical hexapod is 
under development. The integrated modeling system Js 
under development, with m1t1al models and tests being 
performed. Complete results w1ll be presented at the 
conference. 
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