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Abstract 
Communication Antenna reflectors need to maintain their shape and be dimensionally stable under on-orbit 
thermal and vacuum conditions in space. The RF performance of such antenna reflectors is crucial for data 
transmission from communication spacecraft.  

To verify the design and dimensional stability, KFRP reflectors are subject to specified thermal vacuum 
conditions in a special chamber. Photogrammetry is used to measure the shape of reflectors under soak 
conditions of hot and cold temperatures.  The technique depends on physical retro reflective targets mounted on 
the reflector surface and by suitable image processing the 3D coordinates and hence the shape in an RMS sense 
is computed.  In this work, new technique of contactless projection dots are used in lieu of physical targets and 
shape is measured. A study of uncertainty in such measurements, effect on the calibration of cameras, is 
presented here. Network of cameras used simulates the camera geometry obtained at the Thermal chamber. Invar 
scale bars were used to validate the accuracy of measurement. Typically 50 micrometer accuracy is expected 
from such shape measurements. The new method has the additional advantage of no compensation for thickness 
of physical targets, increased density of targets, no risk of loss of targets due to air entrapment, reduced test 
preparation time, and no adhesive residue on removal of targets.  

Keywords: Data evaluation, Image Processing, Deformation measurement, Photogrammetry, Projection dots, 
Thermal cycling. 

 1. Introduction 

It is well recognized by Structural designers that Thermo Elastic and Hygroscopic Distortions 
(TED) need to be minimized. This is especially true in structural applications requiring 
dimensional stability such as payload support structures and communication antenna 
reflectors made of composite materials.  Generally this is achieved by proper choice of 
materials (CFRP, KFRP), proper lay-up sequence of lamina, and other constructional aspects. 
One example of design goal could be a matched Coefficient of Thermal Expansion at various 
parts of the structure. Although TED is small, its knowledge is required and especially 
important for communication satellite antenna reflectors. 

The   system includes: a) high resolution 8 Mega pixel digital camera (Fig 1) mounted in front 
of a Quartz optical window of the 6 meter thermo vac chamber, b) Invar scale bars, c) rotating 
and flipping fixture (MGSE) thermally decoupled from a test article mounted on it using 
Isostatic mounts, d) Photogrammetry software to compute the 3 D positions of the retro 
reflective targets mounted on the test article, e) Thermal control of the fixture (Fig 2). The 
Invar scale bars are provided with heaters so that their temperatures are not too far away from 
ambient and distortion in the scale bar itself is small and easily computed from CTE and 
Thermo couple data. The camera has onboard processor to do image processing tasks such 
computing number of coded targets detected in an image and estimation of camera intrinsic 
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and extrinsic parameters. The camera can store about 500 images in memory card. The 
camera settings are fixed focus to infinity, exposure and strobe powers adjustable, with a ring 
flash so that retro reflective targeting is effective. The rotating and flipping fixture enables 
measurement on both front and rear shell of a dual grid reflector. The test article mounted on 
the fixture is slowly but continuously rotating at 50 degrees per minute so chosen as not to 
cause image blur due to motion of targets. Every 10 deg, a camera image is taken and after 36 
images, the camera is rolled and another set of 36 images is acquired over another 360 deg 
rotation of test article. This roll of the camera (CCD array) is essential for proper estimation of 
the camera optics parameters and camera location (by a process called Self-Calibration).  

   

Fig 1: Phogrammetry system Fig 2: Reflector on MGSE with thermal control 
system 

2. Description of existing TED system 

A digital camera based Photogrammetry system is now part of measurement facility installed 
at ISITE 6 meter thermo vacuum chamber for making Thermo Elastic and Hygroscopic 
distortion (TED) measurements on Composite structures. Photogrammetry is a whole field 
non-contact type of measurement of shape, distortions of an object from multiple images. This 
technique has gained lot of attention and interest in aerospace industry due to technological 
advances in digital cameras, faster Image processing and automation of the Photogrammetry 
measurement process. Initially the object under measurement is mounted on a special fixture 
(Fig 2) and then retro-reflective targets of 6mm diameter are stuck on the surface of the object 
(Fig 3).These targets are specially made such that their optical property does not deteriorate 
during critical environments inside TVAC. Retro reflective targets are used to overexpose the 
region of interest and remaining area of the reflector surface is underexposed to enhance the 
quality of photography. This further improves the quality of image analysis and thereby the 
overall measurement process. For a typical size of 2m reflector surface more than 2000 
numbers of targets are used. These targets are stuck manually on the surface. Sticking these 
targets is a tedious task and removal of these targets leaves adhesive residue on the surface of 
the reflector.   

Photography of these targets is carried out using a specially designed metric camera GSI.The 
camera is placed outside the window to protect it from harsh environment of TVAC chamber 
(Fig 4). A specially designed optical glass window made of quartz material is used which 
helps in retaining optical quality of images captured by the camera.  

It is desirable to use non-contact type of target projection system for such applications. 
However, placement of such a projector inside the TVAC is restricted due to the environment. 
This study is carried out to ascertain the feasibility of carrying out surface measurement using 
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projected targets. The study establishes a process measurement by comparing the quality of 
measured point cloud on the reflector surface projected through optical window with that of 
the targets projected without glass window.  

2a. Measurement Accuracy 

The camera accuracy has a fixed component of 5 microns plus 5 microns for every meter size 
of the test article. The measurement uncertainty of Photogrammetry is known to vary linearly 
as the size of the test object.  Other factors affecting measurement uncertainty such as the 
number of images to be used, camera resolution, rotation speed of the test article, orientation 
of the test article w.r. t camera, micro vibrations in the test fixture, deformation of MGSE 
fixture itself, Iso static supports, were addressed at the system configuration stage.  

2b. Image processing  

The Centroid ( 2D pixel coordinates)   of each of many circular targets is extracted by 
software. With the help of coded targets auto recognition of targets and identifying 
corresponding targets across all images is achieved. The 2D pixel coordinates are converted to 
3D spatial position by the Photogrammetry software (using Bundle adjustment.)  Essentially 
each 2D pixel coordinate defines a ray issuing from the CCD image plane and passing through 
the camera optic center. An optimization algorithm using a least squares approach achieves 
intersection of these rays in 3D space. Due to various noise, the rays in general do not 
intersect. The algebraic distance between nearly converging rays is minimized. Once an 
optimal solution is on hand, the rays are back projected starting from 3D position, passing 
through the camera optic center on to the image plane. The deviation between the back 
projected ray pixels and the initial image measurements gives the image residuals. Typically 
0.18 micron is possible to achieve with this test set up including camera, optical window and 
associated test set up.  

    
Fig 3: Reflector with physical targets         Fig 4: Reflector inside chamber on MGSE 

3. Shape Measurement Using Contactless Target Projection System: 

 The principle of the projection system is straightforward. It works much like an 
ordinary slide projector.  A light source illuminates a target slide.   This illuminated pattern 
passes through a series of lenses that magnify the slide and project it onto the object.  It is 
necessary to focus the lens so that the target slide is in focus on the object surface.  
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Figure 5: Projected targets using Prospot 

 Fig 5 shows the dots from the projector on a surface [1]. They are of high- contrast 
and quality. They mimic conventional retro-reflective targets, but have no inherent target 
thickness.   The size of the projected dots grows as the projector gets further from the object.  
Like conventional targets, the projected dots [4] must be bright and of high contrast for a good 
measurement.  Generally, the projector is set far enough back to cover the object with the dot 
pattern.   The strobe intensity is then adjusted so the dots are measurable.  If the entire object 
cannot be measured in a single set up, then multiple setups that collectively cover the entire 
object can be used. The area that can be measured in a single setup of the projector depends 
on several factors such as the color of the surface, its finish and its curvature.  
The major difference between the retro reflective targets and dot projection system [2] that 
the retrorefletive targets such that relative distortion of the point can be tracked w.r.t to 
hardware where as projected targets can be used to generate / comparison of shape or surface 
r.m.s, with respect to any two measurements. 
 

3a. Case study to validate the new process of shape measurement  

In the work presented here instead of mounting physical targets on the reflector a dot 
projection [3, 4] system is used for measurements. Physical targets need to be mounted on a 
piece of prefixed kapton sheet on Reflector which requires lot of physical effort for mounting 
(2500 targets and 2500 kapton pieces). The main drawback of these physical targets is that 
they can lose their adhesion and shape during thermal vacuum cycling .Another problem with 
these targets can lead to undesirable contamination and damage to the Test article, which can 
lead to quality assurance issues. Also these physical targets have shelf life. Another 
disadvantage with physical targets is it cannot be used for higher temperature applications like 
thermal cycling of +150 Deg to -150 deg.When repetitive cycles to be done on the hardware 
the target removal will be difficult with adhesive residuals left out. Also after fabrication of 
front shell and rear shell in components like DGR the shape measurement will be in a single 
shot compared to CMM, Laser tracker and Physical targets a measurement which requires lot 
of time. By employing projected dot technique [2] at each stage the shape can be captured and 
compared with the nominal surface.  
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First measurements were carried out using Quartz glass window in front of the dot projector 
as shown in Fig 6. By using Pro spot the targets were projected on to the Reflector. Here the 
camera and the controller for dot projector were synchronized such that simultaneous dot 
projection and camera imaging will be done. The dot projection has an advantage that 
depending on the size of the object and density of targets can be varied depending on user 
requirement. 

Secondly the measurements were carried out without using the glass window by projecting the 
dots on to the reflector. In both the cases the measurements were good with minor variation in 
plan quality factor and overall project rms in the order of 10 microns shown in Table 1  

The point cloud data which was measured through dot projector was analyzed and compared 
with the physical targets point cloud data. The best fit rms data of the surface is closely 
matching with glass window and without glass window using dot projector which was shown 
in Table 3.The point cloud data and camera network geometry is shown in Fig 8 and Fig 9. 

Table 1 Output of Bundle adjustment parameters 

 Without  glass window With glass window 
Rejection limit 1.37 µm 1.49 µm 
Residual rms 0.39 µm 0.43 µm 

 Accuracy in µm 
Rms  X 12µm 17 µm 
Rms Y 20 µm 16 µm 
Rms Z 11 µm 11 µm 

Port for 
Dot projection 

Figure 6: Set up for target Projection with    
glass window outside TVAC 

Figure 7: proposed schematic set up for 
future target   projection inside TVAC 

Quartz glass 
window 

Dot projector Inca 3a 
Camera 
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Figure 8:   Shape Measurement using                       Figure 9: Network of camera geometry 
Target Projection system with window       
  

4. Results & Discussion 

The Bundle Adjustment software accounts for the presence of optical window by calibration 
parameters. The effect of camera calibration parameters projected dots through the window is 
brought out in Table.1&2. We see small perturbations in the parameters. The shape 
parameters rms, peak and valley etc, indicate the quality of measurement. The best fit rms 
using dot projection with window or without window is almost same. But the best fit rms 
using physical targets is slight variation with respect to projected targets (Table 3) because of 
test set up limitation and number of targets. Also the measurement time required for dot 
projection system is much lesser than the physical targets. So in future it is proposed that in 
side TVAC this dot projection system can be implemented (Fig 7) by augmenting the facility 
for another quartz glass window and prospot dot projector. 

Table 2. Camera calibration internal parameters 

Camera parameters Without Glass window With Glass window 
C-camera focal length 21.7550 21.7584 

XP principal point offset 0.0142 0.0156 
YP principal point offset 0.0894 0.0907 

AP1  0.0038 0.0039 
AP2  0.0017 0.0011 

K Total Radial Distortion 0.5926 0.5952 
P1(Decentering lense distortion) 0.0024 0.0011 
P2 (Decentering lense distortion) -0.0109 -0.0120 
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Table 3. Comparison of data using physical targets and projected targets 

   Surface best fit rms 

Physical targets 
without glass window 

0.45  mm 

Projected targets 
without glass window 

0.39  mm 

Projected Targets with 
glass window 

0.37  mm 
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