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Abstract—In this paper, we report on an optical tolerance analysis of the submillimeter atmospheric multi-beam limb sounder,
STEAMR. Physical optics and ray-tracing methods were used to
quantify and separate errors in beam pointing and distortion due
to reflector misalignment and primary reflector surface deformations. Simulations were performed concurrently with the manufacturing of a multi-beam demonstrator of the relay optical system
which shapes and images the beams to their corresponding receiver
feed horns. Results from Monte Carlo simulations show that the
inserts used for reflector mounting should be positioned with an
overall accuracy better than 100 m ( 1/10 wavelength). Analyses
of primary reflector surface deformations show that a deviation of
magnitude 100 m can be tolerable before deployment, whereas
the corresponding variations should be less than 30 m during operation. The most sensitive optical elements in terms of misalignments are found near the focal plane. This localized sensitivity is attributed to the off-axis nature of the beams at this location. Post-assembly mechanical measurements of the reflectors in the demonstrator show that alignment better than 50 m could be obtained.
Index Terms—Limb viewing, Monte Carlo, multi-beam, quasioptics, Stratosphere–Troposphere Exchange And climate Monitor
Radiometer (STEAMR), submillimeter-wave instruments, tolerance analysis.

I. INTRODUCTION

T

HE sub-millimeter wave region of the electromagnetic
spectrum can be used for detection of spectral lines of
molecules, such as oxygen, nitrogen and water vapor, in the
Earth’s atmosphere. Satellite-borne instruments for atmospheric
research operating at these wavelengths are motivated by
strong absorption in the Earth’s atmosphere, which complicates
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Fig. 1. 2D layout of the complete optical train. All local coordinate systems
for the reflectors, named M1–M6, are aligned in the analysis. FPA-T and FPA-R
denote transmission and reflection in the wire grid polarizer (WGP) separating
the two sets of receivers.

ground-based observations [1]. Odin [2], Cloudsat [3], and
TRMM [4] are examples of satellite-borne instruments having
a single beam for making such observations. Multiple beam
instruments offer improved sensitivity [5] as well as increased
temporal and spatial resolution by allowing for simultaneous observations at different locations on the sky and such applications
are therefore becoming increasingly popular [6]–[8].
The Stratosphere–Troposphere Exchange And climate Monitor Radiometer (STEAMR) is a satellite borne instrument for
climate research that was part of the proposed ESA PREMIER
mission [9]. It will utilize 14 polarization interleaved beams for
observations in the frequency band 323–357 GHz in order to understand processes that link trace gases (H O O CO, etc.), radiation and chemistry in the upper troposphere and lower stratosphere (UT/LS). Fig. 1 illustrates the optical train which is here
divided into three sections: the antenna consisting of a carbon
fiber reinforced plastic (CFRP) off axis Ritchey–Chrétien telescope, six aluminum off-axis reflectors in the relay optics and
two focal plane arrays (FPA). The FPAs are composed of monolithically machined facet aluminum reflectors to achieve precise
imaging from the elliptical far field beam patterns to the corresponding circular feed horns [10], [11].
Knowledge of beam radiation pattern and pointing is crucial
for the retrieval functions used when modeling the dynamics
of the Earth’s atmosphere [12]. It is therefore of great importance to know how mechanical deviations in the optical train
influence the performance, both from manufacturing and during
observations. Previous tolerance analyses which included computer simulations and optical measurements have been made
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for single beam systems, e.g., [13], [14]. However, having multiple beams will increase complexity in manufacturing and possibly introduce requirements for relative beam pointing. To the
author’s best knowledge, this study of the STEAMR optical
system is the first one where mechanical tolerances are investigated for a highly advanced multi-pixel optical system, and
directly linked to manufacturing methods.
Factoring in prior knowledge of manufacturing techniques
enables a more realistic tolerance analysis as well as reducing
the degrees of freedom. Alignment tolerances for individual
reflectors and groups of optical elements having common
mounting structures have been investigated with the aim of
determining the overall misalignment tolerances and to identify
which parts of the optical train are the most sensitive. In terms
of surface distortions, it is reasonably assumed that the primary
reflector will dominate and therefore the impact of various
imposed surface errors was analyzed.
Section II summarizes the optical requirements, whereas
methods and findings from the analyses are presented in
Sections III and IV, respectively. In Section V, a demonstrator
of the STEAMR instrument is presented, which includes an
FPA together with two of the relay optics reflectors. Manufacturing methods are discussed and directly linked to the tolerance
analysis. The demonstrator is built in a way that allows for
known misalignments to be imposed, which may be used at a
later stage to confirm the validity of the tolerance analysis.
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TABLE I
OPTICAL REQUIREMENTS FOR STEAMR

II. STEAMR OPTICAL REQUIREMENTS
System performance requirements [15] for the STEAMR instrument were defined for the proposed PREMIER mission and
are for the purposes of the analysis presented here divided into
relative beam pointing (R1–R4) and beam distortion (R5–R9).
Table I and Fig. 2 summarize all requirements. It should be emphasized that requirements R1–R9 apply to design and manufacturing of the system and should not be interpreted as an absolute threshold below which the performance becomes unacceptable. Instead, what is of particular importance for the retrieval
functions is knowledge of optical performance. Most notably,
the requirement on knowledge of pointing in the vertical direction should be better than 10 m and the knowledge of full
width half maximum (FWHM) beam size should be better than
26 dB. This is particularly important for the lowermost beams
and translates into high stability during operation and accurate
measurements of the beams prior to deployment. The pointing
requirements R1–R4 in Table I refer to relative pointing between the beams whereas absolute pointing in orbit will be verified by observation of objects with known position, e.g., the
Moon [16] or Jupiter.
A solid angle corresponding to the first minima of the nonperturbed far field antenna pattern was used as limits in the integral when calculating the beam efficiency. Azimuthally collapsed antenna patterns (ACAPs) were obtained by numerically
integrating the far field antenna pattern across the azimuthal direction. Polarization plane tilt error refers to the deviation from
the polarization directions of the observing beams. Nominally
these should be oriented 45 referenced to the orbital plane of
STEAMR, cf. Fig. 2.

Fig. 2. Beam distribution on the sky, located 3325 km away from the instrument, illustrating requirements R1–R6. Two sets of FWHM beam contours with
polarization vectors making 45 (dashed lines) and 45 (solid lines) angles
to the orbital plane (normal to the Earth’s surface and perpendicular to the plane
of the figure) are shown. The lower and upper boxes encapsulate beams with
1.5 and 2.0 km separations (R2 and R3), respectively.

III. TOLERANCE ANALYSIS
Two types of analyses of misaligned reflectors with nominal
shape were made. To first estimate what overall reflector alignment tolerances can be accepted with maintained optical performance, Monte Carlo methods were employed. Perturbations for
local Cartesian coordinate systems were made for all six degrees
of freedom, i.e. translation and rotation along and about the three
coordinate axes. Secondly, in order to determine which elements
of the system have the largest influence on optical performance,
isolated perturbations were made for each optical element.
The optical train was divided into six individual reflectors
(M1–M6) and two groups, corresponding to mounting structures which will be manufactured to hold the optical elements
in place. These groups were the mounting structures for M1
and M2 (denoted “telescope” below) and the FPA. The CFRP
mounting structure (described in Section V) for the relay optics (M3–M6) was treated as a reference body that was not perturbed. Individual reflectors in the relay optics on the other hand
were perturbed as they will be manufactured as separate pieces
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with corresponding mounting interfaces. The FPA serves as a
mounting structure for two sets of facet surfaces with focusing
reflectors. It has been shown in [17] that it can be manufactured
as a single unit with excellent optical performance. Since the
two sets of facet surfaces are mounted in a significantly different way compared to other reflectors and since fine mechanical precision has been demonstrated, the FPA was modeled as
one single unit with no imperfections. However, the mounting
interface of the FPA was included in the analysis.
For the Monte Carlo investigation, different perturbation
magnitudes were investigated. The random misalignment of
each reflector had mean value 0 and was generated from a
quasi-random normal distribution with standard deviation
chosen as
. Here,
and
denote the upper and lower tolerances, respectively, chosen to
be equal in magnitude. The variable was chosen equal to 2
and was used to confine the misalignment to lie within
from
the mean value and within specified tolerances.
Each reflector will be mounted at three points using ballsocket joints, as described in detail in Section V. Thus, the position of each reflector is given by the loci of three points in space
corresponding to the center of each metal ball. Both translations
and rotations of the optical components were considered, corresponding respectively to equal and unequal perturbations of
the ball-socket joints. The magnitude of rotational misalignment
tolerances modeled in this manner will therefore scale linearly
with reflector size for a given tolerance. Misalignments were
performed about the reference coordinate systems for each reflector, which are illustrated in Fig. 1. These coordinate systems
were mutually aligned with one another in a Cartesian frame
to allow for efficient model definitions. This mutual alignment
will mimic the physically realized system and thus serves as an
accurate representation for this analysis.
Pointing tolerances were investigated using ray tracing in the
commercial optical design tool ZEMAX.1. Ray tracing is an efficient method which can be used to accurately assess the sensitivity to reflector misalignments in terms of pointing. Built-in
routines for Monte Carlo simulations enabled fast evaluation of
multiple element perturbations. A total of 10 perturbed systems
could be generated and solved for seven rays in approximately
40 min using a 4-core processor desktop computer.
GRASP2, which utilizes methods of physical optics and
physical theory of diffraction, was used for evaluations of beam
distortions. While providing a complete solution for the vector
fields in the far-field of the main reflector antenna, evaluation of
a single system is significantly more time consuming than for
ray tracing. Evaluating the optical performance for one beam at
a single frequency took approximately 12 min. Hence, the gross
simulation time for 3000 perturbed systems considered exceeded 24 days. As a conservative approach, the beam of lowest
altitude, which was previously predicted to have the lowest
degree of conformity [18] to the ascribed optical requirements
in Table I, was evaluated at 323 GHz. MATLAB3 scripts were
written to first create quasi-randomly perturbed optical systems
1Radiant Zemax Website. [Online] Available: http://www.radiantzemax.
com/en
2Ticra Website. [Online] Available: http://www.ticra.com/products/software/
grasp
3Mathworks. [Online] Available: http://www.mathworks.se/products/matlab/

for a prescribed tolerance and then to automatically evaluate
the scattered fields in GRASP. The receiver feed horns utilized
for STEAMR produce an aperture field distribution with a
power coupling coefficient to the representative fundamental
Gaussian distribution 98%.4 As such, the feed horn aperture
distributions were represented as fundamental Gaussians for
the purposes of this analysis.
Coincident with angular and planar misalignment of the reflectors in the optics chain is the potential for deformations in
the reflector surfaces. This is an inherent hazard that can result from either the synthesis process and/or from an external
influence prior to or during deployment. As was seen in [19],
environmental factors can also play a role, and care must be
taken to ensure that the optics chain envelope is thermally stabilized with low temperature differentials. The primary reflector
of STEAMR will be made of CFRP and is reasonably presumed
to dominate in terms of potential surface deformations, being
that it will be the largest reflector (1.6 m 0.8 m) and suffer the
highest exposure to thermal variations. Therefore, optical performance has been evaluated for different kinds of representative surface distortions.
In-house experiences from producing a 1/2-scale model of the
STEAMR telescope show that strain in the metal molding tool
used for CFRP manufacturing can cause distortions of the finished reflector. A CAD model (Solidworks5) was therefore created in order to simulate surface distortions caused by external
forces in the aluminum molding tool. Keeping two mounting
points on the surface fixed while a force was applied to the third,
realistic deformations could be evaluated using finite-element
method (FEM) simulations. A point cloud representing the distorted M1 surface was generated and subsequently implemented
in GRASP for evaluation of optical performance.
Using preliminary models of the mounting arrangements,
about which any deformations would arise, a range of deformations using Zernike polynomials were also applied to the
primary reflector [20]. These polynomials are well established
as representative of aberrations specific to optical systems. Two
classic examples of such surface aberrations in telescope systems are the COSTAR asphere correction to the Hubble Space
Telescope [21] and the submillimeter cosmic microwave background polarimeter QUaD telescope [19]. It was presumed,
based upon proposed mounting geometries for the primary
reflector, that the Zernike polynomials describing coma and
astigmatism would best represent any potential surface aberrations. These aberrations were applied to the primary reflector
surface both separate and combined for a range of amplitudes.
IV. RESULTS AND DISCUSSION
A. Monte-Carlo Misalignment Analysis
Fig. 3 shows the results from the statistical investigations.
Three sets of tolerances are presented with magnitudes of 30,
100, and 500 m. As can be seen from Fig. 3, overall tolerances
of 100 m will result in a system with performance that meets all
the specified requirements. The mean values for the 30 and 100
m tolerances show nearly perfect agreement with the expected
4Thomas

Keating Website. [Online] Available: http://www.terahertz.co.uk/

5Solidworks

Website. [Online] Available: http://www.solidworks.com/
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Fig. 3. Monte,Carlo simulations for pointing and beam distortion requirements R1–R9. For R1–R3 a total of 10 systems were evaluated for each tolerance level.
The corresponding number for R4–R9 was 10 .

performance of the non-perturbed system for all requirements.
In-orbit stability for relative pointing is most important for the
lowermost beams. Analyzing the data for requirement R2 with
30 m perturbations, it can be seen that deviations up to 18 m
can occur. Fluctuations in reflector alignments during observations should therefore be less than 30 m to maintain the desired
pointing stability. Moreover, alignment tolerances of 500 m
from manufacturing or more would be very undesirable.
B. Misalignment of Individual Optical Elements
Table II shows a summary of how the optical performance
requirements are influenced by individual perturbations of the
optical elements in the system. Small perturbations were made
for each degree of freedom. The five most sensitive optical elements for each optical tolerancing requirement (R1–R9) are
categorized according to their respective deviation from said requirements normalized against the perturbation magnitude.
Rotations about the -axis of the M6 reflector are revealed to
be the most sensitive perturbation in terms of non-conformity
to the optical requirements in the vertical (elevation) direction.
This result can be understood by noting that the M6 reflector is
described by an off-axis ellipsoidal with relatively short focal

TABLE II
FIVE MOST SENSITIVE OPTICAL ELEMENTS FOR
REQUIREMENTS R1–R9. SENSITIVITY IS GIVEN AS THE RESULTING ERROR
PER 1 mm DEVIATION OF THE BALL-SOCKET JOINTS USED FOR MOUNTING.
PERTURBATIONS (‘PERT.’) ARE NAMED ACCORDING TO THE ELEMENT WITH
SUBSCRIPTS DENOTING COORDINATE AXIS (
OR ) AND PERTURBATION
TYPE (ROTATION—R OR TRANSLATION—T)
COMPILATION

OF THE
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less than 10 m in magnitude. Despite being extremely strict,
surface conformities better than this have been achieved in
the past. Most notable, the 3.5 m main reflector dish of the
Herschel Space Observatory has a confirmed wave-front error
less than 6 m (rms) [22]. Hence, a stability requirement of
10 m for the 1.6 m 0.8 m main reflector of STEAMR is
deemed feasible.
V. DEMONSTRATOR

Fig. 4. Results from surface perturbation analyses for requirements R5–R9.
The residual between evaluated values and the requirement limits normalized
to the same requirement limits are plotted as a function of surface perturbation
magnitude for each requirement. Solid and dashed lines denote surface perturbations from strain in the mold tool and added Zernike polynomials representing
astigmatism and coma, respectively.

length while still maintaining comparable inter-reflector propagation distances and is thus more sensitive to perturbations.
Furthermore, the M6 reflector has a rectangular rim truncation
with the short side perpendicular to the -axis, making it more
sensitive to rotation misalignments in this direction. This is true
for all relay reflectors (M3–M6) but combined with the relatively short focal length increases the perturbation sensitivity.
The mutual beams separation on the M6 reflector is the largest
in the optical system, which adds to the localized sensitivity at
this location.
Some general trends can also be found from Table II. First,
rotation misalignment is a more severe problem than a corresponding translation. In particular, rotations about the - and
-axes for M6, M5, and M4 tend to be the most critical for all
requirements. It can also be noted that both translations about
and rotations along the optical or -axis are not major contributors to degradation of optical performance. This result was expected since the system consists of slow optics.
C. Primary Reflector Surface Distortions
The impact on requirements R5–R9 from M1 surface distortions stemming from strain in the molding tool and applied
Zernike polynomials are shown in Fig. 4. Here, the residual
between each figure of merit and the corresponding requirement is normalized to the same requirement and plotted as
a function of surface perturbation magnitude. It is clear that
surface distortions of magnitude 300 m will not have any
significant effect on the overall optical performance. The distortions to the farfield beam patterns are complex in structure,
yet follow a general trend of widening the beams predominantly in the azimuthal direction, with the effect becoming
more pronounced at amplitudes below 10 dB. This is shown
in Fig. 5. Beam pointing is also affected, being that it is normalized to the FWHM. The aforementioned requirements of
good knowledge in optical performance lead to the conclusion
that in-orbit fluctuations in M1 surface distortions should be

A demonstrator representing the inner core and having the
main functionality of the STEAMR instrument has been built.
It consists of four complete receiver chains, an FPA unit, the
M5 and M6 reflectors, a CFRP support structure and complete
back-end electronics. The FPA unit was built with one set of
M7 and M8 facet surfaces and without a wire grid polarizer, enabling a maximum of seven receiver chains to be implemented
simultaneously. All reflectors with corresponding mating surfaces were manufactured from solid aluminum blocks using
high-precision numerical milling. Concurrent engineering
between optical simulations and mechanical design was used
to streamline manufacturing methods, which in turn determine
how the tolerance study was performed. As mentioned in
previous sections, the optical elements are mounted at three
points using ball-socket joints—cf. Fig. 6.
Embedded inserts with metal balls having relatively loose
tolerances ( 1 mm) were first fastened in the CFRP. Accurate measurements of the loci of these metal balls were then
made using a coordinate measuring machine (CMM). The results were input to CAD/CAM software and the mating surfaces
of the reflectors were adjusted to match the inserts in order to
obtain correct alignment. Thus, high precision alignment defined by the CMM and the numerical milling machine could
be obtained relatively easily. To further reduce rotational misalignments custom-made washers, with one side being spherical and the other one flat, were inserted into the ball-socket
joint, as illustrated in Fig. 6. The flat side of the washers spreads
the mating force over a larger surface and thereby minimizing
stresses in the reflectors. This also implies less wear each time
an optical element is mounted, which in turn increases the alignment repeatability. Another feature of this approach is that misalignments can be deliberately imposed by adding a shim into
the socket. The resulting change in optical performance can
then be determined by measuring one or several beams with
a near-field scanner and thereby directly connecting the tolerance analysis to mechanical measurements and fabrication
methods. With this scheme lengthy manual alignment procedures relying on the use of dowels, screws and shims are not
necessary and production costs are also lowered since a faulty
component easily can be replaced without making other changes
to the system.
All optical elements were milled out of solid blocks of
Alca5 aluminum, which is a material that has been cast in
such way that internal stresses are minimized. However, the
thermal expansion of the optical elements and the support structure differ significantly. To account for this, thermal expansion
slots were milled into the solid optical elements (cf. Fig. 6).
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Fig. 5. Beams emanating from a nominal (left) and distorted (right) M1 surface, where Zernike polynomials representing coma and astigmatism of magnitude
200 m were added to the latter.

Fig. 6. CAD schematic of a ball-socket joint with custom-made washers for
minimization of reflector tilt. Also shown is the deformation zone of the reflector, designed to absorb strain due to changed thermal conditions.

In-orbit thermal simulations performed in ESATAN-TMS6
reveal a maximum variation of 10 K on the primary reflector
surface. To a large degree, the relay optics are encapsulated, and
hence the temperatures of the constituent reflectors are not expected to vary significantly in comparison to the primary. FEM
techniques in Solidworks were used to optimize the shape of the
expansion slots in order to minimize thermally induced stress
in the reflectors. Results for the largest reflector in the relay
optics (M6) show that the peak-to-peak surface distortions scale
linearly with temperature, giving 9 m and 17 m deviations
for increases of 10 K and 20 K, respectively. Thus, expected
surface deformations are substantially less than 9 m, i.e.
0.01 wavelengths at 340 GHz, which is considered insignificant and hence not analyzed using physical optics/physical
theory of diffraction or ray-tracing methods.
Fig. 7 shows the demonstrator as the mutual alignment between its reflectors is measured in a CMM. The positions of M6
and M5 were measured with the FPA as the reference. Table III
shows a summary of the results from the measurements. Rotational errors proved to be very small whereas translation errors dominate with a maximum of 160 m misalignment of
M6 in the y direction. As discussed in Section IV, while misalignment errors larger than 100 m are undesirable, the effect
6ITP Engines UK Ltd., Leicester, U.K. esatan-tms website. [Online] Available: http://www.techcentreuk.power.alstom.com/

Fig. 7. Photograph showing mechanical alignment for the FPA, M6 and M5
reflectors being measured in a CMM.

TABLE III
RESULTS FROM MECHANICAL ALIGNMENT MEASUREMENTS FOR THE M6
AND M5 REFLECTORS. T AND R DENOTE TRANSLATIONS AND ROTATIONS,
RESPECTIVELY. ROTATIONS ARE GIVEN AS RELATIVE POSITION ERRORS IN THE
Z-DIRECTION OF THE THREE MOUNTING POINTS OF EACH REFLECTOR

on the optical performance are small compared to rotation errors. Table IV shows the resulting optical performance when
implementing the measured misalignment for an otherwise ideal
system. Comparing to the values given in Table I, it is clear that
all requirements are fulfilled.
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TABLE IV
SIMULATED PERFORMANCE WITH MEASURED MISALIGNMENTS FOR M6 AND
M5. NO PERTURBATIONS WERE APPLIED TO THE REMAINING REFLECTORS

VI. CONCLUSION
This optical tolerance analysis of the STEAMR instrument
shows that the both misalignment tolerances as well as deformations of the primary reflector should maximally be in the order
of 100 m from manufacturing. Rotation of reflectors is a significantly more outstanding problem than lateral translations, especially for the M6, M5 and M4 reflectors, which are located
closest to the FPA unit in the optical chain. The importance of
stability in optical performance during operation lead to the conclusion that the overall reflector alignment and the magnitude
of primary reflector distortions should be kept below 30 and 10
m, respectively. This emphasizes the importance of a mechanically and thermally stable design.
Methods developed for the manufacturing of the STEAMR
demonstrator has proved to yield a high degree alignment
with position accuracy better than 160 and 48 m in terms
of translations and rotations, respectively. Negative effects on
optical performance are small for translation errors compared
to rotation errors and, hence, the obtained alignment accuracy is
satisfactory, which is also confirmed by simulations. Moreover,
the manner of manufacturing eliminates the need of post-assembly trimming to achieve good alignment which in turn
lowered cost and mechanical complexity. The demonstrator assembly allowed for deliberately imposed perturbations, which
can be used to verify results from the tolerance analysis by
performing near-field measurements of the outgoing beams.
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