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Optical Design and Analysis of the
Submillimeter-Wave Instrument on JUICE

Mikko Kotiranta ¥, Member, IEEE, Karl Jacob

Abstract—The submillimeter-wave instrument on the Jupiter
icy moons explorer spacecraft is a passive dual-beam hetero-
dyne radiometer operating in the frequency bands 530-625 and
1080-1275 GHz. The instrument will observe Jupiter’s atmosphere
as well as the atmosphere and surface properties of its moons. This
paper presents the optical design and analysis of the instrument
that has been carried out using Gaussian beam mode analysis and
physical optics simulations. The optics consists of a 29-cm me-
chanically steerable off-axis Cassegrain telescope, relay optics, and
two feedhorns. Frequency-independent operation of the 600-GHz
channel is predicted by the simulations. The 1200-GHz channel
shows some frequency dependency because of the selected feed-
horn type. The steering of the telescope affects mainly its cross-
polarization level. The manufacturing and mounting tolerances, as
well as distortion and misalignment by thermoelastic effects, will
cause the performance of a real instrument to deviate from that
of an ideal one. Physical optics simulations combined with data
from finite-element method simulations and measurements of op-
tical surface profiles show that these factors affect, in particular,
the instrument pointing. The induced pointing error is up to sev-
eral arcminutes, whereas the specification is less than 0.5 arcmin.
The pointing error can be reduced by adjusting the alignment of
the telescope secondary mirror and the feedhorns.

Index Terms—Monte Carlo, optical design, physical optics (PO),
quasi-optics, radiometers, submillimeter-wave instrument, toler-
ance analysis.

I. INTRODUCTION

HE Jupiter ICy moons Explorer (JUICE) is an ESA large-
T class mission to Jupiter and its satellites. The launch is
scheduled for 2022. The spacecraft carries ten instruments on-
board, one of them being the submillimeter-wave instrument
(SWI) that is a passive dual-beam heterodyne radiometer for
the frequency bands 530-625 and 1080-1275 GHz [1]. The
telescope and receiver unit (TRU) of the instrument is depicted
in Fig. 1. Additionally, the instrument consists of an electronic
unit with different high-resolution and broadband spectrometers
and a radiator unit that allows passive cooling of the Schottky
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Fig. 1. CAD-model of the SWI TRU.

diode mixers and low-noise amplifiers of the receiver unit (RU)
to a temperature of 120 K.

The scientific objectives of SWI include the investigation
of the temperature distribution, chemical composition, and dy-
namics of Jupiter’s stratosphere as well its coupling to other
atmospheric regions. The atmospheres, their interaction with
the Jovian magnetosphere, and the surface properties of the icy
moons Callisto, Europa, and Ganymede will be characterized as
well. SWIwill therefore provide information that is complemen-
tary to the data provided by the microwave radiometer (MWR)
on the Juno spacecraft [2] that is currently performing obser-
vations of lower parts of Jupiter’s atmosphere in the frequency
band 0.6-22 GHz. Other microwave radiometers flown on past
missions for investigating solar system objects include the
Microwave Instrument on Rosetta Orbiter [3] and the RADAR
multimode instrument on Cassini spacecraft [4].

Building on the work presented in [5], this paper first presents
the optical design and analysis of SW1in Section I, and then dis-
cusses different factors that cause the optical performance of a
real instrument to deviate from that of an ideal one in Section III.
These factors include manufacturing tolerances that affect the
shape accuracy of the optical surfaces, mounting tolerances,
as well as deformation and misalignment by thermoelastic ef-
fects. The Monte Carlo method has been employed successfully
in mounting tolerance analyses of submillimeter-wave instru-
ments [6], [7], and we have adopted the same approach in this

paper.
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Fig. 2. Beam path in the RU box (view from below, components attached to
the top cover).

II. OPTICAL DESIGN

SWl receives the signal of interest with an off-axis Cassegrain
telescope. The paraboloidal main mirror (M1) has a projected
diameter of 29 cm, whereas the hyperboloidal secondary mirror
(M2) has a projected diameter of 6 cm. The telescope is mounted
on a rocker that can be tilted +4.3° to allow scanning perpen-
dicular to the spacecraft orbital plane (cross track). Scanning in
the orbital plane (along track) is possible by rotating the mirror
M1 up to £72°. The scanning mechanisms enable observations
along Jupiter’s limb, mapping of the icy moons with variable
incidence angles and polarizations, as well as the use of cold
sky for instrument calibration without the need for spacecraft
maneuvers.

The beam from the mirror M2 is directed into the RU box
through a cutout in the rocker. The contents of the RU box are
shown in Fig. 2. After entering the RU box, the beam encounters
a planar mirror M3 and an elliptical mirror M4 that reside on the
rotational axis of the rocker structure. As the telescope is steered
in the cross-track direction, the mirror M3 rotates together with
the rocker and the telescope in such a way that the remaining
beam path inside the RU box remains fixed. A free-standing
wire grid (WG) with a wire diameter of 10 ym and a pitch of
25 pm splits the beam into two orthogonal linear polarizations.
The transmitted polarization component that is perpendicular to
the wires is reflected from the elliptical mirror MST to the feed-
horn of the 1200-GHz double sideband (DSB) Schottky-mixer
receiver [8]. The reflected polarization component parallel to
the wires is coupled via the elliptical mirror M5R to the feed-
horn of the 600-GHz DSB Schottky-mixer receiver [9]. The
less sensitive 1200-GHz receiver is placed in the transmitted
beam path because the degrading effect of WG nonplanarity on
the transmitted beam is smaller. A corrugated feedhorn is em-
ployed in the 600-GHz receiver due to its superior performance
as a Gaussian beam source. Although possible [10], manufac-
turing of corrugated horns is very challenging above 1 THz, and
hence a smooth-walled spline-profiled feedhorn is used in the
1200-GHz receiver instead.

A conical blackbody calibration target (CHL) [11] acts as the
hot temperature reference during the instrument calibration. To
allow the receivers to view the CHL, the beam between M3 and
M4 is redirected by activating a planar flip mirror.

TABLE I
RESULTS OF GAUSSIAN BEAM MODE ANALYSIS

Comp f d Ry Rou w; 26;
© (mm) (mm) (mm) (mm) (mm)  (deg)
. 98.848
Ml 348.937  300.0 348937 inf 08.872 90
13.874
M2 -64.0 241.0  209.179  -49.006 13.869 53.646
. . . 3.758
M3 inf 89.414 inf inf 5663 80.839
9.081
M4 59.714 72,186 105.854 136.998 45
8.397
. . . 3.108
WG inf 92.814 inf inf 3108 90
MS5R 19.759 25.0 27.372 71.048 6.287 45
MS5T 12.630 14.681 16.067 59.049 4.276 45

The optical design is based on the Gaussian beam mode analy-
sis [12], and further refinements have been carried out with phys-
ical optics (PO) simulations with the GRASP software package
[13]. The design and the simulations presented in the following
subsections assume room temperature conditions.

A. Gaussian Beam Mode Analysis

Frequency-independent operation has been one of the main
design drivers that is achieved by imaging the aperture of the
feedhorn onto the aperture of the primary mirror M1. In terms
of Gaussian beam mode analysis, this means that the Gaussian
beam phase shift between the feedhorn and M1 should be a
multiple of 7 [14]. Another constraint for the design is the edge
taper requirement of at least 17 dB at M1 that together with the
mirror diameter defines the maximum Gaussian beam radius.

The properties of the Gaussian beams launched by the 600-
and 1200-GHz feedhorns have been obtained by first computing
their far-field radiation patterns at the center and edge frequen-
cies of the respective operating bands with the mode matching
software CHAMP [15]. Then, the beam radius and the radius of
curvature of a Gaussian beam, which has the highest coupling ef-
ficiency to the simulated far-field radiation characteristics, have
been determined at the feedhorn aperture by a least-squares fit.
In case of the 600-GHz corrugated feedhorn, the beam radius is
0.851 mm and the radius of curvature is 8.35 mm. The respec-
tive values for the smooth-walled 1200-GHz feedhorn vary in
the range 0.478-0.468 mm and 2.482-4.992 mm, depending on
the frequency.

Table I presents the properties of the optical components and
the results of the Gaussian beam mode analysis. Here, f =
(1/Ryy + I/Rom)_1 is the effective focal length, d is the distance
to the previous component, R;, and R, are the radii of curvature
of the conic mirror sections, w; is the incident beam radius at
530 (row 1) and 1080 GHz (row 2), and 6; is the beam incidence
angle. In case of M5R (MS5T), d is the distance to the 600-GHz
(1200 GHz) feedhorn aperture

Figs. 3 and 4 show the Gaussian beam radius and phase shift
from the feedhorn aperture to the primary mirror M1 for the
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(a) Radius. (b) Phase shift.

600- and 1200-GHz channels, respectively. The edge taper at
M1 is approximately 18.7 dB, which corresponds to a spillover
loss of 1.4%. The beam propagation in the 600-GHz channel is
frequency independent, whereas the 1200-GHz channel exhibits
some frequency dependence due to the frequency-dependent
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Fig. 5. Simulated SWI far-field radiation patterns: copolar at (a) 575 GHz

and (c) 1180 GHz; copolar (solid) and cross polar (dashed) at (b) 530, 575,
and 620 GHz, and (d) 1080, 1180, and 1280 GHz. The white lines in (a) and
(c) indicate the polarization direction. The patterns in the planes § = 0 and ¢ =
0 are included in (b) and (d).

radius and radius of curvature of the input beam that is launched
by the smooth-walled feed.

B. PO Analysis

The Gaussian beam mode analysis does not include higher
order modes or diffraction. The contribution of these effects has
been accounted for in the PO analysis. Instead of the best-fit
Gaussian beams, the spherical wave expansions of the actual
far-field radiation patterns of the feedhorns originating from the
mode matching simulations have been used as an input.

First, the sizes of the optical components inside the RU
box have been optimized for minimum spillover loss under
mass and space constraints. The final projected radii are
[Rars, Rara, Rwa, Rarsr, Rusr]=[10, 19, 10, 16, 12] mm.
Then, the far-field radiation characteristics of the instrument
have been simulated at the edge and center frequencies of each
receiver channel. These are shown in Fig. 5 when the telescope
scan angles in the cross-track direction ¢ and in the along-track
direction 6 are zero. This means that when the spacecraft is in
Jupiter or Ganymede orbit, the instrument points at the nadir,
or, in other words, at the center of the planet or the moon. The
key performance parameters are summarized in Table II.

The accumulated coupling efficiency at the mirror M1 7/
is >98%. Such a value is expected when one considers the M1
spillover loss of 1.4% predicted by the Gaussian beam mode
analysis. Losses due to the finite electrical conductivity of the
optical surfaces are not included in 7;,1. The maximum side-
lobe and cross-polarization levels are below —20 dB. The lat-
ter is dominated by M1 because of the 90° bend angle that is
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TABLE II
RESULTS OF PO ANALYSIS

Freq.

(GHz) 530 575 620 1080 1180 1280
Gain
(dB) 62.63 6341 6407 6894 6921  69.56
’(% 98.14 9834 98.61  98.02 98.03  98.07
FWHM 857 784 728 412 396 372
(arcmin)
Max.
cross-pol. 2119 2111 2111  -2080 -2123  -21.30
level (dB)
Ofet g 05 004 003 015 001 016
(arcmin)
Ot 0 o035 001 001 011 -004  -0.10
(arcmin)
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Fig. 6.  Simulated maximum cross-polarization level for different along-track

scan angles.

inherent to the instrument scanning concept. The instrument
pointing offsets were determined by fitting a two-dimensional
Gaussian function to the far-field radiation pattern data. The
absolute offsets are <(0.16 arcmin in the along-track and cross-
track directions for both 600- and 1200-GHz beams. They are
nonzero because of the distortions caused by the off-axis con-
figuration. The requirement set by the science goals is less than
0.5 arcmin, but this also includes the error contribution from
the motors of the scanning mechanism and the misalignment
and deformation factors discussed in Section III. The bore-
sight directions of the 600- and 1200-GHz beams on the sky
agree to within 0.25 arcmin, the requirement being better than
1 arcmin.

The effect of scanning in the cross-track direction is negligi-
ble, whereas scanning the instrument in the along-track direction
causes the maximum cross-polarization level to increase with
increasing absolute scan angle as shown in Fig. 6. The cross-
polarization performance of the 1200-GHz feedhorn at the band
edge frequency of 1080 GHz is about 0.4 dB worse than the
performance at other frequencies. Regardless of the frequency,
the cross polarization is below —20 dB for the range —32° to
56°. The pointing offsets, and consequently the coalignment
of the beams, change as well, but the absolute errors remain
approximately the same as for the nadir pointing.
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Fig. 7. Difference between measured and ideal surfaces. (a) M1 and (b) M2.
The color scale is in millimeters.
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Fig. 8. Simulated SWI copolar (solid) and cross-polar (dashed) radiation

pattern cuts at (a) 530, 575, and 620 GHz and (b) 1080, 1180, 1280 GHz using
measured M1 and M2 surface profiles. The patterns in planes ¢ = O and ¢ =
0 are included in (a) and (b).

III. TOLERANCE ANALYSIS

We have investigated different factors that cause the optical
performance of the real instrument to deviate from the perfor-
mance presented in Section II. These factors include manufac-
turing and mounting tolerances of the optical components, as
well as their thermoelastic deformation and misalignment when
they are exposed to operational temperatures ranging roughly
from —160 °C to —120 °C during the mission.

A. Manufacturing Tolerance

The surface shape accuracies of the M1 and M2 prototypes
were characterized with a coordinate measurement machine
(CMM). Fig. 7 shows the difference between the measured sur-
faces and the ideal surfaces, the positions of which have been
adjusted to best fit the measured data. The root-mean-square
(RMS) difference over the complete surface is about 8§ um and
5 pmfor M1 and M2, respectively, or less than A/29 at 1280 GHz.

The effect of the nonideal surface shape accuracies has been
evaluated by importing the measured point clouds into the opti-
cal model and by simulating the far-field radiation performance
using the PO method. The results show that the change in the
performance parameters of Table II are minor except for the
pointing offset A¢ that changes —0.40 arcmin (4-0.31 arcmin)
at 575 GHz (1180 GHz). In the along-track direction, the abso-
lute change is smaller than 0.10 arcmin. The radiation pattern
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Fig. 10. Histograms of the Monte Carlo analysis for SD;, = 35 pm/mdeg.

(a) Coupling efficiency. (b) Pointing offset A¢.

cuts in Fig. 8 show that the sidelobe level at 1080 GHz rises to
above 20 dB.

B. Mounting Tolerance: Monte Carlo Simulations

To evaluate the uncertainty in the predicted optical perfor-
mance due to mounting tolerances, we have run PO simulations
in a Monte Carlo fashion. Each component is assigned random
rotational and translational misalignments with respect to a local
coordinate system as the one shown in Fig. 9(a). The transla-
tional misalignments have two degrees of freedom along x-, y-,
and z-axis, whereas the rotational misalignments have two de-
grees of freedom about the x- and y-axis. The random values
are drawn from a normal distribution with a standard deviation
SD;, . The mounting tolerance of the components is defined as
25Dy,

The Monte Carlo simulations have been run for SD;,, of 20,
35, and 50. The units are either in pm in case of translational
or in mdeg in case of rotational misalignment. For each stan-
dard deviation, 1800 simulations have been performed. Fig. 10
shows two example distributions obtained at 1180 GHz for
SD;, = 35 ym/mdeg. Fig. 10(a) is the coupling efficiency 7,1
with a sample mean of 97.99% and standard deviation SD,,;
of 0.44%. The mean value matches closely the performance
without misalignment (cf., Table II), and the standard deviation
expresses the fact that for a mounting tolerance of 70 um/mdeg,
the coupling efficiency will have an uncertainty of about 0.9%
with a probability of 95.45%. The skewness of the distribution
indicates that the design is near to the optimum in terms of cou-
pling efficiency. Fig. 10(b) shows the pointing offset A¢. The
distribution is roughly symmetric about 0 arcmin, but SD,,,; of
4 arcmin constitutes a significant uncertainty when compared
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Fig. 11.  Standard deviation of the Monte Carlo distributions at edge and center

frequencies for different values of S D;,, . (a) Coupling efficiency 77,/ 1 . (b) Gain.
(c) Full width at half maximum (FWHM). (d) Maximum cross-polarization
level. (e) Cross-track pointing offset A¢. (f) Along-track pointing offset A6.

to the instrument absolute pointing error requirement of
0.5 arcmin.

The standard deviations SD,,; of the optical performance
parameters originating from the Monte Carlo analysis are given
in Fig. 11 for the input standard deviations SD;, of the nor-
mal distribution. For each SD;,, the figure shows three data
points that are the uncertainties at the edge and center frequen-
cies of the two receiver channels and a curve that has been fitted
to these data points. The uncertainty in 7371, FWHM, and gain
are nonlinearly dependent on the mounting tolerance, whereas
the maximum cross-polarization level and pointing offsets A¢
and A0 are linearly dependent. The performance uncertainty is
higher for the 1200-GHz channel than for the 600-GHz channel,
apart from the pointing offsets, in case of which the uncertainties
are practically identical.

C. Mounting Tolerance: Individual Misalignment

The alignment of most optical elements in the TRU is fixed by
dowel pins and can only be adjusted in one direction by shims.
The feedhorns, or rather the mixer blocks to which the feeds are
attached, and the mirror M2 are exceptions. By adjusting the
position and orientation of these elements, the compensation of,
for example, the beam pointing error is possible to some degree.
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Fig. 12. Simulated effect of misalignment on pointing offset A¢: lateral
misalignment of (a) feedhorn and (c) M2, and angular misalignment of
(b) feedhorn and (d) M2. The stated frequency refers to the channel in case
of RT, which considers only the optical path, whereas in case of PO, it is also
the actual frequency of the propagating beam.

Therefore, simulations in which the optical elements are indi-
vidually misaligned after each other have been performed using
the PO method and a faster ray-tracing (RT) method based on
ABCD matrices [16]. The misalignment of submillimeter-wave
optics has been previously studied with the ABCD matrices in
[17] and [18].

Fig. 12 shows the predicted cross-track pointing offset A¢ of
the 600- and 1200-GHz beams as the feedhorns or the mir-
ror M2 are individually misaligned by translating the com-
ponent laterally along the x-axis or by rotating the compo-
nent around the y-axis of the coordinate system sketched in
Fig. 9(b). Both simulation methods yield results with similar
characteristics, but the RT method predicts higher sensitivity to
the lateral misalignment. The angular misalignment sensitivi-
ties of the feedhorns are very small when compared to that of
the mirror M2. Very good agreement between two simulation
methods is obtained for the angular misalignment sensitivity
of M2.

Fig. 12 suggests that correction of the instrument pointing
error by more than 1 arcmin is feasible with an adjustable mir-
ror M2. The translation of the feedhorns will help as well. Both
correction methods are incorporated into the instrument optical
alignment concept. After each adjustment, the component po-
sitions are measured with a CMM, and the resulting pointing
offsets are determined with near-field beam pattern measure-
ments.

The individual misalignment simulations show that the point-
ing offsets of the instrument beams are most sensitive to the
angular misalignment of the mirror M1: in the along-track di-
rection, the misalignment angle is directly transferred to the
offset Af, whereas in the cross-track direction, the offset A¢ is
two times the misalignment angle.

y (mm)

-100 -50 0
X (mm)

(a) (b)

50 100 150 x10°

Fig. 13.  Cooling of mirror M1 from room temperature to 100 K. (a) Sim-
ulated thermoelastic deformation (exaggerated). (b) Difference from a best-fit
paraboloid. The color scale is in millimeters.

D. Thermoelastic Deformation

The deformation of the mirror M1 caused by uniform cooling
from room temperature down to 100 K has been computed with
the finite-element method (FEM). The mirror is assumed to be
mounted on a fixture having the same coefficient of thermal
expansion as the mirror itself. The cooling causes the mirror
to tilt 40 mdeg around the y-axis and to shift —0.29 mm along
the z-axis as sketched in Fig. 13(a). The paraboloidal shape
of the mirror is preserved upon cooling, but the focal length
becomes shorter. Fig. 13(b) shows the difference between the
cooled surface and the best-fit paraboloid with a focal length
of 348.379 mm: the RMS difference over the complete surface
is just 0.5 pm. The tilt in the cross-track direction gives rise
to a pointing offset A¢ of about —2 arcmin, regardless of the
frequency, when a far-field simulation with the deformed mirror
surface is performed. The gain decreases by 0.4—0.5 dB and the
FWHM increases by 0.2-0.6 arcmin in the 600-GHz channel.
The corresponding changes are 1.5-3.6 dB and 0.3—1.4 arcmin
for the 1200-GHz channel.

E. Thermoelastic Misalignment

Thermoelastic FEM simulations of the complete TRU have
been performed as well. In these simulations, the TRU was
uniformly cooled to temperatures of —100, —130, and —160 °C,
and the translational misalignment of the components M1, M2,
M3, M4, M5R, M5T, and the feedhorns was determined. The
TRU shrinks rather symmetrically, and the maximum translation
is about 0.8 mm, which is obtained for the mirror M2. The
simulation setup did not yet support the extraction of rotational
misalignments or surface deformations.

The component positions at each temperature have been in-
corporated into the optical model and the instrument far-field
performance has been simulated with the PO method. Fig. 14
summarizes the results. Both receiver channels show similar
response to cooling. The accumulated coupling efficiency at
MI increases slightly, which is largely due to the shorter net
distance between the mirrors M1 and M2 and the consequent
reduction in spillover. We also notice a small increase of 0.1—
0.2 arcmin in the FWHM and a decrease of 0.2-0.3 dB in gain,
which is a sign of beam deformation. The pointing offsets with
a maximum magnitude of 1.0-1.5 arcmin are the main effect of
the translational misalignments. However, the cooling does not
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pointing offset A6.

have much effect on the coalignment of the 600- and 1200-GHz
beams since the change in pointing is almost the same for both
channels.

IV. CONCLUSION

We have described the optical design of SWI on the JUICE
spacecraft. Frequency-independent operation for the 600-GHz
receiver channel has been achieved, whereas some frequency
dependence is present in the 1200-GHz channel due to the se-
lected feedhorn type. Scanning of the telescope in the cross-track
direction does not influence the optical performance, but along-
track scanning increases the cross-polarization level by up to
2.5 dB. However, the maximum levels are obtained for angles
at which only cold sky calibration is performed, which is not
affected by the cross-polarization level.

Using PO simulations with simulated FEM and measured
CMM data as an input to the optical model, we have studied
how the surface shape accuracy, component mounting toler-
ance, as well as deformation and misalignment by thermoelas-
tic effects affect the optical performance of the instrument. The
pointing offset of the instrument, which is within the specifi-
cation for the ideal optical configuration, can be affected up
to several arcminutes by these factors. The coalignment of the

600- and 1200-GHz beams is less affected and remains within
the specification. By aligning the feedhorns and the mirror M2
during the instrument assembly, one can compensate the point-
ing error introduced by the other components. However, deter-
mination of the operational pointing error with sufficient accu-
racy before the spacecraft launch is difficult, and hence point-
ing calibration measurements in the form of planet or moon
scans are planned for the cruise and operations phase of the
mission.
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