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For cosmic microwave background (CMB) polarization observations, calibration of detector polarization angles is
essential. We have developed a fully remote controlled calibration system with a sparse wire grid that reflects linearly
polarized light along the wire direction. The new feature is a remote-controlled system for regular calibration, which
has not been possible in sparse wire grid calibrators in past experiments. The remote control can be achieved by two
electric linear actuators that load or unload the sparse wire grid into a position centered on the optical axis of a telescope
between the calibration time and CMB observation. Furthermore, the sparse wire grid can be rotated by a motor. A
rotary encoder and a gravity sensor are installed on the sparse wire grid to monitor the wire direction. They allow us to
achieve detector angle calibration with expected systematic error of 0.08◦. The calibration system will be installed in
small-aperture telescopes at Simons Observatory.

I. INTRODUCTION

Cosmic microwave background (CMB) polarization is a
powerful probe of cosmology.1,2 CMB polarization can be de-
composed into parity-even (curl-free) “E-mode” and parity-
odd (divergent-free) “B-mode” patterns. A typical model
of inflation2,3 predicts the B-mode induced by the primor-
dial tensor perturbations propagating as gravitational waves.4

Therefore, primordial B-modes would be a key signature of
inflation. To perform an accurate observation of the B-mode,
calibration of detector polarization angles is essential. Unin-
tentionally rotating the angle over all of the detectors, i.e. mis-
estimating “the global polarization angle” of detectors will
leak E-mode to B-mode power.5,6 Since the signal power of
the E-mode is much larger than that of the B-mode,1,7 the
leakage could bias a search for the primordial B-mode. In
addition, angle calibration will allow us to use the EB cross-
spectra for possibly detecting non-standard cosmology phe-
nomena such as cosmic birefringence.8,9

The power of the primordial B-mode signal can be charac-
terized by the tensor-to-scalar ratio, r. Simons Observatory
(SO) aims to search for the primordial B-mode to a target sen-
sitivity of σ(r)= 0.003.10 To achieve such a high sensitivity, it

a)Electronic mail: masaaki.murata@phys.s.u-tokyo.ac.jp

is required that the systematic error of the global polarization
angle is within ∼ 0.1◦ because the angle miscalibration intro-
duces a non-negligible bias on the measurement of r.11–13

Previous CMB experiments14–16 have calibrated the polar-
ization angle with an artificial calibrator, such as polarizing
dielectric sheets, or an observation of a polarized astronomi-
cal source, such as the Moon or Tau A. Polarizing dielectric
sheets reflect or transmit incident light and produce polarized
light.17 The BICEP1 experiment calibrated polarization an-
gles of detectors with ∆θ < 0.7◦ setting a polarization dielec-
tric sheet in front of the telescope.14 Tau A is a polarized su-
pernova remnant and the characteristics have been measured
by several experiments in the frequency range from 23 to 353
GHz.18–21 The POLARBEAR experiment calibrated polariza-
tion angles of detectors with ∆θ < 0.43◦ observing Tau A.15

Thermal radiation from the Moon is polarized normal to the
lunar surface.22 The QUIET experiment calibrated polariza-
tion angles of detectors with ∆θ < 3◦ observing the Moon.16

The conventional calibration methods have several limita-
tions. In the artificial calibrator case, it requires time and per-
sonnel to fix the calibrator to the telescope for the calibration
time and also to remove it for the CMB observation. This
requirement makes it difficult to perform the calibration fre-
quently. In the case of polarized astronomical sources, the
time to see the source is limited. However, the regular an-
gle calibration is important to measure the time-variant cos-
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mic birefringence which is predicted in the context of particle
physics beyond the standard model like axion-like particles.23

Therefore, a new calibrator that can calibrate the polarization
angles of detectors remotely and regularly is essential.

To calibrate the angle remotely and regularly, we have de-
veloped a new angle calibration system. The calibration sys-
tem will be installed into the 42-cm small-aperture telescopes
(SATs) of SO.24–27 SO will deploy one 6-m large-aperture
telescope28,29 and an initial set of three SATs followed by an-
other three SATs supported by SO:UK and SO:Japan at alti-
tude of 5200m in the Atacama Desert of Chile. The SATs
are optimized to detect the primordial B-mode and the ini-
tial three SATs will together contain > 30000 transition-edge-
sensor (TES) detectors.30 Observations will be made at six
frequency bands: 27/39 GHz (low frequency (LF)), 93/145
GHz (mid-frequency (MF)), and 225/280 GHz (ultra-high fre-
quency (UHF)). Each TES detector on a focal plane is cou-
pled to a sinuous antenna with a lenslet at LF or an ortho-
mode transducer (OMT) with a horn at MF and UHF.31 The
sinuous antenna and the OMT receive an incoming polariza-
tion signal and send it to the TES detector. We calibrate the
polarization angles of them. To suppress the 1/f noise, each
SAT will have a continuously rotating cryogenic half-wave
plate (CHWP),32–34 which modulates incoming polarization
signals. In addition to our calibration system, angle cali-
brations using Tau A and an artificial source with a drone35

are planned. We will compare our calibration system with
the drone and Tau A to check the consistency.12 This paper
describes the concept of the calibration system (Section II),
the requirements for the system (Section III), and the design
and evaluation to confirm that the system satisfies the require-
ments (Sections IV, and V).

II. CONCEPT

The new calibration system is based on one of the artificial
light sources, a sparse wire grid (SWG) as shown in Fig. 1.
The SWG is composed of parallel metal wires with a sparse
pitch that is much larger than the wavelength of the observed
light. The SWG reflects 300K blackbody radiation from sur-
rounding materials. The reflected light has a broadband spec-
trum and is polarized along the wires. The SWG has another
advantage that it is an aperture-filling source and calibrates all
detectors on a focal plane at once with a large optical through-
put, i.e. large aperture and large solid angle, while maintain-
ing manageable size. This feature enables accurate calibration
of the relative angles among all of the detectors in addition to
the global angle calibration.

The SWG can calibrate not only the polarization angle but
also responsivity, a detector time constant and polarization ef-
ficiency. We determine time-dependent relative responsivity
between detectors.36 By combining the CHWP and the SWG,
we can make accurate in-situ optical time constant measure-
ments using the phase delay in the CHWP signal modulation
when varying the rotation speed of the CHWP.37,38 In addi-
tion, we determine a polarization efficiency of detectors37 in-
dependently of the modulation efficiency of CHWP.

FIG. 1. Sparse wire grid (SWG). This SWG is for the SAT MF band
and has 39 wires stretched on an aluminum ring with 20-mm pitch.

The calibration system has a new feature of a fully remote-
controlled system to move the SWG for regular calibration.
The SWG is placed in the optical path of the telescope for
calibration but must be removed from the optical path dur-
ing CMB observation to avoid any optical influence. The past
experiments, the QUIET36 and the Atacama B-mode Search
(ABS),38 used SWGs as calibrators but had no system to auto-
matically load the SWG into a position centered on the optical
axis. The QUIET and the ABS conducted the calibration once
a season39 and several times a season38 respectively. Our cal-
ibration system can load and unload the SWG into a position
centered on the optical axis using linear actuators so that we
can perform the calibration remotely and regularly. This cali-
bration is planned to be run a few times per day or more. This
regular calibration of our calibration system will allow us to
calibrate the time trend of the relative angles for each detector.

The SAT receiver is a cryogenic three-lens refractor. A
large baffle (a “forebaffle” with a 2.08-m-diameter upper aper-
ture) is installed above the cryostat window on the SAT to
suppress stray light from the nearby terrain. The SWG is po-
sitioned 70mm above the window inside the forebaffle to il-
luminate the detectors in the cryostat (Fig. 2a). To move the
SWG out of the optical path after the calibration, the fore-
baffle has been designed with an opening (Fig. 2b). We have
designed a system using linear actuators to remove the SWG
from the inside of the forebaffle through the opening.

The calibration system also has a remote-controlled system
for the SWG rotation. In the calibration, we plan to rotate the
SWG with steps of 22.5◦ and perform the calibration of detec-
tor polarization angles at each SWG angle to understand the
influence on the calibration caused by the wire angle differ-
ence. The rotation is enabled by a motor. A rotary encoder
and a gravity sensor are installed in the system to measure the
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(a)

(b)

FIG. 2. (a) Cross section of the SAT receiver, which also shows the
SWG position during the calibration, and (b) overview of forebaffle
from the right side view of (a). The SWG is positioned above the
window inside the forebaffle and moves from the inside of the fore-
baffle through the forebaffle opening using linear actuators.

FIG. 3. Orientation of the telescope and SWG during the angle cal-
ibration. The SAT will be set at an elevation around 50◦ from the
horizontal plane for observation. The coordinate system is fixed to
the ground. In this figure, the top section of the forebaffle is not dis-
played.

rotation angle and the alignment of the rotation plane, respec-
tively. They allow us to know the accurate direction of the
wires and to achieve a global angle measurement with a sys-
tematic error of 0.08◦. The evaluation of the systematic error
is described later in Section V. The remote-controlled system
with the linear actuators and the motor significantly improves
the repeatability in the grid placement and rotation compared
to the SWGs in the past experiments.

The SAT including the calibration system is mounted on
the 3-axis-actuation SAT platform25,27 and can change the az-
imuth and elevation of the pointing direction and rotate around
the optical axis. We plan to nominally set the SAT at an eleva-
tion around 50◦ from the horizontal plane for observation.26,27

The calibration will be performed at the nominal elevation
shown in Fig. 3. Since the polarization angle of the light from
the SWG is parallel to the wires, measuring the wire orien-
tation in the SWG plane is essential for this calibration. In
particular, to project the wire orientation on the sky map, it is
important to measure the rotation angle of the wires θwire in
the SWG plane from a “horizontal line” where the SWG plane
and the horizontal plane intersect each other (Fig. 4).

To calculate the angle θwire between the wires and horizon-
tal line, we measure four angles: α , β , θenc and θenc0. α and
β are the angles between the horizontal plane and SWG plane,
which are measured by a two-axis gravity sensor installed on
the SWG plane and the measured axes (x′ and y′) on the SWG
plane are defined by the gravity sensor. The gravity sensor is
roughly aligned to make the x′ axis parallel to the horizontal
line. α and β are also measured by encoders of the SAT plat-
form and the measured values can be used as a cross-check to-
ward the gravity sensor. θenc is the rotation angle of the wires
measured by the encoder. θenc0 is the offset of the encoder
output. By combining them, θwire can be calculated as

θwire = θenc +θenc0 +θsens, (1)

where

θsens = arctan
(

sinα

sinβ

)
. (2)

θenc0 is defined as the difference between θenc and θwire when
x′ is aligned along the horizontal line (α = 0). Since θenc0 is
time-invariant and independent of θwire, θenc0 is measured in
a laboratory using an extra gravity sensor as described in Sec-
tion V. θsens is a small rotation angle of the x′ axis with respect
to the horizontal line around the optical axis. It is ideally zero
if the gravity sensor is exactly aligned to the horizontal plane.
The systematic error on θwire calculated in Eq. (1) using the
encoder and gravity sensor must be within 0.1◦ to achieve the
SO science target of measuring the tensor-to-scalar ratio with
σ(r) = 0.003 using solely the calibration system to calibrate
the polarization angle.

III. REQUIREMENTS

The calibration system has requirements on the sizes and
the actuators in addition to the requirement on the angle sys-
tematic error. Table I summarizes these requirements.
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(a)

(b)

FIG. 4. (a) Orientation of the SWG plane in a xyz coordinate system
fixed to the ground and (b) definitions of the angle parameters in the
SWG plane. The negative z axis represents the direction of gravity.
The rectangle in (a) represents the horizontal plane (xy plane). The
SWG plane is the same plane as the x′y′ plane defined by the two-
axis gravity sensor. The horizontal line (blue line) is shared by the
SWG plane and horizontal plane. θwire is the angle between the wire
direction and the horizontal line. The angle between the horizontal
line and the x′ axis is defined as θsens. θenc is an angle measured with
an encoder and θenc0 is its offset.

TABLE I. Key system dimensions and requirements for the calibra-
tion system

Parameter Requirement
Wire angle systematic error < 0.1◦

SWG diameter > 720 mm
Width of calibration system < 870 mm
Height of calibration system < 150 mm

Actuator length > 1.5 m
Actuator loadable weight > 23kg
Actuator insertion time ⪅ 3minutes

Actuator positioning accuracy ⪅ 1mm
Rotation positioning accuracy ⪅ 1◦

Calibration duration ⪅ 10minutes

The diameter of the beam is defined by a −20dB trun-
cation diameter, which designates the region where diffrac-

FIG. 5. Cross section of the SAT receiver around the installation
position of the SWG and the diameter of the beam defined by −20dB
truncation.

tion of the beam of edge detectors on the focal plane be-
comes −20dB assuming the uniform illumination at the aper-
ture.40 The SWG installation position requires an inner diam-
eter greater than 720mm to accommodate the −20dB trun-
cation diameter of the beam (Fig. 5). On the other hand, the
SWG size can not be arbitrarily large as it must fit through
the designated 870mm× 150mm opening in the forebaffle.
Automatic switching of the SWG position is enabled by two
electric linear actuators. The actuators also have several re-
quirements. To move the whole of the SWG out of the fore-
baffle, the actuator length must be more than 1.5 m. Since the
telescope changes the elevation and rotates around the optical
axis, the actuators need to carry the SWG at any inclination.
Therefore, the loadable weight of the two actuators in moving
vertically must be more than 23kg. This weight corresponds
to the sum of the SWG assembly weight and an additional
load to move the cover system, which is described in Sec-
tion IV. We also set other requirements as shown in Table I
for the actuator insertion time, the actuator positioning accu-
racy, the rotation positioning accuracy, and the operation time.
The actuator insertion time is the time of loading or unload-
ing the SWG assembly into a position centered on the optical
axis using linear actuators. The actuator positioning accuracy
is the accuracy for placing the SWG assembly in the optical
path of the telescope. The rotation positioning accuracy is the
accuracy for rotating the SWG with the step of 22.5◦. The
calibration duration is the time taken for all of the operations:
the insertion of the SWG assembly into the forebaffle, 16 ro-
tations of the SWG by 22.5◦ each, and the removal.

IV. DESIGN

Figure 6 shows an overview of the calibration system. The
calibration system consists of an SWG assembly and linear
actuator system. The SWG assembly has a baseplate on which
a rotation bearing is mounted with the SWG. The baseplate
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FIG. 6. Overview of the calibration system with the forebaffle bottom
section. The calibration system consists of the SWG and traveling
system with two linear actuators as shown in the left photo. The
calibration system is covered with an aluminum enclosure as shown
in the right photo.

is fastened to the movable plates of the two linear actuators.
The calibration system is covered with an aluminum enclosure
to prevent dust, rain, and ambient light entering the inside of
the forebaffle through the forebaffle opening. The inside of
the enclosure is blackened with a microwave absorber (E&C
Engineering AN-W7241).

A. SWG

The SWG for the SAT MF band has 39 wires stretched on
a ring with 20-mm pitch. The amplitude of the polarization
signal is proportional to the products of the inverse of the wire
pitch, beam illumination on the SWG, and the difference be-
tween the reflected ambient temperature and the background
load temperature.36 In the ABS experiment,32 the polariza-
tion signal of the SWG was ∼ 0.5K. Considering the differ-
ences in the wire pitch and beam size between that SWG and
ours, the polarization signal in our system is expected to be
O(1)K, which is much higher than the white noise level of
the SAT detectors.10 The wire is made of tungsten to mitigate
creep in the wire and the diameter is 0.1mm. The diameter
is sufficiently smaller than the observation wavelength, which
is ≳ 1mm. The cross polarization by reflection of the SWG
is smaller than 1% of the polarization signal along the wires
considering the wire diameter and the observation wavelength
(Appendix A). The skin depth of tungsten is ∼ 0.4 µm in the
SAT MF band, which can be calculated from the tungsten re-
sistivity of 5× 10−8Ωm at 300K.42 These properties lead to
the SWG’s reflectivity of ∼ 1. Thus, the light from SWG is
primarily due to reflection, not emission.

In the SWG, the wires are epoxied to screws mounted on
an aluminum ring. The ring has thin grooves and tapped holes

FIG. 7. Grooves and screws on the aluminum ring. The wires are
glued on the heads of screws fixed on the aluminum ring.

arranged with the grooves (Fig. 7). The wires are hooked over
the grooves and are glued on the heads of screws fixed in the
tapped holes. Broken wires can be replaced by unscrewing
the screws without any damage to the ring. The wire align-
ment is set by the machined grooves, each of which is only
0.2mm wide. While the adhesive cures, the wires are ten-
sioned by 230-g weights to minimize sagging. At this ten-
sion of 290N/mm2, the expected sag is only 0.05mm across
the 743mm length, which corresponds to ∆θ < 0.01◦. We
describe measurements of the sag in Section V. This tension
is relatively small compared to tungsten’s tensile strength of
2940N/mm2, so does not lead to any creep in the wires.43

B. SWG assembly

Figure 8a shows an overview of the SWG assembly. The
SWG is rotated on a large bearing (Silverthin SC300XP0,44

φ762mm). The inner ring of the bearing is fastened on the
baseplate as a stator. The outer ring fastens the SWG, as
shown in Fig. 8b. The height of the SWG assembly is 62mm,
and the height including the linear actuator system is 107mm.
The SWG’s innermost and outermost diameters are 743mm
and 826mm, respectively. These dimensions satisfy the re-
quirements in Table I. The gap of the inner and outer rings of
the bearing is covered with a PTFE ring for weather and dust
proofing. A belt passing through the belt groove on the outer
ring is driven by a motor on the baseplate (Fig. 8c). It rotates
the outer ring with the SWG. The belt tension is maintained
by a tensioner installed on the baseplate.

C. Encoder

The encoder is an incremental magnetic encoder (Renishaw
LM15 IC45) and consists of a magnetic scale and a reader.
The magnetic scale is wrapped along the outer ring, and the
reader is set on the baseplate. When the outer ring rotates, the
reader generates signals representing the counts of the mag-
netic scale and the rotation direction. The magnetic scale has
52000 counts per lap, which corresponds to an angle resolu-
tion of 0.002◦. The magnetic scale has one reference point in



6

a lap, at which the encoder angle θenc is 0◦.

D. Gravity sensor

A gravity sensor is installed on the baseplate to monitor the
orientation of the SWG plane, as shown in Fig. 8d. The grav-
ity sensor is a Digi-pas DWL-5000XY,46 which can measure
elevation angles on two axes simultaneously. The angle ac-
curacy according to the sensor’s specifications is 0.01◦ at 0◦

to ±2.00◦ and 0.03◦ at other angles for both axes. The grav-
ity sensor is tilted by 40◦ toward the SWG plane to set the
measured angle around 0◦ at the telescope posture during the
calibration, as shown in Fig. 3. Thus, the measurement accu-
racies of α and β are 0.01◦.

E. Linear actuators

We used two 1.5-m-long linear actuators (Openbuilds V-
slot NEMA 23 Linear Actuator47) with stepper motors (Orien-
talmotor PK269JDA48). The stepper motors rotate belts pass-
ing through the actuator rails as shown in Fig. 9. The baseplate
is fastened to two movable plates on the actuators, each of
which has 8 wheels moving on the rails. At the ends of the ac-
tuator rails, limit switches (Omron D2JW-01K31-MD49) are
installed and can position the baseplate with an accuracy of
0.8mm.

F. Cover system

The SWG is moved by the actuators through the forebaffle
opening. The opening has a potential risk of making optical
anisotropy for the detectors. Therefore, we developed a sys-
tem to cover the opening during the CMB observation. The
cover system consists of a cover panel that fits into the open-
ing shape and two lever arms to raise and lower the panel as
shown in Fig. 10. The cover panel and the inner surface of
the forebaffle are blackened with a microwave absorber, Laird
HR1050, to prevent ambient light from reflecting on the sur-
face. Therefore, the surface of the cover panel is optically the
same as the surface of the forebaffle. The panel rises and falls
in synchronizing with the motions of inserting and removing
the SWG assembly into the forebaffle by the actuators, respec-
tively. The SWG assembly has wheels fixed on the baseplate
as shown in Fig. 8a and the lever arms have grooves, in which
the wheels run. When inserting and removing the SWG as-
sembly, the wheels push the lever arms up and down to open
and close the cover panel. To open and close the cover, 5 kg
force is required on the actuators. This force is included in the
23kg of requirement on the actuator loadable weight.

G. Tests for the actuators and operation

We evaluated the loadable weight of the actuators by
putting a dummy mass on the actuators tilted vertically. We

(a)

(b)

(c)

(d)

FIG. 8. (a) SWG assembly, (b) cross section of the rotation bearing
of the SWG assembly, (c) mechanical parts installed on the baseplate
for rotating the SWG, and (d) gravity sensor.
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(a)

(b)

FIG. 9. (a) Overview of the actuator, (b) cross section of the actuator
from the left side view of (a).

concluded that the two actuators can carry up to ∼ 50kg-load
vertically. We also measured the operation time. To obtain
calibration data at each wire angle, a time interval of 10 sec-
onds was set between every 22.5◦ rotations.32 We found that
each rotation step was positioned with an accuracy of 0.6◦.
The insertion and removal time was 1.5 minutes and the total
operation time was 7.5 minutes. This operation time will al-
low us to perform the angle calibration a few times per day or
more.

V. EVALUATION OF THE ANGLE SYSTEMATIC ERROR

We evaluated whether the developed calibration system sat-
isfies the requirement of the angle accuracy to achieve the SO
science target. The uncertainties in the wire angle come from
the alignment accuracy of the wires on the ring and measure-
ment systematic errors with the encoder and gravity sensor.
The wire alignment is defined by the wire groove as described
in Section IV. The wire alignment is determined by the groove
width of 0.2mm, which corresponds to angle uncertainty of
0.02◦, and the machining accuracy of the groove is 0.05mm,
which corresponds to an angle uncertainty of 0.005◦.

Wire sagging is another possible cause of wire misalign-
ment. We took a photo of each wire with a commercial camera
from the side of the wire when the SWG was put on a horizon-
tal plane to measure the length of sagging from the horizontal
at the center of the wire (Fig. 11). As the horizontal plane, a
precision steel straight edge (Ohnishi OS-140-1000A51) was
placed on the SWG ring. The sag length ∆s was converted

(a)

(b)

(c)

FIG. 10. (a) Forebaffle opening with the cover panel shown from
the inside of the forebaffle. (b) side-views of the lever arm when
the cover panel is lowered and raised, and (c) components of the
cover system in the sideview. When inserting and removing the SWG
assembly, the wheels fixed on the baseplate push the lever arms up
and down to open and close the cover panel.

from the measured value using the positions of the camera
and the straight edge. The measured value was calculated by
counting the number of pixels in the photo between the wire
and the edge of the straight edge. To convert the number of
pixels to millimeters, a ruler was also placed in the photo.

The average ∆s for all 39 wires was 0.10± 0.14mm. The
measurement error of ∆s comes from four factors: (a) the
straightness of the straight edge, (b) the pixel size of the cam-
era, (c) the uncertainties of the positions of the camera, and (d)
the positions of the straight edge. Factor (a) comes from the
machining accuracy and corresponds to 0.03mm in ∆s. The
(b) corresponds to 0.05mm. We took half of the pixel size as
a measurement error, which corresponds to 0.025mm. Con-
cerning factor (c), we conservatively assumed that the position
accuracy of the camera focus is the radius of the lens, which
corresponds to 0.05mm in ∆s. The (d) is measured with a
ruler, and it is conservatively assumed that the position accu-
racy of the straight edge is a length of one scale of this ruler.
This accuracy corresponds to 0.06mm in ∆s. We concluded
that the total error for measuring ∆s is 0.1mm. The sag an-
gle was calculated by ∆θ = arctan(∆s/r), where r is half the
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(a)

(b)

FIG. 11. (a) Top view of the setup for wire sag measurement, (b)
cross section of the setup. ∆s is the sag length and is converted from
the measured value using the positions of the camera and the straight
edge.

length of each wire. ∆θ corresponds to the sag angle when the
SWG is placed vertically, which is the maximum angle varia-
tion caused by sagging. The average sag angle in all 39 wires
was 0.02◦± 0.03◦. Thus, the angle misalignment due to the
sag was < 0.05◦.

The systematic error of the rotation angle measured by the
encoder was determined by not only the resolution but also the
alignment of the magnetic scale attached to the SWG bearing.
We measured the actual rotation angle using a coordinate mea-
suring machine (Faro Edge52). The accuracy of the coordinate
measuring machine is 29 µm, which corresponds to the angle
systematic error of 0.003◦. With the coordinate measuring
machine, we measured the longitudinal direction of the two
special grooves dug on the SWG parallel to the direction of
the wires instead of measuring the wires directly. The align-
ment between the grooves and wires was confirmed by the
machining accuracy, which is equal to 0.02◦ in the rotation
angle. We did 12 rotations with random angles and measured
the angle of wires with the coordinate measuring machine.
At the same time, the encoder measured the rotation angle as
well. We found that the fluctuation of the angle differences
between the coordinate measuring machine and encoder was
independent of wire angles and that the standard deviation was
0.03◦ in the 12 measurements. Therefore, we concluded that
this systematic error was 0.03◦ in the angle calibration.

As shown in Eq. 1, we have to measure θenc,θenc0, and
θsens = arctan(sinα/sinβ ) to monitor θwire. θsens can be mon-
itored with a systematic error of 0.02◦ because the measure-
ment accuracy of the gravity sensor to measure α and β are
0.01◦ and α and β were confirmed to be around 0◦ and 40◦

during the calibration respectively. θenc0 was evaluated by
measuring θenc,α , and β at θwire = 0◦, which was confirmed
by an extra precision level meter (SK FLW-200002) with an
accuracy of 0.002◦. We found that the uncertainty of θenc0 was
0.04◦. The uncertainty consists of the encoder systematic er-
ror of 0.03◦ as evaluated in the coordinate measuring machine
test, the θsens systematic error of 0.02◦, and the machining ac-
curacy of the wire grooves, which corresponds to 0.002◦ in
θwire.

TABLE II. Expected systematic error in the global angle calibration.
The total expected systematic error is less than the target angle ac-
curacy of 0.1◦.

Source of inaccuracy Systematic error
Wire alignment 0.02◦

Wire sag < 0.05◦

Encoder 0.03◦

Encoder reference < 0.04◦

Gravity sensor < 0.02◦

Total 0.08◦a

a The total systematic error is obtained by quadrature sum of each
systematic error. We assume that these uncertainties are uncorrelated.

Table II summarizes the evaluation results. We concluded
that the total expected systematic error is 0.08◦.

VI. CONCLUSION

We report the development of an angle calibration system
with a sparse wire grid (SWG) for SAT receivers in the SO
experiment. One of the new features of the calibration sys-
tem is a fully remote-controlled system for regular calibra-
tion, which is enabled by the two electric actuators switching
the SWG position between the calibration time and the CMB
observation. This fully remote-controlled system allows us
to perform the angle calibration a few times per day or more
instead of several times per season in the past experiments.
In addition, the calibration system has a sufficiently small ex-
pected systematic error on the wire angle, which is achieved
by the system monitoring the wire orientation with an encoder
and gravity sensor. We have designed the calibration system
to satisfy the size requirements to integrate the system with
the SAT receiver.

The angle systematic error and the loadable weight of the
traveling system have been evaluated with the developed cali-
bration system. In particular, the expected systematic error in
the global angle calibration is 0.08◦.
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Appendix A: Cross polarization

Here we derive the ratio of the power of the cross-
polarization signal to that of the polarization signal parallel to
the wires of the SWG. We consider a simple model with a per-
fectly conducting wire with radius a along the z-axis and light
is incident along the x-axis and scattered on the surface of the
wire. We assume the incident light has one of two polariza-
tions, with the electric field in either the z-axis direction (i.e.
parallel to the wire), which we call “E-polarization”, or the
y-axis direction (i.e. perpendicular to the wire), which we call
“H-polarization”. E-polarization and H-polarization generate
polarization signal parallel to the wire and cross-polarization
signal relative to the wire direction respectively. The scattered
field in the far zone are expressed as53

u(r,ϕ) =−
√

2
πkr

e− j(kr− π
4 )F(ϕ), (A1)

where k = 2π/λ , λ is the wavelength of the incident light,
r is a distance from the center of the wire, and ϕ is the an-
gle between the propagation directions of the scattered light
and the incident light around the wire. When the scattered
light propagates in the direction from which the incident light
came, ϕ = 0◦. On the other hand, when the scattered light
propagates in the direction to which the incident light goes,
ϕ = 180◦. F(ϕ) is called as “scattering coefficient” of the
wire. The scattering coefficients for E-polarization and H-
polarization are expressed as

FE(ϕ) =
∞

∑
n=−∞

Jn(ka)

H(2)
n (ka)

e− jn(ϕ−π) (A2)

FH(ϕ) =
∞

∑
n=−∞

J′n(ka)

H(2)′
n (ka)

e− jn(ϕ−π), (A3)

where Jn(ka) is the Bessel function of the first kind and
H(2)

n (ka) is the Hankel function of the second kind. J′n(ka)
and H(2)′

n (ka) are the derivatives of Jn(ka) and H(2)
n (ka)

with respect to ka respectively. The scattering power of E-
polarization and H-polarization are |uE(r,ϕ)|2 and |uH(r,ϕ)|2,
respectively, and their ratio, |uH(r,ϕ)|2/|uE(r,ϕ)|2, equals to
|FH(ϕ)|2/|FE(ϕ)|2. Figure 12 shows the scattering coeffi-
cients and the ratios of the scattering power of E-polarization
to that of H-polarization with λ varying over the range of the
observation wavelength of the SATs, and a = 0.05mm. We
find that the ratio scales with wavelength as ∼ λ−3.8.
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FIG. 12. Scattering coefficient and ratio of the scattering power of
H-polarization to that of E-polarization as a function of scattering
angle ϕ . λ is varied over the range of the observation wavelength
of the SATs and the wire radius a is 0.05mm. The grey area means
ϕ < 72.5◦.

Next, we consider the situation of the SWG in a SAT as
shown in Fig. 2 and Fig. 5. Since the wire pitch of the SWG
is much larger than the wavelength of the observed light, the
fraction of cross polarization can be well approximated by
that of a single wire. The 300K blackbody radiation from the
forebaffle is incident and scattered on the surface of the wire.
Considering the field-of-view of the SAT and the position of
the SWG and the forebaffle as shown in Fig. 13, the scattered
light entering the detectors has a ϕ larger than 72.5◦. When
integrated over this range, the total cross-polarization signal
is smaller than ∼ 1% of the total polarization signal even for
300 GHz, which is the worst case here.
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