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ABSTRACT

Polarization modulation is a powerful technique to increase the stability of measurements by enabling the dis-
tinction of a polarized signal from dominant slow system drifts and unpolarized foregrounds. Furthermore, when
placed as close to the sky as possible, modulation can reduce systematic errors from instrument polarization. In
this work, we introduce the design and preliminary drive system laboratory performance of a new 60 cm diameter
reflective half-wave plate (RHWP) polarization modulator. The wave plate consists of a wire array situated in
front of a flat mirror. Using 50 µm diameter wires with 175 µm spacing, the wave plate will be suitable for
operation in the millimeter wavelength range with flatness of the wires and parallelism to the mirror held to a
small fraction of a wavelength. The presented design targets the 77–108 GHz range. Modulation is performed
by a rotation of the wave plate with a custom rotary drive utilizing an actively controlled servo motor.

1. INTRODUCTION

The richness of many astrophysical processes ranging from supernova remnants and diffuse galactic magnetic fields
to the cosmic microwave background (CMB) can be revealed through careful measurement of polarized emission.1

In fact, it is often the distribution of polarization over an extended source that contains the physical information
of interest. For such observations, a measurement platform must provide a sufficiently stable calibration for
the consistent interpretation of the signal over the angular and temporal scales of interest. In practice, these
measurements can require high accuracy, the emission may be only slightly polarized, and instrument effect may
contaminate the measurement; these challenges can be addressed through the use of modulation.

In the millimeter and submillimeter wavelength range, polarization modulation can be achieved by placing
a device in the optical path capable of varying the incoming polarized light in a known way while leaving the
overall total intensity unchanged. Examples of such devices include half-wave plates (HWP)2–5 and variable-
delay polarization modulators (VPMs).6–8 When combined with polarization sensitive detectors, such an optical
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system is capable of distinguishing between potentially larger unpolarized continuum flux and the targeted
polarized signal.

Polarization modulation has proven critical for far infrared and millimeter polarimetry, which includes the
study of magnetic field structure, synchrotron emission, polarized thermal dust emission, and the CMB.5,6, 9–12

In this work, we present the design for a new reflective half-wave plate (RHWP) modulator of sufficient size to be
suitable for use as a front-end polarization modulator for study of the CMB polarization at large angular scales.
The design breaks new ground in terms of diameter, flatness, and system control.9,13 Many design choices, e.g.,
the wave plate diameter, the modulation frequency, and the targeted wavelength are easily adopted to many
different systems. As a specific goal, the design is optimized to fit in the 90 GHz telescope of the Cosmology
Large Angular Scale Surveyor (CLASS).8

While the device is of broad general interest, using the 90 GHz CLASS telescope for an initial demonstration
has many attractive features. For example, the telescope is already designed for a reflective front-end modulator
such that no additional relay optics are required for integration, the calibration and optical performance of the
CLASS telescopes are well understood and therefore commissioning can specifically target the RHWP, and using
CLASS will enable a unique and important comparison of systematic and efficiency performance metrics between
the CLASS VPM and this new RHWP modulator.

The paper is organized as follows. Section 2 introduces a simple model describing how the RHWP can be
used as a modulator. Section 3 describes the design of the wave plate and its expected mechanical performance.
Section 4 describes how the modulator motion is controlled and gives preliminary performance from laboratory
measurements. Finally we provide conclusions in Section 5.

2. OPERATION OF A REFLECTIVE WAVE PLATE MODULATOR

As a motivation for this instrument, a simplified model that demonstrates the concept of how the RHWP operates
is presented. A more complete description can be found in the literature,9 and a more complete electromagnetic
model will be included in future work.

To describe the optical operation of the RHWP, we use Mueller calculus for the description of polarized
light.14 The objective of a half-wave plate is to effectively introduce half a wavelength of path length difference
between orthogonal linear polarization states. Regardless of the physical system used to implement such a
transformation, the effect in the Stokes basis (I,Q, U, V ) can be represented via the Mueller matrix

MWP =


1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

 ,

where the chosen Stokes basis is oriented such that the wave plate “fast” axis is aligned with that of the Q basis.
In this orientation, the half-wave delay is introduced between the linear polarization states that define Q such
that the sign of U is flipped; thus, the −1 in the UU element of MWP . Rotation of the wave plate in a fixed lab
coordinate system can then be expressed as

MWP (θ) = R(−θ) ·MWP ·R(θ) =


1 0 0 0
0 cos 4θ sin 4θ 0
0 sin 4θ − cos 4θ 0
0 0 0 −1

 , (1)

where R(θ) is the Stokes basis rotation matrix:

R(θ) =


1 0 0 0
0 cos(2θ) sin(2θ) 0
0 − sin(2θ) cos(2θ) 0
0 0 0 1

 .



Figure 1. Schematic of a reflective wave plate. The wire–mirror distance, d, is fixed to incorporate a half-wave path
length difference between signals polarized parallel to the wires and those orthogonal to the wires. Modulation is achieved
through rotation of the full wire and mirror assembly.

When followed by a detector sensitive to linear polarization, the polarization signal is then modulated at four
times the rotation rate of the RHWP. To operate as a modulator, θ can be varied in a known way for subsequent
analysis of the polarized component. A good review that places the half-wave plate modulator in context with
alternative modulation strategies can be found in Figure 1 of Chuss et al. (2012).15

To achieve this effect in a reflective wave plate, note that the incoming and outgoing signals are easily
distinguished by operating at nonzero incident angle, α. In this configuration, the polarization state of an
incoming signal can be split with a reflective wire array polarization filter. Light with polarization along the
wires is reflected while the orthogonal state is transmitted; see Figure 1. In the limit where the wires are much
smaller than the wavelength, the relative phase between the two reflected states is given by

φ =
4πd

λ
cosα, (2)

where d is the distance between the wires and the mirror and λ is the wavelength of the signal. The distance
d and the angle α are chosen so that φ = π, i.e., the signal reflected by the mirror has traveled an additional
half a wavelength. In this design, the angle of incidence is set to α = 22.2◦, and the nominal central wavelength
is λ = 3.26 mm to be consistent with the CLASS 90 GHz telescope.8 Following Equation 2, the wire–mirror
spacing is set to be d = 0.88 mm. In practice, observations occur over some finite bandwidth, and the total
impact of modulation is the integrated effective delay experienced by each frequency in that band.9

3. WAVE PLATE MECHANICAL DESIGN

The architecture for this RHWP is flexible and has the ability of being tailored for use in a broad range of
frequencies and optical systems. From Equation 2, one needs only adjust wire–mirror distance to operate in a
different frequency band. Packaging and illumination profile concerns can also be addressed by using a diameter



for the modulator that is suitable for the particular optical system. Since this particular design is optimized for
testing on the CLASS 90 GHz telescope, the diameter is set to match the current modulator for that telescope,
60 cm. This choice ensures consistent edge illumination to the operating telescope optics and avoids concerns
from interference in packaging.

Broadly speaking, the wave plate consists of three components: a wire array, a stiff support plate, and a flat
mirror; see Figure 2, Box A. Part of the innovative structure of this design is that the stiff support structure is
decoupled from the precision flat requirements of the mirror. This relaxes the stiffness requirements of the wire
support and allows the entire assembly to be lighter weight and more modular.

The stiff support plate holds a uniformly-spaced wire array. Between the wires and support plate, a mirror
is held with 127 threads per inch fine adjustment screws – AJS127-0.5H. The mirror is augmented with a raised
rim around its perimeter with height equal to the desired wire–mirror separation d. Full contact between the
mirror rim and wires is the only requirement for specification of the phase delay. This means that the mirror rim
also functions as a metrology flat for defining the plane of the wires. Once in contact, the surface normal vectors
for the wire array and the mirror are both parallel, and alignment with the axis of rotation of the RHWP is
achieved through fine adjustment of the mirror. By design, the contact between the wires and the mirror ensures
the wires are moved in concert with the mirror during such an adjustment.

The full RHWP modulator system concept is shown in Figure 2. In addition to the wave plate itself, a
rotary drive system suitable for stable motion control and position registration is included. The drive is a critical
aspect of the full modulator; the wave plate itself is insufficient. Details of the drive will be discussed further
in Section 4. In the following subsections the construction of the wire array, 3.1, the targeted wire tension, 3.2,
the design and performance of the support plate, 3.3, and the design and performance of the mirror, 3.4, are
described.

3.1 Wire grid fabrication

To make the wire array, fine-gauge wire is wrapped onto a cylinder following Novak et al.16 The circumference
defines the length of the wires. After securing the wires to removable bars running the length of the cylinder,
the wires are cut between the bars, and the wire sheets are unwrapped from the cylinder and transferred to
an intermediate stretching frame. Once brought to the desired tension, the wires are transferred to their final
support structure. This precision wire grid polarizer fabrication procedure builds upon the work of others17–19

and has been extended to larger grids.20 The PIPER balloon-borne CMB experiment significantly improved the
large mandrel wrapping technique,21 which was further adapted for the CLASS VPMs.8

Following the same reasoning as used for previous large grids,20 50 µm diameter tungsten wire is used for the
array. For increased electrical conductivity, the tungsten is plated with a ∼ 2.5 µm thick layer of copper, using a
nickel adhesion layer. Assuming a bulk resistivity of 1.72 × 108 Ω·m at 300 K, the penetration scale of the field
into the wire plating is ≈ 0.21µm at a wavelength of 3 mm. Thus the wire plating is expected to be sufficiently
thick to determine the emission properties of the wire.

A wire spacing of 175 µm is targeted. This wire diameter to spacing ratio strikes a reasonable balance
between the inductance for the polarization that is parallel to the wires and the capacitance of the perpendicular
polarization. This broadly optimizes the performance of the wire grid as a quasioptical polarization diplexer.7

We briefly summarize the wrapping procedure in this paper; a more complete description has been described
in previous literature.8 An 8-inch diameter mandrel is used into which two bars are sunk. These bars protrude
slightly above the surface of the mandrel and provide locations for the eventual attachment points of each wire.
The first step in the wrapping process is to cut grooves in these mandrel bars that will register each wire with the
proper spacing relative to its neighbors. These grooves are cut into the bars using an end mill set to cut at a 45◦

angle. In this configuration, as the mandrel is turned, the end mill cuts ‘V’-shaped grooves in the mandrel bars
at the desired wire spacing. This process takes place on a customized CNC milling machine, and the rotation of
the axis is synced to the axial motion of the mandrel to set this spacing.

After cutting the grooves in the bars, the wire is wrapped around the mandrel. The wire is fed from its
spool through a wire tensioner to maintain approximately constant tension during the wrapping process and
avoid sudden tension spikes that might break the wire. The synchronized motion of the CNC is utilized here to



Figure 2. Box A. A cross section schematic for the RHWP concept. Wires are bonded along the perimeter of the support
plate. Precision screws can position the mirror with a raised rim into contact with the wire array. Box B. Rear view of
the support plate. The support plate uses five stiffening ribs running parallel to the wire direction to support the bending
moment from the wire tension on the plate’s opposite side. The plate is mounted to the rotation drive through the central
ring. Background. Cross section view of the model of the rotating half-wave plate system. The wires are schematically
illustrated with the sheet of thin bars over the mirror. The actual wires would not be visible in this scale. The full wave
plate assembly is mounted on an interface bearing. The opposite side of the bearing holds the drive motor and absolute
rotary encoder.



Figure 3. Left. A close up image of the wires after being wrapped on the mandrel. The two mandrel bars are seen running
vertically, and the wires are crossing horizontally. Right. The custom setup for wrapping the wires on the mandrel is
shown. The mandrel is mounted on an auxiliary rotary stage. As the stage rotates, the wire is drawn from a supply spool
onto the mandrel.

ensure that the wires are wrapped to lay in the grooves produced by the end mill. Images of the mandrel bars
and wrapping process are shown in Figure 3. After wrapping is complete, Stycast 2850FT epoxy (with Catalyst
23LV) is used to secure the wires to the mandrel bars. The wires are then cut between the mandrel bars, and
the wires are ready to be unwrapped.

Once unwrapped from the mandrel, the bars supporting the wires are transferred to a stiff frame capable
of loading the wires with the desired level of tension.20 Rather than mounting the mandrel bars against flat
registration pulling bars in the tensioning frame, the frame includes curved bars against which the mandrel bars
are pulled. In this way, the relative tension of the wires across the array is tailored to meet the targets described
in Section 3.2 below. The wires are then transferred to the support frame, described in Section 3.3.

3.2 Wire tension

Previous measurements of the sky from Cerro Toco suggest that a polarization modulation frequency of 10 Hz
is an adequate target to elevate the polarization signal above the 1/f knee of low frequency noise.12,22 To
avoid excitation of vibration in the wires, which would degrade the uniformity of the phase delay definition, the
fundamental frequency, f , of the wires is required to be much higher than 10 Hz.

For this wire grid, an innovative strategy is adopted of varying the wire tension in accordance with the length
of the wire in a way that the resonance frequency remains roughly constant across the face of the wave plate.
Using this strategy, the overall tension on the ring supporting the wires is considerably less than if the wire
tension was kept constant across the array. Under less tension, the support structure requires less mass to limit
deformation to a given level.

The tension of each wire is a function of its position in the array. Assuming a fixed resonance frequency f ,
the tension is given as

T (x) = 4f2m(x)L0(x)

= 16f2ρπr2(R2
0 − x2)

(3)

where L0(x) = 2
√
R2

0 − x2 and m(x) = ρπr2L0(x) are the length and mass of the wire as a function of its x
position; directions are defined by the coordinate system shown in Figure 6. R0 = 30 cm is the radius of the
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Figure 4. Wire tension as a function of its x position, for different fundamental frequencies. The black thick line is the
target initial tension, which includes a 980 N component that is proportional to (R2

0 − x2), and a 20 N component that
is proportional to x2. The smallest fundamental frequency on the targeted curve is 93.4 Hz.

mirror; ρ = 19.3 g/cm3 is the density of tungsten, and r = 25 µm is the radius of the wire. Figure 4 shows the
wire tension T (x) for different fundamental frequencies.

Based on a suite of simulations to predict the overall deflection of the support plate, see Section 3.3, a total
load from the wires on the support plate of 1000 N was found to have a good balance between a high wire
resonance frequency and a reasonably light-weight support plate. The form of the total tension includes two
parts: a 980 N component that is proportional to R2

0 − x2, cf. Equation 3, and an added 20 N component
proportional to x2 to prevent the tension from going to 0 at the edges of the mirror. Without the offset, wires
close to the edges could become loose after the support plate deforms under the tension from the wires. The
black curve in Figure 4 illustrates the targeted initial tension of the wires across the array while being held with
the tensioning frame.

The initial tension profile from the tensioning frame is slightly relaxed once the wires are bonded to the support
plate perimeter and the load on the tensioning frame is released. The differences in tension, and resulting changes
in resonance frequency, are sufficiently small that pre-loading the support plate can be omitted. Incorporating
this tension change after release, the resonance frequency of the wires is found to be > 91.5 Hz across the entire
array, as seen in Figure 5.

3.3 Design of the support plate

The support plate is designed to hold the wires of the RHWP. While the final position of the wires is determined
by the raised rim of the mirror, the support plate is designed to limit the need of the mirror flattening correction.
From this motivation, five ribs are added along the side of the plate opposite the wires. By aligning the ribs
to support against the bending moment from the wires, the plate deformation is reduced without adding much
mass; see Figure 2, Box B. The number of ribs, their locations, and their heights were chosen to minimize the
mass of the plate while keeping the deformation in the z-direction less than ±100 µm. This limit is sufficiently
small to ensure the flattening ring can further reduce residual deformations to a small fraction of a wavelength.
From this initial result, small adjustments were made to improve manufacturability of the design, add margin to
the total deformation, and properly interface with other parts of the RHWP system. These modifications reduce
the deflection from the initial 200 µm range to only ∼ 34 µm at the expense of a modest increase in mass. For
a different application requiring even less deformation or mass, the ribs could be further optimized by making
them taller, different heights, or configured with T-shaped cross sections.
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in the difference result from the positions of the stiffening ribs backing the support plate.

Figure 6 shows the finite element analysis (FEA) simulation results of the support plate deformation from the
initial tension of the wires. A non-uniformly-distributed 1000 N tension, see Figure 4, is applied on the surface of
the support plate perimeter rim. The UY plot, upper right, indicates that the tension on the wires will decrease
after the plate deforms, which implies these results represent the upper limit on the deformation amplitudes.

Using UX, upper left, the impact on the wire spacing of the array is estimated. The wire pitch is found to
change by less than +17.6 nm, close to the edge, and −8.5 nm, close to the center; this is a negligible fraction
of the (175 µm) target pitch.

The change in wire tension and resonance frequency f is estimated by considering UY; the resulting upper
limits of the final tension and resonance frequency are shown with the blue curves in the upper panels of Figure 5.
The smallest f after wires are released is 91.5 Hz – much higher than the 10 Hz modulation frequency.

3.4 Design of the flattening ring mirror

As described above, the mirror piece integrates the flat mirror with a delay defining raised rim. Furthermore,
the entire mirror structure is designed to be stiff enough to resist the force from pressing against the wires and
drawing them into a flat configuration. This section reviews the results of FEA simulations of the final shape of
the mirror while in contact with the wires.

The force on the mirror perimeter is determined by using the UZ deformation results; see Figure 6 lower
left. When pushing the mirror towards the wires, the flattening ring will first touch the wires closer to the left
and right edge. To make the wires flat, the mirror must move forward for at least the range of the z-direction
deformation. The mirror will then support the projection of wire tension along the z-axis. When computing the
projected force on the mirror rim, in addition to the UZ result, a uniformly distributed 25 µm displacement is
added as an operational buffer. The projected force on the face of the plate is shown in the left panel of Figure 7.
This corresponds to a total of 22.5 N force normal to the top surface of the mirror rim. The simulated mirror
deformation along the z-axis is shown in the right panel of Figure 7. The displacement range across the whole
mirror is 29.7 µm. This result assumes an overestimated deformation of the support plate, since the assumed
wire load was from the initial wire tension and not from the released tension. The support plate is therefore



Figure 6. The FEA simulated plate displacements along x-axis, labeled UX (top-left), y-axis, labeled UY (top-right),
z-axis, labeled UZ (bottom-left), and the total amplitude, labeled URES (bottom-right). The wire initial tension is applied
to the top surface of the plate edge ring, and its amplitude and direction are represented by the arrows arround the
circumference of the plate in each panel. The total force applied on the upper/lower half-ring is 1000 N. The coordinate
system is shown in the center of each panel, in which the z-axis is pointing towards the reader. Most of the deformation
comes from the z-axis displacements with a range of 65 µm, which is comparable to the wire diameter.

expected to deform less than shown in Figure 6, and the mirror will be required to support less load along its
rim. Given this estimation method, this final flatness prediction represents a conservative estimate of the mirror
deformation. At this level, the final surface is more likely to be dominated by machining tolerances, expected
to be < ±20µm. Depending on the application, the mirror plate could be made with a larger overall thickness
– potentially with lightweighting features – to achieve a flatness level consistent with the project objectives. For
initial testing on the CLASS telescope, the edges are under-illuminated; a 30 cm diameter circle centered on the
RHWP is a reasonable estimate of the illuminated region.23 In this region, see the magenta circle in Figure 7,
the displacement range is from −5.3 µm to 2.1 µm.

As mentioned above, the mirror is held using three high precision screws. Each screw contacts a V-groove
along a block mounted to the rear of the mirror. The three grooves are aligned with the center of the mirror.
The V-blocks and the tip of the adjustment screws are of similar hardness stainless steel alloys to avoid potential
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binding or pitting between these mating surfaces. The mirror is held fast against the V-blocks by two extension
springs neighboring each adjustment screw. With this method of mounting, the external stress from the support
plate and any thermo-mechanical stress from temperature changes in the operating environment cannot be
transferred to the mirror itself.

4. RHWP DRIVE

Our initial operational plan for the RHWP modulator is to execute rotation using a single direction, constant
angular velocity motion. In reality, the wave plate will be mounted in a telescope system executing scanning
maneuvers and being buffeted by winds. In order to isolate the rotation from these external factors, a servo drive
system with sufficient bandwidth and control loop speed to produce stable output motion has been developed.
The drive system, including position readout, is a critical component for the success of the modulator. Without
precision phase control and accurate position knowledge, demodulation of the data products can become cum-
bersome at best and possibly contaminated by significant systematic errors and instabilities. Therefore the drive
system is a critical part of the modulator system itself, and the current configuration for our drive is described
here. One interesting feature of the reflective wave plate approach is that the drive system naturally lives behind
the wave plate mirror. Not only does this help separate drive electronics from the optical path, reducing risk
from radio frequency interference, but it also enables the use of conventional bearings, motors, and encoders for
essentially arbitrary diameter devices.

Due to the requirement for both velocity and position control, a programmable servo drive and a brushless AC
servo motor are used to position the RHWP. The motor is a 16 pole direct-drive servo motor from Kollmorgen,
DH062M-12-1310. This motor is able to control a load with several hundred times the moment of inertia of the
armature without the need for gear reduction, which provides the advantage of being able to incorporate the
motor, load, and position readout encoder all on one shaft. The servo drive is an ABB/Baldor MicroFlex e100,
and the controlling computer is a PICMG 1.3 single board computer running the VxWorks real time operating
system mounted in a mixed PCI/PCI Express passive backplane.

The servo loop runs at 20 Hz, taking as input the commanded position and velocity one time step in the
future along with the current commanded acceleration. When running at a constant velocity, the commanded



position is simply incremented by the velocity times the time step, and the commanded acceleration is zero. The
loop first queries the servo drive for its current motor encoder position and velocity along with various other
quantities such as current, voltage, following error, etc. This query uses the Baldor Immediate Command Mode
protocol (ICM), which provides the ability to include these queries into a signal TCP packet, and receive the
data packed into one packet as well. Typical turn around time is about 2.2 ms over 100 Mbps Ethernet – more
than adequate for the 50 ms servo loop time step. The loop then calls a profiler, which uses these quantities
to calculate the required velocity and acceleration for the next time step. These are then packed into an ICM
packet and sent to the drive.

The position readout encoder is a Heidenhain RCN 2581 angle encoder with a system accuracy of ±2 seconds
of arc. This encoder uses an Endat serial data interface with a resolution of 28 bits per revolution for the absolute
position readout. It also has 1 volt peak-to-peak analog sine/cosine incremental signals with a resolution of 16384
cycles per revolution. The absolute position is read out by a PCI Express card on the control computer. The
readout is done at ∼ 201 Hz and is activated by an interrupt sent by the same clock that triggers the detector
data reads – ensuring synchronous recording for later demodulation. The interrupt handler first latches the time
on a PCI GPS card also installed in the control computer. It then latches the encoder signal and passes off to
a lower priority interrupt service routine, which reads the clock and encoder, differences the encoder position to
derive velocity, gathers all of the additional data read from the servo drive at 20 Hz, and then packs all of this
into a data structure written to a ring buffer. A third task running at 1 Hz empties the ring buffer and then
writes the data to disk.

Our current test setup uses the full system shown in Figure 2, except the wave plate is replaced by a metal
disk replicating the expected 0.627 Nm moment of inertia of the RHWP. To minimize risk from pulse width
modulation motor drive currents, a three phase electromagnetic interference filter with ∼ 250 kHz cutoff is
added. While the motor has an internal Heidenhain ECN 113 rotary encoder, we use the sine/cosine outputs
from the higher precision RCN 2581 for motor position feedback. This increases the feedback resolution by
a factor of 8 and significantly reduces velocity error due to the much better linearity of the higher precision
encoder. Laboratory testing in front of a cold receiver with transition edge sensor bolometers using a similar
setup showed no discernible interference in the relatively high noise environment of the room. Velocity control
of this preliminary lab test is demonstrated to 0.006% at the 2.5 Hz rotational velocity of the RHWP.

5. CONCLUSION

Front-end polarization modulation is a powerful tool for distinguishing a faint polarized signal from a much larger
unpolarized background while protecting against systematic errors such as instrument polarization. In this work,
the design of a new 60 cm clear aperture reflective wave plate has been demonstrated. The architecture is flexible
and can be scaled for a wide range of applications. In the prototype, the parallelism of polarizer and mirror are
anticipated to meet our need through the constraints in the design. Similarly, the deformation of the mirror in
its final configuration is estimated to be limited to less than 29 µm.

A prototype drive system has been constructed in the lab using a realistic mass model, and early tests
demonstrate the planned control system is feasible and enables a stable rotational frequency, normally 2.5 Hz,
with an acceptably small error.
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