
Correlation Polarimeter for Millimeter-Wave
Wavefront Sensing

Makoto Nagai, Hiroaki Imada, Tom Nitta, Yosuke Murayama, Ryohei Noji, and Masato
Naruse

Abstract – The mirror surface measurement is of
great importance for next-generation radio telescopes
with a large single dish for millimeter- and submilli-
meter-wave astronomy. Wavefront sensing in millime-
ter wave is necessary to realize adaptive optics that can
compensate for mirror deformation with short time-
scales. To measure the field distribution of a beam, we
propose a new type of correlation polarimeter array
based on phase-shifting interferometry. We are devel-
oping a correlation polarimeter that is easy to fabricate a
large-format array. The polarimeter is implemented as a
superconducting film on a silicon wafer, which uses a
dual-polarization twin-slot antenna, a delay circuit
composed of coplanar waveguide, and microwave
kinetic inductance detectors (MKID). We developed a
pixel design for 100 GHz, made electromagnetic
simulations of the components, and are preparing for
trial production.

1. Introduction

The mirror surface measurement to maintain the
surface accuracy is of great importance for next-
generation ground-based radio telescopes with a large
single dish for millimeter- and submillimeter-wave
astronomy, because the surface accuracy is directly
related to the telescope performance. Though radio
holography is used to measure the mirror surface, a
faster method is necessary to realize adaptive optics that
can compensate for unpredictable mirror deformation
with short timescales. The main cause of such
deformation is the wind load to the primary mirror
whose timescale is typically 10–1 s to 1 s [1]. Real-time
wavefront sensing in millimeter-wave can serve as a
solution for this issue.

Unfortunately, wavefront sensors such as a
Shack–Hartmann sensor used in the visible and near-
infrared regime are not available for millimeter waves.
Though millimeter-wave receivers can take phase
information, a large-format receiver array involves a
high cost. One proposed solution is aperture plane
interferometry, which places a transmitter array on the
primary mirror [1]. Another proposed way of wavefront
sensing is the radio point diffraction interferometer
(RPDI) [2], which is a point diffraction interferometer
[3, 4] for radio bands. In the RPDI setup, the test beam
is projected to a linear polarization, and a reference
beam in the orthogonal polarization is generated with a
point diffraction source. The interferograms between
the test and reference beams with several phase
differences are acquired by a kind of polarimeter
camera. The amplitude and phase of the test beam can
be calculated based on the phase-shifting interferometry
[5]. Each pixel of an RPDI camera can be assembled
with an orthomode transducer, a waveguide delay
circuit, and power detectors. The detector with this
function can be regarded as a kind of a correlation
polarimeter [6, 7].

In this article, we propose a new type of
correlation polarimeter that can be used as a pixel of
a large-format array to measure the wavefront of a
millimeter-wave beam using a setup similar to the
RPDI. The new correlation polarimeter is developed
using the technology of the Nobeyama MKID camera
[8, 9]. The correlation polarimeter consists of a dual-
polarization twin-slot antenna, a delay circuit composed
of a coplanar waveguide (CPW), and microwave kinetic
inductance detectors (MKID). It can be implemented as
a single-layer superconducting film on a silicon wafer.
In particular, a delay circuit with no interchange is
possible with CPW 908 hybrid and 1808 hybrid
couplers. We developed a pixel design for 100 GHz.
We made electromagnetic (EM) simulations of the
components for test, and the desired characteristics are
successfully obtained.

2. Concept of Correlation Polarimeter Array
for Wavefront Sensing

The basic setup of wavefront sensing using a
correlation polarimeter array is shown in Figure 1. To
measure the distribution of a test beam of a certain
polarization, a beam of the orthogonal polarization with
known amplitude and phase distribution is prepared as a
reference. Both signals of the test and reference beams
are received by each pixel and go through the delay
circuit. The signals are split into several paths and given
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desired phase differences. The test and reference signals
are coupled and detected by power detectors. As a
result, their interferograms with various phase differ-
ences are simultaneously obtained. Because the test
beam and the reference beam should be coherent, they
are generated by the same oscillator in Figure 1. When
the reference beam is generated by a point diffraction
source from the test beam, the setup becomes the RPDI.

The interferogram outputs enable us to determine
the amplitude and phase of the test beam based on the
phase-shifting interferometry [5]. The output with phase
difference h can be written as

Ih ¼ gje
ffiffiffiffiffi

�1
p

h � Ec þ Exj2 ð1Þ
where Ec and Ex are the copolarization (test) and cross-
polarization (reference) complex amplitude, respective-
ly, and g is the gain. Standard values of the phase
difference are four values with intervals of 908, i.e., 08,
908, 1808, and 2708. The in-phase and quadrature
components of the test signal for the reference signal,
namely X and Y, respectively, are written as follows:

X ¼ ðI
0

8 � I
180

8 Þ=g

Y ¼ ðI
90

8 � I
270

8 Þ=g
ð2Þ

When the test beam is vertical polarization and the
reference beam is horizontal polarization, this instru-
ment is a correlation polarimeter that acquires the cross
correlation of two linear polarizations. In this case, the
relation of X and Y to Stokes parameters [10] becomes
simple as

S0 ¼ X 2
0 þ jX j

2 þ jY j2

S1 ¼ X 2
0 � jX j

2 � jY j2

S2 ¼ 2 � X0X

S3 ¼ 2 � X0Y

ð3Þ

where X0 is the amplitude of the horizontal polarization.

3. Implementation for Millimeter-Wave Band

We propose a new correlation polarimeter imple-
mented with a superconducting circuit. Superconduct-
ing circuits can be low loss and low noise. The
transmission lines are CPW on a silicon wafer, making
the structure and fabrication simple. MKID can be used

as power detectors that afford natural frequency domain
multiplexing.

In addition, our technology with the Nobeyama
MKID camera for 100 GHz enables us to develop the
correlation polarimeter array. The array will be
fabricated on a 3 in. silicon wafer. Each polarimeter is
coupled to telescope optics with cold camera optics and
a silicon lenslet on the focal plane. The power detectors
of the polarimeter are NbTiN and Al hybrid MKID [9].
MKID up to a few 102 can be read out through a single
line with the readout system of the Nobeyama MKID
camera [8]. Prototypes of a correlation polarimeter can
be tested on the cryostat of the Nobeyama MKID
camera with the same cold optics and the silicon lenslet
array. There are items for development, not used in our
camera: dual-polarization plane antenna, delay circuit,
and the connection between the delay circuit and an
MKID.

4. Pixel Design

A schematic of the correlation polarimeter pixel is
shown in Figure 2. The incident beam focused by a
lenslet is coupled to a dual-polarization plane antenna.
We can use a double twin-slot antenna fed by CPW
lines [11]. The antenna is scaled to 100 GHz, and the
two CPW lines of the horizontal polarization are
connected to an antiphase combiner. The two outputs
of the dual-polarization plane antenna are led to a delay
circuit. Figure 3 shows a schematic diagram of the delay
circuit. In the delay circuit, the inputs are split into two

Figure 1. Wavefront sensing with correlation polarimeter array.

Figure 2. Schematic of a correlation polarimeter pixel.

Figure 3. Schematic diagram of the delay circuit.
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by 1808 hybrid couplers and coupled by 908 hybrid

couplers. The lengths of the transmission lines are

adjusted so that the phase differences become the

desired values. We can take a condition l1l¼ l1r¼ l2l¼
l2r – p/(4b), where b is the phase constant. Each output

of the delay circuit is led to a power detector with an

MKID, as shown in Figure 4. The signal is passed to the

MKID through a high-pass filter (HPF) that becomes a

short end at lower frequencies. The MKID is a CPW

quarter-wavelength resonator whose center line has an

aluminium section as an absorber for 100 GHz signals.

The open end of the MKID is coupled to the feedline,
where probe tones go through. The resonant frequencies
of the MKID in the array are made different for
frequency domain multiplexing.

5. EM Simulations of Circuit Components

We made a three-dimensional EM simulation of
circuit components of the correlation polarimeter pixel
using the HFSS software. Figure 5a shows a CPW rat-
race coupler with a slotline phase inverter for 100 GHz.
This coupler is used as the antiphase combiner in the
plane antenna and a 3 dB power divider in the delay
circuit. A CPW branch-line coupler for 100 GHz
(Figure 5b) is used as a 908 hybrid coupler in the delay
circuit. Figure 5c shows a test model of the whole delay
circuit. The central region where the plane antenna is
placed is made smaller than the actual size to reduce the
calculation cost. The lengths LA, LB, and LC can be
adjusted to tune the output phase differences. The
difference of length LA in the left-hand and right-hand
sides corresponds to the difference of l2l and l2r. In these
models, the smallest line width is 1 lm, slightly larger
than the processing accuracy.

The simulation results of the delay circuit are
shown in Figure 6 and Figure 7. S paramters from input
ports to output ports jSijj2 in the target band (98 GHz
to102 GHz) are just below�6 dB, and reflections jSiij2
are below�13 dB. The phase intervals of port 1 signals
are about 6 908, while those of port 2 signals are about
908. We checked the phase dependence on LA, LB, and

Figure 4. Schematic of power detector with an MKID.

Figure 5. Simulation models: (a) rat-race coupler; (b) branch-line
coupler; and (c) delay circuit.

Figure 6. Simulation result of the delay circuit: (top) transmission;
and (bottom) reflection.
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LC and found that each output phase shifts, depending
on the line lengths as expected. Thus, the delay circuit
property for phase-shifting interferometry is obtained as
desired. We also made simulations of a 100 GHz HPF
and obtained good properties, insertion loss about 1 dB,
and reflection below �25 dB at 100 GHz.

6. Conclusion

We are developing a correlation polarimeter for
wavefront sensing that is easy to fabricate a large-
format array using Nobeyama MKID camera technol-
ogy. The polarimeter makes it possible to simulta-
neously obtain interferograms with four phase
differences for phase-shifting interferometry. The
polarimeter is implemented as a single-layer supercon-
ducting film on a silicon wafer. We developed a pixel
design for 100 GHz and made EM simulations of the

components. Desired circuit properties are successfully
obtained.

We are preparing to fabricate a test pixel for
verification. Development of a dual-polarization plane
antenna with improved polarization characteristics will
be a key point for the trial production of the correlation
polarimeter.
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Figure 7. Simulation result of phase shift induced by the delay
circuit: (top) from port 1; and (bottom) from port 2.
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