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Abstract—This study presents the array receiver optics designs
for the upgrade of the Submillimeter Array (SMA). 7-pixel
configurations were designed around the key observation
frequency of 345 GHz, and the field of view (FOV) increased from
40” to over 5.5°. Five layouts were attempted based on current
optics configuration. The optimal solution is a focal plane array
(FPA) with 2 off-axis ellipsoidal mirrors in the beam waveguide.
Beam efficiencies of both on- and off-axis feeds exceeded 80%,
integrated over the far-field beam from peak to 12 dB below,
compared with 84% for the current optics.

Index Terms—array receiver, focal plane array, physical optics,
quasi-optics, submillimeter wave

I. INTRODUCTION

HE Submillimeter Array (SMA) [1] is a submillimeter

interferometer comprising eight 6-meter antennas
configurable on baselines ranging from 9 meters to 465 meters.
The array is outfitted with Superconductor-Insulator-
Superconductor (SIS) mixer receivers [2] [3] housed in a single
cryostat to cover atmospheric windows from 176 GHz to 700
GHz. The aim of the SMA is to use interferometric techniques
to explore submillimeter wavelengths with high angular
resolution. The significance of the submillimeter window
derives from the fact that the bulk of the universe is at a
relatively cold temperature of approximately 10K, thereby
placing the peak of the radiation curve in the submillimeter and
far-infrared range. Furthermore, many unique and high
excitation molecular lines can become available in the
submillimeter window.

As the Atacama Large Millimeter/submillimeter Array
(ALMA) is coming online, with its major increase in sensitivity
and angular resolution at submillimeter wavelengths, for the
SMA upgrade, it has been suggested to remain at the Mauna
Kea site and upgrade the array performance, which includes
adding array receivers (~7 pixels in a 2-3-2 configuration) to
each antenna, improving the sensitivities of the receivers, and
increasing the bandwidth of the system to as much as 32 GHz
[4]. The importance of running the future SMA to perform large
directed key programs, which ALMA may not be able to carry
out, was addressed.

Y.-C. Chou and C.-T. Li are with the Institute of Astronomy and
Astrophysics, Academia Sinica, Taipei, 10617 Taiwan

Il. ARRAY RECEIVER

As the noise performance of radio astronomical instruments
approaches the limit set by quantum mechanics or the
background, the speed of astronomical observations can only
be increased using the imaging capability of the telescope.
Radio telescopes, derived from optical designs such as
Cassegrain, turn out to have useful fields of view (FOV).
Building large format array receivers is a method to exploit
these fields to gain mapping speed [5].

In the era of ALMA, an alternative route for other
mm/submm telescopes is using array receivers to conduct large
surveys of the sky. Direct detectors, such as bolometers,
transition edge sensors (TES) and microwave Kinetic
inductance detectors (MKID), as well as heterodyne receivers,
have been adopted in array receiver designs.

Many photometric array receivers exist for ground-based
telescopes, balloon-borne experiments, or space missions, for
example, Bolocam [6] on CSO, AzTEC [7] and SCUBA-2 [8]
on JCMT, LABOCA [9] and APEX-SZ [10] on APEX,
MUSTA NG [11] on GBT, as well as bolometer arrays for SPT
[12], ASTE [13], EBEX [14], and the Planck Satellite [15].
Arrays also exists that use MKIDs, such as MUSIC [16] for
CSO.

Ground-based heterodyne array receivers operating at
frequencies ranging from 100GHz to 1 THz include BEARS
[17] on NRO, SEQUOIA [18] on LMT, QUARRY [19] on
FCRAO, HERA [20] for the IRAM 30m telescope, HARP [21]
on JCMT, CHAMP+ [22] on APEX, SMART [23] on
NANTEN2, and SSAR [24] on the Delingha 13-m radio
telescope. There are some even larger arrays under construction
or in development, including the SuperCam [25] for HHT, STO
[26], and KAPPa [27]. Groppi published a detailed review of
coherent detector arrays [28].

There are challenges for upgrading existing single-pixel
telescopes to multi-beam configurations, such as the retrofit of
the beam waveguide in the cabin and the aperture diameter
limit on the cryostat window. This study presents possible
configurations for SMA upgrades from single pixel to 7 pixels
for future considerations.

I1l. SMA oPTICS

Intended for a broadband optical system [29], the design of
current SMA optics have adopted the frequency-independent
Fresnel imaging approach [30]. Multi-mode Gaussian beam
techniques are used as computational tools for solving the
propagation of the beam between images [31]. Two focusing
mirrors combined with one lens form an imaging beam



waveguide which images the aperture of the receiver feed horn
onto the secondary mirror. All bands have the same 10-dB taper
illumination on the secondary mirror. Focusing mirrors are
common to all receivers, whereas bi-hyperbolic lenses and
corrugated feeds are separately optimized for each receiver
band.

The folded Naysmith configuration of the beam waveguide
directs the beam from the antenna vertically downward into the
receiver optics assembly (Fig. 1). The beam is then split into
two orthogonally polarized beams by a diplexer consisting of a
polarizing wire grid and a mirror. The two orthogonally
polarized beams are directed by the diplexer to a pair of
receivers. Pair receivers with overlapping frequency bands
permit dual polarization observations. Currently the frequency
ranges in operation are 200 GHz (176 to 256GHz), 300 GHz
(250 to 350 GHz), and 400 GHz (330 to 430 GHz) bands. Dual
polarization observations use the 300 GHz and 400 GHz band
receivers simultaneously.

The Cassegrain antenna has a focal ratio of 14, and the FOV
is 40” at 345 GHz (the key observation frequency). The field
scale of the 6-m antenna is 2.45” per millimeter, and the largest
possible FOV for a multi-pixel upgrade is 14.3’, using the
350mm-in-diameter secondary mirror. The existing SMA
optics was optimized for a single-pixel receiver to maintain
maximum aperture efficiency and constant spill-over of more
than 30% of the bandwidth of each receiver.
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Fig. 1. Model of SMA optics in GRASP. The blue tube illustrates the
fundamental Gaussian beam, emitting from the near-field Gaussian beam feed
(bottom) to the primary mirror (not shown in the graph). M3 to M6 are the
mirrors on the beam waveguide plate. The magenta aperture is the cryostat
window. The LO grid and metallic mesh are replaced by flat mirrors.

IV. DESIGN AND SIMULATION

This development started with a 7-pixel array receiver. The
feeds were arranged in a hexagonally closed-packed format,

with the on-axis feed in the center. The design was centered at
the key observation frequency of 345 GHz. The design was
aimed to make minimal modifications to the current optics. In
addition, focal plane arrays were also considered for the array
configuration.

The multi-pixel optics of the SMA was designed using either
the frequency-independent imaging method [30] or
quasi-optics techniques [32]. The simulation tool used was the
reflector optics simulation software GRASP from TICRA
(http://www.ticra.com). GRASP is mainly based on physical
optics (PO) analysis, supplemented with the physical theory of
diffraction (PTD) and other methods [33]. In the simulation
model of GRASP a near-field Gaussian beam feed is used with
a linear polarization according to Ludwig’s third definition [34].
The post-processor of GRASP calculates the beam efficiency
of the far-field beam. The beam efficiency ( ) of each
polarization is defined by

1
v =4 | B@d@
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where Qq is the solid angular region within which the beam
efficiency is evaluated, and Ey(Q) is the electric field in the
polarization direction. The total power radiated by the feed is
normalized to 4= [35].

The SMA optics was built in GRASP for comparison with
the multi-pixel solutions. The simulation started from the
feedhorn to the primary mirror. The far-field E-fields
propagating after the primary mirror were recorded. Unless
stated otherwise, the beam efficiency referred to in this paper
was integrated over the far-field beam from peak to 12 dB
below, which takes into account 93% of the power of the beam.
In the SMA optics model built in GRASP, wire grids were
replaced with flat mirrors (Fig. 1). Fig. 2 shows the result of the
far-field radiation patterns after the primary. Figs.3 and 4 show
the contour plots of co- and cross-polarization far-field
radiations in the EI-Az coordinates. The beam efficiency was
83.6%, and the spillover efficiency [36] on the secondary
mirror was 96.8% at 345 GHz. Fig. 9 shows the beam
efficiency versus frequency.
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Fig. 2. Co- (solid line) and cross-polarization (dashed line) far-field radiation
patterns of SMA optics at 345 GHz
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Fig. 3. Contour plot of far-field co-polarization radiation of SMA optics at 345
GHz. Each contour is 3dB apart. The peak value of the beam is also indicated.
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Fig. 4. Contour plot of far-field cross-polarization radiation of SMA optics at
345 GHz. Each contour is 3dB apart. The maximum value is 43.92 dB.

Two layouts based on the current SMA optics were designed.
Least change in the receiver cabin was the main concern, and
therefore we began by adding the off-axis feeds to form a feed
array.

A.Layout 1

Layout 1 maintained the current optics design while adding
six off-axis feeds to the central one. The center to center offset
was 25mm, accounting for the 76 mm diameter of the cryostat
window. The current 70-mm-in-diameter lens was replaced
with a 7-lenslet array, each being 25mm in diameter. The
25mm diameter corresponded to 1.8 beam radii, causing great
loss because of truncation. The far-field beam efficiency
dropped to 57.2% for the on-axis feed, and 40% for the off-axis
feeds. This loss resulted from lens truncation and spillover on
the secondary mirror. As mentioned, the current design had a
10-dB taper on the secondary rim. When the feed was placed
offset to the axis, the spillover on the secondary mirror
increased.

B. Layout 2

In layout 2, the optics design was changed and the beam
radius was made smaller at the lens. The frequency independent
Fresnel imaging technique was used to modify the parameters
of the M5, the second ellipsoidal mirror in the beam waveguide.
To keep the same optical route as the current one, M5 and the
flat mirror M6 were swapped, as listed in Table 1. The
drawback was that the incidence angle of M5 increased from
25° to 45°. From the current SMA design, it is shown showed
that a larger incidence angle resulted in a smaller coupling
efficiency [29].

The 25mme-in-diameter lens equaled the 2.5 beam radii in
layout 2. The on-axis beam efficiency improved to 75.2%.
However, the beam efficiencies of the off-axis beams were
dramatically reduced due to a larger spillover on the secondary
reflector. The results of layouts 1 and 2 showed that the current
optics was not optimal for the array receiver, and required
modification.
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Fig 5. Optics model of layout 2

Table 1 Parameters of the SMA optics and layout 2

Parameters (mm) Current Design Layout 2
Feed position -88.6 -34.797
Feed aperture radius 5.34 6.438
Feed slant length (R) 35.65 25.878
Lens position 0 0
Lens f 100 50
Lens diameter 70 25
M6 position 1761 2161
M5 position 2161 1761
Effective f of M5 726.57 790
R1 of M5 1166.9 1580
R2 of M5 1925.4 1580
M5 incidence angle 24.93 degrees 45 degrees
M4 position 3456.6 3456.6
Effective f of M4 309.78 309.78
M4 incidence angle 24.93 degrees 24.93 degrees
Secondary position 8307.2 8307.2




V.FOCAL PLANE ARRAY

In addition, some multi-pixel optics using the FPA
configuration is designed. Because the SMA spends
considerable observations at 230 and 345 GHz, a
straightforward upgrade path to multi pixels is to set the feed at
an image of the sky, and optimize the aperture efficiency at
these frequencies. That is, a focal plane array may be designed
where beams from different off-axis angles are re-imaged to
different points in the focal plane. In the following designs, a
feed array was placed at the focal plane of the Cassegrain
telescope, and relay optics was then added to re-locate the feeds
within the cryostat.

A.Layout 3:

Layout 3 added a 7-feed array along with lenses at the
Cassegrain focal plane. This layout was a nominal FPA so that
all relay optics between the secondary mirror and the lenses
were removed. The waist of the feedhorn at 345GHz was
placed at the focal point of the lens, whereas the beam waist on
the other side of the lens coincided with the focal plane of the
Cassegrain.

Regarding the feed spacing, to achieve a fully Nyquist
sample of the sky instantaneously, the detector spacing must be
0.5 F 4, where F is f/D (the focal ratio of the optics). On other
hand, beams are typically spaced in the focal plane with a
separation of 2 F 4, resulting in two-beam spacing on the sky.
This yields an optical cross-coupling of approximately -20 dB
between elements. This isolation simplifies data processing
because signals in adjacent pixels are not correlated, but does
require scanning or multiple pointings to create a
Nyquist-sampled map [28].

For SMA, the minimum distance between the feeds should

be 2 F 1 =24.3 mm at the design frequency of 345 GHz. Feed
spacing ranging from 30 mm to 55 mm were simulated using
GRASP. The results showed that the off-axis feeds had the
highest beam efficiency when the offset, which was also the
diameter of the lens, was 45 mm (Table 2). This represented the
compromise between the lens truncation and the spillover on
the secondary mirror. It was thus necessary to enlarge the
cryostat window from 76mm to at least 90 mm in diameter so
that all beams were less truncated. The FOV of the 7-feed array
isthen 5.5".
The on-axis feed had a 26dB edge taper illumination on the
secondary mirror. Fig. 6 shows the far-field radiation patterns
of the on-axis beam. Figs.7 and 8 show the contour plots of co-
and cross-polarization far-field radiations in the EI-Az
coordinates. The beam efficiency at 345 GHz was 84.5% for
the on-axis beam, and 83.9% for the off-axis beams, excluding
cryostat window truncation. The spillover efficiencies of the
secondary mirror were 92.7% for the on-axis feed, and 91.8%
for the off-axis feeds. Fig. 9 shows the on-axis beam
efficiencies at different frequencies. Fig. 10 shows the off-axis
beam efficiencies and spillover efficiencies at different
frequencies.

Table 2 Feed spacing vs. beam efficiency of layout 3

Feed Lens boef;'rﬁ)('s
spiaecr:;]g/ ig'gp;t:gf On-axis beam | Off-axis beam | overall
. efficiency (%) | efficiency (%) | spillover
diameter beam efficiency
(mm) radius ©
%)
30/30 2.14 74.1 73.2 80.0
35/35 2.28 80.6 79.7 87.3
40/40 2.84 84.2 83.6 90.7
45/45 3.2 84.5 83.9 91.8
50/50 3.56 85.4 83.5 91.8
55/55 3.92 84.6 81.6 91.3
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Fig. 6. The on-axis co- (solid line) and cross-polarization (dashed line)
far-field radiation patterns of layout 3 at 345 GHz
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Fig. 7. Contour plot of co-polarization far-field radiation of layout 3 at 345 GHz.

Each contour is 3dB apart. The peak value of each beam is also indicated.
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Fig. 8. Contour plot of cross-polarization far-field radiation of layout 3 at 345
GHz. Each contour is 3dB apart. The maximum value of each beam is also
indicated.
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Fig.10. Beam efficiency and spillover efficiency of off-axis beams of layout 3
vs. frequency.

B. Layout 4:

To relay the signals received from the Cassegrain telescope
into the cryostat, two warm lenses as the relay optics (RO) were
added in layout 4. The advantage of using lenses is that it
allows a compact optical path. The lenses form a Gaussian
beam telescope [37] and are set identical so that the

magnification of the relay optics equals 1. The focal length of
the RO lens was set to be 837.6 mm, accounting for the optical
path length between the Cassegrain focal plane and the
lens/feed array. The diameter of the lens was 200 mm to
accommodate 4w beams at 250 GHz, the lowest frequency of
the 300 GHz band. The reflective mirrors in the current optics
were replaced with flat mirrors. The first RO lens, which was
closer to the feed, was located near the diplexer. The second
lens was on the beam waveguide plate (Fig. 11). The rims of the
flat mirrors were also enlarged.

Although the lens design made the optics compact and
straight-forward, the two warm lenses would contribute to the
receiver noise. The beam efficiencies of layout 4 were 74.3%
for the on-axis beam, and 73.9% for the off-axis feeds. The
overall spillover efficiencies for the on-axis and off-axis feeds
were 81% and 80%, respectively.

ME Flat mirror

RO lens1

Fig 11. Optics model of layout 4. On-axis and two off-axis Gaussian beams
were shown.

C.Layout 5:

In this layout, reflectors were used as the RO focusing
elements. Two identical off-axis ellipsoidal mirrors were used
to guide the beams. The effective focal lengths were both 837.6
mm, identical to that of the RO lenses in layout 4. The radii of
curvature of the incident and reflected phase front, R1 and R2,
were set the same for simplicity. The ellipsoidal mirrors were
placed in a folded configuration on the beam waveguide plate
(Fig. 12). To reduce beam distortion from reflection, the
reflection angles of both ellipsoidal mirrors were set identical
[37].

The folded configuration of the RO became larger than the
current beam waveguide plate. It would be necessary to enlarge
the receiver cabin to accommodate the new RO. On the other
hand, the distance between the insert lens and the first RO
mirror becomes shorter, equal to the sum of the focal lengths of
the lens and RO mirror. To achieve this, the turning mirror M6
is placed directly above the array receiver, and the cryostat was
lifted by approximately 400 mm.
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Fig 12. Optics model of layout 5.

At 345GHz, the beam efficiency was 85% for the on-axis
beam, and ranged from 80.6% to 84.1% for the off-axis beams.
Fig. 13 shows the beam efficiencies versus frequencies for
layouts 4 and 5. Fig. 14 shows the off-axis beam efficiency and
spillover efficiency versus frequency for layout 5.

86.0 -
85.5
85.0
84.5
84.0
B35 :
830 -‘

7607
755
75.0
7451
74.0 :

Beam efficiencies (%)

735+
73.0

Layout_4_on-axis
Layout_5_on-axis

T
260

T
280

T T T T T T T
300 320 340 360 380 400 420

Frequencies (GHz)

Fig. 13. Beam efficiencies for on-axis beams of layouts 4 and 5 vs. frequency
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Table 3. Parameters of Layout 3-5

Parameters

Layout3 | Layout4 | Layout5

Feed position

-88.6 mm

Feed aperture radius

5.34 mm

Feed slant length 35.65 mm

Lens position (on-axis)

0mm

Lens f 109.4 mm

Lens diameter 45 mm

M6 position

1761 mm [ 600.69 mm

1% RO position

946.98 mm

2" RO position

2622.13 mm

RO effective f 837.58 mm

RO R1, R2 737.07mm | 1675.15 mm

M5,M4 reflection angle

36.25 degrees

M3 position

3891.7 mm

Secondary position

4956.9 mm 8307.2 mm

(1
(2]

(3]

(4]

(5]

(6]
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(9]

[10]
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