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1 Report Summary

The Atacama Large Millimeter/submillimeter Array (IMA) is the premier instrument for
observing the universe at millimeter and submilienewavelengths. Although ALMA is
impressive in scope, ALMA'’s largest shortcoming a@ns its relative insensitivity to large-scale
emission. Such emission can be critical to recoserthat accurate pictures are obtained of
numerous, poorly understood astrophysical phenomeé@ame measures are in place to allow
such emission to be obtained, e.g., through thalT®dwer Array (TPA) antennas, yet these
single-receiver facilities do not have the samanasic sensitivity of ALMA’s array of fifty 12-m
dishes (the 12-m Array).

Within this report, we propose a conceptual optamgign for a receiver array intended for a
TPA antenna to improve the mapping speed. The aeguirements are heterodyne detection,
dual-linear polarisation, and sideband-separat?®B| receivers to maintain compatibility with
the 12-m Array.

Our approach was to consider a densely packeddugtee array and to apply the technique of
a cold aperture stop that is used within incoherentdirect detector, arrays. A conceptual
design is applied to an ALMA 12-m telescope and dffect of detector spacing is explored.
Using the radiation patterns of each array elembet,truncated power by the cold absorbing
stop can be reciprocally considered as a cold @dten to the input of the receiver. In this way,
the “cost” of closely spaced array elements cangbantified. Aperture efficiency of the
telescope is also considered.

This report consists of the science background raotlvation behind improving the TPA
antenna mapping speed. A summary of existing béyee multiple-receiver instruments is
provided and related to the requirements of a TRirana. Next, an optical design for a fully
sampled hexagonally arranged array is presentdus eiktremely compact arrangement suffers
from a very large increase in receiver noise. hinfollowing section, the spacing is increased to
“twice-Nyquist” (still very compact for heterodymerays) and a moderately sized array is shown
to outperform a single-pixel receiver. A companide also made between sparse arrays and
dense arrays and it is shown that comparative mgpgpeed between the two types of arrays is
dependent on the ratio of receiver to system n@sg, it depends on how dominant the sky
noise is compared to receiver noise. Within re&yi high system noise conditions, a dense
array will outperform a sparse array, but whenrdeeiver noise dominates the system noise, a
sparse array will likely be more efficient in mapgi Next, a more detailed modelling
representation of the aperture stop is presented ascombination of CST and GRASP and the
results show agreement with the preceding sectbise report. Finally, a compact sideband-
separating arrangement (using a turnstile) is shamehthen applied to an array spaced at twice-
Nyquist.

Many system issues such as available interfacg®genic cooling capacity, LO power,
cabling, de-rotation, back-end requirements, atestepe slew rate have not been considered
within this report and further study is required.

If the system noise conditions are preferable, gisintwice-Nyquist dense hexagonal array
(DHA) offers the benefits that four times as matgmeents may be imaged onto the focal plane
and the number of pointings, to achieve full Nyg@ampling, is reduced to only four. The
DHA may be implemented at any of the ALMA frequermnds, but it is shown that for the
ALMA Band 3 frequencies, a “twice-Nyquist” DHA walllperform similar to a sparse array at
the mid-band, worse at the low-end, and bettehathigh-end. Accordingly, if there will be
more observations using the TPA in the upper Hathi®@ band, a DHA would be favourable.
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2 Science Motivation

2.1 Background

The Atacama Large Millimeter/submillimeter Array L(®MA) is the premier facility for
observing frequencies at 84-950 GHz. ALMA consddtshree arrays: i) a “12-m Array” of
fifty 12-m diameter antennas that can be separaggdto ~15 km for higher-resolution
observations; ii) a “Compact Array” of twelve 7-niacheter antennas fixed to a maximum
separation of 33 m for lower-resolution observajoand iii) a “Total Power Array” of four
12-m diameter antennas which provide single-dista dar post-reduction combination with
interferometric data from the other arrays. Thays are used separately, but the latter two are
used exclusively to obtain data complementary temlZArray data. They are not used
independently for large-scale surveys of millimitebmillimeter emission. Each ALMA
antenna is outfitted with a cryostat containingigesof single-pixel receiver cartridges.

In this study, we explore a heterodyne multi-beamaya(HMBA) instrument design for the
ALMA Total Power Array antennas. An HMBA is, in mgral, an arrangement of multiple
heterodyne receivers within a single telescope #ilatvs for simultaneous observations of
emission from several adjacent locations on the. skyMBAs are now quite common
instruments for single-dish millimeter/submillimetéelescopes, and are used for efficient
mapping of line emission over wide fields of sizeany times their instantaneous on-sky
footprints. In general, the larger the numberlefrents an HMBA has, the faster its wide-field
mapping speed is.

Since ALMA'’s Total Power Antennas are outfitted hwiingle-pixel receivers, its ability to
recover extended emission over wide fields is nett limited. For example, 12-m Array
observations can, on occasion, include observatioingnultiple adjacent pointings, i.e.,
“mosaics,” and certain projects may also require lgpatial frequencyuy) data from the
Compact and Total Power Arrays if the targeted sinisis relatively extended. Of course,
when needed, the Total Power Array antennas cagrnadshe same area on the sky as the other
Arrays do, one pointing at a time in successiomdguire the needed single-dish data. Given the
factor of 12.5 difference in total collecting areatween the 12-m Array and the Total Power
Array alone, it can be challenging to provide daten each array of similar sensitivity, though
total power signals may themselves be intrinsicatlych brighter than the interferometric
signals.

To improve the efficiency of the ALMA Total Powenray, HMBAs may be needed on its
antennas. Acknowledging the complementarity of Toéal Power Array to the 12-m Array,
however, is key to designing an effective HMBA. r Fexample, the 12-m Array could map
fields of many square arcminutes in size (throughdneds of adjacent pointings) but it is likely
impractical for it to map fields of many square dEgs in size. Hence, an HMBA for a Total
Power Array antenna does not need to have a laggantaneous on-sky footprint. In addition,
an efficient HMBA should have a much more tighthcged arrangement of receivers than is the
present norm of ~X FWHM of the beam. Such an arrangement would atlosvrecovery of
Nyquist sampled, single-dish data of regions a $gware arcminutes in size with a minimal
number of pointings.
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Table 1
Current or planned heterodyne multi-beam arrays BA)on single-dish telescopes

HMBA Host Freq. No. Mid-Band Polarisation Receiver Mid-Band
Telescope Range Receiver On-Sky X Arrangement I nstantaneous
(Diameter in (GH2z) Elements Spacing No. Sidebands Footprint Diameter
m) (arcsec) (arcmin)
HARP JCMT 325-375 16 30 singlex 1 4% 4 2
(15) (square)
SEQUOIA! LMT 85-116 16 24 singlex 1 4% 4 14
(50) (square)
HERA IRAM 215-272 18 24 dual x 1 3x3 1
(30) (square)
FOREST Nobeyama  80-116 4 51 singlex 2 2x2 11
(45) (square)
SUPERCAM APEX 329-360 64 36 singlex 1 8x8 5.7
12) (square)
KFPA GBT 18-27.5 7 91 singlex 2 1x(1+6) 3.6
(200) (hexagonal)
ARGUS GBT 75-115.3 16 ~1%5 singlex 1 4x 4
(200) (square)
CHAMP+ APEX 624-716, 2x7 19.2,16.5 singlex 1 2x(1+6) 0.8,0.7
12) 785-935 (hexagon)
LAsSMA APEX 262-374 2x7 ~16 singlex 1 1x(1+6) 0.4
(12) (hexagonal)
SSAR Delingha/ 85-116 9 172 singlex 1 3x3 6.6
Nexans (square)
(13.7)
CHAI CCAT 430-510, 2x64  16.5(460),9.5  singlex 1 2% (8x 8)' 2.2 (460), 1.2 (806)
(25) 800-8358 (806) (square)

2.2  Summary of HMBAs Worldwide

To provide context for the HMBA design describedhis document, Table 1 lists information
on HMBAs at other observatories that are presentlgperation or will soon be [1]-[12]. As
noted earlier, HMBAs are now quite common and nssgle-dish submillimeter/millimeter
facilities have at least one in their respectivarinmental offerings.

Table 1 reveals that HMBAS exist, or are plannddsia frequency bands that ALMA can
observe, i.e., 3,6, 7, 8,9, and 10. As far asimeeaware, no HMBAS yet exist or are planned for
ALMA Bands 1, 2, 4, or 5. Most HMBAs typically & ~10 receiver elements, though recent
and future examples, SUPERCAM and CHAI, respedtivelve considerably larger numbers

! SEQUOIA once consisted of two arrays of 16 receivers each with one array per polarization. One array will move
to the 50-m Large Millimeter Telescope in Mexico while the other will move to the 14-m Taeduk Radio Astronomy
Observatory in South Korea. The Table includes only the LMT version.

2. Church, private communication.

* CHAI will have a third array at 345 GHz that can replace either of the two higher frequency arrays as conditions
warrant.

* The CHAI baseline arrays have 64 receivers each but the goal is for CHAI to have arrays with 128 receivers each.
The numbers provided in the Table are for the baseline arrays.
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(64-128). HMBA receiver elements are typicallyqad in square configurations, e.gx 3, but
some have hexagonal configurations, e.g., 6 + L HMBAs have receiver elements that are as
equally spaced from each other as possible. @xkemples of HMBAs have receivers with SSB
mixers while newer ones tend to have receivers @8IB, 2SB (single polarisation), or balanced
mixers. Most HMBAs, except HERA and FOREST, detesingle polarization. Importantly,
HMBAs share a design where the receiver elememns typical beam spacings of x2FWHM.
Depending on the element arrangement, the typis@édmntaneous on-sky footprint of an HMBA
is typically a sparse sampling across a field-efavi~1—2 arcminutes in diameter or more.

2.3 Modes of Operation

With several beams angularly and regularly disteduon the sky, HMBASs provide an
efficient means for detecting extended astronomamaission. In cases of bright or very
extended emission, HMBAs can be operated in “rastefdaisy” modes where they are swept
across areas much larger than their instantanemtigrints, obtaining, respectively, rectangular
or circular maps with Nyquist spatial sampling,better, using “On-The-Fly” (OTF) observing
techniques. In cases of weaker or compact emiskliBiBAs can be operated in a “jiggle” mode
where they are effectively pointed at a regulareseof angular offsets smaller than the angular
separations of the beams on the sky, obtainingl snagls the size of the HMBA footprint across
with Nyquist spatial sampling. For the weakestssioin, an HMBA can be operated in a “stare”
mode with no offsets. With beam spacings typica®yx the beam FWHM, however, Nyquist
sampling on the sky is not achieved with this mod@n the presence of sky rotation,
compensating optics, e.g., a K-mirror, can be idetl in the design to rotate the HMBA
footprint and ensure stare-mode observations efifsky positions.)

2.4 Complementarity of HMBA and ALMA Data

Single-dish data complementary to ALMA 12-m and @act Array data can be presently
obtained from the single-pixel receivers on the TdMennas or, perhaps, from HMBAs at other
facilities. Here we examine current or planned HA4Bto see if such instruments can
reasonably acquire such data. Note, however, ttiexe may be logistic or programmatic
difficulties associated with obtaining complementdata at other facilities.

To provide effective single-dish data for combioati with mosaics, the single-dish
observations need to include several on-sky positsampled at Nyquist sampling or better to
preserve all spatial scales from the single-disdmbsize up to the size of the map. In addition,
complementary data should be obtained with a sidigle telescope roughly twice the diameter
of the individual antennas used to obtain the fatemeter data, so that each dataset has a
significant range of spatial frequenay) coverage in common, easing the combination of the
different datasets. (We assume that sinsfgctral resolutions can be obtained from both the
single-dish telescopes and ALMA.) Finally, an HMBAould be ideally located at a latitude
similar to that of ALMA, so that no declination testions exist for acquiring complementary
data. Further comments are given below.

Nyquist sampling: As described in section 2.3, HMBASs can be useskeiveral ways to obtain
maps of Nyquist sampling or better, and these databe used in principle for combination with
ALMA data. If single-dish data from previous pragrs do not already exist, e.g., from a line
survey, such data may not be efficiently acquirgdekisting HMBAs. Briefly, since other
facilities have HMBAs with receiver spacings of ~2the beam FWHM, it can be still
observationally expensive to obtain the neededlesidigh data. For example, raster or daisy
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mode observations only efficiently cover areas miarger than the typical interferometer

mosaic. Furthermore, though jiggle mode obseraatimay provide data over smaller fields,

such observations themselves may require signifisarestments of time to achieve Nyquist

sampling of smaller fields. In addition, the ing@neous footprints of such instruments may be
themselves too large for efficient acquisition ofgée-dish data, resulting in the acquisition of

unneeded data at the map edge. HMBAs on the TR&naas could in principle be optimized

for complementarity with interferometers by haviagangements of receiver elements much
more closely packed than other HMBASs.

Sngle-dish sizez  ALMA mosaic observations consist of 12-m Arragtal and when lower
spatial frequencyuy) coverage is required, Compact Array mosaic databe obtained. When
even lower spatial frequency coverage is requinggt an extended area, at present, data from
either multiple pointings of the single-pixel ALMAotal Power Array antennas or data from
HMBAs from other observatories are obtained. As ba seen in Table 1, all HMBASs are on
telescopes roughly twice the size of the 7-m Compacay antennas, i.e., 12 m or larger.
Hence, all HMBAs listed in Table 1 could conceiwaplovide complementary single-dish data
for mosaics observed ALMA. In addition, HMBAs dnet12-m diameter Total Power Array
antennas could also provide this function.

Latitude: Complementarity to ALMA observations also deped availability of resources
at various latitudes. FOREST, ARGUS, and SSAR,heat locations in the northern
hemisphere, cover ALMA Band 3. HERA and HARP,he horthern hemisphere, and LAsSMA
and SUPERCAM, in the southern hemisphere, cover ALBlands 6 and 7, respectively.
CHAMP+ and CHAI, in the southern hemisphere, co&AeMA Bands 9 and 10 and Bands 8
and 10, respectively. LAsSMA, SUPERCAM, and CHAMBre located at APEX, adjacent to
the ALMA site. CHAI will be located at CCAT, whiakill be also adjacent to the ALMA site.
Hence, HMBAs at Bands 6, 7, 8, and 10 already emishe southern hemisphere, at locations
were they will be able to observe the same skylddA Note, however, that HMBAs at lower
frequencies, i.e., ALMA Bands 3-6, are not avadalil the south. Nevertheless, FOREST,
ARGUS, SSAR, and HERA will be able to cover sigrafit fractions (50-70%) of the ALMA
sky. Setting aside the above point about recedlement spacings, HMBAs designed for Bands
1-6 on the Total Power Array antennas themselvaddmberefore have no such declination
restrictions in providing single-dish data for ALMAterferometric data.

2.5 Requirements of New Instrument

To maximize efficiency of Total Power Array obseigas of extended emission for
combination with data from the 12-m and Compacta®sr we propose the construction and
installation of HMBAs on the TPA antennas. Here, describe some requirements for such an
instrument.

Sze: At present, Total Power Array observations dleeded emission are obtained through
successive pointings of its single-pixel dual-paiaion receivers. Given that there are four
Total Power Array antennas, an HMBA installed_oe diPA antenna (as a start) would need to
have four dual-polarisation or eight single-polatisn receivers to obtain the same basic
mapping speed (although the exact number depentlseomap size, the spacing of the receiver
elements, and their arrangement). To increasemhigping speed by a factor of 2, at least 16
single-pol receivers are needed.

Spacing and Arrangement: The HMBAs listed in Table 1 have typical beamagpgs of
roughly 2 x FWHM. At least Nyquist sampled single-dish datawever, are needed for
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effective combination with interferometer data. oligh such data could be acquired by these
HMBAs through OTF or “jiggle” mode observing, eachthese modes can be inefficient for
producing maps that match the sizes of interferemetosaics, since they may yield maps of
area much larger than needed. Alternatively, anBiAMcan be designed specifically for
recovery of single-dish data by having a much nummpact arrangement of receiver elements.
For example, an HMBA with an on-sky beam separaabrthe angular scale required for
Nyquist sampling would obtain the needed singlé-diata with a single “stare” pointing of the
array. Improvements could be realized even witie HMBA with beam spacing greater than
needed for Nyquist sampling but less than thosexiting HMBAs. Larger maps can be made
through successive pointings of the HMBA on the.skgllowing these ideas, the ideal
arrangement of receivers is not rectangular bierdtexagonal, as with interferometric mosaics,
with the spacing between receivers again being mumte closely packed the existing HMBAs.

Band: Higher-frequency HMBAs may be considered prdferaover lower-frequency ones
because they maximize the efficiency of relativatgrce excellent weather conditions needed to
observe at higher frequencies. Nevertheless, cashot be ignored and lower frequency
HMBAs are likely easier and less expensive to bulttence, a Band 3 HMBA may be the most
promising option, at first. For example, a BantH8IBA could take the place of the Band 3
cartridge on one Total Power Array antenna, leavingee single-pixel Band 3 receivers
available on the other antennas for single-pointiotgl power observations.

3 Conceptual Design

3.1 Introduction

An important figure of merit for a telescope is mpeqy speed, i.e., how much time is required
to fully sample a given field of view. While sirgpixel feeds may be designed to have high
aperture efficiencies and excellent receiver seisit in an effort to increase the mapping
speed, arrays of detectors may be used to germa@te simultaneous beams on sky (i.e., more
pixels), at the cost of increased complexity artivilual pixel performance degradation [1].

As an introduction, we first define what is meagttbe terminology of full sampling with a
dense hexagonal array (DHA) of coherent detectooherence implies several things, one of
which is that a single-mode detector is used [1Bkcordingly, the telescope is limited to a
single spatial mode [14], [15], such that the reedisignal from a point source is a uniquely
defined plane wave at the primary reflector rim anleally transformed to the focal plane with
resolution limited by the Airy pattern. Of coursestrong motivator for coherent detection is
that frequency resolution is preserved. To achfeltesampling, the array follows a hexagonal
layout with Nyquist on-sky spacing. Finally, withihis document, a multi-beam array refers to
a single optical beam per detector element. Ierotvords, it does not refer to a phased array
feed (PAF) where one beam is synthesized usingaleslements.

We assume the important theorem of reciprocity un @nalysis. As applied to an antenna,
reciprocity implies that the received and transmdittadiation patterns are reciprocally identical
for a given mode and polarisation as long as thensa system is linear [16]. Reciprocity will
be used to analyse the beam coupling to the tgdesand also to evaluate the noise added to the
receiver.
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Fig. 1. (a) Example of a sparse hexagonal arfagwa with the solid black circles) separated by EWHM. (b) Successive pointings are
shown with dotted circles and each row contains &mlditional pointings, resulting in 16 total saewpto fill the gaps within the map.

3.2 Dense Spacing of Detectors

To fully sample the field of view, Nyquist angulaampling must be achieved. Using a
hexagonal layout, the angular on-sky samplingisate

DBhyq = G W3 =A//3D (1)

wherel is the wavelength and D is the diameter of thenary reflector [17]. When considering
the focal plane of the telescope, the feed spasittten

Af f
= =My — 2
WaT zpm2 W12 )

wheref is the equivalent focal length of the telescop#d [dnd the additional factor of 1.2 is a
spacing factor following [18]. Equations (1) ar@) @re approximate since the -3 dB beam
width, Orwum, is assumed to b&/D on-sky andif/D at the focal plane.

Existing heterodyne arrays, like those of Tablarg, limited by the diameter of feed horn and
the resulting element spacing is on the order o®rwidm [19]. To obtain Nyquist sampling, the
telescope is re-pointed many times to fill in exted fields of view due to the sparse sampling.
Fig. 1 illustrates the additional sampling requifeda sparse array such that when the frequency
is chosen for horn spacing at exact®=2nm, then 16 pointings are required to fill in the gap
within the map (when the spacing factor of (2)astse 1.0).

Trade-offs must be made when increasing the deaositye feeds within an array as two main
problems are encountered: (a) possible mutual lcmueffects and (b) severely reduced
aperture efficiency through spill-over losses. Wdaltcoupling may be overcome by ensuring
high isolation between feed ports. Spill-over, bwer, is a function of the aperture size. If the
feed horn aperture is forced to be small to accodatea closer packing density, the resulting
beam will simply broaden with respect to #H@® of the telescope and be lost as spill-over power.
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3.3 Analogies from Incoherent Detectors and the Cold Stop

There are analogies with efficiency and detectacs for instrumentation design of infrared
and optical incoherent detectors. For example, @néd consider bolometric detectors and
CCDs as suffering from a considerable amount o€iient spill-over, or stray light, but it is
mitigated by the use of shrouds, baffles, and s{epe [24] as one example). Therefore, it is
interesting to consider whether baffling and stogus be applied to coherent arrays.

We have used the following statement from [1] asivation for our work:

Closer spacing is possible if the optical system uses more uniform aperture illumination
with the detector beam truncated by a cold Lyot stop. This is a typical method for
incoherent THz instruments but has not yet been implemented in a coherent array receiver.

In adopting these concepts for a millimeter-wavgtararray, there are several questions. For
example, what are the ideal qualities of the bajfland stop? What is the consequence of
truncating the power? Where should the stop beegla Can the receive and transmit paths of
the signal be reconciled? What is the effect @encittherency of the signal?

We can philosophically address each of these aquresti Baffling should be implemented so
that the spill-over power gets absorbed withoutertion to keep feeds isolated. Reciprocally,
the termination can be thought of as noise powstteminto the receiver, so it is important that
its physical temperature is some fraction of theiegent receiver noise temperature. By
making use of a collimator within the array, a stogy be placed at the point at which all beams
coincide, i.e., theptical waist, such that each beam is truncated equally [25le Stop needs to
be evaluated (also using reciprocity) to analygectharacteristics of the diffracted beam through
the stop and to calculate the resulting single nequerture efficiency to validate the coherency
of the detector. It is also useful to separatestbi-over power along the optical path into two
contributions: (1) the spill-over power commonbsaciated with aperture efficiency which is
evaluated at the sub-reflector of the telescope @)dthe power intercepted by the cold
absorbing baffles and aperture stop.

3.4 Consideration of PAFs

Phased array feeds (PAF) may also be suitableh®PA antennas. PAF technology has
matured significantly over recent years, and presidn efficient means to form numerous
beams on the sky with a much smaller instrumerf@btprint” than sparse arrays described
above. For example, this technology is currendiyng developed for the SKA in the 20 cm band
[30]. These arrays have very large numbers (~100-@D@lements that sample the field-of-
view through digital beam forming technology.

PAFs are very flexible and promising, but they dwdradded complexities over multi-beam
arrays. For example, signal processing is vergnsive for beam forming, mutual coupling
between the feeds increases receiver noise, angeptespacing is optimal for slowérD of the
telescope (since to minimise grating lobes, thenelg spacing should b&/2 regardless of the
t/D of the telescope).

For this study, we decided to concentrate on thssipte application of a cold aperture stop
with DHAs to provide a novel contribution with thedditional intent that our study will
complement PAF development.
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F Cold Stop

ocus

Collimator Objective Feed
Sub-Reflector Lens Array

Fig. 2. Simplified unfolded optics demonstratinggement of cold stop. The shaded area reprefmtsortion over which cold, absorbing
baffling is used.

4 Analysis for a Fully Sampled DHA

Within this Section, the detector feed spacinglyeen chosen for full Nyquist sampling. In
Section 5 wider spacing is considered.

4.1  Simplified Quasioptical Design

It is useful to consider the example frequency M Band 3 (84-116 GHz) to explore the
impacts of a cold stop on a dense multi-beam arraysimplified example is shown in Fig. 2
where a collimator has been used after the telestmpus and then reimaged onto the detector
array. Itis assumed that the telescaf® = 8 and the primary diameter is 12 m.

Baffling is indicated within the figure, shown blyet shaded area, and represents the region
over which any scattered power is terminated byuddes at cryogenic temperature. The beam
outside of the shaded area is treated separategearture efficiency of the telescope (including
its own spill-over efficiency term). To emphastbe point, the total spill-over of each detector
has been divided into two parts: (a) scattered pdweaveen the collimator and detector, which
is terminated by cryogenically cooled absorber, @nd spill-over with respect to the sub-
reflector of the telescope, which is included ie #gperture efficiency term.

Using quasioptics [23], the ideal beam characiesisinay be found by working backwards
from the sub-reflector assuming that the edge tapdrfocus are constant over frequency when
evaluated at the sub-reflector. Given the layasgcdbed in Fig. 2, the design is summarized in
Table 2. In this design, the distance betweerfdbal plane and sub-reflector is assumed to be
6 m and distances are given with respect to thal folane in the direction towards the detector
array. No truncation has been modelled within &dbl Also, note that in these initial analyses,
the diameter of the collimator is ~7 beam radii ke towest frequency, implying that if the
number of elements is increased to more than ti@atns in Fig. 3, the lens diameters will have
to be increased.

Concept Sudy of a Millimeter Camera for ALMA Page 14 of 37



Beam parameters as determined by fundamental madgaptics

Table 2

Frequency Sub- Cassegrain | Collimator Stop Object Detector
(GH2) Reflector Focus Lens Lens Array
Distances with respect to Focus (mm)
84 -6000.0 0.0 157.8 315.6 473.4 631.2
100 -6000.0 0.0 157.8 315.6 473.4 631.2
116 -6000.0 0.0 157.8 315.6 473.4 631.2
Beam Radii (mm)
84 319.0 21.4 23.5 8.41 22.4 21.4
100 319.0 17.9 20.2 8.40 19.4 17.9
116 319.0 15.5 18.0 8.40 17.2 15.5
Radii of Curvature (mm)

84 -6000.0 6000.0 1051.4 -929.7 178.6 6000.0
100 -6000.0 6000.0 817.2 -1315.8 189.1 6000.p
116 -6000.0 6000.0 662.1 -1769.1 201.3 6000.p

B3 Feed Hom
Profile

(a)

Fig. 3. Examples of simple detector feeds for msdearray: (a) circular waveguides, and (b) circulaveguides with extended elliptical lenses
(inset). Each feed is arranged in a hexagonalulagad the circular waveguides are modelled withisimple metallic box. Simulation port

numbers are indicated in (a) and represented biycéstt numbers. Due to symmetry, it is sufficiémtconsider only ports 1, 2, 4, and 5. For
comparison, the ALMA Band 3 receiver feed horn imawed outer profiles are shown to emphasize thepaotness of the array element spacing.

4.2 Feed Spacing and the Detector Array

Next, it is important to consider what type of fezoh be realized. To fully sample the field of
view at the highest Band 3 frequency of 116 GHanfi(2) the spacing should be set at ~10 mm.
Clearly there is no possibility to use an arrayesfd horns to achieve this compact spacing. For
example, the current ALMA Band 3 receiver feed haimown for reference in Fig. 3, has an
inner diameter of approximately 30 mm [26]!

Ideally, the array feeds should be simple, supgoad linear polarization, and exhibit excellent
port-to-port isolation. To demonstrate the impoce of the feeds, two examples will be used
for the dense hexagonal arrays (DHA). A simpleyof circular waveguides, as shown in Fig.
3(a), could be used since they show good inputetdfin and isolation. To reduce the amount of
power that is terminated with baffles and absorbewever, it is advantageous to try to increase
the directivity of the beams. One simple methodoisuse an extended elliptical lens at the
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Fig. 4. S-parameters for the open waveguide alitiehl lens models shown in Fig. 3, (a) and (b}pectively, indicating the input port
reflection (S11, S22, S44, and S55) and the pepeid isolation (S21, S54, S41, S52, S51, and S&Rmulations completed using CST
Microwave Studio. In both cases, port reflectistess than -20 dB and port-to-port isolation $s lthan -30 dB.

aperture [27] as shown in Fig. 3(b). The lens migfeis assumed to have a dielectric constant
of & = 1.93 and is shown within the inset of Fig. 3(bpince the lens has a low dielectric

constant, no anti-reflection layer is required anshallow input taper is used to improve input
reflection. Fig. 4 indicates the suitability ofckaof the array feeds. Both are well matched
across the band and display low levels of sigreltdge between each feed port.

Fig. 5 demonstrates the difference in the far-8etd the feed arrays themselves when the
extended elliptical lenses are used. In compartisa@pen-ended circular waveguides, the beams
are narrower, more symmetric, and exhibit ~10 dBergain. The added penalty, however, is
an increased side-lobe value. For comparisomglespixel feed designed for the ALMA 12-m
telescopes would have an opening half-angle of ~3A8 such, both of the feeds shown in

Fig. 5 are extremely broad and require carefulnéitia to the spill-over power at each element
along the optical path.

> The example of Teflon® AF is used, although manufacturer data is only supplied at low frequencies.
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Fig. 5. Comparison of co-polar far-fields for tiense hexagonal array (DHA) models shown in FigL&ft and right columns show the results
from open-ended circular waveguides and extendgdiehl lenses, respectively. Each plot contdhmesrespective fields for ports 1, 2, 4, and 5

(labelled in brackets) and show field cuts overlagmt angles of phi = 0, 45, 90, and 135°. Thenbeare given for the frequencies of 84 GHz,
100 GHz, and 116 GHz, shown in (a)—(b), (c)—(d}l é)—(f) respectively.
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(©) (d)

Fig. 6. Simplified GRASP implementation for the Blfhodels shown in Fig. 3. Each detector outputhie®n represented by simple ray optics,
using narrow beams for clarity. The layout follothe structure shown in Fig. 2 except the lensegepresented by reflectors and the beam is
folded back. For clarity, the beams of the foldgtics have been divided up to show: (a) the hemxalglayout of the detector feeds, (b) the off-
axis beams illuminating the objective mirror andstrating the size scale of reflectors, (c) tharbe converging to share a common “optical
waist” (coincident with the placement of the apegtstop), and (d) the output beams of the collimsttdllustrate reimaging onto the focal plane.

4.3 Simplified GRASP Implementation
4.3.1 Optical Path and Detector Layout

As a first step towards verification, the densedgenal array (DHA) models of Fig. 3 were
simulated using GRASP. In this preliminary apphoaall the reflecting optics are placed on-
axis and the unfolded optics, described in Figirg,folded back along the axis (shadowing is not
included in this simplified analysis). Fig. 6 debes the approach used. Although not shown,
an equivalent paraboloid is used to represent aMAlntenna with a focal length of 96 m and
diameter of 12 m.

4.3.2 Transmitted Radiation Patterns along the Optical Path

Continuing with the transmitted path of the telgsedi.e., the detector array transmitting), an
on-axis beam was evaluated at the different stalpewy the optical path and is plotted in Fig. 7
for the two types of feeds being considered. Thertare stop radius has been set to 11 mm
(found to optimise the aperture efficiency) ang@lstted with respect to a normalised feed power
of 4r. As noted earlier, the gains are different betwibe feed types due to the focusing of the
elliptical lens.

Several points of discussion follow from Fig. First, the aperture stop, in (b) and (f), acts
like a spatial filter resulting in a highly Gaussidistribution. Second, the output of the
collimator, in (c) and (g), results in a radiatipattern that approaches a top-hat response;
suggesting that the resulting beam may actuallyigeohigh aperture efficiency. Note that the
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Fig. 7. Co-polar radiation patterns at 100 GHe,do on-axis detector, after successive steps dlangptical path for open waveguides (a)—(d)
or extended elliptical lenses (e)—(h). The figushew: (a) and (e) the far-field after the objeetmirror; (b) and (f) the far-field after passing

through the aperture stop; (c) and (g) the neéd-féer the collimator and evaluated at the sdleceor rim; and (d) and (h) the far-field after

the telescope (equivalent paraboloid represenfation

plots shown in (c) and (g) are near-field spherdzath plotted with a reference distance of 6 m
and with the origin at the focal plane to correspdm the field at the rim of the sub-reflector.
Third, the far-field projections on sky show simileesponses (except for gain) for both
detectors.

Next, we consider the resulting far-fields of tekescope for the entire DHA. Fig. 8 shows the
simulated co-polar far-field for each feed withiretdetector array when the extended elliptical
lenses are used. Each subplot within the figureesponds to the position of a feed element
within the array. In Fig. 9, all simulated feedtpens have been plotted within the same u-v
axes, but only showing the -3 dB contours for ¢yariThe FWHM contour circles correspond
nicely with the expected spacing and show very @epatial sampling. Since the spacing is set
for the highest frequency, full sampling is obsenat 116 GHz and oversampling at lower
frequencies. Symmetry is evident and the resulbegms are encouraging since all beams are
similar, indicating that the aperture stop is lechproperly and affects each feed element
somewhat equally. When compared to open waveguatklng the extended elliptical lenses
helps in the resulting symmetry of the beams on sky
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Fig. 8. Co-polar far-field projections on-sky a@fah feed port through the optical system (stopusadill mm). Each beam is plotted separately,
but shown in their respective position according-tg. 3. The subplots on the left, (a), (c), ar)l @re with the open waveguides, and the
subplots on the right, (b), (d), and (f), are witie extended elliptical lenses. Both models amwvshfor 84 GHz, 100 GHz, and 116 GHz,
respectively, in rows. Contour lines show 2 deeiméls and are plotted over a 50 dB range.
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dB and normalised with respect to each feed afeayent, are given for each beam.

Concept Sudy of a Millimeter Camera for ALMA Page 21 of 37



Table 3
Calculated aperture efficiencies for the DHA mod#l&ig. 3(a) and (b) using the 4th feed port am@pening angle of 3.58°. Spherical near-
field data with a reference distance of 6 m andragin at the focal plane of the telescope havehesed.

Aperture Efficiency Aperture Efficiency

Open Waveguides, dx = 10.0 mm Ellpt. Lens Array, dx = 10.0 mm
Feed Feed

Element i N amp 1 cross N phase 1 total Frequency Element il N amp N cross 1 phase 7 total Frequency
1 0.893 0.983 1.000 0.989 0.869 1 0.892 0.986 1.000 0.992 0.872
2 0.871 0.989 1.000 0.986 0.849 2 0.888 0.989 0.999 0.991 0.869
4 0.893 0.983 1.000 0.989 0.868 84 Giz 4 0.893 0.986 1.000 0.993 0.874 84 GHz
5 0.894 0.982 1.000 0.990 0.869 5 0.885 0.991 1.000 0.991 0.870
1 0.885 0.992 1.000 0.987 0.867 1 0.889 0.992 1.000 0.990 0.874
2 0.879 0.992 1.000 0.986 0.860 2 0.891 0.993 1.000 0.990 0.876
4 0.875 0.992 1.000 0.987 0.857 100 GHz 4 0.890 0.992 1.000 0.991 0.875 100 GHz
5 0.884 0.990 1.000 0.984 0.862 5 0.892 0.993 1.000 0.990 0.877
1 0.886 0.991 1.000 0.989 0.868 1 0.893 0.993 1.000 0.991 0.879
2 0.882 0.993 1.000 0.987 0.864 2 0.890 0.995 1.000 0.990 0.877
4 0.884 0.992 1.000 0.990 0.868 116 GHz 4 0.894 0.992 1.000 0.991 0.879 116 GHz
5 0.871 0.996 1.000 0.985 0.854 5 0.889 0.995 1.000 0.989 0.875

@ (b)

4.3.3 Aperture Efficiency at the Output of the Collimator

Next, it is useful to look at the resulting apeet@fficiency of the output beam of the aperture
stop. The aperture efficiency is calculated usingoverlap integral [9], [17] at the rim of the
sub-reflector with respect to the focal plane oé tielescope. Note that the scattered or
intercepted power between the feed array and caltimi.e. within the cryostat, is not included
within this calculation. Only the field at the stdflector rim is used and normalised
accordingly. Given the simplifications of the mbddown within this section, no back-
scattering is included and the signal is assumdkttully contained withir® ranging from 0—
90°. Again, a stop aperture radius of 11 mm hanhesed. Table 3 contains the aperture
efficiency calculations for each of the DHA modelBhe contributions of spill-over, amplitude,
cross-polarisation, and phase efficiencies are showhe resulting aperture efficiency for both
DHA models is very good, with the important cavélat the truncated power between the
collimator and the feed has not yet been accouoted

4.3.4 Cumulative Power Along the Transmitted Path

Since we are using dense feeds with very broadtiadipatterns, one main point of interest is
how to treat the power that is truncated by thdlibgfand aperture stop. Using GRASP, the
array feed element may be excited to calculateatieunt of intercepted power within the
shaded region of Fig. 2. The intercepted poweals®, by reciprocity, the amount of power
coupled into the detector with respect to the bezsrived at the collimator.

Table 4 shows the amount of power intercepted oh edbject along the optical path, as
described in Figs. 2 and 6, when the radius ofaperture stop is 11 mm. For comparison,
100 GHz is used. Considering first the open-endadeguides, (a), only ~43% of the power is
intercepted by the objective lens. Then, moshefremaining power is absorbed at the cold stop
so that only ~1% of the overall power actually agsi\at the collimator mirror. Looking next at
the elliptical lenses, (b), significantly more paws retained through the system, yet still only
~10% arrives at the collimator. We can also seewhder spacings relative to the frequency,
correspond to more power at the collimator (i.ee highest frequency has more cumulative
power).
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Table 4
Cumulative power along the optical path for the eleaf Fig. 3(a) and 3(b), using th&#&ed element and calculated for 100 GHz.

Cumulative Power (%) Cumulative Power (%)
Open Waveguides, dx = 10 mm Ellpt. Lens, dx = 10 mm
Feed Objective Stop Collimator | Equivalent Feed Objective Stop Collimator =~ Equivalent
Element Mirror Paraboloid = Frequency Element Mirror Paraboloid | Frequency
1 34.4% 33.4% 0.8% 0.8% 1 77.8% 69.1% 8.1% 7.3%
2 34.6% 33.6% 0.8% 0.8% 2 76.0% 67.4% 8.0% 7.2%
4 34.3% 33.3% 0.8% 0.8% H@ie 4 77.6% 68.8% 8.2% 7.4% S
5 34.8% 33.8% 0.8% 0.7% 5 73.8% 65.0% 8.1% 7.3%
1 43.4% 42.1% 1.1% 1.0% 1 76.4% 65.3% 10.4% 9.5%
2 43.7% 42.4% 1.2% 1.0% 2 76.8% 65.5% 10.7% 9.7%
4 43.2% 41.9% 1.1% 1.0% oS 4 77.1% 65.9% 10.5% 9.6% W@z
5 43.9% 42.6% 1.1% 1.0% 5 76.7% 65.0% 11.0% 10.0%
1 53.2% 51.5% 1.5% 1.4% 1 82.2% 67.1% 14.4% 13.1%
2 53.7% 52.0% 1.5% 1.4% 2 82.6% 67.6% 14.3% 13.0%
4 53.0% 51.3% 1.5% 1.3% Rt 4 82.2% 67.2% 14.2% 12.9% e@sr
5 53.9% 52.2% 1.5% 1.4% 5 82.3% 67.1% 14.5% 13.1%
(a) ®)

Herein lies the major hurdle towards acceptabléopmance for radio astronomy that the two
feed models aptly illustrate. Since the assumptsomade that the baffling and absorbing
aperture stop are held at cryogenic temperatunespptical coupling loss (i.e., the cumulative
power received at the collimator shown in Tablen®gy be effectively considered as a cold
attenuator at the input of a receiver chain. E@illustrates the consequence to overall receiver
noise when the scattered power (i.e., power lost tducoupling losses) is terminated by the
baffling at various physical temperatures. Farsiiation, it is assumed that the receiver element
has an equivalent noise temperature of 35 K, reptatve of the ALMA Band 3 receiver
cartridge [29]. By separating out the contributiointhe power lost due to the baffling, two
conclusions are shown: (a) the physical tempegatfithe absorber must be as cold as possible,
and, (b) feed directivity is crucial. One can sleat although both feed models provide good
feed isolation and aperture efficiency outside led tryostat, the coupling loss—even if the
baffling is held at cryogenic temperatures—sigifity degrades the resulting overall receiver
temperature. In fact, the open-ended waveguidagp(mg~ 0.01) result in an overall receiver
noise that is off the chart in Fig. 10 and the edéa elliptical lens array (couplinrg0.11) shows
a factor of ~10 degradation. One can also seethigapower coupling changes significantly
across frequency since the spacing has been forebl6 GHz.

To relate this degradation in terms of integratiame, the system temperature must be known.
From [18], neglecting background terms and poin#ihgenith, the system temperature is

Tys = ;_T(Trec et Tay + (1"7eff )Tamb) 3)

M€ °

where .« is the forward efficiency (fixed at 0.95 in [18p; is the fractional transmission of
the atmospherely, is the sky temperature, arffd.» is the ambient temperature (fixed at 270 K
in [18]).

Using the ALMA Sensitivity Calculator (AS€)values of sky temperature and atmospheric
transmission can be found and are shown in Tabl&ypical observing conditions are used for

® https://almascience.nrao.edu/proposing/sensitivity-calculator
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Table 5
Comparison of system noise between a single-peagiver and an element within a fully sampled DHighvelliptical lenses (oversampled by a
factor of 1.2).

Single Pixel | MY4USt ppa
Frequency 1.2
(GHz2) To Tsky Trec Tsys Trec Tsys (Tsys Rati0)2 < Tint
84 0.048 12.924 35 67.1 483 561.9 70.1
100 0.054 14.196 35 68.9 368 438.8 40.6
116 0.336 69.531 35 168.7 275 522.3 9.6

ALMA Band 3, i.e., a water vapour column densitys5of mm is assumed. Also in Table 5, the
last column shows the comparative increase in ratem time between a single-pixel receiver
and a DHA element (since integration time is prdpoal to the square of system noise
temperature). Note that within the ALMA Band 3duency range, the upper frequency has
considerably more atmospheric attenuation dued¢avidter and oxygen absorption lines nearby.
Since the sky noise temperature dominates the vexceioise temperature at the highest
frequency, variations in receiver noise have leggaict on overall system integration time.
Depending on how dominant the sky noise is, the barmof fully sampled DHA elements

using elliptical lenses ranges from ~10-70, justaee equivalent single-pixel performance.

44  Summary for the Fully Sampled DHA

An optical layout has been presented to exploregdhefications of full spatial sampling with
multi-beam feeds using compact hexagonal spaciivgp different feed array models have been
shown that exhibit the desired characteristicsimiptcity, dual-linear polarization, good port
match, high feed isolation, good aperture efficierand full Nyquist spatial sampling. The two
models differ, however, in the amount of power losthe cold baffling and absorbing aperture
stop. By separately treating the scattered powéwden the aperture stop and feed array, the
importance of feed directivity and absorber tempeeaare highlighted through representing the
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coupling loss as cold attenuation at the receivgiut. Since the feed aperture area
fundamentally limits the directivity, extremely cpact array spacings will suffer as shown

above. The spacing presented within this seci@xiremely compact for coherent detectors, as
the spacing was set for the highest frequency withe band, even with an additional spacing
factor of 1.2 at the highest frequency.

Using a cold aperture stop also allows for wideacpgs, still much more compact than
existing heterodyne arrays, e.g., a spacing/ohyq, and would imply only 4 separate telescope
pointings to completely fill in the array field efew. Wider spacing would enable larger feed
apertures (or larger lens diameters) to improvedtivity of the beams and, therefore, shift the
power coupling and drop the overall receiver nose;ording to Fig. 10. This approach is
considered in the following Section.

5 DHA with Twice-Nyquist Spacing

Following the same analyses as in Section 4, wiecaiisider a DHA, but with wider spacings
between detector elements. The goal is to seghieh optical coupling to the collimator can be
achieved to shift the overall receiver noise acowydo Fig. 10.

Given the discussion above regarding sparse sagnfdiee Fig. 1), it is apparent that the
number of separate telescope pointings can be eddwuom 16 to 4 if the detectors have twice-
Nyquist spacing, as shown in Fig. 11.

5.1 Variation of Spacing

Following Section 4, the same layout as Fig. 3 legst, but the spacing between the elements
was varied. The spacing factor of (2) was sweptsacvalues of 1.2, 1.0, 0.6, and 0.5, such that
a factor of 1.0 and 0.5 correspond to Nyquist amde-Nyquist sampling, set at the highest
frequency of 116 GHz. The four models are illuslain Fig. 12. For simplicity, the lenses of
each array, shown in Fig. 13, were kept to havestime input circular waveguide and the lens
diameter was set fdtxnyg + 1 mm. For each case, a single lens was optinigsdoeam quality
and input reflection. Next, the entire array waswated in CST Microwave Studio to ensure

6 4 2 0 2 4 6 8 R 4 2 0 2 4 6 8
Axes Normalised to HPBW Axes Normalised to HPBW
(a) (b)

Fig. 11. (a) Arrangement of a DHA with twice-Nyguspacing, shown here in &4 layout. (b) Full sampling is achieved with odlpeparate
pointings. Compare with Fig. 1.
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Fig. 12. Variation of DHA element spacing usin@aipg factors of 1.2, 1, 0.6, and 0.5, accordingdoation (2). The two arrays on the right
correspond to Nyquist and twice-Nyquist spacinge RLMA Band 3 feed horn is shown in the upper neddr scaling reference.

S

Fig. 13. Corresponding lenses for each array@f E2. In each case, the same diameter of ciredsieguide feeds the lens.
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Fig. 14. Co-polar far-field on-sky projections edch feed port using element spacings correspondif@) slightly oversampled Nyquist, (b)
Nyquist, (c) slightly oversampled twice-Nyquistgdafu) twice-Nyquist. The stop radius is 11 mm.

that port reflection < -20 dB and port isolatior30 dB. Each port’s near-field was exported to
GRASP to analyse the optical path.

Fig. 14 compares the output far-fields of eachyamdel at 100 GHz. As the spacing is
increased to twice-Nyquist, shown in (d), the owi@ments show some distortion of the beam.
This distortion is likely due to the size of thetiop in model (e.g., from Table 2, the diameter of
the mirrors is ~7 beam radii at the lowest frequ@nciven with the distortion, however, the
calculated aperture efficiency for each case exxc86éb.

Fig. 15 shows the simulated far-fields of eachyamadel when the element feeds are plotted

within the same axes. The FWHM contours at 116 Gigeee with the predicted spatial
sampling.
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Fig. 15. FWHM contours of the co-polar far-field-eky projections for each feed port using elemggacings corresponding to (a) slightly
oversampled Nyquist, (b) Nyquist, (c) slightly es@mpled twice-Nyquist, and (d) twice-Nyquist.

Concept Sudy of a Millimeter Camera for ALMA

Page 28 of 37



Table 6
Cumulative power along the optical path for eachyamodel with spacing: (a) slightly oversampledyigt, (b) Nyquist, (c) slightly
oversampled twice-Nyquist, and (d) twice-Nyquist.

Cumulative Power (%) Cumulative Power (%)
Ellpt Lens Dia = 8.95 mm, dx = 9.95 mm Ellpt Lens Dia = 10.94 mm, dx = 11.94 mm
Feed Objective Stop Collimator | Equivalent Feed Objective Stop Collimator =~ Equivalent

Element Mirror Paraboloid = Frequency Element Mirror Paraboloid | Frequency
1 69.1% 60.0% 8.4% 7.6% 1 66.8% 54.8% 11.1% 10.1%
2 65.7% 57.3% 7.8% 7.1% 2 65.4% 54.1% 10.5% 9.6%
4 69.3% 60.3% 8.3% 7.6% 84 GHz 4 68.1% 56.2% 10.9% 9.9% 84 Giz
5 60.4% 53.0% 7.0% 6.3% 5 60.9% 50.1% 10.1% 9.1%
1 75.6% 63.0% 11.9% 10.8% 1 78.7% 61.9% 15.8% 14.4%
2 74.8% 62.3% 11.7% 10.6% 2 78.2% 61.5% 15.8% 14.4%
4 75.0% 62.7% 11.6% 10.5% 100 GHz 4 78.3% 62.0% 15.4% 14.0% 100 GHz
5 71.8% 60.3% 10.8% 9.8% 5 75.7% 59.8% 15.1% 13.7%
1 79.5% 62.7% 16.0% 14.6% 1 83.3% 61.6% 20.7% 18.9%
2 77.1% 60.8% 15.5% 14.1% 2 83.5% 61.7% 20.9% 19.1%
4 7‘—).7"/2 62,9“/2 16.1“/: }4,6“/2 116 GHz 4 83,6“/2 62.0“/2 20,6“/2 18.8“/: 116 GHz i
5 74.5% 59.0% 14.8% 13.5% 5 80.4% 59.2% 20.4% 18.6% |

(@ (b)
Cumulative Power (%) Cumulative Power (%)
Ellpt Lens Dia = 18.9 mm, dx = 19.9 mm Ellpt Lens Dia = 22.9 mm, dx = 23.9 mm
Feed Objective Stop Collimator | Equivalent Feed Objective Stop Collimator =~ Equivalent

Element Mirror Paraboloid = Frequency Element Mirror Paraboloid | Frequency
1 73.3% 48.4% 23.2% 21.3% 1 70.4% 39.7% 28.7% 26.4% \
2 72.7% 47.3% 23.8% 21.9% 2 68.8% 36.3% 30.6% 28.3% \
4 72.7% 48.4% 22.6% 20.7% S4Gi 4 70.0% 40.6% 27.3% 25.0% 4Gt \
5 70.5% 45.1% 23.9% 21.9% 5 67.6% 35.2% 30.6% 28.3% \
1 77.9% 45.1% 31 1% 28.8% 1 il 00y 36.3% 1

0, 0, 0, 0, 0, 0, 0, 0,
2ol nle R RO 006 P ITe pEe 9 T
“ 11.U70 “40.V7o0 JU.270 40.170 oy 11.470 “4J3.U70 J4.170 L7.170
5 74.2% 40.2% 32.6% 30.2% 5 75.8% 32.2% 42.1% 39.3%
1 83.5% 39.7% 42.0% 39.0% 1 82.2% 34.6% 45.7% 42.8% \
2 83.1% 37.6% 43.8% 40.8% 2 81.5% 29.8% 50.1% 47.0% \
4 82.7% 41.1% 39.7% 36.9% Loz 4 83.0% 37.2% 43.6% 40.6% LoCHL \
5 81.7% 36.3% 43.8% 40.7% 5 81.8% 27.6% 52.7% 49.6% |
(©) (d)

The change in power coupling is of interest forheaase. Using the same methodology
above, we assume the scattered power betweenltimator and detector feeds is terminated by
cold absorber. In the received path, the amoumiogfer that is coupled into the detector with
respect to the collimator is reciprocally identid¢al the simulated cumulative power at the
collimator for the transmitted path. Table 6 sums&s the cumulative power for each of the
array spacings considered and shows significantraugment when using twice-Nyquist
sampling, as in (d). Note that there is some tianan the results for the larger arrays, most
likely due to the size of the optics and possildgeseffects within the array. Increasing the size
of the optics and adding a buffer ring of arraymedats terminated within the waveguide may
mitigate these variations.

This interesting result may be quantified using ¢o&l attenuator analogy described earlier.
Fig. 16 shows the comparative overall receiverendis each model. The shaded boxes within
the Figure correspond to the range of optical dogphcross the frequency band. For example,
if Nyquist sampling is used, Table 6(b) shows tinat coupling is ~10%, ~15%, and ~20% for
each array element. This range of coupling is thapped within Fig. 16(b) to illustrate that the
overall receiver noise will range from over ~190-850which results in receiver noise
degradation factors of ~5—-10 across the frequenag.ba

The amount of spread in the performance improvéis tmiice-Nyquist spacing, shown in Fig.
16 (d), changing the overall receiver noise to ~&0-H, which is a factor of ~2.5-3.5
degradation.
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Fig. 16. Overall receiver noise for the DHA modst®wn in Fig. 12. The shaded boxes indicateeg®n of the curve that is covered across
the frequency range of 84-116 GHz. It is assurhatithe absorbed is held at a temperature of 4 °K.

Table 7
Comparison of system noise between a single-peagiver and an element within a twice-Nyquist DHéompare with Table 5.
Single Pixel 2-Nyquist  DHA
Frequency
L \2
(GHZ) To Tsky Trec Tsys Trec Tsys (Tsys RatIO) < Tint
84 0.048 12.924 35 67.1 130 172.0 6.6
100 0.054 14.196 35 68.9 94 134.4 3.8
116 0.336 69.531 35 168.7 74 226.2 1.8

As above, we can relate the change in receiveertoishe increase in integration time using
(3). Assuming that aperture efficiency is constém integration time to achieve a given signal-
to-noise is proportional to the squared systementegnperatureZs,s. In Table 7, the final
column indicates the “break-even” point when cormpgaa DHA element with a single-pixel
receiver. For example, at 100 GHz each elemetti@DHA requires ~4 times longer than an
equivalent single-pixel receiver to achieve the saignal-to-noise.

As with all arrays, their mapping efficiency deperuh the FoV observed. If the object can be
characterised by only a few pointings of a singlepreceiver, then arrays will not have any
advantage. Of course, medium and large scalesberikbfit from more pixels as long as the
resulting 7y is not too adversely affected. For example, o/ as shown in Fig. 11(b) was
required, then a single-pixel receiver would regquiB individual pointings to map the area. On
the other hand, a ¥ 3 twice-Nyquist DHA at 100 GHz will need only 4ipbngs, but each will
take 4 times as long, resulting in an overall maggefficiency improvement of a factor of 3.
Larger DHAs will proportionately improve the mapgispeed for larger FoVs.

It is also important to compare the DHA with a sgaarray, i.e., compare Figs. 1 with 11.
Here, we assume that a sparse array achieves Zabdidinspacing with no degradation in
receiver noise temperature compared to a singletpeceiver. The sparse array will always
require a minimum of 16 pointings to fill in theggmabetween pixels. Using Table 7, we can see
that at 84 GHz, a sparse array is better (16 &x64), at 100 GHz, both arrays are similar
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(16 vs. 3.8x 4), and at 116 GHz, the DHA is better than a sparsay (16 vs. 1.8 4). Note
that for a fair comparison, the sparse array shbaie its 2-beamwidth spacing set at the highest
frequency (however, some sparse arrays achievabieamwidth spacing at mid-band).

Once again, the importance of the dominance ofrgkge with respect to system noise is
shown. The DHA is optimised within the upper pairthe band (due to spacing) and is more
efficient when the receiver noisgs., is not the dominant term within the system noisg;,

6 Detailed Simulation of the Aperture Stop

6.1 Simulation Method

Since simulation using physical optics is mostahlé for electrically-large structures, and
because the aperture is less than 10 wavelengtbssadt was important to model the aperture
with 3D electromagnetic simulation software to fyerthe diffraction through the stop.
Modelling the entire optical path with CST’s timendain solver is far too large for parameter
sweeps and the approach was modified. First, #@mbparameters were computed using
guasioptics between the objective mirror and sagguming a transmitted path for a single on-
axis DHA element. Then, a Gaussian excitation wsel within CST to compute the near-field
radiation pattern through the stop. Finally, tleamfield data was imported back into GRASP
and used to illuminate the collimator and simuldie telescope response (using an equivalent
paraboloid representation of the telescope). Erfa) shows an example of the model used
within CST and a Gaussian source excitation is shbwehind the stop. The stop itself is
comprised of a central metallic layer with two ley@f absorbing material on each Sider
more realistic modelling (a close-up of the laye&sshown in Fig. 18). For a cryogenic
implementation, however, a ferrite-loaded epoxy rhaymore suitable. Note that the model of
Fig. 17(a) is still electrically-large for a fullave solver (~30 million cells) and a combination of
CST and GRASP modelling is required to simulatecihigre system.

0.95r
Circular Aperture
0.9¢
0.85F
=2
0.8
— =84 GHz
0.75 —— =100 GHz
—o— =116 GHz
0.7 1 L 1 L 1 1 ]
9 9.5 10 10.5 11 11.5 12 125 13
Stop Radius (mm)

(b)

Fig. 17. (a) Example of the CST model used to teuthe radiation pattern through the aperturp.stdhe square blue feature in the back
represents a Gaussian source with parameters degerioy quasioptics. The aperture stop is modeilgd a metallic plate and two layers of
microwave absorber on each side. The near-field idathen exported into GRASP to calculate thetape efficiency for various parameter
sweeps, such as the stop radius shown in (b).

7 Absorber properties were modelled after ECCOSORB® MF110 and MF112.
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(a) (b) (c)

Fig. 18. CAD models of aperture stops used inide modelling with CST Microwave Studio. (a) pimcircular aperture, (b) sinusoidal
aperture, and (c) circular aperture with an addélecut-out.

Once the near-field data is exported back into GRABe total aperture efficiency,, may
be calculated following the same approach as iti®@ed. Fig. 17(b) shows that the optimised
stop radius for aperture efficiency for a simplegiar aperture corresponds to 11 mm across the
frequency band, which also agrees with the initiabelling using GRASP.

6.2 Exploration of Various Aperture Shapes

It is interesting to explore the impact of the @per shape and Fig. 18 shows a sampling of
some of the aperture shapes simulated. An empap@oach was used to run several parameter
sweeps. For brevity, detailed results of the beattignot be shown. It suffices to say that, of
all the experimental shapes, the simple circulagrtape proved to give the best aperture
efficiency and coupled power. One particularlyenesting shape is shown in Fig. 18(b) because
early simulations indicated a reduction in sideblbé the radiated beam through the aperture.
Upon further simulation with higher phi resolutidmwever, it was shown that the sidelobes
increased with other phi cuts, resulting in no allémprovement.
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7 Compact 2SB Assembly for Twice-Nyquist Spacing

If a compact element spacing such as that deschbeslis adopted within an array, the next
major challenge is to fit all of the receiver chasmponents within the volume. Retaining both
linear polarisations and sideband-separation medeeproblem even more challenging since for
each feed element, four outputs are needed.

Fig. 19(a) shows the scale of the 2SB assembliethéoALMA Band 3 receiver compared to
the proposed twice-Nyquist element spacing. tlésr that for DHAs, the compactness of the
following components needs to be improved by aofact ~10! Note that Fig. 19 does not show
the down-converted IF part of each 2SB assembiyid. 19(b), the assembly is shown open to
indicate: (1) the 3 dB RF hybrid used to creat®aghase shift between the RF branches, (2) the
in-phase ‘Y-splitter’ used to divide the LO everdgtween the branches, and (3) LO couplers
preceding each mixer block [31]-[33]. Further dstaf sideband-separation can be found in
[32].

. LO
=
Mixer 1 ;”;7:4._:“' e Mixer 2
v‘-' '7; (\l‘h‘ J 4
@ =]
I

(a)

Fig. 19. (a) Scale reference between the twicediycspacing DHA model and a single ALMA Band 3emsbly for dual-linear and 2SB
outputs. The 2SB assembly includes an OMT wittheadput attached to an RF/LO combiner network usetie sideband-separation. (b)
Open view of the RF/LO combiner network with mixdocks (coloured grey and gold respectively).
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Fig. 20. Integration of the combiner network forB2Showing only the details for one polarisatiom), isometric and (b) top views are shown.

The RF signal is split in-phase via the turnstiid ¢he LO is weakly coupled into each path. BefbeeLO is coupled, it undergoes a 90° phase
shift with respect to its outputs via the 3dB hgbriThe RF + LO signal is then routed to a separater block. The tan coloured waveguides

are used to indicate a waveguide termination.

To To
Mixer | Mixer 2
=

To )
Mixer 3 @ © _ n

To 1 d LO
Mixer 4E£f£. I
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Fig. 21. Full 2SB assembly for both polarisatishewing isometric (a) and top (b) views. Each chaarisation assembly has one LO input
(shown in red) and four outputs that are routea $eparate housing for the mixers (not shown).
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(@) (b)

Fig. 22. Block implementation of the dual-linealarisation, 2SB assembly for machining. The top pieces may be machined from one side
only, but the bottom two pieces require machinirgrf both sides. Symmetric features are defineth fome side only and high machining
accuracy is preserved since features depend aeltiteve machine tolerance.

Fig. 23. Array implementation of the compact 2S&enbly. Every second row within the array mayoffeet to allow for a nested
configuration of dual polarisation 2SB assembli$ie spacing corresponds with Fig. 19 (a) and telip lenses are shown for three of the
inputs.

There are examples of very compact 2SB assemblgscould be suitable for closely packed
arrays, such as a planar implementation in [32the©examples are [34]-[36] where the LO
coupler has been combined on chip and a very canspgerconducting IF coupler is used.

In [37], a “magic-T” has been used for the signalsion required for 2SB. Similar to this, a
turnstile can be used for the signal division wihike added bonus that both linear polarisations
can be captured. Previous work at NRC has inclad#edbmode transducer (OMT) development
using turnstiles [38], [39]. By integrating the QMvith the waveguide combiner network, the
sideband separation assembly can be made very compéisymmetrical. Fig. 20 illustrates the
integrated 2SB path for one of the polarisatiors Rig. 21 shows the complete dual polarisation
2SB layout. The LO input, shown in red, is dividied input into each polarisation branch.
Since the RF signal is split in-phase via the tiilgyseach LO path contains a 3 dB hybrid to
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make the LO outputs orthogonal before coupling th®RF signal path. The LO + RF signal is
then routed to a separate block containing the mixghis allows for separate mixer
characterisation and matching for sideband sejpawati

Fig. 22 shows the design concept for machiningnild@r to the W-Band OMTs [39], the block
can be sectioned transverse to the circular wadegaput. Symmetric features of the block are
completely defined within one surface and may lmigtely machined since the tolerance of the
feature is determined by thelative machining precision. In comparison to the OMT®yaver,
some of the pieces need to be machined from baolssirequiring an additional step in the
machining process.

Finally, Fig. 23 describes how the compact 2SBrabties may be stacked together to fit into
the volume as determined by twice-Nyquist spacimgwns in Fig. 19(a). Only three elliptical
lenses are shown for clarity and illustrate thecsgpachieved. Every second row within the
array may be offset to create a nested configuratids with any array, the number of outputs
creates an increase in complexity and using thenpbaof a 10 element array requires 10 LO
signal inputs and 40 output channels. Note that t® coupling into the signal path is
completely defined by the waveguide couplers wiaiebids the need to quasi-optically combine
the LO to the signal array. To preserve the cotmgss of the array, it is envisioned that a
compact IF coupler, similar to that shown in [38uld be used within the mixer block.
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