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1 Report Summary 

The Atacama Large Millimeter/submillimeter Array (ALMA) is the premier instrument for 
observing the universe at millimeter and submillimeter wavelengths. Although ALMA is 
impressive in scope, ALMA’s largest shortcoming remains its relative insensitivity to large-scale 
emission. Such emission can be critical to recover, so that accurate pictures are obtained of 
numerous, poorly understood astrophysical phenomena.  Some measures are in place to allow 
such emission to be obtained, e.g., through the Total Power Array (TPA) antennas, yet these 
single-receiver facilities do not have the same intrinsic sensitivity of ALMA’s array of fifty 12-m 
dishes (the 12-m Array).  

Within this report, we propose a conceptual optical design for a receiver array intended for a 
TPA antenna to improve the mapping speed.  The array requirements are heterodyne detection, 
dual-linear polarisation, and sideband-separating (2SB) receivers to maintain compatibility with 
the 12-m Array. 

Our approach was to consider a densely packed heterodyne array and to apply the technique of 
a cold aperture stop that is used within incoherent, or direct detector, arrays.  A conceptual 
design is applied to an ALMA 12-m telescope and the effect of detector spacing is explored.  
Using the radiation patterns of each array element, the truncated power by the cold absorbing 
stop can be reciprocally considered as a cold attenuator to the input of the receiver.  In this way, 
the “cost” of closely spaced array elements can be quantified.  Aperture efficiency of the 
telescope is also considered. 

This report consists of the science background and motivation behind improving the TPA 
antenna mapping speed.  A summary of existing heterodyne multiple-receiver instruments is 
provided and related to the requirements of a TPA antenna.  Next, an optical design for a fully 
sampled hexagonally arranged array is presented.  This extremely compact arrangement suffers 
from a very large increase in receiver noise.  In the following section, the spacing is increased to 
“twice-Nyquist” (still very compact for heterodyne arrays) and a moderately sized array is shown 
to outperform a single-pixel receiver.  A comparison is also made between sparse arrays and 
dense arrays and it is shown that comparative mapping speed between the two types of arrays is 
dependent on the ratio of receiver to system noise, e.g., it depends on how dominant the sky 
noise is compared to receiver noise.  Within relatively high system noise conditions, a dense 
array will outperform a sparse array, but when the receiver noise dominates the system noise, a 
sparse array will likely be more efficient in mapping.  Next, a more detailed modelling 
representation of the aperture stop is presented using a combination of CST and GRASP and the 
results show agreement with the preceding sections of the report.  Finally, a compact sideband-
separating arrangement (using a turnstile) is shown and then applied to an array spaced at twice-
Nyquist.   

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

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

2.1 Background 

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

In this study, we explore a heterodyne multi-beam array (HMBA) instrument design for the 
ALMA Total Power Array antennas.  An HMBA is, in general, an arrangement of multiple 
heterodyne receivers within a single telescope that allows for simultaneous observations of 
emission from several adjacent locations on the sky.  HMBAs are now quite common 
instruments for single-dish millimeter/submillimeter telescopes, and are used for efficient 
mapping of line emission over wide fields of size many times their instantaneous on-sky 
footprints.  In general, the larger the number of elements an HMBA has, the faster its wide-field 
mapping speed is.   

Since ALMA’s Total Power Antennas are outfitted with single-pixel receivers, its ability to 
recover extended emission over wide fields is relatively limited.  For example, 12-m Array 
observations can, on occasion, include observations of multiple adjacent pointings, i.e., 
“mosaics,” and certain projects may also require low spatial frequency (uv) data from the 
Compact and Total Power Arrays if the targeted emission is relatively extended.  Of course, 
when needed, the Total Power Array antennas can observe the same area on the sky as the other 
Arrays do, one pointing at a time in succession, to acquire the needed single-dish data.  Given the 
factor of 12.5 difference in total collecting area between the 12-m Array and the Total Power 
Array alone, it can be challenging to provide data from each array of similar sensitivity, though 
total power signals may themselves be intrinsically much brighter than the interferometric 
signals. 

To improve the efficiency of the ALMA Total Power Array, HMBAs may be needed on its 
antennas.  Acknowledging the complementarity of the Total Power Array to the 12-m Array, 
however, is key to designing an effective HMBA.  For example, the 12-m Array could map 
fields of many square arcminutes in size (through hundreds of adjacent pointings) but it is likely 
impractical for it to map fields of many square degrees in size.  Hence, an HMBA for a Total 
Power Array antenna does not need to have a large instantaneous on-sky footprint.  In addition, 
an efficient HMBA should have a much more tightly packed arrangement of receivers than is the 
present norm of ~2 × FWHM of the beam.  Such an arrangement would allow the recovery of 
Nyquist sampled, single-dish data of regions a few square arcminutes in size with a minimal 
number of pointings.   
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Table 1 
Current or planned heterodyne multi-beam arrays (HMBA) on single-dish telescopes 

HMBA   Host 
Telescope 

(Diameter in 
m) 

Freq. 
Range 
(GHz) 

No. 
Receiver 
Elements 

Mid-Band 
On-Sky 
Spacing 
(arcsec) 

Polarisation 
× 

No. Sidebands 

Receiver 
Arrangement 

Mid-Band 
Instantaneous 

Footprint Diameter 
(arcmin) 

HARP JCMT  
(15) 

325-375 16 30 single × 1 4 × 4 
(square) 

2  

SEQUOIA1 LMT  
(50) 

85-116 16 24 single × 1 4 × 4 
(square) 

1.4 

HERA IRAM  
(30) 

215-272 18 24 dual  × 1 3 × 3 
(square) 

1 

FOREST Nobeyama 
(45) 

80-116 4 51 single × 2 2 × 2 
(square) 

1.1 

SUPERCAM APEX  
(12) 

329-360 64 36 single × 1 8 × 8 
(square) 

5.7 

KFPA GBT  
(100) 

18-27.5 7 91 single × 2 1 × (1 + 6) 
(hexagonal) 

3.6 

ARGUS GBT  
(100) 

75-115.3 16 ~152 single × 1 4 × 4 
(square) 

 

CHAMP+ APEX  
(12) 

624-716, 
785-935 

2 × 7 19.2, 16.5 single × 1 2 × (1 + 6) 
(hexagon) 

0.8, 0.7 

LAsMA APEX  
(12) 

262-374 2 × 7 ~16 single × 1 1 × (1 + 6) 
(hexagonal) 

0.4 

SSAR Delingha/ 
Nexans 
(13.7)  

85-116 9 172 single × 1 3 × 3 
(square) 

6.6 

CHAI CCAT  
(25) 

430-510, 
800-8353 

2 × 64  16.5 (460), 9.5 
(806) 

single × 1 2 × (8 × 8)4 
(square) 

2.2 (460), 1.2 (806) 

 

2.2 Summary of HMBAs Worldwide 

To provide context for the HMBA design described in this document, Table 1 lists information 
on HMBAs at other observatories that are presently in operation or will soon be [1]–[12].  As 
noted earlier, HMBAs are now quite common and most single-dish submillimeter/millimeter 
facilities have at least one in their respective instrumental offerings. 

Table 1 reveals that HMBAs exist, or are planned, at six frequency bands that ALMA can 
observe, i.e., 3, 6, 7, 8, 9, and 10.  As far as we are aware, no HMBAs yet exist or are planned for 
ALMA Bands 1, 2, 4, or 5.   Most HMBAs typically have ~10 receiver elements, though recent 
and future examples, SUPERCAM and CHAI, respectively, have considerably larger numbers 
                                                 
1
 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
 S. Church, private communication. 

3
 CHAI will have a third array at 345 GHz that can replace either of the two higher frequency arrays as conditions 

warrant. 
4
 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 typically placed in square configurations, e.g., 3 × 3, but 
some have hexagonal configurations, e.g., 6 + 1.  All HMBAs have receiver elements that are as 
equally spaced from each other as possible.  Older examples of HMBAs have receivers with SSB 
mixers while newer ones tend to have receivers with DSB, 2SB (single polarisation), or balanced 
mixers.  Most HMBAs, except HERA and FOREST, detect a single polarization.  Importantly, 
HMBAs share a design where the receiver elements have typical beam spacings of ~2 × FWHM.  
Depending on the element arrangement, the typical instantaneous on-sky footprint of an HMBA 
is typically a sparse sampling across a field-of-view ~1–2 arcminutes in diameter or more. 

2.3 Modes of Operation 

With several beams angularly and regularly distributed on the sky, HMBAs provide an 
efficient means for detecting extended astronomical emission.  In cases of bright or very 
extended emission, HMBAs can be operated in “raster” or “daisy” modes where they are swept 
across areas much larger than their instantaneous footprints, obtaining, respectively, rectangular 
or circular maps with Nyquist spatial sampling, or better, using “On-The-Fly” (OTF) observing 
techniques.  In cases of weaker or compact emission, HMBAs can be operated in a “jiggle” mode 
where they are effectively pointed at a regular series of angular offsets smaller than the angular 
separations of the beams on the sky, obtaining small maps the size of the HMBA footprint across 
with Nyquist spatial sampling.  For the weakest emission, an HMBA can be operated in a “stare” 
mode with no offsets.  With beam spacings typically ~2 × the beam FWHM, however, Nyquist 
sampling on the sky is not achieved with this mode.  (In the presence of sky rotation, 
compensating optics, e.g., a K-mirror, can be included in the design to rotate the HMBA 
footprint and ensure stare-mode observations of fixed sky positions.) 

2.4 Complementarity of HMBA and ALMA Data 

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

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

Nyquist sampling:  As described in section 2.3, HMBAs can be used in several ways to obtain 
maps of Nyquist sampling or better, and these data can be used in principle for combination with 
ALMA data.  If single-dish data from previous programs do not already exist, e.g., from a line 
survey, such data may not be efficiently acquired by existing HMBAs.  Briefly, since other 
facilities have HMBAs with receiver spacings of ~2 × the beam FWHM, it can be still 
observationally expensive to obtain the needed single-dish data.  For example, raster or daisy 
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mode observations only efficiently cover areas much larger than the typical interferometer 
mosaic.  Furthermore, though jiggle mode observations may provide data over smaller fields, 
such observations themselves may require significant investments of time to achieve Nyquist 
sampling of smaller fields.  In addition, the instantaneous footprints of such instruments may be 
themselves too large for efficient acquisition of single-dish data, resulting in the acquisition of 
unneeded data at the map edge.  HMBAs on the TPA antennas could in principle be optimized 
for complementarity with interferometers by having arrangements of receiver elements much 
more closely packed than other HMBAs.   

Single-dish size:  ALMA mosaic observations consist of 12-m Array data and when lower 
spatial frequency (uv) coverage is required, Compact Array mosaic data can be obtained.  When 
even lower spatial frequency coverage is required over an extended area, at present, data from 
either multiple pointings of the single-pixel ALMA Total Power Array antennas or data from 
HMBAs from other observatories are obtained.  As can be seen in Table 1, all HMBAs are on 
telescopes roughly twice the size of the 7-m Compact Array antennas, i.e., 12 m or larger.  
Hence, all HMBAs listed in Table 1 could conceivably provide complementary single-dish data 
for mosaics observed ALMA.  In addition, HMBAs on the 12-m diameter Total Power Array 
antennas could also provide this function. 

Latitude:  Complementarity to ALMA observations also depends on availability of resources 
at various latitudes.  FOREST, ARGUS, and SSAR, each at locations in the northern 
hemisphere, cover ALMA Band 3.  HERA and HARP, in the northern hemisphere, and LAsMA 
and SUPERCAM, in the southern hemisphere, cover ALMA Bands 6 and 7, respectively.  
CHAMP+ and CHAI, in the southern hemisphere, cover ALMA Bands 9 and 10 and Bands 8 
and 10, respectively.  LAsMA, SUPERCAM, and CHAMP+ are located at APEX, adjacent to 
the ALMA site.  CHAI will be located at CCAT, which will be also adjacent to the ALMA site.   
Hence, HMBAs at Bands 6, 7, 8, and 10 already exist in the southern hemisphere, at locations 
were they will be able to observe the same sky as ALMA. Note, however, that HMBAs at lower 
frequencies, i.e., ALMA Bands 3–6, are not available in the south.  Nevertheless, FOREST, 
ARGUS, SSAR, and HERA will be able to cover significant fractions (50–70%) of the ALMA 
sky.  Setting aside the above point about receiver element spacings, HMBAs designed for Bands 
1–6 on the Total Power Array antennas themselves would therefore have no such declination 
restrictions in providing single-dish data for ALMA interferometric data. 

2.5 Requirements of New Instrument 

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

Size:  At present, Total Power Array observations of extended emission are obtained through 
successive pointings of its single-pixel dual-polarization receivers.  Given that there are four 
Total Power Array antennas, an HMBA installed on one TPA antenna (as a start) would need to 
have four dual-polarisation or eight single-polarisation receivers to obtain the same basic 
mapping speed (although the exact number depends on the map size, the spacing of the receiver 
elements, and their arrangement).  To increase this mapping 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 beam spacings of 
roughly 2 × FWHM.  At least Nyquist sampled single-dish data, however, are needed for 
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effective combination with interferometer data.  Though such data could be acquired by these 
HMBAs through OTF or “jiggle” mode observing, each of these modes can be inefficient for 
producing maps that match the sizes of interferometer mosaics, since they may yield maps of 
area much larger than needed.  Alternatively, an HMBA can be designed specifically for 
recovery of single-dish data by having a much more compact arrangement of receiver elements.  
For example, an HMBA with an on-sky beam separation at the angular scale required for 
Nyquist sampling would obtain the needed single-dish data with a single “stare” pointing of the 
array.  Improvements could be realized even with a new HMBA with beam spacing greater than 
needed for Nyquist sampling but less than those of existing HMBAs.  Larger maps can be made 
through successive pointings of the HMBA on the sky. Following these ideas, the ideal 
arrangement of receivers is not rectangular but rather hexagonal, as with interferometric mosaics, 
with the spacing between receivers again being much more closely packed the existing HMBAs.   

Band:  Higher-frequency HMBAs may be considered preferable over lower-frequency ones 
because they maximize the efficiency of relatively scarce excellent weather conditions needed to 
observe at higher frequencies.  Nevertheless, cost cannot be ignored and lower frequency 
HMBAs are likely easier and less expensive to build.  Hence, a Band 3 HMBA may be the most 
promising option, at first.  For example, a Band 3 HMBA could take the place of the Band 3 
cartridge on one Total Power Array antenna, leaving three single-pixel Band 3 receivers 
available on the other antennas for single-pointing total power observations.     

3 Conceptual Design 

3.1 Introduction 

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

As an introduction, we first define what is meant by the terminology of full sampling with a 
dense hexagonal array (DHA) of coherent detectors. Coherence implies several things, one of 
which is that a single-mode detector is used [13].  Accordingly, the telescope is limited to a 
single spatial mode [14], [15], such that the received signal from a point source is a uniquely 
defined plane wave at the primary reflector rim and is ideally transformed to the focal plane with 
resolution limited by the Airy pattern.  Of course, a strong motivator for coherent detection is 
that frequency resolution is preserved.  To achieve full sampling, the array follows a hexagonal 
layout with Nyquist on-sky spacing.  Finally, within this document, a multi-beam array refers to 
a single optical beam per detector element.  In other words, it does not refer to a phased array 
feed (PAF) where one beam is synthesized using several elements.   

We assume the important theorem of reciprocity in our analysis.  As applied to an antenna, 
reciprocity implies that the received and transmitted radiation patterns are reciprocally identical 
for a given mode and polarisation as long as the antenna system is linear [16].  Reciprocity will 
be used to analyse the beam coupling to the telescope and also to evaluate the noise added to the 
receiver. 
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Fig. 1.  (a) Example of a sparse hexagonal array (shown with the solid black circles) separated by 2 × FWHM.  (b) Successive pointings are 
shown with dotted circles and each row contains four additional pointings, resulting in 16 total samples to fill the gaps within the map. 

 

3.2 Dense Spacing of Detectors 

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

 
DFWHMNyq 33/ λθθ ≈=∆  (1) 

 
where λ is the wavelength and D is the diameter of the primary reflector [17].  When considering 
the focal plane of the telescope, the feed spacing is then 

 

2.12.13

f

D

f
x NyqNyq θλ ∆=

⋅
≈∆  (2) 

 
where f is the equivalent focal length of the telescope [17] and the additional factor of 1.2 is a 
spacing factor following [18].  Equations (1) and (2) are approximate since the -3 dB beam 
width, ϴFWHM, is assumed to be λ/D on-sky and λf/D at the focal plane. 

Existing heterodyne arrays, like those of Table 1, are limited by the diameter of feed horn and 
the resulting element spacing is on the order of ~ 2ϴFWHM [19].  To obtain Nyquist sampling, the 
telescope is re-pointed many times to fill in extended fields of view due to the sparse sampling.  
Fig. 1 illustrates the additional sampling required for a sparse array such that when the frequency 
is chosen for horn spacing at exactly 2ϴFWHM, then 16 pointings are required to fill in the gaps 
within the map (when the spacing factor of (2) is set to 1.0). 

Trade-offs must be made when increasing the density of the feeds within an array as two main 
problems are encountered:  (a) possible mutual coupling effects and (b) severely reduced 
aperture efficiency through spill-over losses.  Mutual coupling may be overcome by ensuring 
high isolation between feed ports.  Spill-over, however, is a function of the aperture size.  If the 
feed horn aperture is forced to be small to accommodate a closer packing density, the resulting 
beam will simply broaden with respect to the f/D 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 detector spacing for instrumentation design of infrared 
and optical incoherent detectors.  For example, one could consider bolometric detectors and 
CCDs as suffering from a considerable amount of inherent spill-over, or stray light, but it is 
mitigated by the use of shrouds, baffles, and stops (see [24] as one example).  Therefore, it is 
interesting to consider whether baffling and stops can be applied to coherent arrays.   

We have used the following statement from [1] as motivation 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-wavelength array, there are several questions.  For 
example, what are the ideal qualities of the baffling and stop?  What is the consequence of 
truncating the power?  Where should the stop be placed?  Can the receive and transmit paths of 
the signal be reconciled?  What is the effect on the coherency of the signal? 

We can philosophically address each of these questions.  Baffling should be implemented so 
that the spill-over power gets absorbed without reflection to keep feeds isolated.  Reciprocally, 
the termination can be thought of as noise power emitted into the receiver, so it is important that 
its physical temperature is some fraction of the equivalent receiver noise temperature.  By 
making use of a collimator within the array, a stop may be placed at the point at which all beams 
coincide, i.e., the optical waist, such that each beam is truncated equally [25].  The stop needs to 
be evaluated (also using reciprocity) to analyse the characteristics of the diffracted beam through 
the stop and to calculate the resulting single mode aperture efficiency to validate the coherency 
of the detector.  It is also useful to separate the spill-over power along the optical path into two 
contributions:  (1) the spill-over power commonly associated with aperture efficiency which is 
evaluated at the sub-reflector of the telescope and (2) the power intercepted by the cold 
absorbing baffles and aperture stop. 

3.4 Consideration of PAFs 

Phased array feeds (PAF) may also be suitable for the TPA antennas.  PAF technology has 
matured significantly over recent years, and provides an efficient means to form numerous 
beams on the sky with a much smaller instrumental “footprint” than sparse arrays described 
above.  For example, this technology is currently being developed for the SKA in the 20 cm band 
[30]. These arrays have very large numbers (~100–200) of elements that sample the field-of-
view through digital beam forming technology.  

PAFs are very flexible and promising, but they do have added complexities over multi-beam 
arrays.  For example, signal processing is very intensive for beam forming, mutual coupling 
between the feeds increases receiver noise, and element spacing is optimal for slower f/D of the 
telescope (since to minimise grating lobes, the element spacing should be λ/2 regardless of the 
f/D of the telescope). 

For this study, we decided to concentrate on the possible application of a cold aperture stop 
with DHAs to provide a novel contribution with the additional intent that our study will 
complement PAF development. 
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Fig. 2.  Simplified unfolded optics demonstrating placement of cold stop.  The shaded area represents the portion over which cold, absorbing 
baffling is used. 

4 Analysis for a Fully Sampled DHA 

Within this Section, the detector feed spacing has been 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 of ALMA Band 3 (84–116 GHz) to explore the 
impacts of a cold stop on a dense multi-beam array.  A simplified example is shown in Fig. 2 
where a collimator has been used after the telescope focus and then reimaged onto the detector 
array.  It is assumed that the telescope  f/D = 8 and the primary diameter is 12 m. 

Baffling is indicated within the figure, shown by the shaded area, and represents the region 
over which any scattered power is terminated by absorber at cryogenic temperature.  The beam 
outside of the shaded area is treated separately as aperture efficiency of the telescope (including 
its own spill-over efficiency term).  To emphasize the point, the total spill-over of each detector 
has been divided into two parts: (a) scattered power between the collimator and detector, which 
is terminated by cryogenically cooled absorber, and (b) spill-over with respect to the sub-
reflector of the telescope, which is included in the aperture efficiency term. 

Using quasioptics [23], the ideal beam characteristics may be found by working backwards 
from the sub-reflector assuming that the edge taper and focus are constant over frequency when 
evaluated at the sub-reflector.  Given the layout described in Fig. 2, the design is summarized in 
Table 2.  In this design, the distance between the focal plane and sub-reflector is assumed to be 
6 m and distances are given with respect to the focal plane in the direction towards the detector 
array.  No truncation has been modelled within Table 2.  Also, note that in these initial analyses, 
the diameter of the collimator is ~7 beam radii at the lowest frequency, implying that if the 
number of elements is increased to more than that shown in Fig. 3, the lens diameters will have 
to be increased. 
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Table 2 
Beam parameters as determined by fundamental mode quasioptics 

 
 

 
Fig. 3.  Examples of simple detector feeds for a dense array: (a) circular waveguides, and (b) circular waveguides with extended elliptical lenses 
(inset).  Each feed is arranged in a hexagonal layout and the circular waveguides are modelled within a simple metallic box.  Simulation port 
numbers are indicated in (a) and represented by encircled numbers.  Due to symmetry, it is sufficient to consider only ports 1, 2, 4, and 5.  For 
comparison, the ALMA Band 3 receiver feed horn inner and outer profiles are shown to emphasize the compactness of the array element spacing.  

4.2 Feed Spacing and the Detector Array 

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

Ideally, the array feeds should be simple, support dual linear polarization, and exhibit excellent 
port-to-port isolation.  To demonstrate the importance of the feeds, two examples will be used 
for the dense hexagonal arrays (DHA).  A simple array of circular waveguides, as shown in Fig. 
3(a), could be used since they show good input reflection and isolation.  To reduce the amount of 
power that is terminated with baffles and absorber, however, it is advantageous to try to increase 
the directivity of the beams.  One simple method is to use an extended elliptical lens at the 
 

Frequency
(GHz)

Sub-
Reflector

Cassegrain
Focus

Collimator
Lens

Stop Object
Lens

Detector
Array

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

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

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

Distances with respect to Focus (mm)

Beam Radii (mm)

Radii of Curvature (mm)
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Fig. 4.  S-parameters for the open waveguide and elliptical lens models shown in Fig. 3, (a) and (b) respectively, indicating the input port 
reflection (S11, S22, S44, and S55) and the port-to-port isolation (S21, S54, S41, S52, S51, and S42).  Simulations completed using CST 
Microwave Studio.  In both cases, port reflection is less than -20 dB and port-to-port isolation is less than -30 dB. 

 
aperture [27] as shown in Fig. 3(b).  The lens material5 is assumed to have a dielectric constant 
of εr = 1.93 and is shown within the inset of Fig. 3(b).  Since the lens has a low dielectric 
constant, no anti-reflection layer is required and a shallow input taper is used to improve input 
reflection.  Fig. 4 indicates the suitability of each of the array feeds.  Both are well matched 
across the band and display low levels of signal leakage between each feed port. 

Fig. 5 demonstrates the difference in the far-fields of the feed arrays themselves when the 
extended elliptical lenses are used.  In comparison to open-ended circular waveguides, the beams 
are narrower, more symmetric, and exhibit ~10 dB more gain.  The added penalty, however, is 
an increased side-lobe value.  For comparison, a single-pixel feed designed for the ALMA 12-m 
telescopes would have an opening half-angle of ~3.5°.  As such, both of the feeds shown in  
Fig. 5 are extremely broad and require careful attention to the spill-over power at each element 
along the optical path.   

 

                                                 
5
 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 the dense hexagonal array (DHA) models shown in Fig. 3.  Left and right columns show the results 
from open-ended circular waveguides and extended elliptical lenses, respectively.  Each plot contains the respective fields for ports 1, 2, 4, and 5 
(labelled in brackets) and show field cuts overlapping at angles of phi = 0, 45, 90, and 135°.  The beams are given for the frequencies of 84 GHz, 
100 GHz, and 116 GHz, shown in (a)–(b), (c)–(d), and (e)–(f) respectively. 
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Fig. 6.  Simplified GRASP implementation for the DHA models shown in Fig. 3.  Each detector output has been represented by simple ray optics, 
using narrow beams for clarity.  The layout follows the structure shown in Fig. 2 except the lenses are represented by reflectors and the beam is 
folded back.  For clarity, the beams of the folded optics have been divided up to show:  (a) the hexagonal layout of the detector feeds, (b) the off-
axis beams illuminating the objective mirror and illustrating the size scale of reflectors, (c) the beams converging to share a common “optical 
waist” (coincident with the placement of the aperture stop), and (d) the output beams of the collimator to illustrate 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 dense hexagonal array (DHA) models of Fig. 3 were 
simulated using GRASP.  In this preliminary approach, all the reflecting optics are placed on-
axis and the unfolded optics, described in Fig. 2, are folded back along the axis (shadowing is not 
included in this simplified analysis).  Fig. 6 describes the approach used.  Although not shown, 
an equivalent paraboloid is used to represent an ALMA antenna 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 telescope (i.e., the detector array transmitting), an 
on-axis beam was evaluated at the different stages along the optical path and is plotted in Fig. 7 
for the two types of feeds being considered.  The aperture stop radius has been set to 11 mm 
(found to optimise the aperture efficiency) and is plotted with respect to a normalised feed power 
of 4π.  As noted earlier, the gains are different between the feed types due to the focusing of the 
elliptical lens.  

 Several points of discussion follow from Fig. 7.  First, the aperture stop, in (b) and (f), acts 
like a spatial filter resulting in a highly Gaussian distribution.  Second, the output of the 
collimator, in (c) and (g), results in a radiation pattern that approaches a top-hat response; 
suggesting that the resulting beam may actually provide high aperture efficiency.  Note that the  
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Fig. 7.  Co-polar radiation patterns at 100 GHz, for an on-axis detector, after successive steps along the optical path for open waveguides (a)–(d) 
or extended elliptical lenses (e)–(h).  The figures show: (a) and (e) the far-field after the objective mirror; (b) and (f) the far-field after passing 
through the aperture stop; (c) and (g) the near-field after the collimator and evaluated at the sub-reflector rim; and (d) and (h) the far-field after 
the telescope (equivalent paraboloid representation).   

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

Next, we consider the resulting far-fields of the telescope for the entire DHA.  Fig. 8 shows the 
simulated co-polar far-field for each feed within the detector array when the extended elliptical 
lenses are used.  Each subplot within the figure corresponds to the position of a feed element 
within the array.  In Fig. 9, all simulated feed patterns have been plotted within the same u-v 
axes, but only showing the -3 dB contours for clarity.  The FWHM contour circles correspond 
nicely with the expected spacing and show very dense spatial sampling.  Since the spacing is set 
for the highest frequency, full sampling is observed at 116 GHz and oversampling at lower 
frequencies.  Symmetry is evident and the resulting beams are encouraging since all beams are 
similar, indicating that the aperture stop is located properly and affects each feed element 
somewhat equally.  When compared to open waveguides, adding 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 of each feed port through the optical system (stop radius = 11 mm).  Each beam is plotted separately, 
but shown in their respective position according to Fig. 3.  The subplots on the left, (a), (c), and (e), are with the open waveguides, and the 
subplots on the right, (b), (d), and (f), are with the extended elliptical lenses.  Both models are shown for 84 GHz, 100 GHz, and 116 GHz, 
respectively, in rows.  Contour lines show 2 dB intervals and are plotted over a 50 dB range. 
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Fig. 9.  -3 dB contours (FWHM) of the simulated co-polar far-field, as shown in Fig. 8, but plotted within the same axes.  Peak values, given in 
dB and normalised with respect to each feed array element, are given for each beam. 
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Table 3 
Calculated aperture efficiencies for the DHA models of Fig. 3(a) and (b) using the 4th feed port and an opening angle of 3.58°.  Spherical near-

field data with a reference distance of 6 m and an origin at the focal plane of the telescope have been used.  

 
 

4.3.3 Aperture Efficiency at the Output of the Collimator 

Next, it is useful to look at the resulting aperture efficiency of the output beam of the aperture 
stop.  The aperture efficiency is calculated using an overlap integral [9], [17] at the rim of the 
sub-reflector with respect to the focal plane of the telescope.  Note that the scattered or 
intercepted power between the feed array and collimator, i.e. within the cryostat, is not included 
within this calculation.  Only the field at the sub-reflector rim is used and normalised 
accordingly.  Given the simplifications of the model shown within this section, no back-
scattering is included and the signal is assumed to be fully contained within ϴ ranging from 0–
90°.  Again, a stop aperture radius of 11 mm has been used.  Table 3 contains the aperture 
efficiency calculations for each of the DHA models.  The contributions of spill-over, amplitude, 
cross-polarisation, and phase efficiencies are shown.  The resulting aperture efficiency for both 
DHA models is very good, with the important caveat that the truncated power between the 
collimator and the feed has not yet been accounted for.  

4.3.4 Cumulative Power Along the Transmitted Path 

Since we are using dense feeds with very broad radiation patterns, one main point of interest is 
how to treat the power that is truncated by the baffling and aperture stop.  Using GRASP, the 
array feed element may be excited to calculate the amount of intercepted power within the 
shaded region of Fig. 2.  The intercepted power is also, by reciprocity, the amount of power 
coupled into the detector with respect to the beam received at the collimator. 

Table 4 shows the amount of power intercepted by each object along the optical path, as 
described in Figs. 2 and 6, when the radius of the aperture stop is 11 mm.  For comparison, 
100 GHz is used.  Considering first the open-ended waveguides, (a), only ~43% of the power is 
intercepted by the objective lens.  Then, most of the remaining power is absorbed at the cold stop 
so that only ~1% of the overall power actually arrives at the collimator mirror.  Looking next at 
the elliptical lenses, (b), significantly more power is retained through the system, yet still only 
~10% arrives at the collimator.  We can also see that wider spacings relative to the frequency, 
correspond to more power at the collimator (i.e., the highest frequency has more cumulative 
power). 
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Table 4 
Cumulative power along the optical path for the models of Fig. 3(a) and 3(b), using the 4th feed element and calculated for 100 GHz. 

 
 
Herein lies the major hurdle towards acceptable performance for radio astronomy that the two 

feed models aptly illustrate.  Since the assumption is made that the baffling and absorbing 
aperture stop are held at cryogenic temperatures, the optical coupling loss (i.e., the cumulative 
power received at the collimator shown in Table 4) may be effectively considered as a cold 
attenuator at the input of a receiver chain.  Fig. 10 illustrates the consequence to overall receiver 
noise when the scattered power (i.e., power lost due to coupling losses) is terminated by the 
baffling at various physical temperatures.  For illustration, it is assumed that the receiver element 
has an equivalent noise temperature of 35 K, representative of the ALMA Band 3 receiver 
cartridge [29].  By separating out the contribution of the power lost due to the baffling, two 
conclusions are shown:  (a) the physical temperature of the absorber must be as cold as possible, 
and, (b) feed directivity is crucial.  One can see that although both feed models provide good 
feed isolation and aperture efficiency outside of the cryostat, the coupling loss—even if the 
baffling is held at cryogenic temperatures—significantly degrades the resulting overall receiver 
temperature.  In fact, the open-ended waveguides (coupling ≈ 0.01) result in an overall receiver 
noise that is off the chart in Fig. 10 and the extended elliptical lens array (coupling ≈ 0.11) shows 
a factor of ~10 degradation.  One can also see that the power coupling changes significantly 
across frequency since the spacing has been fixed for 116 GHz. 

To relate this degradation in terms of integration time, the system temperature must be known.  
From [18], neglecting background terms and pointing at zenith, the system temperature is  

 

( )( )ambeffskyeffrec
eff
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e

T ηη
η τ −++= − 1

1
0

 (3) 

 
where ηeff is the forward efficiency (fixed at 0.95 in [18]), e-τo is the fractional transmission of 
the atmosphere, Tsky is the sky temperature, and Tamb is the ambient temperature (fixed at 270 K 
in [18]).   

Using the ALMA Sensitivity Calculator (ASC)6, values of sky temperature and atmospheric 
transmission can be found and are shown in Table 5.  Typical observing conditions are used for  
 

                                                 
6
 https://almascience.nrao.edu/proposing/sensitivity-calculator 
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Fig. 10.  Effect of coupling loss when the baffling structures, which terminate the lost power, are held at different physical temperatures. 

 
Table 5 

Comparison of system noise between a single-pixel receiver and an element within a fully sampled DHA with elliptical lenses (oversampled by a 
factor of 1.2). 

 
 

ALMA Band 3, i.e., a water vapour column density of 5.1 mm is assumed.  Also in Table 5, the 
last column shows the comparative increase in integration time between a single-pixel receiver 
and a DHA element (since integration time is proportional to the square of system noise 
temperature).  Note that within the ALMA Band 3 frequency range, the upper frequency has 
considerably more atmospheric attenuation due to the water and oxygen absorption lines nearby.  
Since the sky noise temperature dominates the receiver noise temperature at the highest 
frequency, variations in receiver noise have less impact on overall system integration time. 

Depending on how dominant the sky noise is, the number of fully sampled DHA elements 
using elliptical lenses ranges from ~10–70, just to have equivalent single-pixel performance.  

4.4 Summary for the Fully Sampled DHA 

An optical layout has been presented to explore the ramifications of full spatial sampling with 
multi-beam feeds using compact hexagonal spacing.  Two different feed array models have been 
shown that exhibit the desired characteristics of simplicity, dual-linear polarization, good port 
match, high feed isolation, good aperture efficiency, and full Nyquist spatial sampling.  The two 
models differ, however, in the amount of power lost in the cold baffling and absorbing aperture 
stop.  By separately treating the scattered power between the aperture stop and feed array, the 
importance of feed directivity and absorber temperature are highlighted through representing the 

Trec Tsys Trec Tsys

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

(Tsys Ratio)2 ↔ τint 

Frequency
(GHz) τ0 Tsky

Single Pixel DHA  
�������

1.2
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coupling loss as cold attenuation at the receiver input.  Since the feed aperture area 
fundamentally limits the directivity, extremely compact array spacings will suffer as shown 
above.  The spacing presented within this section is extremely compact for coherent detectors, as 
the spacing was set for the highest frequency within the band, even with an additional spacing 
factor of 1.2 at the highest frequency.   

Using a cold aperture stop also allows for wider spacings, still much more compact than 
existing heterodyne arrays, e.g., a spacing of 2ΔxNyq, and would imply only 4 separate telescope 
pointings to completely fill in the array field of view.  Wider spacing would enable larger feed 
apertures (or larger lens diameters) to improve directivity of the beams and, therefore, shift the 
power coupling and drop the overall receiver noise, according 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, we will consider a DHA, but with wider spacings 
between detector elements.  The goal is to see if higher optical coupling to the collimator can be 
achieved to shift the overall receiver noise according to Fig. 10. 

Given the discussion above regarding sparse sampling (see Fig. 1), it is apparent that the 
number of separate telescope pointings can be reduced from 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 was kept, but the spacing between the elements 
was varied.  The spacing factor of (2) was swept across values of 1.2, 1.0, 0.6, and 0.5, such that 
a factor of 1.0 and 0.5 correspond to Nyquist and twice-Nyquist sampling, set at the highest 
frequency of 116 GHz.  The four models are illustrated in Fig. 12.  For simplicity, the lenses of 
each array, shown in Fig. 13, were kept to have the same input circular waveguide and the lens 
diameter was set for ΔxNyq + 1 mm.  For each case, a single lens was optimised for beam quality 
and input reflection.  Next, the entire array was simulated in CST Microwave Studio to ensure  
 

 
Fig. 11.  (a) Arrangement of a DHA with twice-Nyquist spacing, shown here in a 4 × 3 layout.  (b) Full sampling is achieved with only 4 separate 
pointings.  Compare with Fig. 1. 
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Fig. 12.  Variation of DHA element spacing using spacing factors of 1.2, 1, 0.6, and 0.5, according to Equation (2).  The two arrays on the right 
correspond to Nyquist and twice-Nyquist spacing.  The ALMA Band 3 feed horn is shown in the upper middle for scaling reference. 

 

 
Fig. 13.  Corresponding lenses for each array of Fig. 12.  In each case, the same diameter of circular waveguide feeds the lens. 
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Fig. 14.  Co-polar far-field on-sky projections of each feed port using element spacings corresponding to (a) slightly oversampled Nyquist, (b) 
Nyquist, (c) slightly oversampled twice-Nyquist, and (d) twice-Nyquist.  The stop radius is 11 mm. 

 
that port reflection < -20 dB and port isolation < -30 dB.  Each port’s near-field was exported to 
GRASP to analyse the optical path.  

Fig. 14 compares the output far-fields of each array model at 100 GHz.  As the spacing is 
increased to twice-Nyquist, shown in (d), the outer elements show some distortion of the beam.  
This distortion is likely due to the size of the optics in model (e.g., from Table 2, the diameter of 
the mirrors is ~7 beam radii at the lowest frequency).  Even with the distortion, however, the 
calculated aperture efficiency for each case exceeds 80%.   

Fig. 15 shows the simulated far-fields of each array model when the element feeds are plotted 
within the same axes.  The FWHM contours at 116 GHz agree with the predicted spatial 
sampling. 
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Fig. 15.  FWHM contours of the co-polar far-field on-sky projections for each feed port using element spacings corresponding to (a) slightly 
oversampled Nyquist, (b) Nyquist, (c) slightly oversampled twice-Nyquist, and (d) twice-Nyquist. 
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Table 6 
Cumulative power along the optical path for each array model with spacing: (a) slightly oversampled Nyquist, (b) Nyquist, (c) slightly 

oversampled twice-Nyquist, and (d) twice-Nyquist. 

 
The change in power coupling is of interest for each case.  Using the same methodology 

above, we assume the scattered power between the collimator and detector feeds is terminated by 
cold absorber.  In the received path, the amount of power that is coupled into the detector with 
respect to the collimator is reciprocally identical to the simulated cumulative power at the 
collimator for the transmitted path.  Table 6 summarises the cumulative power for each of the 
array spacings considered and shows significant improvement when using twice-Nyquist 
sampling, as in (d).  Note that there is some variation in the results for the larger arrays, most 
likely due to the size of the optics and possible edge effects within the array.  Increasing the size 
of the optics and adding a buffer ring of array elements terminated within the waveguide may 
mitigate these variations.  

This interesting result may be quantified using the cold attenuator analogy described earlier.  
Fig. 16 shows the comparative overall receiver noise for each model.  The shaded boxes within 
the Figure correspond to the range of optical coupling across the frequency band.  For example, 
if Nyquist sampling is used, Table 6(b) shows that the coupling is ~10%, ~15%, and ~20% for 
each array element.  This range of coupling is then mapped within Fig. 16(b) to illustrate that the 
overall receiver noise will range from over ~190–350 K, which results in receiver noise 
degradation factors of ~5–10 across the frequency band. 

The amount of spread in the performance improves with twice-Nyquist spacing, shown in Fig. 
16 (d), changing the overall receiver noise to ~80–120 K, which is a factor of ~2.5–3.5 
degradation. 
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Fig. 16.  Overall receiver noise for the DHA models shown in Fig. 12.  The shaded boxes indicate the region of the curve that is covered across 
the frequency range of 84–116 GHz.  It is assumed that the absorbed is held at a temperature of 4 °K. 

 
Table 7 

Comparison of system noise between a single-pixel receiver and an element within a twice-Nyquist DHA.  Compare with Table 5. 

 
 
As above, we can relate the change in receiver noise to the increase in integration time using 

(3).  Assuming that aperture efficiency is constant, the integration time to achieve a given signal-
to-noise is proportional to the squared system noise temperature, Tsys.  In Table 7, the final 
column indicates the “break-even” point when comparing a DHA element with a single-pixel 
receiver.  For example, at 100 GHz each element of the DHA requires ~4 times longer than an 
equivalent single-pixel receiver to achieve the same signal-to-noise.   

As with all arrays, their mapping efficiency depends on the FoV observed.  If the object can be 
characterised by only a few pointings of a single-pixel receiver, then arrays will not have any 
advantage.  Of course, medium and large scales will benefit from more pixels as long as the 
resulting Tsys is not too adversely affected.  For example, if a FoV as shown in Fig. 11(b) was 
required, then a single-pixel receiver would require 48 individual pointings to map the area.  On 
the other hand, a 4 × 3 twice-Nyquist DHA at 100 GHz will need only 4 pointings, but each will 
take 4 times as long, resulting in an overall mapping efficiency improvement of a factor of 3.  
Larger DHAs will proportionately improve the mapping speed for larger FoVs. 

It is also important to compare the DHA with a sparse array, i.e., compare Figs.  1 with 11.  
Here, we assume that a sparse array achieves 2-beamwidth spacing with no degradation in 
receiver noise temperature compared to a single-pixel receiver.  The sparse array will always 
require a minimum of 16 pointings to fill in the gaps between pixels.  Using Table 7, we can see 
that at 84 GHz, a sparse array is better (16 vs. 6.6 × 4), at 100 GHz, both arrays are similar  

Trec Tsys Trec Tsys

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

(Tsys Ratio)2 ↔ τint 

Single Pixel DHA  
Frequency

(GHz) τ0 Tsky

2 ∙ �������
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(16 vs. 3.8 × 4), and at 116 GHz, the DHA is better than a sparse array (16 vs. 1.8 × 4).  Note 
that for a fair comparison, the sparse array should have its 2-beamwidth spacing set at the highest 
frequency (however, some sparse arrays achieve the 2-beamwidth spacing at mid-band). 

Once again, the importance of the dominance of sky noise with respect to system noise is 
shown.  The DHA is optimised within the upper part of the band (due to spacing) and is more 
efficient when the receiver noise, Trec, is not the dominant term within the system noise, Tsys.   
 

6 Detailed Simulation of the Aperture Stop 

6.1 Simulation Method 

Since simulation using physical optics is most suitable for electrically-large structures, and 
because the aperture is less than 10 wavelengths across, it was important to model the aperture 
with 3D electromagnetic simulation software to verify the diffraction through the stop.  
Modelling the entire optical path with CST’s time domain solver is far too large for parameter 
sweeps and the approach was modified.  First, the beam parameters were computed using 
quasioptics between the objective mirror and stop, assuming a transmitted path for a single on-
axis DHA element.  Then, a Gaussian excitation was used within CST to compute the near-field 
radiation pattern through the stop.  Finally, the near-field data was imported back into GRASP 
and used to illuminate the collimator and simulate the telescope response (using an equivalent 
paraboloid representation of the telescope).  Fig. 17(a) shows an example of the model used 
within CST and a Gaussian source excitation is shown behind the stop.  The stop itself is 
comprised of a central metallic layer with two layers of absorbing material on each side7 for 
more realistic modelling (a close-up of the layers is shown in Fig. 18).  For a cryogenic 
implementation, however, a ferrite-loaded epoxy may be more suitable.  Note that the model of 
Fig. 17(a) is still electrically-large for a full-wave solver (~30 million cells) and a combination of 
CST and GRASP modelling is required to simulate the entire system. 

 

 
Fig. 17.  (a) Example of the CST model used to simulate the radiation pattern through the aperture stop.  The square blue feature in the back 
represents a Gaussian source with parameters determined by quasioptics.  The aperture stop is modelled with a metallic plate and two layers of 
microwave absorber on each side.  The near-field data is then exported into GRASP to calculate the aperture 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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Fig. 18.  CAD models of aperture stops used in full-wave modelling with CST Microwave Studio.  (a) simple circular aperture, (b) sinusoidal 
aperture, and (c) circular aperture with an additional cut-out. 

 
Once the near-field data is exported back into GRASP, the total aperture efficiency, ηtot, may 

be calculated following the same approach as in Section 4.  Fig. 17(b) shows that the optimised 
stop radius for aperture efficiency for a simple circular aperture corresponds to 11 mm across the 
frequency band, which also agrees with the initial modelling using GRASP.  
 

6.2 Exploration of Various Aperture Shapes 

It is interesting to explore the impact of the aperture shape and Fig. 18 shows a sampling of 
some of the aperture shapes simulated.  An empirical approach was used to run several parameter 
sweeps.  For brevity, detailed results of the beams will not be shown.  It suffices to say that, of 
all the experimental shapes, the simple circular aperture proved to give the best aperture 
efficiency and coupled power.  One particularly interesting shape is shown in Fig. 18(b) because 
early simulations indicated a reduction in sidelobes of the radiated beam through the aperture.  
Upon further simulation with higher phi resolution, however, it was shown that the sidelobes 
increased with other phi cuts, resulting in no overall improvement.    
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7 Compact 2SB Assembly for Twice-Nyquist Spacing 

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

Fig. 19(a) shows the scale of the 2SB assemblies for the ALMA Band 3 receiver compared to 
the proposed twice-Nyquist element spacing.  It is clear that for DHAs, the compactness of the 
following components needs to be improved by a factor of ~10!  Note that Fig. 19 does not show 
the down-converted IF part of each 2SB assembly.  In Fig. 19(b), the assembly is shown open to 
indicate: (1) the 3 dB RF hybrid used to create a 90° phase shift between the RF branches, (2) the 
in-phase ‘Y-splitter’ used to divide the LO evenly between the branches, and (3) LO couplers 
preceding each mixer block [31]–[33].  Further details of sideband-separation can be found in 
[32]. 

 

 
Fig. 19.  (a) Scale reference between the twice-Nyquist spacing DHA model and a single ALMA Band 3 assembly for dual-linear and 2SB 
outputs.  The 2SB assembly includes an OMT with each output attached to an RF/LO combiner network used in the sideband-separation.  (b) 
Open view of the RF/LO combiner network with mixer blocks (coloured grey and gold respectively).  
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Fig. 20. Integration of the combiner network for 2SB, showing only the details for one polarisation, (a) isometric and (b) top views are shown.  
The RF signal is split in-phase via the turnstile and the LO is weakly coupled into each path.  Before the LO is coupled, it undergoes a 90° phase 
shift with respect to its outputs via the 3dB hybrid.  The RF + LO signal is then routed to a separate mixer block.  The tan coloured waveguides 
are used to indicate a waveguide termination. 

 

 
Fig. 21.  Full 2SB assembly for both polarisations showing isometric (a) and top (b) views.  Each dual-polarisation assembly has one LO input 
(shown in red) and four outputs that are routed to a separate housing for the mixers (not shown).   
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Fig. 22.  Block implementation of the dual-linear polarisation, 2SB assembly for machining.  The top two pieces may be machined from one side 
only, but the bottom two pieces require machining from both sides.  Symmetric features are defined from one side only and high machining 
accuracy is preserved since features depend on the relative machine tolerance. 

 

 
Fig. 23.  Array implementation of the compact 2SB assembly.  Every second row within the array may be offset to allow for a nested 
configuration of dual polarisation 2SB assemblies.  The spacing corresponds with Fig. 19 (a) and elliptical lenses are shown for three of the 
inputs. 

 
There are examples of very compact 2SB assemblies that could be suitable for closely packed 

arrays, such as a planar implementation in [32].  Other examples are [34]–[36] where the LO 
coupler has been combined on chip and a very compact superconducting IF coupler is used.   

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

Fig. 22 shows the design concept for machining.  Similar to the W-Band OMTs [39], the block 
can be sectioned transverse to the circular waveguide input.  Symmetric features of the block are 
completely defined within one surface and may be accurately machined since the tolerance of the 
feature is determined by the relative machining precision.  In comparison to the OMTs, however, 
some of the pieces need to be machined from both sides, requiring an additional step in the 
machining process.   

Finally, Fig. 23 describes how the compact 2SB assemblies may be stacked together to fit into 
the volume as determined by twice-Nyquist spacing shown in Fig. 19(a).  Only three elliptical 
lenses are shown for clarity and illustrate the spacing achieved.  Every second row within the 
array may be offset to create a nested configuration.  As with any array, the number of outputs 
creates an increase in complexity and using the example of a 10 element array requires 10 LO 
signal inputs and 40 output channels.  Note that the LO coupling into the signal path is 
completely defined by the waveguide couplers which avoids the need to quasi-optically combine 
the LO to the signal array.  To preserve the compactness of the array, it is envisioned that a 
compact IF coupler, similar to that shown in [36], would be used within the mixer block.   
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