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ABSTRACT
The 50-meter Large Millimeter Telescope (LMT) operating on the Sierra Negra in Mexico is the largest singledish millimeter-wave telescope in the world. Although designed to work in the 3 mm and 1 mm bands, there
is signiﬁcant potential for LMT observations at centimeter wavelengths. Here, we summarize the scientiﬁc case
and operational arguments for a K-band receiver system on the LMT, describe several of the unique technical
challenges that the proposed installation would entail, and mention some possible solutions to these challenges.
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1. INTRODUCTION
The Large Millimeter Telescope, as the name implies, was designed and constructed to operate primarily at
millimeter wavelengths. Indeed, there is even hope that it might successfully observe in the sub-millimeter band
at 870 microns.1 Nevertheless, equipping the telescope with a centimeter-wave receiver — in particular at Kband, in the 18 – 26 GHz window — is an inviting possibility that would oﬀer myriad beneﬁts and applications.
In this contribution we brieﬂy outline some of the key scientiﬁc applications of a K-band receiver on the LMT.
We also discuss various operational beneﬁts that could result if the existing receiver suite were augmented by the
addition of such a receiver and mention several technical concerns that must be addressed for such an installation
to be successful.
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Figure 1. The Large Millimeter Telescope, located at an elevation of 4600 meters above sea level on the Sierra Negra in
the Mexican state of Puebla. At K-band, the primary beam would be about 1 arcminute in size, or roughly 1/30th the
size of the Moon, seen here above the telescope. Photo courtesy of S. Kurtz.

2. APPLICATIONS TO MASER OBSERVATIONS
As a consequence of the Initial Mass Function (IMF), massive stars (M⋆ > 8 M⊙ ) are somewhat rare and
usually at great distances from our solar system. Statistically this complicates the study of the formation of
these massive stars, because there are fewer examples of the diﬀerent evolutionary states in which these stars
exist. One of the tools used to trace the particular phenomena of massive star formation is masers.2 The most
dominant of these are the Class II methanol (CH3 OH) maser lines at 6.7 GHz3 and 12.2 GHz,4 which trace hot
molecular gas close to (< 1000 AU) the youngest massive protostars. The intense mid-infrared emission of the
these massive protostars is thought to be the driver that pumps the maser transitions.5, 6 Several discoveries
have been made from the temporal behavior of the ﬂux density of a number of these sources. Periodic variations
have been found in the light curves of ≃ 20 of these Class II CH3 OH maser sources with periods ∼ 24-509
days.7–12 In one case, even the 4.8 GHz formaldehyde (H2 CO) maser line shows correlated periodic variability.13
Two similar discoveries have been made, the correlated periodic variability of one of the ground-state hydroxyl
(OH) maser transitions in the massive star forming region G9.62+0.20E,14 and the anti-correlated variability of
the 6.7 GHz methanol and 22 GHz water masers of the source.15 More recently, outbursts were observed in the
continuum emission from two massive protostars, which were also seen as outbursts in the Class II CH3 OH maser
emission: S255IR NIR316 and NGC6334I-MM1.17, 18 These extraordinary events were used to institutionalize a
new organization, the Maser Monitoring Organization (M2O; https://www.masermonitoring.com/), to promote
single-dish maser monitoring around the globe.
In addition to the previously mentioned phenomena discovered with the methanol lines, some of these phenomena were also observed in the 22 GHz water (H2 O) line. The water masers also ﬂared in conjunction with
the methanol in NGC 6334I-MM1.18 Several ﬂaring events have been discovered in the 22 GHz water line,
which include a 106 Jy burst from Orion KL,19 and the order of 104 Jy bursts in G25.6520, 21 and W49N.22
A third bursting event in the high-mass star forming region G358.93−0.03 has been conﬁrmed with multiple
of these single-dish telescopes of the M2O.23 In addition to the discovery of this third bursting event, multiple
new methanol maser transitions were discovered from this bursting event.24 To make serendipitous discoveries
like these, the number of sources observed and monitored must increase, this would be enabled by increasing
the number of single-dish observatories that partake in observations. Additional contributions that can come
from these discoveries include a better theoretical understanding of how these masers are pumped, and a possible
reassessment of existing maser theory (e.g.5, 6, 25 ). These single-dish observations also ﬁll an important role to act
as triggers for Target of Opportunity (ToO) time on connected-element interferometers and VLBI instruments.
A K-band receiver on the Large Millimeter Telescope (LMT) in Mexico would be a tremendous addition to
the group of telescopes that can discover and monitor such events. Multiple maser lines lie within the K-band,
and with the 50-m aperture of the LMT, the sensitivity it provides would enable the search for more sources
with better detection rates, as well as better detection rates for these new transitions at Jansky and sub-Jansky
levels. In particular, few telescopes in the M2O consortium have the sensitivity or the ideal location that the
LMT enjoys.
In summary, the LMT with its 50-m aperture would be a superb single-dish instrument to observe and
monitor maser emission in the K-band, and could well lead to serendipitous discoveries while complementing
other instruments.

3. APPLICATIONS TO ASTROCHEMISTRY
The interstellar Complex Organic Molecules (iCOMs) are those molecules with at least six atoms.26 Typical
examples are methyl formate (CH3 OCHO), formamide (NH2 CHO), acetaldehyde (CH3 CHO), and dimethyl ether
(CH3 OCH3 ). Such iCOMs are considered to be the building blocks of more complex pre-biotic chemistry.27
Observations of iCOMs emission in regions around Sun-like analogs (low-mass stars) are thus of paramount
importance. Despite the fact that many iCOMs are easily detected towards low- and high-mass star formation
regions, there is still much debate over how these molecular species are formed (e.g.28 ). The two competing
theories predict their formation by either reactions occurring directly on dust grain surfaces or in the gas phase
using simpler bricks (such as CH3 OH and H2 CO) released by the dust mantles (see e.g.29–32 ).

Table 1. Transitions of complex molecules in the K-band

Frequency (MHz)

Species

Transition

Eu (K)

18106.283
18106.312
18107.873
18107.900
18409.384
18596.764
18828.329
18828.336
18829.311
18829.327
18955.667
19179.102
19262.141
20287.345
20828.201

HC7 O
HC7 O
HC7 O
HC7 O
C6 H5 CN
HC11 N
HC6 O
HC6 O
HC6 O
HC6 O
NH2 CHO
C6 H5 CN
CH3 CHO
HC11 N
C6 H5 CN

17–16e
16–15e
17–16f
16–15f
70,7 –60,6
55–54
12–11e
11–10e
12–11f
11–10f
11,1 –20,2
72,6 –62,5
10,1 –00,0
60–59
80,8 –70,7

7.5
7.5
7.5
7.5
3.6
25.0
5.5
5.5
5.5
5.5
4.0
4.5
1.0
29.7
3.2

Among the iCOMs, formamide stands out because it contains the four key elements for biological systems
(C, H, O, and N) and because it is the starting point of both metabolic and genetic material.33 Another
important iCOM is acetaldehyde, since it is predicted to be one of the simplest iCOMs (e.g.30 ). Thanks to large
astrochemical programs such as IRAM 30-m ASAI∗ and IRAM NOEMA SOLIS† , formamide and acetaldehyde
have been studied in low-mass star forming regions,35–39 proving that their abundance ratios are important to
distinguish the diﬀerent formation scenarios (e.g.39 ).
Despite the great progress in understanding iCOMs provided by these large programs, the last piece of the
puzzle is the large-scale distribution. It is in this respect that large single-dish telescopes, able to map large areas
of the sky, can provide crucial information on the formation path of these molecules, since the information gap
ﬁlled by such observations will be fundamental to put more stringent constraints on the astrochemical models
which aim to explain how such (prebiotic) molecules are formed.
Within the K-band, the low energy transtions of important iCOMs such as formamide and acetaldehyde are
found. Equipping the LMT with a K-band reciever will complement, or even lead, the search and mapping of
these molecules in low- and high-mass star formation regions, as well as solar system bodies. In particular, the
2–1 rotational transitions, located at about 19 GHz, are expected to be bright in the interstellar medium, given
the low exitation conditions needed for the emission. Together, centimeter and millimeter transitions of these
molecules will be used in chemical models26, 32, 40 aimed at shedding light on the formation of prebiotic molecules.
The study of large complex molecules will also beneﬁt from the installation of a K-band reciever on the LMT.
In particular, carbon-chain molecules, such as HC6 O, HC7 O, and HC11 N, as well as the benzene proxy benzonitrile (C6 H5 CN) have transitions in the 18-20 GHz range.41, 42 Since aromatic compounds also play a fundamental
role in prebiotic chemistry, and given the diﬃculties identiﬁyng these large molecules with sensitivity-limited instruments (with limited spectral coverage), make the LMT relevant in the study of the chemical components
essential for the emergence of life in the universe.
Finally, it is important to note that K-band observations will be crucial for the identiﬁcation of the above
discussed molecules, because the ideal objects to look for them will be the cold regions of the ISM, which will favor
the emission of low excitation transitions located within this band, but in which the weak millimeter transtions
will also be important. Therefore the combined millimeter and short centimeter capabilities of the LMT will
∗
†

www.oan.es/asai/ (Astrochemical Surveys At IRAM;34
http://solis.osug.fr/ (Seeds Of Life In Space;26 )

be needed in this endeavor. Table 1 shows some of the transitions of prebiotic molecules that are expected to
present emission in the K-band.

4. APPLICATIONS TO ASTROMETRY AND CELESTIAL REFERENCE FRAMES
4.1 Motivation
Astrometry is the science of measuring positions of objects in the sky. To achieve optimal accuracy, one must
have an inertial reference frame stable to better than one part per billion. For the last 20 years this has been
provided by the International Celestial Reference Frames (ICRF1,43 ICRF2,44 ICRF3,45 ) which were created
using the Very Long Baseline Interferometric (VLBI) technique46 to measure positions of extragalactic radio
sources billions of light years from earth. At such great distances, these radio sources have negligible proper
motion and parallax thereby providing inertial stability over timescales of many decades. This ICRF forms the
foundation for all positional astronomy.
The VLBI-derived source coordinates enable many applications at high accuracy: satellite tracking and orbit
determination, deep space navigation,47 alignment of the planetary ephemerides (e.g. the Jupiter and Saturn
projects48 ), studies of galactic aberration49 and the alignment of radio and optical reference frames. These ICRF
sources also provide phase reference calibrators for VLBI imaging of extended sources, observations of very weak
objects and measurements of parallaxes and proper motions (e.g. masers, pulsars and radio stars50 ). Geodetic
VLBI observations of ICRF sources provide signiﬁcant, precise, and robust information for the realization of the
International Terrestrial Reference Frame (ITRF,51 ), the orientation of Earth in space and many other ancillary
applications in geodesy (see § 5 for details).
Unfortunately, at the historically standard 2.3 GHz (S-band) and 8.4 GHz (X-band) frequencies, many ICRF
sources exhibit spatially extended intrinsic structures that may vary with time, frequency and baseline projection.
Such structures can introduce signiﬁcant errors in the VLBI measurements thereby degrading the accuracy of
the estimated source positions52 and thus the stability of S/X-band celestial reference frames (CRFs). The
usefulness of the S/X-bands is also decreasing as there are few new deep space missions at S-band and because
radio frequency interference (RFI), such as Wi-Fi, is signiﬁcantly degrading both these bands.
In the last few years, considerable work has been done and signiﬁcant progress made on deﬁning CRFs at
higher radio frequencies, such as 24 GHz (K-band).53, 54 On VLBI scales at higher radio frequencies, extragalactic
radio sources tend to exhibit more compact source structure and reduced core-shift. Thus, astrometric VLBI
observations at higher radio frequencies permit the construction of a more accurate and well-deﬁned CRF which
will also be advantageous in tying the VLBI reference frame to optical reference frames such as Gaia.55 A more
compact structure at higher frequencies allows for improved accuracy in source position which is essential to
the National Aeronautics and Space Administration (NASA) and the European Space Agency (ESA) for deepspace navigation.56 In addition to the more compact source morphology, higher radio frequencies also allow
observations closer to the Sun and also closer to the Galactic plane, thus enabling important studies. It also
allows for diﬀerential VLBI observations on water masers, to improve our the understanding of galactic structure
(e.g. the BESSEL project50 ).

4.2 Methods
In August 2018, the International Astronomical Union (IAU) adopted the ICRF-3 as the new standard CRF,
with the K-band CRF as one of its components, making the ICRF a multi-wavelength frame for the ﬁrst time.
Eﬀorts are now underway to continue the improvement of the K-band CRF, thereby answering the IAU’s call for
maintenance of the ICRF-3 (IAU Resolution B2, 2018). We believe that compared to the S/X-based CRF, the
K-band work is a much more eﬃcient use of resources to achieve a given level of astrometric precision (needing
only 0.5 million observations versus the 13 million observations at S/X, to reach similar accuracy), while being
far less susceptible to astrophysical systematics.
The current K-band CRF consists of more than 900 sources covering the full sky (see Figure 2) and has
been constructed using over 0.8 million observations from more than 80 observing sessions. These observations
are comprised of sessions from the Very Long Baseline Array (VLBA) in the United States and single-baseline

Figure 2. The distribution of 928 sources at 24 GHz from about eighty, 24-hour observing sessions used for the K-band
CRF astrometric solution. The color coding shows the formal uncertainties of source positions in δ in µas. Image Credit:57 .

sessions between the Hartebeesthoek Radio Astronomy Observatory (HartRAO) 26-m antenna, in South Africa
and the Hobart 26-m antenna in Tasmania, Australia.
Next steps: Although VLBI observations at K-band share many common problems with S/X (e.g. troposphere, clocks and geophysics), they also have some unique limitations. Eﬀorts are now underway to address
the K-band limitations from ionospheric calibrations58 geometry and sensitivity, to drive the K-band accuracy
below the S/X structure noise ﬂoor and to exceed the precision of the future S/X and Gaia frames. These
eﬀorts include increasing the temporal resolution of the GNSS ionospheric calibrations to 15 minutes versus the
standard operational 2-hour average ionospheric maps and the installation of geodetic quality receivers at all of
the sites. Unlike the standard S/X observations, the K-band observations are not dual-band and thus rely on
GNSS for ionospheric calibrations. Eﬀorts are also underway to gather more southern data. At present there are
far fewer K-band stations doing CRF work, especially in the South where we have been relying on single-baseline
observations. There is also a need to add more north-south baseline observations to improve the declination
precision of the current K-band CRF, and eﬀorts to add such observations are underway.
Compared to lower radio frequencies, observations at K-band are more weather sensitive (due to the water
line at 22 GHz signiﬁcantly increasing the system temperature), have shorter coherence times, antenna pointing
is more diﬃcult, and sources are weaker and many are resolved. The combined eﬀect of these factors leads
to a lower sensitivity at K-band. However, the recent increase in the VLBA operational data rate to 4 Gbps,
has largely solved the sensitivity issue. In the south, digital back-end enhancements may allow for 4 Gbps
observations in a few years. Fortunately, the addition of the 50-m Large Millimeter Telescope (LMT) in Mexico
would greatly reduce all of these problems. The LMT in combination with the VLBA would create ten baselines
with high K-band sensitivity. At a latitude of 20◦ , the LMT would strengthen southern coverage where it is
most needed and the LMT high altitude location minimizes water vapor issues.

4.3 Source structure and Imaging
The extragalactic radio sources selected as ICRF sources are mainly radio-loud Quasars; Quasars being the most
luminous objects known and the most distant and powerful of all Active Galactic Nuclei (AGN). As these quasars
are very distant, they have no discernible proper motions on the sky, and on VLBI scales they are some of the
most compact or point-like of AGN. However, at the standard S/X frequencies, many ICRF radio sources exhibit
intrinsic source structure on VLBI scales that can vary with time, frequency and baseline projection. Charlot52
showed that the intrinsic source structure and ﬂux density variability in ICRF sources have serious eﬀects on
geodetic and astrometric VLBI observations. However, the factor of three increase in interferometer resolution
at K-band should resolve out the source structure which is a concern for AGN centroid stability.
More recent VLBA K-band observations at 4 Gbps provide sensitive, high resolution, multi-epoch imaging
of hundreds of sources at K-band. Many of these sources will be imaged for the ﬁrst time at frequencies above
X-band, and will allow mapping of the intrinsic source structure so that the astrometric quality can be evaluated
at higher frequencies. In addition, multi-epoch maps will give us quantitative measures of the stability of the
source structures. First imaging results from the VLBA observations have re-conﬁrmed that source structure is
better at higher frequencies (see Figure 3,54 ). Successful imaging of dual-polarization VLBA test observations at
4 Gbps demonstrated the capability of imaging in full stokes parameters to allow for future polarization studies,
that will greatly enhance the value of these K-band CRF observations for imaging science, not just for the K-band
CRF members, but also for future users of VLBA archive data.

Figure 3. Contour plots of 3C274 (J1230+1223) at 2.3 GHz (left and in blue), 8.6 GHz (middle and in green), and at
23.6 GHz (right and in purple) from observations taken in January 2017. K-band maps* (in purple) are from the VLBA
2 Gbps astrometric session, observing code UD001B. In the top panel the images are scaled to the observing wavelength
and map dimensions are all 30 × 30 mas. In the bottom panel the images are scaled to the same beam minor axis. In all
images North is up and East is to the left. The total flux (TF), peak flux (PF) and compactness ratio (TF/PF) is shown
for each source, at each frequency, in the top panel.
Image credit K-band images: de Witt et al., 2019, Image credit S and X-band images: L. Petrov, www.astrogeo.org

4.4 LMT’s potential role
The addition of the LMT to the VLBA 10-antenna array will instantly double the sensitivity of the current K-band
CRF observations on these baselines. The Event Horizon Telescope (EHT) project has already demonstrated
the VLBI technique and provided most of the infrastructure such as Mark-6 recorders and a Hydrogen maser.
In addition, South Africa can provide a K-band receiver. Thus, a very modest investment in integration and
operations will allow Mexico to enter the reference frame business as a world-class facility. A K-band receiver
will allow the LMT to get valuable cm observations during daytime hours, which will allow Mexico to contribute
to maintaining the ICRF-3 and be seen as a world leader. This will also allow Mexico to develop expertise in
VLBI, navigation, and big data as a result, which in turn will contribute to human capital development and
national infrastructure expansion.
The beneﬁts of adding cm observations to the LMT stretches beyond just CRF-based observations. Astronomy applications include for example single-dish monitoring of water masers, VLBI observations to study the
sub-milliarcsecond structure o f AGN and trigonometric parallax distances to water masers, to name but a few
(details of the astronomy applications are described in other sections). In addition, a K-band receiver on the
LMT can potentially be used as an in-line Water Vapor Radiometer (WVR), allowing water vapor calibration
through the same beam.

5. APPLICATIONS TO GEODESY AND TERRESTRIAL REFERENCE FRAMES
5.1 Motivation
Geodetic and astrometric VLBI together with the other three primary space-geodetic techniques, Satellite Laser
Ranging (SLR), Doppler Orbitography by Radio positioning Integrated on Satellite (DORIS), and the Global
Navigation Satellite System (GNSS), deﬁnes and maintains the ITRF and determines Earth’s orientation in
inertial space or the Earth Orientation Parameters (EOP). Geodetic VLBI plays a unique role in the maintenance
of the ITRF by providing the positions and velocities of VLBI telescopes on Earth. The ITRF, in turn, provides
the foundation for nearly all ground-based and space-based observations in Earth system science and supports
widely-varied applications such as land surveying, ﬂoodplain mapping, navigation, precision agriculture, and
location-based services. Geodetic VLBI is also the only technique that provides the link between the ICRF and
the ITRF needed to determine EOP. Geodetic VLBI is the only technique that allows the monitoring of the
full set of EOP, the precession, nutation, Earth rotation (UT1), and the polar motion. Knowing the Earth’s
orientation in inertial space and the positions of VLBI antennas on Earth allows geoscientists to also model
phenomena that change the Earth orientation (e.g. ocean tides and currents) and station positions (e.g. tectonic
plate motions). In addition, astrometric and geodetic VLBI also allow determination of certain geodynamic and
astronomical parameters, such as ionosphere models and troposphere parameters and parameters of relativistic
and cosmological models.59
Geodetic VLBI together with GNSS, SLR and DORIS also contributes to the Global Geodetic Reference
System (GGRF), a United Nations (UN) resolution for Sustainable Development, that was adopted at the United
Nations General Assembly on 26 February 2015. The GGRF is realized through the ITRF, ICRF and physical
height systems. Precise geodetic infrastructure is critical for many scientiﬁc disciplines such as geodynamics,
climate science and space weather and allows us to measure and monitor long-term Earth processes such as
tectonic plate deformation, sea level rise and ice sheet melting.
Modern economies require the ability to determine locations on the surface of the Earth with high accuracy.
Most areas of science and society at large depend on being able to determine positions at a high level of
precision. The ﬁeld of geo-spatial information (GSI) science has grown tremendously in recent years, allowing
a wide range of information sources to be used synergistically for everything from agriculture to spacecraft
navigation. Addressing critical issues of broad concern such as climate change and sea level rise require millimeter
level accuracy. Future applications of societal importance include intelligent transport systems that enable
autonomous navigation for land, sea and air vehicles, early warning for natural hazards such as earthquakes and
tsunamis, improved forecasting of extreme weather events, measurement of ground displacement in landslides,
and monitoring of critical structures after a natural disaster to inform emergency response eﬀorts.

5.2 Methods: How can such ambitious goals be achieved?
Modern high accuracy locations on the Earth are now determined by tracking radio and laser signals from
space. The vast majority of this work is done with radio signals at cm wavelengths by combining complementary
techniques, such as VLBI, GNSS, DORIS and SLR. The VLBI technique developed by astronomers provides
long-term stability and the connection to an inertial (non-drifting) frame of reference. VLBI’s stability is then
transferred to a network of economical, dense spaced GNSS receivers.

5.3 The LMT’s potential role
At present Mexico does not participate in global VLBI geodetic networks and so accesses the long-term inertial
stability of VLBI frames only indirectly. Fortunately, this can be easily corrected. Mexico has developed a
state-of-the-art VLBI antenna, the LMT. Compared to GNSS receivers, a world class observatory like LMT is
much more likely to be maintained over long time scales (decades) and thus contribute to stable, repeatable
positioning systems. Through participation in geodetic VLBI observations the LMT will become a ﬁducial site
in the ITRF (via the EOP) that will not change every few years like GPS.
However, a geodetic VLBI antenna equipped with co-located geodetic instruments would allow the country
to start transforming its (often very dated) geodetic Datum. This would allow for the creation of modern maps,
land management, cadastral surveying, property lines and civil engineering, which are all crucial to modern
economies. The station would become its country’s modern datum deﬁning point, and would allow its realization
and contributions to not only the ITRF, but also to the GGRF. Not only would the LMT as a geodetic VLBI
station be extremely valuable to the global community, but it would greatly increase the beneﬁts to the country.

6. RECEIVER CONCEPTS
Numerous K-band receivers have been presented in literature, which can be used as basis of the development of
a K-band receiver for the LMT. This section will discuss general trends around these receivers, and highlight a
few key development choices.

6.1 Radio astronomy receiver architectures
A number of dedicated K-band radio astronomy (RA) receivers have been presented in literature, both uncooled60, 61 and cooled.61, 62 Modern receivers typically have front-end bandwidths of several GHz; it is not
uncommon for RA receivers to cover the full K-band of 18 - 26 GHz.61, 63 Dual-band receivers are also possible
(e.g., the X-K band receiver in61 ) though they tend not to be broadband (several hundred MHz). The forefront
of the wide bandwidth ﬁeld is typiﬁed by BRAND (BRoad bAND EVN), covering the 1.5 to 15.5 GHz range,
under development in Europe.64 Radio astronomy receivers are generally polarized, requiring two acquisition
systems and, typically, an orthomode transducer (OMT) to separate left-handed and right-handed polarized
components.65 They may also be single-pixel or multi-beam.61
Simple heterodyne downconversion to a broad (several GHz) IF band is common, with in-phase and quadrature (IQ) downconverters66 sometimes used. This may be done to eﬀect sideband-separating mixing,65 for digital
re-combination after digitization of the I and Q streams. Noise injection can be used for calibration,67 as can
“chopper” wheels which optically divert the received beam from the sky to a load of known temperature.63 Simple total-power mode receivers67 are also used, though spectrometers68 are more common. Dual downconversion
stages (IF and baseband) are also employed,63 with the second stage then used to map a section of the RF band
into the baseband receiver electronics.

6.2 Integration
In addition to the architecture of the K-band receiver, the integration medium and packaging is a non-trivial
matter to consider. Various approaches have been proposed in the literature, of which the following is a nonexhaustive review.

Figure 4. K-band receiver at HartRAO. From62

6.2.1 Waveguide, co-ax and cables
This is, undoubtedly, the most common approach to K-band system integration reported in the literature.
Systems are assembled by joining individual building blocks packaged separately, using either waveguide (WR42, WR-34) or coaxial (PC3.5mm) interfaces. This approach readily lends itself to cryogenic cooling,62, 69, 70 and
is used for the front-end LNAs reported by Gill et al.71
6.2.2 Planar integration
Although uncommon in radio astronomy receivers, K-band systems are often integrated in printed circuit board
(PCB) for communications72 and automotive RADAR.73 This is made possible by the wide range of high-quality
packaged integrated circuits (ICs) available commercially in K-band. Apart from the advantage of reliable,
low-cost production, this enables for compact form factor integration of the RF, IF, and digital components of
the receiver. Indeed, some of the IF stages of radio astronomy receivers have been successfully implemented on
RF PCB67 so full integration would seem a feasible avenue to explore. PCB integration of cryo-cooled receiver
components has also been demonstrated,74 though more reliable planar integration might be eﬀected on hard
ceramic (as opposed to soft PTFE-based) substrates.
6.2.3 Microelectronic implementation
A common approach with multi-pixel imaging solutions for remote sensing is the integration of a radiometer
into a single microwave monolithic integrated circuit (MMIC). SiGe BiCMOS is a readily accessible process with
suitable performance at K-band, with the 130 nm node being quite popular in the literature.75 Deep-submicron
CMOS has also been applied successfully to radiometer design.76

Figure 5. Example of PCB integrated K-band transceiver for automotive RADAR (left). From73 . Example of PCB
integrated K-band transceiver for communications (right). From72 .

Figure 6. Single-chip radiometer in 130 nm SiGe BiCMOS. From75

It is also possible to develop custom MMICs to replace the RFFE of an otherwise conventionally integrated
instrument, which allows for compact integration of a large number of receiver channels.77 This may be implemented as a compact split-block system or subsystem assembly, possibly including ceramic or other planar
components.
Where custom microelectronics are implemented in radio astronomy receivers, GaAs71 and InP67 are often

Figure 7. Split-block radiometer assembly. From77

used in the front end. The most critical part of the receiver, the LNA, is often implemented as a custom IC, and
packaged to integrate into the rest of the system using suitable medium (waveguide or co-ax).

7. INITIAL DEVELOPMENT TOWARD K-BAND CAPABILITIES AT LMT
7.1 Reflector Optics Considerations
Arguably the most important requirements for a K-band system to be installed on the LMT are space in the
receiver cabin, and the associated optics to focus the beam at the feed antenna. As such, a study has been
initiated at Stellenbosch University to investigate the feasibility of installing such a K-band system in the LMT
receiver cabin. The study includes three main avenues of investigation, namely:
1. Investigate the possibility of installing a laterally defocussed feed requiring no interference in the current
optical path of other instruments.
2. Investigate the possibility of installing a focussed feed requiring a mirror being switched into the optical
path of another instrument.
3. Investigate the possibility of installing a focussed feed by using a semi-transparent (frequency selective or
opaque) reﬂector in the optical path of another instrument.
Options 1 and 3 above are interesting, since the system is electrically very large, and might therefore allow
signiﬁcantly sub-optimal K-band feeds for the reﬂector to still achieve reasonable performance, depending on the
application. For option 1 the beam will be tilted away from the reﬂector pointing direction, while for option 3
the aperture eﬃciency will be very low due to the loss associated with the semi-transparent reﬂector (this option
will also inﬂuence an existing instrument, and close collaboration will be required to quantify the acceptable
losses associated with this option). Option 2 has the signiﬁcant disadvantage that it will, as a matter of course,
disable one of the current instruments while the K-band system is operating. However, given the diﬃculty in
maintaining the dish surface accuracy for mm-wave experiments during the day under solar radiation, these
small distortions on the dish will probably not cause too signiﬁcant performance degradation at K-band. Again
– the very large electrical size and extremely accurate surface is a signiﬁcant advantage to be exploited here.

Figure 8. Preliminary design of LMT K-band feed optics (left) and placement in the reciever cabin (right). See78

That said, all three these options have associated advantages and disadvantages, which is largely dependent
on the speciﬁc instruments involved. As such, the initial study will only comment on the feasibility of attempting
such a modiﬁcation at all, while detail design of the feasible options will be deferred until more information of
the speciﬁc instrument at hand becomes available.

7.2 Receiver Considerations
Initial developments of a K-band receiver at the LMT have focused on the sideband-separating IQ downconversion79 with a broadband IF suitable for VLBI recording and spectroscopy. The proof-of-concept design will
target planar multi-chip integration on a ceramic substrate, with partial integration of key front-end components
on a GaAs MMIC envisaged for a later prototype.

8. OPERATIONAL BENEFITS
Apart from the scientiﬁc applications described above, there are a number of operational beneﬁts that could
result from the installation of a K-band receiver on the LMT.
At present, the LMT is limited to night-time oberving, due largely to thermal distortions in the primary
reﬂector that become problematic during the day. Eﬀorts are underway to mitigate these distortions80 and
initial results appear promising; nevertheless, the timeframe for implementing such a real-time correction system
is still unclear. In addition, other perturbations to the antenna cannot be addressed in this way — wind loading
being a prime example. The ∼ 10× larger primary beam at centimeter wavelengths makes this regime much
more forgiving to wind gusts that would preclude observing at millimeter wavelengths. Finally, although the
Sierra Negra site is relatively dry, millimeter opacities can exceed 0.5, particularly in day-time and during the
(northern) summer months. Although K-band includes the 22.2 GHz water line, opacities in this band are
typically 3× to 6× lower than in the millimeter windows.
Regardless of any mitigation eﬀorts, it is inevitable that during some substantial fraction of the time, millimeter observing at the LMT will not be feasible, due to some combination of the above eﬀects. During such periods,
centimeter observing can still take place, thus oﬀering a signiﬁcant increase in telescope productivity. Indeed, the
current 90 µm rms of the primary reﬂector provides an essentially perfect surface (∼ λ/150) at K-band. Coupled
with the many scientiﬁc and economic beneﬁts and applications outlined in previous sections, the opportunity to
provide a robust receiver system, for use on both a regular basis and at times when millimeter-wave observations
are not viable, makes the installation of a K-band receiver on the LMT an extremely attractive proposition.
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Mendoza, E., Ospina-Zamudio, J., Podio, L., Quénard, D., Roueﬀ, E., Sakai, N., Viti, S., Yamamoto, S.,
Yoshida, K., Favre, C., Monfredini, T., Quitián-Lara, H. M., Marcelino, N., Boechat-Roberty, H. M., and
Cabrit, S., “Astrochemical evolution along star formation: overview of the IRAM Large Program ASAI,”
Monthly Notices of the Royal Astronomical Society 477, 4792–4809 (July 2018).
[35] Kahane, C., Ceccarelli, C., Faure, A., and Caux, E., “Detection of Formamide, the Simplest but Crucial
Amide, in a Solar-type Protostar,” Astrophysical Journal Letters 763, L38 (Feb. 2013).
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[68] Straub, C., Murk, A., and Kämpfer, N., “MIAWARA-C, a new ground based water vapor radiometer for
measurement campaigns,” Atmospheric Measurement Techniques 3, 1271–1285 (sep 2010).
[69] Jongeling, A., Tanner, A., Border, J., Long, E., and Lin, H., “In-line Water Vapor Radiometer for Precision
Deep Space Doppler Tracking,” in [AGU Fall Meeting Abstracts], (dec 2018).
[70] Kasuga, T., Kawabe, R., Ishiguro, M., Yamada, K., Kurihara, H., Niori, M., and Hirachi, Y., “Cryogenically
cooled K band high electron mobility transistor receiver for radio astronomical observation,” Review of
Scientific Instruments 58, 379–382 (mar 1987).
[71] Gill, A., Selina, R., Butler, B., Jackson, J., Perley, R., Hennies, C., Koski, W., Peck, G., Grammer, W.,
and Willoughby, B., “A Study of the Compact Water Vapor Radiometer for Phase Calibration of the Karl
G. Jansky Very Large Array,” tech. rep., NRAO (sep 2017).
[72] Kursu, O., Leinonen, M. E., Destino, G., Tervo, N., Sonkki, M., Rahkonen, T., Pärssinen, A., Tammelin,
S., Pettissalo, M., and Korvala, A., “Design and measurement of a 5G mmW mobile backhaul transceiver
at 28 GHz,” EURASIP Journal on Wireless Communications and Networking 2018, 201 (dec 2018).
[73] Peng, Z. and Li, C., “A Portable K-Band 3-D MIMO Radar With Nonuniformly Spaced Array for ShortRange Localization,” IEEE Transactions on Microwave Theory and Techniques 66(11), 5075–5086 (2018).
[74] Groves III, W. M. and Morgan, M. A., “A Cryogenic SiGe Low-noise Ampliﬁer Optimized for Phased-array
Feeds,” Publications of the Astronomical Society of the Pacific 129, 085001 (aug 2017).
[75] Aluigi, L., Pepe, D., Alimenti, F., and Zito, D., “K-Band SiGe System-on-Chip Radiometric Receiver for
Remote Sensing of the Atmosphere,” IEEE Transactions on Circuits and Systems I: Regular Papers 64,
3025–3035 (dec 2017).
[76] Feng, G., Yi, X., Meng, F., and Boon, C. C., “A W-Band Switch-Less Dicke Receiver for Millimeter-Wave
Imaging in 65 nm CMOS,” IEEE Access 6, 39233–39240 (2018).
[77] Xie, Y., Chen, J., Liu, D., Lv, C., Liu, K., and Miao, J., “Development and calibration of a K-band groundbased hyperspectral microwave radiometer for water vapor measurements,” Progress In Electromagnetics
Research 140(June), 415–438 (2013).
[78] Stander, T., Deane, R., de Villiers, D. I. L., de Witt, A., Rodriguez, D. F., Hiriart, D., Kurtz, S. E., van
den Heever, F., and de la Rosa Becerra, M. V., “Progress toward improved water vapour radiometry: An
overview of the south africa-mexico bilateral programme,” Proc. SPIE 11453 (2020 (accepted)).
[79] Mundia, S., de Witt, A., Van den Heever, F., Malan, S., and Stander, T., “Preliminary design of 18-45 GHz
radio astronomy receiver,” Proc. SPIE 11453 (2020 (accepted)).
[80] Schloerb, F. P., Souccar, K.,
Daniel Ferrusca Rodriguez, M. C. D., Gale, D. M., Gómez-Ruiz, A., Huerta, A. L., Hughes, D. H., and
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