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Figure 1: The eight 6-meter antennas of the Submillimeter Array on Maunakea, Hawaii (photo by N. Patel).

submillimeter studies, in particular for observations of the large class of objects that do not require
the full resolution or sensitivity of ALMA, for focused large scale programs aimed at statistically
significant samples, for curiosity driven and high risk ideas, and for unique submillimeter access to
the northern sky. The SMA also plays a key role in submillimeter VLBI observations as part of the
global Event Horizon Telescope, which will include ALMA as a station for the first time in 2017.

The modest scale of the SMA allows for rapid adoption of technical innovations and nimble schedul-
ing of science observations, two basic properties that will keep the telescope competitive and exciting
going forward. Following the recommendations of a detailed study by the 2010 SMA Futures Com-
mittee (Fazio et al., 2010), reaffirmed by the 2014 SMA Visiting Committee (Harris et al., 2014), the
SMA project is embarking on an ambitious, staged, strategic upgrade to increase the power of the
telescope by expanding its instantaneous bandwidth while simultaneously maintaining high spectral
resolution. The full increase is a factor of 16, from the original 8 GHz (= 2 GHz × 2 sidebands × 2
receiver bands) to 128 GHz (= 16 GHz × 2 sidebands × 2 polarizations × 2 receiver bands). In §3,
we describe briefly this upgraded, ultra-wideband SMA– the “wSMA”. In §4, we outline important
science applications enabled by its unprecedented capabilities.

3 Ultra-wideband Performance Improvements

Figure 2: SMA
345 band mixer
chip fabricated
by ASIAA.

The wSMA offers a new “core” receiver set providing two dual-polarization ob-
serving bands with LO ranges 280–360 GHz and 210–270 GHz, each with an IF
band that spans 4–20 GHz. (Selection hardware will also allow a separate receiver
to operate alongside the core receiver, see §5.2.) These wideband receivers are
enabled by the series connected, distributed SIS mixer concept demonstrated by
Tong et al. (2005) and fabricated by ASIAA (Figure 2). The correlator will pro-
cess 128 GHz total bandwidth, all at high spectral resolution (λ/∆λ ∼ 2.5 × 106).
This digital back end capability relies on open-source signal processing technology
developed by the Collaboration for Astronomy Signal Processing and Electronics
Research (CASPER, Parsons et al. (2009)). This combination of wide bandwidth with simultaneous,
uniform spectral resolution, and subarcsecond angular resolution, is unparalleled at submillimeter
wavelengths. As Figure 3 shows, this unique capability will provide for dual receiver, dual polariza-
tion operation, enabling simultaneous observations in the two atmospheric windows that are typically
wide open from the Maunakea site, each with 32 GHz of spectral coverage.

receiver bands × total number of continuum rms (µJy)
year bandwidth pols bandwidth channels 230 GHz 345 GHz

stage 0 2004 2 GHz × 2 sb 2 8 GHz 1.2288 × 104 600 1250
stage 1 2016 8 GHz × 2 sb 2 32 GHz 5.24288 × 105 230 520
stage 2 2020 16 GHz × 2 sb 4 128 GHz 2.097152 × 106 140 330

Table 1: Timeline of the SMA bandwidth expansion. The fully upgraded receivers, IF hardware, and digital
correlator will enable observations spanning 16 GHz in each of 2 sidebands and 2 polarizations, in the 230
and 345 GHz atmospheric windows simultaneously. The maximum number of channels listed is for each
baseline. The continuum rms noise values correspond to a full 10 hour track (2/3 on-source) for a target at
+30◦ declination above 20 degrees elevation, with 1 mm pwv at 345 GHz and 2 mm pwv at 230 GHz. These
tabulated values also incorporate receiver improvements.

The implementation plan for the wSMA upgrade has been staged carefully. By the end of 2016,
1/4 of the new technologies will be installed and available to astronomers, using the existing infras-
tructure. Figure 4 provides an example of the spectral coverage available, spanning 16 GHz on the
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Figure 8: (upper) The integrated 64 GHz spectrum of the evolved star IRC+10216 from the SMA line
survey of Patel et al. (2011), with 442 lines detected. (lower) Sample images showing the emission line
structure for a few lines at the low frequency end of the survey, including integrated intensity, radial profile,
and velocity resolved channel maps. Note the ring -like distribution of C4H compared to the compact and
strongly centrally peaked distribution of SiCC; this butadinyl molecule is created in the outer part of the
envelope where chemistry is influenced by the interstellar radiation field.

4.1.5 Planetary Atmospheres

Planetary spectroscopy presents some of the most challenging observations that the SMA performs.
At one extreme, measurement of spectral features from the upper atmospheres of Mars, Venus, Titan,
and Io, where pressures are low, requires high spectral resolution, of order 100–200 kHz, in order to
resolve the thermal line emission and to measure winds from Doppler shifts. The latter typically needs
sensitivity down to 10 m s−1 (10 kHz at 300 GHz), which is only possible through line fitting over
multiple channels. At the same time, broad bandwidths are often of interest: for example on Titan
and Io, there are many species detectable covering a wide range of frequencies in the 230 and 345
GHz atmospheric windows. Figure 9 shows 36 GHz of the spectrum pieced together from more than
100 short and narrow band observations from the SMA archive resulting in highly non-uniform noise.
This compilation resulted in the first reported detections at these wavelengths of DCN, CH3C2H,
and vibrationally excited HC3N and CH3CN (Gurwell et al., 2012). The wSMA would survey more
of the spectrum, to greater uniform depth, in a single track. Note that the linewidths of some species
on Titan like CO and HCN exceed 1 GHz, and thus a broad bandwidth coupled with stable passband
characteristics is vital for precise line analysis.

At the other extreme, some lines from the gas giants (Jupiter, Saturn), ice giants (Uranus, Nep-
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Spectral line survey of the extreme carbon star IRC+10216 

Patel et al. 2011
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Spectral line survey of proto-planetary nebula CRL 618

Patel et al. 2019



from SMA observations (Rawle et al., 2014), which is spatially and spectrally resolved into at least
four distinct kinematic components, interpreted as two interacting galaxies and an outflow. The
wSMA will enable the transition from observations of a single line to observations of suites of lines,
including fine structure lines of atomic and ionized C, N, and O (even with only a crude estimate
of the redshift from photometric methods). At any redshift, there will be two or three CO lines
available for detection, enough to allow an accurate determination of the redshift without any prior
information.

The combination of the continuum, molecular lines, and atomic fine structure lines allows for
characterization of primordial starbursts. The fine structure lines derive mainly from the neutral
hydrogen phase of the interstellar medium, where the gas has been warmed by ultraviolet radiation
from massive stars. The ratio of the C or CII to the infrared continuum (observed in the submil-
limeter) is inversely proportional to the strength of the ultraviolet radiation. This ratio and the
continuum together measure the beam filling factor and the size of the starburst. Because atomic O
is significantly excited only above 100 K, the ratio of atomic O to C or CII indicates the temperature
of the neutral gas. The CO lines measure the column density of the molecular gas. These are the
key parameters needed to investigate star formation evolution.
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Figure 6: (left) SMA subarcsecond images of CO 3-2 line and dust continuum emission of the nearby
ultraluminious galaxy Arp 220, from Sakamoto et al. (2008). (right) The composite SMA 1.3 mm spectral
scan of the nuclear region of Arp 220, from 202 to 242 GHz (Mart́ın et al., 2011). The thick solid curve
shows an LTE model of the identified molecular species, consisting of two kinematic components (one for
each of the nuclei visible in the images).

10

Arp 220

Sakamoto et al. 2008

Martin et al. 2011



�6

4.1.1 Star Forming Regions

Spectral line surveys of molecular cloud cores in the Galaxy seek to characterize the physical and
chemical conditions that lead to the formation of stars and star clusters. Since molecular hydrogen–
the main mass constituent– is not excited in the cold, dense concentrations where stars form, essen-
tially all of our knowledge of the early stages comes from the radiation of trace constituents that
emerges from the dark, dusty cores to reveal the structures within.

Figure 5: SMA spectra covering 24 GHz towards two dust
continuum peaks in the G11.92-0.61 star forming region,
MM1 (red) and MM2 (blue), which are separated by only ∼

0.12 pc. The rich spectrum of MM1 indicates a protostellar
hot core, while paucity of spectral lines in MM2 suggests it
is starless. (Cyganowski et al., 2014)

The quality and quantity of data on star
forming regions is growing rapidly. Ex-
tensive continuum surveys performed by
dedicated programs with single-dish tele-
scopes provide complete samples of thou-
sands of dense cores involved in star for-
mation, both for the nearest clouds to the
Sun and throughout the inner Galaxy. A
major goal is to exploit the complexity of
interstellar chemistry to probe the evolu-
tionary state of these cores, which have
masses in the range 1 to 1000 M⊙. Rather
than continuing to observe only the bright-
est or most easily accessible spectral lines,
the next step will be comprehensive multi-
line studies, using high enough angular res-
olution to separate the important centers of
activity.

Figure 5 shows a slice of the submillimeter
spectrum from two dust continuum peaks
in a typical massive star-forming region,
separated by only ∼ 0.12 pc but appar-
ently at very different stages of evolution-
ary development (Cyganowski et al., 2014).
Around the youngest source, MM2, there
are very few spectral lines. At very cold
temperatures, many molecules are frozen
onto dust grains and their gas phase abun-
dance is low. As a protostar grows in mass
and luminosity and heats its surroundings,
molecules come off the dust grains and are excited by collisions to radiate in the submillimeter.
Powerful bipolar jets from the forming stars create localized shocks that also change the chemistry.
The spectra in Figure 5 cover 24 GHz bandwidth, obtained in 3 different tunings with 2 receivers.
The wSMA will provide data covering more than twice this bandwidth in a single observation in
two polarizations, thereby accessing a rich set of chemical species in much shorter time. Progress in
finding the most useful combinations of molecular probes likely will be empirical, and we are only
just at the threshold of achieving any success in this endeavor. The wSMA will enable systematic,
comparative molecular line studies of large samples.

Similar considerations apply to star formation processes on galactic scales. Spectral line surveys
of nearby starburst galaxies probe the conditions that lead to the formation of super star clusters.
These massive clusters, found in all starburst environments, may be the basic building blocks of
star formation across cosmic time, as well as the precursors to the present day analogues of globular
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these systems originates from within ∼ 10 Schwarzschild radii of the black hole. Blazars and radio
galaxies do not follow the same relationship. Ongoing monitoring of other low luminosity AGN will
expand the sample over which the relationship holds. Monitoring of all these systems is critical for
interpreting Very Long Baseline observations, which require detailed spectral modeling, as well as
for providing triggers for rapid response in the case of flares (see §5.1).

4.2.2 Comets

The comets that cross our Solar System are messengers from the past, bringing with them original,
pristine, material from the epoch of planet formation. Minimally processed material is released in jets
outgassing from the interior through cracks in the comet surface. Interferometry provides a means of
imaging and isolating the jet emission within the larger coma that is dominated by outgassing from
the comet crust. The left panel of Figure 11 shows a simulation of the submillimeter line intensities
expected in the gaseous jet emission and from the extended coma from the comet’s surface, assuming
different chemical abundance models for each. In previous observations of the Jupiter family comet
17P/Holmes, observations over multiple days detected many molecular species, including CO, CS,
HCN, H2S, H2CO, and CH3OH (Qi et al., 2015). Howevever, the asymmetric jet emission changes on
timescales of the comet rotation period (typically several hours), and the bandwidth was sufficient
to observe only two lines of interest simultaneously, e.g. HCN 4–3 and CO 3–2, making comparisons
difficult. The much wider instantaneous spectral coverage of the wSMA is advantageous in allowing
comparative observations of many lines simultaneously, all at sub-km s−1 spectral resolution to clearly
separate jet from coma.

Figure 11: (left) Simulation of molecular emission from a comet, showing a suite of spectral lines in the 345
GHz band that the wSMA could observe simultaneously at high spectral resolution to probe the abundances
of jet and coma material. (right) SMA images of HCN and CS emission from comet P17/Holmes obtained
simultaneously, showing blue- and red-shifted emission from a jet, and the extended coma.

Comet observations seek to derive a chemical inventory of the pristine material from the emission
in the submillimeter. One key question to be addressed concerns the origin of the comets. A working
model posits two comet families: (1) the long period comets, formed in the giant planet zone and
scattered into the Oort cloud by gravitational interactions, and (2) the short period or ecliptic comets,
formed further out in the Kuiper Belt region. So far, spectroscopy does not yield a clear chemical
distinction between the two. It is not known whether this results from a confusion of processed
with pristine material, whether there was little chemical differentiation in the early Solar System, or
whether this supports an alternative model. For example, it is possible that all the comets formed
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Figure 7: (left) A Zspec grating spectrum of the z=3.91 lensed galaxy APM 08279+5255, showing multiple
lines of CO, H2O, and N+ (Bradford et al., 2011). The wSMA will be capable of surveying systems like this at
100× higher spectral resolution, allowing precise spectroscopic redshift determinations (even when only crude
SED-based model fits are available), and at the same time obtaining high resolution studies of morphology.
(right) Integrated line profile of C+ in the z=5.24 lensed galaxy HLSJ091828.6+514223, spectrally resolving
at least four distinct kinematic components in this system (Rawle et al., 2014).

4.1.3 CII Intensity Mapping

While sensitive observations with the wSMA, as well as ALMA, VLA and NOEMA make it possible
to probe cool ISM of massive galaxies out to redshifts aproaching z ∼ 7 (e.g. Riechers et al., 2013;
Maiolino et al., 2015), the extraordinary objects detected are not likely to be characteristic of the
overall population of star-forming galaxies in the early Universe, made up primarily of smaller and
less luminous systems (Smit et al., 2012). Unfortunately, the line emission arising from the molecular
gas of normal (low-mass) star-forming galaxies at high redshift is extremely faint. Direct detection of
individual high-redshift galaxies is an expensive observational proposition, even with ALMA (which
was explicitly designed to detect CO from a Milky Way analog at high redshift in 24 hours). The indi-
vidual detection of a sufficient number of normal, high-redshift galaxies (i.e., hundreds or thousands
of such objects) to properly characterize the underlying population is beyond the present generation
of radio and submillimeter facilities (Keating et al., 2015).

An alternate method for exploring the molecular gas contents of early galaxies is the technique
of “intensity mapping”, where the emission from thousands or millions of galaxies is detected as
large-scale fluctuations in mean line intensity. Intensity mapping has been the subject of numerous
theoretical and observational studies, demonstrating it to be an effective and efficient method for
performing blind surveys over large volumes– millions of cubic megaparsecs. The wSMA, with
its larger field-of-view than other submillimeter interferometers, compact array configurations, and
ultrawide bandwidth, is ideally suited to intensity mapping experiments. Moreover, while the signal
of interest is expected to be unpolarized, the dual-polarization receivers of the wSMA allow for
improved control of systematics and exploration of contaminants in the measurement.

In the local Universe, CO is used as the tracer of choice for studying the bulk of molecular gas in
galaxies. However, galaxies in the early Universe may not possess enough dust to shield CO from the
dissociating ultraviolet starlight, creating “CO-dark” molecular clouds (Wolfire et al., 2010). But
this lack of dust may also lead to an increase in CII line emission. CII line emission typically traces
the cool and neutral components of the ISM, with some arising from the photon-dominated regions
surrounding molecular clouds. However, theoretical models also suggest that a lack of dust may
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• Planetary atmospheres (Titan, Io line surveys, M. Gurwell)

• Magnetic fields imaging: star-formation, proto-

planetary nebulae

• Gamma Ray Bursts

• Time monitoring of polarized emission from SgrA*

• CII Intensity Mapping (large scale project led by Karto 

Keating)

Figure 9: A serendipitous 36 GHz line survey of Titan, obtained by piecing together more than 100 short,
narrow band, archival observations (Gurwell et al., 2012). Each observation was calibrated, aligned, and
smoothed to a common spectral resolution, and scaled to a common source reference diameter.

tune), and Venus are extremely wide due to pressure broadening. The CO(2-1) and (3-2) transitions
on Neptune span up to 20 GHz, and PH3(1-0) at 267 GHz spans 30 GHz on Jupiter and Saturn.
These are deep transitions, but radiative and chemical modeling of the spectra of these planets sug-
gest there are other spectral lines, similarly broad but shallow, awaiting detection. Both Uranus and
Neptune are expected to show H2S and/or PH3 lines spanning 10–20 GHz in width, but with depths
just a few percent of the continuum. Similarly, Venus may exhibit lines of sulfur bearing species that
are many GHz wide but also shallow. Such lines are difficult to detect without a very broadband
wavelength coverage, along with system stability that enables precise calibration of the broadband
spectrum. The wSMA will be exceptional in this regard. The simultaneous end to end coverage of
up to 40 GHz is well matched to the broad line characteristics of the gas and ice giants. Morever,
the combination of broad spectral coverage with high spectral resolution, sufficient to resolve even
thermal lines, is ideal for detailed line surveys of Titan and Io.

4.2 Time Domain Studies

The transient and variable Universe provides critical information on a wide range of astrophysical
sources and problems. At submillimeter wavelengths, time domain studies are essential for under-
standing high energy sources such as active galactic nuclei, black hole binaries, gamma-ray bursts,
novae, and supernovae, as well as young stellar objects. Many of these sources are very bright and
readily detectable with the SMA. Others are faint, fading, or entirely unknown, and rapid result
sharing based on quick look analysis is critically important for follow-up (detection or limits, dis-
seminated by ATel or other relevant networks). This work often requires very fast response times
and high cadence monitoring that are operationally or programmatically difficult to achieve with
ALMA. A wide instantaneous bandwidth can be particularly advantageous for observing phenomena
that exhibit rapid time variability, from timescales of minutes to hours to years. Beyond the raw
continuum sensitivity, broad spectral coverage provides a long lever in frequency, e.g. to measure
Farady rotation, and additionally gives access to many molecular species and transitions at once.
The wSMA will be well positioned for successful exploitation of time domain science.
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4.2.1 Polarized emission from SgrA*

In the Galactic Center, relativistic electrons in the magnetized plasma around the supermassive
(4 × 106 M⊙) black hole SgrA* emit polarized synchrotron radiation. On passing through the ion-
ized accretion flow into the black hole, the angle of the polarization changes by an amount directly
proportional to the product of the strength of the magnetic field and the electron density, and in-
versely proportional to the observing frequency squared (Faraday rotation). With some assumptions
about the structure of the accretion flow and the relationship between the magnetic field strength
and the density, the difference in the polarization angle measured at two different frequencies yields
the accretion rate into the black hole. At long millimeter and radio wavelengths, the presence of
an ionized screen depolarizes the signal, leaving the submillimeter as an important window into the
accretion physics of this black hole. The SMA made the first reliable measurement of the SgrA*
Faraday rotation (−5.6±0.7)×105 rad m2, which provided critical constraints on the accretion rate,
2 − 200 × 10−9 M⊙ yr−1 (Marrone et al., 2007), depending in detail on the geometry and (dis)order
of the magnetic field. Previously, Faraday rotation had been measured by comparing observations at
different frequencies at different times. However, because the emission from SgrA* is time variable
in both intensity and polarization, the results of these earlier observations were highly uncertain.
Moreover, high angular resolution has proven critical to isolate SgrA* from its extended (and also
polarized) surroundings.

Figure 10: Light-curves of SgrA* in the submillimeter
(SMA), infrared (Keck) and X-ray (Chandra), show-
ing a flare with a timescale of order an hour (Marrone
et al., 2016). The wSMA will provide sufficient contin-
uum sensitivity to detect such flares easily and to mea-
sure changes in polarization during the flare events.

One of the mysteries of the SgrA* black hole is
why it is normally so quiet, particularly in high
energy radiation. It may have a very low ac-
cretion rate, or alternatively, the accretion flow
may be cooled by advection rather than radia-
tion. In these advective accretion flows (ADAFs)
most of the energy released by the deceleration
of the accretion flow actually disappears into the
black hole leaving relatively little observable ra-
diation. We hope to measure the accretion rate
accurately enough to test the ADAF hypothesis.

Another mystery is the flares observed at wave-
lengths from the X–ray to the radio. What
causes them? Are they periodic? Are events
at different wavelengths correlated? SgrA* is a
bright object in the submillimeter, typically a
few Jy, and 5–10% polarized. Figure 10 shows
one flare with a timescale of about an hour that
was seen with both the SMA in the submillime-
ter and Keck telescope in the near-infrared (Mar-
rone et al., 2016). The wSMA would be able to monitor the variations in Faraday rotation in SgrA*,
and hence variations in the accretion rate, on time scales as short as the flares. For example, if the
flaring is caused by a jet or outburst unrelated to the accretion, then the Faraday rotation should
remain constant during the flare. If the flare is related to the accretion flow itself through magnetic
reconnection or an increase in the accretion rate, then the Faraday rotation should change with the
flare. The wSMA could conceivably devote weeks or months to monitoring the activity of SgrA*, to
characterize the variability of its submillimeter emission.

An analysis of archival SMA data on SgrA* as well as nearby low luminosity active galactic nuclei
M81 and M87, has revealed a linear relationship between the characteristic variability time scale
and the black hole mass (Bower et al., 2015). This relationship demonstrates that the emission in
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redshift distributions, and burst locations within the hosts. But these studies provide galactic-scale
properties only, and the explosion physical parameters such as energetic and cirumburst density
remain unconstrained. Like long GRBs, multi-frequency analysis of afterglow light curves and spectra
are needed to improve understanding. So far, this hasn’t been possible in the submillimeter. In the
2020s, a dedicated GRB satellite mission SVOM will become operational, and, unlike the current
random pointings from Swift, the GRB detectors will observe anti-sun directions that enable rapid
follow-up with ground-based instruments and continuous long-term monitoring (Wei et al., 2016).
In addition, because short GRBs share a common compact object merger model with gravitational
wave sources, this is a timely topic as precise timing from several gravitational wave instruments
will provide position information to search for electromagnetic counterparts. The sensitivity of these
gravitational wave detectors is expected to reach the signal from binary neutron stars out to about
100 Mpc.

To take full advantage in this science area, the wSMA will require a mode that provides for very
rapid response time, ideally within a minute, perhaps using automatic responses to satellite triggers.

4.3 Magnetic Field Imaging and Star Formation

Figure 13: SMA observations
of polarized 870 µm dust contin-
uum emission from NGC 1333
IRAS 4A provided the first text-
book example of an hourglass-
shaped magnetic field (red bars)
in a low mass protostellar sys-
tem (Girart et al., 2006). The
color image shows the dust emis-
sion from the dense molecular
core that surrounds two still-
forming Sun-like stars. Grav-
ity pulls the gas and dust of this
cloud clump inward and warps
the magnetic field in the process.

Observations of magnetic field structures address a fundamental un-
known in star formation. Magnetic forces are easily comparable in
magnitude to other forces, and some theories assert that the forma-
tion of molecular clouds and their subsequent contraction to form
stars is controlled entirely by magnetic forces. This hypothesis has
been neither verified nor disproven because of a lack of evidence,
and because of the challenging nature of the observations required.
Magnetic fields are themselves invisible, but their structure in the
interstellar medium is made evident in the pattern of polarized con-
tinuum emission emitted by dust grains that align with the field.
The SMA has made numerous studies of polarized millimeter and
submillimeter dust continuum emission to map the magnetic fields in
accretion flows around low-mass protostars (Girart et al., 2006; Rao
et al., 2009) and high-mass protostars (Girart et al., 2009; Zhang et
al., 2014), and in large-scale molecular clouds (Li & Henning, 2011).
Figure 13 shows an example, the SMA image of the magnetic field
structure in the accretion flow onto the low-mass protostellar system
NGC1333 IRAS4A, which is organized into a classic hour-glass pat-
tern, pinched in by gravitational collapse. Detailed analysis of these
SMA data shows that the magnetic field morphology threading the
core matches well the theoretical predictions from magnetohydrody-
namic models of protostellar collapse (Gonçalves et al., 2008). For
regions of high-mass star formation, dust polarization observations
with the SMA have shown patterns that range from ordered hour-glass configurations to more chaotic
distributions. Comparisons of these SMA results at < 0.1 pc scales with single dish observations at
> 1.0 pc scales suggest that the magnetic fields play an important role in the collapse and fragmen-
tation of massive clumps and the formation of dense cores (Zhang et al., 2014).

For the wSMA, the improved continuum sensitivity resulting from increased bandwidth allows for
(1) imaging of many more and fainter systems to build large samples, (2) imaging select systems at
higher angular resolution, and (3) imaging wide field of view mosaics to connect magnetic features
across the rnage of scales from clouds to cores to disks. The wSMA will increase the number of
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   Edward Tong                                    SMA Advisory Meeting, July 2018 

Current Status of SMA 
Dual DSB Rx 
4 - 12 GHz IF 
4Q SWARM 

32 GHz On sky BW 

Upgrade Path of SMA 

Interim Upgrade 
Keep Cryostat 
4 - 16 GHz IF 
6Q SWARM 

48 GHz On sky BW 
wSMA Goal 

New Cryostat 
4 - 20 GHz IF (min) 

Next gen Correlator (?) 
> 64 GHz On sky BW 

2018 

2019 

2021- 
2022 

Edward Tong
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Selection Lo Band Rx Hi Band Rx

Thru Cold Load Dual Pol

Grid Pol. #1 Pol. #2

Dichroic Dual Pol Dual Pol

Mirror Dual Pol Cold Load

Selection SMA Main Rx Guest (PI) Rx

Thru Inactive Dual Pol

Grid Single Pol Single Pol

Mirror Dual Pol Inactive

wSMA Receiver Selector

Guest (PI)  Receiver Selector

• New receiver has two dual pol receiver cartridges

• Receivers selected by four position rotating 
selector wheel

• Straight through, mirror, grid, dichroic options

• Smaller cryostat allows space for possible 
“Guest Receiver”

• Selector mirrors between M6 and cryostat.  

wSMA Upgrade - Advisory Committee7/18/2018 4Paul Grimes



�12

wSMA Receiver
• Diameter of cryostat: about half of 

current one. Height is similar

• Two temperature stages – 50K for 
radiation shield and selection optics 
and 4K for receivers

• Cooled receiver selection optics 
replaces Optics Cage – Cryostat top 
plate is higher

• Selector wheel mounted on 
radiation shield top plate

• Single cryostat window and IR filter

• Two receiver inserts, each housing a 
dual pol receiver

• Use automatic thermal links similar 
to ALMA

• No manual connections to  
cartridges inside cryostat

7/18/2018 wSMA Upgrade - Advisory Committee 6

Paul Grimes
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SIS	Mixer	for	wSMA-240	

4.0 µm 
6 µm 

J1       J2              J3 
Size: 1.6 µm diameter  

1.0x0.25 mm 
half height WG 

0.4 mm 

WG Feed 
Point 

Substrate: 
 0.1 mm thick  

Quartz 

Microstrip Transformer 
Tuning Capacitance Ctune @ IF  

•  Carray = Cj / 3 
•  Cmixer = Carray + Ctune ~ 115 fF.  
•  RC time constant of mixer gives   

 F3dB > 25 GHz. 

Rembed 

Xembed 

   Edward Tong                                                                                                  SMA Advisory Meeting, July 2018 

3-Junction Array 
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   Edward Tong                                    SMA Advisory Meeting, July 2018 

Scanning	Spectrometer	

RF Input  

Detector  

DC x1000 
amplifier 

Rpi Stack 

YIG-tuned 
Filter 

RF amplifier chain 
 + Digital Attenuator 

•  To provide Tsys measurement as a 
function of IF (currently a single value of 
Tsys is logged) 

•  Useful for system diagnosis 
•  Able to observe atmospheric ozone lines. 
•  Resolution of YIG filter: ~30 MHz 
•  Scan Time: ~0.5 s 

•  Prototype installed in antenna 7. 
•  Awaiting reorganization of network to 

synchronize with other real time 
components. 

•  Two more units to be installed in fall 
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T E C H N I CA L  H I G H L I G H T S

SCANNING SPECTROMETER 
FOR SMA RECEIVERS
Edward Tong (CfA), Steve Leiker (CfA), Robert Wilson (CfA)

As the SMA increases its bandwidth of operation, there is a need 
to provide system temperature measurement (Tsys) as a function 
of the IF. At present, there is a single continuum detector serv-
ing each receiver in the SMA antenna. This detector measures 
the total power in the IF system. During a calibration cycle, an 
ambient load moves into the beam, and the receiver output pow-
er is recorded by the detector, as Pamb. Once the calibration load 
moves out, and the receiver is pointing to the sky again, a Y-fac-
tor, corresponding to the ratio of Pamb to Psky, is computed. Tsys for 
each receiver is derived from the Y-factor. With a 4-12 GHz IF, 
the present values of Tsys recorded by the SMA turn out to be a 
gain-weighted average across the IF band. Since the receiver sen-
sitivity generally varies across the IF band, and more importantly, 
the receiver gain rolls off significantly towards 12 GHz, the cur-
rent SMA Tsys is more representative for low IF. In this article we 
describe a simple scanning spectrometer which provides much 
higher frequency resolution.

The schematic of the spectrometer is given in Figure 1. The heart 
of the spectrometer is a 2-26 GHz YIG-tuned filter fitted with an 
analog current driver, which enables the filter to be tuned to any 
frequency between 2 and 26 GHz by applying a tuning voltage, 
Vtune. The current driver provided by the manufacturer ensures 
that the filter center frequency varies linearly with the tuning 
voltage. The 3-dB bandwidth of the filter is about 25 MHz, and 
its response time is specified as 2 ms per 1 GHz step. In our spec-
trometer, the filter is stepped at 25 MHz steps, at a speed of ~800 
Hz. Thus, to fully sample the frequency space of 2-20 GHz, a total 
of 720 steps are needed, giving a scan time of close to 1 second.

Referring to Figure 1, an RF amplifier is placed at the input of 
the spectrometer to boost the power it receives. This is required 
because the passband of the filter is substantially less than 1% of 
the total receiver bandwidth; such that the power transmitted by 
the filter is less than 1% of the input power to the spectrometer 
for a flat input power spectrum. A 1-26 GHz power detector is 
placed at the output of the filter to convert the RF signal into a DC 
voltage. The detector output is amplified by a DC amplifier with a 

gain of 1000, to generate Vdet before feeding into an analog-digital 
converter.

The entire spectrometer is controlled by a Raspberry Pi micro 
computer which is conducted through an interface board mount-
ed on top of the Pi. The Pi is in turn connected to the local area 
network (LAN) inside the antenna. The software used to trigger 
the scans and store the measured data is written in Python.

A prototype scanning spectrometer was installed in antenna 4 
in early December. Some preliminary tests have been performed. 
Figure 2  is a plot of the Y-factor recorded during the test, illustrat-
ing the per channel power ratio between the ambient load and the 
sky. A Y-factor of 4.6 corresponds to a Tsys of around 75 K, which 
reflects good receiver operation for an SMA antenna pointing at 
60 degrees elevation. The plot reveals the presence of a number of 
ozone lines, seen as spikes around IF of 5.1, 5.9 and 7.0 GHz. The 
spike near 7.3 GHz is due to a leakage inside the receiver package. 
The Y-factor data for the SMA-200 receiver is marked by a ripple 
with a period of ~1 GHz. This is most likely caused by a standing 
wave between the SIS mixer and the isolator preceding the low-
noise amplifier. While both receivers show roll-off in sensitivities 

Figure 1: Simplified schematic of the scanning spectrometer.

4
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   Edward Tong                                    SMA Advisory Meeting, July 2018 

Raspberry	Pi-based		Controllers	
Raspberry Pi Stack 

POE Board 
(Power on 
Ethernet) 

Daughter & 
Grand-daughter 
Boards for IO 

USB 
Ports 

•  Low cost compact Linux computer allowing 
efficient analog & digital I/O interface thru add-
on boards 

•  Very useful as distributed controllers, remotely 
accessible through its ethernet port. 

Ethernet	

USB	

USB	

Ethernet	

USB	

USB	

Raspberry Pi model 3b+ showing 
various connectors plus the top 40- pin 

GPIO connectors 

HDMI	
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Correlator upgrades

Jonathan Weintroub 
SAO/CfA 

SMA Visiting Committee 
18 July 2018 
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SWARM 2.0:  Future Wideband Digital Technology for wSMA
32 GHz 

Arash Roshanineshat 
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Figure 4: Example of an SMA single baseline spectrum of the Orion-KL region using SWARM with in-
staneous spectral coverage of 8 GHz per sideband, at 140 kHz resolution, from Primani et al. (2016). The
middle and lower panels present increasingly zoomed views of small sections of the spectrum above them
(indicated in red and blue). A multitude of highly structured and resolved spectral line features in amplitude
and phase are identified from a variety of molecular species (“A” indicates 13CH3OH).

angular resolutions by relocating the individual antennas. Often, the choice of resolution for an
interferometer is limited by the available sensitivity. If an astronomical source is extended enough to
be resolved, the area of the source seen by the telescope beam (and therefore the power received by
the telescope) decreases with increasing angular resolution. Therefore, more sensitivity is required to
achieve higher resolution. While the expanded bandwidth does not increase the maximum resolution

5
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Technology evolution: SWARM (actual) to wSMA (planned)

SWARM 
(32 GHz)

wSMA 
(128 GHz)

sampled 
bandwidth

2 GHz 
(64 IF blocks, 8/antenna)

8 GHz 
(64 IF blocks, 8/antenna)

FPGA family
Virtex 6 SX475T 

(2016 multipliers, 
0.5M logic cells)

Ultrascale+ VU9P 
(6,840 multipliers, 
2.8M logic cells)

Ethernet data 
rate 10 Gbps 100 Gbps

Sampler/ADC 
location

Control 
building Antennas
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SWARM:  5 GSa/s sampler, ROACH2 and 10 Gb/s Ethernet 
(Jiang et al., PASP 126, 761; 2014; Patel et al., JAI 3, 1 2014, Primiani et al) 

2
0846I–BDC–12/10

EV8AQ160

e2v semiconductors SAS 2010

Screening
• Temperature Range for Packaged Device
• Commercial C Grade: 0° C < Tamb < 70° C

Applications
• High-speed Oscilloscopes

1. Block Diagram

Figure 1-1. Simplified Block Diagram

2. Description
The Quad ADC is constituted by four 8-bit ADC cores which can be considered independently (four-
channel mode) or grouped by two cores (two-channel mode with the ADCs interleaved two by two or
one-channel mode where all four ADCs are all interleaved).

All four ADCs are clocked by the same external input clock signal and controlled via an SPI (Serial
Peripheral Interface). An analog multiplexer (cross-point switch) is used to select the analog input
depending on the mode the Quad ADC is used.

The clock circuit is common to all four ADCs. This block receives an external 2.5 GHz clock (maximum
frequency) and preferably a low jitter symmetrical signal. In this block, the external clock signal is then
divided by two in order to generate the internal sampling clocks:

• In four-channel mode, the same 1.25 GHz clock is directed to all four ADC cores and T/H

• In two-channel mode, the in-phase 1.25 GHz clock is sent to ADC A or C and the inverted 1.25 GHz 
clock is sent to ADC B or D, while the analog input is sent to both ADCs, resulting in an interleaved 
mode with an equivalent sampling frequency of 2.5 Gsps

Clock 
Buffer

+ 
Selection 

+
SDA

LVDS Buffers
1:1 or 1:2 DMUX

T/H

8-bit
1.25 Gsps
ADC core

Analog MUX
(Cross Point Switch)

Serial  
Peripheral 
Interface

Offset

Gain2.5 GHz
Clock

8-bit
1.25 Gsps
ADC core

8-bit
1.25 Gsps
ADC core

8-bit
1.25 Gsps
ADC core

LVDS Buffers
1:1 or 1:2 DMUX

LVDS Buffers
1:1 or 1:2 DMUX

LVDS Buffers
1:1 or 1:2 DMUX

Gain GainGain
T/H T/H T/H

Offset Offset Offset

Phase PhasePhase Phase

March 31, 2014 14:50 1450001

N. A. Patel et al.

Fig. 2. Snapshot of a low frequency (10 MHz) sine wave input with the four cores before (top) and after (bottom) the
alignment of the four cores.

show the differences in DC offset, gain as well as
phase. If left uncorrected, this results in poorer S/N
and spurious features in the spectra as discussed
below. The bottom panel shows a snapshot after the
alignments of the cores.

The Agilent synthesizer is stepped in fre-
quencies from 100 MHz to 2200 MHz (control from
within the Python code), and snapshots of 16,384
samples are acquired at near full-scale input power
level (Vpp = ±250 mV). The frequencies are chosen
so that a snapshot contains an integral number of
cycles of the input frequency (this puts the signal
in the center of a channel of the FFT).

3.1. Offset, gain and phase (OGP)
calibration

A sine wave of the known frequency is fitted by
least-squares to the output of each core. The zero
offset of the uncorrected core is approximately 127,
which is taken as reference. The gain and phase
values are obtained from the average of the four
sine-wave fits. The correction in offset, gain and
delay for each core is then taken as the difference
between the fit to its output and the reference.
Applying these (appropriately scaled) corrections
to the ADC results in small values measured sub-
sequently. After a few iterations, the procedure

converges to final values of OGP. The OGP mea-
surements are averaged over 100 to 600 MHz.
These are volatile and require reloading if the
board is power-cycled. The OGP values are written
to the ADC’s registers via an SPI serial digital
interface. To evaluate stability of core calibration
through equipment power cycles, OGP values were
redetermined after successive cold restarts of the
ROACH2-ADC assemblies. The resulting values are
shown in Fig. 3, which shows good repeatability.
There may be a temperature dependence of the
OGP values, which remain to be fully characterized.
The last set of values shown in this figure corre-
sponds to a slightly higher temperature, by about
5◦C, compared to the temperature during previous
measurements.

3.2. Integral non-linearity coefficients

The Integral Non-Linearity (INL) corrections were
also obtained for each core (from sine-wave mea-
surements of each core for different frequencies).
The first step is to average the difference between
each measurement in a snapshot (by each ADC core
separately) and the value of the sine-wave fit at that
measuring time, for each of the 256 output codes
separately. These averages were extended to mul-
tiple snapshots and usually a range of frequencies.

1450001-4

J. 
A

st
ro

n.
 In

st
ru

m
. 2

01
4.

03
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

ifi
c.

co
m

by
 1

73
.1

64
.5

1.
25

 o
n 

02
/0

9/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.

CASPER ROACH2 with Dual ASIAA ADCs 
as configured for SWARM 

Photo by Derek Kubo

Ultra Fast Analog-to-Digital Converters are typically interleaved multi-core devices  
This introduces interleaving artifacts which must be calibrated

e2v EV8AQ160

 (For more on CASPER see Hickish et al., JAI, 2016)
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SWARM:  SMA Wideband Astronomical ROACH2 Machine

1 “quadrant”:  2 GHz per receiver per sideband = 8 GHz; 32 GHz total 
Benefits relative to ASIC correlator: 
1. high uniform spectral resolution with no sacrifice of bandwidth,  
2.  smaller footprint and power consumption. 
3.  better digital efficiency with 4-bit cross-correlation 
4. 2 GHz wide bands easier to reduce, result in higher quality spectra 
5.  Natively supports VLBI phasing and recording, 16 Gbps/quadrant 
6.  Built with CASPER and COTS components

(Primiani et al., JAI, V5 (4) 2016)
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Correlator upgrades

CASPER ROACH2, dual 5 Gsps ADCs, Octal 10 Gbps Ethernet
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A 16 GSa/s single core CASPER ADC from ASIAA 
based on Adsantec ANST7123A-KMA  

Jiang, Yu, Chen &  Liu (2018) 

Photos courtesy Homin Jiang, ASIAA 
8 GHz bandwidth sampled at 4-bits produces data rate of 64 Gbps 

(fits comfortably on 100 Gbps Ethernet Link) 

Digital Interface is 
SERDES on FMC+ 
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VCU118 COTS hardware, $6,995 each 
(Ultrascale+ VU9P FPGA) 
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https://www.cfa.harvard.edu/casper2019

https://www.cfa.harvard.edu/casper2019
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Timeline and current status

2017 

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

2018 

wSMA	Planning	for	2018	as	of	06/29/2018	

Cryostat Bidding Cryostat Design & Construction 

Rx Assessment 

Upgrade of Rx + 2nd 
Stage Plate + BDA Rx 16 GHz ready 

Acquisition SWARM hardware 
+ Infrastructure Development 

Installation SWARM Q5 and Q6 

Site test of RPI controlled 240 GHz LO Development 

Q5 and Q6 Tests + 
Software 

FO Planning & Test 

BDC Study + Bidding  Vendor building BDC 
 Testing of units. 

Installation of BDC 
for Q5 and Q6. 

Software	Organization.	RaspberryPi	Tests	

Installation & Commissioning Prototype	

4 antennas upgraded 

RPI LO 
Scanning 

Spectrometer	

SWARM 

Block Down 
Converter 

(BDC)	

Edward Tong, Paul Grimes
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Software

• Updated Data Archive system (Holly Thomas)

• Re-written old codes to follow better software practices  

(Track, statusServer, dataCatcher, etc.) (Attila Kovacs) 

• Improved interferometric pointing software (Karto Keating)

• Version control: CVS -> Github (Taco, Chris Moriarty)

• Replace legacy, unmaintained, obsolete software:  

Distributed Shared Memory -> Redis (Attila Kovacs)

• New wSMA receiver control & monitoring software (Bob Wilson, 

Paul Grimes, Ram Rao, Attila Kovacs, Nimesh Patel)

• Pipeline for data calibration and imaging (Karto Keating)
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O T H E R  N E W S

TACO RETIRES: 22 YEARS OF EXCEPTIONAL SERVICE 
Jim Moran (SMA Director, 1995 – 2005)

Taco retired on his 60th birthday, February 27, 2018. A 
foundational mainstay of the SMA, esteemed by all, he will 
truly be missed. His life was built around the SMA and he was 
literally always on duty in support of it 24 hours a day. He had 
intimate knowledge of virtually every aspect of the instrument 
and as his annual review in 2006 put it succinctly: ”he is willing 
to help anyone at any time.”

Taco was born and grew up in Des Moines, Iowa. He acquired 
the name “Taco” when he was in high school and worked in 
a Mexican restaurant. Later he took on the alias “Raoul Taco 
Machilvich” and his email address was RTM@cfa. The local 
folklore has it that RTM alternatively stands for “Read the 
Manual”, a sly second meaning that is entirely typical of Taco’s 
sense of humor. Taco attended Carleton College where he 
majored in both physics and mathematics. He entered graduate 
school at Caltech in 1980 but took a four year break starting 
in 1983 to work full time for the CSO doing the real-time 
programming, installing hardware and firmware, pulling many 
miles of cable, and working on commissioning the telescope. He 
returned to his graduate studies in 1987 and finished with a 
thesis entitled “Submillimeter and Infrared Observations of 
Mass Lost by AGB Stars” under Tom Phillips, which was based 
mainly on CSO observations. Evolved stars were to remain as 
his primary scientific focus for the rest of his career. In 1993 
he became the chief resident programmer at the CSO. Then in 
1996, he decided he wanted a new challenge and was hired by 
the SMA to lead the real-time programming, a position he held 
until his retirement. Tom Phillips rued about his lot in life being 
to train astronomers for other people’s observatories. Although 
Taco was seeking a new challenge, he cited one of the reasons he 
moved from Hawaii was that he could not stand the chirping of 
the coqui, an invasive species from Puerto Rico.

Taco’s job description included the task “work with the online 
group to design, develop, integrate and document the online 
portion of the SMA software.” Upon his arrival, the software 

development lacked an overall guiding vision. There were 
three CPU types, two real-time operating systems, and two bus 
architectures. Within a year Taco had completely reorganized 
the system around a single CPU, operating system, and bus 
architecture. About a decade later, in a very uncharacteristic 
boast, Taco remarked that none of the original code survived 
his redesign! He went on to write the code for the correlator 
control, and later the custom code for the e-SMA (operations 
with the CSO and JCMT), and the new SWARM correlator 
introduced in 2015. Taco organized much of the SMA testing 
and commissioning program, and became the primary expert 
in making the SMA run.
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Jim Moran
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R E C E N T  P U B L I C A T I O N S

SMA DATA ARCHIVING AT THE RTDC
Holly Thomas (CfA)

With every new facility or upgrade, the size of astronomical 
datasets increases, and the SMA is no exception. Following the 
switch-over from the ASIC correlator to SWARM, the amount of 
data collected has increased by ~2600%. On good nights, the SMA 
now routinely generates around 200GB of data; and in 2017, the 
first year all four quadrants of SWARM were operational, over 
20TB of data were taken. The job of storing and archiving this 
data is undertaken by the Radio Telescope Data Center (RTDC).

ABOUT THE RTDC
The RTDC is a group in the Radio and Geoastronomy division of 
the Center for Astrophysics that is responsible for archiving and 
distributing data from Smithsonian Astrophysical Observatory 
radio telescopes. We also supply the hardware and software nec-
essary for our users to reduce and analyze these data.

Each night SMA data is transferred from Hilo to the RTDC 
in Cambridge; from there it is served out to our CfA users on 
the RTDC network. Data files are listed in our online archives 
which are visible to users outside the CfA. The RTDC manages 
three web-based archives for the SMA: proprietary science data, 
non-proprietary data of all types, and calibration data only.

The RTDC website provides links to the archives along with web 
pages dedicated to the handling of SMA data. Here users can find 
information on data access, data format, and comprehensive data 
reduction information. As reducing SMA data can sometimes be 
daunting to the uninitiated, we provide an extensive FAQ page, 
clear recommendations, and illustrated step-by-step tutorials.

CURRENT AND FUTURE ARCHIVES
The last 18 months have seen a series of changes to the main 
(non-proprietary) SMA archive (see Figure 1). Seasoned users 
may notice a number of new features: the search criteria has been 
expanded to include the SMA project code, polarization state, 
and frequency (previous only the receiver band could be select-
ed); users can now search multiple sets of coordinates; and the 
individual results now link to the relevant observing report.

A new proprietary data archive was introduced in 2017. This al-
lows users to access their data securely and conveniently. The ar-

chive also allows PIs to request spectrally rebinned data in order 
to reduce the file size.

With the current archives optimized, the next big challenge for 
the RTDC will be producing calibrated and imaged datasets. We 
anticipate that the first iteration of a pipeline will produce inte-
grated images that can be used as thumbnails for the existing ar-
chives. Although not full science-quality they will serve to give 
users an idea of what to expect from the raw data they download. 
There is a long way to go before science-ready calibrated data is 
available, however, work is beginning and readers can stay in-
formed via the RTDC webpage.

THE STORAGE CHALLENGE
Since the first chunk of the SWARM correlator came online in 
2016, the size of datasets has ballooned. The SMA has gone from 
collecting less than 1TB of science data in 2014, to over 20TB in 
2018. The size of the complete SMA archive now stands at 53TB. 
Two additional SWARM chunks are expected to be operational 

T E C H N I C A L  H I G H L I G H T S

Figure 1
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next semester, leading us to anticipate 30-35TB a year with ease. 
The projected increase in the size of the data is not solely due 
to the widening bandwidth: an increased demand for polariza-
tion tracks, in addition to the shorter scan times used for large 
mosaics, will both act to boost the file sizes. Figure 2 shows a 
growth scenario for raw science data based on an additional two 
SWARM chunks for the 2019A semester, with two more chunks 
coming online in 2020. In this case, we can expect to be dealing 
with an archive of 190TB within 3 years.

How is the RTDC meeting this storage challenge? We recently pur-
chased a dedicated SMA storage server with 160TB of disk space 
which will serve us for a couple more years. RTDC plans for future 
data storage are currently under discussion and review however it 
is increasingly likely that SMA storage, at least for non-proprietary 
data, will be in the cloud.

These days there are many cloud service providers to choose 
from and their benefits are certainly undeniable. Data stored in 
the cloud won't degrade, there are no concerns about disk fail-
ures, and the size can be expanded without downtime. Moving 
the public archive to the cloud would be a big step, and difficult 
to reverse; however, it is likely to prove the best option for se-
curely and reliably keeping users supplied with even the largest 
datasets.

We encourage you to visit the RTDC website for information on 
SMA data processing and links to our archives. While we reg-
ularly post information on our homepage news feed, you can 
expect to find any major upgrades to the archive announced in 
future editions of this newsletter.

LINKS:
https://www.cfa.harvard.edu/rtdc/
https://www.cfa.harvard.edu/cgi-bin/sma/smaarch.pl

Figure 2



�28

Summary

Acknowledgement

We recognize and acknowledge the very significant cultural role and reverence that the summit of Maunakea has always had 
within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct observations from this 
mountain. 

• SMA -> wSMA (ultrawide instantaneous bandwidth): upgrades on receivers,  
digital backend and software; progress is on schedule.


• The wSMA will be complementary to ALMA, particularly for large-scale and  
ToO projects


• The wSMA design incorporates open space for additional instrumentation  
to pursue new science goals and technical innovations.


• The wSMA will continue to be a critical station for EHT observations 


