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각분해능
•망원경의각분해능 ~ !

"
• #는파장, D는망원경의구경
• 눈의동경 D~8mm, #=500 nm, 각분해능 ~ 2’
• 허블우주망원경 D=2.4 m, #=500 nm, 각분해능 ~ 0.05”
• 그로테레버망원경 D=9 m, #=0.5 m, 각분해능 ~ 3°



구경 500m 
전파망원경
Five-hundred-meter 
Aperture Spherical radio 
Telescope (FAST)

분해능: 0.1m/300m =1’  

•중국 Guizhou성에
2016년 9월완공된
세계최대단일경
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대덕전파망원경
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• 원마일망원경, one-mile 
telescope, 2 고정형 + 1 이동형,
18m

• 각분해능:!/#, d 두안테나간
떨어진거리

• 1974 천문학에서는처음으로
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(펄사를발견한안토니헤위시와
공동으로) 노벨물리학상을받음





 

 

 

Fig. 1: Geographic distribution of the EAVN telescopes and correlators. The EAVN can be flexibly operated 
using subarrays to support diverse science projects. The coloured circles show telescopes affiliated with each 
subarray. The small coloured dots above each telescope name indicate their available frequency bands. Note that 
only four common frequency bands (6.7, 8.4, 22 and 43 GHz) of the EAVN are marked here, but some individual 
telescopes have broader frequency coverage (see details in Table 2). Credit: Tamna 21 m and Yonsei 21 m, KASI; 
Sejong 22 m, NGII; KASI/KJCC and Ulsan 21 m, KASI; Mizusawa 20 m, VERA; Takahagi 32 m and Hitachi 32 
m, Ibaraki University; Kashima 34 m, NICT; Ogasawara 20 m, VERA; Nobeyama 45 m, Nobeyama Radio 
Observatory; Usuda 64 m, JAXA; Gifu 11 m, Gifu University; Ishigakijima 20 m and Iriki 20 m, VERA; 
Yamaguchi 32 m, Yamaguchi University; FAST 500 m, NAOC; Kunming 40 m, SHAO/DIFX, Sheshan 25 m, 
Tianma 65 m, Miyun 50 m and Nanshan 26 m, CVN; background map, NASA.  

 

The first successful EAVN fringes were obtained with Yonsei (Korea), Mizusawa (Japan) and 
Sheshan (China) telescopes as part of the KVN commissioning programme in May 2009 18-19. Since 
then, further test observations involving a maximum of 16 EAVN telescopes have been made at 8.4 
and 22 GHz to iron out operational, scheduling, correlation, and data reduction issues 20.  Final 
performance assessment of the network at 6.7, 22 and 43 GHz bands is to be done in 2017, and to 
be expanded to 2.3 and 8.4 GHz in 2018. Early science operations will commence in early 2018. 

The current operation format of the combined KVN and VERA Array (KaVA) will naturally 
transition to the EAVN once the latter is fully operational, that is, including two calls for proposals, 
for roughly 500 hours per year. The EAVN management will be governed by the East Asia Core 
Observatory Association, and the execution of observations will be carried out by dedicated support 
teams. The KaVA data are now correlated at the Korea–Japan Correlation Center in Daejeon, Korea. 
In the future, the EAVN data correlation can be shared at two other sites (Shanghai, China and 
Mizusawa, Japan) depending on the specific science projects and the capability of each individual 
correlator. 



알마망원경위치



• 50개 12m 안테나
• 12개 7m + 4개 12m 안테나

• 가장멀리떨어진두안테나간
거리 : 16 km



여러망원경의각분해능비교

Executive Summary 
Half of the energy ever emitted by stars and accreting 
objects comes to us in the far-infrared (FIR) waveband 
and has yet to be properly explored. We propose a 
powerful Far-InfraRed Interferometer mission, FIRI, to 
carry out high-resolution imaging spectroscopy in the 
FIR. This key observational capability is essential to 
reveal how gas and dust evolve into stars and planets, 
how the first luminous objects in the Universe ignited, 
how galaxies formed, and when super-massive black 
holes grew. FIRI will disentangle the cosmic histories of 
star formation and accretion onto black holes and will 
trace the assembly and evolution of quiescent galaxies 
like our Milky Way. Perhaps most importantly, FIRI 
will observe all stages of planetary system formation 
and recognise Earth-like planets that may harbour life, 
via its ability to image the dust structures in planetary 
systems. It will thus address directly questions 
fundamental to our understanding of how the Universe 
has developed and evolved – the very questions posed 
by ESA’s Cosmic Vision: 
• What are the conditions for stars to form, and where 

do they form? 
• How do stars evolve as a function of their 

interstellar environment? 
• In which conditions do planets form around stars? 
• How were the first luminous objects in the Universe 

ignited? How did the first stars form and evolve? 
• How did the history of stars and supernovae give 

rise to current chemical element abundances? 
• What is the history of super-massive black holes and 

how do they interact with their host galaxy? 
• What is the nature of the FIR background, and of 

early, deeply embedded star formation? 
The FIR region of the electro-magnetic spectrum is the 
last major band where poor angular resolution and lack 
of sensitivity hinders progress. Pathfinders Herschel and 
SPICA will provide major advances in sensitivity, but 
will lack the angular resolution necessary to resolve the 
cosmic FIR background radiation or to undertake 
detailed studies of individual objects. ALMA and the 
James Webb Space Telecope (JWST) will provide high 
angular resolution and sensitivity at shorter and longer 
wavelengths, but the crucial band between 25 and 300 
μm is not covered by any comparable instrument: there 
exists a crippling lack of observational capability in the 
FIR, despite the vital role this band plays in exploring 
the formation and evolution of active galactic nuclei 
(AGN), galaxies, stars and planetary systems, and the 
development of life-sustaining environments. 
This “FIR gap” (Figure 1) is recognised by the 
astrophysical community and has been noted by ESA's 
Astronomy Working Group. In the ESLAB 2005 
Cosmic Vision symposium, a high-angular-resolution 
FIR observatory with high angular resolution was listed 
as a major priority for ESA’s science programme: FIRI  
is such a mission, strongly supported by the worldwide 
astronomy community and already studied extensively 
by ESA, NASA and others. 

 
Figure 1: With the advent of ALMA and Very Large 
Telescope Interferometry (VLTI), the FIR gap is deepening. 

FIRI will make unique and key contributions to our 
understanding of the Universe, near and far.  It will peer 
through the dust that shrouds stellar nurseries in our 
Galaxy, de-mystifying the process by which stars and 
planets are born. It will image proto-stellar and debris 
disks at the peak of their spectral energy distributions 
(SEDs), where the brightness is 1000× that at a 
wavelength of 1 mm, with exquisite spectral resolution 
and sensitivity, revealing how planetary systems form 
out of gas, dust and ice. While the Hubble Space 
Telescope (HST) has produced beautiful pictures of 
merging and star-forming galaxies, crude submillimetre 
observations have shown that the real action is in the 
FIR. FIRI’s angular resolution will break through the 
confusion limit and allow us to determine the properties 
and internal structure of distant star-forming galaxies, 
and to examine the enigmatic symbiosis between host 
galaxies and their AGN. The earliest metal-poor 
galaxies will be very highly redshifted (i.e. at large look-
back times), and we may even be able to detect their 
formation via molecular hydrogen emission red-shifted 
into the FIR. This would provide a unique probe of first 
light - the formation of the earliest stars in the Universe 
and the ensuing re-ionisation of the Universe. 
Here, we outline the FIRI mission concept – three cold, 
3.5-m apertures, orbiting a beam-combining module, 
with separation of up to 1 km, free-flying or tethered, 
operating between 25 and 385 μm, using the 
interferometric direct-detection technique to ensure μJy 
sensitivity and 0.02” resolution at 100 μm, across an 
arcmin2 instantaneous field of view, with a spectral 
resolution, λ/δλ ~ 5000 and a heterodyne system with 
λ/δλ ~ 106. Although FIRI is an ambitious mission, we 
note that FIR interferometry is appreciably less 
demanding than at shorter wavelengths. 
We envisage FIRI as an observatory-class mission 
because of the vast range of science to be undertaken. 
We propose that detailed assessment studies in critical 
areas be undertaken in Europe by ESA, space industry 
and science institutes, alongside our NASA and CSA 
partners, with the objective of launching an L-class 
mission within the Cosmic Vision time frame. 

2 
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Chapter 4

Receivers

The ALMA front end can accommodate up to 10 receiver bands covering most of the wavelength range from
8.5 to 0.3 mm (35–950 GHz). Each band is designed to cover a tuning range which is approximately tailored
to the atmospheric transmission windows. These windows and the tuning ranges are outlined in Figure 4.1.
This illustrates the broad, deep absorption features, mostly due to H2O in the lower few km of the atmosphere,
as well as some O2 transitions. The many narrow features seen in this plot are mostly from stratospheric O3,
along with some transitions of CO and other trace species. In Cycle 6, Bands 3, 4, 5, 6, 7, 8, 9, and 10 are
available, and the basic characteristics of the bands are outlined in Table 4.1. Each of the ALMA receiver bands
is described in more detail in the following sections as well as in the references listed in Table 4.2.

100 200 300 400 500 600 700 800 900 1000
Frequency (GHz)

0

10

20

30

40

50

60

70

80

90

100

Tr
an

sm
is

si
on

 (%
)

Transmission in All ALMA Bands at Zenith

mm
mm
mm
mm
mm

Figure 4.1: The ten ALMA receiver bands along with atmospheric transmission. The receiver coverage is shown
shaded, superimposed on a zenith atmospheric transparency plot at the Array Operation Site (AOS) for 0.3,
0.5, 1.0, 2.0 and 5.0 mm of Precipitable Water Vapor (PWV).

The ALMA receivers in each antenna are situated in a single front-end assembly (see Appendix A, Section
A.4). The front-end assembly consists of a large cryostat containing the receiver cold cartridge assembly for

31
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Figure 4.5: Block diagram of the Band 3 receiver (left) including CCA (upper) and WCA (lower). Right image
shows a Band 3 CCA. Note the single feedhorn which feeds the OMT, splitting the two polarization signals for
the 2SB mixers. The Band 3 cartridges were constructed in Canada at NRC-HIA, Victoria.

42 CHAPTER 4. RECEIVERS

Figure 4.13: Block diagram of the Band 5 receiver (left) including CCA (upper) and WCA (lower). Right image
shows a Band 5 CCA. Note the single feedhorn which feeds the OMT, splitting the two polarization signals for
the 2SB SIS mixers. The production design has a room-temperature 6x multiplier in the WCA, then a 2x cold
multiplier in the CCA (at 110K).

4.2. THE CYCLE 6 RECEIVERS 45

Figure 4.17: Band 6 receiver block diagram, and (right) image of cartridge. Note the OMT used to split the
polarizations feeding the two 2SB mixers. The LO around 80 GHz requires an extra ⇥3 multiplier inside the
cryostat. The Band 6 cartridges were built at NRAO, Charlottesville. Note that the IF output range has been
extended to cover 4.5-10 GHz; the range shown is the one recommended for continuum observations (see text).
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Figure 4.21: Band 7 front-end receiver block diagram, and (right) annotated image of the Band 7 cartridge.
Note the polarization-splitting grid and LO injection in the cold optics above the mixers. The Band 7 cartridges
were built at IRAM in France.

4.2. THE CYCLE 6 RECEIVERS 39

Figure 4.9: Block diagram of the Band 4 receiver (left) including CCA (upper) and WCA (lower). Right image
shows a Band 4 CCA. A single feedhorn feeds the OMT, splitting the two polarization signals for the 2SB
SIS mixers. The LO is generated in the WCA, with the final x2 multiplier on the 110 K stage. The Band 4
cartridges were constructed in Japan at the NAOJ Advanced Technology Center (ATC) in Mitaka.

4.2. THE CYCLE 6 RECEIVERS 51

Figure 4.25: Block diagram of the Band 8 receiver (left) including CCA (upper) and WCA (lower). Right image
shows a Band 8 CCA. Note the single feedhorn which feeds the OMT, splitting the two polarization signals
for the 2SB SIS mixers. The Band 8 cartridges were constructed in Japan at the NAOJ Advanced Technology
Center (ATC) in Mitaka.
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Figure 4.29: Block diagram of Band 9 cartridge (left) and a schematic image (right). Note that there are only
two IF outputs, one from each polarization in this DSB receiver. The extra Faraday rotation mirror in the LO
system is part of the ALMA fibre-optic Line Length Corrector system (see Appendix B.3.3), and means that
the Band 9 receiver must be available on all the antennas for this to work. The Band 9 receiver was built at
SRON in the Netherlands.

4.2. THE CYCLE 6 RECEIVERS 57

Figure 4.33: Block diagram of Band 10 cartridge (left) and a schematic image (right). Note that there are only
two IF outputs, one from each polarization in this DSB receiver. The Band 10 cartridges were constructed in
Japan at the NAOJ Advanced Technology Center (ATC) in Mitaka.
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Figure 5.4: Two quadrants of the ALMA Compact Array (ACA) correlator installed in the ACA correlator
room. Credit : ALMA (ESO/NAOJ/NRAO), S. Okumura

the 64-input Correlator, each quadrant of the ACA Correlator processes a BB pair; so the complete system can
process up to sixteen antennas independently from the 64-input Correlator.

After receiving the digitized BB signals in the Digital Transmission System Receiver (DTS-Rx), the DTS-
Rx and FFT Processor (DFP) modules compensate for geometrical delays between antennas and perform the
2
20-point FFT that produces a 2

19-point complex spectrum8 (hereafter, voltage spectrum) for every BB per
antenna per polarization, with a channel separation of 3.815 kHz (= 2 GHz ÷ 524288 channels) in a 16-bit
complex integer form. The 16-bit complex voltage spectra are re-quantized into a 4-bit complex integer and
sent to the Correlation and Integration Processor (CIP) modules.

The CIP module trims the required frequency range and multiplies the antenna-based voltage spectra to
generate baseline-based cross power spectra that correspond to cross-correlations. Antenna-based power spectra,
corresponding to auto-correlation, are also generated in the same way. Cross-polarization power spectra can be
optionally produced. The (cross) power spectra are channel-averaged and time-integrated as designated before
they are sent to the ACA-CDP computers in the Computing subsystem through optical fibers.

The ACA-CDP performs further spectral processing such as non-linearity correction (see Section 5.6.2), FPS
and temporal integration, before data are sent to the archive.

The overall hardware design of the ACA Correlator is shown in Figure 5.5. The ACA Correlator is equipped
with high-speed FPGA chips rather than Application Specific Integrated Circuit (ASIC) chips used in the
64-input Correlator. For technical detail, see Kamazaki et al. 2012, PASJ 64, 29.

5.3 Digitizers

A digitizer is a device converting continuous voltage waveforms into quantized voltage levels, sampled at discrete
timings, and encoded in a digital format. The ALMA digitizers are located in the antenna back ends (BEs)
where they convert BB signals into the ALMA digital format (Recoquillon et al. 2005, ALMA Memo No.
532). The Digital Transmitter (DTX) on the BE transfers the digital signals through optical fibers to the data

8220-point FFT produces a 220-point complex voltage spectrum of a double sideband including the image sideband that will be
discarded.

ALMA correlators
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Figure 5.1: The ALMA 64-input Correlator. This view shows lights glowing on some of the racks of the
correlator in the ALMA Array Operations Site Technical Building and shows one of four quadrants of the
correlator. Credit: ALMA (ESO/NAOJ/NRAO), S. Argandoña

5.1 The 64-input Correlator

The 64-input Correlator employs a hybrid design, also known as the FXF3 system (Escoffier et al. 2007, A&A
462, 801), that increases by a factor of 32 the spectral resolution of its traditional lag (XF) part. It operates in
two basic modes, Time Division Mode (TDM) – equivalent to an XF correlator with a wide bandwidth and a
coarse spectral resolution for mainly continuum observations, and Frequency Division Mode (FDM) with fine
spectral resolutions for spectral-line observations. A simplified overview diagram of the 64-input Correlator
is shown in Figure 5.2. It consists of four quadrants, all of which are available for Cycle 6. Each quadrant
can handle a 2 GHz dual-polarization BB for up to 64 antennas4. The full set of four quadrants is capable
of accepting four BBs to cover a total 8 GHz bandwidth per polarization, that is 16 GHz of instantaneous
bandwidth.

5.1.1 TDM mode

TDM is mostly used for continuum observations. Its simplicity, compared with FDM, offers advantages of a
lower data rate and better linearity. Therefore, it is used for standard setups such as pointing, focus, delay
calibration, system temperature measurements, sideband ratio measurements, etc. TDM provides also a higher
time resolution capability as described in Section 5.5.3.

The full 2 GHz BB is directly sent to the correlator bypassing the Tunable Filter Banks (TFBs). The
correlator cuts off the least significant bit to reduce quantization levels from 3- to 2-bits per sample (see Section
5.3).

The TDM mode provides a Spectral Window (spw)5 that consists of up to 256/Npol channels per BB, where

3F, X and F stand for filtering, correlation and Fourier transform, respectively.
4 Nant(Nant � 1)

2
= 2016 baselines and 64 auto-correlations for Nant = 64.

5An spw is a continuous spectrum composed of uniformly spaced frequency channels. See also Chapter 6 about the relation
between BB and spw.
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ALMA 망원경용 GPU 
분광기개발



Definitions of u and l

b = B/!
u = b cos "
l = sin #



Visibility and Sky Brightness

415th Synthesis Imaging Workshop

T(l,m)

• V(u,v), the complex visibility function, is the 2D Fourier transform of T(l,m), the    
sky brightness distribution (for incoherent source, small field of view, far field, etc.)
[for derivation from van Cittert-Zernike theorem, see TMS Ch. 14]

• mathematically

u,v are E-W, N-S spatial frequencies [wavelengths]
l,m are E-W, N-S angles in the tangent plane [radians]
(recall                                )
































