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ABSTRACT

We carry out 100-GHz band test observations with the newly-constructed KVN 21-m radio telescopes
in order to evaluate their performance. The three telescopes have similar performance parameters. The
pointing accuracies are about 4′′ rms for the entire sky. The main beam sizes are about 30′′ (FWHMs),
which is nearly the diffraction limit of the telescopes at the observing frequency (97 GHz). The measured
aperture and main-beam efficiencies are about 52% and 46%, respectively, for all three telescopes. The
estimated moon efficiency is ∼84% for the KVN Tamna telescope. The first sidelobes appear 50′′
(∼1.6×FWHM) from the main beam centers and the levels are on average −14 dB.
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1. INTRODUCTION

The Korean VLBI Network (KVN) consists of three
21-m radio telescopes, which are located in Seoul (Yon-
sei University), Ulsan (University of Ulsan), and Jeju
island (Tamna University) (Kim et al. 2004). The
three baselines are 305, 359, and 478 km. KVN is a
compact VLBI network, compared to the Very Long
Baseline Array (VLBA) and the European VLBI Net-
work (EVN), both of which have the longest baselines >
5000 km. In order to obtain more and larger baselines,
KVN will be often run in combination with Japanese
and Chinese VLBI networks at 22 and 43 GHz. The so-
called East Asian VLBI Network (EAVN) is expected
to be comparable to VLBA or EVN in spatial reso-
lution, sensitivity, and imaging capability (e.g., Yi &
Jung 2008). In addition, KVN will be operated in four
(22, 43, 86, 129 GHz) different frequency bands simul-
taneously using multi-frequency band receiver systems
(Han et al. 2008). Simultaneous multi-frequency ob-
servations will make it possible to use the 22 GHz data
for performing phase calibrations of higher-frequency
data (Jung et al. 2011; see also Asaki et al. 1998; Mid-
delberg et al. 2005). By this multi-frequency phase
referencing technique, KVN could play an important
role in millimeter VLBI observations of maser sources
in galactic star-forming regions and evolved stars and
active galactic nuclei.

The KVN antennae were built by Antedo Inc. in
collaboration with its domestic counterpart, High Gain
Antenna, between 2006 September and 2008 December
(Fig. 1). In this paper we present the results of 100-
GHz band test observations undertaken with the KVN
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Table 1.
Specification of KVN antennae

Parameter Specification

Main Reflector 21.03 m

Subreflector 2.25 m

Maximum Speed 3 m sec−1

Maximum Acceleration 3 m sec−2

Fast Switchinga < 13/26 sec

Operating Ranging AZ: ±270◦, EL: 0◦−90◦

a <13 sec for a 10◦ switching at EL≤60◦ while <26 sec at
60◦<EL≤80◦.

21-m radio telescopes. For the acceptance test of the
completed KVN antennae, we measured the pointing
accuracies and various other efficiencies. This paper
is organized as follows. Sections 2 and 3 describe the
details of the telescope system, and the telescope and
instrument software. Section 4 presents the results of
the pointing accuracy measurements, while Section 5
gives the results of the efficiency measurements. The
last section summarizes the main results.

2. TELESCOPE SYSTEM

2.1 Antennae

KVN radio telescopes are shaped Cassegrain anten-
nae with 21.03 m main reflectors and 2.25 m subreflec-
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Fig. 1.— KVN radio observatories with the 21-m telescopes. (Left) KVN Yonsei radio observatory, (Middle) KVN Ulsan
radio observatory, (Right) KVN Tamna radio observatory.

tors. The f/D of the antenna optics is 4.0. The main
and sub- reflectors are slightly modified from the usual
parabolic and hyperbolic surfaces, respectively, in such
a way that the illumination of the main reflector by
the receiver feed horn is uniform rather than tapered at
the edge as for the conventional Cassegrain ones. Con-
sequently, they have higher aperture efficiencies and
smaller full-width at half maximums (FWHMs) at the
cost of sidelobe levels than Cassegrain antennae with
main- and sub-reflectors of the same size (see Section
5). Table 1 delineates the specification of the tele-
scopes. More detailed information of the geometry and
dimensions can be found in Chung et al. (2006).

The subreflector was molded from aluminum as a
single piece with a surface accuracy of 50 µm. The
main reflector comprises of 200 aluminum panels. The
surface accuracies of the individual panels are ∼65 µm.
The panels were installed on the iron backup structure
by four adjusters in 6 circumferential rows and then
were aligned to match a theoretically designed surface
by photogrammetry at 48o elevation. The alignment
errors were 50, 54, and 51 µm for the KVN Yonsei,
Ulsan, Tamna antennae, respectively. The total sur-
face accuracies of the main reflectors are expected to
be ∼120 µm at the adjusted elevation under the con-
dition that deformations due to gravity and thermal
effects are compensated with the subreflector adjust-
ment. The alignment error was measured at 0o eleva-
tion as well, in order to determine deformations of the
main reflectors due to gravity. The value was about
120 µm. In that case the total accuracy is roughly
160 µm. The details of the constructions of KVN an-
tennae will be presented in a separate paper (Wi et al.,
in preparation)

2.2 Antenna Optics and Receiver

The signal from the subreflector arrives at the re-
ceiver feed horn, which is installed at the effective
shaped Cassegrain focus, through a vertex window and
a 45◦ mirror. The vertex window is made of styrofoam
and was checked to be free from appreciable loss, <1%.
The corrugated horn was designed and fabricated to
have 17 dB edge taper for reducing the spillover past
the subreflector (Green 1963). The signal is amplified

Fig. 2.— Inside the receiver room of the KVN Ulsan
radio telescope, which is pointed to the zenith. The 100-
GHz band receiver is seen with the feed horn on the receiver
plate, while the 45◦ mirror is on the right bottom corner.
The vertex window is above the mirror.

by cryogenic HEMT amplifiers on 15 K stage of the
dewar. The receiver operates from 84 GHz to 110 GHz
using a room-temperature biasable mixer. This DSB
(Double SideBand) mixer converts the amplified signal
to 1.4 GHz IF (Intermediate Frequency) band with 600
MHz bandwidth.

The feed horn was carefully aligned using a theodo-
lite at the vertex window and a small optical mirror at
the surface of 45◦ mirror. For simple optics we used a
big feed horn at the room-temperature stage instead of
a small feed horn at the cold stage together with ad-
ditional optical components. As a result, alignment of
the horn was straightforward, but the loss of the horn
significantly increased the receiver noise temperature.
The measured receiver temperatures are typically 310
K and 220 K at 87.64 GHz and 97 GHz local oscillator
frequency, respectively.

2.3 Backends

A filterbank was used for the measurement of point-
ing accuracy by observing SiO maser sources in the
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Fig. 3.— (Upper panel) Measured initial offsets in azimuth and elevation at the KVN Yonsei observatory. The size of the
cross in the right bottom corner shows 300′′ in angular extent. (Lower panel) Measured residual offsets after the pointing
model was applied. The size of the cross indicates 30′′, which is the estimated FWHM of the telescope. The pointing
accuracy was 3.6′′ rms.

Table 2.
SiO maser sources observed

α(J2000) δ(J2000)

Source (h m s) (◦ ′ ′′)

IK Taua 03:53:28.84 +11:24:22.6

TX Cama 05:00:50.39 +56:10:52.6

Orion KL 05:35:14.51 −05:22:30.6

R Leob 09:47:33.49 +11:25:43.6

W Hya 13:49:02.00 −28:22:03.5

χ Cygb 19:50:33.92 +32:54:50.6

R Cas 23:58:24.87 +51:23:19.7
a Observed only with the KVN Tamna telescope.
b Observed with the KVN Yonsei and Ulsan telescopes.

SiO (v=0, J=2−1) line. It has 256 channels with 64-
MHz bandwidth, which gives a velocity resolution of
0.87 k ms−1.

A powermeter (Agilent E4417A EPM-P Series) was
used for the measurements of various efficiencies by ob-
serving planets and the Moon in the 97-GHz continuum
emission. The typical linearity error is <2% at normal
output power, which is about −20 dBm.

3. CONTROL SOFTWARE

Even though KVN will be usually operated as a
VLBI network, software for single-dish observation is
essential. KVN single-dish observation software sup-
ports basic observing modes such as sky dipping, po-
sition switching, focusing, five-point mapping, and on-
the-fly (OTF) mapping. Most functions are written in
Python language. This control software runs on a PC
running Linux.

During spectroscopic observations, the data taking
process also performs baseline subtraction, five-point
fitting, and display of the observed data, and then
writes the data in Gildas CLASS file format. Con-
tinuum data taken with the powermeter at 100 mil-
lisecond intervals are written out in ASCII text format
together with header files, which contain antenna posi-
tion and calibration information. The continuum OTF
raw data are re-sampled to regular-grid images and the
reduced images are displayed by SAOImage DS9 incor-
porated with a Python module. For operational conve-
nience, the graphical user interface is developed using
wxPython module.

The antenna control software runs on a Power PC
running real-time operating system VxWorks, which is
guaranteed to execute tasks without latency at accu-
rate periods. The desired velocities of both azimuth
and elevation axes are updated every 4 milliseconds by
the antenna control software based on the encoder read-
out and velocities. The measured tracking accuracy is
<0.5′′ rms.
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4. MEASUREMENTS OF POINTING AC-
CURACY

We measured the pointing accuracies of the KVN 21-
m telescopes by observing five SiO maser sources in the
SiO (v=1, J=2−1) line at 86.24343 GHz (Table 2). All
the spectra were obtained on the T ∗A scale by the stan-
dard chopper-wheel method (Kutner & Ulich 1981).
The sources were carefully selected such that their tra-
jectories roughly covered the entire sky. While track-
ing each source, we made five-point mappings repeat-
edly and measured the offsets of azimuth and elevation.
The upper panel in Figure 3 shows the offsets on the
azimuth-elevation space for the KVN Yonsei telescope.
A pointing model was built based on the measured off-
sets. In the model we take into account azimuth bear-
ing warping and empirically correct for atmospheric re-
fraction in addition to misalignments of the antenna
axes and gravitational deformation (Mangum 2001).
After applying the pointing model, the offset measure-
ment procedure was repeated. Fig. 3 (lower panel)
displays the residual offsets and Table 3 presents the
rms of them for each telescope. The values are 3.6′′,
5.3′′, 3.6′′ for Yonsei, Ulsan, and Tamna sites, respec-
tively.

After constructing the pointing model, we conducted
acceptance tests on the KVN 21-m antennae following
the procedure agreed with Antedo. The procedure is
summarized as follows.

1. By five-point mapping, measure the pointing off-
set on a source and correct it.

2. For two hours, repeat the five-point mapping and
record the pointing offsets without any correction as
long as the source is within 10 degrees from the starting
position.

3. Repeat the steps above while tracking the source.

We performed tests on four of the five SiO maser
sources observed in constructing the pointing model
at each site, under the condition that the wind speed
<10 m s−1.

Table 4 exhibits the results. While nearly all data
sets have <4′′ rms at the KVN Yonsei and Ulsan sites,
only 31% of the 26 data sets of the KVN Tamna site
have <4′′ rms during the first observing run of 2008
September. However, we obtained approximately twice
higher passed rate, 67% (18/27), during the second ob-
serving run in 2008 December. Since no significant
change was made on the telescope system, we con-
cluded that the low passed rate of the first observ-
ing run might be due to the atmosphere, especially
anomalous refraction, rather than the telescope system.
There have been some reports from other observatories
that anomalous atmospheric refraction can cause large
(few tens of arcseconds) random pointing errors of the
telescope on a time scale of a few minutes in the 100-
GHz band (e.g., Altenhoff et al. 1987). The details of
this issue will be addressed in another paper (Kim et
al., in preparation). There were still a couple of outliers

Fig. 4.— The OTF image samples of Saturn made during
the subreflector adjustment at the KVN Ulsan radio tele-
scope. The peak intensity of the planet and the morphology
and level of the first sidelobe vary with the position and an-
gle of the subreflector with respect to the primary reflector
and the feed horn. The central image shows the highest
intensity of Saturn at a given elevation together with the
lowest level of the first sidelobe, which is approximately
circularly symmetric. Each image is 3.1′×2.3′ in size.

Table 3.
Pointing accuracy measurements

Azimuth Elevation θ

Telescope (′′) (′′) (′′)

Yonsei 1.65 3.16 3.6

Ulsan 2.28 4.83 5.3

Tamna 1.98 2.95 3.6

in each of the remaining 9 data sets. These were also
likely due to the anomalous atmospheric refraction. If
the outliers are excluded in each set, the passed rate
would be 89% (24/26). This is comparable to the rates
of the other two sites.

5. MEASUREMENTS OF EFFICIENCIES

We mapped the planets in the 97-GHz continuum
emission by the OTF mapping technique for measuring
the main beam size and various efficiencies. All the
continuum data were strictly calibrated by the hot-cold
load method in which the ambient and liquid nitrogen
temperature absorbers were put alternatively in front
of the receiver feed horn (Kutner & Ulich 1981).

Before the efficiency measurements we adjusted the
subreflector’s position with respect to the main reflec-
tor using the hexapod. This procedure was required to
compensate the sagging of the subreflector itself as well
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Table 4.
Acceptance test for pointing accuracy

Yonsei Ulsan Tamna Ia Tamna IIa

Source N1
b N2

c N1 N2 N1 N2 N1 N2 N3
d

IK Tau · · · · · · · · · · · · 11 4 · · · · · · · · ·
TX Cam · · · · · · · · · · · · 5 1 · · · · · · · · ·
Orion KL 6 6 8 8 4 3 9 8 9
R Leo 8 8 10 10 6 0 9 7 8
χ Cyg 7 7 8 7 · · · · · · · · · · · · · · ·
R Cas 6 4 8 7 · · · · · · 9 2 7
In total 27 25 34 32 26 8 27 18 24

(93%) (94%) (31%) (67%) (89%)

aTamna I made in 2008 September while Tamna II made in 2008 December.

bThe number of data sets obtained.
cThe number of data sets with pointing accuracies <4′′ rms.
dThe number of data sets with pointing accuracies <4′′ rms after a couple of outliers are excluded.

as the deformation of the primary reflector by gravity
with the elevation. We created a model of the sub-
reflector adjustment for each telescope by determining
the best sets of the positional parameters, (X, Y, Z,
Tip, Tilt), at two very different elevations. Z, X, and
Y are respectively, the displacements along the shaped
Cassegrain axis, along the axis parallel to the eleva-
tion axis and along the axis perpendicular to the pre-
vious two. The Tip and Tilt parameters are rotations
around the X- and the Y-axis respectively. Here we
mean the best set of parameters by which the highest
main peak intensity are obtained at a given elevation,
together with the lowest level and circularly symmetric
morphology of the first sidelobe. Fig. 4 shows sample
images obtained by adjusting the subreflector.

We first determined the FWHM of the main beam
from the continuum images of the planets. The esti-
mated beam sizes of all three telescopes are about 30′′,
which is equivalent to the diffraction limit of the 21-m
telescope at the observing frequency. This implies that
the illumination of the main reflector is almost uniform,
as expected. With uniform illumination, the first side-
lobe is expected to be ∼1.6 times FWHM away from
the main beam center and the level be−17.6 dB (Rohlfs
& Wilson 1996). For all three telescopes, we estimated
the first sidelobe levels to be −14±1 dB, which is quite
higher than the theoretical value (Fig. 5). They actu-
ally appear about 50′′ (∼1.6×FWHM) from the main
beam centers. For comparison, the first sidelobe lev-
els are usually between −30 dB and −20 dB for the
conventional Cassegrain antennae.

We measured the aperture efficiency, ηA, and main-
beam efficiency, ηmb, from the OTF images of Venus
using the following equations (Schloerb & Snell 1980;
Rho & Jung 1999; Koo et al. 2003).
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Fig. 5.— The solid line shows the normalized radial inten-
sity profile of Venus observed by the KVN Yonsei telescope
on 2009 January 5. The intensity was azimuthally averaged.
Venus was 22′′ in size. The first sidelobe appears around
50′′ from the main peak and the level is about −14 dB. The
dashed line displays the beam pattern of a 21-m telescope
with the perfect uniform illumination, while the dotted line
exhibits the expected radial intensity profile of a source with
the same size as Venus, as observed with the hypothetical
telescope. The first sidelobe appears at a similar position
but the level is twice lower.

ηA ≡ Ae

Ap
=

λ2T ∗A
ApTbΩs

, (1)

ηmb ≡ ΩM

ΩA
=

T ∗AΩM

TbΩs
=

ApΩM

λ2
ηA, (2)

Ωs = ΩM[1− exp(−ln2 (θs/θM)2)], (3)
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Table 5.
Aperture and main beam efficiency measurements

Observing Zenith Venus Diameter Elevation ηA ηmb

Telescope Date Opacity (′′) (◦) (%) (%)

Yonsei 2009 Jan 05 0.09 22 40 52 46
Ulsan 2009 Apr 23 0.13 45 57 53 47
Tamna 2008 Dec 09 0.12 18 35 51 45

ΩM = 1.133θ2
M. (4)

Here λ, Tb, θs, θM are the observing wavelength, the
brightness temperature, the angular size of the source,
and the size of the main beam (FWHM), respectively.
We assumed that (1) the main beam is Gaussian in
shape, (2) Venus is a disk with uniform brightness,
and (3) the brightness temperature is 367±10 K (Ulich
1981). The estimated aperture efficiencies are about
52% at all the three telescopes. This value is somewhat
lower than 60% mentioned in the proposal of Antedo,
but is similar to 56% calculated by Hay (2008). Both
calculations assumed that the surface accuracy of the
main reflector is ∼150 µm and that there is no mis-
alignment in the antenna optics. Hay (2008) estimated
the efficiency by applying a physical optics analysis,
which accounts for diffraction effects, with a slightly
lower blockage efficiency than used by Antedo, 88% vs.
93%, by considering the cladding of the subreflector
supports. The main beam efficiencies are about 46%.
Table 5 summarizes the observational details and the
results.

The first assumption may cause uncertainty in the
efficiency estimation because the main beam is actually
more like a Bessel function due to the uniform illumi-
nation. According to our calculations, the error de-
pends on the size ratio of the source to the main beam.
The derived efficiency is overestimated by <0.5% for
the ratio ≤1.0 (Yonsei and Tamna), whereas it is un-
derestimated by about 1% for the ratio '1.5 (Ulsan).
The third assumption can produce larger uncertainty.
The measurement error is equivalent to ±1.4%. More-
over, the measurement was made at 90 GHz. It has
been found from observational and theoretical studies
that the brightness temperature of Venus gradually de-
creases with frequency and it ranges between 350 K and
360 K at 97 GHz depending on the atmospheric models
(Ulich 1981; Fahd et al. 1992). If that is the case, the
efficiency is underestimated by 1.0%−2.4%.

We derived the moon efficiency, ηmoon, of the KVN
Tamna radio telescope by the mapping the Moon at
the same frequency, following the procedure presented
by Mangum (1993) (see Linsky 1973 for more details).
The moon efficiency is defined as the ratio of the an-
tenna temperature of the Moon to the brightness tem-

perature. It can be practically used as the forward
spillover and scattering efficiency, ηfss (Kutner & Ulich
1981). The brightness temperature of the Moon is cal-
culated using the equation below.

Tb,moon(λ) = T0(0) +
0.77 T0(0)

[1 + 0.48 λ + 0.11 λ2]1/2

× cos
[
χ− tan−1

( 0.24 λ

1 + 0.24 λ

)]
(5)

where

χ =
φ

P
× 360− 180. (6)

Here φ is the days since new Moon, P is the period
of the Moon, 29.530589 days, and T0(0) is 227.7±8.9
around 100 GHz. The estimated efficiency is about 84%
(Table 6). This implies that the contribution of the
sidelobes is comparable to that of the main beam, tak-
ing into account that the main beam efficiency is 45%
for the telescope. In case of the classical Cassegrain
telescopes the contribution of the sidelobes is much
lower. For example, the moon and main beam effi-
ciencies of IRAM 30 m are 94% and 73%, respectively,
around 90 GHz (Greve et al. 1998). Such a large contri-
bution of the sidelobes might stems from the aforemen-
tioned fact that KVN telescopes have much higher side-
lobe levels than the Cassegrain ones. Since the other
two have almost the same main beam size, aperture and
main beam efficiencies as the KVN Tamna telescope,
one can expect similar moon efficiencies for them.

6. SUMMARY

The construction of the KVN 21-m radio telescopes
was completed in 2008 December. We determined the
parameters of the telescopes by observing astronomical
objects, such as SiO maser sources, planets, and the
Moon. The measured pointing accuracies are about
4′′ rms for all three telescopes. The beam sizes are
about 30′′, which is nearly the diffraction limit of the
21-m telescope at the observing frequency (97 GHz).
The aperture and main-beam efficiencies were derived
to be about 52% and 46%, respectively. The moon
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Table 6.
Moon efficiency measurements

Observing UT φ Tb T ∗A ηmoon

Telescope Date (h:m) (Days) (K) (K) (%)

Tamna 2008 Sep 18 14:10 18.8 311.3 262.5 84

efficiency was estimated to be ∼84% for the KVN
Tamna telescope. The first sidelobes appear around
50′′ from the main beam centers and the levels are
about −14 dB, which is significantly higher than the
typical level (<−20 dB) of the classical Cassegrain an-
tennae.
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