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ABSTRACT

Tropospheric phase uctuation due to the water vapor content is one of di�cult problems which degrades imaging
performances of radio interferometry. One of the potential solutions is di�erential radiometry observations to measure
the di�erential water vapor content along the line of sights. We developed a 22-GHz-line radiometer to be mounted
on a ground data-link antenna which supplies the timing reference signal for a space VLBI satellite, HALCA. This
system will allow us to compare directly the atmospheric phase uctuation with the water vapor content along a
single line of sight measured by the radiometer.
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1. INTRODUCTION

Tropospheric phase uctuation due to the water vapor content limits imaging performances of millimeter- and
submillimeter-wave interferometer arrays and VLBI. There are a few kinds of techniques which have been proposed
and applied for correcting the atmospheric phase uctuation, such as the fast antenna switching method,1 the paired
antenna method,2;3 and the di�erential radiometric method.4

As one of the method, the di�erential radiometric phase correction has been used for the interferometric phase
correction by use of a correlation between the uctuation of the excess path length (EPL) and the brightness
temperature of the water vapor radio emission.5 A radiometer is mounted on a radio telescope to measure the
amount of the water vapor along the line of sight. This method is considered as a potential technique to correct the
phase errors in radio interferometry.6;7

To apply the radiometric phase correction, we must know a conversion factor to transfer the brightness temper-
ature of the water vapor to the degree of the fringe phase shift at the observing frequency. Although the conversion
factor can be obtained using theoretical models,5;8 the relation of the conversion factor with an elevation angle or
weather conditions at an antenna site is not well understood.

The Institute of Space and Astronautical Science (ISAS) launched an astronomical satellite named \HALCA"
in February 1997. The satellite was carried into an elliptical orbit to be dedicated to international space VLBI
experiments. Since the frequency standard of HALCA is transmitted up from a ground tracking station, the round-
trip phase back to the tracking station uctuates due to the atmosphere. This means that the atmospheric phase
uctuation of the single EPL can be studied by using the phase transfer system between HALCA and the tracking
stations. If a radiometer is mounted on the tracking antenna, we can investigate the direct relation between the
tropospheric path delay and water vapor emission at varying elevation angles and weather conditions. So this phase
trasfer system can provide a unique experimental tool to measure tropospheric phase delay along a single line of
sight.9
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In this report, we describe a novel method to compare the tropospheric phase uctuation with 22-GHz water
vapor line emission along a single line of sight. In Section 2, we introduce HALCA and its phase transfer system.
Section 3 outlines the basic relation of the radiometric phase correction. A 22-GHz line radiometer developed is also
described in Section 3. Summary is given in Section 4.

2. A ROUND-TRIP PHASE TRANSFER FOR \HALCA"

In February 1997, ISAS launched HALCA, which has a deployable 8-m radio telescope to observe celestial sources
at 1.6 and 5 GHz. HALCA has been operated by the VLBI Space Observatory Program (VSOP) with many
organizations and ground radio telescopes around the world.10 Space VLBI observations with HALCA can extend
an interferometric baseline up to three times longer than the earth's diameter.

2.1. Principles of the phase transfer system

For VLBI observations, a highly stable frequency reference is needed such as an atomic maser standards. As HALCA
does not have any on-board frequency standards, the reference signal is supplied as an up-link carrier from one of
�ve tracking stations in the world: three of the Deep Space Network (DSN) stations of the National Aeronautics
and Space Administration (NASA), one at the National Radio Astronomy Observatory (NRAO) in Green Bank,
and one by ISAS at Usuda, Japan. The up-link signal for the phase transfer is generated from a hydrogen maser
frequency standard at each tracking station and transmitted at a nominal 15.3 GHz, although the up-link frequency
is controlled at the tracking station to compensate for the spacecraft Doppler shift due to the orbital motion.

Reference signals on the satellite for down-converting and sampling celestial signals are all generated from the
up-link signal. The digitized data at 128 Mbps is mixed with a carrier at 14.2 GHz and modulated with Quadrature
Phase Shift Keying (QPSK). The astronomical data is transmitted back to the tracking station as a down-link signal
with no Doppler compensation at the satellite. Figures 1 and 2 show the phase transfer system schematics and block
diagrams, respectively.

2.2. Phase instability in the round-trip system

The round-trip phase of the phase transfer system is a�ected by the Doppler shift and the turbulent atmosphere.11

The top plots in Figure 3 show phase instability observed in the round-trip phase obtained at the Usuda tracking
station after compensation of the Doppler shift. The bottom plots show the root temporal structure functionp

�D�(T ), de�ned by
�D�(T ) � hf�(t+ T )� �(t)g2i; (1)

where t is time, � is a half of the round-trip phase (one way) at 15.3 GHz, and T is the sampling interval.12 For the
tropospheric turbulence, a combination of Kolmogorov's theory and a frozen-ow hypothesis12 shows that,

�D�(T ) / T�; (2)

where � is called structure exponent. Typical values for the structure exponent are 5/3, 2/3, and 0 for T < 100
sec, 100�T < 1000 sec, and T�1000 sec, respectively. The exponents of the sampling interval less than 20 sec of
each plot are 1.34, 1.60, and 1.42 for May 1 and 27, 1997, and February 27, 1998, respectively, while the Kolmogolov
theory predicts 5/3. Although the exponents are rather atter than the prediction, we can see the characteristics of
the atmospheric phase uctuation, such as the turning point of the exponent.13;14

Let us consider the ionospheric e�ects to the phase transfer. The inospheric excess delay �i is given by

�i =
40:3

cf 2
�TEC; (3)

where c is the light velocity, f is the transmitted frequency, TEC is total electron content.5 Assuming TEC is
6:03�1017 m�2 in the mid day time, the ionospheric delay is 347 picosec at 15.3 GHz. The scintillation index, SI,
is calculated as follows,

SI =
��i
�i

; (4)



Figure 1. Schematic drawings of the phase transfer system between HALCA and the tracking stations. At the
lower left is the 10-m antenna of the tracking station at Usuda, Japan.

where ��i is the rms ionospheric uctuation. A relation between the rms uctuation and Allan standard deviation
�y(�) is

�y(�) =
3��iTL
4�2� 2

; (5)

where � is a sampling interval, and TL is the lowest cut o� period of the uctuation. Assuming SI of 0.1 and TL of
0.1 sec, the stability of the ionospheric delay for an averaging time of 1 sec is calculated as 0.26 picosec/sec. This
value is almost comparable to the stability of the transponder of HALCA and one order of magnutude less than the
atmospheric phase ucutation.11 So we consider that the ionospheric phase uctuation is negligible compared with
the tropspheric phase uctuaion.

3. WATER VAPOR LINE RADIOMETER

3.1. Basic relations

From the radiative transfer equation, the sky brightness temperature TB is given by

TB = Tatm(1� e�� ); (6)

where Tatm and � are the physical temperature and opacity of the atmosphere, respectively. With an assumption
that � � 1, we obtain

TB = �Tatm: (7)

Here, � consists of contributions due to the dry air �d, water vapor �w, and a liquid component �l,

� = �d + �w + �l: (8)



Figure 2. Block diagrams of the phase transfer system between HALCA and the Usuda tracking station (lower
panel), and the 22-GHz line radiometer (upper left panels). At the upper right, the expected water vapor line shape
at the Usuda station and our frequency channelization, covering 19.15 to 26.35 GHz.



Figure 3. Phase instability in the HALCA round-trip phase measured at the Usuda tracking station. The top
plots are time variations of the half of the round-trip phase adjusted to 15.3 GHz on May 1 and 27, 1997, and
February 27, 1998. Bottom, the temporal structure functions. Note that the ordinate is the excess path length
(EPL) in millimeters. Solid lines are calculated assuming a system noise of 4.5� for 0.1-sec averaging. The slope of
the temporal structure functions at smaller sampling intervals are 0.67, 0.80, and 0.71 for May 1 and 27, 1997, and
February 27, 1998, respectively.

The liquid component does not contribute to EPL. While the dry component does, it is well mixed and does not
cause time variation. The distribution of the water vapor is spatially not-well-mixed and time-variable. This leads
to the EPL uctuation in the atmosphere, which causes the uctuation of fringe phase.

The water vapor emission peaks at 22.235 GHz. The line shape is broadened by the atmospheric pressure as shown
in Figure 2. Dual-frequency radiometers (24 and 31 GHz) are widely used aiming to remove the contribution of the
liquid component; while this method successfully measures the water vapor content under clear sky, the correlation
between the interferometer phase shift and the brightness temperature measured tends to break under cloudy sky.
Line radiometers covering 18{26 GHz successfully show the correlation even under cloudy sky.7;15

3.2. Instruments

The radiometer developed consists of two sections as shown in Figure 2. Received signals at 19.15{26.35 GHz are
ampli�ed with a low noise ampli�er (LNA) in the RF section. Since, in tracking HALCA, the link antenna transmits
the 15.3-GHz up-link signal of 14 dBm, there can be a possibility to cause saturation of the LNA. Therefore, a
wave-guide-type high pass �lter with the cut o� frequency of 16 GHz is inserted in the front of the LNA. Gain
calibration is carried out by referring to the equivalent noise temperature of a noise diode inserted just in front of
the LNA through a �20-dB coupler. To reduce the LNA gain drift and equivalent temperature ucutuation of the
noise diode, the RF section is temperature-stibilized with theramic heaters. The received signal is down-converted
to 3.85{11.05 GHz and transmitted to the IF section to be fed into eight 900-MHz-wide frequency channels to obtain
the line shape of the water vapor emission. The frequencies are listed in Table 1 with the equivalent receiver noise
temperatures.

The radiometer is designed to be mounted close to the Cassegrain focus of the 10-m dish of the Usuda tracking
station in order to illuminate the sub reector as shown in Figure 4. The o�set angle of the line of sight of the
radiometer from the beam of the tracking antenna is 0.6�, which corresponds to a spatial distance of 11 m at 1-km
height. Assuming that a wind velocity above is 10 m/s, the duration of the transverse distance is nearly 1 sec. This



Figure 4. The 22-GHz line radiometer mounted on the 10-m dish of the Usuda tracking station.

Figure 5. A spectrum of the sky brightness temperature measured with the line radiometer. A solid line represents
an expected line shape of the atmosphere obtained from theoritical models. Each bar shows a frequency coverage of
each channel of the radiometer.

e�ect can be negligible to compare the round-trip phase and the brightness temperature by adopting an averanging
time greater than a few seconds.

3.3. Preliminary results

We have conducted preliminary measurements with the line radiometer. Figure 5 shows a measured spectrum of
the sky brightness temperature. In these observations, the radiometer was set on the ground to observe the zenith
direction. The time variation of the brightness di�erence obtained by Tsky4 � (Tsky1 + Tsky8)=2 is shown in Figure



Table 1. Frequency table of the water vapor line radiometer.

Channel Frequency Receiver Noise Temperature
(GHz) (K�)

1 19.15 { 20.05 219.2
2 20.05 { 20.95 226.3
3 20.95 { 21.85 216.5
4 21.85 { 22.75 193.1
5 22.75 { 23.65 207.5
6 23.65 { 24.55 227.3
7 24.55 { 25.45 230.6
8 25.45 { 26.35 245.3

Figure 6. Time variation of the relative brightness temperature.

6, where Tsky1, Tsky4, and Tsky8 are the sky brightness temperatures of the frequency channels 1, 4, and 8. The
averaging of channels 1 and 8 is \o�" the water vapor line emission, while channel 4 is \on". The peak height
corresponding to the amount of the water vapor content will be determined by �tting the measured data to the
theoretical models.

4. SUMMARY

A 22-GHz water line radiometer was developed to be mounted at the focus of the Usuda 10-m antenna. The
radiometer was designed to have eight frequncy channels covering 19.15 to 26.35 GHz with 900 MHz bandwidth
each to measure the line pro�le of the water vapor emission with the peak at 22.235 GHz. With this method, we
can investigate the direct relation between the tropospheric path delay uctuation and water vapor line emission at
various elevation angles and weather conditions. The hardware for the radiometer has been completed and will be
mounted on the Usuda tracking antenna in April, 2000.
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