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ABSTRACT

We present a study of requirements on the sensitivity of mm and sub millimeter wave receivers for application in
radio astronomy. The study is based on the experience of the operation of the SIS receivers at the radio
telescopes of IRAM and considers also the conditions of operation at the future radioastronomical instruments
such as LSA, MMA and LMSA.

Using a radio telescope and atmospheric model we consider the effect of the receiver sensitivity on the radio
telescope operation in terms of observing time. The observing time at a radio telescope depends on the system
noise temperature as strongly as on collecting area, which defines nearly all the cost of modern mm and sub mm
instruments. As a compromise between the receiver development effort and the system performance we introduce
a criterion of an "optimum" receiver noise. A strict requirement on the receiver operation is obtained. For an
efficient use of the existing and the future radio telescopes, a 10 - 20 K SSB receiver noise in the mm band and
20-40 K SSB at sub millimeter wavelength are necessary.

Finally the status of development of SIS receiver for mm and sum mm radio astronomy is presented.
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1. INTRODUCTION

Radio astronomy is a domain where the most sensitive millimeter wave receivers are required [1,2]. The
performance of the receivers in millimeter wave radio astronomy is based on development of low noise, broad
band and stable SIS mixers [1,2]. Having as a basic limitation only the quantum noise limit of hv/k for the SSB
noise temperature they may remain as the basis for the construction of new observing facilities. The
inconveniences such as the cooling to the liquid helium temperature and sometimes the mechanical tuning for
SSB operation remain less important compared to the strict requirement on the receiver sensitivity for an efficient
use of the radio telescopes, impossible with other types of receiver.

A further development of millimeter wave radio astronomy instrumentation is related to the construction of the
big interferometers such as the Large Southern Array (LSA)[3], Millimeter Array (MMA)[3], or Large
Millimeter and Submillimeter Array (LMSA)[4] planned to integrate 50-60 antennas of 10-15 m in diameter at
the high altitude plateau in Chile, at about 5 km of elevation. The new instruments will have a collecting area
more than 10-20 time larger than in existing instruments such as the IRAM radio interferometer [6].

In preparing such new instruments for mm and submillimeter wave radio astronomy an important work on the
receiver development has to be undertake. One can put forward once more a question about an optimum design
of the receivers for these instruments and about their role in the system performance for the existing context of
receiver and telescope technology and for the future.

As a starting point for a discussion one can use an example the case of existing radio interferometers, such as the
IRAM five 15 meter antenna interferometer in the French Alps at 2500 m altitude. The IRAM radio
interferometer at the Plateau de Bure (PdB) is an instrument with the biggest collecting area developed for the
radio astronomy observations around 1 mm wavelength {6]. We are using the PdB radio telescopes data as an
example of a modern instrument for an estimation of the role of the receivers in the existent context. First we give
a presentation of the requirements on the receivers for the IRAM installations based at our IRAM internal report
[7]. Then we study the requirements on the receiver sensitivity for the future instruments and present the status of
the SIS receiver development in IRAM.
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2. OPTIMUM NOISE RECEIVERS FOR IRAM RADIO TELESCOPES

The reduction of the receiver noise always reduces the integration time required for an observation. Nevertheless
some reasonable minimum of the receiver noise may be evaluated. The requirement on the sensitivity of a
receiver may be formulated in terms of the optimization of the radio telescope system performance, including the
receiver, the telescope and the atmosphere. As an optimization criterion we can use the relative speed-up of
observations at a telescope versus receiver temperature. As a reference value, not affected by the receiver
operation, we take the observation time necessary for detection of a certain signal with the same telescope in a
hypothetical situation of zero receiver noise. The relative variation of integration time is estimated from the
relative variation of the system noise temperature:

t1t,={ T*g, (Teee) I T*s, Tpee =0) }° 1

An acceptable increase in observation time has to serve as a compromise between the receiver development
effort and the system performance. One can use a 50 % increase in observation time, not negligible indeed, as a
criterion for the estimation of the optimum receiver noise for radio telescopes.

The system noise temperature T*g¢, . is calculated according to [8]:
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where T*sys is the radio telescope system noise temperature at the "star scale" in a reference plane out of the
atmosphere; Tsky, Tamb and Trec are respectively the sky antenna temperature, the ambient temperature and the
receiver noise temperature; Gs and Gi are respectively the signal and image band conversion gain, Feff is the
forward efficiency; 17y is the sky zenith opacity.

The sky antenna temperature Tsky is calculated as: T, = T, - [1 —exp(—AT, )]

where the airmass A is: A= and « is the telescope elevation angle. Comparing (1) and (2) one can

sin(a)
mention that the speed-up of observation (1) does not depend on the sideband ratio Gs/Gi , but only on the value
of Trec. So, the requirements on the value of receiver noise listed below concern equally observations with a
Double Sideband receiver (Trec DSB) or with Single Sideband receivers (Trec SSB). As the major part of most
observations is in SSB mode, we will discuss especially the requirements on Trec SSB.

We selected the different typical frequencies as 90, 230, and 345 GHz and proceed our calculations for several
different atmospheric conditions. We studied "good" summer weather (7 mm Precipitable Water Vapor (PWV)),
the "average" winter/good summer conditions (4 mm PWV) and "good" winter weather (2 mm the PWV). At 345
GHz we consider also an "excellent" winter weather (0.5 mm PWYV). This estimation concerns both the IRAM
Plateau de Bure Interferometer and the 30 m IRAM Pico Veleta (PV) telescope for the following reasons. The
forward efficiencies of the two types of antennas are the same within 1%, at least in the 3 mm (90%) and 1.3 mm
bands (86 %). The estimation at 345 GHz concerns first the 30 m radio telescope with a 75% forward efficiency.
The typical values of the atmospheric opacity are also similar at the two sites [9].

An example for a frequency of 90 GHz is shown in the figure 1. Here the relative fraction of the system noise due
to a non zero receiver noise {T*sys(Trec)-T*sys(Trec=0)}/T*sys(Trec) is plotted against Trec at the left. First we
can say that the receiver noise gives a significant part of the system noise and the receiver noise may easily
dominate in the system operation.

We obtain a more clear presentation of the receiver noise role by estimating the time required for the detection of
an astronomical signal, determining the number of the astronomical project one can schedule at the telescope. In
the right part of the figure 1 is plotted the relative increase of the radio telescope observation time (1) versus the
receiver noise. One can see that in typical weather the observation time of a modern radio telescope strongly
depends on the receiver noise. With a moderate 50 K receiver noise the observation time has to be 4 time longer,
than the minimum at a zero receiver noise. This corresponds to the loss of a half of the radio telescope collecting
area, or, what is nearly the same, the loss of the half of the funding for a radio telescope. Only by approaching an
"optimum” TRee opr=10 K receiver noise one can achieve an observation time only 50% longer than the
minimum.
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This "optimum " receiver noise of 10 K SSB required at 90 GHz for the existing radio telescopes is far better the
best published results of 60 K SSB of an SIS receiver at NRAO Keat Peak radio telescope [10]. In our recent SIS
receiver prepared for installation at the PdB interferometer the SSB receiver noise ranges between 30 K and 48 K
in the 80-120 GHz band (figure 6).

The estimation of observation speed-up versus receiver noise is plotted in the figure 2 for frequencies of
230 GHz and 345 GHz. In this typical condition even with a bigger atmospheric opacity the time required for the
detection of an astronomical signal strongly depends on the receiver noise. The 150% threshold compared to the
minimum observation time can only reached with a 20 K SSB receiver noise at 230 GHz and 30 K SSB at 345
GHz. For the moment the best SSB receiver noise at these frequencies is about 50 K (figure 6).
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Figure 1. The contribution of a receiver to a modern mm wave radio telescope system noise temperature (left)
and the influence of the receiver noise at the time of observation (right) at 90 GHz. We are using an example of
the IRAM 30 m radio telescope at Pico Veleta or IRAM 15 m radio telescopes of the Plateau de Bure
interferometer. The antenna is at 45° elevation, forward efficiency is 92% and the altitude is 2500-2800 m. A
solid line represents an average summer weather (7 mm PWYV), a dotted line - a good summer/average winter
weather with 4 mm PWYV and a dashed line - a good winter weather with 2 mm PWV. In a typical weather the
mm wave receiver noise may easily dominate the operation of a modern radio telescope and to increase strongly
the observation time. With a 10 K receiver noise a time required for an observation is still longer than the
minimum by 50%.
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Figure 2. Estimation of a relative increase of the radio telescope observation time at 230 GHz (left) and 350 GHz
(right). The Forward efficiency at 230 GHz is 86% and 75% at 350 GHz. The conditions are the same as in the
figure. For the 350 GHz data we add an estimation in "excellent" winter weather with 0.5 mm PWYV (dotted-
dashed line). In a good weather, when the observations are the most rapid, the observation time strongly depends
on the receiver sensitivity, until we reach a 20 K receiver noise at 230 GHz and 30 K at 350 GHz.



Invited talk. Proceedings of the 2th ESA Workshop on Millimeter Wave Technology and Applications,
IRAM technical report 250/98

3. RECEIVER FOR THE LSA/MMA SITE OBSERVING CONDITIONS

At about 5000 m altitude at a new site studied for the LSA/MMA/LSMA projects the weather is much better than
at the existing radio telescope locations. Here the PWV below 0.5 mm is observed about 25-30 % of the time
("good" weather) and for about 75% of the time the PWV is below 1.5 mm ("average" weather) [4,11]. For
comparison at the IRAM radio telescopes only in "good" winter time weather the is PWV below 1.5 mm for
about 25% of the time and below 5 mm 75% of the time in "average" weather. In these new conditions the
requirements on the receiver sensitivity are even more severe and demand further progress in sensitivity.

The transmission through the atmosphere with 0.5 mm, 1.5 mm and S mm PWYV is plotted with the typical values
of the forward efficiency Frfrexisting at IRAM radio telescopes in the figure 3. The loss in the radio telescope
(FE#p is a minor contribution in the total loss at the IRAM radio telescopes in "average” weather with 5 mm
PWYV, and gives just half of the total loss in "good" weather. At the new site this level of the loss will dominate
loss in the atmosphere and can not to be accepted.

One can expect that with progress in technology Fgs will be increased up to the maximum existing now at 100
GHz, of about 92%. Below we will use this value for the estimations for a 60 GHz - 550 GHz frequency range.
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Figure 3. The atmospheric transmission with 0.5 mm, 1.5 mm, and 5 mm PWYV (from upper to lower curve) and
the forward efficiency at the IRAM 30 m radio telescope. The PWYV level is below 1.5 mm at the 30 m telescope
site about 25% of winter time, and about 75% of the winter time below 5 mm PWYV. At the LSA site the PWV is
below 0.5 mm during the 25% of observing time and below 1.5 mm PWYV during 75 % of the time. At the
existing radio telescope the loss related to the forward efficiency is not dominating the atmospheric loss, but at
the LSA site the forward efficiency may be the main limiting factor of the system sensitivity.

The "optimum" receiver noise TR, Op; required for the atmospheric conditions of figure 3 is summarized in the
figure 4. Here we are using for TR, Opt the relation (3) obtained from (1) and (2) for a relative increase of
observation time t/fp=1.5.

Tl'{ecOPr = ( V 1'5 - 1)(1:;5.0‘7;‘[9' +(1 = P‘Eﬁf )]:me) (3)

The "optimum" receiver noise depends on the forward efficiency, and through the sky antenna temperature on the
zenith opacity. For a fixed F Eﬁrthe minimum TR, Opt required with a zero zenith opacity is:

Min(Ty.0,,) = W15 -1)(A- F )T, @)

about 6 K with Fpg=92%. Under the same conditions the maximum of the TRer Opt corresponds to an
important atmospheric opacity, and is about 60 K, independent of the frequency:

Max(Ty, 0,,) = (W15 - DTy - Fop (T = Ty ) o)
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Figure 4. The "optimum" receiver noise temperature required for the LSA/MMA project. The weather conditions
are as in figure 3. The radio telescope elevation is 45° and the forward efficiency is supposed to be 92% at all the
frequencies. The straight line corresponds to the quantum limit of the receiver SSB noise temperature hv/k. If the
receiver sensitivity required for the average winter weather of IRAM radio telescope (gray line) ranges between
13 K SSB at 100 GHz and 50 K SSB at 345 GHz, at the new LSA/MMA/LSAM site it become 10 K - 30 K SSB.
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Figure 5. The minimum system noise temperature of a radio telescope at the LSA site with the “optimum”
receiver noise temperature. The conditions are the same, as in the figure 4.

4. THE STATUS OF THE MM WAVE SIS RECEIVER DEVELOPMENT IN IRAM

The status of the mm wave SIS mixer heterodyne receiver development in IRAM is presented in Figure 6. The
minimum SSB receiver noise achieved around 345 GHz is 48 K, about 2.8 hu/k, around 230 GHz the minimum
DSB receiver noise is about 50 K and 30 K at 90 GHz. The motivation of this development is the optimization of
sensitivity of existing radio telescopes and the preparation of a new generation receiver at the level of
requirements for the future instruments like LSA and MMA, or LSMA.

5. CONCLUSION

The requirements for the sensitivity of mm wave receivers for ground based radio telescopes have been
discussed. Using a radio telescope and atmospheric model we consider the effect of the receiver sensitivity on the
radio tclescope operation in terms of the observing time. The observing time at a radio telescope depends on the
system noise temperature as strongly as on collecting area, which defines nearly all the cost of modern mm and
sub mm insiruments. As a compromise between the receiver development effort and the system performance we
introduce a criterion of an "optimum" receiver noise allowing to obtain the detection time 50% longer than with
zero receiver noise.
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Applying the criteria of an "optimum" receiver noise to the typical conditions of the existing mm wave radio
telescopes, one need the receivers with the 10-20K SSB noise in the mm band, and the 30-40 K in the submm

band. For the futures radio telescopes the requirements are more strict, and become 10 K SSB in the mm band
and 15-40 K at the submm wavelength.

The sensitiyity of the existing SIS receivers developed in IRAM for radio astronomy is between 30 K SSB and
50 K SSB in the 100 GHz - 350 GHz band and must be further improved for application in the future projects
discussed above. '
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Figure 6. The measured receiver noise temperature of the SSB and DSB SIS receivers developed in IRAM [12-
15]. The SSB receiver noise is given by the round points O and the DSB noise - with the square points Q.
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