Analysis of the Amplification System of ALMA Band
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ABSTRACT

At Universidad de Chile we have started a program for the development of a prototype receiver for Band 1 (31-45 GHz)
of the Atacama Large Millimeter Array. This receiver will use a low-noise amplifier which is specified to have 5 times
the quantum limit (~10 K). Here we present the first efforts and results towards reaching that goal.
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1. INTRODUCTION

The Atacama Large Millimeter Array (ALMA) is the largest radio astronomical array ever constructed. Every one of its
constituent antennas will cover the spectroscopic window allowed by the atmospheric transmission at the construction
site with ten different bands. Despite being declared as of top scientific priority, the receiver for Band 1 (31-45 GHz) was
not selected for the first phase of construction. Therefore, Universidad de Chile has started a program to develop a
prototype receiver for this band [1]. The need for low noise, high stability receivers implies the use of state-of-the-art
technologies to reach the best possible performance. In this report we present work on the development of a low noise
amplifier.

2. RECEIVER AND AMPLIFIER SPECIFICATIONS

In brief, the receiver we are proposing to build is structured in the following way. The RF signal coming from the
secondary is coupled with the horn via a lens. The signal is then divided in its polarization components in an orthomode
transducer. Each polarization signal is amplified in two consecutive low noise amplifiers (LNA). Finally, the amplified
signals are filtered to suppress the lower sideband and mixed in separate Schottky diodes [1]. The specifications that the
receiver has to comply were established by the ALMA committee, and are summarized in Table 1.

Table 1 Receiver specifications for Band 1 of ALMA

Parameter Value

RF frequency 31-45GHz
Total noise temperature (80% band) 17K
Total noise temperature (100% band) 28 K

Preliminary calculations indicate that the optical focusing system of the receiver will have a contribution of around 7 K
above the noise temperature of the receiver. This contribution is mainly originated at the lens. Several alternatives have
been considered for redesigning the focusing system and reduce the noise contribution to the receiver [2]. However, even
in the best of configuration, an improvement of no more than 2 K is expected. If we take the contribution of the optical
system to the total noise temperature of the receiver to be 7 K, the specifications for ALMA Band 1 requires that the
LNA must have a noise of 10 K over 80% of the band and a relaxed specification of 21K over 100% of the band (Figure

1).
Other specifications arise from the architecture of the receiver. The first of them is that the gain should in the range of 30

to 35 dB to allow the following stages of down-conversion to be at ambient temperature. The second specification
concerns the input return loss (Sy;) which should be lower than —10 dB over the complete band, to avoid the use of
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cryogenic isolators between the orthomode transducer and the LNA. Finally the output return loss (S,y) is required to be
lower than -5 dB.
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Figure 1 Required noise performance for a Band-1 low-noise amplifier (thin red line). This requirement means that the LNA
should achieve 5 times the quantum limit (thick black line) over a bandwidth of 36% of the center frequency. The current
state of the art for HEMT-based LNAs is 5 times the quantum limit over a bandwidth of only 20%.

3. HYBRID VERSUS INTEGRATED AMPLIFIERS

As we see in Figure 1 the noise specification over the LNA means that the amplifier to be used should have a noise of 5
times the quantum limit over a bandwidth of 36%. The best noise performance reported up to now for the Ka and Q
bands is 5 times the quantum limit over a bandwidth of 20 % by the usage of hybrid amplifiers [3]. It has to be noted,
moreover, that in the case of ALMA a batch production of amplifiers is required (64 receivers with two polarizations
each). This fact limits the time that can be used on tuning each amplifier to reach the best possible noise performance.

There are two technology candidates for the LNAs to be placed in an ALMA Band-1 receiver. The first is the use of
hybrid technology (also known as MIC). In this technology the amplifier is built using discrete transistors connected by
bond wires. This technique allows to tune each amplifier, e.g. by slightly modifying the bonding lengths, as to reach the
best possible noise temperature. Several amplifiers for the Ka and Q Band have been reported using transistors from well

know foundries as NGST and HRL [3][4][5]. The cryogenic noise of these kinds of LNAs is in the range from 5 to 7
times the quantum limit.

The second alternative is the use of Microwave Monolithic Integrated Circuit (MMIC) technology. In this case the
amplifier is completely built over the same substrate with the active devices. This procedure allows, in principle, the
fabrication of thousands of amplifiers with similar performance in a short period of time. The fabrication of a series of
LNAs then becomes easier, as only one chip has to be mounted and bonded. The time in assembling a MMIC LNA is
several times lower than for a hybrid amplifier [6] at the penalty of noise which is around 30% higher than a MIC
amplifier [6]. The noise of a MMIC chip with current InP technology is expected to be 15 - 18K at Band 1 frequencies
[6][8]. Probably the noise will increase by 1 or 2 K when the MMIC is packaged.

During the last years GaAs m-HEMT technology has proved to be a good alternative. Good results have been
demonstrated by IAF [9] and OMMIC [10] at ambient temperature. Possible applications of this technology to cryogenic
applications and particularly to radio astronomy are currently being studied.



4. DEVELOPMENT AT UNIVERSIDAD DE CHILE

4.1 RF amplifier based on commercial MMIC

For amplification we have decided to use LNA’s based on high electron-mobility transistors. In a first attempt to test our
packaging capabilities, we have integrated a commercial MMIC amplifier [11] into a split block (Figure 2). For the
waveguide-to-microstrip transitions we have selected a radial antenna [11] that was optimized using HFSS [13].

Figure 2 Commercial chip packaged in a split block.

The measured S-parameters, at ambient temperature, are presented in Figure 3. The selected MMIC has a balanced
configuration allowing an excellent input and output return loss of around-10dB over the complete Q band. The gain,
on the other hand, is between 15 and 20 dB over the entire Band-1 frequency range. These results are in close agreement
with the chip specifications which evidences the good quality of the packaging.
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Figure 3 Measured S-parameters of the packaged LNA based on a commercial MMIC. The vertical dashed lines represent
the Band-1 frequency range.



4.2 RF amplifier based on single transistors

A LNA based on commercial GaAs p-HEMT transistors from UMS [14] has also been designed. The idea is to test the
cryogenic performance of these devices and their possible use in radio astronomy. The first design consists of a four-
stage amplifier with a gain of 30 dB and noise of 2 dB (170 K) at ambient temperature. In the design the effect of the
radial antennas was included in the input matching network in order to optimize more realistically the noise of the LNA.

The simulation results for this amplifier are shown in Figure 4. The gain is around 30 dB over the complete band, with
gain flatness of 4 dB. The input return loss (S1) is lower than —5 dB with a typical value —10 dB. The output return loss
is —8 dB. The noise figure of this amplifier is expected to be between 170 K and 180 K (2 dB). This LNA is going to be
built and tested during 2010. In a second design iteration we would like to improve these results by redesigning the first
stage of the amplifier with the inclusion of a low-noise InP transistor with a noise as low as 10 K at the Q Band. Since
the noise is dominated by the first stage we expect to have a LNA with 12 to 13 K of noise.
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Figure 4 Simulated results, at ambient temperature, of a discrete amplifier using GaAs p-HEMT transistors. The main
features of the LNA are gain around 30 dB over the complete band, gain flatness of 4 dB, S;; lower than -5 dB over the

complete band (but typically at —10 dB), Sy, around —10 dB, and noise between 170 K and 180 K (2 dB). The vertical
dashed lines represent the Band-1 frequency range.

5. CONCLUSIONS AND FUTURE WORK

Here we have presented our first efforts towards the construction of a low-noise amplifier able to comply with the
requirements of Band-1 of ALMA. A review of the current state of the art in amplifier construction has also been

presented. Our next step is to build an amplifier based on hybrid technology and evaluate its possibilities for being
included in future ALMA Band-1 receivers.
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