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I come with empty hands and the desire to unbuild walls

URSULA K. LE GUIN
THE DISPOSSESSED
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ABSTRACT

The 2020s is the decade of survey instruments in astronomy. Radio astronomy is

no exception, with Caltech's proposed DSA-2000 being the most powerful radio

interferometer in the world, costing much less than competing instruments. Key to

this achievement are two core breakthroughs: a completely ambient-temperature

receiver and a �radio camera� backend that images the sky in real time. DSA-2000

will have record-breaking survey speed and sensitivity, enabled by these two key

breakthroughs, giving astronomers all over the world open access to exquisite all-sky

maps to enable the discovery of billions of new radio sources, precise timing of

pulsars, and localization of fast radio bursts. The array will produce enough data to

keep astronomers busy for a century.

In this thesis, we discuss the development of one of the key breakthroughs, the

ambient-temperature receiver. Speci�cally, we focus on the design, testing, and

implementation of the wideband, ambient-temperature low noise ampli�er. We

cover the design from analytic �rst principles through precision measurement of its

performance. We follow this with a discussion of the design and implementation of

the analog signal path, including a high performance, RF over �ber link. Finally,

we discuss the Galactic Radio Explorer (GReX) instrument, designed as a global

experiment probing the brightest radio transients in the local universe.
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C h a p t e r 1

INTRODUCTION

1.1 The Decade for Surveys

One would be hard-pressed to �nd a better time to be working in astronomy than

at this moment. Amazing new instruments are coming online that are pushing the

boundaries of what can be observed, giving astronomers a deluge of data to explore

and new secrets of the universe to unlock. For engineers, every new instrument starts

as a question: �What is possible?� Every year the answer changes as technology

progresses, giving astronomers more compute power, more sensitivity, and lower

costs.

This decade is especially exciting with the deployment of a slew of powerful new

instruments. Speci�cally, we are seeing an emphasis on survey instruments, mapping

out the sky across the entire EM spectrum. These types of experiments are not

proposal-based where one would request to look at some interesting object, instead

relying on the community at large to explore the data, searching for patterns, outliers,

and really anything interesting. This is well-motivated, as most major discoveries

in astronomy were serendipitous. Having such a large volume of data across

parameter space enables discovery of the unexpected, assuming we are prepared [1].

Additionally, surveys democratize science by enabling everyone to explore the rich

datasets, instead of allowing only a select few whose proposals were accepted to

have access to high-quality data. All this is to say that surveys are a key tool in

modern astronomy and are consistently ranked among the highest priority in science

funding [2].

In the optical, the Vera Rubin Observatory in Chile will soon conduct a massive

all-sky survey [3], with a projected �rst light in July 2025. The recently launched

SPHEREx satellite [4] has just started its survey. In the radio, the VLA Sky Survey

(VLASS) [5] is ongoing, imaging the whole sky visible to the VLA in New Mexico.

VLASS builds o� the success of previous VLA-based surveys1, further improving

sensitivity and resolution. However, while the survey continues to be successful, the

speed at which it images the sky pales in comparison to the other modern surveys.

Rubin images10 deg2 every15 sor 2 400 deg2/hr (during the nighttime). SPHEREx

1Which are some of the most scienti�cally successful experiments that the VLA has performed.
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will survey the entire sky once every six months, or a speed of5 deg2/hr. VLASS

operates at only about0.01 deg2/hr, while splitting time between the survey and other

planned observations. Even though VLASS (and previous radio surveys) are very

successful, they are being executed on instruments poorly optimized for surveys.

This is where the Deep Synoptic Array 2000 (DSA-2000) [6] comes in. Rather

than using existing radio telescopes to survey the sky, DSA-2000 is a bespoke

survey instrument to match the scale and cadence of surveys from other wavelengths.

This will result in a massive legacy dataset that will produce enough data to keep

astronomers busy for decades to come.

1.2 Designing A Survey Instrument

In the design of a survey instrument, the key metric is the speed at which we can

create images of the sky. The faster we can make high-sensitivity maps, the faster

we can get these maps in the hands of astronomers to do science. We can quantify

this measure via survey speed, de�ned as the time required to map one patch of sky

down to some �xed noise level

SS¹deg2•hrº � 1•217[ 0� a

�
_( a#�

) Sys

� 2

• (1.1)

This equation for the survey speed of re�ector-based radio telescope arrays (derived

in Section B.1) depends on the number of antennas# , the system noise temperature

) Sys, the diameter of the dishes� , the aperture e�ciency of the dishes[ 0, the

observation wavelength_, the integration bandwidth� a, and the desired1f �ux

density( a in Jy. In essence, this metric combines the sensitivity of the instrument

with how much of the sky it can see. One could also just ask about that sensitivity,

given by

( a ¹` Jy @ 1 hrº � 1852
) Sys

[ 0� 2#
p

� a(GHz)
– (1.2)

which gives the RMS noise iǹJy in one hour of integration. The ideal instrument

would have a minimal noise and a large collecting area, which corresponds to a high

survey speed.

Using these metrics, we can compare the planned DSA-2000 performance against

other planned and deployed instruments. DSA-2000 will be composed of 2000,5 m

dishes operating at an aperture e�ciency of about0.7, observing from0.7 GHz to

2 GHzwith a system noise temperature of about25 K. For this comparison, we will

look at DSA-110 [7], ASKAP [8], MeerKAT [9], CHORD [10], VLA [11], and
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Figure 1.1: Comparison of radio telescopes at1.4 GHzin survey speed and sensitivity.

ngVLA [12], shown in Figure 1.1. From these results, it is clear that the proposed

DSA-2000 will outperform all instruments in this band in survey speed, with only

the ngVLA having higher sensitivity. This is not too surprising as the ngVLA is a

multi-billion dollar project with massive re�ectors and cryogenically cooled receivers.

If we quantify the science output of these instruments as proportional to their survey

speed2, and then try to predict science per dollar, we see a very di�erent story.

The construction costs for a radio telescope array can be broken down into two major

chunks: the processing hardware and the antennas themselves. For an# -antenna

array, the cost of the compute scales with# 2. We will ignore operation cost and

everything else just so we can get a grasp on the design-space. To keep costs low,

it would seem that we would want to keep# low, but our survey speedincreases

by # 2, so these are certainly at odds. Currently, compute is relatively inexpensive

for the kind of processing we need to do, at least compared to the cost of the

antenna hardware itself. Our current estimates for DSA-2000 put the cost of the

compute (again ignoring power, installation, operations, etc.) at around $20M for

2,000 antennas. The antennas cost about $30k each, for a total of $60M before

trenching, installation, etc. Compare this to ngVLA's much larger, cryogenically

cooled antennas, which cost about $7M each.

2A somewhat dubious claim, but good enough for this exercise.
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To improve sensitivity, matching the ngVLA, we could add cryogenics to cool

the DSA-2000 receiver to20 K, which would cost about $100k per antenna [13].

Simulations predict this will reduce our system noise temperature by7 K to 18 K, as

cooling only impacts the feed and LNA and there are still other sources of noise (the

sky, spillover noise, etc.; see Figure 1.2). If each antenna costs around $30k, adding

cryogenics quadruples the cost, while not even doubling the survey speed.

All of this leads to the conclusion that if you can build high-performance/inexpensive

antennas and receivers, build lots of them! And the key to an inexpensive antenna is

not using cryogenics. As survey speed scales with) � 2
Sys, any reduction in system noise

will dramatically increase the science per dollar of the instrument. The strong impact

of reducing noise then motivates the work in this thesis. Of all the contributions to

) Sys, currently the LNA is the largest (as shown in Figure 1.2), which suggests where

to spend e�ort to maximize the impact on the science.

Figure 1.2: DSA-2000 system noise temperature contributions. Reproduced from [14]
with permission from J. Flygare.

If it is so obvious to build a large# telescope, a reasonable question would be, �why

haven't people done this before?� To answer this, we need to discuss a bit more about

radio telescope interferometers.

Radio telescopes were initially built using a single, large aperture. A large collecting

area increases sensitivity and resolution, but the cost of building a large re�ector

with diameter� is / � 2•5� 2•7 [15]. Additionally, there are practical upper limits on
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the size of a re�ector one could build, with the largest single-dish antenna being the

FAST telescope in China at500 min diameter, with a300 me�ective aperture. At a

typical observation frequency of1.4 GHz, the di�raction-limited resolution of FAST

is 3 arcmin. Compare this with a modest optical observatory such as Keck, with

a 10 mmirror, where they achieve an angular resolution of better than0.05 arcsec

(assuming a modern, adaptive optics imaging system).

To overcome this resolution shortcoming, the concept of radio interferometry was

developed by Ruby Payne-Scott and Joseph Pawsey in the 1940s. They used the

interference pattern produced by combining radio signals re�ecting o� the ocean

with an antenna on top of a cli� to pinpoint emission from sunspots. This essentially

provided them with the angular resolution of a telescope the size of the distance from

their antenna to the image of their antenna in the ocean. This concept was further

developed by Martin Ryle and Antony Hewish in the 50s, where they used an array

of antennas and Earth's rotation to synthesize an equivalent aperture beyond that

provided by just the antenna baselines. This technique is so powerful, it was part of

Ryle and Hewish's Nobel Prize in Physics in 19743. Modern aperture synthesis uses

a combination of spatially distributed antennas and Earth rotation to synthesize a

single massive telescope. Very long baseline interferometry (VLBI) has receivers all

over the world to synthesize an Earth-sized telescope, used to create the �rst images

of a black hole [16].

The radio interferometer imaging procedure starts with the coherent combination

of the time-averaged product of signals from pairs of antennas. As the signal from

the sky is essentially incoherent noise, this result is a statistical correlation product

between antennas. There exists a relationship between the collection of all these

correlation products (known as visibilities) and the image of the sky. This relationship

is known as the van Cittert-Zernike theorem4 and states

+ ¹r1–r2º �
º 1

�1
� ¹;– <º4� 2c 9¹D;̧ E<º3;3< = F f � ¹;– <ºg– (1.3)

where+ ¹r1–r2º is the visibility or mutual spatial coherence function given by the

time average product of the received signal (electric �eld) from the pair of antennas

at two points in space (r1 andr2)

+ ¹r1–r2º = h� ¹r1º� ¹r2º� i – (1.4)

3Which, notably, did not include Jocelyn Bell, who actually discovered the �rst pulsar to which the
Prize was attributed.

4Using a small angle approximation, which results in the Fourier relationship.
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andDandEare the spatial di�erences between the two points5

r1 � r2 = u = ¹G1 � G2– H1 � H2º = ¹D– Eº – (1.5)

and � ¹;– <º is the intensity distribution (image) of the sky in a direction-cosine

reference frame. All of this is to say that the inverse Fourier transform of the

visibilities gives us the image of the sky.

Figure 1.3: Diagram of a radio interferometer.

A problem then arises from the fact that we have not continuously sampled all the

points inDandEas we have a discrete number of antennas and therefore a �nite

number of visibilities. Not only that, but there is a maximum distance that we

can separate antennas due to cable lengths, land usage, Earth's diameter, and other

practical considerations. Combining these two shortcomings, we essentially image

the sky through a di�raction-limited, shattered mirror. This imaging procedure is

shown in Figure 1.4 as Fourier pairs, where a sparse sampling of the Fourier-domain

of the true image results in the measured, dirty image. As the dirty image is a distorted

version of the true image, we must attempt to recover the true image algorithmically.

However, due to the sparse sampling of theDEplane, this is an ill-posed inverse

problem and does not have a simple solution. Various optimization-based strategies

are used for this, perhaps the most popular being an iterative blind deconvolution

algorithm called CLEAN [18].

5Ignoring changes in heightI , which is something you might want to consider [17]
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