Editors: Paula Benaglia and lleana Andruchow - DOI: hitps://doi.org/10.22201/ia.14052059p.2024.56.30

IAR’s 60th anniversary: Prospects for low-frequency radio astronomy in South America (November 15-18, 2022)

Revista Mexicana de Astronomia y Astrofisica Serie de Conferencias (RMzAC), 56, 166-173 (2024)
(© 2024: Instituto de Astronomia, Universidad Nacional Auténoma de México
https://doi.org/10.22201/ia.14052059p.2024.56.30

INSTRUMENTATION AND TECHNOLOGY SUPPORTING THE EVENT
HORIZON TELESCOPE

Jonathan Weintroub on behalf of the Event Horizon Telescope Collaboration®

RESUMEN

El Event Horizon Telescope (EHT) es un arreglo interferométrico de linea de base muy larga (VLBI, por sus
siglas en inglés) del tamano de la Tierra, que opera en las longitudes de onda de radio més cortas, de aprox-
imadamente 1 milimetro, correspondientes a frecuencias de radio de 230 GHz y superiores. Como resultado,
tiene una resolucion angular extremadamente fina, del orden de 20 microarcosegundos. Para los agujeros ne-
gros supermasivos (SMBH, por sus siglas en inglés) relativamente cercanos y suficientemente masivos, ésta es
la escala angular subtendida por el horizonte de eventos. La emisién relativista con efecto lensing del disco
de acrecion y del jet del agujero negro puede observarse directamente. La primera imagen de la “sombra” del
horizonte de eventos del agujero negro de M87 y SgrA*, en el centro de la Via Lactea, se obtuvo gracias a
la adaptacion de la nueva tecnologia de banda ancha y los relojes atémicos a los radiotelescopios existentes.
En una charla en un simposio para celebrar el 60avo aniversario del Instituto Argentino de Radioastronomia,
di una introduccién a la ciencia detras del EHT, mostré la imagen de intensidad de M87 publicada en 2019,
imégenes de polarizacién publicadas en 2021, y la imagen del SMBH del Centro Galéactico publicada en 2022,
el ano del simposio. Con las imdgenes como motivacion, el enfoque principal de mi charla fue describir la
tecnologia y la instrumentacién que permitieron las observaciones. Este articulo documenta la citada charla.

ABSTRACT

The Event Horizon Telescope (EHT) is an earth-size very long baseline interferometry (VLBI) array, operating
at the shortest radio wavelengths of about 1 millimeter, corresponding to radio frequencies 230 GHz and higher.
As a result it has an extremely fine angular resolution of the order of 20 microarcseconds. For super massive
black holes (SMBH) which are relatively nearby and sufficiently massive, this is the angular scale subtended by
the event horizon. Relativistically lensed emission from the black hole’s accretion disk and jet can be directly
observed. Retrofitting new wideband technology and atomic clocks to existing radio telescopes led to the first
image of the “shadow” of the event horizon of the black hole in M87 and SgrA* at the center of the Milky
Way. In a talk at a symposium celebrating the 60th Anniversary of the Instituto Argentino de Radioastronomia
(IAR), I gave an introduction to the science behind the EHT, showed the intensity image of M87 published in
2019, polarization images published in 2021, and the image of the Galactic Center SMBH published in 2022,
the year of the symposium. With the images as motivation, the main focus of my talk was to describe the
technology and instrumentation which enabled the observations. This short paper documents my symposium
talk.
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1. INTRODUCTION

Several key instrument developments have en-
abled the extension of the very long baseline inter-
ferometry (VLBI) technique to Event Horizon Tele-
scope (EHT) observing wavelengths. To meet sensi-
tivity requirements, high-bandwidth digital systems
were developed that process data at rates of 64 gi-
gabits per second (Gbps), exceeding cm-wavelength
VLBI arrays by more than an order of magnitude.
Associated improvements include the development

installation at several sites, and the deployment of
hydrogen maser frequency standards to ensure co-
herent data capture across the array.

As radio astronomy receiver bandwidth has in-
creased, it has become necessary to increase the
speed of analog-to-digital conversion (ADC) or sam-
pling, as well as the digital signal processing (DSP)
in the telescope’s back end. The alternative “hybrid”
approach requires a complex and expensive mixer-
filter system to break the IF bandwidth into smaller

of phasing systems at array facilities, new receiver

ICenter for Astrophysics | Harvard & Smithsonian, Cam-
bridge, MA, USA; www.eventhorizontelescope.org
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blocks for digital sampling and signal processing.
ADCs capable of sample rates five gigasamples-per-
second (GSa/s) and faster are now available (see
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Table 1) and DSP technology has been following
Moore’s Law to provide matching processing power.
In current EHT wideband instruments, usable band-
width blocks ~2 GHz can be processed digitally. In
future EHT deployments blocks ~8 GHz are pre-
processed and sampled by a single compact mod-
ule. Ultra-wideband ADC and DSP technology and
wideband processing in radio astronomy digital back
ends, recorders, correlators and phased arrays have
been essential to the instrumentation which supports
the Event Horizon Telescope.

This paper, which documents the talk given at
the IAR 60th Anniversary symposium, will show and
briefly discuss the EHT’s legacy of event-horizon-
scale images of M87 and SgrA* published between
2019 and 2022. Then it describes a selection of in-
strument developments which enabled the observa-
tion. All of the images and instruments described in
this paper have been previously published, most of
them by the EHT Collaboration (EHTC).

2. A BRIEF LOOK AT THE EHT IMAGES

The premise of the EHT is the extension of
VLBI observations to shorter wavelengths ~1.3 mm.
The EHT targets supermassive black holes with the
largest apparent event horizons: M87 in Virgo and
Sgr A* in the Galactic Center. The compact size of
SgrA* was confirmed in 2007 by studies at 1.3 mm,
using baselines that ran from Hawai’i to the main-
land US.

During 5-11 April 2017, the EHT observed M87
and calibrators on four separate days using an array
that included eight radio telescopes at six geographic
locations: Arizona (USA), Chile, Hawai’i (USA),
Mexico, the South Pole, and Spain; see Fig. 1: im-
age from The Event Horizon Telescope Collabora-
tion et al. (2019a). In 2021 the same 2017 data was
processed to yield the polarization image shown in
Fig. 2, image from The Event Horizon Telescope Col-
laboration et al. (2021).

And in 2022 the EHT published the first image
of the 4 million solar mass black hole in SgrA* (see
Fig. 3). The ring and shadow on similar angular
scales to M87 are seen in this much less massive
SMBH, while three bright regions are seen in the
ring, as opposed to one bright region in the South
for M87 which is ~ 6 billion solar masses (The Event
Horizon Telescope Collaboration et al. 2022).

3. EHT INSTRUMENTATION

The remainder of this paper will describe some
of the instrumentation which was developed to make
these images possible. A detailed description of the

system design of the instrument is in The Event Hori-
zon Telescope Collaboration et al. (2019b).

3.1. How VLBI works

There is a general principle that the diffraction
limited resolution of a lens is inversely proportional
to its diameter, where the diameter is measured in
units of a wavelength. VLBI places telescopes across
the globe to form an earth-size virtual telescope.
VLBI has been done for decades, but the EHT has
stretched the techniques to the shortest possible ra-
dio wavelengths, thereby providing the finest angu-
lar resolutions available from any terrestrial VLBI
array. A single baseline samples a single spatial fre-
quency, and longer baselines, measured in units of
wavelengths, sample higher frequencies. Figure 4
shows schematically the principal of VLBI and the
components of the system.

Separating the telescopes by this distance means
technical and logistical challenges. These include the
need for atomic clocks because it is not practical dis-
tribute a common reference to each telescope. It also
results in the need to record on disk drives and fly
them to a central location for processing. The earth
rotates and this is key to the sampling of different
spatial frequencies of the image, but also means the
system needs to track the changing delay and chang-
ing Doppler shift from station to station. Figure 5
shows the extreme precision of the atomic clock mea-
sured in terms of Allan Deviation, against a crystal
standard, and long term drift against GPS time.

3.2. Wideband samplers

In a sampled data system the width of a single
block of processed bandwidth is set by the ADC
sample rate through the Nyquist critereon. If the
block is narrow, the processor must be preceded by
an IF system with many channels; a so called “hy-
brid” implementation, which, if large, is likely to be
cost-prohibitive. While digital technology becomes
exponentially more economical with time per unit
processing power, according to Moore’s law, this law
does not apply to analog IF electronics, which typi-
cally increases in cost over time. Thus costs of large
systems—where the non-recurring cost of high per-
formance design is amortized over many units—are
reduced if they are designed with using ADCs which
are as fast as possible.

It is necessary that the fast ADC chip must be
matched to DSP technologies with commensurate
input-output data bandwidth, and processing power.
A useful technology is the Field Programmable Gate
Array (FPGA). FPGAs are now equipped with asyn-
chronous serializer-deserializer input-output devices
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Fig. 1. The EHT made images of M87 on four days in 2017 two pairs of which were successive. These were published
in April 2019. Similar images taken over different days show the stability of the basic image structure and effectively
repeat the experiment on different days, with the consistency of the independent images contributing to confidence in

the image.

Fig. 2. In 2021 images showing the polarization structure
within the ring were published, also using the data from
2017. Polarization vectors allow tracing the magnetic
fields in the accretion disk. For details on reduction and
interpretation, see The Event Horizon Telescope Collab-
oration et al. (2021).

(SERDES). For the GTY series of SERDES included
on the Xilinx Ultrascale+ family input-output data
rates in excess of 30 Gbps is possible. An essen-
tial function of the SERDES is to demultiplex the
very high bitrate from the fast ADC chip, so that
the FPGA, with typical maximum fabric speeds of
around 500 MHz, can process the data stream in real
time over many parallel logic paths. The availability
of this fast SERDES silicon intellectual property is
one key factor giving the FPGA an edge over Ap-
plication Specific Integrated Circuits (ASICs) when
considered for fast DSP applications—even in rel-
atively high volume radio astronomy applications.
Another key benefit is the provision of large num-
bers of wide fixed point multipliers, with as many as

Fig. 3. In 2022 the first image of the black hole at the
center of the Milky Way was published. The ring and
shadow are again visible for this very much less massive
black hole ~4 million solar masses. The angular size is
actually slightly larger than for M87 because SgrA* is
26,000 light years distant as opposed to 55 million light
years for M87. SgrA* has a much shorter time scale
of variability making it more challenging to image than
M8?7.

12,288 DSP slices each equipped with one multiplier
in the Xilinx Ultrascale+ VU13P DSP optimized de-
vice.

Many ADCs achieve high sample rates by inter-
leaving multiple slower ADC cores. Distortion re-
sults from misalignment in offset, gain and phase of
the cores, as well as non-linearity. It is possible to
align the cores and calibrate non-linearity resulting
in substantially improved fidelity. Successful wide-
band instruments have been designed using multi-
core ADCs. Still, absent other constraints, single
core devices are preferred. The faster the sample
rate of an ADC the greater the Nyquist bandwidth,



Editors: Paula Benaglia and lleana Andruchow - DOI: hitps://doi.org/10.22201/ia.14052059p.2024.56.30

IAR’s 60th anniversary: Prospects for low-frequency radio astronomy in South America (November 15-18, 2022)

1&T SUPPORTING THE EHT

Black hole

Radio telescope:

Correlator

Hard drive

Radio telescope | I
(3%

Hydrogen Hard drive
maser clock

Fig. 4. Showing the principal of VLBI: telescope sepa-
rated widely across the earth, scheduled to point at the
same source during a time of mutual visibility, and each
with a hydrogen maser clock and data recorder.

but the ability of an ADC to handle a wideband ana-
log signal is determined by a distinct specification,
analog bandwidth. The number of bits of conver-
sion is also key, typically, though, single core fast
devices have relatively few bits. We view four bits
as effectively the minimum requirements for current
instrument development. In case of correlators, four
bits delivers 99% digital efficiency.

An important document covering the evaluation
of the performance of ADCs is IEEE Standard 1241-
2010 - Terminology and Test Methods for Analog-
to-Digital Converters?. For the noiselike signals
common in radio astronomy the Noise Power Ratio
(NPR) specification is of particular interest. Table
1 shows a snapshot listing of various ADCs we have
considered with sample rates 5 GSa/s and greater,
in increasing order of sample frequency (fs). The
EV8AQ160is used in SMA SWARM and the R2DBE
for EHT, and ASNT713A-KMA is under develop-
ment for ngEHT (ngDBE) and the wSMA D-engine.

3.3. VLBI Beamformers: SWARM

The SMA Wideband Astronomical ROACH2
Machine (SWARM, Primiani et al. 2016) is a
32 GHz bandwidth VLBI capable correlator and
VLBI phased array designed and deployed at the
Smithsonian Astrophysical Observatory’s Submil-
limeter Array (SMA) in 2017, see Fig. 6. The SMA
is an eight-element radio interferometer located atop
Maunakea in Hawai’i. Eight six-meter dishes may be
arranged into configurations with baselines as long

2https:/ /ieeexplore.ieee.org/document /5692956

TABLE 1: Summary table of high speed ADC devices candidates 5 GSa/s and greater, with relevant specifications and pricing,.

remarks
$300 ASIAA/Jiang SWARM

$2196 COTS in stock

~Cost

Part #

Manufacturer

cores BW (GHz) bits

fs (GSa/s)

EV8AQ160

e2v

TI

2.0
>10

ADC12DJ3200

12
4

8
4

6.4

$800 3.5 ENOB, 2W, ZDOK

$17k
$2.4k

ASNT7120-KMA

Adsantec

20

12
12.5
16.384

formerly Maxtek

Tektronix Comp.

Adsantec
e2v

single core; ngEHT & wSMA
used for NOEMA, discont.

ASNT713A-KMA

EV5AS210

20

1
4/2

$7k

20
20
20
20
25
34
56
56

42 - 68

Keysight

10 3+4oflow Analog Dev.

8

13

$2,863k was Hittite, SAO eval.

HMC5401LC5
SBIR funded
SBIR funded
ADC3401/2

$3-5k  JESD204B,

Pacific Microchip

4/5

w/ SERDES, not COTS yet

$47k module, ADC30

$3-5k

Alphacore

22
20+ 6

Micram

SBIR funded
WDM5121

Pacific Microchip

Guzik

20

64

snapshot, 4 Gpt memory

ASIC IP macro only
$20k CHAIS, Vadatech

13 68

169

Williamson ADC

Jariet

10
8

25

Robin/Blackbird

Fujitsu/SoCIONext

15

320

56
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Fig. 5. Hydrogen maser time standards are the atomic
clocks needed to maintain coherence at different EHT
sites. The top panel shows Allan deviation measured
against a fine quartz crystal oscillator (OXCO), using the
Large Millimeter Telescope (LMT). The bottom panel
shows long term drift against the real time reference
distributed by the GPS network, measured at the Sub-
millimeter Array (SMA). This reference is intrinsically
better than the maser, if diurnal variations and other
instabilities imposed on the GPS real time signal by
the earth’s atmosphere are averaged out over several
days (The Event Horizon Telescope Collaboration et al.
2019b).

as 509 m, producing a synthesized beam of sub-
arcsecond width at 345 GHz. SWARM was devel-
oped when the SMA expanded the bandwidth of its
receiver sets to 12 GHz in each sideband. Dual po-
larized receivers can be operated simultaneously in
a single band. Counting both sidebands and both
polarizations, the total bandwidth of the SMA is
48 GHz. This sets the most fundamental and de-
manding requirement for SWARM, that the instan-
taneous processed bandwidth match the aggregate
bandwidth of the receivers.

The four core 5 GSa/s e2v EVSAQ1603 has been
studied in depth (Patel et al. 2014). The device pro-
vides register controls to align the cores to reduce
the impact of spurs which arise due to misalignment

Shttp://www.e2v.com/resources/account/
download-datasheet/2291

Fig. 6. Plan view photo of the ROACH2 platform con-
figured for SWARM. Two 5 GSa/s Quad Core ADCs are
plugged into connectors towards the bottom, providing
samples at a data rate approaching 80 Gbps. Eight 10
Gigabit Ethernet ports on the mezzanine board towards
the top provide matched data rate throughput to the
network switch. Photo credit: Derek Kubo.
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Fig. 7. Autocorrelation spectrum obtained from one of
the ADCs, over a 30 second integration. The top panel
shows the spectrum with the offset and gain parameters
set to zeroes, for the four cores of the ADC. It shows a
strong spur near the center, and a weaker spur in the
first channel. The bottom panel shows that setting the
offset and gain values removes the spurs effectively.

in offset, gain, phase (OGP), or threshold Integral
Non-Linearity (INL). All the cores are clocked by the
same external clock input. The quad 1.25 GSa/s in-
terleaved mode has an equivalent sampling frequency
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Fig. 8. Block diagram showing at the top level a quadrant of SWARM, on the right of the dotted line, in the context
of legacy SMA systems on the left. There are eight ROACH?2s on the left of the 10 GbE crossbar switch, which contain
F- and X-engines, as well as coarse and fine delay tracking, phase control and deWalshing, a phased array summer,
visibility accumulator, network logic, and assorted transposes and other memory. On the right hand side of the switch
is shown the SDBE and Mark6 data recorder, both required for EHT VLBI.

of 5 GSa/s. A Collaboration for Astronomy Sig-
nal Processing and Electronics Research (CASPER,
Hickish et al. 2016) compatible printed circuit board
is available based on this ADC, designed by Jiang
et al. (2014). Patel et al. (2014) detail how the
OGP and INL corrections are derived, and Fig. 7
shows the autocorrelation spectra obtained with one
of the ADCs, and the improvement obtained using
core alignment.

The SWARM sample rate of 4.576 GHz results
in an approximately 2.3 GHz Nyquist bandwidth,
with the upper edge of the usable 2 GHz band at
2.15 GHz. While the bandwidth of the e2v ADC
in the data sheet is 2.0 GHz, our frequency response
measurements show that the device responds beyond
that limit, with the attenuation at 2.15 GHz about
6 dB. A sample rate of 4.6 GSa/s is within the max-
imum specified rate.

CASPER pioneered the use of a commercial Eth-
ernet switch as DSP interconnection fabric (Parsons
et al. 2008). Data is packetized prior to transmis-
sion via Ethernet switch “crossbar” from F-engine
to X-engine and to VLBI recorders. SWARM uses
this approach to integrate two instruments: a corre-
lator with 140 kHz spectral resolution across its full
32 GHz band, used for connected interferometric ob-
servations, and a phased array mode (Young et al.
2016) used when the SMA becomes a station in the

EHT.

Each SWARM quadrant ROACH2 units (Fig. 6),
shared under open source by CASPER, are equipped
with a pair of ultra-fast ADCs, a FPGA processor,
and eight 10 Gigabit Ethernet (GbE) ports. A VLBI
data recorder interface designated the SWARM Dig-
ital Back End, or SDBE, is implemented with a
ninth ROACH2 per quadrant, feeding four Mark6
VLBI recorders with an aggregate recording rate of
64 Gbps. See Figure 8 which shows the architecture
of a single SWARM quadrant at the top level, with
the right hand side of the drawing showing the ba-
sic CASPER concept of processing engines organized
around a 10 GbE switch.

3.4. EHT single dish instrumentation

The developments at the Submillimeter Array
demonstrate the feasibility of ultra-wide band digital
processing with fine uniform spectral resolution and
VLBI capability. Figure 9 is a 32 GHz wide instan-
taneous contiguous spectrum with 140 kHz uniform
spectral resolution, an impressive demonstration of
what is possible. A ROACH2 configured identically
with dual 5 Gsps ADC boards is used as the pri-
mary digital back end at single dish EHT stations.
The ROACH2 runs with a different FPGA bitcode or
“personality”, and in this mode is called the R2DBE
(Vertatschitsch et al. 2015); see also Fig. 10.
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Fig. 9. The spectrum of Orion BN/KL covering an in-
stantaneous 32 GHz on the sky with 140 kHz resolution
uniformly available across the full bandwidth. The data
were taken on 26 January 2017 UTC with SWARM. From
the top, the three panels show: the full 32 GHz, a single
2.0 GHz ‘chunk’ from one of 16 IF-ADC channels, and a
detail of just over 200 MHz span, revealing the fine struc-
ture available in all the data—the 200 MHz blue fragment
could be placed anywhere to reveal similar detail.

3.5. The path to future wideband subsystems

An upgrade of the SMA designated wSMA en-
visions a quadrupling of the present 32 GHz SMA
bandwidth to 128 GHz. This is achieved by a fur-
ther doubling of bandwidth in each sideband to 16
GHz, two polarizations, and the new feature allow-
ing two simultaneous receiver bands active (230 and
345 GHz). wSMA hinges on significant advances
being made in wideband receiver design, and the
availability of a dichroic plate to split the receiver
bands. A back end to support the wSMA band-
width without an increase in the number of analog
IF channels—presently 32 across the eight antennas
and two polarizations—is currently under develop-
ment. The plan is to expand the instantaneously
sampled contiguous usable bandwidth to 8 GHz per
block. Referencing Table 1 we selected Adsantec
ASNTT7123A-KMA because of its elegant single core
conversion, and economical cost. This part is also
being developed for the ngEHT DBE.

Prior to the selection of the Adsantec 16 GSa/s
part we experimented some years ago with single
core 26 GSa/s 3-bit ADC then commercially avail-
able from Analog Devices Inc (ADI). Using this

o

/8
|- -
—1.

[}
A
'

Fig. 10. EHT digital VLBI backend as installed at the
Institut de Radioastronomie Millimétrique (IRAM) PV
30 m telescope in Spain. Right-hand side upper rack are
located the four R2DBE units. Two block downconvert-
ers are installed near the middle, and the VLBI backend
computer is mounted on the bottom right. The rack on
the left and the lower portion of the rack on the right
hold the four Mark 6 recorders with four disk modules
each, providing a total of about 1 PB in data storage.

device 3-bit 20 GSa/s conversion with data cap-
tured by the Xilinx Virtex 7 XC7VX690T Field Pro-
grammable Gate Array (FPGA) it has been demon-
strated (Weintroub 2015) that this device is only
3-bits plus overflow is a little below requirements,
and sparkle code artifacts were noticed in the output
data.

Driven by the needs of industry, FPGAs opti-
mized for digital signal processing, with as many
as ~12,000 wide multipliers in a single chip, and
~30 Gbps asynchronous input-output on a single se-
rial transceiver have become a powerful and flexi-
ble technology for astronomical DSP. The use of an
industry-driven 100 Gbps wideband switch as the
interconnect backbone has also been validated, and
faster data rates are on the road map. These tech-
nologies, as well as tensor core GPUs for fast soft-
ware driven programming are all in development for
future wideband EHT and ngEHT systems.
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