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•In this talk I will frame (parts of) the Event 
Horizon Telescope (EHT) as a cyber-physical 
system. 

•First, lets learn about the technique of (radio) 
interferometry, on which the EHT depends
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Learning Interferometry from Ducks

Knox	et	al.,	“Spatial	coherence	from	ducks”,	Physics	Today,	March	2010
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Learning Interferometry from Ducks



Amplitude:	Tells	us	how	many	ducks	are	splashing	(and	how	strongly) 

Coherence	Length:	Tells	us	how	spread	out	they	are

Coherence Length Coherence Length
Amplitude

Amplitude

Learning Interferometry from Ducks



Learning Interferometry from Ducks



Image	Credit:	CfA/M.	Weiss;	Nobelprize.org

Martin	Ryle	
1974	Nobel	Prize

By studying how fluctuations of electromagnetic waves are correlated 
among different telescopes, we can make an image of the source!

Learning Interferometry from Ducks



Ordinary Imaging: 
 Resolution depends on wavelength (λ) and telescope diameter (D): λ/D 

● Human Eye: ~arcminute 
● Radio Telescopes: ~arcminutes  
● Optical Telescopes: ~50 milliarcseconds (mas) 

Interferometric Imaging: 
 Resolution depends on wavelength (λ) and separation of telescopes (B; baseline): λ/B 
 Longer baselines = Higher angular resolution 
 But there's a price to pay: we don't directly make images 
 Each baseline only samples one frequency 

♪

♪
♪♪ ♪ ♪

Resolution Limits for Imaging



Very Long Baseline Interferometry Concept
Mark6 Recorder

R2DBE Backend



Very Long Baseline Interferometry Concept
Mark6 Recorder

R2DBE Backend

• The Event Horizon Telescope pushed 
the VLBI concept to the shortest radio 
wavelengths ~1 mm 

• λ/D for ~1 mm and ~ 10,000km: ~10s 
of microarcseconds. 

• A cosmic coincidence:  This is of the 
order of the Schwartzschild radius of 
the nearest Super Massive Black Holes. 

• (This happens to be where their 
emission peaks and the surrounding hot 
gas becomes optically thin.) 

• 1 mm radio astronomy is hard 
(technology and weather) and VLBI at 
these wavelengths a  real technical 
challenge 



Very Long Baseline Interferometry Concept
Mark6 Recorder

R2DBE Backend

Fast Data Samplers

Hydrogen Maser Clock (1970s)

Disk drive recorder
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SPT
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Despite its global scope, EHT is a very sparse array



Can you identify the song?

Middle	C

With	2	telescopes,	we	can	
only	“hear”	1	note

Sparse Interferometric Imaging



Raise	your	hand	when	you	recognize	what's	
playing!

Credit:  Michael Johnson

Sparse Interferometric Imaging



Make earth part of instrument: sample more spatial frequencies 

“earth rotation aperture synthesis” to “fill the u-v plane”

Animation credit:  Daniel Palumbo, Katie Bouman, Maciek Wielgus



Turning Data into an Image
We are trying to take a picture of something that has never been seen, using only a handful of 

measurements that are difficult to calibrate, with an instrument that has never been used. 

How can we ensure that our results are reliable?

?
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    East Asia (ASIAA, KASI, NAOJ)

Team 1
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The Imaging WG was divided 
into four independent teams

First Step: Blind Imaging Comparisons 

Each team blindly reconstructed images 

Goal: Assess human bias

Team 3

Team 4
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The First EHT Images of M87 
July 24, 2018

2nd EHT Imaging Workshop
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Four Days = Four Experiments



Submillimeter Array and James Clerk Maxwell Telescope, Mauna Kea, HI
photo credit:  Nimesh Patel

A short personal history of my association with EHT



✧

✧

✧
4028.6 km

4627.2 km

907.6 km

2007 1.3 mm “proto-EHT” Array Map



SMT‐CARMA 

SMT‐JCMT 

2007 Hawaii-Arizona SgrA* Fringe  
Published 2008: 

θINT = 37µas (+16, ‐10)  

(1 Rsch = 10µas) 

• This result confirmed event-horizon-scale structures exists, and are observable—
retired risk 

• Result very much on the margin, sensitivity limited, one transpacific baseline had 
few detections, the other none at all. Array could barely be more sparse. 

• Our technical focus turned to improving sensitivity and adding sites. 



Open Source “Collaboration for Astronomy Signal Processing and Electronics Research”  
ROACH2, 5 GSa/s ADC becomes Wideband Tech for 64 Gbps EHT 

(Jiang et al., PASP 126, 761; 2014; Patel et al., JAI 3, 1 2014) 

2
0846I–BDC–12/10

EV8AQ160

e2v semiconductors SAS 2010

Screening
• Temperature Range for Packaged Device
• Commercial C Grade: 0° C < Tamb < 70° C

Applications
• High-speed Oscilloscopes

1. Block Diagram

Figure 1-1. Simplified Block Diagram

2. Description
The Quad ADC is constituted by four 8-bit ADC cores which can be considered independently (four-
channel mode) or grouped by two cores (two-channel mode with the ADCs interleaved two by two or
one-channel mode where all four ADCs are all interleaved).

All four ADCs are clocked by the same external input clock signal and controlled via an SPI (Serial
Peripheral Interface). An analog multiplexer (cross-point switch) is used to select the analog input
depending on the mode the Quad ADC is used.

The clock circuit is common to all four ADCs. This block receives an external 2.5 GHz clock (maximum
frequency) and preferably a low jitter symmetrical signal. In this block, the external clock signal is then
divided by two in order to generate the internal sampling clocks:

• In four-channel mode, the same 1.25 GHz clock is directed to all four ADC cores and T/H

• In two-channel mode, the in-phase 1.25 GHz clock is sent to ADC A or C and the inverted 1.25 GHz 
clock is sent to ADC B or D, while the analog input is sent to both ADCs, resulting in an interleaved 
mode with an equivalent sampling frequency of 2.5 Gsps

Clock 
Buffer

+ 
Selection 

+
SDA

LVDS Buffers
1:1 or 1:2 DMUX

T/H

8-bit
1.25 Gsps
ADC core

Analog MUX
(Cross Point Switch)

Serial  
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Interface

Offset

Gain2.5 GHz
Clock

8-bit
1.25 Gsps
ADC core

8-bit
1.25 Gsps
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8-bit
1.25 Gsps
ADC core

LVDS Buffers
1:1 or 1:2 DMUX

LVDS Buffers
1:1 or 1:2 DMUX
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Gain GainGain
T/H T/H T/H

Offset Offset Offset

Phase PhasePhase Phase

March 31, 2014 14:50 1450001

N. A. Patel et al.

Fig. 2. Snapshot of a low frequency (10 MHz) sine wave input with the four cores before (top) and after (bottom) the
alignment of the four cores.

show the differences in DC offset, gain as well as
phase. If left uncorrected, this results in poorer S/N
and spurious features in the spectra as discussed
below. The bottom panel shows a snapshot after the
alignments of the cores.

The Agilent synthesizer is stepped in fre-
quencies from 100 MHz to 2200 MHz (control from
within the Python code), and snapshots of 16,384
samples are acquired at near full-scale input power
level (Vpp = ±250 mV). The frequencies are chosen
so that a snapshot contains an integral number of
cycles of the input frequency (this puts the signal
in the center of a channel of the FFT).

3.1. Offset, gain and phase (OGP)
calibration

A sine wave of the known frequency is fitted by
least-squares to the output of each core. The zero
offset of the uncorrected core is approximately 127,
which is taken as reference. The gain and phase
values are obtained from the average of the four
sine-wave fits. The correction in offset, gain and
delay for each core is then taken as the difference
between the fit to its output and the reference.
Applying these (appropriately scaled) corrections
to the ADC results in small values measured sub-
sequently. After a few iterations, the procedure

converges to final values of OGP. The OGP mea-
surements are averaged over 100 to 600 MHz.
These are volatile and require reloading if the
board is power-cycled. The OGP values are written
to the ADC’s registers via an SPI serial digital
interface. To evaluate stability of core calibration
through equipment power cycles, OGP values were
redetermined after successive cold restarts of the
ROACH2-ADC assemblies. The resulting values are
shown in Fig. 3, which shows good repeatability.
There may be a temperature dependence of the
OGP values, which remain to be fully characterized.
The last set of values shown in this figure corre-
sponds to a slightly higher temperature, by about
5◦C, compared to the temperature during previous
measurements.

3.2. Integral non-linearity coefficients

The Integral Non-Linearity (INL) corrections were
also obtained for each core (from sine-wave mea-
surements of each core for different frequencies).
The first step is to average the difference between
each measurement in a snapshot (by each ADC core
separately) and the value of the sine-wave fit at that
measuring time, for each of the 256 output codes
separately. These averages were extended to mul-
tiple snapshots and usually a range of frequencies.

1450001-4

J. 
A

st
ro

n.
 In

st
ru

m
. 2

01
4.

03
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

ifi
c.

co
m

by
 1

73
.1

64
.5

1.
25

 o
n 

02
/0

9/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.

CASPER ROACH2 with Dual ASIAA ADCs 
Photo by Derek KuboUltra Fast Analog-to-Digital Converters are typically interleaved multi-core devices  

This introduces interleaving artifacts which must be calibrated

e2v EV8AQ160

http://casper.berkeley.edu 
Hickish et al., Journal of Astronomical Instrumentation, 2016 

http://casper.berkeley.edu


R2DBE digitizer 
  4×

block down converter 
  2×

Mark 6 data recorder 
with expansion 

  4×

South Pole Telescope

Mark 6
Recorder

 

to BDCs, R2DBEs,
Mark-6s
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switch

 

control
computer
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Digitizer
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Phased Array on Maunakea

38

“Local VLBI” 
stepped antenna scans

Developed using 2008 CASPER open source technology  
https://casper.berkeley.edu   
(Nagpal, Primiani, MacMahon, Dexter, Weintroub)

CSO  
10 m single dish 

(79 m2)

JCMT  
15 m single dish 

(177 m2) SMA 
eight 6 m dishes 

(226 m2)

http://cas
http://per.berkeley.edu


Phased ALMA to SMA Fringe: 22 Jan 2016 (data from test in July 2015)0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 2. Phasing efficiency versus time during (a) first cycle on 3C454.3, (b) second cycle on 3C454.3, (c) third cycle on 2155-152, and (d)
fourth cycle on 3C454.3. The time is measured in hours since sunset in local time.

3

Andre Young, Rurik Primiani, Ken 
Young, J. Weintroub, et al.

Phased array servo response . . . akin to adaptive optics . . . a CPS for sure

2155-152  
~2 Jy

3C454.3 
~16 Jy



Instrumentation and Technology of the EHT   22 November 2019

Phased SMA to Phased ALMA fringe
(ALMA Phasing Project, Matthews, Doeleman, Crew, et al.) 

Mk4/DiFX fourfit 3.11 rev 1291 3C454_3.ypukrr, No0018, AS 
ALMA - SMAP, fgroup B, pol YL
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Control file: day2a.conf    Input file: /data-sc05/gbc/alma-july-band6/3519/No0018/AS..ypukrr    Output file: /data-sc05/gbc/alma-july-band6/3519/No0018/AS.B.8.ypukrr

ALMA:  Geoff Crew, Mike Tttus, 
Roger Cappallo, Adam Deller, ALMA 
Matthews, and many more! 

SMA: Young (x2) , Primiani, 
Weintroub

First fringe Phased ALMA  to Phased 
SMA  July 2015

ALMA “anchor station” transforms sensitivity of EHT 
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Phase Referencing(Blackburn, et al, 2019, EHTC+ 2019 ApJL 875 L3 )   

Strong detections to ALMA 
allow coherent integration 
on less sensitive baselines.

LMT

SMA

ALMA

The ALMA baselines to the LMT 
and SMA enable the atmospheric 
phase to be tracked and removed 
on one-second time scales.

A non-real time phased array 
on a global scale

EHTC (2019c) ApJL
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EHT Calibration & Error WG

ALMA Enables New Calibration Scheme:  Phase Referencing 



correcting for atmospheric phase—akin to phased array, but not real time 
From a network perspective the EHT is a primitive sneakernet

before

can only average for ~few seconds

ALMA
LMT

ALMA
SMT

SMT
LMT

after

can average for entire scan

EHTC+ 2019 ApJL 875 L3, Blackburn et al 2019 



What next?  next generation EHT as a true real time CPS



IRAM 30m

GLT

ALMA/ 
APEX

LMT

D. Marrone/UofA

SPT

High-frequency orbiting VLBI, dynamical imaging (Daniel Palumbo et al.)



One LEO satellite accelerates population of UV plane (spatial frequencies)   
(Daniel Palumbo, et al, 2019) 



ngEHT: A truly networked (near) real 
time EHT using LaserCom 

(TBIRD from Lincoln Labs)

Graphic: Joseph Farah



How the EHT can see the invisible   2 June 2019

2018 EHT Collaboration Meeting, Nijmegen, Netherlands 
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“The future’s so bright I gotta wear shades” — Timbuk3

Open Access Papers:  https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT 

Wider band EHT:  greater sensitivity helps enable smaller dishes and improved dynamic range 

Enable new EHT sites: Kitt Peak, OVRO, Haystack 37m, Namibia, move GLT to Summit 

Add small dish EHT sites across the globe, to improve UV coverage, dynamic range—link the jet to the 
accretion disk 

EHT space station, LEO and GEO, faster UV-filling for SgrA* snapshots, longer baselines for 
resolution, use terabyte-per-second downlink by LaserCom 

LaserCom: consider linking earth sites for real time data transport (EHT eVLBI) 

With real time linkage risk is mitigated, operations efficiency improved, and time to science reduced

https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT




Supplementary Material 
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1 “quadrant”:  2 GHz per receiver per 
sideband = 8 GHz; 32 GHz total 
1. high uniform spectral resolution with 

no sacrifice of bandwidth,  
2.  smaller footprint and power 
consumption. 
3.  better digital efficiency with 4-bit 
cross-correlation 
4. 2 GHz wide bands easier to reduce, 
result in higher quality spectra 
5.  Natively supports VLBI phasing and 
recording, 16 Gbps/quadrant 
6.  Built with CASPER and COTS 
components

SWARM:  SMA Wideband Astronomical ROACH2 Machine
Correlator and 64 Gbps EHT Phased Array for SMA
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SWARM FPGA logic subsumes substantial DSP complexity  
fits in single Virtex 6 SX475T 

Primiani et al., JAI, 2016
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EHT Funding Agencies Across the Globe


