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Radio Renaissance

« Radio astronomy is currently undergoing a renaissance in
terms of construction of new instruments and revitalization
of high impact science goals

* In the last decade a number of new radio telescopes have
been constructed and older telescopes upgraded:
— LOFAR => International LOFAR Telescope (ILT)
— VLA => Jansky Very Large Array (JVLA)
— MERLIN => E-Merlin
— Australian SKA Pathfinder (ASKAP)
— MeerKAT
— Fiver Hundred Meter Aperture Synthesis Telescope (FAST)
— Westerbork Radio Synthesis Telescope (WRST) => APERTIF
— Murchison Widefield Array (MWA) => MWA2

« At the end of this next decade this will culminate in the
Square Kilometre Array (SKA)
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What is SKA?

—

 The SKA will be an observatory spanning sites in Australia and
South Africa designed to answer some of the fundamental
concepts in astrophysics.

« The SKA will be built in two phases with a phase 1 budget of
650+330 millions euros.

 Current member countries for the SKA: Australia, Canada,
China, India, Italy, Netherlands, New Zealand, South Africa,
Sweden, United Kingdom

* In addition there are researchers and engineers in over 20
countries associated with SKA science and engineering.
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What is SKA? =20

* The SKA will process vast amounts of data,
requiring supercomputers which do not yet exist.

* The cabling and fibre required for the SKA could
encircle the Earth several times.

* The sensitivity of the full SKA will be 100x greater
than present day instruments and for phase 1 it
will be up to 8 times more sensitive than present
telescopes.

* We cannot make such a large jump in one step.
We need to take smaller steps to get to our goal.
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SKA Precursors =<\

 The SKA Organisation has defined two terms for next
generation radio telescopes which will produce lessons for

the SKA:
— Pathfinder
— Precursor
* There are 9 pathfinders such as LOFAR and the eVLA
* There are three Precursors: MeerKAT, ASKAP and MWA
— South Africa: MeerKAT (in construction)
— Australia: ASKAP (in construction) and MWA (in operation)

— China:Tianlai Project and 21CMA (in
operation)
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SKA1 LOW will
not be a direct

build out of MWA
but rather a
stand alone
instrument on

the same site.
SKA1 LOW will be
8 times LOFAR

ASKAP may become
part of the SKA
Observatory in
the future but
that is subject

to further
negotiations

MeerKAT

SKA1 MID will be
a build out of
MeerKAT with the
addition of 133
more antennas
out to ~150km
baselines
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) $A1 LOW: 133,000 low frequency dipoles in Australia operating from 50-350 MHz
® The max baseline will be 80 km

® 8x more sensitive than LOFAR

® 135x the survey speed of LOFAR
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Tasks and Goals?
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Beam of Traditinal Telescopes

Effective collecting
area A(v,0,0) m?

MAIN 1OBE
On-axis response A, = nA \

n = aperture efficiency soeLooE

Normalized pattern

(primary beam)
A(v,0,0) = A(v,0,0)/A,

! GEOMETRIC AREA "A" ————w=

Beam solid angle
QA= [U A(Vaea(b) dQ
all sky

A, Qp=A%2 A =wavelength, v =frequency
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f(u,v) = aperture field distribution /1\

u,v = aperture coordinates 3
(in wavelengths) APERTURE EDGE

O3ap = HALF POWER BEAMWIDIH

F(I,m) = far-field voltage pattern
| = sinBcosd , m = sinBsing

FIRST SIDELORE LEVEL

e L— FIRST NULL

F(l,m) = j f(u,v)exp(2mi(ul + vm)) du dv

fai,v) = ]f F(l, m)exp(—2mi(ul + vm)) dl dm
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Traditinal Telescopes Features:

— Can be rotated

— Rotating => Beam pointing we

/e
/ \,\\6
~ Beam shape infuencing factoxrs
Surface accuracy Ll
Aperture size

Direction :

-
™
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SKA Beamforming theory
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® by giving each antenna the right delay and weigth, and then

adding the signals——Beam

incoming radiation
(plane wave)

Physical
delay

analog
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combiner

Y electronic | _|

\T/ delay
M

® Beamforming output: y(t/n)=2w;xi(t/n)

1

® Vertical incidence, Direct adding

L

® Different weigth, different pointing —#=

13— 1t #§
o

® Pointing to the intereste direction——Sp
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Simple simulation results—
8 array element ULA beamforming
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® Analog Beamforming
® Digital Beamforming
® Architecture of Beamformi:
® Array calibration

® Algorithm of Beamforming

® Broadband digital
Beamforming
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Narrowband Digital Beamforming =50

® Condition:

Bandwidth BW <<c/(M-1)d I
} i } }

® Traditional method: .
Narrowband phase shift

. S0(t SA(t S2 S3(t Yvy

s(t=1)=s(t e]2JrAfr (1) | () (1 3(t) e
~ i, i6, id, io, beam
€ — € — e e € = { X )N tormer

« Narrowband, bandwidth is far less
than the center frequency (:)

* Receiving envelope difference can be
neglect

® Broadband

e Envelope can not be neglect

e Use narrowband phase shift, beam will be offset or broadening
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SKA Broadband Digital Beamforming = ==sg

> Broadband digital time—delay method (Time domain)

» Silicon—based gated time—delay

v’ Based on FIR fiter, FIFO to integer time—-delay and FIR fiter to Fractinal
e Based on linear interpolation time—delay

> Broadband digital phase shift (frequency domain, reduce computational)
 PFB+FFT channelation, muilt—channelation narrowband

» narrowband signal phase shift

* adding tarray calibration, Beamforming

10mw/ -
channel 10mW/FFT 4mW/Beam o

I B BEER R

Optlicalr
our

UwB 16-5 bit 1024 channel 16 element Optical
RX  3GS/s splitter Beam combiner Chip
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Input signal x(t) defay , output:

x@) > 0(-1)  »y@t) y(t)=x(t—1)

Integer Fraction

Ts period sample: ff/ I{////
y(n) = x(n—- D), D=L+

System response:

. A(LaP ol P
H(e]W)=eJW(+)=eJW A

/

| . Unlimited non—causal system
Digital delay line y

can not be achieved

Fraction Time—delay: finite order of the filter unlimited e

approximation

FIR filter

I[IR filter
Approximation method
Least squares method
Windows method

Power spectrum
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IMPULSE RESPONSE

PHASE DELAY
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Polyphase Filter Bank Channelation

® Polyphase filter band:
A common input wideband signhal, a number of sub—band signal outpu

U
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Input
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A Output
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B Output
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Amplitude

Log-Magnitude (dB)

Impulse Response

: Prototype Filter

Real Input Time Series
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Structure Scheme

®frequency-spatial beamforming (FS)

]
il nhi * il * Frequency
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®spatial-frequency beamforming (SF)
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Compare:

Mes1 = O{2N4NE logoNg}

* Mgs; = O{4NgN4Ng}
FS

* Mgs =Mgs1+Mesy= O{2N4Ng(log,NE + 2Np)}

» For SKA-1: SF-Beamforming is cheaper by a
factor of 1000

* Mge; = O{N4Ng }

« At the second “frequency” stage of processing,
the FS-beamformer should perform about

SF
* Msp, = O{2NgNE log,Ng}

* real multiplications. The total number of
operations is

* Mse = Mgy + Mgp, = O{Ng(Np + 2N log,Ne)}




SKA Array Calibration m

)
\

> Different from traditional radio NG
telescope calibration N\

e Individual antennas ‘see’ the \

entire observable sky

e The dish—centric concept of Field of
View (FoV) at the antenna level is
not valid

e Each individual element does not have
the sensitivity to detect
astronomical sources

Array calibration method
correlation

e calibrate off strong Signarﬁmsduxi_-ﬁ‘
(use the existing beamformer)

\V
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SKA Digital Beamforming algorithm

. (0
* DFT beamforming FEEE . I
e Gridding+FFT beamforming ] 5& B oA R
 Hierarchical, two—stage Beamformingv J
v [n]=wf x[n]. DFT Beamforming = Now let &= k2n/M and
solve for 6, .
, -Jsk ... —j(M—l)s‘kr _ 5
Wi = [ao,ale O  m This looks like a DFT
2w fad . . . |
Cp == /o sin &,. This can be written : Across sensor f:han-nels.
= Frequency = Direction!
M-1 o
Viln]= Za,,x,,[n] e Mk,
m=0
Single Level DFT 16 TOP/s
Gridding + FFT 5.2 TOP/s
Hierarchical 2-level + DFT 320 GOP/s /
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SKA Digital Beamforming Hardware selec S

» Digital processing devices options

« ASIC
v' FPGA
 DSP

> CASPER (Center for Astronomy Signal Processing and Electronics Research)
e IBOB (2005, Xilinx Virtex-II)

BEE2 (2005, Xilinx Virtex—I1)

e« ROACH (2009, Virtex 5)

« ROACH2 (2010, Virtex 6)

 ROACH2 Revision (2012, Virtex 6)

e Smart Network ADC Processor (2014, Kintex7)

ANT-1 —JNEEE XAUI 10Gb
ANT. 3 —> IBOB #1 | ==b> r] n ﬂ
ANT. 4 —»{ ADC -

LR O

ANT. 5 —»
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. IBOB #2

ANT. 8 —» ADC ue

ANT. 10—»{ ADC

Switch

0
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IBOB #3
2>—» ADC
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ANT. 14—»{ ADC
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A controlled fractional delay filters digital beamfm%y

‘Integer delay+fraction delay
Fractional sampling interval delays is the key to

accurate  delay
wHUE sy v %
> OIS | FIRMEH S CHI —p»! | BFUL | BRUZ | BFUS | BFU4 %g
b, T, T2 — 2 ¢
| BAEES > FIRMES S controll delay cuz —' | BruL | BRUz | BRU3 | BFU4 | EA
b, 14, It vt vt | ©
> s L FIRJER S CH3 —! | BFUL | BFU2 | BFU3 | BFU4
, 1, BN vi vt vt vl
CH4 —p! | BFUL | BFU2 | BFU3 | BFU4
- [ ‘\ ‘\ ‘\ ‘\
> B > FIRUEW S | D
TDN—l TdN—1 \ 4 \/ v \ 4
BOR1 POR2 POR3 BIRA
beamforming multi—-beamforming
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Future Works

»Simulation (MATLAB, Simulink+FPGA)

Variable beam pointin

» Use 21CMA system to validate ¢_\\\\\\\
» Astronomical finance speciaiéﬁzi:;7

e SKA simple dual beam validate system

contronllableddelay
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Thank You!
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