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= |ntroduction to OmniUV

» Cascading beam pattern simulation scheme

= Simulation examples



Interferometry simulation o s acs

= Radio Interferometry Measurement Equation (Smirnov 2011):

qu — Be—Zm(upq!—o-qum+wpq(n—1)), upq - up . uq,

v" OSKAR (Dulwich et al. 2009)

. Interferometer and beamforming simulation dedicated to simulations of SKA aperture array

. Hierarchical structure: antenna field pattern within a station, station beam

v pyuvsim (Lamnan et al. 2019)

. Low frequency array
. Emphasis on accuracy and design clarity over efficiency and speed

. Neutral hydrogen study

v
RASCIL O Dedicated to one project
. SKA Science Data Processing (SDP)
O Full featured
v CASA

O Speed
O Black box, difficult to extend

. ALMA, JVLA

v' MeqTrees, MeqgSilhouette, eth—-imaging




OmniUV: Omnipotent UV & s ass
1le6

v Station trajectory calculation

. from ground to space

v' UVW calculation

. Telescope availability

=13

: : - 1.0
. Elevation, separation

Flux [Jy]

v Visibility simulation
. System noise, antenna gain, ...
- FFT,DFT

v" Image/beam reconstruction
. Small/wide field

X [mas] 1e6

[0 From aperture array to space VLBI
[0 Trajectory, uvw, vis., beam/image
[0 Python based, fully parallel, GPU

[0 Easy to extend (stations, features)




Architecture & Implementation
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Wide field radio imaging

v w-stacking

v w-projection

v' Discrete Fourier Transform (DFT)



Hardware acceleration

d oskar_evaluate_jones_ K cudak_d(double?* restrict
C C num_sources, const
le 2strict m, cor
© num_stations, const
o¥* pestrict v,
le wavenumber, const double* restrict source filter,
le source filter min, const double source_filter max)

x * blockIdx.x + threadIdx.x;
y * blockIdx.y + threadldx.y;

e 1 _[BLK SOURCE], m_[BLK SOURCE], n_[BLK SOURCE];
e £ [BLK_SOURCE];
shared 1le u [BLK STATION], v [BLK STATION], w [BLK STATION];
f (5 < num_sources &% threadldx.y == @)

1_[threadTdx.x] = 1[s];
m_[threadldx.x] = m[s];
n_[threadldx.x] n[s] - 1.8;
f_[threadIdx.x] source filter[s];

}

if (a < num_stations &% threadldx.x == @)
i

u_[threadldx.y] = wavenumber * u[a];
v_[threadldx.y] = wavenumber * v[a];
w_[threadIdx.y] = wavenumber * w[a];

}

__syncthreads();

d 122 weight = make_double2(8.8, 0.8);
if (f_[threadldx.x] » source filter_min &&
f_[threadIldx.x] <= source filter max)
{
D > phase;

phase = u_[threadldx.y] * 1_[threadldx.x];
phase += v_[threadIldx.y] * m_[threadldx.x];
phase += w_[threadIldx.y] * n_[threadldx.x];
sincos(phase, &weight.y, &weight.x);

OSKAR (CUDA Kernel)

§ G.p 27 (urlitvem;+wg(n;—1))
T, t L
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bl['uvw_m"] uvw_bl
bl['t'] self.ts[idt_bl]

bl['uvw_wav'] = bl['uvw m'][:, np.newaxis, :] / \
c_light.value * self.freqs[np.newaxis, :, np.newaxis]

_1lmnee1l np.array([@, @, 1])[np.newaxis,

Imnl src.img.lmn - _1lmneel

Imn_uvw np.einsum( 'hk,ijk -> hij"', \

Imnl, bl['uvw_wav'])
fringe np.exp(2j * np.pi * lmn_uvw)

bl['vis'] np.einsum( ‘h,hij -> ij", \
src.img.fluxes, fringe)
bls.append(bl)

OmniUV (NumPy/CuPy/Torch, einsum) s




Precision: uvw calculation & R
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3 « OmniUV - CALC 9.1
= 011 . :
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%‘ . TAI-UTC: 2 cm (typical value of 35 s)
g =0.17 « ut1-utc: 500m per 1s
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Precision: image reconstruction o Pk aaoesad
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DUCC
» Improved w-stacking (Arras et al. 2021)

* New gridding kernel based (Ye et al. 2020)
* https://gitlab.mpcdf.mpg.de/mtr/ducc
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Export to FITS-IC

r
FA AIPSTV - UNIX-1@broadband-gpu

Y [mas]
Flux [m]y/beam]
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Source



OmniUV: open source

B liulei / omniuv Public R Pin  @Unwatch 1 ~ Y Fork 1 ?r star 1~

<> Code (© Issues 11 Pullrequests (® Actions [ Projects [ wiki @ Security o Insights 83 Settings

No description, website, or topics provided

¥ master ~ P 1branch O 1tag Go to file

0 liulei Remove fits file. 61de@1s 22 minutesago ¥L)23 commits

0 Readme
I data Update explanation of EOP and sofa 2 months ago &3 MIT license
wr 1star
B src Source code released. 2 hours ago
® 1watching
.gitignore Remove fits file. 23 minutes ago
O gitg g Y 1fork
D LICENSE Initial commit 6 months ago
D README.MD Update README for fits-idi and time interval in example. 26 minutes ago
Releases 1
omniuv Source code released. 2 hours ago
= ! 3 O v2022-03-25 | Latest
5 n 26 Mar
D pip_mirror.sh First release 5 months ago chent
M reauirements.txt First release 5 months aao

THE ASTRONOMICAL JOURNAL, 164:67 (9pp), 2022 August

© 2022. The Author(s). Published by the American Astronomical Sodety.

OPEN ACCESS
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Available on GitHub

Codes, documents, examples
Instrument effect

FIT-IDI output

Aperture array beam pattern

https://github.com/liulei/omniuv
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https://github.com/liulei/omniuv

Cascading beam pattern simulation scheme o Pk et

 Aperture array support « OSKAR (Dulwich et al. 2009)
«  Wide field visibility simulation and imaging « Beamforming simulator
« Beam pattern calculation « Hierarchical scheme

«  Station beam pattern

]ﬁ.i"
b’f = Z W;jﬂj
j=1

W = e

W =kcosH(xsing + vcos )

amplitude (a8)  Creadit: analog.com
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Cascading beam pattern simulation scheme (& panEnrarie

« Reference: Dulwich et al. (2009)
« High configurable
«  Uniform / directional

« Beam forming for multi level arrays

« Cascading structure
* Identical class
« Beam pattern is calculated based on the
underlying level
« Support arbitrary levels of antenna/array configuration

* Integrated in the OminUV framework

12



Beam pattern: comparison with OSKAR (o Pzt

Tile

e A=0.3m

e« d=0.5A

« 16 X 16 antennas

o
Power [dB]

Station

« A=0.3m

« d=05AX16

« 16 X 16 packed tiles
(65,536 antennas)

o
Power [dB]

OSKAR OmniUV 6 = 90°
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Beam pattern: comparison with OSKAR & rassna e
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Simulation of HI gas with SKA-Mid & rassna e

« Outputs of HI gas in galaxies from L-Galaxies and

lllustris-TNG to construct mock HI flux. SKA-1 mid confiqurations

« SKAl-mid / .

« Simulate the observation of 21cm interferometer  Z _ . - / L 2
signals for SKA1-mid for HI gas, which helps for % I = e o §
future observation of HI in nearby universe. B a1z \ - ¥ %

- Future work: FASTA, HI gas at high redshift,

| | itud ° | itud °
instrumental effects. ongitude () ongitude (°)

20
— Simulation time | 6 hours
é ~ 1} g
| ‘ £, z ‘ Frequency 1.36 - 1.42 GHz
3 e ‘ ' - Angular res. 0.5 asec

20, ; o LD o | Dec. -30.7°

) RA [arcmin] u [16°A] -20 RA [a?cm”‘]] 20
Input galaxy uv distribution Output galaxy

Credit: FU, Jian
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Simulation of BH crescent model - RS

« Crescent model: eht-imaging _ )

« Kamruddin & Dexter (2013 | T AR | e
. ( ) 5.0 - (' -~ ol (-/_’_‘ » ’ -t
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Summary
OmniUuVv

v Multiple scales
v uvw, visibility, beam/image
v’ Easy to use/extend
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Beam pattern simulator

v Flexible antenna configuration
v Cascading structure
v OmniUV framework https://github.com/liulei/omniuv

Chinese VLBI ‘network with
six stations and a center

MeerKat

Black hole FAST Array .



