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Tianlai project: antenna array

Antenna area
— Dish array and cylinder array.
— Comparison of two types of antennas in HI sky survey.
— Calibrator Noise Source (CNS), periodic broadcast




Tianlai project: naming convention
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* Antenna area
— Dish array and cylinder array.
— Comparison of two types of antennas in HI sky survey.



Tianlai project: location

Punjab

Haryana

* HonglLiuXia Observatory
— Dahongliuxia, Balikun, Hami, Xinjiang (E 91.806867 deg; N 44.152683 deg)

— Very radio-quiet. ’



Tianlai project: radio environment

Frequency (MHz)

Current frequency range
— 700-800 MHz, almost none.
— RFI removed later.
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TN —100 I I I I I I I

= —120- — HO
. —140r — HO0"
= 160" — HI180°
R —180 | . L Hp0°
M—ZOOML et

E -220 1 I 1 I 1 1 1

Fy 200 400 600 800 1000 1200 1400
’L —100 -

& —120¢ — VO
. —140] — Voo
£ _160| —  V180°
2 =180 . o V27

—ZOOMI N VR J
£ 220" - ' ' ' - '
€3 200 400 600 800 1000 1200 1400

— Navigation, digital broadcasting satellite, communication satellite.




Tianlai project: optic cable
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e Station house area
— 6 kmin distance, 11.2 km by road (30 mins’ drive).
— RFI of digital devices are avoided.



Tianlai project: schematic
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e Schematic of analog and digital systems.
— 700-800 MHz
— 250 Msps, 2048-point FFT, 122 kHz resolution
8

— 3.995 sec integration time



Tianlai project: data and process

Data amount: ~400 TB (>100 days)
Data transport by hard disks

— Tianlai site — Beijing (Preliminary analysis) — Tianhe (full scale analysis)

Data process (tlpipe*)

Data set

Lengths (d) Malfunction channels

RFI flagging

v

Absolute calibration

v

Relative calibration

v

Quality check

v

LST time binning

v

Map-making

2016/09/27 20:15:37
2016/10/11 00:49:48
2016/12/31 20:51:54
2017/02/13 19:23:07
2017/02/24 19:31:07
2017/08/21 21:26:39
2017/09/03 14:32:17
2017/09/22 01:33:18

5 A1BY. A28.B19, C7Y, C9X., C14X. Cl6, C29Y
5 A1BY. A28.B19, C7Y, C9X, C14X. Cl6, C29Y
17 Many

5 A18Y. A24Y, BoY. B26Y. C15X. C7Y

9 AT18Y. A24Y, BoY. B26Y. C15X, C7Y, C18-C33
3 A26X.B21X, C3X, Cl6, A17-A24, C26-C33
9 A26X. B21X, C3X, Cl6, A17-A24, C26-C33
7 A26X. B21X, C3X, Cl6, A17-A24, C26-C33

Data Process

* Shifan Zuo, Jixia Li et al. 2020 (submitted) https://tlpipe.readthedocs.io

2017/09/29 21:42:59 13 A26X, B21X, C3X, Cl6, A17-A24, C26-C33

2017/12/09 19:21:54 10 AI18Y, A24Y, A26X, B26Y, B31X

2017/12/20 19:22:02 4 AI18Y, A24Y, A26X, B26Y, B31X

2018/01/21 00:05:35 14 AI18Y, A24Y, A26X, B26Y, B31X, C28Y

2018/03/22 18:07:58 9 AI18Y, A24Y, A26X, B26Y, B31X, C28Y

2018/03/31 17:08:12 4 AI18Y, A24Y, A26X, B26Y, B31X, C28Y
Total 114 d

Observation data list



https://tlpipe.readthedocs.io/

Hardware tests:

Amplitude [dB]
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Feed reflection
Test in open space, may have
reflections from surround.

700-730 MHz
< —15dB very low reflection.
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NF = 0.65 dB, 0.1 dB variation
Noise temperature

T = (10%"5—')><m

TLNA ~ 47 K @ 290 K. 10



Hardware tests: linearity of LNA and mixer

LNA Mixer

Output Power [dBm]
Output Power [dBm]

i i i i ' _ ' ' | i i i i
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Input Power [dBm] Input Power [dBm]

* |nput wideband noise of different levels.
* Measure the total channel power in band.
* Discontinuity caused by attenuations and pre-amplifier of spectrum.

* Good linearity.



Hardware tests: linearity of ADC

Amplitude
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* Input wideband noise of different levels.

* Take down ADC time stream samples.

e Calculate standard deviation of the raw samples.
 Current @ -13 dBm / 125 MHz at night when no source

— 30 dB + 30 dB electric control attenuator inside mixer
— 5% of total AD range (14 bits).



Hardware tests: linearity

0 s s s i s s s

Calibrated Output Power [dB]
Calibrated Output Power [dB]

= 2 B b
S 15/
§10 = —
8 o 0 .- - -~
S ol L.
g 0 | | o | | - 5-1

40 35 30 25 20 15 10 5 0 © 5

CNS Attenuation [dB] '3 -
o

35 30 25 20 15 10 5
CNS Attenuation [dB]

Cross-correlation

B
o

Auto-correlation

* |Input Calibrator Noise Source (CNS) of different levels.
— Levels achieved with different attenuators.

e C(Calculate the auto- and cross-correlation amplitude.
* Auto-correlation
— ~ 10 dB range; P1dB point~ —3 dB; ground level: noise and sky signal.

* Cross-correlation
— > 35 dB range.



Hardware tests: phase variation of optic cable

8 km optic cable
phase variation

of cross-correlation
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50 Om shared by power splitter; 2 days continuous observation.
* Instrumental phase variation mostly comes from optic cable part.
* Most of the signal chains: A¢p < 21

* Strongly related to temperature. 14



isibility fringes: raw data
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2018/03/22 data, 6 days’ continuous observation.
Rebinned to 488 kHz, 20-second integration time.
Short baselines—stronger cross couplings.
Sources: Moon, Virgo A, Sun, Dish reflections.

arbitrary units




Visibility fringes: remove cross couplings

06 07 08 09 10 11 12 13 14 15 16 17 18 o 21 22 23 oo o1 oz o3 o2 o5 06

Local Sidereal Time Local Sidereal Time
2018/03/22, A3Y-B18Y 2016/09/27, A1Y-B2Y

* Only use night-time data.

* Darker sources are visible after cross-couplings removed by smoothed moving
average.

e 2018/03/22: spring night. 2016/09/27: autumn night.

. 16
* Recognize sources for full sky.



Visible Sources

(deg) Jv) (deg) (Jv)

3C010 00:25 20.0 3C 295 14:11
3C058 02:05 20.7 34 Hercules A 16:51 39.2 88
IC 1805 02:32 17.4 = 3C 353 17:20 45.1 88
3C084 03:20 2.7 22 GC 17:45 73.0 -
3C123 04:37 14.5 76 3C 380 18:29 4.6 23
M1 05:34 22.15 - 3C 392 18:56 42.8 242
M 42 05:35 49.5 - 3C 400 19:23 30.0 673
IC443 06:16 21.6 190 Cyg A 19:59 3.4 2980
3C196 08:13 4.1 23 Cyg X 20:28 41.2 -
Hydra A 09:18 56.2 81 NRAO 650 21:12 8.3 48
M 87 12:30 31.8 353 3C433 21:24 19.1 21
3C286 13:31 13.6 19 Cas A 23:23 14.7 2861

e 2018/03/22 spring night + 2016/09/27 autumn night.
* Source information obtained from NASA/IPAC Extragalactic Database.
* Flux @ 750 MHz. Some are radio compounds. 17



Data analysis: beam simulation
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Data analysis: beam pointing — auto-correlation

H (o)) 0
) o o

Feed Number

N
o

—400 —-200 O 200 400 —400 —200 O 200 400
Time [second] Time [second]
XX-pol YY-pol

* Source: Cyg A

 Amplitude averaged over all frequency points.

 Amplitude vs time curve fitted by Gaussian; black points are peaks.
e ox=31.1s = 0.099°, oy = 38.8s = 0.123°

* CygAis nearto Cyg X and Milky Way

— Alinear background is fitted and removed.
— Confused emission removal introduces errors — cross-correlation is better.

19




Data analysis: beam pointing — cross-correlation

Baseline
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* Cross-correlation amplitudes vs time. (Only use correlations spanning 2 cylinders.)
* Ag and A are similar. Two polarizations are similar.
e General distribution reflects the beam pointing — Calculate average curve. 20



Data analysis: beam pointing — cross-correlation

* For feed Al and Bm, pointing are 8,; = a; and ¢p,,;, = by,.
* Cross-correlation beam pointingis Y _pm = %(al + b,,).

* Setup many equations
— Unknown pointing parameters: 96
— Number of equations: 6142

* Though number of equations >> unknown parameters, a hypothesis:
— Average pointing error is zero, or at least very small.



Data analysis: beam pointing — cross-correlation

Location of Feeds [m]

* Two types of pointing errors
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— Feed supporters — tiny adjustment

Red: Cylinder A
Green: Cylinder B
Blue: Cylinder C

Left: XX pol
Right: YY pol

— Feed misalignment: ~ 0.05° - a proper error for manual installation.

* Introduce errors on precision observations.

22



Data anaIyS|s beam width — cross-correlation
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* Pink dots: 7 days beam width fitted at each frequency. (2018/03/22 Cyg A)

* Red Curve: average over 7 days. Day-t-day variation < 3%

* Wiggles indicate standing waves in antenna. Similar to CHIME (Newburgh et al. 2014)
» Diffraction-limited circular aperture (1.0281/0.9D)



Calibration: bandpass of Cyg A
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* Transit process indicated from purple to red. At = 1 min
* Auto-correlation: background noise are removed.

e Black curves are square roots of auto-correlations.

— Consistent to cross-correlation — Cyg A dominates the beam. 24



Calibration: bandpass comparison
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Amplitude and phase are
stable among days.

Sun in side lobe has a
significant influence — Cyg A
is not dominant any more.
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Calibration: absolute calibration (Cyg A)

0.16
0.14}
0.12}

> 0.10}

2 0.08

8 0.06)
0.04}
0.02
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Density
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=20 -10 0 10 20 ~0.4 ~0.2 0.0 0.2 0.4
Amplitude variation [percent] Phase variation [radian]

* Strong point source Cyg A:

0 _ ek ~ A —i27ng-u;
V” = S(_. G.E'(JJ' (—]f — gf.A!.(”U)(g 04
e |n matrix form:
1.;.
V{} — SCGG

* Solve for G by solving for the eigenvectors of matrix V.=Vy + N (Zuo et al. 2019)
* Condition:

— Noise N is small compared to calibrator source.
* Gain variation in 5 days of 2016/09/27.

26




Calibration: relative calibration (CNS)

Visibility of CNS (Calibrator Noise Source)

— Not a point source CNS

Remove sky
on off
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Relative calibration tracks the instrumental phase variation.

For feed channels
— Fit baselines
— t->0,Ap—>0
Comparison

Blue dots: relative calibration
Green dots: absolute calibration

Two calibration results
are consistent @ Cyg A
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Calibration: relative calibration (CNS)

Visibility of CNS (Calibrator Noise Source)

— Not a point source 1/CNS —i2x(n; Fi—n;-ry)
i

x §,e

 Remove sky
: —i2 .. 42 R
V;}n . Vicjfﬁ ~ ClGijlf-J iI2nvAT;; e i2m(ri—r;)/Aa

* Relative calibration tracks the instrumental phase variation.

CA1IX-B32X-C1X -AlX-B2X-B21X - B22X-B23X-B24X

* For feed pairs 4r
Apinst = Apcns 3l

* Check by closure phase
— The closure phase: 2+

bij+ Dk + dri = 2N7

* Baselines are calibrated individually.

Closure Phase [degree]

e Deviations mostly < 1°.

* Large deviations @ Sun

12 0 12 0 12 0 12 0 12 0 12 0
UTC [hour] 28



Calibration: stability of gain

Ag, [Percent]

T[°C]

A¢ [radian]

12 0 12 0 12 0 12 0 12 0 12 0
UTC [hour]

2018/03/22, 6 days’ variation of gain.
Take 15t day as reference.

Gain of single feed channel
A¢ correlated with
temperature

— Optic cable result
Gain:

— Low at night

— High in daytime

— Larger variation in daytime.

— Dish pointing changed
“y
— The rising Sun.
Other variations
— Rapid temperature change.
— Big wind.
— Unknown reasons.

Amplitude may be inaccurate

29



System Temperature & SEFD

*  Flux calibration by Cyg A
* Received power for single polarization channel

1 :
PV = EUAH.)L[JHSU

e Point source power P, = 77kTApS (Antenna temperature TApS)

* For feed pair ab ps ps
Vo, =CT,

* Method 1, auto-correlation _ V. TP

Via = (n'n,) = CTEE Toa = 227 A

— Receiver noise dominate ad a’d Sys sys AVPS

ad

* Method 2, variation of auto-correlation Taa

2 _ — 2 \\,\ Taa _ ('THG Tp\\vé_-
Oga = <|Vaa - aal > Taa = C sys T Avps A vol

ovot ada

* Method 3, variation of cross-correlation

ab = (lVab ab|2> Tab = C

ab
\} S

Tab
T8? = 2T Novor

ab

— Transfer cross T;;,’; to auto Tgi%

— Same method in solving for pointing of cross-correlation.



System Temperature & SEFD

= Ps
aa _ VG{ZITA T:;:if — (JI(:H T])\ 'J(S)'Ir()
VAV AVaa

* SEFD (System Equivalent Flux Density)

( Vaa
fpsSO AVps

2kTSys F Oqq
ps-0

SEFD =

— SEFD contains effective area: 4,

*  From beam simulation, we have:
fp)g = (0.9795, fp{. = 0.9908

AX = 4.22m?, AY = 3.35m?

\\,H

_ Tab Tp\m

ps
ab



System Temperature & SEFD

ps
aa __ VaaTA Taa — Taa
sys ps Sys
* SEFD
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Data analysis: integration time

10%° -

To observe HI, we should
integrate data to suppress
noise. How long?

Variance

Different cylinders:
A1Y-B2Y (2018/03/22 night)

1011 -

10" 10° 10"
Integration Time [minute]
1015
- TN Same cylinder:
A1Y-A2Y (2018/03/22 night)

]'014 ‘—1 I0 I1
10 10 10
Integration Time [minute]
e Short baselines hit ground ~ 1 minute.
* North-south baselines suffer heavy cross-coupling noises.

* Better to use long baselines spanning difference cylinders.



Reflections: stable wiggles

* Frequency response of individual device is flat.

e Stable sinusoidal wiggles in auto-correlation.
— Wiggles are stable even in years.
— Non-smooth structure makes foreground removal complex.

- 1.00 1.00 : :
sl 2016/09/27]
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T 0.92 2096k A 2017/09/22
5 ' 0.88 2 o \V/A' 2018/03/22
g 1000 88 5094/ | T
= 0.84 g 0.92 _
2 P \ Top:
E 500 0.80 g 0.90f
F 076 S0l B22X-B22X
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Frequency [MHz] Frequency [MHz)
1.00 1.05 . .
— — 2016/09/27
1500 096 2, 00 — 2017/02/24
=] 092" .2 x/\\ A —  2017/09/22
& o5l — 2018/03/22
g 1000 088 = 7
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u QU
E s00 0.80 3 o.ast B22Y-B22Y
076 &
£ 0.80}
" 121 0.72 < -
720 730 740 750 760 770 780 0.75

720 730 740 750 760 770 780
Frequency [MHz] Frequency [MHz] 34



Reflections: model

Reflections exist in signal chain.

— Impedance mismatch.

Voltage with reflection

E'(v,t) =E(v,t) +e(v)E(v,t)
Reflection coefficient e(v) = At CrvTt+d)
Visibility with reflection V' = [l +(e+€") +€"€)](EE)

= [1+2A4cos(2nvt + ¢) + A*]V

Multi-interfaces reflection

=+ Ei)=EW1) ]_[[1 +€6,(v)]

I
V=V I ||l +2A;cos2rvt; + ¢;) + A7]
¢ ;
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Reflections: delay transform

* Fourier transforming the auto-correlation spectrum into delay spectrum:
V(t) = f W)V (v)e ™ dy

* Indiscrete form (Hann window to decrease spectrum leakage):

- . 7
V(r)= Y WV (r)e™™ ™ W(n)=0.5-0.5cos (ﬂ;’f"l ) O<n<(M-1))

* Increase resolution from 576 points to 16384 points.

2.5_ T T T T T
0.8 — raw |
_ 2.0 — remove 0 freq
e 0.0 1.5¢ \ — remove linear |-
[ — \
c -08 9 1.0t
[ =
s 5
i | 2
S b
e 24 §
o <
o
-3.2
- . | M-a0
0 50 100 150 200 250 =29 50 100 150 200 250
Delay [ns] Delay [ns]

Two peaks @ ~ 142 nsand 0 ~ 60 ns
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Reflectio

: 2L
* Timedelayt = —, where v = ——

ns: origin

1%

C

VErlr

— For most coaxial cables, v = 0.7c¢ (Pozar, 2009).

I

— o —— LN N\ A

I I
15m : :
feed cable | |
| [

ma —— N\ N\ A

l—— 1

Optical
transmitter

8km
optical
cable

gﬁ =

J
q
I
|
I
I

[
| =
| ==

4m
IF cable

bandpass
filter

———1 e a

Optical RF

. Correlator
receiver downconverter
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Reflections: antenna simulation

* Simulation of 1 feed plus antenna.

* Directivity of center beam at different frequencies.

14 -
25.5 - - ' ' , -- Y pol
soq raha N 12r 1 o — Y pol (remove linear) |
25 0 /"k .// \ .,/./ ‘\x“ I’£ — |. II JJ |I|I -~ X p0|
— ’ \ e ot o 10" ! lJ I'I — X pol (remove linear) |7
= / oo = b AW
2 24.5¢ -/ﬁ T v 8 rll:l |l-l I},
w . e o | | II-I \ II'
3 2 iy ! Y
= \l' o = by ! W0
o 24.0f /Q\\ e g_ II.I i l';I'I'
g ff. “\ ‘f v/ < 4f o '.:II|;,
23.5¢ / l.f/ = Y pol || 2; III| . U |||I :
4 *—e X pol f’f\ﬁ / i"‘\:ﬂ A -
23 dl : ' : ' 0 LA R A Y S NP S AP S
”PUU 720 740 760 780 800 0 20 40 60 80 100 120 140 1e0
Frequency [MHZz] Delay [ns]
°

Part of <60ns peak is confirmed to be caused by standing waves
between antenna reflector and feed (peak ~31ns)

* Also consider IF cable part.
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[ ] [ ] [ ] [ ] [ ]
[ ]
Reflections: experiment verification
5 T T T T
o R — AN = ow

0.4 7\ 1z 7\ [ — IF15dB
= I T S \ 1
5 003 [\ / . 3 | ||' I'l
e 002 | |\ [ s W
a - [} \ T \ o |
s | / ™ 5 -5 | ,’/\ ﬂl.f_
S 001} f,h\ // \ o / VY A
E /| I - a e, < | || h
< /| vay
g 0.00 / \ f_.’/- \"\_ ~N e —10§ \ I', \ A AP
3 —0.01} Vo X/ Voo E . RAYAYA .
_E_ ,'I '.II K\.\:‘f (!/ \-r"f ".\ Ay f{; E_ '.,-'LI VW I]:» .Ij"?{\\_f{: .". f.?‘ -". "'(?C A
E 00 \ = S E-15 AV VAV
< .03 v/ [— odB <

Bt | \_/ — IF15dB

00455730 740 750 760 770 780 2% 50 100 150 700 750

Frequency [MHz] Delay [ns]

* Insert 15 dB attenuator in IF cable. (Flat noise as mixer input.)
e Part of <60ns peak is confirmed to be caused by IF cable (peak of ~ 42ns).
. Other peak needs further analy5|s

20
0.8 .
S — ) — 0m
0.6} P il = TN — 15m
= 0. [\ — 1sm|] B oaspy [0 ]
=2 ~ ., ! 1 = ey 1
S 041 = | A\
£ 02 joo\ T S VA VAR
< 0.0 I <5 | | ! |||I I|I|I ';-ilr |I i II IIHJ ||lrl| I: Il i N
g —02 \ \ ¢ II || il | I"Il '*{ [ | r 1[ 1|| ] e
E \ ST E o it \I | 1L|r l“”ﬂ 1|f1r'1
g 0 18 ] i T
S A I
< -0.6 N4 o <=5 ‘ ’ ‘ ‘
—0-8=——=355 730 740 750 760 770 780 0 50 100 150 200 250
Frequency [MHz] Delay [ns]

* Insert 15-meter cable after LNA.
e ~ 142ns peak is confirmed to be caused by 15-meter feed cable.
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Reflections: different sources

Amplitude {Arbitrary Unit)

Amplitude (Arbitrary Unit)
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Compare Cyg A, Cas A, night data, daytime data, Sun’s data.

Reflections are similar @ different sources, except the Sun.

ALY | B15Y

A3X | A23X

Averaged
over 40
seconds
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Reflections: delay spectra of different sources

[
c
c
@
K o
O
c
o
o
©
N
P
s
<)
a

Polarization Channel

150

| ]

il

|

M

-
—
-
=
——
-
-~

Ou"" T

N

e

100 150

Delay [ns]

Delay spectra of all polarization channels.
Similar patterns are found across all channels.

1.2
0.8
0.4
0.0
-0.4
-0.8
=132
-1.6
-2.0

Polarization Channel

Polarization Channel

|

gy |

bl

\
i

|

:

||

J

|l

.|l'n '

]

il

|

?\ il

| "l " '

IR

|

J
I

'.':r

1l
‘NAM

|

{

.'f‘l \.i' |

Delay [ns]

3 WA 0 o

4l
oF
o

N
w
o

100
Delay [ns]

150

Feather-like features are related to sources’ zenith angles.
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Reflections are related to source’s zenith angle — calibration difficulty.
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Reflections: mean delay spectra of different sources
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* Averaged delay spectra of all polarization channels.
e Similar delay peaks are found.

* ForSun, ~ 142 ns is weak.
— Scatter source reflection effects counteracted.

.. 42
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Reflections: reflection calibration

* 1.In delay spectrum, make initial estimate

7(e=Tpear)
— To = Tpeak: AO = |V(T=O)|

* 2. reflection correction
veal = y(1 4 &)(1 + &%), where ¢ = Ae!™VT+e)
* 3. minimize and iterate over other peaks.
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Next work: _
- , 1 7.80 x 1073 1446  7.19
Mitigate/remove reflections by ,
2 2.12x 107> 45.6 0.31

hardware improvement.
3 1.37 x 1072 31.0 8.30"



Summary

Tianlai system and observation

Tianlai cylinder performance analysis

Hardware performance experiments
* Gain, linearity, bandpass, pointing
* Antenna LNA, optic cable, feed, mixer, correlator

Absolute calibration (Cyg A) and relative calibration (CNS)
System temperature (~ 90K) and SEFD

Reflections in the Tianlai system

~ 142 ns — 15-m feed cable

0 ~ 60 ns — standing waves in antenna, 4-m IF cable, other.
Reflection is related to source’s zenith angle.

Reflection removal.

See papers for detail:

https://link.springer.com/article/10.1007/s11433-020-1594-8

http://www.raa-journal.org/docs/papers accepted/2020-0198.pdf

https://arxiv.org/abs/2011.10757
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