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1. 21ICMA



1.1 21CMA

« Main goal: Epoch of Re-ionization (EoR);
Pulsar and Transients

« Frequency: up to 50 - 350 MHz

]‘ « 81 hexagon-shaped stations

Figure 1: Bird-view of some station of
21CMA East-West arm
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1.2 21CMA Pulsar Backend
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1.2 21CMA Pulsar Backend

Parameter Value

Antenna

# of Station 20 (short-term), 81 (long-term)

Station Diameter 16 m

Effective Diameter ~ 50 m (short-term), ~ 100 m (long-term)
Sample Board

Sample Rate 800 Msps (effective)

Bit Width 8 bit

Multi-board Synchonization < 0.1 X sample time
Beamform Pipeline

Frequency Coverage 50 — 350 MHz (with efficiency limitation of antenna)
# of Channel arbitrary, typically 65536

Frequency Resolution selectable, typically 6 kHz

Time Resolution selectable, typically 163.84 us

Beamformed File Format SIGPROC filterbank; raw voltage

Coherent Dedispersion supported, by beamformed raw voltage + DSPSR

Table 1: Specifications of 21CMA & its pulsar backend
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2. Pulsar Backend for 21CMA: Data Acquisition



2.1 Hardware: sample boards for pulsar backend

« Sample board migration: SNAP — AiSense PG390 — RFSoC

Figure 2: Two RFSoC-based sample boards being tested, for North-South arm.
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2.2 Firmware: RFSoC-based data acquisition system

- implementation details in arXiv: 2607.01975; submitted to RAA
 firmware available at https://github.com/fxzjshm/rfsoc_data_acquisition
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https://github.com/fxzjshm/rfsoc_data_acquisition

2.3 Test: multi-board synchronization

« enabled automatic multi-board synchronization, no manual calibration for sample boards
- enabled deterministic latency (relative to atomic clock), may reduce timing noise
» signal delay in lab test: 0.16 4+ 0.14 ns, one magnitude lower than sample time 1.25 ns

Figure 3:

250 A

200 -

150 -

Count

100 -

50 A

-0.2 0.0 0.2 0.4 0.6
Time (ns)

Histogram of time delays of 3462 multi-board synchronization tests in lab
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2.4 Initial results: single station pulsar observation
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Figure 4: Single station (513), 1 hour observation to PSR B0329+54 on 2025.10.03 920




3. Pulsar Backend for 21CMA: Beamformer




3.1 Implementation of Beamforming
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Figure 5: Diagram of product generation in 21CMA pulsar backend

Filterbank

« Geometry delay code from Ord et al. (2019), RFI mitigation method from Roy et al. (2018)
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3.1 Implementation of Beamforming

« Pipeline is GPU-based, to accelerate processing 20 x 0.8 GB/s raw data
 Code is independent of GPU vendors with AdaptiveCpp as compatible layer

Modular runtime backend
plugins

librt-backend-cuda

hipSYCL runtime library

librt-backend-omp

libhipSYCL-rt
User application
librt-backend-hip

Device code

librt-backend-ze oneAPI Level Zero

Figure 6: Diagram of runtime of AdaptiveCpp a.k.a. hipSYCL (Alpay and Heuveline 2023)
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3.2 Initial results: multi-station delay calibration
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Figure 7: Schematic of beamforming (Ord et
al. 2019)

« requirement:
» digitize all station + process them
» calculate geometry delay
» calibrate cable delay
» calibrate amplitude
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3.2 Initial results: multi-station delay calibration

» cable delay calibrated using Cas A and Cyg A, residual mostly less than i)\
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Figure 8: Residuals of fitted observed signal delays using geometric delay + cable delay
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3.3 Initial results: multi-station pulsar observation
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Figure 9: 7 stations, 2.5 hours observation of PSR B0329+54 on 2025.12.10 15 9



3.3 Initial results: multi-station pulsar observation
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Figure 10: 7 stations, 2.5 hours observation of PSR B0329+54 on 2025.12.10
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3.4 Initial results: pulsar timing
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Figure 11: PSR B0329+54 timing, 2025.10 — 2025.11, credit: Heng Xu
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3.5 Initial results: multi-station sky coverage

Beamformed S/N for PSR B0329+54 @ 2025.11.08, ~ 10 min
(21CMA S03, S04, S06, S07, S08, S11, S12, preliminary result)
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Figure 12: 7 stations, 10 min observation around PSR B0329+54 on 2025.11.08 B



3.6 Initial results: two pulsars simutaineously in single observation

» Verity multibeam capability by detecting two pulsars in one observation
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Figure 13: Sky map for observation on 2025.11.17
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3.6 Initial results: two pulsars simutaineously in single observation

Flux

Frequency (MHz}

/dataZ/filterbank, BO1 38+69—B01 36457 - 20261117 01—coh—S505-S04- 506507508511 =512,/ 01-41 -39.04_+60—09-32.30.A

20

200
10

Iy}

100

300

200

100

_Te\esc'ope = 210MA
| Bearn = ¢fbfODGGD
| RA = 01:41:38.94

| DEC = BCi09:32.30
0 fs) = 1.2229499030)

| P1 la/s) = —1.73(45)e—8
| DM Tpesoc) = 34.926008C

"Source name = ]
Date (MJD) = BD9OS. 7916666665 |

GL (deg) = 1
B (deg) =

FO (Hz) = 0.8176950(20) |
1 fHz/s} = 1.16(30)e—B

1 MaxDM TMWIG (po/cc) = 3946.0 |

PO {
T

| ace (m/s/s) = —4{1} Distance YMW14 [pc) = 942.2 ]
S/N = 11.57, _Pepoch (MJD) = 60995.811810877
5) = 1 2229499(30)

J.
ot o
Efw L \m Yot

uuwlww AW T 1
—Ex107F o Ex107*
FD — C.B17655 (Hz) P1(s/s) = —1.75(45)e-8
TorErTTT
ol = ]
WX |
hp‘sf L == 4
T olE= i
w X =
Lot I g 4
T AR
S ok ——
B e
Lol =
T £ |
- A=
[T S |
x
“r ‘.f%\..‘.\
DM (pe/ce) = 34.9260(80) To1s 2
L B LA L L LR = 2
= E x
F ' ]
F )“' 7
g ; ”‘\m ]
g 0 an et At
ﬂ.“".‘.”“"w”‘.\”.. h.“l
33 4 35 37
]
tpe/ce) vkzhou 2—Jan—2026 G410

Figure 14: PSR B0138+59 on 2025.11.17
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3.7 Initial results: more trials
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3.7 Initial results: more trials

o Tried and succeeded:
» ~ 15 pulsars detected
» wideband mode change of PSR B0329+54
— in collaboration with YNAO (Faxin Shen, Zhixuan Li et al., in prep.)

« Tried but no progress yet:
» millisecond pulsars for Pulsar Timing Array (e.g., PSR J0218+4232, PSR J1125+7819)
» Fast Radio Bursts (e.g., FRB 20240209A, FRB 20250924A)
» Long Period Transients (e.g., LPT J1634+44)

o Future Possibilities
» low frequency widefield wideband pulsar search
» accurate dispersion measurement
» interstellar medium, scintillation; ionosphere
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4. Conclusion & Plan




4. Conclusion & Plan

« 21CMA Pulsar Backend
» Data acquisition system:
— RFSoC-based, 20 x 800 Msps, 8 bit; arXiv: 2607.01975, submitted to RAA
» Beamforming pipeline:
— verified multibeam capability
— ~ 15 pulsars detected
— more stations in progress for better signal-to-noise ratio
— millisecond pulsars, fast radio bursts, long period transients in progress

Thank You!
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5. Backup Slides




5.1 21ICMA
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Figure 17: 21CMA station geometry
positions (Zheng et al. 2015, Zheng et al.

2016, Wu 2019)

« Main goal: Epoch of Re-ionization (EoR);
Pulsar and Transients

« Frequency: up to 50 - 350 MHz

« 81 hexagon-shaped stations
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5.2 In-station Analog Beamformer

- Remote-controlled signal delay tuner
installed on each antenna

« Can tune delay of each antenna
individually to alter field of view

« Refer to Prof. Kejia Lee’s talks

Figure 18: Two stations with remote-

controlled signal delay tuners installed.
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5.3 Hardware: Sample Boards

Figure 19: 10 SNAP 1 v2 for East-West arm. Image: Chunfeng Zhang
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5.3 Hardware: Sample Boards
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5.4 Firmware: clock tree of RFSoC
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Figure 21: Clock tree of 21CMA RFSoC-based data acquisition system.
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5.5 Initial Results: Delay Calibration

- cable delay calibrated using Cas A and Cyg A, residual mostly less than %)\

Baseline S07 — S03 S07 — S04 S07 — S06 S07 — S08
Delay (m) 265.837 + 0.017 —336.575 + 0.023 —96.632 + 0.011 210.881 4 0.028
Baseline S07 — S11 S07 — S12 S07 — S13

Delay (m) 355.045 4+ 0.022 405.509 + 0.028 451.507 + 0.022

Table 2: Station cable delay solutions from observations shown in Figure 8.

 Note: here only statistical uncertainties, no systematic uncertainties accounted
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