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[C1Digital Backend Solution for the Tianlai Pathfinder
* Overview of Tianlai Pathfinder
e Upgrade plan for digital beamforming system
CIDigital backend devices of CASIA
* FPGA platforms(SNAP2. ChipK7. ChipRF)
* Yellow blocks we have done
* Module level products
» Data processing servers
ClApplications based on CASIA devices
* Mingantu Meter-Decameter Radioheliograph Correlation System
e 21 CentiMetre Array (21CMA) Digital Beamforming System

i * Qitai Radio Telescope Digital Backend )




Overview of Tianlai Pathfinder Project (A EBia%m

Classification m Processing system Observation target

Main array(A) 3 cylindrical antennas (40 meters Beamforming System FRB. Pulsar,
in length, 15 meters in width in The 21cm spectral line of neutral
the north-south direction) with Correlator hydrogen
96 feed sources, dual-
polarization.
Subarray(B. C) Cylindrical antenna, with 32 feed Beamforming System FRB. Pulsar
sources
Dish antenna Array 16 antennas with a diameter of  Correlator The 21cm spectral line of
6 meters, Dual-polarization Classification, FRB. Pulsar

Beamforming System

192 channels
@250MHz

. Correlator
subsystem
Digital : :
Analog : : de-dispersion
> front-end 192 P Beamforming backend
channels Su bsystem

@250MHz




Tianlai Cylindrical Array Digital Beamforming System




System Architecture and Features (A Eiatn

384 Gbps 29.3 Gbps
i F Engi > ]
OArchitecture =~ —f Feere ;
i 2 B Enginel > —
2
H =
— F3 P P g
10GbE | | . . g
192 input signals Switch b : P ;\(I)Vigﬁ §'
250MHz@ 12bits | g
> :
—> P23 i n =
BEngine24 —— —
— F24 _
OFeatures
Scientific goals Features Firmwares developed on toolflow(jasper)

IF inputs: 196 input channels
Beamformer IF Bandwidth: DC~100MHz

Sample rate: 250Msps@12bits

FFT channels: 1024

Channel bandwidth: 122.1KHz

Temporal resolution: 0.1ms
Quantification before beamforming: 8bit
Number of beams: 96 >

Kintex7_channelization.slIx




Beamformer Block Diagram
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F-Engine LA i
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B-Engine LN BRemzm

® B-Engine consists of 24 CPU-GPU heterogeneous architecture servers.
® The CPU is responsible for data reception and result sending.
® The GPU is responsible for correlation, factoring and beamforming.

v

; GPU memory
-
GPU
- |-
= F 222:;\
PCIE x4 /S
2x10Gbps
g § Depacketizer Bufferl Packetizer —» %
CPU

cost-effective server CPU-GPU design



Challenge: Synchronization (A Eiatn

How to achieve synchronization between 192 input signals

O Synchronization of multiple ADCs O Synchronization of multiple Boards

Sync - - __8 : s 3 o :
Y -—ﬁ— i I]‘ T ‘—L-‘_ o e
Trigger e i : i v W QR ! boob s

Trigger

" ard |
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(D Selecting ADC chip with synchronization function(T| ads5407)

2@ Egqual length design of hardware circuit, especially for data and clock

(3 Timing adjustment for data and clock using IDELAY in FPGA

@ Synchronized configuration, reset, trigger and data upload between boards
by using multifunction pulses

Automatic synchronization after each power-on, synchronization accuracy <50ps °




Challenge: Efficient data exchange [\ EaiaEn

0 persistent high bandwidth data exchange between F Engine and B Engine

» MAC address binding
» Regularized routing rules reduce network congestion

Core switches: 3
D 100GbE Core0l CoreQ2 Core03 Cach core varsch:
_—. ............... m 36 part Edge vedtch
D 10GbE o g | I ports provided, Muwed
ol 7:_‘7 {. Bondle of & cobles
) W scalability S
S ——— TR TR
== 2 == : = ||
8 8]
[ [ 3 B

Number of | Bandwidth of each A fully interconnected network composed of multiple
10 Gbe ports port switches may have a decrease in effective bandwidth

F Engine 48 8 Gbps and have stability issues!

B Engine 48 8 Gbps



Challenge: Packet loss e

CHINESE ACADEMY OF SCIENCES

Challenge: Under high-speed data bandwidth, data packets are easily lost, resulting in incomplete data,

especially when the packet loss rate is too high, which affects the observation results.

® Self developed high-speed network driver: User mode direct control reading, using polling instead of
interrupt, achieving zero copy of data.

® Supports high and low speed bandwidth: 10GbE, 40GbE. 100GbE

Application
Appliﬁation Self-developed
network driver
User space 2
\ 4
Linux kernel Linux kernel

Kernel space driver

Network driver

ﬂk

\ 4 v

Network Controller Network
hardware

Network Controller

Traditional network driver Self-developed network driver




System Structure (A EBia%n,
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Upgrade Plan—Mainarray antennas (A Eiatn

Sample rate: 250Msps@12bits; FFT channels: 1024; Channel bandwidth: 122.1KHz;
Quantification before beamforming : 8bit; Temporal resolution: 0.1ms

Upgrade B-engine Switch
Plan F->B

Beams: 96 Input: 8Gbps, 24Port
Computation: Output: 8Gbps, 24Port
4.66TFlops(Mul)+4.64Tflops(Add)=9.3Tflops

GPU servers. RTX3060x12

Output bandwidth: 29.30Gsps
Input channels: 96

FPGA Boards: 12, 8 Beams: 1?2 Input: 8Gbps, 24Port
96 feeds rous CE Computation: Output:
Single Output bandwidth: 9.29TFlops(Mul)+9.26Tflops(Add)=18.55Tflops RTX 3060, 5.3Gbps, 36Port
polarization ' GPU servers. RTX3060x36, RTX4090x12 RTX 4090, 8Gbps, 24Port
LS, GElpB Output bandwidth: 58.59Gsps
Port(10GbE) B
Beams: 288 Input: 8Gbps, 24Port
Computation: Output:
13.88TFlops(Mul)+13.92Tflops(Add)=27.8Tflops RTX 3060, 3.6Gbps, 54Port
GPU servers: RTX3060x54; RTX4090x18 RTX 4090, 5.3Gbps, 36Port

Output bandwidth: 87.9Gsps




Upgrade Plan—Mainarray antennas (A Eiatn

Sample rate: 250Msps@12bits; FFT channels: 1024; Channel bandwidth: 122.1KHz;
Quantification before beamforming : 8bit; Temporal resolution: 0.1ms

Beams:. 96 per polarization, 192 Input: 8Gbps, 48Port
Computation: Output: 8Gbps, 48Port
9.31TFlops(Mul)+9.29Tflops(Add)=18.6Tflops

GPU servers. RTX3060x24

Output bandwidth: 58.59
Input channels: 192

FPGA Boards: 24, 8 Beams: 1?2 per polarization, 384 Input: 8Gbps, 48Port
96 feeds inbuts each Computation: Output:
Dual OEt t bandwidth: 18.58TFlops(Mul)+18.53Tflops(Add)=37.1Tflops  RTX 3060, 5.3Gbps, 72Port
polarization put bandwidth: GPU servers. RTX3060x72; RTX4090x24 RTX 4090, 8Gbps, 48Port
384Gbps, 8Gbps x Output bandwidth: 117.19Gsps
48 Port(10GbE) ' '
Beams: 288 per polarization, 576 Input: 8Gbps, 48Port
- Computation: Output:
, 27.8TFlops(Mul)+27.77Tflops(Add)=55.61Tflops = RTX 3060, 3.6Gbps, 108Port
\'h\_ GPU servers: RTX3060x108; RTX4090x36 RTX 4090, 5.3Gbps, 72Port

Output bandwidth: 175.78Gsps



Upgrade Plan—Mainarray antennas (A Eiatn

Sample rate: 250Msps@12bits; FFT channels: 1024; Channel bandwidth: 122.1KHz;
Quantification before beamforming : 8bit; Temporal resolution: 0.1ms

Upgrade B-engine Switch
Plan F->B

Beams: 96 Input: 8Gbps, 48Port
Computation: Output: 8Gbps, 48Port
9.29TFlops(Mul)+9.28Tflops(Add)=18.56Tflops

GPU servers. RTX3060x24

Output bandwidth: 29.3Gsps

Input channels: 192

FPGA Boards: 24, 8 Beams: 192 Input: 8Gbps, 48Port
192 feeds inbuts each Computation: Output:
Single Ost t bandwidth: 18.53TFlops(Mul)+18.50Tflops(Add)=37.03Tflops RTX 3060, 5.3Gbps, 72Port
polarization put bandwidth: GPU servers: RTX3060x72; RTX4090x24 RTX 4090, 8Gbps, 48Port
SEACIoRE, BElon Output bandwidth: 58.59Gsps
48 Port(10GbE) T
Beams: 288 Input: 8Gbps, 48Port
Computation: Output:
27.77TFlops(Mul)+27.73Tflops(Add)=55.5Tflops =~ RTX 3060, 3.6Gbps, 108Port
GPU servers. RTX3060x108; RTX4090x% 36 RTX 4090, 5.3Gbps, 72Port

Output bandwidth: 87.89Gsps




Upgrade Plan—Mainarray antennas (A EBia%n,

Sample rate: 250Msps@12bits; FFT channels: 1024; Channel bandwidth: 122.1KHz;
Quantification before beamforming : 8bit; Temporal resolution: 0.1ms

Upgrade B-engine Switch
Plan F->B

Beams: 96 per polarization, 192 Input: 8Gbps, 96Port
Computation: Output: 8Gbps, 96Port
18.58TFlops(Mul)+18.55Tflops(Add)=37.13Tflops

GPU servers. RTX3060x48

Output bandwidth: 58.59Gsps

iou chEnmiels: 26 Beams: 1?2 per polarization, 384 Input: 8Gbps, 96Port
EPGA Boards: 48 8 Computation: Output:
192 feeds inbuts each ’ 37.06TFlops(Mul)+37.0Tflops(Add)=74.06Tflops RTX 3060, 5.3Gbps, 144Port
Dual OEt t bandwidth: GPU servers: RTX3060x144; RTX4090x48 RTX 4090, 8Gbps, 96Port
polarization pUt banawidth: Output bandwidth: 117.19Gsps

768Gbps, 8Gbps x
96 Port(10GbE)

. Beams: 288 per polarization, 576 Input: 8Gbps, 48Port
Computation: Output:
55.54TFlops(Mul)+55.46Tflops(Add)=111.0Tflops RTX 3060, 3.6Gbps, 216Port
GPU servers. RTX3060x216; RTX4090x72 RTX 4090, 5.3Gbps, 104Port

Output bandwidth: 175.78Gsps



Upgrade Plan—Subarray antennas (A EBia%n,

Sample rate: 250Msps@12bits; FFT channels: 1024; Channel bandwidth: 122.1KHz;
Quantification before beamforming : 8bit; Temporal resolution: 0.1ms

Upgrade B-engine Switch
Plan F->B

Beams: 32 Input: 8Gbps, 8Port
Computation: Output: 8Gbps, 8Port
0.53TFlops(Mul)+0.52Tflops(Add)=1.04Tflops

GPU servers. RTX3060x4

Output bandwidth: 9.77Gsps

Input channels: 32

32 feeds FPGA Boards: 4, 8 inputs Beams: 64. Input: 8Gbps, 8Port
Single cach Computation: Output:
.g : . 1.05TFlops(Mul)+1.02Tflops(Add)=2.07Tflops RTX 3060, 5.3Gbps, 12Port
polarizatio Output bandwidth: ,
GPU servers: RTX3060x12; RTX4090x4 RTX 4090, 8Gbps, 8Port
" SAfElipE, Sbpeis Output bandwidth: 19.53Gsps
Port(10GbE) P + +92305P
Beams: 96 Input: 8Gbps, 8Port
Computation: Output:
1.57TFlops(Mul)+1.53Tflops(Add)=3.1Tflops = RTX 3060, 3.6Gbps, 18Port
GPU servers: RTX3060x18; RTX4090x6 RTX 4090, 5.3Gbps, 12Port

Output bandwidth: 29.3Gsps




Upgrade Plan—Subarray antennas (A EBia%n,

Sample rate: 250Msps@12bits; FFT channels: 1024; Channel bandwidth: 122.1KHz;
Quantification before beamforming : 8bit; Temporal resolution: 0.1ms

Upgrade B-engine Switch
Plan F->B

Beams:. 32 per polarization, Input: 8Gbps, 16Port
Computation: Output: 8Gbps, 16Port
1.06TFlops(Mul)+1.03Tflops(Add)=2.09Tflops

GPU servers. RTX3060x8

Output bandwidth: 19.53Gsps

Input channels: 64

FPGA Boards: 8, 8 Beams: 6£.l per polarization, 128 Input: 8Gbps, 16Port
32 feeds inbuts each Computation: Output:
Dual OEt t bandwidth: 2.1TFlops(Mul)+2.05Tflops(Add)=4.15Tflops RTX 3060, 5.3Gbps, 24Port
polarization put bandwidth: GPU servers: RTX3060x24; RTX4090x8 RTX 4090, 8Gbps, 16Port
128Gbps, 8Gbpsx16 Output bandwidth: 29.3Gsps
Port(10GbE) .
Beams: 96 per polarization, 192 Input: 8Gbps, 16Port
- Computation: Output:
3.14TFlops(Mul)+3.06Tflops(Add)=6.2Tflops RTX 3060, 3.6Gbps, 36Port
GPU servers. RTX3060x36; RTX4090x12 RTX 4090, 5.3Gbps, 24Port

Output bandwidth: 58.59Gsps
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CIDigital backend devices of CASIA
* FPGA platforms(SNAP2. ChipK7. ChipRF)
* Yellow blocks we have done
* Module level products

* Data processing servers
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SNAP2
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https://casper.berkeley.edu/wiki/SNAP2

or

http://www.chiphop.cn/ProductDetail/5143220.html »Usb interface

»XCKU115-FLVF1924 FPGA

»Zynq XC72010

»4xQDRI|

»2xDDR3

»4xQSFP+ connectors

» 2 Ethernet PHY interface with RJ-45
connectors

»2xFMC HPC connectors

»4xZD+ connectors

»3xSMA: clock/1pps/trigger

»Micro secure digital (SD) connector

»2xQuad spi flash

23


http://www.chiphop.cn/ProductDetail/5143220.html
https://casper.berkeley.edu/wiki/SNAP2

a https: //casper. berkeley. edu/wiki /SNAFZ
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Background

SNAP 2 is a Kintex Ultrascale based platform, featuring a Xilinx XCKU115-FLVF 1924 FPGA with 5520 DSP slices and 2160 36kb blocl

Design Features

= Ultrascale XCKU115-FLVF1924 FPGA.

» Zyngq AP SoC XC7Z010

= 4 QDR memories

= 1 DDR3 component memory

= 4 Quad Small Form-factor Pluggable (QSFP) connectors, supporting 4x40GbE or 16x10GbE interfaces.
= 2 Ethernet PHYs supporting 1000BaseT

= USB interface

= ZD+ connector (this is not ZDOKI)

= 2 high pin count(HPC) FMC connectors

SNAP 2 is being designed by collaborators at the Institute of Autornation, Chinese Academy of Sciences .

A more comprehensive overview of SNAP 2, including a block diagram can be found in File: SNAP2 Doc. pdf (direct link B)
Update May 2016: The first prototypes of the SNAP2 board have been assembled! Pending testing by the Institute of Autormation, one
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ZD Expansion Board(10/40GbE, SRIO, PCle x8)




FPGA Mezzanine Card(FMC)—ADC [\ BB

O ADC1x3200-12 O ADC8x250-8
e 1x TIADC12D1600 12bit ADC « 2x Hittite HMCAD1520 8bit ADC
« 2inputs, 1.6 Gsps « 8inputs, 250 Msps@8 bits
e 1 input’ 3.2 Gsps e 4 inputS, 500 Msps @8 bits
* 2 inputs, 1000 Msps @8 bits
O ADC1x5000-10 O ADC1x6400-12
« 1xe2V EV10AQ190 10bit ADC « 1Ix TIADC12DJ3200 12bit ADC
* 4 inputs,1.25 Gsps « 2 inputs, 3.2 Gsps
« 2inputs, 2.5 Gsps « 1inputs, 6.4 Gsps

 linput, 5 Gsps

VRN

Hll ll i

ADC1x3200-12 ADC1x5000-10 ADC8x250-8 ADC1x6400-12 2
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e KINTEX-7 XC7K325T FPGA

* x4 ADS5407 ADC chips (500Msps@12bit, 8 channel)

 x2 DDR3-2133x4Gb(32Megx16bitx8Banks)

e X2 QSFP ports, supporting 8 x10GbE interfaces

* x110/100/1000 Ethernet (RJ45) port

* X2 ZD+ ports: 16 x
LVDS_GPIO/1PPS/SYNC/TRIG/ADC_CLK/SYS CLK/Ti
me Stamp

 x18 SMA:
8xADC_CH/3xGPIO/2xSYNC/2xTRIG/1PPS/SYS_CL
K/ADC_CLK

e x1 Mini USB interface for JTAG and serial port

* x4 LEDs

e x1 DIP switch

High performance and low-cost
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ChipRF-UWL

CASIA INSTITUTE OF AUTOMATION
CHINESE ACADEMY OF SCIENCES

-
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RFSOC XCZU28DR/47DR; x8 14bit ADC@5Gsps

ZYNQ UltraScale+ RFSoC XCZU47DR;
x8 14bit ADC@5Gsps;

x8 14bit DAC@9.85Gsps;

x1 SODIMM for PL(8GB 2400Mb/s 64b);
x4 DDR4 Chip for PS(4GB 2666Mb/s
64b);

x2 QSFP28 ports, supporting
2x100GbE(CAUI-4/100GAUI-4)
interfaces;

x1 10/100/1000 Ethernet (RJ45) port
x1 PCle4.0x8 slot;

x30 SMP: 8xADC_CH, 16xDAC_DIFF,
1xREF_CLK, 1xSYNC, 2xTRIG_IN,
2xTRIG_OUT;

x1 Mini USB interface for JTAG and
serial port

x4 LEDs, x6 GPIOs;

X1 8bit eMMC(8~64GB);



ChipRF-PAF
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RFSOC XCZU49DR; x16 14bit ADC@2.5Gsps

ZYNQ UltraScale+ RFSoC XCZU49DR;
x16 14bit ADC@2.5Gsps;

x4 DDR4 Chip for PS(4GB 2666Mb/s
64b);

x3 QSFP28 ports, supporting
3x100GbE(CAUI-4/100GAUI-4)
interfaces;

x1 10/100/1000 Ethernet (RJ45 or
QSFP28) port

x22 MMBX: 16 xADC_CH, 1xREF_CLK,
1xSYNC, 2xTRIG_IN, 2xTRIG_OUT;
x1 Mini USB interface for JTAG and
serial port

x4 LEDs, x14 GPIOs;

X1 8bit eMMC(8~64GB);

29



Yellow Blocks We Have Done
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SNAP2

OThree FPGA platforms have

oeen ported to jasper toolflow
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https://github.com/shlean/mlib_devel
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Module level products

Portable 8-channel Acquisition Portable Ultra-wideband Acquisition Low Latency SRIO Switch Module
and Processing Module and Processing Module ( CHRA-SR36 )
(CHRA-P500M) ( CHRA-PAD5G)

Wawasg
ey
Ovpoar.yo; ®

Array Signal Synchronization Portable High-speed Data |
Acquisition System Recorder
) (CH-DR1000P) 31




Data processing server [\ EaiaEn

High performance computing server Computing accelerated expansion server
(CHSE-Slot8) (CHSE-Slot16)

PCle x16 cable

PCle x16




Array signal acquisition and processing system (A EBia%m
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Display and Control

ADC acquisition array

|

FPGA preprocessing array

l

10G/40GbE Switch  E—

1GbE Switch

CHRA-DBF192

l 10GbE Switch
CHSE-Slot8
Data processing server
! ! CHSE-Slot16
FPGA card‘ GPU card
l Disk Storage Array
Disk storage array «—
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ClApplications based on CASIA devices
* Mingantu Meter-Decameter Radioheliograph Correlation System
e 21 CentiMetre Array (21CMA) Digital Beamforming System

i * Qitai Radio Telescope Digital Backend 34
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System Architecture and Features (A Eiatn

%
DArChitECture % % g Correlator System

.

Monitor & Control | Correlator Control

| Feed | GPS |— -|
RCP LCP Clock |
. , | Other Antennas
LNA | LNA ¢¢ ¢ ¢
Frontend 30-400MHz |
Am —@—’ Analog 0-100MHz IF Interim Data Data-processing
P » Correlator > > s
— Downconverter | Storage | Pipeline
T A
Frontend
Control Oscilator Switch | |
N————
st A 4
1'Lo Timing Signal |
2Y1L0 Distribution Products
rd
3710 | 1GbE Switch T |
& 4"Lo

CdFeatures L J
Other Antennas
Frontend
Scientific goals Features Firmwares developed on toolflow(jasper)
IF inputs: 101 antennas, Dual-polarization f_engine.slx
Correlator 202 input channels _
IF Bandwidth: 30~80MHz, 135MHz~235MHz x_engine.slx

Sample rate: 250Msps@12bits, bandpass sampling, synchronization
FFT channels: 128

Channel bandwidth: 976.6KHz

Temporal resolution: 25ms

Quantification before correlation: 4bit 36
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