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In order to realize the real-time processing and analysis of astronomical ultra-
wide bandwidth signals, this study proposes a sub-band division algorithm
based on RFSoC. The algorithm uses Kaiser window to design FIR prototype
low-pass filter, adopts critical sampling polyphase filter bank to decompose
ultra-wide bandwidth signal into several sub-bands, and encapsulates each
sub-band into VDIF data frame and sends it to GPU server. The algorithm is
implemented on RFSoC platform, and its effectiveness is verified by simulation
and actual observation. The experimental results show that the algorithm can
divide the astronomical ultra-wide bandwidth signal into multiple sub-bands
in real time, packetize and transmit them to GPU. This research provides
reproducible design and project for ultra-wide bandwidth signal sub-band
division with low spectrum leakage and aliasing, high data accuracy, and fast
processing speed.

KEYWORDS
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transform

1 Introduction

Astronomical ultra-wide bandwidth signals are electromagnetic wave signals that cover
a wide frequency range from radio waves to microwaves. They carry rich astrophysical
information and can be used to detect various phenomena in the Universe, such as
pulsars, radio bursts, gravitational waves, etc., which are of great significance for exploring
the origin, structure and evolution of the Universe (Curyło et al., 2023). However, the
acquisition, transmission and processing of astronomical ultra-wide bandwidth signals face
huge challenges,mainly including high sampling rate, large data volume, low signal-to-noise
ratio, multi-channel synchronization, etc. To effectively process these signals, they need to
be pre-processed, that is, the signals are divided into channels, filtered, encapsulated, etc.,
to reduce the data volume, improve the signal quality, and facilitate subsequent analysis and
storage (An et al., 2021).

Tohtonur et al. implemented a polyphase filter bank based onCUDA, using the powerful
floating-point computation and efficient parallel execution capabilities of the graphics
processor to effectively improve the processing capacity and computational efficiency of
radio astronomical observation data (Tohtonur and Zhang, 2017). Hobbs et al. used the
Xilinx Kintex FPGA development board to capture 3328M bandwidth data from the
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ultra-wide bandwidth receiver and divide it into 26 128M sub-
bands by using the critical sampling polyphase filter bank, and
then transmit it to the Medusa GPU processing unit for data
processing (Hobbs et al., 2020). The QTT (Qi-Tai Telescope)
telescope plans to use an ultra-wide bandwidth receiver to observe
astronomical signals in the 150 MHz–115 GHz frequency band. Its
704–4032 MHz ultra-wide bandwidth low-frequency receiver will
be put into use first (Wang et al., 2023). Zhang et al. designed a signal
division scheme for QTT ultra-wide bandwidth signals and verified
the effectiveness of the channel division algorithm using ultra-wide
bandwidth pulsar baseband simulation data (Zhang et al., 2023a).
Zhang et al. give the details and simulation of ultra-wide bandwidth
sub-band division algorithm based on critical sampling polyphase
filter banks and oversampling polyphase filter banks, respectively
(Zhang et al., 2023b).

This study proposes a sub-band division algorithm for
astronomical ultra-wide bandwidth signals based on RFSoC (Radio
Frequency System on Chip), which uses CPFB (Critical sampling
Polyphase Filter Bank) to split the signal into channels, and
then encapsulates it with VDIF format (VLBI Data Interchange
Format) and Ethernet format to achieve signal division and
transmission. RFSoC is a heterogeneous computing platform
that integrates RF data converters, ARM processors and FPGA
fabric, which can directly sample and process RF signals without
external data converters, thus reducing the system complexity and
power consumption, and improving the system integration and
performance (Farley et al., 2017). CPFB is a low-pass filter bank
implemented by using a polyphase structure, which can split the
signal into channels at theNyquist sampling rate, reducing the signal
distortion and noise, and ensuring the signal quality and accuracy
(Arnaldi, 2020). This study choose the Kaiser window function as
the window function of CPFB, which has a fast side lobe decay
rate, which can effectively suppress spectral leakage (Podder et al.,
2014). VDIF is an international standard format for encapsulating
astronomical data, which can perform checksum and encapsulation
for astronomical signals, facilitating signal storage and transmission
(Kettenis et al., 2008). Afterwards, Ethernet is used to achieve high-
speed, reliable, and low-latency data communication. This study
refers to Parkes ultra-wide bandwidth system and makes some
improvements, which is the promotion of Zhang et al.‘s work, and
plans to be applied to QTT ultra-wide bandwidth sub-band division
in the future. Currently, QTT is under construction, and simulation
tests are carried out using the observation data of Nanshan 26 m
telescope in advance.

2 Materials and methods

This study proposes a sub-band division algorithm for
astronomical ultra-wide bandwidth signals based on RFSoC, whose
flow chart is shown in Figure 1. The ADC in RFSoC is connected
to the radio telescope receiver via SMA cable to receive dual-
polarization ultra-wide bandwidth astronomical signals, and the
satellite clock provides accurate time for RFSoC. In RFSoC, the
sampling frequency of ADC is 2.56 GHz, the sampling accuracy
is 12 bits, and the sampled signal is a real signal, containing only
the real part. The commutator in RFSoC assigns each sample of
the input signal to different polyphase branches in turn, realizing

the polyphase decomposition of the input signal. The output of the
commutator is 20 parallel signals, each with a sampling frequency
and bandwidth of 128 MHz, and each sample is a 12-bit real signal.
The polyphase filter in RFSoC performs low-pass filtering on each
signal to suppress spectral aliasing and signal distortion, and the
output of the polyphase filter is 20 parallel signals. The design of the
polyphase filter adopts a FIR (Finite Impulse Response) prototype
low-pass filter based on Kaiser window, with a cutoff frequency of
68 MHz, an order of 599, coefficients of 16-bit fixed-point numbers,
an input sample frequency of 128 MHz for each sub-FIR filter,
and an output data width of 28 bits. The 20-Point DFT (Discrete
Fourier Transform) module in RFSoC performs an improved fast
Fourier transform on each signal, with a length of 20, using the
WFFT (Winograd fast Fourier Transform) algorithm and a pipeline
structure, to improve the calculation speed and throughput, and
obtain a single frequency sub-band carrying the original signal.
The output of the 20-Point DFT module is 20 parallel signals,
each with a 68-bit wide complex signal. The sub-band selection
module in RFSoC performs sub-band selection on each signal
to realize the transmission of signals in the specified frequency
range. The input of the sub-band selection module is 20 parallel
signals, and the default output is two signals in the 320–448 MHz
and 448–576 MHz frequency bands, and the width is truncated
to 32 bits. The data encapsulation module in RFSoC performs
data encapsulation on each signal to realize the format conversion
and verification of the signal. The input of the data encapsulation
module is dual-polarization four parallel signals, and the output
of the data encapsulation module is a serial signal, which is an
Ethernet packet in VDIF format, with a size of 8278 bytes. The
Ethernet card in RFSoC performs data distribution on the signal
to realize the network transmission of the signal. The output signal
of the Ethernet card has a data rate of 25 Gbps, and the Ethernet
card connects the output signal to the GPU server via optical fiber,
realizing high-speed, reliable, and low-latency data communication
of the signal.

2.1 Acquisition of signal

Using the direct RF sampling capability of RFSoC, two channels
of dual-polarization RAW data are captured by ADC0 and ADC1
on Tile 0 respectively. In order to recover the original signal with
1280 MHz bandwidth from the sampled signal, according to the
Nyquist sampling condition fs ≥ 2B, the sampling rate is at least
2560 MSPS, which is also called critical sampling. The ADC output
data format is set to real, single decimation mode, the number
of sampling cycles per AXI4-Stream is 5, the AXI4-Stream clock
is 512MHz, and the sampling is performed in the Nyquist first
zone. The ADC calibration mode is mode 2, using square wave
calibration, whose frequency and amplitude are proportional to
the input signal. The AXI4-Stream master interface of the RF data
converter IP is connected to the interface of the AXI Interconnect
IP, the AXI4-Stream slave interface is connected to the polyphase
filter bank, and the AXI Interconnect IP is connected to the Zynq
UltraScale + MPSoC, and assigned a base address of 0xA0080000,
to achieve data transmission and control between the RF data
converter and the processor. The Signal_receive block design is
shown in Figure 2.
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FIGURE 1
Flow chart of ultra-wide bandwidth signal sub-band division.

2.2 Sub-band division

Themaindifficulty in implementing sub-banddivision onFPGA
is how to deal with the synchronization and switching problem
between the high-speed input signal and the low-speed sub-band
signal. The solution relies on the critical sampling polyphase filter
bank. The algorithm implementation process adopts a pipeline and
parallel architecture, which can fully utilize the parallel computing
ability of FPGA, improve the operation speed and throughput
of the polyphase filter bank, and reduce the hardware resource
consumption and power consumption as much as possible. To
realize the critical sampling polyphase filter bank in FPGA, it is
necessary to design an analysis filter bank. Analysis filter bank
includes a commutator and several low-pass filters. According
to the Nobel identity, extracting first and then linear filtering is
equivalent to linear filtering first and then extracting, as shown in
Equation 1, where ↓M represents the downsampling operation that
takes one point for every M sampling points, and∗ represents the
convolution operation.

y(n) = x(n) ↓M ∗ h(n) = x(n) ∗ h(n) ↓M (1)

This can replace the order of filtering and extraction, and
perform M times extraction first, so that the data stream is in
a low-speed state, and then output to the filter. The commutator
decomposes the ultra-wide bandwidth high-speed digital signal into
multiple low-speed digital signals, to achieve M times extraction,
thereby reducing the data volume and processing complexity. The
calculation formula is shown in Eqs 2–4, where xk(n) is the input

signal of the k-th polyphase sub-filter, n is the time index after
downsampling, andM is the number of sub-filters.

x0(n) = x(nM) (2)

x1(n) = x(nM+ 1) (3)

⋮

xM−1(n) = x(nM+M− 1) (4)

Figure 3 shows the structure diagram of the critical sampling
polyphase filter bank, where the red part is the commutator, the blue
part is the sub-filter, and the green part is the 20-point parallel DFT.

Since down-samplingwill cause spectrumoverlap, it is necessary
to low-pass filter the input signal to suppress spectral aliasing and
leakage, and eliminate the computation of invalid data. This study
designs a finite impulse response low-pass filter based on the Kaiser
window function. The advantages of the FIR filter are high stability,
linear phase, and easy implementation. Its calculation formula is
shown in Eq. 5, where y(k) is the output signal, x(k) is the input
signal, h(n) is the filter coefficient, which is the impulse response of
the Kaiser window FIR low-pass filter, used to filter the input signal,
n is the impulse response index, and k is the sample index.

y(k) = ∑N
n=0

h(n)x(k− n) (5)

The Kaiser window is a commonly used window function,
which can flexibly adjust the window function parameters
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FIGURE 2
Signal_receive block design.

to balance the transition bandwidth and side lobe level. The
order of the prototype filter is 599, with 600 coefficients. The
stopband cutoff frequency is 68 MHz, β = 5, using fixed-point
quantization, which brings some errors. Figure 4 shows the
comparison between the amplitude-frequency response of fixed-
point quantization of Kaiser window function and the double-
precision floating-point reference amplitude frequency response.
As it is difficult for a critically sampled polyphase filter bank
to avoid aliasing between adjacent sub-bands through data
reuse and channel overlap like an oversampled polyphase filter
bank (Zhang et al., 2023), this study increases the attenuation
amplitude of the first side lobe to −54db, and increases the
filter order to 599 orders, which can also effectively reduce

the impact of spectrum aliasing, leakage and influence of
quantization errors.

The filtered data needs to go through the DFT module to
obtain a single frequency sub-band carrying the original signal.
This study uses Winograd FFT and Discrete Fourier Transform
to jointly construct a 20-Point DFT module. WFFT is an efficient
algorithm for computing the Discrete Fourier Transform of a
signal, which reduces the number of multiplications operations
at the cost of increasing the number of addition operations
(Winograd, 1978). Due to the parallel structure of the FPGA,
it can execute multiple addition operations simultaneously, while
the multiplication operations are relatively slow and occupy more
resources. The Winograd algorithm optimizes the computational
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FIGURE 3
Structure diagram of the critical sampling polyphase filter bank.

efficiency by minimizing multiplication operations to improve the
overall processing speed. Taking the five pointWFFT as an example,
the five point DFT is expressed in matrix form and converted
to a cyclic correlation form. According to the periodicity of the
symmetry factor, it is simplified as:

[[[[[

[

X1 −X0

X2 −X0

X4 −X0

X3 −X0

]]]]]

]

=
[[[[[

[

W1
5 − 1 W2

5 − 1 W4
5 − 1 W3

5 − 1
W2

5 − 1 W4
5 − 1 W3

5 − 1 W1
5 − 1

W4
5 − 1 W3

5 − 1 W1
5 − 1 W2

5 − 1
W3

5 − 1 W1
5 − 1 W2

5 − 1 W4
5 − 1

]]]]]

]

·
[[[[[

[

x1
x2
x4
x3

]]]]]

]

(6)

We assume:

{
X1 −X0 = φ1,X2 −X0 = φ2,X3 −X0 = φ3,X4 −X0 = φ4
W1

5 − 1 = y1,W
2
5 − 1 = y2,W

4
5 − 1 = y3,W

3
5 − 1 = y4

(7)

Then can get:

{{{{{{{{{{{{
{{{{{{{{{{{{
{

s1 = x1 + x3, s2 = x1 − x3, s3 = x4 + x2, s4 = x4 − x2
s5 = s1 + s3, s6 = s1 − s3, s7 = s2 + s4
m1 =

y1 + y2 + y3 + y4
4

· s5,m2 =
y1 − y2 + y3 − y4

4
· s6

m3 =
y1 + y2 − y3 + y4

2
· s2,m4 =

y2 − y4
2
· s7,m5 =

y1 − y2 − y3 + y4
2

· s4
s8 =m1 +m2, s9 =m1 −m2, s10 =m3 −m4, s11 =m4 +m5
s12 = s8 + s10, s13 = s8 − s10, s14 = s9 + s11, s15 = s9 − s11
φ0 = x0 + x1 + x2 + x3 + x4,φ1 = s12,φ2 = s14,φ3 = s13,φ4 = s15

(8)

Where φ0,φ1,φ2,φ3,φ4 are the results of 5-Point WFFT.

The basic principle of the 20-Point DFT module is to
decompose it into 4 five-point WFFTS and 5 four-point DFTS
using the prime factor method and the Chinese remainder
theorem mapping, where four and five are two coprime integers,
avoiding the twiddle factors multiplication in the Cooley-Tukey
algorithm (Bhagat et al., 2018). Suppose a sequence of length
N = 20 is X(k), where N can be decomposed into the product
of two prime factors 4 and 5. That is, N = N1 ∗ N2 = 4 ∗ 5,
where gcd(5,4) = 1. Therefore, the input index n and the
output index k can be respectively mapped by the multi-
factor simple mapping and the Chinese remainder theorem
mapping, that is:

{{{
{{{
{

n ≡∑2
i=1

N
Ni

niN

k ≡∑2
i=1

N
Ni

tikiN
(9)

Where (ni,ki = 0,1) , ti satisfies∑2i=1
N
Ni
ti ≡ 1 (modN) and denote

{{
{{
{

x(n1,n2) = x(
N
N1

n1 +
N
N2

n2)

X(k1,k2) = X(N1t1k1 +N2t2k2)
(10)

Then a 2D DFT can be obtained, that is:

X(k1,k2) = ∑
N1−1
n1=0
∑N2−1

n2=0
x(n1,n2)W

n1k1
N1

Wn2k2
N2
(ki = 0,1; i = 1,2)

(11)
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FIGURE 4
Comparison of the fixed-point quantization amplitude frequency response and the double-precision floating-point reference amplitude frequency
response of the Kaiser window.

In the 20-Point DFT module, the 20 point sequence is
decomposed into four five point sequences, and then WFFT is
performed on each 5 point sequence to obtain four five point
coefficients, and then these coefficients are rearranged into five
four point sequences, and then DFT is performed on each 4
point sequence to obtain five four point coefficients, and finally
these coefficients are rearranged into a 20 point coefficient,
which is the final result. The 5-Point WFFT module and the 4-
Point DFT module are implemented separately and combined to
obtain the 20-Point DFT module, and its calculation structure is
shown in Figure 5.

In the hardware implementation, the FIR filter uses the FIR
Compiler IP core, with 20 sub-FIR filters, each with 30 coefficients.
The coefficients are generated by splitting the coefficients of the
FIR prototype low-pass filter based on the Kaiser window. The
input sample frequency and clock frequency are both 128MHz,
the input data width is 12 bits, the coefficient width is 16 bits,
and the full precision mode is used. The filtered data is real
and needs to be converted to complex form, to prepare the

data for the subsequent 20-Point DFT. The Real2complex module
written in Verilog is used to take the filtered real signal as the
real part of the complex signal, and 0 as the imaginary part
of the complex signal. To achieve real-time processing of ultra-
wide bandwidth high-speed data streams, a 20-Point DFT module
written in Verilog is used, which can realize real-time parallel
DFT processing. The output data is conjugate symmetric, and only
half of the data needs to be retained. This study uses ZCU111
board, chip model xzcu28dr-ffvg-1517-1-e, developed in Ubuntu
20.04 system. The IP developed by our team include Comutator,
Selector, Real2complex, WFT, DFT, Ethernet _ MAC, Ethernet
_ VDIF, Datasnapshot and so on. All IP and project have been
publicly available on the gitee1 website. PS block design as shown
in Figure 6, the RFSoC receives and processes dual-polarization
data, and the Polar_a block design of polarization A is shown
in Figure 7.

1 https://gitee.com/WhataDavid/cspfb_on_rfsoc

Frontiers in Astronomy and Space Sciences 06 frontiersin.org

https://doi.org/10.3389/fspas.2024.1391070
https://gitee.com/WhataDavid/cspfb_on_rfsoc
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Du et al. 10.3389/fspas.2024.1391070

FIGURE 5
Implementation structure of 20-Point DFT.

2.3 Data distribution

The data after sub-band division needs to be sent to the
GPU for data analysis via Ethernet. Before sending, the sub-band

data is encapsulated. The Ethernet transmission of astronomical
ultra-wide bandwidth signals not only requires the data packets
to be encapsulated in Ethernet frames, but also in the general
astronomical format VDIF, which is a standard format for
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FIGURE 6
PS block design.

transmitting radio interferometry data. It can support various data
types, such as time domain, frequency domain, polarization, etc.,
and various data transmission methods, such as UDP, TCP, etc.
Ethernet frames are protocol data units of the network interface
layer, which consist of three parts: frame header, data part, and
frame tail. The frame header and tail contain some necessary
control information, and the data part contains the data passed
down from the upper layer. Different network layer protocols use
different frame header formats for identification and processing.The
TCP/IP protocol stack model diagram containing VDIF segments is
shown in Figure 8.

The total length of the VDIF frame header in the application
layer is 32 bytes, and the length of the data part is 8192 bytes,
that is, the total length of the VDIF frame is 8224 bytes. UDP is a
connectionless transport layer protocol.The total length of the UDP
frame header is 8 bytes, and the length of the data part is 8224 bytes,
that is, the total length of the UDP frame is 8232 bytes.The IP frame
header in the network layer indicates the source IP address and the
destination IP address. The total length of the IP frame header is 20

bytes, and the length of the data part is 8232 bytes, that is, the total
length of the IP frame is 8252 bytes. The total length of the Ethernet
frame header and tail is 26 bytes, which include preamble, start-
of-frame delimiter, destination MAC address, source MAC address,
type, frame check sequence, and interframe gap. The length of the
data part is 8252 bytes, that is, the total length of the Ethernet frame
is 8278 bytes.

In hardware implementation, data encapsulationmainly consists
of three modules, namely, VDIF format encapsulation module,
Ethernet encapsulation module and local data interaction module.
Ethernet_vdif_ch0 is the VDIF format encapsulationmodule, which
encapsulates the astronomical data according to the VDIF protocol
and prepares the data for the Ethernet transmission layer. Ethernet_
mac is an Ethernet frame encapsulation module, which adds UDP
header, IP header, Ethernet header and tail to theVDIF encapsulated
data, and adjusts the data format to the XGMII interface standard,
preparing the data for the physical layer transmission. The XGMII
interface includes an 8-bit xgmii_txc control interface and a 64-
bit xgmii_txd data interface. Each bit of the xgmii_txc interface
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FIGURE 7
Polar_a block design.

FIGURE 8
VDIF/TCP/IP protocol stack model diagram.

corresponds to one byte of data in the xgmii_txd interface. When
it is 1, it indicates that the byte is control information, and
when it is 0, it indicates that the byte is data. The sending state
transition diagram is shown in Figure 9, where the meanings of the
four states are:

IDLE_INTERFRAME: Send interframe gap to ensure that
the GPU has enough time to process the previous frame data.

The interframe gap is cyclically sent as 0 × 07, and the control
interface values are all 1. After receiving the ready-to-send signal
from the encapsulation module, it transitions to the SEND_
PREAMBLE state.

SEND_PREAMBLE: Send preamble state, send 7 bytes of
synchronization code and 1 byte of frame start symbol, and pull up
the response signal, and transition to the SEND_DATA state. 
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FIGURE 9
Sending state transition diagram.

SEND_DATA: Send data state, start sending the encapsulated
data in byte order, until receiving the end signal, and transition to
the SEND_END state.

SEND_END: Send end state, send the last data and 4-byte
CRC32 check sequence, check whether the interframe gap is correct,
receive the next ready-to-send signal in the IDLE_INTERFRAME
state, and jump to the next state.

VDIF_Ctrl is a module that interacts with MPSoC to transfer
data. Its function is to read the destination IP, destination
MAC, port number, VDIF thread number and other information
from the AXI bus of MPSoC, and then transmit them to
the VDIF packaging module and Ethernet packaging module
through the AXI Stream bus, which facilitates the transmission
and control of the information within the frame, and improves
the flexibility and compatibility of data transmission. MPSoC
IP serves as a logical connection between PS and PL. This
study implements the output of four-channel signals with dual
polarization, and each channel signal needs to be packaged by
VDIF and Ethernet. The Ch0_frame_pack_block design is shown
in Figure 10.

The network card is configured by using the 10G/25G Ethernet
Subsystem IP, selecting the Ethernet PCS/PMA 64-bit as the core
architecture, processing the MAC separately, 25.78125 Gbps as the
line rate, AXI4-Lite as the data interface, BASE-R as the physical
layer standard, using optical fiber for transmission, configuring
156.25 MHz as the GT Refclk, selecting 128 MHz as the DRP

Clocking, and turning off the FEC Logic, Auto Negotiation and
IEEE PTP 1588V2.

After connecting and correctly configuring all the IPs, synthesize
and implement the project, burn the bitstream to RFSoC, configure
the LMK04208 and LMX2594 clock chips, only turn on CLKOUT0
and CLKOUT3, reduce the power consumption, and perform
experimental analysis.

3 Result

3.1 Simulation test result

The algorithm divides the ultra-wide bandwidth data of
64–1344 MHz into 10 sub-bands. Total bandwidth of 1280 MHz
and per sub-band width of 128 MHz. They are 64–192, 192–320,
320–448, 448–576, 576–704, 704–832, 832–960, 960–1088,
1088–1216 and 1216–1344 MHz sub-band. Among them, the
signals of two sub-bands, 320–448 and 448–576 MHz, are
encapsulated and transmitted to the GPU server. To test
the effectiveness of the sub-band division, a sweep signal of
320–576 MHz is generated by the signal generator, with a step
of 32 MHz, to obtain single-frequency signals of 320, 352, 384,
416, 448, 480, 512, 544, 576 MHz. To avoid the signal being at
the edge of the sub-band, the spectrum diagrams of the sub-
band division results are plotted when the test signal is at 352,
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FIGURE 10
Ch0_frame_pack_block design.

FIGURE 11
(A) Spectrum diagrams of the sub-band division results when the test signal is at 352, 384, 416 MHz. (B) Spectrum diagrams of the sub-band division
results when the test signal is at 480, 512, 544 MHz.
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FIGURE 12
(A) J0332 + 5434 dynamic spectrum of sub-band 3. (B) J0332 + 5434 dynamic spectrum of sub-band 4. (C) J0332 + 5434 dynamic spectrum after
merging sub-band three and sub-band 4. (D) J0332 + 5434 spectrum after merging sub-band three and sub-band 4.

384, 416 MHz and when the test signal is at 480, 512, 544 MHz.
The data is read out from the memory after being divided into
sub-bands by the polyphase filter bank. As shown in Figure 11A,
when the test signal is in the 320–448 MHz range, the signal falls
into the sub-band 0 range and has equal amplitude after the sub-
band division. And there is no signal in the sub-band one range,
indicating that the signal is effectively divided into sub-bands. As
shown in Figure 11B, when the test signal is in the 448–576 MHz
range, the signal falls into the sub-band one range and has equal
amplitude after the sub-band division, and there is no signal in the
sub-band 0 range, indicating that the signal is effectively divided
into sub-bands.

3.2 Actual observation result

We tested the ultra-wide bandwidth signal sub-band division
algorithm using the L-band 1 GHz bandwidth receiver of the 26-
m radio telescope at Nanshan, Urumqi. By down-converting the

Nanshan observation data, we used RFSoC to process 1280 MHz
bandwidth data, divided the data into sub-bands, selected and
output the 1220–1476 MHz dual-polarization sub-band data,
and connected to the GPU server using 4∗ 25G SFP28 to
100G QSFP28 high-speed cables. We used the GPU server to
receive the RFSoC sub-band data and plot the spectrum and
dynamic spectrum.

We observed the pulsar source J0332 + 5434 for 5 min, and
RFSoC divided the observation signal into sub-bands. We used
DSPSR to process the received sub-band data, and after removing
some channels that were interfered, we obtained the dynamic
spectra of sub-band three and sub-band 4 as shown in Figure 12A
and Figure 12B, respectively, where clear pulsar profiles can be
observed. The dynamic spectrum after sub-band synthesis is shown
in Figure 12C, and Figure 12D shows the spectrum of sub-band
three and sub-band fourmerged,where two sub-bands can be clearly
seen. The experimental results are consistent with the expectations.
Due to the use of critical sampling polyphase filter bank, there will
be sideband roll-off phenomenon at the sub-band edge connection,
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FIGURE 13
(A) J1935 + 1616 dynamic spectrum after merging sub-band three and sub-band 4. (B) J2022 + 2854 dynamic spectrum after merging sub-band three
and sub-band 4.

and we plan to improve it by using oversampling polyphase filter
bank in the future.

By switching the pulsar observation sources, we also observed
J1935 + 1616 and J2022 + 2854, and the implemented RFSoC
firmware can effectively perform the sub-band division function of
astronomical ultra-wide bandwidth signals.Thedynamic spectra are
shown in Figure 13A and Figure 13B, respectively.

4 Conclusion

This study presents a sub-band division algorithm for
astronomical ultra-wide bandwidth pulsar signals based on RFSoC,
which solves the problems of real-time processing and transmission
of astronomical ultra-wide bandwidth pulsar signals. The algorithm
adopts a filter coefficient design method based on the Kaiser
window function, with a FIR filter coefficient of 599 order, the
first side lobe attenuation amplitude of −54 db, and uses a 12-
bit wide ADC and a clock of 512 MHz, with low spectrum
leakage and aliasing, high data accuracy, and fast processing
speed. It uses CPFB and improved DFT to channelize the signals,
which improves the quality and efficiency of the signals. Then it
performs VDIF and Ethernet encapsulation on the signals, which
realizes the division and transmission of ultra-wide bandwidth
signals. Through simulation tests and actual observations,
the feasibility, effectiveness and stability of the algorithm
are verified.
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