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Abstract
As one of the important methods for probing the cosmic reionization epoch, the
core objective of low-frequency all-sky total-power experiments is to search for
the extremely weak neutral hydrogen 21 cm signal from the cosmic reionization
epoch in the all-sky total-power spectrum within the frequency range of 50–200
MHz. Currently, fast Fourier transform (FFT) is commonly used to compute
power spectra. However, the spectral leakage problem inherent in FFT pre-
vents complete removal of radio frequency interference (RFI), thereby severely
hampering the extraction of the weak cosmic reionization signal. Polyphase fil-
ter bank (PFB) is a technique that divides signals uniformly in frequency and
can replace FFT for power spectrum computation. This paper introduces the
fundamental principles of PFB and its implementation based on Compute Uni-
fied Device Architecture (CUDA), compares the performance of PFB and FFT
through simulations, and also examines performance differences among PFBs of
various orders. The results demonstrate that PFB technology exhibits a flatter
passband response, a narrower transition band, and superior out-of-band rejec-
tion. Finally, by processing observational data from the Tianma Telescope and
data generated from low-frequency total-power experiments, the superiority of
PFB technology is validated, providing an effective solution for spectral analysis
in all-sky total-power experiments.
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Abstract
As one of the important methods for probing the cosmic reionization epoch,
the core objective of low-frequency all-sky total power experiments is to detect
the extremely weak neutral hydrogen 21 cm signal from the cosmic reionization
period in the all-sky total power spectrum across the frequency range of 50–200
MHz. Currently, the fast Fourier transform (FFT) is commonly used to calcu-
late power spectra. However, its spectral leakage problem makes it impossible
to thoroughly eliminate radio frequency interference (RFI), which seriously in-
terferes with the extraction of the weak cosmic reionization signal. Polyphase
filter bank (PFB) is a technique that divides signals uniformly by frequency and
can replace FFT for power spectrum calculation. This paper introduces the ba-
sic principle of PFB and its implementation based on Compute Unified Device
Architecture (CUDA), compares the performance of PFB and FFT through sim-
ulations, and examines performance differences across various PFB orders. The
results demonstrate that PFB technology provides flatter passband response,
narrower transition bands, and better out-of-band suppression. Finally, by pro-
cessing observational data from the Tianma Telescope and data generated by
low-frequency total power experiments, we verify the superiority of PFB tech-
nology, providing an effective solution for spectral analysis in all-sky total power
experiments.
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1 Introduction
As the early universe cooled through cosmic expansion, it entered the “Dark
Ages” with no luminous objects, only diffuse neutral gas. High-density dark
matter aggregates formed dark matter halos that attracted gas to create the
first generation of luminous objects. Some of the high-energy photons released
by these objects escaped and ionized intergalactic neutral hydrogen. By redshift
𝑧 = 6, intergalactic gas was essentially fully ionized—a process known as “cosmic
reionization” [?]. Neutral hydrogen atoms produce the 21 cm emission line,
which serves as a crucial probe for studying the cosmic dawn period. However,
the neutral hydrogen emission from the cosmic dawn and reionization epoch is
extremely weak, five orders of magnitude lower than the foreground dominated
by Galactic synchrotron radiation. Consequently, studying and detecting these
faint signals presents a formidable challenge. Moreover, within the 50–200 MHz
frequency band, radio frequency interference (RFI) from human activities is
extremely complex. Therefore, eliminating such interference and extracting
the neutral hydrogen 21 cm emission line are essential problems that must be
overcome in future studies of early cosmic history and structure evolution.

The Fourier transform (FT) algorithm is one of the important methods in ra-
dio astronomical signal processing. For observations with finite duration, the
discrete Fourier transform (DFT) is practically implemented through the fast
Fourier transform algorithm to efficiently calculate signal spectra. However,
the DFT algorithm has two notable drawbacks: (1) frequency leakage, where
a single-frequency input signal, particularly when strong, produces responses
across multiple frequency points in the spectrum; and (2) scalloping loss, where
the frequency response within individual frequency bins obtained through DFT
is not flat, resulting in energy loss between different frequency bins [?]. To over-
come these limitations and achieve higher-precision spectral results, polyphase
filter bank (PFB) technology [?] has been proposed. PFB is an alternative spec-
tral computation method that can effectively address DFT shortcomings by
decomposing signals into multiple components and processing each part accord-
ing to its characteristics. This technology improves data processing effectiveness
when handling astronomical data with high spectral quality requirements, offer-
ing significant advantages in spectral quality.

The history of PFB architecture dates back to 1973, when Schafer and Rabiner
[?] first introduced it in designing speech analysis-synthesis systems. Subse-
quently, in 1976, Bellanger et al. [?] provided a detailed exposition of the PFB
architecture, clarifying its concepts. Although the theoretical foundation of
PFB was established early, its application in radio astronomical spectral mea-
surements came relatively late. It was not until 1991, in a NASA mission, that
Zimmerman and Gulkis [?] verified that the sidelobe suppression performance of
polyphase DFT systems far exceeded that of windowed DFT systems, formally
introducing PFB architecture into radio astronomy and providing new perspec-
tives and tools for the field. Entering the 21st century, Bunton [?] further pro-
moted the adoption of PFB in radio astronomy in 2000 by recommending its use
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in radio interferometer correlator systems—a suggestion that gained widespread
recognition and acceptance. As PFB systems became increasingly popular, their
applications in radio astronomy expanded, becoming one of the important tools
for cosmic research and attracting attention from many domestic researchers. In
2010, Chen Linjie et al. [?] proposed a design scheme based on polyphase filters,
implementing signal filtering through polyphase filters, followed by detection,
integration control, and finally obtaining spectral intensity. In 2011, Zhu Kai
et al. [?] utilized polyphase filter banks for spectral computation. In 2015, Wu
Junlin et al. [?] divided a 400 MHz bandwidth into 16 channels of 25 MHz each,
implementing a spectrum refinement system with 6,000 channels and 4 kHz
frequency resolution for FAST (Five-hundred-meter Aperture Spherical Radio
Telescope) neutral hydrogen observations within the Galactic plane. In 2015,
Zhao Xin et al. [?] designed and implemented a polyphase filter multi-channel
digital terminal based on Hamming windows, applicable for FAST extragalactic
neutral hydrogen surveys. In 2016, Zhang Xia et al. [?] studied signal distortion
and ultimately reconstructed the true signal. In 2020, Liu Ye et al. [?] developed
a digital spectrometer with real-time bandwidth of 10 MHz–2 GHz, completing
development and performance testing for both fast scanning and pulse mon-
itoring observation modes. In 2023, Zhang Hailong et al. [?] analyzed PFB
frequency characteristics in detail, comparing them with mathematical filter
bank (MFB) amplitude-frequency responses, finding that PFB produces flatter
passband responses and narrower, steeper transition bands, thereby effectively
mitigating spectral leakage problems.

In this work, we employ a frequency range of 50–200 MHz for the digital receiver
used in low-frequency all-sky total power experiments to receive and detect cos-
mic reionization signals. We design and test a prototype program for PFB
spectrum generation and processing based on graphics processing unit (GPU).
Using this program, we perform spectral analysis on both simulated and real
observational data, comparing results with traditional FFT. The results show
that our PFB spectrum generation and processing program can effectively sup-
press frequency leakage, which provides important assistance for removing radio
interference signals in low-frequency all-sky total power experiments and sub-
sequent extraction of weak cosmic reionization signals. Section 2 of this paper
introduces the principles and structural design of polyphase filter bank technol-
ogy. Section 3 presents the CUDA-based algorithm for polyphase filter bank
technology, analyzes PFB performance through simulated data processing, and
compares the advantages and disadvantages of PFB versus traditional FFT in
spectral response. Section 4 applies PFB technology to analyze measured and
experimental data, verifying its application prospects in low-frequency all-sky
total power experiments. Section 5 analyzes the impact of this technology on
data processing, provides discussion and summary, and also discusses aspects
requiring improvement and enhancement in our work.
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2 Principle of Polyphase Filter Banks
Polyphase filter bank technology divides an input signal into multiple sub-signals
for parallel processing. The digital signal passes through a filter expressed by
the formula:

𝑦(𝑛) =
𝑀−1
∑
𝑚=0

ℎ(𝑚)𝑥(𝑛 − 𝑚)

where 𝑦(𝑛) is the output signal, ℎ(𝑚) are the digital filter coefficients, and 𝑥(𝑛)
is the input signal. For polyphase filter banks, this is equivalent to shifting the
prototype filter spectrum to obtain the corresponding spectral output from the
input signal. The output of a single channel is:

𝑋𝑘(𝑛) =
𝑀−1
∑
𝑚=0

𝑥(𝑛𝐷 − 𝑚)ℎ(𝑚)𝑒−𝑗𝑤𝑘𝑚 =
𝑀−1
∑
𝑚=0

𝑥(𝑛𝐷 − 𝑚)ℎ(𝑚)𝑊 −𝑘𝑚

where 𝑘 = 0, 1, 2, … , 𝐾 − 1, 𝑤𝑘 = 2𝜋𝑘/𝐾, 𝑊𝐾 = 𝑒𝑗2𝜋/𝐾, 𝐾 is the number of
channels, and 𝐷 is the decimation factor. The 𝑘-th channel possesses bandpass
filtering functionality with center frequency shifted to 𝑤𝑘 [?].

𝑥𝑖(𝑚) = 𝑥(𝑚𝐾 − 𝑖)
𝑝𝑖(𝑚) = ℎ(𝑚𝐾 + 𝑖)

where 𝑖 = 0, 1, 2, … , 𝐾 − 1, and 𝑥𝑖(𝑚) is the polyphase component of 𝑥(𝑚). If
𝐷 = 𝐾, then equation (2) can be expressed as:

𝑋𝑘(𝑛) =
𝑀−1
∑
𝑚=0

𝑥(𝑛𝐷−𝑚)ℎ(𝑚)𝑒−𝑗2𝜋 𝑘
𝐾 𝑚 =

𝐾−1
∑
𝑟=0

𝐾−1
∑
𝑖=0

𝑥(𝑟𝐾−𝑖)ℎ(𝑛−𝑟𝐾+𝑖)𝑒𝑗2𝜋 𝑘
𝐾 (𝑟𝐾−𝑖)

=
𝐾−1
∑
𝑖=0

∞
∑
𝑟=0

𝑥𝑖(𝑟)𝑝𝑖(𝑛−𝑟)𝑒−𝑗2𝜋 𝑘
𝐾 𝑖 =

𝐾−1
∑
𝑖=0

[
∞

∑
𝑟=0

𝑥𝑖(𝑛)𝑝𝑖(𝑛)] 𝑒−𝑗2𝜋 𝑘
𝐾 𝑖 = DFT[𝑥𝑖(𝑛)𝑝𝑖(𝑛)]

From the above derivation, we can conclude that polyphase filter banks can be
efficiently implemented using FFT.

The basic principle of polyphase filter banks is illustrated in Figure 1 [Figure 1:
see original paper], which shows a polyphase filter bank implementation with
filter order 𝑛𝑡𝑎𝑝 = 𝑚 and number of channels 𝑛𝑐ℎ𝑎𝑛 = 𝑁 . On the left, the
input signal is sequentially divided into 𝑁 groups in time domain, each passing
through sub-filters. The 𝑁 group outputs 𝑦(𝑛) then undergo 𝑁 -point FFT,
with the final output 𝑌 (𝑛) being the frequency-decomposed signal.
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3 CUDA Programming Implementation and Performance
Analysis
While polyphase filter banks enhance signal processing precision, they also signif-
icantly increase computational complexity and workload. To address this issue,
we employ GPU acceleration using CUDA to compile the relevant software.

The algorithm flow for the CUDA-based polyphase filter bank is shown in Figure
2 [Figure 2: see original paper]. Data is transferred via GPU calls, where digital
signals are decomposed and parallelly assigned to multiple GPU threads. The
input data is a one-dimensional array, which the program organizes into a two-
dimensional array based on the number of channels 𝑛𝑐ℎ𝑎𝑛. In the GPU, an array
of length 𝑛 is decomposed such that if 𝑛𝑐ℎ𝑎𝑛 = 𝑁 , the first 𝑁 data points serve
as the first column, 𝑁 + 1 to 2𝑁 as the second column, and so on. The first
group consists of data points 1, 𝑁 +1, 2𝑁 +1, …, and similarly for other channel
data distributions. Multiple cores are invoked to perform FIR and FFT on each
data group, with final results returned to the central processing unit (CPU). In
CUDA, the cufftExecR2C() function from the cuFFT library enables efficient
parallel FFT computation.

In this software, we designed a prototype filter frequency response (shown in
Figure 3 [Figure 3: see original paper]) featuring moderate main lobe width and
roll-off characteristics with low sidelobe levels, demonstrating good frequency
domain properties.

To verify the software’s effectiveness, we performed spectral analysis on a sim-
ulated signal with sampling rate 128 S/s and frequency 60 Hz using both this
software and FFT. The results in Figure 4 [Figure 4: see original paper] show
the signal at 60 Hz on the frequency axis, confirming that the software success-
fully implements spectral analysis. The asymmetric frequency response of PFB
spectral analysis is primarily due to the use of real-to-complex FFT transform
type in CUDA’s cuFFT package, where the effective output bits are half of the
input.

With the software running successfully, we conducted the following experiment:
using digital signal length 𝑛 = 32, 768, filter order 𝑛𝑡𝑎𝑝 = 8, number of channels
𝑛𝑐ℎ𝑎𝑛 = 1, 024, we generated 61 sets of simulated data with 0.05 Hz steps
across the frequency range 59.85–60.15 Hz for spectral analysis. We plotted the
frequency response of PFB within a single channel and compared it with FFT.

Figure 5 [Figure 5: see original paper] shows the single-channel response values.
In this simulation, the channel bandwidth is 0.125 Hz. As illustrated, the 1 dB
bandwidth is 0.08 Hz for FFT and 0.1 Hz for PFB; the 20 dB bandwidth is
0.22 Hz for FFT and 0.15 Hz for PFB. This demonstrates that PFB achieves
narrower transition bands compared to FFT.

Additionally, after varying the filter order in PFB (by adjusting 𝑛𝑡𝑎𝑝 to 4, 8,
12, and 16), we performed spectral analysis on simulated data and compared
the effects. The results in Figure 6 [Figure 6: see original paper] show that
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as filter order increases, the effective bandwidth becomes wider, the transition
band becomes narrower, and out-of-band suppression increases (the red dashed
line indicates the cutoff frequency).

4 Experimental and Observational Data Processing
We processed observational data from the 65 m Tianma Radio Telescope of
the Shanghai Astronomical Observatory, Chinese Academy of Sciences. We
selected S-band observation data with a channel center frequency of 2,256 MHz
and compared it with FFT spectra, as shown in Figure 7 [Figure 7: see original
paper]. We extracted the relatively flat frequency portion from 11–14 MHz
(corresponding to actual frequencies of 2, 256−32+(11–14) MHz) and calculated
its root mean square (RMS) value. Precise measurements yielded an RMS of
163.23 for FFT and 163.08 for PFB. Figure 8 [Figure 8: see original paper]
shows an enlarged view near 24 MHz in Figure 7. In the range 24.60–24.75
MHz, PFB exhibits sharper peaks and lower troughs than FFT, demonstrating
superior spectral analysis capability.

Additionally, we processed data generated by the low-frequency total power
experiment digital receiver with a sampling rate of 480 MHz. As shown in
Figure 9 [Figure 9: see original paper], within the 90–100 MHz band, PFB
achieved an RMS of 31.84 compared to 21.48 for FFT. Notably, at the 10 MHz
main peak, PFB shows sharper response with steeper sides and more pronounced
suppression. Compared to FFT technology, PFB technology in low-frequency
all-sky total power experiments can more easily remove RFI signals resembling
point spectra, facilitating subsequent extraction of weak 21 cm signals.

5 Summary and Outlook
This paper develops PFB-related software using CUDA for all-sky total power
experiments. Simulation analysis demonstrates the software’s performance: nar-
row transition bands, flat passband response, and high out-of-band suppression.
We then processed measured and experimental data, verifying the method’s ap-
plication prospects in all-sky total power spectrum experiments.

Currently, the software is only used for limited signal simulation and partial real
radio signals. The next step will involve processing large volumes of radio signals
to verify its performance in practical applications. As radio astronomers need
to process increasingly large amounts of radio data, we believe that utilizing
PFB technology for spectral analysis will extract more scientific information
and make contributions to the future development of radio astronomy.
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