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Abstract—This paper proposes a real-time radar signal
detection method based on RFSoC and parallel Fast Fourier
Transform (FFT) architecture, suitable for electronic warfare
(EW) applications in electronic reconnaissance aircraft. The
proposed method utilizes high-speed Analog-to-Digital
Converters (ADC) and high-performance heterogeneous
processing units integrated in RFSoC, combined with parallel
FFT algorithm, to optimize the radar signal detection
architecture. It improves the time-accuracy trade-off in large
point FFT processing, enabling the electronic reconnaissance
aircraft to detect radar signals containing any number of
carriers with instantaneous bandwidth of 2 GHz and frequency
resolution of 1 MHz in 3 us. Both Matlab simulation and real-
world experimental results are presented to validate the
rationality and reliability of the design, providing a reference
for the design of modern high-performance electronic
reconnaissance aircraft.

Keywords—RFSoC, parallel FFT, high-speed detection, radar,
instantaneous bandwidth 2GH7,

I.  INTRODUCTION

With the advancement of electronic science and
technology, modern warfare has gradually evolved into a new
form of information and electronic warfare. Modern combat
weapons are not only simple killing tools but also play a
significant role in acquiring enemy information. Electronic
reconnaissance aircraft have the crucial capability to intercept
radar signals in real-time and analyze various parameters,
providing essential support for localization [1], interference,
deception, and other strike tactics, making them a crucial
representative of modern combat weaponry [2].

In modern electronic reconnaissance aircraft, the structure
of high-speed ADC combined with FPGA to perform the Fast
Fourier Transform on digital signals has effectively improved
the shortcomings of traditional electronic reconnaissance
aircraft, such as small instantaneous bandwidth and low
sensitivity. According to the Nyquist sampling theorem [3],
high sampling rates of ADC can provide ideal detection
bandwidth. However, achieving higher detection frequency
resolution requires performing large-point FFT (exceeding
1024 points) [4]. The significant computational load resulting
from this can negatively impact the real-time nature of signal
detection, thereby affecting the performance of electronic
reconnaissance aircraft.

In existing research on electronic reconnaissance aircraft,
achieving a balance between instantaneous detection
bandwidth, detection frequency resolution, and detection time
has been a focal point. These performance parameters
determine the precision strike capability and rapid response
maneuverability in electronic warfare, reflecting the important
operational capability of electronic warfare. In order to reduce

979-8-3503-2466-2/23/$31.00 ©2023 IEEE

the impact of the significant computational load caused by
large-point FFT on real-time signal detection, many studies
have introduced high-speed monobit ADCs and designed
monobit electronic reconnaissance receivers. Monobit
Discrete Fourier Transform (DFT) can avoid multiplication
operations, thus speeding up the computation. Some
researchers designed a constant iteration architecture without
using multipliers, which efficiently implements pipeline DFT
computation and achieves higher real-time performance [5].
And some researchers gave a new method to replace the
discrete Fourier transform for monobit receivers by using
dynamic twiddle factors based on the split-radix fast Fourier
transform (SRFFT) to optimize performance of monobit
receivers [6].

However, the cost of this high performance is that it only
retains the frequency and phase information of the signal
while completely discarding the signal amplitude information,
making it unsuitable for scenarios that require detection of
signal amplitude or multiple carrier radar signals. Therefore,
some researches have focused on optimizing multi-bit FFT
architectures to improve the performance of electronic
reconnaissance aircraft. For example, a new type of digital
electronic  reconnaissance aircraft with a detected
instantaneous bandwidth of 675 MHz and a detection time of
2 us is implemented by using multi-bit high-speed ADCs and
FPGA to perform small-point (512 points) FFT on the signal
[7]. And through a combined FFT structure, a multi-signal
detection environment for four carrier signals with different
frequency is achieved on FPGA [8].

Compared to previous works, this paper utilizes the new
high-performance hardware platform RFSoC and designs an
8-channel parallel data processing structure to perform a
4096-point large-point FFT. Under the premise of
instantaneous detection bandwidth of 2 GHz and detection
frequency resolution of 1 MHz, the signal detection time is
reduced from 25 us to approximately 3 us, and it also has the
capability to detect multiple carrier frequencies of continuous
wave radar. These improvements enhance the performance of
the electronic reconnaissance aircraft in multiple aspects and
provide a strong foundation for localization [9], interference,
deception, and other strike tactics. The content of this paper is
organized as follows: Section II presents a detailed description
of the implementation model and principles, and Section III
exhibits the simulation results and experimental results.

II. IMPLEMENTATION MODEL AND PRINCIPLES

A. System Model

Currently, the mainstream electronic reconnaissance
aircraft mainly consist of RF front-end circuits, high-speed
ADCs, and processing units. The implementation in this paper
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is based on the system model shown in Fig. 1. The weak RF
Signal received by the antenna has a more suitable Signal-to-
Noise Ratio (SNR) after passing through the automatic gain
control (AGC) module. After frequency mixing, the down-
converted signal is split by a power divider, with one part
output to the detector module for calculating pulse parameters
and acting as an indication signal for effective carrier
sampling. The other is directly output to the processing core
RFSoC for computing other parameters.

RFSoC
Logarithmic
-
""""""" FPGA
N
ARM cortex-A

Fig. 1. Digital EW receiver system model

RFSoC is a high-performance System-on-Chip (SoC)
developed by Xilinx, which integrates RF and digital signal
processing capabilities into a single chip. It integrates multiple
high-speed ADCs with sampling rates up to 4.096 GSPS,
ARM Cortex-A53 processors, Field-Programmable Gate
Array (FPGA), and rich memory resources and peripheral
interfaces, providing high-performance RF and digital signal
processing capabilities [10].

Despite RFSoC has high-speed RF and digital signal
processing capabilities, the limitation of FPGA operating
clock frequency still poses challenges to high-performance
real-time systems such as electronic reconnaissance aircraft,
especially in the implementation of FFT algorithms. For
instance, considering the RFSoC ADC sampling frequency of
4 GHz and FPGA clock frequency of 500 MHz, to achieve a
frequency resolution of 1 MHz, it requires performing a 4096-
point FFT on the sampled digital signal. For conventional FFT
implementations, even with the use of pipelined FFT
processing, significant time overhead can still be encountered,
which could be detrimental to real-time signal detection.

To address this issue, we propose an optimization strategy,
which involves using an 8-way parallel 512-point pipelined
FFT to achieve a 4096-point FFT. This approach not only
leverages the advantages of FPGA parallel computation but
also considers the characteristics of RFSoC analog-to-digital
conversion signal transmission. Specifically, to match the
ADC sampling rate with the FPGA clock frequency, the
RFSoC internally combines 8 consecutive 16-bit samples into
a single 128-bit data stream, achieving real-time serial-to-
parallel data conversion. This process provides the necessary
parallel data foundation for implementing the 8-channel
parallel FFT algorithm.

B. Principle of 8-Channel Parallel FFT

The Discrete Fourier Transform can obtain the frequency
spectrum of a discrete-time signal, allowing for the analysis of
the signal's characteristics in the frequency domain.
Define x(n) be the time sequence of length N obtained
through continuous sampling by the ADC. The DFT is defined
as follows:

X(k) = DFT[x(n)] = $N=dx )W, k=0,1,..N—1 (1)

.2nnk
Where, W = e™/"~  is the twiddle factor. From (1), it can

be observed that each N-point DFT computation requires N?
complex multiplications and N(N-1) complex additions. As N
increases, the computational complexity will increase
significantly [11]. The twiddle factor possesses several
properties:

o Periodicity: W;(N_k) = W;(N—") = Wy ()
WIJLk+N/2 - _wpk = (lelm)* 3)

o Reducibility: wik = wnmk C))

e Symmetry:

Simultaneously, based on the RFSoC's sampling data
transmission format, the input time sequence x(n) is divided
into eight groups: x(8m), x(8m+1), x(8m+2), x(8m+3),
x(8m+4), x(8m+5), x(8m+6), x(8m+7). According to (2), (3),
and (4), formula (1) can be represented as follows:

N

X(k) = ¥°

m=0

N
Yo
x Bm)W™ + WEXE _ x (8m + D)W
8 8

m=0 m=0

Ny Ny
+WEk e x (8m+ 2)Wa™ + WEKTE _ x (8m + 3)W
8 8

N
=1

4k V'8
+ Wy 2 oo

N
=1
x (8m+ HWa™ + wkye
8

m=0

x (8m+ 5)Wﬂmk
8

N 4 g
+ Wk e x (8m+ )W + WIKEE _ x (8m + 7)W
8

m=0 m=0
8
m=01,.N/8—1 (5)

From (5), it can be observed that the N-point FFT result of
the continuous-time sequence can be computed using the N/8-
point FFT results of the 8 decimated sequences. Let the 8
results be: Fo(k), Fi(k), Fo(k), F3(k), Fak), Fs(k), Fs(k) and

Fy(k). Additionally, by letting a = g(l +j) and b =
g (1 — ), combined with the properties of the twiddle factor
W, the complete N-point FFT results can be obtained:

XUy = Fo(k) + F (W) + F (W + Fs(lOWi* +
E ()W  + Fs(l)Wi* + Fs(lWR* + F (k)W

X(k + N/8) = Fy(k) + bE, (k)W — jF,(k)W2k — aF;(k)Wgk —
F(lOWi* — bFs(R)WR* + jFs(WE* + aF, (lk)Wy*

X(k +2N/8) = Fo(k) = jF, ()W = F ()W* + jF3 (k)W +
E ()W — jFs(R)WR* — Fe(l)Wy* + jF, (l)Wy*

X(k +3N/8) = Fy(k) — aF, ()W + jF,(kK)W2k + bF;(k)Wgk —
F )Wk + aFs(R)WR" — jFs(R)Wy" — bF, (k)Wy*

X(k +4N/8) = Fy(k) — Fy(-)Wy + F,(l)Wik — F3(l)Wgk +
F(lOWi* = Fs(l)WR" + Fs )Wk — F, (k)Wyik

X(k +5N/8) = Fy(k) — bE, (k)W — jF,(kK)W2k + aF;(k)Wgk —
F (Wi + bFs(R)WR* + jFs(R)WRF — aF, (lk)Wy*

X(k +6N/8) = Fo(k) + jF, (W — K (Wi — jFs ()W +
E ()W + jFs (R)WR" — Fs(l)Wi* — jF; (k)W

X(k+7N/8) = Fy(k) + aF, (k)W + jF,(k)WEk — bF;(k)WEk —
Fy(R)Wy* — aFs(l)Wi* — jFs(l)Wi* + bF, (K)Wy*

k=01,..N/8—1 (6)
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C. RFSoC Algorithm Model

The algorithm implementation is mainly based on the
parallel processing capability of FPGA, the high-speed ADC
data parallel transmission format in RFSoC and the
computational capability of ARM Cortex-A53 processor.
Firstly, the data conversion module converts the sampled 16-
bit serial data into 128-bit parallel data without delay,
allowing N-point digital signals to be transmitted within N/8
clock cycles. The 128-bit data is divided into eight groups and
undergoes N/8-point pipelined FFT computation, which
effectively minimizes the FFT calculation latency. Meanwhile,
the address control module controls the output of complex
twiddle factors stored in BRAM according to specific logic.
These twiddle factors and the complex results obtained from
the multi-channel parallel FFT, are processed by the butterfly
operation module and serially output the N-point FFT
computation results with a certain timing. The N-point
complex results are stored in BRAM and later processed by
the ARM processor for peak detection, amplitude conversion,
and other subsequent calculations. The overall algorithm
model implemented in RFSoC is illustrated in Fig. 2.

twiddle
fictors
BRAM

FFTONS pi)

AXI
BRAM
Controller

FFTON pi)

RF
ADC p| Daa

Converter
Block

Butterfly
Operation
Block

FFTONS pi)

FFTONS pt) X1

FETNGS pi)

ARM
processor

FFTON pi)

FFTONS pi)

P

FFTONS pi)

Fig. 2. Parallel FFT algorithm model based on RFSoC

This RFSoC-based parallel FFT scheme offers significant
advantages over conventional serial FFT or other parallel FFT
schemes. Compared to serial FFT, the RFSoC-based parallel
FFT not only greatly reduces the transmission time of radar
signal sampling data but also reduces the computational
complexity by using a parallel FFT structure, thereby saving
considerable time in complex calculations. Compared to other
parallel FFT implementations, the RFSoC allows seamless
and real-time serial-to-parallel conversion of high-speed
sampled data, directly transmitting data with a 128-bit high bit
width. This capability enables the FPGA to read the data
within a single clock cycle, thereby shortening the data
transmission time. This optimization significantly reduces the
time overhead, leading to a remarkable improvement in FFT
computation speed and enhancing the performance of
electronic reconnaissance aircraft.

III. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To further validate the feasibility of the proposed approach,
the main components of the algorithm were simulated in
Matlab. Initially, a continuous wave radar signal with a
frequency of 100 MHz, superimposed with Gaussian white
noise, was generated and sampled with a length of 4096 points.
Then, the signal was evenly sub-sampled to obtain eight sets
of 512-point sub-sequences. Subsequently, a parallel FFT
processing structure was designed, and the sub-sampled
sequences were input to this structure to obtain eight sets of
512-point complex result sequences. Finally, the complex

sequences underwent butterfly operations to generate the
frequency-domain representation of the time-domain signal.
A comparison of the results obtained from normal serial FFT
and parallel FFT is shown in Fig. 3. It can be observed that the
frequency-domain information obtained from both serial and
parallel FFT computations is correct and consistent,
demonstrating the feasibility of the parallel FFT algorithm.
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Fig. 3. (a) The time domain diagram of the continuous wave radar signal with
a frequency of 100 MHz superimposed with Gaussian white noise; (b) The
serial FFT result; (c) The parallel FFT result.

B. Experimental Results

We simulated the radar signal source using a signal
generator and transmitted the signal into the atmosphere
through a planar spiral antenna. At a distance of one meter
from the transmitting antenna, a receiving wideband dual-
ridged horn antenna, the electronic reconnaissance system,
and the host were placed. The experimental setup is
illustrated in Fig. 4.

Hardware platform

Fig. 4. Experimental setup

After the hardware system completed the signal detection,
the detection results were transmitted to the host via the
JTAG interface, so that the Integrated Logic Analyzer (ILA)
tool of Vivado can be used to capture multiple sets of data,
including the sampled digital signals and FFT computation
results. Finally, the captured data was exported to Matlab for
system analysis. The time interval between the first clock
cycle of transmitting digital signals and the last clock cycle
of outputting FFT results is defined as the radar signal
detection time.

After extracting the valid portion, the experimental results
obtained with a transmission frequency of 2950 MHz and an
amplitude of -45 dBm are shown in Fig. 5. To ensure the
reliability of the experimental results, multiple measurements
were performed by varying the transmission signal
parameters with the frequency ranging in 2 to 4 GHz and the
amplitude ranging in -50 to -40 dBm. Specific experimental
parameters and results are presented in TABLE 1.
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Fig. 5. (a) The FFT input data validity signal; (b) Results of the second set in
parallel FFT; (c) The FFT output data validity signal; (d) Results of the
seventh set in parallel FFT.

TABLE 1. EXPERIMENTAL PARAMETERS AND RESULTS

Transmission Reception
Freq y Amplitud, Freq y Amplitud, Time
(MHz) (dBm) (MHz) (dBm) (us)
2350 -50 2350 -53 3.3
2650 -48 2651 -49 3.3
2950 -45 2950 -46 3.3
3250 -43 3250 -43 3.3
3550 -40 3549 -40 3.3

The signal detection time can be calculated to be
approximately 3.3 us, based on the difference in the number
of points between Fig. 5(a) and Fig. 5(c), with the FPGA
clock frequency set at 500 MHz. From Fig. 5(b) and Fig. 5(d),
it can be observed that the frequency domain peaks appear in
the butterfly operation results of the second and seventh FFTs,
corresponding to the actual frequency and its mirror image in
the Sub-Nyquist domain, respectively. Considering the local
oscillator frequency as 2 GHz, the corrected actual frequency
is calculated to be 2950 MHz, and the actual amplitude is
approximately -46 dBm, which is consistent with the
transmitted signal.

C. Resource Utilization of FPGA

The FPGA resource utilization for the proposed design is
presented in TABLE II.

TABLE II. RESOURCE UTILIZATION OF FPGA DESIGN

Resources Used
LUT 8956 (2.10%)
BRAM 43 (3.98%)
DSP 104 (2.43%)

IV. CONCLUSION

This paper proposes a real-time radar signal detection
method based on RFSoC, enabling signal detection in
approximately 3 us with an instantaneous bandwidth of 2 GHz
and a frequency resolution of 1 MHz. This method also
provides the capability to detect multiple carrier frequencies
in radar signals. The performance of the proposed method is
validated through simulations and experiments in real-world

scenarios, ensuring the reliability of the system. For modern
electronic warfare, the speed and accuracy of radar signal
detection are crucial, making the method of this paper highly
valuable for the design of next-generation electronic
reconnaissance aircraft. In future work, we will continue to
optimize the radar signal detection structure based on RFSoC,
aiming to further reduce system resource consumption,
improve the performance of electronic reconnaissance aircraft,
and make the system adapt to more radar signal detection
environments.
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