Transactions of the Korean Nuclear Society Autumn Meeting
Changwon, Korea, October 30-31, 2025

Digital Ex-core Neutron Flux Monitoring System Using FPGA-Based SoC Architecture

Heehun Yang?, Yujin Eom?, Yoonjeong Kim?, Geon Shin® and Hoyoung Yoo*
“Department of Electronic Engineering Chungnam National University, 99 Daedeokdaero, Yuseong-gu,
Dacejeon, 34134, Republic of Korea
*Corresponding author: hyyoo.cnu@gmail.com

*Keywords : ENFMS, FPGA, neutron flux monitoring, SoC, digital instrumentation

1. Introduction

The Ex-core Neutron Flux Monitoring System
(ENFMS) is a critical module of the Instrumentation and
Control (I&C) systems in nuclear power plants. Its
primary function is to monitor reactor power by detecting
neutrons leaking from the reactor core. The ENFMS
measures neutron flux outside the reactor vessel,
provides essential input signals to protection and control
subsystems, and must achieve high-speed, high-
sensitivity measurements over a broad range extending
from start-up to full power [1]. Figure 1 illustrates the
operational range of the ENFMS, which is divided into
the start-up, intermediate, and power ranges according to
reactor output. Each range is characterized by distinct
detector signal properties, including variations in pulse
occurrence rate and degree of pulse overlap. To
accommodate this wide dynamic range, conventional
ENFMS implementations rely on complex analog
circuitry. However, such designs increase hardware
complexity and physical footprint, making them
unsuitable for Small Modular Reactors (SMRs) [2, 3].
Furthermore, aging and obsolescence of analog
components complicate maintenance, reduce reliability,
and limit opportunities for functional integration.

To address these limitations and meet the demands of
SMR deployment, the development of a compact,
simplified, and fully digital ENFMS is essential. This
paper proposes an Field Programmable Gate
Array(FPGA)-based digital ENFMS architecture that
integrates all signal processing functions within a
System-on-Chip (SoC) framework. The proposed design
minimizes reliance on analog components, leverages
high-speed digital signal processing for accurate neutron
flux measurement, and is expected to provide a next

generation ENFMS solution optimized for SMR environments.

2. Proposed FPGA Based ENFMS Design

Figure 2 presents the architecture of the proposed
digital ENFMS SoC platform and its system
configuration. The platform consists of three main
components: the SoC, the ADC module, and the host
GUI. The SoC is built on a MicroBlaze core and manages
data transfer and control through the AXI interface.
Communication with external devices is supported by
Ethernet and UART interfaces for experimental and

simulation data, while BRAM provides local data storage.

Additionally, 12C and SPI interfaces are employed for

Reactor Power[%]

10710 110‘8 llo"' 10" 107 10 10
SR : : :
IR
PR
: : : ; — T
107 10° 10 10* 10° 108 10'°

Neutron Flux [n/cm?sec]
Fig. 1. ENFMS operational ranges.

ADC configuration and data transfer. The ENFMS
Processing Unit is the core of the SoC and operates in
three parallel modes: Pulse Mode, MSV Mode, and
Current Mode. The input signal is first processed by a
CR-RC* filter implemented in an FIR structure to
suppress noise and enhance neutron—gamma separation.
The filtered output is then distributed to the three modes
to estimate reactor power.

Pulse Mode is effective in the very low power range,
where neutron pulses occur infrequently and can be
individually detected. A comparator separates neutron
pulses from gamma rays, and edges are detected by XOR
logic. An accumulator counts the pulses, and the final
pulse count provides the reactor power estimate. This
mode ensures reliable detection at extremely low flux
levels where other methods are ineffective. MSV Mode
is applied in the intermediate power range, where pulses
begin to overlap. Based on Campbell’s theorem [4], the
variance of the detector signal is used to estimate neutron
flux while suppressing gamma contributions. Digitally,
the DC component is removed using a high-pass FIR
filter, after which the signal is squared, accumulated, and
normalized by the sample size to compute the variance.
Current Mode operates in the high power range, where
pulses merge into a continuous current. In this region,
pulse counting and variance estimation are no longer
effective, so reactor power is obtained from the mean
detector current according to Campbell’s theorem. The
input current is passed through a low-pass FIR filter to
suppress high-frequency noise, then accumulated and
divided by the number of samples to compute the mean.
Finally, the outputs of all modes are transformed to a
logarithmic scale to compress the ten-decade reactor
power range and are scaled to the standard output range
from 0 to 10 V, ensuring compatibility with nuclear
protection and control systems.
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Fig. 3. Experimental Results.

3. Experimental Results

The proposed SoC design is validated on a Kintex
UltraScale FPGA. The test data are generated using
MATLAB simulations, modeling both neutron and
gamma-ray pulses. In addition, Additive White Gaussian
Noise (AWGN) corresponding to a 20 dB signal-to-noise
ratio (SNR) is applied to represent electrical noise [5].
Figure 3 presents the experimental results by comparing
the output of the ENFMS SoC with the ideal linear
response, Vigea, which spans from 0 V to 10 V across the
full reactor power range from 107%% to 10? %. Figure
3(a) shows the results of Pulse Mode, where reactor
power is accurately estimated by counting neutron pulses
in the very low range from 1078 % to 1072 %. Figure 3(b)
illustrates the performance of MSV Mode, which reliably
estimates reactor power in the intermediate region from
1072% to 10° % where pulses overlap. Finally, as shown
in Figure 3(c), Current Mode effectively represents
reactor power beyond 10° % by calculating the mean
detector current. These results confirm that the proposed
SoC provides accurate and stable measurements across
the entire operational range of reactor power.
Furthermore, the three processing modes seamlessly
complement each other, ensuring continuous monitoring
and smooth transitions across overlapping ranges.
Moreover, the fully digital implementation facilitates
scalability and integration with next-generation reactor
1&C systems. This demonstrates the feasibility of
replacing traditional analog ENFMS designs with a fully
digital SoC-based architecture.
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5. Conclusions

This paper proposes the FPGA-based digital ENFMS
that integrates pulse counting, MSV estimation, and
current averaging within a compact SoC architecture.
Experimental validation confirms accurate reactor power
monitoring across ten decades, with each mode operating
effectively in its designated range. The proposed system
eliminates reliance on complex analog circuits, improves
reliability, and provides a scalable solution well suited
for Small Modular Reactors (SMRs) and next-generation
nuclear power plants.
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