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Electromagnetic alternating current (AC) stimulation, a key application of applied electromagnetics, is a non-

invasive neuromodulation technique that delivers low-intensity oscillating electric fields to the brain via scalp

electrodes. Conventional microcontroller (MCU)-based devices face computational loads that compromise

stability at high frequencies. We propose an analog self-synchronized switching algorithm where the MCU only

controls the DAC, while an analog circuit autonomously manages switching. A system based on an

ATmega328p (50 samples/cycle, n=10) was implemented to compare both methods. The proposed algorithm

improved the maximum frequency by 62% (to 1,250 Hz). In the 500Hz-1.25kHz high-frequency band, the

proposed method showed statistically superior SNR (p < 0.002). Notably, at 1.1 kHz, the SNR with the proposed

method was 9.67 dB higher. The proposed method's mean SNR in this band was higher and significantly more

stable (33.069 ±1.201 dB vs 25.406 ±2.886 dB). Our algorithm improves high-frequency stability and reduces

MCU burden, providing a robust foundation for multi-channel systems. It is believed that the developed tool

will make a meaningful contribution to the advancement of rehabilitation medicine and neuromodulation

research.
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1. Introduction

Electromagnetic alternating current (AC) stimulation is

a non-invasive neuromodulation technique that delivers

low-intensity oscillating electric fields to the brain via

scalp electrodes. This method modulates neural activity

by entraining brain oscillations or inducing synaptic

plasticity [1], thereby altering cortical excitability [1-3].

Recently, AC stimulation has been applied as a therapy in

various neuropsychiatric disorders, including chronic pain,

insomnia, Alzheimer’s disease, and depression. Reported

outcomes include cognitive enhancement, improved

motor performance, and increased attention [1, 4-8].

Conventional transcranial AC stimulation (tACS)

primarily uses low frequencies (below 100 Hz), which

presents several limitations [9, 10]. Scalp nerve endings

are highly sensitive to low-frequency current, causing

tingling or discomfort that limits the tolerable stimulation

intensity [11]. Furthermore, the phosphene phenomenon,

which causes a sensation of flashing light due to retinal

effects, can degrade the quality of experiments when

stimulating specific brain regions [12, 13].

To overcome these limitations, recent research has

focused on high-frequency stimulation at ≥1 kHz. At high

frequencies, skin impedance is lower and sensory nerve

sensitivity is reduced, allowing stronger currents to be

applied with less user discomfort [9]. However,

conventional MCU-based digital control methods face

fundamental limitations in reliably implementing such

high-frequency stimulation with low-cost electric ICs. In

a real-time control system, data acquisition, processing,

and output updates must be completed within strict time

windows; missing these deadlines degrades system

stability [14]. When generating high-frequency signals,

the interval between samples shortens to the microsecond
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(μs) scale, causing computational processing time short-

ages as the MCU must handle both waveform generation

via DAC and analog switch control simultaneously [15].

Accumulated software-related delay factors, such as SPI

communication latency, interrupting handling, and internal

computations, create timing variability, which leads to

signal-to-noise ratio (SNR) degradation and waveform

distortion [16, 17].

Moreover, when expanding to multi-channel systems

like Dual-tACS (such as temporal interference stimulation),

independent waveform generation and phase control are

required for each channel, increasing the MCU's com-

putational load proportionally to the number of channels

[18-19]. To solve this problem, this study proposes an

'analog self-synchronized switching' technique that

limits the MCU's role to waveform generation, while an

analog circuit, based on the DAC output signal,

autonomously handles the switching control. Using an

ATmega328P MCU, we quantitatively analyze the

superiority of the proposed method over the conventional

digital control method in terms of switching frequency

and signal-to-noise ratio (SNR), thereby establishing a

design foundation for high-frequency and multi-channel

electromagnetic AC stimulation systems.

2. Methods and Materials

This study compares the conventional approach (in

which the MCU handles all control tasks) with the

proposed approach (in which an analog circuit takes over

the switching task). To this end, we implemented each

structure and quantitatively analyzed them by measuring

switching frequency and signal-to-noise ratio (SNR).

2.1. System Architecture and Implementation

Systems for both methods consist of an MCU

(ATmega328P, Microchip, USA), DAC (DAC5311, TI,

USA), and OP-AMPs (OPA4140, TI, USA), and operate

with comparators (LM393, TI, USA), analog switches

(DG412, Maxim Integrated, USA), and power supplies of

±15V and +3.3V.

2.1.1 Conventional Digital Control Method

In the conventional method, the MCU is responsible for

both waveform generation and switching control. From a

firmware perspective (Fig. 1A), the MCU first sequentially

reads the sine wave values stored internally in order to

generate the rectified waveform that controls the current

source. It then determines the polarity (positive/negative)

of each value. If negative, the value is converted to

Fig. 1. (Color online) Conventional electromagnetic AC stimulator diagram. (A) Firmware that computes stimulation polarity and

amplitude. (B) Hardware that applies the stimulation amplitude and direction according to the computed signal.
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positive (rectified), and the switching signal is set to

'HIGH'; if positive, it is set to 'LOW'. This software logic

is directly reflected in the hardware structure (Fig. 1B). In

other words, the MCU simultaneously performs two

roles: sending the rectified waveform to the DAC and

controlling the analog switch and sending the polarity

change timing signal to the analog switch. This structure,

where all control is concentrated in the MCU's com-

putation, can cause calculation delays and timing

inaccuracies when generating high-frequency signals.

2.1.2. Proposed Analog Self-Synchronization Method

The proposed method focuses on drastically reducing

the MCU's computational burden while increasing timing

precision. From a firmware perspective (Fig. 2A), the

MCU's role is highly simplified. Unlike in the conven-

tional method, all software logic for polarity detection and

switch control is eliminated; the MCU’s sole task is now

to sequentially read the internally stored sine-wave values

and send them to the DAC. As the MCU's role is

simplified, the remaining core functions are handled

autonomously by the hardware (Fig. 2B). The DAC

output, which receives the sine wave signal from the

MCU, is split into two paths. The first path is connected

to the comparator as a positive signal, detecting the phase

of the DAC output signal in real-time to generate a

synchronized switching signal that controls the analog

switch. Simultaneously, the other path passes through a

differential amplifier and a precision rectifier to become a

waveform with a positive voltage, which is used as the

signal to control the current source. By entrusting the

switching control entirely to the hardware, software-

related delay elements were fundamentally eliminated,

securing the system's high-frequency stability.

2.2. Measurement Setup

Output waveforms were captured using an oscilloscope

(MHO2024, Rigol, China). During measurement, the

sampling rate was fixed at 100 KSa/s, and waveform data

of 10-second length were collected for each condition.

The collected data were saved as CSV files for

subsequent analysis.

2.3. Experimental Procedure and Data Analysis

The experiment was conducted by implementing the

circuits for each method. The final stimulation waveform

was measured directly at the analog switch output

terminal under conditions of 1 mA and 2 kΩ. First, both

methods were set to 50 samples per sine wave cycle, and

the maximum frequency that each system could stably

generate was measured.

Next, the SNR of each method was measured at 8

frequency points from 500 Hz to 1.25 kHz to compare

and analyze signal quality. To verify signal stability and

Fig. 2. (Color online) Proposed analog self-synchronized AC stimulator diagram. (A) Simplified firmware that generates only the

sine-wave signal without performing switching control. (B) Hardware that autonomously determines switching timing and produces

the stimulation signal using comparator and rectifier circuits.
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statistical significance, waveform data were measured for

10 seconds under each frequency condition and then

divided into 10 1-second epochs (n=10) to calculate the

SNR for each epoch.

MATLAB (R2025a, MathWorks, USA) was used for

data analysis. Fast Fourier Transform (FFT) was applied

to the measured waveform data to analyze the frequency

spectrum and determine the signal frequency from the

highest peak in the frequency spectrum. SNR was

calculated using MATLAB's built-in SNR function after

extracting only the noise component by comparing the

measured signal with an ideal sine wave signal of the

same frequency.

For statistical analysis, the significance of the mean

SNR difference between the two methods at each of the 8

frequency points was verified using a non-parametric

paired comparison, the Wilcoxon signed-rank test. Further-

more, to compare the overall performance across the

entire frequency band (500 Hz-1.25 kHz), the overall

SNR mean and standard deviation for each method were

calculated.

3. Results

This section first demonstrates the operating principle

of the proposed analog self-synchronization method and

then presents a quantitative comparison with the conven-

tional digital control method in terms of switching speed

and signal quality.

We verified that the proposed analog self-synchroni-

zation circuit operates as intended at each stage according

to the design. Fig. 3 shows the time-domain waveforms

measured at key points in the circuit. The initial sine

wave (A) generated by the DAC passes through a

differential amplifier and is precisely aligned to the 0V

reference (B). Next, a precision rectifier produces the

control signal (C) for the current source. Finally, the

analog switch generates the phase-synchronized stimulation

waveform (D), confirming the proper operation of the

final stage. This result visually demonstrates that each

component of the proposed system is operating seamlessly.

The improvement in timing stability was qualitatively

confirmed by capturing and directly comparing the final

output waveforms of the two methods under 1 mA, 2 KΩ

Fig. 3. (Color online) Verification of the proposed analog self-synchronized switching mechanism through oscilloscope measure-

ments at key circuit nodes. (A) Original sine wave generated at the DAC output by the MCU. (B) Differential amplifier output

aligned precisely to the 0 V reference. (C) Rectified control signal used to drive the current source. (D) Final stimulation waveform

produced through the current source under load conditions (1mA, 2KΩ).
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conditions. As seen in Fig. 4, the waveform of the

conventional method (A) exhibits a relatively noticeable

"staircase" phenomenon, with minute temporal irregularities

observed at the peaks and zero-crossing points of the

waveform. In contrast, the waveform of the proposed

method (B) shows a smoother shape and an overall

uniform and stable waveform. This indicates that timing

precision was improved as the switching control was

performed at the hardware level.

First, the maximum frequency that each system could

stably generate was measured under the condition of an

identical number of sine wave samples (50 samples/

period). As shown in Table 1, the conventional method

achieved a maximum of 770 Hz, whereas the proposed

method achieved 1,250 Hz, demonstrating a switching

frequency improvement of about 62%. This implies that

the MCU's computational burden was reduced, allowing

data to be transmitted to the DAC at a faster speed.

Figure 5 and Table II show the mean and standard

deviation of the SNR measured 10 times (n=10) at 8

frequency points from 500 Hz to 1.25 kHz. The Wilcoxon

signed-rank test results showed that the SNR difference

between the two methods was statistically highly

significant at all frequency points from 500 Hz to 1.25

kHz (p < 0.002).

The superiority of the proposed method was clearly

evident across the entire measured high-frequency band

(500 Hz to 1.25 kHz). The proposed method maintained a

stable SNR of over 30dB in the entire 500 Hz to 1.25 kHz

Fig. 4. (Color online) Comparison of final output waveforms (1 mA, 2 KΩ) (A) Switching signals of existing electromagnetic alter-

nating current stimulators (B) Switching signals of devices with proposed self-synchronization algorithms in the same number of

sinusoidal samples.

Table 1. Maximum Output Frequency Comparison in Same

Number of Samples (50/Period) Conditions. The proposed

method achieves 1,250 Hz, a 62% improvement over the con-

ventional MCU-based method.

Condition Frequency (Hz)

Conventional method 770 Hz

Proposed method 1250 Hz

Fig. 5. (Color online) SNR standard deviation by frequency

(SD, n = 10, 1 second interval).

Table 2. SNR results between conventional methods and self-

synchronization control algorithms up to 500 Hz-1250 Hz. The

proposed method maintains significantly higher SNR across all

frequencies (p < 0.002).

Frequency 

(Hz)

Conventional method 

(n=10)

Proposed method

 (n=10)

500 30.09 (±0.06) dB 34.60 (±0.12) dB

600 28.66 (±0.02) dB 34.12 (±0.08) dB

700 26.97 (±0.03) dB 33.99 (±0.17) dB

800 25.88 (±0.02) dB 33.15 (±0.10) dB

900 24.58 (±0.02) dB 33.16 (±0.05) dB

1,000 23.15 (±0.58) dB 32.68 (±0.08) dB

1,100 22.60 (±0.04) dB 32.27 (±0.08) dB

1,250 21.32 (±0.02) dB 30.58 (±0.11) dB
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range, whereas the SNR of the conventional method

dropped sharply as the frequency increased. Notably, at

1.1 kHz, when the conventional method's SNR dropped to

22.60 ± 0.04 dB, the proposed method maintained 32.27

±0.08 dB, showing a large difference of about 9.67 dB.

Even at the maximum frequency of 1.25 kHz, the

proposed method (30.58 ± 0.11 dB) recorded an SNR

about 9.26 dB higher than the conventional method

(21.32 ± 0.02 dB).

Figure 6 and Table III summarize the overall mean and

standard deviation of the SNR across the high-frequency

band (500 Hz-1.25 kHz). The overall mean SNR of the

conventional method was 25.406 ± 2.886 dB, while the

proposed method was measured at 33.069 ± 1.201 dB.

This suggests not only that the proposed method provides

higher signal quality overall, but also that its standard

deviation (SD) is remarkably lower (1.201 dB) compared

to the conventional method (2.886 dB), indicating far less

performance variability across frequencies and greater

stability. These results demonstrate that the proposed

method has excellent performance in effectively sup-

pressing signal distortion and noise generated during

high-frequency stimulation, and that signal quality is

maintained at high frequencies.

4. Discussion

Experimental results indicate that the proposed method

achieved a notable improvement in switching frequency.

In terms of signal-to-noise ratio (SNR), it significantly

outperformed the conventional approach in the 500 Hz to

1.25 kHz high-frequency range, demonstrating enhanced

stability. These findings suggest that the hardware off-

loading strategy is an effective solution for mitigating

timing instability and computation-induced jitter in micro-

controller unit (MCU)-based neuromodulation systems.

The observed performance differences in the high-

frequency band are attributed to each method’s control

characteristics. In the conventional method, as frequency

increases, the sampling interval shortens, and timing

variability due to the MCU's computation and communi-

cation delays escalates, leading to significant SNR

degradation. In contrast, by delegating switching control

to dedicated hardware, the proposed method maintains

stable timing, yielding a 9.67 dB SNR advantage at 1.1

kHz. Additionally, the overall standard deviation of SNR

in the proposed method (1.201 dB) was markedly lower

than that of the conventional method (2.886 dB),

indicating consistent signal quality across the tested high-

frequency band.

While the system showed excellent high-frequency

performance, limitations were also observed. Minor

distortions due to the non-ideal behavior of analog

switches, such as high on-resistance and leakage currents,

were evident during zero-crossing transitions. These could

lead to issues like simultaneous conduction, suggesting

the need for further circuit optimization.

Despite these challenges, the proposed method offers a

practical hardware architecture capable of supporting

stable high-frequency stimulation, particularly beneficial

in multi-channel systems. By relieving the MCU from

switching control duties, more resources can be allocated

to waveform generation and per-channel operations. This

enables robust implementation of complex stimulation

paradigms such as Dual-AC and high-density stimulation

arrays, ultimately contributing to the advancement of non-

Fig. 6. (Color online) Comparison of mean SNR (± SD) across

the entire frequency band for the conventional and proposed

methods (n=10). A statistically significant difference between

the two groups was observed, with a p-value less than 0.01.

Table 3. Summary of overall mean SNR (± SD) for conven-

tional and proposed methods (n=10). The proposed method

shows higher signal quality (33.07 ± 1.20 dB) and lower vari-

ability than the conventional method (25.41 ± 2.89 dB).

Parameter
Conventional method 

(n=10)

Proposed method 

(n=10)

MEAN ± SD 25.406 dB (±2.886) dB 33.069 dB (±1.201) dB
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invasive neuromodulation technologies.

Moreover, this hardware foundation is highly compatible

with Temporal Interference Stimulation (TIS)—a novel

technique enabling non-invasive, spatially precise modulation

of deep brain structures using the interference of multiple

high-frequency currents [20, 21]. TIS has demonstrated

the ability to stimulate deep neural targets, such as the

hippocampus or subthalamic nucleus, without signifi-

cantly affecting superficial tissues, thus overcoming the

depth–focality trade-off of conventional transcranial

stimulation [22, 23]. Importantly, TIS operates via

standard scalp electrodes and simple signal generators,

offering a low-cost and hardware-efficient platform for

deep brain modulation [24, 25]. Such characteristics make

it a promising candidate for use in multi-channel systems

and portable therapeutic devices.

Recent studies have highlighted the clinical potential of

TIS in neurological rehabilitation and disease treatment.

Applications range from the suppression of epileptic

activity [22], enhancement of motor performance [25], to

modulation of deep nuclei involved in movement dis-

orders like Parkinson’s disease [23]. These advances

underscore that the integration of stable, hardware-

efficient architectures with techniques like TIS can

facilitate the development of scalable, non-invasive

neuromodulation tools for both clinical and research

settings. It is anticipated that this work will contribute

meaningfully to the progress of next-generation brain

stimulation technologies for rehabilitation medicine and

therapeutic brain modulation.
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