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Abstract: Steady-state visual evoked potential-based brain-computer interface (SSVEP-BCI) is one of the promising sys-
tems that can serve as an alternative input device due to its stable and fast performance. However, one of the major bot-
tlenecks is that some individuals exhibit no or very low SSVEP responses to flickering stimulation, known as SSVEP illit-
eracy, resulting in low performance on SSVEP-BCIs. However, a lengthy duration is required to enhance multiple SSVEP
responses using traditional single-frequency transcranial alternating current stimulation (tACS). This research proposes
a novel approach using dual-frequency tACS (df-tACS) to potentially enhance SSVEP by targeting the two frequencies
with the lowest signal-to-noise ratio (SNR) for each participant. Seven participants (five males, average age: 24.42) were
exposed to flickering checkerhoard stimuli at six frequencies to determine the weakest SNR frequencies. These frequen-
cies were then simultaneously stimulated using df-tACS for 20 minutes, and the experiment was repeated to evaluate
changes in SSVEP responses. The results showed that df-tACS effectively enhances the SNR at each targeted frequency,
suggesting it can selectively improve target frequency responses. The study supports df-tACS as a more efficient solution
for SSVEP illiteracy, proposing further exploration into multi-frequency tACS that could stimulate more than two frequen-
cies, thereby expanding the potential of SSVEP-BCls.

Key words: Steady-state visual evoked potential (SSVEP), Dual-frquency tACS (df-tACS), Signal-to-noise ratio (SNR),
Brain-computer interface (BCI)
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Fig. 1. The overall procedure of the experiment
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Table 1. List of the two frequencies with the lowest SNR of
SSVEP response of each participant

Fg-o] SNRe| 714 whe 5 7Ho] 5

Frequency (Hz)
Subjects o
Lowest (f.m1) 2" lowest (fm2)
D01 12.6 5.3
D02 6.6 5.3
D03 8.9 7.5
D04 10.0 8.9
D05 5.3 12.6
Do6 5.3 8.9
D07 12.6 10.0
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9h3-9] SNR 4=2|= A= Alf(pre vs post)2} A= =
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(A= A3 p < 0.001, A= Z24: p = 0.005), A= Al <A
z270] gt F-ojufet A= AR QI THp < 0.002)[ 1
4 2(a)].

E 2. AFNFATE Q7] A (pre-tACS)H Q171 T (post-tACS) SSVEP W-5-2] SNRY} absolute power2] -+t
Table 2. Average values of SNR and absolute power before (pre-tACS) and after (post-tACS) applying transcranial alternating

current stimulation

Pre-tACS Post-tACS D
Signal-to-Noise Ratio <0.001
Lowest (f.m1) 0.818 + 0.057 1.071 + 0.069 0.018
2" lowest (fyims) 0.901 + 0.076 1.073 = 0.091 0.018
Non-stim (£, i) 1.141 +0.076 1.041 + 0.022 0.018
Absolute Power 0.047"
Lowest (fyim1) 0.196 +0.071 0.165+0.073
2" lowest (f.ma) 0.196 + 0.070 0.168 + 0.070
Non-stim (£, cim) 0.269 + 0.134 0.146 + 0.021 -

fStatistical results of period *Condition interaction
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Fig. 2. Changes in (a) SNR and (b) absolute power according to each tACS stimulation condition. Before the application of tACS,
there were differences in SNR responses among three conditions (the frequency with the lowest response, the second lowest
frequency, and the non-applied frequency) (*: post-hoc analysis for f.;,.; p < 0.05; #: post-hoc analysis for f,;,., p < 0.05; §: post-hoc
analysis for /., «im P < 0.05). However, although a significant interaction between stimulation timing and stimulation condition
was found in absolute power (f: interaction in stimulation timing * stimulation condition p < 0.05), no significant differences
were found between conditions in the post-hoc analysis
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