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Abstract
Rapid Invisible Frequency Tagging (RIFT) is a recent advance in frequency tagging that exploits novel, high-frequency
displays tomodulate luminance at imperceptibly high frequencies. RIFT goes beyond low-frequency tagging by allowing
researchers to track neural responses to rhythmic stimulation while avoiding perceptual confounds. RIFT is thus a
promising method to address central questions in cognition, including attention, multimodal integration, and the
neural mechanisms underlying oscillatory coordination in perception. However, setting up a RIFT study involves several
technical and conceptual considerations. In an effort to make RIFT more accessible, we provide a comprehensive
guide for implementing RIFT in cognitive neuroscience. On the basis of the joint experiences and data-driven insights
of multiple labs, we provide practical recommendations derived from empirical datasets to improve reproducibility,
covering hardware requirements, stimulus design, analysis approaches, and interpretation of results. We hope that
this guide helps readers to both identify the conceptual areas where RIFT offers promising insights and navigate the
technical caveats that come with the approach.
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1 Introduction
Rhythms are omnipresent in our brain and environment,
and shape how we attend to, perceive, and integrate in-
formation. In cognitive neuroscience, a fundamental chal-
lenge lies in the way we measure how rhythmic neural
activity relates to ongoing cognitive processing without in-
terfering with perception itself.

Frequency tagging has been a widely-used stimulus pre-
sentation method within the field of cognitive neuro-
science (Norcia et al., 2015). In short, it involves varying
a specific property of a stimulus (e.g., luminance) at a fixed
frequency. This rhythmic modulation induces a neural re-
sponse at the same frequency, called Steady-State Evoked
Potentials (SSEPs). Because this response is frequency-
specific, it provides a powerful marker of how the brain
processes the tagged stimulus over time. Frequency tag-
ging has therefore been widely used to study attention
(e.g., spatial attention (Morgan et al., 1996; Müller & Hüb-
ner, 2002), feature-based attention (Müller et al., 2006; Pei

et al., 2002), perceptual selection, and multimodal integra-
tion (Alp et al., 2018; Regan & Regan, 1988).

Recent advances in display technology have given rise to
an innovative new branch of frequency tagging: Rapid In-
visible Frequency Tagging (RIFT). Unlike low-frequency tag-
ging, which typically flickers stimuli at frequencies be-
low 30Hz, RIFT flickers stimuli at frequencies higher than
60Hz (Seijdel et al., 2023; Zhigalov et al., 2019), allow-
ing the tagging to become virtually imperceptible (Figure
1). RIFT therefore provides several advantages over exist-
ing SSEP applications. Firstly, at lower frequencies lumi-
nance changes are visible. This makes them easily iden-
tifiable, and they may automatically draw attention (Cass
et al., 2011). RIFT, by flickering complex stimuli beyond the
threshold of visibility, offers a tracker of visual process-
ing without perceptual interference. This results in more
naturalistic paradigms where the spatial spread of atten-
tion can be continually measured without any awareness
of this probe. Another major benefit is that RIFT can mea-
sure the allocation of attention to locations which appear

Figure 1: Rapid Invisible Frequency Tagging. The luminance of stimuli or areas on the screen is modulated
sinusoidally at frequencies that exceed the threshold of perception. The response to these tags can then be
uniquely recovered in the M/EEG response, and its amplitude over time can reveal location or feature based
modulations in covert attention. Thus, RIFT forms a non-invasive, continuous tracker of attention in the absence
of any visible probes.
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indistinguishable from background space. In doing so, it
offers a qualitatively different tool for studying relatively
difficult-to-measure cognitive processes that occur in the
absence of any stimuli. Lastly, in the low frequency range
(<30Hz), SSEP responses may be difficult to disentangle
from endogenous oscillations in similar frequency bands,
or may even entrain or disrupt them (Notbohm et al., 2016;
Spaak et al., 2014). The RIFT response does not interact
with endogenous oscillations: its typical frequencies are
far away from lower bands such as alpha (Arora et al., 2025;
Gutteling et al., 2022; Zhigalov & Jensen, 2020), and even
spectrally close oscillations such as gamma are not en-
trained (Duecker et al., 2021).

RIFT is essentially a tracker of visual processing, used
most frequently as an invisible tracker of covert atten-
tion. Given the large range of cognitive phenomena that
involve covert attention, RIFT has the potential to produce
novel insights for a variety of cognitive fields, For example,
RIFT has shown to be a powerful tool to capture spatial
shifts of attention both to tagged stimuli (Zhigalov et al.,
2019), as well as to tagged, but perceptually indistinguish-
able regions of visual space (i.e., tagging the background;
Arora et al., 2025). Over the last few years RIFT has been
applied within the domains of reading (Pan et al., 2021,
2024), distractor suppression (Ferrante et al., 2023), visual
search (Bouwkamp et al., 2025; Duecker et al., 2025), visual
working memory (Arora et al., 2025), brain-computer in-
terfacing (Brickwedde et al., 2022), multimodal integration
(Drijvers et al., 2021; Seijdel et al., 2024) and the interaction
between speech planning and comprehension represen-
tations (Hustá et al., 2025). Aside from exploring novel
cognitive contexts that may benefit from using the tech-
nique, current RIFT research is also focused on technical
aspects such as optimizing display features (Minarik et al.,
2023) and exploring alternate forms of tagging (Spaak et
al., 2024).

In sum, RIFT has proven to be a sensitive method for track-
ing neural responses and their modulation by cognitive
demands, and previous work shows clear and promising
potential for RIFT within cognitive research. However, the
method also introduces novel technical and analytical
considerations that are not yet widely documented.

In this perspective we consolidate the joint experiences
and data-driven insights of multiple independent labs to
provide a comprehensive guide with resources and rec-
ommendations for running a RIFT study. We describe best
practices for 1) hardware requirements, 2) experimental
design and stimulus presentation, and 3) analysis of the
neural response. This manual primarily compiles pre-

viously undocumented knowledge acquired through the
setup and operation of new RIFT laboratories, as well as
through in-depth exploration of technical aspects of pre-
viously collected RIFT datasets. Our goal is to make RIFT
more accessible to researchers across various fields, and
to highlight how RIFT can contribute to the study of rhyth-
mic cognition across domains.

2 Hardware Considerations
2.1 Why does RIFT require devices with fast

refresh rates?
An important feature of RIFT is that visual stimuli are
tagged above the threshold of perceptibility (>60 Hz).
Achieving this requires specialized display tools with high-
speed refresh rates that go beyond the refresh rates avail-
able in standard monitors.

Conventional monitors, typically running at up to 120 Hz,
are ill-suited for several reasons. Firstly, a 120Hz monitor
can only produce a 60Hz RIFT tag, by alternating between
black and white on each frame However, given that RIFT
is mainly used as a tracker of spatial attention, most cog-
nitive questions using RIFT depend on contrasting the
attentional resources dedicated to different locations in
the same visual environment. Thus, RIFT studies often use
two or more high-frequency tags simultaneously, for ex-
ample 60Hz and 64Hz (Arora et al., 2025), or 60Hz, 64Hz,
and 68Hz (Bouwkamp et al., 2025), which a 120Hz monitor
is not capable of doing. Secondly, standard monitors are
not normally designed to be able to shift through their full
luminance range (black - minimum, to white - maximum)
during the short interval between two consecutive frames.
Our own personal experiments demonstrated that stan-
dard monitors have trouble doing so, leading to visible
tagging modulations on the screen. Though the tagging
could also use a lower luminance range (e.g., flicker from
grey to black) if a monitor is incapable of using its full
luminance range quickly, this has been shown to weaken
the tagging response (Spaak et al., 2024). Lastly, even if
perfect control of luminance at 120Hz is achieved, there
is a stark difference between the resulting step-function
luminance trace achievable at a 120Hz refresh rate and
the sine-approaching traces achievable at higher refresh
rates. The latter avoid sudden and large jumps in lumi-
nance (Figure 2), resulting in much reduced visibility of
the luminance oscillation. Indeed, it has been shown that,
when using 120Hz refresh rates, even 60Hz oscillations are
visible (Waldin et al., 2017). However, with rapid refresh
rates (i.e., 1440Hz) the 60Hz tag has been experimentally
shown to be invisible (Spaak et al., 2024).
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Figure 2: Higher refresh rates more closely reflect sinusoidal modulations of luminance.

2.2 Which devices can accomplish this?
Nearly all RIFT research so far has made use of a PROPixx
DLP projector (VPixx technologies), which supports refresh
rates up to 1440 Hz (if using greyscale) or 480Hz (if colour is
used). PROPixx circumvents the bandwidth limitations of
graphics cards by repackaging multiple frames into each
input image (see Box 1), allowing for imperceptible rhyth-
mic stimulation at a precision that is unmatched by stan-
dard hardware. However, given the expenses associated
with this option, it is worth exploring viable alternatives.

More recently, newer commercially available OLED moni-
tors operating at 480 Hz have emerged as a viable alterna-
tive, by using fast pixel response times, which increases ac-
cessibility (Dimigen et al., 2025). Early evidence exists that
demonstrates that these consumer-grade monitors pro-
duce robust RIFT responses. We therefore believe that as
the use of RIFT becomes more widespread, this monitor
option will soon be more utilised. Thus, our discussions
and suggestions below are general to any device and re-
fresh rate (with the exception of Box 1).

Box 1. How does the PROPixx projector achieve higher-than-GPU refresh rates?

he core limitation overcome by the ProPixx projector is not merely high-speed display, since LED displays can also
display rapidly changing visual luminance. In order to display complex stimuli, the display tool must be paired with
a graphics card that can produce frame-by-frame images quickly enough to keep up with a fast display rate. The
ProPixx takes away this requirement. That is, the graphics card being used can simply operate as if it was connected
to a simple 120Hz refresh rate device, but the projector is able to convert this input to a much faster refresh rate
(480Hz if using colour, 1440Hz if not using colour).

The ProPixx achieves this by allowing the user to “pre-package” up to 12 frames worth of information within a
single image. For a normal monitor/PC setup, the graphics card sends out a frame which the monitor then displays.
Thus, for a 120Hz monitor setup, 120 images are displayed per second (Figure 3A). The projector is able to achieve
a higher refresh rate with the same input speed (120 images per second) from the graphics card. First, it divides
the image received from the graphics card into four equal quadrants. Each of these quadrants is then sequentially
displayed (Figure 3B). This quadruples how many images the projector can display per frame sent by the graphics
card (each with half the pixel resolution), resulting in a 480Hz refresh rate. This means that any image which is
intended to be drawn at one point on the screen, must actually be drawn at four different locations (the centers of
each of the four “quadrants”) which are offset in different directions from the true center of the image. Here we
include code (quadifier.m) compatible with MATLAB-Psychtoolbox that carries out this operation by converting
coordinate information from a screen-centered reference to a quadrant-centered reference.

This refresh rate can then further be tripled to achieve a 1440Hz refresh rate for grayscale images. For this,
the three color channels (Red, Green, and Blue) that normally add up to produce one color image can be used
to transmit three unique images (Figure 3C) which are then displayed in sequence. In this way, the projector can
display three frames per quadrant, resulting in twelve total images per frame sent by the graphics card (Figure 3D).
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Figure 3: Operation of the PROPixx projector. When connected to a 120fps PC input, A. a standard monitor
displays one image for each frame. In the same time, the PROPixx projector can display either B. 4 images
by splitting up the frame into quadrants and displaying them sequentially, producing a 480Hz output, or, C.
12 images by further splitting the R, G, and B colour channels of the frame to produce three images per each
of the four quadrants, D. resulting in a 1440Hz framerate. Note that the input from the PC has to be encoded
specifically to produce the desired output after quadrant-splitting and RGB-splitting.

2.3 Components of a RIFT Setup

The main hardware component of a RIFT setup is the high-
refresh display device (see Section 2.2). Because of the
low demands the PROpixx projector places on the graph-
ics card itself (Box 1), the projector setup has relatively
lenient graphics card requirements. Our setups utilize
relatively inexpensive graphics cards (e.g., NVIDIA Quadro
K620 2GB, GeForce GTX960 2GB, and Radeon RX570 8GB).
The GPU requirement is considerably higher when using a
high refresh-rate monitor for RIFT instead of the PROpixx
projector (Dimigen & Stein, 2024; Dimigen et al., 2025).

Irrespective of which device is used for RIFT, a photodi-
ode (luminance sensor) is essential for identifying and
verifying that the intended modulation is faithfully dis-
played. Even timing errors on a millisecond-level can shift
the phase of the frequency-tagged signal, undermining ex-
perimental precision. For example, with a 60Hz tag (1 cycle
= �16.6ms), an 8ms delay would put the tagging signal in
anti-phase, so even a 1ms delay will have a notable im-
pact, and thus accounting for these inaccuracies becomes
critical.

3 Stimuli and Experimental Design
Considerations

3.1 Which frequencies are best to use for
tagging?

3.1.1 Theoretical Range

With RIFT, we measure neural responses to imperceptible
periodic stimulation. This definition leads to two auto-
matic (theoretical) thresholds for RIFT frequencies. The
first is a maximum frequency above which the response
to periodic stimulation is no longer observed in the M/EEG
signal. The second is a minimum frequency below which
the flicker is visible. Previous work has used LED-based
displays to investigate the periodic neural response to
flickers in the 1-100Hz range (Gulbinaite et al., 2019; Her-
rmann, 2001), fromwhich a rough threshold of around 80Hz
emerges as an upper limit (Minarik et al., 2023). On the
other hand, mean estimates of the critical flicker-fusion
threshold tend to be close to 50Hz but vary between 30-
60Hz depending on numerous individual factors and cog-
nitive states (Haarlem et al., 2024). Thus, for visual tagging,
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Study Topic Tagged Stimuli Refresh
Rate (Hz)

Tag Type &
Freq. (Hz)

Tag Duration
(ms)

Stimuli (# / Size / Loc.)

Zhigalov et al., 2019 Attentional effect on
cortical excitability

Photos of faces and
houses

1440 63, 78 1500 2 / – / 8.3° eccentricity,
below midline

Zhigalov et. al., 2020 Alpha oscillations and
spatial attention

Photos of faces and
houses

1440 60–70 (broad-
band tag)

2000 2 / 5.7° / 3.8° eccen-
tricity, below midline

Drijvers et al., 2021 Multimodal integration Auditory verbs, gesture
video

1440 A: 61, V: 68, IM: 7 ∼2000 avg 2 / 10°×6.5° / Midline

Duecker et al., 2021 Entrainment of gamma Background, circular
moving gratings

1440 52–90 (2Hz
steps)

2000 1 / 2.62° / Center

Gutteling et. al., 2021 Attentional gating via
alpha-band oscilla-
tions

Clear or degraded pho-
tos of faces

1440 63, 70 2350 - 3350 2 / 8° / 7° eccentricity,
below midline

Pan et al., 2021 Parafoveal processing Background under the
target word

1440 60 1000 1 / ∼2–3°×1° / Midline

Brickwedde et al., 2022 BCI control via covert
attention

Section of background
with grainy texture

1440 V: 56, 60 2000 (train);
continuous
segmented to
1000 (test)

2 / – / Bilateral below
midline

Ferrante et al., 2023 Statistical learning of
distractor location

Gabor patches 480 55–75 (broad-
band tag)

1500 (filler) +
300 (search)

2 / 6°×6° / 4° eccen-
tricity in all quadrants

Minarik et al., 2023 Optimal tag parame-
ters examining: 1) tag-
ging freq., 2) stim. size,
3) stim. position

Background section 1440 66 - freq.
varied for 1)
between 60–
100 (4Hz steps)

1400 + tapers 1 / 10° / Center - size
varied for 2) 2–12° in
1° steps - pos. varied
for 3) midline, above,
or below

Bouwkamp et al., 2025 Predictive visual
search

T + L distractors 1440 60, 64, 68 ≤2500 3 / 2.5°×2.5° / variable
(within 11°×7.5°)

Pan et. al., 2024 Parafoveal semantic
processing in reading

Background under the
target word

1440 60 1000 1 / ∼2–3°×1° / Midline

Seijdel et al., 2024 Multimodal integra-
tion; attention

Auditory verbs, ges-
tures

1440 A: 58, V-att: 65,
V-unatt: 63, IM:
5, 7

∼2000 3 / – / Midline

Spaak et al., 2024 Optimal tag parame-
ters examining: 1) im-
perceptibility, 2) type
of tagging, 3) account-
ing for phase shifts

Circular gratings 1440 60, 66 1200 or 1500 1–2 / 2°–4° / Midline,
above, or below

Arora et al., 2025 Internal vs. External
Attention

Color gratings, Back-
ground

480 60, 64 Continuous 2 / 6° / 6° eccentricity,
2° below midline

Husta et al., 2025 Planning speech dur-
ing comprehension

Auditory nouns, pic-
tures

1440 A: 54, V: 68, IM:
14

A: ∼877, V: 1000 2 / 7.1°×8.4° / Center

Duecker et al., 2025 Guided visual search T + L distractors 480 60, 67 ≤4000 17 or 33 / 1°×1° / vari-
able (within 10°×10°)

Dietz et al., 2025 Temporal expectations Square-wave gratings 480 60 Whole trial
(≤3800)

1 / 6° / Center

Wang et al., 2025 Attentional capture Geometrical shapes
(singleton targets +
distractors)

480 60, 64 1300 6 / 4.3° × 4.3° / 6°
eccentricity, in circular
shape

Dimigen et al., 2025 RIFT on consumer
monitor

disc stimulus matching
background

480 (on
OLED
monitor)

60, 64 10000 1 / 2.55° + tapers / Cen-
ter or Periphery at 12°

Duecker et al., 2025 Role of alpha in visual
search

T + L distractors 480 60, 67 Variable 17 or 33 / – / –

Table 1: Overview of topics and tagging parameters in existing RIFT research. Notes: A = Auditory tagging; V
= Visual tagging; IM = Intermodulation frequency. Where not specified, “–” indicates data not reported or not
applicable. Tag location and stimulus size are reported in degrees of visual angle (dva).
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the flicker appears visible to most people below 50Hz. This
allows us to set a (conservative) theoretical RIFT tagging
range of 60-80Hz in the visual domain. RIFT has also been
implemented slightly below this range at 56Hz (Brickwedde
et al., 2022), and similar tagging protocols have been ap-
plied at even lower frequencies (41-45Hz; (Marshall et al.,
2024)), though here invisibility was not verified.

Beyond this range, there are a number of technical aspects
to consider that produce a more limited set of frequency
options in practice.

3.1.2 Higher frequencies evoke lower responses

It is worth noting that even though all frequencies within
the theoretically plausible range (�60Hz-80Hz) have been
shown to evoke a periodic response, this response de-
creases in strength as the frequency increases (Gulbinaite
et al., 2019; Herrmann, 2001). An upper limit of 72Hz has
been suggested for observing tagging in 90% of the partic-
ipant pool, above which this percentage decreases quickly
(Minarik et al., 2023). A summary of the stimuli and fre-
quencies utilized in previous RIFT studies is summarised
in Table 1.

3.1.3 Sampling

When sinusoidally modulating luminance to display a
tagged stimulus, the choice of tagging frequency and
phase can lead to the presentation of imperfect sine
waves, which can in turn result in dynamic luminance
range being underutilized by the tagging. A ‘perfect’ tag,
i.e., one that only stimulates the intended frequency with-
out introducing any harmonics or other low-frequency
components, would always capture the same values on the
sinusoid for every cycle including the high and low peaks
(e.g., Figure 4A). This, however, is only possible when the
tagging frequency is a factor of the refresh rate, in this ex-
ample a 60Hz (480Hz / 8) tag. If the refresh rate is not an
integer multiple of the tagging frequency, an artifact will
arise because the peaks and troughs of the true sinusoid
are not sampled regularly (e.g., Figure 4B), in this example
a 61Hz (480Hz / �7.86) tag. Similarly, if the sinusoid being
sampled has a phase offset such that no frames sample
its peak or troughs, even a ‘perfect’ tagging frequency can
miss out on the full dynamic range of luminance (e.g., Fig-
ure 4C). Such sampling issues can be avoided entirely by
simply using frequencies that are an integer factor of the
refresh rate (480Hz/8 = 60Hz, 480Hz/7 = 68.57Hz, 480Hz/6
= 80Hz) at the appropriate phase offset to ensure that the

Figure 4: The choice of tagging frequency and phase can lead to presentation of imperfect sine waves. A.
When drawing a 60Hz tag at a 480Hz refresh rate, 8 (480/60) luminance points are equally sampled on each
cycle and perfect sampling is observed if the phase is aligned to the sinusoid’s peaks. B. When drawing a 61Hz
tag at the same refresh rate, every cycle does not have the same sampling of luminance points, and C. When
drawing a 60Hz tag at the same refresh rate but a different phase offset, the peaks are not sampled uniformly
thus under-utilizing the dynamic range of the tagging.
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