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our method is that the intensity level during full
occlusion is uniform across all pixels. This pro-
vides a common reference point from which we
can derive absolute intensity information.

Temporal Window Identification The first
step in our procedure is to identify the relevant
temporal windows for each pixel, specifically the
occlusion and revelation phases. The method for
determining these windows should be optimized
based on the motion direction of the opaque
strip. For instance, given a strictly horizontal mo-
tion of a vertical strip, we can select these time
windows uniformly for all vertical pixel rows, re-
sulting in a more robust and efficient determi-
nation of these regions. We define the temporal
windows as:

Tocclusion(x, y) = [tocc
start(x, y), t

occ
end(x, y)], (1)

Trevelation(x, y) = [trev
start(x, y), t

rev
end(x, y)], (2)

where x and y represent the pixel coordinates.

Intensity Value Assignment Once the tempo-
ral windows are established, we count the num-
ber of events generated during the occlusion and
revelation phases with respect to the polarity of
the events. We define the following quantities:

Nocc(x, y) =

tocc
end(x,y)∑

t=tocc
start(x,y)

I{e(x,y,t,−1)} − I{e(x,y,t,1)}

(3)

Nrev(x, y) =

trev
end(x,y)∑

t=trev
start(x,y)

I{e(x,y,t,−1)} − I{e(x,y,t,1)}

(4)

After calculating the sums based on the polarity
and number of events in the respective phases,
we compute the difference to assign a non-
normalized intensity value to each pixel. This
process can be formalized as:

Ix,y = Nocc(x, y)−Nrev(x, y), (5)

where Ix,y ∈ Z represents the non-normalized
intensity value for pixel (x, y). This integer value
encodes the relative brightness of each pixel,
with lower values indicating darker regions and
higher values indicating brighter regions in the
original scene. The final step involves normaliz-
ing the intensity values to obtain a standard 8-bit
grayscale image. We employ min-max scaling to
map the intensity values to the range [0, 255]:

Inormalized(x, y) =

⌊
Ix,y − Imin

Imax − Imin
· 255

⌋
(6)

This normalization produces a grayscale image
compatible with standard image processing al-
gorithms and display systems.
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Summary: Monitoring the quantum yield efficiency of Photosystem II evaluates plant health and stress by esti-
mating electron transport rate in the photosystem. This measurement is typically performed using Pulse Amplitude
Modulation (PAM) in combination with saturation pulses. The derived fluorescence signal is weak, often buried in
noise, and has a low duty cycle. This contribution proposes a hybrid signal processing approach that combines
aspects of boxcar averaging and lock-in amplification to extract low duty cycle signals from below the noise floor.
We were able to detect the signals with a duty cycle of 0.01 %, with signal to noise ratio (SNR) up to −30 dB.
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Introduction
The quantum yield efficiency of Photosystem II
not only reflects how effectively plants utilize ab-
sorbed light but also indicates the electron trans-
port rate within the photosynthetic system in vivo
[1]. This efficiency is described by

ΦPSII =
F ′
m − F

F ′
m

, (1)

where F ′
m is the maximum fluorescence and

F denotes the variable fluorescence in light-
exposed leaves. To separate the ambient light
from the plant’s fluorescence light, the fluores-
cence excitation light should be modulated [2].
Variable fluorescence is obtained by applying
weak and short flashes of light (in the µs-range)
called measuring light, to the leaf surface, en-
suring no impact on the physiological state of
the photosystem. Maximum fluorescence, on the
other hand, is achieved by applying the same
measuring light along with strong pulses that sat-
urate all reaction centers in the leaf [3]. The
modulated fluorescence signal is prone to noise
interference, and an appropriate signal process-
ing method could help detect the fluorescence
changes. A Fast Fourier Transform (FFT) com-
bined with a Welch window is used to recover
the chlorophyll fluorescence signal [4]. The FFT
method is computationally expensive and it is un-
able to detect the signals buried in noise.
Lock-in amplifiers are used for a wide range of
applications where weak signals are obscured by
noise and the frequency of the desired signal is
known [5, 6, 7]. Low duty cycle signals spread
across multiple harmonics in the frequency do-
main. Since lock-in amplifiers focus on the fun-
damental frequency, they fail to capture the in-
formation contained in the higher-order harmon-
ics. In addition, the shorter the active signal

duration, the more noise tends to dominate the
overall measurement. In low duty cycle signals,
boxcar averaging allows for recording during the
short duty cycle, when the signal is present, and
excluding the remainder where no relevant infor-
mation exists to improve the signal to noise ratio
[8].
In this contribution, we use boxcar gating to iso-
late the signal during the excitation pulse and
an equivalent duration afterward, effectively in-
creasing the duty cycle to 50 %. This adjust-
ment allows us to apply a lock-in amplifier to the
gated signal, taking advantage of the lock-in am-
plifier’s strong capability to detect signals below
the noise floor, even when the original duty cycle
is low.

Experimental Setup
Fig. 1 shows the block diagram of the experi-
mental setup to capture the chlorophyll a fluores-
cence signal from the leaf surface. It consists of
(i) a sensor head, (ii) fluorescence excitation and
detection circuitry, and (iii) a microcontroller.
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Fig. 1: Block diagram of the experimental setup

The sensor head includes a blue LED to ex-
cite the fluorescence and a PMMA plastic fiber to
transfer the fluorescence light to the detector cir-
cuit. The LED is positioned at a 45 °angle to the
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leaf surface at a distance of 3 mm, while the plas-
tic fiber is aligned to sample fluorescence from
the same excitation point.

The LED excitation circuitry drives the LED
to produce both measuring light and saturation
pulses. The measuring light consists of 10 µs
flashes at a frequency of 10 Hz with a current
amplitude of 25 mA for assessing variable flu-
orescence. To measure the maximum fluores-
cence, 10 µs flashes of light at the frequency
of 100 Hz are followed by saturation pulses with
a current amplitude of 80 mA. The fluores-
cence detection circuitry includes a PIN photo-
diode covered by a longpass optical filter, which
suppresses LED reflections and ambient light
below its cutoff wavelength, 650 nm. A trans-
impedance amplifier then converts the detected
fluorescence light into a voltage signal and am-
plifies it for further processing. The microcon-
troller controls the precise timing of the LED exci-
tation signal and performs digital signal process-
ing. For this study, we acquired the fluorescence
signal using an oscilloscope, and the signal pro-
cessing approaches were implemented in MAT-
LAB software.

Results
The fluorescence signal in our measurements
has a 0.01 % duty cycle. Simulation results show
that combining the boxcar technique with a lock-
in amplifier can effectively detect weak and low
duty cycle chlorophyll fluorescence signals with
an SNR as low as −32 dB, while boxcar aver-
aging alone cannot detect signal even when the
SNR is −16 dB (Fig. 2).
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Fig. 2: Amplitude deviation across SNR levels for
boxcar averaging and integrating boxcar with lock-in
amplifier.

Conclusion
Lock-in amplifiers can detect signal amplitudes
even when they are smaller than the noise floor.
However, their efficacy will decrease when the

duty cycle drops below 10 % due to energy dis-
tribution across harmonics. On the other hand,
Boxcar averaging offers a high SNR value for
very low duty cycle signals. While it effectively
reduces noise, it mainly relies on averaging,
which can struggle to extract the signal when
it is deeply buried in noise. The proposed ap-
proach, which integrates boxcar and lock-in am-
plification, can detect the low duty cycle signals
that are deeply buried in noise.
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