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Optical Camera-Based Multiplexed Photonic Sensor
System With Ultralow Detection Limit for
Biomedical Applications

Laura Pérez-Sanchez"™, Ana Sanchez-Ramirez”, Jonas Leuermann"”, and Ifiigo Molina-Fernandez

Abstract—Photonic sensors based on Mach-Zehnder inter-
ferometric architectures with phase-coherent readout have
demonstrated their potential for the integration into medical
diagnostic devices. Their compact design, low cost, and ability to
detect multiple biomarkers make them potentially applicable for
the point-of-care. Achieving both high throughput and optimal
sensor performance requires a miniaturized interrogation system
with multiplexed readout capability that facilitates alignment and
at the same time offers a high signal-to-noise ratio (SNR). In this
work, the use of an optical camera (OC)-based system suited for
multiplexed integrated photonic sensor detection is investigated.
Its system level model is derived to determine the SNR and
its associated limit of detection (LOD). This model allows
achieving optimal sensing performance by tuning the photonic
chip, the optical system, and the camera detection parameters.
In agreement with model expectations, experimental results show
that this system allows reaching for bulk detection limits of
~ 1077 refractive index units (RIUs) for a system comprising
three sensors, representing a state-of-the-art achievement.

Index Terms—Limit of detection (LOD), Mach-Zehnder inter-
ferometer (MZI), multiplexed sensor, optical camera (OC),
signal-to-noise ratio (SNR).

I. INTRODUCTION
HOTONIC integrated sensors are promising candidates
for medical diagnostics, in particular for simultaneous
detection of multiple biomarkers [1], [2]. Over the last
decade, there has been significant research on silicon-based
biosensors. This growth is due to their potential for compact
multiplexed operation, as well as cost-effectiveness, enabled
by CMOS manufacturing compatibility. Additionally, inter-
ferometric sensing architectures, such as the Mach—Zehnder
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interferometer (MZI), have enabled highly sensitive real-
time detection without the need for labels. These advantages
provide a new opportunity for the economic large-scale pro-
duction of single-use sensor chips for point-of-care (PoC)
diagnostics [3].

To detect extremely low concentrations of biomarkers, the
photonic chip and readout system must be carefully co-
designed. This becomes clear when considering the photonic
limit of detection (LOD), given by LOD = 30/S [4]; the
sensitivity (§) is contingent on the chip design, while the
system noise (o) directly depends on the readout system. To
date, the lowest experimental LOD reported is of the order
of 107® refractive index units (RIUs) [2], achieved with a
coherently detected MZI-based silicon nitride sensor using a
single sensor with a photodiode readout [5]. In that work,
Leuermann et al.[5] analyzed the different noise sources and
their fundamental impact on the LOD.

In multiplexed detection, image sensors have been widely
used to capture multiple signals from the sensing chip surface
due to several advantages [2], [6], [7]: 1) the typically high
spatial resolution of the optical signals makes the alignment of
silicon nitride sensors operating at telecom wavelengths (e.g.,
1310 and 1550 nm) a much more straightforward procedure [6]
and 2) optical camera (OC)-based systems provide enhanced
stability during the alignment process compared to discrete
readout systems. This advantage arises because mechanical
micro-misalignments, which are known to be a source of
degradation in discrete readout systems due to their association
with mechanical noise and crosstalk issues [5], are more easily
corrected in OC systems. This is supported by the ability
to select integration regions via software, thereby excluding
pixels that could potentially degrade system performance.

Cameras have been widely used for biosensing [8], [9], [10],
[11] and more recently have been proposed as an alternative to
photoreceivers in optical communication systems, a growing
field that is commonly known as OC communications (OCCs)
[12], [13]. There, the impact of the signal-to-noise ratio (SNR)
on the system performance has been extensively characterized
and modeled [14], [15] allowing a systematic optimization.
Given the substantial influence of the camera parameters on the
system performance [16], [17], applying this approach to the
analysis and design of a multiplexed photonic sensing system
incorporating an OC readout is imperative.

We propose the use of an OC as a readout detection
system for multiplexed photonic sensors based on an MZI with
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Scheme of a multiplexed biosensor system-based on MZI with coherent phase detection and OC-based readout. The biosensor system comprises

the light injection system (the laser source, the polarization rotator, and the collimator), the multiplexed integrated chip (PIC), the microfluidic system (a
microfluidic chamber and a syringe pump), the OC-based readout (the lens and the camera), and the signal processing station consisting of a computer.

coherent phase detection. The system comprises a photonic
chip, which contains three sensors, based on an MZI archi-
tecture with coherent readout [5]. The optical input/output of
the chip is obtained by grating couplers (GCs), and the fluid
under test is allowed to flow over the surface of the chip by
means of a microfluidic cell. The novelty of this work lies in
the reading system that consists of a lens and an OC. The
lens maps and magnifies the near-field of the output GCs
onto the camera sensor plane. Over the image of each GC,
a region of interest (ROI) is chosen, which defines the pixels
whose sum measures the optical power of each output GC.
Fig. 1 illustrates the proposed sensing system and its potential
for biomedical applications. As the bio-recognition process
is not covered in this study, our focus is on the design and
analysis of the photonic integrated chip (PIC) and the OC-
based readout system. We are confident in its applicability as
a biosensor, as PICs with the same design characteristics have
been successfully used for the detection of biomolecules such
as C-reactive protein (CRP) in [18].

To optimize the photonic LOD and SNR, a simplified
systemic model of the OC-based system is proposed, allowing
the evaluation of the LOD as a function of different design
parameters, that is, laser power (Py), optical magnification
(M), ROI number of pixels (Nror), exposure time (7.), sample
rate (fy), and electrical bandwidth (f;). Proper selection of
these parameters enables us to reach a state-of-the-art experi-
mental photonic LOD of around 10~7 RIU, in good agreement
with the model predictions.

The rest of the article is structured as follows. In Section II,
we propose the MZI sensor setup and theoretically analyze the
signal model and noise sources of an OC-based system for
a multiplexed readout application. The analysis of the final

SNR of the sensor is described in Section III. The equipment
and the measurement procedure to validate the model are
then described in Section IV. The influence of the camera
parameters on the photonic LOD and the experimental result
of the LOD after optimization are shown in Section V. Finally,
the conclusions are drawn in Section VI.

II. PROPOSED SENSOR MODEL

The proposed OC-read photonic sensor setup is shown
in Fig. 2 (the actual system comprises three multiplexed
sensors but only one is shown for the sake of clarity). The
interferometric sensing system can be divided into three parts:
1) the light injection system; 2) the photonic integrated chip
(PIC); and 3) the readout system.

A. Light Injection System and Photonic Integrated Chip

The incoming light is emitted by a laser source of wave-
length Ay and power Py, followed by a polarization rotator
that adjusts the horizontal polarization for which the GC was
designed [19]. With the aid of a collimator, a beam of light is
incident on the input GC. The input light system is designed
to ensure that the beam produces an output spot wide enough
to fully cover the input GC area. After being coupled into the
chip, the power is equally divided among the MZI sensors.
Therefore, the input power for each sensor can be formulated
as Piy(f) o Py(t)/Nps, Nps being the number of sensors.
Any substance flowing close over the sensing arm’s surface
can potentially cause a change in the effective refractive index
of the guided modes, resulting in a phase shift ¢(¢) between the
sensing and reference signals. These two signals are connected
to a 2 X 3 multimode interference coupler (MMI), whose
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Fig. 2. Setup of the interferometric sensor with OC-based readout system: 1) light injection system is composed of a laser and a polarization rotator; 2) PIC
is an MZI-based sensor with coherent phase detection; and 3) readout system is formed by a lens and a camera device, which capture the output optical power
signals, Pou(?), (detailed in Fig. 3). By applying imaging techniques and digital signal processing, the phase shift, ¢, is recovered.
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Fig. 3. Pixel readout model of the optical power in a single pixel, with electrical noise sources. The process of photo-detection, amplification, sampling, and
quantification introduces sources of noise. These contributions include photon shot noise, dark current shot noise, and readout noise.

three outputs radiate toward the image sensor via GCs, as
shown in Fig. 2. After detection and the necessary image
processing, the three power signals P,y (f) for each MMI's
output can be easily calculated. As described in [20] and [21],
the complex interferometric signal S, = A.e/¥ can be derived
from those three output signals, making an extraction of ()
straightforward.

Here, it should be mentioned that P, accounts for insertion
losses (attributable to fiber connection losses, waveguide prop-
agation losses, etc.), coupling losses (arising from the coupling
of light in/out of the chip), and absorption losses (due to the
substance flowing through the sensing window) [4].

B. OC-Based Readout System

1) Signal Model: The radiation (near field) of the output
GCs is imaged, through an optical system, to the camera sensor

plane (see Fig. 2). At this plane, the irradiance E of each GC
can be formulated as follows:
E(x,y,1) = Pou (1) F (x,y) ey
where (x,y) are the coordinates of the image plane, and F(x,y)
governs how the GC output power P, (?) is distributed over
the sensor plane. Due to the imaging system, this function
is an M-fold magnified version of the output GCs near field.
Each discrete pixel (i, j) captures only a fraction of the output
power, which depends on its area Apixer as follows:
P;; ) = E(x,y,1) Apixel 2
where i = x/(Apixe)'/? and j = y/(Apixer)'/?, assuming square
pixels. Fig. 3 shows the readout model for each pixel. The
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optical power captured by one pixel is converted into a photo-
current as follows:

I j(t) = RP; ; (1) 3)

where R represents the responsivity of the photo-active area.

Consecutively, for a set exposure time T, the photo-current
is integrated and amplified by a capacitive transimpedance
amplifier (CTIA) with a gain G[V/e™] yielding an output
voltage as follows:

G Te+t
v, =S / I (7) dr @
q Jrt.

with g being the electron charge.

As shown in Fig. 3, the dark current signal for a temper-
ature 7, denoted as Idu(t, T), arises from thermally induced
electrons [22]. Although its contribution can be minimized by
image sensor calibration [23], it introduces shot noise (0-31',;)
that must be considered during the noise modeling.

Finally, the continuous voltage signal is digitalized using
an ADC with a sampling frequency f;, resulting in V; ;[n] =
ViiOli=njf, = HijAapc, With Aapc = (Vinax — Vmin)/2" the
quantization step and N the number of bits of the ADC. Note
that y; ;, from here on referred to as digital number (DN), is
a natural number that satisfies Viyin < Vinin + 1 jAADC < Vinax-
This way, the n-th camera frame is represented as a matrix of
digital numbers.

As represented in Fig. 2, the optical power received by
each GC is calculated by summing the pixel values within
its corresponding ROI. To ensure optimal performance, each
ROI should be selected to maximize the SNR, as explained in
Section II-B3.

The DN for each GC is given by the following:

plnl =Y wijln] )

irol JROI

where (iror, jror) are the pixel indices within the ROI assigned
to each GC. Note that i o« P,,; therefore, by processing the
three signals corresponding to each 2 x 3 MMI output, the
sensor phase shift ¢(f) can be estimated.

2) Noise Sources: Several noise sources, each defined by
its variance (0'1‘2, ;), are considered in the pixel reading process,
as illustrated in Fig. 3. Photon shot noise (e) and dark current
shot noise (d) are generated during the photo-detection of the
optical signal and the appearance of the dark current signal
due to the thermally induced electrons [22], respectively. Read
noise () accounts for the noise during the signal quantification
process (electronics, quantization, etc.) [24]. All of them are
modeled as white Gaussian noise processes so that the noise
in each pixel depends on the total power spectral density (77; ;)
and the measurement bandwidth (B,,), o-,% ;= f B, Mij df.

Regarding shot noise sources, the power spectral densities
of the signal and dark current shot are given by the following:

Neiy = 2¢RP;;
N4, = 2qla,

(6a)
(6b)

where P;; is the average received power at the pixel (i, j), and
1, is the average dark current. Assuming uncorrelated noise,
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the power spectral densities of the shot noises in an ROI are
given by the following:

Te=»_ Y 1, (7a)
ROl JROI

TEDII T (7b)
IRl JROI

Read noise constitutes a significant noise source in OC
systems. Typically, manufacturers characterize the read noise
during device calibration and express it in units of electrons,
referenced to the integrator output. Consequently, the variance
of the read noise associated with each output is given by the

following:
A=Y Y, ®

iRl JROI

While the quantization noise is easy to deduce from the
quantification step, 0'12] = AiDC /12, rest of the noise sources
cannot be estimated theoretically because the values and
parameters required to calculate them are not included in the
camera datasheet.

The proposed noise model is limited to characterizing
noise sources of electrical origin, specifically those arising
from the readout system. As is well known in the field of
photonic sensing, mechanical noise due to micro-misalignment
and signal fluctuations caused by temperature variations can
significantly impact the low detection limits that characterize
these systems. However, the careful design of peripheral
systems surrounding the photonic chip, such as microfluidics,
temperature controller, and the light injection system, among
others, has allowed us to disregard other drift sources and
focus the modeling exclusively on electrical noise sources.

3) ROI Shape and Optimization: A crucial step in optimiz-
ing sensor readout using an OC-based system is the selection
of the ROI. We propose creating a binary mask based on the
shape of the near field profile of the sensor’s output GC, which
will be applied to all frames during the processing. The mask
enables us to exclude pixels that could degrade the final SNR
of each output and, consequently, the LOD of the system.

The designed GC features an exponentially decaying field
along the propagation axis (y) and a Gaussian distribution in
the orthogonal direction (x) [25], [26]. Accordingly, given that
y = 0 represents the origin point for the radiance of the GC,
the irradiance distribution in the image sensor plane for y > 0
can be defined as follows:

x2

X
E(x,y) = Ege "e™™ ©)

where wy is the modal field radius of the Gaussian, « is the
radiation decay factor, and Ej is the maximum irradiance value
(at point x =y = 0).

The ROI selection criterion is based on including only
those pixels whose signals levels positively contribute to the
overall SNR, that is, where the signal significantly exceeds
the noise. Including pixels with low irradiance increases the
total noise contribution, particularly from read noise, without
providing substantial signal information, thus degrading the
SNR. Therefore, given the predominance of read noise in
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Fig. 4. Comparison of the sensor output irradiance model and experimental
measurements: (a) mesh plot and (b) contour plot.

regions of low irradiance and assuming spatially uniform
noise characteristics, the ROI shape is determined by constant
irradiance curves. This approach ensures that the pixel summa-
tion optimally balances signal contribution and noise addition.
These contours are modeled as parabolic profiles defined by
the following:

F(x,y)=g(E)

where E is a constant. Assuming that E(x,y) remains constant
over time, (9) allows modeling the spatial power distribution
of the GC near field at any given instant.

Fig. 4(a) compares the irradiance model with experimental
data, showing excellent agreement with parameter optimiza-
tion, with errors below 8%. Fig. 4(b) presents a contour plot
overlaying the irradiance model and measured results, clearly
illustrating the ROI shape defined by constant irradiance
curves.

(10)

III. ANALYSIS OF THE SNR

In a coherent MZI sensor, the readout system performance
typically is evaluated in terms of SNR due to its impact on
the LOD. We first determine the overall SNR of the sensor by
analyzing the frequency response of the signal and the noise,
and then establish its relationship to the LOD. Finally, the
influence of the camera-captured parameters on the SNR is
evaluated for LOD optimization.

9536111
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solid line represents the spectrum of the signal, while the dotted line depicts
the magnitude of H(f).

A. SNR Model

To simplify the model, we assume that the phase of the
signal in the sensing arm increases linearly over time, resulting
in a sinusoidal interferogram. Consequently, the photo-current
of each output can be written as follows:

1(t) = I + K;Isin 2nfy) an

where 1/K; is the fringe contrast of the interferogram due to
the unbalance of the MZI (see Fig. 5) and fj is the frequency
of the signal. Here, we use K; to denote the ratio of the direct
component of the photo-current at each output (I = RP,,) and
its alternating component. Only the latter is of interest, as it
is the signal carrying most of the information, thus, mainly
contributing to the SNR. According to [4], K is a function of
the absorption losses and the length of the sensing arm L;.
After the detection, the signal passes through an inte-
gration circuit with a frequency response of H(f) =
e "T2T sinc(T,f). Fig. 6 illustrates the magnitude of the
frequency response for both the photo-current signal and the
integrator. Finally, the signal is amplified and digitized.
Presuming a sampling frequency above the Nyquist rate and
considering only the K;Isin(2rfyt) term, the digital output
information signal is given by the following:
1 K
SR
where K = G/Aapc is the overall conversion gain of the image
Sensor.

K IT.sinc (T . fy) (12)
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Shot noise—originating from the photo-current and dark
current—is also integrated, amplified, and digitized, as shown
in Fig. 7. Assuming a Gaussian white noise process with a
power spectral density 7. + 1, at the integrator input, the total
noise variance over a bandwidth B,, = f; becomes as follows:

2
o?=C K—2 %
q fs
where C represents the noise correlation factor, which depends
on the average correlation coefficient between neighboring
pixels (p) and the total number of pixels (Nror). It is defined
as follows:

(neTe + naTe + 02¢%) (13)

C =1+ (Nror - Dp. (14)

Pixel noise correlation in camera sensors, due to capacitive
coupling, is well known in the literature [27]. Not accounting
for this effect results in an underestimation of the actual noise
level, even though the noise correlation between neighboring
pixels is typically very low (less than 3%—6% as reported
in [28]).

From (12) and (13), we calculate the SNR for a single ROI
at the output of the OC-based readout system as u’>/o? as
follows:

P2 T

out” €

KR f,
2,2
¢ h (ne+nd+ - )

The output SNR of the readout system is significantly
affected by short integration times and high pixel noise corre-
lation. Finally, the LOD can be written as follows:

3 0 3 1
V2S  Swem L, VSNR
where § = (27/A9)S weLsA., with Sy, the waveguide sen-
sitivity and A, the amplitude of the complex interferometric
signal, and SNR = 3 SNRgoy; the overall SNR of the sensing

system, given that three outputs per sensor are used for the
coherent reading [4].

SNRgor = sinc® (Tefy).  (15)

LOD = (16)

B. Impact of Camera Parameters on the SNR

According to (15) and (16) optimizing the OC-based readout
system requires careful selection of camera parameters to
enhance the performance of photonic biosensors.

We consider a sensing system with Ngg multiplexed sensors
and Ny, GCs per sensor for coherent readout. Furthermore,
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the total number of pixels in the image sensor with full well
capacity (FWC) is Nis. The FWC is defined as the number of
electrons that a pixel can collect at saturation level [22].

In addition, for the sake of simplicity, and to obtain simple
design rules, we assume the following:

1) GCs are placed without space between them, and M
is chosen so the entire GC array fits within the image
sensor area. Under these conditions, the maximum pixels
per ROI is given by the following:

Nis
NoutNBS .

2) The irradiance distribution of each GC is uniform, that
is, the power in each pixel belonging to the ROl is P; ; =
Pout/Nror.

Equations (15) and (16) show that maximizing the product
P2, T is essential to optimize the LOD. Since FWC constrains
the P;;T. product, optimal performance is achieved when
selecting the camera settings for full exposure operation, that
iS, FWC = (Pi,jTe)max-

As the overall noise power results from the combination of
the individual noise contributions, the LOD can be expressed
as follows:

Nror = (17

LOD « \/SNRgl + SNR;' + SNR; . (18)

To help design an OC system, we write out the individual
factors associated with each SNR contribution [see (18)],
including only the modifiable terms in the readout system as
follows:

SNR. o %NROIFWCsincz (Tefo) (19)
Y .
SNR, « Js Nrot FWC?sinc® (T, fy) (20)
dijle
N .
SNR, o L%chzsmcz (Tefo) . 1)

)‘,",'

Equations (19)—(21) indicate that increasing f;, Nror, and
FWC leads to an improvement in the SNR across all cases,
whereas an increase in C negatively impacts the SNR. The
noise correlation factor scales with Ngoy, and it is typically
absent from datasheets. It is advisable to contact the manu-
facturer or characterize this factor before selecting a suitable
camera.

To operate under full exposure conditions, the P; ;T product
must be tuned to the pixel FWC. Minimizing 7. is beneficial
because of the following.

1) The maximum sampling frequency fimax = (Te + T,)!
depends on both the fixed readout time 7T, (for cameras
typically in the order of milliseconds), and the config-
urable T%.

2) The dark current shot noise can be considered negligible
as photon shot noise and read noise dominate at low
exposure levels.

) If ox Ty !, the signal attenuation term sincz(Te fo) can
be neglected.

Thus, reducing 7. while tuning P,y for full exposure
maximizes performance. Furthermore, (20) and (21) show
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PIC, the fluidic PDMS-based channel, and the OC-based readout system (lens
+ camera).

TABLE I
WIDY SENS 640V-ST CAPTURE PARAMETERS

Parameter Value
Resolution 512x640 pixels
Pixel area, Apixel 225 um?
Frame rate, fs up to 230 Hz
Exposure time, T, 10pstols
Quantum efficiency, QE >T70%
Quantization bits, N 14 bits
Dark current, Idw. 50 ke~ /s
Full Well capacity, FWC > 380 ke~ (Low Gain)
> 17 ke~ (High Gain)
Read noise, in ; 270 e~ (Low Gain)
' 50 ¢~ (High Gain)

that SNR; o 1/I;, and SNR, o 1 /O'%i‘j, emphasizing the
importance of selecting a camera with minimal dark current
and read noise. Fig. 8 outlines the steps to optimize LOD in

an OC-based multiplexed sensing system.

IV. EXPERIMENTAL METHODS
A. Measurement Setup

To validate the model, we use the sensor setup shown
in Fig. 9. The equipment consists of a Santec WSL-100
laser source, a fluidic syringe pump (NE-1000 from New
Era Pump Systems, Inc.), a sensing chip, and a readout

9536111

system, based on an achromatic doublet (AC254-030-C from
Thorlabs) and a WiDy-SenS 640V-ST SWIR (short-wave
infrared) camera from NIT. Relevant key parameters of the
camera are shown in Table I. We also use a temperature con-
troller (TEC), composed of various components from Thorlabs
(thermisto—THIO0L, single-stage TEC element—TECF1S,
TEC board—MTVDEVALIL, and TEC driver—MTD1020T),
to maintain a stable temperature throughout the experiments.
In this setup, the laser emits the light signal at a wavelength
of 1550 nm, which is the design wavelength of the sensors.
The optical signal is then coupled into the chip using an input
system consisting of lenses and a collimator. This system was
designed to generate a beam diameter three times larger than
the mode field diameter of the input GC. This configuration
enhances angular and positional tolerance, at the expense of
reduced coupling efficiency due to the mismatch between
the incident beam size and the GC mode [26]. Neverthe-
less, it significantly mitigates mechanical noise caused by
micro-misalignments, which is a common issue in injection
systems based on optical fibers [5]. The multiplexed chip
integrates three optically balanced MZI sensors (Nps = 3)
with Ly = 7 mm and S, ~ 0.23 RIU/RIU. The chip’s
layer stack consists of a silicon substrate, a 3-um buried oxide
(BOX) layer, and a 300-nm silicon nitride film, fabricated
at Cornerstone, University of Southampton, Optoelectronics
Research Center. A PDMS flowcell is used to form a fluidic
channel for aqueous buffer solutions on top of the sensing arm.
The OC-based readout system, consisting of a lens and a
camera, is responsible for capturing the signals from the output
GCs. This process occurs in free space, making the design
of the GCs crucial to ensure that the outgoing beams have
the proper directivity and divergence to be initially captured
by the lens and subsequently by the image sensor [29]. The
positioning of the output GCs within the chip is a strategic
step to fully optimize the use of the image sensor as well as
the adjustment of M, playing a pivotal role in this process.

B. Data Processing

Once a raw data image is generated by the OC, it is attached
to an array of frames. Fig. 10 illustrates the data processing
workflow. First, non-uniformity corrections are applied to
each frame to mitigate variations in pixel sensitivities and
compensate for dark current influences onto the signals [22].
To maximize the SNRs, the raw images are multiplied by a
binary mask, as shown in Fig. 10(b), which removes pixels
that might degrade the final SNRs (see Section II-B3).

Subsequently, for each frame and ROI, the pixel DN values
are summed, resulting in three signals per sensor as portrayed
in Fig. 10(d). These are used to reconstruct the corresponding
MZI complex signal /. [21], from which its phase ZI. = ¢
can be easily extracted [see Fig. 10(e)]. This entire process is
performed with MATLAB.

V. RESULTS

This section treats the experimental validation of the pro-
posed readout model for a multiplexed photonic sensor using
an OC-based system. We focus on previously identified factors
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Fig. 10. Outline of the signal processing steps of a multiplexed sensor. (a) Raw data frames capturing the output optical power signals from the sensors.
(b) Frames resulting from the processing (i.e., non-uniformity correction) and the application of the binary mask to define the ROI, and (c) 3-D representation
of the power distribution in each ROI after removal of undesired pixels. (d) Integrated pixel values for each ROI, and (e) corresponding phase shifts after

introducing a 9% sodium chloride (NaCl) solution.

that have the greatest impact on the optimization process (see
Section III), examining each one separately.

First, we focus on pixel noise, confirming that the noise
levels provided by the camera manufacturer align with our
experimental measurements and the model’s predictions. Fur-
thermore, we investigate potential noise correlations between
neighboring pixels, which might negatively impact the SNRs.

Finally, we apply the optimization strategies discussed ear-
lier to experimentally demonstrate the achievable LOD under
realistic operating conditions.

A. Noise Assessment

1) Pixel Noise: In the following, the noise analysis of a
single pixel is discussed. The objective is to identify the dom-
inant noise sources across varying exposure levels. We varied
the optical input power across the full dynamic range (up to
the FWC), repeating the measurement for different exposure
times and pixels to confirm consistency with the manufacturer
specifications. Fig. 11 shows the standard deviation curve
(continuous black) and the sum of the theoretical noise (black
and orange dashed) as a function of the electrons captured by a
sensor pixel (i = 290 and j = 418) at T, = 10 us. Experimental
data (blue dots) are compared with the theoretical noise levels,
confirming that read noise dominates at low signal levels,
while shot noise prevails at higher exposures.

Short exposure times are of particular interest due to their
critical influence on overall system SNR. In this case, the dark
current’s average was measured to be 56.6 ke™/s which is
13.2% higher than specified in the OC datasheet. The average
read noise, with a value of 330 e~, was 14.1% above the

700 ¢ ® g;; measured 0

600

500

400

Noise [e7]

300

Fig. 11. Noise standard deviation as a function of the number of captured
electrons. The manufacturer read noise (orange dashed), the theoretical photon
shot noise (black dashed), the theoretical total noise (black line), and the
measured total noise (blue dots) are shown.

manufacturer’s specifications. Both measurements indicate the
accuracy of our pixel noise model.

Considering the irradiance distribution (see Section II-B3),
the central pixels within each ROI (at y = 0) capture the
highest power, close to FWC and are thus dominated by shot
noise. However, the remaining ROI pixels are dominated by
read noise. Note that the dark current shot noise can be omitted
due to the microsecond exposure times.

2) Correlated Noise: To evaluate the presence of correlated
noise among neighboring pixels, we conducted an experiment
analyzing the sensor’s output noise.
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640V-ST camera.

TABLE 11

MODEL SYSTEM KEY PARAMETERS
Parameter Value \ Parameter Value
Nout 3 fs 224 Hz
Nror ~ 3000 pixel By 2 Hz
Pout 4 H\V M 3
Kr 0.69 K 23 DN/ke™
Te 10 ps C ~ 30

The noise is computed as the variance of the output signal
(Var(w)) after aggregating all pixels within the ROI. If the
noise was uncorrelated, Var(u) should be equal to the sum of
the individual noise contributions from each pixel, as described
in (7a) and (8).

However, the experimental measurements show that the
noise is linearly correlated with Ngor (see Fig. 12)
compared to the uncorrelated case, that is, Var(u) =
C(NroD i, Z,iao; 0'1.2,]., where C(Nrop) is a linear function.
From the slope of the curve, the correlation coefficient (o)
is determined, confirming that, in this case, there is a 1%
correlation between neighboring pixels. This demonstrates that
correlated noise should not be disregarded, especially when
Nror is large.

B. Sensitivity and LOD Measurement

According to the specifications outlined in Section III-B and
the cameras acquisition parameters (Table I), the configurable
parameters of the readout system were meticulously chosen
to achieve the optimal LOD. The exposure time was chosen
to be as short as possible, allowing us to operate at the
maximum sampling rate. Moreover, maximizing the input
power is essential to optimize the SNR since Py oc Poy.
However, the FWC, the camera resolution, and the number
of multiplexed coherent MZI biosensors impose limitations
on the selection of Py.

Considering the given constraints, the distribution, and the
shape of the output GCs on the chip, the adjustment of
M allows us to optimize for the light incidence area on
the image sensor, that is, adjusting Nror to maximize Py.
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Fig. 13. (a) Example of a bulk sensing experiment for the extraction of

phase noise and sensitivity. The inset shows the signal filtered to reduce high-
frequency noise. (b) Phase variation curve versus refractive index variation in
the cover to compute the overall sensitivity.

Table II presents the complete list of the setup parameters
used, resulting in a theoretical LOD of 1.2 X 107 RIU.

A typical calibration procedure was employed to determine
the experimental bulk LOD [5], involving the injection of de-
ionized water (Milli-Q) solutions with varying concentrations
of sodium chloride (NaCl) at a flow rate of 40 ul/min. The
flow rate was carefully chosen to prevent the potential drift
caused by microfluidic phenomena, such as bubble formation
[30]. Additionally, the experiment is conducted at a controlled
temperature of 25 °C using the TEC, ensuring greater system
stability and minimizing drift-inducing factors. In (16), the
LOD was defined in terms of the SNR; however, the LOD
of a sensing experiment is obtained from the phase signal,
due to LOD = 30,/S,, where o, is the standard deviation
of the phase signal [see inset of Fig. 13(a)] and S, the phase
sensitivity [see Fig. 13(b)]. The equation is derived from the
previously discussed parameters with oy, = (Now)'/?07/( V24,),
where A, = NowK;I and S, = (271)/(A9)LsS we [5].

The sensor response is linear, and the sensitivity is indepen-
dent of the concentration of the solution used for calibration.
As illustrated in Fig. 13(a), the phase changes over time for
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TABLE III
COMPARISON OF BULK LOD VALUES OF INTERFEROMETRIC BIOSENSORS

Reference Type Detection Readout LOD [RIU]
capability system
[32] BiMW Single Photodetector 5.10~°
8.77-10~6
[33] BiMW Single Photodetector 2-51077
[5] MZI Single Photodetector 1.4.10-8
[1] MZI Multiplexed Camera 2.24.107%
[34] MZI Multiplexed Camera ~ 10—6
This work | MZI Multiplexed | Camera 341077

different flow injections of Milli-Q and four solutions with
concentrations of 3%, 6%, 9%, and 12% NaCl, respectively.
The orange triangle represents the settled phase changes
that occur at these concentrations. According to [31], the
refractive index (n.) for each concentration is calculated, and
the corresponding refractive index variation (An.) relative
to the buffer (in this case, Milli-Q) is determined for the
different solutions. Finally, the phase sensitivity is defined
as the slope of the curve of ¢ in relation to corresponding
An. [see Fig. 13(b)]. In this work, we obtained an overall
sensitivity of 6867 rad/RIU. Phase shift noise was quantified
at 0.8 mrad using time frames acquired with Milli-Q water
over the sensor, following the application of a low-pass filter
to attenuate high-frequency components [see Fig. 13(a)]. Sub-
sequently, a detection limit of 3.4 x 10~ RIU was determined,
which is in excellent agreement with the theoretical number
calculated from the SNR analysis done in this work. The slight
discrepancies observed arise because the theoretical model
uses average parameters provided by the manufacturer, which
involve assuming ideal conditions for certain parameters. In
particular, the model assumes linearity and does not account
for sensor non-uniformities such as pixel-to-pixel variations in
dark current or read noise, which can affect the behavior of
the actual system and experimental results.

Table III presents a detailed comparison of various inter-
ferometric biosensor configurations. For reference, both MZI
and bimodal waveguide (BiMW) biosensors are included.
The table highlights their detection capabilities, distinguishing
between single and multiplexed detection, as well as their
respective bulk LOD values.

VI. CONCLUSION

Camera capture parameters significantly impact the LOD
of multiplexed coherent MZI sensors. Our derived model
clearly indicates that low exposure times and high sampling
frequencies maximize the system’s SNR. Furthermore, non-
configurable parameters such as the FWC and image sensor
resolution not only affect SNR optimization but also limit
the readout multiplexing capability in ultralow LOD sensor
design.

Our results also show the SNR at the signal-level output
is further degraded by pixel-level integration processes and
correlated noise among neighboring pixels. We experimentally
achieved an exceptional LOD of 3.4 x 1077 RIU through the
optimal selection of camera parameters, a carefully designed
MZI sensor configuration, and ROI optimization strategies.
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This result aligns well with our theoretical model and demon-
strates state-of-the-art photonic sensing capabilities.

This work introduces a theoretical model that effectively
describes the behavior of camera-based readout systems for
photonic biosensors. In contrast to previous models that
assume ideal image sensors, our approach accounts for real-
world effects such as pixel non-uniformities and inter-pixel
correlated noise. However, the model does not consider certain
limitations, including performance degradation over time due
to sensor aging or environmental factors. These aspects were
not explored in this study, as all experiments were performed
under controlled conditions with active temperature regulation
and mechanical isolation. Future work should address these
factors, particularly for long-term or field-deployable biosens-
ing applications.

Thus, we can confidently assert that OC-based readout
systems are an excellent alternative to classical photodetector-
based systems due to their numerous advantages.

1) Enhanced miniaturization in highly multiplexed sensing
systems.

2) High adaptability of the readout system to different
photonic chip layouts, enabled by the lens-based optical
system and the ability to select the position and shape
of the ROI for each output.

3) Mitigation of micro-misalignment issues
software-based ROI position corrections.

4) Simplified alignment process. Discrete photodiode-
based systems typically require prior coupling of the
optical signal to a fiber or fiber array before connecting
to the photo-detector. In contrast, OC-based systems
perform signal readout in free space, eliminating this
additional step.

through

This reinforces the suitability of OC-based detection for
highly multiplexed photonic sensing applications, offering
increased flexibility, robustness, and ease of integration. More-
over, we are confident in the scalability of our approach to
other biosensor architectures, as well as to other research fields
that utilize cameras and require SNR optimization to enhance
their performance.
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