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Abstract. This paper demonstrates design and development of an open-source platformbased reflection spectroscopy readout system for guided mode resonance (GMR) sensing
applications. The GMR dimensions, reflection grating period, imaging system and
components orientations are optimized to enhance the angular resolution while sustaining
resonance excitation within the visible range. To achieve the needed arrangement of the
multiple components, 3D printing is utilized to build the mechanical mounting. The
reflection spectra are extracted from the webcam images and processed using a software
written on raspberry-pi computational unit. This ensures the compactness and portability of
the system. The system performance of the transducer is tested by measuring the changes
in the refractive index of the environment at the GMR chip interface.
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1. Introduction
Guided Mode Resonance (GMR) Spectroscopy has
been a promising platform for biomedical and environmental
sensing for several years [1, 2]. Most of the currently
existed GMR based read-out systems for analytes
detection use commercial spectrometers [3]. Research
now mostly focuses on the integration of GMR
transducers with compact spectrometers for real time,
point of care and easy to use detections [4]. Several
research works have been done in integrating smartphone
as an imaging device for spectrometry applications. The
use of smartphones for the interest of developing portable,
low-cost optical spectroscopic devices have shown a great
potential for point of care diagnostics [5-7]. A smartphone
sensor-based spectrometer was designed and applied for
ultra-violet remote sensing of atmospheric sulphur
dioxide by Thomas C. Wilkes et al. using Differential
Optical Absorption Spectroscopy method [8]. M. A.
Hossain et al. developed a smartphone-based
spectrometer and it implemented for dual sensing of
absorption and florescence of metal ions in water [9].
Their concept of sensing is based on the measurement of
absorption in the UV range and fluorescence in the visible
range. Another work of M. A. Hossain et al. demonstrated
the use of smartphone-based spectrometer using bundled
optical fiber for measuring quality of fruit samples [10].
The absorbance was recorded in VIS-near IR spectrum.
Few researches focused on GMR based system which can
be implemented towards lab-on chip technology aiming
for possible integration with smartphone or any imaging
and processing device. A chirped GMR based biosensor
was proposed for parallel detection of multiple protein
biomarkers in human urine [11]. The combined sensing
and imaging capability of the chirped GMR biosensor
replaces the need for bulky and expensive spectrometer.
H.A. Lin et al. proposed a gradient grating period GMR
filter is proposed for integration with smartphone [12].
The advantages of using smartphones intrinsic
sensors such as camera to be used as a diagnostic tool are
compelling. This however brings several challenges. With
smartphone companies manufacturing a wide range of
phones having different specifications, building an all-inone smartphone-based biosensor is difficult. It is more
convenient to focus on one model. As an alternative,
open-source microcontroller such as Arduino and
Raspberry Pi can be used as a generic platform of
diagnostic for biomedical and environmental applications
as compared to traditional systems [13, 14]. The small
sized unit with capabilities on computation, communication
and networking combined with user friendly interface
could be the next option for designing readout systems
[15, 16].
In this paper, a GMR based optical read out system
using off-the-shelf components based on open-source
technology and 3D printing technique is presented. This
aims to be a possible platform for developing affordable
reflection spectrometer-based readout system. This can be
applied for several optical sensors not restricted only to
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GMR. Here, the read-out system is constrained to operate
in the visible region of the spectrum (450nm-650nm) in
order to utilize the emission spectrum of off-shelf white
LED source. Accordingly, the GMR chip is designed to
have a resonance in the green and red ranges of the visible
spectrum for air and solution superstrates respectively.
The chips are fabricated using an in-house built Laser
Interference Lithography (LIL) and nanoimprint
technique. This reduces the cost and complexity of the
fabrication process. The developed spectrometer is built
using a metal coated grating fabricated with LIL technique
and Plasma-enhanced chemical vapor deposition
(PECVD). The reflected spectrum is captured by a CMOS
camera and analysed by an image processing algorithm to
detect the resonance peak location on a Raspberry Pi using
a code written in Python. Fused Deposition Modelling 3D
printing technique is used to fabricate the entire read-out
system of the sensor to ensure the desired alignments of
the different components. 3D printing plays a very
important role in the system development due to the
critical mechanical alignment that is required to achieve
the desire spectrometer. It also provides an efficient and
fast prototyping technique especially when the design
parameters need to be optimized for the targeted performance.
The system is tested based on refractive index (RI) change
in the cover of the GMR transducer by using solutions of
different refractive indices.
In principle the GMR structure consists of a
subwavelength grating and a waveguiding layer as shown
in Fig. 1(a). Resonance occurs when meeting a phase
matching condition between guided modes and a
diffracted order inside the structure. The mode coupled by
the grating is then re-radiated back through constructive
interference of the leakage from the grating. Neglecting
material loss, at resonance, a strong reflection with high
spectral and angular selectivity is obtained. Peak reflection,
or dip in transmission, spectrum is produced as shown in
Fig. 1(b). Resonance condition is affected by modal
properties of the guiding region (the effective index 𝑛𝑒𝑓𝑓 ),
excitation wavelength (or Peak Wavelength Value, PWV)
and the refractive index on the surface of the sensor
(𝑛𝑠𝑢𝑝 ). This effect is visualized in Fig. 1(b) when changing
the superstrate index from 𝑛𝑠𝑢𝑝1 to 𝑛𝑠𝑢𝑝2 . Such refractive
index sensing principle has been used in various fields
including chemical analysis, medical diagnostics and
environment monitoring [17-19].

Fig. 1. (a) Guided Mode Resonance (b) Shift in resonance
with change in refractive index.
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The paper focuses here on building a platform fully based
on open-source resources and 3D printing to utilize the
GMR response towards sensing applications. The
following sections present the different components of
the read-out system and the design approach. The paper is
divided into two sections: The proposed read-out system
and the implementation of the read-out system for sensing
applications. In section three the system is tested with
solutions of different refractive indices and its response is
calculated.

2. Proposed Read-Out System
The schematic of the proposed GMR transducer
integrated with an in-house built spectrometer designed
using off-shelf components is shown in Fig. 2.1. The
design of the proposed system is divided in three parts:
light excitation and collection from the GMR transducer,
integrated reflection spectrometer and peak value tracking
based on algorithm using Raspberry Pi. Warm white light
source is used to illuminate the GMR chip, which is
designed to reflect a specific waveband depending on the
refractive index of the environment at the GMR interface.
This reflection is then diffracted by a reflection grating
into wavelength dependent angular components which are
acquired by an imaging device. Image processing
algorithm is implemented in Python on a Raspberry pi in
order to extract the reflection spectrum and peak
detection. The peak wavelength of the reflection shifts
depending on the refractive index of the sample at the
GMR interface. The system is then calibrated by applying
a range of samples with a known refractive index and
measuring the peak shift.

tunability of the resonance peak can be analysed using
Rigorous Coupled Wave Analysis (RCWA) simulations
[21, 22]. The tunability is calculated numerically by
changing the key geometrical parameters of the device.
The key design parameters in determining the spectral
position of the GMRs are the thickness of the grating
region and the period of the grating. The main aim is to
keep the resonance within the visible region (450nm to
650 nm) in order to match the emission spectrum of the
light source. The sensitivity of the GMR is however
proportional to its period. Increasing the period shifts the
resonance to higher wavelengths and this leads to low
excitation power due to operation at the edge of the
emission spectrum. To keep the resonance peak location
within the visible range, the GMR structural parameters
are varied using RCWA. In the calculations, the simulated
device is estimated to be a rectangular slab structure of
one-dimensional grating. In practice, the grating master is
fabricated using laser interference lithography where the
final grating is imprinted on a spin-on-glass (SOG) layer
with refractive index 𝑛𝑔𝑓 =1.4. In Fig. 2.2, Λ is the period,
𝑡𝑔 is the grating depth,𝑡𝑓 is the thickness of Tantalum
Pentoxide (𝑇𝑎2 𝑂5) layer, with refractive index 𝑛𝑓 =2.1,
that acts as a waveguiding layer and 𝑡𝑔𝑓 is the thickness of
the film under the grating. In all the calculations in Fig. 2.2,
water as (𝑛𝑠𝑢𝑝 = 1.33) superstrate is considered.

Fig. 2.2 Structure of GMR simulated in RCWA.

Fig. 2.1 Schematic of the proposed system (a) Light
excitation and signal collection (b) Webcam based
Spectrometer (c) Signal processing and computation unit
(CU)

To optimize the structure for operation in the visible
region, three grating periods were selected: 330nm, 350nm
and 370nm. The depth of the grating was varied from 100
to 200nm. A thinner waveguiding layer allows only the
fundamental mode to be guided. That results in a single
resonance peak. Figure 2.3 shows the contour plot of the
variation in resonance peak with change in tuning
parameters for the fundamental mode. The tuning of the
structure was done in RCWA to select optimized
parameters.

2.1. Light Excitation and Collection from GMR
Transducer
Light excitation of the GMR system is done using a
warm white (300 K) LED source (OSLON Square 3rd
generation) with an LED driver (LUMOTECH,
LO5050,1-6.5 Watt, 700mA). A linear polarizer is placed
to allow only Transverse Magnetic (TM) light to be
incident at the bottom of the GMR chip. TM polarized
light results in a narrow resonant linewidth that results in
an enhanced limit of detection (LOD) [20]. The spectral

Fig. 2.3 Contour plot of Resonance Peak variation for
Λ=330nm, Λ=350nm and Λ=370nm with tg varied from
100-200nm.
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For the considered GMR parameters, Fig. 2.2 indicates
that a period of 350nm, 𝑡𝑔𝑓 =180nm and 𝑡𝑔 =80nm with a
filling factor of 0.5 provides peak wavelength within the
green-red visible spectrum range. Hence, these parameters
are selected for the GMR fabrication.

period on the angular width, w, is shown in Fig. 2.5 for
both first order and second order diffraction. Here, grating
periods from 950 nm to 1250 nm are considered. This is
due to the availability of reflection gratings around 1000
nm period.

2.2. Design approach of the integrated spectrometer
For the detection of the designed GMR chip, a simple
in-house built spectrometer is used. The main concept of
the spectrometer design is to maximize the angular
spectrum of the first or second order diffraction to cover
the entire image sensor area of the CMOS camera. The inhouse spectrometer is composed of a reflective grating
(made by coating an imprinted dielectric grating with a
thin film of Chromium) and a webcam (ELPUSB8MP02G-L75, Ailipu Technology Co., Ltd, China).
The reflected signal from the GMR chip is incident on the
grating through a narrow slit (around 1 mm width) at an
angle 𝜃𝑖 . It is then separated into wavelength dependent
angular components that is captured by the camera. In
order to achieve a compact design, the imaging system
comprising of one lens and a CMOS camera is arranged
to maximize the coverage width of the visible spectrum
covering the whole extent of the image sensor as shown
in Fig. 2.4.

Fig. 2.5 Angular width calculation for grating period from
950-1250 nm for m=1 and m=2 order of diffraction.
In the designed spectrometer the recorded image is a
correlation between the aperture image and the desired
spectrum. This image is captured by the CMOS camera.
Hence, the imaging system needs to de-magnify the
aperture in order to enhance the resolution however it
needs to maximize the coverage area of the spectrum
image. Using the geometry in Fig. 2.4, the imaging distance
needed to cover a distance D on the image sensor is
𝑣=(

1
tan 𝜃𝑤

) × 𝐷/2

(2)

where 𝐷 is the width of the image sensor. Using thin lens
equation for a lens of a focal length f, 1⁄𝑓 = 1⁄𝑣 + 1⁄𝑑,
and an object distance 𝑑 = x + u, where x is the distance
from the source to the grating, the magnification 𝑚 can be
calculated as
𝑚=

Fig. 2.4 Diffraction of light into angle 𝜃𝑑 from the grating
In Fig. 2.4, 𝜃𝑖 and 𝜃𝑑 are the incident and diffraction
angles.
𝜆

𝜃𝑑 = sin−1 [𝑚 ( ) − sin 𝜃𝑖 ]
𝛬

(1)

where, 𝑚 is the order of diffraction. 𝜃𝑑 is dependent on 𝜆
and inversely dependent on 𝛬.The angular width 𝜃𝑤 is the
difference between diffraction angles of red, 𝜃𝑑,𝑟 (𝑎𝑡 𝜆 =
450 𝑛𝑚), and blue, 𝜃𝑑,𝑏 (𝑎𝑡 𝜆 = 650 𝑛𝑚) , 𝜃𝑤 =
𝜃𝑑,𝑟 − 𝜃𝑑,𝑏 . The influence of the angular width on the
spectrometer design is illustrated by the ray tracing of the
imaging system as shown in Fig. 2.4 when D equals the
CMOS image sensor width. The effect of the grating
38

𝐷/2−( tan 𝜃𝑤 𝑓)
(tan 𝜃𝑤 𝑓)

(3)

The image area of the CMOS camera is 6.18 mm х
5.85 mm with a maximum resolution of 8-megapixel
(3264(H)х2448(V)) with a pixel size of 1.4μm. Three
different lenses were provided with the camera: 6 mm,
8mm or 12 mm. The object distances for the three lenses
are calculated and shown in Fig. 2.6 a). As shown, larger
focal length results in larger object distance and hence
lower magnification is obtained. That results in a better
resolution of the spectrum image. Selecting 12 mm focal
length, the magnification and the number of pixels
covered by the image is shown in Fig. 2.6(b). Based on the
simulated design parameters, a grating period of 1200 nm
is chosen for fabricating the reflective grating. The
mechanical alignment of the read-out system is provided
using 3D printed structures. Fused Deposition Modelling
technique is used for making 3D printed support
structures [23].
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Fig. 2.7 Realized GMR based system with spectrometer
along with components assembles using 3D printed parts.
Figure 2.7 shows the realized GMR based read-out
system with the following components as labelled in the
figure: (1) GMR transducer, (2) a linear polarizer, (3) 1-D
reflective grating, (4) a commercial LED light source, (5)
an HD camera, (6) 1.2 mm focal lens, (7) 50-50 beam
splitter. A linear polarizer sheet is placed to allow only TM
polarization. The distance between the beam splitter and
the reflective grating is kept at 50 mm and the distance
between the grating and lens is set to 15 mm. These
distances were selected such that the diffracted spectrum
covers almost the whole detection area. The signal
acquisition is performed using a CMOS camera which is
connected to a Raspberry Pi for detecting the reflection
spectrum. The spectrometer is designed based on the
parameters mentioned in Table 1.

GMR spectrum. The recorded value from the GMR
sample is then normalized with respect to the reference.
The peak detection is achieved by first locating the index
of the pixel with maximum value in the normalized
spectrum. A small region is then selected around that value
(20 pixels for example) where the peak spectrum is fitted
to a second order polynomial. The peak value is then
refined by detecting the peak of the fitted function. This
helps reducing the noise effect and increases the
resolution of the detection. The GUI designed to track
and record the resonance peak is shown in Fig. 2.8(b).

Table 1. Design parameters for spectrum to capture the
2nd order spectrum for analysis.
Spectrum
450nm650nm

𝜃𝑤
20°

𝑑

𝑣

50 mm

15 mm

𝑚
0.5

2.3 Image processing algorithm for peak value
tracking
Using the design approach (section 2.2), the image of
the spectrum of the GMR signal that is convolved by the
de-magnified aperture is captured by the camera. The
captured image is cropped using two manually set tracks,
Track 1 and Track 2, as shown in Fig. 2.8(a). The cropped
frame covers the spectrum from blue to red. The spectrum
and the peak tracking are performed using an image
processing algorithm developed using Python
Programming language on Raspberry Pi 3.
In extracting the spectrum, first a reference frame is
set, which is the reflection from a glass side coated with
tantalum pentoxide. For image acquisition from the
CMOS camera, the image is acquired several times (six
times in the Fig. 2.8) and averaged to increase the signal to
noise ratio (SNR). The cropped region between tracks 1
and 2 is then converted grayscale and the value of the
pixels are summed vertically to generate the spectrum.
This is saved as a reference spectrum. Then the reference
chip is removed and the GMR sample is placed instead
and the same procedure is applied to generate the raw

Fig. 2.8 (a) Image processing flowchart of spectrum
analysis for extraction of spectral data and finding peak
position (b) Graphical User Interface (GUI) for peak
tracking.
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3. Experimental Results and Discussion
The sensitivity of the readout system was tested with
Glycerol solutions of four different RI values. The testing
starts with De-ionized water. The sensing surface is then
cleaned before the second sample is placed. This process
is repeated for sample 3, sample 4 and sample 5. The
deviation in the peak position due to the change in the RI
of the solution is recorded as delta pixels, taking the
position at which, the peak occurs for de-ionized water on
the sensing surface as the starting pixel. The peak position
for the refractive index ranges from 1.33248 to 1.35417
covered the green to red visible spectrum.

visible region for which the application is to be done. This
read-out system also has the flexibility of selecting 1D
GMR transducer of different materials [28], different
structure [29], or 1-D GMR transducer utilizing higher
order modes that have resonance peak within the visible
region [30]. Low-cost 3D printing technology provides a
robust support to the different optical components.
Finally, it is worth mentioning that LOD can be improved
through both the GMR structure as well as the read-out
system. For example, in earlier work when designing the
GMR to work at near cut-off condition, maximum
sensitivity was achieved and hence the limit of detection is
improved. Another mean to improve LOD is through
using a grating with smaller period to increase the angular
resolution and hence the resolution of the spectrometer
around the spectral range of interest.

4. Conclusion

Fig. 3.1 (a) Resonance peak shift for different solutions
from experiment. (b) Plot of peak position with change in
superstrate refractive index from experiment.
The plot of pixel position with increase of RI along
with standard deviation is shown in Fig. 3.1(a). There is a
clear shift in the peak position with increase of the
solution refractive index. The spectrum is recorded for 15
times for each refractive index with an interval of one
minute. Number of recordings is used to calculate the
standard deviation of the peak position.
Figure 3.1(b) shows the peak position of different
solutions and its standard deviation. The slope of the
linear fit gives the sensitivity of the GMR transducer. The
theoretical limit of detection (LOD) was determined as the
standard deviation (STD) divided by the sensitivity
(nm/RIU). Using data, the LOD calculated is 6.093 ×
10−4 .
A LOD of the order of 10−4 RIU in the visible region
is not high compared to commercial sensors. However, it
is sufficient in applications where threshold detection is
needed of the read-out system [24, 25]. It can be used for
detection of organic gases as gas sensor [26], or as
biosensor for bulk sensing or surface sensing with
appropriate surface functionalization [27]. The spectrometer
developed here using off-the-shelf optical components,
diffraction grating and applying Raspberry pi as peak
tracking tool provides a feasible platform to reduce the
need of commercial spectrometers especially when budget
is constrained. Optimal conditions for alignment of
spectrometer components can be calculated depending
upon the webcam specifications as mentioned in this
paper. The spectrum for the resonance peak can be varied
by changing the period of the grating making it possible
for the end user to select the range of spectrum in the
40

The developed system using 3D printing technology
allows researchers to develop read out systems for
refractive index sensing applications. A detection limit of
6.093𝑋10−4 which is compatible for threshold limit
detection provides a promising platform for implementing
the read-out system for several applications. The readout
system is based on Raspberry Pi which makes it open
source and user friendly. This system can be an ideal
candidate for research and academic purposes. The LOD
can be improved further by decreasing the standard
deviation by using a camera of higher resolution. A lower
standard deviation will give a better minimum RIU for
detection. Biomedical applications can be realized using
this read out system by coating the GMR chip with a
chemically active layer that can used to bind the analyte
under test. This system can be further developed for
portable and field applications. For threshold detection
applications this system can be utilized and further
enhanced for applications in real time scenario.
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