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Scattering Metal Waveguide Based
Speckle-Enhanced Prism Spectrometry

Sakir Kaan Cetindag

Abstract—We present an optical efficiency improved speckle
spectrometer where a scattering metal wave-guide is utilized along
with a conventional prism spectrometer. We conducted extensive
tests on 25 different scatterers, involving a variety of nanoparticle
concentrations, scattering layer thicknesses, and wave-guide vs.
non-guiding type scatterers. We observed 35 pm spectral resolu-
tion at 1.3% optical efficiency, which we could only achieve with
~0.01% optical efficiency using a conventional non-guiding scat-
terer. Thus our new implementation provides up to two orders of
magnitude improvement in optical efficiency at the same spectral
resolution, as opposed to scatterers that are not sandwiched be-
tween metal plates. The improvement in optical efficiency allows for
rapid (~5 usec exposure) acquisition of the spectrum with a con-
ventional CMOS camera. Thanks to its excellent spectral resolution
and diminished optical losses, the proposed spectrometer could
be utilized in high frame-rate, real time spectrum reconstruction
applications, such as Optical Coherence Tomography.

Index Terms—Optical waveguides, optoelectronic and photonic
sensors, spectroscopy.

I. INTRODUCTION

PECKLE Spectrometry relies on mapping a wavelength-

dependent speckle pattern on an image sensor, offering
unprecedented spectral resolution [1], [2]. In an effort to improve
the spectral range, while preserving the superior spectral resolu-
tion that speckle spectrometers possess, we previously demon-
strated a speckle-enhanced prism spectrometer (SEPS), show-
casing simultaneous use of a prism spectrometer and a scattering
medium [3]. Thanks to the prism, the wavelength-dependent
spectral patterns are mapped to different spatial locations en-
suring high speckle contrast, as opposed to a typical speckle
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spectrometer that maps the entire spectrum to the same area on
the sensor array. With the proposed SEPS, we’ve demonstrated
up to x100 improvement in spectral resolution as opposed to
a conventional prism spectrometer, and theoretically unlimited
spectral range (practically limited by the size and the wavelength
sensitivity of a sensor array). Yet both spectral range and resolu-
tion benefits are earned at the expense of optical efficiency that
is diminished due to light extinction at the scattering (and also
possibly weakly absorbing) medium. The light loss necessitates
higher exposure durations at the sensor array, hampering the
ability to perform real-time acquisition of the spectrum.

In this study, we incorporate the scattering medium, sand-
wiched between two planar reflecting surfaces to mitigate po-
tential losses, offering faster data acquisition, paving the way
for the adaptation of SEPS in a greater number of applications.

II. EXPERIMENTAL SETUP

Fig. 1 illustrates the SEPS setup, showing both conventional
(non-guiding) and waveguide scatterers. The setup consists of
two cylindrical lenses (having foci of 70-mm and 80-mm, re-
spectively) placed after the light source (Sacher Lasertechnik/
TEC-500-0850-030-M), where the light hits the scatterer at the
focus. The conventional scatterer basically consists of a titanium
dioxide (TiO2) nanoparticle —epoxy mix sandwiched in between
two glass slides. On the other hand the waveguide scatterer
is formed by sandwiching the mix in between two, 5 mm X
5 mm gold on silicon dies. The non-guiding scatterer is placed
such that optical axis is obliquely incident on the glass slides
whereas the metal plates of the waveguide scatterer are parallel
to the optical axis to enable coupling of light. Finally, the light
is collimated after exiting the scatterer, and focused once again
onto the CMOS camera with the third cylindrical lens (having
100-mm focus).

A variety of scatterers (N = 25) are built through mix-
ing nanoparticles (NP) and epoxy at different ratios, and
placing cylindrical spacers with different radii, in between
the glass or metal (gold evaporated on silicon) plates. Ta-
ble I provides information regarding the properties of all 25
scatterers.

We conducted experiments to test i) spectral resolution and
ii) optical efficiency. Optical efficiency is simply deduced based
on the ratio of optical power exiting the waveguide to the optical
power impinging upon the waveguide. Note that the measured
optical efficiency is also a good indicator of the efficiency of the
total system, as other optical components show negligible losses
when coated with proper anti-reflection coatings.
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Fig. 1. Optical architecture of the speckle-enhanced prism spectrometer with
a conventional scatterer or scattering waveguide (SCT). Setup comprises a light
source, three cylindrical lenses (CL1-3), a prism (PR), and a CCD camera
(CAM).

TABLE I
SCATTERERS EXPERIMENTED

Type Scatterer Length epoxy/NP
number (pm) *  mass ratio
Conventional 1-5 125 5,12,25,50, 75
Conventional  6-10 250 5,12,25,50, 75
Conventional  11-15 400 5,12,25,50,75
Conventional  16-20 750 5,12, 25,50, 75
Waveguide 21-25 5000 1000, 2000, 10000,

20000, 50000

*Distance that the light travels. Taken as the thickness for the conventional scatterers and
length of the waveguide for waveguide scatterers.

III. SPECTRAL CORRELATION AND RECONSTRUCTION

The spectral resolution for each scatterer was calculated based
on the half-width half maximum (HWHM) of the spectral cor-
relation function: C(AA, x) [4];

IT(hx) T (A + Ax
C(A}\.7X): < ( ?X) ( + ?X)>_1 (1)
(IT(A,x)I(x+ Ax,x))
where I(A, x) denotes the recorded intensity for a given wave-
length (A) and position (x), AA refers to the wavelength differ-
ence among different recorded speckle patterns for which the
correlation is calculated. Note that (.) is the mean operation and
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Fig. 2. Spectral correlation functions for a chosen waveguide scatterer (# 25)

and non-guiding conventional scatterer (#10).

that the spectral correlation function is calculated through setting
A to be the wavelength difference that corresponds to a shift
of full-width half-maximum width of the focused speckle line
that is observed on the camera, i.e., the spectral resolution of the
prism spectrometer itself [3].

The speckle pattern due to a broad-band light source can be
expressed as a weighted sum of the speckle patterns acquired
for a number of wavelengths with a narrowband tunable source
as;

1(x) = / S(A)T (1) dx 2)
I=T.8S 3)

where 1(x) is the intensity of the captured image for the broad-
band source as a function of position, T(A) is the transmission for
each wavelength, i.e., the speckle patterns acquired for different
wavelengths, and S(A) corresponds to the weights for each
wavelength, which is the spectrum that is being reconstructed.
Equation (3) represents the matrix form of Eq. (2). Finally, the
spectrum can be found with an inverse operation:

S=T711 4)

Note that the matrix inverse operation requires singular value
decomposition (SVD), and truncation of the values of the di-
agonal matrix resultant of the SVD, to ensure error-mitigated
reconstruction.

In this study, we will rather focus on measuring the spectral
resolution and the optical transmission to showcase the benefits
of using a scattering waveguide. The algorithm behind the
reconstruction for waveguide scatterers is no different then con-
ventional scatterers, thus we refer the reader to other publications

(31, [4].

IV. RESULTS

We first compare the spectral resolution for two selected
samples, first one being a non-guiding scatterer (scatterer #10)
whereas the other one being a wave-guide scatterer (scatterer
#25). The compared two scatterers result in nearly identical
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Fig.3. Comparison of all non-guiding and waveguide scatterers (shaded areas

in all graphs) in terms of (a) spectral resolution and (b) optical efficiency, where
L is the scatterer length (c) optical efficiency to spectral resolution ratio. In
the graphs, each symbol (square, diamond, triangle, circular, crossed square)
represents the class of scatterers having the same length.

optical efficiency of ~1.3%. Fig. 2 illustrates spectral correlation
plot for both scatterers.

The correlation graphs indicate nearly 8 fold improvement of
the spectral resolution from 276 pm to 35 pm. On the other
hand, for two other scatterers having near identical spectral
resolution of 35 pm, the waveguide scatterer (#25) shows two
orders of magnitude higher optical efficiency, as opposed to the
non-guiding scatterer (#16), as later showcased in Fig. 3.

Fig. 3 compares all 25 scatterers based on their spectral
resolution, transmission, and transmission to spectral resolution
ratio as an overall merit parameter to compare the scatterers. For
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all conventional scatterers, the length of the scattering medium
improves the spectral resolution and diminishes the optical effi-
ciency (for fixed NP concentration), as expected. Furthermore,
an increase in the NP concentration results in an improvement
(decrease) of the spectral resolution, at the cost of a decrease
in the optical transmission. Transmission to spectral resolution
ratio is nearly constant for the majority of conventional scat-
terers. Low NP concentration non-guiding scatterers possess
higher transmission to spectral resolution ratio, meaning that the
improvement in the optical efficiency dominates the degradation
of the spectral resolution in dilute scatterers.

As for the waveguide scatterers, extremely diluted samples
still result in a spectral resolution that is equivalent to the most
concentrated conventional scatterer. We observe the best spectral
resolution as ~15-50 pm for the waveguide scatterers despite
having much lower NP concentration than the non-guiding scat-
terers. Overall, we observe that a waveguide scatterer showcases
a significantly improved optical efficiency to spectral resolution
ratio, as observed in Fig. 3(c).

V. ACQUISITION TIME AND LIGHT BUDGET OPTIMIZATION

In this section, we investigate potential factors to enable data
acquisition at lower light levels which will in turn enable faster
acquisition time: i) the effect of the height of the field-of-view
(FOV), i.e., the selected area (whose relation to desired light
intensity will be explained later), and ii) the effect of light
intensity in spectral resolution calculations. The experimental
results were reported based on a FOV having 1000 pixel height
(nearly the entire vertical size of the camera) and a maximum
light intensity (of the bright speckles) of 2!# levels, addressing
the full well depth of our camera pixels.

Fig. 4(a) illustrates the captured speckle pattern for scatterer
# 25, while Fig. 4(b), show the change of the spectral resolution
as a function of vertical size of the selected FOV and camera bit
depth. We observe that the smallest spectral resolution of 35 pm
achieved at the maximum FOV height of 1000 pixels, while a
spectral resolution of <40 pm could still be attained with a FOV
having an x8 diminished height (125 pixels). Thus, a simple
variation in the optical components will enable directing 1/8 of
the utilized light power, to a limited portion of the FOV (1/8 of
the FOV height).

Moreover, through simulations we show in Fig. 4(b) that using
a much lower light intensity that fills only 8 bits (256 intensity
levels) as opposed to 14 bits (16384 intensity levels) of well
depth as done in the experiments to represent speckle pattern
(assuming a 3-bit dark-noise limited data as observed in the
experiments) is adequate to achieve nearly identical spectral
resolution. At lower intensity levels the wavelength dependent
noise correlation dominates, resulting in a seemingly lower spec-
tral correlation, which does not anymore reflect the resolution
of the spectrometer.

Overall, it is x512 advantageous in terms of the utilized
exposure time, through lowering the light intensity by 64 folds
(using 8 bit intensity levels as opposed to 14 bits), and 1/8 of
the total number of rows in the captured image (implying a 8
fold reduction in the light power). In the upcoming paragraphs,
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Fig. 4. (a) The speckle pattern and rectangular FOV utilized in calculation

of the speckle correlation, on the CCD camera for scatterer # 25 (b) spectral
resolution as a function of FOV height (in pixsels) and utilized light intensity
(for the camera having 14-bit well depth).

we will rather treat the advantages in using a smaller FOV and
smaller bit depth in light budget perspective.

VI. LIGHT BUDGET CALCULATIONS

The essential purpose in introducing a scattering waveguide
in the SEPS was to enhance optical efficiency while retaining
resolution and dynamic range. In this section, we discuss the
possibility and hurdles of utilizing scattering waveguide SEPS
in a selected application; ophthalmologic OCT imaging that is
particularly challenging due to the restriction of light power
impinging the eye due to safety concerns. Without loss of gener-
ality the light budget calculations introduced in this section can
be performed for other applications that utilize spectrometers.
Yet, with its wide clinical adaptation and immense OCT-related
scientific publications that has been ongoing in the last three
decades, OCT sets a great example to showcase benefits of the
proposed metal-waveguide based SEPS.

Fig. 5 illustrates a conceptual spectral OCT system, which is
a combination of an interferometer, and scattering waveguide
SEPS.

Coherence length or imaging depth (Az) in a white light
interferometer such as an OCT system, is inversely proportional
to the wavelength step that could be detected corresponding to
the spectral resolution [5]:

)\'2
= 4non
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Fig. 5. An OCT system incorporating SEPS as a spectrometer.

where A = 855 nm is the center wavelength, n is the refractive
index of the medium, typically taken as 1.33 for near Infrared
(NIR) band [6]. For scatterer # 25, showcasing the best transmis-
sion/resolution performance among all other scatterers, having
a spectral resolution of A = 35 pm, the imaging depth (Az) is
calculated to be 3.88 mm. Note that scattering and absorption
properties of the tissue significantly hampers the imaging depth
depicted in Eq. 5, typically to 300-500 pum [7]. Yet, recent
advances in adaptive optics and wavefront shaping fields has
allowed for significant improvement in the depth that light can
penetrate [8].

Our experiments for scatterer # 25, depicted in Figs. 2 and 3,
were conducted under ~10 uW power at the camera at 5 usec
exposure time, implying a depth scan rate (A-scan) of 200 kHz.
Although the CCD camera we employed is far from matching
such a high frame-rate, off-the-shelf high-frame-rate 1.5D line
sensors (sensors having much higher number of columns than
rows, i.e., 2000 x 192 pixels) are already available, having
similar pixel sizes to the CCD camera we employed. Having
already shared the seemingly independent results on the effect
of reduced number of rows (up to a certain extent) within the
FOV on the spectral resolution, line cameras will be a perfect fit
for our the OCT application.

In our optical power budget model, we assume a light source
power of P = 1 mW (matching the experimental conditions).
The interferometer unequally divides the beam, ensuring a
maximum power of: Pp = 780 W impinges upon the eye,
in accordance with safety precautions [9]. We assume that the
light travels at a depth (d) that is equal to three scattering lengths
(d = 3ly) back and forth (considering the fact that scattering is
dominant over absorption in the eye [10] within the tissue, in
accordance with the Beer-Lambert Law [11]:

P'g = Pge 24/ (6)

where Py’ is the back-scattered light from the eye. The reflected
light power from the reference arm of the interferometer taken
as Pc' ~ Pg' ~ Pp/2. Finally the total power observed by
the camera (Pg) is linked to the power entering the proposed
spectrometer (Pp) also by the Beer-Lambert law. The light power
exiting the scattering waveguide is 1.23% (the optical efficiency
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Fig. 6. An example power budget calculation for the scattering waveguide
(scatterer #25), non-guiding scatterer (scatterer #10), and the ideal power budget
for 2D scattering waveguide.

of the waveguide) of the input power to the waveguide, for
scatterer # 25. In light of these arguments the optical power levels
from light source to camera are plotted in Fig. 6. The shaded
areas in Fig. 6 refer to exponential decrease of the light power
in accordance with Beer-Lambert Law due to the turbid tissue
and scattering layer. Three scenarios for the scattering layer
are compared, namely a non-guiding scatterer, 1D waveguide
scatterer (this work), and an ideal 2D wave-guide scatterer (as a
future work to implement).

In our experiment, which did not involve any turbid tissues,
10 W power at the camera could be captured with 5 pisec ex-
posure time. As also discussed in the previous section, mapping
the light to 1/8 of the number of vertical pixels (that could be
ideally done while reducing the light power to 1/8 of its original
value), and another 1/64 deduction of light power (mapping 8 bit
intensity levels as opposed to 14 bits), a total of 512 folds less
light power of ~20 nW at the camera (as opposed to 10 pW)
could have been used while still achieving the same spectral
resolution at the same exposure level. Note that the calculations
presented in this section refer to a narrow-band source, while
higher optical power levels would be needed if a broad-band
light source were utilized, spanning larger number of columns
on the camera.

Overall, through utilizing a significantly lower light level, we
can satisfy the light budget needs of the scenario presented in
Fig. 5, whose power levels are depicted in Fig. 6 (necessitating
38 nW of light power at the camera, at 200 kHz A-Scan rate)
Further improvement could be achieved with electronic gain
applied on the acquired images (0 dB gain was used throughout
the experiments), whose investigation is left as a future work.

Fig. 6 also plots the power budget calculations for non-guiding
scatterer (scatterer # 10) showcasing the same spectral resolution
as the waveguide scatterer (scatterer #25). Moreover a third plot
is added showing the ideal power budget for a 2D scattering
waveguide (with possibly dielectric stack walls for perfect re-
flection) that does not let any light out within its length.

Without loss of generality, the calculations presented here
could be revised for other conditions (other tissues, sensor arrays
etc.).
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VII. CONCLUSIONS AND DISCUSSION

Using a scatterer that is sandwiched between two metal
dies, we demonstrated an optical-efficiency enhanced speckle-
enhanced prism spectrometer. Among a plethora of scatterers
(both non-guiding, and waveguide type) under test, we were able
to 1) demonstrate up to an order of magnitude better spectral
resolution for a given optical efficiency with the waveguide
scatterer, as opposed to conventional scatterer, and ii) up to
two orders of magnitude better optical efficiency for a given
spectral resolution. Such an improvement in optical efficiency
is specifically critical in applications, which require rapid data
acquisition (~100 kHz A-scan rates) with low light power, such
as Ophthalmologic applications of Optical Coherence Tomog-
raphy. The light budget calculations show that the spectrometer
presented here can handle such speeds, given that a linear sensor
array supporting the desired A-scan rate is used, as opposed to
a conventional CCD camera.

As a future work, we plan on demonstrating a 2D scattering
waveguide manufactured using four highly reflective walls (ex-
ploiting dielectric mirrors) to potentially gain another 2-order of
magnitude improvement in optical efficiency.
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