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Multimode fiber for low-loss and
high-resolution spectrometry
Brandon Redding and Hui Cao

Calibrating wavelength-dependent speckle patterns enables a multi-
mode optical fiber to function as a spectrometer that is compact, light-
weight, low cost, and provides high resolution with low loss.

The invention of optical fibers has revolutionized telecom-
munications by allowing large volumes of data—such as for
telephone calls, broadband Internet, or cable TV—to be transmit-
ted more efficiently and inexpensively. In addition, fibers have
found a variety of other applications, from light illumination
and imaging fiber bundles (used, e.g., in endoscopy) to fiber
sensors and fiber lasers. Multimode fiber is a particular type
of optical fiber with a larger core size that propagates more
than one guided light mode. Recently, we proposed and demon-
strated that a multimode fiber can function as a high-resolution,
low-loss spectrometer.1, 2

Spectrometers are widely used tools in chemical and biolog-
ical sensing, materials analysis, and light source characteriza-
tion. Traditional spectrometers use a grating/prism to disperse
light, and the spectral resolution (the minimum separation re-
quired to resolve two wavelengths) scales with the optical path
length from the grating to the detectors, imposing a trade-off
between device size and resolution. In recent years the develop-
ment of ‘miniature’ spectrometers has enabled a host of new ap-
plications owing to their reduced cost and portability. However,
these miniature spectrometers are still based on grating disper-
sion and so cannot achieve the high resolution of large bench-
top spectrometers while maintaining a small footprint. Our
proposed fiber spectrometer provides a means to overcome this
trade-off because its spectral resolution scales with the length
of the fiber, which can be coiled into a small volume. This
means a compact, lightweight, and low-cost spectrometer can be
obtained while maintaining high spectral resolution.

Of course, developing a spectrometer based on a multimode
fiber also requires the spectrometer to operate according to
a fundamentally different principle. Although grating-based
spectrometers rely on one-to-one spectral-to-spatial mapping,

Figure 1. (a) Speckle patterns recorded at the end of a 1m-long multi-
mode fiber (MMF) for three input wavelengths. Each speckle pattern
can be used as a fingerprint to identify the input wavelength. (b) Ex-
ample spectra reconstructed using a 1m-long fiber. The probe in each
case is a narrow laser line. (c) A 100m-long fiber is used to reconstruct
a spectrum consisting of two narrow lines (shown in red) separated by
only 1pm.

this is not strictly required. In fact, several groups have demon-
strated spectrometers based on more complex spectral-to-spatial
mappings.3–6 In those implementations, a dispersive element
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maps different spectral bands to distinct spatial intensity pro-
files, or ‘speckle patterns,’ rather than to distinct positions or
lines. These speckle patterns can be used as ‘fingerprints’ to
identify the input wavelength. The key to achieving high reso-
lution is to choose a dispersive element that produces different
speckle patterns for small changes in wavelength.

Whereas previous researchers used random4, 6, 7 or disordered3

structures to produce wavelength-dependent speckle patterns,
their low transmission ultimately limited the device resolution.
Instead, we selected a multimode fiber as the dispersive element.
Interference between the many spatial modes guided in a multi-
mode fiber produces the wavelength-dependent speckle pattern
required to build a spectrometer. Crucially, the change in wave-
length required to produce a different speckle pattern scales with
the length of the fiber. Moreover, fibers have low loss and can be
coiled in a small volume, enabling an extremely sensitive, com-
pact, and high-resolution spectrometer.

Figure 2. (a) Experimental setup for the photoluminescence mea-
surement. Rhodamine dye solution was pumped by a diode laser at
� D 532nm, and the emission was collected by a single-mode fiber
(SMF) which was coupled to the MMF spectrometer. (b) Photolumi-
nescence spectrum of the Rhodamine dye measured by the MMF spec-
trometer and a grating spectrometer. Inset: Close-up of the speckle
produced by the Rhodamine emission at the end of the 4cm MMF.

To illustrate the versatility of this approach, we used stan-
dard multimode fiber patch cords ranging in length from a few
centimeters up to 100m.1, 2 For each fiber, we first calibrated a
transmission matrix relating the input wavelength to the speckle
pattern generated at the end of the fiber. After calibration, an
arbitrary input spectrum could be reconstructed based on the
speckle pattern it generated, through a combination of matrix
inversion and non-linear optimization. Following this technique,
we showed that a 1m-long multimode fiber could provide
100nm bandwidth with 0.15nm resolution (see Figure 1). To
further improve the spectral resolution, we selected a 100m-
long fiber that was able to resolve two lines separated by
merely 1pm. The entire 100m fiber was coiled on a 3-inch spool,
enabling a compact spectrometer with resolution exceeding
that of large commercial grating-based spectrometers. We also
demonstrated broadband operation, showing that a 4cm fiber
could provide 350nm of bandwidth across the visible spec-
trum with 1nm resolution. Using the 4cm fiber spectrometer, we
measured the photoluminescence spectrum of Rhodamine dye
(see Figure 2).

In addition to providing fine spectral resolution and broad-
band operation, our fiber spectrometer has low insertion loss
and the signal-to-noise ratio can exceed 1000. Furthermore, the
fiber can be coiled to obtain a compact, lightweight, and low-
cost spectrometer that could enable a host of new spectroscopic
applications. Our future work will focus on developing compact
spectroscopy systems that take advantage of the unique features
of the fiber spectrometer.

Author Information

Brandon Redding and Hui Cao
Department of Applied Physics
Yale University
New Haven, CT

Brandon Redding received his PhD in electrical engineering
from the University of Delaware. He is currently a research
scientist.

Hui Cao received her PhD in applied physics from Stanford
University. She is currently a professor of applied physics.

Continued on next page



10.1117/2.1201403.005414 Page 3/3

References

1. B. Redding and H. Cao, Using a multimode fiber as a high-resolution, low-loss spec-
trometer, Opt. Lett. 37, p. 3384, 2012.
2. B. Redding, S. M. Popoff, and H. Cao, All-fiber spectrometer based on speckle pattern
reconstruction, Opt. Express 21, p. 6584, 2013.
3. Z. Xu, Z. Wang, M. Sullivan, D. Brady, S. Foulger, and A. Adibi, Multimodal
multiplex spectroscopy using photonic crystals, Opt. Express 11, p. 2126, 2003.
4. T. W. Kohlgraf-Owens and A. Dogariu, Transmission matrices of random media:
means for spectral polarimetric measurements, Opt. Lett. 35, p. 2236, 2010.
5. Q. Hang, B. Ung, I. Syed, N. Guo, and M. Skorobogatiy, Photonic bandgap fiber
bundle spectrometer, Appl. Opt. 49, p. 4791, 2010.
6. B. Redding, S. F. Liew, R. Sarma, and H. Cao, Compact spectrometer based on a
disordered photonic chip, Nat. Photon. 7, p. 746, 2013.
7. M. Mazilu, T. Vettenburg, A. Di Falco, and K. Dholakia, Random super-prism wave-
length meter, Opt. Lett. 39, p. 96, 2014.

c
 2014 SPIE


