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ABSTRACT

Sweep Stability Characterization of a Vernier-Tuned Distributed
Bragg Reflector (VT-DBR) All-Semiconductor Tunable Swept
Laser System at 1550 nm for Sensing Applications

Roric Christian Martens Biersach

The short-term jitter and longer-term wander of the frequency sweep profile of a
Vernier-Tuned Distributed Bragg Reflector (VT-DBR) laser at 1550 nm used in optical
coherence tomography (OCT) and other sensing applications is characterized in this
work. The VT-DBR has demonstrated success in source-swept OCT (SSOCT),
performing both intensity and phase-sensitive OCT.

The purpose of this paper is to investigate one of the unique aspects of the VT-
DBR laser that makes it successful in OCT: the stability of the linear optical frequency
sweep. A highly stable linear optical frequency sweep implies benefits for further fiber
sensing applications including fiber Bragg grating and spectroscopy sensors.

Short-term jitter measurements of the optical frequency sweep are taken using a
3-cavity 100 GHz free spectral range solid etalon, an athermal fiber Bragg grating, a
molecular-based gas absorption reference cell, and a Mach-Zehnder interferometer.
These four optical filters are used to convert time fluctuations into intensity fluctuations
that can be measured by high speed optical receivers. Short term jitter values on the order
of 0.5 — 0.6 pm RMS (63 — 82 MHz RMYS) are typical values in the VT-DBR lasers
systems characterized in this work. This level of jitter is compelling for OCT and fiber-
sensing applications.

Longer-term wander is characterized using a multiple-gas absorption reference
cell. The long term stability and temperature insensitivity of the absorption cell is ideal
for long-term wander characterization of the laser frequency sweeps. Wander values on
the order of 2.6 pm of wavelength shift over an 8 hour time frame are reported in this
work. The slope of the frequency versus time function of the laser sweep, on the order of
100 MHz/sample, is found to deviate by no more than 0.03% over the same 8 hour time
frame. Both the long term wavelength shift and consistency of the slope indicate that
these sources will perform well in OCT and fiber sensing applications.

Mechanisms responsible for short-term jitter and longer-term wavelength wander
likely include contributions from the laser source itself and from the high speed
electronic drive circuitry that creates the wavelength ramp. Investigation of ambient
temperature’s influence on the wavelength wander is also highlighted in the work.

Keywords: Vernier-Tuned Distributed Bragg Reflector, VT-DBR, Swept Laser, Akinetic,
OCT, SSOCT, PhOCT, 1550 nm, Jitter, Wander
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1. INTRODUCTION

The first monolithic GalnAsP/InP wavelength tunable laser diode was developed
nearly 30 years ago in 1985 [1]. Since then, single-chip tunable laser technologies have
advanced significantly, expanding fields of optical communication (for which they were
first developed) and biomedical imagining to faster speeds and higher resolutions. As
fiber optic applications demand higher performance, it will be necessary for laser
technology to meet these demands. High-speed, tunable lasers are a promising option to
expand and increase the abilities of current fiber optic technologies.

Tunable lasers benefit from the ability to modulate their output wavelength in
some controlled manner. Depending on the application, a tunable source may be
optimized for output power, modulation speed, spectral linewidth, or output wavelength
range. The Vernier-Tuned Distributed Bragg Reflector (VT-DBR) akinetic laser source
represents a new generation of high-speed, tunable swept lasers [1].

A host of fiber sensing applications benefit from the VT-DBR with regard to
spectral linewidth, output power, output range, sweep repetition rates, and simple control

over these and other parameters.
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Figure 1-1 - A comparison of established biomedical imaging
techniques displaying the unique market niche of OCT [8].

1.1 Biomedical Imaging: Optical Coherence Tomography (OCT)

Demonstrated for the first time in the early 1990s, OCT is an imaging technique
used for translucent and partially opaque materials [2]. OCT is often used for biomedical
imaging where it offers sub-micrometer isotropic resolution images. Applications include
cardiology, where arterial walls may be mapped, optometry, dermatology, and early
cancer detection. OCT may be thought of as optical ultrasound, where highly coherent
light is used instead of sound. As shown in figure 1-1, OCT may be performed in or ex
vivo, offering a dynamic, minimally invasive imaging modality that offers extremely
high resolution imaging.

As OCT has matured over the past two decades, several methods have been
developed with unique advantages. Among these are source-swept OCT (SSOCT) where
a broadband, swept light source is required. Figure 1-2 shows a basic SSOCT system
block diagram, implemented as a fiber-coupled Michelson interferometer. The sample

arm is used to image a specimen (e.g. an artery, tooth surface, or skin). Also known as
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Fourier Domain OCT (FDOCT), this method has shown to exhibit a better sensitivity
advantage over traditional time domain OCT [3]. The VT-DBR is an ideal source for this
approach and has demonstrated success in achieving high resolution images of the human
body [4].

Phase sensitive OCT (PhOCT), in which interferometer phase variations are
monitored to obtain sub-nanometer isotropic resolution images, also benefits from a
swept light source such as the VT-DBR. In PhOCT, the stability of the phase is critical to
achieving high resolution images or movements. Previous results have also demonstrated

success with the VT-DBR, recording sub-picometer sensitivity [5].

Sample arm Sample
Laser source with
sweeping wavelength (\)] Coupler 0_ o
2 F
Lenses
Photodetector ~
| Fixed mirror
n . Reference arm

Figure 1-2 - A typical SSOCT test setup. There is a sampling output (to the photo
detector) and two sample arms, one as a reference with a fixed mirror [8].
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1.2 Fiber Bragg Grating (FBG) Sensors

Another fiber sensing application which benefits from a highly stable optical
frequency sweep is fiber Bragg grating sensing. Fiber Bragg gratings are popular optical
sensors. They are employed in numerous applications including measurement of
temperatures in highly volatile environments, monitoring of strain on a building during
an earthquake, or velocities and other metrics of high-speed railway trains [6]. FBGs are
rugged, compact, electrically and optically passive, and may be placed serially with up to
80 sensors in a single fiber.

A fiber Bragg grating is composed of Bragg mirrors in a periodic structure. This
isolates and reflects a single wavelength (the Bragg wavelength), while transmitting the
rest of the incident light. As shown in figure 1-3, the Bragg grating is created by inducing

small, periodic fluctuations in the indexes of refraction in a small section of optical fiber.
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Figure 1-3 - Fiber Bragg grating (FBG) sensors reflect a characteristic Bragg
wavelength, defined by the periodic refractive index changes in the fiber [47].
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The reflected Bragg wavelength is a function of temperature, pressure, and strain
on the sensor. Therefore, variations in any of these parameters cause the Bragg
wavelength to shift. Figure 1-4 exaggerates the shift of the Bragg wavelength. Typical
shifts in Bragg wavelength are across a range of ~5 nanometers. The sensitivity of the
Bragg wavelength depends on many factors, one being jitter in the optical source.

FBG sensing requires a light source which can output a band of wavelengths,
suggesting that non-tunable, single-mode lasers are not a viable solution. Swept lasers
such as the VT-DBR, however, offer many benefits for this application. Benefits include
high-speed sweep repetition rates, a large sweep range, simple tunability, low power

output, and the ability to multiplex up to 80 sensors in a single fiber.
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Figure 1-4 - Varying temperature, pressure, or strain on an FBG causes the
Bragg wavelength to shift due to a shift in the grating period [49].
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Absorbance Spectrum of Copper Sullphate (in H20)
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Figure 1-5 - An example absorption spectrum of Copper Sullphate in water. The
lower wavelengths are not absorbed as compared to the higher wavelengths [48].

1.3 Absorption Spectroscopy

Absorption spectroscopy is the study of how matter interacts with, absorbs, and
transmits light. Spectroscopy represents a significant application of fiber optic sensing.

All physical matter exhibits a particular response characteristic to incident light.
This response is called the absorption spectrum of a material and is unique. This
characteristic may be thought of as a fingerprint or other unique identifier. While this
absorption spectrum spans the entire electromagnetic spectrum, absorption spectroscopy
generally utilizes the visible and infrared subsets of the entire spectrum.

Spectroscopy is used in a wide range of areas, from biomedical imaging to
astronomy. Spectroscopy is a way to determine the presence of a gas, liquid or solid
based on its ch