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ABSTRACT
Characterization of two Vernier-Tuned Distributed Bragg Reflector (VT-DBR)
Lasers used in Swept Source Optical Coherence Tomography (SS-OCT)
Gregory M. Bergdoll

Insight Photonic Solutions Inc. has continued to develop their patented
VT-DBR laser design; these wavelength tunable lasers promise marked image-
guality and acquisition time improvements in SS-OCT applications.

To be well suited for SS-OCT, tunable lasers must be capable of
producing a highly linear wavelength sweep across a tuning range well-matched
to the medium being imaged; many different tunable lasers used in SS-OCT are
compared to identify the optimal solution.

This work electrically and spectrally characterizes two completely new all-
semiconductor VT-DBR designs to compare, as well. The Neptune VT-DBR, an
O-band laser, operates around the 1310 nm range and is a robust solution for
many OCT applications. The VTL-2 is the first 1060 nm VT-DBR laser to be
demonstrated. It offers improved penetration through water over earlier designs
which operate at longer wavelengths (e.g. - 1550 nm and 1310 nm), making it an
optimal solution for the relatively deep imaging requirements of the human eye;
the non-invasive nature of OCT makes it the ideal imaging technology for
ophthalmology.

Each laser has five semiconductor P-N junction segments that collectively
enable precise akinetic wavelength-tuning (i.e. - the tuning mechanism has no
moving parts). In an SS-OCT system utilizing one of these laser packages, the
segments are synchronously driven with high speed current signals that achieve
the desired wavelength, power, and sweep pattern of the optical output.

To validate the laser’s fast tuning response time necessary for its use in
SS-OCT, a circuit model of each tuning section is created; each laser section is
modeled as a diode with a significant lead inductance. The dynamic resistance,
effective capacitance, and lead inductance of this model are measured as a
function of bias current and the response time corresponding to each bias
condition is determined.

Tuning maps, spectral linewidths, and side-mode suppression ratio
(SMSR) measurements important to SS-OCT performance are also collected.

Measured response times vary from 700 ps to 2 ns for the Neptune and
1.2 to 2.3 ns for the VTL-2. Linewidth measurements range from 9 MHz to 124
MHz for the Neptune and 300 kHz to 2 MHz for the VTL-2. SMSR measurements
greater than 38 dB and 40 dB were observed for the Neptune and VTL-2,
respectively. Collectively, these results implicate the VT-DBR lasers as ideal
tunable sources for use in SS-OCT applications.

Keywords: semiconductor laser, vernier, Bragg-reflector, optical coherence
tomography, dynamic resistance, reflectometry, spectral linewidth, and SMSR.
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1. INTRODUCTION
Tunable Lasers

A laser whose wavelength can be controlled across a useful range is
considered tunable; although no laser is perfectly monochromatic and all have
some environmentally-dependent variation in their output wavelength, only a
small portion of laser types can be continuously tuned over a significant range.

The organic-dye tunable laser, discovered in 1966, is recognized as the
first widely-tunable laser [1]. lllustrated in figure 1, it was found that broadband
stimulated emission could be produced by sufficiently irradiating a
phthalocyanine solution with a ruby laser beam [2]. Continuous tuning of this
laser is typically achieved through the use of a Lyot filter in the lasing cavity
which allows a narrow range of the output spectrum to be extracted for use, but
other tuning schemes have been developed (e.g. - prisms, etalons, or diffraction
gratings) [3]. Until its discovery, lasers were relatively monochromatic and unable
to produce the broadband spectrum required for many of the laser applications in

use today.

Cuvette containing _ __ High Reflector
Dye solution.— |

' ,,7:;;;",1" J o Pump Beam

" Otput Coiipler Cylindrical lens

Figure 1 - Basic structure of a dye-laser. Dye solution is excited by the pump beam. Lasing
is then achieved by resonating the subsequent stimulated emission between the reflective
surfaces of the two mirrors surrounding the dye cuvette.



Vernier Tuned Distributed Bragg Reflector (VT-DBR) Lasers

VT-DBR lasers are a type of semiconductor tunable laser that achieve
wavelength tuning by selecting the lasing cavity’s oscillatory wavelength with two
sampled grating distributed Bragg-reflector (SG-DBR) mirrors on either end of
the cavity. An SG-DBR mirror is comprised of a set of evenly spaced distributed-
Bragg reflectors (DBR); together they perform as a Fabry-Perot resonator,
rejecting the transmission of a harmonically related set of wavelengths
determined by the length of separation between its DBR structures; the rejected
light is resonated in an electrically pumped active medium called the gain
section. In this region of the cavity, a single mode commonly reflected by both
DBR mirrors experiences significant amplification.

The distance light must travel between each mirror’'s repeated grating
structure is controlled by pumping the semiconductor material it is comprised of
with electric current; this changes the refractive index of the material which alters
the reflective angle of incidence, changing the light-path distance between
structures. Subsequently, the rejected wavelength common to both mirrors is
oscillated through the gain medium where coherent amplification is achieved.
Figure 2 illustrates the DBR structure of each mirror. It can be seen that each
sampled grating mirror reflects a harmonically related set of wavelengths
dependent on the incident light's wavelength, the effective index of refraction ‘n’,

and the distance between the repeated grating structures ‘L’ [4].
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where n= effective index of refraction of the waveguide

/\ /\ /\ /\ Reflections from Grating
J J J J
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Incedent Light Sampled Grating

@) ()

Reflectivity

Figure 2 - lllustration of the sampled grating structure forming each laser mirror. The
repeated grating structures spaced a distance ‘L’ in (b) produce a Fabry-Perot
interferometer to produce the reflectivity spectrum found in (a).

By using slightly different spacing lengths between the grating structures
in each mirror (i.e. - L1 and L2 where L1 # L2, but nearly equal), the resulting
resonant wavelength between the mirrors is common to each mirror’s reflectivity-
profile and within the amplification range of the gain medium.

Figure 3 (a) illustrates this Vernier effect whereby the reflectivity peak
common to both mirrors and within the amplification range of the gain medium is
resonated to produce the laser’s highly monochromatic output spectrum.

The peak wavelength in the spectrum of (b) corresponds to the reflected
wavelength common to both mirrors; wavelengths from slightly misaligned
reflectivity peaks between the two mirrors make up the remaining spectral-output

peaks comprising significantly less of the total output power [4].
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Figure 3 - Depiction of the reflectivity profiles of each VT-DBR laser mirror and the
resulting resonant wavelength from the reflected peak that is common to both (a). The
laser’s output spectrum (b) shows the narrow output wavelength and the other, power

suppressed, wavelengths corresponding to slightly misaligned reflectivity peaks.

In the VT-DBR laser, these DBR tuning sections forming the mirrors of the
lasing cavity are called the front-mirror (FM) and back-mirror (BM) and together
enable continuous tuning.

To achieve improved tuning precision and control, an additional tuning
element called the phase section is placed intra-cavity; the phase section
facilitates fine resonant wavelength adjustments by modulating the effective
cavity length; the effective cavity length is changed by electrically pumping the
phase section to alter the refractive index of the medium.

The output power of the laser is controlled by the semiconductor optical
amplifier section of the laser. By electrically pumping this section, optical gain is
achieved and, with the proper control, power leveling is possible across the

tuning range of the device.



As with all lasers, environmental variables contribute to variations in the
laser’s wavelength. Temperature fluctuations that would otherwise cause the
output wavelength to wander are prevented using a thermoelectric cooler (TEC).
The TEC is incorporated into the laser package and electrically driven with a TEC
controller to maintain a constant waveguide temperature.

The VT-DBR is well-suited for SS-OCT for many reasons. It exhibits a
high signal to noise ratio (SNR) when compared to other tunable laser designs.
Because the laser cavity is so small, relaxation oscillations are minimized and the
laser can be quickly tuned to any wavelength in the tuning range of the device;

Figure 4 illustrates the exceptionally small size of the VT-DBR laser chip [5].

Figure 4 - VT-DBR laser chip (left) electrically connected to a chip-carrier (right) with 25
micron bond-wires using thermo-sonic bonding [5].

Earlier VT-DBR designs have been demonstrated in SS-OCT. A standard
deviation of the phase linearity and repeatability were measured to be <160 pm.
2D and 3D OCT images measured ex-vivo and in-vivo were performed at sweep

repetition rates up to 200 kHz [6].



Figure 5 depicts an example 3D image from a VT-DBR laser. The 1.5 GB
data-set associated with this image was acquired in ~2.4 seconds. This high rate
of data-acquisition makes the VT-DBR laser the most practical solution for in vivo

OCT imaging.

Figure 5 - In vivo SS-OCT image of the epidermis using a 1550 nm VT-DBR laser. The data
is rendered in 3D (a) and cut-away (b) to reveal intra-sample morphology. Single b-scan (c)
and en-face view (d) of the 3D data-set demonstrates versatility of OCT imaging.

The fast data acquisition and superior imaging-quality of VT-DBR lasers
are made possible by the sweep efficiency and data rejection illustrated in Figure
6. The few non-linear regions of the OCT sweep are removed from the data-set

and the resulting image resolution is improved.



sweep repetition period valid points duty cycle

sweep time invalid points

[ ] fiv-backtime

sweep effidency

1T TN

frequency

| | | [ Ll |
_ \ ] &1 (8] 81 18 0 & ) )
readings=—p readings=—p readings—p
{al {b) <)

Figure 6 - Comparison of sweep-efficiency / duty-cycle in the VT-DBR (b) with
mechanically tuned lasers (a). What few invalid data-points (c) exists in a VT-DBR data-set
is easily removed in software.

The inertia of the tuning mechanism in mechanically tuned lasers prevents
high sweep efficiencies and extends acquisition times beyond the required period
of stability in many in-vivo measurement applications. For example, in
ophthalmology, the patient is asked to limit eye movement during OCT image
acquisition; unfortunately, the sweep efficiencies of alternative swept-source
systems extend the required period of immobility beyond the capability of most
humans.

In addition to all the other advantages that make the VT-DBR the clear
choice for OCT systems, the VT-DBR laser can be manufactured at a fraction of
the cost of alternative OCT lasers. The bulk of the complexity in a VT-DBR laser
is in the conveniently small laser-chip itself and requires no bulky apparatus to
achieve tuning functionality. These chips can be mass produced with as many as
2000 devices on a single silicon wafer.

A diagram illustrating the butterfly package’s electrical pinout of the

Neptune and VTL-2 lasers can be found in appendix A.



Swept Source Optical Coherence Tomography (SS-OCT)

SS-OCT is a type of frequency domain OCT imaging where the
wavelength of a coherent light source is swept across its tuning range. OCT is
made possible by the highly monochromatic and coherent light inherent in laser
radiation; Figure 7 illustrates how laser light differs from other common sources of

light [7].

Light bulb /\/\'
L All directional

SN N .
/\/\»% Non-monochromatic

A’i\/\ Non-coherent

e

LED

diode All directional
Monochromatic
% Non-coherent
Laser pointer Directional

L/ N\ Monochromatic

Coherent

Figure 7 - lllustration of the output radiation properties of an incandescent lamp, LED, and
laser pointer. Directional, monochromatic, and coherent light is unique to laser radiation.

Similar to ultrasound, an a-scan is resolved using the measured change in
incident wave back-scattering versus sample depth, but using light instead of
sound. By means of interferometry, an interference pattern is produced between
the sample’s reflected light (i.e. -reflections from the media being imaged) and
the reference path’s beam. The envelope of the interference pattern is captured
with a photodiode and the resulting modulated electrical signal is Fast Fourier
Transformed (FFT) using high speed digital signal processing (DSP) to produce
a spectral plot where change in amplitude correspond to a refractive index
change and image depth is resolved using the slope of the laser’s linear
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frequency sweep (i.e. - relative sample depth is correlated to a frequency
difference in the FFT output).

Adjacent a-scans can be captured and concatenated in software to form a
b-scan (i.e. - a cross-sectional slice of the medium being imaged); likewise,
adjacent b-scans may be collected and appended together in software to render
a 3D depiction of the light-scattering media being imaged. Figure 8 illustrates
different rendering techniques used to study the morphology an eye’s retinal

tissue [8].

Figure 8 - OCT images of the retina. A three-dimensional data-set can be processed to
produce enface images (d, e, and h), b-scans (b, g), and a 3D rendering of the eye-tissue’s
morphology.
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In contrast to frequency domain OCT, time domain OCT uses a
broadband source (e.g. — a super-luminescent diode) to illuminate the sample
with its entire spectral output at once. The interference pattern at varied sample
depths is measured by longitudinally modulating the interferometer’s mirror
position in the reference-path. As with mechanically tuned laser’s, the
requirement of movement in the measurement device limits its performance in
OCT application. The finite inertia of the mirror limits the speed at which it can be
modulated and results in relatively long image acquisition times in time-domain
OCT schemes.

SS-OCT has been identified as the future of OCT because it offers better
resolution with greatly reduced acquisition speeds, due to the superior signal to
noise ratio (SNR) and high sweep repetition rates inherent to the VT-DBR laser.
According to Professor Paulo Stanga, a consultant ophthalmologist for the
Manchester Royal Eye Hospital, SS-OCT enables faster scanning speeds,
increased penetration depth, and improved image resolution over other OCT
measurement structures. In an interview, Dr. Stanga states that it will be
important for ophthalmologists to move to swept source OCT systems because it
allows for superior imaging of the vitreous, a location of the eye hard to image
with other OCT technologies; additionally, most of the modern treatments for
vision problems are administered by intro-vitreous injections in the vitreous
region; so, it is imperative for doctors to have a clear image of this structure when

determining the correct course of therapy [9].
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In general, OCT imaging systems are ideal for ophthalmology because
they are non-invasive and yield image resolutions down to a few micrometers
which is sufficiently precise for the morphology used in diagnosis and treatment
of retinal diseases. Figure 9, an OCT image of a human eye, demonstrates a SS-

OCT b-scan produced for retinal diagnostics [10].

Figure 9 - Cross-sectional (i.e. - B-scan) image of an eye using frequency-domain optical
coherence tomography (FD-OCT).

OCT has established its niche in biomedical imaging because it offers a
far better image resolution than other medical imaging technologies used. Figure
10 illustrates a comparison of the penetration depth and resolution associated

with common biomedical imaging systems.
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Figure 10 - Graph comparing the resolution and penetration depth of non-invasive imaging
technologies used in bio-medical applications.

Despite its limited penetration depth of only a few millimeters, OCT offers
the best in-vivo imaging resolution available. A few examples from a fast-growing
list of OCT imaging applications include: dentistry, cardiovascular flow dynamics,

nondestructive testing, material thickness, and pharmaceuticals.
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Comparable Tunable Lasers for SS-OCT

The following table shows a comparison between the current swept-

source solutions used in SS-OCT. The sweep-speed, sweep linearity, sweep

flexibility, duty cycle, tuning range, coherence length, and side-mode suppression

ratio (SMSR) of each are listed.

Table 1 - Comparison of performance parameters among various swept source lasers

used in OCT.
Pgrformame VT-DBR Polygon | MEMS-VCSEL | Desirable
arameter
Sweep speed 0-200+ kHz 3-50 kHz 100/200 kHz | 200+ kHz
Duty cycle >98% ~91% <70% 100%
Inherently non- | Inherently non-
Sweep _Stgndard linear (needs linear (needs | Perfectly
. : deviations < 160 .
linearity wavelength wavelength linear
pm measured
reference) reference)
Novel
sweep
Swee Any sweep pattern patterns
eep possible with Linear only Linear only for
flexibility S .
akinetic-tuning complex
sensing
schemes
30-50 nm per
laser, >170
Tuning range possible with 20-170 nm 100+ nm 50+
output
concatenation
Cﬂgﬁ;etﬂce 20-1000 mm 3-30 mm 11-100 mm | >100 mm
SMSR 30-40 dBm ~30 dBm 40-55 dBm >25 dBm

The VT-DBR specifications are based on previous demonstrations of this

swept source technology [6] [5]. The performance specifications of the polygon

tuned source are collected from a Santec SS-OCT system and two other designs

characterized at Cal Tech University [11] [12]. The performance parameters of

the micro-electromechanical mirror system (MEMS) vertical cavity surface
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emitting laser (VCSEL) correspond to information from Santec and Thorlabs SS-
OCT products [13] [14]. Desirable performance attributes are listed in the right
column; these values resemble the performance limits that must be met to
produce an OCT image at resolutions ranging from 3 - 20 ym.

Figure 11 and Figure 12 depict the two alternative SS-OCT systems

described in Table 1.

MEMS-VCSEL
Swept Source OCT System

* Long Imaging Range of 12
« Imaging Speeds Up to 200 kh

Figure 11 - Thorlabs SS-OCT system utilizing the MEMS-VCSEL tuning scheme.

Figure 12 - Santec SS-OCT system utilizing the polygon mirror tuning scheme.
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2. OBJECTIVES

The purpose of this work is to experimentally measure and characterize
two VT-DBR lasers to validate their usability in SS-OCT in comparison to the
alternative solutions listed in Table 1. The measured characteristics of each aid in
the development of future designs and help facilitate application-specific
performance prediction through the use of circuit modeling.

We understand that a potential limitation of the VT-DBR is the electrical
response time of each tuning section. This work seeks to quantify that delay, as it
relates directly to the optical tuning speed of the laser. The delay in a laser’s
optical response that is proportional to cavity length is minimized in the VT-DBR
due to its relatively micro size.

Each section of the VT-DBR is a semiconductor diode and the response of
each diode dictates the resulting optical response. The responses of each device
are measured to estimate optical tuning speeds.

Figure 13 is the assumed circuit model for each section of the laser where
the lead inductance, dynamic resistance, and effective capacitance are simplified

into lumped components.

7 — Car —/— Ry <

7 = R+ )Xo

Figure 13 - Assumed circuit model of each laser section; lead inductance, effective
capacitance, and dynamic resistance are all represented by lumped components.
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In reality, these components are spatially distributed; for example, the lead
inductance is the combined inductance formed by multiple bond-wire connections
joining the outer package pin to the chip carrier to the laser chip itself.

Figure 14 shows the internal view of a VT-DBR laser package with the

connections mentioned above clearly visible.

Figure 14 - Internal view of the VT-DBR laser package; 25 micron bond-wires connecting
the laser’s package to the chip carrier and chip carrier to the laser chip are made using
thermosonic bonding.

Figure 15 shows a close-up view of the bond-wire connections between a
VT-DBR laser chip and its carrier; it is assumed that these narrow conduction

paths contribute the majority of the lead inductance in the circuit model.
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Figure 15 - Close-up view of the bond-wire connections between chip carrier and the laser
chip in a VT-DBR laser package.

To make the electrical connection necessary to drive the laser and
measure its performance, the laser package is soldered to a breakout board
designed by Desmond Talkington in previous VT-DBR laser research [15]; it
allows for easy electrical access to the package pins via the coaxial SMA

connections at the perimeter of the PCB. Figure 16 depicts the breakout-board and

identifies elements of interest.

SMA Coaxial Connections

I TEC Connections |

TEC Connections (4)

Therr. 1
Thermz

VT-DBR Laser Breakout

| 50Q2 Microstrip PCB Traces I

ButterflyPackage

Figure 16 - VT-DBR laser break-out board for use in the characterization of VT-DBR lasers.
All key components labeled including the Butterfly package, TEC connections, 50 Q PCB
traces, and SMA port connections.
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I-V curves (i.e. - linear plots of the bias-current to port-voltage relation) are
produced for each laser section by measuring the port voltage at current biases
spanning the operating range of the section. This information is useful when
designing the current sources and integrating circuitry that provides a driving
signal to each section.

To determine their drive speed limitations, each section of the laser is
injected with an electrical stimulus wave at current bias points within the section’s
operating range and the response is measured; this measurement is performed
at many different current biases because the component values in the model
corresponding to the diode segment (i.e. - dynamic resistance and effective
capacitance) are heavily bias dependent.

The time and frequency domain responses versus current bias are
collected using the time domain reflectometry (TDR) and frequency domain
reflectometry (FDR) modes of an Anritsu MS4624B vector network analyzer
(VNA); both are non-invasive sensing techniques that inform upon the electrical
properties of the circuit of interest by transmitting an incident wave and
measuring the resulting reflections. In this case, the circuits of interest are the
tuning sections of the VT-DBR lasers (i.e. - the gain, SOA, phase, front-mirror,
and back-mirror sections).

Using the TDR mode, a set of harmonically related DC-offset continuous
wave (CW) sinusoids spanning 9 GHz are generated and the reflections of each
are measured; the responses of the incident waves are combined by

superposition to recover the effective response of the section to a step function
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with a rise time of less than 112 ps. This series of signals is generated by the
VNA and transmitted to the laser port under test (PUT) via a 50 Q SMA coaxial
cable. The dynamic resistance corresponding to the initial DC offset bias is
determined by measuring the reflection coefficient, rho (p), in the TDR plot’s
steady-state response.

Using the FDR mode, the complex impedance of each laser section, from
package pin to ground, is measured as a function of current bias (i.e. - the DC
offset). The VNA generates a smith chart impedance locus by measuring the
reflections of a swept sinusoidal stimulus signal and generating a continuous plot
of impedance versus stimulus frequency. The impedance corresponding to an
input stimulus of 10 MHz is recorded, as this represents the worst case scenario
and upper bound of section drive signals that might be used.

For each section, the lead inductance is estimated using the largest
positive-reactance in the series of impedance measurements made for that PUT.
Effective capacitance is estimated by subtracting the inductive reactance from
the total measured reactance, calculating the susceptance (B), and solving for
the effective capacitance that would produce a susceptance of B in the circuit
model.

In addition to fast sweep speeds and flexibility. The optical output of the
laser requires narrow linewidth, wide spectral tuning, and good SMSR
characteristics to perform well in SS-OCT applications. Table 1 lists the desired
spectral characteristics necessary for SS-OCT. The spectral characteristics

presented in this work include high-resolution tuning maps produced using
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computer automation, SMSR measurements, and spectral linewidths at tuning
section bias points of interest.

MatLab, a computer program, is used to achieve the automated
wavelength tuning and measurement; the function “LaserMeasurement()”
presented in appendix E commands two precision current sources connected to
the FM and BM tuning ports of the VT-DBR break-out board through a series of
bias conditions. The range and resolution of the bias currents in the data-set are
defined by the user in the argument of the function. The output of the laser is
measured with an optical spectrum analyzer (OSA) to determine the wavelength
and peak power of the dominant signal.

The bias condition, wavelength, and power measurement data are then
used by the function “TuningMapper()” to generate power and wavelength tuning-
maps useful for identifying the tuning path and operating points of interest.

A novel way of presenting the tuning-map in a video format is also
presented; using the “TuningMapVid()” function, a video showing a birds-eye
view of the tuning map structure is generated. This tool further aids the
visualization of the tuning map structure and offers a quick way to explore the
tunable spectrum of the laser.

Aided by the tuning-maps, linewidth measurement points are selected by
identifying operating points with stable single mode operation. Full width half
maximum (FWHM) linewidth measurements are made using the self-homodyne

method. This measurement technique makes use of an interferometer, DC-
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biased photodiode, and spectrum analyzer to make accurate spectral linewidth
measurements.

The SMSR is also collected at bias points of interest to estimate the signal
to noise ratio (SNR) of the laser.

Before lasing, the TEC is always energized to prevent damage to the
device from overheating. A constant waveguide temperature of 25 +/- 0.05
degrees is always maintained when lasing to eliminate performance variations

due to temperature fluctuations.
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3. ELECTRICAL CHARACTERIZATION
[-V Curves

The following figure depicts the test configuration used to collect the -V
curves associated with each laser segment. An LDC-3744B laser diode controller
(LDC) is used to fix the waveguide temperature and supply a precise current bias
to the PUT. A 34401A Agilent voltmeter is used to measure the resulting voltage

that develops at the PUT, given a current bias from the LDC.

Laser Diode Controller
TEC
—
Current Bias to PUT
,; N FEE ﬁ’, Current-
limiting
Resistor VT-DBR Laser Breakout
Digital Voltmeter
* All other PUTs shorted at
PUT Voltage SMA connection. Tabulated
current and voltage data
recorded in MS Excel.

Figure 17 - IV curve collection instrument-setup. A laser-diode controller (i.e. - LDC-3744B)
is used to drive the on-chip TEC and provide the current bias to the PUT. A current-limiting
resistor is used to protect the PUT from transient voltage/current spikes and provide a
point to measure the PUT voltage. An HP 34401A voltmeter is used to measure the PUT
voltage.
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The current to voltage relation is measured by stepping the input current
of the PUT through incremental bias points within its operating range and the
resulting port voltage is recorded; all bias and subsequent PUT voltages are
tabulated in an excel document.

The current-limiting resistor protects each section from transient current
spikes that might otherwise damage the device; this resistor also gives access to
the coaxial center-conductor so the port voltage can be easily measured.

The measured I-V curves inform upon the current and voltage range
requirements necessary to drive each laser section. A key element in the
assumed circuit model of each section, the dynamic resistance, is also embodied
by the inverse slop of a line tangent to the curve at a particular voltage.

All other break-out board ports are short-circuited to prevent deviations in
the measurement results due to electrical interference between the adjacent
signal paths.

Figure 18 shows an example I-V measurement point of the Neptune laser’s
gain section where the laser current driver is delivering ~1.9 mA of current and

an 881 mV port voltage is measured using the Agilent voltmeter.

Figure 18 - Gain port voltage measurement of the Neptune laser with a 1.9 mA current bias
being delivered from the laser-diode controller. An 881 mV port voltage is observed.
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FDR and TDR Response

Each PUT is interrogated with a 9 GHz Anritsu VNA to capture its
frequency and time domain reflectometry responses at a sequence of bias points
within the current range of each PUT. The instrument configuration used to

collect this data is illustrated in Figure 19 below.

Laser Diode Controller

-__ TEC Connections

Current Bias from LDC to

“Port 1 Bias” on rear panel of VNA * VNA s calibrated using

an Anritsu calibration kit.
Reference plane is shifted to

Vector Network Analyzer laser package leads (shown
R above).

SMA measurement cable from
“Port 1” on VNA to PUT on
Laser Breakout PCB

Figure 19 - VNA instrument configuration used to collect the TDR and FCR responses of
each PUT. An LDC-3744B is used to drive the onchip TEC and deliver bias current through
the "Port 1 Bias" connection on the back panel of the VNA. The VNA is first calibrated and
reference plane shifted to the beginning of the package leads. The measurement reference

plane is identified by the dashed red lines on the breakout board PCB.

The PUT current bias is accomplished using the “Port 1 Bias” connection
on the back of the VNA. All electrical connections are secured and maintained
while current is being delivered to any section of the laser; if a connection is

broken while current flows, the corresponding section could be damaged.
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Dynamic Resistance Extraction from TDR

The Dynamic resistance is measured by analyzing the steady-state
response of the TDR measurement. The VNA is first calibrated to remove
measurement error introduced by the measurement system itself. Once
calibrated, the VNA's reference plane is shifted to the input of the PUT,; the
spatial reference shift and windowing features of the VNA allow for the accurate
measurement of the Si1 scattering parameter, limited only by its 112 ps rise-time.

Figure 20 shows the Neptune laser package soldered to the break-out
board used in my characterization research; the measurement reference plane
for all VNA measurements is identified by the dashed-red lines dissecting the

laser package leads [15].
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Figure 20 - Butterfly package break-out board designed by Desmond Talkington for
experimental research of the packaged VT-DBR lasers; a 50 Q electrical system is used to
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reduce source signal reflection and achieve an accurate measurement of the lumped
component values in the PUT.

Next, the TDR response of each PUT is measured at a sequence of bias
points and the dynamic resistance is calculated at each using the steady-state
reflected voltage waveform. Additionally, the response time (1r) can be visually
estimated by measuring the elapsed time between the incident signal’s arrival to
the reference plane and the 63.2% point of the section’s voltage transition.

The VNA is put into TDR mode and the step input response plot is
displayed. Figure 21 illustrates the measurement points of interest on the response

plot, including the response time and reflection coefficient (p).

311 FORWARD REFLECTIOM TRANSHISSIONAREFLECTION CH 1 - 311
CHH1 REFEREHCE PLAME
749988 cm

REAL »REF=@.0088 pl 2a8.aa8 mU/DIV

¢ -43.9266 ps
-717.348 nU

4.8879 ns
G21.339 ml
0FF

OFF

HARKER TO FERE

MORE

—lgﬁ.ﬂdﬁﬁ ps LF 4.3888 ns

Figure 21 - Example TDR response with measurement points of interest identified. The rise
time (1,) and the steady state reflection coefficient (p) corresponding to the dynamic
resistance are recorded for each bias condition.
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Equation (1) relates the reflection coefficient measured at Vmax to the
dynamic resistance of the PUT at the particular bias. Z, represents the 50 Q
characteristic impedance of the transmission lines used to connect the VNA to
the laser’s package leads. Every TDR measurement for the Neptune and VTL-2
lasers can be found in the corresponding ‘.zip’ files in appendix K and L,

respectively.

. (1 +p)

Ra=Zo 1,5 &)

Figure 22 illustrates the relation between the dynamic resistance and an |-V
curve of a typical diode. At a particular bias point, the dynamic resistance of a
diode is defined by the inverse-slope of the tangent line at that point. From the
illustration, it is clear that this dynamic resistance of a diode changes dramatically

across its operating range.
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Figure 22 - Typical |-V curve of a diode across the breakdown, reverse-bias, and forward-
bias regions of operation.
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Response Time Extraction from FDR

The complex impedance of each PUT is also measured at the same bias
points used for the TDR measurements. The VNA mode is changed to display
the FDR response in the form of a smith chart. A marker is placed on the
impedance locus point corresponding to a 10 MHz stimulus.

As in the TDR measurements, the plot data is taken at each bias point and
the complex impedance is recorded in an excel spreadsheet. This data is then
used to estimate the fixed lead-inductance and bias dependent effective-
capacitance.

Figure 23 identifies the pertinent information in an example FDR
measurement. As with the TDR data, every FDR measurement for the Neptune
and VTL-2 lasers can be found in the corresponding ‘.zip’ files in appendix K and
L, respectively.

The largest reactance measured for each PUT is rounded up to the
nearest tenth of an ohm to account for the finite reactance contribution of the
effective capacitance. The inductive reactance is then used to estimate the fixed
lead inductance using equation (2).

X,
Licga = 2_775f (2)
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Figure 23 - Frequency domain reflectometry measurement of the Neptune laser's front-
mirror section with zero current bias.

The capacitive reactance is then estimated by subtracting the inductive
reactance from the total measured reactance. Equation (3) illustrates this

relation.

XC=XtOt_ XL 3
The capacitive susceptance ‘B’ is then calculated using equation (4),

below. Xc is the capacitive reactance calculated in equation (3) above and R is

the resistance from the complex impedance measurement shown in Figure 23.

_ Xc Xc
1Z]2 R? 4 x.?

B 4)
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From the susceptance, the effective lumped capacitance in the circuit

model is estimated using equation (5).

B
Ceff = 2_111. ©))

Finally, the response time of each section is estimated for the given bias
condition using the RC-circuit charging time constant equation below. R is the
resistance “seen” by the capacitor (i.e. - the parallel combination of the
resistance in the complex impedance measurement with the 50 Q characteristic

impedance of the transmission line providing the PUT connection.)

T, = RCeff (6)
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TDR Measurement Validation

To ensure the accuracy of the TDR measurements taken from both lasers
with the 9 GHz Anritsu MS4624B VNA, TDR measurements are repeated for the
BM section of the VTL-2 laser on a second TDR instrument. Response time
values derived from the frequency domain measurements on the Anritsu are also
compared to those measured in the time domain of the second measurement
setup; an HP 54754A TDR module in an Agilent mainframe is used to make the
comparable measurements.

Unlike the Anritsu VNA, the HP TDR module produces an actual step-
input and measures its reflection versus measuring the reflections of a
harmonically related set of sinusoids and using the superposition principle. This
configuration has a rise-time of approximately 49 ps which will allows the
measurement of lower response times than the Anritsu VNA.

Figure 24 is a photo of the measurement setup used. As always, the TEC
controller is energized first to maintain the waveguide temperature while lasing.
The TDR module is calibrated using the automated calibration process built into
the mainframe’s user interface to remove measurement inaccuracies introduced
by the coaxial cable and the instrument itself. The same calibration-kit loads used

in the Anritsu VNA'’s calibration are used here as well.
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Figure 24 - TDR validation instrument configuration. HP 54754A TDR module is connected
to the PUT through a bias-T; the PUT is biased with the LDC current source.

It was necessary to produce a custom bias-T so non-zero bias
measurements could be made because this measurement instrument is not

capable of supplying a current bias to the PUT.
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Figure 25 - Custom bias-T enabling non-zero current measurements with an HP 54754A
TDR module. The bias connection forms a low-pass filter to prevent TDR stimuli from
reaching the bias source. The stimulus signal is transferred to the PUT via an AC coupling
capacitor.

Figure 25 is a picture of the bias-T made for this measurement. The bias
path leaving the ‘T’ forms a low-pass filter with a C-L-C 1r-configuration; the filter
prevents high frequency content from reaching the bias source.

The TDR connection is AC shorted to the PUT connection via a small AC
coupling capacitor, allowing the PUT to have a non-zero voltage and receive a
step input from the TDR module without lifting the TDR port’s center-conductor
from ground. Figure 26 illustrates the filtering circuit components that collectively

form the bias-t.
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Figure 26 - Bias-T circuit schematic.

Figure 27 is an example TDR measurement of the VTL-2 laser’'s BM port
with a 10.1 mA bias. The response time is measured to be approximately 0.3 ns.
A dynamic resistance of 6.2 Q is displayed explicitly on the TDR plot; Unlike the
TDR mode of the Anritsu VNA, this instrument configuration makes the

conversion from reflection coefficient to resistance automatically.
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Figure 27 - TDR measurement of the VTL-2 laser's BM section at a 200 mA bias using the
HP 54754A TDR module with a step-input rise time of 49 ps. A PUT response time of 0.3 ns
is observed which deviates from the Anritsu VNA measurement by only 60 ps.
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The response-time curves of the VTL-2 laser’'s BM port using the two
collection methods are compared in Figure 28. The plot shows the response times
corresponding to the FDR measurements using the Anritsu VNA in red and the
TDR measurements using the HP 54754A TDR module in blue.

From the high degree of correlation in the response time curves, we can
assume with a fairly high level of confidence that both measurement instruments

and methods yield precise reflectometry measurements.
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Figure 28 - Comparison of the VTL-2 laser's BM section response-times between the two
collection instruments and methods. A very high correlation is observed.

Deviations between the two interpolated curves are limited to 250 ps
across the measurement range of the BM section. TDR plot screen captures on

the HP TDR module can be found in appendix D.
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4. SPECTRAL CHARACTERIZATION
Tuning Maps

A wavelength-tuning map provides a visual representation of the laser’s
primary longitudinal mode as a function of the FM and BM bias currents. This
allows for the optimal tuning path for the desired linear wavelength sweep to be
identified. With the 3D surface plot of this data, anomalies that might cause non-
linearity in the wavelength sweep of the laser can be identified and avoided.

Similarly, a power-tuning map is a visual representation of the peak power
in the dominant mode of the laser’s output spectrum as a function of FM and BM
bias. With the power-tuning map, supplemental gain required by the SOA can be
easily calculated and used to realize any power profile.

Together, these tuning maps serve as a tool for identifying appropriate
spectral linewidth measurements points by illustrating bias regions that exhibit
stable single-mode operation.

The instrument configuration used to collect the tuning maps is shown in
Figure 29, below. As always, the TEC controller in the LDC is used to maintain the
waveguide temperature. The SOA and Gain sections of the laser are biased to
100 mA each to achieve stable lasing. The FM and BM ports are connected to
precision current drivers that are computer controlled through a GPIB interface.

With the MatLab function “LaserMeasurement()” | wrote for tuning map
data collection, the user defines the desired tuning map current boundaries and
resolution with the start, stop, and step arguments of the function. The output of

the laser is coupled into an Agilent 86140B OSA, also controlled by the
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computer, to measure the power and wavelength of the dominant signal in the
laser’s output spectrum at each bias point. The function records the data
collected in an excel file called “TuningMap.xIs” which is generated in the MatLab
working director when the function is run. Each time a new data collection
process is started, a new sheet is created in the excel document and titled with
the current date and time so that the dataset can be easily referenced.

In addition to the measurement of the dominant mode’s power and
wavelength at each bias point, an OSA screen capture of the laser’s output
spectrum is saved to a folder in the working directory with the same name as the

corresponding data-sheet.
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Figure 29 - Instrument configuration used for tuning map collection. The user runs the
MatLab function ‘LaserMeasurement()’ with the bias current start, stop, and
step/resolution values for the FM and BM precision current sources passed in the
function’s argument.
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Once a data-set is collected, the MatLab function “TuningMapper()” is
used to plot the 3D wavelength and/or power tuning surfaces for analysis. The
user is prompted with a series of questions to arrive at the desired tuning map;
the selected data-set is plotted into a 3D tuning surface by linearly interpolating
between the measured data-point vertices.

Upon execution of the function, the user is asked which excel sheet to
extract a data-set from and what tuning maps to generate; wavelength, power, or
both are the available selections. Using the cursor, the tuning surface view can
be manipulated, zoomed, and probed to analyze the laser’s tuning characteristics
within the data-set’'s measurement range.

Using the MatLab function “TuningMapVid()”, a video of the tuning
surfaces can be produced in a file-type specified by the user on line 17 of the
function code. In the execution of the function, a video is created by appending a
sequence of figure images together. The view-angle is incrementally advanced
through a circular path surrounding the surface’s centroid while the view-point
elevation and field of view is decreased; this video rendering of the tuning
surface provides a novel view of the tuning surface from many angles,
elevations, and fields of view.

As with the “TuningMapper()” function, when the function is executed, the
user is prompted to select the desired data-set sheet in the “TuningMap.xIs” file
to process. The user is also asked to enter the number of frames or “viewpoint
angles” to comprise the video sequence of; a number less than 500 is

recommended for larger file formats.
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Side-Mode Suppression Ratio

The SMSR is measured at bias points of interest to investigate whether
amplified spontaneous emission (ASE) is being back-coupled from the SOA and
degrading the SMSR. Being a relative measurement of the peak-power
difference between the dominant mode and the most powerful side-mode, the
SMSR informs on the laser’s performance in applications requiring high spectral
discrimination. SS-OCT is only one such application.

In Figure 30, an example SMSR measurement is illustrated to identify the
power peak of the dominant mode, the most powerful side-mode, and the

difference between the two (i.e. - the SMSR itself).

MEr 1{4) MEr 204 Mkr(2-11
1064 97 nim 1071.37 nim 5.40 nm
-21.237 dBm -45.247 dBm -27.010 dB

-16.29
___________ REF -21.00dBm ________________R_h{[
ﬁ— /
-25.71
Dominant Mode
-35.14 . . — ~27 dB
SMSR
B Most Powerful
Side-mode
-54.00 M
=
-63.43
103997 1064 97 108997
05 nm -61.00 dBm
2.1 kHz 251 ms Off

Figure 30 - SMSR measurement example. An SMSR of greater than 27 dB is observed
between the power of the dominant mode and the most powerful side-mode.
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Spectral Linewidth

The spectral linewidth of each device is measured at stable tuning-bias
points of interest; these points are selected using the tuning maps of each
device. Figure 31 illustrates the instrument configuration used to make linewidth
measurements; the self-homodyne measurement method presented in the book

“Fiber Optics Test and Measurement” is used [16].

Interferometer _ __ __ ___Photo-detector Assembly Electrical Spectrum Analyzer
T Voltage Source i 0 Photo-diode] 3 dB Atten. ||
: (T P — K| = e :
delayed path Sy ey E gl ) r ~ b g o Lt}
e = - = =} it
= e = ledeat Ml
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Optical Switch Optical Spectrum Analyzer
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1 1 -

Precision G 7 * FM and BM precision current
feciSIOn SUILEnt aource sources are manually adjusted to
e — desired linewidth bias condition

ﬁ_ for each measurement.

) £ 22220 | | 'y £ 222855
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Figure 31 - Instrument configuration for spectral linewidth measurements. SOA and Gain
sections are biased at 100 mA. FM and BM sections are manually tuned using precision
current sources. The laser's output is directed using an Agilent optical switch. The signal
path includes an interferometer, reverse-biased photodiode, 3 dB attenuator, and electrical
spectrum analyzer (ESA). This setup facilitates the self-homodyne measurements method.

The self-homodyne measurement technique allows high frequency signal

spectrums (e.g. - the optical spectrum) to be measured with high precision; these
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spectrums are generally too high in the frequency to be accurately measured by
traditional OSAs due to their inadequate bandwidth resolutions.

The optical signal from the laser is coupled with a delayed version of itself
using the interferometer. A suitable path delay is used to ensure a valid
autocorrelation measurement can be made for the wavelengths being measured
(i.e. - 3.5 ys in this case). The autocorrelation signal is coupled to the photo-
detector assembly and the resulting modulated spectrum envelope is measured
at its full-width half maximum (FWHM) using the ESA; the modulation process
doubles the spectral width, allowing the FWHM optical spectrum to be measured
at HWHM in the electrical spectrum.

Before reliable measurements can be made, the noise floor of the Agilent
CXA signal analyzer is established as a reference. An example noise floor

measurement is presented in Figure 32.

#Avg Type: Pwr(RMS)
| B oD v OO (OO 2 | Trig: Free Run Av;rHo‘:s:imgitI(OO )

IFGain:Low #Atten: 0 dB

E%éﬁB/div Ref -45.00 dBm P

! ' - 3 dB Measurement

N Example input signal

e et A A ~—

/ I

Noise floor of measurementinstrument.
Trace captured with no input signal.
[

Start 0 Hz Stop 150.00 MHzZ
#Res BW 100 kHz VBW 10 kHz* Sweep 152 ms (1001 pts

Figure 32 - Noise floor of Agilent CXA signal analyzer used for measuring spectral
linewidth and an example FWHM linewidth measurement of the Neptune laser.
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5. NEPTUNE VT-DBR LASER CHARACTERIZATION

The following I-V graphs were collected from the Neptune laser. To
improve accuracy of the interpolated curves, more data points were taken around
the knee-in current region of operation where the current to voltage relation
becomes far less linear.

All sections have knee-in current voltages just under 1V. The dramatic
transition from high to low dynamic resistance is seen to occur over a very small
change in voltage bias. The linear segments of the curve on either side of the
knee-in current threshold indicates very large and small dynamic resistances at

negative-low and high PUT voltages respectively.
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Figure 33 - I-V curve of the Neptune VT-DBR laser's front-mirror section.
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Figure 34 - I-V curve of the Neptune VT-DBR laser's back-mirror section.
. 60 -
Phase Section T
50
40
<
£ 30 [
)
c
]
= 20 -
3
o
10
-2.0 '-1‘.5 -1I.o ) -5.5 - oJo o ﬂc;.;"" 1.0 15 2.0
-10
Voltage (V)

Figure 35 - I-V curve of the Neptune VT-DBR laser's phase section.
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Figure 36 - |-V curve of the Neptune VT-DBR laser's gain section.
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Figure 37 - I-V curve of the Neptune VT-DBR laser's SOA section.
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The dynamic resistance calculations from the TDR measurements of the
Neptune laser ranged from 2.9 kQ down to 0 Q, but the zero calculations are not
accurate and a product of the result of slight measurement system inaccuracies;
however, | believe the actual dynamic resistance is very close to 0 Q in the
aforementioned cases.

Figure 38 is an example TDR measurement of the Neptune laser's FM port
with a 10.1 mA bias. The response time is measured to be approximately 0.45
ns. The dynamic resistance calculation for the rho value of -0.8149 measured is
approximately 2.9 Q and shown following the figure.
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Figure 38 - TDR measurement of the Neptune laser's FM section with a 10.1 mA current
bias.

5 (1+(-0:8892)

(1-(-0.8892)) =290

Rd:

An example FDR measurement of the Neptune laser's FM section at a

100 mA bias is shown in Figure 39 below; this bias condition yielded the largest
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positive reactance measurement (i.e. - 0.063 Q) for this PUT. The lead

inductance is then estimated using equation (2) with f = 10 MHz.

0.1

L = ~ 1.6 nH
lead = 51110, 000, 000) n

S11 FORWARD REFLECTION | TRANS/REFL CH 1 - 511
IHPEDANCE REFERENCE PLANE

CHNL 7.49858 cm

Complex Impedance

pl: 18 . BEAARE HMHz
1.941 @

63.287 jnil

2. oB.000800 MHz
1.991 §
22 265 jnil

3 UFF
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HARKER TO PERK

HORE
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Figure 39 - FDR measurement of the Neptune laser's FM with a 100 mA current bias. A
complex impedance of 1.941 + 0.0633] is observed.

The capacitive reactance is estimated using equation (3).

Xc=0.06329-0.1= —0.037 ()
Next, the susceptance of the effective capacitance is estimated with
equation (4).

_—X¢  —(-0.037)
" |Z]2  1.9412 +0.0372

B ~ 0.009817 01
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Then, the effective capacitance is calculated with equation (5).

. __ 0009817
/T~ 21(10,000,000)

~ 156 pF

Finally, the response time for this bias condition is calculated using

equation (6).
T, = RCepy ~ 1.87 x156E~1% =~ 0.29 ns

The above RLC calculations are performed for every bias condition of
each PUT and presented in appendix B. Figure 40 plots the bias dependent

response times of each Neptune laser section.

Tau vs Bias Current - Neptune Laser

0 20 40 60 80 100 120 140 160
Bias Current (mA)

Figure 40 - Neptune laser's response times versus bias current for each PUT.

Figure 41 is a picture of the Neptune laser’s wavelength tuning map with FM

and BM currents ranging from 0 to 100 mA at an increment of 1 mA along each
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tuning axis. A tunable range of 37 nm is observed, from 1272 nm to 1309 nm.
This data-set represents the largest tuning map area measured from the Neptune
laser and contains 10,201 data-points collected over a week period. The image is
produced by taking a screen capture of the surface-plot figure generated by the
“TuningMapper()” function after the desired viewpoint is set. The view of the
surface is manipulated by simultaneously clicking and dragging the plot surface
and using the zoom tool to achieve the desired view.

Wavelength Tuning Map

BM {mA] FM (mA)

Figure 41 - Wavelength tuning map of the Neptune laser. This data-set represents the
largest tuning area measured from the Neptune laser; BM and FM are biased from 0 to 100
mA at an increment of 1 mA along each tuning axis. Wavelengths range from 1272 nm
(blue) to 1309 nm (red) in a tuning range of ~37 nm.
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The FM current, BM current, and dominant mode wavelength respectively
define the X, Y, and Z position on the tuning map. The surface is also color
coded to reflect the wavelength at a given point.

Figure 42 presents the power tuning map corresponding to the same data-
set as Figure 41 above. Again, the color of the surface corresponds to the

magnitude of the power making surface gradients more pronounced.

Power Tuning Map

3
m
=2
D
2
o
o

BM (mA) FM (mA)

Figure 42 - Power tuning map of the Neptune laser. Data measurement points correspond
to the same points used to generate the wavelength tuning map (i.e. - identical tuning
current start, stop, and step values as the wavelength tuning-map data). Measured powers
at stable operating points range from 1.2-4.0 dBm.

Next, a small area from the large tuning map above is measured a second

time at a higher resolution to capture more detail in the tuning surface. This data-
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set is collected in the range of 45 to 55 mA in both FM and BM sections at a
resolution of 200 pA along each tuning axis.

With the improved surface detail, a small wavelength variation on an
otherwise flat tuning surface was identified around the data-point corresponding
to a 51.786 mA bias in the FM and a 50.386 mA bias in the BM. Figure 43 shows a

picture of the anomaly marked with a data-cursor.

current (). 51.766
cLrert (mA): 50,385
length (nm): 1297 2665

Figure 43 - Wavelength tuning map anomaly marked with a data-cursor. The anomaly is
positioned at an FM bias of 51.786 mA and a BM bias of 50.386 mA with a peak output
wavelength of 1297.3 nm.

In Figure 44, the anomaly is further investigated by collecting another data-
set with even greater detail; this is achieved by reducing the surface spanned in
the measurement and increasing the resolution to 50 uV between data-points

along each tuning axis.
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Significantly more detail is captured in this plot; the surface appears very
rippled, but these small deviations are all less than 3 pm and might be caused by
performance limitations (i.e. - temperature fluctuations up to +/- 0.05 degrees

Celsius) in the TEC controller or measurement device itself.

(&) 50348
h (rm): 1287 265+

FI (mAy)

BM (m&)

Figure 44 - Improved image of wavelength tuning map anomaly. Tuning map span is
reduced to less than 2 mA along each tuning axis and the resolution is improved to 50 pA
between data-points.

The larger ripple running parallel to the BM axis introduces a measured
wavelength deviation of >15 pm; one might suspect its cause to be temperature
fluctuations in the waveguide, but the fact it appears in two data-sets collected at
different times makes that hypothesis far less likely. Anomalies of this size must
be avoided to reduce points of non-linearity in a SS-OCT wavelength sweep.

| wrote the MatLab data-collection function such that data-points are
gathered along the BM axis and sequenced along the entire BM range specified
before iterating to the next FM current; therefore, | suspect fluctuations in

environmental variables that affect the output wavelength (e.g. - cavity
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stress/strain) will manifest similar anomalies that run along BM axis. However, |
do not believe it to be the cause here.

A measure of the Neptune laser's SMSR is presented in Figure 45. The
Gain and SOA sections are biased at 100 mA to initial lasing. The FM, BM, and

phase sections are zero biased and an SMSR of greater than 43 dB is observed.

bk 15 bk 243 bdkr2 -1
130283 nm 1305.78 nm 2.85 nm
1.063 dBrm -42.072 dBm -43135 dE
693
___________ F‘_EE‘_E‘EE‘_m____,P_________________F_hi-ll
-4 85
-16.62
-28.40
-40.17
b= WMMM M

=51 .45
1277.93 1302.93 1327 .93
0.5 nm -36.77 dBm
55 kHz 963 ms 3100

Figure 45 - Neptune laser’s side mode suppression ratio (SMSR) measured with 100 mA
bias in the Gain and SOA sections. FM, BM, and Phase sections are zero-biased for this
measurement. An SMSR greater than 43 dB is observed.
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In Table 2, all the SMSR measurements of the Neptune are presented. The

spectrum of Figure 45 corresponds to measurement 1 below.

Table 2 - SMSR measurements of the Neptune laser. Gain and SOA sections are biased at
100 mA. Phase section is shorted.

Measurement | FM Bias (mA) | BM Bias (mA) | Wavelength (nm) | SMSR (dB)
1 0 0 1302.93 43.1
2 0 41.72 1291.13 42.2
3 38.42 41.72 1300.73 40.6
4 68.71 0 1306.03 38.7

OSA screen captures of all SMSR measurements can be found in

appendix G.

Using the power and wavelength tuning maps, suitable measurement

points are chosen from the middle of the wavelength tuning path and away from

steep gradients on the power tuning map; this selection method ensures the

stable, single-mode operation necessary accurate linewidth measurements.

Data cursors identified on the wavelength tuning map found in Figure 46

illustrate suitable measurement points; these bias conditions also represent

plateaued regions on the power tuning map of the laser.
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Figure 46 - Stable linewidth measurement points identifies by data-cursors on the
Neptune’s wavelength tuning map.

Figure 47 shows the Neptune’s output spectrum and a corresponding
linewidth measurement at a particular bias. For this measurement, the Gain and
SOA sections are biased at 100 mA, FM and BM sections are biased at 2 mA,
and phase section is shorted. Additional screen capture pairs of the Neptune’s

optical spectrum and linewidth are presented in appendix H.
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Figure 47 - Example of the Neptune laser spectrum (left) and linewidth (right). Gain and
SOA biased at 100 mA, FM and BM biased at 2 mA, and phase section shorted.

The linewidth measurements corresponding to the points identified in

Figure 46 are shown in Table 3. Linewidths from 40 to 108 MHz are observed.

Table 3 - Neptune laser linewidth measurements. Gain and SOA sections are biased at 100
mA. The phase section is shorted.

FM bias (mA) [ BM bias (mA) | Wavelength (nm) | Av(MHz)
89.97 96.96 1299.56 48.7
76.98 85.01 1299.78 435
64.64 74.92 1299.98 67.3
56.99 68.98 1300.15 70.8
50.01 60.01 1300.33 86.4
42.99 51.99 1300.16 39.2
36.97 44.05 1300.78 78.0
28.94 34.99 1301.06 91.2
23.03 28.03 1301.33 101.9
16.00 18.99 1301.73 107.6
9.06 10.00 1302.03 49.9
2.00 2.00 1302.69 71.0
0.00 0.00 1305.01 9.1
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Additional linewidth measurements of the Neptune laser are presented in
Table 4 and Table 5. Measurements in Table 4 are made with the FM section zero-

biased. Linewidths range from 4 to 28 MHz.

Table 4 - Neptune laser linewidth measurements. Gain and SOA sections are biased at 100
mA. The phase and FM sections are shorted.

BM bias (mA) | Wavelength (hnm) | Av (MHz)
99.98 1302.88 7.3
89.98 1299.88 27.2
80.46 1299.98 119
70.00 1296.93 25.5
60.05 1296.98 4.8
50.13 1294.08 8.4
40.07 1291.18 6.8
30.59 1288.28 3.6
20.00 1282.53 16.8
10.20 1276.93 25.3
5.02 1308.88 27.7

Measurements in Table 5 are made with the BM section zero-biased.
Linewidths range from 6 to 130 MHz. From the results, the FM current bias

appears to be more influential on the spectral linewidth of the Neptune laser.

Table 5 - Neptune laser linewidth measurements. Gain and SOA sections are biased at 100
mA. The phase and BM sections are shorted.

FM bias (mA) | Wavelength (hm) | Av (MHz)
99.96 1299.66 18.6
90.05 1299.61 5.5
80.00 1302.76 39.9
68.04 1305.96 57.4
59.22 1306.06 40.6
51.21 1309.26 454
37.51 1282.96 79.3
31.85 1277.66 134.2
19.71 1286.71 104.6
10.11 1293.16 120.7
6.02 1296.41 130.0
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6. VTL-2 VT-DBR LASER CHARACTERIZATION

The following I-V graphs were collected from the VTL-2 laser. As with the
Neptune’s |-V curve data, accuracy is improved by collecting more data points in
the non-linear region of operation.

When compared to those of the Neptune laser, the I-V curves of the VTL-2
have dramatically smaller slopes at biases above the knee-in current. The
subsequent difference in dynamic resistance is confirmed by comparing the TDR
measurements of each in appendices B and C. These results further validate the
TDR measurements taken from each laser. | suspect the physical difference in
the structures and material systems of each laser section are the dominant cause

for these discrepancies.
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Figure 48 - |-V curve of the VTL-2 VT-DBR laser's front-mirror section.
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Figure 49 - I-V curve of the VTL-2 VT-DBR laser's back-mirror section.
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Figure 50 - I-V curve of the VTL-2 VT-DBR laser's phase section.
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Figure 51 - I-V curve of the VTL-2 VT-DBR laser's gain section.
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Figure 52 - I-V curve of the VTL-2 VT-DBR laser's SOA section.
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Figure 53 is an example TDR measurement of the VTL-2 laser’'s BM port
with a 10.1 mA bias. The response time is measured to be approximately 0.7 ns.
The dynamic resistance calculation for the rho value of -0.3220 measured is

approximately 25.6 Q and shown following the figure.
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Figure 53 - TDR measurement of the VTL-2 laser's BM section with a 10.1 mA current bias.

(1+(-0.3220)
(1-(-0.3220))

R; =50 ~25.6 Q

An example FDR measurement of the VTL-2 laser's BM section at a 90.1
mA bias is shown in Figure 54 below; this bias condition yields the largest positive
reactance (i.e. - 0.063 Q) for this PUT. The lead inductance is then estimated

using equation (2) where f = 10 MHz.

1.0

lead = 527110, 000, 000) n
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Figure 54 - FDR measurement of the VTL-2 laser's BM with a 90.1 mA current bias. A
complex impedance of 7.769 + 0.9223) is observed.

The capacitive reactance is estimated using equation (3).

Xc=0.922-1= —-0.078 Q

Next, the susceptance of the effective capacitance is estimated with

equation (4).

X, —(—0.078)

B = =
1Z|2~ 7.7692 + 0.0782

~ 0.001292 01

Then, the effective capacitance is calculated with equation (5).

. __ 0001292
/T ~ 21(10,000,000)

~ 20.6 pF

Finally, the response time for this bias condition is calculated using

equation (6).
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Ty = RCepf ~ 6.72+20.6E7 1% ~ 0.14 ns

The above RLC calculations are performed for every bias condition of
each PUT and presented in appendix C.

A measure of the VTL-2 laser's SMSR is presented in Figure 45. The Gain
and SOA sections are biased at 100 mA to initial lasing. The FM, BM, and phase

sections are zero biased and an SMSR of greater than 33 dB is observed.

Mkr 1(4 Mikr 204 Mkr{2-11
1051 .62 nm 107112 nm =10.50 nm
-15.701 dBm -52.201 dBm -33.5201 dB
-13.72
___________ REF; -18.66 dBm ;,__________________H_th_
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-43.38
w3 "\MWMM M
s
-B3.16
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0.5 nm -4554 dBm
BS kHz 563 ms 10000

Figure 55 - VTL-2 laser’s side mode suppression ratio (SMSR) measured with 100 mA bias
in the Gain and SOA sections. FM is biased at 40.4 mA, BM is zero biased, and the phase
section is shorted. A SMSR greater than 43 dB is observed.

In Table 6, all the SMSR measurements for the VTL-2 are presented. The

spectrum of Figure 55 corresponds to measurement 3 below.

62



Table 6 - SMSR measurements of the VTL-2 laser. Gain and SOA sections are biased at 100
mA. Phase section is shorted.

Measurement | FM Bias (mA) | BM Bias (mA) | Wavelength (nm) | SMSR (dB)
1 0 40.95 1067.17 32.9
2 40.39 94.68 1074.57 30.3
3 40.38 0 1081.57 33.5

OSA screen captures for each SMSR measurement can be found in

appendix I.

Figure 56 shows the VTL-2’s output spectrum and a corresponding

linewidth measurement at a particular bias. For this measurement, the Gain and

SOA sections are biased at 100 mA, the FM and BM sections are biased at 79

mA, and the phase section is shorted. Additional OSA and linewidth

measurement screen capture pairs are presented in appendix J.
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Figure 56 - Example of the VTL-2 laser spectrum (left) and linewidth (right). Gain and SOA
biased at 100 mA, FM and BM biased at 79 mA, and phase section shorted.
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In Table 7 below, VTL-2 linewidth measurements ranging from 300 kHz to 2

MHz are shown.

Table 7 - VTL-2 laser linewidth measurements. Gain and SOA sections are biased at 100
mA. The phase section is shorted.

FM bias (mA) | BM bias (mA) | Wavelength (hm) | Av(MHz)
0 0 1079.60 0.5
21.91 0 1084.18 0.7
40.05 0 1081.68 1.9
80.04 0 1081.63 0.9
0 26.30 1064.88 0.5
0 40.21 1067.13 0.4
0 81.29 1069.53 0.3
79.18 79.06 1074.63 1.9

The VTL-2 laser achieves dramatically better linewidths than the Neptune
laser. Again, | suspect this is inherent to the internal cavity structure and material

system that comprises its sections.
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7. SUMMARY OF RESULTS

In summary, the Neptune and VTL-2 both display electrical and spectral
performance that exceeds the SS-OCT requirements listed in Table 1. The
dynamic resistance, effective capacitance, and lead inductance that make up the
circuit modeling each section permit extremely fast transitions times that facilitate
the VT-DBR’s performance advantage over alternative swept-sources.

Maximum response times for each section of the Neptune laser are

presented in Table 8.

Table 8 - Maximum response time for each section of the Neptune VT-DBR laser.

Section | Bias (MmA) | Liead (nH) (I:;) Cefi (PF) | Tre (ns)
FM 4,92 1.6 35 85 1.7
BM 5.74 0.2 26 109 1.8

Phase 4,93 1.6 40 33 0.7
Gain 4.9 16 31 102 2.0
SOA 4,92 4.8 32 96 1.9

Maximum response times for each section of the VTL-2 laser are

presented in Table 9.

Table 9 - Maximum response time for each section of the VTL-2 VT-DBR laser.

Section | Bias (mA) | Liead (nH) (I:;) Ceii (PF) | Trc (ns)
FM 0.6 30 247 28 1.2
BM 1.1 16 138 46 1.7

Phase 0.9 29 159 42 1.6
Gain 15 32 105 68 2.3
SOA 1.2 30 122 61 2.2

The Neptune’s maximum response-time is lower, on average; however,

the VTL-2 is notably faster when comparing the two across their tuning ranges.
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Measured I-V curves of each device helped to validate the dynamic
resistance calculations from the TDR response data and report the section
voltage of each section under bias so the drive circuitry can be designed
according to these specifications.

The tuning maps collected from the Neptune helped identify the optimal
tuning path of the laser and revealed anomalies in the tuning surface that should
be avoided to minimize the invalid data-points associated with a SS-OCT sweep.
Additionally, the maps aided the selection of relevant linewidth measurement
points by showing where stable modes of operation in the tuning path could be
achieved.

The side mode suppression ratio of the Neptune is typical of tunable DBR
lasers with an average SMSR > 41 dB. The SMSR of the VTL-2 is significantly
less than that of the Neptune at an average SMSR just above 32 dB. The
SMSRs of both lasers are well above the 25 dB value listed in Table 1. This
additional spectral discrimination results in improved OCT image quality.

The Neptune laser’'s measured linewidth did not exceed 130 MHz and its
average measure was 51.6 MHz which corresponds to an average coherence
length of 1.85 meters. The VTL-2 linewidths were substantially lower, with a
maximum of 1.9 MHz and an average of only 900 kHz; this ridiculously low
linewidth, comparable to those found in mode-locked lasers, affords the VTL-2 an
average coherence length of 106 meters. The linewidths of both lasers make
them great swept-sources for OCT, but the exceptionally long coherence length

of the VTL-2 make it an ideal solution for a number of other applications that
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require a longer coherence length (e.g. - remote sensing, seismology, and
topography contour mapping).

In conclusion, both lasers exhibit superb performance characteristics that
validate them as excellent light sources for use in SS-OCT. Their superior
performance, robust set of applications, and predictably low cost at increased

economies of scale make VT-DBR lasers the tunable light sources of the future.
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8. FUTURE WORK

In following my work, a future scholar might use the TDR, FDR, and RLC
data | have collected to develop an improved circuit model of each laser section.
The bias dependent circuit models | have used to estimate the VT-DBR laser’s
response times are valid at discrete bias points; by attempting to produce a
mathematical model that describes the electrical characteristics of each laser
section continuously with respect to their bias current, the tuning limitations of the
VT-DBR lasers can be better understood and analyzed; from this, design
changes that improve tuning response time and accuracy may become evident.

The development of an automated linewidth/SMSR collection system
would also be a great contribution to the advancement of these lasers; because
their values dramatically impact OCT image quality and fluctuate across the
tuning range of the device, it is desirable to have a more continuous
understanding of these performance parameters.

A measure of the amplitude deviation in the output wavelength or relative
intensity noise (RIN) is also desirable.

Another useful measurement involves lasing at a stable mode and driving
the gain/SOA section of the laser with a swept sinusoid; at some increased
frequency, the optical output power of the laser is reduced by half due to the
bandwidth limitations of the section; this important -3 dB measurement identifies
the speed at which the laser’s power can be modulated.

Similar to the amplitude modulations measurement above, frequency

modulation limitations of the laser’s output are also very important. By applying a
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swept sinusoid to each tuning section of the laser and measuring the reduction
on the tuning span as a function of tuning signal frequency, the bandwidth of
each tuning port can be calculated and used to estimate sweep speed limits.

Practical demonstrations of these lasers, like those performed with earlier
VT-DBR designs, are huge steps towards validating the niche of each and
bringing them to market. Given the promising future of the VT-DBR design, even
a crude demonstration would be a significant contribution toward the
advancement of photonics.

Relative intensity noise (RIN) measurements of the optical output are also
very important. Although difficult to measure over the finite noise in the driving
source, this measure is particularly important to fiber-optic communications and
remote-sensing.

| hope my MatLab functions will be used by future graduate students to aid
their research and inspire their curiosity in these fascinating devices. The tuning
maps they produce aid the development of a fundamental knowledge in the

operation of VT-DBRs and present a useful tool to better understanding them.
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APPENDICES

Appendix A: Butterfly Laser Package Pinout Diagram

4 - SOA*

5-SOA

6 - FM*

7-FM

1-TEC (+)

TEC(-) - 14

2-THERM_1 GAIN*-13

3 -THERM_2 GAIN- 12

PHASE* - 11

PHASE - 10

BM* -9

BM -8
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Tabulated RLC Data for the 1310nm Neptune Laser

Appendix B
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Tabulated RLC Data for the 1060nm VTL-2 Laser

Appendix C
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Appendix D: TDR Validation Measurements
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Appendix E: Tuning Map Matlab Functions

LASERMEASUREMENT()

o\

LASERMEASUREMENT () function summary:

This function automates the collection of a tunable VT-DBR laser's
wavelength, power, and spectral content as a function of control port
bias current. The sample point resolution is user defined by inputing
the

% desired start, stop, and step of the bias current for the front and
back

% mirrors. This data can then be used to generate the laser's tuning

map .

o

o° oo

function [ ] =
LaserMeasurement (FMstart, FMstop, FMstep, BMstart, BMstop, .. .
BMstep, startsample)
% Determine FMspan and BMspan
FMspan = FMstop-FMstart;
BMspan = BMstop-BMstart;
% Condition wvariables to avoid erronious operation.
floor (startsample) ;
% Configure FM and BM current drivers.
%$Find a GPIB object.
BM = instrfind('Type', 'gpib', 'BoardIndex',6 32,
'PrimaryAddress’', ...
2, 'Tag', '");
FM = instrfind('Type', 'gpib', 'BoardIndex',6 32,
'PrimaryAddress’', ...
1, "Tag', "");

% Create the GPIB object if it does not exist otherwise use the
object
% that was found.
if isempty (BM)
BM = gpib ('AGILENT', 32, 2);
else
fclose (BM) ;
BM = BM(1);
end

if isempty (FM)
FM = gpib ('AGILENT', 32, 1);
else
fclose (FM) ;
FM = FM(1) ;
end
%$Connect to the FM and BM instruments.
fopen (BM) ;
fopen (FM) ;

$Communicating with instruments BM and FM current drivers.
fprintf (BM, '*RST');

fprintf (BM, 'LAS:RAN 1');

fprintf (BM, 'LAS:LIM:I1 101");
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fprintf (BM, 'LAS:MOD:ILBW');

fprintf (FM, '*RST');

fprintf (FM, 'LAS:RAN 1');
fprintf (FM, 'LAS:LIM:I1 101");
fprintf (FM, 'LAS:MOD:ILBW'");

% Increments along each axis determined by user input current range
and
% step.
FMnum = floor (FMspan/FMstep) ;
if rem(FMspan, FMstep)>0.3*FMstep
FMnum = FMnum+1;
end
BMnum = floor (BMspan/BMstep) ;
if rem(BMspan,BMstep)>0.3*BMstep
BMnum = BMnum+1;
end
% If startsample < 2, create new excel data-file called
'TuningMap.xlsx'
% unless one already exist. Add new sheet to 'TuningMap.xlsx'.
warning off;
if startsample < 2;

o)

% Display number of samples to be taken

fprintf ([ num2str ( (FMnum+1l) * (BMnum+1)) ' samples will be taken.']);
% Create header object.
parameters = {'Sample (#)', 'FM current bias (mA)',...

'BM current bias (mA)', 'Wavelength (nm)', 'Amplitude (dBm)'};
% Check to see if 'TuningMap.xls' already exists, 1if not create it.
Add
% new sheet to 'TuningMap.xls'.

if exist ('TuningMap.xls', 'file') == 0

time = fix(clock);

sheetname = [num2str(time(2)) '.' num2str (time(3)) '.'
num2str (time(l)) ' @ ' num2str(time(4)) '.'

num2str (time(5)) ...

'.'" num2str(time(6))];

x1lswrite ('TuningMap', parameters(l), sheetname, 'al:al');

x1lswrite ('TuningMap', parameters(2), sheetname, 'bl:bl');

x1lswrite ('TuningMap', parameters(3), sheetname, 'cl:cl');

x1lswrite ('TuningMap', parameters(4), sheetname, 'dl:dl1');

(5) )

xlswrite ('TuningMap', parameters , Sheetname, 'el:el'
3Delete extra blank sheets

x1ls sheet delete();

else
%$Ensure new sheetname is used and old data is not overwritten.
time = fix(clock);
sheetname = [num2str(time(2)) '.' num2str (time(3)) '.'

num2str (time(l)) ' @ ' num2str(time(4)) '.'
num2str (time(5)) ...

", num2str (time (6))];
x1lswrite ('TuningMap', parameters(l), sheetname, 'al:al')
x1lswrite ('TuningMap', parameters(2), sheetname, 'bl:bl')
x1lswrite ('TuningMap', parameters(3), sheetname, 'cl:cl');
x1lswrite ('TuningMap', parameters(4), sheetname, 'dl:dl')
x1lswrite ('TuningMap', parameters(5), sheetname, 'el:el')
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end
Creat unique folder for OSA screen images to be collected; folder
name corresponds to sheet name in excel data document.
mkdir (pwd, ['OSAimages ' sheetnamel]);
If startsample > 1, active sheet is the last sheet created in
'TuningMap.xls'
FMstartpos = 0;
BMstartpos 0;
else
% Display number of samples to be taken.
fprintf ([ num2str ( (FMnum+1) * (BMnum+1) - (startsample-1)) ...

o

o

o

o

' samples will be taken.']l);
% Have user select sheet to append data to 'TuningMap.xls'; for
case
% where data collection starts at startsample > 1.
[~, sheets] = xlsfinfo('TuningMap.xls');
for i = 1l:length(sheets)
disp([num2str(i) ' - ' char(sheets(i))]);
end
sheetname = char (sheets (input ('Select the number corresponding to
the\nsheet you would like append data to: ')));

o)

% Determine current offset for FM and BM.
FMstartpos = floor ((startsample-1)/ (BMnum+1));
BMstartpos = rem((startsample-1), (BMnum+l))
warning on;
end
% Display how long it should take.
duration = 1.08333* ((FMnum+1) * (BMnum+1) - (startsample-1));
days = floor (duration/1440);
hours = floor (duration/60)-days*24;
minutes = duration-days*1440-hours*60;
fprintf (['\nThis should take approximately: ' num2str (days)...
' days, ' num2str (hours) ' hours, and '
num2str (floor (minutes)) ...
' minutes.\n\n']);
% Write current limits and increments to 'TuningMap.xls'.
x1lswrite ('TuningMap', {'Current Limits:'}, sheetname, 'gl:gl');

x1lswrite ('TuningMap', {'FM min (mA):'}, sheetname, 'g2:g2'");
x1lswrite ('TuningMap', {'FM max (mA):'}, sheetname, 'g3:g3');
x1lswrite ('TuningMap', {'FM step (mA):'}, sheetname, 'gd:g4d');
x1lswrite ('TuningMap', {'BM min (mA):'}, sheetname, 'gb5:g5'");
x1lswrite ('TuningMap', {'BM max (mA):'}, sheetname, 'g6:g6'");

(
(
(
(
(
xlswrite ('TuningMap', {'BM step (mA):'}, sheetname, 'g7:g7'"');
(
(
(
(
(

x1lswrite ('TuningMap', FMstart, sheetname, 'h2:h2');
xlswrite ('TuningMap', FMstop, sheetname, 'h3:h3'");
x1lswrite ('TuningMap', FMstep, sheetname, 'h4:h4');
x1lswrite ('TuningMap', BMstart, sheetname, 'h5:h5'");
x1lswrite ('TuningMap', BMstop, sheetname, 'h6:hé6');

xlswrite ('TuningMap', BMstep, sheetname, 'h7:h7'");
% Turn current driver outputs on

fprintf (FM, 'LAS:0UT 1');

fprintf (BM, 'LAS:0UT 1');
% Loop through bias currents and run 'OSAdatafetch.m' at each bias
point.

%$FM control code (outer loop)

for FMpos = FMstartpos:1: (FMnum)

o)

% Ensure current drivers are limited to the max current defined by
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% user's current settings.
if FMpos*FMstep< (FMspan)
FMsetpoint = ['LAS:LDI ' num2str (FMpos*FMstep + FMstart)];
fprintf (FM, FMsetpoint);
else
FMsetpoint = ['LAS:LDI ' num2str (FMspan + FMstart)];
fprintf (FM, FMsetpoint);
end
%$BM control code (inner loop)
for BMpos = BMstartpos:1: (BMnum)
if BMpos*BMstep< (BMspan)
BMsetpoint = ['LAS:LDI ' num2str (BMpos*BMstep +
BMstart) ];
fprintf (BM, BMsetpoint);
else
BMsetpoint = ['LAS:LDI ' num2str (BMspan + BMstart)];
fprintf (BM, BMsetpoint);
end

$Determine 'sample num', call OSAdatafetch and write data
%to the 'TuningMap.xls' excel file.

pause (1)

sample num = (BMnum+l)*FMpos + (BMpos+1);

fprintf (['\nsample# ' num2str(sample num) '/'...
num2str ( (FMnum+1) * (BMnum+1) ) ]) ;

%Command OSA to find optical signal, take screen-shot,
%and return wavelength and amplitude information.
[wavelength, amp] = OSAdatafetch(sample num, sheetname);
%$Determine bias currents and write to excel file
fprintf (FM, 'LAS:LDI?'");
FMcurrent = str2double (fscanf (FM)) ;
x1lswrite ('TuningMap', FMcurrent, sheetname, ...
['B'" numZ2str (sample num+l) ':B'
numZ2str (sample num+l)]);
fprintf (BM, 'LAS:LDI?'");
BMcurrent = str2double (fscanf (BM)) ;
x1lswrite ('TuningMap', BMcurrent, sheetname, ...

['C" numZ2str (sample num+l) ':C'
numZ2str (sample num+l)]);
BMstartpos = 0;

% Write sample number, wavelength, and amplitude data
% to the 'TuningMap.xls'.
xlswrite ('TuningMap', sample num, sheetname, ...
['A'" num2str (sample num+l) ':A'
numZ2str (sample num+l)]);
x1lswrite ('TuningMap', wavelength, sheetname, ...
['D" num2str (sample num+l) ':D'
num2str (sample num+l)1]);
x1lswrite ('TuningMap', amp, sheetname, ...
['E' num2str (sample num+l) ':E'
num2str (sample num+l)]);
end
end
% Turn instrument outputs 'off'.
fprintf (FM, 'LAS:0UT 0');
fprintf (BM, 'LAS:0UT 0');
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fprintf (FM, 'LAS:LDI 0');
fprintf (BM, 'LAS:LDI 0');

Format excel document (i.e. - autofit column width) and close

it.

I o° oe

o\

Selects all cells in the current worksheet and
auto-sizes all the columns and vertically and
horizontally aligns all the cell contents. Leaves
with cell Al selected.

o oP

o

try

excelObject = actxserver ('Excel.Application');

excelWorkbook = excelObject.workbooks.Open ([pwd
'"\TuningMap.x1s']);

worksheets = excelObject.sheets;

numSheets = worksheets.Count;

[

% Loop over all sheets
for currentSheet = 1 : numSheets
thisSheet = get (worksheets, 'Item', currentSheet);
invoke (thisSheet, 'Activate');
Center data in cells, and auto-size all
% columns.
ry
% Select the entire
% spreadsheet.
excelObject.Cells.Select;
% Auto fit all the columns.
excelObject.Cells.EntireColumn.AutoFit;
% Center align the cell
% contents.
excelObject.Selection.HorizontalAlignment =
excelObject.Selection.VerticalAlignment = 2;
% Put "cursor" or active cell
% at Al, the upper left cell.
excelObject.Range ('Al"') .Select;
catch ME
errorMessage = sprintf (...
'Error in function.\n\nError Message:\n%s',

o

-

3;

ME .message) ;
fprintf ('%s\n', errorMessage);
end
end
catch ME
errorMessage = sprintf (...
'Error in function AutoSizeAllSheets.\n\nError
Message:\n%s', ME.message);
fprintf('%$s\n', errorMessage);
end

%Save and quit
excelWorkbook.Save;
excelObject.Quit;
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fclose('all'");

o)

% Close and clear all objects from memory.
close all;

clear all;

disp('Data collected successfully!"')

end

% This function is for communicating with the OSA instrument. Instument
is

%directed to acquire the optical signal with the largest power
magnitude;

%$then the wavelength, power magnitude, and screen capture of the signal
are

$returned to the computer.

function [wavelength, amp] = OSAdatafetch(sample num, sheetname)

% Find a GPIB object.
OSA = instrfind('Type', 'gpib', 'BoardIndex', 32, 'PrimaryAddress',
4,...

'Tag'[ ll);
% Create the GPIB object if it does not exist otherwise use the object
that
% was found.
if isempty (OSA)

OSA = gpib ('AGILENT', 32, 4);
else

fclose (OSA) ;

OSA = OSA(1l);
end

o)

% Configure OSA instrument.

set (OSA, 'EOIMode', 'on'");

set (OSA, 'EOSMode', 'none');

set (OSA, 'InputBufferSize', 500000);
set (OSA, 'OutputBufferSize', 500000);
set (OSA, 'Timeout', 30.0);

—~ e~~~

o)

% Connect to OSA instrument.
fopen (OSA) ;

% Initializing OSA instrument: remove write warnings, reset, adjust the
% verticle scale to 6.4 dB/div, and perform auto-measure.

warning ('off', "instrument:fread:unsuccessfulRead"')

fprintf (OSA, '*rst');

fprintf (OSA, 'disp:trac:Y:scal:auto:pdiv 6.4 dB');

fprintf (OSA, 'disp:wind:trac:all:scal:auto; *wai');

Q

% Continually sweep, set span to 2 nm, and set averaging to 20 sweeps.
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fprintf (OSA, 'init:cont on');

(
fprintf (OSA, 'sens:wav:span 2 nm');
fprintf (OSA, 'calcl:aver:coun 20");
fprintf (OSA, 'calcl:aver:stat on');
pause (2)

[

% Move marker to peak, center trace data, adjust reference level to
peak.

fprintf (OSA, 'calc:markl:max');

fprintf (OSA, 'calc:markl:scen');

fprintf (OSA, 'calc:markl:srl');

pause (6)

% Query wavelength (nm), gquery power level (dBm), record to excel file.
fprintf (OSA, 'calc:markl:x?');

wavelength = str2double (fscanf (OSA))*10"9;

fprintf (['\nWavelength: ' num2str (wavelength,8) '(nm)']);

fprintf (OSA, 'calc:markl:y?');

amp = str2double (fscanf (OSA));

fprintf (['\nPower: ' num2str (amp,6) ' (dBm)\n']);

% Set OSA image data language to 'gif' format, ask for image data, and
% suppress data transfer warnings while reading data from OSA.

fprintf (OSA, 'HCOP:DEV:LANG ''GIF'''");

fprintf (OSA, 'HCOP:DATA?');

raw = fread(OSA);

[

% Remove initial '#0' characters and EOI character from image data.
gooddata = raw(3: (length(raw)-1));

% Creating 'gif' image file containing screen capture

sample num = num2str (sample num) ;

filename = [ pwd '\OSAimages ' sheetname '\Num' sample num

' OSAcap.gif'];

fid = fopen(filename, 'w');

fwrite (fid, gooddata);

% disp([num2str (length(raw)) ' bytes of image-data transferred to '
% filename]);

o)

% Disconnect all objects.
fclose (fid);
fclose (OSA) ;

o)

% Clean up all objects.
delete (0OSA);
clear OSA;

end

o)

% This function deletes the first three excel sheets from a newly
created

o)

% 'TuningMap.xls' file.
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function [] = xls_sheet delete()

XL file = [pwd '\TuningMap.xls'];
xlsfinfo (XL file);
% First open Excel as a COM Automation server
Excel = actxserver ('Excel.Application');
% Make the application invisible
set (Excel, 'Visible', 0);
% Make excel not display alerts
set (Excel, 'DisplayAlerts',0);
% Get a handle to Excel's Workbooks
Workbooks = Excel.Workbooks;
% Open an Excel Workbook and activate it
Workbook=Workbooks.Open (XL file);
% Get the sheets in the active Workbook
Sheets = Excel.ActiveWorkBook.Sheets;
% Cycle through the sheets and delete them.
index adjust = 0;
for i = 1:3
current sheet = get (Sheets, 'Item',6 1);
invoke (current sheet, 'Delete')
index adjust = index adjust +1;
end
% Now save the workbook
Workbook.Save;
% Close the workbook
Workbooks.Close;
% Quit Excel
invoke (Excel, 'Quit'");
% Delete the handle to the ActiveX Object
delete (Excel) ;

end

TUNINGMAPPER()

% TUNINGMAPPER () function summary: This function takes the data
collected

% using LaserMeasurement () and maps the wavelength and power data into
% surface plots. The data is extracted from the 'TuningMap.xls' file in
the

% parent directory. Each data-set collected by LaserMeasurement ()
generates

% a new sheet in the .xls file; the user is prompted to select the
data-set

Q

% to process based on the .xls sheet name.

function [] = TuningMapper ()
% Close any open objects and clear memory.
clear('all')
close all
% Removes warning from lack of microsoft excel

warning off;
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% Find available sheets in 'TuningMap.xls' and prompt user to select
one.

[~, sheets] = xlsfinfo('TuningMap.xls');
for 1 = l:length(sheets)
disp ([num2str (i) ' - ' char(sheets(i))]1);
end
sheetname = char (sheets (input ('Select the number corresponding
to\nthe sheet you would like to process: '")));
map = str2double (input ('\nl - Wavelength tuning-map.\n2 - Power
tuning-map.\n3 - Wave & Pwr tuning-map.\nInput number corresponding
to\ndesired tuning-map generation: ', 's'));

o)

% Read in current bias and wavelength data from 'TuningMap.xls' excel
file.

[wavedata, ~ ]=xlsread('TuningMap.xls',sheetname);

FMcurrent = wavedata(2:end,?2);

BMcurrent = wavedata (2:end, 3);

wavelength = wavedata(2:end, 4);

pwr = wavedata(2:end,5);

% Give user option to import color-map range from another
% tuning-map sheet.

a = input ('\nWould you like to import the colormap\nscale
from another sheet? (y/n) : ', 's');
switch a
case 'y'
fprintf('\n")
[~, sheets] = xlsfinfo('TuningMap.x1ls');
for i = 1l:length(sheets)
disp([num2str (i) ' - ' char(sheets(i))]):
end
% Have user select sheet
crange_sheet = char (sheets (input('Select the sheet
containing the colormap\nscale you''d like to import: ')));

o)

% Import colormap range from selected sheet
[wavedata, -~
]=xlsread('TuningMap.xls',crange_ sheet);

cwavelength = wavedata(2:end, 4);

cpwr = wavedata(2:end,b);

% Filter caxis pwr to remove outliers.
cpwrave = sum(cpwr)/length (cpwr) ;
for i = 1:length (cpwr)

if cpwr (i) <(cpwrave-5)

cpwr (1) = cpwrave-5;
end
end
caxis wave = [min(cwavelength) max(cwavelength)];
caxis_pwr = [min(cpwr) max(cpwr)];

fprintf ('Colormap imported. Generating
figure(s).\n\n")
case 'n'
fprintf ('Default colormap range will be used.\n\n')
end
warning onj;
% Determine wavelength and power ranges.

% global deltawave global deltapwr
deltawave = (max (wavelength)-min(wavelength));
deltapwr = (max (pwr)-min (pwr));
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o\

Filter power data outliers due to multi-mode operation from
power

o

data.
pwrave = sum(pwr)/length (pwr) ;
for 1 = l:length (pwr)
if pwr(i)<(pwrave-.25*deltapwr)
pwr (i) = pwrave-.25*deltapwr;
end
end
pwrave = sum(pwr)/length (pwr) ;
Redefine deltapwr with filtered data.
deltapwr = (max (pwr)-min (pwr));
% Interpolate non-uniform map-data to generate surface plot.

[

% Create uniform grid with linespace ()

o

x1lin = linspace (min (FMcurrent) ,max (FMcurrent), ...
2*floor ( (max (BMcurrent)-min (BMcurrent)) /...
(BMcurrent (2) -BMcurrent (1))));

ylin = linspace (min (BMcurrent),max (BMcurrent), ...
2*floor ( (max (BMcurrent)-min (BMcurrent)) /...
(BMcurrent (2) -BMcurrent (1))));

% Now use these points to generate a uniformly spaced grid:
[X,Y] = meshgrid(xlin,ylin);

switch map

o)

% Code for wavelength figure generation.
case 1 $ case 1 = Wavelength tuning-map.
% Wavelength figure: Create interpolated object 'f' from
wavelength data.

f = scatteredInterpolant (FMcurrent, BMcurrent,

oe

wavelength) ;

o\°

Evaluate 'f' at uniform vertices and save into 'Z'.
zw = £(X,Y);
Create surface plot for wavelength.
F1 = figure(l);
surf (X,Y,%Zw, 'EdgeAlpha', 0.2); % Interpolated data Zw

oe

used.
axis tight;
hold on
% Plot nonuniform data points.

plot3 (FMcurrent, BMcurrent,wavelength+deltawave/370,"'.", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
% Set DataCursor function
dcm_obj = datacursormode (F1);
set (decm_obj, 'UpdateFcn', @DataCursorCallback)
Set caxis limits if importing colormap
if a == "y'
caxis (caxis wave)
end
Edit title and axis labels.
title ('Wavelength Tuning Map');
ylabel ('BM (mA)"');
xlabel ('FM (mA) ') ;
zlabel ('"\lambda (nm)"');
Set background color
whitebg('black'")

o\

o\

o\°
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o)

% Set viewpoint to default position
set (gca, 'CameraPosition', [307* ((max (FMcurrent)-...
min (FMcurrent))/100), 392* ( (max (BMcurrent)-...
min (BMcurrent))/100), max (wavelength)+250*...
(max (wavelength)-min (wavelength))/36])
set (gca, 'CameraViewAngleMode', 'auto')
% Print wavelength range to console.

fprintf (['Wavelength range: ' num2str (min (wavelength))
' (nm) - ' num2str (max(wavelength)) ' (nm).\n\n'])
% Code for power-map figure generation.
case 2 % case 2 = Power tuning-map.
% Create interpolated object 'g' from power data.
g = scatteredInterpolant (FMcurrent, BMcurrent, pwr);
% Evaluate 'g' at uniform vertices and save into 'Z'

Za = g(X,Y);
Create surface plot for power.
F2 = figure(2);
surf (X,Y,%Za, 'EdgeAlpha', 0.2) S%$interpolated
axis tight;
hold on
Plot nonuniform data points.
plot3 (FMcurrent, BMcurrent,pwr+deltapwr/1150,".", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
Set DataCursor function
dcm_obj = datacursormode (F2) ;
set (decm_obj, 'UpdateFcn', @DataCursorCallback)
Set caxis limits if importing colormap
if a == "y'
caxis(caxis_ pwr)
end
Edit title and axis labels
title ('Power Tuning Map');
ylabel ("BM (mA)");
xlabel ('"FM (mA) ') ;
zlabel ('Power (dBm) ") ;
% Set background color
whitebg ('black")
% Set viewpoint to default position
set (gca, 'CameraPosition', [307*((max (FMcurrent)-...
min (FMcurrent))/100), 392* ( (max (BMcurrent)-...
min (BMcurrent))/100), pwrave + 5 + 55*...
(max (max (FMcurrent) -min (FMcurrent), ...
max (BMcurrent) -min (BMcurrent)) /100) ])
set (gca, 'CameraViewAngleMode', 'auto')
Print power range to console.
fprintf ([ 'Average power: ' num2str (pwrave)
' (dBm) .\nMaximum power: ' num2str (max (pwr))...
' (dBm) .\n\n'])
% Code for wavelength and power figure generation

)

case 3 % case 3 = Wavelength and Power tuning-map

o)

% Wavelength figure:

% Create interpolated object 'f' from wavelength data.
f = scatteredInterpolant (FMcurrent, BMcurrent,

o

o

oe

o

o\°

o\°

wavelength) ;

$ Evaluate 'f' at uniform vertices and save into 'Z'.
zw = £(X,Y);
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o)

% Create surface plot for wavelength.
F1 = figure(l);
surf (X,Y,Zw, 'EdgeAlpha', 0.2);
axis tight;
hold on

% Plot nonuniform data points.

plot3 (FMcurrent, BMcurrent,wavelength+deltawave/370,"'.", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
% Set DataCursor function
dcm_obj = datacursormode (F1);
set (dem_obj, 'UpdateFcn', @DataCursorCallback)
assetData =
struct ('WaveRange',deltawave, 'PowerRange', ...
deltapwr) ;
setappdata (gca, "AssetData',assetData) ;
Set caxis limits if importing colormap
if a == "'y'
caxis (caxis_wave)
end
Edit title and axis labels.
title ('Wavelength Tuning Map');
ylabel ("BM (mA) ') ;
xlabel ('"FM (mA) ") ;
zlabel ('\lambda (nm)"'");
% Set background color
whitebg('black")
% Set viewpoint to default position
set (gca, 'CameraPosition', [307*((max (FMcurrent)-...
min (FMcurrent))/100), 392* ( (max (BMcurrent)-...
min (BMcurrent))/100), max (wavelength)+250%*...
(max (wavelength) -min (wavelength)) /36])
set (gca, 'CameraViewAngleMode', 'auto')
Create interpolated object 'g' from power data.
g = scatteredInterpolant (FMcurrent, BMcurrent, pwr);
Evaluate 'g' at uniform vertices and save into 'Z'
Za = g(X,Y);
Create interplated surface plot of power.
F2 = figure(2);
surf (X,Y,Za, 'EdgeAlpha', 0.2);
axis tight;
hold on
Plot nonuniform data points.
plot3 (FMcurrent, BMcurrent,pwr+deltapwr/1150,".", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
Set DataCursor function
dcm_obj = datacursormode (F2);
set (dem_obj, 'UpdateFcn', @DataCursorCallback)
% Set caxis limits if importing colormap
if a == "y'
caxis(caxis_ pwr)
end
Edit title and axis labels.
title ('Power Tuning Map');

o

o

oe

o\°

o\°

o\°

o\°

o\

ylabel ("BM (mA) ") ;
xlabel ('"FM (mA) ') ;
zlabel ('Power (dBm) ") ;
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o)

% Set background color
whitebg('black")
% Set viewpoint to default position
set (gca, 'CameraPosition', [307* ((max (FMcurrent)-...
min (FMcurrent))/100), 392* ( (max (BMcurrent)-...
min (BMcurrent))/100), pwrave + 5 + 55*...
(max (max (FMcurrent) -
min (FMcurrent),max (BMcurrent) ...
-min (BMcurrent))/100) 1)
set (gca, 'CameraViewAngleMode', 'auto')
% Print wavelength range to console.
fprintf ([ 'Wavelength range: '
num2str (min (wavelength)) ...

' (nm) to ' num2str (max(wavelength)) ' (nm).\n'])
% Print power range to console.
fprintf (['Average power: ' num2str (pwrave)...
' (dBm) .\nMaximum power: ' num2str (max (pwr))...
' (dBm) .\n\n'])

end

% Save deltawave and deltapwr to memory for the 'DataCursorCallback'
% function.
assetData = struct ('WaveRange',deltawave, 'PowerRange', deltapwr);
setappdata (gca, 'AssetData',assetData) ;
% Clean-up
clear all;
fclose('all'");
fprintf ('Processing complete!\n\n'")
end

function output txt = DataCursorCallback(~,event obj)

% Display the position of the data cursor obj Currently not
used

% (empty) event obj Handle to event object output txt Data cursor
text

% string (string or cell array of strings).

o)

% Get the parent of the target object (i.e. the axes):
hAxes = get(get(event obj, 'Target'), 'Parent');

% Get the data stored with the axes object:
assetData = getappdata (hAxes, 'AssetData');

pos = get(event obj, 'Position');
output txt = {['FM current (mA): ',num2str(pos(l),5)],...
['"BM current (mA): ',num2str(pos(2),5)]1};

% If there is a Z-coordinate in the position, display it as well

if gcf ==
output txt{end+l} = ['Wavelength (nm): ',...
num2str (pos (3) —assetData.WaveRange/370,8) ];
elseif gcf ==
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output txt{end+l} = ['Power (dBm): ', ...
num2str (pos (3) —assetData.PowerRange/1150,8)1;
end

end

TUNINGMAPVID()

% TUNINGMAPVID() function summary: This function creates a video using
surface

% plot of the laser's tuning-map by rotating the the selected figure's
viewpoint

% and appending the resulting frame sequence to a video object which is
% then saved to the parent directory with the corresponding sheet name
% included in the file name.

)]

function [] = TuningMapVvid()

% Close any open objects and clear memory.
clear('all')
close all
Set video format and file destination-path. Format options include:
'Motion JPEG AVI', 'Motion JPEG 2000', 'Uncompressed AVI',
and'Archival'.
format = 'Uncompressed AVI';
path = 'C:\Users\Greg\Desktop\';
% Determine sheet-names available in the 'TuningMap.xls' file. Prompt
ser
% to select sheet and ask which map-videos to generate.

o)

warning off; % Removes warning from lack of microsoft excel.

o

oe

o

[~, sheets] = xlsfinfo('TuningMap.x1ls');
for i = 1l:length(sheets)
disp ([num2str (i) ' - ' char(sheets(i))]1):
end
sheetname = char (sheets (input ('Select the number corresponding
to\nthe sheet you would like to process: '")));
map = str2double (input ('\nl - Wavelength tuning-map video.\n2 -
Power tuning-map video.\n3 - Wave & Pwr tuning-map videos.\nInput
number corresponding to\ndesired tuning map generation: ', 's'));
precision = input('\nWhat is the desired number of\nviewpoint
incriments? (i.e. - any number > 0): '");

o)

% Adjust framerate based on user input precision.
if precision<=300

framerate = floor (precision/25)+1;
elseif precision>300
framerate = 26;

end
% Read in current bias and wavelength data from 'TuningMap.xls' excel
file.

[wavedata, ~] = xlsread('TuningMap.xls',sheetname);

FMcurrent = wavedata(2:end,?2);

BMcurrent = wavedata(2:end, 3);

wavelength = wavedata(2:end, 4);

pwr = wavedata(2:end,b);
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Give user option to import colormap range from another
% tuning-map sheet.
= input ('\nWould you like to import the colormap\nscale

o\

a
from another sheet? (y/n) : ', 's'");
switch a
case 'y'
[~, sheets] = xlsfinfo('TuningMap.xls');

fprintf('\n")
for i = l:1length(sheets)

disp ([num2str (i) ' - ' char(sheets(i))]1):
end
% Have user select sheet
crange sheet = char (sheets (input('Select the sheet

containing the colormap\nscale you''d like to import: ')));
% Import colormap range from selected sheet
[wavedata, ~
]=xlsread('TuningMap.xls',crange sheet);
cwavelength = wavedata(2:end, 4);

cpwr = wavedata(2:end,b);
% Filter caxis pwr to remove outliers.
cpwrave = sum(cpwr)/length (cpwr) ;

for i = 1l:1length(cpwr)
if cpwr(i)<(cpwrave-5)

cpwr (1) = cpwrave-5;
end
end
caxis wave = [min(cwavelength) max(cwavelength)];
caxis pwr = [min(cpwr) max(cpwr)];

disp('Colormap imported. Beginning data
collection...")
case 'n'
disp('Default colormap range will be used.')
end
warning on;
% Set video's change in the following: field of view, viewpoint
elevation
% for wavelength-map, viewpoint elevation for power-map.
% Set initial value and change in field of view.
fov = 30+.35* (max (FMcurrent) -min (FMcurrent)) ;
deltafov = 5+.30* (max (FMcurrent)-min (FMcurrent));
% Determine wavelength and power ranges.
global deltawave
global deltapwr

deltawave = (max (wavelength)-min(wavelength));
deltapwr = (max (pwr)-min (pwr));
% Filter power data outliers due to multi-mode operation from
power
% data.
pwrave = sum(pwr)/length (pwr) ;

for i = 1l:length (pwr)
if pwr (i) <(pwrave-.25*deltapwr)

pwr (i) = pwrave-.25*deltapwr;
end
end
pwrave = sum(pwr)/length (pwr) ;
% Redefine deltapwr with filtered data.
deltapwr = (max (pwr)-min (pwr));
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o)

% Interpolate non-uniform map-data to generate surface plot.
% Create uniform grid with linespace()
x1lin = linspace (min (FMcurrent),max (FMcurrent), floor ( (...
max (BMcurrent) -min (BMcurrent) )/ (BMcurrent (2) -

BMcurrent (1))));

ylin = linspace (min (BMcurrent),max (BMcurrent), floor ( (...
max (BMcurrent) -min (BMcurrent) )/ (BMcurrent (2) -
BMcurrent (1))));
% Now use these points to generate a uniformly spaced grid:
[X,Y] = meshgrid(xlin,ylin);

% Beginning of conditional code selected by the user defined string
lmapl
switch map

[

% Code for wavelength-map video generation

case 1 % Case 1 = Wavelength tuning-map video.
% Create interpolated object 'f' from wavelength data.
f = scatteredInterpolant (FMcurrent, BMcurrent,

wavelength) ;

oe

Evaluate 'f' at uniform vertices and save into 'Z'.
zw = £(X,Y);
Create figure and generate surface plot.
F1 = figure(l);
surf (X,Y, 2w) ;
Edit figure properties
axis tight;
hold on
% Plot nonuniform data points.

o

oe

plot3 (FMcurrent, BMcurrent,wavelength+deltawave/370,'.", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
Set DataCursor function
dcm_obj = datacursormode (F1);
set (decm_obj, 'UpdateFcn', @DataCursorCallback, ...
'DisplayStyle', 'window')
% Set caxis limits if importing colormap
if a == "'y'
caxis (caxis_wave)
end
% Edit title and axis labels.
title ('Wavelength Tuning Map');
ylabel ("BM (mA) ') ;
xlabel ('"FM (mA) ") ;
zlabel ('\lambda (nm)"'");
Make an animation of the tuning-map's wavelength data.
% Set background color
whitebg('black'")
Create video object
animation = VideoWriter (['TuningMap Wave '

o\°

oe

o\°

sheetname], ...
format) ;

animation.FrameRate = framerate;

open (animation) ;
Manipulate plot view

set (gca, 'CameraPositionMode', 'manual')
set (gca, 'CameraViewAngleMode', 'manual')
set (gca, 'CameraViewAngle', fov)
set (gca, 'CameraTargetMode', 'manual')

o\
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set (gca, 'CameraTarget', [ (max(FMcurrent)+min(...
FMcurrent)) /2, (max(BMcurrent)+min (BMcurrent))/2,

(sum (wavelength) /length (wavelength)) 1)
set (gca, 'Box', 'on')
% Camera position iteration
for j=0:precision
% Camera position follows a downward spiral in space

x = (max (FMcurrent)+min (FMcurrent))/2+ (max (...
FMcurrent) -min (FMcurrent) ) *cos (-
2*pi*j/precision);
y = (max (BMcurrent)+min (BMcurrent)) /2+ (max (...

BMcurrent) -min (BMcurrent) ) *sin (-
2*pi*j/precision);
z = max (wavelength)+ (deltawave+l)-...
(j* (deltawave+1l)) /precision;
set (gca, 'CameraPosition', [x,vy,2z])
set (gca, 'CameraViewAngle', (fov -
j*deltafov/precision))
% Capture frame
M(j+1) = getframe(gcf);
writeVideo (animation,M(j+1));
end
Free up memory, change field of view for next iteration
close (animation) ;
clear M
Set viewpoint to default position
set (gca, 'CameraPosition', [307* ((max (FMcurrent)-...
min (FMcurrent))/100), 392* ( (max (BMcurrent)-...
min (BMcurrent))/100), max(wavelength)+250%*...
(max (wavelength) -min (wavelength)) /36])
set (gca, 'CameraViewAngleMode', 'auto')
Moves video files to the directory specified by the sting
'path' on line 11.
switch format
case {'Archival', 'Motion JPEG 2000'}

oe

o

o\°

oe

movefile (['TuningMap Wave ' sheetname
mj2'], ...
path, 'f");
case {'Motion JPEG AVI', 'Uncompressed AVI'}
movefile (['TuningMap Wave ' sheetname
'Lavi'l, ...

path, 'f'");
end

% Code for power-map video generation
case 2 % case 2 = Power tuning-map video.
% Create interpolated object 'g' from power data.

g = scatteredInterpolant (FMcurrent, BMcurrent, pwr);
Evaluate 'g' at uniform vertices and save into 'Z'

Za = g(X,Y);
Create figure and generate surface plot.

F2 = figure(2);

surf (X,Y, za);
Edit figure properties

axis tight;

o\

oe

o\°
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hold on
Plot nonuniform data points.
plot3 (FMcurrent, BMcurrent,pwr+deltapwr/1150,". ", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
Set DataCursor function
dcm_obj = datacursormode (F2) ;
set (dem_obj, 'UpdateFcn', @DataCursorCallback, ...
'DisplayStyle’', 'window')
Set caxis limits if importing colormap
if a == "'y'
caxis(caxis pwr)
end
Edit title and axis labels.
title ('Power Tuning Map');
ylabel ("BM (mA) ") ;
xlabel ("FM (mA) ') ;
zlabel ('Power (dBm)");
% Make an animation of the tuning-map's power power data.
% Set background color
whitebg('black")
Create video object

o

o

o

o

o

animation = VideoWriter (['TuningMap Pwr '
sheetname], ...
format) ;
animation.FrameRate = framerate;

open (animation) ;
Manipulate plot view

set (gca, 'CameraPositionMode', 'manual')
gca, 'CameraViewAngleMode', 'manual')
gca, 'CameraViewAngle', fov)
gca, 'CameraTargetMode', 'manual')
gca, 'CameraTarget', [ (max(FMcurrent)+min(...
FMcurrent)) /2,
(max (BMcurrent) +min (BMcurrent)) /2, ...

(sum (pwr) /length (pwr))])
set (gca, "'Box', 'on'")
% Camera position iteration
for j=0:precision
% Camera position follows a downward spiral in space
x = (max (FMcurrent)+min (FMcurrent))/2+ (max (...
FMcurrent) -min (FMcurrent) ) *cos (-

o

set

(
(
(
(

2*pi*j/precision);
(max (BMcurrent) +min (BMcurrent)) /2+ (max (...
BMcurrent)-min (BMcurrent) ) *sin (-

b
Il

2*pi*j/precision);
z = max (pwr)+deltapwr- (j*deltapwr) /precision;
set (gca, 'CameraPosition', [x,vy,2z])
set (gca, 'CameraViewAngle', ...
(fov - j*deltafov/precision))
% Capture frame
M(j+1) = getframe (gcf);
writeVideo (animation,M(j+1));
end
% Free up memory, change field of view for next iteration
close (animation) ;
clear M
% Set viewpoint to default position
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set (gca, 'CameraPosition', [307* ((max (FMcurrent)-...
min (FMcurrent))/100), 392* ( (max (BMcurrent)-...
min (BMcurrent))/100), pwrave + 5 + 55* (max (max (...
FMcurrent) -min (FMcurrent) ,max (BMcurrent) -. ..
min (BMcurrent)) /100) 1)
set (gca, 'CameraViewAngleMode', 'auto')
Moves video files to the directory specified by the sting
% 'path' on line 11.
switch format
case {'Archival', 'Motion JPEG 2000'}

o

movefile (['TuningMap Pwr ' sheetname
'.mj2'], ...
path, 'f', "f');
case {'Motion JPEG AVI', 'Uncompressed AVI'}
movefile (['TuningMap Pwr ' sheetname
YLavi'], ...

path, 'f'");
end

% Code for wavelength and power tuning-map video generation.
case 3 % case 3 = Wave and Pwr tuning-map videos are
generated.
% Code for wavelength-map video generation Create
interpolated
% object 'f' from wavelength data.
f = scatteredInterpolant (FMcurrent, BMcurrent,
wavelength) ;
% Evaluate 'f' at uniform vertices and save into 'Z'.
Zzw = £(X,Y);
% Create figure, generate surface plot, and edit figure
properties.
F1l = figure(l);
surf (X,Y, Z2w) ;
axis tight;
hold on
% Plot nonuniform data points.

plot3 (FMcurrent, BMcurrent,wavelength+deltawave/370,'.", ...
'MarkerSize',4, 'MarkerEdgeColor', 'w');
Set DataCursor function
dcm_obj = datacursormode (F1);
set (dem_obj, 'UpdateFcn', @DataCursorCallback, ...
'DisplayStyle', 'window')
Set caxis limits if importing colormap
if a == "'y'
caxis (caxis_wave)
end
Edit title and axis labels.
title ('Wavelength Tuning Map');
ylabel ("BM (mA) ') ;
xlabel ("FM (mA) ') ;
zlabel ('\lambda (nm)");
Make an animation of the tuning-map's wavelength data.
% Set background color
whitebg('black'")
Create video object

o\°

o\°

oe

oe

o\°

107




animation = VideoWriter (['TuningMap Wave '
sheetname], ...

format) ;

animation.FrameRate = framerate;

open (animation) ;

% Manipulate plot view

set (gca, 'CameraPositionMode', 'manual')

set (gca, 'CameraViewAngleMode', 'manual')

set (gca, 'CameraViewAngle', fov)

set (gca, 'CameraTargetMode', 'manual')

set (gca, 'CameraTarget', [ (max(FMcurrent)+min(...
FMcurrent)) /2, (max(BMcurrent)+min (BMcurrent))/2,

(
(
(
(

(sum (wavelength) /length (wavelength)) 1)
set (gca, 'Box', 'on'")
% Camera position iteration
for j=0:precision
% Camera position follows a downward spiral in space
x = (max (FMcurrent)+min (FMcurrent))/2+ (max (...
FMcurrent) -min (FMcurrent) ) *cos (-
2*pi*j/precision) ;
y = (max (BMcurrent)+min (BMcurrent)) /2+ (max (...
BMcurrent) -min (BMcurrent) ) *sin (-

2*pi*j/precision);

N
Il

max (wavelength) + (deltawave+l) —-. ..
(j* (deltawave+1l)) /precision;
set (gca, 'CameraPosition', [x,vy,z])
set (gca, 'CameraViewAngle', (fov -
j*deltafov/precision))
% Capture frame
M(j+1) = getframe(gcf);
writeVideo (animation,M(j+1));
end
Free up memory, change field of view for next iteration
close (animation) ;
clear M
Set viewpoint to default position
set (gca, 'CameraPosition', [307* ((max (FMcurrent)-min(...
FMcurrent))/100), 392*((max (BMcurrent)-min (...
BMcurrent)) /100), max(wavelength)+250* (max (...
wavelength)-min (wavelength)) /36])
set (gca, 'CameraViewAngleMode', 'auto')
Moves video files to the directory specified by the sting
'path' on line 11.
switch format
case {'Archival', 'Motion JPEG 2000'}

oe

o\°

o\°

oe

movefile( ['TuningMap Wave ' sheetname
'.mj2'], ...
path, 'f');
case {'Motion JPEG AVI', 'Uncompressed AVI'}
movefile( ['TuningMap Wave ' sheetname
'Lavi'l], ...

path, 'f');
end
% Create interpolated object 'g' from power data.
g = scatteredInterpolant (FMcurrent, BMcurrent, pwr);
% Evaluate 'g' at uniform vertices and save into 'Z'
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Za = g(X,Y);
Create figure, initialize viewpoint, and generate surface
plot.

F2 = figure(2);
Generate surface with uniform vertices from interpolated
data.

surf (X,Y, Za);
Edit figure properties

axis tight;

hold on
Plot nonuniform data points.

plot3 (FMcurrent, BMcurrent,pwr+deltapwr/1150,". ", ...

'MarkerSize',4, 'MarkerEdgeColor', 'w');
% Set DataCursor function
dcm_obj = datacursormode (F2) ;
set (decm_obj, 'UpdateFcn', @DataCursorCallback, ...
'DisplayStyle’', 'window')

% Set caxis limits if importing colormap

if a == "'y’

caxis(caxis_ pwr)

end
Edit title and axis labels.

title ('Power Tuning Map');

ylabel ("BM (mA) ") ;

xlabel ('FM (mA) ') ;

zlabel ('Power (dBm) ") ;
Make an animation of the tuning-map's power power data.

whitebg('black")
Create video object

animation = VideoWriter (['TuningMap Pwr ' sheetname],

o

o

o

o

o

o

o

o

oe

format) ;
animation.FrameRate = framerate;
open (animation) ;
Manipulate plot view
set (gca, 'CameraPositionMode', 'manual')
set (gca, 'CameraViewAngleMode', 'manual')
set (gca, 'CameraViewAngle', fov)
set (gca, 'CameraTargetMode', 'manual')
set (gca, 'CameraTarget', [ (max(FMcurrent)+min(...
FMcurrent)) /2,
(max (BMcurrent) +min (BMcurrent)) /2, ...
(sum (pwr) /length (pwr)) 1)
set (gca, 'Box', 'on'")
% Camera position iteration
for j=0:precision
% Camera position follows a downward spiral in space
x = (max (FMcurrent)+min (FMcurrent))/2+ (max (...
FMcurrent) -min (FMcurrent) ) *cos (-

oe

(
(
(
(

2*pi*j/precision);
(max (BMcurrent) +min (BMcurrent) ) /2+ (max (...
BMcurrent) -min (BMcurrent) ) *sin (-

=
Il

2*pi*j/precision);
z = max (pwr)+deltapwr- (j*deltapwr) /precision;
set (gca, 'CameraPosition', [x,vy,2z])
set (gca, 'CameraViewAngle', ...
(fov - j*deltafov/precision))
% Capture frame
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M(j+1) = getframe(gctf);
writeVideo (animation,M(j+1));
end
close (animation) ;
clear M
% Set viewpoint to default position
set (gca, 'CameraPosition', [307*((max (FMcurrent)-min(...
FMcurrent))/100), 392* ((max (BMcurrent)-min(...
BMcurrent))/100), pwrave + 5 + 55* (max (max (...
FMcurrent) -min (FMcurrent) ,max (BMcurrent) -min (...
BMcurrent))/100)])
set (gca, 'CameraViewAngleMode', 'auto')
% Moves video files to the directory specified by the sting
% 'path' on line 11.
switch format
case {'Archival', 'Motion JPEG 2000'}

movefile (['TuningMap Pwr ' sheetname
'.mj2'], ...
path, 'f');
case {'Motion JPEG AVI', 'Uncompressed AVI'}
movefile (['TuningMap Pwr ' sheetname
'Lavi'l, ...
path, 'f'");
end
end
fprintf ('\nProcessing complete!\n\n"')
end
function output txt = DataCursorCallback(~,event obj)

% This function displays the position of the data cursor object.
global deltawave

global deltapwr

pos = get(event obj, 'Position');

output txt = {['FM current (mA): ',num2str(pos(1l),5)],...
['BM current (mA): ',num2str(pos(2),5)]11}:
% If there is a Z-coordinate in the position, display it as well
if gcf ==
output txt{end+l} = ['Wavelength (nm): ', ...
num2str (pos (3) -deltawave/370,8) 1;
elseif gcf ==
output txt{end+l} = ['Power (dBm): ',...
num2str (pos (3) -deltapwr/1150,8) 1;
end
end
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Appendix F: Neptune - Tuning Map Collection and Data
The following file icon links to the embedded “TuningMap.xIs” file which
contains all the tabulated tuning map data collected from the Neptune laser. To
access the data, ensure excel is installed on your computer and double click the
file below.
TuningMap.xls
To analyze the data, have MatLab installed on your computer and use the

“TuningMapper()” function below. The “TuningMap.xIs” file must be copied to the

same directory as the function.

i

TuningMapper.m

To create a novel video of a tuning map, use the “TuningMapVid()”
MatLab function below. Again, the “TuningMap.xIs” file must be in the same

directory as the function.

i)

TuningMapVid.m

The MatLab function “LaserMeasurement()” below is a useful tool for

future VT-DBR tuning map collection.

i

LaserMeasurement.
m
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Appendix G: Neptune - SMSR Screen Captures
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Appendix H: Neptune - Additional OSA and Linewidth Measurements
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Appendix I: VTL-2 - SMSR Screen Captures
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Appendix J: VTL-2 - Linewidth Measurement Screen Captures
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Appendix K: TDR, FDR, and RLC Data of Neptune Laser

The following icon links to a “.zip” file that contains all the FDR, TDR, and
RLC measurements of the Neptune laser. To open the file, ensure a software
decompression program like WinRar or 7zip is installed on your computer; then,
click the icon below.

5
d

Neptune TDR, FDR,
and RLC Data.zip
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Appendix L: TDR, FDR, and RLC Data of VTL-2 Laser

The following icon links to a “.zip” file that contains all the FDR, TDR, and
RLC measurements of the VTL-2 laser. To open the file, ensure a software
decompression program like WinRar or 7zip is installed on your computer; then,
click the icon below.

5
d

VTL2 TDR, FDR, and
RLC Data.zip
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Appendix M: Photograph of Automated Tuning Map Collection

-----

=xsp
srne

llllll

I////

| |
,1l/lhli“ll | X

122



Appendix N: Photograph of Photonics Lab Workstation
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