Figure 5.11: Test setup for tuning calibration.
5.4 Micro-ring resonator wavelength tuning by micro heater

A micro-ring resonator filter can change its resonance by tuning its passband response. To
achieve this, our device was designed to be thermally tuned by controlling the refractive
index of the waveguide material. We employed a silicon based waveguide technology
because silicon has a large thermo-optic coefficient of 10~% °K~!.

To test the tuning capabilities of the micro-ring resonator, we applied DC current to a
micro heater using a custom built PCB jig as shown in figure 5.11. The PCB jig allowed
us to selectively heat single micro-ring devices in a chip by allowing us to inject current
into the micro heaters without external probes.

The basic testing setup is illustrated in Figure 5.12. We used a laser diode driver
instrument ILX LDC3724 to apply a controlled amount of DC current and prevent any
damage on the micro heaters of chip ML2. As it was mentioned in the fabrication section
of this chapter, chip ML2 was the one that some "fixes" were done using a FIB to close

gaps in the heater films. The amount of applied current started from O to 5 mA in steps
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Figure 5.12: Schematic diagram of the thermal tuning characterization of a micro-ring
resonator filter.

of 0.5 mA. We recorded the spectrum at the drop port of the ring device after waiting a
couple of minutes in order to reach thermal stability.

One important issue to mention is that temperature of the chip was not controlled,
which is a factor to consider for measurement repeatability and stability, however the
room temperature was maintained by an A/C system. Due to time constraints we did not
include a Peltier thermo-electrical element below the chip with a thermistor sensor. To
be able to do that, we had to make modifications in the PCB and chip wire-bonding to
include electrical connections of the Peltier and thermal sensors.

Figure 5.13 shows an overlay graph of the spectrum of the drop port of a ring element
(5 um radius) at different applied DC currents. By increasing the current the resonance
is red-shifted, the amount of spectral shift is greater at high currents because actually it
is the applied Joule power that controls the temperature of the device element. Because
power is proportional to the square of the current, we see a quadratic relation between the
wavelength resonance and DC current.

In order to prove our previous comments, Figure 5.14 shows experimental results of
the relation between the resonance shift of an micro-ring resonator (MRR) and current

squared. This linear regression is accurate with a relative error of less that 1.0 %.
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Figure 5.13: Drop port transmission spectrum response after applying DC current (from
0 mA to 5 mA) to a micro heater on top of the micro-ring resonator device. Color lines
correspond to Lorentzian curve fit applied to data.
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Figure 5.14: A micro-ring resonator resonance tuning response as a function of the square
of DC current.

95



Resonance tuning therefore was proportional to the square of the current. If we con-
sider the micro heater electrical resistance constant (assuming the resistance change due
to temperature as negligible), then the resonance shift is also proportional to the applied
power at the micro heater. The slope of the curve in Figure 5.14 was determined to be
0.124 nm/ mAz, which compared to a previous result [3], it had an increase factor of two.
We believed this increase in efficiency was obtained because we employed a polynomial
shaped micro heater instead of the meander-like shape fabricated and characterized in [3].

In this chapter, some details about the fabrication of a ring resonator filter device were
explained, additionally, the fabrication of micro heaters was also described. Some of the
fabricated chips showed defects in the micro heaters that were later on fixed using a FIB
process to implant Platinum and bridge some gaps. A 5 um-radius ring resonator was
selected from a collection of devices inside an optical chip. The selected device had a Q
factor between 8000 - 10000, and a large FSR of 18 nm with a tunable range of 3 nm at 5
mA heating current. This device after measurement analysis based on models described
in chapter 2, showed a noticeable amount of internal loss due to the fabrication quality.
This loss was also a reason on why the external Q factor was a bit low compared to other
designed devices found in the literature. Nevertheless, this device showed its potential
to be applied as an active element to interrogate optical sensors as it is explained in the

following chapter.
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CHAPTER 6
WAVELENGTH TO TIME INTERVAL DEMODULATION EMPLOYING A
TUNABLE SILICON MICRO-RING RESONATOR

In applications, such as spectroscopy, optical sensing and laser monitoring, precise
detection of wavelength changes in any optical spectrum is important in order to quantify
a physical measurement or performance characteristic. Wavelength shift detection has re-
ceived much research attention [16, 104, 105], particularly in fiber Bragg grating (FBG)
sensor applications where the physical measurand is wavelength encoded [16]. Com-
mon methods for sensor wavelength demodulation are power ratio-metric measurements,
Fabry-Perot filtering methods, grating spectrometry and interferometric methods, where
the latter have the advantage of offering high precision in terms of wavelength resolution
(~15 pm) [16].

However, most of those alternatives are usually implemented with bulk optical ele-
ments or use long optical fibers. Additionally, they need precise mechanical alignment
with good environmental isolation [43, 53].

It is expected that any method employing miniaturized optical processing elements has
the advantage to offer reduced size and high scalability. Integrated Silicon-on-Insulator
(SOJ) spectrometers based on Arrayed Waveguide Grating technology were demonstrated
previously and used to interrogate Tilted Fiber Bragg grating (TFBG) sensors with a chan-
nel spacing resolution of 0.18 nm [106]. Another interesting candidate for optical pro-
cessing is the micro-ring resonator (MRR). This device was demonstrated to work as an
optical filter, modulator or optical switch [23, 86]. An advantage of using the micro-ring
resonator is that a micro-spectrometer can also be implemented with the capability of
obtaining high resolutions by the proper design of its Q-factor.

In this study, the basic theory of a MRR device was explained in Chapter 2, and the de-

sign and implementation details were described in Chapters 4 and 5. This chapter presents
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details of a proposed sensor demodulation system that uses a MRR as a tunable filter in
order to convert a sensor wavelength shift into a time interval measurement. To control a
MRR resonance, thermo-optical tuning is applied. With this type of tuning, a reasonable
wide spectrum range is covered at low power. This chapter begins with an introduction of
the system concept, followed by an explanation of the time interval demodulation method.
A simplified tuning model is presented, which forms the basics to build a simulation al-
gorithm. In order to predict the minimum detectable wavelength for this system, a Monte
Carlo simulation was executed. Finally, experimental tests are described and results are
analyzed, which served to assess the performance of this wavelength demodulation sys-

tem when it was applied to a FBG strain sensing scenario.

6.1 System Concept

A conceptual diagram of the wavelength demodulation system is shown in Figure 6.1. The
key element is a silicon micro-ring resonator (MRR) buried in silicon dioxide (Si02). In
particular, the purpose of this filter device is to scan and monitor the wavelength shift of a
sensor, e.g. fiber Bragg grating (FBG), whether a change in temperature or a quasi-static
axial strain is applied to it.

The ring resonator has two ports: drop and through. Each port transmittances (transfer
functions) shows multiple peaks or valleys. Those are micro-ring resonances and they are
separated from each other by a free spectral range (FSR). That value depends on the
structural parameters, as explained in Chapters 2 and 4.

In this work, the tuning method chosen for an optical integrated device, such as a
MRR, is based on the thermo-optical effect. Thermally tuning a micro-ring resonator
produces a shift of its resonance; thus obtaining a scanning operation. This is accom-
plished by applying current to a micro-heater located on top of the MRR device. The

micro-heater is heated and the temperature surrounding the Si micro-ring waveguide in-
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Figure 6.1: Concept diagram of the wavelength detection system based on MRR de-
vice. A current source is applied to a micro-heater film on top of a Si MRR with a Si02
cladding. A FBG sensor is employed to demonstrate the system capabilities to detect
Bragg wavelength shifts due to strain or temperature changes in the sensor. Adapted from
[72].
creases. Any differential change in temperature induces a large proportional change in
the effective refractive index of the silicon waveguide due to silicon’s large thermo-optic
coefficient. Because the optical phase of the MRR resonance depends on the effective in-
dex of the waveguide, a micro-ring resonance wavelength change is directly proportional
to temperature [3, 8].

To simplify the analysis in the next section, the optical sensor spectrum was assumed
to be within one FSR and close to the drop port transmittance. That assumption implies
both spectra will overlap each other during a tuning operation. Any overlapped intensity

then is captured by a photo-detector, which measures any received optical power as the

ring resonance is periodically tuned by a micro-heater.

99



6.1.1 Time Interval Wavelength Demodulation

Time interval wavelength demodulation was previously proposed for monitoring wave-
lengths of the spectral peaks of lasers and FBG sensors [21]. In that study, authors em-
ployed a mechanically tuned FBG fiber filter acting as a spectrum analyzer to measure
optical power as a time domain signal. They demonstrated 1 pm resolution, however, that
was achieved at expense of a narrow wavelength scanning range. Another limitation was
due to the mechanical nature of the piezoelectric actuator used for filter tuning. Piezo-
electric actuation exhibits non-linear effects like hysteresis and creeping, causing slow
deformations due to applied loads.

In this section, a system model of the thermal tuning of a micro-ring resonator is
presented. Then, an expression is derived for the center wavelength of a sensor using the
time interval wavelength demodulation [72].

As mentioned in the previous section, there is a linear relation between a micro-ring
resonance and the device temperature. When current is applied to a micro-heater, its
temperature is directly proportional to the heating power; thus, there is a direct relation
between Joule power and a micro-ring resonance. That relation is found in the literature
and expressed as a wavelength sensitivity coefficient (¢), which is around 0.068 nm/mW
for a meander shape micro-heater design [3]. However, the design can be optimized in
terms of more nm/mW if a circular micro-heater shape is used. By taking into account

this linear relationship, the resonance wavelength is [72]:

Ares = Ao+ 0P 6.1)

where Ay corresponds to the ring resonator center wavelength at room temperature,

and oP corresponds to the resonance change due to joule heating.
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Figure 6.2: Concept diagram of the time interval demodulation scheme based on MRR
device (©2011 IEEE.

A conceptual diagram of the time interval demodulation scheme is shown in Figure
6.2 . In simple terms, a ring resonator filter samples a sensor’s optical spectrum. The
micro-ring filter is tuned around a certain wavelength range (AA) by heating this device
periodically with a triangular waveform. The MRR drop port transmittance can be ap-
proximated as a Lorentzian function, as demonstrated in Chapter 2. If the spectral region
of interest is within one free-spectral-range (FSR), and applying Eq. 6.1 with a three
parameter Lorentzian function, we have an expression for a tunable filter spectrum as
[72]:

2

Td(l’t) - }/2 + [)L — )Lres(t)]z

where [ is the maximum intensity , ¥ is the full width at half maximum (FWHM) of

(6.2)

the micro-ring transmittance and A,.s(¢) corresponds to Eq. 6.1.
The overlap between the FBG sensor reflectance and the MRR drop port transmittance
produces a power signal, which is measured by a photo-detector, as is shown in Figure

6.2. A current source is applied to a micro-heater film on top of a Si MRR with a Si02
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cladding. This current flowing through the micro-heater produces heat that will change
the temperature of the MRR device tuning its resonance according to heating power. The
photo-detector output is captured by an oscilloscope where peaks appear whenever the
MRR and FBG wavelength centers match. Therefore, the time interval (Az,,) between
two peaks within a period is a metric related to the center wavelength of the optical sensor
spectrum.

An expression that relates a sensor center wavelength and a measured time interval
between peaks can be obtained as follows. First, let’s consider a triangular voltage signal
(with period T,) applied to a micro-heater. Since micro-heaters are typically made of
Nichrome with a temperature coefficient of resistance of 0.4 x 1073 °C~!; then, Joule
power changes as resistance increases due to temperature. In our model, this issue was
not taken into consideration for simplification purposes; thus, resistance was assumed
constant. Second, taking into account the linear relationship between resonance and Joule

power by applying Eq. 6.1, the micro-ring tuning resonance is:

2
Roes (1) = Ao+avlgt> 6.3)

By noticing that a triangular signal is used, the expression for resonance change in a

MRR within one period becomes [72]:

2
;4;})2:2 0<t<Tp
Ares (1) = Ao+ @ ! (6.4)

- (=B s
Where A is the maximum voltage amplitude and R is the micro-heater resistance.
Third, looking at Figure 6.2, the power detected waveform has symmetry around half
period (7/2); thus, the time interval between peaks is Atp, = T, — 219, where g is the

time instant at the peak. Any peak is observed when the MRR resonance is equal to the
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optical sensor or laser center wavelength. Applying Eq. 6.4, together with the previous

observation, the center wavelength of a target sensor is related to a time interval by [72]:

A2 Aty \ 2

Marget = Mo+ a— (1 —=L2 (6.5)

R T,
p

The last equation is a function of MRR resonance at room temperature A, the max-
imum tuning voltage, the micro-heater resistance and the period 7,. In summary, this
expression predicts the center wavelength of a sensor, such as a FBG, but it can also mea-
sure the peak wavelength of any other bandwidth limited signal, including that of a laser

line.

6.2 System Simulation

A numerical simulation was developed in order to test some characteristics of this wave-
length demodulation system [20, 72]. The main simulation was divided in three parts:
spectrum modeling, spectrum overlap integration and peak to peak search with time in-
terval calculation. All of them were implemented in Python programming language with
scientific and numerical analysis modules [92, 93, 94].

Figure 6.3 shows a block diagram of the steps done in the system simulation. The
controlling signal is a voltage applied to a micro-heater, where the Joule power is propor-
tional to the square of the voltage. The basic tuning model of the micro-ring drop port
explained in the previous section was applied. That model provides the mechanism for
tuning the resonance at the drop port of a micro-ring resonator. This simulation executed
calculations in the spectral domain; thus a wavelength range of 18 nm was set. The tuning
voltage signal was sampled at a rate of 200 Ksamples/s. The maximum wavelength reso-
lution of this simulation was 0.22 pm; this was set according to the wavelength range and

the frequency of the signal. Finally, the spectral modeling was completed by defining a
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Figure 6.3: Simulation algorithm block diagram.

model for the FBG spectrum as a Gaussian function ! with a bandwidth of 0.2 nm, unitary

intensity and with a center wavelength within the tuning range of the MRR.

The overlap between the drop port transmittance and a FBG spectrum was obtained by

numerical integration. This value was calculated at each time sampling step to get a signal

that represents detected intensity. The last simulation step involved a maximum value

search algorithm (peak-search) applied to the simulated intensity signal. Finally, another

software routine identified the time at consecutive peaks and recorded their difference as

a time interval.

’ Name ‘ Symbol ‘ Value ‘
Resonance wavelength (at 22 °C) (nm) Ao 1573.98
Max. temperature change(’C) AT ax 26.9
Linear resonant shift coefficient (nm/°C) a 0.095
Ring FSR (nm) FSR 18
Ring FWHM (nm) By 0.15
Heating current freq. (Hz) f 1.0
FBG FWHM (nm) Bg 0.33
FBG wavelength separation (nm) A 0.2

Table 6.1: Numerical simulation parameters of a MRR sensor interrogator.

'FBG reflectance as a Gaussian function model was explained in chapter 3
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The main simulation parameters are summarized in Table 6.1. Some values were
extracted from experimental results, as reported in [3], while the maximum tuning voltage

and tuning frequency were chosen arbitrarily.

Wavelength scan simulation and demodulation using time interval measurements

Results from simulations are shown in Figure 6.4. The blue and red colored curves repre-
sent various overlap spectra from two different center wavelengths of spectrally encoded
sensors. Also, the dotted line corresponds to the MRR wavelength shifts while the device
is tuned. As expected, this curve follows the instantaneous joule power when a triangular

voltage is applied to the micro-heater.
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Figure 6.4: (a) Simulation results. The upper plot shows the MRR filter resonance tuning
signal, the middle and lower plot shows the detected intensity signal after spectrum over-
lap of MRR filter transmittance and FBG reflectance at two wavelength shifts (0.5 and
2.5 nm). (b) Results of time interval between peaks at 11 wavelength shifts after system
simulation. The line corresponds to Eq. 6.5 (©2011 IEEE.

From the overlap graphs in Figure 6.4(a), e.g. by looking at the blue curve, for any
FBG sensor close to the initial resonance of the MRR filter, its intensity signal becomes
wider and a bit distorted. As the FBG center wavelength goes far away from initial MRR

resonance, this bandwidth becomes narrow. This observation can be explained by looking
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at the MRR tuning wavelength from the dotted line curve. Wavelength tuning does not
follow a triangular shape as the tuning voltage; thus, a MRR resonance change at half
period is not linearly increasing/decreasing, but rather it has a quadratic behavior. The
reason is due to thermo-optic tuning, which depends on electrical power rather than volt-
age (or current). That behavior widens the spectrum at regions in time close to zero and
one period when the wavelength tuning is slow. On the other hand, at regions close to
half period, tuning is faster due to increased voltage at the micro-heaters.

The spectrum distortion at some regions in time does not fundamentally affect the
demodulation operation, which is based on measuring the peak-to-peak time interval as
shown in Figure 6.4(a) represented as Af,,1 and At».

Figure 6.4(b) illustrates the relationship between the peak to peak time interval and
sensor wavelength shift. Dots correspond to results taken from numerical simulation at
11 different FBG positions (by emulating shifts in Bragg wavelengths). The red line

corresponds to predicted wavelength values after applying Eq.6.5.

System noise performance

The system performance when noise is present was simulated using a Monte Carlo method.
The purpose of applying this method was to be able to investigate the minimum wave-
length shift that this interrogator can detect when the signal is corrupted by Normal dis-
tributed random noise. At the detector, there are two kinds of noise: thermal and shot
noise. Shot noise usually is characterized as a Poisson process while thermal noise is
Gaussian. Due to its simplicity, we choose Gaussian distributed noise and apply it to a
Monte Carlo technique to find statistical variations of the peak of simulated signals.

To accomplish that, we set up another numerical experiment using our previous sim-

ulation implementation with the same parameters as Table 6.1. At a fixed FBG center
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wavelength, we considered two simulation variables: one was the Q factor with values
from 1 x 103 to 5 x 10%, and another was the signal-to-noise ratio (SNR), with selected
values between 10 and 40 dB. For each SNR value, we generated a normal distributed
random noise signal added to the computed intensity signal. A time interval between
peaks was extracted from the noisy signal to obtain an estimated wavelength value. The
process was repeated 100000 times per each parameter in order to obtain a statistic of
the difference in the simulated wavelength value between noiseless and noisy conditions.
That repetition number selected depends on the precision of the averaging, which in this
case is within 0.3%. The minimum wavelength shift error can be obtained by computing
the standard deviation or root mean squared of the wavelength difference between peak

wavelength detected with noise and Bragg wavelength without noise. In other words:

(6.6)

Results from Monte Carlo trials are shown in Figure 6.5(a). A logarithmic downward
trend of the wavelength precision can be observed as system SNR increases. Performance
is very poor when using wide bandwidth filters (low Q factor). It is therefore expected
that much better precision can be obtained with high Q filters at high SNR. However,
performance cannot be further improved if the bandwidth of the sensor is not also consid-
ered. In Figure 6.5(b), results of the wavelength difference at different FBG bandwidths
are shown together with some values of MRR Q factors. The statistical uncertainty is
reduced even at sub-picometer levels when narrow-band sensors and high Q factor filters

are used.
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Figure 6.5: (a) Results of standard deviation (root mean squared error - RMSE) of de-
tected wavelength as a function of SNR at different MRR total Q values. FBG Bragg
wavelength was simulated with a wavelength shift of 1.0 nm from a simulated MRR res-
onance of 1539.04 nm. (b) Results of root mean squared error of detected wavelength as
a function of an optical sensor full-width-at-half maximum (FWHM) (©2011 IEEE.
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6.3 Sensor interrogation experiments.

This section presents the application of a micro-ring resonator filter as an interrogator
through a series of experimental tests. Details on the fabrication and characterization of
this device were explained in the previous chapter. Here, the drop port resonance of a
micro-ring resonator was tuned around a certain wavelength range (AA) by heating this

device periodically with an electrical current signal.

Calibration measurement using a tunable laser.

An experimental interrogation system was set up first in order to detect the wavelength
of a laser source; thus obtaining a relation between the wavelength and time interval
measurement useful as calibration. The system setup is shown in Figure 6.6. A narrow-
band (1.3 - 1.6 pm bandwidth) tunable laser (SANTEC ECL-210) was selected as optical
source. Light from the laser was coupled into the input port of a micro-ring resonator
(MRR) device. That device was previously characterized (see chapter 5) and two types
of resonances were present: a quasi-TE and quasi-TM modes. It was possible with a
polarization controller to select the polarization mode of interest. In this experiment, a
quasi-TE mode was manually selected with a resonance of 1551.8 nm (at room tempera-
ture). The bandwidth (FWHM) at that resonance was 0.14 nm.

The chip containing our ring resonator was mounted on a printed circuit board (PCB)
with the chip feed-lines wire-bonded to the PCB electrical traces. That construction al-
lowed us to use regular AWG-22 electrical wires and connect our chip to a laser diode
driver (ILX LDC 3724B) working as a current source.

The measurements started by setting the laser at a wavelength within the tuning pass-
band of the MRR. Values ranging from 1552 nm to 1554.2 nm were chosen as target

wavelengths. A triangular signal (from a HP8116A function generator) with a voltage
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Figure 6.6: Schematic diagram of time interval measurement setup using a laser source
for calibration purposes.

from 0 to 255 mV at 0.5 Hz was applied in order to modulate the laser diode driver. This
laser driver converted the input voltage signal into a current signal with a conversion fac-
tor of 20 mA/V, therefore, the maximum peak-peak current was 5 mA. The current signal
was fed into a micro-heater, which changed the temperature of the micro-ring resonator;
therefore, the micro-ring (MRR) resonance was tuned up to 3 nm. This MRR tuning ef-
fect allowed scanning and capturing the laser spectrum. The scanned optical signal was
collected from the drop port of the MRR device through a lensed fiber and with a manual
polarization controller together with a splitter, it was possible to select the TE polarization
state. Finally, the splitter output was connected to a power meter (Newport 1835C) whose
analog output was fed into a digital oscilloscope, thus capturing the scanned signal.

Figure 6.7(a) shows oscilloscope curve traces at three specific laser wavelengths.
Those scanning traces came from the overlap intensity measured by the photo-detector.
The scanned spectrum traces in that figure have multiple peaks due to the periodic tuning
of the micro-ring filter (a triangular current signal was used).

Also, there are some small and wide peaks ("bumps") in the scanned spectrum. Those
come from the overlap effect between residual TM modes and the laser line. Recalling
from chapter 5, results from measurements of a ring resonator device (from chip ML2)

showed a TE/TM mode separation of 2 nm. Because the TM mode was a bit closer to the
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TE mode, then the TM mode interferes with the scanning process of the laser spectrum,
which gave as a result those "bumps" in the traces. It is worth mentioning that the effect

of the TM mode can be reduced by properly adjusting the polarization controller.
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Figure 6.7: (a) Oscilloscope traces of three laser lines after being scanned by a tunable
ring resonator and selecting the TE mode response. The time interval in one period of
the tuning (scan) triangular signal (shown in gray color) was measured by detecting the
peaks of those traces. The "bumps" in between two peaks (near the center) represent the
effect of residual TM mode, which can be reduced by adjusting a polarization controller.
(b) Time interval measurement calibration curve for known laser wavelength values.

Figure 6.7(b) shows a plot of the experimental peak to peak time interval measure-
ments corresponding to the difference between the laser wavelength and initial resonance
of the ring (e.g. x = Ajuser — AMrr). Also, a red line is shown, which corresponds to
a curve fit to measured data. That curve closely follows the trend of the experimental
data. The reason of that low error estimation is the narrowness of the laser and the clear
peaks in the oscilloscope traces. A source of uncertainty is any double-peak shape? of
the measured spectra. This introduces errors in the time interval measurement, which is
based on maximum search algorithm. The chart below the main graph shows the differ-
ence between the experimental data and the curve fit. The maximum relative error in the

estimation is below +/- 2%.

2This shape was observed in this device as it was explained in Chapter 5
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The model used in this calibration was based on Equation 6.5, if we re-arrange that

equation as a function of the variable x = A;4¢¢r — Ao the time interval can be expressed

| RT?
Aty =T, — a—A”z\/} (6.7)

From the above equation and compared to Figure 6.7, we can easily observe that the

as:

estimation of the period 7}, is around 2.012 s, which corresponds to the period set in the
. RT? .

function generator, and the factor K' =/ 75 is 1.112 s /+/nm. Those parameters from

this calibration will be used later on to determine the wavelength difference x of a strained

FBG sensor compared to the initial MRR resonance.

FBG sensor strain measurements

In order to use the time interval method with a micro-ring resonator tunable filter sensor
interrogator, it was necessary to have a characterized FBG optical sensor. A collection of
FBG’s with different Bragg resonances were fabricated at the Institute of Advanced Stud-
ies (IEAv) in Brazil. A couple of those sensors with resonances close to the micro-ring
resonator resonance (1551.8 at quasi-TE polarization) was chosen. A test setup shown in
Figure 6.9 was used to carry out strain calibrations of those sensors. In this procedure,
the FBG was fixed at one end of the grating and in the other end weights were suspended
by placing them into a plastic recipient. The applied axial strain was proportional to the

mass suspended, and it can be calculated using:

mg
AxXY

™
I

(6.8)
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Figure 6.8: FBG strain calibration curve. The approximated strain sensitivity at 1552.821

nm was 0.758 x 10 Sue=1!.

where m is the mass, g is the gravitational acceleration constant (9.8 m/s), A is the
cross-section area of the FBG fiber, and Y is the Young’s modulus (72.2 GPa for fused
silica optical fiber).

Our FBG was pigtailed with a fiber connector, which in turn was connected to an
optical circulator. One path of the circulator was fiber connected to a broadband Erbium-
doped Fiber Amplifier light source and the other path was connected to an Optical spec-
trum analyzer (OSA). Initially, the procedure started with a baseline measurement of the
optical reflectance of the FBG when no weight was added (just the weight of the cup and
splices). After that, we increased the weight and captured the FBG reflectance with the
OSA. The process was repeated in order to get the following weights: 23, 48, 72,94, 118,
140, 163 and 186 g. OSA measurements of the FBG peak reflectance were acquired only
after adding weight and waiting 1 to 2 minutes in order to avoid measurement fluctuations
when the weights were put into the recipient.

Figure 6.8 shows the strain calibration curve as a result from the measurements of a
FBG with applied weights. In that figure, the x axis represents the amount of strain, which

was calculated based on equation 6.8. The y axis corresponds to the measured wavelength
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Figure 6.9: Schematic diagram of optical sensor characterization measurement. On left
side, a setup is shown where axial strain was applied to a FBG sensor using a plastic cup
and coins as weights.

shift of the FBG from the initial (no strain) Bragg resonance of 1552.821 nm.

According to the results of a linear interpolation, we have a slope of 1.181 pm/ue,
which divided by the initial Bragg resonance, yields an approximately FBG strain sensi-
tivity of 0.758 x 10~%ue~!, this is in close agreement with other published results in the

optical sensor literature [15, 50].

FBG sensor interrogation using time interval method

After FBG sensor calibration, we applied the time interval setup to perform measurements
of the same FBG sensor at different weights (strains). Figure 6.9 shows a schematic of
the setup, which is similar to the one used for time interval calibration with a laser.
Although the setup was similar to the calibration with a laser, the main difference was
the usage of the FBG sensor reflectance as the input to the MRR interrogator. One thing
observed was the FBG sensor had a poor reflectivity and its optical spectrum was wide

(in terms of 1-2 nm). This situation makes a bit difficult to clearly observe narrow peaks
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in the oscilloscope trace, therefore errors in the wavelength estimation from time interval
measurements were expected.

An example set of oscilloscope traces are found in Figure 6.10. Colored lines corre-
spond to the overlap intensity between a strained FBG sensor (at 3 different strains) and
the drop port transmittance (in TE mode) as the ring resonator is tuned by a triangular
current signal. On those traces, their respective amplitudes go from a low peak voltage
to a high peak voltage due to the non-flat amplification region of the EDFA used to in-
terrogate the FBG sensor. At a strain of 259 ustrain, there is a residual TM trace, which
was also observed in Figure 6.7(a) when a laser source was applied. Although in the laser
calibration, the residual TM trace was smaller than this case, a possible reason for this
observation is attributed to a lack of manual optimization of the polarization controller.

As mentioned in the previous paragraph, the spectral shape of the sensor after MRR
filter scanning is an important factor, which helps in estimating a sensor wavelength shift.
Peak detection data processing algorithms play a significant role in this time interval
method. In this chapter, simulations and experimental time interval calibration with a
laser simply used a maximum search algorithm to measure the time interval between
peaks. Maximum peak data processing relies on searching the time value where a maxi-
mum amplitude in the oscilloscope trace occurs. However, this algorithm, while fast and
simple, is prone to errors in wavelength estimations. An example of this is depicted in
Figure 6.11(a), where a comparison is made between the estimated FBG wavelength shift
using time interval between peaks technique and the FBG calibration curve fit as demon-
strated in Figure 6.8. Using the maximum peak search algorithm shows outliers in the
FBG shift data at strain values of 610 and 1250 ustrain. Those are indicative of how
sensitive is this search algorithm to noise and spectral sensor shape asymmetry as was
observed in the oscilloscope traces.

To improve peak detection and determine accurately any FBG wavelength shift, an-
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Figure 6.10: Oscilloscope traces showing interrogation of an strained FBG sensor.

other algorithm was applied on the scanned data traces. From Chapter 3, a FBG sensor
spectrum can be approximated as a Gaussian function [66, 67]. Therefore, in this particu-
lar experiment, we applied a Gaussian curve fit to each strain related scanned traces. The
curve fit was based on a least mean squared algorithm implemented in Python language
[94]. The Gaussian model applied allow us to determine the time values where the center
peaks occur and from that we obtained the time interval between consecutive peaks within
a scanning period.

Using this Gaussian curve fitting gave us an improvement in residual error, as shown
in Figure 6.11(a) (red dots). The wavelength difference between the estimated FBG shifts
and the strain calibration linear interpolation is shown in Figure 6.11(b). From that graph,
the maximum peak search results have a maximum error within 200 pm. Compared to
the Gaussian fit peak extraction, residuals are much better, producing a root mean squared

error within 22 pm.
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Figure 6.11: (a) Comparison between time interval results from FBG interrogation and
given by linear fit from OSA measurements. (b) The difference error from estimated
wavelength shifts using time interval measurements and linear fit from OSA measure-
ments. Blue line corresponds to estimations made with Maximum peak algorithm and
Red line comes from Gaussian fit Algorithm.

Discussion and Analysis

Despite the fact that the FBG sensor was not an adequate one because of its low re-
flectance (~ 10%) and its wide bandwidth (1-2 nm), the estimated wavelength shift due
to FBG axial strain showed an error of 22 pm compared to Optical Spectrum Analyzer
measurements (at 20 pm resolution).

An important observation was that the maximum peak search algorithm used to deter-
mine the time interval between peaks metric was prone to deliver large deviations in the
estimation of a FBG wavelength shift. The main reason was that the scanned traces from
the oscilloscope showed asymmetries and noise fluctuations, which prevented the correct
determination of the peaks. The asymmetries of the traces can be attributed to the lack of
a clear narrowband spectral peak of the FBG sensor used in the experiment and also to

the presence of double peaks in the MRR resonance °.

3The MRR in this experiment showed some spectral characteristics as explained in chapter 5,
there were some double-peak resonances due to counter-directional coupling, which came from
the roughness at the lateral faces of the waveguides.
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An additional cause of the difficulty of detecting peaks from traces with a maximum
search algorithm is the apparent noise in the signal, as shown in Figure 6.10. Low SNR
in the signal is attributed to the quantization noise of the oscilloscope, additionally, the
insertion loss of the optical chip was large (~ 20dB) because optimized alignment was
difficult to achieve with the mechanical stages used in the experiment. On the other hand,
alignment problems can be properly managed by using nanometer-precision stages. Fiber
optic alignment and coupling are common issues in silicon photonic chip devices due
to the size of the optical waveguide elements and the refractive index difference of the
materials used.

A Gaussian linear fit was applied to the detected oscilloscope traces and the variabil-
ity/deviations compared to OSA measured data were reduced considerably. This obser-
vation was also confirmed in other studies involving FBG measurements [67, 107, 108].
The reason a Gaussian fit yield good results compared to a simple peak search is that FBG
sensors have an spectral profile similar to a Gaussian function.

Tuning range of the interrogator depends on the amount of heating applied to the
MRR. With just 5 mA, our device was tuned up to 3 nm in order to track a FBG sensor
with a strain up to 2000 microstrain, which is acceptable for practical applications. Other
MRR (with 10 um diameter) of similar characteristics as ours had a maximum wavelength
tuning up to 6.4 nm [3]. Using Vernier effect in double ring structures it was possible to
fine tune their resonance at 3.2 nm (for ring radii at 10 um and 9 um, respectively) [109],
in another research by our group we demonstrated Vernier effect with two ring resonators
(10 um and 15 um radii, respectively) that was tuned up to 8 nm [84], although the
polarization state used was TM.

Limitations of tuning range depends on how much current can support the micro-
heaters. Problems like electro-migration and oxidation [10] impose a limit of the maxi-

mum current at microheaters.
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The resolution of the interrogator is directly related on the spectral characteristics
of the micro-ring resonator. A ring resonator filter takes samples of the spectrum of
light that passes through the device. Highly selective micro-ring filters can be obtained
by controlling the amount of coupling between the ring and bus waveguides, however
the maximum drop efficiency is reduced, thus the amount of collected /extracted light
from the input port becomes small. An interesting device that overcomes this issue is the
micro-donut resonator [110], which is a silicon disc element with a hole in the center. One
feature is that the fundamental mode in a micro-donut travels at the external periphery of
the disc and contrary to the micro-ring resonator, it only interacts on the external sidewall
close to the bus waveguide. This interaction increases the Q-factor of the device while

increasing its drop efficiency significantly [110, 111].

Summary

In this research, we have demonstrated a small size (12 umx 12 um) SOI ring resonator
optical sensor interrogator based on the time interval between peaks measurement. This
device was embedded in a 7.8 mmx 3.8 mm chip and it has the potential to independently
interrogate optical sensors, such as Fiber Bragg gratings, by adding many parallel ring
resonator devices thanks to silicon photonics large scale integration technology. Another
use of this system is as a method to track resonance of other sensor-on-a-chip devices or
laser sources [69, 112]

A system model was developed, which help us to prepare a simulation and predict
some performance characteristics of the system. All those simulations were implemented
using open-source numerical tools. The scanning operation was simulated and the perfor-

mance due to noise also was considered.
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Results indicated that narrow-band filters and sensors help in reducing wavelength
error estimations when applying the time interval technique.

Two experiments were demonstrated in this chapter. One represented a calibration
procedure by using a tunable narrow-band laser as a light source. With the calibration
curve, we obtained a means to calculate an estimation of the wavelength difference value
between the MRR resonance and a light source. The second experiment involved the ap-
plication of a FBG strain sensor and the determination of that sensor wavelength shifts
due to axial strains. We compared the results using the proposed time interval measure-
ment with OSA measurements and found deviations within &+ 200 pm after processing
data with a maximum peak search algorithm. Results like that were because of the large
bandwidth FBG sensors used and their spectral shape and the sensitivity of the algo-
rithm to amplitude fluctuations. However, improved results were obtained after applying

a Gaussian curve fit to the detected traces, which yield an error within 22 pm.

120



CHAPTER 7
CONCLUSIONS

In this research, the use of a silicon micro-ring resonator device as a wavelength in-
terrogator was successfully demonstrated. This application opens up the possibility of
embedding an interrogation system on a chip because of the size of the optical compo-
nents. Compared to other FBG sensor detection solutions, using high Q narrow-band
resonance micro-ring filters makes it possible to improve the measurement resolution
of a wavelength shift detection system. Other FBG sensor detection methods relied on
mechanically tuned filters, with this design the tuning mechanism is electro-thermally
controlled.

To accomplish this study, a thermally tuned micro-ring resonator device was designed
and tested. The device used in this research is a compact (12 umx 12 pm) ring structure
with 5 um radius and a waveguide aspect ratio of 1.8. This design yielded a quasi-TE FSR
of ~ 18 nm, a filter line-width (FWHM) between 0.13 to 0.19 nm and Q factors between
8000 to 10000. In terms of the tuning response of this device, we demonstrated a tunable
range of 3 nm at 5 mA current applied to a micro-heater. It is worth mentioning that the
design study of this device was accomplished by developing a photonic toolkit based on
the use of open-source software and models found in the literature. That decision had the
advantage of integrating many software modules for optical device simulation together
with numerical data analysis tools with the benefit of applying scripts to analyze design
decisions from a set of engineering parameters.

An application of the use of the silicon micro-ring resonator as a wavelength inter-
rogator was described in this research. A basic system model was contributed, which
leads to the development of a system simulation. The simulation results helped us to

understand the effect of micro-ring tuning on the shape of the spectrum traces in the scan-
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ning operation. Noise performance simulations showed that high Q filters with narrow
bandwidth FBG sensors should yield detection resolutions less than 10 pm.

Experimental tests of the wavelength detection system were demonstrated. The center
wavelength of a laser was detected in this system by measuring the time interval between
peaks. This result served us as a calibration curve for sensor interrogation. The exper-
imental oscilloscope traces obtained with this method were similar to simulated results
using our simplified model.

Finally, we demonstrate the interrogation of a FBG fiber functioning as a strain sensor.
Wavelength shift detection results with this method were close to the results measured
by an OSA. The deviation of this method was close to 22 pm compared to a linear fit
taken from OSA measurements. Even that the FBG sensor itself had low spectral quality,
by applying Gaussian curve fit on the data it was possible to improve the wavelength
shift estimations compared to a simple maximum peak search algorithm. In general,
although other SOI interrogators were implemented to process tilted FBG sensors [106],
as far as this author’s knowledge this is the fist time a wavelength shift interrogator was
implemented and experimentally demonstrated using a tunable micro-ring resonator.

Implications of this study can be summarized in the following: a micro-ring filter
device can be applied as a sensor wavelength interrogator with the advantage of its com-
pact size, scalability and versatility. For example, besides FBG sensor interrogation, the
system can be used to convert optical wavelength shifts into electrical signals coming
from integrated photonic sensors measuring temperature [113] or protein detection/DNA

analysis [19].

7.1 Future Work

The basics of this device’s operating functions can be further improved and extended into

new applications, especially in heterogeneous systems in a chip designs. The micro-ring
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resonator can be improved in terms of reducing internal losses and double-peak resonance
signatures. One way to do that is by certain fabrication techniques, such as oxidation
smoothing [103]. Also, improvements in the micro-heaters by geometrical optimizations
can yield low power and fast thermo-optical responses, as shown in [114]. Additionally,
in order to reduce dependence on external equipment, it is possible to introduce embedded
Ge photo-detectors at the micro-ring output ports [76]. That will convert directly optical
signals into electrical ones.

In terms of system improvements, the precise control of the thermal tuning may be
needed. It was demonstrated in [115] that using the heater as a temperature sensor to-
gether with a temperature control circuit, then 80 mK of thermal stability of the ring res-
onance can be achieved. Finally, because of silicon photonics compatibility with CMOS
fabrication, the integration of the analog signal processing functions demonstrated in this
system can be integrated. This feature will enable compact micro-opto-electronic systems
on a chip with the potential to reach low cost integrated devices to perform high density

sensor measurements.
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